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Abstract
A proliferation of recent studies has highlighted the global prevalence of cryptic speciescomplexes, but life history study of these newly identified species has not kept pace. Given
the dominant role that life histories can play in determining how species respond to extinction
threats, this represents a serious knowledge gap in conservation biology. This thesis examines
interspecific trait variation in a threatened species-complex of non-migratory galaxiid fish
and assesses its influence in determining species’ vulnerability to a principal cause of their
decline, i.e. negative interactions with invasive salmonids.
A suite of divergent life history strategies were identified across species within the Galaxias
vulgaris complex which were associated with the contrasting habitat types they occupy.
Species predominantly found in low productivity, but stable, headwater creeks showed larger
egg sizes (mean diffs. of up to over 130%) and lower size-relative fecundities (mean diffs. of
up to over 240%) than species occurring in higher productivity, but frequently disturbed,
lower catchment streams. Headwater species also delayed reproduction by at least one or two
years and showed lower reproductive effort compared to lower catchment species. Larvae of
headwater species hatched large, with many morphological features well developed, and had
better swimming ability; traits which are likely to be advantageous in the resource-scarce
habitats they occupy. The lower catchment species had small and relatively altricial larvae
with poor swimming ability; a strategy which promotes high fecundity in these resource-rich
environments. Larval abundance was consistently low in streams inhabited by headwater
species, and their larger, better-swimming larvae showed minimal downstream dispersal
(<300 m) from natal spawning areas. Contrastingly, in lower catchment species, larval
production was high and their small larvae dispersed large distances (up to over 12 km
downstream). Analysis of a broad-scale presence-absence dataset revealed that headwater
species showed minimal overlap with salmonids (<6% of reaches) whereas the lower
catchment species regularly co-occurred with salmonids (>50% of reaches). While habitat
differences explained some of the co-occurrence/exclusion patterns, species’ life histories
were consistently a strong determinant of galaxiid-salmonid interactions.
Low larval abundance and poor dispersal in headwater species mean they form isolated
populations and are generally completely excluded from salmonid-invaded reaches. In
contrast, the large numbers of dispersive larvae in lower catchment species support a sourcesink metapopulation system (Woodford & McIntosh, 2010) whereby populations in
i

salmonid-invaded reaches are sustained by immigration from upstream salmonid-free refugia.
The ‘slow’ life histories exhibited by headwater species make them inherently vulnerable to
salmonid pressures whereas the ‘fast’ life histories shown by lower catchment species may
explain their continued presence in the often highly invaded streams they occupy.
This thesis demonstrates the importance of detailed life history study in elucidating
interspecific differences, which can have major consequences for conservation management.
It shows that cryptic diversity can represent fundamentally different species, which can
behave ecologically very differently, despite their similar adult appearance. Given the
consequences of trait differences for population dynamics and the implications for how
species respond to conservation threats, this highlights the importance of traits-based
research, particularly concerning the early life history stages.
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Chapter 1 – General introduction
1.1 The biodiversity crisis and the cryptic species problem
The world is currently facing a biodiversity crisis (Sala et al., 2000; Jenkins, 2003; Brooks et
al., 2006; Butchart et al., 2010), with species extinctions occurring at rates estimated to be up
to 1000 times higher than background levels (Pimm et al., 1995). In order to mitigate these
losses, managers with limited funding must prioritise their conservation efforts to preserve
the biodiversity which is most at risk (Brooks et al., 2006; Mace et al., 2008). This requires
identification of significant conservation units (Moritz, 1994; Mace, 2004; Isaac, Mallet &
Mace, 2004), and prediction as to which are most vulnerable to extinction (Pimm, Jones &
Diamond, 1988; Purvis et al., 2000; O’Grady et al., 2004; Mace et al., 2008). Cryptic
species, multiple species which are, or have been, erroneously classed as single species, pose
a major challenge in achieving these objectives (Beheregaray & Caccone, 2007; Bickford et
al., 2007; Cook, Page & Hughes, 2008; Trontelj & Fišer, 2009).
Cryptic species are inherently difficult to identify due to morphological similarities, but
recent advances in molecular genetic techniques have led to a new era in species discovery
(Bickford et al., 2007), and cryptic diversity is now recognised to be a globally widespread
phenomenon, common to most animal taxa (Pfenninger & Schwenk, 2007). Ignorance of
cryptic diversity, especially in the tropical regions, likely means global biodiversity is
substantially underestimated (Pfenninger & Schwenk, 2007). Unfortunately, despite the
recent upsurge in the numbers of publications reporting the presence of cryptic species,
examination of their biological traits has not kept pace (Pfenninger & Schwenk, 2007).
Indeed, species’ life histories are often assumed to be similar, based largely upon their
superficially similar appearance (Bickford et al., 2007). Given the extent to which life history
can affect how species respond to various extinction threats (Pimm et al., 1988; Webb, Brook
& Shine, 2002; Reynolds, 2003; Olden, Poff & Bestgen, 2008; Ockinger et al., 2010),
ignorance of life history variation within cryptic species complexes may represent a serious
oversight in conservation biology.

1.2 Life history strategies and their influence on extinction risk
Life history theory states that species’ traits, such as adult body size, fecundity, offspring size
and the onset of reproductive maturity, are optimised through natural selection to maximise
reproductive success (Roff, 1992, 2002; Stearns, 1992). As no single strategy is optimal in all
1
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environments, species’ life histories become specialised according to the ‘templet’ set by the
habitats they occupy (Southwood, 1977, 1988). Physiological, morphological and
environmental constraints lead to life history trade-offs, where investment in the optimisation
of one trait inevitably occurs to the energetic detriment of others (Smith & Fretwell, 1974;
Stearns, 1989; Roff, 2002). Life history spin-offs can also occur, whereby a change in one
trait may increase the fitness benefits of investing in another (Stearns, 1992). Thus, life
history strategies are the result of trade-offs and spin-offs which lead to the co-evolution of a
complex set of interrelated traits which maximise the chances of survival in each particular
environment.
Fish life history traits are often classified according to the widely-used triangular model
described by Winemiller & Rose (1992). This triangular continuum describes how species’
life history strategies change in relation to the availability of resources, mortality factors and
environmental variability (Winemiller & Rose, 1992; Winemiller, 2005; Olden & Kennard,
2010; Figure 1.1). Opportunistic strategists are small-bodied fishes which mature early, have
small offspring and have low fecundity per spawning. This strategy is associated with highly
variable but resource-rich habitats (Olden & Kennard, 2010). Equilibrium strategists are
small-medium sized fish which mature at a moderate age, have low fecundity and have high
juvenile survivorship due to increased maternal investment to the offspring. Fishes exhibiting
an equilibrium strategy are most commonly associated with relatively stable but resourcescarce environments (Olden & Kennard, 2010). A pivotal feature of the Winemiller & Rose
(1992) model is the Periodic strategy. The periodic strategists are large-bodied fish which
mature late, have high fecundity, and low juvenile survivorship. Like equilibrium strategists,
periodic strategists tend to occur in low variability (or at least predictable) environments but
they tend to be more common where resources are less limited (Olden & Kennard, 2010).

2
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Figure 1.1 – The triangular Winemiller & Rose (1992) life history model showing how the
three endpoint strategies are related to environmental characteristics. Life history tradeoffs define the prevalent strategy in each environment by optimizing the demographic
parameters of generation time, fecundity, and juvenile survivorship. Figure modified from
Winemiller (2005) and Olden & Kennard (2010).
While the Winemiller & Rose (1992) provides an eloquent framework for the categorisation
of many fishes, it can be hard to conceptualise how the life histories of some species fit into
the triangular model. Many authors prefer the simplicity offered by the original concept of a
‘fast-slow’ continuum (MacArthur & Wilson, 1967; Pianka, 1970; Stearns, 1976; Reznick,
Bryant & Bashey, 2002; Reynolds, 2003). This categorises species along a life history
spectrum from small-bodied species which mature early and produce large numbers of small
offspring (‘fast’ life history), to those which delay maturity until they reach larger sizes and
produce relatively small numbers of larger offspring (‘slow’ life history; Table 1.1). Some of
the principal drivers of the trade-offs which define life history strategies along this continuum
are environmental productivity, disturbance and their predictability through time (Pianka,
1970; Southwood, 1977, 1988; Stearns, 1977; Reznick et al., 2002). A ‘fast’ life history is
often associated with habitats with abundant resources, whereas ‘slow’ life history traits are
generally optimal where resources are scarce. High mortality associated with highly disturbed
environments also favours a high short-term reproductive output associated with the ‘fast’
end of the spectrum, while a ‘slow’ life history is generally more advantageous in stable
environments where competition is often more intense.
3
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Bet-hedging may also be an important determinant of life history strategies (Crean &
Marshall, 2009; Olofsson, Ripa & Jonzén, 2009; Simons, 2011). This is the process whereby
individuals diverge from optimal/mean trait values and increase trait variability in response to
temporal environmental unpredictability (Marshall, Bonduriansky & Bussière, 2008;
Olofsson et al., 2009). However, empirical evidence of the prevalence of this dynamic bethedging in nature is often lacking (Crean & Marshall, 2009; Simons, 2011), and some studies
suggest it may only be relevant in extremely unpredictable environments (e.g. Einum &
Fleming, 2004).
Table 1.1– Environmental conditions, reproductive traits and population characteristics
associated with ‘fast’ and ‘slow’ life history strategies (adapted from Pianka, 1970;
Southwood, 1977; Reynolds, 2003).

Environmental conditions
Productivity
Disturbance
Predictability
Reproductive trait
Fecundity
Offspring size
Onset of maturity
Adult body size
Reproductive effort
Generation time
Population characteristic
Growth rate
Reproductive output
Dispersal

Fast

Slow

High
High
Unpredictable

Low
Low
Predictable

High
Small
Early
Small
High
Short

Low
Large
Late
Large
Low
Long

High
High
High

Low
Low
Low

The theoretical endpoints in the ‘fast-slow’ life history continuum rarely, if ever exist, as
species are highly constrained by their phylogenetic past (Stearns, 1983; McKitrick, 1993)
and the multiple selective pressures imposed by the environment (Reznick et al., 2002). The
theory can, however, be useful in predicting population dynamics (Reynolds, 2003; Table
1.1). Species with ‘fast’ life history strategies often have high reproductive output, high
dispersal abilities and high population growth rates, whereas species with traits more
synonymous with ‘slow’ life histories generally show the opposite set of population
characteristics (Cole, 1954; Pianka, 1970; Southwood, 1977; Reynolds, 2003; Ockinger et
al., 2010). Given the importance of population dynamics and structure in determining how
species respond to perturbations, the study of life history variation is invaluable in predicting
4
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their responses to various extinction threats (Pimm et al., 1988; Angermeier, 1995; Parent &
Schriml, 1995; Purvis et al., 2000; Reynolds, 2003; O’Grady et al., 2004; Mace et al., 2008).

1.3 Freshwater fish biodiversity loss and the threat from invasive species
Aquatic ecosystems support a disproportionately high diversity of flora and fauna, covering
only 0.08 % of the world surface but supporting almost 6 % of described species (Dudgeon et
al., 2006). Freshwater fish are particularly diverse, representing 40% of global fish species
and approximately 25 % of all known vertebrates (Lundberg et al., 2000). Evidence of
cryptic diversity is increasingly emerging in freshwater fish assemblages worldwide (e.g.
Martin & Bermingham, 2000; Feulner et al., 2006; Hammer et al., 2007; Morishima et al.,
2008; Lara et al., 2010; Adamson, Hurwood & Mather, 2010; April et al., 2011; Piggott,
Chao & Beheregaray, 2011; Adams et al., 2014), suggesting species richness may currently
be substantially underestimated. However, this biotic richness is under threat, as aquatic
biodiversity losses far exceed those of terrestrial ecosystems (Sala et al., 2000; Jenkins, 2003;
Dudgeon et al., 2006), and extinction rates for freshwater fish are the highest amongst all
vertebrate animals (Burkhead, 2012). An estimated 30% of freshwater fish are threatened
with extinction (Abell, 2002), the principal causes of their decline being overfishing,
disruption to flow regimes, habitat destruction or degradation, and impacts from invasive
species (Dudgeon et al., 2006).
Non-native freshwater fish introductions have occurred on a global scale, facilitated by
activities such as aquaculture and recreational fishery enhancement (Claudi & Leach, 1999;
Cambray, 2003; Vitule, Freire & Simberloff, 2009). Contemporary introductions, both legal
and illegal, are still occurring and there is often a general ignorance of the impacts of these
introductions (Elvira & Almodóvar, 2001; McDowall, 2006; Clavero & García-Berthou,
2006). Aquatic systems are particularly prone to invasions, especially when altered by
anthropogenic activities (Elvira & Almodóvar, 2001; Clavero, Blanco-Garrido & Prenda,
2004; McDowall, 2006) and, once introduced species are established, they can have
catastrophic impacts on native fish fauna (Claudi & Leach, 1999; Cambray, 2003; Clavero &
García-Berthou, 2005; Dudgeon et al., 2006). Invasive species can degrade habitats, and outcompete and predate on native species, all of which can result in the exclusion and extinction
of native taxa (Clavero & García-Berthou, 2005; Dudgeon et al., 2006; Gozlan et al., 2010).
These processes are occurring on an unprecedented global scale, leading to the phenomenon
known as ‘biotic homogenisation’ (Rahel, 2000; Olden et al., 2004; Clavero & García5

Chapter 1 – General introduction
Berthou, 2006) whereby native biotas are replaced by expanding populations of exotic
species.

1.4 New Zealand native fish fauna and pressures from invasive salmonids
The freshwater fish fauna of New Zealand comprises 54 native taxa (Goodman et al., 2014)
with representatives from the families Angullidae, Eleotridae, Geotriidae, Pinguipepidae,
Mugulidae, Pleuronectidae, Retropinnidae and Galaxiidae. Many species are amphidromous,
spending the majority of their lives in freshwaters but retaining a marine (or lentic) pelagic
larval stage (McDowall, 2007; Closs, Hicks & Jellyman, 2013). However, several species of
eleotrids and galaxiids have abandoned amphidromy, completing their lifecycles in
freshwater (McDowall, 1990, 2000; Closs, Hicks & Jellyman, 2013). The majority of species
are endemic to New Zealand (McDowall, 1990), and a large proportion, especially within the
Galaxiidae, have highly restricted distributions (McDowall, 2010). The most recent
assessment of the conservation status of New Zealand freshwater fish has highlighted their
widespread decline, with 74% of species either ‘Threatened’ or ‘At Risk’ (Goodman et al.,
2014). One of the principal causes of this decline has been pressures from invasive salmonids
(McDowall, 2006; McIntosh et al., 2010; Allibone et al., 2010).
Salmonids were first introduced to New Zealand in the 19th century by acclimatisation
societies in efforts to create recreational fisheries (Townsend, 1996). These initial
introductions were highly successful and salmonids have since established self-sustaining
populations in almost all large river systems and lakes (Figure 1.2; McDowall, 1990). Brown
trout Salmo trutta is by far the most widespread species, followed by rainbow trout
Oncorhynchus mykiss, but there are also localised populations of Chinook salmon O.
tshawytscha and brook char Salvelinus fontinalis in some catchments (McDowall, 1990,
2006). Many of these species are still gradually increasing their ranges, either due to
deliberate introductions or continued colonisation of new watercourses (Allibone et al.,
2010). The impact of brown trout has been especially damaging because it has the ability to
colonise small streams and shows considerable niche overlap with native galaxiids
(McDowall, 2003, 2006; McIntosh et al., 2010).
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Figure 1.2 – Distribution of salmonids in New Zealand (Data sourced from New Zealand
Freshwater Fish Database, 2013)
The invasion biology of brown trout has been the subject of considerable research interest in
New Zealand (McDowall, 1968, 2003, 2006; Townsend & Crowl, 1991; Crowl, Townsend &
McIntosh, 1992; Townsend, 1996; McIntosh et al., 2010). Most New Zealand watercourses
have abiotic conditions which are broadly suitable to trout and the often abundant
macroinvertebrate community provides a rich food supply (Townsend, 1996). Brown trout
have a highly plastic life history, are tolerant of a wide range of environmental conditions and
have a varied diet, which enables them to colonise a wide range of habitats (Budy et al.,
2013). They have the potential to grow to a large size which can enable competitive
dominance and makes them less vulnerable to predators (Townsend, 1996). Large trout are
predatory on small fishes and are aggressive competitors for space and food (McDowall,
7
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1990; Crowl et al., 1992). They can also be fertile spawners, commonly producing between
200-1000 eggs each season, and can live for at least 8 years (McDowall, 1990; Townsend
1996). Trout are also highly dispersive in nature and have the ability to jump over barriers up
to almost 2 m high (Ovidio, Capra & Philippart, 2007). This combination of traits has made
brown trout one of the world’s most invasive species (Casal, 2006; Budy et al., 2013) and its
impacts in New Zealand have been extensive (Townsend, 1996).
McDowall (1968) was amongst the first to highlight the plight of New Zealand’s native
freshwater fishes in the face of competition and predation by invasive salmonids. He
suggested that the native fauna had low competitive ability because they had evolved in
isolation and were therefore vulnerable to continental species with higher competitive ability.
However, the impact of salmonids appears to be distinct amongst taxa. Many of the
amphidromous native species, although often suffering localised declines, appear to be
relatively resilient to pressures from salmonids (McDowall, 2006; McIntosh et al., 2010).
Incidentally, it has been suggested that this resilience may owe to the prolific spawning
habits exhibited by many amphidromous species (McDowall, 2006; Closs et al., 2013). The
group most affected by pressures from invasive salmonids tend to be the non-migratory
galaxiids, especially members of the most speciose group, the Galaxias vulgaris complex
(McDowall, 2006; Allibone et al., 2010; McIntosh et al., 2010).

1.5 The Galaxias vulgaris complex
The G. vulgaris complex is a group of at least 10 non-migratory galaxiid lineages endemic to
the eastern part of the South Island, New Zealand (McDowall, 2010; Waters et al., 2010).
The group was initially classed as a single morphologically variable species, G. vulgaris
sensu lato (Stokell, 1949), but then an additional species (G. anomalus) was described based
on morphological dissimilarities (Stokell, 1959). McDowall (1970) then revised the group,
collapsing them back to a single variable species due to a lack of morphological evidence.
However, subsequent morphometric work (McDowall & Wallis, 1996) reinstated G.
anomalus and described an additional species, G. depressiceps. Another three species, G.
pullus, G. eldoni and G. gollumoides were then added to the group based on morphological
data (McDowall, 1997; McDowall & Chadderton, 1999). Intensive systematic work
(McDowall & Wallis, 1996; Wallis et al., 2001), including protein (Allibone & Wallis, 1993;
Allibone et al., 1996), mtDNA (Waters & Wallis, 2001a,b) and nuclear DNA (Waters et al.,
2010) studies, eventually led to the recognition of a cryptic species-complex. Six species are
8
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now formally recognised (McDowall, 2000), with at least a further four lineages awaiting
formal description (McDowall, 2010; Goodman et al., 2014).
All lineages (henceforth described as species) are descended from a common amphidromous
ancestor, similar to G. brevipinnis (Waters et al., 2010). Following radiation, approximately
3-5 million years ago (Burridge et al., 2012), species have adopted a wholly fluvial lifecycle.
Many species are so similar in appearance that correct identification on external morphology
alone is often challenging for non-specialists (McDowall, 2000). They are small-bodied fish,
generally reaching maxima of 100-120 mm but occasionally attain lengths of over 150 mm
(McDowall, 1990; Jellyman et al., 2013; pers. obs.). What published information exists
suggests a life span between 4-6 years (McDowall, 1990) but anecdotal evidence suggests
that some headwater species may live substantially longer (P. Ravenscroft, unpubl. data).
Adults are benthic macroinvertebrate predators, while larvae and juveniles are pelagic drift
feeders (Cadwallader, 1975b). The species are most commonly found in swift flowing
streams with cobble substrata, but may occupy a diverse array of habitats ranging from steep
cascading, headwater streams with bedrock substrata to slow flowing, marshy habitats
(McDowall, 1990; Allibone & Townsend, 1997a; Dunn, 2012).
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Figure 1.3 – Distributions of lineages within the G. vulgaris complex on the South Island,
New Zealand
The distributions of species within the G. vulgaris complex are reasonably well known
(Figure 1.3) as capture records have been recorded in the New Zealand Freshwater Fish
Database (NZFFD; McDowall & Richardson, 1983; NIWA, 2014a) since 1977; with species
ID’s added post-hoc for older records following results of nuclear DNA analysis and
morphological information (Waters et al., 2010; S. Crow & R. Allibone, pers. comm.).
Species’ ranges are largely non-overlapping (Figure 1.3), generally marked by catchment
boundaries (McDowall, 2010; NIWA 2014a), although there are examples of cohabitation
amongst some species (Allibone & Townsend, 1997a; Crow et al., 2009; NIWA, 2014a). A
number of species are relatively widespread, such as G. vulgaris sensu stricto which occurs
over large areas of the braided systems in Canterbury, while other species which occur in
more geologically isolated areas can have highly restricted distributions (Wallis et al., 2001;
McDowall, 2010; NIWA, 2014a). For instance, G. ‘Teviot’ is only known from two streams
in the Otago region (Allibone, 2004).
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Figure 1.4 – Typical small, high altitude creeks inhabited by a) G. eldoni and b) G. pullus,
compared to the larger, lower catchment streams predominantly occupied by c) G.
anomalus and d) G. vulgaris sensu stricto.
A number of approximate altitudinal and regional gradients in abiotic and biotic variables
extend across species’ distributions. The South Island represents a diverse array of
microclimates, ranging from lowland central and more northerly eastern areas which
experience warm summer temperatures and regular droughts, to upland maritime zones in the
southeast which experience cool temperatures and regular rainfall (NIWA, 2001). Some
species, such as G. pullus and G. eldoni occur almost exclusively in very small, high altitude,
headwater creeks (Figure 1.4a,b), while others such as G. anomalus and G. vulgaris sensu
stricto are predominantly found in larger, lower catchment systems (Figure 1.4c,d; Allibone
& Townsend, 1997a; McDowall, 2010; NIWA, 2014a). Many biotic and abiotic gradients run
longitudinally along the upstream-downstream river continuum (Vannote et al., 1980), which
are known to structure fish life histories on other continents (Schlosser, 1990; Winemiller &
Rose, 1992). The contrasting habitat types of species within the G. vulgaris complex are
likely to differ markedly both in terms of productivity and disturbance, two of the major
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drivers of life history evolution (Pianka, 1970; Southwood, 1977, 1988; Stearns, 1977;
Reznick et al., 2002).

1.6 Interactions between the G. vulgaris complex and invasive salmonids
Salmonids, especially brown trout, have been implicated in the widespread decline, localised
extirpations and fragmentation of the G. vulgaris complex (Townsend & Crowl, 1991; Crowl
et al., 1992; McIntosh & Townsend, 1995; McDowall, 2003, 2006). Trout predate on all size
classes of galaxiid (i.e. there is no upper size refugia) but juvenile and larval galaxiids are
especially prone to predation even by small trout (McIntosh, 2000). Predation is likely to be
the major factor driving declines in the in the G. vulgaris complex (McDowall 2006;
McIntosh et al., 2010), but trout can also negatively impact galaxiids through aggressive
spatial interactions and competition for food resources (Cadwallader, 1975a; McIntosh,
Townsend & Crowl, 1992). There is good evidence that S. trutta, O. mykiss, O. tshawytscha
and S. fontinalis all have similar predatory and competitive interactions with galaxiids
(McDowall, 1990, Crowl et al., 1992; McDowall, 2006; L. Dorsey, unpubl. data). While
some papers have indicated S. trutta have more damaging effects than O. mykiss (Crowl et
al., 1992; Young et al., 2010), this was generally due to a more widespread invasion of
brown trout rather than differences in their agonistic interactions with galaxiids. Hence, it is
likely that the interactions of other salmonid species (O. mykiss, O. tshawytscha, S.
fontinalis) are in many ways functionally similar to those of brown trout (McDowall, 1990;
Crowl et al., 1992; McDowall, 2006; L. Dorsey, unpubl. data).
Despite the severe impacts that salmonids have had on the G. vulgaris complex, there are
numerous reports of apparent co-occurrence in some areas of the country (Cadwallader,
1975a; Glova et al., 1992; McIntosh et al., 1992; Glova & Sagar, 1993; McIntosh, 2000;
Leprieur et al., 2006; Davey & Kelly, 2007; Woodford & McIntosh, 2010; McHugh et al.,
2012). These reports conflict with the almost completely allopatric distributions of trout and
galaxiids seen elsewhere (Townsend & Crowl, 1991; Allibone, 1999; McDowall, 2006).
Species-specific interactions with salmonids have not been thoroughly examined but at
present it is widely believed that habitat differences such as flow variability (Leprieur et al.,
2006; McHugh et al., 2012), stream size (Glova et al., 1992; McIntosh et al., 1992;
McIntosh, 2000), size distributions of trout populations (Glova et al., 1992; McIntosh, 2000)
and availability of refugia (Woodford & McIntosh, 2010, 2011; Woodford et al., 2011) are
responsible for regional discrepancies.
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Given that many species occupy contrasting habitat types, which are likely to differ both in
terms of productivity and disturbance, there is potential for species to display divergent life
history strategies. If such differences are large they may affect population dynamics with
implications for how the different Galaxias species interact with salmonids. Closs et al.
(2013) have recently found that egg size increases and fecundity decreases in galaxiids
following a loss of amphidromy, and the authors suggested the egg size change is driven by
the shift from a food-rich (marine) to a food-scarce (lotic) rearing habitat. However, there is
little knowledge of life history variation or mechanisms of divergence in stream resident nonmigratory species. While some aspects of the reproductive biology of some species in the G.
vulgaris complex have been assessed (Benzie, 1968; Cadwallader, 1976a; Allibone and
Townsend, 1997b; Dunn & O’Brien, 2007), interspecific differences have not been
comprehensively assessed. In the only paper which has shown some species-specific data on
galaxiid-trout interactions, interspecific differences were not considered (Townsend, 1996).
This and many of the other investigations examining trout-galaxiid interactions, including the
influential paper by Townsend and Crowl (1991), are now confounded as they were
completed before the systematics of the G. vulgaris complex were resolved and are now
known to include several distinct species. Thus, detailed life history information for most
species is absent or incomplete and the role of life history in influencing these species’
interactions with salmonids has not been previously considered.

1.7 Aim
This thesis aims to examine patterns of interspecific life history variation in the Galaxias
vulgaris complex and to assess the role of life history in determining species’ interactions
with invasive salmonids.

1.8 Thesis structure
Chapter 2 – Interspecific life history variation in the Galaxias vulgaris complex
The first data chapter tests the predictions of life history theory by examining trait evolution
across the G. vulgaris complex. Interspecific variation in reproductive traits (oocyte size,
fecundity, reproductive effort and onset of maturity) is quantified and the environmental
drivers of life history divergence are explored. The possible implications of between-species
differences in traits for the early ontogeny are discussed.
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Chapter 3 – Interspecific differences in early life history traits
Chapter 3 assesses the consequences of interspecific oocyte size differences for the most
critical life history period, the larval stage. I examine between-species differences in waterhardened egg size and incubation time, as well as larval size, morphology and swimming
behaviour immediately post-hatch. The ecological relevance of differences in newly hatched
larvae is tested by assessing development through to the juvenile stage. The adaptive
significance of larval trait differences is discussed in relation to the respective habitats each
species occupy.
Chapter 4 – Interspecific differences in larval production and dispersal: implications for
metapopulation structure
This chapter investigates the effects of previously identified life history traits for two key
mechanisms determining population connectivity, larval production and dispersal. I use instream assessments of larval abundance and catchment scale surveys of larval distribution to
quantify interspecific differences in abundance and the spatial scale of larval dispersal. The
implications of observed differences in population connectivity for metapopulation structure
and interactions with salmonids are discussed.
Chapter 5 – Interspecific differences in spatial interactions with salmonids: the role of life
history.
In the final data chapter I test the predictions of distinct population structures made in
Chapter 4 by assessing differences in how species spatially interact with salmonids. A
combination of an extensive presence-absence dataset and a more intensive demographic
survey are used to explore interspecific differences in salmonid-galaxiid interactions. The
role of life history in determining species’ interactions with salmonids is examined while
controlling for the possible confounding effects of environmental variation across species’
ranges. Implications for the management of endangered galaxiids and also for wider
conservation biology are discussed.
Chapter 6 – General discussion
The general discussion summarises the key findings of the data chapters and suggests future
research opportunities highlighted by this thesis. Some of the inferences of egg size
divergence for biogeographic distributions of the G. vulgaris complex are considered. I also
make some recommendations for the conservation management of the species-complex. To
14
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close the thesis I discuss the chronology of research on the G. vulgaris complex and based on
the lessons learnt in this case study, I highlight the implications for wider conservation
biology.
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Chapter 2 - Interspecific life history variation in the Galaxias vulgaris
complex
2.1 Summary
Life history theory predicts that the optimal strategy in the trade-off between egg size and
number varies in relation to resource availability and environmental disturbance. This chapter
quantifies interspecific variation in egg size, fecundity and other life history traits across the
Galaxias vulgaris complex, and explores possible environmental drivers of the observed trait
divergence. Oocyte size, fecundity, reproductive effort and body size were measured from
gravid females of different species, collected immediately before spawning from multiple
populations per species. Proxy measures of stream productivity, flow disturbance and
predation pressure were extracted from modelled datasets. A suite of different egg sizes were
identified across species within the G. vulgaris complex, with mean oocyte volume differing
by up to 134% between species. A trade-off was identified between egg size and fecundity;
the species with the smallest eggs showing mean size-relative fecundities 246% higher than
the species with largest eggs. Species with larger eggs had a larger maternal body size, lower
reproductive effort and delayed maturity. Consistent with theoretical predictions, species with
larger eggs, lower size-relative fecundity, lower reproductive effort and delayed maturity
were associated with low productivity but stable headwater creeks, whereas species
exhibiting the opposite set of traits occurred in relatively productive but disturbed lower
catchment systems.

2.2 Introduction
A classic life history trade-off occurs between maternal fecundity and offspring size (Smith
& Fretwell, 1974; Roff, 1992; Stearns, 1992; Rollinson & Hutchings, 2013). As female body
size limits both the number and size of ova that can be produced, maternal reproductive effort
must be apportioned between these traits (Smith & Fretwell, 1974; Sakai & Harada, 2001;
Einum, Hendry & Fleming, 2002). During the critical early life stage of fishes (Hjort, 1914;
May, 1974; Chambers & Trippel, 1997) a close match between maternal provisioning to the
egg/larvae and the environment is essential for reproductive success (Hutchings, 1991;
Einum & Fleming, 2000). Many larval fitness traits are highly dependent on size at hatch (see
Miller et al., 1988), which generally correlates with egg size (Pepin, 1991; Araujo-Lima,
1994; Ponce de León et al., 2011), but optimal offspring size varies in relation to
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environmental conditions (Duarte & Alcaraz, 1989; Hutchings, 1991; Winemiller & Rose,
1993; Einum & Fleming, 1999; Einum, 2003).
Substantial empirical evidence suggests that environmental productivity is an important
driver of egg size evolution in fishes (Hutchings, 1991; Lobón-Cerviá et al., 1997; Einum &
Fleming, 1999; Bashey, 2006). Under food-limited conditions, females of a number of
species have been shown to increase egg size (Lobón-Cerviá et al., 1997; Johnston &
Leggett, 2002; Bashey, 2006), resulting in larger offspring with growth and survival
advantages in resource-scarce environments (Winemiller & Rose, 1993; Einum & Fleming,
1999; Einum, 2003). However, the relative advantages of larger eggs appear to be negated in
higher productivity environments (Hutchings, 1991; Einum & Fleming, 1999). Indeed, in
resource-rich environments, where rearing conditions are relatively benign, maternal fitness
is maximised by producing smaller eggs to increase fecundity (Hutchings, 1991; Bernardo,
1996; Einum & Fleming, 1999; Winemiller & Rose, 1993; Fischer, Taborsky & Kokko,
2011). Stream productivity generally increases longitudinally along the upstreamdownstream continuum (Vannote et al. 1980), so high altitude headwater creeks often
represent low productivity environments whereas lower catchment streams are usually
relatively productive habitats (Harding, Winterbourn & McDiffett, 1997; Young & Huryn,
1999; Riley et al., 2003; Death & Zimmermann, 2005).
Environmental disturbance, another factor associated with egg size evolution, can also
change along upstream-downstream gradients (Schlosser, 1990; Winemiller & Rose, 1992).
High mortality associated with intense predation pressure has been associated with increases
in fecundity and decreases in egg size (Reznick et al., 1996; Walsh & Reznick, 2008).
Hydrological disturbance can also result in high mortality rates which can similarly result in
shifts in the egg size-fecundity trade-off (Morrongiello et al., 2012). Larger larvae (from
larger eggs) also have higher competitive ability (Economou, 1991) which is advantageous in
stable conditions where inter- and intra-specific competition is generally higher (Winemiller
& Rose 1992). In many parts of New Zealand flow regimes are relatively stable in headwater
creeks compared with lower catchment streams which often have intermittent flows in
summer (Leprieur et al., 2006; Davey & Kelly, 2007). Lower catchment systems host a range
of both introduced and native piscivores (Cadwallader, 1975a; Leprieur et al., 2006; Davey &
Kelly, 2007; NIWA, 2014a) which tend to be less common in headwater catchments
(Townsend & Crowl, 1991; McDowall, 1990; Allibone, 1999; McDowall, 2006). Thus,
contrary to patterns in North America (Schlosser, 1990; Winemiller & Rose, 1992),
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headwater streams could be considered relatively stable habitats while lower catchment
streams tend to be more disturbed.
Changes in the egg size/fecundity trade-off are unlikely to occur independently of other traits.
Due to resource, morphological and physiological limitations, investment in one trait
inevitably occurs to the detriment of others, and life history theory would predict trade-offs
with other traits to occur (Roff, 1992; Stearns, 1992). Life history spin-offs can also take
place whereby optimisation of one trait increases the fitness benefits of investing in another
(Stearns, 1992; Olden & Kennard, 2010). These processes lead to the co-evolution of
complex sets of traits known as life history strategies, which optimise survival and
reproductive success in each environment (Stearns, 1992; Roff, 1992). Fish life histories are
categorised by a widely used trilateral model proposed by Winemiller & Rose (1992) which
states that egg size and fecundity traits are interrelated with body size and age at maturity.
‘Opportunistic’ strategies (small eggs, small body, high reproductive output, early
maturation) are more common in frequently disturbed environments where resources are less
limited (Winemiller & Rose, 1992; Olden & Kennard, 2010). ‘Periodic’ (high fecundity,
delayed maturity, large body size) and ‘equilibrium’ (small-medium body size, large eggs,
low fecundity) strategies are predicted in stable environments, but the latter are more
prevalent where resources are limited and competition is high (Winemiller & Rose, 1992;
Olden & Kennard, 2010).
The Galaxias vulgaris complex represents an ideal group to examine life history evolution
along environmental gradients. These closely related species occur in contrasting habitat
types, ranging from those largely restricted to high altitude, headwater creeks, to others
which are predominantly found in larger, lower catchment systems (Allibone & Townsend,
1997a; McDowall, 2010, see Chapter 1). Such contrasting habitat types are likely to differ
markedly both in terms of stream productivity and disturbance regimes (Vannote et al., 1980;
Quinn et al. 1997a,b; Death & Zimmermann, 2005), two of the major drivers of egg size and
life history evolution (Winemiller & Rose, 1992, 1993; Einum & Fleming, 1999; Reznick et
al., 2001; Morrongiello et al., 2012). Because the G. vulgaris complex is recently diverged
from a common amphidromous ancestor (Waters et al., 2010; Burridge et al., 2012) species
have similar physiological and morphological limitations, making them an ideal group to
examine the environmental drivers of trait evolution.
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The abandonment of amphidromy and the adoption of a stream-resident lifecycle has
previously been associated with an increase in egg size and a reduction in fecundity across a
range of genera (Gobiidae, Cottidae, Galaxiidae; Goto, 1990; Closs, Hicks & Jellyman,
2013). These changes are most likely related to differences in the productivity of larval
rearing habitats (Iguchi & Mizuno, 1999; Closs et al., 2013). Habitat differences are also
known to affect intraspecific life history variation in some galaxiid species (Humphries,
1989; Barbee et al., 2011; Dunn, 2012). However, there is little knowledge of interspecific
patterns of life history evolution or drivers of divergence in stream resident species. While
aspects of the reproductive biology of some species in the G. vulgaris complex have
previously been examined (Allibone & Townsend, 1997b; Dunn & O’Brien, 2007), these
studies were either based on small sample sizes, or interspecific differences were not
comprehensively assessed. Hence, insufficient data were available to make strong inferences
on life history differences between species.
This chapter aims to examine patterns of life history variation across species in the G.
vulgaris complex and explore possible environmental drivers of any interspecific differences
observed. I hypothesise that an egg size/fecundity trade-off occurs between species in the G.
vulgaris complex which relates to the environmental conditions they occupy. Species
occurring in low productivity, stable streams are predicted to show large egg sizes and low
fecundities, whereas species inhabiting relatively productive but disturbed habitats are
expected to have small eggs and high fecundities. Examination of life history variation along
environmental gradients should provide valuable information on the processes leading to trait
divergence, which are likely to be widely applicable to other groups of freshwater fishes. The
findings may also hold relevance for the conservation of this threatened species complex.

2.3 Methods
2.3.1 Study system
The South Island, New Zealand, despite occupying a narrow latitudinal range (40-47 °S),
contains a range of distinct climatic zones, varying from cool-maritime south-eastern areas
that receive regular rainfall, to central and more northerly eastern areas which experience low
rainfall and warm summer temperatures (Harding & Winterbourn, 1997; NIWA, 2001).
Within these climatic zones, a number of altitudinal gradients are also likely to affect stream
productivity. High altitude creeks often support lower densities of macroinvertebrates than
warmer, lower catchment systems (Ward, 1986; Harding, Winterbourn & McDiffett, 1997;
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Arscott et al., 2005; Matthaei et al., 2006). Small upland creeks tend to be more shaded than
larger, more open, lower catchment streams (Vannote et al., 1980; Young & Huryn, 1999),
and invertebrate densities and primary productivity are reduced in shaded reaches (Quinn et
al., 1997b; Death & Zimmermann, 2005). The abundance of small food items is likely to be
of key importance to the early life stages (Goto, 1990; Iguchi & Mizuno, 1999; Reznick et
al., 2001), as fish larvae are severely gape-limited predators (Miller et al., 1988; Bremigan &
Stein, 1994). Periphyton, phytoplankton and zooplankton abundance all generally increase
along the upstream-downstream continuum (Vannote et al., 1980; Young & Huryn,
1999).Thus, lower catchment systems could be considered relatively productive systems
whereas headwater creeks may represent resource-scarce habitats.
Many lowland areas of the central and north-eastern South Island are susceptible to droughts,
and consequently lowland streams are often intermittent in summer months (Leprieur et al.,
2006; Davey & Kelly, 2007), whereas highland maritime areas generally receive regular
rainfall and, as a result, headwater streams have relatively stable flows (Harding &
Winterbourn, 1997). Vegetation type differs between these ecoregions, with highland areas
generally dominated by native tussock grass which promotes stable flows (Mark &
Dickinson, 2008), while lowland areas are predominantly improved pasture which provide no
such flow stabilising effect (Harding & Winterbourn, 1997). Upland-lowland differences in
flow regimes are compounded by the widespread use of water abstraction for irrigation which
exacerbates summer drought conditions in lower catchment areas but leaves headwater flows
unaffected (Leprieur et al., 2006). Also, lower catchment areas generally host a wide range of
both native and introduced piscivores (Cadwallader, 1975a; Leprieur et al., 2006; Davey &
Kelly, 2007) but large migratory distances, steep gradients and waterfalls often exclude these
predators from headwater streams (McDowall, 1990; Townsend & Crowl, 1991; Allibone,
1999; McDowall, 2006). Thus, contrary to the patterns observed by Schlosser (1990) and
Winemiller & Rose (1992) in the North America, on the South Island, New Zealand,
headwater creeks can often represent comparatively stable habitats relative to lower
catchment streams.
2.3.2 Study taxa
Eight species within the G. vulgaris complex were chosen for life history study: Galaxias
anomalus, G. depressiceps, G. eldoni, G. pullus, G. vulgaris sensu stricto, G. gollumoides, G.
sp. D and G. ‘southern sp.’. This selection encompasses the majority of species within the
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complex and was chosen based on species’ contrasting distributions; some being almost
exclusively restricted to high altitude headwater creeks while others predominantly occur in
lower catchment systems (Allibone & Townsend, 1997a; McDowall, 2010, see Chapter 1).
The distributions of each species are relatively well-known, as capture records have been
recorded in the NZFFD (McDowall & Richardson, 1983; NIWA, 2014a), with species IDs
added post-hoc for older records following DNA evidence (Waters et al., 2010; Waters &
Wallis, unpubl. data; S. Crow & R. Allibone, pers. comm.). Species distributions are largely
allopatric, usually separated by catchment boundaries (Figure 2.1). While hybrids have been
found (e.g. Esa, Waters & Wallis, 2000), hybridisation is generally infrequent even in rare
cases where species occur in sympatry (Allibone et al., 1996; Allibone & Townsend, 1997a;
Waters & Wallis, 2001b; Crow et al., 2009).
2.3.3 Life history data
For the study of reproductive traits, ripe females were collected when they were predicted to
be carrying oocytes in an advanced stage of development. Females spawn a single batch of
eggs once-yearly from late-August to mid-October, timing being variable among species, as
females spawn earlier in warmer lowland streams (Allibone & Townsend, 1997b;
Cadwallader, 1976a). Gonadal development occurs predominantly from late summer to late
autumn (February-July; Cadwallader, 1976a), suggesting the majority of oocyte growth is
complete by mid-winter. Sampling of each species was done as close as possible to, but
before, the estimated spawning period, from late-winter to early-spring depending on the
altitude/regional climate for each population/species (late August-early October, 2011 and
2012). Collections were made using a Kainga EFM 300 backpack electro-fisher (NIWA
Instrument Systems, Christchurch, New Zealand) generating a 200–600V pulsed DC current.
Females were readily distinguished from males by a swollen abdomen and rounded papilla
(Allibone & Townsend, 1997b; Cadwallader, 1976a). All females captured showed a
distended ovary indicating they were ripe.
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Figure 2.1 – Relief map of the South Island showing the distribution of each species (small
transparent circles) and the location of sample populations (large opaque circles).
Distribution data sourced from NZFFD.
To ensure that oocytes were fully developed when fish were collected, a preliminary study of
oocyte growth from autumn to early spring was carried out in one population of G. vulgaris
sensu stricto. Ten females were collected each month from the Waianakarua River from
May-August, 2012. In mid-September, 2012, no ripe females were found in 1 hour
electrofishing time and those females found contained primary oocytes only, indicating all
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spawning was completed. Results from the preliminary study (see Appendix 2.1) indicated
that majority of oocyte growth occurred before May (mid-autumn), consistent with
Cadwallader's findings (Cadwallader, 1976a). Some limited growth continued until July, but
no significant change in oocyte size was observed in the month before spawning, which
occurred sometime between mid-August and mid-September. Abdominal swelling of females
occurred before mid-winter in other species (pers. obs.), so temporal oocyte growth was
assumed to be similar to G. vulgaris sensu stricto in all species. These results strongly
suggested that oocyte diameters taken from fish collected from late-winter to early-spring are
equivalent in size to fully developed oocytes and were therefore appropriate for use in this
study.
Correct species identification was possible by sampling within the known distributions of
each species and areas of range-overlap were avoided (Figure 2.1). In rare cases where one of
two species could have potentially been present (e.g. G. gollumoides and G. ‘southern sp.’ in
areas of Southland), correct identification was possible as these species display either
‘roundhead’ or ‘flathead’ morphologies which can be confidently differentiated using known
morphological differences (McDowall, 1997; McDowall & Chadderton, 1999; Crow et al.,
2009; J. Richardson & R. McDowall, unpubl. data). As many of the study species are
threatened and in decline (Allibone et al., 2010; Goodman et al., 2014), sample sizes were
kept small (total of 8–25 females per species) to limit impacts on populations. To account for
inter-population variation within species, fish were collected from 3 to 11 populations per
species (1-5 fish per population). Sample populations were chosen to encompass the
geographical distribution and the altitudinal range of each species (Figure 2.1).
Following capture, females were measured (total length ± 1 mm), preserved in 5% buffered
formalin and left to fix for at least 2 weeks before being transferred into 70% ethanol prior to
processing (Kelsch & Shields, 1996). To limit impacts on endangered populations, females
were only collected where fish were abundant or common. Thus many females were returned
to streams but the total length of these females was measured prior to release to gain better
estimates of the size ranges of each species. Maternal size was also measured as preserved
somatic wet weight (± 0.01 g) which was used in preference to length for assessing
relationships with reproductive traits, as species have slightly different body shapes
(McDowall, 2000, 2006; Crow et al., 2009) which may have confounded relationships had
length been used. Preserved ovaries were removed by dissection and weighed (± 0.01g) to
allow calculation of the gonado-somatic index (GSI = gonad weight×100/somatic weight), a
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commonly used measure of reproductive effort in fish (Tyler & Sumpter, 1996). Females
were carrying two types of oocytes; 1) primary oocytes which were translucent and less than
0.1 mm in diameter, and 2) mature, opaque-yellow oocytes which generally had diameters
greater than 1 mm (Cadwallader, 1976a). Absolute fecundity was recorded as the total
numbers of mature oocytes per fish. To remove the effect of female size on fecundity within
species, total numbers of mature oocytes were divided by somatic weight to calculate sizerelative fecundity (# oocytes g-1; Tyler & Sumpter, 1996; Heath et al., 2003). Unfertilised
oocyte size, a commonly used measure of maternal provisioning to offspring (Winemiller &
Rose, 1992; Lobón-Cervia et al., 1997; Teletchea et al., 2009), was measured to compare egg
sizes between species. Thirty mature oocytes; 10 from the vent ends, 10 from the middle
areas and 10 from the anterior ends of the ovaries, were randomly sampled for diameter
measurement to control for within ovary variation. Digital images of oocytes were taken at a
known scale using an Optimus SC100 Camera (Olympus Corporation, Tokyo, Japan)
mounted on a dissecting microscope. As oocytes were not consistently spherical, oocyte
diameter was taken as the mean of the long and short axis measurements of each oocyte (±
0.01 mm), measured using CellSens Standard 1.5 image analysis software (Olympus
Corporation, Tokyo, Japan). Oocyte volume (mm3) was then calculated assuming a spherical
shape and mean oocyte volume was calculated for each fish.
2.3.4 Environmental data
To investigate possible environmental drivers of any life history divergence, data on the
physical and biotic attributes of the known distributions of each species was extracted from
the Freshwater Ecosystems of New Zealand Geo-database (FENZ) which contains a
comprehensive modelled dataset predicting various physical and biotic parameters of the
stream network in New Zealand (Leathwick et al., 2010a,b). Distribution data from NZFFD
was overlaid with the FENZ geodatabase using ArcGIS 10 (ERSI, 2011), and the
environmental attributes for species’ distributions were extracted. Where there were multiple
presence records for a single stream reach, replicates were discarded.
To assess the role of environment in driving life history variation I extracted five
environmental parameters from FENZ; 3 proxy measurements of stream productivity and 2
of disturbance. Temperature is a key determinant of stream primary productivity (Morin,
Lamoureux & Busnarda, 1999) and invertebrate densities generally increase with temperature
(Quinn et al., 1997b). Mean summer (January) air temperature (Leathwick et al., 2010b), a
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commonly used proxy for stream temperature (Mohseni & Stefan, 1999), was used as reliable
water temperature data were not available for most sites. Summer temperature (Leathwick et
al., 2010b) was chosen in preference to winter temperature as the summer period was
considered most relevant in terms of maternal resource acquisition (Cadwallader, 1976a; see
Appendix 2.1) and abundance of small prey during the summer larval rearing period (Benzie,
1968). Mean annual flow (Leathwick et al., 2010b) was used as a measure of stream size,
which generally has a positive relationship with stream productivity and invertebrate
abundance (e.g. Vannote et al., 1980; Reznick et al., 2001). Degree of riparian shading
negatively affects light penetration and water temperature and is thus negatively related to
primary productivity and likely also food availability for both adult and larval fish (Quinn et
al., 1997b; Death & Zimmermann, 2005). Also, egg size in Salmo trutta L. is known to
increase with proportional shading (Lobón-Cerviá et al., 1997). Shading (ratio) was used, as
estimated by Leathwick et al. (2010b) using satellite image-based estimates of vegetation
height and stream size. Flow variability (1-[mean annual low flow/mean annual flow];
adapted from Leathwick et al., 2010b), was used as a proxy of flow disturbance, which can
have a negative associations with egg size (Morrongiello et al., 2012). Predation pressure,
which can also reduce maternal provisioning to the egg (Reznick et al., 1996; Walsh &
Reznick, 2008), was calculated as the cumulative probabilities of occurrence, as modelled by
Leathwick et al. (2008), for species known to have predatory or competitive interactions with
the G. vulgaris complex (Salmo trutta, Oncorhynchus mykiss, Salvelinus fontinalis, Galaxias
brevipinnis, Anguilla dieffenbachii and Anguilla australis; see Allibone, 1999; McDowall,
1990; 2006). These variables were extracted for the entire known distribution of each species
to gain a quantitative estimate of the habitat types they predominantly occupy, and also for
sites where each species was collected, to test the mechanistic role of environment in
determining species’ life history strategies.
2.3.5 Statistical analysis
All analyses were carried out using the statistical software R version 3.0.2. (R Development
Core Team, 2013). To test for interspecific trait differences, I used linear mixed effects
models (LMMs) with trait values (oocyte volume, fecundity, relative fecundity, GSI, total
length, somatic weight) fitted as the response variable, species’ IDs as the explanatory
variable, and population ID as a random-effect, to control for intra-population correlated
structures (i.e. potential non-independence). Trait data were log-transformed where necessary
to achieve normality. LMMs were also used to assess the proportion of reproductive trait
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variance associated with various organisational levels (interspecific, inter-population and
residual/inter-individual). Separate LMMs were fitted with reproductive traits (oocyte
volume, relative fecundity and GSI) as the response variable, with species ID and population
ID as random effects. From random-effects estimates, interclass correlations (ICCs) were
calculated to estimate the proportion of variance associated with species and population level
groupings (Gelman & Hill, 2007). Log-likelihood ratio tests were then carried out using the
rand function in the R package lmerTest (Kuznetsova, Brockhoff & Christensen, 2013), to
assess whether the variance associated with random effects was statistically significant. All
LMMs were fitted using the lmer function in the R package lme4 (Bates et al., 2013).
To test for trade-offs between oocyte size and other life history traits, I fitted linear
regressions, with species’ mean oocyte volume as the response variable and the mean of
other traits (absolute fecundity, relative fecundity, GSI) as the explanatory variable. Linear
regressions were used to test whether body size (response variables - mean, minimum and
maximum somatic weight) changed in relation to species’ mean reproductive traits (oocyte
volume, relative-fecundity and GSI). To summarise species’ life histories prior to testing for
association with environmental parameters, Principal Component Analysis was carried out to
effectively condense species’ trait values (mean oocyte volume, mean relative fecundity,
mean GSI, and mean, minimum and maximum somatic weight) onto a single ‘life history’
axis (PC_LH). Linear regressions were used to test for associations between PC_LH and the
mean values of environmental parameters for sites where each species were collected. All
linear regressions were carried out using the lm function in R (R Development Core Team,
2013).

2.4 Results
2.4.1 Interspecific trait variation
Oocyte volume differed significantly between many species within the G. vulgaris complex
(Figure 2.2a; see Appendix 2.2). Galaxias anomalus had the smallest oocytes (1.30 ± 0.10
mm3, mean ± SE) and G. eldoni the largest (3.04 ± 0.17 mm3), equating to a mean volumetric
difference of 1.74 mm3 or a relative difference of 134% between these species. Other smaller
differences were also significant, such as the 0.80 mm3 or 39% difference in mean oocyte
volume between G. depressiceps and G. pullus. However, other species pairs such as G.
anomalus and G. gollumoides or G. pullus and G. eldoni showed very similar oocyte size
traits.
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Figure 2.2 – Interspecific variation in, a) mean oocyte volume (mm3), b) size-relative
fecundity (# oocytes g-1), and c) GSI (%), in the G. vulgaris complex. n = number of females
for each species. Different letters indicate significant differences (see Appendix 2.2 for LMM
test statistics). G.ano = G. anomalus, G.gol = G. gollumoides, G.vul = G. vulgaris sensu stricto,
G.dep = G. depressiceps, G.sou = G. ‘southern sp.’, G.spd = G. sp. D, G.pul = G. pullus and
G.eld = G. eldoni. n = number of females.
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No significant differences in absolute fecundity were observed between species, except G.
vulgaris sensu stricto did have significantly higher fecundity than G. gollumoides, G.
‘southern sp.’ and G. depressiceps (see Appendix 2.2). These latter differences were largely
driven by two G. vulgaris sensu stricto individuals with unusually high fecundity. However,
when fecundities were standardised relative to female size by dividing by somatic body
weight, significant differences in relative fecundity (# oocytes g-1) were observed between
many species within the G. vulgaris complex (Figure 2.2b, see Appendix 2.2). There was no
significant relationship between species’ mean oocyte volume and mean absolute fecundity
(r2 = 0.12, df = 1, t = -0.91, β = -86 ± 94, F = 0.83, P = 0.399), but a strong negative
association between species’ mean oocyte volume and relative fecundity (r2 = 0.85, df = 1, t
= -5.85, β = -71.5 ± 12.2, F = 34.2, P = 0.001). Thus, species with larger oocytes did not
have significantly lower absolute fecundities but did have substantially lower size-relative
fecundities (Figures 2.2a,b). The species with the smallest oocytes (G. anomalus) had relative
fecundities over three times higher (156 oocytes g-1) than the species with the largest oocytes
(G. eldoni; 45 oocytes g-1). Other lesser interspecific differences were also statistically
significant, such as the 68% difference in mean relative fecundity between G. gollumoides
and G. depressiceps.
Reproductive effort (GSI) also differed significantly between some species within the
complex (Figure 2.2c), with mean GSI differing from a maximum of 23% in G. vulgaris
sensu stricto to a minimum of 14% in G. eldoni. There was a significant negative relationship
between species’ mean GSI and oocyte volume (r2 = 0.67, df = 1, t = -3.46, β = -3.28 ± 0.95,
F = 12.0, P = 0.013), i.e. species with larger oocytes showed lower reproductive effort.
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Table 2.1 – Interspecific variation in total length (TL) and somatic body weight (W) of
females of each species in the G. vulgaris complex. Different letters indicate significant
differences (see Table S2 for LMM t-statistics). Also shown is the TL range of the larger
sample of females released following capture.
Life history study females
TL (mm)
W (g)
Species
G. anomalus
G. gollumoides
G. vulgaris s.s.
G. depressiceps
G. ‘southern sp.’
G. sp. D
G. pullus
G. eldoni

n
25
18
15
19
20
8
17
22

Mean
(± SE)
78 ± 2AB
71 ± 3A
83 ± 3B
84 ± 3BC
85 ± 2BC
97 ± 7CD
103 ± 2D
103 ± 4D

Range
64-112
56-103
70-110
65-120
67-106
79-129
74-133
74-128

Mean
(± SE)
3.9 ± 0.3A
4.0 ± 0.5AB
5.3 ± 0.4ABC
5.5 ± 0.6ABC
5.6 ± 0.3BC
9.3 ± 1.5CD
11.1 ± 1.1D
11.5 ± 1.2D

Larger sample
TL (mm)
Range
2.0-9.7
1.7-11.8
2.5-13.8
2.2-18.8
3.1-9.7
4.8-20.6
3.3-25.7
3.7-26.5

n
90
28
101
50
24
17
31
47

Mean
(± SE)
76 ± 1
66 ± 2
83 ± 1
84 ± 2
82 ± 1
98 ± 3
101 ± 3
103 ± 2

Range
56-109
55-86
65-119
61-119
66-92
75-125
78-131
74-156

There were significant interspecific differences in both body length and weight in the G.
vulgaris complex (Table 2.1). The size ranges of females collected for life history study were
very close to those observed in the larger sample of females which were returned to streams.
Significant positive relationships were observed between species’ mean oocyte volume and;
mean, minimum and maximum body weights (Table 2.2). Negative associations were seen
between mean relative fecundity and mean, minimum and maximum body weights. Similar
negative relationships were apparent with GSI; i.e. species with small oocytes, high relative
fecundities and high GSI (e.g. G. anomalus and G. gollumoides) had lower mean, minimum
and maximum body lengths and weights than species with large oocytes, low relative
fecundities and low GSI (e.g. G. pullus and G. eldoni). For example, G. eldoni females had;
mean body weight 184% higher, minimum sizes 10 mm or 1.7 g larger, and maximum sizes
16 mm longer and 16.8 g heavier than G. anomalus females.
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Table 2.2 – Associations between species’ mean reproductive trait values (oocyte volume,
relative fecundity and GSI), and species’ mean, minimum and maximum somatic weights.
Predictor
Response
Oocyte volume
Mean Weight
Min. Weight
Max. Weight
Relative fecundity
Mean Weight
Min. Weight
Max. Weight
GSI
Mean Weight
Min. Weight
Max. Weight

r2

df

β ± SE

t

F

P

0.85
0.62
0.67

1,6
1,6
1,6

3.76 ± 0.65
1.07 ± 0.34
7.34 ± 2.09

5.77
3.18
3.52

33.3
10.1
12.4

0.001
0.019
0.013

0.58
0.42
0.53

1,6
1,6
1,6

-0.040 ± 0.014
-0.011 ± 0.005
-0.083 ± 0.032

-2.89
-2.08
-2.60

8.3
4.3
6.7

0.028
0.082
0.041

0.60
0.25
0.64

1,6
1,6
1,6

-0.78 ± 0.26
-0.17 ± 0.12
-1.78 ± 0.54

-2.98
-1.42
-3.28

8.9
2.0
10.8

0.025
0.206
0.017

2.4.2 Environmental influence on interspecific trait variation
The three proxy measures of productivity differed notably between species distributions:
mean temperature differed by as much as 2.7°C, median flow commonly differed by orders
of magnitude and mean shading differed from maxima of 58% to minima of 34% (Table 2.3).
Species such as G. anomalus which occurred in warmer, larger, less shaded streams, also
generally occurred in the most flow disturbed environments and where predation pressure
was high. The smaller, cooler, more shaded streams inhabited by species such as G. eldoni,
also tended to be relatively stable, experiencing low flow variability and low predation
pressure.
Table 2.3 – Environmental variables for the known distributions of each species. Mean
values ± 95% C.I. are shown except for stream size where median values ± quartile range are
given. n = number of stream reaches.

Species

14.6 ± 0.2
13.7 ± 0.2
14.8 ± 0.1
12.8 ± 0.2
14.3 ± 0.3
14.3 ± 0.2
12.2 ± 0.2

Mean
annual flow
(cumecs)
0.52 ± 0.18
0.12 ± 0.06
0.74 ± 0.13
0.18 ± 0.06
1.11 ± 0.22
0.12 ± 0.04
0.07 ± 0.03

12.1 ± 0.1

0.06 ± 0.02

n

Temp. (°C)

G. anomalus
G. gollumoides
G. vulgaris s. s.
G. depressiceps
G. ‘Southern sp.’
G. sp. D
G. pullus

100
139
921
136
90
147
63

G. eldoni

61
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0.34 ± 0.04
0.33 ± 0.04
0.27 ± 0.02
0.43 ± 0.04
0.15 ± 0.03
0.46 ± 0.04
0.44 ± 0.06

Flow
variability
(ratio)
0.89 ± 0.01
0.88 ± 0.02
0.78 ± 0.01
0.84 ± 0.03
0.83 ± 0.02
0.87 ± 0.02
0.81 ± 0.01

Predation
pressure
(probability)
0.67 ± 0.04
0.81 ± 0.04
0.75 ± 0.02
0.57 ± 0.04
0.88 ± 0.01
0.74 ± 0.03
0.43 ± 0.04

0.58 ± 0.06

0.80 ± 0.01

0.36 ± 0.04

Shading
(ratio)
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The first principal component describing species’ life history strategies (LH_PC) accounted
for 82% of the cumulative variation in the dataset. LH_PC was strongly positively associated
with oocyte volume (0.97), minimum weight (0.79), maximum weight (0.90) and mean
weight (0.95), but strongly negatively associated with relative fecundity (-0.92) and GSI
(-0.89). The means of environmental parameters at sampling sites where females of each
species were collected (Figure 2.3a-e) were very similar to the means of species whole
distributions (Table 2.3). Species life history strategies (LH_PC) generally showed strong
association with the proxy measures of productivity and disturbance (Figure 2.3a-e). LH_PC
decreased significantly with increasing temperature, flow variability and predation pressure
(Figures 2.3a,d,e), i.e. species occurring in warmer streams with more variable flows and
more predators had smaller body sizes, smaller oocyte sizes, but higher relative fecundity and
higher GSI. There was also a negative relationship between stream size and LH_PC but the
association did not prove significant (P = 0.08; Figure 2.3b). LH_PC was positively
associated with mean proportion of shading (Figure 2.3c), i.e. species inhabiting more shaded
streams had larger eggs, lower size relative fecundity, larger body sizes and lower GSI.
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Figure 2.3 – Relationships between principal component describing life history strategy
(LH_PC) and; a) mean temperature, b) median flow, c) mean shading; d) mean flow
variability, e) mean probability of predator occurrence, at sites where each species was
collected. G.ano = G. anomalus, G.gol = G. gollumoides, G.vul = G. vulgaris sensu stricto,
G.dep = G. depressiceps, G.sou = G. ‘southern sp.’, G.spd = G. sp. D, G.pul = G. pullus and
G.eld = G. eldoni. Solid lines indicate significant relationships (P < 0.05), dashed lines
indicant non-significant relationships (P > 0.05). Data points in grey (Cooke’s distance > 1)
were identified as outliers and excluded from regressions (Cook, 1977).
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2.4.3 Intraspecific trait variation
Considerable intraspecific trait variation was evident for most species (Figures 2.1a-c). At the
inter-individual level, body size (somatic weight) explained a substantial proportion of trait
variation for most species (Table 2.4). Oocyte volume had a significant positive association
with somatic weight in all species except G. vulgaris sensu stricto which showed a weaker
trend. Between 31 and 82% of intraspecific variation in fecundity was attributable to somatic
weight and positive relationships were significant in all species except G. sp. D. GSI also
showed a positive relationship with somatic weight in all species, although this relationship
was only statistically significant in G. ‘southern sp.’.
Table 2.4 – Regression values for relationships between somatic weight (g) and
reproductive traits; oocyte volume (mm3), absolute fecundity (# mature oocytes per female)
and GSI (%).
Trait
Species
Oocyte volume
G. anomalus
G. gollumoides
G. vulgaris sensu stricto
G. depressiceps
G. ‘southern sp.’
G. sp. D
G. pullus
G. eldoni
Absolute fecundity
G. anomalus
G. gollumoides
G. vulgaris sensu stricto
G. depressiceps
G. ‘southern sp.’
G. sp. D
G. pullus
G. eldoni
GSI
G. anomalus
G. gollumoides
G. vulgaris sensu stricto
G. depressiceps
G. ‘southern sp.’
G. sp. D
G. pullus
G. eldoni

r2

df

0.29
0.35
0.17
0.32
0.37
0.64
0.25
0.45

1,23
1,16
1,13
1,17
1,18
1,6
1,15
1,20

0.22 ± 0.07
0.20 ± 0.07
0.15 ± 0.09
0.11 ± 0.04
0.21 ± 0.21
0.18 ± 0.06
0.07 ± 0.03
0.11 ± 0.03

3.07
2.91
1.64
2.82
3.25
3.27
2.21
4.08

9.41
8.44
2.68
7.93
10.53
10.69
4.89
16.6

0.005
0.010
0.126
0.012
0.004
0.017
0.043
<0.001

0.40
0.31
0.43
0.78
0.82
0.49
0.81
0.65

1,23
1,16
1,13
1,17
1,18
1,6
1,15
1,20

93 ± 24
63 ± 23
192 ± 66
89 ± 11
61 ± 7
43 ± 18
50 ± 6
30 ± 5

3.94
2.73
2.92
7.89
8.92
2.42
7.90
6.03

15.55
7.43
8.55
62.32
79.62
5.83
62.48
36.35

<0.001
0.015
0.014
<0.001
<0.001
0.052
<0.001
<0.001

0.15
0.04
0.17
0.20
0.27
0.25
0.10
0.08

1,23
1,16
1,13
1,17
1,18
1,6
1,15
1,20

1.50 ± 0.74
0.51 ± 0.62
1.31 ± 1.00
0.62 ± 0.30
1.04 ± 0.40
0.57 ± 0.41
0.17 ± 0.13
0.15 ± 0.11

2.02
0.83
1.31
2.03
2.58
1.40
1.30
1.28

4.08
0.68
1.71
4.14
6.63
1.95
1.69
1.65

0.055
0.421
0.213
0.058
0.019
0.212
0.213
0.214

β ± SE

t

F

p
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A significant proportion of trait variance was often attributable to inter-population variation
within species (Table 2.5). Although, the greatest proportion of observed variance in oocyte
volume was associated with between-species differences (48%), inter-population variation
accounted for an estimated 21% of the observed variance. A significant amount of within
species variance in relative fecundity was also attributable to inter-population variation
(48%), accounting for a similar proportion of variance as inter-specific variation (44%). For
GSI, between-population differences only accounted for 11% of variance whereas
interspecific variation was associated with 24% of variation.
Table 2.5 – Proportion of variance (ICC) associated with interspecific, inter-population and
inter-individual (residual) variation, with χ2 values and associated P values for log-likelihood
ratio tests.

Species
Population
Residual

Oocyte volume
Relative fecundity
GSI
ICC
χ2
P
ICC
χ2
P
ICC
χ2
P
0.48 27.3 <0.001 0.44 16.2 <0.001 0.24 12.8 <0.001
0.21 19.7 <0.001 0.48 137.2 <0.001 0.11 2.6
0.1
0.31
0.08
0.65
-

At the within-individual level, oocyte size showed low variability, mean individual oocyte
size CV varying from 3.6% to a maximum of 4.5% between species. There was little
evidence of any significant difference in intra-individual variation (CV of oocyte volume)
between species (LMM – t ≤ -1.918, P ≤ 0.10).

2.5 Discussion
A suite of different oocyte sizes were seen across the G. vulgaris complex, which represent
substantial interspecific differences in maternal provisioning to the offspring. Mean oocyte
volume differed by up to 1.7 mm3 between species (G. eldoni and G. anomalus), equating to
a percentage difference of more than 130%. Differences in oocyte size of comparable
proportions translated to 50% differences in the length of new-born Poeciliidae (Ponce de
León et al., 2011). Even small differences (<1 mm) in larval length at hatch can translate to
important changes in starvation tolerance and foraging ability (Miller et al., 1988). Thus,
many of the smaller interspecific differences in oocyte volume, such as the 39% difference
between G. depressiceps and G. pullus, could have potentially important implications for
larvae size and other traits associated with fitness (see Goto, 1990; Ponce de León et al.,
2011). Conversely, Semmens and Swearer (2012) found only a weak relationship between
egg size and larval size in an amphidromous relative, G. maculatus. Hence, further
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examination is required to elucidate the consequences of the observed egg size differences
for newly hatched larvae.
Contrary to expectations, there was little evidence of a direct trade-off between oocyte size
and absolute fecundity. Rather, the results indicate that females of the larger-egged species
invest in somatic growth to overcome the constraints of body size on the egg size/fecundity
trade-off. Females of species producing larger oocytes had substantially larger minimum,
maximum and mean body sizes than those producing smaller oocytes, thus allowing them to
produce comparable numbers of eggs. However, there was strong evidence that by investing
in somatic growth, females of the larger egged species are exposed to a number of other life
history trade-offs. Consistent with theoretical predictions (Smith & Fretwell, 1974; Parker &
Begon, 1986; Duarte & Alcaraz, 1989), size-relative fecundity was up to 3 times lower in the
species with largest oocytes (G. eldoni) compared to the species with smallest oocytes (G.
anomalus). Where body sizes overlapped, individuals of species with smaller oocytes
generally had absolute fecundities several times higher than those with larger oocytes. Not
only did larger-egged species have lower relative fecundity but they had lower reproductive
effort (GSI). Thus, by investing in somatic growth to produce larger eggs in viable numbers,
females may be compromising their temporal reproductive output.
Although the sample size in the present study was small, the larger sample of length ranges
of females returned to streams indicated that females outside the size ranges collected for life
history study were very rare. This is strong evidence that the samples collected were
representative of the size ranges of each species. Also, the interspecific differences in
maximum size agree closely with those reported by Jellyman et al. (2013). Available
information on growth from a number of species would suggest females of smaller-egged
species such as G. anomalus can reach the minimum sizes at maturity observed in their first
year of life, whereas the larger-egged species such as G. eldoni may take 2 or even 3 years to
reach the minimum female size seen (Allibone, 1997). By maturing at a larger size, females
of larger egged species must sacrifice at least one, if not two or three, seasons of potential
reproduction. The large differences in maximum size between species also indicate that
smaller-egged species have reduced longevity compared with larger-egged species. These
observations are consistent with cost of reproduction theory, which predicts that early
maturation and large investments in reproduction occur to the detriment of subsequent
somatic growth and survivorship (Reznick, 1983; Kozłowski, 1992; Blanckenhorn, 2000).
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The environmental analysis indicated that species’ life histories change predictably along
gradients of productivity and disturbance. Colder, smaller, more shaded creeks may be
considered to represent relatively low productivity habitats (Vannote et al., 1980; Quinn et
al., 1997b; Young & Huryn, 1999). These headwater streams also represented the most stable
habitats, as predators are less common and they experience lower hydrological disturbance.
The larger eggs seen in species inhabiting these streams are in accordance with a number of
studies showing larger larvae have improved survival chances in resource-scarce
environments (Hutchings, 1991; Einum & Fleming, 1999; Einum, 2003). The findings are
also consistent with evidence from other studies which have found larger egg sizes in more
stable environments (Walsh & Reznick, 2008; Morrongiello et al., 2012). Larger offspring
also have better competitive ability (Bagenal, 1969; Einum & Fleming, 2000) which is
advantageous in stable environments where intra-specific competition is generally high
(Winemiller & Rose, 1992). The delayed maturity, reduced reproductive effort and lower
fecundity exhibited by these headwater species may not be disadvantageous in these
relatively stable environments, as low short-term reproductive output may be offset by
increased longevity (Kozłowski, 1992; Reznick et al., 1996), as supported by their larger
mean and maximum body sizes. These low fecundity, late maturing, large-bodied species are
very similar to the ‘slow’ life histories theory predicts for these types of environments
(Pianka, 1970; Stearns, 1992; Reynolds, 2003).
At the other end of the life history spectrum were species that occurred in streams that were
not only warmer, less shaded and larger, but also had higher occurrence of piscivorous fish
and experienced high flow disturbance. These streams could be considered relatively
productive (Vannote et al., 1980; Quinn et al., 1997b; Young & Huryn, 1999) and unstable
habitats. The small egg size and high relative fecundity observed in these species agrees with
empirical evidence and theory indicating that maternal fitness may be optimised by
producing larger numbers of smaller offspring where resources are abundant (Hutchings,
1991; Winemiller & Rose, 1993; Einum & Fleming, 1999). The early maturation, high
reproductive investment and short lifespan seen in these species is also consistent with
theoretical predictions, as high mortality associated with high predation pressure or
frequently disturbed habitats can select for a ‘faster’ life history strategy (Reznick, 1983;
Schlosser, 1990; Reznick et al., 1996, Reynolds, 2003). As many of the proxy measures of
productivity and disturbance were co-linear, it was difficult to identify which mechanisms
were most influential in determining species’ life history. However, based on the a wealth of
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literature demonstrating the importance of both drivers (Hutchings, 1991; Einum & Fleming,
1999; Walsh & Reznick, 2008; Olden & Kennard, 2010; Morrongiello et al., 2012), I
consider that the multiple influences of productivity and disturbance are likely to be
complementary in determining species’ life history strategies.
Species such as G. anomalus, G. gollumoides and G. vulgaris sensu stricto share many
characteristics (small body size, small eggs and early maturation) with an ‘opportunistic’
strategy (Winemiller & Rose, 1992). The larger egg, delayed maturity and large body size
exhibited by G. eldoni and G. pullus correspond closely with an ‘equilibrium’ strategy
(Winemiller & Rose, 1992). However, the triangular Winemiller and Rose (1992) model does
not adequately describe the differences in fecundity seen in the G. vulgaris complex, even
when intermediate positions are considered. The patterns seen are best explained by an r-K
continuum (MacArthur & Wilson, 1967; Pianka, 1970; Stearns, 1992; Reznick et al., 2002),
with lower catchment species (e.g. G. anomalus) exhibiting ‘fast’ life history traits (small egg
size, high size-relative fecundity, early maturity) while headwater species had traits more
synonymous with ‘slow’ life histories (large eggs, low size-relative fecundity and delayed
maturation). The intermediary traits seen in G. depressiceps, G. ‘southern sp.’ and G. sp. D
indicate a suite of strategies between these two extremes.
The extent to which interspecific life history variation in the G. vulgaris complex is under
genetic or environmental control remains unclear. As well as showing association with the
various environmental parameters, species’ traits (e.g. oocyte size) varied somewhat with the
phylogeny of the group (Figure 2.4). The relative consistency in oocyte size within
monophyletic groups compared to other phylogenetic groupings could potentially indicate
that this trait is entirely phylogenetically constrained. However, this would conflict with
substantial evidence from other freshwater fish showing a high degree of egg size plasticity
in response to local environmental conditions (Humphries, 1989; Einum & Fleming, 1999;
Heath et al., 2003; Bashey, 2006; Morrongiello et al., 2012). Further, in the present study
there was significant inter-population variation in egg size within species, likely indicating
some trait plasticity in relation to habitat type. Given some species such as G. vulgaris sensu
stricto occur across a considerable altitudinal range (McDowall, 2010) they can be expected
to show high phenotypic plasticity, enabling them to live across a wide range of
environments (Einum & Fleming, 1999; Walsh & Reznick, 2008). However, the focus of this
study was inter-specific comparisons, and low replication both at the within- and betweenpopulation levels limited examination of these patterns and they require further assessment.
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Figure 2.4 - Phylogeny of the G. vulgaris complex (Waters et al., 2010) and species’ mean
oocyte volume ± SE.
Much of the intraspecific variation was attributable to differences in female size within
species, with both egg size and fecundity increasing substantially with body weight in all
species; a characteristic common to many freshwater fish (e.g. Bagenal, 1969; Wootton,
1973; Sargent et al., 1987). Larger offspring produced by larger females can have a
competitive advantage over smaller conspecifics (Bagenal, 1969; Parker & Begon, 1986;
Einum & Fleming, 2000). However, the presence of smaller breeding females is evidence
that they must be reproducing effectively despite producing smaller oocytes (Marshall et al.,
2010). By doing so they must be compromising their long-term reproductive output (Reznick,
1985). This may represent an example of a ‘coin-flipping’ bet-hedging strategy (see
Olofsson, Ripa & Jonzén, 2009) whereby females may deviate from optimal trait values in
order to exploit temporal unpredictability in the environment. The G. vulgaris complex could
offer an ideal study system to examine the evolutionary paradox of why offspring
provisioning changes with maternal size and age (Marshall et al., 2010). At the intraindividual level, the consistently low variability in oocyte size in all species shows that there
is little evidence that ‘dynamic/diversified’ bet-hedging (Einum & Fleming, 2004, Olofsson
et al., 2009), whereby females increase within-clutch egg size variation in unpredictable
environments (Marshall et al., 2008; Crean & Marshall, 2009), is taking place in these
species.
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Irrespective of the mechanisms involved, this study has demonstrated large differences in
how these closely related species allocate resources to their offspring. Mature individuals of
the different species in the G. vulgaris complex are often so morphologically similar that
identification based on external appearance alone is difficult (McDowall, 2000) and yet many
species are showing marked differences in reproductive strategies which will likely have
considerable implications for their early life histories. These findings highlight that groups of
closely related, cryptic species should not be assumed to display similar life histories.
Differences of the magnitude seen in this study are likely to have important implications for
population dynamics, as well as the management and conservation of these threatened
species (Winemiller & Rose, 1992; Reynolds, Webb & Hawkins, 2005; Winemiller, 2005).
The patterns of life history divergence described here are likely to have relevance for other
galaxiid complexes elsewhere, such as those present in Australia (Hardie et al., 2006; Adams
et al., 2014) and suspected to exist in South Africa (Wishart et al., 2006). It is also likely that
many of the life history-environment relationships observed here represent reaction norms
which may be broadly applicable to other freshwater fish radiations worldwide.
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2.6 Appendix

Appendix 2.1 – Mean oocyte diameter (± 95% C.I.) in G. vulgaris sensu stricto females
collected each month (n = 10 per month) from May-September 2012, in the Waianakarua
River, NZ.
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Appendix 2.2 – t-statistics from linear mixed effects for multiple interspecific pairwise
comparisons of life history traits in the G. vulgaris complex. G.ano = G. anomalus (n=25),
G.gol = G. gollumoides (n=18), G.vul = G. vulgaris sensu stricto (n=15), G.dep = G.
depressiceps (n=19), G.sou = G. ‘southern sp.’ (n=20), G.spd = G. sp. D (n=8), G.pul = G.
pullus (n=17) and G.eld = G. eldoni (n=22). Asterisks indicate significant differences; * ,
P<0.05; **, P < 0.01; ***, P < 0.001.
Oocyte volume
G.ano
G.ano
G.gol
G.vul
G.dep
G.sou
G.spd
G.pul
Absolute fecundity
G.ano
G.ano
G.gol
G.vul
G.dep
G.sou
G.spd
G.pul
Relative fecundity
G.ano
G.ano
G.gol
G.vul
G.dep
G.sou
G.spd
G.pul
GSI
G.ano
G.ano
G.gol
G.vul
G.dep
G.sou
G.spd
G.pul
Weight
G.ano
G.ano
G.gol
G.vul
G.dep
G.sou
G.spd
G.pul
Length
G.ano
G.ano
G.gol
G.vul
G.dep
G.sou
G.spd
G.pul

G.gol
0.92

G.vul
0.96
0.08

G.dep
2.58*
1.60
1.46

G.sou
4.09**
3.12*
2.92*
1.59

G.spd
3.63*
2.89*
2.76*
1.69
0.44

G.pul
5.30***
4.31**
4.07**
2.80*
1.19
0.51

G.eld
6.66***
5.53**
5.20**
3.90**
2.10
1.15
0.79

G.gol
-1.08

G.vul
1.65
2.63*

G.dep
-1.38
-0.28
-2.92*

G.sou
-1.95
-0.87
-3.40*
-0.60

G.spd
-0.27
0.54
-1.51
0.76
1.20

G.pul
-0.25
0.78
-1.80
1.05
1.60
0.07

G.eld
-1.21
-0.06
-2.82*
0.23
0.85
-0.60
-0.87

G.gol
-1.48

G.vul
0.13
1.54

G.dep
-3.55*
-2.08
-3.50*

G.sou
-4.66**
-3.28**
-4.57**
-1.32

G.spd
-3.93**
-2.83*
-3.92**
-1.28
-0.23

G.pul
-6.00***
-4.61**
-5.48**
-2.62*
-1.20
-0.73

G.eld
-8.19***
-6.69***
-7.58***
-4.53**
-2.86*
-1.98
-1.59

G.gol
-0.59

G.vul
1.67
2.12

G.dep
-0.61
-0.01
-2.12

G.sou
-0.73
-0.13
-2.25
-0.12

G.spd
-0.90
-0.44
-2.10
-0.44
-0.34

G.pul
-1.86
-1.23
-3.25*
-1.24
-1.11
-0.53

G.eld
-4.18**
-3.36*
-5.44**
-3.39*
-3.23*
-2.10
-1.95

G.gol
0.22

G.vul
1.57
1.31

G.dep
2.10
1.81
0.42

G.sou
2.58*
2.27
0.90
0.51

G.spd
3.53*
3.29*
2.20
1.93
1.51

G.pul
5.58**
5.17**
3.73**
3.49*
2.92*
0.81

G.eld
6.52***
6.02***
4.40**
4.19**
3.54*
1.14
0.36

G.gol
-1.79

G.vul
1.37
2.94*

G.dep
1.38
3.03*
-0.06

G.sou
1.71
3.32*
0.26
0.33

G.spd
3.01*
4.42**
1.83
1.93
1.66

G.pul
4.90**
6.31***
3.24*
3.46*
3.10*
0.80

G.eld
5.28**
6.77***
3.42*
3.68*
3.28*
0.78
-0.08
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3.1 Summary
The larval stage in fish is widely recognised as a critical period in their survival. Resource
allocation to the egg is the principal mechanism of maternal provisioning to larvae but this is
limited by a life history trade-off between egg size and number. Larvae must be sufficiently
provisioned to survive environmental harshness but enough must be produced to ensure a
sufficient number survive to reproduce. Chapter 2 demonstrated that the species in the
Galaxias vulgaris complex differentially provision eggs in relation to the environmental
conditions they occupy. Species inhabiting more productive streams had mean oocyte sizes
up to over 2 times smaller and relative fecundities up to 3 times higher than those inhabiting
less productive headwater creeks. This chapter assesses the consequences of interspecific
differences in oocyte provisioning for water-hardened egg size, incubation time, larval size
and morphology at hatch, swimming ability and their development through to the juvenile
stage. Headwater species had substantially larger water-hardened eggs, longer incubation
time and newly emerged larvae were on average up to 41% longer than in lower catchment
species. Swimming ability was positively associated with larval length at hatch. Interspecific
differences in length and swimming ability were generally maintained throughout the larval
period, despite larvae being reared under relatively benign conditions. These results
demonstrate the consequences of differential maternal provisioning to the egg for species’
early life histories. The larger larvae of headwater species are likely to be more resistant to
starvation and have improved foraging ability compared to lower catchment species; traits
which are likely to confer them survival advantages in the food-scarce environments they
occupy. The smaller larvae of lower catchment species are a consequence of females
prioritising fecundity in relatively resource rich streams. It is possible that the offspring
provisioning- environmental relationships seen in the G. vulgaris complex represent reaction
norms that hold significance for freshwater fish radiations globally.

3.2 Introduction
The early life stages of fish have long been recognised as a critical period in their survival
(Hjort, 1914; May, 1974; Chambers & Trippel, 1997). Largely due to their small size, fish
larvae are highly vulnerable to predation (Paradis, Pepin & Brown, 1996), starvation (Elliott,
1986; Iguchi & Mizuno, 1999) and involuntary dispersal in currents (Fortier & Leggett,
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1985; Reichard, Jurajda & Ondračkovaá, 2002). In freshwater fish, mortality rates during the
larval stage have been estimated at 94.5% (Houde, 1994), the most critical period being the
first few weeks immediately post-hatch, especially during the transition from endogenous to
exogenous feeding (Elliott, 1986, 1989; Einum & Fleming, 2000). For larvae to survive this
inherently risky period in their development, they must be adequately developed and
provisioned with sufficient resources to persist in the often harsh environments they inhabit
(Parker & Begon, 1986; Miller et al., 1988; Chambers & Trippel, 1997; Schiemer, Keckeis &
Kamler, 2003; Fuiman & Werner, 2009).
In oviparous fish, maternal provisioning to the offspring occurs solely through allocation of
resources to the egg prior to spawning (Tyler & Sumpter, 1996; Brooks, Tyler & Sumpter,
1997). Larger eggs with greater energetic reserves result in larger, better provisioned larvae
(Marsh, 1986; Araujo-Lima, 1994; Einum, 2003; Ponce de León et al., 2011), which often
have improved survival chances (Bagenal, 1969; Marsh, 1986; Miller et al., 1988; Sogard,
1997; Einum & Fleming, 1999, 2000). However, the limitations driving the trade-off between
egg size and fecundity mean that increasing resource allocation to the individual egg
inevitably reduces the number that can be produced (Smith & Fretwell, 1974; Elgar, 1990;
Einum & Fleming, 1999; Johnston & Leggett, 2002). Overprovisioning to the egg could
potentially reduce fecundity below that required to counter mortality rates, while insufficient
provisioning could render offspring unfit to survive environmental conditions. Thus, the
consequences of inappropriate provisioning of resources are potentially catastrophic; the
entire progeny could be lost. Life history theory would suggest the optimal balance in this
trade-off is to sufficiently provision offspring to make survival likely, but allocate additional
resources to maximise the number of recruits (Sargent et al., 1987; Hutchings, 1991; Einum
& Fleming, 1999, 2000; Einum, 2003; Rollinson & Hutchings, 2013). Optimal offspring size
can vary in relation to food-availability in the rearing environment (Goto, 1990; Hutchings,
1991; Einum & Fleming, 1999; Taborsky, 2006; Barriga et al., 2012; Closs, Hicks &
Jellyman, 2013).
One of the key challenges facing larval fish is obtaining sufficient nourishment during early
life to avoid starvation, and to sustain growth and development through to the juvenile stages
(Miller et al., 1988; Iguchi & Mizuno, 1999). Fish larvae are severely gape-limited feeders
(Dabrowski & Bardega, 1984; Schael, Rudstam & Post, 1991; Devries, Stein & Bremigan,
1998), so the range of food items they can consume increases with gape size. In small, high
altitude, headwater streams there is little autochthonous production so zooplankton
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abundance is usually low (Vannote et al., 1980; Culp & Davies, 1982; Goto, 1990). Food
resources can be dominated by inputs of terrestrial invertebrates, which are often larger than
aquatic food items (e.g. Kawaguchi & Nakano, 2001). The cold temperatures in these high
altitude streams are also likely to inhibit growth (Houde, 1989; Pepin, 1991; Barriga et al.,
2012). Larger larvae have better survival chances in these poor rearing conditions (Goto,
1990; Winemiller & Rose, 1993; Einum, 2003) because they have greater energetic reserves
(Marsh, 1986; Miller et al., 1988; Pepin, 1991) and better foraging ability (Blaxter, 1986;
Webb & Weihs, 1986). With increasing longitudinal distance downstream, the abundance of
small food items and temperature generally increases (Vannote et al., 1980; Culp & Davies,
1982; Goto, 1990; Arscott et al., 2005). Thus, in lower catchment streams, some of the
relative advantages of large, well developed larvae are likely to be reduced. Under these
relatively benign larval rearing conditions, evidence would suggest the optimal life history
strategy is to reduce egg size, and therefore larval size, in order to maximise maternal
fecundity (Hutchings, 1991; Winemiller & Rose, 1993; Einum & Fleming, 1999).
There is a general paucity of literature relating to early life history traits in stream resident
fishes. Study of larval traits has largely concentrated on species inhabiting large rivers or
lakes (e.g. Miller et al., 1988; Araujo-Lima, 1994; Bremigan & Stein, 1994; Gisbert, Williot
& Castelló-Orvay, 2000; Kamler, 2002; Schiemer et al., 2004; King, 2005, Martin, Wahl &
Czesny, 2012), and has been biased towards salmonid fry (e.g. Bagenal, 1969; Beacham &
Murray, 1985; Springate & Bromage, 1985; Miller et al., 1988; Ojanguren, Gavilán & Braña,
1996; Valdimarsson, Skúlason & Snorrason, 2002; Gilbey et al., 2005). Relatively little
work has been done examining post-hatch morphology, behaviour and development in
stream-living taxa. Although egg size is generally representative of the amount of energy
available to larvae on hatching (Teletchea et al., 2009), relationships with larval size and
morphology are not always predictable (e.g. Semmens & Swearer, 2012). Egg and larval size
differences can have important ramifications for biologically important traits such as
incubation time (Teletchea et al., 2009; Teletchea & Fontaine, 2010), and swimming ability
(Miller et al., 1988; Fisher & Leis, 2010) which is important in determining their propensity
to disperse (e.g. Schludermann et al., 2012; Kopf, Humphries & Watts, 2014). Understanding
of larval traits is important as they influence feeding, interactions with predators and habitat
use. Differences in early life history traits can also have unpredictable consequences for how
species respond to anthropogenic pressures (e.g. Humphries, Serafini & King 2002). High
mortality rates during the early life stages imply that selection pressures are intense during
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this period (Einum & Fleming, 2000), so study of early life traits may give clues as to the
processes driving speciation. Thus, the lack of information regarding the morphology and
behaviour of stream fish during the larval period represents a major knowledge gap in
freshwater fish ecology.
Chapter 2 identified a suite of life history strategies associated with environmental gradients
in the Galaxias vulgaris complex. Species occurring in low productivity, headwater creeks
had larger oocytes than those inhabiting higher productivity, lower catchment systems. Mean
oocyte volume differed by up to 1.7 mm3 or 134% between species. Such substantial
differences in maternal investment are likely to have marked consequences for the size,
morphology, swimming behaviour and development of the larvae (Bagenal, 1969; Ware,
1975; Miller et al., 1988; Araujo-Lima, 1994; Ponce de León et al., 2011). This study
examines interspecific differences in water-hardened egg size, incubation time, larval size,
swimming behaviour and their development in the G. vulgaris complex. A number of a priori
predictions were made:


Water-hardened egg size is larger in headwater species than in lower catchment
species.



Larvae of headwater species are larger at hatch, with key morphological features
better developed than those of lower catchment species.



Headwater species have a better swimming ability immediately post-hatch than lower
catchment species.



Interspecific differences in post-hatch length and swimming ability persist through the
larval period.

3.3 Methods
Four species in the G. vulgaris complex were selected for a study of larval traits: G.
anomalus, G. depressiceps, G. eldoni and G. pullus. These species all occur in the Otago
region of the South Island, NZ, at a similar latitude, but their altitudinal distributions differ
markedly and they occur in fundamentally different habitat types (Allibone & Townsend,
1997a; McDowall, 2010; see Chapters 1 & 2). This selection of species encompasses the
range of reproductive strategies observed within the G. vulgaris complex (see Chapter 2). G.
pullus and G. eldoni have highly restricted distributions, predominantly occurring in small,
high altitude headwater creeks which experience cold temperatures and are highly shaded.
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These species have the largest mean (± SE) oocyte sizes (2.9 ± 0.2 mm3 and 3.0 ± 0.2 mm3
respectively) within the G. vulgaris complex. In contrast, G. anomalus occurs in relatively
large, less shaded, lowland systems where summer temperatures are markedly warmer. It has
the smallest mean (± SE) oocyte size (1.3 ± 0.1 mm3) in the G. vulgaris complex. G.
depressiceps is associated with streams of intermediate habitat characteristics and has
intermediate mean (± SE) oocyte sizes (2.1 ± 0.1 mm3).
To assess interspecific differences in larval morphology, swimming ability and development,
multiple batches of eggs and larvae were obtained for each species. To control for
intraspecific variation, egg batches and larvae were obtained from between 3-9 egg batches
(Table 3.1) derived from 2-5 populations per species. Egg batches were either (1) stripped
and fertilised from live fish, or (2) collected from spawning sites in streams:
(1) Ripe fish were collected using a Kainga EFM 300 backpack electro-fisher (NIWA
Instrument Systems, Christchurch, New Zealand) generating a 300–600 V pulsed DC
current. Collections were done immediately before the predicted spawning season
(September-October, 2011 and 2012), when fish were carrying oocytes in an
advanced stage of development (see Chapter 2). If oocytes had not ovulated,
ovulation was induced by administering two intra-muscular injections of Human
Chorionic Gonadotropin (1000 IU kg-1) over a 24 hour period (see DiMaggio, Broach
& Ohs, 2013). Once ovulated, eggs were stripped from live females into plastic petri
dishes and fertilised with milt from live males, and then submerged in freshwater to
water-harden (for methods see Mitchell, 1989).
(2) Egg masses were collected from spawning sites in streams in October or earlyNovember in 2011 and 2012. To ensure batches were from different parents, no more
than one batch was collected from a single population. Searches were made following
spawning site descriptions of Moore et al. (1999), Allibone & Townsend (1997b) and
P. Ravenscroft & D. Jack (pers. comm.). Typical examples of spawning site locations
for each species are shown in Appendix 3.1.
Egg batches were incubated in petri dishes in freshwater, under low light conditions with
twice-daily water changes. For large egg masses (>300 eggs), clutches were split between 2
or 3 petri dishes to minimise crowding. Any dead eggs were removed twice a day and egg
masses were treated approximately twice a week with methylene blue solution (~1 ppm) to
deter fungal infection. Incubation temperatures varied with ambient temperatures (11-16°C)
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at the laboratory in Dunedin, New Zealand and the photoperiod was adjusted to simulate
actual daylight increases in spring (12-14 hrs.). As batches were incubated over different time
periods, they experienced slightly different incubation temperatures, but mean incubation
temperature varied little between individual batches (mean ± SD = 13.6 ± 0.3 °C, range of
mean batch temperatures = 13.0-14.2 °C).
Table 3.1 – Numbers of egg batches successfully stripped and fertilised or collected from
spawning locations for each species

G. anomalus
G. depressiceps
G. eldoni
G. pullus

Stripped
6
3
3
2

Collected
3
4
2
1

Total
9
7
5
3

To assess the consequences of egg size variation for larval traits, water-hardened egg
diameter and water-hardened yolk diameter (which can represent a more direct measure of
maternal provisioning; Tyler & Sumpter, 1996) were measured in subsamples of 10
randomly selected eggs per batch following water-hardening (>24 hrs. after submersion).
Digital images of eggs were taken at a known scale using an Optimus SC100 Camera
(Olympus Corporation, Tokyo, Japan) mounted on a dissecting microscope. As eggs were not
consistently spherical, diameters were taken as the means of the long and short axis
measurements (± 0.01 mm). Measurements were performed using CellSens Standard 1.5
image analysis software (Olympus Corporation, Tokyo, Japan). No yolk measurements were
taken for egg batches collected from the field as embryos were often already developed. For
all egg batches where fertilisation date was known (i.e. not collected batches), the incubation
time in days from fertilisation till hatch was recorded for each individual larva.
To examine the morphological traits of newly emerged larvae, at least 10 individuals per
batch were subsampled immediately post-hatch (<12 hrs. old). Larvae were preserved in 5%
buffered formalin (Pepin & Penney, 1997) and fixed for at least 2 weeks before being
transferred to 70% ethanol prior to processing. Morphological measurements were made
using the same setup as for the egg measurements. Eight metrics were measured to
characterise the physical features of larvae (± 0.01 mm). Total length, which was used to
quantify larval size, is important in determining foraging ability, resistance to starvation and
swimming ability (Miller et al., 1988). Myomere depth, a second measure of size and
robustness, was measured perpendicular to the body length immediately behind the anus
47

Chapter 3 – Early life history traits
(Semmens & Swearer, 2012). Gape diameter, which is important in prey selection and
foraging ability (Bremigan & Stein, 1994), was calculated as a function of the length of the
upper maxilla following methods by Shirota (1970). Eye diameter (mean of long and short
axis measurements) was measured as it is important in terms of prey acquisition and foraging
ability (Miller et al., 1988). The yolk sac and oil globule diameters (mean of long and short
axis measurements; Semmen & Swearer, 2012) were also measured as they are the main
endogenous food reserves (Balon, 1986) and are thus important in influencing resistance to
starvation (Miller et al., 1988).
To assess interspecific differences in swimming ability, critical swimming speed (Ucrit; Brett,
1964, 1967) was assessed in larvae immediately post-hatch (<6 hrs. old) . Ucrit is a measure
of the aerobic, prolonged swimming ability of fish, characterised by periods of cruising and
burst swimming (Hammer, 1995) and is widely used to estimate larval swimming
performance due to its ecological relevance for feeding and avoidance of dispersal (Plaut,
2001; Pavlov et al., 2008; Kopf et al., 2014). Due to logistical limitations Ucrit was only
assessed in 3-6 batches of larvae per species (minimum of 10 individuals per batch).
Swimming tests were carried out in a unidirectional flow tank (see Hurd et al., 1994), fitted
with an observation channel (350×80×200 mm) where approximately laminar flow velocities
could be varied between 0-30 cm s-1. Wire gauze (1 mm mesh size) was fixed to either end of
the observation chamber to deter larvae from escaping. Prior to trials, larvae were introduced
to the observation chamber with no flow and left to acclimatise for 2 minutes. After the
acclimatisation period, water velocity within the observation chamber was increased from an
initial speed of 1 cm s-1 in increments of 2 cm s-1 at 2 minute intervals until fatigue occurred
which was assessed as when the larvae were pinned against the wire mesh at the back of the
observation chamber for more than 5 seconds and could not be stimulated to move. Ucrit was
calculated as:
(

[ ])

where Ui is the highest velocity maintained for the whole interval (cm s-1), Uii is the velocity
increment (cm s-1), ti is the time elapsed from velocity increase to fatigue (min), and tii is the
interval time (min; see Plaut, 2001).
In one batch per species, post-hatch development was investigated by raising larvae through
the larval period – defined as the period from hatching until disappearance of the median fin48
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fold (Urho, 2002). Larvae were housed at densities no higher than 10 larvae l-1 (to minimise
density-dependent effects) in 3 litre capacity, white plastic tubs containing freshwater and
were fed daily on a combination of Artemia sp. nauplii and finely ground aquaculture feed
pellets (Reliance Stock Foods, NZ). Rearing temperatures varied with ambient temperatures
in the laboratory which ranged between extremes of 12.5°C to 16.5°C and photoperiod was
adjusted to simulate actual daylight increases with spring (13-16 hrs.). As larvae reared over
different time periods, rearing temperature (ambient lab temperatures) differed slightly
between batches. However, between batch differences in mean temperature over the rearing
period were less than 1°C (mean (± SD) = 14.6 ± 0.3 °C, range of mean rearing temps. =
14.3-15.0 °C). Subsamples of larvae were taken at 0, 4, 7, 14, 21 and 28 days post-hatch to
track development through the larval stage. Total length (± 0.01 mm) and Ucrit were measured
for 10 larvae per batch at each age interval.
To test for interspecific differences in trait values, I used one-way ANOVAs and post-hoc
Tukey’s HSD tests to examine pairwise differences. Relationships between species’ traits
were examined using linear regression analyses. To test whether differences in various
morphological traits differed independently of larval length between species, ANCOVAs
were used to control for the effect of total length. Variables were log-transformed where
necessary to achieve normality. All statistics were carried out using SPSS Statistics 20.

3.4 Results
Water-hardened egg diameter varied significantly between species (One-way ANOVA – F =
31.0, df = 3, P <0.001) being significantly larger in G. eldoni and G. pullus than in G.
anomalus and G. depressiceps (Table 3.2). Mean interspecific differences of up to 0.76 mm
or 38% in water-hardened egg diameter were observed (between G. anomalus and G. pullus).
Assuming a spherical shape, this difference equates to a 163% difference in egg volume. G.
depressiceps had marginally larger water-hardened egg size than G. anomalus (mean diff. =
0.14 mm) but the difference was not significant (Post-hoc Tukey’s HSD - P = 0.34). No
significant difference was found in water-hardened egg size between G. eldoni and G. pullus
(Post-hoc Tukey’s HSD - P = 0.64). Yolk diameters also differed significantly between
species (One-way ANOVA – F = 12.1, df = 3, P < 0.001) and post-hoc Tukey’s HSD
pairwise comparisons revealed similar interspecific differences as for water-hardened egg
diameter, except no significant difference was observed between G. depressiceps and G.
eldoni (Post-hoc Tukey’s HSD – P = 0.18 ).
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Table 3.2 – Interspecific differences in water hardened egg diameter (WHED), water
hardened yolk diameter (WHYD) and incubation time (IT). Values = mean ± SE. Different
letters indicate significant differences in mean trait values (Post-hoc Tukey’s HSD-tests – P <
0.05)

G. anomalus
G. depressiceps
G. eldoni
G. pullus

WHED (mm)
2.00 (± 0.07)A
2.14 (± 0.02)A
2.63 (± 0.09)B
2.76 (± 0.01)B

WHYD (mm)
1.42 (± 0.04)A
1.54 (± 0.03)AB
1.73 (± 0.10)BC
1.92 (± 0.01)C

IT (days)
27.2 (± 0.9A
29.5 (± 1.4)AB
33.5 (± 3.2)AB
35.3 (± 0.7)B

While complete hatching of the entire clutch occurred spontaneously over 24 hours in some
batches, individuals hatched sporadically over a period of up to 24 days in others. Mean time
from fertilisation to hatch varied from 24 to 36 days between egg batches. There was
significant interspecific variation in hatch times (One-way ANOVA – F = 4.76, df=3, P =
0.03) but post-hoc Tukey’s t-test pairwise comparisons revealed these were only significant
between G. anomalus and G. pullus (Table 3.2). When data was combined for all species,
there was a positive relationship between egg size and mean hatch time in days (r2 = 0.64,
df=1, F = 24.4, P < 0.001).
Larvae of all species hatched with well-developed eyes, the lower maxilla formed, and
rudimentary pectoral and caudal fins (Figure 3.1). The median fin-fold covered the caudal
two-thirds of the body. Melanophores were present on both dorsal and ventral surfaces. The
yolk sac and oil globule were still present at hatch, but were highly variable in size, even
between individuals of the same egg batch. The digestive tract was formed and larvae
commenced exogenous feeding on Artemia sp. nauplii (approx. 0.3 mm in diameter) within
1-2 days of hatching. Most larvae actively swam upon hatching and assumed a pelagic
feeding position almost immediately. However, some larvae, particularly those hatched from
largest eggs, hatched with abnormally large yolk sacs and exhibited laboured swimming,
tending to maintain a benthic position until their yolk sacs had diminished in size.
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Figure 3.1 – Lateral and dorsal aspects of G. anomalus (A), G. depressiceps (D), G. eldoni (E)
and G. pullus (P) larvae immediately post-hatch. Scale bar = 2 mm. Mean total length of
newly-hatched (<12 hrs.) of each species. Error bars show SE and lettering on bar chart
indicates significant differences (Post-hoc Tukey’s HSD tests - P < 0.05). n = means of
batches (>10 fish measured per batch).
Larvae of different species were generally visually distinguishable upon hatch (Figure 3.1).
Galaxias eldoni and G. pullus larvae hatched large, robust and more pigmented with
morphological features such as maxilla, the eye and the caudal and pectoral fins well
developed. In contrast, G. anomalus were visibly smaller, less pigmented and appeared
relatively altricial in their development. G. depressiceps were less easily distinguished
because differences with other species were less extreme but generally appeared intermediate
in size to other species and were appreciably more pigmented than G. anomalus larvae.
These visible interspecific differences were confirmed by morphometric measurements of
newly hatched larvae. A random sample of 10 larvae per species (40 total) indicated
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preservation caused a mean percentage shrinkage (± SE) of 13% (± 1%) in total length so
larvae reported as 8.0 mm long here would have measured approximately 9.0 mm before
preservation. Mean total length was positively associated with mean egg diameter across
batches of post-hatch larvae of all species (r2 = 0.74, df = 1, F = 52.8, P < 0.001). Mean total
length varied significantly among species (One-way ANOVA – F = 18.3, df=3, P <0.001)
and larvae of G. eldoni and G. pullus were significantly longer than both G. anomalus and G.
depressiceps (Figure 3.1). Mean total length differed by up to 2.6 mm or 41% between
species (G. anomalus and G. pullus). Although there was a mean difference of 0.82 mm
(13%) in total length between G. depressiceps and G. anomalus, this difference was not
significant (Tukey’s post-hoc HSD - P = 0.11).
Species also differed in myomere depth (One-way ANOVA – F = 16.2, df=3, P < 0.001),
gape diameter (One-way ANOVA – F = 15.1, df=3, P < 0.001) and eye diameter (One-way
ANOVA – F = 21.4, df=3, P < 0.001; Table 3.3). G. pullus and G. eldoni larvae were
approximately 30% deeper-bodied than G. anomalus and G. depressiceps larvae. Mean gape
diameter differed by up to 0.24 mm or 60% between species (G. anomalus and G. pullus).
Eye diameter was on average 31% larger in G. pullus than G. anomalus. No significant
interspecific differences were found for yolk sac diameter (One-way ANOVA – F = 1.36,
df=3, P = 0.283) or oil globule diameter (One-way ANOVA – F = 0.44, df=3, P = 0.73).
When total length differences were controlled for, no significant differences in other
morphological traits (myomere depth, gape diameter, eye diameter, yolk sack diameter or oil
globule diameter) were found among species (ANCOVA’s – F < 2.06, df = 3, P > 0.14)..
Table 3.3 – Mean (± S.E.) myomere depth (MD), gape diameter (GD), eye diameter (ED),
yolk sac diameter (YSD) and oil globule diameter (OGD) of larvae immediately post-hatch.
Significant differences are denoted by different letters (Post-hoc Tukey’s HSD, P < 0.05). N.B.
n = means of batches of larvae.
MD
G. anomalus
(n=9)

G. depressiceps
(n=7)

G. eldoni
(n=5)

G. pullus
(n=3)
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GD

ED

YSD

OGD

0.31 ± 0.01A

0.40 ± 0.02A 0.39 ± 0.02A 0.90 ± 0.06A 0.15 ± 0.01A

0.34 ± 0.01A

0.43 ± 0.01A 0.42 ± 0.01A 0.97 ± 0.05A 0.14 ± 0.01A

0.42 ± 0.01B

0.56 ± 0.01B 0.50 ± 0.02B 1.06 ± 0.07A 0.15 ± 0.04A

0.44 ± 0.03B

0.64 ± 0.06B 0.51 ± 0.09B 1.18 ± 0.32A 0.15 ± 0.01A
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The majority of larvae were positively rheotactic immediately post-hatch, swimming towards
the current generated in the flume tank. However, many exhibited laboured swimming
behaviour and some showed little or no directionality in their swimming. Thus, there was
high variation in critical swimming ability within batches (CV - range 14-112%, mean =
50%). Mean Ucrit (± SE) for post hatch larvae of each species were; G. anomalus 3.65 ± 0.98,
G. depreessiceps 6.81 ± 1.26, G. eldoni 5.73 ± 0.51, G. pullus 6.79 ± 2.40 cm s-1, but these
differences did not prove to be statistically significant (One-way ANOVA – F = 1.3, df=3, P
= 0.33). However, there was a significant positive relationship between mean Ucrit and mean
length across batches of all species (Figure 3.2), with mean Ucrit differing between a
minimum of 1.3 cm s-1 in one of batches with smallest larvae (G. anomalus) to a maximum
of 11.5 cm s-1 in the largest larvae (G. pullus).

Figure 3.2 – Relationship between mean critical swimming ability (Ucrit) and mean total
length across batches of larvae of all species
Under laboratory conditions, the early ontogenetic development of species was broadly
similar between species (Figure 3.3). By day 4, the yolk sac and oil globule were reduced in
size, the body had elongated and the eye, maxilla and pectoral fins appeared to be more
developed. By day 7, the median finfold was slightly retracted, the yolk sac and oil globule
reserves were largely diminished and the caudal lobe was more defined. At day 14, yolk sac
reserves were completely spent, the median finfold was partly reabsorbed and rudimentary
53

Chapter 3 – Early life history traits
rays could be seen in the pectoral, dorsal, anal and caudal fins. During the third week of
growth the median finfold substantially decreased in area, and pectoral, dorsal, anal and
caudal fin rays underwent substantial development. The primordial buds of the pelvic fins
were just visible by day 21. By day 28 the median finfold was almost completely diminished
from the dorsal surface and was very much reduced ventrally. Pectoral, anal, dorsal and
caudal fins more closely resembled their adult form and the pelvic fins were better
developed. Throughout this period the mandible structure and gape size developed
considerably.

Figure 3.3 – Lateral and dorsal aspects of G. anomalus (A), G. depressiceps (D), G. eldoni (E)
and G. pullus (P) through the first 28 days following emergence. Scale bar = 10 mm.
Mean total length (± SE) at hatch in the batches of larvae examined for development was as
follows: G. anomalus = 7.05 ± 0.13 mm, G. depressiceps = 7.53 ± 0.10 mm, G. eldoni = 8.41
± 0.14 mm, G. pullus = 8.45 ± 0.06 mm. The relative interspecific differences in size at hatch
were generally maintained over the 28 days period, excepting some convergence between G.
eldoni and G. depressiceps over the latter 14 days (Figure 3.4a). G. anomalus which hatched
smallest remained consistently smaller than other species over the 28 day period. Mean
growth over the 28 day period varied between 5.71 mm in G. anomalus to 9.59 mm in G.
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pullus. Swimming ability increased curvilinearly with size, increasing by a mean of 15 cm s-1
(data for all species combined) over the 28 day period (Figure 3.4). G. anomalus consistently
had the lowest Ucrit compared to other species. Ucrit increased at the fastest rate in G. pullus
and reached a maximum of 27.5 cm s-1 by 28 days. G. eldoni and G. depressiceps showed
inconsistent increases in Ucrit with length and age, and differences between these species were
not always significant.

Figure 3.4 – Changes in (a) mean total length and (b) mean Ucrit in larvae of each species
through the first 28 days of development. Error bars indicate 95% C.I.

3.5 Discussion
Mean interspecific differences in water-hardened egg diameter of up to 0.76 mm were
observed (between G. anomalus and G. pullus), equating to a 163% difference in egg
volume. Between species differences in water-hardened egg diameter and yolk diameter were
highly consistent with those seen for oocyte size in Chapter 2. In agreement with the
predictions of life history theory (Hutchings, 1991; Winemiller & Rose, 1993; Einum &
Fleming, 1999; Johnston & Leggett, 2002), the species occurring in low productivity
headwater creeks, G. eldoni and G. pullus, had substantially larger eggs than the species
which inhabit higher productivity lower catchment systems, G. anomalus and G.
depressiceps. Although G. depressiceps, the species which occurs in intermediate
environments, had larger water-hardened eggs than G. anomalus, the difference was not
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statistically significant. This is likely to be due to low replication in the present study, as
significant differences in egg size have previously been found between these species
(Allibone & Townsend, 1997b; Chapter 2).
The strong positive relationship seen between incubation time and egg size is consistent with
studies in other teleost fish which have found smaller eggs have shorter developmental times
than larger eggs (Ware, 1975; Pauly & Pullin, 1988; Pepin, 1991; Teletchea et al., 2009).
Concurrent with this, G. depressiceps larvae (larger egg) have been repeatedly observed
emerging approximately 2-3 weeks later than G. anomalus larvae (smaller egg) in the single
stream where they co-occur (pers. obs.; see Chapter 4). Size-related incubation time
differences could also explain why larvae of headwater species consistently emerge several
weeks later than lower catchment species (see Chapter 4), although this is also likely to be at
least party driven by temperature differences amongst streams (see Chapter 2). The
incubation times found here (range of means - 25-38 days) are unlikely to be representative
of incubation time in-situ as temperatures were between 5-9°C warmer than typical stream
water temperatures during incubation period (D. Jack, unpubl. data). Thus, embryo
development is likely to have been faster in the present study than under natural conditions
(field observations would suggest approximately 6 weeks from spawning to emergence; pers.
obs.). The high within-batch variability in incubation time could have been a consequence of
poor simulation of natural hatching cues in the laboratory (Warkentin, 2011). Exact hatching
cues in the G. vulgaris complex are unknown but hatching has been associated with increases
in temperature and photoperiod during spring (Benzie, 1968; Cadwallader, 1976a; Dunn,
2012). Egg batches did experience increasing temperatures and daylight hours but other
potentially important hatching cues, such as flow disturbance (Warkentin, 2011), were
absent.
The strong positive relationship between egg size and larval length is consistent with
numerous studies reporting the strength of this relationship in a range of freshwater genera
(Marsh, 1986; Miller et al., 1988; Araujo-Lima, 1994; Einum, 2003; Ponce de León et al.,
2011), and confirms the ecological relevance of the oocyte differences reported in Chapter 2.
Differences were greatest between the headwater species (G. eldoni and G. pullus) and the
lower catchment species (G. anomalus) with mean interspecific differences in total length at
hatch as large as 2.6 mm or 41%. The larger larvae in headwater species are likely to be more
resilient to starvation (Bagenal, 1969; Marsh, 1986; Yúfera & Darias, 2007), have greater
flexibility in time till first feeding (Miller et al., 1988), be better foragers (Blaxter, 1986;
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Pepin, 1991), and thus have better growth and survival chances in food-scarce conditions
(Einum & Fleming, 1999; Einum, 2003). Although not statistically significant, even the
smaller difference (just under 1 mm) found between G. depressiceps and G. anomalus may
well be ecologically important, as even very small size differences (3%) can have
considerable consequences for larval fitness (McCormick & Hoey, 2004). The interspecific
differences in myomere depth were consistent with length differences amongst species, so
not only did headwater species have longer larvae but they were also deeper bodied and more
robust.
Gape diameter was substantially larger in headwater species than in the lower catchment
species. Gape size is one of the fundamental limitations facing larvae at the start of the
exogenous feeding period (Schael et al., 1991; Bremigan & Stein, 1994; Makrakis et al.,
2008) affecting both the range and maximum size of prey items that can be consumed
(Hunter, 1981; Bremigan & Stein, 1994; King, 2005). Hence, the large gapes seen in the
headwater species (up to over 0.24 mm larger than lower catchment species) are likely to
confer them much greater flexibility in potential prey items. Larvae of headwater species also
had substantially larger eye diameter than lower catchment species which is important in
visual acuity and reactive distance (Blaxter, 1986), likely contributing to improved foraging
ability (Miller et al., 1988). All species hatched with the yolk sac and oil globule still present,
as would be expected in fluvial species, as hatching with some endogenous reserves allows
flexibility in the transition to exogenous feeding (Miller et al., 1988; Balon, 1986; Goto,
1990; Urho, 2002). It had been expected that larvae of headwater species would be equipped
with larger reserves relative to their size to allow them greater flexibility in the mixed feeding
period (Miller et al., 1988). However, there was no evidence that there were size-relative
yolk sac or oil globule diameter differences among species and reserves appeared to deplete
over similar time periods for each species. However, despite this, literature would suggest
that larvae of the headwater species, G. eldoni and G. pullus, would have greater resistance to
starvation simply because they are larger and more robust (Marsh, 1986; Miller et al., 1988).
The strong positive relationship between mean larval length and mean critical swimming
ability (Ucrit) across all species supports the a priori hypothesis that species with larger larvae
have better swimming ability. The lack of statistically significant differences between species
is likely to be due to the high variability in swimming ability within species. The largest
source of this variation appeared to be in post-hatch behaviour, which could be due to a lack
of natural hatching cues in the laboratory (Warkentin, 2011). In particular, many larvae,
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especially in batches of the largest eggs, hatched in an apparently altricial state (Balon, 1976)
with abnormally large yolk sacs and swimming in these larvae appeared laboured. Larger
eggs consume more oxygen (Einum, Hendry & Fleming, 2002b), and it is quite probable that
laboratory incubation provided suboptimal oxygen levels, perhaps encouraging early hatch in
the largest eggs (Warkentin, 2011). Despite these sources of error, species with larger larvae
did generally have better swimming ability and this is supported by a wealth of literature
demonstrating that larger larvae have better swimming ability than smaller larvae (Miller et
al., 1988; Fisher et al., 2005; Müller, 2008; Fisher & Leis, 2010; Kopf et al., 2014). Better
swimming ability makes larvae more mobile, increasing prey-encounter rates (Miller et al.,
1988) and increases their foraging success due to improved strike ability (Blaxter, 1986). The
difference in Ucrit of over 10 cm s-1 between the batches of smallest and largest larvae could
potentially have major implications for dispersal (Plaut, 2001; Pavlov et al., 2008), as
galaxiid larvae are prone to passive drift immediately after hatching (Jellyman & McIntosh,
2008; Jellyman & McIntosh, 2010).
The persistence of post-hatch differences in length and swimming ability over the larval
period indicates their biological significance as many other studies have reported initial size
differences disappear when larvae are reared under benign, hatchery conditions (as done so
here; Hutchings, 1991; Einum & Fleming, 1999). Under harsh rearing environments (low
food abundance and cold temperatures) the fitness benefits of large larvae are likely to be
augmented (Winemiller & Rose 1993; Einum 2003).
The results presented here are consistent with Chapter 2 and theory predicting egg and larval
size variation in relation to food availability (Hutchings, 1991; Winemiller & Rose, 1993;
Einum & Fleming, 1999). The G. vulgaris complex is descended from an amphidromous
ancestor (Waters et al., 2010; Burridge et al., 2012). A loss of amphidromy is associated with
an increase in egg and larval size which allows non-migratory species to complete their
lifecycles in low productivity freshwater habitats (Goto, 1990; Closs et al., 2013). The
interspecific differences seen here suggests that colonisation of high altitude headwater
creeks requires a continuation of this evolutionary process. There is generally a scarcity of
small food items in headwater streams (Culp & Davies, 1982; Goto, 1990; Arscott et al.,
2005) and prey items are often larger and of terrestrial origin (Kawaguchi & Nakano, 2001;
Kawaguchi, Taniguchi & Nakano, 2003). The larger larvae of G. pullus and G. eldoni
displayed a suite of traits which are likely to provide them with survival advantages in these
food-scarce conditions (Hutchings, 1999; Einum & Fleming, 1999). A larger size at hatch
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also confers higher competitive ability (Economou, 1991) which is likely to be beneficial in
these small stable systems (Chapter 2) where intraspecific competition may be more intense
(Winemiller & Rose, 1992). In contrast, the lower catchment species (G. anomalus) larvae
were small and altricial in their development, which is probably a strategy that maximises
fecundity (Smith & Fretwell, 1974; Hutchings, 1991; Einum and Fleming, 1999) in the
relatively food-rich lower catchment systems these species rear in (Culp & Davies, 1982;
Goto, 1990; see Chapter 2). Intra-specific competitive interactions are also likely to be less
intense in these larger streams (Winemiller & Rose, 1992), reducing the need for a larger size
at hatch (Economou, 1991). The intermediate traits seen in G. depressiceps, which inhabits
intermediate habitat types, substantiates the egg/larval size gradient from headwaters to lower
catchment systems. It is probable that similar patterns of offspring size/fecundity trade-offs
exist elsewhere in other radiations of galaxiids such as species-complexes identified in
Australia (Raadik, 2001; Hardie et al., 2006; Raadik, 2011; Adams et al., 2014) and South
Africa (Wishart et al., 2006).
Adults of the various species in the G. vulgaris complex are difficult to distinguish on
external appearance alone (McDowall, 2000), and yet the post-hatch larvae were immediately
distinguishable by eye. The magnitude of interspecific differences in size and other fitness
traits of larvae indicates the strength of the selection pressures imposed by the fecundity-egg
size trade-off (Smith & Fretwell, 1974; Rollinson & Hutchings, 2013). These closely related
species are showing fundamentally different strategies to optimise the survival of the critical
early life stages. Egg size and fecundity differences have major consequences for the types of
habitats species can successfully occupy, thus creating opportunities for reproductive
isolation and ultimately speciation (Einum & Fleming, 2000). Hence maternal provisioning
to the egg may be a key process driving the evolution of novel fish species.
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3.6 Appendix

Appendix 3.1 – Typical spawning sites for each species: a) G. anomalus eggs scattered
amongst gravel in a small side-seepage of the main stream, b) G. depressiceps egg cluster on
underside of a midstream boulder, c) G. pullus eggs spawned amongst semi-submerged
tussock grass roots, d) G. eldoni eggs stuck at arms-length on the damp underside of a large
stream-side boulder.
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Chapter 4 - Interspecific differences in larval production and dispersal:
implications for metapopulation structure
4.1 Summary
A classic source-sink metapopulation structure is strongly dependent upon high connectivity
amongst habitat patches. Sink populations are maintained by immigration from sources. In
animals with sedentary adults, this connectivity between patches is often driven by
movements of early life stages. Where the abundance of potential recruits and dispersal are
low, a source-sink metapopulation system is unlikely to function and a more isolated
population structure may operate. These more fragmented populations are more vulnerable to
extinction. Species’ life history traits such as fecundity and offspring size can be intimately
linked with larval production and dispersal dynamics. A suite of ‘fast-slow’ life history
strategies have previously been identified in the Galaxias vulgaris complex ranging from
‘small egg’ species which mature early, have high size-relative fecundity and small larvae
with poor swimming ability, to ‘large egg’ species which delay maturity, have low sizerelative fecundity and produce larger larvae with higher swimming ability (chapters 2 and 3).
This chapter examines the consequences of these interspecific life history differences for
larval abundance (production) and dispersal. I predict that ‘slow’ life history headwater
species will show low larval abundance and dispersal relative to ‘fast’ life history, lower
catchment species. Larval abundance was assessed by counting numbers of settled larvae in 5
populations of each species immediately after peak hatching. Larval dispersal was spatially
quantified with catchment scale surveys of larval distribution and abundance in relation to
adult distributions. Consistent with predictions, lower catchment species showed high larval
abundance and their larvae dispersed to distances of more than 12 km downstream from adult
populations. In contrast, larval abundance was very low in streams occupied by headwater
species and the larvae were rarely observed even at small distances (<300 m) downstream
from adult populations. The high numbers of potential recruits and high dispersal shown by
lower catchment species mean they are likely to follow a source-sink metapopulation model
(Woodford & McIntosh, 2010) whereas the low larval numbers and minimal dispersal
exhibited by headwater species is likely to confer them more isolated population structures.
The isolated population structure seen in ‘slow’ life history species is likely to make them
vulnerable to exclusion by invasive salmonids whereas the dynamic population structure in
‘fast’ life history species may offer them some measure of resilience to introduced predators.
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4.2 Introduction
A classic metapopulation is one composed of source populations, where recruitment exceeds
mortality, and sink populations, where mortality exceeds recruitment (Levins, 1969; Pulliam,
1988; Hanski & Gilpin, 1991; Hanski, 1998). The persistence of sink populations is enabled
by immigration of dispersing individuals from source populations (Pulliam, 1988; Dias,
1996; Figure 4.1). This dynamic population structure, supported by high connectivity
between patches, provides greater resilience to extirpation pressures as vacant habitat patches
are likely to be recolonized (Hanski & Gilpin, 1991; Dias, 1996). Where dispersal from
sources is low or absent, low connectivity amongst populations means a more isolated
population structure may develop (Hanski & Gilpin, 1991; Dias, 1996; Reed, 2004). In these
isolated populations, any habitat patch that goes extinct is unlikely to be recolonized and a
succession of localised extinctions may lead to the eventual loss of the entire metapopulation
(Hanski & Gilpin, 1991; Dias, 1996). Thus, the level of connectivity and type of
metapopulation structure can have major implications for how species respond to various
conservation threats (Fahrig & Merriam, 1994; Reed, 2004; Mari et al., 2014).

Figure 4.1 – Comparison of a classic source-sink metapopulation and an isolated population
structure.
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Metapopulation dynamics have been found in a range of freshwater fish populations (e.g.
Gotelli & Taylor, 1999; Rieman & Dunham, 2000; Koizumi & Maekawa, 2004; Huey et al.,
2011), especially in dynamic fluvial systems which often provide inherently patchy habitat
(Horwitz, 1978; Schlosser, 1998; Fausch et al., 2002; Lobón-Cerviá & Rincón, 2004). Adults
of many riverine fish species are relatively sedentary (e.g. Gerkin, 1959; Gowan et al., 1994;
Aparicio & De Sostoa, 1999; Petty & Grossman, 2004; Radinger & Wolter, 2013), whereas
the larvae and juveniles are often highly mobile (e.g. Johnston et al., 1995; Schlosser, 1998;
Bronnenhuber et al., 2011; Janáč et al., 2013). Hence, population connectivity and
persistence in stream fishes can be strongly dependent upon the abundance and mobility of
the early life stages.
Recruitment dynamics in fish populations are intimately linked with their life history
strategies (Winemiller & Rose, 1992; Chambers & Trippel, 1997; Reynolds, 2003; Reynolds,
Thomas & Hawkins, 2005; Winemiller, 2005). Theory predicts that ‘fast’ life history species,
exhibiting a small egg, high fecundity, high reproductive effort, early maturity and small
body size, have high reproductive output and thus produce large numbers of potential
recruits. At the other end of the spectrum are ‘slow’ life history species, with larger eggs,
lower fecundity, delayed maturation, low reproductive effort and larger body size, which are
predicted to produce lower numbers of offspring.
Larval fish dispersal in fluvial systems is most commonly driven by passive downstream drift
(Copp et al., 2002) which generally has an active component (Pavlov et al., 2008;
Schludermann et al., 2012). Many riverine fish larvae are positively rheotactic and avoid
downstream dispersal away from natal habitats by seeking out low velocity areas (Pavlov,
1994; Robinson, Clarkson & Forrest, 1998; Pavlov et al., 2008; Schludermann et al. 2012).
These larvae are most liable to drift immediately post-hatch (Zitek et al., 2004) when their
swimming ability is poorest (Pavlov, 1994; Schludermann et al., 2012). Larval swimming
ability generally increases with larval size (Blaxter, 1986; Miller et al. 1988; Müller, 2008,
Kopf, Humphries & Watts, 2014), so species with larger larvae are usually less prone to
passive drift than species with smaller larvae (Harvey, 1987; Miller et al., 1988; Pavlov,
1994; Fisher et al., 2005; Schludermann et al., 2012).
Larval production and dispersal may be key factors determining metapopulation structure in
the G. vulgaris complex. Invasive trout have been implicated as the driver of a source-sink
metapopulation structure in one species, G. vulgaris sensu stricto (Woodford & McIntosh,
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2010, 2011; Woodford et al., 2011), whereby populations in downstream, trout-invaded
reaches are maintained by immigration from upstream trout-free populations; which
generally occur above large waterfalls (Townsend & Crowl, 1991). Woodford and McIntosh
(2010) did not explicitly test the mechanisms driving immigration but suggested that larval
movements are responsible for population connectivity. Stream reaches occupied by G.
vulgaris sensu stricto contain high numbers of potential recruits after peak hatching of larvae
in spring (Jellyman & McIntosh, 2008, 2010; Woodford & McIntosh, 2010). This suggests
larval production in this species is high. The spatial scale of dispersal for G. vulgaris sensu
stricto larvae is unknown but anecdotal evidence suggests long-distance movements are
possible (Benzie, 1968; Jellyman & McIntosh, 2008, 2010; Woodford & McIntosh, 2010).
Larvae are prone to being washed downstream immediately post-hatch, but only the smallest,
newly-hatched larvae are found drifting (Cadwallader, 1976b; Jellyman & McIntosh, 2008;
Jellyman & McIntosh, 2010). This suggests that dispersal is highly dependent on size and
swimming ability immediately post-hatch.
Incidentally, G. vulgaris sensu stricto is now known to have a ‘fast’ life history compared to
many other species in the G. vulgaris complex. It is amongst the lower catchment species
which have high size-relative fecundities, high reproductive effort, mature early, have small
eggs, and thus have small larvae with poor swimming ability (see Chapter 2). Based on these
traits, there are probably large numbers of dispersal larvae in riverscapes inhabited by this
species, which may be supporting the source-sink metapopulation system (Woodford &
McIntosh, 2010). However, headwater species show traits more synonymous with a ‘slow’
life history, having lower size-relative fecundities, delayed maturity, lower reproductive
effort, larger eggs, and larger larvae with better swimming ability (Chapters 2 and 3). Larger,
better-swimming larvae should be less prone to passive drift (Pavlov, 1994; Schludermann et
al., 2012) and the lower reproductive output in these species (Chapter 2) is likely to limit the
numbers of larvae in the system (Winemiller & Rose, 1992; Chambers & Trippel, 1997). If
such differences were large they may result in a more isolated population structure in
headwater species.
This chapter evaluates interspecific differences in larval abundance and the spatial scale of
larval dispersal in a number of species with contrasting life histories in the G. vulgaris
complex. I hypothesise that species associated with a ‘fast’ life history will show high larval
production (abundance) and large-scale dispersal, whereas ‘slow’ life history species will
exhibit low larval production (abundance) and minimal dispersal. These processes are likely
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to affect metapopulation structure, with implications for how species in the G. vulgaris
complex respond to pressures from invasive salmonids. There is little knowledge of how life
history differences affect recruitment mechanisms in stream fishes. While larval drift has
received some attention in large rivers (e.g. Robinson et al., 1998; Zitek et al., 2004;
Grimardias et al., 2012; Schludermann et al., 2012; Janáč et al., 2013), very little work has
examined dispersal of early life stages in streams or attempted to quantify the spatial scale of
these movements. Examination of these patterns should provide useful clues as to how
connectivity patterns affect population structures in stream fishes. Given the importance of
larval production, dispersal and population structure in determining species’ vulnerabilities to
perturbations, ignorance of these patterns may represent a key knowledge gap in freshwater
fish ecology.

4.3 Methods
4.3.1 Study Species
Four species from within the G. vulgaris complex were chosen for study based on their
contrasting life histories. Galaxias anomalus, the lower catchment species shows traits
synonymous with a ‘fast’ life history: small eggs, high size-relative fecundity, small body
size, early onset of reproduction and low reproductive effort. The headwater species, G.
pullus and G. eldoni exhibit trait more consistent with a ‘slow’ life history; having large eggs,
low size-relative fecundity, large body size, low reproductive investment and maturing at
least 1 or 2 years later (Chapter 2). Larvae of the headwater species (G. pullus and G. eldoni)
hatched on average up to 40% larger and had better swimming ability than the smaller larvae
of G. anomalus (Chapter 3). A strong positive relationship was found between larval size at
hatch and critical swimming ability (Ucrit), varying between a minimum of 1.5 cm s-1 in the
smallest larvae (a batch of G. anomalus) to a maximum of 11.5 cm s-1 in the largest larvae (a
batch of G. pullus). Galaxias depressiceps had intermediate reproductive characteristics and
had moderate sized larvae with generally intermediate swimming ability.
All species spawn a single batch of eggs once annually in spring, the exact timing varying
approximately along an altitudinal gradient; occurring earlier in warmer, low elevation
systems (Benzie, 1968; Cadwallader, 1976a; Allibone & Townsend, 1997b; see Chapters 2
and 3). Spawning habitat can vary somewhat between species (Allibone & Townsend, 1997b;
Moore, Allibone & Townsend, 1999), some species spawning in-stream (G. depressiceps)
while others spawn amongst peripheral, semi-submerged substrate (G. eldoni, G. pullus and
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G. anomalus; see Appendix 3.1). Exact incubation times of eggs in streams are unknown, and
differs amongst species (Chapter 3), but observational evidence would suggest 4-6 weeks
between spawning and hatching (Benzie 1968; Cadwallader 1976a; pers. obs.).
Adults of all study species are known to be highly sedentary, generally showing range
movements of less than 200 m (Cadwallader, 1976b; P. Ravenscroft & D. Jack, unpubl. data;
pers. obs.). Larvae, however, have the potential to be highly dispersive (Benzie, 1968),
especially immediately post-hatch (Jellyman & McIntosh, 2008), when they still have large
yolk sacs and their small body size inhibits swimming (Jellyman & McIntosh, 2010; Chapter
3). Following hatch, larvae are swept downstream until they settle in slow flowing backwater
habitats, where they are less prone to dispersal (Cadwallader, 1976b; Jellyman & McIntosh,
2008, 2010). Once settled, they generally remain pelagic in backwaters until they are large
enough to move out into the main stream, where they adopt a more benthic position
(Jellyman & McIntosh, 2008; pers. obs.). Upstream movement is physically impossible
during the larval stage as larvae do not have the swimming ability to negotiate currents
(Woodford & McIntosh, 2010). However, upstream migration of juveniles does appear to
occur once they have grown large enough (> 40 mm) to resist currents (Cadwallader, 1976b;
Green, 2008; Dexter et al., 2013), which may compensate for downstream dispersal of larvae
(Moore et al., 1999).
4.3.2 Sample timing
Larval abundance and dispersal studies were carried out during spring (November to earlyDecember) when larvae were recently hatched and at their most abundant (Jellyman &
McIntosh, 2008, 2010; Woodford & McIntosh, 2010). The majority of hatching occurs within
a one or two week period, with peak larval abundance in November/December, followed by a
subsequent decline through the summer due to a combination of density-dependant mortality,
predation and larvae emigrating from backwaters once they are large enough to resist
currents in the main channel (Benzie, 1968; Jellyman & McIntosh, 2008, 2010; Woodford &
McIntosh, 2010; pers. obs.). There are interspecific (and to a lesser extent inter-population)
differences in hatching time of up to 4-5 weeks, larvae emerging later in colder, high altitude
streams than in lower catchment systems (Benzie, 1968; Cadwallader, 1976a; Allibone &
Townsend, 1997b; see Chapters 2 and 3). Thus, sampling was targeted to capture peak larval
abundance in the period immediately following the main hatching period (Jellyman &
McIntosh, 2008; Jellyman & McIntosh, 2010). Hatching times were estimated by carefully
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monitoring spawning times (see Chapter 2 and 3) and through regular visits to streams to
check for emerging larvae. Thus, the timing of sampling aimed to capture peak abundance,
when the majority of larvae were less than 2 weeks old (judged using morphology and sizes
from Chapter 3). If the majority of larvae appeared older than 2 weeks or only a very low
number of very young larvae (identified by large yolk sacs) were present which all appeared
very newly hatched, abundances were deemed unrepresentative and sampling was abandoned
at that location either until a later time or until the next season.
4.3.3 Larval abundance study
To assess interspecific differences in larval production, abundances of newly-settled larvae
were assessed in 5 populations per species in spring 2011-2013, following methods similar
to Jellyman & McIntosh (2008). Sites were chosen which had adult populations present and
were selected to be broadly representative of the geographic range of each species. At each
site, a 100 m reach was marked out and the numbers of larvae in low velocity areas were
counted visually. Recently hatched larvae are confined to slow-flowing, backwater areas
(water velocities less than 10 cm s-1), and because larvae are constantly pelagic, accurate
visual estimates of larval abundance are possible without capture (Jellyman & McIntosh,
2008, 2010; Woodford & McIntosh, 2010). Reaches were selected which were predominantly
riffle-run habitat with little over-hanging vegetation and without large areas of backwaters
(less than approximately 10 m2 per 100 m reach). Larval numbers were counted by a single
worker moving slowly upstream along each bank within each reach. Correct species
identification of larvae was straightforward because adult distributions are for the most part
allopatric (Allibone & Townsend, 1997a; McDowall, 2010; Chapter 1) and sampling
locations for the recruitment study were chosen where larvae could only possibly represent a
single species.
As larval abundance increases with local adult densities (Jellyman & McIntosh, 2008, 2010),
I measured the abundance of adult galaxiids by quantitative electrofishing, using a Kainga
EFM 300 backpack electrofishing machine (NIWA Instrument Systems, Christchurch, NZ),
generating a 200-600 V pulsed DC current. Because galaxiids often have patchy reach scale
distributions (Moore et al., 1999, pers. obs.), broad scale electrofishing of a 200 m length was
carried out in preference to the method of 3-pass depletion of a 30 m reach used by Jellyman
& McIntosh (2008, 2010). Fifteen minutes of standardised electrofishing time (as recorded by
the EFM 300) was completed, endeavouring to cover a proportionate range of habitat types
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(pool/riffle/run) at each site. The total length of each fish was recorded (mm) and any fish
exceeding the respective minimum female lengths at maturity for each species (see Chapter
2) was recorded as an adult. Thus, a catch per unit effort measure of adult abundance
(# min-1) was calculated for each population. While this method did not account for the
smallest males, sex ratio data suggests that it is female abundance that is important in
determining recruitment in galaxiid populations (P. Ravenscroft, pers. comm.; P. Jones,
unpubl. data). As the presence of salmonids can also have a substantial effect on settlement
numbers (Jellyman & McIntosh, 2008, 2010), salmonid abundance was also recorded for
each site (# min-1) using similar methods. However, in the case of salmonids, all sizes classes
were included, because even small salmonids (<80 mm) can predate on larval galaxiids
(McIntosh, 2000; McDowall, 2006; McIntosh et al., 2010). Electrofishing was carried out
immediately after recruitment studies had been carried out to avoid disturbing spawning,
hatching or displacing larvae from backwaters prior to larval counts.
A number of abiotic variables were also measured to control for their potential effect on
larval abundance. Larval numbers increase with availability of backwater habitat (Jellyman &
McIntosh, 2008), so backwater habitat was measured in each 100 m reach (defined as any
area with flow velocities of less than 10 cm s-1; see Jellyman & McIntosh, 2008) by taking a
representative measurement of length, width and depth of each individual backwater. The
volume of each backwater was then calculated assuming a cuboid shape, and the sum volume
was used as a measure of habitat availability in each reach. Larval abundance also increases
with stream size (Woodford & McIntosh 2010), so stream bed area (m2) was measured by
taking wetted-width measurements at 0, 33, 66 and 100 m (Jellyman & McIntosh, 2008,
2010). A second measure of stream size, discharge (m3 s-1), was measured at each site using a
velocity-area method (see Gordon et al., 2004). As all sites were visited during low-moderate
flow conditions, this was assumed to be reasonably representative of stream size at each
location. Newly-hatched larvae may be more susceptible to drift during high flows because
water velocities in their backwater habitats are likely to increase during such events
(Jellyman & McIntosh, 2010), perhaps leading to declines in local abundance. Unfortunately,
flow loggers were not available to record flow variability at sites during this study. However,
what flow information was available for nearby catchments was monitored over the spring
periods from 2011-2013, and in all cases, low to moderate flows occurred over the three
weeks prior to sampling. Also, as the larval abundance study was carried out over 3 years, I
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assumed that any effect introduced by flow events was likely to affect all species and thus not
cause bias for interspecific comparisons.
One-way ANOVAs were used to test for interspecific differences in larval abundance,
density and percentage occupancy, followed by post-hoc Tukey’s HSD tests to examine
pairwise differences. I used ANCOVAs to assess whether interspecific differences were still
apparent when potentially confounding factors (backwater volume, stream area, discharge,
adult abundance, trout abundance) were controlled for. Metrics of larval abundance were logtransformed where necessary to achieve normality. Levene’s test for homogeneity of
variances was performed to test variables conformed to the assumptions of ANCOVA. All
analyses were carried out in SPSS Statistics 20.
4.3.4 Larval dispersal in G. anomalus and G. pullus
The majority of studies examining larval dispersal in fluvial fish species have used drift nets
to try and quantify numbers of larvae passively dispersing downstream in the current (e.g.
Johnston et al., 1995; Copp et al., 2002; Humphries, Serafini & King, 2002, Schludermann et
al., 2012; Janáč et al., 2013). However, such sampling techniques provide little information
relating to the spatial scale of dispersal downstream from adult populations. Thus, in this
study I carried out catchment scale surveys of adult and larval galaxiid distributions, using a
combination of visual larval counts and quantitative electrofishing for adults, to assess the
spatial distances larvae disperse downstream from the adult populations (where eggs are
spawned and hatch; Cadwallader, 1976a, b; P. Ravenscroft & D. Jack, pers. comm.; pers.
obs.). For each species, a catchment was chosen where preliminary electrofishing surveys (in
years previous) indicated that adult galaxiid populations were present in side tributaries but
not in the main stem. Unfortunately, due to the restricted ranges of species (see chapters 1
and 2) only two comparable catchments were identified for examination of interspecific
patterns of larvae dispersal: the Kyeburn, where many tributaries are populated by G.
anomalus, and the upper Waipori River catchment, which has a number of populations of G.
pullus. These species represent the opposite ends of the life history spectrum identified in the
G. vulgaris complex (chapters 2 and 3). Both catchments are extensively invaded by
salmonids (Salmo trutta and Salvelinus fontinalis), with salmonids generally only being
absent from areas above large waterfalls (Townsend & Crowl, 1991; NIWA, 2014a; P. Jones,
unpubl. data).
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Correct species identification of larvae was possible as, for the most part, newly hatched
larvae could only possibly belong to one species. The upper Waipori River only contains a
single species of non-migratory galaxiid (G. pullus) and larvae were easily distinguishable
from amphidromous G. brevipinnis, the only other galaxiid species in the upper catchment, as
juveniles of the latter were substantially larger (approx. 50 mm) at the time of the survey
(pers. obs.). Galaxias anomalus is the predominant galaxiid in the Kyeburn,, although two
populations of G. depressiceps are known, and the species are sympatric over a 300 m reach
of a single tributary (Allibone & Townsend, 1997b). However, sampling upstream in these
tributaries (where only G. depressiceps is present) indicated that G. depressiceps larvae had
not yet hatched at the time of this study (Figure 4.5 - Healy Creek and Upper Kyeburn).
Also, all larvae within the sympatric reach (Figure 4.5 – downstream sites at Healy Creek)
were lightly pigmented, which is characteristic of G. anomalus, rather than G. depressiceps,
which have darker pigmentation (see Chapter 3). Hence, it could be confidently assumed that
all Galaxias larvae in the Kyeburn were G. anomalus.
Sample sites were located to examine larval abundance in the vicinity of adult populations
and quantify the spatial scale of dispersal progressively further downstream into areas where
no adults were present. In most cases habitat was predominantly riffle-run with some
backwater habitat also present. At each site a five minute standardised search of backwater
habitat was carried out and the abundance of larvae sighted was recorded. Only time spent
actually searching backwaters was recorded (i.e. time moving between backwaters was not
included), to standardise search effort at each site. Quantitative electrofishing was also
carried out for five minutes (as recorded by the Kainga EFM 300) at each site to estimate the
local abundance of adult fish, endeavouring to sample all habitat types present evenly.
Captured adult fish were measured to the nearest millimetre (total length), and any
individuals larger than the minimum mature sizes of each galaxiid species (see Chapter 2)
were recorded as adults, with smaller fish (but not larvae) being recorded as juveniles.
As flow could potentially affect larval dispersal patterns (Jellyman & McIntosh 2010), a
number of proxies for flow effects were used. No direct flow information was available for
the larval dispersal catchments, so I extracted daily rainfall data from the nearest weather
stations (<20 km from catchments) for the year preceding the sampling date at each location
(NIWA, 2014b). This information was used to qualitatively evaluate the potential for flow
variation to affect interspecific differences in dispersal patterns. Also estimates of various
physical parameters (as modelled by Leathwick et al., 2010b) of the Kyeburn and Waipori
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catchments were extracted from FENZ to evaluate their potential role in affecting dispersal.
Channel slope (°) was chosen due to its probable positive relationship with flow velocity
which affects larval drift rates (Jellyman & McIntosh, 2010). Sediment size (scale 1-7, mudbedrock) affects channel morphology which influences larval settlement and drift patterns
(Jellyman & McIntosh, 2008). Habitat type (scale 1-7, still-cascade) acted as another measure
of flow velocity. Larval abundance and drift can be higher in large streams (Jellyman &
McIntosh, 2008; Woodford & McIntosh, 2010) so discharge (mean annual flow, m3 s-1) was
also extracted. These variables were extracted for all study reaches and intermediary reaches
for each catchment in order to qualitatively evaluate their role in potentially influencing
dispersal patterns.

4.4 Results
4.4.1 Larval abundance study
Larval abundance per 100 m reach differed significantly between species (one-way ANOVA,
F = 8.34, df=3, P = 0.001; Figure 4.2a). On average, G. anomalus larvae were 6-9 times more
abundant per 100 m reach than G. pullus and G. eldoni larvae, respectively, and these
differences were statistically significant (Post-hoc Tukey’s t-tests - P < 0.05). Galaxias
depressiceps had intermediate abundances of larvae compared to other species, being
approximately half as numerous as G. anomalus larvae and 3-4 times as abundant as G.
pullus and G. eldoni larvae, respectively. Although differences between G. depressiceps and
other species did not prove statistically significant, differences were often approaching
significance levels (Post-hoc Tukey’s t-tests - P ≥ 0.06). G. pullus and G. eldoni had very
similar larval abundances. Between-species differences were augmented when larval density
was assessed (one-way ANOVA, F = 16.38, df=3, P < 0.001) and most of the differences
between G. depressiceps and other species were significant (Figure 4.2b), except the
differences with G. pullus (Post-hoc Tukey’s t-test - P = 0.075). Patterns of percentage
occupancy of backwater habitats were consistent with those seen for abundance (one-way
ANOVA, F = 7.99, df=3, P = 0.002; Figure 4.2c). On average, G. anomalus were found in
76% of backwaters in study reaches, G. depressiceps in 51%, while G. pullus and G. eldoni
were only found in 36% and 30% of backwaters, respectively.

71

Chapter 4 – Larval production and dispersal

Figure 4.2 – Differences in (a) mean larval abundance, (b) mean larval density and (c) mean
percentage occupancy for populations of G. anomalus (G.ano), G. depressiceps (G.dep), G.
pullus (G.pul) and G. eldoni (G.eld). Error bars show SE. Letters indicate significant
interspecific differences (Post-hoc Tukey’s HSD test - P < 0.05). n = 5 populations per
species.
Considering all species together, there were few strong trends between larval abundance and
environmental parameters (Figure 4.3a-e) except that the numbers of larvae within reaches
did show a general increase with both discharge and stream area (Figure 4.3b, c). A number
of patterns were evident when species-specific relationships were compared. G. anomalus
larvae were consistently abundant despite backwater habitat being limited compared to other
species (Figure 4.3a). Larvae of G. anomalus were abundant even though adult numbers were
low in all populations of this species (Figure 4.3d). Galaxias pullus and G. eldoni streams
generally contained moderate numbers of adults but larvae numbers were low despite this.
The single G. pullus stream where moderate numbers of larvae were observed had
exceptionally high densities of adults. Trout were absent from all G. pullus and G. eldoni
sites, but present at all G. anomalus sites and one G. depressiceps site (Figure 4.3e). Despite
low backwater habitat volume, low adult abundance and the presence of trout, G. anomalus
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larvae were consistently more abundant than other species. Interspecific differences in larval
abundance remained significant when ANCOVAs were used to control for the possible
influences of backwater volume (F = 5.76, df = 3, P = 0.008; Levene’s test – P = 0.330),
discharge (F = 5.62, df = 3, P = 0.009; Levene’s test – P = 0.310), adult density (F =14.25, df
= 3, P < 0.001; Levene’s test – P = 0.471) and the abundance of trout (F = 3.47, df = 3, P =
0.043; Levene’s test – P = 0.319). Between-species differences were just outside statistical
significance levels when I controlled for the effect of stream area (F= 3.20, df = 3, P =
0.054). Also, the homogeneity of variances test failed for this latter test (Levene’s test – P =
0.025).
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Figure 4.3 – Relationships between larval abundance and; a) backwater volume, b)
discharge, c) stream area, d) adult abundance and e) trout abundance.
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4.4.2 Larval dispersal in G. anomalus and G. pullus
Galaxias anomalus larvae were ubiquitous throughout the Kyeburn catchment in all areas
downstream of adult populations (Figure 4.4). Larval abundance was highest in tributaries
which supported the highest numbers of adults. Adults were generally absent from the main
stem of the Kyeburn except in a few locations where low numbers were found near the
confluences of tributaries. Larvae were consistently present in middle areas of the catchment
at distances ranging from 200 m to over 2 km from the nearest adult populations. They were
also present at all sites in the lower Kyeburn and were also occasionally found even in the
main stem of the Taieri River, albeit in low numbers. The closest upstream adult population
to the larvae found at the lowest site on the Taieri River was at the confluence of Boundary
Creek which is over 12 km upstream. There were 6 other sites in the lower Kyeburn and the
Taieri River where larvae were present which ranged between 3-11 km from the nearest
upstream adult population. Juveniles were present at all sites supporting adult populations,
and all but one site downstream of adult populations in the Kyeburn. There were also
juveniles present at two sites on the main stem of the Taieri River.
In the Waipori River catchment, G. pullus adults were often present in tributaries but were
completely absent downstream in the Waipori River (Figure 4.5). Larval G. pullus were
always present in stream reaches supporting adult populations but generally in substantially
lower numbers than those seen for G. anomalus in the Kyeburn. Galaxias pullus larvae were
consistently absent from all sites in the main stem of the Waipori River, often even at small
distances downstream from adult populations in tributaries. There were 7 sites less than 500
m downstream from adult populations where larvae were absent, with only 3 sites where
larvae were present but no adults, and two of these were less than 300 m downstream from
adult populations. The other site where larvae were found without adults was in Stoney
Creek, where a single larvae was found at a distance of 2.7 km from the nearest observed
adult population. However, as sampling was not continuous between these sites, it is highly
likely that adults were present between these sampling points. Galaxias pullus juveniles were
only present in tributaries which supported adult populations but were never found in the
main stem of the Waipori or even in tributaries immediately downstream of adult
populations.
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Figure 4.4 – Distribution of G. anomalus larvae, adults and juveniles in the Kyeburn
catchment (November 2013).
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Figure 4.5 – Distribution of G. pullus larvae, adults and juveniles in the Waipori River
catchment (November/December 2013).
Data from the nearest weather stations indicated that the study catchments experienced
moderate to low intensity rainfall prior to sampling (Figure 4.6). Sixteen mm of rainfall fell
in the Kyeburn catchment 7 days prior to sampling, while 5 mm of rainfall occurred 2 days
prior to sampling in the Waipori catchment. However, no extreme rainfall events occurred in
either catchment in the weeks prior to larval distribution surveys.
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Figure 4.6 – Daily rainfall data for each of the larval dispersal study catchments prior to
sampling in spring 2013. Arrows indicate the timing of sampling for each catchment.
The Kyeburn and the Waipori catchments are similar in many physical characteristics (Table
4.1). The two catchments have a similar range of slopes, on average differing by less than 1°.
Both catchments are predominantly fine-coarse gravel or cobble substrate and have a similar
range of pool, riffle and run habitat types. Stream size overlaps considerably between
catchments but median stream size is substantially larger in the Kyeburn catchment than in
the Waipori River catchment.
Table 4.1 – Differences in the range and median of slope, sediment size, habitat and stream
size between the Kyeburn and Waipori River catchments. Sediment size scale: 1=mud;
2=sand; 3=fine gravel; 4=coarse gravel; 5=cobble; 6=boulder; 7=bedrock. Habitat type scale:
1–still; 2–backwater; 3–pool; 4–run; 5–riffle; 6–rapid; 7–cascade. n = number of reaches

Slope (°)
Sediment size (scale 1-7)
Habitat type (scale 1-7)
Stream size (mean annual flow - m3 s-1)

Kyeburn (n = 194)
Median
Range
0.8
0.0-8.4
4.4
2.1-5.1
4.3
3.7-4.7
0.71
0.11-59.37

Waipori (n = 131)
Median
Range
1.7
0.1-8.6
5.1
3-5.7
4.2
3.7-4.5
0.27 0.05-3.82

4.5 Discussion
Galaxias anomalus showed larval abundance between 6 and 9 times higher than G. pullus
and G. eldoni respectively. Larvae were consistently present at intermediate abundance in G.
depressiceps streams compared to other species. The high numbers of larvae found in G.
anomalus reaches are in keeping with the numbers previously seen in G. vulgaris sensu
stricto (Jellyman and McIntosh, 2008, 2010), another species with high size-relative
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fecundity, early maturation and high reproductive effort (Chapter 2); traits synonymous with
a ‘fast’ life history. Jellyman and McIntosh (2008) only saw post-hatch larval abundance as
low as those seen for G. pullus and G. eldoni where, either adult galaxiids were absent, or
where there were high densities of predatory trout, which was not the case for any G. pullus
or G. eldoni sites. It is probable that the low relative fecundity, delayed maturation and low
reproductive effort exhibited by G. pullus and G. eldoni (Chapter 2) limits their reproductive
output, and hence, larval production. Interspecific patterns in larval abundance were
confirmed by data on larval densities and percentage occupancy of backwater habitats.
Galaxias anomalus larvae occupied over 75% of available backwaters and had densities
many times higher than G. pullus and G. eldoni, which only occurred in approximately one
third of habitable backwaters. Again, these patterns were substantiated by intermediate
densities and percentage occupancy seen in G. depressiceps, the species with an intermediate
life history. These results are consistent with life history theory (Pianka, 1970; Winemiller &
Rose, 1992; Reynolds, 2003; Reynolds et al., 2005; Winemiller, 2005), which predicts that
offspring production decreases along a ‘fast’ (e.g. G. anomalus) to ‘slow’ (e.g. G. eldoni and
G. pullus) life history spectrum.
The environmental factors which determine variation in larval abundance have previously
been well explored in a closely related species, G. vulgaris sensu stricto. Jellyman &
McIntosh (2008) found that the best predictors of intraspecific variation in larval abundance
were the amount of pelagic backwater habitat available, the local abundance of adults, and
densities of invasive trout. These factors could not account for the interspecific differences in
recruitment identified in the present study. Indeed, controlling for these predictors often
increased the magnitude and statistical significance of the differences between species. For
example, G. anomalus sites generally had low numbers of adults present, there was little
backwater habitat available for larvae and trout were present at all sites and yet despite the
negative influence of these factors on intraspecific larval abundance (Jellyman & McIntosh,
2008), larval abundance was consistently high in this species. In contrast, larval abundance
was low at G. pullus and G. eldoni sites, even though there was plentiful backwater habitat,
trout were absent from all sites and local adult densities were often higher than those seen in
G. anomalus streams. Consistent with patterns seen by Woodford and McIntosh (2010),
larval numbers showed a positive association with the two measures of stream size (discharge
and stream area) but interspecific differences generally remained apparent when I controlled
for these influences.
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The larvae of G. anomalus dispersed widely in relatively high numbers compared to G.
pullus, which showed minimal dispersal. There was no evidence that G. pullus ever dispersed
more than 300 m downstream from adult populations and larvae were either absent or present
only in very low numbers (<10 larvae counted in standard 5 min search) even in reaches
immediately below (<300 m) adult populations. In contrast, G. anomalus larvae were near
ubiquitous in reaches downstream, often at high abundances (>100 larvae counted per 5 min),
and were frequently present even at distances of several kilometres from the nearest upstream
adult population (up to over 12 km downstream). Patterns of larval dispersal were
substantiated by patterns of juvenile distributions, which presumably represent the surviving
dispersers from the previous year. Galaxias anomalus juveniles were present at 84% of sites
downstream from adult populations in the Kyeburn and the Taieri, whereas G. pullus were
absent from all sites downstream from adults in the Waipori catchment. Given that smaller
larvae are more prone to dispersal than larger larvae (Jellyman & McIntosh, 2010), it is likely
that interspecific differences in dispersal are at least partly driven by differences in
swimming ability between species, i.e. the smaller, poorly swimming larvae of G. anomalus
are more prone to dispersal than the larger G. pullus larvae which have superior swimming
ability (see Chapter 3). This would be consistent with a number of studies showing the
propensity of larvae to passively disperse is strongly dependent upon their size at hatch
(Harvey, 1987; Miller et al., 1988; Fisher et al., 2005; Schludermann et al., 2012). Also, the
higher recruitment in G. anomalus means that there are higher numbers of potentially
dispersive larvae in the system than in G. pullus. The patterns are also in agreement with the
predictions of life history theory (Southwood, 1977; Stevens et al., 2012), which predicts that
species exhibiting ‘fast’ life history strategies show higher dispersal than ‘slow’ life history
species.
It could be argued that the physical characteristics of the different catchments could have
affected the different dispersal patterns seen between G. pullus and G. anomalus.
Unfortunately, logistical constraints meant it was not possible to measure flow velocity
across large scales effectively, which is known to affect larval fish dispersal (Pavlov, 1994;
Copp et al., 2002; Pavlov et al., 2008; Jellyman & McIntosh, 2010; Grimardias, Faivre &
Cattaneo, 2012). Because current velocity in streams is spatially highly variable,
measurement at a micro-scale relevant to larval dispersal would be technically very difficult.
The rainfall records did show that the Kyeburn experienced higher rainfall prior to sampling,
although this event did not cause any extreme flow changes (pers. obs.). Another
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confounding factor could be availability of backwater habitat. The reaches sampled for the
recruitment study would suggest that backwater habitat, which increases larval retention
(Jellyman & McIntosh, 2008), is less common in G. anomalus streams than in G. pullus
streams. Streams in the Kyeburn catchment are also, on average, larger than those of the
Waipori Catchment, perhaps making larvae in these streams more prone dispersal.
Despite these possible confounding influences, there are a number of lines of evidence that
suggest larval dispersal does fundamentally differ between these species due to differences in
their life history strategies. Firstly, patterns of dispersal are directly in line with a priori
predictions based on life history theory. Secondly, the patterns of juvenile distributions show
that similar dispersal is likely to have occurred the previous year, and thus were not
dependent on rainfall events during 2013. Thirdly, the interspecific dispersal differences are
consistent with field observations of these and other closely-related species with similarly
divergent life histories from previous years (pers. obs.). The physical parameters extracted
from FENZ, while somewhat approximate, suggest that the Kyeburn and the Waipori River
catchments are broadly similar in relation to flow and habitat type. Also, reports from
Australia suggest that a similar dichotomy in dispersal may be occurring in two species with
similarly divergent reproductive traits: G. olidus and G. fuscus. Galaxias olidus, a ‘smallegged’ species (Koehn & O’Connor, 1990), disperses over large distances (up to over 24 km;
Bond & Lake, 2003; Dexter et al., 2013) whereas the larvae of the ‘large-egged’ G. fuscus
(Raadik et al., 1996) appear to disperse less than 200 m (Raadik, Fairbrother & Smith, 2010;
T. Raadik, pers. comm.).
The interspecific differences in larval abundance and dispersal observed in the G. vulgaris
complex are likely to have considerable implications for population connectivity and thus
metapopulation structure. The high larval abundance and large-scale dispersal seen in G.
anomalus are likely to support a metapopulation system similar to that identified by
Woodford and McIntosh (2010) in G. vulgaris sensu stricto, another species which exhibits
traits synonymous with a ‘fast’ life history (Chapter 2). This dynamic source-sink
metapopulation structure likely allows these species to co-occur with salmonids in some
invaded reaches as these sink populations are supported by high immigration of larvae from
upstream sources (Woodford & McIntosh, 2010, 2011; Woodford et al., 2011; Figure 4.7).
Evidence suggests that the larvae which disperse and then survive to juvenile stages often
migrate back upstream (Cadwallader, 1976b; Green, 2008; Dexter et al., 2013). This
combination of widespread dispersal and subsequent migration through the riverscape is also
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likely to facilitate these ‘fast’ life history species in rapidly recolonizing vacant habitat
patches (Closs & Lake, 1996; Lintermans, 2000; Dexter et al., 2013) and may promote their
co-occurrence with salmonids (Glova, Sagar & Näslund, 1992; Leprieur et al., 2006;
McDowall, 2006; Davey & Kelly, 2007). Thus, ‘fast’ life histories and dispersive population
structures may confer these species some measure of resilience to pressures from invasive
salmonids and perhaps to other environmental perturbations, such as flow disturbance and
habitat degradation (Allibone et al., 2010).

Figure 4.7 – Hypothetical models of population connectivity dynamics and galaxiid-trout cooccurrence/exclusion patterns associated with ‘fast’ and ‘slow’ life histories.
In contrast, ‘slow’ life history species such as G. pullus, show low larval abundance and
dispersal, so the mechanisms of connectivity necessary to support a metapopulation dynamic
are absent (Pulliam, 1988; Dias, 1996; Figure 4.7). Hence, they are more likely to form more
isolated and fragmented population structures (Hanski & Gilpin, 1991; Dias, 1996; Reed,
2004), and populations are unlikely to persist in salmonid-invaded habitats (Woodford &
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McIntosh, 2010). This could potentially explain reports of almost completely allopatric
galaxiid-trout distributions where many of these ‘slow’ life history species occur (Townsend
& Crowl, 1991; Allibone, 1999; McDowall, 2006; Raadik et al., 2010). The low mobility of
the early life stages would also account for reports of very poor recolonisation ability in these
and similar ‘slow’ life history species (McDowall, 2006; Raadik et al., 2010). Fragmented
populations are more susceptible to extinction threats (Fahrig & Merriam, 1994; Reed, 2004;
Perkin & Gido, 2011, 2012; Mari et al., 2014) so these species are likely to be highly
vulnerable to pressures from invasive salmonids and other anthropogenic pressures. Based on
patterns of larval abundance seen in G. depressiceps, it is likely that a suite of intermediate
population dynamics exist in species with intermediate life history characteristics.
This study demonstrates how subtle differences in life history traits can have profound effects
on larval production and dispersal. G. pullus and G. eldoni were relatively large-bodied and
some individuals had absolute fecundities (number of oocytes per fish) higher than smallbodied G. anomalus individuals (Chapter 2). Many fisheries studies have shown that
populations with large individuals have the greatest reproductive output (e.g. Cushing, 1996;
Chambers & Trippel, 1997). For example, Olin et al. (2012) found that the presence of large
females with high fecundity were very important in determining the total larval production of
Perca fluviatilis populations. Contrastingly, in this study differences in temporal reproductive
output of females appear to be more important in determining the production of potential
recruits, i.e. the high size-relative fecundity, high reproductive effort and early maturation of
species such as G. anomalus markedly increases the production of larvae in populations. This
indicates that fisheries managers should move away from a focus on absolute fecundity and
consider a more holistic approach in examination of reproductive traits. What could be
considered small differences in egg and larval size can have substantial effects on landscape
scale population dynamics. This highlights that detailed study of species’ traits, especially
concerning the early life history stage, is essential to understanding fish population dynamics.
Given the influence population structure can have on how species may respond to
conservation threats (Fahrig & Merriam, 1994; Reed, 2004; Perkin & Gido, 2011, 2012; Mari
et al., 2014), this demonstrates the importance of detailed life history information for
effective conservation management.
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the role of life history
5.1 Summary
Predicting the impacts of invasive species is essential to effectively mitigate the negative
effects of biotic homogenisation. Invasion biology often focusses on the life history traits and
physiological tolerance of introduced species, and assessing the suitability of receiving
habitats. Very few studies have examined how trait variation in recipient communities might
affect how native fauna respond to pressures from invasive species. Given the importance of
life history traits in determining species-specific responses to conservation threats, this may
represent a serious oversight in conservation biology. This chapter examines the
consequences of previously identified life history differences in the Galaxias vulgaris
complex for how different species spatially interact with a principal cause of their decline,
invasive salmonids. I test the predictions made in Chapter 4, which hypothesised that species
exhibiting ‘fast’ life history traits would show extensive population overlap with salmonids
whereas species with ‘slow’ life history traits would be eliminated from invaded reaches. A
combination of a long-term, broad scale, presence-absence dataset and a more intensive
electrofishing survey were used to examine the extent to which species’ distributions overlap
with salmonids, and assess demographic effects associated with salmonid presence. A
generalised linear model approach was used to test the effect of life history on galaxiidsalmonid interactions while also taking into account the possible confounding effects of
habitat variation. Consistent with a priori predictions and life history theory, the results
showed that species with ‘fast’ life history traits regularly co-occurred with trout over
extensive areas, occasionally even where salmonids were present at moderate to high
densities, and in some cases co-occurrence had persisted for periods of over 30 years. In
contrast, the species with ‘slow’ life history traits were almost never found co-occurring with
trout, and evidence suggested they were quickly excluded, often even where salmonid
densities were low, and these galaxiid species were generally absent even immediately
downstream of source populations. The model outputs indicated that, although habitat
differences played an important role, species’ life histories were a dominant factor
determining whether species co-occurred or were excluded by salmonids. This clearly
demonstrates the importance of detailed life history information in predicting how native
fauna respond to impacts from invasive species.
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5.2 Introduction
Biotic homogenisation, the process by which native biotas are replaced by expanding
populations of invasive species, is a major threat to freshwater fish biodiversity worldwide
(Rahel, 2000; Olden et al., 2004; Clavero & García-Berthou, 2006). To mitigate these effects,
conservation biologists need to predict the impacts of invasive species. Invasion biology has
generally focussed on examining the biotic traits which make some species more invasive
than others (e.g. Rosecchi, Frédéric & Crivelli, 2001; Kolar & Lodge, 2002; Marchetti,
Moyle & Levine, 2004; Vila-Gispert, Alcaraz & García-Berthou, 2005; García-Berthou,
2007; Ribeiro et al., 2008; Cucherousset et al., 2009) and determining what abiotic
conditions facilitate their invasion (e.g. Moyle & Light, 1996; Gido & Brown, 1999;
Marchetti et al., 2004; Britton et al., 2010). Apart from a single notable exception (Olden,
Poff & Bestgen, 2006), there has been little assessment of the life history traits which make
native species vulnerable to invaders. Given the importance of life history characteristics in
determining extinction risk (Angermeier, 1995; Parent & Schriml, 1995; Jennings, Reynolds
& Mills, 1998; Reynolds, Webb & Hawkins, 2005; Olden, Poff & Bestgen, 2006, 2008),
ignorance of which traits make native species more susceptible to invaders may represent a
serious oversight in freshwater fish conservation.
Life history theory predicts that species with ‘fast’ life history traits will show greater
resilience to pressures than those with ‘slow’ life history traits (Winemiller & Rose, 1992;
Reynolds, 2003; Reynolds, Webb & Hawkins, 2005; Olden et al., 2008). Most previous
studies examining the role of life history traits in defining extinction risk have included large
numbers of distantly related species where the precise mechanisms defining vulnerability can
become obscured (e.g. Angermeier, 1995; Jennings et al., 1998, Olden et al., 2006; Olden et
al., 2007). In order to test the influence of life history on extinction risk more directly,
analyses need to focus on closely related, ecologically similar species which face similar
conservation threats (see Webb, Brook & Shine, 2002). This chapter explores the role of
previously identified life history differences (Chapters 2, 3 and 4) in influencing how closely
related species in the Galaxias vulgaris complex respond to a common cause of their decline:
negative interactions with invasive salmonids (McDowall, 1968, 2003, 2006; Townsend &
Crowl, 1991; Townsend, 1996; Allibone et al., 2010; McIntosh et al., 2010; Goodman et al.,
2014).
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Salmonids were first introduced to New Zealand in 1867 and have since established a near
ubiquitous presence in most suitable rivers and lakes (McDowall, 1990; Townsend, 1996;
see Chapter 1). The invasion biology of salmonids in New Zealand is well described. Large
salmonids (>150 mm) are capable of predating on all size classes of galaxiids, but even small
individuals may predate heavily on early life stages (Crowl, Townsend & McIntosh, 1992;
McIntosh, 2000; McIntosh et al., 2010). In addition to direct predation, salmonids also
compete with galaxiids for food resources (Cadwallader, 1975a, b; Glova & Sagar, 1993) and
space (McIntosh, Townsend & Crowl, 1992). The negative impact of salmonids on nonmigratory galaxiids was highlighted in an influential study by Townsend and Crowl (1991)
which demonstrated their near allopatric distributions; galaxiid populations generally only
being present above large waterfalls which prevented salmonid colonisation. Subsequently, a
number of contradictory reports have emerged of coexistence between salmonid and galaxiid
populations (Glova & Sagar, 1993; Leprieur et al., 2006; Davey & Kelly, 2007; Woodford &
McIntosh, 2010). There are numerous explanations for these discrepancies, including; niche
separation (Glova, Sagar & Näslund, 1992; McHugh et al., 2012), flow disturbance (Leprieur
et al., 2006; Davey & Kelly, 2007), habitat complexity (Townsend & Crowl, 1991;
McDowall, 2006; Woodford & McIntosh, 2011), stream size (Woodford & McIntosh, 2010,
2011), and differences in the size distributions and densities of salmonid populations (Glova
& Sagar, 1993, McIntosh, Crowl & Townsend, 1994; McIntosh, 2000; McIntosh et al.,
2010). The potential for contrasting life history traits between galaxiid species to mediate
interactions has not been considered.
Salmonid-galaxiid co-occurrence in G. vulgaris sensu stricto has been explained by a sourcesink metapopulation model proposed by Woodford and McIntosh (2010) whereby
populations in trout-invaded reaches are supported by immigration of recruits from upstream
salmonid-free populations (Woodford & McIntosh, 2011; Woodford et al., 2011). Galaxias
vulgaris sensu stricto is now known to exhibit traits synonymous with a ‘fast’ life history
(high size-relative fecundity, early maturation, high reproductive effort and small eggs)
compared with many other species in the G. vulgaris complex. These traits are associated
with high larval production and the large-scale dispersal of offspring (Chapter 4), the
mechanisms which drive a source-sink metapopulation system in this species (Woodford &
McIntosh, 2010). Species which have ‘slow’ life history traits (low-size relative fecundity,
delayed maturity, low reproductive effort and large eggs) are more likely to have a
fragmented, isolated population structure due to low numbers of larvae and poor dispersal
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(Chapter 4). This population structure could make them more vulnerable to exclusion by
salmonids.
As the G. vulgaris complex was originally thought to be a single species, many of the early
studies, including the influential Townsend and Crowl (1991) survey, are now confounded,
as they include several distinct species. Significantly, even the Townsend & Crowl (1991)
study showed some notable examples of co-occurrence (Townsend, 1996). To date, there has
only been a single, rather cursory interspecific comparison of species’ distributions in
relation to salmonids (Townsend, 1996), and this is now confounded as systematics of the
group have subsequently been updated.
This chapter examines interspecific differences in spatial interactions with salmonids in four
species with contrasting life histories. Following the predictions of Chapter 4 and life history
theory (Parent & Schriml 1995; Angermeier 1995; Jennings et al. 1998; Reynolds, 2003;
Reynolds et al. 2005; Olden et al. 2006, 2008), I hypothesise that ‘fast’ life history species
commonly co-occur with trout whereas ‘slow’ life history species are excluded from
salmonid invaded reaches. Knowledge of species-specific interactions with salmonids will be
valuable for conservation managers in New Zealand to evaluate which species are most at
risk. The information should also prove useful in the design and implementation of
conservation initiatives to prevent the further decline of the G. vulgaris complex. The
findings will probably have relevance for other non-migratory galaxiid complexes such as
those present in Australia (Raadik, 2001; Hardie et al., 2006; Raadik, 2011; Adams et al.,
2014) and South Africa (Wishart et al., 2006). It is also likely that the outcomes of this study
will assist in predicting how life history variation in other groups of native species might
affect how they respond to pressures from invasive species.

5.3 Methods
5.3.1 Study species
To examine how life history affects interactions between galaxiids and salmonids, four
species from the G. vulgaris complex were chosen (G. anomalus, G. depressiceps, G. pullus
and G. eldoni), a selection which encompasses the full range of life history strategies
identified in Chapter 2. All species are principally distributed in the Taieri River catchment in
the south of the South Island but some species also have populations in neighbouring
catchments of the Clutha River, Shag River, Tokomoriro River, Akatore Creek and
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Waikouaiti River (Allibone & Townsend 1997a; McDowall, 2010; NIWA, 2014a; Appendix
5.1). Galaxias anomalus is predominantly found in lower catchment areas and has traits
synonymous with a ‘fast’ life history – small egg and larval size, high fecundity, early
maturation, small adult body size and high reproductive effort (Chapters 2 and 3).
Populations of this species also produce large numbers of widely dispersive larvae, traits
which are likely to drive source-sink metapopulation dynamics in this species (Chapter 4). In
contrast, the headwater species, G. pullus and G. eldoni, exhibit traits consistent with a ‘slow’
life history – large eggs, large larvae, low size-relative fecundity, large body size and delayed
maturation (Chapters 2 and 3). These traits are associated with low numbers of offspring and
minimal dispersal of larvae in these species, and as these mechanisms of connectivity are
missing these species are likely to form isolated populations (Chapter 4). G. depressiceps,
which occurs in streams with intermediate habitat characteristics, has intermediate life history
traits, and likely also population structure, relative to those of the other species (Chapters 2, 3
and 4).
5.3.2 Datasets
To assess interspecific differences in interactions with salmonids, two analyses were carried
out:
1) An examination of a broad scale dataset containing mainly presence/absence data (but
also some density and temporal information) for each species of galaxiid and
salmonids.
2) A more intensive electrofishing survey was carried out at a smaller number of sites
for each species to compare the demographics of galaxiid populations in salmonidinvaded areas with those in salmonid-free reaches.
5.3.3 Broad scale presence-absence dataset
To examine the extent to which species’ distributions overlap with salmonids, electrofishing
data from the New Zealand Freshwater Fish Database (NZFFD; McDowall & Richardson,
1963; NIWA, 2014a) were extracted. The NZFFD stores a long-term dataset containing
records of all freshwater fish species occurrence in New Zealand, contributed by multiple
organisations, accumulated since the 1960’s. For early records, taken before species diversity
in the G. vulgaris complex had been recognised, species ID’s in the NZFFD have been
allocated post-hoc using a combination of molecular DNA evidence and subsequent
knowledge of species’ distributions within catchments (Waters et al., 2010; J. Waters,
88

Chapter 5 – Interactions with salmonids
unpubl. data; S. Crow & R. Allibone, pers. comm.). All records for each of the study species
were extracted. Any records of salmonid (Salmo trutta, Oncorhynchus mykiss, Salvelinus
fontinalus, or any unidentified salmonid) presence were also extracted. There is good
evidence that S. trutta, O. mykiss and S. fontinalis have similar predatory and competitive
interactions with galaxiids (McDowall, 1990, Crowl et al., 1992; McDowall, 2006; L.
Dorsey, unpubl. data), and while some papers have indicated S. trutta have more damaging
effects than O. mykiss (Crowl et al., 1992; Young et al., 2010), this was generally due to a
more widespread invasion of the former rather than a behavioural difference between these
species. Thus, I assumed all species of salmonid had similar negative interactions with
galaxiids. Salmonid records were limited to the sub-catchments where each species occurs, to
eliminate likely irrelevant records well outside the distribution of each species. Records from
the NZFFD (434) were supplemented with: 179 records accumulated during electrofishing
for Chapters 2-4 and 182 records contributed from other sources (Department of
Conservation; Fish & Game, J. Shelley). Because electrofishing was carried out by different
organisations and for different purposes, the area fished differed considerably between
records, but despite this, records represent the most accurate assessments available of the fish
communities in study reaches.
Records were assumed to be representative of each stream reach (mean reach length = 1.2
km), defined as the segment of stream between two consecutive confluences as recognised by
Freshwater Ecosystems of New Zealand (FENZ; Leathwick et al., 2010); except when a
barrier (waterfall >2 m) to salmonids was known to be present. Reaches were categorised as,
either ‘galaxiids only’ (galaxiids present, salmonids absent), ‘salmonids only’ (salmonids
present, galaxiids absent) or ‘co-occurrence’ (galaxiids and salmonids present). In many
cases, multiple records from different years were available for a single stream reach so
records were consolidated according to the following protocol. If galaxiids had been recorded
at any time and no salmonids were ever present in the reach, the reach was classified as
‘galaxiids only’. Reaches where the most recent record indicated no galaxiids but salmonids
present were classed as ‘salmonids only’. If salmonids were present in any record and
galaxiids were present in the most recent record, the reach was categorised as ‘cooccurrence’. The spatial extents of ‘galaxiids only’ and ‘co-occurrence’ were calculated as
the sums of reach lengths (km) of each category.
The effects of life history were tested on whether ‘co-occurrence’ or exclusion (‘salmonids
only’) occurred within the riverscape using a generalised linear model. All reaches where
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‘co-occurrence’ occurred for each species were included in the analysis but defining relevant
reaches where galaxiids had been excluded was more problematic as species distributions
before the introduction of salmonids are unknown (Townsend & Crowl, 1991; Townsend,
1996; McDowall, 2006). I used the probabilities of species’ occurrence modelled in
Freshwater Ecosystems of New Zealand (FENZ; which are based on the habitat
specifications of NZFFD occurrence sites of each species; see Leathwick et al., 2008;
Leathwick et al., 2010b) to estimate the past distributions of each species. These were used to
infer probability of exclusion of galaxiids for ‘salmonids only’ (exclusion reaches); e.g. if a
reach had a probability > 0.5 of a galaxiid species occurring but the most recent records
indicate salmonids only, it was inferred that galaxiids had a probability >0.5 of having been
excluded in this reach. The same records of ‘co-occurrence’ were used for each model but the
estimates of exclusion were changed from highly conservative to less conservative (>0.9/>
0.7/ >0.5/>0.3/>0.1). This approach is likely an underestimation of the spatial scale of
exclusion (even at the least conservative estimate) because the predictions of Leathwick et al.
(2008) were based on the already fragmented distributions of galaxiids but as this error was
likely to be common for all species it was assumed unlikely to have introduced bias in
interspecific comparisons.
For input into the generalised linear model, life history was coded as a categorical variable;
G. anomalus was coded as 1 - ‘fast’ life history, G. depressiceps as 2 – ‘intermediate’ life
history, and G. pullus and G. eldoni were coded as 3 – ‘slow’ life history, following the
interspecific differences found in chapters 2, 3 and 4. Environmental information for reaches
was extracted from FENZ, which contains physical habitat information for stream networks
in New Zealand (Leathwick et al., 2010a, b). Three environmental variables were inputted
into the model; stream size, flow variability and distance from a ‘source’ galaxiid population,
as a number of studies have shown that these variables may have important influences on
galaxiid-salmonid interactions. Galaxiids tend to be excluded more quickly from small
streams where competitive interactions are intensified, whereas larger streams are often more
complex and often provide more refugia for galaxiids (McIntosh, 2000; Woodford &
McIntosh, 2010, 2011). Thus, stream size was included in analyses as mean annual discharge
(m3 s-1, Leathwick et al., 2010b). Co-occurrence is more common in reaches regularly
exposed to flow disturbance, especially low flow events which cause declines in salmonid
abundance, allowing galaxiids to persist in some cases (Closs & Lake, 1996; Leprieur et al.,
2006; Davey & Kelly, 2007; Woodford & McIntosh, 2011). Flow variability (ratio) was
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adapted from Leathwick et al., (2010b), calculated as 1-[annual low flow/annual mean flow],
as a measure of the long term flow stability in the reach over the year. Co-occurrence is less
likely with increasing distance from source habitats (Woodford & McIntosh, 2010, 2011;
Woodford et al., 2011) so this was measured as stream distance (km) to the nearest reach
containing ‘galaxiids only’.
A generalised linear model selection procedure was carried out to test the effects of life
history and the various environmental variables on co-occurrence/exclusion. Co-occurrence
(1)/exclusion (0) was fitted as a binary response variable (COEX). Life history (LH), stream
size (STMSZ), flow variability (FLOWV) and distance from source (DIST) were fitted as
explanatory variables. Environmental variables were centred to allow comparison of their
effect sizes (Gelman & Hill, 2007). The model was fitted using the glm function in the stats
package of R statistical software vesion 3.0.2 (R Core team, 2013). Model selection
procedures were carried out by assessing all possible combinations of explanatory variables
to minimise the corrected Akaike’s Information Criterion (AICc; Burnham & Anderson,
2002). The use of AICc allows for the qualitative assessment of candidate models to select
the combination of explanatory variables which best explain the observed data while
minimising the complexity of the model (i.e. allows for the selection of the most
parsimonious model).
To compare how densities of each species of galaxiid changed in relation to salmonid
densities, I used a subset of records from the NZFFD and other sources which specified
information on the area fished. Galaxiid and salmonid densities were calculated as number of
individuals per square metre (# m-2). Examination of temporal patterns of co-occurrence was
only possible for a subset of sites, as the majority of reaches had only been sampled once.
Thus, only reaches which had been sampled in different years were included in this analysis.
The temporal persistence of co-occurrence was taken as the time (years) from the first
observation of salmonids in a reach until the time of the most recent record (if galaxiids were
present). If galaxiids were originally present but absent in the most recent record and
salmonids were present, then galaxiids were assumed to have been excluded. The times of
co-occurrence represent the minimum time of co-occurrence as times of colonisation by
salmonids for most reaches are unknown. Also times are defined by the years when a reach
was sampled. The method probably also overestimated co-occurrence and also incorporated
recolonisation events. However, despite these problems, sources of error were assumed to be
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common to all species and the data does provide some useful insights into the temporal
patterns of co-occurrence in each species.
5.3.4 Intensive demographics survey
To examine the demographics of populations of each galaxiid species in salmonid-free
refugia and in salmonid invaded reaches, an intensive electrofishing survey was carried out in
4-8 salmonid-free sites and 6-9 salmonid-invaded sites for each species. Salmonid-free sites
were generally located above known barriers (waterfall >2 m high) which excluded trout.
Salmonid-invaded sites were located immediately downstream of trout barriers, or if barriers
were inaccessible, at the nearest possible point downstream. At each site, single-pass
electrofishing was carried out using a Kainga 300 electro-fisher (NIWA Instrument Systems,
Christchurch, New Zealand) generating a 200-600 V pulsed DC current, fishing towards a
1 m block net. All electrofishing was carried out in an upstream direction (Meador, McIntyre
& Pollock, 2003), covering an area of at least 100 m2 at each site, endeavouring to sample a
proportionate amount of available habitat types (riffle, run, pool etc.) to gain a representative
estimate of the abundance of the species present (Bertrand, Gido & Guy, 2006; Reid, Jones &
Yunker, 2008). To assess the size of galaxiids and trout at each site, all fish captured were
measured to the nearest millimetre (fork length for salmonids, total length for galaxiids) and
then released. Fish densities were calculated from the numbers of individuals caught divided
by the area fished (# m-2).

5.4 Results
5.4.1 Broad scale presence-absence dataset
Species differed substantially in the proportion of records of co-occurrence with salmonids
(Figure 5.1a). G. anomalus co-occurred with salmonids in 43% of records, G. depressiceps in
20%, while G. pullus and G. eldoni rarely co-occurred with salmonids (8% and 2% of records
respectively). When these records were consolidated to remove replication at the reach scale,
similar interspecific differences in co-occurrence patterns were observed (G. anomalus 54%,
G. depressiceps 23%, G. pullus 6% and G. eldoni 3%; Figure 5.1b; Appendix 5.1). The
difference in the spatial scale over which species’ distributions overlapped with salmonids
was equally substantial, with G. anomalus co-occurring with salmonids across 81 km of
stream, G. depressiceps in 29 km, whereas G. pullus and G. eldoni only co-occurred in 4 km
and 1 km of stream length respectively (Figure 5.1c). In G. anomalus, and to a lesser extent
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G. depressiceps, co-occurrence was common in reaches up to 10 km from the nearest source
(‘galaxiids only’) populations (Figure 5.1d). There were even instances of co-occurrence in
reaches considerably further away from sources in these species (up to 23 km in G.
anomalus). In contrast, the few instances of co-occurrence in G. eldoni and G. pullus were
generally immediately downstream (mostly < 1 km) from source populations.

Figure 5.1 - a) Percentage of records showing ‘co-occurrence’, b) Percentage of reaches
where co-occurrence occurs, c) Length of stream occupied by ‘galaxiids only’ and ‘cooccurrence’ for each species, d) Distance of co-occurrence reaches from nearest source
(‘galaxiids only’) population. n = total number of records/reaches (‘co-occurrence’ +
‘galaxiids only’). G. ano = G. anomalus, G. dep = G. depressiceps, G. pul = G. pullus, G. eld =
G. eldoni.
The model selection procedure consistently identified life history as an important determinant
of whether co-occurrence or exclusion occurred, across the range of exclusion estimates,
from the most conservative (Probability > 0.9) to the least conservative estimate (Probability
>0.1; Table 5.1). Life history had a highly significant effect on co-occurrence/exclusion in all
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models except that for the most conservative estimate of exclusion (Probability > 0.9) and
consistently had the best explanatory value in explaining co-occurrence or exclusion
compared to other environmental predictors included in the models (Table 5.2). Of the
environmental predictors, stream size had the most significant effect, co-occurrence being
more prevalent in larger streams. Distance from source population and flow variation were
not important predictors at the most conservative estimates of exclusion but became more
important in less conservative exclusion estimates (Tables 5.1 and 5.2). Exclusion was more
common with increasing distance from source (‘galaxiid only’) populations, and cooccurrence was more prevalent in reaches with variable flows.
Table 5.1 – Results of model selection procedure for life history (LH) and environmental
variables (STRMSZ = stream size, FLOWV = flow variability, DIST = distance from source
population) fitted to co-occurrence/exclusion at each estimate of exclusion (Probability >0.1
= least conservative, Probability >0.9 = most conservative). The best 3 performing models
are shown for each exclusion estimate. df = degrees of freedom, AICc = Akaike’s Information
Criterion corrected for small sample size, ∆AICc = AICc difference between best-performing
models (models with ∆AICc < 2 have similar levels of support; Burnham and Anderson,
2002).
MODEL
Probability > 0.1
LH + STRMSZ + FLOWV + DIST
LH + STRMSZ + DIST
LH + STRMSZ + FLOWV
Probability > 0.3
LH + STRMSZ + DIST
LH + STRMSZ + FLOWV+ DIST
LH + STRMSZ + FLOWV
Probability > 0.5
LH + STRMSZ
LH + STRMSZ + FLOWV
LH + STRMSZ + FLOWV + DIST
Probability > 0.7
LH
LH + STRMSZ
LH + STRMSZ + FLOWV
Probability > 0.9
LH
LH + STRMSZ
LH + STRMSZ + DIST
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df

AICc

∆AICc

216
217
217

239.94
242.20
247.82

0
2.26
7.88

164
163
164

164.98
165.53
166.39

0
0.55
1.41

144
143
142

120.00
121.89
123.93

0
1.89
3.93

127
126
125

80.09
81.09
82.97

0
1.09
2.88

109
108
107

22.50
24.29
25.97

0
1.79
3.47
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Table 5.2 – Model coefficients ± SE and associated z and P values for the null model
(including both life history (LH) and all environmental variables; STRMSZ = stream size,
FLOWV = flow variability, DIST = distance from source population) describing cooccurrence/exclusion at the various exclusion estimates (Probability > 0.1 = least
conservative, Probability > 0.9 = most conservative).
MODEL
Probability > 0.1
LH
STRMSZ
FLOWV
DIST
Probability > 0.3
LH
STRMSZ
FLOWV
DIST
Probability > 0.5
LH
STRMSZ
FLOWV
DIST
Probability > 0.7
LH
STRMSZ
FLOWV
DIST
Probability > 0.9
LH
STRMSZ
FLOWV
DIST

Coefficient ± SE

z-value

P-value

-1.63 ± 0.32
2.73 ± 0.80
0.45 ± 0.22
-0.56 ± 0.19

-5.08
3.41
2.04
-2.98

<0.001
<0.001
0.04
0.003

-1.87 ± 0.39
2.71 ± 1.19
0.32 ± 0.26
-0.36 ± 0.21

-4.74
2.28
1.25
-1.69

<0.001
0.02
0.21
0.09

-1.73 ± 0.46
4.27 ± 2.36
-0.16 ± 0.31
-0.09 ± 0.28

-3.74
1.81
-0.51
-0.33

<0.001
0.07
0.61
0.74

-1.70 ± 0.64
1.87 ± 2.24
-0.25 ± 0.46
0.24 ± 0.52

-2.67
0.837
-0.55
0.45

0.008
0.40
0.58
0.65

-2.24 ± 1.66
9.10 ± 14.65
-0.97 ± 1.76
-0.80 ± 1.12

-1.35
0.62
-0.55
-0.72

0.18
0.53
0.58
0.47

While the densest populations of all species occurred in records where salmonids were
absent, galaxiid-salmonid density relationships were clearly different between species (Figure
5.2). Galaxias anomalus and G. depressiceps were both commonly found at low to moderate
densities in records where salmonid densities were low. These species were even present
where salmonid densities were high, albeit often at low densities. In contrast, G. pullus and
G. eldoni were almost invariably absent from all records where salmonids were present, even
where salmonid densities were low. In the few cases where the latter species co-occurred,
galaxiids, salmonids, or both, were scarce. There was no evidence that salmonid densities
differed markedly between the catchments occupied by each species.
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Figure 5.2 – Relationship between galaxiid densities and salmonid densities in subcatchments where each species is distributed.
For reaches where temporal information was available, there were numerous examples of G.
anomalus and G. depressiceps persisting in reaches inhabited by salmonids, sometimes for
periods of at least 30 years (Figure 5.3). In G. pullus, co-occurrence had only persisted in 2
reaches where salmonids had previously been observed and in both of these examples
salmonids had been present for less than 10 years. Co-occurrence had not persisted at any G.
eldoni sites. There were examples of exclusion, where galaxiids were initially present but the
most recent sample indicated salmonids only, for all species. However, in G. anomalus
exclusion had occurred in less than 16% of cases and G. depressiceps in 6%, while G. pullus
had been excluded in 71% of cases and exclusion had occurred in all invaded reaches where
G. eldoni had previously occurred.
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Figure 5.3 – Temporal persistence of co-occurrence and number of cases of exclusion in G.
anomalus, G. depressiceps, G. pullus and G. eldoni sites. Note: Temporal electrofishing
information was scarce but in many areas of Otago salmonids have been present for over
100 years (Townsend 1996). Thus, co-occurrence times displayed here generally represent
minimum estimates.
5.4.2 Intensive demographics survey
The intensive survey revealed some marked interspecific differences in the population
characteristics at salmonid-free refugia and downstream salmonid-invaded reaches. Densities
of all species were generally substantially lower in downstream salmonid-invaded reaches
than in salmonid-free refugia, but patterns were distinct amongst species (Figure 5.4).
Galaxias anomalus showed high densities in salmonid-free areas and were always present in
areas with salmonids present, albeit often at considerably lower densities. Galaxias
depressiceps were also relatively abundant in salmonid-free refugia and were present in 66%
of downstream salmonid-invaded areas, but again, generally at markedly lower densities
(Figure 5.4). Notable for both these species were examples where they co-occurred with
salmonids at relatively high densities where no upstream salmonid-free refugia were found.
Galaxias pullus and G. eldoni were generally present at relatively low densities even in areas
where salmonids were absent. In contrast to the patterns seen in G. anomalus and G.
depressiceps, G. pullus and G. eldoni were either completely absent where salmonids were
present (absent from 75% and 86% of salmonid-invaded reaches respectively), or their
densities were severely depressed (<0.1 m-2).
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Figure 5.4 – Population densities of G. anomalus, G. depressiceps, G. pullus and G. eldoni in
salmonid-free refugia (generally above waterfalls) and in salmonid-invaded (generally
immediately downstream from waterfalls) reaches.
The data also indicated some notable interspecific differences in the demographic sizestructure of galaxiids between salmonid-invaded and salmonid-free sites (Figure 5.5). In G.
anomalus populations, densities of all size classes were more abundant in salmonid-free
refugia but individuals of larger sizes (> 60 mm) were often still present in salmonid-invaded
reaches. For G. depressiceps, mean densities in salmonid-invaded reaches were strongly
affected by a single population with abnormally high densities of fish (see Figure 5.4).
However, the overall pattern was broadly similar to that seen for G. anomalus, i.e. densities
of all size classes were lower in salmonid-invaded reaches but fish from larger size classes
were still often present. G. pullus and G. eldoni densities were notably lower, even in
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salmonid-free populations. In contrast to patterns seen for G. anomalus and G. depressiceps,
larger individuals of G. pullus and G. eldoni were completely absent from all but one G.
pullus salmonid-invaded population. The few G. pullus or G. eldoni that were found cooccurring with salmonids were generally juveniles which were present at very low densities.

Figure 5.5 – Size structure ofgalaxiids in salmonid-free refugia (generally upstream) and
salmonid-invaded (generally downstream) reaches for G. anomalus, G. depressiceps, G.
pullus and G. eldoni populations. Error bars show SE.
While densities of small and large salmonids did vary slightly in salmonid-invaded areas
downstream from populations of each species, there was little evidence that differences were
large or of a trend that might explain the interspecific differences in co-occurrence, i.e.
densities of neither large nor small trout were substantially higher downstream of G. pullus or
G. eldoni populations (Figure 5.6).
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Figure 5.6 – Densities of small (< 150 mm) and large (≥ 150 mm) salmonids in reaches
(generally immediately downstream of salmonid—free populations) where G. anomalus, G.
depressiceps, G. pullus and G. eldoni either co-occurred or were excluded by salmonids.
Error bars show SE.

5.5 Discussion
Consistent with the predictions of life history theory (Winemiller & Rose, 1992; Parent &
Schriml, 1995; Jennings et al., 1998; Reynolds, 2003; Reynolds et al., 2005; Olden, Hogan &
Zanden, 2007) and Chapter 4, G. anomalus, the species with ‘fast’ life history traits, and to a
lesser extent G. depressiceps, the species with intermediate life history traits, showed
considerable overlap with salmonids, co-occurring in over 50% and 20% of their ranges
respectively. Co-occurrence in these species was present over large spatial areas and they
often co-inhabited reaches far from salmonid-free ‘source’ populations. These findings
concur with previous reports of coexistence with salmonids in G. anomalus (Townsend,
1996; Leprieur et al., 2006; McIntosh et al., 2010) and other ‘fast’ life history species (see
Chapter 1), such as G. vulgaris sensu stricto (Cadwallader, 1975b; Glova et al., 1992;
McIntosh, 2000; Davey & Kelly, 2007; Woodford & McIntosh, 2010) and G. gollumoides
(A. Hicks, pers. comm.). Following patterns seen in G. vulgaris sensu stricto (Woodford &
McIntosh, 2010), it is likely that many of these salmonid-invaded G. anomalus and G.
depressiceps populations are demographic ‘sinks’ supported by immigration from salmonidfree ‘source’ populations (see Chapter 4). Concomitant with this, densities for both species
did appear to be substantially depressed in salmonid-invaded reaches. However, the intensive
demographic surveys revealed that at least some of these salmonid-invaded reaches contained
not only young of year (< 60 mm) but also larger individuals of potential breeding size (>60
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mm; see Chapter 2; Allibone and Townsend, 1997b), prerequisites of ‘pseudosink’
populations (Dias, 1996; Pulliam, 1996), perhaps indicating that they may be capable of
maintaining themselves in the absence of immigration (Woodford & McIntosh, 2010). Many
populations of G. anomalus and one G. depressiceps population were found in trout-invaded
reaches where no upstream source population was present, further indicating that they can
form self-sustaining populations that co-occur with salmonids. Although information on the
temporal persistence was patchy, it did indicate that at least some co-occurring populations
had persisted for over 30 years. Given that these species have generation times of less than 4
years (Allibone, 1997; McDowall, 1990), this provides evidence that co-occurrence is
relatively stable in some cases.
In almost complete contrast to patterns seen in the species with ‘fast’ life history traits, G.
pullus and G. eldoni (the species with ‘slow’ life history traits) showed minimal overlap with
salmonid populations (co-occurring in only 6% and 3% of their ranges respectively). This is
consistent with a priori predictions based on the findings of Chapter 4 and life history theory
(Winemiller & Rose, 1992; Parent & Schriml, 1995; Jennings et al., 1998; Reynolds, 2003;
Reynolds et al., 2005; Olden et al., 2007) which predicts that ‘slow’ life history species are
more vulnerable to extinction. Results showed that these species are either completely absent
or their population densities are severely reduced in all salmonid-invaded areas and
examination of temporal patterns indicated that they are quickly extirpated following
salmonid colonisation. These almost completely allopatric galaxiid-salmonid distributions
agree closely with the findings of the Townsend and Crowl (1991) survey and another study
(Allibone, 1999), which both covered many areas populated by these species. One of the
apparently contradictory examples of co-occurrence in G. pullus was in Munro’s Dam
stream, where a recent introduction of S. fontinalis has seen the progressive exclusion of G.
pullus from invaded reaches (Allibone & McDowall, 1997; McDowall, 2006; D. Jack & P.
Jones, unpubl. data). Thus, this example of ‘co-occurrence’ probably only represents a shortterm interspecific interaction, and evidence again suggests that species with ‘slow’ life
history traits are rapidly excluded by salmonids.
Habitat differences between the ecoregions occupied by the various species within the G.
vulgaris complex could be potentially confounding to the role of life history in defining the
contrasting interspecific distributions with salmonids (see Chapters 1 and 2). In accordance
with previous studies examining trout-galaxiid interactions, the model outputs, at least for the
less conservative exclusion estimates (and likely the most realistic models), indicated that co101
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occurrence increased with flow variation (Closs & Lake, 1996; Leprieur et al., 2006) and
stream size (McIntosh, 2000; Woodford et al., 2011), and decreased with distance from
source populations (Woodford & McIntosh, 2010, 2011). However, the model selection
procedure consistently showed that species’ life history strategies were a strong predictor of
whether galaxiids co-occurred with salmonids or were excluded, across all estimates of
exclusion (most conservative to least conservative). As species’ life history strategies
correlate with environmental parameters such as flow variation and stream size (see Chapter
2), separating their influences in determining galaxiid-trout interactions is difficult. However,
the model outputs indicate that habitat differences alone are unlikely to account for the
interspecific differences in co-occurrence/exclusion seen. Indeed, the models suggested
species’ life history strategies may be of primary importance in determining the outcome of
galaxiid-salmonid interactions. Another potential factor, not accounted for in the model,
which could potentially have accounted for the patterns observed, might have been
differences in salmonid densities (Crowl et al., 1992; McIntosh et al., 1994; McIntosh, 2000),
i.e. if salmonids were more abundant and/or larger in areas downstream of G. pullus and G.
eldoni populations than in reaches downstream of G. anomalus and G. depressiceps.
However, there was no indication from either the extensive dataset or the more intensive
survey that salmonid populations differed substantially across the distributions of the various
galaxiid species studied.
An alternative explanation for the contrasting interspecific distributions observed could
potentially be that headwater species (‘slow’ life history traits) were always restricted to
upland creeks and never occurred in the downstream areas now inhabited by trout, whereas
lower catchment species have broader niche overlap with trout. This may be partly true, but
this would not account for numerous examples of relatively abundant headwater species
populations above waterfalls but then a complete absence immediately downstream where
trout occurred with no apparent change in habitat (Townsend & Crowl, 1991; pers. obs.). In
comparative situations for lower catchment species (‘fast’ life history traits), galaxiids were
almost always present, albeit often in lower numbers.
I consider the best explanation for the interspecific differences in overlap with salmonids is
that differences in population dynamics associated with species’ life histories influence their
spatial responses to invasive salmonids (see Chapter 4). The high size-relative fecundity,
early onset of maturity and high reproductive effort in ‘fast’ life history species such as G.
anomalus and G. vulgaris (Chapter 2) means they produce large numbers of larvae (Chapter
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4). Their small larvae, which have poor swimming ability (Chapter 3), disperse widely across
catchments (Chapter 4; Jellyman & McIntosh, 2008; 2010). It is likely these traits facilitate
the connectivity supporting the source-sink metapopulation system in these species (Chapter
4), enabling them to persist in many salmonid-invaded reaches (Woodford and McIntosh,
2010). Numerous dispersive larvae and juveniles should also facilitate these species in
recolonising areas where salmonid densities are low, as has been seen in G. vulgaris sensu
stricto (Davey & Kelly, 2007), and a similar non-migratory ‘small-egged’ galaxiid in
Australia, G. olidus (Koehn & O’Connor, 1990; Lintermans, 2000). As a result of their ‘fast’
life history traits, these species appear to be less vulnerable to pressures from invasive
salmonids. Other species (i.e. G. pullus and G. eldoni) that exhibit low size-relative
fecundity, low reproductive effort and delay maturity, produce substantially lower numbers
of offspring (Chapter 2). Their large larvae have better swimming ability (Chapter 3) and are
less prone to dispersal (Chapter 4). Limited dispersal by the early life stages means the
source-sink metapopulation system (see Woodford & McIntosh, 2010) is unlikely to apply to
these species, limiting their capacity to co-occur with salmonids. Not only this but these
headwater species lack the ability to recolonise areas newly vacated by salmonids (for
example where salmonids are extirpated by flow disturbance; Davey & Kelly, 2007). This
concurs with reports on a similar ‘large-egged’ galaxiid in Australia, G. fuscus (Raadik,
Saddlier & Koehn, 1996; Raadik, 2011), which showed very slow recolonisation following
trout removal (Raadik, Fairbrother & Smith, 2010), compared with a ‘small-egged’ relative,
G. olidus (Koehn & O’Connor, 1990; Lintermans, 2000). Isolated populations are inherently
more vulnerable to extirpation pressures than connected populations (Fahrig & Merriam,
1994; Hess, 1996; Fagan, 2002), so extinction risk is likely to be higher in these ‘slow’ life
history species.
These findings have considerable implications for the conservation management of galaxiids.
Firstly, it should be highlighted that although the ‘fast’ life histories of lower catchment
species might make them more resilient to pressures from salmonids, this should not be taken
to mean that they are not endangered. Rather, the life histories of these species may explain
their continued presence in the often heavily invaded (and degraded) habitats they occupy
(Allibone et al., 2010; Appendix 5.1). However, the findings do suggest that these species
have the potential to quickly recolonize if salmonid-free refugia are present in the riverscape.
If more salmonid-free habitat were available, then these patches would likely become highly
productive source populations (Woodford & McIntosh, 2010), perhaps leading to large scale
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expansions in the distributions of these species. If refugia are not provided for these species,
the delicate balance of co-occurrence may eventually fail and they could eventually succumb
to the multiple stressors to which they are exposed, both from salmonids and land use
stressors (Allibone et al., 2010). The implications for headwater species are quite different.
The ‘slow’ life history traits they have adapted as they specialised to their unique and harsh
environments have made them inherently vulnerable to pressures of invasive trout. These
species likely require complete protection from salmonids in order to persist. Results also
suggest that recolonisation of vacant habitat will be slow in these species. Due to their poor
dispersal ability, trout removal downstream is unlikely to be a successful tool for expanding
populations in the short term; assisted recolonisation by translocation of individuals into
newly vacant reaches may accelerate responses to such conservation measures.
This case study of interactions between the G. vulgaris complex and invasive salmonids
highlights some important issues for conservation biology. While study of the invasion
biology of introduced species is undoubtedly essential for predicting their spread and
negative impacts (Kolar & Lodge, 2002; Marchetti, Moyle & Levine, 2004; Vila-Gispert,
Alcaraz & García-Berthou, 2005), there is clearly a need to carefully consider which
components of native communities are most vulnerable (Olden et al., 2006). Once
established, complete eradication of introduced fish species is often impossible (Leprieur et
al., 2009; Gozlan et al., 2010; Loppnow, Vascotto & Venturelli, 2013) and sometimes
undesirable (Townsend, 1996; Pascual et al., 2009; García De Leaniz, Gajardo & Consuegra,
2010). Hence, to mitigate impacts of invaders, conservation managers must identify what
native species are present and decide which are most susceptible, to prioritise the localised
use of control methods to conserve native species (Chadderton, 2003; Jackson et al., 2004;
Burkhead, 2012). That the patterns identified here were largely consistent with the
predictions of life history theory (Winemiller & Rose, 1992; Parent & Schriml, 1995;
Reynolds, 2003; Reynolds et al., 2005) is testament to its usefulness in predicting which
species are most susceptible to the negative effects of invaders. Given invasive fish species
are a leading cause of freshwater fish decline worldwide (Cambray, 2003; Clavero & GarcíaBerthou, 2005; Dudgeon et al., 2006; Vitule, Freire & Simberloff, 2009), ignorance of native
fish diversity and species’ traits (Olden et al., 2006; Burkhead, 2012), particularly in tropical
regions (Lundberg et al., 2000), will limit our ability to mitigate these losses. Thus, to predict
future extinction risks, there is a clear need to invest more research effort to elucidate
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taxonomic diversity in indigenous fish communities and support detailed life history work,
especially concerning the early life stages.
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5.6 Appendix

Appendix 5.1 – Distributions of reaches inhabited by study galaxiid species and salmonids in
Otago. G.ano = G. anomalus, G.dep = G. depressiceps, G. pul = G. pullus, G. eld = G. eldoni.
Sal = Any salmonid (S. trutta, O. mykiss, S. fontinalis, or unidentified salmonid). All sal only
reaches shown.
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6.1 Summary of findings
This thesis used a combination of detailed life history examination, experimental analysis and
field assessment of distributional patterns to reveal substantial interspecific differences in life
history in a closely related species-complex. Species in the Galaxias vulgaris complex were
found to differ substantially in various traits, particularly those associated with their early life
histories, with major implications for metapopulation dynamics. These differences have
dominant effects on how the various species respond to a principal cause of their decline,
pressures from invasive salmonids.
In Chapter 2 I focussed on interspecific differences in reproductive strategies and explored
possible environmental drivers of the trait divergence observed. Substantial between-species
differences were found in egg size, size-relative fecundity, body size, reproductive effort and
the onset of sexual maturity. These life history differences were associated with differences
in productivity and disturbance in the habitats occupied by each species. Headwater species
had oocyte sizes up to 134% larger, size-relative fecundities 3 times lower, committed up to
9% less of their body weight to reproduction and matured at least one or two years later than
lower catchment species. The small, shaded, high altitude streams inhabited by headwater
species represented relatively unproductive but stable habitats, whereas the larger, warmer
systems occupied by lower catchment species are likely to be comparatively resource-rich
and are relatively disturbed; being subject to variable flows and high predation pressure.
Between these two extremes, a suite of intermediate characteristics were found. Hence, the
species complex appears to represent a life history gradient from ‘slow’ life histories in
headwater species to ‘fast’ life histories in lower catchment species.
Chapter 3 explored the consequences of the observed differences in maternal provisioning to
the offspring (egg size) for the early ontogeny. Larvae of the ‘large-egged’ headwater species
hatched on average up to 40% longer and had many morphological features better developed
than the smaller-egg lower catchment species. Even what could be considered small
differences in egg size translated into substantial differences in the size of newly hatched
larvae. Swimming ability was strongly associated with larval size, i.e. the larger larvae of
headwater species had higher critical swimming abilities than the small larvae of lower
catchment species. Interspecific differences in size and swimming ability were generally
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maintained through until the juvenile stage, despite larvae being raised in what could be
considered relatively benign (food-rich) rearing conditions. This indicates the ecological
importance of the interspecific size differences at hatch as other studies suggest differences
disappear when larvae are raised under food-rich conditions.
In Chapter 4 I examined the effects of the observed life history differences for two processes
of key importance to population structure, larval abundance and dispersal. ‘Fast’ life history,
lower catchment species showed high larval production and their small larvae, which have
weak swimming ability, dispersed over large distances (>12 km) from natal spawning areas.
Larval production in ‘slow’ life history headwater species was 6-9 times lower and their
large, stronger swimming larvae showed minimal dispersal, often being completely absent
even at distances of less than 300 m downstream from adult populations. The implications of
these connectivity differences are that lower catchment species are likely to maintain a
source-sink metapopulation system (Woodford & McIntosh, 2010), enabling them to
frequently co-occur with salmonids, whereas headwater species are more likely have an
isolated population structure and therefore be excluded by salmonids.
Chapter 5 examined the role of interspecific life history variation in determining the spatial
interactions of various galaxiid species with invasive salmonids while controlling for the
possible confounding effects of environmental differences between species distributions.
Consistent with the predictions of Chapter 4, the lower catchment species (‘fast’ life history)
co-occurred with trout in over 50% of its known range whereas the two headwater species
(‘slow’ life history) had almost completely allopatric distributions with trout, only cooccurring across 6% and 3% of their distributions. Lower catchment species sometimes even
occurred where salmonids were present at moderate to high densities, sometimes for periods
of over 30 years, whereas evidence suggested headwater species were consistently and
quickly excluded even where salmonid densities were low. While habitat differences (e.g.
stream size and flow variability) were influential in driving distribution patterns, species’ life
history strategies were of principal importance in determining the outcome of salmonidgalaxiid interactions.

6.2 Biogeographic considerations
The egg size divergence observed could potentially hold significance for the biogeographic
distributions of species in the G. vulgaris complex. Galaxias anomalus is often absent from
very small, headwater streams in catchments where it is found, generally being restricted to
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valley basins (Allibone & Townsend, 1997a; Leprieur et al., 2006; McDowall, 2010;
Appendix 5.1). Allibone & Townsend (1997a) suggested that this pattern was due to the poor
climbing ability of G. anomalus which prevented it from colonising steeper reaches which
were often above waterfalls. However, contrary to this hypothesis, a number of populations
are now known to occur above large waterfalls (pers. obs.). Another explanation, previously
put forward, is that more stable flows in headwaters encourage higher densities of trout and
thus G. anomalus have been excluded from upstream reaches (Leprieur et al., 2006). This is
probably true but the results of this thesis suggest another factor may contribute to their
absence from headwaters. The small eggs (and larvae) of G. anomalus are likely to limit their
reproductive success in very small, highland creeks, perhaps explaining why their abundance
often declines with increasing distance upstream, sometimes even where trout are absent (D.
Jack, pers. comm.; Appendix 5.1; pers. obs.).
A similar situation occurs in G. vulgaris sensu stricto, which is common across the lower
catchment braided systems of the Canterbury Plains (McDowall, 2010). While its distribution
does often extend to high altitude locations, G. vulgaris sensu stricto is generally restricted to
larger streams and its densities often rapidly decline in the smallest, highest altitude creeks,
gradually being replaced by populations of G. paucispondylus (McDowall, 1990, 2010; pers.
obs.), a member of the ‘pencil galaxias’ group (McDowall, 1990, 2000). Significantly, G.
paucispondylus has a larger egg size than G. vulgaris sensu stricto (Cadwallader, 1976a;
Bonnett, 1992; Dunn & Brien, 2007; Chapter 2), perhaps explaining its ability to maintain
populations in these low productivity montane creeks. Consistent with this pattern, a similar
pencil galaxiid lineage (and I predict that it is likely to also be large-egg species) G. aff.
paucispondylus ‘Manuherikia’ is found upstream of some G. anomalus populations in
Central Otago (McDowall, 2010).
Conversely, many of the ‘large-egg’ species (e.g. G. pullus and G. eldoni), have highly
restricted distributions (Allibone, 1999; McDowall, 2006), almost never occurring in larger,
lower catchment streams (McDowall, 2010, NIWA, 2014a; Appendix 5.1). While salmonids
have almost undoubtedly played a substantial role in this fragmentation (McDowall, 2006),
there are examples where these species are completely absent from downstream reaches even
where salmonids are absent or at very low densities (pers. obs.). This raises the question of
whether the specialised life histories of these species prevent them from successfully
competing in lower catchment areas. Prior to the effects of trout, these lower catchment
streams would likely have been inhabited by other competitive (e.g. G. brevipinnis) or
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predatory (e.g. Anguilla dieffenbachii) fish species (McDowall, 2010). Also, lower catchment
streams are generally more hydrologically variable than headwaters (Leprieur et al., 2006;
Chapter 2). It is quite possible that the low fecundity and reproductive effort exhibited by
these headwater species (Chapter 2) prevents them from sustaining populations in these lower
catchment systems. This may be what has limited their spread within catchments, perhaps
partially explaining their restricted distributions.
Life history differences may also have relevance for the biogeographic spread of species
between catchments. As highlighted by McDowall (2010), species’ geographical ranges are
often marked by geological boundaries. Many species have only spread across catchment
boundaries when facilitated by river capture events driven by mountain building (Waters et
al., 2001; Waters, Allibone & Wallis, 2006; Craw et al., 2008), or during periodic lateral
connections between low lying, braided systems (Wallis et al., 2001; McDowall, 2010).
However, what are now known to be the species with largest eggs (G. pullus and G. eldoni),
show evidence of having “spilled-over” into adjacent catchments in the absence of such river
capture events (McDowall, 2010). This could suggest that these species’ ability to colonise
extremely small, high altitude creeks (owing to their large egg/larval size) may facilitate their
dispersal over catchment divides which ‘smaller-egged’ species are unable to negotiate.

6.3 Evolutionary mechanisms of trait divergence
While this thesis identified clear between-species differences in reproductive traits in the G.
vulgaris complex, many of the mechanisms driving divergence remain unclear and the extent
to which the observed life history patterns are the result of evolutionary adaptation or
plasticity to local environmental conditions requires further examination. The fact that egg
size differences between species were consistent despite fish and eggs being sourced from
various populations for each species suggests that this trait may be somewhat constrained
within species. The marked association with the phylogeny of the group (see Chapter 2)
would support this. However, given that some species, such as G. vulgaris sensu stricto,
occur over a wide altitudinal range, they might be expected to show considerable phenotypic
plasticity to local conditions (Humphries, 1989; Barbee et al., 2011, Dunn, 2012). Indeed, the
results of Chapter 2 did suggest some inter-population differences in egg size but low
intraspecific sample sizes limited examination of these patterns. A good test of this would be
to collect ripe females of a single species from a range of contrasting habitat types and assess
trait variation in relation to local environment. This would likely require better measures of
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both stream productivity and disturbance, as the proxies used in this study were relatively
crude.
From an evolutionary perspective, it would also be interesting to assess the drivers of egg
size divergence by examining whether selection primarily acts on the maternal or offspring
phenotype, or both. Various empirical studies have shown egg provisioning changes in
relation to maternal resource acquisition, i.e. females reared in food-scarce conditions
produce larger eggs than those which have experienced resource-abundant environments
(Einum & Fleming, 1999, 2000; Bashey, 2006). This could be tested in galaxiids by keeping
females in food-abundant and food-scarce conditions, and assess the effects of maternal
rearing environment on egg size. Another possibility is that larger offspring hatched from
larger eggs have better survival prospects in food-scarce environments (Rollinson &
Hutchings, 2010; Fischer, Taborsky & Kokko, 2011), so these ‘large egg’ traits are retained
when these survivors reproduce. Even just prior experience of low food levels during the
early life stages can stimulate females to produce larger eggs. For example, Taborsky (2006)
found that cichlids reared in food-poor conditions as juveniles produced larger eggs than
those reared in food-rich conditions, irrespective of resource availability experienced after
maturity (Taborsky, 2006). This could be assessed in galaxiids by simulating resource-scarce
and resource-abundant larval rearing conditions in the laboratory and evaluating egg size
changes in subsequent generations. There is also scope to evaluate the role of disturbance
regimes in determining egg size variation via similar manipulation experiments.

6.4 Recommendations for the conservation management of the G. vulgaris
complex
There has been debate about the significance of the genetic variants identified by molecular
studies (e.g. DeSalle, Egan & Siddall, 2005). That observed differences in life history varied
closely with the phylogeny of the group adds further evidence that the various lineages in the
G. vulgaris complex do deserve recognition as distinct species, and should be managed as
such. The importance of between-species differences in determining their vulnerabilities to
potential threats highlights the need for species-specific conservation management.
Management strategies need to focus on local circumstances and the unique threats faced by
each species.
Due to their life history traits, headwater species (i.e. G. pullus and G. eldoni) are highly
vulnerable to pressures from salmonids. Their ‘slow’ life history strategy likely affords them
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low potential rates of population growth and dispersal which will limit their ability to recover
from perturbations. Remnant populations are now almost completely restricted to highland
areas above waterfalls which prevent trout colonisation (Townsend & Crowl, 1991;
McDowall, 2006; NIWA, 2014a). These high altitude areas also tend to be less intensively
farmed. Thus, there are some populations of these species which are reasonably secure.
However, there are numerous examples of recent displacements following contemporary
salmonid incursions where trout have breached less substantial barriers during high flows
(pers. obs.; P. Ravenscroft, pers. comm.). There are also many populations which are in a
severely degraded state due to the negative effects of commercial forestry and agriculture
(Allibone et al., 2010; pers. obs.).
Headwater species require complete protection from salmonids and negative land-use effects
in order to persist. Effective conservation management will require further survey work to
better-document population distributions, placement of salmonid barriers where they do not
exist, and reinforcement of existing ones where there is a risk of future breach by salmonids
(Lintermans, 2000; Lintermans & Raadik, 2001). The recent success of rotenone treatment in
trout removal in New Zealand (Pham, West & Closs, 2013) shows its potential for creating
opportunities for the range expansion of galaxiids. The uniform channel morphology found in
many of the trout-invaded sections of these headwater streams (pers. obs.) lends itself to the
effective use of rotenone and barrier construction (Lintermans & Raadik, 2001).
Unfortunately, current legislation severely restricts the use of rotenone (P. Ravenscroft, pers.
comm.); a situation needs to be addressed to allow its use as an effective management tool.
The small streams typically occupied by headwater galaxiid species are of little recreational
fishing value (Allibone & McIntosh, 1999; Cadwallader, 2003) and trout removal from
reaches downstream of the remaining galaxiid populations has the potential to improve the
imperilled status of these species. Population expansion efforts will need to take into account
the low recolonisation ability of these ‘large-egg’ species (Raadik, Fairbrother & Smith,
2010; Chapter 4). The short-term success of these projects might be improved by actively
transporting individuals into vacant reaches following trout removal. The ‘slow’ life history
strategies exhibited by these species are also likely to make them highly vulnerable to other
anthropogenic pressures such as sedimentation and nutrient inputs from forestry and
agriculture. The conservation status of these remnant headwater populations needs to be
enhanced to provide them greater legislative protection from these negative impacts.
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Figure 6.1 – A brown trout Salmo trutta caught in a tributary of the Kyeburn with six
juvenile-adult G. anomalus in its stomach (Photo: Daniel Jack). Scale bar: approx. 10 cm.
In contrast, due to their ‘fast’ life history strategies, the lower catchment species (e.g. G.
anomalus and G. vulgaris sensu stricto) appear to exhibit considerable resilience to pressures
from salmonids and likely also to a range of other anthropogenic pressures. However, this
finding needs to be interpreted with caution. Because these species are generally distributed
in lower catchment areas, their habitats are generally highly invaded by trout, so they are
often subject to intense predation pressure (e.g. Figure 6.1); indeed, a large proportion of
their populations are invaded by salmonids (Chapter 5). Also, many salmonid-invaded
populations only consist of low densities of juvenile galaxiids, and hence do not represent
viable self-recruiting populations (Woodford & McIntosh, 2010; Chapter 5). Waterfalls are
less common in lower catchment areas (Allibone & Townsend, 1997a) so trout-free source
populations are often scarce. Not only are lower catchment streams the most salmonidinvaded but they are also the most intensely farmed areas and are thus commonly subject to
the multiple stressors of water abstraction, sedimentation and nutrient enrichment (Allibone,
2000; Leprieur et al., 2006; Allibone et al., 2010). Thus, these species’ life histories do not
detract from the severity of the conservation threats facing them, but rather, may explain their
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continued persistence in the often highly invaded and heavily modified systems they occupy.
While these species may show considerable capacity to respond to perturbations, if salmonidfree source populations of these species are not secured, and population size becomes
progressively smaller over time, the delicate balance of coexistence could fail. Large
fluctuations in population size associated with trout predation and other pressures could
eventually lead to their extinction.
The highly dispersive and productive population dynamics of these lower catchment species
(Chapter 4) do offer a number of opportunities to conservation managers. If salmonid-free
source populations are secured, then these species show great potential to recolonize and
establish further populations. However, securing salmonid-free populations in these species is
often problematic for a number of reasons. Firstly, trout are often present upstream of
galaxiids where stable flows enable the persistence of dense salmonid populations (Leprieur
et al., 2006; Chapter 5), so the use of rotenone in upstream areas could potentially endanger
downstream non-target galaxiid populations. Removal of salmonids in the lower catchment
areas is complicated as they often co-occur with the galaxiids, and even if selective removal
could be achieved, salmonids can reinvade from populations upstream. Even in reaches
solely inhabited by trout, many of these lower catchment streams represent complex braided
systems where rotenone is less likely to be effective (Rayner & Creese, 2006). Dilution in
these larger systems is also likely to reduce the efficiency and increase the costs of rotenone
use (Rowe, 2001). Another problem is that construction of effective barriers in these dynamic
and physically complex braided systems is technically very challenging.
There is potential for control methods to be developed via exploiting the higher tolerance of
galaxiids to low flows and high temperatures compared to salmonids (see Closs & Lake,
1996; Leprieur et al., 2006). Short term simulation of low flow conditions by partially
diverting flows could potentially be used to kill/displace salmonids in target reaches but leave
galaxiid populations relatively unharmed. Natural flows could then be reintroduced once
trout had been removed. Partial dewatering has been used to control invasive species
elsewhere (Loppnow, Vascotto & Venturelli, 2013; Rahel, 2013) but to my knowledge has
never been utilised as a fisheries management tool in New Zealand. Given that this method
can be relatively inexpensive and is not labour intensive (Loppnow et al., 2013), it could
potentially be used over large areas of the riverscape. However, while low flows can extirpate
salmonids (Closs & Lake, 1996; Leprieur et al., 2006), they also have negative impacts on
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galaxiids and on wider stream ecology (Shelley, 2012). Thus, small-scale trials assessing the
ecosystem-wide effects of flow manipulation would be needed before any widespread
implementation. Also, any such work would probably need to be carried out in combination
with other salmonid-control methods such as electrofishing removal, barrier construction, and
localised use of rotenone, in order to provide substantial long-term conservation benefits.
Given the scale of the invasive species problem in New Zealand (McDowall, 2006), and
elsewhere (e.g. Koehn & MacKenzie, 2004; García De Leaniz, Gajardo & Consuegra, 2010),
more research needs to be directed at the refinement of exotic fish control techniques.
If established and protected, source populations of these lower catchment species are likely to
be highly productive, potentially substantially increasing their spatial distributions across
catchments and thereby reducing the vulnerability of populations to perturbations. Control
efforts would not substantially compromise trout fisheries, as these small streams are of
negligible fisheries value (Allibone & McIntosh, 1999; Chadderton, 2003). Trout-free
galaxiid refugia could even be of potential benefit to trout fisheries as they would act as
sources of migrating galaxiids (Woodford & McIntosh, 2010), which could act as an
important food resource to trout, potentially increasing trout growth rates, and thereby the
number of large trout of recreational value further downstream. If effective control methods
were developed, this could be a rare example of a win-win situation, whereby conservation
goals could be met, while enhancing the fisheries value of an introduced recreational
sportfish.

6.5 Wider implications
The fundamental differences in species’ biology revealed in this thesis are a culmination of
years of taxonomic work to distinguish species and field surveys to elucidate their geographic
distributions. As far back as the 1950’s, fish biologists were recognising morphological
differences in G. vulgaris sensu lato, which led to the description of an additional species, G.
anomalus (Stokell, 1959). However, doubts about the consistency of morphological
differences led McDowall (1970) to reconsolidate the species again into a single lineage, G.
vulgaris sensu lato, and it remained so until the 1990’s. Detailed morphometric work in the
mid-1990’s confirmed earlier suspicions and G. anomalus was reinstated and a further
species G. depressiceps was added to the group (McDowall & Wallis, 1996). With the advent
of genetic analysis techniques, a series of further studies revealed the existence of a speciescomplex (Allibone & Wallis, 1993; Allibone et al., 1996; King & Wallis, 1998), and three
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additional species were subsequently described based on morphological differences
(McDowall 1997; McDowall & Chadderton 1999). Finally, in the 2000’s, modern DNA
analyses revealed the full extent of the group (Waters & Wallis 2001a,b; Waters et al. 2010).
Throughout this period, capture records were carefully recorded to document species’
distributions (McDowall & Richardson, 1983; NIWA 2014a). Early on, there were some
exemplary life history examinations of Galaxias vulgaris sensu lato which led to a deeper
understanding of the biology of non-migratory galaxiids (Benzie, 1968; Cadwallader, 1976a).
There were also some preliminary interspecific life history and habitat comparisons once
systematics were better understood (Allibone & Townsend 1997a,b; Dunn & Brien, 2007).
However, it was only after the detailed examination of species’ traits in this thesis that the
full magnitude of life history differences, and their relevance to the conservation of this
species-complex was revealed.
Species within the G. vulgaris complex are often so morphologically similar that correct
identification is only possible by trained specialists. Largely as a consequence of their
superficially similar appearances, species had been assumed to display common life histories
and in a conservation management context, were basically treated as analogous. This thesis
disproves this assumption and demonstrates that the lineages deserve recognition as distinct
species. What might have been perceived as relatively minor differences in species’ traits
have major consequences for how species respond to extinction threats with significant
conservation implications.
The chronology of events leading to the identification and understanding of the G. vulgaris
complex invokes a number of important lessons for conservation biology. Cryptic diversity
can often represent fundamentally different species with divergent life history strategies,
which can have serious implications for their conservation management. This demonstrates
that many cryptic species deserve recognition as distinct species (Trontelj & Fišer, 2009), and
should be treated as such. While increasingly affordable, modern DNA analyses are leading
to a wealth of studies revealing the prevalence of cryptic species-complexes worldwide
(Pfenninger & Schwenk, 2007), morphology and life history based taxonomy has not kept
pace (Schlick-Steiner et al., 2007). The basic biology of many of these newly discovered
species is often poorly understood. Traditional taxonomic skills are in decline and funding for
morphological taxonomy is increasingly limited (Winston & Metzger, 1998; Agnarsson &
Kuntner, 2007; Wheeler et al., 2007). Without formal taxonomic analysis, cryptic species
functionally remain as rather obscure genetic variants, only gaining functional importance
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once their traits are described (Schlick-Steiner et al., 2007). Genetic studies are undeniably
valuable in revealing cryptic diversity (Tautz et al., 2003), but a multidisciplinary approach is
needed to reveal species’ ecological and conservation relevance (Bickford et al., 2007;
Schlick-Steiner et al., 2007). The value of morphology-based taxonomy and detailed life
history examination should not be underestimated. Revitalisation of these fields is a key
challenge in responding to the growing biodiversity crisis.
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