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program maintains genetic diversity in a threatened
freshwater fish

Sean James Buckley'? | Chris Brauer' | Chris Lamin® | Peter Rose® |
Diana-Elena Vornicu' | Luciano B. Beheregaray’

'"Molecular Ecology Laboratory, College of

Science and Engineering, Flinders Abstract
University, Adelaide, Australia Collaborative approaches to conservation management are critical to respond
*School of Biological Sciences, The to the ongoing biodiversity crisis. However, local community involvement in

University of Western Australia, Crawley,
WA, Australia

3Middle Creek Farm, Stratford, Australia

many conservation actions is lacking, especially within translocation and rein-
troduction programs. Similarly, rapid integration of genetic information into

“North Central Catchment Management collaborative programs with local communities is rarely conducted. Here, we

Authority, Huntly, Australia describe a community-based and collaborative reintroduction program for a
threatened Australian freshwater fish, the southern pygmy perch (Nannoperca

Correspondence . . .

Luciano B. Beheregaray, Molecular australis). We integrate on-the-ground translocation efforts by volunteers from

Ecology Laboratory, College of Science local communities, captive breeding by a private aquarium business, and

and Engineering, Flinders University,

) . genetic analyses done by a research institution to provide a holistic framework
Adelaide, SA 5001, Australia.

Email: luciano.beheregaray@flinders. for the reintroduction of southern pygmy perch. We evaluated genetic diver-
edu.au sity, population structure, relatedness, and inbreeding across the duration of
Funding information the reintroduction program using data from neutral and adaptive genomic
Australian Research Council, markers. This allowed us to assess the ability of such a program to minimize
Grant/Award Numbers: DP190102533,

inbreeding and retain genomic variation, and to promote adaptive potential of
FH30101068 the reintroduced population. While genetic variation for the source popula-
tions was very low, we found no decrease in genetic diversity or increase in
inbreeding across the program. These genetic findings support the efforts made
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a collaborative conservation framework. We expand on our empirical case
study by describing a theoretical framework for integrating conservation geno-
mics research with community-led conservation management programs and
identifying the benefits of such a collaboration. Our study highlights the
importance of multifaceted and integrated conservation management

approaches to effectively protect and manage threatened species.
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1 | INTRODUCTION

Given the current state of the global extinction crisis
(Ceballos et al., 2015), collaborative approaches between
conservation scientists and non-expert community groups
are required to effectively prevent species loss (Arlettaz
et al., 2010; Chandra & Idrisova, 2011). Local community
participation in conservation programs is mutually benefi-
cial (Frigerio et al., 2018), significantly boosting conserva-
tion outcomes through communal investment, manual
support, and local knowledge (Waylen et al., 2010). At the
same time, collaborative conservation programs also pro-
vide gains in scientific literacy, fostered relationships and
an increased use of scientific information in decision-
making frameworks (Villasefior et al., 2016). The integra-
tion of scientific and community institutions in conserva-
tion programs may also help bridge the in situ and ex situ
management divide (Schwartz et al., 2017), including
in captive-breeding and conservation reintroductions
(Galbraith et al., 2016) and in the application of genetic
data into conservation management (Taft et al., 2020).
Despite these benefits and a growing number of collabora-
tive conservation studies (Frigerio et al., 2018), there is a
broad lack of public participation in conservation pro-
grams (Chandra & Idrisova, 2011), particularly within
translocation and reintroduction actions (Galbraith
et al., 2016). Similarly, few community collaboration pro-
grams incorporate genomic data to guide conservation
actions such as translocations (Theobald et al., 2015).

Reintroduction programs are a critically important strat-
egy for the conservation of rapidly declining and severely
threatened species (Seddon et al., 2007), becoming increas-
ingly necessary with escalating human development and
anthropogenic climate change (He et al., 2016). The success-
ful establishment of reintroduced populations remains chal-
lenging (Bubac et al., 2019) and is dependent on an array of
factors, including environmental (Bellis et al., 2020), ecologi-
cal (Harig & Fausch, 2002), demographic (Van Houtan
et al.,, 2009), and genetic (Attard, Moller, et al., 2016; Furlan
et al., 2020; Marshall et al., 2022; Seaborn et al., 2021) com-
ponents, as well as longitudinal monitoring (Marshall
et al., 2022). Of these, genetic diversity particularly does not
often factor into the assessment of reintroduction success
(Schwartz et al., 2007; Seaborn et al., 2021).

Maintenance of genetic variation in reintroduced popula-
tions preserves adaptive potential and allows populations to
respond to current and future environmental changes (Brauer
et al., 2017; DeWoody et al., 2021; Jamieson, 2011; Stange
et al., 2021). However, genetic diversity can be readily lost
throughout the captive-breeding and reintroduction process,
driven by for example, founder effects in small broodstock
populations (Witzenberger & Hochkirch, 2011), adaptation to
captivity (Christie et al., 2012; Christie et al., 2016;

Williams & Hoffman, 2009) or unequal reproductive out-
put (Gooley et al., 2018; Miller et al., 2009). These factors may
impede on the ability for reintroduced populations to become
established and persist in the wild, significantly impacting con-
servation management for the species (Willoughby
et al., 2015). Despite the importance of estimating and main-
taining genetic diversity within reintroduction programs,
financial constraints and a lack of expertise within conserva-
tion managers is a significant barrier to its inclusion
(Holderegger et al., 2019). Thus, cooperative projects between
conservation geneticists and conservation practitioners—both
professional and community-based—provide an exemplary
approach to integrate genetic information with practical con-
servation management (Figure S1; Holderegger et al., 2019).

Freshwater species have experienced more rapid
declines in abundance due to human impacts than terres-
trial or marine species, as well as exceptionally high rates of
extinctions (Barbarossa et al., 2021; Harrison et al., 2018).
Small-bodied freshwater fishes are of particular risk to
local or regional extirpation due to their poor dispersal abil-
ity, high habitat specialization, narrow endemism, and
environmental stochasticity (Brauer & Beheregaray, 2020;
Lintermans et al., 2020; Reynolds et al., 2005). Australian
freshwater fishes, despite being one of the most threatened
vertebrate groups (Garnett et al., 2022), receive relatively lit-
tle legislative protection or management interventions
(Lintermans et al., 2020). Thus, community collaborations
are essential for the effective conservation of this highly
imperiled group. Our collaborative reintroduction program
focuses on the southern pygmy perch (Nannoperca austra-
lis): a small-bodied (<80 mm), weakly-dispersing and
habitat-specialist freshwater fish endemic to south-eastern
Australia. Southern pygmy perch prefer small streams and
wetland habitats containing dense aquatic vegetation for
shelter (Lintermans, 2007, Wedderburn et al.,, 2017) and
show limited dispersal between river catchments (Brauer
et al.,, 2016; Brauer & Beheregaray, 2020; Cole et al., 2016;
Hammer et al., 2013). The expected lifespan is 3-6 years,
with sexual maturation occurring after 1 year (Lintermans,
2007). The spawning season occurs annually, peaking from
October to December, during which males develop contrast-
ing black and red colors in the body and fins (Morrongiello
et al, 2010). The species is distributed throughout the
Murray-Darling Basin (MDB), coastal Victoria and northern
Tasmanian rivers, with major intraspecific lineages corre-
sponding with drainage basins (Buckley et al., 2021). Of
these, the MDB lineage is particularly threatened due to
habitat fragmentation, overextraction of water resources
and the consequences of a widespread drought at the start
of the millennium (Brauer et al, 2016; Brauer &
Beheregaray, 2020; Hammer et al., 2013).

Owing to the combinations of threats impacting
their persistence, southern pygmy perch are listed as
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vulnerable or endangered under state and national protec-
tion acts, and near threatened in the IUCN red list
(Beheregaray et al., 2021). Ongoing conservation efforts
for the species have focused on the recovery of threatened
populations, including a genetically-informed captive-
breeding and reintroduction program for a formerly extir-
pated population from the lower MDB (Attard
et al. 2016b; Marshall et al., 2022). In that region, captive-
born descendants of wild-caught fish were reintroduced to
the region between 2011 and 2012 (Hammer et al., 2013).
The short generation time of the species enabled rapid
assessment of reintroductions, with longitudinal monitor-
ing of presence, abundance and fitness, as well as genetic
sampling of multiple wild-born cohorts, attesting to the
success of that reintroduction (Marshall et al., 2022). The
local population showed low inbreeding and levels of
genomic diversity similar to those found in the formerly
extirpated population (Beheregaray et al., 2021). Despite
these efforts, similar reintroduction programs have not
been evaluated for other threatened populations within
the MDB. This is particularly the case in headwater
regions of the MDB, where southern pygmy perch is com-
prised of smaller and more isolated populations that show
lower genetic diversity and higher extinction risk than
populations in the lower MDB (Brauer et al., 2016;
Brauer & Beheregaray, 2020; Cole et al., 2016).

In response to recent demographic declines and local
extirpations of southern pygmy perch in headwater
regions of the MDB (Brauer et al., 2016; Cole et al., 2016),
a collaborative restoration program was established with
the aim of reintroducing demographically viable populations
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(Figure 1). This program is part of a broader Native Fish
Recovery Plan (Mallen-Cooper et al., 2014) and the Tri-State
Murray Natural Resource Management (NRM) Alliance
“Magnificent Six” project, which sought to restore popula-
tions of threatened floodplain specialist fish species around
the Murray River. A collaborative working group of local
councils (City of Greater Bendigo), environmental groups
(Friends of Crusoe and No. 7 Reservoir), natural resource
agencies (North Central Catchment Management Author-
ity), and fish hobbyist groups (Native Fish Australia, and
the Australian and New Guinea Fishes Association) was
established to source wild southern pygmy perch from the
Avoca and Campaspe Rivers for captive-breeding at a
nearby aquaculture facility (Middle Creek Farm). Volunteer
participants from the fish hobbyist groups were heavily
involved with the collection and transportation of wild-
caught fish under the guidance of natural resource man-
agers. The offspring of this breeding program were then
used to establish multiple reintroduced populations in sev-
eral wetlands near the source catchments, with releases per-
formed by similar local volunteer organizations.

Here, we describe a community-driven captive-
breeding and reintroduction program that includes geno-
mic indicators of restoration success for southern pygmy
perch in MDB headwater regions. We analyze genetic
diversity, population structure, and reproductive output
across three temporal cohorts (before capture, wild-
caught broodstock and captively-bred F1s), and contrast
these with a similar but independent reintroduction pro-
gram in the lower MDB (Marshall et al., 2022). Our col-
laborative approach simultaneously bridges the in situ
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FIGURE 1

The collaborative conservation program for the reintroduction of southern pygmy perch in the Bendigo region of Victoria,

Australia. Each line describes how each partner was involved in the planning (left column; purple) and implementation (middle column;
green) of the reintroduction program, as well as their specific relevant outcomes (right column; blue).

85URD1 SUOWILLOD BAIERID B|qedl|dde 2y} Aq peunob 818 S YO 88N JO S3INJ 104 ARG 1T BUIIUO AB]IM UO (SUORIPUOD-PLE-SLULBHLIOD" A3 |1 ARRIq1BUIIUO//SUNY) SUORIPUOD PUB SWB L 8L3 385 *[¢202/50/90] U0 ARIGIT8UIIUO AB]IM *110UN0D YoJeassy eIIPRIN PUY UIESH UOIEN AQ #GOET ZSo/TTTT OT/I0p/W0d" A3 1M AReIq1puIIUO'01qUOd//SANY WO popeojumoa ‘T YZ0T ‘vS8r8LST



4 of 14 Wl LEY— Sonservation Science and Practice @

BUCKLEY Er AL.

journal of the Society for Conservation Biology

and ex situ management divide (Schwartz et al., 2017) as
well as the gap between conservation managers and aca-
demic researchers (Holderegger et al., 2019). We leverage on-
the-ground translocation efforts by local communities, cap-
tive breeding by aquarium industry and genetic analyses con-
ducted by a research institution to provide a holistic
framework for the reintroduction of a threatened species.

2 | METHODS

2.1 | Establishing community
collaboration and preparing
reintroduction sites

Formed in 2015, the “Tri-State Murray NRM Alliance”
comprises six regional bodies and aims to “grow local econ-
omy, secure the environment, and motivate the commu-
nity” along the Murray River (Tri-State Murray NRM
Regional Alliance, 2016). Key among these aims was the
development of the “Magnificent Six” project, which aimed
to recover populations and prevent extinctions of six, small
native fish species (including southern pygmy perch)
through habitat recovery and translocation efforts. In 2018,
a partnership between the North Central Catchment Man-
agement Authority, City of Greater Bendigo Council, Native
Fish Australia (NFA) and the Australian and New Guinea
Fishes Association (ANGFA) was established to secure wild
populations of southern pygmy perch from catchments
within the Bendigo region, captively breed broodstock, and
translocate offspring into nearby restored surrogate or for-
merly occupied habitats. Suitable source populations were
identified based on prior knowledge of population genetic
structure (Brauer et al., 2016; Cole et al., 2016), including
the Avoca River, and Mclvor and Jew' Harp Creeks in the
Campaspe River catchment (Figure 2, Sites 3-5). Transloca-
tion sites were surveyed using fyke nets prior to release, to
ensure that the invasive predator redfin perch (Perca fluvia-
tilis) and carp (Cyprinus carpio) were not present, and to
confirm the current absence of southern pygmy perch
(Mallen-Cooper et al., 2014). The City of Greater Bendigo
and the Friends of Crusoe and No. 7 Reservoir group fur-
ther prepared the release sites through extensive aquatic
vegetation planting and woody habitat installation to gener-
ate suitable micro-habitat for the translocated pygmy perch.

2.2 | Captive breeding and
reintroduction program

Wild-caught fish from the three sites (Figure 2, Sites 3-5)
were collected by volunteer community members from
NFA and ANGFA under the guidance of natural resource
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FIGURE 2 Map of sampling region and study sites. Shapes
indicate temporal cohorts while colors indicate spatial genetic
populations (based on Brauer et al., 2016). Black lines indicate
major drainage divides. Inset depicts study extent, with the Murray-
Darling Basin highlighted in blue.

managers in late 2018 to be used as broodstock for the
breeding program (Figure 3; n = 121). Given that only
males were collected from Mclvor Creek, and that pre-
vious research suggested they likely belonged to the
same genetic population as those from Jew Harp Creek
(Brauer et al., 2016), these individuals were pooled
prior to breeding (Figure 3) and subsequently referred
to as the Campaspe lineage. We used prior knowledge
about captive breeding of southern pygmy perch
(Attard et al. 2016b) to make recommendations
around the design of the captive breeding groups.
These recommendations included the minimum num-
ber of fish to be wused as broodstock (Attard
et al. 2016a), the sourcing of wild-caught fish to
account for population uniqueness (Brauer
et al.,, 2016; Cole et al., 2016), and minimizing the
duration of captive-breeding to avoid adaptation to
captivity (Brown & Day, 2002; Witzenberger &
Hochkirch, 2011).

The two lineages were then captively-bred at Middle
Creek Farm in 2019, with the resultant F1 offspring being
released across three nearby sites (Figure 2, Sites 6-8) in
early 2020. These lineages were bred separately to maximize
the retention of their respective unique genetic diversity,
given unequal numbers of broodstock fish collected. At each
of these sites (Sites 6-8), a total of 175 Campaspe and
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FIGURE 3 Timeline of wild
capture, captive breeding, and
reintroduction program. Arrows depict
the movement of individuals across sites
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25 Avoca F1s were released, with similar releases occur-
ring across other unsampled sites (not shown). These
additional sites were not surveyed due to logistical con-
straints. A subset of released offspring was sampled for
genetic analysis prior to release (n = 61). Adult fish in
these three sites (Figure 2, Sites 6-8) were recaptured in
late 2020, representing the surviving F1 offspring
(n =59). Additionally, we included historical samples
for the Avoca and Jew Harp Creek populations (n = 23;
total n across all cohorts = 256). These samples were
previously sequenced as part of a broader landscape
genomics project (Brauer et al., 2016) and sourced from
museum tissue originally collected from 1999 to 2000
(Figure 2, Sites 1-2). Across all contemporary sampling
periods, fish were fin clipped, measured (body length
and sex), and returned live to their respective collection
sites. Fin tissue was preserved in 100% ethanol and
stored at —80°C until DNA extraction.

Additionally, we obtained previously sequenced
genomic data (n = 271) from a similar but independent
reintroduction program that was conducted in the
lower MDB (Marshall et al., 2022). That included wild-
caught broodstock, two generations of captively-bred
offspring (F1 and F2), six consecutive generations fol-
lowing a reintroduced population, and a single genera-
tion of three neighboring wild populations (Table S1).
This data were used to contextualize genetic diversity
estimates for our collaborative reintroduction program
in the upper MDB.

CadellaWay No 7. Frog
(Lower)

Ponds

2.3 | DNA extraction, genomic libraries,
and sequencing

DNA was extracted using a modified salting out process
(Sunnucks & Hales, 1996). Genomic DNA quality was
checked using a spectrophotometer (NanoDrop, Thermo
Scientific), agarose gels, and a fluorometer (Qubit, Life
Technologies). Double-digest restriction site associated
DNA (ddRAD) libraries were created in-house using the
restriction enzymes Sbfl and Msel in a modified ddRAD
protocol (Brauer et al., 2016; Peterson et al., 2012), with
150 bp reads paired-end sequenced on a HiSeq 4000.

All sequences—including previously-sequenced histori-
cal and lower MDB samples—were demultiplexed using the
dDocent pipeline (Puritz et al., 2014). Trimmed reads were
aligned and mapped to a recently assembled, chromosome-
level reference genome for southern pygmy perch (under
preparation) using bowtie2 (Langmead & Salzberg, 2012).
Single nucleotide polymorphisms (SNPs) were called across
all sequences together using dDocent and filtered using
VCFTools (Danecek et al, 2011; full filtering pipeline
described in Table S2). Called SNPs were further filtered by
removing co-varying loci with a variance inflation factor >5
to account for linkage disequilibrium. A dataset of adaptive
SNPs was amassed by selecting candidate adaptive SNPs
previously associated with hydroclimatic variation across the
MDB (details in Brauer et al., 2016). These SNPs were
removed from the global SNP dataset to form the putatively
neutral global dataset. Each of these two datasets were
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further subdivided into separate reintroduction programs
(either the lower MDB program detailed in Marshall et al.
(2022) or the upper MDB program described here) for fur-
ther evaluation. As some global SNPs may be monomorphic
within each respective reintroduction program, monomor-
phic sites were removed from each subset.

24 | Genetic diversity

Genetic diversity measures (number of alleles, Na; percent-
age of polymorphic loci, %poly; observed and expected het-
erozygosity, Ho and He; and individual inbreeding
coefficient, F) were calculated for each population and
cohort using the R packages Adegenet (Jombart, 2008) and
Hierfstat (Goudet, 2005). All measures were calculated
using the global neutral and adaptive datasets.

2.5 | Population structure

Population structure across the upper MDB reintroduc-
tion program was assessed using principal coordinates
analyses (PCoA) in DartR (Gruber et al., 2018) and both
neutral and adaptive SNPs, separately. We also estimated
population structure of both SNP datasets using unsuper-
vised models in Admixture (Alexander et al., 2009),
excluding the historical cohorts to better resolve brood-
stock and offspring relationships. For all Admixture ana-
lyses, we estimated the most suitable number of
populations (K) using a 10-fold cross-validation proce-
dure (Alexander & Lange, 2011). All other parameters
were kept at default values.

2.6 | Relatedness, parentage,
and reproductive output

Pairwise relatedness within each population was estimated
using the triadic likelihood relatedness estimator (r;
Wang, 2007) in Related (Pew et al., 2015) and a genotype
error rate of 0.02. We assigned F1 offspring to wild-caught
parents using Snppit (Anderson, 2012) and the triadic likeli-
hood estimator in Sequoia (Huisman, 2017). As recom-
mended to improve parentage assignment (Huisman, 2019),
we first filtered SNPs to only those present in all individuals
and with a minor allele frequency >0.05 (3016 SNPs). We
assumed a genotype error rate of 0.015 based on our
sequencing replicates and discrete (non-overlapping) genera-
tions. This dataset was used in Sequoia. Due to computa-
tional limitations, we further subsampled this dataset to
500 SNPs for Snppit. All other parameters were kept at
default values. The reproductive output of parents was

calculated using the number of inferred offspring per parent
based on assignments made with both methods.

3 | RESULTS

3.1 | Community involvement

Local community volunteers were involved across all
stages of the project. Eight volunteers, recruited through
ANGFA and NFA, spent approximately 16 h (plus travel)
setting up nets and catching fish as part of the initial
DNA collection. This group expanded to 12 volunteers for
the collection of broodstock for the captive breeding pro-
gram, contributing approximately 24 h of time across sev-
eral consecutive days to set nets, collect fish and transport
broodstock to Middle Creek Farm. Within the captive
breeding program, community volunteers contributed a
total of 270 h over 24 weeks for broodstock care and con-
ditioning, and growing fry. Six volunteers were then
involved in the release of captive-bred juveniles, contrib-
uting 8 h of time (plus travel). Without these significant
contributions of labor, a reintroduction program of this
scale would not have been possible.

3.2 | Bioinformatics

A total of 1,655,079 raw SNPs were obtained, with 19,136
high-quality global SNPs across all 596 individuals
retained after filtering (Table S2; Figure S2). These SNPs
were separated into 18,916 putatively neutral and
247 putatively adaptive global SNP datasets. Subdividing
datasets into each reintroduction program with mono-
morphic SNPs removed resulted in 17,216 neutral and
235 adaptive SNPs for the lower MDB program and 8509
neutral and 100 adaptive SNPs for the upper MDB pro-
gram. For the admixture analysis of the upper MDB
program, removing historical samples resulted in 8378
neutral and 100 adaptive polymorphic SNPs.

3.3 | Genetic diversity

All measures of genetic diversity, across both neutral and
adaptive datasets, were considerably higher within the
lower MDB program than in the upper MDB (Figure 4).
All upper MDB populations retained similar levels of
diversity across neutral and adaptive datasets, with mar-
ginally but consistently higher diversity in the Avoca lin-
eage than the Campaspe lineage across all cohorts.
Inbreeding coefficients tended to be low overall but
greater within Campaspe broodstock and F1s than their
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FIGURE 4

Measures of genetic diversity per population based on 247 global adaptive (gray) and 18,916 global neutral (black) SNPs,

across the lower MDB reintroduction program (left; Marshall et al., 2022) and the upper MDB reintroduction program (right). Populations
are arranged in chronological order, with the oldest cohorts on the left. He = mean expected heterozygosity; Ho = mean observed
heterozygosity; Na = mean number of alleles; PercPoly = mean percentage of SNPs polymorphic. MDB, Murray-Darling basin; SNP, Single

nucleotide polymorphism.

Avoca counterparts, except in the historical cohorts
(Figure S3). The recaptured population had levels of
genetic diversity more similar to Campaspe populations
and a wide distribution of inbreeding coefficients.

3.4 | Population structure

Population structure across the upper MDB reintroduc-
tion datasets related more strongly to spatial than tempo-
ral structure, with the first PCoA axis separating Avoca
and Campaspe lineages, and the second axis separating two
broodstock clusters within the Campaspe lineage (represent-
ing the two sample sites: Figure 5). Some temporal popula-
tion structure was evident between historical and
contemporaneous cohorts within each lineage, which was
more apparent within the neutral dataset (Figure 5a). Inter-
mediate clusters were apparent within the F1 generations,
likely representing hybrid individuals between the three
broodstock populations. Similarly, admixture supported the
same three clusters related to spatial structure (Figure S4),
with several hybrid Fls spread across all three offspring
cohorts in both datasets (Figure 5c). Two Avoca Fls were
identified as Avoca x Campaspe hybrids, despite their

separated breeding groups. A single Campaspe F1 was identi-
fied as a mislabeled Avoca F1. Only two (3.5%) recaptured
F1 individuals had Avoca ancestry, with all others either Jew
Harp Creek offspring (n = 39; 68.42%) or hybrids from Jew
Harp Creek and Mclvor Creek parents (n = 16; 28.07%).

35 |
output

Relatedness and reproductive

Pairwise relatedness was low across all populations, with
r < 0.2 for almost all historical and broodstock samples
(Figure 6). Overall relatedness was slightly higher within
the Avoca than the Campaspe offspring, with an increase
in the recaptured F1 population. Parentage assignments
made using both approaches suggested identical parent-
offspring triads, with both parents successfully assigned
to 22 Campaspe (73.33%), 29 Avoca (93.55%), and
33 recaptured (57.89%) F1 offspring across both methods
(Table S3). An additional 16 parent-offspring triads which
were not detected with Sequoia were detected using
Snppit. An additional six Campaspe (20%) and 21 recap-
tured (36.84%) F1 offspring had a single parent assigned
using Sequoia (Table S4). Reproductive output was not
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skewed in the Campaspe population, with most inferred
parents not individually contributing many offspring
(mean = 1.82 offspring per parent). Contrastingly, repro-
ductive output was more variable across Avoca parents
(2-20; mean = 8 offspring per parent; Figure S5).

4 | DISCUSSION

Collaborative approaches between conservation geneti-
cists and local communities provide a strong data-driven

approach to time-sensitive conservation management of
threatened species. Small-bodied freshwater fishes often
have short generation times and are at great risk of losing
genomic diversity and becoming locally extirpated due to
human impacts. At the same time, they exemplify a study
system to rapidly document the benefits of community
efforts in conservation reintroductions. Our -captive-
breeding and reintroduction program for southern pygmy
perch successfully maintained genetic diversity and
avoided inbreeding despite the very low diversity of
source populations. The rapid response offered by
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community involvement in the program, combined with
insights presented by genomic data, provides an effective
and practical management approach to their ongoing
conservation.

41 | Genetic components of
reintroduction and management

All upper MDB populations demonstrated extremely low
genetic diversity, with approximately half the diversity of
lower MDB populations. This finding is consistent with
other population genomics studies on the species, which
demonstrated lower genetic diversity in upland southern
pygmy perch populations (Brauer et al., 2016; Brauer &
Beheregaray, 2020; Cole et al., 2016). The levels of genetic
diversity observed here are lower than other threatened
freshwater fishes (e.g., Biesack et al., 2020; Kajungiro
et al., 2019; Skovrind et al., 2016), highlighting the con-
servation concern for these populations. Relatedly,
population-level fitness is often correlated with measures
of heterozygosity (Chapman et al, 2009; Kardos
et al., 2021; Paige, 2010). This is especially a concern for
reintroduced populations as genetic erosion following
translocation (e.g., Mueller et al., 2022; Ottewell
et al., 2014; Thavornkanlapachai et al., 2021) is often
thought to reduce the likelihood of establishment
(Schifer et al., 2020; Willoughby et al., 2015).

Despite a lack of a priori information on the genetic
diversity of headwater populations, both genome-wide and
adaptive diversity were effectively maintained with mini-
mal inbreeding. Reproductive output was not strongly
biased by overrepresentation of few parents, minimizing
the loss of genetic diversity that can occur in captively-bred
populations (Gooley et al, 2018; Witzenberger &
Hochkirch, 2011). Additionally, a higher proportion of the
recaptured population were hybrids (~28%, compared to
6.45% and 16.67% of released Avoca and Campaspe
cohorts, respectively), potentially suggesting that genetic
mixing may improve individual survivability. The higher
levels of hybridization in F1 cohorts likely contributed to
the maintenance of heterozygosity, as reintroduced popu-
lations from mixed sources may have moderately higher
heterozygosity than their respective source populations
(Huff et al., 2010; McKnight et al., 2023). While genetic
mixing may result in the loss of unique genetic variation
from the source populations due to homogenization, the
low genetic diversity of—and strong genetic drift and lim-
ited adaptive differentiation between—upland populations
(Brauer et al., 2016) suggests that mixing is a more effec-
tive conservation strategy than maintaining genetic
“uniqueness” (Ralls et al., 2018; Weeks et al., 2016).
Together, these findings indicate that the conservation

Ajournal of the Society for Conservation Biclogy

approaches conducted by local communities did not com-
promise genetic diversity.

4.2 | Community engagement and
collaborative conservation

Although community involvement in conservation manage-
ment has increased in recent years (Frigerio et al., 2018),
examples of collaborative approaches between conservation
geneticists and local communities are relatively scarce
(Galbraith et al., 2016; Holderegger et al., 2019). As a result,
few citizen science programs incorporate measures of
genetic diversity (2%; Theobald et al., 2015). Our study high-
lights the increased conservation value of a collaborative
approach between conservation geneticists and diverse com-
munity groups in the reintroduction of a threatened fish.
We reiterate claims made elsewhere (e.g., Galbraith
et al., 2016; Parker, 2008) that community involvement
within translocation programs is critical for their success
and provide strong conservation advocacy to a wide
audience.

For reintroduction programs, strong community engage-
ment can significantly improve conservation outcomes
through the provision of large quantities of data, particularly
regarding local knowledge (Kadykalo et al., 2021), expanded
spatial and temporal scope (Loss et al., 2015; Theobald
et al., 2015), and the additional work force without substan-
tial financial cost (MacPhail & Colla, 2020; Waylen
et al., 2010). Here, local communities were directly involved
in the design and implementation of the reintroduction pro-
gram, including the collection and transportation of brood-
stock (ANGFA and NFA) and the restoration and
preparation of suitable release site habitat (Friends of Cru-
soe & No. 7 Reservoir). These efforts played a critical role in
the effectiveness of the reintroduction program: subsequent
monitoring at the two Cadella Way wetlands release sites
(Sites 7 and 8, Figure 2) in 2021 and 2022 detected large
numbers of southern pygmy perch (>300 fish per site), with
an abundance of new recruits (~95% of all captures; unpub-
lished data). The success of the reintroduction has garnered
significant positive responses from community members,
elevated social media engagement with volunteer organiza-
tions (ANGFA and NFA) and a series of public presenta-
tions documenting the program. Furthermore, NFA have
since established an educational program using aquariums
with southern pygmy perch in local schools: these are used
to teach students about the importance of protecting native
fishes, the impacts of pest species and basic water chemistry.
Based on these outcomes, similar collaborative programs
have been developed within the region: an additional seven
landcare groups and over 20 individual landholders have
been incorporated into new and ongoing reintroduction
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programs in response. Together, these actions demonstrate
not only positive conservation outcomes for a threatened
freshwater fish, but the immediate benefits of community
inclusion for outreach and education.

4.3 | Expanding collaborations
for conservation management

Collaborative conservation approaches comprised of
local communities, conservation managers, government-
based institutions and professional scientists provide a
strong framework for ongoing species management
(Gavin et al., 2018; Theobald et al., 2015). Volunteer-
based monitoring can provide long-term temporal trends
in reintroduction programs, which can be further
assessed, informed and guided by local-scale environ-
mental management and insights from genetic analysis
by professional scientists (Berkes, 2004; Holderegger
et al., 2019). However, integrating conservation genetics
theory and insights into collaborative management
frameworks remains a challenge (Theobald et al., 2015).
A significant barrier to this inclusion is the difficulty of
translating complex genetic concepts and insights into
clear and transparent management actions for practi-
tioners (Britt et al., 2018; Holderegger et al., 2019). Our
research highlights some of the key metrics (neutral and
adaptive diversity; admixture; reproductive output) by
which we can evaluate reintroduction success using
genetic information and apply this knowledge to conser-
vation management (reviewed in Hohenlohe et al., 2021).
These metrics align with recent suggestions for genetic
monitoring of threatened (Hoban et al., 2021) and trans-
located (Van Rossum & Hardy, 2020) populations.
Although these metrics may not directly relate to local
community aims in restoration projects, conservation
genetics perspectives are also intrinsically linked to the
broader goal of maintaining stable populations and pre-
venting local extinction (Figure S1). By including conser-
vation geneticists within a formalized co-management
framework (Trimble & Plummer, 2019), critical compo-
nents of population sustainability such as adaptive poten-
tial and inbreeding depression can be better understood
and managed (DeWoody et al., 2021; Holderegger
et al., 2019). Within the context of our reintroduction
program, ongoing genetic monitoring facilitated by local
communities would allow for the detection of genetic
erosion (e.g., Mueller et al., 2022; Thavornkanlapachai
et al,, 2021) and determining whether further genetic
mixing is recommended (Fitzpatrick et al., 2023). Thus,
we advocate for stronger and formalized collaborative
frameworks between conservation geneticists, local
communities and government bodies to provide robust

and integrated management strategies which could
be continually improved through iterative learning
(Britt et al., 2018; Trimble & Plummer, 2019).

4.4 | Conclusions and conservation
implications

Our large-scale collaboration spanning volunteer com-
munity groups, local government, natural resource man-
agers, and conservation geneticists resulted in the
successful reintroduction of several locally extirpated
freshwater fish populations. Although genetic diversity
for the populations was extremely low—even relative to
other imperiled populations of the species—it was effec-
tively maintained across captured, released, and recap-
tured populations without an increase in inbreeding.
Local volunteer communities are vital for the species
ongoing management, organizational oversight and fur-
ther assessment of genetic diversity and inbreeding to
provide a holistic and effective long-term management
plan for these populations.

AUTHOR CONTRIBUTIONS

Sean James Buckley contributed to all sections of data
analysis and drafting of the manuscript. Luciano
B. Beheregaray designed and supervised the study,
obtained resources, and helped with manuscript drafting.
Diana-Elena Vornicu collated and extracted the DNA
and generated the genomic libraries for sequencing.
Chris Brauer generated the genotype data. Chris Lamin
and Peter Rose performed the captive breeding and orga-
nized reintroduction events. All authors contributed to
interpretation of results and critically revised the manu-
script. Our study brings together a diversity of relevant
stakeholders and includes authors representative of land-
care management and private enterprise. The study
design and implementation were developed through dis-
cussion with relevant stakeholders throughout the pro-
ject. Our findings were communicated to all members of
the collaboration throughout the project and have
already formed the basis for further cooperative reintro-
duction efforts in other catchments.

ACKNOWLEDGMENTS

We acknowledge the extensive contributions of many
groups to the captive-breeding and reintroduction pro-
gram. Particularly, we thank Mark Toohey, Blair Venn,
and Ami Greenfield (City of Greater Bendigo Council)
for assistance with site restoration and fish collection.
We also thank Tim Curmi, Greg Martin, numerous vol-
unteers from Native Fish Australia and the Australia
New Guinea Fishes Association, Anthony Sloan (North

85UB01 SUOLILIOD AR 3|1 [dde 3} Aq pausenob a1 SN YO (38N JO S3IN1 0 ARIQIT BUIIUO A8]1M UO (SUORIPUOD-PUB-SWLSYWY A8 1M Aed) 1B U0/ SdNY) SUORIPUOD PUe SWB | 8U) 89S *[7202/50/90] U0 AiqIT 8uliuO ABJIM ‘10Un0D Yoeesay IIPSIN PUY UIIESH [BUOIN AQ $SOET ZdS0/TTTT OT/I0P/W0d A8 1M Aed Ul U0"01qUOD//Sdny WOy papeojumoa ‘T ‘7202 ‘7S8r8LST



BUCKLEY ET AL.

Conservation Science and Practice& —Wl L EY 11 of 14

Central CMA) and Dion Lervasi (Austral Research and
Consulting) for their assistance with fish surveys.
Financial support was provided by the Australian
Research Council (DP150102903 and FT130101068 to
LBB). We acknowledge the Djadjawurung people as
the traditional custodians of the land on which the
study was conducted.

CONFLICT OF INTEREST STATEMENT
The authors have no conflict of interest to declare.

DATA AVAILABILITY STATEMENT
Data will be made available on FigShare upon acceptance.

ETHICS STATEMENT

Collection of samples were carried out in accordance
with relevant guidelines and regulations of Australia and
under approval of Flinders University Animal Welfare
Committee.

ORCID
Luciano B. Beheregaray ‘® https://orcid.org/0000-0003-
0944-3003

REFERENCES

Alexander, D. H., & Lange, K. (2011). Enhancements to the
ADMIXTURE algorithm for individual ancestry estimation.
BMC Bioinformatics, 12, 246.

Alexander, D. H., Novembre, J., & Lange, K. (2009). Fast model-
based estimation of ancestry in unrelated individuals. Genome
Research, 19, 1655-1664.

Anderson, E. (2012). Large-scale parentage inference with SNPs:
An efficient algorithm for statistical confidence of parent pair
allocations. Statistical Applications in Genetics and Molecular
Biology, 11, 1-28.

Arlettaz, R., Schaub, M., Fournier, J., Reichlin, T. S., Sierro, A.,
Watson, J. E. M., & Braunisch, V. (2010). From publications to
public actions: When conservation biologists bridge the gap
between research and implementation. Bioscience, 60, 835-842.

Attard, C. R. M., Brauer, C. J., Van Zoelen, J. D., Sasaki, M.,
Hammer, M. P., Morrison, L., Harris, J. O., Moller, L. M., &
Beheregaray, L. B. (2016). Multi-generational evaluation of
genetic diversity and parentage in captive southern pygmy perch
(Nannoperca australis). Conservation Genetics, 17, 1469-1473.

Attard, C. R. M., Mdller, L. M., Sasaki, M., Hammer, M. P.,
Bice, C. M., Brauer, C. J., Carvalho, D. C., Harris, J. O., &
Beheregaray, L. B. (2016). A novel holistic framework for
genetic-based captive-breeding and reintroduction programs.
Conservation Biology, 30, 1060-1069.

Barbarossa, V., Bosmans, J., Wanders, N., King, H,
Bierkens, M. F. P., Huijbregts, M. A. J., & Schipper, A. M.
(2021). Threats of global warming to the world's freshwater
fishes. Nature Communications, 12, 1701.

Beheregaray, L. B., Attard, C. R., Brauer, C. J., Whiterod, N. S.,
Wedderburn, S. D., & Hammer, M. P. (2021). Conservation
breeding and reintroduction of pygmy perches in the lower

Ajournal of the Society for Conservation Biology

Murray-Darling basin, Australia: Two similar species, two con-
trasting outcomes. In P. S. Soorae (Ed.), Global conservation
translocation perspectives: 2021. Case studies from around the
globe (pp. 26-31). IUCN SSC Conservation Translocation Spe-
cialist Group, Environment Agency.

Bellis, J., Bourke, D., Maschinski, J., Heineman, K., &
Dalrymple, S. (2020). Climate suitability as a predictor of
conservation translocation failure. Conservation Biology, 34,
1473-1481.

Berkes, F. (2004). Rethinking community-based conservation. Con-
servation Biology, 18, 621-630.

Biesack, E. E., Dang, B. T., Ackiss, A. S., Bird, C. E., Chheng, P.,
Phounvisouk, L., Truong, O. T., & Carpenter, K. E. (2020). Evi-
dence for population genetic structure in two exploited Mekong
River fishes across a natural riverine barrier. Journal of Fish
Biology, 97, 696-707.

Brauer, C. J., & Beheregaray, L. B. (2020). Recent and rapid anthropo-
genic habitat fragmentation increases extinction risk for freshwater
biodiversity. Evolutionary Applications, 13, 2857-2869.

Brauer, C. J., Hammer, M. P., & Beheregaray, L. B. (2016). Rivers-
cape genomics of a threatened fish across a hydroclimatically
heterogeneous river basin. Molecular Ecology, 25, 5093-5113.

Brauer, C. J., Unmack, P. J., & Beheregaray, L. B. (2017). Compara-
tive ecological transcriptomics and the contribution of gene
expression to the evolutionary potential of a threatened fish.
Molecular Ecology, 26, 6841-6856.

Britt, M., Haworth, S. E., Johnson, J. B., Martchenko, D., &
Shafer, A. B. A. (2018). The importance of non-academic coau-
thors in bridging the conservation genetics gap. Biological Con-
servation, 218, 118-123.

Brown, C., & Day, R. L. (2002). The future of stock enhancements:
Lessons for hatchery practice from conservation biology. Fish
and Fisheries, 3, 79-94.

Bubac, C. M., Johnson, A. C., Fox, J. A., & Cullingham, C. I. (2019).
Conservation translocations and post-release monitoring: Iden-
tifying trends in failures, biases, and challenges from around
the world. Biological Conservation, 238, 108239.

Buckley, S. J., Brauer, C., Unmack, P. J., Hammer, M. P, &
Beheregaray, L. B. (2021). The roles of aridification and sea
level changes in the diversification and persistence of freshwa-
ter fish lineages. Molecular Ecology, 30, 4866-4883.

Ceballos, G., Ehrlich, P. R., Barnosky, A. D., Garcia, A,
Pringle, R. M., & Palmer, T. M. (2015). Accelerated modern
human-induced species losses: Entering the sixth mass extinc-
tion. Science Advances, 1, €1400253.

Chandra, A., & Idrisova, A. (2011). Convention on biological diver-
sity: A review of national challenges and opportunities for
implementation. Biodiversity and Conservation, 20, 3295-3316.

Chapman, J. R., Nakagawa, S., Coltman, D. W., Slate, J., &
Sheldon, B. C. (2009). A quantitative review of heterozygosity—
fitness correlations in animal populations. Molecular Ecology,
18, 2746-2765.

Christie, M. R., Marine, M. L., Fox, S. E., French, R. A, &
Blouin, M. S. (2016). A single generation of domestication heri-
tably alters the expression of hundreds of genes. Nature Com-
munications, 7, 10676.

Christie, M. R., Marine, M. L., French, R. A., & Blouin, M. S. (2012).
Genetic adaptation to captivity can occur in a single generation.
Proceedings of the National Academy of Sciences, 109, 238-242.

85UB01 SUOLILIOD AR 3|1 [dde 3} Aq pausenob a1 SN YO (38N JO S3IN1 0 ARIQIT BUIIUO A8]1M UO (SUORIPUOD-PUB-SWLSYWY A8 1M Aed) 1B U0/ SdNY) SUORIPUOD PUe SWB | 8U) 89S *[7202/50/90] U0 AiqIT 8uliuO ABJIM ‘10Un0D Yoeesay IIPSIN PUY UIIESH [BUOIN AQ $SOET ZdS0/TTTT OT/I0P/W0d A8 1M Aed Ul U0"01qUOD//Sdny WOy papeojumoa ‘T ‘7202 ‘7S8r8LST


https://orcid.org/0000-0003-0944-3003
https://orcid.org/0000-0003-0944-3003
https://orcid.org/0000-0003-0944-3003

12 of 14 Wl LEY— Conservation Science and Practice @

BUCKLEY Er AL.

Ajournal of the Society for Conservation Biology

Cole, T. L., Hammer, M. P., Unmack, P. J., Teske, P. R,
Brauer, C. J., Adams, M., & Beheregaray, L. B. (2016). Range-
wide fragmentation in a threatened fish associated with
post-European settlement modification in the Murray-Darling
basin, Australia. Conservation Genetics, 17, 1377-1391.

Danecek, P., Auton, A., Abecasis, G., Albers, C. A., Banks, E.,
DePristo, M. A., Handsaker, R. E., Lunter, G., Marth, G. T,
Sherry, S. T., McVean, G., Durbin, R., & Genomes Project Anal-
ysis, G. (2011). The variant call format and VCFtools. Bioinfor-
matics, 27, 2156-2158.

DeWoody, J. A., Harder, A. M., Mathur, S., & Willoughby, J. R.
(2021). The long-standing significance of genetic diversity in
conservation. Molecular Ecology, 30, 4147-4154.

Fitzpatrick, S. W., Mittan-Moreau, C., Miller, M., & Judson, J. M.
(2023). Genetic rescue remains underused for aiding recovery
of federally listed vertebrates in the United States. The Journal
of Heredity, 114, 354-366.

Frigerio, D., Pipek, P., Kimmig, S., Winter, S., Melzheimer, J.,
Diblikova, L., Wachter, B., & Richter, A. (2018). Citizen science
and wildlife biology: Synergies and challenges. Ethology, 124,
365-377.

Furlan, E. M., Gruber, B., Attard, C. R. M., Wager, R. N. E,
Kerezsy, A., Faulks, L. K., Beheregaray, L. B., & Unmack, P. J.
(2020). Assessing the benefits and risks of translocations in
depauperate species: A theoretical framework with an empiri-
cal validation. Journal of Applied Ecology, 57, 831-841.

Galbraith, M., Bollard-Breen, B., & Towns, D. R. (2016). The
community-conservation conundrum: Is citizen science
the answer? Land, 5, 37.

Garnett, S. T. Hayward-Brown, B. K., Kopf, R. K,
Woinarski, J. C. Z., Cameron, K. A., Chapple, D. G., Copley, P.,
Fisher, A., Gillespie, G., Latch, P., Legge, S., Lintermans, M.,
Moorrees, A., Page, M., Renwick, J., Birrell, J., Kelly, D., &
Geyle, H. M. (2022). Australia’'s most imperilled vertebrates.
Biological Conservation, 270, 109561.

Gavin, M. C., McCarter, J., Berkes, F., Mead, A. T. P., Sterling, E. J.,
Tang, R., & Turner, N. J. (2018). Effective biodiversity conserva-
tion requires dynamic, pluralistic, partnership-based
approaches. Sustainability, 10, 1846.

Gooley, R. M., Hogg, C. J., Belov, K., & Grueber, C. E. (2018). The
effects of group versus intensive housing on the retention of
genetic diversity in insurance populations. BMC Zoology, 3, 2.

Goudet, J. (2005). Hierfstat, a package for r to compute and test
hierarchical F-statistics. Molecular Ecology Notes, 5, 184-186.

Gruber, B., Unmack, P. J,, Berry, O. F., & Georges, A. (2018). dartr:
An r package to facilitate analysis of SNP data generated from
reduced representation genome sequencing. Molecular Ecology
Resources, 18, 691-699.

Hammer, M. P., Bice, C. M., Hall, A., Frears, A., Watt, A.,
Whiterod, N. S., Beheregaray, L. B., Harris, J. 0., &
Zampatti, B. P. (2013). Freshwater fish conservation in the face
of critical water shortages in the southern Murray-Darling
basin, Australia. Marine and Freshwater Research, 64, 807.

Harig, A. L., & Fausch, K. D. (2002). Minimum habitat require-
ments for establishing translocated cutthroat trout populations.
Ecological Applications, 12, 535-551.

Harrison, I., Abell, R., Darwall, W., Thieme, M. L., Tickner, D., &
Timboe, 1. (2018). The freshwater biodiversity crisis. Science,
362, 1369.

He, X., Johansson, M. L., & Heath, D. D. (2016). Role of genomics
and transcriptomics in selection of reintroduction source popu-
lations. Conservation Biology, 30, 1010-1018.

Hoban, S., Bruford, M. W., Funk, W. C., Galbusera, P.,
Giffith, M. P., Grueber, C. E., Huertz, M., Hunter, M. E.,
Hvilsom, C., Stroil, B. K., Kershaw, F., Khoury, C. K,
Laikre, L., Lopes-Fernandes, M., MacDonald, A. J., Mergeay, J.,
Meek, M., Mittan, C., Mukassabi, T. A., ... Vernesi, C. (2021).
Global commitments to conserving and monitoring genetic
diversity are now necessary and feasible. Bioscience, 9, 964-976.

Hohenlohe, P. A., Funk, W. C., & Rajora, O. P. (2021). Population
genomics for wildlife conservation and management. Molecular
Ecology, 30, 62-82.

Holderegger, R., Balkenhol, N., Bolliger, J., Engler, J. O,
Gugerli, F., Hochkirch, A., Nowak, C., Segelbacher, G.,
Widmer, A., & Zachos, F. E. (2019). Conservation genetics:
Linking science with practice. Molecular Ecology, 28, 3848-
3856.

Huff, D. D., Miller, L. M., & Vondracek, B. (2010). Patterns of
ancestry and genetic diversity in reintroduced populations
of the slimy sculpin: Implications for conservation. Conserva-
tion Genetics, 11, 2379-2391.

Huisman, J. (2017). Pedigree reconstruction from SNP data: Parent-
age assignment, sibship clustering and beyond. Molecular Ecol-
0gy Resources, 17, 1009-1024.

Huisman, J. (2019). SEQUOIA: Reconstruction of multi-
generational pedigrees from SNP data. https://cran.r-project.
org/web/packages/sequoia/vignettes/vignette-main.html

Jamieson, I. G. (2011). Founder effects, inbreeding, and loss of
genetic diversity in four avian reintroduction programs. Conser-
vation Biology, 25, 115-123.

Jombart, T. (2008). Adegenet: A R package for the multivariate
analysis of genetic markers. Bioinformatics, 24, 1403-1405.

Kadykalo, A. N., Cooke, S. J., & Young, N. (2021). The role of
western-based scientific, indigenous and local knowledge in
wildlife management and conservation. People and Nature, 3,
610-626.

Kajungiro, R. A., Palaiokostas, C., Pinto, F. A. L., Mmochi, A. J.,
Mtolera, M., Houston, R. D., & de Koning, D. J. (2019). Population
structure and genetic diversity of Nile tilapia (Oreochromis niloti-
cus) strains cultured in Tanzania. Frontiers in Genetics, 10, 1269.

Kardos, M., Armstrong, E. E., Fitzpatrick, S. W., Hauser, S,
Hedrick, P. W., Miller, J. M., Tallmon, D. A., & Funk, W. C.
(2021). The crucial role of genome-wide genetic variation in
conservation. Proceedings of the National Academy of Sciences,
118, €2104642118.

Langmead, B., & Salzberg, S. L. (2012). Fast gapped-read alignment
with bowtie 2. Nature Methods, 9, 357-359.

Lintermans, M. (2007). Fishes of the Murray-Darling basin: An intro-
ductory guide. Murray-Darling Basin Authority.

Lintermans, M., Geyle, H. M., Beatty, S., Brown, C., Ebner, B. C,,
Freeman, R., Hammer, M. P., Humphreys, W. F,
Kennard, M. J.,, Kern, P., Martin, K., Morgan, D. L,
Raddik, T. A., Unmack, P. J., Wager, R., Woinarski, J. C. Z., &
Garnett, S. T. (2020). Big trouble for little fish: Identifying
Australian freshwater fishes in imminent risk of extinction.
Pacific Conservation Biology, 26, 365-377.

Loss, S. R., Loss, S. S., Will, T., & Marra, P. P. (2015). Linking place-
based citizen science with large-scale conservation research: A

85URD1 SUOWILLOD BAIERID B|qedl|dde 2y} Aq peunob 818 S YO 88N JO S3INJ 104 ARG 1T BUIIUO AB]IM UO (SUORIPUOD-PLE-SLULBHLIOD" A3 |1 ARRIq1BUIIUO//SUNY) SUORIPUOD PUB SWB L 8L3 385 *[¢202/50/90] U0 ARIGIT8UIIUO AB]IM *110UN0D YoJeassy eIIPRIN PUY UIESH UOIEN AQ #GOET ZSo/TTTT OT/I0p/W0d" A3 1M AReIq1puIIUO'01qUOd//SANY WO popeojumoa ‘T YZ0T ‘vS8r8LST


https://cran.r-project.org/web/packages/sequoia/vignettes/vignette-main.html
https://cran.r-project.org/web/packages/sequoia/vignettes/vignette-main.html

BUCKLEY ET AL.

Conservation Science and Practice& —Wl L EY 13 of 14

case study of bird-building collisions and the role of profes-
sional scientists. Biological Conservation, 184, 439-445.

MacPhail, V. J., & Colla, S. R. (2020). Power of the people: A review
of citizen science programs for conservation. Biological Conser-
vation, 249, 108739.

Mallen-Cooper, M., Stuart, I. G., & Sharpe, C. (2014). The Native
Fish Recovery Plan—Gunbower and Lower Loddon (p. 156).
North Central Catchment Management Authority.

Marshall, I. R., Brauer, C. J., Wedderburn, S. D., Whiterod, N. S,,
Hammer, M. P., Barnes, T. C. Attard, C. R. M,
Moller, L. M., & Beheregaray, L. B. (2022). Longitudinal moni-
toring of neutral and adaptive genomic diversity in a reintro-
duction. Conservation Biology, 36, €13889. https://doi.org/10.
1111/cobi.13889

Miller, K. A., Nelson, N. J., Smith, H. G., & Moore, J. A. (2009).
How do reproductive skew and founder group size affect
genetic diversity in reintroduced populations? Molecular Ecol-
ogy, 18, 3792-3802.

Morrongiello, J. R., Bond, N. R., Crook, D. A., & Wong, B. B.
(2010). Nuptial coloration varies with ambient light environ-
ment in a freshwater fish. Journal of Evolutionary Biology, 23,
2718-2725.

Mueller, S. A., Prost, S., Anders, O., Breitenmoser-Wiirsten, C.,
Kleven, O., Klinga, P., Konec, M., Kopatz, A., Krojerova-
Prokesova, J., Middelhoff, T. L., Obexer-Ruff, G., Reiners, T. E.,
Schmidt, K., Sindi¢i¢, M., Skrbinsek, T., Tam, B,
Saveljev, A. P., Naranbaatar, G., & Nowak, C. (2022). Genome-
wide diversity loss in reintroduced Eurasian lynx populations
urges immediate conservation management. Biological Conser-
vation, 266, 109442.

Ottewell, K., Dunlop, J., Thomas, N., Morris, K., Coates, D., &
Byrne, M. (2014). Evaluating success of translocations in main-
taining genetic diversity in a threatened mammal. Biological
Conservation, 171, 209-219.

Paige, K. N. (2010). The functional genomics of inbreeding depres-
sion: A new approach to an old problem. Bioscience, 60, 267-277.

Parker, K. A. (2008). Translocations: Providing outcomes for wild-
life, resource managers, scientists, and the human community.
Restoration Ecology, 16, 204-209.

Peterson, B. K., Weber, J. N., Kay, E. H., Fisher, H. S, &
Hoekstra, H. E. (2012). Double digest RADseq: An inexpensive
method for de novo SNP discovery and genotyping in model
and non-model species. PLoS One, 7, €37135.

Pew, J., Muir, P. H., Wang, J., & Frasier, T. R. (2015). Related: An R
package for analysing pairwise relatedness from codominant
molecular markers. Molecular Ecology Resources, 15, 557-561.

Puritz, J. B., Hollenbeck, C. M., & Gold, J. R. (2014). dDocent: A
RADseq, variant-calling pipeline designed for population geno-
mics of non-model organisms. PeerJ, 2, e431.

Ralls, K., Ballou, J. D., Dudash, M. R., Eldridge, M. D. B,
Fenster, C. B, Lacy, R. C., Sunnucks, P., & Frankham, R.
(2018). Call for a paradigm shift in the genetic management of
fragmented populations. Conservation Letters, 11, €12412.

Reynolds, J. D., Webb, T. J., & Hawkins, L. A. (2005). Life history
and ecological correlates of extinction risk in European fresh-
water fishes. Canadian Journal of Fisheries and Aquatic Sci-
ences, 62, 854-862.

Schifer, D., Vincent, H., Fischer, M., & Kempel, A. (2020). The
importance of genetic diversity for the translocation of eight

Ajournal of the Society for Conservation Biology

threatened plant species into the wild. Global Ecology and Con-
servation, 24, €01240.

Schwartz, K. R., Parsons, E. C. M., Rockwood, L., & Wood, T. C.
(2017). Integrating in-situ and ex-situ data management pro-
cesses for biodiversity conservation. Frontiers in Ecology and
Evolution, 5, 120.

Schwartz, M. K., Luikart, G., & Waples, R. S. (2007). Genetic moni-
toring as a promising tool for conservation and management.
Trends in Ecology & Evolution, 22, 25-33.

Seaborn, T., Andrews, K. R., Applestein, C. V., Breech, T. M.,
Garrett, M. J.,, Zaiats, A., & Caughlin, T. T. (2021). Integrating
genomics in population models to forecast translocation suc-
cess. Restoration Ecology, 29, e13395.

Seddon, P.J., Armstrong, D. P., & Maloney, R. F. (2007). Develop-
ing the science of reintroduction biology. Conservation Biology,
21, 303-312.

Skovrind, M., Olsen, M. T., Vieira, F. G., Pacheco, G., Carl, H.,
Gilbert, M. T. P., & Mpller, P. R. (2016). Genomic population
structure of freshwater-resident and anadromous ide (Leuciscus
idus) in North-Western Europe. Ecology and Evolution, 6, 1064—
1074.

Stange, M., Barrett, R. D. H., & Hendry, A. P. (2021). The impor-
tance of genomic variation for biodiversity, ecosystems and
people. Nature Reviews. Genetics, 22, 89-105.

Sunnucks, P., & Hales, D. F. (1996). Numerous transposed
sequences of mitochondrial cytochrome oxidase I-II in aphids
of the genus Sitobion (Hemiptera: Aphididae). Molecular Biol-
ogy and Evolution, 13, 510-524.

Taft, H. R., McCoskey, D. N., Miller, J. M., Pearson, S. K,
Coleman, M. A., Fletcher, N. K., Mittan, C. S., Meek, M. H., &
Barbosa, S. (2020). Research-management partnerships: An
opportunity to integrate genetics in conservation actions. Con-
servation Science and Practice, 2, e218.

Thavornkanlapachai, R., Mills, H. R., Ottewell, K., Friend, J. A., &
Kennington, W. J. (2021). Temporal variation in the genetic
composition of an endangered marsupial reflects reintroduction
history. Diversity, 13, 257.

Theobald, E. J., Ettinger, A. K., Burgess, H. K., DeBey, L. B,
Schmidt, N. R., Froehlich, H. E.,, Wagner, C,
HilleRisLambers, J., Tewksbury, J., Harsch, M. A, &
Parrish, J. K. (2015). Global change and local solutions: Tap-
ping the unrealized potential of citizen science for biodiversity
research. Biological Conservation, 181, 236-244.

Todd, S. J., McKnight, D. T., Congdon, B. C., Pierson, J.,
Fischer, M., Abell, S., & Koleck, J. (2023). Diversity and struc-
ture of Bettongia tropica: Using population genetics to guide
reintroduction and help prevent the extinction of an endan-
gered Australian marsupial. Conservation Genetics, 24.

Trimble, M., & Plummer, R. (2019). Participatory evaluation for adap-
tive co-management of social-ecological systems: A transdisciplin-
ary research approach. Sustainability Science, 14, 1091-1103.

Van Houtan, K. S., Halley, J. M., Van Aarde, R., & Pimm, S. L.
(2009). Achieving success with small, translocated mammal
populations. Conservation Letters, 2, 254-262.

Van Rossum, F., & Hardy, O. J. (2020). Guidelines for genetic moni-
toring of translocated plant populations. Conservation Biology,
36, €13670.

Villasefior, E., Porter-Bolland, L., Escobar, F., Guariguata, M. R., &
Moreno-Casasola, P. (2016). Characteristics of participatory

85URD1 SUOWILLOD BAIERID B|qedl|dde 2y} Aq peunob 818 S YO 88N JO S3INJ 104 ARG 1T BUIIUO AB]IM UO (SUORIPUOD-PLE-SLULBHLIOD" A3 |1 ARRIq1BUIIUO//SUNY) SUORIPUOD PUB SWB L 8L3 385 *[¢202/50/90] U0 ARIGIT8UIIUO AB]IM *110UN0D YoJeassy eIIPRIN PUY UIESH UOIEN AQ #GOET ZSo/TTTT OT/I0p/W0d" A3 1M AReIq1puIIUO'01qUOd//SANY WO popeojumoa ‘T YZ0T ‘vS8r8LST


https://doi.org/10.1111/cobi.13889
https://doi.org/10.1111/cobi.13889

14 of 14 Wl LEY— Conservation Science and Practice -

BUCKLEY Er AL.

Ajournal of the Society for Conservation Biology

monitoring projects and their relationship to decision-making
in biological resource management: A review. Biodiversity and
Conservation, 25, 2001-2019.

Wang, J. (2007). Triadic IBD coefficients and applications to esti-
mating pairwise relatedness. Genetical Research, 89, 135-153.

Waylen, K. A., Fischer, A., McGowan, P. J. K., Thirgood, S. J., &
Milner-Gulland, E. J. (2010). Effect of local cultural context on
the success of community-based conservation interventions.
Conservation Biology, 24, 1119-1129.

Wedderburn, S. D., Nicol, J., & Shiel, R. (2017). Assessing obligate
habitat of threatened pygmy perches in Lake Alexandrina. Uni-
versity of Adelaide.

Weeks, A. R., Stoklosa, J., & Hoffmann, A. A. (2016). Conservation
of genetic uniqueness of populations may increase extinction
likelihood of endangered species: The case of Australian mam-
mals. Frontiers in Zoology, 13, 31.

Williams, S. E., & Hoffman, E. A. (2009). Minimizing genetic adap-
tation in captive breeding programs: A review. Biological Con-
servation, 142, 2388-2400.

Willoughby, J. R., Fernandez, N. B., Lamb, M. C,, Ivy, J. A,
Lacy, R. C., & DeWoody, J. A. (2015). The impacts of inbreed-
ing, drift and selection on genetic diversity in captive breeding
populations. Molecular Ecology, 24, 98-110.

Witzenberger, K. A., & Hochkirch, A. (2011). Ex situ conser-
vation genetics: A review of molecular studies on the genetic
consequences of captive breeding programmes for endange-
red animal species. Biodiversity and Conservation, 20,
1843-1861.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Buckley, S. J., Brauer,
C., Lamin, C., Rose, P., Vornicu, D.-E., &
Beheregaray, L. B. (2024). A community-driven
captive-breeding and reintroduction program
maintains genetic diversity in a threatened
freshwater fish. Conservation Science and Practice,
6(1), e13054. https://doi.org/10.1111/csp2.13054

85URD1 SUOWILLOD BAIERID B|qedl|dde 2y} Aq peunob 818 S YO 88N JO S3INJ 104 ARG 1T BUIIUO AB]IM UO (SUORIPUOD-PLE-SLULBHLIOD" A3 |1 ARRIq1BUIIUO//SUNY) SUORIPUOD PUB SWB L 8L3 385 *[¢202/50/90] U0 ARIGIT8UIIUO AB]IM *110UN0D YoJeassy eIIPRIN PUY UIESH UOIEN AQ #GOET ZSo/TTTT OT/I0p/W0d" A3 1M AReIq1puIIUO'01qUOd//SANY WO popeojumoa ‘T YZ0T ‘vS8r8LST


https://doi.org/10.1111/csp2.13054

	A community-driven captive-breeding and reintroduction program maintains genetic diversity in a threatened freshwater fish
	1  INTRODUCTION
	2  METHODS
	2.1  Establishing community collaboration and preparing reintroduction sites
	2.2  Captive breeding and reintroduction program
	2.3  DNA extraction, genomic libraries, and sequencing
	2.4  Genetic diversity
	2.5  Population structure
	2.6  Relatedness, parentage, and reproductive output

	3  RESULTS
	3.1  Community involvement
	3.2  Bioinformatics
	3.3  Genetic diversity
	3.4  Population structure
	3.5  Relatedness and reproductive output

	4  DISCUSSION
	4.1  Genetic components of reintroduction and management
	4.2  Community engagement and collaborative conservation
	4.3  Expanding collaborations for conservation management
	4.4  Conclusions and conservation implications

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	REFERENCES


