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Abstract

Understanding how natural selection generates and maintains adaptive genetic diver-

sity in heterogeneous environments is key to predicting the evolutionary response of

populations to rapid environmental change. Detecting selection in complex spatial

environments remains challenging, especially for threatened species where the effects

of strong genetic drift may overwhelm signatures of selection. We carried out a basin-

wide riverscape genomic analysis in the threatened southern pygmy perch (Nannoperca
australis), an ecological specialist with low dispersal potential. High-resolution envi-

ronmental data and 5162 high-quality filtered SNPs were used to clarify spatial popula-

tion structure and to assess footprints of selection associated with a steep

hydroclimatic gradient and with human disturbance across the naturally and anthro-

pogenically fragmented Murray–Darling Basin (Australia). Our approach included FST
outlier tests to define neutral loci, and a combination of spatially explicit genotype–en-
vironment association analyses to identify candidate adaptive loci while controlling

for the effects of landscape structure and shared population history. We found low

levels of genetic diversity and strong neutral population structure consistent with

expectations based on spatial stream hierarchy and life history. In contrast, variables

related to precipitation and temperature appeared as the most important environmental

surrogates for putatively adaptive genetic variation at both regional and local scales.

Human disturbance also influenced the variation in candidate loci for adaptation, but

only at a local scale. Our study contributes to understanding of adaptive evolution

along naturally and anthropogenically fragmented ecosystems. It also offers a tangible

example of the potential contributions of landscape genomics for informing in situ

and ex situ conservation management of biodiversity.
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Introduction

The effects of human development and recent climate

change on our natural environment are pervasive, and

the threat these selective forces pose to global biodiver-

sity is increasing (Vitousek et al. 1997; Walther et al.

2002; Thuiller 2007). Populations faced with environ-

mental change can respond through range shifts, accli-

mation through phenotypic plasticity or by genetic

evolutionary adaptation to their new environment (Bel-

lard et al. 2012; Pauls et al. 2013). If one or some combi-

nation of these processes does not occur, populations

and potentially entire species face an increased risk of

extinction (Quintero & Wiens 2013). Range shifts in

response to climate change have already been observed

for some species (Davis & Shaw 2001; Cahill et al. 2012),

but this can be problematic for those where the oppor-

tunity for dispersal is naturally limited or constrained

by recent habitat fragmentation (Dawson et al. 2011).

Phenotypic responses to environmental change have

also been observed (Charmantier et al. 2008; Hendry
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et al. 2008), but there are costs and limits associated

with plasticity (DeWitt et al. 1998) that make it unlikely

to provide long-term solutions for many populations

(Gienapp et al. 2008). This leads to several questions

concerning the capacity of species to persist in situ and

to adapt to altered environmental conditions. The cur-

rently rapid rate of climate and environmental change

suggests that evolutionary adaptation will need to rely

heavily on standing genetic variation (Barrett & Sch-

luter 2008). However, for threatened species, it is

unclear whether enough variation exists at adaptively

important loci to facilitate an evolutionary response.

Thus, it is important to ask the following questions:

‘How are threatened populations locally adapted, what

are the important environmental factors contributing to

local adaptation, and how is adaptive genetic variation

spatially distributed and maintained?’

Landscape genomics (LG) provides an ideal frame-

work for addressing questions in ecology and evolution,

which have become particularly relevant in threatened

biotas that are both naturally and anthropogenically

fragmented. This rapidly growing research field combi-

nes information about environmental heterogeneity and

genomewide data of individuals sampled across the

landscape to identify the spatial patterns of neutral and

adaptive variation (Manel et al. 2010; Sork & Waits

2010). Although there has been recent debate over the

practical application of genomics to conservation (Gar-

ner et al. 2015; Shafer et al. 2015a,b), LG has increasingly

been applied to threatened and nonmodel species

(Cooke et al. 2012a,b, 2014; Limborg et al. 2012; Bour-

ret et al. 2013; Moore et al. 2014; Steane et al. 2014;

Hand et al. 2015; Hecht et al. 2015; Laporte et al. 2015;

Funk et al. 2016). In the context of conservation, the

large number of markers generated by next-generation

sequencing (NGS) can improve the resolution of demo-

graphic inferences (Luikart et al. 2003; Allendorf et al.

2010), but it is the identification of genomic regions

under selection that has held great promise for increas-

ing our understanding of the potential vulnerability or

resilience of biodiversity to environmental change

(Allendorf et al. 2010; Frankham 2010). There are, how-

ever, several characteristics common to many threat-

ened species, such as small effective population sizes,

population isolation, repeated local extinction–recolo-
nization cycles and inbreeding, which may affect our

ability to distinguish signals of selection from other con-

founding effects. These factors therefore need to be con-

sidered when selecting an analytical framework for LG

studies of natural populations (Schoville et al. 2012).

The most common methods used to detect selection

in LG studies are based on population genetics theory

and the assumption that demographic processes such as

migration and genetic drift should affect the genome

uniformly, while selection should act on specific regions

or loci (Lewontin & Krakauer 1973). Known as FST out-

lier tests, they have become a standard feature of most

LG studies. These tests, however, assume specific

demographic models and may not be robust to viola-

tions imposed by nonequilibrium demographic scenar-

ios (Lotterhos & Whitlock 2014; Whitlock & Lotterhos

2015). Nevertheless, aside from considering outliers as

candidates for selection, these tests offer an effective

solution for creating a large neutral data set for improv-

ing inferences about population structure and demo-

graphic history (Luikart et al. 2003; Allendorf et al.

2010).

Genotype–environment association (GEA) approaches

are an alternative strategy for detecting the signal of local

adaptation by testing for direct associations between

allele frequencies and environmental parameters. These

methods are generally free from the constraints of simple

demographic models. They can be used to test specific

hypotheses related to environmental heterogeneity,

including the possibility that it shapes polygenic adapta-

tion in natural populations (Lasky et al. 2012; Bourret

et al. 2014; Hecht et al. 2015). Moreover, GEA approaches

generally also incorporate means to account for the

effects of shared population history and can separate

geographic and environmental effects (Joost et al. 2007;

Coop et al. 2010; Frichot et al. 2013; Guillot et al. 2014;

Rellstab et al. 2015). This is particularly important for

complex spatial environments such as dendritic river

networks where physical landscape structure can greatly

affect the patterns of genetic variation (Hughes et al.

2009; Fourcade et al. 2013; Thomaz et al. 2016).

Here, we use a framework that capitalizes on a high-

resolution environmental data set and on powerful LG

approaches to assess footprints of selection in a threat-

ened species found across a hydroclimatically heteroge-

neous and anthropogenically modified ecosystem. Our

study system, the southern pygmy perch Nannoperca

australis, is a small-bodied freshwater fish (<85 mm)

endemic to southeastern Australia, including the Mur-

ray–Darling Basin (MDB) (Unmack et al. 2013). This

ecological specialist is normally associated with streams

and wetlands, sheltered microhabitats and aquatic

macrophyte cover, is relatively short-lived (3–6 years;

reaches maturity within 1 year), has large demersal

eggs and limited dispersal ability (Lintermans 2007;

Wedderburn et al. 2012). Climate in this region has been

increasingly dry, but highly variable throughout the late

Holocene (c. 3000 years), with conditions characterized

by a steep gradient of aridity from east to west with

higher, and more consistent rainfall and lower tempera-

tures in the southeast highlands and drier, semi-arid

conditions in the western lowlands (Donders et al. 2007;

Pittock & Finlayson 2011).
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Importantly, recent studies of wild populations of

N. australis demonstrated that hydroclimatic-related fac-

tors, and in particular the variation in predictability of

flow typical for many Australian rivers (Kennard et al.

2010), influence individual fitness and drive the predic-

tive patterns of local adaptation in key reproductive

traits and life history strategy (Morrongiello et al. 2010,

2013). In addition, female reproductive investment in

egg and clutch size in N. australis varies predictability

among populations along gradients of stream flow

(Morrongiello et al. 2012). Instead of merely reflecting

spatial phenotypic plasticity, these findings also support

bet-hedging as a co-evolved adaptive strategy in N. aus-

tralis, a view consistent with increasing theoretical and

empirical evidence about the consequences of female

investment in the evolution of life histories (Olofsson

et al. 2009; Morrongiello et al. 2012).

Within the MDB, studies based on allozymes, mito-

chondrial DNA (mtDNA) and microsatellites showed

that N. australis has very shallow basinwide phylogeo-

graphic divergence, but strong contemporary popula-

tion structure shaped by the hierarchical drainage

network (Unmack et al. 2013; Cole et al. 2016). In fact,

coalescent analyses based on microsatellites suggest

that isolation and demographic decline observed for

some N. australis populations is associated with modifi-

cation and fragmentation of the MDB that postdates

the recent European settlement in Australia (Attard

et al. 2016; Cole et al. 2016). Genetic evidence thus indi-

cates that the metapopulation structure of N. australis

does not reflect deeply historic isolation across its

range in the MDB. Similar phylogeographic patterns

have also been reported for many other widespread

MDB fishes (e.g. Faulks et al. 2010a; Unmack et al.

2013) and are likely a result of the much greater flow

of ancestral MDB rivers during the Pleistocene and the

large inland lakes that inundated its lower reaches

(Pels 1964).

The overall biogeographic scenario indicates that his-

torically, populations across the MDB were likely larger

and more connected despite highly variable natural

environmental conditions. This suggests that although

the effects of drift have probably recently intensified,

the signal of local adaptation is unlikely to have been

completely eroded, and that appropriate LG frame-

works have the potential to address questions about

hydroclimatic adaptation in N. australis. Since European

settlement, the MDB has suffered from extensive devel-

opment (e.g. wetland reclamation), river regulation,

construction of thousands of barriers to fish passage

and the introduction of exotic species (Lintermans 2007;

Balcombe et al. 2011; Laurance et al. 2011). These factors

have likely synergistically contributed to the wide-

spread decline of N. australis populations and to its

current listing as endangered in two Australian states

(Hammer et al. 2013; Cole et al. 2016). An unprece-

dented severe and prolonged drought between 1997

and 2010 caused catastrophic loss of habitat and local

extinction for some N. australis populations, particularly

in the Lower Murray (Wedderburn et al. 2012; Hammer

et al. 2013). In response to the decline, several conserva-

tion breeding and restoration programmes were initi-

ated (Hammer et al. 2013; Attard et al. 2016) and

additional translocations among populations of wild

fish have been proposed. Given the ongoing conserva-

tion management of N. australis, and that climate

change is expected to negatively impact its populations

even further in future (Perry & Bond 2009; Balcombe

et al. 2011; Morrongiello et al. 2011), it is important to

understand how extant populations are adapted to local

environmental conditions. More broadly, our study sys-

tem also provides an opportunity for asking whether

recent human-driven selection has impacted the gen-

ome of extant populations.

In this study, we test the core hypothesis that the

steep hydroclimatic gradient across the MDB has con-

tributed to adaptive genetic divergence of N. australis

populations. This is based on the premise that the natu-

ral flow regime modulates many abiotic and biotic pro-

cesses (Poff et al. 1997), such as habitat connectivity,

physical disturbance, resource availability and ecologi-

cal interactions, which have direct implications for

shaping the genetic architecture of widespread aquatic

species. We also explore the features of our study sys-

tem to address three questions that have broad implica-

tions to conservation and ecological genomics. First, can

LG be used to distinguish signals of selection from

other confounding effects (e.g. strong drift) in a threat-

ened, poor dispersive species? Second, can selection

due to human disturbance be distinguished from selec-

tion due to natural environmental heterogeneity? Third,

can GEA approaches detect genomic footprints of poly-

genic adaptation due to hydroclimatic heterogeneity?

To answer these questions, we employ a combination of

recently developed spatially explicit GEA approaches

within a riverscape genomics framework that integrates

environmental and genomewide data sets. These

approaches are used to test for associations between

population allele frequencies and a suite of environ-

mental variables describing the variation in climate,

hydrology and human disturbance while controlling for

the effects of landscape structure and shared population

history. We also discuss our results in the context of

ongoing conservation efforts and the utility of genomics

for guiding proactive conservation strategies such as

translocations for genetic rescue, and for increasing the

adaptive potential of populations in the face of ongoing

climate change.
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Methods

Sampling

Samples of Nannoperca australis were collected from the

wild between 2000 and 2013 using netting, box trapping

or electrofishing. They were preserved either as frozen

specimens or fin clips in 99% ethanol and curated at the

South Australian Museum, Adelaide. Initially, 550 indi-

viduals were sampled from 38 locations. A smaller sam-

ple was then selected to include all known populations

in the MDB previously identified with allozyme,

mtDNA and microsatellites (Unmack et al. 2013; Cole

et al. 2016) while accommodating for unsatisfactory

DNA quality for genomic analysis obtained from some

individuals. This resulted in a final, high-quality data

set of 263 individuals sampled from 25 locations and

encompassing 13 catchments across the entire current

MDB distribution of N. australis (Fig. 1; Table 1).

Molecular methods and bioinformatics

DNA was extracted using the Qiagen DNeasy Blood

and Tissue Kit according to the manufacturer’s proto-

col. DNA integrity was assessed by gel electrophoresis,

and purity was measured using a NanoDrop 1000 spec-

trophotometer (Thermo Scientific).

Double-digest restriction site-associated DNA

sequencing libraries were prepared following a protocol

modified from Peterson et al. (2012). Libraries were

multiplexed with 48 samples randomly assigned to each

of six Illumina lanes and sequenced on a HiSeq2000

platform as paired-end, 100-bp reads. Raw sequences

were demultiplexed using the process_radtags compo-

nent of STACKS v.1.04 (Catchen et al. 2011) before de

novo assembly of a reference catalogue and genotyping

was performed with dDocent.FB v.1.2 (Puritz et al. 2014).

Details about library preparation and bioinformatics are

provided in Appendix S1 (Supporting information).

(a) (b)

(C)

Fig. 1 Nannoperca australis sampling locations covering the entire current distribution of the species in the Murray–Darling Basin

(MDB). Sites are colour-coded by catchment. Inset (a) shows the location of the MDB (shaded area), and inset (b) depicts the gradient

of average annual rainfall across the basin (reproduced from Chiew et al. 2008). Inset (c) shows the Lower Murray sampling loca-

tions. The historical distribution of the species was essentially continuous within the MDB from the Lower Murray to the upper

reaches of the Murray, Murrumbidgee and Lachlan rivers (but excluding the Darling River system), although local abundance likely

varied substantially across that range (Llewellyn 1974).
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dDocent combines several existing software packages

into a single pipeline designed specifically for paired-

end RAD data; that is, it takes advantage of both for-

ward and reverse reads for SNP discovery. The result-

ing variant call file (VCF) was filtered to retain only

variants present in at least 70% of individuals and in

70% of populations. Complex variants (multinucleotide

polymorphisms and composite insertions and substitu-

tions) were decomposed into SNP and indel representa-

tion following Puritz et al. (2014), retaining only one

biallelic SNP per locus with a minimum minor allele

frequency (MAF) of 0.05. A further six filtering steps

were performed to remove SNPs likely to be the result

of sequencing errors, paralogs, multicopy loci or arte-

facts of library preparation (Table 2; Appendix S1, Sup-

porting information).

Detecting neutral and outlier loci

Loci not conforming to neutral expectations were

detected using a Bayesian approach with BAYESCAN v.2.1

(Foll & Gaggiotti 2008), and the coalescent-based FDIST

method (Beaumont & Nichols 1996) in ARLEQUIN v.3.5

(Excoffier & Lischer 2010). BAYESCAN was run for 100 000

iterations using prior odds of 10 000, and loci

significantly different from zero and with a

q-value < 0.1 [false discovery rate (FDR) of 10%] were

considered outliers. ARLEQUIN was run with 50 000 simu-

lations of 13 groups, each with 100 demes, and P-values

were corrected for multiple testing using the p.adjust

function in R (R Core Team 2015). The hierarchical

island model was specified (Excoffier et al. 2009), as it

allows for the assumption of lower migration among

catchments than among sampling sites within catch-

ments. Loci significantly outside the neutral distribution

at a FDR of 10% were considered as outliers.

The remaining, putatively neutral SNPs were tested

for departure from Hardy–Weinberg equilibrium

(HWE) in GENODIVE v.2.0b27 (Meirmans & Van Tien-

deren 2004). Significance was tested using 10 000 ran-

dom permutations and loci were subsequently removed

if found to depart from HWE at a FDR of 10% in more

than 50% of sampling locations.

Genetic diversity, Ne and population structure

Expected heterozygosity (HE) and observed heterozy-

gosity (HO) were calculated in GENODIVE for both the

neutral and the candidate loci. Percentage of polymor-

phic loci was calculated in GENALEX v.6.5 (Peakall &

Table 1 Information about localities and sample sizes genotyped for Nannoperca australis from the Murray–Darling Basin. Lowland

wetland sites referred to as Lower Murray in the text are indicated in boldface

Catchment Site Location N Latitude Longitude

Tookayerta (TOO) TBA Tookayerta Ck, Black Swamp 7 �35.428 138.834

Lower Lakes (LMR) ALE Turvey’s Drain, L. Alexandrina 10 �35.395 139.008

MID Mundoo Is., L. Alexandrina 7 �35.549 138.915

MUN Drain off Mundoo Channel 6 �35.520 138.904

Angas (ANG) MCM Middle Ck 9 �35.250 138.887

Avoca (AVO) MIC Trib to Middle Ck, Warrenmang 11 �37.028 143.338

Campaspe (CAM) JHA Jews Harp Ck, Sidonia 12 �37.139 144.578

Upper Goulburn (UGO) MER Merton Ck 17 �36.981 145.727

TRA Trawool Ck 10 �37.135 145.193

YEA Yea R., Yea 8 �37.213 145.414

Lower Goulburn (LGO) PRA Pranjip Ck 9 �36.623 145.309

SEV Trib to Seven Creeks 11 �36.875 145.701

Broken (BRO) BEN Swanpool Ck, Swanpool 10 �36.723 146.022

SAM Sam Ck 10 �36.661 146.152

LIM Unnamed Ck, Lima South 18 �36.826 146.008

Ovens (OVE) KIN King R., Cheshunt 16 �36.795 146.424

HAP Happy Valley Ck 9 �36.579 146.824

MEA Meadow Ck, Moyhu 8 �36.573 146.423

Kiewa (KIE) GAP Gap Ck, Kergunyah 12 �36.317 147.022

Albury (ALB) ALB Murray R. lagoon, Albury 12 �36.098 146.928

Mitta Mitta (MIT) SPR Spring Ck 10 �36.499 147.349

GLE Glencoe Ck 10 �36.393 147.221

TAL Tallangatta Ck 7 �36.281 147.382

Upper Murray (COP) COP Coppabella Ck 16 �35.746 147.729

Lachlan (LAC) LRT Blakney Ck 8 �34.736 149.180
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Smouse 2012). To evaluate whether populations have

experienced recent genetic bottlenecks, we used BOTTLE-

NECK 1.2.02 (Piry et al. 1999). BOTTLENECK was run using

the infinite alleles model and a Wilcoxon signed-rank

test implemented using the wilcox.test function in R was

used to test for significant heterozygosity excess com-

pared to expectations under mutation–drift equilibrium.

We estimated the effective population size (Ne) using

the linkage disequilibrium (LD) method in NEESTIMATOR

2.01 (Do et al. 2014). This is based on the assumption

that LD at independently segregating loci in a finite

population is a function of drift, and performs particu-

larly well with a large number of loci in situations

where population sizes are expected to be small. NEESTI-

MATOR was run assuming random mating and using a

Pcrit value of 0.075 following guidelines for small sam-

ple sizes (Waples & Do 2010). A Wilcoxon signed-rank

test was used to test for the differences in Ne estimates

between Lower and Upper Murray regions.

Population-specific FST was estimated for each sam-

pling site for both the neutral and candidate loci using

the method of Weir & Hill (2002) calculated with the

R package HIERFSTAT (Goudet 2005). Population-specific

FST estimates local population divergence from the

whole metapopulation considering the variation in the

strength of genetic drift among demes due to the differ-

ences in effective population size (Foll & Gaggiotti

2006).

Population genetic structure was assessed using the

neutral loci with a combination of frequency- and geno-

type-based methods. Pairwise FST (Weir & Cockerham

1984) was estimated among sampling sites using GEN-

ODIVE with significance assessed using 10 000 permuta-

tions. GENODIVE was also used to perform a hierarchical

AMOVA based on FST (Weir & Cockerham 1984) among

catchments, among sites within catchments and among

individuals within sites using 10 000 permutations. In

all cases, missing data were replaced with alleles drawn

randomly from the overall allele frequency distribution.

Bayesian clustering analysis of individual genotypes

was then performed using FASTSTRUCTURE (Raj et al.

2014). This model-based method assumes that there are

K populations and that population allele frequencies are

in HWE. Individuals are assigned to one or more popu-

lations based on the probability of their genotypes

belonging to each population. Ten independent runs for

each value of K (1–25) were completed to ensure consis-

tency and the most likely K was assessed by comparing

the model complexity that maximized marginal likeli-

hood across replicate runs. Isolation by distance (IBD)

was assessed using multiple matrix regression with ran-

domization (MMRR) following Wang (2013). We exam-

ined the relationship between matrices of pairwise

population FST calculated in GENODIVE and pairwise pop-

ulation distances along the river network calculated

with ARCMAP v.10.2 (ESRI 2012), and tested for signifi-

cance using 10 000 random permutations.

Environmental data and interaction among variables

To characterize environmental conditions at each sam-

pling site, we used the comprehensive Australian

hydrological geospatial fabric (Geoscience Australia

2011; Stein et al. 2014), which links spatial data depict-

ing surface water features to a set of environmental

attributes describing natural and anthropogenic charac-

teristics of waterways. These include summary statistics

on climate, land use, topography and hydrological char-

acteristics organized according to stream hierarchy to

allow the assessment of environmental factors at multi-

ple scales (i.e. stream vs. catchment level). Also

included in the environmental attributes are series of

river disturbance indices designed to evaluate the

impact of human activities such as disturbance to the

flow regime and the effect of land use on the health of

freshwater ecosystems (Stein et al. 2002).

Table 2 The number of variant sites retained after each filter-

ing step for Nannoperca australis from the Murray–Darling

Basin. Number of filtered loci used for downstream analyses

indicated in boldface. Detailed descriptions of each filtering

step are included in Appendix S1 (Supporting information)

Step SNP count

Raw SNP catalogue 2 589 251

Genotyped in

50% of individuals, base

quality ≥30, minor allele count of 3

243 334

>70% of individuals

and >70% of populations

112 557

Biallelic only 85 647

Single SNP per locus, MAF > 0.05 24 315

Sequencing errors, paralogs,

multicopy loci and artefacts of

library preparation

1 Allele balance 20 828

2 Read orientation 12 878

3 Mapping quality 10 251

4 Paired reads 8876

5 Read quality 6905

6 Read depth 5162

Outlier detection

BayeScan outliers 643

Arlequin outliers 697

Outliers identified

in at least one method

873

Putatively neutral 4289

Putatively neutral in HWE 3443

HWE, Hardy–Weinberg

equilibrium; MAF, minor allele frequency.
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A subset of 40 candidate variables were selected

based on those identified as important predictors of

freshwater fish occurrence in southeastern Australia

(Bond et al. 2011) along with others that have previ-

ously been identified as influencing genetic diversity of

freshwater fishes in the MDB (Table S1, Supporting

information). These variables were divided into five cat-

egories concerning the variation in temperature, precipi-

tation, flow regime, human disturbance and

topography. Within each category, variance inflation

factor (VIF) analysis was used to exclude highly corre-

lated variables in a stepwise fashion until all remaining

variables were below a VIF threshold of 10 (Dyer et al.

2010). Principal components analyses (PCAs) were then

performed for the remaining variables in each category.

This was carried out using the dudi.pca function in the

ADE4 R package (Dray & Dufour 2007) and principal

components (PCs) with eigenvalues greater than one

were retained (Yeomans & Golder 1982) as synthetic

environmental variables in GEA analyses. The dimdesc

function in the FACTOMINER R package (Lê et al. 2008) was

used to identify individual variables significantly

(P < 0.05) associated with each PC.

Signatures of selection at local and regional scales

Evidence for local selection was assessed using both

univariate and multivariate GEA methods to identify

the strong associations between allele frequencies and

environmental variables. First, we used a spatially

explicit generalized linear mixed-model approach

implemented in gINLAnd (Guillot et al. 2014). This

method generates two competing models for each locus:

one in which the fixed effect of an environmental vari-

able influences population allele frequencies and one

where the environmental variable has no effect. Both

models account for spatial genetic structure by includ-

ing a random spatial effect based on geographic coordi-

nates. Due to the dendritic nature of the MDB river

system, modelling the spatial arrangement of sites using

xy coordinates provides a distorted measure of the true

biological distance among sites. To overcome this, the

cmdscale base function in R was used to perform multi-

dimensional scaling (MDS) on the matrix of pairwise

river distances. The MDS returned new coordinates that

better represent among-site river distances. Using these

coordinates, parameters describing the spatial covari-

ance structure of the allele frequency data were esti-

mated using a subset of 500 randomly selected loci as

recommended by Guillot et al. (2014). These spatial

parameters were then used to control for spatial genetic

structure in the final models. gINLAnd was run for each

of the environmental PCs and log-Bayes factors were

calculated for the two models for each locus and used

to rank loci in terms of dependence of the allele fre-

quencies on the environmental variable. Using a conser-

vative interpretation of Bayes factors (Kass & Raftery

1995), loci with a log-Bayes factor >15 were considered

strong candidates for selection.

Second, we used partial redundancy analysis (RDA)

to assess the effect of environmental variation on the

patterns of genomic diversity while also controlling for

the effects of spatial genetic structure using parameters

describing the spatial distribution of sampling sites. The

MDS spatial coordinates were expressed as third-degree

polynomials and subjected to a forward selection proce-

dure based on the method of Meirmans (2015). To

account for collinear explanatory variables in the RDA

model, VIF analysis was again used, this time to iden-

tify environmental PCs strongly correlated with other

PCs in the model. Initially, RDA was performed with

all retained environmental PCs before using a back-

wards-stepwise selection procedure implemented in VE-

GAN (Oksanen et al. 2015) to select the final model. The

final RDA evaluated this reduced environmental model.

Significance of the model, as well as marginal signifi-

cance of each environmental PC, was assessed by 1000

ANOVA permutations. The mean locus score across all

loci was calculated for each of the first three RDA axes,

and individual loci with a score greater than three stan-

dard deviations from the mean were considered candi-

dates for selection (Forester et al. 2015).

Functional annotation and mode of selection

To examine gene ontology (GO) annotation terms asso-

ciated with the SNP loci, BLAST2GO (Conesa et al. 2005)

was used to perform a BLAST search and annotation of

the flanking sequences for all 5162 SNPs against the

NCBI nonredundant nucleotide database with the BLAST

e-value threshold set to 1 9 10�3 and an annotation

threshold e-value threshold of 1 9 10�6. Fisher’s exact

test was then used with a FDR of 0.05 to assess the

GEA candidate loci for the enrichment of any biological

processes, molecular functions or cellular components

compared with the whole SNP data set.

Finally, to better understand the type of selection

likely to have generated the genomic footprints detected

by either FST outlier tests or GEA analyses, we exam-

ined the distribution of FST values observed for each

locus for (i) the whole data set, (ii) the outlier loci (iden-

tified by ARLEQUIN and BAYESCAN) and (iii) the GEA can-

didate loci (identified by gINLAnd and the RDA). Here,

we expect a relatively low average and broad distribu-

tion of FST values for polygenic ‘soft’ selective sweeps

because in this scenario adaptation is expected to pro-

ceed without major changes in allele frequency (Pritch-

ard et al. 2010). On the other hand, much higher FST
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values are expected for loci involved in ‘hard’ selective

sweeps because alternate alleles in these loci should

have approached or reached fixation (i.e. FST of 1)

(Pritchard & Di Rienzo 2010; Messer & Petrov 2013).

FST for each locus was calculated in ARLEQUIN, and the

density distribution kernel for each data set was plotted

in R.

Results

Genotyping, outlier detection and genomewide
variation

A total of 1 602 903 910 forward and reverse sequence

reads were generated with the Illumina platform (de-

tailed sequencing statistics are listed in Table S2, Sup-

porting information). After filtering the data with

stringent criteria, 5162 SNPs were retained from

2 589 251 variant sites present in the VCF file produced

by dDocent (Table 2). BAYESCAN identified 643 outlier loci,

while ARLEQUIN identified 697, with 467 of these

identified by both. Outliers from both methods were

conservatively combined such that the 873 unique loci

considered as outliers by either BAYESCAN or ARLEQUIN

were excluded to create a neutral data set. After filter-

ing the 4289 remaining loci for HWE, 3443 putatively

neutral SNPs were retained for population structure

and demographic analyses.

Genetic variation based on 3443 neutral SNPs was

low with an average HE of 0.161 (0.057–0.263), average
HO of 0.123 (0.043–0.206) and an average of 46.3%

(19.0–71.7%) polymorphic loci (Table 3). There was,

however, a striking contrast between regions with aver-

age HE of 0.253 in the Lower Murray wetlands com-

pared with 0.143 in the upper reaches (Table 3).

Overall, genetic variation for the candidate loci was

generally lower, but followed a pattern similar to the

neutral data (Table 3). Population-specific FST estimated

with both neutral and candidate SNPs was generally

inversely proportional to genetic diversity, with the

most highly differentiated populations also containing

the least genetic variation (Table 3). Results from the

Table 3 Summary by sampling site of expected heterozygosity (HE), observed heterozygosity (HO), % polymorphic loci and popula-

tion-specific FST (Weir & Hill 2002) based on 3443 neutral and 216 candidate adaptive SNPs for Nannoperca from the Murray–Darling

Basin. Lowland wetland sites referred to as Lower Murray in the text are indicated in boldface

Catchment Site

HE HO % Polymorphic loci FST

Neutral Adaptive Neutral Adaptive Neutral Adaptive Neutral Adaptive

TOO TBA 0.227 0.225 0.151 0.155 58.4 58.8 0.06 0.03

LMR ALE 0.263 0.269 0.161 0.153 71.7 70.8 0.07 0.03

MID 0.262 0.255 0.158 0.161 67.1 64.8 0.09 0.05

MUN 0.260 0.271 0.167 0.178 61.6 63.0 0.03 0.02

ANG MCM 0.097 0.066 0.090 0.057 26.7 16.7 0.56 0.58

AVO MIC 0.114 0.080 0.104 0.068 32.8 23.2 0.41 0.47

CAM JHA 0.091 0.069 0.073 0.055 26.7 19.4 0.36 0.38

GOU MER 0.075 0.041 0.062 0.035 30.4 19.9 0.47 0.52

TRA 0.075 0.034 0.059 0.026 23.9 13.0 0.43 0.47

YEA 0.087 0.049 0.066 0.027 24.4 14.8 0.36 0.43

PRA 0.243 0.194 0.180 0.149 68.2 56.5 0.18 0.23

SEV 0.218 0.173 0.170 0.125 59.7 48.6 0.12 0.17

BRO BEN 0.236 0.203 0.191 0.153 68.5 57.4 0.16 0.20

SAM 0.234 0.188 0.206 0.161 68.7 58.3 0.19 0.24

LIM 0.118 0.105 0.094 0.075 39.7 38.0 0.34 0.36

OVE KIN 0.104 0.091 0.077 0.068 36.2 34.3 0.30 0.29

HAP 0.114 0.070 0.094 0.063 33.0 25.9 0.37 0.40

MEA 0.158 0.182 0.129 0.137 43.6 44.4 0.25 0.14

KIE GAP 0.168 0.102 0.145 0.094 51.8 35.2 0.30 0.39

ALB ALB 0.226 0.140 0.182 0.106 66.9 43.5 0.30 0.47

MIT SPR 0.152 0.087 0.119 0.066 48.1 32.9 0.26 0.35

GLE 0.143 0.074 0.117 0.057 42.8 23.2 0.41 0.51

TAL 0.164 0.092 0.135 0.068 46.7 27.3 0.48 0.58

COP COP 0.133 0.100 0.111 0.079 39.9 32.4 0.30 0.35

LAC LRT 0.057 0.040 0.043 0.031 19.0 16.7 0.67 0.71

Mean Mean 0.161 0.128 0.123 0.094 46.3 37.6 0.30 0.34

Min Min 0.057 0.034 0.043 0.026 19.0 13.0 0.03 0.02

Max Max 0.263 0.271 0.206 0.178 71.7 70.8 0.67 0.71
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BOTTLENECK tests for excess heterozygosity confirmed

recent reductions in population size at all sites

(P < 1 9 10�10) except MER (P = 0.193) and LRT

(P = 0.748) (Table S3, Supporting information). Esti-

mates of Ne were generally low (Table S3, Supporting

information), but varied between Lower and Upper

Murray regions with average estimate of 194.75 (190.9–
198.6) for Lower Murray sites significantly higher

(P = 0.02) than the upper reaches average estimate of

88.4 (13.7–305.4).

Population genetic structure

High levels of population genetic structure were evi-

dent between most demes of Nannoperca australis, with

population pairwise comparisons of FST ranging from 0

to 0.79 (global FST = 0.48). All pairwise FST estimates

were significant (P < 0.003) except between Lower

Lakes sites MID and MUN (FST = �0.002, P = 0.66)

(Table S4, Supporting information). Results of the

MMRR indicated that river distance was not a good

predictor of FST and that no significant pattern of IBD

was apparent across the MDB (regression coeffi-

cient = 0.108, P = 0.342).

Based on FST, AMOVA calculated across all sites attribu-

ted 30.3% of the variation to the differences among

catchments (P < 0.001), 10.7% to differences between

sites within catchments (P < 0.001) and 13.5% among

individuals within sites (P < 0.001) (Table S5, Support-

ing information). When calculated separately, the AMOVA

for each of the catchments containing multiple sites

suggests the differences in levels of within-catchment

connectivity across the MDB (Table S5, Supporting

information). Sites within the Lower Murray appear to

be highly connected, suggesting that TBA, ALE, MID

and MUN constitute a single population. This is in con-

trast to less connected Upper Murray catchments

(Table S5, Supporting information).

Clustering analysis in FASTSTRUCTURE based on neutral

SNPs identified 12 distinct populations that mostly cor-

respond with the MDB catchment boundaries (Fig. 2),

except for the following. In the Lower Murray, TBA

(Tookayerta Catchment) grouped together with ALE,

MID and MUN (Lower Lakes). Goulburn River (five

sites) and Broken River (three sites) catchments were

split into three groups: an Upper Goulburn cluster

(MER/TRA/YEA), a distinct Broken River site (LIM)

and an admixed group consisting of two Lower Goul-

burn and two Broken River sites (PRA/SEV/BEN/

SAM). The site at Albury is most similar to the Kiewa

River site (GAP), however also shares some affinity

with sites further upstream from the Mitta Mitta

catchment.

Environmental data and interactions among variables

Calculating pairwise distance among sampling sites

with the revised MDS coordinates improved the corre-

lation with along-river distances (R2 = 0.97) compared

with the original spatial coordinates (R2 = 0.87). The

revised MDS coordinates were then substituted for

downstream analyses requiring spatial coordinates.

Following VIF analyses, 19 variables representing all

five environmental categories were retained for the

environmental PCAs (see Table S1, Supporting informa-

tion for the explanation of variable codes). These are

four temperature variables (STRCOLDMTHMIN,

STRDRYQTEMP, CATDRYQTEMP and STRWETQ-

TEM), three precipitation variables (CATDRYQRAIN,

STRWETQRAIN and CATCOLDQRAIN), two distur-

bance factors (CDI and FRDI), five flow variables

(RUNCVMAXMTH, RUNPERENIALITY, RUNANN-

MEAN, SUBEROSIVITY and CATEROSIVITY) and five

topographic variables (STRAHLER, SUBELEMAX,

CATELEMEAN, VALLEYSLOPE and CATSLOPE).

The first two components of each PCA for the tem-

perature, flow and topographic variables scored eigen-

values >1 and explained 75.3%, 83.1% and 83.3% of the

total variance, respectively. Just one component each

for the precipitation and human disturbance PCAs

scored an eigenvalue >1, and thus, all individual vari-

ables rather than PCs for these categories were used for

downstream analyses (Table S6, Supporting informa-

tion). The PCA plots for temperature and precipitation

depict the climatic gradient across the MDB (Fig. 3),

with sites from the Lower Murray experiencing higher

winter temperatures and lower rainfall than headwater

sites such as those in the Ovens River and Mitta Mitta

catchments. Measures of flow variation (erosivity and

perenniality) dominate the first PC of the flow PCA and

demonstrate that Lower Murray sites experience lower

variation in flow than in headwater locations (Fig. S2a,

Supporting information). The second flow PC explains

the differences in average annual flow that tend to

reflect accumulated increases in total flow from head-

waters to the main channel rather than the variation in

climate (Fig. S1a, Supporting information). The topo-

graphic PCA was most influenced by elevation and

Strahler stream order, which describes intrinsic physical

factors related to each site’s position in the river net-

work (Fig. S1b, Supporting information). In contrast to

the other categories, there was no evidence of any

regional spatial pattern for the human disturbance

PCA, confirming that human disturbance mostly affects

conditions at a local scale (Fig. S1c, Supporting informa-

tion). This resulted in a final list of 11 environmental

variables (six PCs and five individual precipitation and

disturbance variables) that describe the variation in the
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environment across the MDB, and the correlations

between individual variables and the PCs are described

in Table S6 (Supporting information).

Signatures of selection at local and regional scales

gINLAnd provided strong evidence (log-Bayes factor

>15) for the associations between allele frequencies of

178 unique loci and the 11 environmental variables

identified based on PCAs, as above (Table S7, Support-

ing information). Candidate loci were identified by

gINLAnd for all environmental variables, with precipita-

tion-related variables associated with 85 loci, tempera-

ture (53 loci), flow (39 loci) and topography (26 loci).

Variables associated with high numbers of loci included

CATCOLDQRAIN (74), Temp2 (41), Flow1 (35) and

catchment disturbance index (CDI) (35) (Fig. 4). As

expected, there was also a high degree of overlap with

95 loci identified as candidates associated with more

than one variable. Human disturbance variables

describe mostly local-scale disturbance and were associ-

ated with 41 loci, of which 22 were not associated with

any other variables.

The RDA triplot summarizes the first two axes of the

final model and indicates that temperature, rainfall and

topography are the major environmental factors influ-

encing genetic variation of 42 candidate adaptive loci

(Fig. 5). Winter rainfall (CATCOLDQRAIN) and sum-

mer temperature (Temp2) were the most influential pre-

dictive variables in the model suggesting that the

climate is the major factor driving selection across the

region. Following VIF analyses, Temp1, Temp2, CAT-

COLDQRAIN, Topo1 and Topo2 were retained as pre-

dictive variables in the final model, along with two

spatial conditional variables. The RDA was globally sig-

nificant (P = 0.007) with environmental variation

explaining 23.83% of the total genetic variation after

accounting for spatial structure (30.07% of total genetic

variation). Assessment of the marginal significance of

each explanatory variable revealed that Temp2, CAT-

COLDQRAIN, Topo1 and Topo2 were each significant

predictors of allele frequencies (P < 0.05). The first three

RDA axes explained 85.41% of the variation (33.89%,

28.88% and 22.65%, respectively) and individual locus

scores for 42 loci (9, 17 and 16 for each of the three

RDA axes) were further than three standard deviations

from the mean (Fig. S2, Supporting information) and

were considered as candidate loci potentially under

selection. Triplots including RDA3 are presented in

Fig. S3 (Supporting information).

Functional annotation and mode of selection

The GEA analyses together identified 216 unique candi-

date adaptive loci (178 gINLAnd, 42 RDA with four loci

identified by both methods). BLAST2GO recorded blast

hits for 1289 (e-value < 1 9 10�3) of the 5162 loci—of

which 638 could be annotated and were assigned 885

GO terms (e-value < 1 9 10�6)—and 49 blast hits for

the 216 candidate loci—of which 24 were annotated and

were assigned 138 GO terms. Enrichment analysis did

not find any GO terms significantly (FDR of 0.05)

under- or over-represented in the candidate adaptive

data set compared with all loci. Blast results and anno-

tations are available on Dryad (see Data accessibility).

The distribution of FST values for the entire SNP data

set is broad and extends across the entire theoretical

range (i.e. from 0 to 1). This contrasts with the narrow

distribution for the FST outlier loci, which include sev-

eral values close to 1. On the other hand, the distribu-

tion of FST values for the GEA candidate loci is not only

broader than the FST outliers, but also peaks at much

lower FST values (Fig. 6). The average single locus FST
for all 5162 loci was 0.461 (0–1), compared with 0.826

(0.695–1) for the 177 FST outliers and 0.634 (0.356–1) for
the 216 GEA candidate loci.

Fig. 2 Admixture plot based on 3443

‘neutral’ SNPs for Nannoperca australis

from the Murray–Darling Basin (MDB)

depicting K = 13 clusters determined by

maximum marginal likelihood using FAST-

STRUCTURE. Codes above and below the

plot refer to catchment and sampling site,

respectively (Table 1). Lowland wetland

sites referred to as Lower Murray in the

text are indicated in boldface.
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Fig. 3 Environmental principal compo-

nents analyses (PCAs) of the Murray–
Darling Basin (MDB) describing the

relationship between each Nannoperca

australis sampling location based on

variables related to (a) temperature and

(b) precipitation. Site names are colour-

coded based on the colours used in

Fig. 1. Annotations above and to the

left of plots describe which variables

contribute the most to each axis. Envi-

ronmental PCAs based on variables

related to flow, human disturbance and

topography are in Fig. S1 (Supporting

information).

© 2016 John Wiley & Sons Ltd

RIVERSCAPE GENOMICS OF A THREATENED FISH 5103



Discussion

The rapid rate of climate change and other anthro-

pogenic threats suggests that evolutionary adaptation

will be required for many species to persist into future

(Stockwell et al. 2003; Mergeay & Santamaria 2012;

Losos et al. 2013). However, in order to gauge the

potential of species to adapt to environmental change,

we need to first understand how the environment

shapes intraspecific variation across the genome. Here,

replicate populations of a threatened and poor disper-

sive Australian freshwater fish sampled across a steep

hydroclimatic gradient were examined using 5162 high-

quality SNPs and compared with high-resolution envi-

ronmental data in a riverscape genomics framework.

Overall, strong population structure associated with the

hierarchical river network and low genetic variation

was identified with putatively neutral SNPs. This is

consistent with the findings from studies based on other

classes of selectively neutral markers (Attard et al. 2016;

Cole et al. 2016), confirming that drift is a major evolu-

tionary process shaping genetic diversity in this system.

On the other hand, evidence is also provided for a

marked pattern of hydroclimatic-driven selection, with

temperature and precipitation emerging as the most

important of several environmental parameters influ-

encing the allele frequencies of 216 candidate adaptive

loci, both at regional (basinwide) and at local (catch-

ment) scales. Human disturbance also influenced puta-

tively adaptive variation, but for a smaller number of

candidate loci and only at a local scale. In addition,

despite strong drift and geographic isolation, adaptive

divergence among populations appears to be explained

by a pattern of nonallelic fixation consistent with a

genomic footprint of polygenic adaptation. This repre-

sents the first riverscape genomics study of an Aus-

tralian fish and, as such, makes an original contribution

to our understanding of adaptation across large fresh-

water ecosystems—a topic dominated by studies of

Northern Hemisphere fishes, in particular salmonids

(e.g. Bourret et al. 2014; Hecht et al. 2015) and stickle-

backs (e.g. Raeymaekers et al. 2014; Ferchaud & Hansen

2016). More broadly, our results highlight the utility of

spatially explicit GEA methods for elucidating the

Fig. 4 log-Bayes factor scores for each of 5162 SNPs for their association with environmental variables. (a) Catchment average coldest

quarter rainfall (CATCOLDQRAIN), (b) average summer temperature (Temp2 PC), (c) stream flow variation (Flow1 PC) and (d)

catchment disturbance index (CDI). Loci with a log-Bayes factor >15 are highlighted in red and were considered as candidates for

selection. PC, principal component.
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signal of selection in spatially complex and anthro-

pogenically modified ecosystems and for informing con-

servation management of endangered biodiversity.

Boom–bust cycles and dendritic landscapes influence
genomewide variation

Understanding the relationship between landscape

heterogeneity, environmental variability and population

genetic diversity in river basins is an important topic in

ecology and evolution because these are among the

most diverse and yet most threatened ecosystems (Pal-

mer et al. 2008; Strayer & Dudgeon 2010). Levels of gen-

omewide variation in Nannoperca australis (Table 3) are

lower than those reported in other population genomic

studies of freshwater fishes (Matala et al. 2014; Skovrind

et al. 2016). This is unsurprising and consistent with

low levels of microsatellite DNA variation reported for

N. australis (Cook et al. 2007; Attard et al. 2016; Cole

et al. 2016), and more broadly for other MDB fishes

(Faulks et al. 2010b, 2011; Brauer et al. 2013; Coleman

et al. 2013; Sasaki et al. 2016), which exhibit generally

very low genetic variation compared with non-Austra-

lian freshwater fishes (DeWoody & Avise 2000). This

emerging paradigm is likely due to the naturally vari-

able hydroclimatic environment of the MDB and of sev-

eral other Australian river systems (Kennard et al. 2010)

that result in frequent cycles of population booms and

busts. These cycles cause fluctuations in population size

that produce bottlenecks and affect the spatial patterns

of gene flow in Australian freshwater fishes (Huey et al.

2008; Faulks et al. 2010b). Natural boom–bust cycles,

likely in combination with recent and localized human

disturbance (e.g. Attard et al. 2016), have no doubt con-

tributed to the patterns observed here, as evident in the

signal of genetic bottlenecks and small Ne inferred for

populations across the basin.

Despite this general pattern, genomewide variation in

N. australis was markedly reduced in the upper

Fig. 6 Density distribution of FST values for all 5162 SNPs

(blue), 177 FST outlier loci (red) and 216 candidate loci identi-

fied using genotype–environment association analyses (green).
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Fig. 5 Triplot summarizing the first two

axes of the partial redundancy analysis

(RDA). Sampling sites are colour-coded

according to Fig. 1 and depict each site’s

position in the environmental model. Sig-

nificant environmental factors (P < 0.05)

are represented as blue vectors where the

direction of the arrowhead indicates high

values (e.g. site KIN receives the high

rainfall, while site MIC receives low rain-

fall). The length of each vector represents

the magnitude of their contribution to

the model, and the angle between each

vector represents the correlation between

variables. Allele frequency vectors for

individual SNPs significantly associated

with the model have been rescaled to the

same ordination space and are indicated

by red markers. Their position depicts

the direction of allele frequency variation

in relation to the environmental model.

Plots including RDA3 are in Fig. S3 (Sup-

porting information).
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compared to the lower reaches of the MDB. The Lower

Murray is composed of a large system of linked wet-

lands and lakes, whereas the upper reaches of the MDB

consist of small, often disconnected rivers and creeks

(e.g. Hammer et al. 2013). As expected based on land-

scape configuration, Ne estimates obtained for N. aus-

tralis from the lower MDB were significantly larger

(P = 0.02) compared with estimates for the smaller

upper MDB waterways. In addition, historical demo-

graphic analyses indicate that Lower Murray N. aus-

tralis maintained relatively stable Ne until before

European settlement (Attard et al. 2016), followed by

very recent bottlenecks and near local extirpation (Ham-

mer et al. 2013; Attard et al. 2016). Theoretical (Morris-

sey & de Kerckhove 2009; Paz-Vinas & Blanchet 2015;

Thomaz et al. 2016) and empirical studies (Crispo et al.

2006; Barson et al. 2009; Osborne et al. 2014) of the

effects of landscape structure on genetic variation of

fishes suggest that not only intrinsic physical landscape

properties but also asymmetrical downstream migration

generates higher variation downstream compared with

headwater populations. For N. australis, we detected

strong and hierarchical population structure (i.e. differ-

entiation was much greater among than within catch-

ments) and no migration between most catchments

(Fig. 2), consistent with nil contemporary microsatellite-

based gene flow observed in a larger sample (n = 578)

(Cole et al. 2016). Nonetheless, a more contiguous

metapopulation occupying and dispersing along the

Murray River corridor prior to European Settlement,

enhanced in wetter periods over evolutionary time-

scales (Unmack et al. 2013; Cole et al. 2016), has also

probably contributed to higher genomewide variation

and lower population-specific FST observed in the

Lower Murray (i.e. the latter is, on average, the most

similar to all other populations in the basin; Fig. S1,

Supporting information).

Detecting the signal of selection across a large and
heterogeneous river basin

Environmental variability and instability likely exacer-

bate the effects of drift for N. australis, yet average

hydroclimatic conditions vary substantially among

catchments across the MDB. In this case, natural selec-

tion is also expected to contribute to population diver-

gence, especially when gene flow among populations is

restricted (Willi et al. 2007; Blanquart et al. 2012; Harris-

son et al. 2014). Detecting the signal of selection in com-

plex river networks, however, is particularly

challenging and inferences can be misleading if based

on approaches using inappropriate null models (Four-

cade et al. 2013; Thomaz et al. 2016). Through the use of

spatially explicit GEA methods, we aimed to

disentangle the signal of adaptive variation responding

to the environment from the strong spatial pattern of

neutral genetic variation. The RDA confirmed that spa-

tial population structure was responsible for the pat-

terns of genomewide diversity (30.07% of total genetic

variation); however, temperature, precipitation and

topography were also important factors accounting for

a large amount of the residual variation (23.83% of the

total). This is reinforced by the gINLAnd results, where

precipitation and temperature variables were associated

with the majority of candidate adaptive loci (106 and

58, respectively, of 178). Our suggestion of adaptive

population divergence is further strengthened by the

fact that the loci identified by the GEA methods are

responding in parallel with the environment across a

number of demographically independent populations.

This also builds on studies showing that local adapta-

tion of traits related to reproductive fitness in N. aus-

tralis varies predictably along the gradients of

variability in water flow (Morrongiello et al. 2010, 2012,

2013), and supports the hypothesis that hydroclimatic

selection has driven adaptive genetic differentiation of

populations. These results also add to a growing body

of evidence that climate is a major factor contributing to

adaptive divergence among freshwater fish populations.

For example, Bourret et al. (2013) found that climate

and geology were associated with adaptive divergence

of Atlantic salmon (Salmo salar) populations, and Hecht

et al. (2015) identified precipitation and temperature as

significant factors shaping adaptive variation of Chi-

nook salmon (Oncorhynchus tshawytscha).

Powerful GEA methods have also recently shown

promise in detecting polygenic adaptation in natural

populations (Lasky et al. 2012; Bourret et al. 2014; Hecht

et al. 2015). Empirical and modelling studies suggest

that local adaptation to environmental change may pre-

dominantly arise through polygenic ‘soft’ selective

sweeps (Hermisson & Pennings 2005; Pritchard & Di

Rienzo 2010). This mechanism involves relatively small

changes in allele frequencies at a large number of loci

underlying the trait under selection. On the other hand,

genome scans based on FST outlier tests are primarily

designed to identify ‘hard’ selective sweeps that lead to

fixation or near fixation of alternate alleles (Messer &

Petrov 2013). For our data set, the distribution of FST
values for the vast majority of GEA loci is inconsistent

with alternate fixation of candidate adaptive alleles

(Fig. 5; mean FST of 0.634) and instead supports recent

views that adaptation of complex quantitative traits

probably takes place by simultaneous selection acting

on variants at many loci of small effects (Pritchard et al.

2010). Rapid adaptation to environmental change due to

polygenic selection is possible if sufficient standing

genetic variation exists in the population (Pritchard

© 2016 John Wiley & Sons Ltd

5106 C. J . BRAUER, M. P . HAMMER and L. B . BEHEREGARAY



et al. 2010; Crisci et al. 2016), underscoring the potential

benefits of incorporating GEA methods into conserva-

tion studies of adaptation (Le Corre & Kremer 2012).

Are small fragmented populations subjected to more
divergent selection?

As the field of LG is evolving, so too is the idea that

fragmentation not only reduces habitat size and quality,

but also increases environmental variation within, and

among, habitat fragments (Wood et al. 2014). An emerg-

ing paradigm challenges the classical view of popula-

tion genetic theory and predicts that natural selection

can promote adaptive diversity even in small popula-

tions where strong drift is expected to constrain adap-

tive evolution (Koskinen et al. 2002; Fraser et al. 2014;

Wood et al. 2016). Our results support this idea and the

hypothesis that, despite reduced genetic diversity due

to drift in the small and fragmented populations typi-

cally found in catchments from the upper MDB, hetero-

geneous selection pressure is also driving local adaptive

divergence in response to increased environmental vari-

ation resulting from decreasing local habitat size. The

environmental analysis shows that many upper catch-

ments appear to harbour unique and divergent habitats,

especially in regard to precipitation (Fig. 3a) and to

flow and human disturbance (Fig. S2, Supporting infor-

mation). This is in part supported by the RDA results,

where several upper MDB catchment populations

showed the most divergent GEA profiles across the

basin (e.g. Ovens and Upper Goulburn rivers). Accord-

ingly, fragmentation and habitat quality are known to

impose divergent selection that alters microgeographic

adaptation in isolated populations (Willi & Hoffmann

2012). An alternative, but not mutually exclusive, view

is that habitat complexity, rather than size only, might

have impacted on evolutionary persistence of these

small fragmented populations. Here, fragmentation

would lead to random subsampling of habitat types,

with population persistence at small Ne dependent on

the quality of the habitat sampled in the resulting occu-

pied fragment (Fraser et al. 2014). For instance, adaptive

differentiation in fragmented brook trout (Salvelinus

fontinalis) populations was greater among small than

among large populations, with very small populations

still very much affected by natural selection (Fraser

et al. 2014). Whether this could lead to more variable

evolutionary responses (and even perhaps enhance per-

sistence) in fragmented N. australis is a hypothesis that

remains to be assessed.

Regardless of the mechanisms, the small and frag-

mented upper MDB populations have comparatively lit-

tle standing variation at hydroclimatically selected loci

compared with the significantly larger Lower Murray

populations (Table 3). This highlights that these popula-

tions may have reduced adaptive potential to respond

to the rapid climate change. Conversely, in the Lower

Murray, the combination of higher diversity and low

population-specific FST at candidate loci [i.e. low adap-

tive divergence (Funk et al. 2012)] indicates that these

populations may be a reservoir of adaptive variation for

the species and reinforces the critical nature of ongoing

conservation efforts in this region (e.g. Bice et al. 2012;

Hammer et al. 2013; Attard et al. 2016). The adaptive

sink hypothesis is also consistent with recent findings

of unexpectedly high levels of variation and strong pos-

itive selection at the MHC IIB gene of Lower Murray

N. australis (Bracamonte et al. 2015).

Implications and recommendations for conservation

Despite ongoing conservation efforts including habitat

restoration, environmental water allocation, captive

breeding and re-introductions (Bice et al. 2012; Hammer

et al. 2013; Pearce 2015; Attard et al. 2016), N. australis

remains endangered or threatened across the MDB. In

fact, during sampling for this study, we observed at

least 10 populations that are now extirpated due to the

loss of habitat associated with river regulation and

drought. To promote the long-term persistence of rem-

nant populations, conservation efforts need to be proac-

tive and should focus on maintaining natural habitat

and restoring evolutionary processes to avoid further

loss of genetic diversity and to increase resilience to

environmental change (Crook et al. 2010; Morrongiello

et al. 2011; Hammer et al. 2013). In this sense, carefully

considered translocations provide an attractive option

for conservation management of small and fragmented

populations (Sgr�o et al. 2011; Weeks et al. 2011; Frank-

ham et al. 2014; Frankham 2015). Genetic rescue (Tall-

mon et al. 2004) [here we also include the closely

related concept of genetic restoration proposed by

Hedrick (2005)] can occur when translocations are used

to restore gene flow between recently isolated popula-

tions. This can thereby reduce the genetic consequences

associated with small population sizes such as inbreed-

ing depression, reduced genetic variation and genetic

load (Weeks et al. 2011; Whiteley et al. 2015). For N. aus-

tralis, translocations among populations within catch-

ments would replicate natural evolutionary and

demographic processes by restoring connectivity among

recently isolated but historically connected demes. This

could be achieved by translocating several individuals

to provide ~20% gene flow initially, followed by a small

number of migrants per generation thereafter (Hedrick

1995; Lopez et al. 2009). It has been suggested that out-

breeding depression could lead to reduced fitness in

target populations (Edmands 2007); however, Frankham
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(2015) argued that the risk of outbreeding depression

has likely been overemphasized in the literature (see

also Weeks et al. 2016). Populations of N. australis have

clearly been historically connected at the catchment

level, and given the observed historic and ongoing

declines, we argue that their risk of extirpation due to

inbreeding depression, loss of genetic diversity and

stochastic demographic events outweighs risks posed

by outbreeding depression.

Where species inhabit a wide range of environments,

the potential also exists to select source populations

based on information from LG and predictions of future

environmental conditions to build evolutionary resili-

ence to future environmental change (Aitken & Whit-

lock 2013). In addition to genetic rescue, our findings

provide the opportunity to also consider a second strat-

egy, and use translocations to introduce new alleles that

may increase the potential for populations to adapt to

environmental change (Sgr�o et al. 2011; Aitken & Whit-

lock 2013). Populations of N. australis in the Lower

Murray experience hotter and drier conditions than

elsewhere in the MDB (Fig. 4), and our results suggest

that these populations are locally adapted. Increasing

aridity and climate variability are predicted for the

whole MDB in future (Kershaw et al. 2003; Morrongiello

et al. 2011; Davis et al. 2015), and we propose that

translocations within catchments could be additionally

supplemented with a small number of individuals har-

bouring adaptive genetic variation from other popula-

tions. In this case, the Lower Murray would provide an

ideal source population due to their higher genetic

diversity and low average neutral, and potentially

adaptive, divergence.

Conclusions

Understanding the evolutionary potential of popula-

tions to respond to rapid climate change demands

knowledge of how environmental factors contribute to

local adaptation of populations. The recent transition

from landscape genetics to LG has already yielded

strong evidence for the role of climate in shaping the

patterns of intraspecific genetic variation. Inferring

selection in complex spatial environments, however,

remains challenging. Our riverscape genomic approach

used spatially explicit GEA methods to control for the

effects of landscape structure and shared population

history. It showed that hydroclimatic conditions influ-

ence the population genetic architecture of Nannoperca

australis in the MDB. We revealed precipitation and

temperature as the most important of several environ-

mental parameters influencing adaptive genetic varia-

tion, both at local and at regional scales. Human

disturbance also influenced putatively adaptive

variation, but only at a local scale. The 216 candidate

loci we identified provide a basis for further work

exploring the functional significance of genomic regions

involved in local adaptation to hydroclimatic hetero-

geneity. Recently, there has been a call for genomic

approaches currently used to address questions in ecol-

ogy and evolution to move beyond the realm of aca-

demic research and contribute more to solving the

practical issues of conservation biology (Shafer et al.

2015a). Our work is an initial step towards that goal

and will inspire further debate and research into how

knowledge of adaptive genetic variation may best be

incorporated into species conservation.
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