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Abstract 

 

Life history theory states that selection acts upon individuals to produce optimal 

reproductive success, through maximising number of recruited offspring. Selection 

pressures vary across different environments and subsequently produce a wide 

variation in optimal life history, resulting in variation of life history traits. Previous 

research has identified that life history variation can occur across large scale 

latitudinal and elevational gradients and between small scale allopatric populations. 

Research concerning the diets and life history variation at early life stages, 

particularly in fish, is severely limited. This thesis investigates the importance of diets 

and resource availability on the observed life history variation between four species of 

the ‘Galaxias vulgaris complex’; G. anomalus, G. eldoni, G. depressiceps and G. 

pullus across an altitude gradient and between life history categories at the larval life 

stage.  

 

Diet analyses displayed that Chironomidae were the most prevalent food item, which 

accounted for 62% of the observed diet contents, followed by Copepoda (20%) and 

Algae (8%). Chironomidae commonly dominate small freshwater fish diets, and as 

predicted, larval galaxiid populations displayed a correlation between larval galaxiid 

length and prey item size, as expected in gape-size limited fish. Additionally, species 

was observed to be a much poorer predictor of prey item length than either larval 

length or site. Galaxiids also displayed higher selectivity when exposed to extreme 

resource abundance. However, there were no significant trends observed between 

galaxiid diets and elevation or life history categories. Conversely, invertebrate 

communities displayed significantly greater diversity at fast life history populations 

than intermediate life history populations. Additionally, diets consistently displayed 

significantly lower diversity than their respective invertebrate community.  

 

This research highlights the importance of investigating multiple selection pressures 

when attempting to discern causal effects of life history variation. It is likely that, 

while resource abundance is important in defining life history, other selection 

pressures, such as disturbance and predation may be acting as stronger selection 

pressures upon populations of larval galaxiids. 
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Chapter 1:   Environmental influences on life history variation 

in freshwater fish 

 

Life History Theory  

 

Life history theory is a branch of evolutionary theory that attempts to explain species’ 

reproductive traits and their observed variation (MacArthur & Wilson, 1967; Pianka, 

1970; Roff, 2002; Auer, et al., 2012). It states that natural selection optimises species’ 

reproductive traits to maximise offspring recruitment (MacArthur & Wilson, 1967; 

Pianka, 1970; Roff, 2002). Reproductive traits include offspring size, fecundity, onset 

of reproductive maturity, breeding frequency and parental investment (Stearns, 1977; 

Reznick, et al., 2002; Roff, 2002; Blanck, et al., 2007; Jones & Closs 2014). The 

interaction between the environment and species’ evolutionary history underpins 

species reproductive strategies and early life stage limitations (Roff, 2002; Blanck, et 

al., 2007; Blanck & Lamouroux, 2007; Jones & Closs 2014). 

 

Much of life history theory emphasises the importance of trade-offs between life 

history traits (Reznick, 1983; Stearns, 1989; Roff, 2002; Closs, et al., 2013). Species 

are faced with physiological, physical and behavioural limitations which, coupled 

with environmental variability, produces a continuum of optimal reproductive 

strategies (Olden & Kennard, 2010; Jones & Closs 2014). Maximised investment in 

one life history trait often limits the potential investment in another trait, producing 

life history trait trade-offs (Reznick, 1983; Stearns, 1989; Roff, 2002). Individuals 

may be limited on how much energy they can invest in reproduction, which produces 

trade-offs between life history traits, where the most efficient trait is selectively 

prioritised (Wilbur & Rudolf, 2006, Closs, et al., 2013). One of the most responsive 

traits to environmental variability and life history is fecundity (how many offspring 

are produced) (Kaplan & Cooper, 1984; Stearns, 1989; Roff, 2002). Fecundity can 

display a trade-off with investment in each offspring, and therefore with offspring 

survival probability, due to resource limitation (Pianka, 1970, Closs, et al., 2013) or 

size related predation risk (Reznick, 1983; Reznick & Endler, 1982). 
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Initially, life history variation was explained using a gradient between r- and K- 

selection of life history (MacArthur & Wilson, 1967; Pianka, 1970). This terminology 

stems from population biology: K is population size at environmental carrying 

capacity, whereas r describes maximised growth rate (MacArthur & Wilson, 1967; 

Bassar, et al., 2013). r-/K- selection attempted to explain reproductive trait variation 

purely through density-dependent resource limitation (Reznick et al., 2002; Bassar, et 

al., 2013). r-/K- selection theory was criticised as it initially regarded density-

dependence as the primary causal effect of life history variation, and did not consider 

the importance of environmental factors upon life history (Reznick, et al., 2002). R-

/K- selection of life history strategies were also criticised for simplifying processes of 

natural selection (Stearns 1977). For example, Derickson (1976) compared the life 

histories of the lizards Sceloporus undulatus and S. graciosus. S. undulatus was 

described as a relatively r-selected species in comparison to S. graciosus, which 

displayed traits more indicative of K-selected species. Derickson (1976) hypothesised 

that lipid metabolism and energy efficiency would vary between the species because 

of environmental variability. However, as explained in Reznick et al (2002), these 

predictions rested primarily upon the assumption that environmental variables, such 

as food availability, changed between species’ environments, but these were not 

explicitly measured. Other attempts to optimise the ability to predict life history 

responses to changes in conditions included resource limitation within demographic 

models (Kozlowski & Wiegert 1987). Demographic theory focuses on mortality as a 

driver of selection and analyses which ‘age-group’ is influenced by selection (Reznick 

et al., 2002). Demographic models allow predictions of how singular traits would 

evolve in response to a mortality selection pressure (Reznick et al., 2002).  

 

Winemiller and Rose (1992) also developed a life history model using data sets of 

216 North American fish species. The model consisted of three life history strategy 

extremes, in comparison to the bimodal r/-K selection gradient (Winemiller & Rose 

1992). The three strategies are labelled the periodic strategy, the opportunistic 

strategy and the equilibrium strategy. The periodic strategy is identified by a delayed 

maturation to attain a size sufficient for large clutch production in sub-optimal 

conditions, species that exhibit periodic life history strategy also display migratory 

behaviours and large clutch sizes (Winemiller & Rose 1992). The opportunistic 

strategy is identified by an early maturation, frequent reproductions, an extended 
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mating season, rapid generation turnovers and rapid larval growth rates, this strategy 

is often employed by fish that inhabit highly disturbed environments (Winemiller & 

Rose 1992). Finally, the equilibrium strategy is similar to the density dependent K 

selection strategy described in Pianka (1970). 

 

Currently, it is understood that the environment plays a large role in determining the 

life history of species (Atkinson & Sibly, 1997; Olden & Kennard, 2010; Huber, et 

al., 2014), and consequently the terms r- and K-selection, with their association with 

density dependence, have become less frequently used. The continuum that life 

histories were described on was replaced by the terms ‘fast’ and ‘slow’. Fast life 

histories are associated with traits such as low competition, rapid development, early 

reproductive maturity and a small body size (Pianka 1970). Alternatively, slow life 

histories include delayed onset of reproduction, greater competitive ability, density 

dependent mortality and larger adult body size (Pianka 1970). Within this text, life 

history is described in the terms of fast and slow reproductive strategies. 

Environmental variability prevents one set of life history traits being universally 

favoured therefore, species develop life history traits specialised to their environment 

(Atkinson & Sibly, 1997; Olden & Kennard, 2010; Huber, et al., 2014). 

Environmental variation produces differences in system productivity and resource 

availability. Globally, productivity increases towards the equator, and conversely 

decreases towards the poles, this trend is attributed to the temperatures and angle of 

light exposure of these areas (Atkinson & Sibly, 1997; Blanck & Lamouroux, 2007). 

Comparably, productivity displays a negative relationship with elevation (Bozek, et 

al., 1994; Winterbourn & McDiffett, 1996; Pringle & Ramirez, 1998; Arscott et al., 

2005), a trend associated with the effect of decreasing temperatures on a broad range 

of ecological processes (Bozek, et al., 1994). The productivity of an environment can 

heavily determine a species optimal life history strategy (Pringle & Ramirez, 1998; 

Arscott et al., 2005). As previously stated, highly productive environments generally 

select for fast life histories, and unproductive environments commonly select for slow 

life histories (Grether, et al., 2001). Grether et al. (2001) observed that low 

productivity environments generated the development of slow life history traits in 

guppies, with 84% and 79% of the observed variation of life history traits explained 

by stream canopy cover and algal food base availability, respectively. Low 

productivity and algal food base produced guppies with slow growth rates and smaller 
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adult size compared to guppies in high productive environments, providing evidence 

that food availability can be a driving factor of life history trait variation (Grether, et 

al. 2001). Additionally, evolutionary history can physiologically and genetically limit 

species’ life history to particular environments (Auer, et al., 2012). Groups of taxa, 

particularly the sub-phylum Insecta, display a life history that includes freshwater 

larval life stages to develop into adults that persist within terrestrial environments. 

Less extreme examples include species that show life histories involving migrations 

between freshwater and saltwater environments (Myers, 1949). 

 

Life history can also be heavily determined by localised habitat conditions and 

variability (Potapova & Charles, 2003; Parra, et al., 2009; Silva, et al., 2013). 

Localised geomorphic topography produces variability in light exposure and 

temperature. Investigations of habitat variability at the site specific level are reliant on 

the environment examined. Uniform habitats are common in areas of human 

development, such as agricultural pastures or urbanised stream channels (Tews, et al., 

2004). Uniform environments can also occur naturally; such as water deficient deserts 

or pelagic areas of deep lakes (Tews, et al., 2004). Highly variable habitats include 

most terrestrial forests, coral reefs and stream habitats (Tews, et al., 2004). These 

habitats include several microhabitats that give rise to habitat heterogeneity. Habitat 

heterogeneity increases the number of potential niches supported by the environment 

and subsequently, taxonomic richness (Tews, et al., 2004). A literature review 

observed that 85% of the literature examined reported biodiversity increasing with 

habitat heterogeneity (Tews, et al., 2004). The complexity of life history selection 

increases in highly variable environments, as species can interact with, and shift 

between, microhabitats that present different levels of productivity and resource 

availability.  

 

Environments are not static, and vary through time as well as across space (Slatkin, 

1974). Variability across time can be associated with seasonal changes, which often 

changes resource availability and can be a cue for the onset of reproductive 

behaviours (Wilbur & Rudolf, 2006). Temporal environmental variability can also be 

associated with disturbance regimes (Simons 2011). High frequency and high 

intensity disturbance regimes decrease stability/predictability of resource abundance 

(Simons 2011), but generates habitat heterogeneity (Tews, et al., 2004). Habitat 
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instability has been associated with fast life history traits, such as short generation 

lengths and high fecundity, that give species resistance to disturbance (Zamor, et al. 

2014). Freshwater fish assemblages recovered from an unpredictable algal bloom 

disturbance event, that reduced fish abundance to negligible levels, within six months 

of the algal bloom subsiding (Zamor, et al. 2014).  

 

Habitat instability can also result in the phenomenon known as ‘bet-hedging’ (Slatkin, 

1974). ‘Bet-hedging’ is the term used to describe populations that display slight 

variations from reproductive optimisation, increasing population or species life 

history trait variability (Wilbur & Rudolf, 2006). Bet-hedging can maximise 

population fitness by selecting favoured alleles through either ‘conservative’ or 

‘diversified’ bet-hedging (Simons & Johnston 1997). Conservative bet-hedging 

involves a narrow distribution of “safe” traits, whereas diversified bet-hedging 

includes a broad array of phenotypes (Simons & Johnston 1997). Species that utilise 

bet-hedging display a reduced fitness within stable environments, as optimal traits are 

not fixed within the gene pool (Simons 2011). However, bet-hedging can be valuable 

within unstable environments due to the uncertainty of future selection pressures 

(Simons, 2011; Furness, et al., 2015). This differs from adaptive phenotypic plasticity, 

which is more prevalent in predictable changes in the environment, such as those 

involved with seasonal changes (Furness, et al., 2015). Phenotypic plasticity is the 

ability for individuals to produce multiple phenotypes with the same genotype to 

persist within variable environments (Furness, et al., 2015). Phenotypically plastic 

individuals can either display different traits over time to optimise fitness in multiple 

breeding seasons, or plastic traits may become fixed based on early life experience 

(Furness, et al., 2015). Environments can also vary in predictability over time, 

producing a selection pressure favouring both phenotypic plasticity and bet-hedging 

throughout time (Colwell 1974). This adaptive strategy has the term “adaptive coin 

flipping” (Kaplan & Cooper 1984). Although empirically difficult to identify within 

natural populations, ‘bet-hedging’ has been used to describe the expression of 

variable life history in populations of killifish (Nothobranchius furzeri) (Furness et 

al., 2015). Killifish inhabit the freshwater ponds of Mozambique and Zimbabwe, 

environments that experience seasonal drying (Furness. et al., 2015). Killifish persist 

with the development of eggs that display developmental diapause and are buried 

within the soil (Watters, 2009). Killifish display an ‘adaptive coin flipping’ (a 
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combination of bet-hedging and phenotypic plasticity) life history throughout 

uncertain environmental variation (Furness, et al., 2015). 

 

Biotic interactions can also influence life history variation (Reznick & Endler, 1982; 

Reznick, 1982; Abrams & Rowe, 1996). For example, predation acts as a mortality 

selection pressure which also decreased intraspecific competition (Abrams & Rowe, 

1996). In density independent models, predation pressure usually selects for a 

younger maturation age and smaller adult size. However, high predation can cause 

increased growth through lowered intraspecific competition, resulting in selection 

towards increased size at maturity (Abrams & Rowe, 1996). Predation can act as a 

selection pressure for life history traits, by producing a survival selection pressure and 

by increasing resource availability via decreased intraspecific competition (Reznick & 

Endler, 1982). When the predator is gape limited, growth rate and adult size can 

respond positively to predation pressure, as individuals gain refuge from predation 

pressure once they grow larger than their predator’s maximum gape size (Schael, et 

al., 1991). A release of predation pressure on Trinidadian guppy (Poecilia reticulate) 

populations results in later maturation and lowered fecundity (Reznick, 1982), traits 

associated with slow, or K-selection life histories. 

 

 

Freshwater Fish 

 

Freshwater fish display immense variation in life history and have been used as model 

organisms to display how life history traits respond to varied environmental 

conditions (Reznick & Yang, 1993; Blanck & Lamouroux, 2007). Life history 

strategies vary between oviparity and viviparity (Jennions & Telford, 2002), and 

include both iteroparous and semelparous reproduction (Jennions & Telford, 2002). 

This diversity in life history traits can be partly attributed to the variation in life 

history that various fish species have developed in response to the variation in 

environments they inhabit. Additionally, most fish have size limited consumption, as 

they have relatively undeveloped teeth and subsequently lack mastication (Bremigan 

& Stein 1994). Fish can only consume resources smaller than their maximum gape 

size (Schael, et al., 1991). Gape size may reflect resource availability and is 

considered an important life history trait as fish larvae begin exogenous feeding at a 
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small size and subsequently experience extreme resource limitation (Bremigan & 

Stein 1994). Larval fish size is therefore a major dimension of life history variation, 

as fish larvae are extremely vulnerable to mortality due to feeding restrictions (Houde, 

1994).   

 

Many freshwater fish species display diadromous migrations between freshwater and 

oceanic environments (Myers 1949). Diadromy is a life history strategy where species 

undergo obligatory migrations between freshwater and sea environments during a 

particular life stage(s) (Myers 1949). Diadromy can be broken into three major life 

history strategies; catadromy, anadromy and amphidromy, each of which are used to 

emphasise the life stage that persists within sea environments (McDowall, 1992; 

McDowall, 1997; McDowall, 2007). Catadromous species spend the majority of their 

lives in freshwater habitats, and migrate to sea to breed (Myers 1949). Anadromous 

species spend the majority of their life history in salt water and migrate to freshwater 

environments to mate (Myers 1949). Amphidromous species spend their adult stages, 

and reproduce, within freshwater habitats, however the species larvae migrate to sea 

environments and develop in saltwater conditions (Myers 1949). Evolutionary 

benefits of diadromy have been argued to include increased gene flow and dispersal 

between neighbouring populations (McDowall, 1997). For example, New Zealand’s 

diadromous freshwater fish species have distributions seven times larger than non-

diadromous species (Leathwick, et al. 2008). Another explanation states that 

diadromy has evolved to maximise offspring recruitment and optimise life history by 

utilizing the abundance of resources within marine environments (Closs, et al., 2013). 

These explanations are not mutually exclusive.  

 

The diversity of life histories in freshwater fish is not limited to diadromy, as non-

migratory stream resident species display vast differences in life history traits 

(Braaten & Guy, 2002; Heibo, et al., 2005; Blanck & Lamouroux, 2007). A large 

study investigating life history trait variation between 25 European freshwater fish 

species suggests that, while species display significant differences in life history traits 

across a latitudinal gradient, in six out of the eleven traits examined most of the 

variation occurred at the population level (Blanck & Lamouroux, 2007). Life history 

traits commonly vary consistently across a latitudinal gradient (Mills, 1988; Heibo, et 

al., 2005; Blanck & Lamouroux, 2007). High latitudes are host to species that have 
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greater longevity (Braaten & Guy, 2002), indicative of slow life histories. In contrast, 

in low latitudes species develop shorter longevity and display an early onset of 

maturity (Mills, 1988), indicative of fast life histories. Life history traits do not show 

similar patterns across all stream-resident freshwater fish species, and different 

freshwater fish species often display opposite directions of correlation between life 

history traits and latitudinal gradients (Mills, 1988; Belk & Houston, 2002; Heibo, et 

al., 2005). Maximum length of Esox lucius displayed a positive relationship with 

latitude (Belk & Houston, 2002; Heibo, et al., 2005), whereas an inverse relationship 

has been observed in European perch (Perca fluviatilis) (Heibo, et al., 2005).  

Additionally, five populations of American shad (Alosa sapidissima) display 

population specific adaptive life history strategies across latitude and thermally 

diverse environments (Leggett & Carscadden, 1978). 

 

Environmental conditions have been identified as drivers of life history variation 

(Reznick & Yang, 1993; Descy, 1993; Arendt & Reznick, 2005). The most relevant 

condition to freshwater fish that varies across a latitude gradient is productivity, 

which generally negatively correlates with latitude (Grether, et al., 2001). Trinidadian 

guppies (Poecilia reticulata) display a faster life history (increased growth and 

maturation rates) when exposed to highly productive, resource abundant 

environments (Grether, et al., 2001). Guppies have also been observed to produce 

larger offspring, with the consequence of reduced fecundity, in environments with 

low food availability (Reznick & Yang, 1993; Arendt & Reznick, 2005). Guppies also 

respond differently, depending on what life stage is exposed to low food availability 

(Auer, et al., 2012). Low food availability during the juvenile stage results in 

decreased growth rates (Auer, et al., 2012). Also, salinity has been identified as a 

driver of life history variation in mosquitofish (Gambusia holbrooki), positively 

correlating with early onset of reproductive development and reproductive 

investment, at the direct cost of adult condition (Alcaraz & García-Berthou, 2007). A 

meta-analysis of 24 European freshwater fish species displayed that life history traits 

respond more to local microhabitat hydraulics than to other broad measures, like 

temperature or density dependence (Blanck, et al., 2007).  

 

Different freshwater fish species have also shown a varied response to lotic and lentic 

habitats (Blanck & Lamouroux, 2007). Brown trout (Salmo trutta) and northern Pike 
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(Esox lucius) have been observed to shift life history traits between lake and stream 

environments (Blanck & Lamouroux, 2007; Griffiths, et al., 2004). Lakes, the more 

productive systems, produced faster life histories (Blanck & Lamouroux, 2007; 

Griffiths, et al., 2004). However, in Blanck & Lamouroux (2007), life history traits 

remained predominantly constant between lake and stream populations of other 

European freshwater fish species. This result displayed that freshwater fish species 

exhibit differences in their ability to adapt to environmental variability (Blanck & 

Lamouroux, 2007; Torres-Dowdall, et al., 2012). Furthermore, many stream-resident 

freshwater fish species display a smaller-scale migration from lentic backwater 

environments as larvae to lotic stream environments after growth and development as 

juveniles (Shaeffer & Nickum, 1986; Raborn, et al., 2001; Dagel & Miranda 2012). In 

the Mississippi River, fish larvae are spatially limited within backwaters, producing 

an assemblage of fish species larvae distinct from the observed assemblages of adult 

fish within the lotic environments (Fisher, et al., 2001). 

 

Biotic interactions, such as predation, can also form life history selection pressures by 

increased age or size selective mortality rates (Stearns, 1992; Jennions & Telford, 

2002; Walsh & Reznick, 2009; Torres-Dowdell, et al., 2012). Life history theory 

states that increased growth rate is selected for until predatory refugia is attained, 

however predation can also promote rapid onset of maturity and increased fecundity 

(Stearns, 1992; Jennions & Telford, 2002; Walsh & Reznick, 2009; Torres-Dowdell, 

et al., 2012). Trinidadian guppies (Poecilia reticulata) display gradual phenotypic 

plasticity of life history traits in response to gradual variation predator pressures 

(Torres-Dowdall, et al., 2012).  Predation pressure positively correlated with 

fecundity and negatively correlated with onset of maturity and longevity (Torres-

Dowdell, et al., 2012). Almost identical patterns were observed in Trinidadian 

killifish (Rivulus hartii) (Walsh & Reznick, 2009), and the live-bearing fish 

(Brachyrhaphis episcopi) (Jennions & Telford, 2002). The establishment of invasive 

predatory species could potentially drive a shift in life history traits in native species.  

 

In summary, life history traits are optimised towards maximised recruitment for each 

species (Reznick, et al., 2002). Limited energy investment produces trade-offs 

between life history traits, such as fecundity and offspring size (Stearns, 1989, Closs, 

et al., 2013). Life history strategies fall on a continuum of ‘fast’ and ‘slow’ strategies, 
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and become specialised toward each species’, or population’s specific environment 

(Reznick & Endler, 1982). Environmental conditions form the basis of selection 

pressures within freshwater environments (Blanck & Lamouroux, 2007). Life history 

is also impacted by environmental variability in both spatial and temporal scales 

(Furness, et al., 2015). Life histories have also been observed to vary from 

optimisation within unstable environments, a phenomenon termed ‘bet-hedging’ 

(Furness, et al., 2015). Immense life history variation can be observed within 

freshwater fish, including stream-resident and diadromous life histories (McDowall, 

2007). Stream resident fish display life history variation associated with abiotic 

conditions, such as disturbance, latitude, productivity, salinity and hydraulic patterns 

(Alcaraz & García-Berthou, 2007). Life history traits often display alternative 

relationships with these selection pressures between species (Blanck & Lamouroux, 

2007), producing a diverse range of optimal life histories within non-diadromous 

freshwater fish species. Freshwater fish also show life history variation in response to 

predation pressures (Reznick, 1982; Reznick & Endler, 1982). Therefore, populations 

of freshwater fish larvae should show variation in resource use and life history traits 

across resource abundance and altitudinal gradients. This study aims to further the 

understanding of dietary patterns of larval non-diadromous freshwater fish species. 

The following chapters will examine the dietary patterns of larvae from eleven native 

New Zealand galaxiid populations, across an elevation gradient. It will also explore 

how invertebrate community composition and resource abundance impacts the 

feeding habits of larval galaxiids, and discuss the potential management implications 

of the degree of diet selectivity. 
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Chapter 2: Life history variation and diet selectivity of larval 

galaxias populations across an elevation gradient 

 

Introduction 

 

Life History 

 

The interaction between the environment and species’ life history underpins species’ 

reproductive strategies and early life stage limitations (MacArthur & Wilson, 1967 

Auer, et al., 2012). Life history theory states that natural selection optimises species 

traits to maximise the number of recruited offspring (Reznick, et al., 2002). 

Environmental variability prevents one strategy being universally favoured (Olden & 

Kennard, 2010). Therefore, species develop life history traits specialised to their 

environment (Torres-Dowdall, et al., 2012). Environmental variation produces 

differences in system productivity and resource availability (Arendt & Reznick, 

2005). Resource limitation is a driving factor of life history variation that can 

determine reproductive investment and offspring recruitment and results in spatial 

variation in life history strategies (Walsh & Reznick, 2009). However, environments 

are not static and vary through time as well as across space (Slatkin, 1974). 

Variability across time can be associated with seasonal changes, which often changes 

resource availability and is often a cue for the onset of reproductive behaviours 

(Alford & Beckett, 2006). Temporal environmental variability can also be associated 

with disturbance regimes (Wilbur & Rudolf, 2006). High frequency and high intensity 

disturbance regimes decrease stability/predictability of resource abundance (Furness, 

et al., 2015), but generate habitat heterogeneity (Tews, et al., 2004). Habitat 

heterogeneity increases the number of available niches, and subsequently, diversity 

(Tews, et al., 2004).  

 

Species are faced with physiological, physical and behavioural limitations which, 

coupled with environmental variability, produces a continuum of optimal 

reproductive strategies (Auer, et al., 2012). Maximised investment in one life history 

trait often limits the potential investment in another trait, producing life history trait 
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trade-offs (Reznick, 1983; Stearns, 1989). Life history traits often vary slightly from 

reproductive optimisation, increasing population or species life history trait variability 

(Furness, et al., 2015). This allows species some reproductive plasticity, which may 

account for potential temporal changes in the environment (Kaplan & Cooper, 1984). 

Species may be limited on how much energy they can invest in reproduction, which 

produces trade-offs between fecundity (how many offspring are produced) and 

investment in each offspring (Van Noordwijk & Jong, 1986, Closs, et al., 2013).  

 

Life history variation has often been described as a spectrum between extremes of 

‘fast’ and ‘slow’ reproductive strategies (Pianka 1970; Jones & Closs 2014). 

Reproductive traits associated with a ‘fast’ reproductive strategy include high 

fecundity, small offspring size, short longevity and early onset of maturation, high 

dispersal, and short generation longevity (Stearns, 1977; Reznick, et al., 2002; Roff, 

2002; Blanck, et al., 2007). ‘Slow’ reproductive strategies display larger offspring 

size, low fecundity, greater longevity and slow growth rates (Pianka 1970, Jones & 

Closs, 2014). These species often have limited dispersal abilities and occur in more 

stable environments (Reznick, et al., 2002).  

 

Life history is heavily reliant upon the surrounding environment. Species that exhibit 

fast reproductive life history traits persist within environments that contain abundant 

resources (Reznick, et al., 2002), high disturbance (Olden & Kennard, 2010), or 

environments with a high predatory selection pressure (Reznick, et al., 2002). Greater 

resource abundance produces a low base-line mortality rate; therefore, species may 

benefit from increasing fecundity. Alternatively, species that inhabit environments 

that experience intense disturbance regimes benefit from fast life history traits 

because fast life history traits also provide the species with high resilience (Zamor, et 

al., 2014), whereby populations are able to quickly recover from disturbance events. 

Slow life history traits, such as large offspring size, are associated with greater 

resistance to physical disturbance, reducing the detrimental effects of disturbance 

events. Spatial residence of fish larvae can also be determined by disturbance regimes 

(Csoboth & Harvey 2008). Species that display slow life history traits commonly 

persist in low productive environments (Blanck & Lamouroux, 2007). Slow life 

history traits are often employed to offset the high mortality rates of low productivity, 

resource limited environments (Jones & Closs, 2014).  
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Freshwater Systems 

 

Lotic freshwater systems provide valuable opportunities to study life history variation, 

because streams are confined environments that vary predictably in characteristics 

such as productivity and disturbance regimes that can influence life history (Shaeffer 

& Nickum, 1986; Raborn, et al., 2001; Dagel & Miranda 2012). Freshwater systems 

are heavily influenced by their terrestrial surroundings and abiotic conditions vary 

substantially across the landscape (Belk & Houston, 2002; Heibo, et al., 2014). 

Within freshwater systems productivity, the amount of energy passing through a 

biological system, displays a negative relationship with elevation above sea-level 

(Jung, et al., 2015). Similar negative patterns in freshwater productivity have been 

observed across a latitudinal gradient (Tonkin, et al., 2013). Productivity can also 

determine the density of consumers that feed on primary producers, and consequently 

affect the resource base available for higher trophic level consumers such as fish 

(Pringle & Ramirez, 1998). Abiotic factors can directly affect light absorption (energy 

intake) and ability of primary producer species to establish (e.g. unicellular algae is 

easily dislodged by high flow) (Stevenson, 1997). At a broader scale, elevation can be 

considered a predictor of productivity. Lower mean temperatures at higher elevations 

(Minder, et al, 2010), can impact abundance of invertebrates and the structure of the 

invertebrate community (Pringle & Ramirez, 1998). High altitude headland streams 

commonly contain lower densities of macroinvertebrates than warmer, lower streams, 

suggesting a less productive food base for larval fish growth (Winterbourn & 

McDiffett, 1996; Pringle & Ramirez, 1998; Arscott et al., 2005). Abundance of small 

invertebrates is of great importance to larval fish because of their severe gape 

limitation while feeding (Bremigan & Stein, 1994; Reznick et al., 2001). 

 

Freshwater fish have evolved a diverse range of life histories (Blanck & Lamouroux, 

2007). Some freshwater fishes exhibit life histories that contain obligatory migrations 

between ocean and freshwater environments (Myers, 1949). Species that exhibit 

oceanic-freshwater migrations are termed diadromous (Myers 1949; McDowall, 

1997). Diadromous life histories are defined by which life stage the species persist 

within the ocean. (McDowall, 1992). Non-diadromy is the term used to describe 



14 
 

species that do not display downstream oceanic migratory behaviours throughout the 

species’ life history. Although, some land-locked non-diadromous species migrate 

between lake and stream habitats. Because of the confined nature of freshwater 

habitats, it is argued that this variation in diadromous life histories evolved to 

maintain dispersal and gene flow between populations of diadromous species 

(McDowall, 2007). Alternatively, it has been argued diadromous life history strategies 

evolve to increase fecundity by providing increased growth and development through 

feeding on rich resources of oceanic plankton (Closs, et al., 2013). However, 

migrations are costly and during initial migration of amphidromous species larvae 

commonly spend up to 90% of their total energy available (Aroujo, et al. 2013). 

Additionally, it is possible for entire populations to die during migration following 

migration failures due to anthropogenic habitat loss (Aroujo, et al. 2013). Stream 

resident non-diadromous species persist as larvae within the comparatively 

unproductive environments of freshwater backwaters (Sheaffer & Nickum, 1986). 

Planktonic resources are far more scarce in freshwater environments (Reitan, et al., 

1997). Additionally, non-diadromous species have very limited inter-catchment 

dispersal ability (McDowall, 2007).  

 

Larval non-diadromous freshwater fish often reside within backwaters prior to 

developing adequate swimming capabilities, allowing the larvae to persist within a 

stream environment (and not drift downstream to sea or a lake) (Myers, 1949). 

Freshwater stream systems are also highly heterogeneous, commonly including a 

variety of microenvironments, such as pools, riffles and backwaters, within a single 

stream reach (Tews, et al., 2004). Habitat variability has been associated with 

biodiversity and an increase in potential niche availability (Tews, et al., 2004). Pools 

are slow flowing, deep water habitats within streams. Pools generally have a finer 

sediment composition and lower dissolved oxygen than riffle habitats (Quinn & 

Hickey, 1990). Riffle habitats are shallow areas that consist of fast flow and can vary 

substantially in sediment size and composition (Quinn & Hickey, 1990). Backwaters 

are environments that contain minimal flow (Dagel & Miranda, 2012) and are prone 

to containing fine sediment (Raborn, et al., 2001). Backwaters are generally the result 

of the stream channel suddenly widening. Alternatively, backwaters can be produced 

when a physical obstruction interrupts stream flow. Additionally, hydrological 

residence times within backwaters are much longer, allowing allochthonous energy 
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inputs to be far more prevalent, which adds to the microhabitat’s productivity 

(Rounick, et al., 1982; Fisher, et al., 2001).  

 

Mortality rates of fish are commonly highest during larval life stages (Houde, 1994). 

For example, Houde (1994) recorded larval mortality rates at 94.5%. Despite this 

phenomenon little is known of the impacts of freshwater resource abundances upon 

larval fish, or how fish species resource consumption changes with ontogeny and 

development. An abundance of research of larval fish diets and their associated 

growth and survival with various feeds exists from fishery and aquaculture focused 

research. However, a particular lack of knowledge is apparent in larval fish diets in 

natural populations.  

 

 

Larval fish diet and productivity 

 

In order to evaluate the importance of productivity on life history trait variation in 

freshwater fish, an understanding of resource consumption by larval fish is required. 

Dietary analyses have rarely been applied to natural populations of fish larvae. 

Resource consumption can be assessed through dietary analyses (Gaughan & Potter, 

1997) and can evaluate feeding preference through comparing resource availability 

and diet compositions (Alford & Beckett, 2006). Unless resource availability is also 

monitored, it is impossible to distinguish dietary selection or exclusion from 

generalist feeding, consuming resources in proportion to their abundance. Niche 

width can describe a diet’s species richness, relative to the environmental species 

richness, or it can be described in terms of feeding generality or selectivity (Alford & 

Beckett, 2006). Selective feeders consume specific prey groups regardless of their 

abundance, whereas generalist diets reflect the relative composition of prey groups 

available. Dietary evenness is only associated with the composition of diets, whereby 

diets that contain equal abundances of each prey type display high evenness. 

Conversely, diets that consist predominantly of one prey group display dietary 

dominance. Dietary analyses are temporally limited (Tupinambás, et al., 2015). 

Misrepresentations can occur through the difference in speed at which prey items are 

digested (Sutela & Huusko, 2000). Soft prey items are often digested more quickly 

than prey items that are denser or have a protective outer layer, such as a seed casing 
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or exoskeleton (Govini, et al., 1986; Sutela & Huusko, 2000). The level at which food 

items can be identified can be compromised, as digestion diminishes fine-scale 

physical structures of food items. The level at which food items are identified must be 

considered in order to ensure biologically relevant dietary analyses.  

 

Larval fish are especially impacted by the size dependent feeding habits exhibited by 

all fish with limited mastication, and rely on ingestion of whole food items (Schael, et 

al., 1991; Bregiman & Stein, 1994). Resource availability is directly impacted by 

gape size, because it restricts potential diets to a size range limited to the fish’ 

maximum gape size (Bregiman & Stein, 1994). The small maximum gape size of 

larval fish severely restricts food availability and starvation has been identified as one 

of the biggest threats facing larval fish survival (Schael, et al., 1991; Bregiman & 

Stein, 1994). Gape size also correlates with size in fish, and overall body growth is 

required to increase gape size in larval fish (Jones & Closs, 2014). The gape-body 

length relationship, while varying between species, is consistently positively in 

freshwater fish species (Schael, et al., 1991). Length explained 94%, 92% and 75% of 

the variation associated with gape diameter for species yellow perch (Perca 

flavescens), freshwater drum (Aplodinotus grunniens) and black crappie (Pomoxis 

nigromaculatus). Life history theory would suggest that larval fish that emerge at a 

larger size have a larger gape-size and therefore, larger base of potential food items. 

Larger size at emergence would subsequently lead to a greater chance of survival 

throughout larval life stage due to an increase of resource availability. Slow life 

history strategies should be more prevalent in resource scarce environments, as fish 

larvae would emerge at a relatively large size to maintain an adequate resource base 

and ensure larval recruitment, despite the environment (Reznick, et al., 2002). 

However, large offspring require greater energy investment to produce and occupy 

more space within the ovaries during development and production, often resulting in 

reduced fecundity (Reznick, et al., 2002). Conversely, fast life history traits may be 

more prevalent in resource-abundant streams (Stearns 1989). Resource-abundant 

environments should provide plentiful resources that fall within the gape size of small 

fish larvae, diminishing the increased chance of recruitment observed from large 

larvae in resource scarce environments (Reznick & Yang, 1993). Therefore, 

maximising offspring recruitment may be achieved through increasing number of 

offspring. 
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Model Species: Galaxias vulgaris complex  

 

Galaxiidae are a family of freshwater fish that display diversity in life history traits 

and diadromous life cycles (McDowall & Wallis, 1996) and are prevalent in all 

continents of the southern hemisphere, except Antarctica. For example, Galaxias 

maculatus spawns in freshwater habitats and migrate to sea as larvae, then migrates 

back into freshwater at a larger size (McDowall, 2007), while other species are 

exclusively non-diadromous (Goodman, et al., 2014). New Zealand is host to 22 

Galaxiidae species, all but two of which are endemic (Goodman, et al., 2014). Five 

amphidromous species of Galaxiidae, commonly referred to as “whitebait”, are 

recreationally and semi-commercially fished in New Zealand as the juveniles migrate 

to freshwater environments (Allibone, et al., 2010). Larval whitebait emerge within 

streams and migrate downstream, utilizing stream flow, to oceanic environments, 

where they develop into moderately sized juveniles before migrating back into 

freshwater environments (McDowall, 2007). New Zealand also contains land-locked 

species of non-diadromous galaxiids, such as koaro (Galaxias brevipinnis) that 

migrate between stream and lake environments throughout their life history. It is 

argued that land locked migrations fulfil the same energy efficiency and development 

benefits observed in diadromous migrations (McDowall, 1992). Lakes display greater 

productivity and density of plankton than stream environments (Holmes & Taylor 

2015). However, some of New Zealand’s non-diadromous species are stream resident 

species that do not display any large-scale migration throughout their life history and 

rely on the invertebrate biomass within stream environments. 

 

An evolutionary radiation of Galaxiidae species is present on the South Island, New 

Zealand where ten Galaxiidae species occur on the south and east coasts (Jones & 

Closs, 2014). Originally, because the adults are cryptic, this species radiation was 

considered one species, Galaxias vulgaris. However, with the recent development of 

genetic identification tools, it was discovered that Galaxias vulgaris contained ten 

separate taxonomically distinct units. Although some species have yet to be formally 

described, Galaxias vulgaris is now referred to as the ‘G. vulgaris complex’ (Jones & 

Closs, 2014). The radiation of species shares non-diadromous life histories, however 
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display variation in life history traits (Jones & Closs, 2014). Jones & Closs (2014) 

observed significant variation in life history traits between closely related non-

diadromous species within the G. vulgaris complex. Egg size was significantly greater 

in headwater species (G. pullus and G. eldoni), exhibiting a ‘slower’ reproductive 

strategy, than downstream low elevation species (G. anomolus and G. depressiceps) 

exhibiting traits associated with a ‘faster’ life history (Jones & Closs, 2014).  

Variation in life history traits across different stream positions indicates that 

conditions change across elevation enough to produce different optimal reproductive 

strategies.   

 

New Zealand’s galaxiid species are broadly in decline, with the majority of species 

displaying decreases in distribution and 74% of species labelled as ‘Threatened’ or 

‘At Risk’ (Goodman, et al., 2014). While declines in distribution could be negatively 

affected by habitat loss and temperature increases with climate change, the 

widespread decline has been predominantly associated with the rapid establishment of 

invasive salmonid populations, most notably brown trout (Salmo trutta) (Townsend & 

Crowl, 1991; Townsend, 1996). Deliberate introductions of salmonids were carried 

out in the 19th century to establish recreational fisheries (Townsend 1996). The 

aggressive competitive behaviours and larger adult size of invasive salmonid species 

assisted their introductions and produced self-sustaining populations throughout all 

major New Zealand water bodies (L'Abée-Lund, 1991; Townsend & Crowl, 1991; 

Parra, et al., 2009). Additionally, large brown trout exhibit high dietary plasticity and 

have been shown to develop piscivorous diets (Townsend, 1996). These traits make 

brown trout (Salmo trutta) one of the most successful invasive species in the world. 

Galaxias species have experienced localised extinctions following the establishment 

of brown trout populations (Townsend, 1996; Goodman, et al., 2014), as few native 

species can co-occur with brown trout. Additionally, populations of galaxiids that co-

occur with trout often comprise of low density distributions of juveniles (Woodford & 

McIntosh 2010). 
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Model System: Otago  

 

Otago, New Zealand, is located in temperate latitudes of 40-47oS, and longitudes of 

168-171oE. Coastal and highland areas of Otago experience regular rainfall 

throughout the year, whereas inland areas of lowland central Otago are susceptible to 

droughts during summer. Drought is common in lowland streams, where water 

abstraction is implemented to supplement agricultural production. Terrestrial 

vegetation also varies with elevation; highland areas are dominated by native 

tussocks, which support stable flows, whereas lower elevations largely feature 

agricultural pastures, which lack flow stabilizing properties (Mark & Dickinson, 

2008; Harding & Winterbourn, 1997). The four species previously mentioned, 

Galaxias pullus, G. eldoni, G. anomolus, and G. depressiceps, persist within Otago, 

New Zealand and contain stream resident non-diadromous life histories (Jones & 

Closs, 2014). G. pullus and G. eldoni, considered headwater species, exclusively 

persist within separate streams of the Taieri catchment at elevations of ~400 – 1100m. 

G. anomolus, and G. depressiceps occupy larger ranges within the Clutha and Taieri 

catchments, generally at lower elevations of ~140 - 1100. The four species are almost 

completely allopatric, having been recorded to co-exist in only a few specific stream 

channels (Jones & Closs, 2014). 

 

The previous research by Jones & Closs (2014) confirms the presence of life history 

variation between the four species, which justifies examining resource use and 

comparative life history traits of natural larval galaxiid populations as model research 

units to identify causes of life history variation between species. The research 

described in this chapter attempts to identify the potential causes of observed life 

history trait variation by examining resource availability and diets of larval galaxiid 

populations across an elevation gradient and life history strategies.  
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Research Objectives  

 

This study aims to further the understanding of dietary patterns of larval non-

diadromous freshwater fish species, and provide baseline knowledge on the larval 

ecology of Otago’s galaxiid species. This data chapter will examine the dietary 

patterns, of the previously described species, across an elevation gradient. It will  also 

explore how invertebrate community composition and resource abundance impacts 

the feeding habits of larval galaxiids, and discuss the potential management 

implications of invertebrate community composition shifts. The following hypotheses 

were generated to investigate the diets, prey sizes and invertebrate community 

surrounding eleven non-diadromous galaxiid larvae populations from four closely 

related species, collected over a wide elevation range; 

 

1. Mean food item size will positively correlate with larvae size: smaller larvae 

display greater gape limitation and are excluded from food resources 

compared to their larger counterparts.  

Ho; Larvae size has no effect on food item size 

 

2. Collection site will be a greater determinant of food item size than species: all 

non-diadromous galaxiid larvae, regardless of species, are expected to feed in 

a similar fashion, due to intensive feeding limitations during early life stages. 

Therefore, the surrounding environment and site-specific resource availability 

will have greater impact on diets than species. 

Ho; species identity does not contribute additional predictive success after 

species-specific sites are accounted for. 

 

3. Diet breadth will positively correlate with elevation and life history strategies. 

The research species have been allocated life history strategies from previous 

research, Jones & Closs (2015). Strategies have been described as either fast, 

medium or slow, in reference to the theory proposed in Pianka (1970). Limited 

resources in high elevation populations will produce larvae that are less 

predatory selective and display a diet more representative of the invertebrate 

community, than lower elevated populations. 

Ho; diet breadth does not change across elevation of life history strategy. 
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Methods 
 

 

 

Study system 

 

The study species are part of the radiation of galaxiids referred to as the G. vulgaris 

complex (Jones & Closs, 2014) and occur throughout the region of Otago, New 

Zealand. Otago, South Island, New Zealand lies in temperate latitudes of 40-47oS, and 

longitudes of 168-171oE. New Zealand is host to 22 galaxiid species, ranging from 

threat classification levels ‘not threatened’ to ‘nationally endangered’ (Goodman, et 

al., 2014). Declines observed within the endemic species are attributed to predatory 

and competitive behaviours of invasive salmonid species (Goodman, et al., 2014).   

 

Otago, New Zealand, contains extremely heterogeneous environments, attributed to 

the irregular topography of the landscape (Hutchinson 1968). Rainfall in Otago 

increases up to elevations of 600m, then decreases above this elevation (Hutchinson 

1968). Additionally, seasonal patterns in rainfall occur slightly later in high elevation 

areas (Hutchinson 1968). Coastal and highland areas of Otago experience regular 

rainfall throughout the year, whereas inland areas of lowland central Otago are 

susceptible to droughts during summer. Drought is common in lowland streams, 

where water abstraction is implemented to supplement agricultural production 

(Caruso 2002). Invertebrate communities within Otago streams display resilience to 

low flows and drought events (Caruso 2002), whereas fish species are negatively 

affected by agriculturally induced low flows (Leprieur et al 2006). However, the 

invasive brown trout (Salmo trutta) displays less tolerance to low flow than galaxiids 

(Leprieur et al 2006). Terrestrial vegetation also varies with elevation; highland areas 

are dominated by native tussocks, which support stable flows, while elevations below 

500m are dominated by agricultural pastures (Broad et al. 2001; Mark & Dickinson, 

2008). The development of agricultural pastures in Otago has resulted in the removal 

of high shading canopies or riparian vegetation from the vast majority of streams, 

reducing flow stability and increasing suspended solids within water ways (Mark & 
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Dickinson, 2008; Harding & Winterbourn, 1997). Elevation and vegetation cover has 

reliably predicted the presence of longfin eel (Anguilla dieffenbachii) within Otago 

streams, showing that variation in environmental conditions has been identified to 

predictably impact the prevalence of native fish species (Broad et al 2001).  

 

Productivity varies predictably within freshwater systems, with the amount of energy 

passing through the system commonly increasing towards the mouth of the stream 

(Young & Huryn, 1999). At each position in a stream, abiotic factors such as sunlight 

exposure and flow speed are large determinants of productivity. Terrestrial canopies 

and riparian growth can block light to the streambed through shading. However, leaf 

litter and terrestrial detritus input can alleviate the loss of energy obtained through in-

stream photosynthesis (Rounick, et al., 1982). Stream reaches that rely predominantly 

on allochthonous (terrestrial) energy inputs could interact with environmental 

gradients associated with elevation differently to autochthonous reaches that rely on 

in situ photosynthesis (Rounick, et al., 1982: Stevenson, 1997).   

  

Otago is home to a radiation of 10 non-diadromous galaxiid fish species. These 

species are threatened by the widespread invasion and establishment of brown trout 

(Salmo trutta), especially in lowland streams. (McDowall, 2006; Mcintosh et al., 

2010; Allibone et al., 2010). However, steep inclines and waterfalls often prevent 

upstream colonisation of brown trout, producing a natural colonisation barrier, 

allowing for co-occurrence of allopatric populations of trout and galaxiid within the 

same stream. 

 

Research model species 

 

Four closely related freshwater fish species within the Galaxias genus were chosen 

for this study: G. anomalus, G. depressiceps, G. pullus and G. eldoni. These species 

share the life history trait of non-diadromy (do not migrate during the reproductive 

process or during early life stages, as explained in chapter 1) and are exclusively 

stream-resident. The study species encompass wide variation in life history related to 

environmental variation. These galaxiid species are almost exclusively allopatric, 

separated by catchment systems. G. pullus and G. eldoni are predominantly restricted 

to headwater creeks (Jones & Closs, 2014). In contrast, G. depressiceps and G. 
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anomalus are more widespread throughout low to midland streams. In accordance 

with predictions from life history theory, G. pullus and G. eldoni display early life 

history traits indicative of low productive environments, such as greater gape 

diameter and larger total length than G. depressiceps and G. anomalus at emergence 

(Jones & Closs, 2014). However, G. anomalus displayed delayed growth rates and 

swimming development compared to G. depressiceps, indicative of a life history 

substantially faster than G. depressiceps. Therefore, G. anomalus was associated with 

a fast life history, G. depressiceps was associated with a intermediate life history, and 

the species G. pullus and G. eldoni were associated with slow life histories. 

 

All four galaxiid species spawn throughout October and early November. Lowland 

populations spawn earlier than highland populations and are thought to emerge 

following the first high temperature of mid-spring (P. Jones, pers. comm.). Higher 

elevation populations emerge later, as temperatures increase slightly later in the 

season (Minder, et al, 2010). Post emergence, downstream larval and juvenile drift 

can be extensive in G. depressiceps and G. anomalus, and subsequent upstream 

migration can occur following development (Jones & Closs 2015), whereas, G. pullus 

and G. eldoni show very little downstream dispersal (Jones & Closs 2015). 

Galaxiid larvae move downstream until they reach a backwater, where they grow until 

they are fully developed juvenile fish. 

 

Site selection  

 

Sampling areas were identified both through advice from experts (P. Ravenscroft, P. 

Jones, pers. comm.) and through distribution information in the New Zealand 

Freshwater Fish Database (NZFFD). A search of recent (within the last 5 years) 

successful sampling events for each species was conducted. Sites were considered 

suitable for sampling if they had been sampled since 2010 and had contained several 

adult individuals. However, the NZFFD does not contain information on larval 

population sampling, meaning sites identified from the NZFFD were only broad areas 

where larval populations potentially exist. On site, potential larval galaxiid habitats 

were identified as backwaters slightly downstream from known adult populations due 

to the non-migratory life history of the adults, and the swimming limitations of the 

larvae (Jones & Closs, 2014).  
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Initially, 20 sites were selected, five for each study species, as potential collection 

areas. However, 9 sites were omitted from the study. Several reasons prevented sites 

from being viable collection sites. Some sites were inaccessible due to denied 

property access consent. Other sites did not contain larval galaxiids. Some of the sites 

selected had been invaded by Brown Trout (Salmo trutta) following the NZFFD 

galaxiid sample recordings, and consequently lacked galaxiid larvae. To limit impact 

on endangered populations and species, less than a third of the visible larvae were 

collected. Sampling occurred in November and December of 2014. 

 

Larval galaxiid collection 

 

Larval galaxiids inhabit backwaters, downstream of their hatching site, due to limited 

swimming ability (Jones & Closs, 2014). Backwaters are identified as areas of 

minimal flow out of the main current, which display longer residence times. Larvae 

were collected within backwaters by dipping a hand net downstream of the backwater 

and quickly moving it up, through the backwater. Larvae were immediately 

submerged in a falcon tube containing formalin (10% Formaldehyde) to ensure rapid 

preservation of stomach contents. G. pullus and G. eldoni populations were collected 

late October. Low elevation (100-400m) G. depressiceps and G. anomalus 

populations were collected mid-October and other G. depressiceps and G. anomalus 

populations (>400m) were collected early November 2014.  

 

Invertebrate Samples 

 

Following larval collection, samples were taken to quantify the available food base at 

each site. Ten litres of water within both the backwater and the main flow of the 

stream were filtered (20μm), giving a total of 20 litres filtered at each site. One litre of 

water at a time was collected with a container and filtered separately, then all 

invertebrates from each site were pooled. Invertebrate samples frequently contained 

thousands of organisms; therefore, subsets of the total environmental samples were 

prepared using a plankton splitter. Samples were split to a quarter of their original 

volume. Invertebrates and diatoms were counted and identified to lowest feasible 

taxonomic level. While peak feeding times of larval galaxiids are not yet known, 



25 
 

increased terrestrial invertebrate input could temporarily alter the invertebrate 

community composition present within backwaters. Any larval galaxiids collected 

with these samples were carefully removed and returned to the backwater. Broad 

invertebrate community samples were taken to evaluate the invertebrate community 

composition and to discern if galaxiid larvae have specialised taxonomic feeding 

habits. Invertebrate samples were frozen at -20oC and stored until examined.  

 

Environmental measures 

 

Elevation above sea level (±3 m), latitude and longitude were recorded for each site, 

using a GPS device (model GARMIN 60CSx). A Marsh-McBirney INC Flo-Mate 

(model 2000) was used to measure flow speeds at spatial intervals of ten centimetres 

to produce a cross-sectional grid of flow measurements across the entire stream. Other 

environmental measures including water temperature, salinity and dissolved oxygen 

were taken using a YSI Environmental ProODO handheld oxygen meter. A broad 

environmental survey was taken at each site, including weather conditions, 

surrounding land use, riparian conditions, riparian plant species, presence of aquatic 

macrophytes, light and wind exposure.  

 

Larval galaxiid measurements and dissections 

 

Larvae were measured for total length (from anterior tip of the head to the posterior 

end of the caudal fin) with electronic calipers (±0.01 mm). Larvae that had damaged 

caudal fins or notochords were omitted from analyses involving fish length data. 

Larval galaxiid gastrointestinal tracts were not yet developed and followed an archaic 

plan consisting of a simple linear tube from the stomach to the anus on the inferior 

side of the fish. Two thin semi-translucent layers of tissue separated the intestines 

from the outside environment. Presence of food items within the gastrointestinal tract 

was visible through a dissecting microscope. Dissections were accomplished by 

removing the intestinal tract with two sets of forceps. The forceps were placed 

adjacent to one another just below the stomach, gripping the intestines. The two 

forceps were then moved in opposite directions, separating the gastrointestinal tract 

from the body of the fish. This method was found to be effective for larval fish 
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because thick muscular and epidermal tissue have yet to developed around the 

abdomen.  

 

Diet identification 

 

Diet contents were identified using Winterbourn et al (2006) and NIWA’s Guide to 

Aquatic Invertebrates (2001). To make the results as biologically relatable as possible, 

invertebrates were identified to phenotypically distinct functional groups, with the 

rationale that learned feeding behaviours associated with one prey group would be 

relevant to all individuals within that group, but not as relevant to others. Food item 

length was measured across the organism’s most distal points (±0.005 mm), to 

provide a representation of maximum size.  

 

Statistical analysis 

 

The statistical software R version 3.0.15 (R Core Team, 2013) was used for all 

statistical analysis. The first hypothesis, mean food item size will positively correlate 

with larvae size, was tested using general linear mixed effects models, with food item 

size as the response variable. Multiple models were executed using all galaxiid 

species, and each galaxiid species separately. The model designated larvae size as the 

primary predictor variable: and accounted for variability associated with other 

variables such as collection site and species. ‘Species’ and ‘fish length’ were treated 

as fixed effects. ‘Population’ and ‘individual fish’ were treated as random effects. The 

model was constructed using the linear model package “lme4”. Numerical variables, 

such as prey length and total larval body length measurements were log transformed 

to normalize the data, to account for the slight skew in residuals due to the unequal 

distribution of larval galaxiid length measurements. 

 

The second hypothesis, collection site will be a greater determinant of food item size 

than species, was tested by comparing Akaike’s Information Criterion (AIC) and 

Bayesian Information Criterion (BIC) values from several generalised linear mixed 

effect models. AIC is a model selection technique that evaluates model performance 

by balancing parsimony, or the complexity of the model (degrees of freedom), against 

the model fit, or amount variation within the data explained by the model (Bozdogan, 
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1987). BIC is a similar method, but penalises additional model complexity more 

strongly than AIC. Several models were produced with a variety of predictor 

variables. Each model was produced to assess the level of predictive power of each 

variable or combination of variables. All models accounted for individual fish 

identity, because multiple prey items were commonly found within larval galaxiid 

stomachs. The predictor variable ‘species’ accounted for an individual’s species as a 

predictor of prey item size. The predictor variable ‘site’ accounted for the variation 

observed between collection site intercepts. The variable ‘larval length’ used 

measures of an individual’s total length to predict prey item size. Age of galaxiid 

larvae could not be accounted for during sampling, consequently differences in life 

history traits were not accurately represented across the populations sampled. Because 

age could not be standardised; larval fish length, a measure that highly correlates with 

larval fish size, was accounted for throughout dietary analyses of the second 

hypothesis. Two sets of models were built, the first using lengths of all dietary data, 

and the second using only the most prevalent prey group, Chironomidae. The second 

analysis is intended to remove any bias that may arise from variation between 

taxonomic groups regarding energy intake and body shape. To explain, Chironomidae 

contain a cylindrical fleshy digestible abdomen with a small hard indigestible head 

and small prolegs, whereas Cladocera are more round in shape, with a hard 

indigestible exterior surrounding internal digestible tissue. While these two taxonomic 

groups may be recorded with the same ‘body length’ they contain different volumes 

of digestible tissue.  

 

The final hypothesis, predicting that diet breadth and selectivity across elevation will 

decrease, was tested using proportional similarity indices and Shannon diversity 

indices for each collection site. The proportional similarity index is a measure of 

similarity between two sets of relative species abundances (Feinsinger, et al., 1981), 

and was used to determine how similar fish diets are to the resources available in the 

environment. In this instance, each population’s cumulative diets were compared to 

their respective invertebrate community. The equation, proposed to describe 

ecological niche overlap, by Feinsinger, et al (1981), is:  
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Eq. 1     Proportional Similarity = 1 – 0.5 Σi | pi – qi | = Σi min(pi , qi), 

 

where pi is the proportion of resources from item i out of all of the items used by the 

population, and qi is the proportion of i items in the resource base available to the 

population (Feinsinger, et al., 1981). When applied to this research, pi is the 

proportion that a taxonomic group, for example Copepoda, represents in the total diet 

of a larval galaxiid population, and qi is the proportion or prevalence of the same 

taxonomic group, Copepoda, within the invertebrate community.  A proportional 

similarity value of 1 indicates the broadest possible niche, where resources are being 

consumed in proportion to their availability. A value close to 0 indicates a narrow 

niche, suggesting the population is highly specialised by exclusively consuming 

uncommon resources.  

 

The Shannon diversity index is used to measure the diversity of a community or diet 

sample, accounting for both species richness and evenness (Hughes, 1978: Clarke & 

Warwick, 1994). The Shannon diversity index evaluates niche breadth and diversity 

through species richness and evenness of resource consumption, whereas the 

proportional similarity index evaluates niche breadth through comparisons of resource 

availability to resource consumption. The Waipori River site was removed from 

dietary Shannon diversity index analyses because the population consumed a total of 

one food item, and therefore could only produce a Shannon diversity index score of 0. 

 

Eq. 2    Shannon Diversity Index    H’ = - Σi  Pi  log (Pi) 

 

Where Pi is the proportion of the total individuals represented by species i. In this 

research, the Shannon diversity index was used to evaluate the diversity of larval 

galaxiid populations diets and their associated invertebrate communities. A Shannon 

diversity index score of 0 indicates that a population is highly dominated by a singular 

taxonomic unit, and a value near the log of species richness indicates that all 

taxonomic units are represented equally within the galaxiid population’s diet. 

 

Proportional similarity index and Shannon diversity index measures were regressed 

against elevation and invertebrate abundance, to provide insight into diet selectivity 

and community diversity. Differences between proportional similarity index and 
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Shannon diversity index scores were evaluated across life history categories using 

one-way analysis of variance (ANOVA) analyses. Also, diet and invertebrate 

community Shannon diversity index measures were compared using a Student’s t-test. 

Differences between life history categories were assessed across the continuous 

variables sample site elevation, mean total larval length, mean stream current 

velocity, dissolved oxygen, conductivity and invertebrate abundance using one-way 

analysis of variance analyses. Elevation was regressed against the variables mean 

total larval fish length, mean stream current velocity and invertebrate abundance.  
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Results 

 

 

Broad trends across elevation and life history strategies 

 

228 galaxiid larvae were captured from four species of Galaxiid displaying different 

life history traits, across eleven collection sites spanning an elevation gradient of 

approximately 700m (range 102-801m). 999 prey items were identified and measured 

giving an average of 4.38 prey items per fish. Life history strategy did not become 

‘slower’ as elevation increased (one-way ANOVA F = 0.596, P = 0.574) (Fig 2.1). 

But, elevational range was greater for species with slow life history traits (Fig 2.1). 

Mean total length of galaxiid larvae populations did not vary with life history 

catergory (one-way ANOVA F = 2.50, P = 0.14) (Fig 2.2b). Mean length of larval 

galaxiids did not vary significantly across the elevation range (r2 = 0.002, df = 9, t = -

0.16, F = 0.026, P = 0.88) (Fig 2.2a). 

 

A positive but non-significant relationship was found between elevation and flow 

velocity (r2 = 0.196, df = 9, t = 1.48, F = 2.20, P = 0.172) (Fig 2.2c). No relationship 

was observed between flow velocity and life history strategy (one-way ANOVA F = 

1.57, P = 0.23) (Fig 2.2d). 

 

 

 

 

 

 

 

 

 

 

 

 

                       Fast                                                                 Intermediate                                                               Slow 
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Figure 2.1: Elevational distribution of different life history strategies. Life history strategies are denoted by data 

point shape. Circles represent fast life history strategy, triangles represent intermediate life history strategy and 

diamonds represent slow life history strategy. Species are denoted by colour. G. depressiceps are shown in 

green, G. anomalus are shown in orange, G. eldoni are shown in blue and G. pullus are shown in black. 

 

Figure 2.2: Relationship between either Elevation (m) or Life History category and; a,b) Mean total length (mm), 

c,d) Current velocity (m/s). Data points have been coloured to denote species; G. depressiceps are shown in 

green, G. anomalus are shown in orange, G. eldoni are shown in blue and G. pullus are shown in black. 

 

 

 

Environmental gradients across life history category and  galaxiid length 

 

Dissolved oxygen negatively correlated with mean galaxiid length (r2 = 0.40, df = 9, t 

= -2.47, F = 6.10, P = 0.036) (Fig. 2.3b). Additionally, there was non-significant 

variation in dissolved oxygen between life history strategies, with species with slow 

life history tending to occur in more oxygenated water (one-way ANOVA F = 2.56, P 

= 0.14) (Fig 2.3a). A large amount of the observed variation in mean larval length was 

explained by conductivity, and mean larval length strongly increased with 

                      Fast                         Intermediate                         Slow 

                      Fast                         Intermediate                         Slow 

a. 

c. 

b. 

d. 
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conductivity (r2 = 0.74, df = 9, t = 5.10, F = 26.0, P = 0.001) (Fig. 2.1d). The 

uppermost value of conductivity (205.7 μS/cm) was 226% of the next highest value, 

and obtained from a site that contained few, well developed juvenile galaxiids. After 

removing this site from the model the trend remained highly significant (r2 = 0.65, df 

= 9, t = 3.85, F = 14.8, P = 0.005). Also, this relationship trended positively between 

life history strategies (one-way ANOVA F = 2.93, P = 0.11) (Fig 2.3c), with slow life 

history categories inhabiting high oxygenated environments.  

 

 

Figure 2.3: Relationship between Larval Galaxiid length (mm) and; a) Elevation, b) Dissolved Oxygen (mg/L), c) 

Conductivity, d) Conductivity excluding the largest value e) Flow (m 3s-1). The final plot, f) displays the relationship 

between flow speed (m3s-1) and elevation (m). Data points have been coloured to denote species; G. 

depressiceps are shown in green, G. anomalus are shown in orange, G. eldoni are shown in blue and G. pullus 

are shown in black. 
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Prey size and larval galaxiid length 

 

Logarithmically transformed prey length significantly increases with logarithmically 

transformed larval galaxiid length (r2 = 0.011, df = 170, t = 2.86, F = 8.19, P = 0.004) 

(Fig. 2.2). However, galaxiid length explains little of the variation observed between 

food item sizes.  

 

 

Figure 2.4: Scatter graph displaying the relationship between length (mm) of larval galaxiids and size (mm) of 

food items. Larval length and prey size were converted to natural logarithm values to. Data points have been 

coloured to denote species; G. depressiceps are shown in green, G. anomalus are shown in orange, G. eldoni are 

shown in blue and G. pullus are shown in black. 

 

 

 

G. eldoni show a narrow range of larval length in comparison to other species (Fig. 

2.3a), likely because they were collected from a single site. G. eldoni do not display 

any trend correlating prey item size and larval galaxiid length (r2 = 0.001, df = 29, t = 

-0.307, F = 0.094, P = 0.76). Similarly, G. anomalus show no significant change in 

size of prey items consumed across galaxiid lengths (r2 = 0.002, df = 33, t = -0.791, F 

= 0.626, P = 0.429) (Fig. 2.3c). However, both G. depressiceps and G. pullus show 

positive relationships between prey item length and larval length (r2 = 0.142, df = 36, t 

= 4.37, F = 19.13, P < 0.0001 and r2 = 0.072, df = 76, t = 4.75, F = 22.6, P < 0.0001 

respectively) (Fig. 2.3b,d). 
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Figure 2.5: Relationship between length (mm) of larval galaxiids and size (mm) of food items for each species 

analysed. Larval length and prey size were converted to natural logarithm values to. Populations have been 

allocated symbols to display population differences within species.   

 

 

Diet Composition 

 

The diets of the non-diadromous Galaxiid ranged across common freshwater 

macroinvertebrate orders. However, the most prevalent taxonomic group was 

Chironomidae, which constituted 62.8% of the total food items (Fig. 2.4). Other 

notable groups were Copepoda and Diatom algae, occupying 18.5% and 7.7% of the 

total diet, respectively (Fig. 2.4). Comparably, environmental invertebrate samples 

contained 51.3% Chironomidae, with Diatom algae and Cladocera occupying 18.0% 

and 15.9% respectively (Fig. 2.4).  
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Figure 2.6: Stacked bar graph comparing community and dietary taxonomic group compositions, including data 

from all collection sites and larval galaxiid populations. 

 

 

Dietary Chironomidae had the highest mean length (1.21mm) and varied greatly in 

size (0.2 – 4.6 mm), an average and range far greater than any other group (Table 

2.1). Algae had the smallest range (0.05 – 0.275 mm) and lowest mean size (0.182 

mm) (Table 2.1).  

 

 

Table 2.1: Counts and measures of the taxonomic groups consumed by the larval galaxiids collected.  

Prey Taxa Number Consumed Mean Length (mm) Min Length (mm) Max Length (mm) 
Chironomidae 628 1.21 0.2 4.6 

Copepoda 202 0.46 0.05 1.5 

Cladocera 20 0.307 0.125 0.5 

Ostracoda 12 0.386 0.15 1.9 

Algae 76 0.182 0.05 0.275 

Trichoptera 15 0.387 0.175 0.825 

Annelida 7 0.532 0.35 0.725 

Ephemeroptera 12 0.585 0.15 2.025 

Plecoptera 5 0.525 0.1 1.2 

Diptera 17 0.933 0.275 2.075 
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Population Level Diets 

 

The population Waipori River was excluded from all population level diet analyses 

due to the absence of prey items, which if included would produce a skew in results, 

as each population was not weighted to sampling success. When diets are evaluated at 

the population level, the majority of populations (Lower Narrowdale Stream, Reedy 

Creek, Swinburn, Nobbler’s Creek, Pigroot Creek) display a high proportion of 

dietary intake from Chironomidae, and a low proportion of the remaining taxonomic 

groups (Fig. 2.5a).  

 

However, other populations display different dietary compositions. Diets of 

Smuggler’s Creek population displayed a high proportion of Copepoda (33.3%) and 

equal proportions of Chironomidae and Algae (24%). Shingly Creek population 

contained a diet predominantly dominated by adult Diptera flies (57.1%). Plecoptera 

larvae also contributed heavily to the populations diet (21.4%). Spain Creek 

population’s diet almost only consisted of Copepoda (95%). Algae and Chironomidae 

predominantly occupied the diets of the Spec Gully population (47.3% and 33.8%, 

respectively). Waipori River tributary population fed heavily upon Chironomidae and 

Copepoda (44.2% and 38.5% respectively). 
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Figure 2.7: Stacked bar graphs displaying a) The dietary compositions from each population. b) The community 

compositions at each site. The legend at each graph indicate taxonomic group through colour. Numbers below the 

dietary graph shows the (n=) number of larval galaxiids contributing to the dietary data. Sites are indicated by 

initials. LN = Lower Narrowdale stream, SM = Smugglers Creek, SC = Shingly Creek, RD = Reedy Creek, SP = 

Spain Creek, SB = Swinburn, NB = Nobbler Stream, SG = Spec Gully, PR = Pigroot Stream, WT = Waipori River 

Tributary, WR = Waipori River. Populations are arranged in order of low to high elevation (m). 
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Diets often contrasted with the composition of the potential diet items in the 

environment. Chironomidae often consisted of >80% of the diets of the larval galaxiid 

populations (Fig. 2.5), whereas environmental prevalence of Chironomidae was 

comparatively lower (except Shingly creek, which had a community composition 

consisting of 83.6% Chironomidae). Interestingly, despite the highest prevalence of 

Chironomidae in the environmental samples, the Shingly creek population consumed 

mostly other prey types (Fig. 2.5). Cladocera were present at most communities, yet 

were seldom consumed.  

 

Copepoda were fed upon far more than their proportion within the community by 

populations from collection sites; Lower Narrowdale stream (4% within dietary and 

1% within community), Smuggler’s creek (33.3% within dietary and 14.2% within 

community), Spain creek (95% within dietary and 7.9% within community), Pigroot 

stream (9.3% within dietary and 1.8% within community) and Waipori river tributary 

(38.5% within dietary and 5.7% within community) (Fig. 2.5). Despite the prevalence 

of Cladocera within many communities, their contributions to diets were comparably 

smaller. Smuggler’s Creek and Spec Gully populations were the only populations to 

notably consume Cladocera  (8% and 10.8% respectively)(Fig. 2.5).  

 

Environmental community samples displayed less variation among sites than dietary 

samples, however they differed substantially from dietary samples (Fig. 2.5). 

Chironomidae contribute greatly to every collection site’s invertebrate community 

(Fig. 2.5). Copepoda and Cladocera were also notable contributors to community 

composition at many sites (Fig. 2.5). Communities that were dominated by algae, 

namely; Smuggler’s Creek and Waipori River tributary, generally lacked Cladocera, 

and vice-versa (Fig. 2.5).  

 

 

Food Availability 

 

Community abundance did not change across elevation (r2 = 0.195, df = 9, t = 1.47, F 

= 2.18, P = 0.17), or life history strategy (one-way ANOVA F = 0.105, P = 0.902) 

(Fig 2.8). The collection site Waipori River contained a far greater community 
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abundance than any other site, despite the site’s high elevation (802m) , and 

subsequently expected productivity (Fig 2.8).  

 

 

 

Figure 2.8: Scatter plots displaying invertebrate community abundance of each population a) across an elevation 

gradient, and b) across different life history strategies. Species are denoted by colour. Red = G. anomalus, Green 

= G. depressiceps, Blue = G. eldoni, Black = G. pullus. Life history strategies are denoted by data point shape. 

Circles = fast, G. anomalus, Triangle = intermediate, G. depressiceps, Diamonds = Slow, G. pullus and G. eldoni. 

 

 

  

Diet Selectivity 

 

Proportional similarity index scores were used to measure similarity between 

consumed resources and environmental resource availability. The index scores from 

the sites Smuggler’s Creek (0.695), Reedy Creek (0.671), Swinburn (0.623) and 

Pigroot (0.623) indicate a relatively broad dietary niche with resources consumed 

somewhat proportional to their abundance (Fig 2.6). The index scores from Spain 

Creek (0.129) and Nobbler’s Creek (0.139) suggest very narrow dietary compositions, 

with taxonomic groups consumed independent of the surrounding community 

abundance (Fig. 2.6). The remaining sites (Lower Narrowdale, Spec Gully, Shingly 

Creek, Waipori River, Wiapori River Tributary) had proportional similarity scores 

that suggest that populations do not use resources in proportion to their abundance, 

and potentially value some taxonomic groups higher than others as dietary items.  

 

                      Fast                         Intermediate                         Slow 
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Figure 2.9: Scatter plot displaying Proportional similarity index scores of each population a) along an elevation 

gradient, b) through different life history traits. Species are denoted by colour. Red = G. anomalus, Green = G. 

depressiceps, Blue = G. eldoni, Black = G. pullus. Life history strategies are denoted by data point shape. Circles 

= fast, G. anomalus, Triangle = intermediate, G. depressiceps, Diamonds = Slow, G. pullus and G. eldoni. 

 

 

Proportional similarity indices measuring the match between dietary and community 

samples suggest that as elevation above sea level increases, similarity of diets to the 

surrounding community does not change (r2 = 0.023, df = 8, t = -0.44, F = 0.19, P = 

0.67) (Fig. 2.6a). Additionally, proportional similarity index scores did not vary 

between life history strategies (one-way ANOVA F = 1.1, P = 0.39) (Fig. 2.6b). 

Conversely, proportional similarity measures displayed a negative relationship with 

invertebrate community abundance (r2 = 0.14, df = 8, t = -3.31, F = 11.0, P = 0.011). 
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Figure 2.10: Scatter plot displaying Proportional similarity index scores of each population across invertebrate 

abundance per litre. Species are denoted by colour. Red = G. anomalus, Green = G. depressiceps, Blue = G. 

eldoni, Black = G. pullus. Life history strategies are denoted by data point shape. Circles = fast, G. anomalus, 

Triangle = intermediate, G. depressiceps, Diamonds = Slow, G. pullus and G. eldoni. 

 

 

Shannon Diversity Index 

 

Nobbler’s creek population produced a very low dietary Shannon diversity index 

score (0.003) (Fig. 2.7). The low score observed by Nobbler’s creek population was 

the result of Chironomidae dominating the dietary composition (99%) (Fig. 2.5). 

Smuggler’s creek population was observed to have the highest ‘evenness’ with a 

Shannon diversity score of 0.693 (Fig. 2.7). Dietary Shannon diversity scores did not 

show any trend with elevation (r2 = 0.003, df = 8, t = -0.16, F = 0.025, P = 0.88). 

Additionally, Shannon diversity scores did not vary across life history strategies (one-

way ANOVA F = 2.39, P = 0.162) (Fig 2.10b).  
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Figure 2.11: Scatter plot displaying dietary Shannon diversity index scores of each population a) along an 

elevation gradient, b) across different life history strategies. Species are denoted by colour. Red = G. anomalus, 

Green = G. depressiceps, Blue = G. eldoni, Black = G. pullus. Life history strategies are denoted by data point 

shape. Circles = fast, G. anomalus, Triangles = intermediate, G. depressiceps, Diamonds = Slow, G. pullus and G. 

eldoni. 

 

 

 

In contrast, the lowest Shannon diversity index score from the community samples 

was 0.290, from Shingly Creek. However, similarly to the dietary samples the highest 

Shannon diversity index score was 0.689, presented by Nobbler’s Creek (Fig 2.8). 

Community diversity varied between sites with different galaxiid life history 

strategies (one-way ANOVA F = 5.34, P = 0.034) (Fig 2.11b). Populations with 

galaxiids in the intermediate life history category showed significantly lower Shannon 

diversity index measures than fast life history populations. However, this trend was 

not retained in slow life history strategies (Fig 2.11b). Community Shannon diversity 

score and elevation displayed no relationship (r2 = 0.12, df = 8, t = 1.05, F = 1.13, P = 

0.32).  
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Figure 2.12: Scatter plot displaying community Shannon diversity index scores of each population a) along an 

elevation gradient, b) through different life history traits. Species are denoted by colour. Red = G. anomalus, 

Green = G. depressiceps, Blue = G. eldoni, Black = G. pullus. Life history strategies are denoted by data point 

shape. Circles = fast, G. anomalus, Triangle = intermediate, G. depressiceps, Diamonds = Slow, G. pullus and G. 

eldoni. 

 

 

Invertebrate community abundance did not correlate with diet Shannon diversity 

index (r2 = 0.11, df = 8, t = -0.82, F = 0.68, P = 0.43). Similarly, invertebrate 

community abundance and community Shannon diversity index did not show any 

correlative relationship (r2 = 0.11, df = 8, t = -0.82, F = 0.68, P = 0.43). 

 

Figure 2.13: Scatter plot displaying a) diet and b) community Shannon diversity index scores of each population 

across invertebrate abundance per litre. Species are denoted by colour. Red = G. anomalus, Green = G. 

depressiceps, Blue = G. eldoni, Black = G. pullus. Life history strategies are denoted by data point shape. Circles 

= fast, G. anomalus, Triangle = intermediate, G. depressiceps, Diamonds = Slow, G. pullus and G. eldoni. 

              Fast                          Intermediate                       Slow 
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Invertebrate communities showed an overall higher Shannon diversity index score 

than dietary Shannon diversity index scores (two-way Student’s t-test - t = -2.19, P = 

0.047, 95% Confidence interval limits = -0.34, -0.003) (Fig. 2.9). Invertebrate 

community samples also displayed a lesser range of Shannon diversity index 

measures (0.29-0.68, compared to dietary Shannon diversity range of 0.003-0.69) (Fig 

2.12). 

 

 

 

Figure 2.14: Strip chart comparing Shannon diversity index scores of invertebrate communities and dietary 

samples. Lines connect diet and environmental samples from the same collection site.  

 

 

Model variation in Prey Size  

 

The first and second hypotheses were tested simultaneously using general linear 

mixed effect models. Performance of models was measured using ΔAIC and ΔBIC 

values, measures that evaluate model performance by cross-examining model fit with 

model complexity. Two sets of models were produced, the first using lengths of all 

dietary data, and the second using only the most prevalent prey group, Chironomidae. 
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The second analysis accounts for variation between taxonomic groups regarding 

energy intake and body shape. 

  

Using length data from all dietary taxonomic groups, inclusion of any of the random 

effects dramatically increased model performance (Table 2.2).  Regarding AIC, the 

model “Site*Length” best fit the data. It included galaxiid length as predictors and 

accounted for variation associated with using multiple samples from the same larval 

fish and collection site, and allowed each collection site’s slope to vary, producing a 

random slopes and intercepts model. This model performed marginally better (AIC 

difference of 3.3) than the model “Site + Length”, which contained larval galaxiid 

length and collection site as predictors while accounting for multiple data points from 

sites and individual fish, but assumed the same slopes for all populations (Table 

2.2). BIC values showed a larger discrepancy between the first and second best 

performing models; “Site + Length” produced the best performance followed by 

“Site*Length” (BIC difference of 5.9). Collection site was the most influential 

predictor in predicting prey item length (Table 2.2). The model “Site” contained only 

collection site as a predictor while accounting for multiple measures from collection 

sites and individual fish and produced a greater AIC and BIC than any other model 

not using collection site as a predictor (Table 2.2).  

 

Several trends changed when only the Chironomidae data was included within the 

models (Table 2.2). The addition of species as a predictor produced a model of lesser 

fit (Table 2.2). Model “Site + Length” was the clear best performing model with AIC 

and BIC differences of 5.9 and 1.9, respectively. Larval galaxiid length was the 

greatest predictor of Chironomidae length, however with the restricted data set, the 

addition of collection site as a predictor increased model performance (Table 2.2). 
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Table 2.2: A variety of general linear mixed effects models produced from data accounting for variability 

associated with species, site, length and multiple measures from the same individual. These models were 

separately executed with all taxonomic groups and Chironomidae only, and are presented adjacent to each other. 

Model Name Formula df All Taxonomic 

Groups 

Chironomidae 

Groups only 

ΔAIC ΔBIC ΔAIC* ΔBIC* 

Naïve (1|Fish ID) 3 107.1 94.6 74.6 66.6 

Species  (1|Fish ID) + Species 6 74.1 75.5 75.7 79.8 

Site  (1|Fish ID) + (1|Site) 4 44.1 36.2 33.5 29.5 

Length  (1|Fish ID) + ln Length 4 65.4 57.5 5.9 1.9 

Length+Species (1|Fish ID) + ln Length + Species-1 7 45.0 50.9 18.4 26.4 

Site+Species (1|Fish ID) + (1|Site) + Species-1 7 44.3 50.3 35.7 43.8 

Site+Length (1|Fish ID) + (1|Site) + ln Length 5 3.3 0.0 0.0 0.0 

Site+Species+Length (1|Fish ID) + (1|Site) + ln Length + Species-1 8 3.3 23.0 10.4 30.5 

Site*Length (1|Fish ID) + (1+ln Length|Site) + ln Length 7 0.0 5.9 2.9 10.9 
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Discussion 

 

 

Galaxiid larval diets consisted predominantly of Chironomidae, Copepoda and diatom 

algae. Diets displayed no proportional similarity index or Shannon diversity index 

trends across elevation or life history strategy, though invertebrate community 

Shannon diversity index scores positively correlated with elevation and differed 

between fast and intermediate life history strategies. Chironomidae and prey item 

length correlated positively with galaxiid length. A larval galaxiid’s length and 

associated collection site were better predictors of prey item length than species. 

 

It is important to note that the total body lengths of the larval populations of the four 

non-diamdromous Otago galaxiid species were substantially larger than the recorded 

lengths from Jones & Closs (2014) laboratory reared, post-emergent larvae. Galaxiid 

body length correlated with the abiotic variables water conductivity and dissolved 

oxygen. These abiotic variables also trended towards significant differences between 

life history strategies. However, the larval galaxiid populations were collected an 

unspecified time after emergence, and larval galaxiid developmental state and length 

varied substantially between species. Unfortunately, the relationship between larval 

galaxiid size and abiotic factors is potentially largely confounded by differences in 

galaxiid age.  

 

Dietary compositions 

 

The most prominent prey groups were Chironomidae, Copepoda and Algae. The 

largest prey group was Chironomidae, which also had the largest range of recorded 

lengths. The smallest prey items consumed were algal diatoms. Algae was a 

prominent food item within Galaxiid larvae diets (7.7% of total diet). Reitan et al 

(1997) observed that marine fish species (Scophthalmus maximus and Hippoglossus 

hippoglossus) larvae fed upon algal diatoms before they were large enough to eat 

zooplankton. This is consistent with the high proportion of algae in the diets of 

populations with small mean lengths, such as the Smuggler’s Creek and Waipori 

River, as diatom algae were consistently the smallest food source available within 
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backwaters. However, the proportion of algae consumed was not uniform among 

populations of low mean body length. Reedy Creek larvae (large mean larval body 

length) consumed a minor amount of algae, whereas other populations with low mean 

length such as Waipori Tributary and Lower Narrowdale Stream did not consume 

algae at all. It is possible that larval non-diadromous fish rely on diatom algae 

immediately following development of exogenous feeding habits due to severe gape-

size limitations experienced by larval fish. It is also likely that, because galaxiids 

require copious amounts of high energy efficient food sources to grow throughout 

their larval life stage, algae are avoided at larger sizes.  

 

While larval fish diets are relatively unstudied, the dominance of larval fish diets by 

Chironomidae is consistent with relevant literature (Gaughan & Potter, 1997; Alford 

& Beckett 2006). Alford & Beckett (2006) found that four co-occuring species of 

darter freshwater fish (Etheostoma lynceum, Etheostoma stigmaeum, Etheostoma 

swaini, Percina nigrofasciata) consumed a mean of 65% of dietary Chironomidae. 

Alford & Beckett (2006) argued that Chironomidae is potentially the most efficient 

food item to consume available to larval fish, because Chironomidae’s soft cylindrical 

body would require little handling time in comparison to invertebrates with limbs and 

hard exoskeletons. This effect may be accentuated in larval fish, as the digestive tracts 

in the larval fish sampled were undeveloped and consisted of a simple tubular shape 

running linearly across the ventral axis. Additionally, Chironomidae’s limited 

mobility would make them more easily caught despite the limited swimming speeds 

of larval galaxiids. However, dominance of Chironomidae was not uniform, as 

population’s diets varied substantially in composition and most prevalent prey group.  

 

 

Resource availability 

 

Invertebrate communities did not significantly change across either elevation or life 

history trait groups, suggesting that broad scale environmental variation is not as 

important to life history variation as expected. Backwaters could act as refugia 

microhabitats for invertebrate communities (Collins & Shiozawa, 2001), diminishing 

the expected difference in invertebrate biomass across elevation and stream position. 

Increased invertebrate density would consequently decrease the starvation pressure 
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placed upon larval galaxiid populations across elevational gradients observed in 

microhabitats with greater flow. However, because in this study recorded food 

availability did not change across elevation or life history strategy, any trends in diet 

selectivity across elevation would indicate that feeding habits respond to different 

conditions that vary with elevation. Although elevation is most likely influencing 

invertebrate community abundance it is possible that the pelagic sampling technique 

employed within this study could not accurately identify the trend. Alternatively, a 

greater elevational range with more sampling sites could provide a more accurate 

depiction of invertebrate community abundance variation across elevation.  

 

The collection site with the greatest invertebrate abundance occurred at the highest 

elevation point sampled. Notably, Waipori River’s backwater differed from others, as 

it was produced through the presence of a large, dense macrophyte that substantially 

reduced water velocity. Macrophytes are common refugia microhabitats for 

invertebrates and can generate highly productive environments (Henninger, et al., 

2009). High light exposure coupled with warm temperature experienced throughout 

the summer sampling period may have produced ideal conditions for invertebrate 

community populations. 

 

 

Diet selectivity 

 

Proportional similarity index, a measure comparing resource use to resource 

availability (Feinsinger, et al., 1981), did not vary between larval populations across 

elevation or life history strategy (mean = 0.47, range = 0.13-0.70). High elevation 

and/or slow life history trait populations were expected to show increased generalist 

diets to maintain high resource availability despite a decreasing resource abundance. 

However, Alford & Beckett (2006) obtained similar proportional similarity results 

(range of 0.57-0.78) from dietary samples in adult freshwater darters of four species 

(Etheostoma lynceum, Etheostoma stigmaeum, Etheostoma swaini, Percina 

nigrofasciata). Alford & Beckett (2006) observed that the small darter species were 

opportunistic feeders that fed upon different food sources in relation to their 

abundance. The slight difference in results between the present study and that of 

Alford & Beckett (2006) may be explained by the more severe feeding limitations 
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present in the larval fish, as opposed to adult darters, restricting larval food 

availability. The populations of larval galaxiids also displayed variation in 

developmental state, as a population of G. pullus contained yolk sacs (allow larval 

fish an energy source until they develop exogenous feeding), and some G. 

depressiceps populations contained juvenile individuals. It is possible that because the 

larval galaxiid populations were sampled at various developmental stages, the 

relationship between diet and species is obscured. 

 

The lack of a trend in proportional similarity in this study could potentially be 

explained by a difference in individual and population measures of proportional 

similarity. While some populations appear to be generalist feeders at the population 

level, it is not uncommon for generalist populations to be comprised of specialist 

feeding individuals that partition food resources between individuals (Kuhlmann & 

McCabe 2014). Variation in feeding preferences have been attributed to variation in 

food availability and intraspecific competition (Arendt & Reznick, 2005; Walsh & 

Reznick, 2009). As food availability decreases, and intraspecific competition 

increases, generalist populations comprised of specialist individuals display a shift in 

feeding preference whereby specialist individuals become more generalist feeders 

(Kuhlmann & McCabe 2014). Although, in the present study, intraspecific 

competition was not measured and prey availability was not substantially greater in 

less selective populations environments. Additionally, because of the limited space 

within larval digestive tracts and the inability to acquire multiple measures of diet 

contents, individual specialization could not be reliably measured within this study. 

The ‘generalised’ feeding habits of the populations with high proportional similarity 

index scores could have been accentuated through the taxonomic resolution of diet 

items. Increasing the resolution at which prey items were identified will inherently 

decrease proportional similarity index scores and produce greater measures of 

specialization. The broad variation in proportional similarity index score indicates that 

populations display plasticity in their dietary niche width. 
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Diet and prey diversity 

 

Dietary samples did not show any relationship between Shannon diversity index, a 

measure of sample richness and evenness, and elevation or life history strategy, 

indicating that feeding specificity does not respond to broad changes in abiotic 

variables associated with elevation or display of life history traits. This result, coupled 

with dietary results from the proportional similarity index analysis, differs from the 

prediction that larval galaxiids would show greater diet breadth at high elevations and 

slow life history trait display in response to a decrease in productivity and food 

availability. Similarly, Jung et al (2015) fount that dietary evenness did not vary 

significantly between high elevation (>1200m) and low elevation (<1200m) 

populations of ungulates. However, Jung et al (2015) evaluated populations above and 

below an arbitrary elevation and did not assess dietary variation across an elevational 

range.  

 

Environmental community Shannon diversity index displayed a positive relationship 

with elevation, suggesting that invertebrate communities become more diverse, 

species richness and evenness increase with elevation. However, because community 

abundance does not increase across elevation, community Shannon diversity index 

results indicate that communities trend toward compositions where species are present 

at relatively equal abundances. This result directly contrasts against predictions and 

previous research (Čiamporová-Zat’ovičová et al 2010). Previous research and 

ecological theory would suggest that as resources become scarce and competition 

increases, the most competitive species become more prominent, producing a 

community composition dominated by species that exploit resources efficiently 

(Reznick, et al., 2002). Also, Diehl (1992) observed that presence of predatory fish 

increased the evenness of the macroinvertebrate community. It is possible that the 

high densities of larval fish within small backwaters produces a high predatory 

pressure on the surrounding invertebrate community. This effect would be 

accentuated in high elevation communities as larval fish exhibiting slow life history 

traits, such as larger size, produce a greater predatory pressure and feed on more 

prevalent food items, decreasing the ability of any species to dominate the 

community. However, predatory pressure could not be assessed because limited 

sampling meant age could not be accounted for, and size did not increase with 
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elevation. It is also possible that larval galaxiid food resources are not limited within 

backwaters, and other conditions are greater limiting factors (Moore & Gregory, 

1988). Moore & Gregory (1988) found that cut-throat trout (Salmo clarkii) emergent 

fry populations were heavily limited by space and habitat availability.  

 

Populations displaying intermediate life history traits displayed significantly lower 

Shannon diversity index measures than fast life history populations. This may indicate 

that intermediate and fast life histories may be restricted to differing community 

diversities, whereas slow life histories are not limited in distribution by community 

diversity. However, this result was obtained with a small number of replicates, 

therefore care should be taken when extrapolating this result to a larger scope. When 

the results from comparing the Shannon diversity index between diets and 

environmental community samples is coupled with proportional similarity index 

result; it can be argued that larval galaxiids display plasticity in their feeding 

preference, feeding on a wide variety of food sources at varying intensities, despite a 

changing community composition across elevation and productivity. 

 

 

Food Size 

 

The positive correlation observed between larval length and prey item size in two of 

the sampled species is consistent with studies concerning teleost fishes and feeding 

limitations associated with maximum gape size for species that ingest prey whole 

(Bregiman & Stein, 1994). Size restricted feeding through gape limitation is an 

integral aspect of survival at larval life stage for fish, as gape size expressly defines 

the range of potential food items that can be consumed (Bregiman & Stein, 1994). 

Larval mortality has been recorded as high as 94% for freshwater fish (Houde, 1994) 

and previous research has shown that greater size and larger gape size are associated 

with survival rates (Herbing & White, 2002). 

 

The result gathered within this study indicate that variation in life history traits, while 

important in determining larval fish fitness, may not be solely influenced by variation 

in resource availability. Jones & Closs (2014) identified variation in life history traits 

such as larger emergence size, larger gape size and larger oocyte size in headwater 
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species (G. eldoni and G. pullus) compared to downstream species (G. anomalus and 

G. depressiceps) at emergence. This result was attributed to the expected reduction in 

productivity, and subsequently available food sources, in headwater streams. 

However, Jones & Closs (2014) did not assess food availability or larval fish diets. 

This study’s finding of larval galaxiid size positively correlating with the size of prey 

items consumed supports the logic behind the hypothesis that life history reflects food 

availability. But, the overall results of this study, including resource availabili ty, 

proportional similarity and Shannon diversity index measures, do not support this 

hypothesis. 

 

The positive relationship observed between larval G. depressiceps and G. pullus and 

their prey item sizes are consistent with other studies concerning ontogeny and size 

restricted feeding in larval fish (Morote, et al., 2010). Body length generally 

correlates with gape size (Bremigan & Stein, 1994), meaning an increase in size 

allows fish to obtain previously inaccessible food sources. The absence of mastication 

within the study species was confirmed as food items were recovered in full, with the 

exception of heavily digested items (personal observation). Body length also 

correlates with both critical swimming and maximum swimming speed (Jones & 

Closs, 2014). Increased mobility has been shown to increase prey-encounter rates and 

feeding success related to ‘strike’ behaviours (Blaxter, 1986). 

 

However, the positive relationship between larval galaxiid body length and prey item 

length was not consistent throughout every species sampled. While G. eldoni 

displayed no trend in prey item size shifting with larval length, it is important to note 

the minute larval length range and the small range of food item sizes observed within 

the sampled G. eldoni. This can be attributed to the unreplicated sampling of G. 

eldoni populations, so the smaller range should not be should not be taken as a 

representative sample of the species. Previous research displayed G. eldoni have a 

relatively high growth rate and emerge at similar sizes as G. pullus, however due to a 

lack of replication these results could not be reproduced (Jones & Closs, 2014). 

 

Contrary to the commonly supported result that fish size impacts the size of prey 

items (Bremigan & Stein, 1994), G. anomalus did not shift prey size across a range of 

larval lengths. The larval length range across the three G. anomalus populations is far 
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greater than the range from the singular G. eldoni population, suggesting the lack of 

trend is not due to a lack of variation in larval galaxiid body length. It is possible that, 

because G. anomalus occur in streams of lowland elevation, the high density of the 

surrounding invertebrate community may be high, eliminating the survival advantage 

created from having a larger maximum gape size. Additionally, Jones & Closs (2014) 

found that G. anomalus consistently displayed low growth rates and a slower increase 

in critical swimming speeds in comparison to the other species studied. Slow 

development in G. anomalus may be a mechanism that encourages maximised 

fecundity in highly productive streams (Einum & Fleming, 1999). 

 

 

Model Selection and predictability of prey size 

 

The size of prey items within Otago’s larval non-diadromous galaxiids appear to 

correlate with galaxiid body length and their associated site. The inclusion of species 

as a predictor consistently produced models with poor fit, confirming the prediction 

that variance observed between species would be minute compared to the variation 

observed between environments. This confirmation makes the comparison between 

populations of different species logically acceptable. Additionally, the performance of 

any model that included species as a predictor decreased when only Chironomidae 

data was assessed, suggesting that Chironomidae length does not vary appreciably 

among species.  

 

When all dietary taxa were included within the model, prey item length was best 

predicted by a model that included site and fish length as predictor variables. When 

model performance was evaluated using Akaike’s information criterion (AIC), the 

best performing model included site and fish length as predictor variables and allowed 

population slopes to vary. Variation in population slope allows the model to account 

for differences in intercept values and mean prey item length for each population. 

This is worth accounting for because G. depressiceps and G. pullus were found to 

have different trends in prey item length consumption across galaxiid body length 

than G. eldoni and G. anomalus. However, the importance of the differences between 

population specific prey item length consumption trends in predicting prey item 

length were relatively low, as the model that did not account for variation in 
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population slope performed marginally worse (AIC difference of 3.5). Additionally, 

this simpler model performed better, and produced a greater discrepancy in 

performance, when model performance was measured using Bayesian information 

criterion (BIC) (difference of 5.7). Models were also evaluated using only prey item 

length data from Chironomidae. This restricted the number of samples within the 

data, but standardised the data set by eliminating potential differences in energy 

efficiency or predation effort between prey groups. The model that accounted for 

individual galaxiid length and collection site, without allowing population slopes to 

vary, performed far better in both AIC and BIC measures of performance than other 

models. These results suggest that the aforementioned model includes the most 

reliable predictors of prey item length. These results compliment previously presented 

results where prey item length and dietary Chironomidae length correlate with larval 

galaxiid body length.   

 

 

Variation in Galaxiid length 

 

Length of the larval galaxiids collected were substantially larger than post-emergent 

galaxiid larvae reared in the laboratory by Jones & Closs (2014). The difference in 

body length between the natural populations and lab reared populations of larval 

galaxiid is most likely due to variation in age between the populations. Lab reared 

populations were measured immediately post-emergence, whereas the age of natural 

populations of larval galaxiids could not be accounted for during sampling. Because 

age could not be accounted for throughout the sampling period, as the exact date of 

emergence is not known, the results may not be representative of emergence size. 

This result means larval galaxiid length measurements will not reflect productivity or 

macroinvertebrate trends across elevation. Additionally, growth rates are not equal 

between the four species studied when reared in laboratory conditions (Jones & Closs 

2014) and larval growth rates of the four species have not been recorded in natural 

populations. The results comparing galaxiid size with variables associated with 

elevation may be comparing populations of larvae that range in ages of zero to four 

weeks following emergence. However, the relationships observed between the study 

populations length and environmental variables, while confounded by unstandardized 

age, are interesting observations that may prove a valuable topic of future study. 
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Emergence times between the study species vary, G. eldoni and G. pullus emerged 

early November, while G. anomalus and G. depressiceps emerge approximately two 

weeks later, but this has also been speculated to be dependent upon seasonal shifts in 

temperature (P. Ravenscroft, pers. comm.), which can vary between years. While this 

difference in emergence was considered while sampling, some of the study 

catchments were difficult to access. Therefore, headwater populations directly 

upstream of lowland populations were sampled within the same sampling trip. 

Waipori River tributary population was evidently younger than the other populations 

sampled because the entire population had large yolk sacs present (Personal 

observation). Yolk sacs supply fish larvae with disposable energy that prevents 

starvation while larvae adapt to exogenous feeding, feeding on external resources. 

Following dietary analysis, it was apparent that the Waipori River tributary 

population were undergoing the transitions between endogenous and exogenous 

feeding, as only one larval galaxiid within the sampled population contained a food 

item.  

 

 

Environmental variables and larval length correlates  

 

Because age was not accounted for throughout sampling, correlations observed 

between mean larval length and abiotic variables do not represent meaningful 

relationships. The strong positive relationship between conductivity and larval fish 

length contrast with previous research from Huber et al. (2014). Additionally, because 

age could not be accounted for throughout larval galaxiid body length measurements 

it is likely the positive relationship occurred by chance, rather than larval galaxiid 

length responding to environmental conductivity. Galaxiid larvae have a very low 

critical swimming speed and only transition from a backwater environment to a 

flowing environment after growth of fins and development of vascular muscular 

tissue used for locomotion (Jones & Closs, 2014). Therefore, greater swimming 

speeds are required in high elevation streams due to their increase slopes and flow 

rates. Larval swimming speed has been shown to be highly correlated to fish body 

length in the species Pomacentrus amboinensis, Sphaeramia nematoptera and 

Amphiprion melanopus (Fisher, et al., 2000). Also, dissolved oxygen has been 
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recorded to positively correlate with invertebrate density (Tonkin, et al., 2013), 

producing a greater potential resource availability to larval galaxiid populations. 

Elevational range of life history strategy increased with greater displays of slow life 

history traits. Although, this representation of species distribution is most likely 

closely linked to habitat loss due to invasive brown trout establishments, as brown 

trout are less prevalent in headwater tributaries compared to larger downstream 

stream (Townsend, 1996). However, the positive relationship between abiotic 

condition of flow rate and elevation is expected, due to the topography of Otago and 

its rapid inland inclines toward alpine zones.  

 

 

Conclusions 

 

The non-diadromous galaxiids of Otago, New Zealand, while highly species diverse 

within the small range they inhabit, must maintain plasticity at the larval stage due to 

variation in backwater habitats and conditions. Several changes in conditions occur 

throughout the larval stage of a galaxiids life; increasing size changes food 

availability (Bremigan & Stein, 1994) and changes the energy efficiency of prey items 

Graeb, et al., 2004), therefore all species must consume enough energy to fuel 

development and growth while surviving intraspecific competition (Reznick, et al., 

2002). 

 

The non-diadromous galaxiid species studied (G. anomalus, G. eldoni, G. 

depressiceps, G. pullus) exhibit variation between populations in feeding behaviours. 

Similar to other research examining small freshwater fish diets (Gaughan & Potter, 

1997; Alford & Beckett, 2006), Chironomidae dominated the majority of populations 

diets. This may be due to the prevalence of Chironomidae within backwater systems, 

but may also be favored due to Chironomidae’s soft, cylindrical, easily digestible 

body and limited mobility (Alford & Beckett, 2006). Chironomidae are among the 

least sensitive freshwater taxa to habitat degradation, because they are both prevalent 

throughout the community and dominate diets indicates habitat degradation will not 

affect larval fish food supply. Additionally, Chironomidae occur in a vast size range 

in comparison to other prey types. Therefore, learning feeding behaviours associated 
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with physically manipulating Chironomidae may be relevant throughout a larger size 

range compared to other learned feeding behaviours.  

Larval galaxiid length and population are much better predictors of prey size than 

species. A subset of the data restricted to the prey group Chironomidae accounted for 

variation in feeding investment and energy efficiency among prey taxa.  

Larval galaxiids have shown the ability to consume a diverse range of dietary 

resources and displayed opportunistic feeding behaviours. Opportunistic or generalist 

feeding behaviours reduce impacts of changes in food availability (Kuhlmann & 

McCabe, 2014). Variation in resource use, such as the degree of specialization, 

showed no significant difference between species or life history strategy. The 

dominance of low sensitive Chironomidae and the lack of trends in diet 

specialization/generalism indicate that conservation and management strategies do not 

require specific conservation plans in order to maintain food resources for each 

species. It is likely that disturbance regimes and trout tolerance play a larger role in 

determining habitat and population viability than dietary resource availability. 

However, conservation strategies should consider larval habitat availability and life 

history plasticity to maximize larval recruitment. The importance of offspring 

recruitment cannot be understated in these species, as they are in decline from 

multiple pressures such as competitive exclusion and predation from brown trout 

Townsend, 1996) and declining habitat availability (Goodman, et al., 2014). 

Research investigating invertebrate communities within backwaters is insubstantial. 

Shannon diversity of invertebrate communities showed a negative relationship with 

elevation. Examining backwater conditions more closely may illustrate how these 

microenvironments, and their associate invertebrate communities, interact with 

environmental gradients. Additionally, this research has shown that larval galaxiids 

predominantly consume the most prevalent prey group Chironomidae, but also 

possess the ability to develop specialized diets. The cue on which this behaviour 

develops is unknown. Behavioural analyses could be used to establish cues or 

conditions that cause a specialist feeding response in larval galaxiids. While dietary 

variation is an important piece of the puzzle, resource availability variation may only 

be part of the explanation behind life history variation in larval populations of non-

diadromous Otago galaxiids. Disturbance regimes can also play a large role in 
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determining life history traits (Simons & Johnston, 1997), and should be considered 

in future research. Disturbance can determine New Zealand fish assemblages 

(Leprieur, et al., 2006, McHugh, et al., 2012) and potentially drive life history 

variation through variation in disturbance regimes. The literature examining larval 

fish diets and their response to resource availability is scarce, and this study has 

attempted to fill this knowledge gap in respect to New Zealand galaxiids. Ontogenetic 

diet shifts and trophic level shifts throughout growth of larval fish could be described 

in great detail using stable isotope analysis. However, raw diet analyses are necessary 

to understand life history variation in New Zealand’s non-diadromous larval galaxiid 

populations. In order to complete our understanding of the diverse life history traits 

exhibited by New Zealand’s galaxiid species, broad variation of abiotic conditions 

and disturbance regimes must be understood. Additionally, an understanding of how 

abiotic variation directly impacts the galaxiid larvae, and how abiotic conditions and 

disturbance regimes indirectly impact galaxiid larvae populations through affecting 

resource availability and diversity will provide clear indications of conditions that 

drive life history variation. 
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Chapter 3: Conclusions and Recommendations 

 

 

The findings from this study indicate that life history of larval populations of G. 

anomalus, G. eldoni, G. depressiceps and G. pullus displays that previously identified 

association between life history and stream position (Jones & Closs 2014) may not be 

explained by variation in environmental productivity. Populations and individual 

length were greater indicators of prey size than species, indicating a level of adaptive 

feeding to localized environments. Dietary selectivity increased with larger resource 

bases, an expected result, because in environments where food is not limiting larvae 

are able to predominantly consume the most energy-efficient resource. However, 

larval fish diets did not display any change in diversity or selectivity across elevation 

or life history category, indicating that life history and diet variation may respond 

more directly to other environmental variables.  

 

Life history variation may be responding predominantly to variations in stream 

discharge and disturbance regimes. Flow rate displayed a positive relationship with 

elevation, requiring larval fish to develop life history traits associated with slow life 

histories, such as increased offspring size and reproductive investment (Roff, 2002). 

Therefore, populations of larval fish in high flow rate environments would be 

expected to display greater swimming capabilities, and consequently size, to persist 

within high elevation lotic environments. Disturbance events increase in severity at 

lower elevations, as water discharge and debris accumulate on a downstream gradient. 

Also, within Otago, the development of agricultural pastures at low elevations has 

resulted in the dominance of unstable riparian vegetation, which facilitate the 

intensity of disturbance events (Fahey & Jackson 1997). Patterns of life history 

variation observed by Jones & Closs (2014) could be a result of local adaptations to 

disturbance regimes. 

 

Alternatively, life history variation may be a response to predation selection pressures 

imposed by invasive fish. Predatory salmonid species, most commonly brown trout 

(Salmo trutta), are far more prevalent throughout low elevation streams. Predatory 

salmonids could potentially produce a size-selective mortality pressure, promoting 
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populations to evolve a fast life history. In contrast, populations that are not exposed 

to predatory selection pressures, generally in Otago’s high elevation streams, would 

display a slow life history. While trout have been introduced to New Zealand’s 

freshwater systems relatively recently, Trinidadian guppiues (Poecilia reticulata) 

have shown a life history response to changes in predatory pressures within three 

generations (Torres-Dowdall, et al., 2012). Additionally, phenotypic plasticity of life 

history traits would accelerate the observed response lag of life history. Removing 

trout predation pressures from galaxiid populations could provide an opportunity to 

identify life history trait responses to trout presence.   

 

The cause of life history variation observed within G. anomalus, G. eldoni, G. 

depressiceps and G. pullus is likely a culmination of productivity, disturbance 

regimes and predatory pressures, interacting to maximise reproductive success within 

each population. This research highlights the importance of assessing life history 

through a complex combination of potential influences, calling for multivariate 

analyses of environmental variables and life history trait responses.  

 

This research is the first to examine the diets of larval galaxiid species  G. anomalus, 

G. eldoni, G. depressiceps and G. pullus, and one of the first to assess diets of natural 

populations of larval fish. The results from the models produced in this study may 

indicate little need for specific management strategies for larval populations of 

different species. Additionally, the high tolerance of the most prevalent prey taxa, 

Chironomidae, to environmental pollution and sedimentation suggests that 

environmental management is not required to ensure a stable food base for larval fish 

populations. Although, habitat management may be required to produce suitable 

habitats, as larval fish populations are heavily reliant upon backwater environments. 

Anthropogenic production of uniform environments will negatively impact habitat 

availability to populations of larval galaxiids. This research promotes a focus in other 

aspects of management effort, such as habitat loss and distribution decline through 

invasive trout establishment or disturbance events.  
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Future research should consider overnight drift sampling, as invertebrate drift peaks 

overnight (Brittain & Eikeland, 1988) as time and resource constraints prevented 

overnight drift samples from being conducted. 
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