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DOES FISH ECOLOGY PREDICT DISPERSAL
ACROSS A RIVER DRAINAGE DIVIDE?
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Obligate freshwater taxa are frequently distributed among catchments isolated by marine and terrestrial barriers. Such distributions
can arise through vicariant changes in drainage geometry, or dispersal via intermittent freshwater connections. We employed two
adjacent rivers in southern New Zealand to test for interdrainage dispersal while controlling for historical drainage geometry,
and analyzed four ecologically distinct freshwater-limited fish taxa to assess any relationship with habitat preference. Individuals
from the Mararoa and Oreti catchments (n >100 per species) were sequenced for a minimum of 1297 bp of mitochondrial DNA
(cytochrome b and control region). Phylogeographic relationships were consistent with ecological expectations of interdrainage
dispersal capability, with the two obligate riverine taxa each exhibiting reciprocal monophyly between catchments, whereas
the two facultative swamp dwellers revealed paraphyletic relationships, one of which shared a haplotype between catchments.
Statistical phylogeography, accommodating taxon-specific mutation rates and the known age of the last major riverine connection
between these catchments, rejected complete isolation of populations for one of the swamp dwellers. Therefore, dispersal across a
young (145–240 kyr) drainage divide is inferred for one species, and can be predicted to some extent by species ecology. Moreover,
our study highlights the importance of historical drainage geometry when assessing the causes of contemporary genetic structuring
in freshwater taxa.
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Freshwater-limited taxa are commonly distributed among
drainages isolated from one another by marine and terrestrial habitats (Banarescu 1990). However, given their reliance on the freshwater environment, how do these taxa develop such distributions?
Possible mechanisms can be divided into two classes: loss of intervening freshwater environment (vicariance), or chance movement between otherwise isolated habitats (dispersal). Craw et al.
(2007b) summarized several geomorphological mechanisms that
could mediate vicariance or dispersal in freshwater-limited taxa.
Vicariance could involve capture of river tributaries by neighboring drainages (i.e., the displacement of stream sections between
adjacent catchments; Fig. 1A; Banarescu 1990; Bishop 1995), or
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glacial-eustatic changes in sea level drowning stream junctions
(Fig. 1B; Banarescu 1990). Alternatively, dispersal could be facilitated by divide inundation during flooding (Fig. 1C; Bishop
1995; Thacker et al. 2007), such as the Rupanuni floodplain region of Guyana, intermittently connecting the Amazon catchment
with a Caribbean drainage (Hamilton et al. 2002). Tributaries
near drainage divides may also periodically discharge to different
catchments at different times, depending on the vagaries of sediment accumulation or erosion near the divide (Fig. 1D). Likewise,
a lake or swamp on a drainage divide may discharge alternately between different catchments—or flow into both simultaneously—
depending on the integrity of the impounding walls, providing
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1. Six geomorphological processes (A-F) by which
freshwater-limited taxa could have become distributed in catchments presently isolated from one another by marine and terrestrial barriers (modified from Craw et al. 2007b).

Figure

opportunities for either intermittent or continuous dispersal between catchments (Fig. 1E–F; Banarescu 1990). Dispersal could
also be mediated by biological vectors, such as the hypothetical
“eggs on ducks feet” mechanism (Unmack 2001). Regardless, it
seems likely that the ability of freshwater-limited species to exploit these dispersal mechanisms will be dictated to some extent
by their ecological attributes and habitat requirements (Hurwood
and Hughes 2001; Thacker et al. 2007).
Although several studies have examined intrinsic (Tibbets
and Dowling 1996; Turner et al. 1996; Turner and Trexler 1998;
Whiteley et al. 2004; Turner and Robison 2006; Cook et al.
2007) and extrinsic (Currens et al. 1990; Shaw et al. 1994; King
and Wallis 1998; Esa et al. 2000; McGlashan and Hughes 2000;
Costello et al. 2003; Taylor et al. 2003; Roy et al. 2006) factors influencing dispersal of freshwater-limited fish within catchments,
comparatively few researchers have examined movement of such
taxa between catchments. Those to address this issue have typically invoked ad hoc historical changes to drainage geometry,
often in the absence of any geological evidence (e.g., Waters et al.
1994; Durand et al. 1999; Kreiser et al. 2001; Froufe et al. 2003).

As stated by Bishop (1995), while “drainage rearrangements may
be an evidently obvious and readily invoked explanation for genetic differences . . . it may not necessarily be the correct explanation.” The perceived biogeographic significance of river capture may, therefore, have been overestimated by previous studies
(Bishop 1995; Unmack 2001; Smith and Bermingham 2005). Interdrainage dispersal via intermittent “wet connections,” such as
swamps on low drainage divides, may represent an important alternative mechanism of range expansion in freshwater-limited taxa
(Hurwood and Hughes 1998; Unmack 2001; Craw et al. 2007b;
Thacker et al. 2007).
To assess the biogeographic significance of intermittent “wet
connections” between otherwise isolated catchments, it is necessary to choose a geographic system with a well-characterized history. In particular, it is essential that any past changes in drainage
geometry have been identified and dated using geological techniques, or can be safely refuted. Otherwise, genetic relationships
suggestive of recent dispersal between isolated catchments via
intermittent “wet connections” (e.g., catchment paraphyly) could
actually represent signatures from a period during which a main
channel connection existed, particularly if such a connection was
recent and effective population sizes were large (Neigel and Avise
1987; Hudson and Turelli 2003; Rosenberg 2003). In addition,
to determine whether ecological attributes specifically moderate
interdrainage dispersability, it is preferable to perform comparative analyses on closely related taxa that are likely to vary only
in the ecological attributes of interest, rather than on unrelated
taxa that differ in any number of ecological or physiological traits
(Williams 1994; Turner and Trexler 1998; Dawson et al. 2002;
Whiteley et al. 2004; Hickerson and Cunningham 2005). The taxa
compared should also be broadly overlapping in distribution, such
that they are exposed to the same environments (Dawson et al.
2002; Froufe et al. 2003). Comparative studies of unrelated taxa,
by contrast, are better suited to questions of biogeographic congruence (e.g., Carstens et al. 2005; DeChaine and Martin 2006).
The dynamic geological history of rivers in New Zealand’s
South Island has been well characterized (e.g., Turnbull 1980;
McIntosh et al. 1990; McAlpin 1992; Craw et al. 1999; Turnbull
2000; Craw and Norris 2003; Craw and Waters 2007; Craw et al.
2007a,b), and thus represents a valuable system for studies of intercatchment dispersal in freshwater-limited taxa. River histories
are particularly well documented due to the informative geological record preserved in local river terraces. River terraces are
remnants of old river gravel deposits preserved on valley walls,
and their gradients reflect paleodrainage direction. River terraces
often occur as a series of “steps” up a valley wall, reflecting the
past series of glaciations, against which the ages of paleodrainage
geometries can be determined.
This study focuses on two neighboring rivers in southern
South Island, the Mararoa and Oreti rivers (Fig. 2). These rivers
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Figure 2. Sampling sites of Galaxias (G. paucispondylus, G. gollumoides, G. “southern”) and Gobiomorphus breviceps collected from
southern New Zealand (collection details in Appendix). White- and black-filled circles correspond to the contemporary Mararoa and Oreti
catchments, respectively. Arrows indicate the paleochannels linking the Mararoa and Oreti, and the chronology of these connections is
described in the insert (see Craw et al. 2007b).

originated with the rise of the mountains in their headwaters during the Pliocene (2–5 Myr BP), and drained toward the southwest
(Fig. 2, inset A), depositing large volumes of gravel—the Prospect
Formation (Turnbull 2000). This drainage pattern persisted until
the middle Quaternary (< 1 Myr BP), when major glaciations in
the mountains to the west diverted drainage toward the east, and
glacial outwash gravels inundated intervening ridges (Fig. 2, inset B). High gravel terraces as old as 340 kyr are still preserved
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from this stage (Turnbull 2000; Craw et al. 2007b). The Mararoa
and Oreti rivers became progressively incised into these old gravels, but drainage toward the east persisted, and the two rivers were
joined where underlying bedrock ridges were low (Fig. 2, inset C).
Eventually, incision into gravels became so deep that the Mararoa
River returned to southwestward flow, as at present, and became
separated from the Oreti River (Fig. 2, inset D). The lowest parts of
the divide between the two rivers (arrowed, Fig. 2) are defined by
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gravel terrace remnants (Turnbull 2000; Craw et al. 2007b). The
terrace level that forms these divides has not been dated because
suitable material is lacking, but it lies approximately halfway between a higher terrace that is ca. 240 kyr, and a lower terrace that
is ca. 145 kyr (Craw et al. 2007b). Hence, the age of separation is
most likely to be ca. 190 kyr, with separation ages becoming less
likely toward the upper and lower terrace age limits.
The Oreti and Mararoa are presently separated by low relief topography (50–70 m above valley floor) in the two regions
that correspond to paleochannel connections (Fig. 2; Craw et al.
2007b), and this relief would have been even lower in the past,
owing to main channel incision that has occurred on either side.
Swamps or headwater streams on these low divides may have facilitated intercatchment dispersal via intermittent “wet connections”
in species able to exploit such habitats (Fig. 1D–F). Although the
Oreti River has experienced recent connections with neighboring catchments to the north (Von River, 70–11 kyr BP; Turnbull
1980, 2000; Craw and Norris 2003; Craw et al. 2007b), south
(Aparima River, 12–24 kyr BP; Turnbull and Allibone 2003) and
east (Mataura River, 350–120 kyr BP; McIntosh et al. 1990), none
of these additional systems has been connected to the Mararoa
more recently than the Oreti (Turnbull and Allibone 2003; Craw
et al. 2007b). For the sake of clarity, therefore, the current study
focuses exclusively on the adjacent Mararoa and Oreti systems.
The aim of this study is to compare phylogeographic relationships among the four freshwater-limited fish taxa that occupy
the Mararoa and Oreti systems, and test for interdrainage dispersal
subsequent to drainage divide formation 145–240 kyr BP. We also
test the hypothesis that interdrainage dispersal is predictable on the
basis of fish ecology, as we study three closely related but ecologically divergent galaxiid species (Galaxiidae; Waters et al. 2001b;
Waters and Wallis 2001a,b), and a completely unrelated taxon
(Eleotridae). Galaxias paucispondylus and G. “southern” (the latter previously synonymous with G. depressiceps, Waters and Wallis 2001b) occupy fast flowing high-order streams over gravelboulder substrates, typically representing significant tributaries
or main channels of large rivers (McDowall 2000; Crow 2007). In
contrast, Galaxias gollumoides occupies steep headwater streams
over gravel-boulder substrates, swamps, and small, slow, low gradient streams over soft sediment substrates (McDowall and Chadderton 1999; McDowall 2000; Waters et al. 2001b; Crow 2007).
The completely unrelated species, Gobiomorphus breviceps, often occurs in swampy conditions, but also inhabits more riverine
habitats excluding steep headwater streams (Jowett and Richardson 1995; McDowall 2000). Despite the contrasting ecologies of
these species, fine-scale habitat heterogeneity permits all four to
occur in close proximity in the Mararoa and Oreti systems.
We predict that swamp-dwelling taxa G. gollumoides and
Go. breviceps will exhibit the genetic signature of dispersal
across the Mararoa–Oreti drainage divide, as they should be able

to traverse swampy or low order stream connections between
catchments (Fig. 1D–F). In contrast, we predict that riverine taxa
Galaxias “southern” and G. paucispondylus will show evidence
of complete isolation across the drainage divide, as these species
do not occur in swampy habitats or low-order streams. These
predictions are consistent with preliminary genetic data collected
for two of these species as part of an unrelated study investigating
the affinities of Von River Galaxias; G. “southern” exhibited
reciprocal monophyly of Mararoa and Oreti mitochondrial
haplotypes, where as G. gollumoides exhibited paraphyletic
relationships between these drainages (Burridge et al. 2007).
However, here we undertake more intensive sampling of these
species in the vicinity of the Mararoa–Oreti divide, with matching
sampling of G. paucispondylus and Go. breviceps. We apply
statistical phylogeographic analyses (Knowles and Maddison
2002; Knowles 2004) to rigorously assess whether population
isolation under neutral coalescence can be discounted for any
discordance between empirical gene trees and contemporary
catchment boundaries, given the explicit temporal framework of
main channel connection and isolation.

Materials and Methods
SAMPLING

In geographic terms, our sampling program targeted two low
divides: potential sites for interdrainage dispersal between the
Mararoa and Oreti river systems. Incidentally, these low relief
regions also correspond to paleochannel connections between
the Mararoa and Oreti rivers (Fig. 2; Craw et al. 2007b). Eight
“zones” in each of the Mararoa (zones A–H) and Oreti (zones I–P)
systems were sampled, with the aim of obtaining approximately
five individuals of each species per zone (Fig. 2; Appendix). Outgroups for Mararoa and Oreti G. gollumoides, G. paucispondylus,
and Go. breviceps were provided by conspecific individuals from
the Nevis and Clutha rivers, whereas the outgroup for Galaxias
“southern” was provided by Clutha G. sp. “D”. Fish samples were
collected using a backpack electric fishing apparatus. Continuous
current was applied in a manner to draw out and stun fish present.
These were captured using dip nets in pools and backwaters, or
using a pole net in flowing water. Fish were anesthetized with 2phenoxy-ethanol and then preserved on dry ice or in 95% ethanol.
MITOCHONDRIAL DNA SEQUENCE ANALYSIS

Protocols employed for total DNA extraction, PCR amplification,
and sequencing of galaxiid mitochondrial cytochrome b gene (cyt
b) and control region (CR) followed Burridge et al. (2006). The
complete cyt b of galaxiids was amplified with primers cytb-Glu
and cytb-Thr (Waters and Wallis 2001a), and sequenced with cytbGlu, yielding a minimum of 764 bp, whereas CR was amplified
with primers P3 and SPHE (Waters and Wallis 2001a), and
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sequenced with P3, yielding a minimum of 763 bp. Cyt b of
Go. breviceps was amplified using primers L14724 (Pääbo et al.
1990) and H16498 (Meyer et al. 1994) under the same conditions
as galaxiid cyt b, and sequenced with L14724 (and occasionally
H15149; Kocher et al. 1989), yielding 898 bp. PCR amplification
and sequencing of Go. breviceps CR employed the protocol of
Smith et al. (2003), yielding 399 bp. Length variation was absent
from both regions with the exception of a single nucleotide indel
in Go. breviceps CR.
Measures of haplotype (h) and nucleotide () diversity (Nei
1987) were calculated for each catchment using Arlequin 2.001
(Schneider et al. 2000). Evidence for non-neutrality of mitochondrial DNA variation or recent population expansion was assessed
based on Tajima’s D (Tajima 1989) and Fu’s F s (Fu 1997) statistics and the number of segregating sites, calculated using DNASP
4.10.9 (Rozas et al. 2003). Confidence limits for Tajima’s D were
obtained following equation (47) of Tajima (1989), and for Fu’s
F s via 10,000 neutral coalescent simulations (constant population
size) based on the sample size and number of segregating sites
(Ramos-Onsins and Rozas 2002). We combined cyt b and CR
datasets during phylogenetic analyses, consistent with the facts
that the mitochondrial genome is predominantly nonrecombining,
and that separate analyses of the two regions were largely congruent. Phylogenetic relationships among mtDNA sequences were reconstructed via maximum parsimony, maximum-likelihood, and
Bayesian analysis following the methods detailed in Burridge et al.
(2007), with minor differences. During Bayesian analysis, three
of the Markov chains were heated according to “Temp = 0.05”
for G. paucispondylus to improve mixing among chains rather
than “Temp = 0.1.” For all taxa, the attainment of asymptotes
(stationarity) for LnL and nucleotide substitution model parameters during Bayesian analysis was achieved within the first 105
generations. Convergence of duplicate Bayesian runs (107 generations) was indicated by an average standard deviation of split
frequencies between runs of approximately 0.01 or less; starting
values were between 0.10 and 0.14, values less than 0.02 were
attained within the first 0.6 × 106 generations. Consequently, the
first 104 trees sampled (106 generations) were discarded as “burnin” before the calculation of a consensus topology and bipartition
posterior probabilities.
STATISTICAL PHYLOGEOGRAPHY

Coalescent simulation was employed to determine whether empirical gene trees are consistent with an explicit model of population isolation (online Supplementary Fig. S1). A critical factor in the reliability of statistical phylogeography is the applicability of population model topology and demographic parameters to the actual history (Knowles 2004; Knowles and Carstens
2007). In this instance, the geological framework of Mararoa and
Oreti main channel isolation provides a simple and accurate model
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population topology (Craw et al. 2007b). In addition, the age of
main channel isolation is well constrained by dated river terraces
(Craw et al. 2007b), and female generation times appear to be 1–2
years for freshwater-limited Galaxias, and 2 year for Go. breviceps (Hopkins 1971; Staples 1975; McDowall 2000; Hamilton and
Poulin 2001). Fluctuate1.4 (Kuhner et al. 1995) was employed for
the calculation of  under the assumption of constant population
size.
We modeled stochasticity in both gene lineage coalescence
and the nucleotide substitution processes using the Coalescence
and Batch Architect modules of Mesquite 1.11 (Maddison and
Maddison 2005, 2006; Maddison 2006). First, we simulated 1000
genealogies under neutral coalescence for the observed number
of haplotypes in each population, along the demographic model
of population connectivity and effective sizes (online Supplementary Fig. S1). These genealogies simulate patterns of mother–
daughter descent (going forward in time) and haplotype inheritance. Second, we simulated a nucleotide dataset along each of
the simulated genealogies, to accommodate the fact that an empirical genealogy is only an estimate of the actual genealogy based
on DNA sequence variation, and this reconstruction is subject
to error. Nucleotide datasets were simulated under the model of
nucleotide substitution inferred for the combined cyt b and CR
regions by ModelTest (Posada and Crandall 1998). The “scaling
factor” was optimized such that the mode of the minimum tree
lengths obtained from parsimony analysis of the simulated nucleotide datasets (PAUP∗ , hsearch addseq = random, nrep = 1,
maxtrees = 100, timelimit = 10) approximated the minimum tree
length derived from the empirical data. The parsimony trees derived from the simulated datasets were then compared to the contemporary catchment boundaries to construct null distributions
of the s statistic (Slatkin and Maddison 1989), against which the
score from the empirical topology was compared.
We varied effective population sizes (N e )—assuming constant ratios between populations that matched those of —to determine the N e at which 95% of the simulated s values were less
than the empirical s (N e critical). Below this N e the discordance
between the empirical genealogy and catchment boundaries is
greater than could be expected under neutral coalescence given the
hypothesized history of population isolation. We then assessed under what combinations of mutation rate and  the N e critical could
be realized, and hence whether the null hypothesis of neutral coalescence for the observed discrepancy between the empirical gene
tree and contemporary catchment boundaries is rejectable. Although statistical phylogeographic studies have predominantly relied on perceived “universal” nucleotide substitution rates (u), often derived from distantly related taxa, here we employ rates from
a series of galaxiid and Go. breviceps calibrations (Burridge et al.
2008), which are obviously more appropriate to the current study
(Arbogast et al. 2002). In addition, as the majority of these rates
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have been calibrated for freshwater isolation events within the
last million years, they enable us to apply values applicable to the
timescale of Mararoa–Oreti isolation given that appropriate rates
may be time- as well as taxon-dependent (Ho et al. 2005; Burridge
et al. 2006, 2008; Ho and Larson 2006; Waters et al. 2007).
ISOLATION WITH MIGRATION ANALYSIS

Coalescent analyses were also performed under the isolation
with migration model of Nielsen and Wakeley (2001). This
model involves analysis of a single nonrecombining locus in
two closely related populations that were geographically isolated
some time in the past, but may have experienced subsequent gene
flow. Using the IM software (http://lifesci.rutgers.edu/∼heylab/
HeylabSoftware.htm), genealogical topologies were simulated
and updated along a Markov chain Monte Carlo during which
six model parameters were recorded (divergence time, ancestral
and two contemporary , forward and reverse migration rates).
The mitochondrial cyt b and CR were combined during analysis
as justified above, and to maximize the information that could
be obtained from each simulated genealogical history. Nucleotide
substitution was assumed to follow the HKY model—IM’s closest
approximation of the models selected by ModelTest. Where possible, upper bounds of parameter priors were set such that posterior
distributions were fully contained within them, with peaks then
representing maximum-likelihood estimates. A minority of posteriors for  and divergence time contained infinite nonzero tails,
but the peaks in these distributions appear insensitive to analyses
under alternate priors. Markov chain Monte Carlo searches em-

ployed four chains, three of which were incrementally heated to
promote broader searching of parameter space. After a burn-in
period of 105 generations, parameter trend line plots were examined for the attainment of stationarity, and parameter values
were subsequently recorded every 10 generations. Independence
of samples collected along a chain was assessed via their autocorrelation statistics, and runs were continued until the Effective
Sample Size exceeded 100 for all parameters. Independent runs
using different random number seeds were conducted to assess
convergence upon the true stationary distribution.

Results
VARIATION WITHIN AND AMONG CATCHMENTS

All DNA sequences collected during this study are available from
GenBank (accession numbers EU512434-893). The number of
haplotypes observed for each species, the number of variable nucleotide sites, haplotype, and nucleotide diversity, and levels of
uncorrected sequence divergence within and between catchments,
are listed in Table 1. Cyt b exhibited a greater proportion of variable sites than CR in the galaxiids, but not in Go. breviceps (Table
1). Maximum intracatchment divergence exceeded minimum intercatchment divergence for all taxa except G. “southern” (Table
1). Only one haplotype was shared between the Mararoa and Oreti
catchments, observed for Go. breviceps. Genetic diversity was
similar between catchments for each galaxiid species, whereas
Go. breviceps diversity in the Mararoa was less than half that of
the Oreti (Table 1). Haplotype diversity was higher in obligate

Sampling intensity (n) and mitochondrial genetic variation for freshwater-limited species of Galaxias and Gobiomorphus within
the Mararoa and Oreti catchments from southern New Zealand. Divergences represent uncorrected p-distance, and models represent
those selected by ModelTest under the hierarchical likelihood ratio test.

Table 1.

G. paucispondylus
Mararoa

Oreti

G. “southern”
Mararoa

G. gollumoides
Oreti

n
61
56
59
55
Number of haps
24
29
25
27
Haplotype diversity
0.9355
0.9221
0.8153
0.9455
Nucleotide diversity
0.0023
0.0019
0.0012
0.0025
−1.708
Tajima’s (1989) D
−0.682
−2.096∗ −2.149∗
∗
Fu’s (1997) F s
−10.778
−23.335∗ −24.434∗
−16.511∗
Variable sites: cyt b
38 (4.3%)
59 (7.7%)
Variable sites: CR
19 (2.5%)
25 (3.2%)
Max. intracatchment divergence 0.0068
0.0092
Min. intercatchment divergence
0.0048
0.0256
Model: cyt b
TrN+
TrN
CR
HKY+I+
HKY+I
Combined
HKY+I+
TrN+I+

Mararoa

Oreti

Go. breviceps
Mararoa

Oreti

43
60
67
36
14
20
6
14
0.8682
0.8701 0.3524
0.7797
0.0051
0.0035 0.0004
0.0015
1.040
−1.016 −1.575
−0.956
0.910
−3.500 −3.841∗
−4.968
29 (3.8%)
13 (1.4%)
23 (3.0%)
7 (1.8%)
0.0164
0.0023
0.0039
0.0000
TrN+I
TrN
F81
F81
TrN+I+
TrN

∗ P significant at  = 0.05.
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riverine taxa (G. paucispondylus, G. “southern”) relative to
“swamp-dwellers” (G. gollumoides, Go. breviceps) (Table 1). In
contrast, the “swamp-dwelling” taxa exhibited higher nucleotide
diversity than the obligate riverine taxa (with the exception of
Go. breviceps in the Mararoa) (Table 1). Neutrality of mtDNA sequence variation was not rejected in the Mararoa and Oreti for G.
gollumoides, or for Go. breviceps in the Oreti (Tajima’s D and Fu’s
F s ; Table 1). Neutrality was rejected, however, for Go. breviceps
in the Mararoa (Fu’s F s only, Table 1), and in both catchments for
G. paucispondylus and G. “southern” (Fu’s F s for each catchment,
Tajima’s D in the Oreti and Mararoa for G. paucispondylus and
G. “southern,” respectively; Table 1).
PHYLOGEOGRAPHIC RELATIONSHIPS

Maximum-likelihood, maximum parsimony, and Bayesian analyses were concordant with respect to the composition and support for major clades (Fig. 3). Mararoa and Oreti haplotypes represented well-supported monophyletic assemblages for G. paucispondylus and G. “southern” (1.00 Bayesian bipartition probability [pP], > 96% parsimony bootstrap proportion [BP]; Fig. 3).
In contrast, G. gollumoides exhibited paraphyly among catchments, with a small number of Mararoa and Oreti haplotypes
forming a well-supported clade (0.99 pP, 96% BP) intermediate to “pure” and well-supported Mararoa and Oreti assemblages
(Fig. 3). In comparison to the galaxiids, Go. breviceps exhibited
much shallower divergence among haplotypes in general (Fig. 3).
One Go. breviceps haplotype was shared between the Oreti (frequency = 0.13) and Mararoa (frequency = 0.81).
STATISTICAL PHYLOGEOGRAPHY

As G. gollumoides and Go. breviceps did not exhibit reciprocal monophyly across the Mararoa–Oreti drainage divide, we assessed the effective population sizes (N e ) under which the observed magnitudes of gene- and population-tree discordance were
no longer compatible with population isolation under neutral coalescence. The N e at which 0.95 of the gene trees from simulated
datasets exhibited less discordance with the population tree than
was observed for the empirical gene tree (N e critical) approximated 133,000 and 199,000 for Mararoa and Oreti populations of
G. gollumoides, and 37,000 and 107,000 for corresponding populations of Go. breviceps. Combinations of  and u that yield N e
greater than or less than N e critical are shown in Fig. 4.
Under the slowest of 13 galaxiid mtDNA rate calibrations (5
Myr isolation event, Burridge et al. 2008), N e exceeds N e critical
for all plausible values of  (Fig. 4), and therefore the magnitude
of empirical gene- and population-tree discordance observed in
this taxon can be explained by population isolation under neutral coalescence. Along similar lines, molecular rates that appear
applicable to time scales in excess of 100–200 kyr in galaxiids
(“asymptotic” rate; Burridge et al. 2008) do not reject population

1490

EVOLUTION JUNE 2008

isolation under neutral coalescence unless  are assumed to be
close to their lowest plausible estimates (Fig. 4). Therefore, the
null hypothesis of no interdrainage gene flow in G. gollumoides
cannot be rejected unless we are willing to accept much faster
molecular rates or smaller values of  (Fig. 4). These analyses
employed a 1-year female generation time. Employing a 2-year
female generation time suggested by some life-history studies of
freshwater-limited galaxiids would make rejection of null hypothesis even more unlikely.
Three substitution rate calibrations are available for Go. breviceps at present (Burridge et al. 2008). Under the slowest substitution rate (5 Myr event, Burridge et al. 2008), N e exceeds N e critical
for all plausible values of  in the Oreti population, and for the vast
majority of  in the Mararoa, and hence population isolation under neutral coalescence is unlikely to be rejected. However, using
an intermediate substitution rate based on a calibration similar in
age to Mararoa–Oreti main channel isolation (70–130 kyr event,
Burridge et al. 2008), only  appreciably larger than the maximum
likelihood estimates yield N e greater than N e critical (Fig. 4), and
hence the null hypothesis of population isolation under neutral
coalescence is rejected in the majority. Once substitution rates
exceed ∼1.2 × 10−7 subs./site/generation the null hypothesis is
rejected exclusively, assuming that plausible values of  only exist
within the estimated 95% confidence limits (Fig. 4).
In general, it is apparent that different combinations of plausible nucleotide substitution rates and values of  will give different assessments of the null hypothesis in both species, but under
the most realistic conditions (calibrations derived from approximately the same time period, maximum-likelihood estimates of
) it appears that the null hypothesis of population isolation under
neutral coalescence is rejected for Go. breviceps, but not for G.
gollumoides.
ISOLATION WITH MIGRATION ANALYSIS

Galaxiid migration rate posteriors were consistent with complete
isolation of populations since their divergence; highest marginal
posterior probabilities were associated with negligible migration
(the bin comprising lowest migration rates), and then rapidly
declined to zero probability with increasing migration rate (online Supplementary Fig. S2). In contrast, Go. breviceps exhibited
a peak in probability for non-negligible migration, representing
movement from the Mararoa to the Oreti (online Supplementary
Fig. S2). Posterior probabilities for migration in the opposite
direction were highest for the bin of smallest migration rates,
but did not decline to zero probability with increasing migration rate as was observed for the galaxiids (online Supplementary
Fig. S2). The peak in the posterior distribution of the divergence
time parameter was also more recent for Go. breviceps than any
of the galaxiids (online Supplementary Fig. S2). Although the
time parameters obtained from reciprocally monophyletic datasets
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Figure 3. Bayesian inference majority-rule consensus topologies derived from mitochondrial DNA sequences (cyt b and CR) of Galaxias
(G. gollumoides, G. paucispondylus, G. “southern”) and Gobiomorphus breviceps collected from southern New Zealand. White-filled
circles indicate haplotypes present in the Mararoa, and black-filled circles indicate Oreti haplotypes. Values above branches represent
Bayesian bipartition posterior probabilities, whereas those below branches represent parsimony bootstrap percentages, when either of
the corresponding values were at least 0.95 (Bayes) or 70% (parsimony). Root placement based on Nevis and Clutha River outgroup
individuals is depicted by the arrow. Branch lengths are proportional to the scale bar for each tree, with G. “southern” and G. gollumoides
shown under identical scales, but G. paucispondylus and Gobiomorphus under scales that are an order of magnitude finer and coarser,
respectively. Shaded boxes indicate scores of the empirical trees for the s statistic of Slatkin and Maddison (1989), quantifying discordance
with the drainage divide.
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Figure 4. Statistical phylogeographic analyses of population isolation subsequent to drainage-divide formation in species exhibiting
paraphyletic relationships of individuals between catchments. Solid lines represent the critical values of effective population size (N e )
for Mararoa and Oreti catchments that will yield 0.95 of simulated genealogies with less gene tree–population tree discordance than
observed for the empirical datasets. Open and filled circles represent the 95% confidence limits and ML estimates of  for each population,
respectively. Dashed lines demarcate the plausible combinations of  and substitution rate (u) for each population that will yield the
critical N e . (A) Galaxias gollumoides. (B) Gobiomorphus breviceps. If a given combination of  and u yields an effective size lower than

the critical value (below the solid line), population isolation under neutral coalescence can be rejected for the observed level of empirical
gene- and population-tree discordance.

(G. paucispondylus, G. “southern”) are expected to suffer from
strong negative correlation with ancestral  (Wakeley and Hey
1997), such correlations were not observed, and the peak in time
parameter for G. gollumoides, which was not reciprocally monophyletic between catchments, was certainly older than that for Go.
breviceps.

Discussion
The aim of this study was to test for intercatchment dispersal in
a group of codistributed freshwater-limited fish, and to test for a
link with habitat preference. Although distributions of freshwaterlimited species among catchments presently isolated from one
another by marine or terrestrial barriers have predominantly been
considered the results of historical changes in drainage geometry
such as river capture (Banarescu 1990), the biogeographic significance of such drainage rearrangements may have been overstated
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(Bishop 1995; Unmack 2001; Smith and Bermingham 2005), and
intercatchment dispersal could also play a role (Hurwood and
Hughes 1998; Unmack 2001; Craw et al. 2007b; Thacker et al.
2007). Despite the evolutionary importance of allopatric distributions as potential initiators of cladogenesis and speciation (Coyne
and Orr 2004), and the somewhat paradoxical commonality of
such distributions in freshwater-limited taxa (Bilton et al. 2001),
until now there have been no formal tests of intercatchment dispersal in freshwater-limited fish, or whether the potential for such
dispersal is influenced by species ecology.

EVIDENCE FOR INTERCATCHMENT DISPERSAL
AND A RELATIONSHIP WITH ECOLOGY

We investigated four freshwater-limited fish species with different ecological attributes: G. paucispondylus and G. “southern”
are obligate riverine taxa, occupying swift main channel habitats, whereas G. gollumoides and Go. breviceps occupy swamps,
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slow-flowing streams, and in the case of G. gollumoides, steep
headwaters. Phylogeographic analyses were performed in the context of a well-characterized geographic system, where the main
channels of the Mararoa and Oreti rivers have been isolated since
145–240 kyr BP (Craw et al. 2007b). We predicted complete genetic isolation across the drainage divide for the two obligate
riverine taxa, but incomplete genetic isolation for the swampdwelling taxa that could have traversed the drainage divide via
intermittent “wet connections,” such as tributaries or swamps on
low saddles that periodically discharge to different catchments at
different times (Fig. 1D–F). The riverine taxa G. paucispondylus and G. “southern” exhibited strongly supported reciprocally
monophyletic relationships between the Mararoa and Oreti, consistent with genetic isolation (Fig. 3). In contrast, swamp-dwelling
taxa G. gollumoides and Go. breviceps exhibited paraphyletic relationships across the drainage divide, with one haplotype shared
between these catchments in the case of Go. breviceps (Fig. 3).
Although these initial observations are congruent with ecologically based predictions of dispersal across the drainage divide,
statistical phylogeographic analysis indicated that the degree of
discordance between the empirical gene tree and the population
tree for G. gollumoides does not exceed that which could be expected by chance under a history of complete population isolation
and neutral coalescence during the last 190 kyr, given estimates of
 and plausible nucleotide substitution rates. Migration rate posteriors from IM analysis were also consistent with complete isolation of G. gollumoides populations during the last 190 kyr (online
Supplementary Fig. S2). However, as predicted, statistical phylogeographic analysis of the swamp-dwelling taxon Go. breviceps
rejected complete isolation across the Mararoa–Oreti drainage divide during the last 190 kyr. IM analysis also revealed a peak
in marginal posterior probability for non-negligible Mararoa-toOreti migration, although its probability was only slightly higher
than another peak for negligible migration, and hence this analysis is compatible with both possibilities (online Supplementary Fig. S2). This ambiguity may reflect inadequate information
from a single locus to inform the IM analysis (e.g., Carstens and
Knowles 2007), which is parameter-rich relative to the statistical phylogeographic analysis based on parametric bootstrapping
under an explicit population history. IM analysis repeated with
fewer parameters (all  equal, migration rates symmetrical) revealed only a posterior probability peak for non-negligible migration, hence favoring incomplete isolation of populations (online
Supplementary Fig. S2).
Although some Gobiomorphus species are diadromous, larvae of Go. breviceps are found instream (McDowall 2000), and
there is no evidence of larvae returning from the sea. Likewise,
there is no evidence for recent low sea stand connection between the Waiau catchment (containing the Mararoa) and systems
further east (Craw et al. 2007b). It is unlikely that vector-mediated

dispersal (e.g., eggs on ducks feet) could be responsible for interdrainage dispersal, as Go. breviceps lays eggs under large rocks
(Hamilton et al. 1997). We also argue that the distribution of haplotypes between catchments, and the relationships among them
(online Supplementary Fig. S3), are unlikely to reflect anthropogenic translocation. Consequently, this study provides the first
strong genetic evidence of intercatchment dispersal via intermittent “wet connections” in a system in which drainage history has
been explicitly considered. We note that the findings of this study
rely on data from a single locus, and it is possible that our assumptions about the relationship between genetic diversity and
N e may not hold (Bazin et al. 2006). A more robust interpretation
awaits a multilocus assessment, which will also better inform IM
analysis.
COLONIZATION VERSUS GENE FLOW

Unlike Go. breviceps, the swamp-dwelling taxon G. gollumoides
does not provide any evidence for gene flow across the Mararoa–
Oreti divide. This finding is surprising, given that in addition to
the habitats occupied by Go. breviceps, G. gollumoides also occupies steep headwater streams over gravel–boulder substrates
(McDowall 2000), systems that may facilitate intermittent dispersal across axial valleys (Fig. 1D). Indeed, our sampling programme encountered G. gollumoides on the low saddles between
catchments, occupying “perched” tributaries above the main river
channel (e.g., sites Ob, Oc).
One possible explanation for the inferred lack of gene flow
for G. gollumoides is that our statistical phylogeographic analysis
may have been biased by inappropriate estimates of , nucleotide
substitution rate, or time since river isolation. However, IM analysis, which accommodates uncertainty in  and time since population isolation, returned highest marginal posterior probabilities
for negligible migration rates in G. gollumoides (online Supplementary Fig. S2). It should be noted that repeated statistical phylogeographic analysis with a 240 kyr separation time and 1-year
generation time—effectively maximizing the chance of reciprocal monophyly among catchments—did reject the null hypothesis
of population isolation under neutral coalescence across all plausible substitution rates and  (not shown). However, population
isolation of this age is considered unlikely, and is more likely to
be halfway between the two glacial dates bounding the change
in drainage geometry based on the relative elevations of the low
saddles and river terraces. The inference of a 2-year generation
time for G. gollumoides would also remove the significance of the
240 kyr test result.
An alternative explanation for the lack of evidence for interdrainage dispersal in G. gollumoides is that such dispersal does
not always leave a genetic signature, or may not be detected under a given sampling regime. We have previously hypothesized
that genetic signatures of immigrants to a river system are most
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likely to be preserved when they are not exposed to conspecific
individuals, either because the species was not previously represented in that system (i.e., colonization; Burridge et al. 2006), or
because immigrants are isolated from resident populations by the
presence of gorges or waterfalls (see also McGlashan and Hughes
2000; Taylor et al. 2003; Poissant et al. 2005; Burridge et al. 2007),
which are known to inhibit gene flow in many fish (e.g., Currens
et al. 1990; Costello et al. 2003; Taylor et al. 2003; Crispo et al.
2006), including freshwater-limited Galaxias (King and Wallis
1998; Esa et al. 2000). Otherwise, the genetic signature of immigrants could be lost during hybridization or genetic drift (Dowling
et al. 1989; Epifanio and Philipp 2000; Esa et al. 2000; Kreiser
et al. 2001; Lu et al. 2001; Ruber et al. 2001; Good et al. 2003;
Carson and Dowling 2006; Sousa-Santos et al. 2006), not withstanding competitive exclusion prior to reproduction (Marchetti
et al. 2004). In this instance, however, features such as large
gorges that could isolate immigrating individuals from residents
are lacking.
We suggest that the signature of interdrainage dispersal may
be particularly strong in Go. breviceps as this species may have
arrived in the Mararoa only recently. Although this is an ad hoc
argument, the pattern of genetic variation in this species bears the
hallmarks of “colonization”—in this case of the Mararoa—rather
than just “gene flow.” Specifically, haplotype diversity was appreciably higher in the Oreti (0.78) than the Mararoa (0.35), in contrast to galaxiid patterns (Table 1), and cannot be explained by differences in elevation (Shaw et al. 1994; Castric et al. 2001; Froufe
et al. 2003). One haplotype was also shared between catchments
but at a much higher frequency in the Mararoa (0.81 vs. 0.13), and
all other Mararoa haplotypes were linked back to this haplotype
prior to any other haplotypes observed in the Oreti (online Supplementary Fig. S3). The significance of Go. breviceps Fu’s F s in
the Mararoa, but not the Oreti, could also be explained by recent
population expansion into the former (Fu 1997; Ramos-Onsins
and Rozas 2002), although significant results are also obtained
for some of the obligate riverine galaxiids for which we do not
infer recent “colonization.” Although IM analysis appears to favor Go. breviceps migration in the direction opposite to this theory
(Mararoa to Oreti; online Supplementary Fig. S2), it may be biased
if the only gene flow between catchments was a colonization event,
as opposed to that occurring after initial population isolation, for
which this analysis was developed (Nielsen and Wakeley 2001).
Consistent with recent colonization of the Mararoa, Go. breviceps has a relatively shallow phylogenetic history in the southern
South Island, exhibiting low sequence divergence not only within
the Mararoa and Oreti systems (Fig. 4; Table 1), but also broadly
throughout the region in comparison to that observed for galaxiids
(e.g., Southland vs. Clutha genetic distances; Waters and Wallis
2001b; Smith et al. 2005; Burridge et al. 2007). Also in contrast
to galaxiids, Go. breviceps appears to lack multiple, distinct lin-
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eages within catchments in southern New Zealand (Waters et al.
2001a; Waters and Wallis 2001b; Smith et al. 2005; Burridge et al.
2007).
EVOLUTIONARY AND ECOLOGICAL SIGNIFICANCE OF
INTERCATCHMENT DISPERSAL

There is an ongoing debate regarding the significance of drainage
rearrangement as a mechanism for the formation of allopatric
distributions in freshwater-limited taxa (Bishop 1995; Unmack
2001; Smith and Bermingham 2005). Our study is the first to
present strong genetic evidence for intercatchment dispersal in a
freshwater-limited taxon while controlling for drainage history,
but we only observed it in one of the two taxa we expected based
on habitat preferences. It should be noted that the current study
encompasses a fairly short geological time scale, constrained
by the dynamic nature of drainage rearrangement in the New
Zealand landscape (e.g., McAlpin 1992; Turnbull 2000; Waters
et al. 2001a; Craw et al. 2007a). Contrasting results might be
expected in different settings, or over different periods of geological time. In more stable geological systems, for instance, one
might predict a more significant role for intercatchment dispersal
relative to changes in drainage geometry. Hence, correlations between fish ecology and interdrainage dispersal might be stronger
in Australia, for example, than in the current New Zealand setting.
Indeed, levels of molecular divergence across the Great Dividing
Range in Australia appear to appreciably postdate the uplift of
this landscape and putative ages of drainage reorientation events
(Musyl and Keenan 1992; Rowland 1993; Musyl and Keenan
1996; Hurwood and Hughes 1998; McGlashan and Hughes 2001;
Thacker et al. 2007), lending support to a greater role of dispersal.
But in such geologically stable regions the major challenge is to
document (and preferably date) or discount past drainage reorientations, such that the role of intercatchment dispersal can be
determined. The analysis of greater numbers of taxa—preferably
closely related—will also be desirable to increase the strength of
ecological conclusions.
THE IMPORTANCE OF A GEOLOGICAL FRAMEWORK
IN FRESHWATER BIOLOGY

The incorporation of relevant geological information is an increasingly important component of ecological and evolutionary
analysis. However, relatively few phylogeographic studies have
considered the possibility that genetic patterns suggestive of dispersal across drainage divides may actually reflect paleodrainage
connections (e.g., Fetzner and Crandall 2003; Kauwe et al. 2004),
or vice versa (e.g., Hurwood and Hughes 1998; Thacker et al.
2007). Although genetic patterns in certain taxa (e.g., odonatans,
anurans) might be most likely to reflect inter-catchment dispersal via aerial or terrestrial environments, without consideration of
paleohydrology the outcomes of future studies will merely reflect
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these prior beliefs, and not represent unbiased assessments of intercatchment dispersal for a species. It is also clear that failure to
control for river history may confound the ability to understand
the partitioning of genetic diversity within and among rivers (e.g.,
Stream Hierarchical model vs. the Death Valley or Headwater
models; Meffe and Vrijenhoek 1988; Finn et al. 2007), and the
effects of contemporary hydrology on instream genetic structuring (e.g., Shaw et al. 1994; Turner and Trexler 1998; Castric et al.
2001; Costello et al. 2003; Poissant et al. 2005).
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Appendix. Details of freshwater-limited fish analyzed from the Mararoa and Oreti rivers in South Island, New Zealand. Map references
correspond to the NZMS 260 Topographic Series 1:50000 (easting, northing).

Collection Zone

Coordinates

MARAROA
Elm Tree (A)
Princhester (B)
Station Br (C)

Haycock (D)

Wash (E)

Hikuraki (F)
Boundary Hut (G)
Upper (H)
ORETI
Mossburn (I)

Morris (J)
Windley (K)

Centre Hill (L)

Upper Centre Hill (M)
Ashton Burn (N)

Mt Nicholas Br (O)

Gorge Burn (P)

2111300 5499300
2109500 5505500
2114400 5506800
2114400 5507200
2117400 5510700
2117800 5510800
2117800 5510800
2116900 5509000
2120600 5512100
2121900 5512800
2121700 5512800
2127000 5518000
2125500 5520500
2122900 5514000
2127400 5527000
2131100 5552300
2131500 5552200
2133300 5553800

Aa
Ab
Ba
Bb
Ca
Cb
Cc
Cd
Da
Db
Dc
Ea
Eb
Ec
Fa
Ga
Gb
Ha

2139900 5494600
2140000 5494600
2136900 5496200
2135100 5502800
2131900 5502100
2130300 5508500
2132433 5507407
2131695 5507108
2132600 5507500
2133500 5507800
2129232 5519241
2129798 5517643
2128200 5515900
2129300 5518700
2131500 5522800
2131900 5522200
2136106 5527184
2134900 5527900
2135400 5527600
2134679 5530581
2134100 5530700
2134400 5532200
2134500 5531400
2138000 5534200
2138000 5534300

Ia
Ib
Ic
Ja
Jb
Ka
Kb
Kc
Kd
La
Lb
Lc
Ld
Ma
Mb
Na
Nb
Nc
Oa
Ob
Oc
Od
Pa
Pb
Pc

TOTAL

1498

Site
code
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Galaxias
“southern”

gollumoides

paucispondylus

Gobiomorphus
breviceps

6
4
5

1
8

6
6

6
7
7
5

5
7
22

1
5
13

6

1
5

5
8
3

5
9

5
4

12

4

2
6

5
13

5
6
2
5

6

4
11
7
8

3
2

13

2
5

8
2

2
5
3

3

11

5
1

9

4

6

5
11

7

9
4
1
2
2
2

5
9
7

3
5
13
114

103

7
117

103
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Supplementary Material
The following supplementary material is available for this article:
Figure S1. Model employed during statistical phylogeography.
Figure S2. Marginal posterior distributions of population divergence time (green line) and migration rate (red line = Mararoa to
Oreti; blue line = Oreti to Mararoa) parameters from isolation with migration analysis. Analyses repeated with equal ancestral
and contemporary θ, and forward and reverse migration rates, are indicated by black (migration rate) and grey (population
divergence time) lines.
Figure S3. Statistical parsimony network of Gobiomorphus breviceps haplotypes (mtDNA cyt b and CR) from the Mararoa and
Oreti catchments.
This material is available as part of the online article from:
http://www.blackwell-synergy.com/doi/abs/10.1111/j.1558-5646.2008.00377.x
(This link will take you to the article abstract).
Please note: Blackwell Publishing is not responsible for the content or functionality of any supplementary materials supplied by
the authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
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