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SUMMARY

1. Understanding the ecological factors governing population connectivity in freshwater systems rep-

resents an ongoing challenge for aquatic biologists.

2. We used genetic analysis to test the hypothesis that fine-scale habitat preferences can influence

within-river connectivity patterns in freshwater-limited fishes.

3. Genetic variation among sampling sites within systems was compared for co-distributed fish taxa

Galaxias gollumoides (low-velocity pool/swamp habitat) versus an undescribed species, Galaxias

‘southern’ (high-velocity riffle habitat), using / statistics. These analyses incorporated 1624 bp of

mtDNA from 429 galaxiid specimens, encompassing 95 localities across four river systems in South-

land, New Zealand.

4. Although similar numbers of haplotypes per river were detected in both taxa, spatial partitioning

of this genetic variation within rivers was significantly stronger for G. gollumoides (mean /ST = 0.539)

than for G. ‘southern’ (mean /ST = 0.142). Within-catchment genetic divergence values were also

higher for the former species.

5. These finding suggest that a combination of main-channel habitat continuity and high water veloc-

ity facilitates relatively high connectivity in G. ‘southern’, whereas G. gollumoides populations are

genetically isolated in fragmented low-velocity habitats. We conclude that population connectivity

can be strongly influenced by habitat preference, leading to profound differences in the phylogeogra-

phy, diversity and conservation status of freshwater fish lineages.
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Introduction

Biological dispersal ability is thought to be a key factor

governing spatial biodiversity patterns (Mayr & Dia-

mond, 2001; Renner, 2004; Lomolino, Riddle & Brown,

2005; Gillespie et al., 2012; Strona et al., 2012). Ecological

features that influence dispersal potential are hypothe-

sised to strongly affect population connectivity (Nikula,

Spencer & Waters, 2011), particularly in freshwater sys-

tems (McDowall, 1990; Ward, Woodward & Skibinski,

1994). While numerous studies have shown that major

ecological shifts in dispersal potential (e.g. migratory

versus non-migratory life history) can influence freshwa-

ter biogeography (B~an~arescu, 1990; Leathwick et al.,

2008), diversity and population connectivity (Allibone &

Wallis, 1993; DeWoody & Avise, 2000; Burridge et al.,

2008; McCulloch, Wallis & Waters, 2009), our under-

standing of the biodiversity impacts of more subtle eco-

logical differentiation (e.g. fine-scale habitat preference)

remains limited.

New Zealand’s South Island presents an informative

system for assessing the influence of fish ecology on

population-genetic connectivity. Previous population-ge-

netic and phylogeographic analyses of freshwater-lim-

ited galaxiids have revealed substantial within-river

genetic differentiation (Allibone et al., 1996; King & Wal-
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lis, 1998; Waters et al., 2001a; Burridge, Craw & Waters,

2007). Regional (among-river) contrasts in genetic diver-

sity have also been noted (Wallis et al., 2001). However,

a detailed consideration of the ecological factors shaping

within-catchment genetic differentiation in these fresh-

water-limited taxa is lacking. Here, we analyse phylo-

geographic data from co-distributed representatives of

South Island’s Galaxias vulgaris species complex (Waters

& Wallis, 2001) (Fig. 1) to test the hypothesis that pat-

terns of within-river population connectivity are linked

to contrasting habitat preferences.

Our study focuses on two phylogenetically similar

(Waters et al., 2010), broadly sympatric freshwater-lim-

ited galaxiid taxa (Galaxias gollumoides and G. ‘southern’)

in rivers of Southland, New Zealand (Fig. 1; Waters

et al., 2001b; Burridge et al., 2007, 2008; Crow et al., 2009,

2010). Despite their sympatry and biological similarity

(they were considered conspecific until recent decades;

McDowall, 1990), these two taxa exhibit distinct fine-

scale habitat preferences, with both field and experimen-

tal observations confirming that G. ‘southern’ prefers

faster water velocities than does G. gollumoides.

Although these taxa often occur in direct sympatry or

close proximity (Waters et al., 2001a,b; Crow et al., 2010),

G. gollumoides typically inhabits low-velocity (e.g.

swamps, pools, backwaters) habitats, whereas G. ‘south-

ern’ is a strictly high-velocity, riffle-dwelling species

(Fig. 2; Burridge et al., 2008; Crow et al., 2010).

We hypothesise that G. ‘southern’ populations are

likely to experience relatively high genetic connectivity

via main-channel habitat continuity, whereas G. gollu-

moides populations are likely to be relatively genetically

fragmented due to their presence in unconnected low-

velocity habitats, rather than major river channels

(Fig. 2). We test this hypothesis by conducting compara-

tive genetic analyses of these co-distributed taxa across

four replicate Southland river drainages.

Methods

Two sympatric native fish species (Galaxias gollumoides

and G. ‘southern’; Burridge et al., 2007, 2008; Crow et al.,

2010) were sampled from four large rivers (Fig. 1) in

Southland, New Zealand. Collections were made with

the aid of electric fishing apparatus and/or pole nets, as

previously described (Burridge et al., 2007). A total of

429 fish from 95 localities were analysed (Table 1). All of

the rivers sampled are similar in length (100–250 km in

length: Table 1), and sampling effort was comparable for

both taxa. Specifically, around 50 individuals per river

Fig. 1 Sampling localities for the two co-distributed Galaxias taxa

in four Southland river drainages (Mataura, Oreti, Aparima and

Waiau rivers), South Island, New Zealand. Summary details in

Table 1.

Fig. 2 Photograph of the Von River, Southland, New Zealand, with

schematic representation of the contrasting habitat preferences

(dashed lines) of Galaxias gollumoides (blue: low-velocity, pools,

backwaters and swamp habitats) and Galaxias ‘southern’ (red: high-

velocity, main-channel riffle habitats).
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were sampled for each species, incorporating approxi-

mately 10 localities per river (Table 1, Fig. 1).

Mitochondrial DNA data sets comprised previously

published mtDNA sequence data from cytochrome b

(856 bp) and control region (768 bp) fragments (Burridge

et al., 2007), with a maximum of 1624 bp sequenced per

individual. All sequences analysed for this study are

available from GenBank (details in Burridge et al., 2007).

While these data have previously been used for among-

river differentiation analyses, they have not previously

been used for detailed comparative analyses of within-

river differentiation.

We used /ST (Excoffier, Smouse & Quattro, 1992) com-

puted using AMOVA in Arlequin (Excoffier & Lischer,

2010) as a measure of variation attributable to genetic

subdivision among population samples. These calcula-

tions incorporated genetic distances among haplotypes,

estimated using the Kimura (1980) 2-parameter model.

Values for G. gollumoides and G. ‘southern’ were com-

pared using a two-sample test (unpaired; Sokal & Rohlf,

1981). Uncorrected genetic divergences among sequences

within each river were calculated using PAUP 4.0a142

(Swofford, 2015). Numbers of distinct haplotypes in each

data set were assessed via UPGMA analysis performed

on absolute distances among sequences, using PAUP.

Results

Levels of within-river mtDNA haplotypic diversity were

similar for both taxa (e.g. mean 23 haplotypes per river

in Galaxias gollumoides, versus 19 per river in G. ‘south-

ern’; Table 1). In contrast, G. gollumoides showed larger

mean sequence divergences among individuals within

rivers (0.7%) than did G. ‘southern’ (0.2%). The taxa also

showed contrasting maximum divergence values per

river (mean 1.6% in G. gollumoides, 0.7% in G. ‘south-

ern’).

Significant partitioning of genetic variation among

sites was detected in seven of eight cases (Table 1).

Despite the similar numbers of haplotypes detected in

both taxa, the spatial partitioning of this variation

within- versus among-sampling localities within rivers

showed major contrasts. Specifically, in every river

sampled, G. gollumoides showed substantially higher

among-population differentiation than was evident in

G. ‘southern’. In particular, the mean within-river /ST

value for G. gollumoides (0.539) was approximately four

times larger than the corresponding value for G. ‘south-

ern’ (0.142) (Table 1). An F-test failed to reject equality

of variances in /ST between species (F3,3 = 5.37,

P = 0.20). Means of /ST were significantly different

between species (t6 = 2.93, P = 0.03). As biogeographic

ranges of the taxa are nearly identical, and collections

were made over similar (broadly overlapping) spatial

scales (Fig. 1), this effect cannot be attributed to differ-

ences in the geographic scope of sampling.

Notably, we detected clear regional differentiation

among Mataura River samples of G. gollumoides, with

the Mokoreta subcatchment (Fig. 1) (n = 28; five locali-

ties) represented by a distinctive phylogeographic clade,

with a minimum divergence of 1.1% relative to other

Mataura sequences (n = 75; 26 sites). No such regional

clades were detected within rivers for G. ‘southern’.

Discussion

This study provides support for the apparent role of

habitat preference in shaping genetic diversity within

river drainages. Although the vast majority of popula-

tions analysed exhibited significant within-river genetic

differentiation among sampling sites, G. gollumoides

showed consistently higher within-river differentiation

than was evident in G. ‘southern’. In particular, the

relative proportion of genetic variance explained by

Table 1 Genetic diversity within Southland popu-

lations of freshwater-limited Galaxias taxa. Locali-

ties are shown in Fig. 1. River length, sample size

(n), number of haplotypes (hap), mean (avg d)

and maximum (max d) uncorrected genetic diver-

gence values (%) between pairs of sequences, and

proportion of genetic variance distributed among

sites (/ST) are indicated for each river. Significant

differentiation is indicated by bold text, and mean

values for each species are given in italics.

Species River

Length

(km) Sites n Hap

Avg

d

Max

d /ST P

gollumoides Mataura 240 31 103 42 1.2 2.7 0.511 <0.001
Oreti 203 15 65 25 0.3 1.2 0.198 0.006

Aparima 102 6 24 10 0.4 1.0 0.712 <0.001
Waiau 217 8 34 16 0.7 1.5 0.736 <0.001

191 15 56.5 23.25 0.7 1.6 0.539

‘southern’ Mataura 240 7 45 14 0.2 0.6 0.195 <0.001
Oreti 203 14 63 29 0.3 1.0 0.109 0.008

Aparima 102 6 40 11 0.2 0.8 0.009 0.390

Waiau 217 8 55 22 0.1 0.4 0.256 <0.001
191 8.8 50.8 19 0.2 0.7 0.142
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among-population comparisons (versus within-popula-

tion comparisons) within G. gollumoides was approxi-

mately four times greater than that detected in

G. ‘southern’. The relatively ‘fragmented’ genetic struc-

ture that typifies G. gollumoides could also explain the

relatively high mtDNA sequence divergence values

detected within this species (Table 1).

As predicted, the high-velocity, main-channel habitat

preference of G. ‘southern’ is reflected by relatively low

within-river genetic differentiation, whereas populations

of the low-velocity species G. gollumoides are apparently

isolated in discontinuous low-velocity habitats. In addi-

tion to increased dispersal potential of G. ‘southern’

mediated by water velocity alone, the increased habitat

continuity provided by through-going gravel beds and

gravel bars that characterise these systems (Fig. 2)

apparently facilitates relatively high connectivity for this

species throughout each catchment. These consistent

spatial genetic contrasts suggest that subtle ecological

differences relating to habitat preference can strongly

influence population connectivity patterns. Furthermore,

as these comparisons involve closely related taxa

(Waters et al., 2010), it is less likely that they have

diverged in attributes (other than their habitat prefer-

ences) that could also influence population-genetic struc-

turing (Dawson et al., 2002). This study therefore adds

to a growing body of comparative phylogeographic liter-

ature emphasising the potentially substantial impacts of

freshwater ecology and life-history variation on spatial

genetic differentiation in fishes (Tibbets & Dowling,

1996; Turner et al., 1996; Whiteley, Spruell & Allendorf,

2004; Hickerson & Cunningham, 2005). Future analyses

should incorporate larger numbers of sympatric lineages

to further address ecological factors affecting population

connectivity within freshwater systems.

The genetic isolation of native galaxiid populations

may be partly explained by the competitive and preda-

tory impacts of introduced salmonids (Townsend &

Crowl, 1991), as all of the river systems studied here

contain abundant salmonid populations. Whereas

G. ‘southern’ is apparently able to coexist with salmo-

nids in braided main-channel habitat, G. gollumoides has

seldom been found coexisting with salmonids. However,

the strong phylogeographic differentiation detected

within Southland G. gollumoides suggests that this struc-

ture substantially predates the anthropogenic impacts

associated with salmonid introductions 150 years ago

(McDowall, 1990). For instance, the substantial genetic

differentiation between upper versus lower (Mokoreta;

Fig. 1) Mataura G. gollumoides (minimum mtDNA

sequence divergence 1.1%) is likely to have relatively

ancient geological origins (Burridge et al., 2007). Specifi-

cally, under the geologically derived galaxiid

mtDNA calibration outlined by Craw et al. (2008), this

depth of differentiation is estimated to reflect popu-

lation divergence approximately 100 000 years before

present.

In addition to increased levels of genetic diversifica-

tion, the relatively high genetic fragmentation observed

within G. gollumoides suggests its populations are likely

to be relatively prone to local extinction. This conclusion

is echoed by recent conservation status assessments,

which list G. gollumoides as ‘declining’, whereas

G. ‘southern’ is considered ‘not threatened’ (Allibone

et al., 2010). We suggest that native fish conservation

policies in these rivers should take account of this lim-

ited connectivity, with isolated G. gollumoides popula-

tions managed as separate entities. While removal of

invasive salmonids would likely facilitate localised pop-

ulation recoveries of G. gollumoides in these Southland

river systems, intrinsic ecological barriers presented by

main channels are likely to continue to constrain within-

catchment connectivity in G. gollumoides.
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