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ABSTRACT
Landlocking is a process whereby a population of normally diadromous fish becomes limited to freshwater, potentially leading to behavioural, morphological and genetic changes, and occasionally speciation. The study of recently landlocked populations can shed light on how populations adapt to environmental change, and how such life-history shifts affect population-genetic structure. Kōaro (Galaxias brevipinnis) is a facultatively diadromous Southern Hemisphere galaxiid fish that frequently becomes landlocked in inland lakes. This study compares seven landlocked kōaro populations to diadromous populations from main and offshore islands of New Zealand. Genotyping-by-sequencing was used to obtain genotypes at 18,813 single nucleotide polymorphism sites for each population. Analyses of population structure revealed that most landlocked populations were genetically highly distinct from one another, as well as from diadromous populations. A few particularly isolated island and lake populations were particularly strongly genetically differentiated. Landscape characteristics were measured to test whether lake elevation, size, or distance from the sea predicted genetic diversity or differentiation from diadromous kōaro. While there were no significant relationships indicating isolation-by-distance or isolation-by-environment, we detected a trend toward lower genetic diversity in lakes at higher elevations. Our findings illustrate the critical role that landlocking can play in the structure of intraspecific genetic diversity within and between populations.  
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[bookmark: _Toc115434145][bookmark: _Toc118049846]1 INTRODUCTION
[bookmark: _Hlk119056530]Species distributions are the product of the complex interplay between environmental variation, migrations, and evolutionary history. Adaptation to new environments can lead to genetic and phenotypic variation across a species’ range. Understanding this diversity is therefore important for evolutionary and conservation biologists, providing insights into how long it takes for populations to adapt to new environments and how adaptive differences arise between populations (Bernatchez & Osinov, 1995). The preservation of current life history diversity is becoming increasingly relevant to understanding the consequences of current rates of biodiversity loss (Bernatchez & Osinov, 1995; Myers & Knoll, 2001; Pimm & Raven, 2000).
Natural dispersal and migratory ability can facilitate the colonization of new environments. For instance, cyclic migrations (Dingle & Drake, 2007; Crawford & Whitney, 2010) can enable organisms to relocate to habitats that benefit their survival, growth, or reproductive activity (Alerstam et al., 2003).  Additionally, migration tends to enhance gene flow between populations, allowing for the influx of genetic diversity into small populations, potentially counteracting the microevolutionary effects of random genetic drift and natural selection (Thia et al., 2021). As such, gene flow may hamper the ability of populations to adapt to local environments (but see Cristescu et al., 2012; Smadja & Butlin, 2011; Feder, et al., 2012; Gagnaire, et al., 2013). By contrast, a reduction in (or complete loss of) migration (and thus gene flow) can allow for higher rates of random genetic drift and local adaptation, leading to rapid genetic and phenotypic differentiation.
Diadromous fish undergo scheduled migrations between freshwater and marine habitats through their life histories. Diadromous fish are classified as catadromous, anadromous, or amphidromous depending on the biome in which they spawn or rear. Marine dispersal allows for the maintenance of gene flow and genetic diversity across the range of diadromous species, while simultaneously enabling colonisation of new habitats (McDowall, 2001). In some cases, the reduction or complete loss of a life history migration can occur when populations become landlocked in freshwater ecosystems. Landlocking ability varies across fish taxa, and some amphidromous lineages are especially prone to establishing landlocked populations in which larvae rear successfully in freshwater habitats (McDowall, 2001, Burridge & Waters, 2020). Due to the reduction or loss of migration and gene flow, and in many cases, reduced population size, landlocked populations are often susceptible to genetic bottlenecks and loss of genetic diversity (Delgado et al., 2020). Selection pressures in freshwater habitats can also contribute to a decrease in genetic diversity while simultaneously increasing divergence from the ancestral diadromous population. The degree of divergence may be driven by the extent of physical geographic separation (isolation-by-distance), or by the magnitude of environmental change between sites (isolation-by-environment). 
New Zealand's native fish distribution is heavily influenced by the interconnectedness of the freshwater and marine ecosystems (Hayes, Leathwick, & Hanchet, 1989; McDowall, 1993; Richardson & Bryant, 1996). About one-third of the native freshwater fish fauna of New Zealand is diadromous, almost all amphidromous, while the other two-thirds derived from diadromous ancestors. Landlocking has been reported extensively across New Zealand’s most speciose family, Galaxiidae (Allibone, et al., 2010; Burridge & Waters, 2020). Amphidromous galaxiid larvae hatch in freshwater from late summer to early winter and move downstream to the ocean, where they spend a few months before returning to freshwater as juvenile “whitebait” to continue growth (Esselman & Allan, 2011). Diadromous Galaxias populations across New Zealand show a high level of intraspecific genetic diversity (Allibone & Wallis, 1993; McDowall, 1997), likely due to extensive gene flow during the marine life stage (Waters, et al., 2020). 
Of the five diadromous Galaxias species in New Zealand, kōaro (Galaxias brevipinnis) is the most extensively landlocked due to its ability to scale obstacles and penetrate far inland (Hayes et al., 1996). Numerous landlocked kōaro populations have been established in both natural and manmade lakes. Life history differences have been observed between landlocked and diadromous G. brevipinnis, where diadromous fish exhibited larger egg size but lower fecundity relative to body size (Augspurger, 2017). In addition to landlocked populations, kōaro are the closest diadromous relative to the majority of non-diadromous Galaxias in New Zealand, which likely descend from earlier landlocking events. 
To explore how genetic structuring and diversity are influenced by landlocking, we investigated landlocked and diadromous kōaro populations in New Zealand using genome-wide genetic polymorphism data from genotyping-by-sequencing (GBS). We measured the extent of divergence among diadromous and landlocked populations, and how it related to environmental factors that have been hypothesized to influence genetic diversity or gene flow (McDowall, 2003). We hypothesized that genetic distance between landlocked and diadromous populations would increase with distance from the ocean, consistent with isolation-by-distance, and that lake size and isolation would predict genetic diversity within landlocked populations. 

[bookmark: _Toc94758334][bookmark: _Toc115434146][bookmark: _Toc118049847]2 MATERIALS AND METHODS 
[bookmark: _Toc94758335][bookmark: _Toc115434147][bookmark: _Toc118049848]2.1 Sample collection
Galaxias brevipinnis was sampled for genetic analyses from seven lakes on New Zealand’s South Island, three coastal stream sites (two on the South Island and one on Stewart Island), and two offshore islands (Figure 1; Table 1). Lakes were chosen based on geographical features hypothesized to influence the genetic diversity of fish populations: surface area, distance to the sea, elevation, and latitude. All selected lakes were from different catchments in the South Island of New Zealand to ensure that they represented independent landlocking events. Samples were collected by researchers at the Department of Zoology at the University of Otago between 2007 and 2016. A total of 184 kōaro were selected for genetic analysis, with between 9-16 fish per site. All specimen collection and animal handling were approved by the Animal Ethics Committee of the University of Otago.
[bookmark: _Toc94758336][bookmark: _Toc115434150][bookmark: _Toc118049849]2.2 DNA extraction
Whole genomic DNA was extracted using Qiagen DNeasy Blood and Tissue kit from fin clips or muscle tissue (Di Pinto et al, 2007). We followed the kit’s protocol except that the tissue lysis step was extended overnight. The quantity and quality of the DNA samples was quantified by spectrophotometer before transferring them to plates for GBS library preparation and sequencing by AgResearch Ltd.
2.3 Library preparation 
The GBS library was prepared using a PstI-MspI double-digest method (Baird et al., 2008; Davey et al., 2011), including a negative control (no DNA). Libraries underwent a Pippin Prep (SAGE Science, Beverly, Massachusetts, United States) to select fragments in a size range of 193–318 bp containing the genomic sequence plus a total of 123 bp of adapters and primers. The 184 samples were sequenced a 60bp single-end reads on one lane of an Illumina HiSeq 2500 with v4 chemistry. 
2.4 Quality control 
[bookmark: _Hlk104314528]FastQC v0.11.7 (Valtin et al, 2019) was used to initially assess the quality of the sequence data. Raw reads were demultiplexed according to their barcode and filtered for quality using the process-radtags module in Stacks v.2.41 (Catchen et al., 2013). All reads were trimmed to 60 bp to avoid adapter contamination, and low‐quality reads and reads that did not contain the enzyme recognition site were removed. Because there was no reference genome for our studied species or any closely related species, reads were assembled to biallelic loci de novo using Stacks. The Stacks denovo_map pipeline with default parameters were used followed by assembly and genotyping. The populations module was used to further filter the SNP data. Loci were retained if they were genotyped for at least 80% of individuals from each sampling site and had a minor allele frequency (MAF) of ≥ 0.05. Only the first SNP in each stack was used for subsequent analysis to avoid using nn-independent SNPs in strong physical linkage. 
[bookmark: _Toc94758338][bookmark: _Toc115434152][bookmark: _Toc118049851]2.5 Spatial genomic analyses
Genome-wide similarity among specimens was visualized using principal component analysis (PCA) using the packages adegenet v2.1.1 (Jombart et al., 2014), pcadapt v4.3.3  Privé et al., 2020) and vcftools v0.1.14 (Danecek et al., 2011) in R v4.2.1 (R Core Team 2022). Nucleotide diversity (π), individual inbreeding coefficient (FIS) and the fixation index (FST) as estimates of population differentiation within and between each population (Jombart, 2008; Goudet, 2005) were calculated using the R packages adegenet v3.5.0 and hierfstat v3.5.0 (Goudet, 2005). Nucleotide diversity was estimated using Stacks v2.52 (Rochette et al., 2019). 
2.6 Population structure and phylogenetic analysis 
The number of genetically distinct populations was inferred using STRUCTURE (v 2.3.4; Pritchard et al., 2000). We used the admixture model with correlated allele frequencies for the STRUCTURE analysis and ran the analysis for 500,000 iterations after an initial burn-in of 50,000 iterations to ensure convergence. The number of putative genetic clusters was determined after ten independent runs at each value K from K = 1 to K = 13, with the most likely number of clusters determined using the Delta K method in clumpak (Kopelman et al., 2015). Phylogenetic relationships were inferred using IQtree v2.0.3 (Minh et al., 2020), with 2,000 bootstraps. The best-fit model was identified as TVM+F+R4 according to the Bayesian Information Criterion (BIC) in IQ-tree v 1.6.12 (Nguyen, et al., 2015) and VCF-kit v0.1.6 (Cook and Andersen, 2017). Phylogenetic structure was visualized with FigTree v 1.4.2 (Nguyen, et al., 2015).
2.7 Environmental predictors of genetic divergence
To test for the effect of environmental characteristics (lake area, distance to coast, elevation, and latitude) on genetic differentiation, FST was calculated comparing each lake population to the pooled population of diadromous fish. Samples collected from Thirteen Mile, Breccia Creek and Stewart Island were pooled to best capture the overall diadromous population diversity, given that fish from these sites appeared to be genetically well-mixed. Stewart Island has been connected to the South Island at times of lower sea level, and is much closer than the other islands so ongoing gene flow is likely. FST between pooled diadromous fish and each lake population was compared to lake area, distance, elevation, and latitude using separate linear regressions. The analyses were repeated using genetic diversity within populations (π). All associated environmental characteristics (lake area, distance, elevation, latitude, and connectivity to the sea) were obtained from the NIWA New Zealand freshwater fish database and Freshwater Ecosystems of New Zealand (FENZ) (NIWA, 2020; FENZ, 2020).
[bookmark: _Toc94758339][bookmark: _Toc115434153][bookmark: _Toc118049852]3 RESULTS
3.1 Sequence analysis 
In total we obtained 191,163,373 total raw Illumina reads, of which 185,098,061 (96.8%) were retained after removing the low-quality reads. The mean effective per-sample coverage obtained was 16.4x (min = 4.2x, max = 37.4x), with a standard deviation of 4.2x. The final unlinked SNP dataset contained 18,813 variants in at least 80% of individuals across populations, for a total of 184 individuals. Eleven individuals that had a high amount of missing data (i.e., less than 1000 SNPs) were excluded from the final dataset for population genomic and phylogeographic inferences. 
3.2 Principal component analysis 
Principal components analysis (PCA) showed that one offshore island (Chatham Island) and one lake population (Lagoon Saddle Tarn) separated most clearly from other localities (Figure 2). A second PCA that excluded these two sites showed Marian and Green Lakes were the most distinctive among the remaining sites (Figure 2b). These patterns supported the expectation that landlocked populations would vary in the extent of isolation and divergence. 

3.3 Genetic diversity 
Within-population nucleotide diversity (π) ranged from a minimum of 0.02 (Lagoon Saddle Tarn) to a maximum of 0.08 (Thirteen Mile Creek) (Table 2). Individual fixation coefficient (FIS) did not show evidence of inbreeding in any of the sampled populations (all FIS ≈ 0; Table 2). Pairwise population fixation indices (FST) revealed patterns of population ranging from low (FST = -0.0005, Lake Marian and Lake Rotoroa) to moderate (FST = 0.28, Lake Wakatipu and 13 Mile Creek) (Supplementary Figure 1).
3.4 Population structure and cluster analysis
[bookmark: _Hlk110583111]The results of the STRUCTURE analysis confirmed the spatial genomic patterns identified by PCA and FST analyses (Figure 3). As K increased, there was progressive separation of Chatham Island (K = 2), Lagoon Saddle Tarn (K = 3), and Lake Marian (K = 4). Based on the ΔK method, K= 8  was the optimal number of population clusters. In this scenario, Lake Marian, Lake Sylvester, Lagoon Saddle Tarn, Green Lake, Lake Paringa, Chatham Island, and Auckland Island, are each classified as largely distinct populations. In contrast, the landlocked populations from Lake Rotoroa, Lake Chalice and Lake Wakatipu showed genetic clustering with the diadromous populations from Thirteen Mile Creek, Breccia Creek and Stewart Island. 
3.5 Phylogenetic analysis 
The maximum likelihood and neighbour-joining trees recovered the Chatham Island and Lagoon Saddle Tarn populations as having the greatest separation from the others, consistent with the previous results. The three coastal sites (Stewart Island, Thirteen Mile Creek, and Breccia Creek) were closely related, showing relatively low phylogenetic distance between them (Figure 4). Lagoon Saddle Tarn, Auckland Island and Chatham Island were recovered as distinct groups with comparable genetic separation from other populations (Supplementary Figure 2).
3.6 Environmental predictors of genetic divergence
Regression analysis showed that there were no statistically significant relationships between any of the four environmental predictors and either FST or π (Supplementary Table 1). There were weak decreasing trends in fixation coefficient (FST) with lake area and latitude (from south to north), and a weak increasing trend with elevation (Figure 5). However, in none of these cases were these trends significant (p>0.5; Supplementary Table 1). Stronger trends in the expected direction were observed in the models of π with changing environmental factors but relationships were still non-significant (Figure 5). However, in this case reasonable effect sizes were observed in the trends for π to increase with lake area (R2 = 0.3600, p = 0.116), and to decrease with elevation (R2=0.3892, p = 0.098) (Figure 5; Supplementary Table 2). 
[bookmark: _Toc94758340][bookmark: _Toc115434164][bookmark: _Toc118049853]4 DISCUSSIONS
This study aimed to measure the genetic differentiation of landlocked and diadromous kōaro populations, and to assess whether it could be predicted by features of the landscape. Our findings revealed high connectivity among coastal populations, whereas most landlocked populations were genetically distinct as predicted due to the expected reduction or elimination of gene flow (Augspurger & Closs, 2019; Augspurger et al., 2017; Mäkinen et al., 2006). While lakes varied in their differentiation from the diadromous population, the extent of differentiation was not clearly related to environmental variables as predicted. 
We found that all lake populations of kōaro showed genetic differentiation from diadromous populations in coastal streams. Even populations that were not distinct enough to be identified as clusters in the preferred STRUCTURE assignment were generally recovered as monophyletic and with at least modest FST. This suggests that mere presence of a lake represents a sufficient barrier to reduce gene flow, although the degree of isolation varied considerably. While the samples from offshore islands were not directly relevant to understanding landlocking, they present another type of habitat that can be colonized by diadromous fish, and they also showed variation in isolation Chatham Island was the most divergent of all other studied populations, likely due to its significant geographic separation from New Zealand’s main islands. However, Auckland Island was not nearly as divergent, suggesting either more recent colonization or ongoing gene flow with diadromous populations of the main islands. The substantial variation in the degree of genetic differentiation among sites provides opportunities to test hypotheses about which factors explain this variation. 
In a species like kōaro that can climb barriers and penetrate far inland, the range of distances from the sea is higher than in most diadromous fish that form landlocked populations. Distance in this case involves both the horizontal distance along the length of a river between a lake and the sea, and the elevation above sea level. We did not find significant relationships between either measure and the genetic differentiation from coastal populations, although some specific results are consistent with the predicted effects of distance. Lagoon Saddle Tarn was the most genetically differentiated lake population in addition to being among the most isolated, ranking second in both elevation and distance from the sea. This population is likely to rarely if ever exchange genes with any other and may also be the most affected by genetic drift (King et al., 2003). Recent work has demonstrated that population structuring can occur within diadromous populations in response to distance from the coast. More specifically, marine larval recruitment becomes limited 10 km upstream from the coastline, while lake larval recruitment is then required for river populations upstream from lakes (Hicks et al., 2020). 
Lake Chalice stands out as having higher diversity and lower differentiation than expected given its small size and relative isolation (including a current lack of a surface outflow). While most study lakes are glacial in origin, Lake Chalice is a younger lake, having formed approximately 2,000 years ago when a landslide dammed the upper Goulter River (Adams, 1981). Although Lake Chalice has no surface outlet and drains to the east coast, it appears to be genetically closest to Lake Rotoroa, a large glacial lake draining west (Young, 2002). It is possible that historical connectivity between the Buller and Wairau river systems could help explain this affinity as well as the high genetic diversity in Lake Chalice (Vilà et al., 2005; Waide et al., 1999). Indeed, there have been genetic signatures of past river capture events observed in other galaxiid species in New Zealand .For example, a Quaternary river capture event from the Clarence River system to the Wairau River system is hypothesised to have resulted in the movement of G. vulgaris and G. divergens individuals across populations (Burridge et al., 2006). A similar occurrence may have led to similarities between kōaro fish in the Buller and Wairau River catchments (Waters and Wallis, 2000; Craw et al., 2008). 
Intrapopulation diversification is smaller in coastal sites that are well connected to the sea, demonstrating the importance of connectivity in maintaining gene flow to counteract the effects of genetic drift. Similar results have been found in previous studies comparing diadromous galaxiids with non-diadromous galaxiids, showing that diadromous galaxiids are less genetically differentiated among sites (Allibone & Wallis, 1993; Augspurger et al., 2017; Hicks et al., 2017; Waters & Wallis, 2001). Palkovacs et al. (2008) discovered that landlocked alewife populations are genetically isolated, whereas migratory populations exchange genes (Palkovacs et al., 2008). This finding of broadly similar genetic differentiation patterns across populations of unrelated diadromous species reveals comparable landlocking histories across species and regions. The higher genetic divergence among landlocked populations is mirrored by higher species diversity in non-migratory than diadromous galaxiids. A comprehensive study of >95% of extant galaxiid taxa, nonmigratory species showed increased diversification through potential adaptive processes or geographic isolation, while migratory taxa showed patterns of genetic homogeneity across landscapes (Burridge & Waters, 2020). Other studies have shown higher rates of both speciation (Corush, 2019; Fuchs, Johnson & Mindell, 2015; Gómez-Bahamón et al., 2020) and extinction rate (Corush, 2019; Rolland et al., 2014) for non-diadromous fish species, suggesting that intraspecific patterns scale up to characterize whole fish faunas. 
There are numerous examples of fish species losing their diadromous life histories and becoming landlocked (McDowall, 1997; McDowall, 2003). As evidence accumulates, it is becoming clear that the processes of landlocking and of subsequent population genetic and phenotypic change can be non-linear. Outcomes of landlocking involve a complex interplay between species-specific behaviours, morphology and biology, lake locality, lake history, and elevation, river system connections and those distances from recruitment populations, environmental factors, and source population diversity (Delgado et al., 2019). More knowledge in this area is therefore integral to making better decisions regarding the management of freshwater and marine ecosystems.
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[bookmark: _Toc115434148]FIGURE 1. Map of sampling sites of Galaxias brevipinnis, including lake, coastal and island sites (Resources: https://data.linz.govt.nz/layer/50168-nz-lake-polygons-topo-1250k/)
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FIGURE 2. PCA plot of Galaxias brevipinnis from A) all sites and B) excluding Chatham Island and Lagoon Saddle Tarn
[image: Chart, bar chart

Description automatically generated]
[bookmark: _Toc115434157]FIGURE 3. Comparison of population structure in Galaxias brevipinnis inferred from STRUCTURE analysis for all localities. Optimum number of k-clusters based on Δk was K=8
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[bookmark: _Toc115434158]FIGURE 4. Unrooted maximum likelihood phylogenetic tree of Galaxias brevipinnis from all locations. Populations are coloured according to Structure analysis
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[bookmark: _Toc115434162][bookmark: _Toc115434163]FIGURE 5. a. Relationship between environmental factors and FST. b. Relationship between environmental factors and nucleotide diversity (π).

[bookmark: _Toc115434149]TABLE 1. Location and characteristics of sampling sites, including year of collection (Year), distance to ocean (Distance), and maximum depth (Max. depth).
	Site
	Year 
	Latitude
	Longitude
	Distance (m)
	Elevation (m)
	Max. depth (m)
	Lake Area (km2)

	Lake Rotoroa
	2007
	-41.86513
	172.6465
	69,688
	454
	145
	24.47

	Lake Marian
	2016
	-44.78561
	168.0733
	16,216
	695
	46
	0.75

	Lake Chalice
	2017
	-41.57323
	173.30424
	28,205
	763
	36
	0.43

	Sylvester Lakes
	2017
	-41.10655
	172.62858
	31,236
	1325
	29
	0.24

	Lake Paringa
	2007
	-43.72015
	169.40008
	7,091 
	16
	18
	4.85

	Green Lake
	2016
	-45.79556
	167.39651
	33,558 
	822
	40
	4.87

	Lagoon Saddle Tarn
	2015
	-43.04968
	171.5935
	62,731 
	1169
	N/A
	0.02

	Lake Wakatipu
	2016
	-45.07924
	168.48636
	62,407 
	308
	380
	294.00

	Auckland Island
	N/A
	-50.54450
	166.210284
	37 
	11
	N/A
	-

	Chatham Island
	2006
	-43.95080
	-176.54806
	21 
	0
	N/A
	-






[bookmark: _Toc115434155]TABLE 2. population genomic indices for each sampling locality based on SNPs.
	Location 
	N
	π
	HetO
	Hete
	HomO
	Home
	FIS

	Lake Chalice
	11
	0.07
	0.08
	0.07
	0.92
	0.93
	0

	Lake Rotoroa
	12
	0.07
	0.07
	0.07
	0.93
	0.93
	-0.01

	Green Lake
	16
	0.04
	0.05
	0.04
	0.95
	0.96
	-0.01

	Lagoon Saddle Tarn
	14
	0.02
	0.03
	0.02
	0.97
	0.98
	-0.01

	Lake Sylvester
	12
	0.05
	0.05
	0.05
	0.95
	0.95
	0

	Lake Marian
	14
	0.04
	0.04
	0.03
	0.96
	0.97
	-0.01

	Lake Paringa
	16
	0.06
	0.07
	0.06
	0.93
	0.94
	0

	Lake Wakatipu
	13
	0.07
	0.07
	0.07
	0.93
	0.93
	0

	Thirteen Mile Creek 
	13
	0.08
	0.08
	0.08
	0.92
	0.92
	0

	Breccia Creek
	10
	0.07
	0.07
	0.07
	0.93
	0.93
	0

	Stewart Island
	9
	0.08
	0.08
	0.08
	0.92
	0.92
	0

	Auckland Island
	9
	0.07
	0.07
	0.07
	0.93
	0.93
	0

	Chatham Island
	10
	0.04
	0.05
	0.04
	0.95
	0.96
	0


N = number of samples; π = nucleotide diversity; Heto = Observed heterozygosity; Hete = expected heterozygosity; Homo = observed homozygosity; Home = expected homozygosity; FIS = inbreeding coefficient.



[bookmark: _Toc115434160]Supplementary Material
Supplementary Table 1. Statistical parameters of relationship between genetic differentiation (FST) (relative to diadromous populations) and environmental predictors.
	FST
	Slope
	Degree of freedom
	P value
	R2

	Lake Area
	-0.002193
	6
	0.2566
	0.2076

	Distance
	-0.002615
	6
	0.7394
	0.01984

	Elevation
	8.207e-06
	6
	0.5579
	0.06024

	Latitude
	-0.004493
	6
	0.1615
	0.2981
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Supplementary Table 2. Statistical parameters of relationship between π and environmental predictors.
	π
	Slope
	Degree of freedom
	P value
	R2

	[bookmark: _Hlk114575067]Lake Area
	0.003784
	6
	0.1158
	0.36

	Distance
	-0.0006315
	6
	0.9973
	2.042e-06

	[bookmark: _Hlk114573485]Elevation
	-1.971e-05
	6
	0.09831
	0.3892

	Latitude
	-0.0006014
	6
	0.494
	0.08116
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Supplementary Figure 1. Genetic fixation indices (FST) among G. brevipinnis populations from lakes, coastal and Islands in South Island New Zealand. 
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[bookmark: _Toc115434159]Supplementary FIGURE 2. Neighbour-joining network computed in Splitstree from pairwise genetic distances of Galaxias brevipinnis from all locations. Coloured groupings correspond to the K = 8 clusters identified in the STRUCTURE plot (Figure 3).
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