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Abstract
Environmental change is intensifying the biodiversity crisis and threatening species 
across the tree of life. Conservation genomics can help inform conservation actions 
and slow biodiversity loss. However, more training, appropriate use of novel genomic 
methods and communication with managers are needed. Here, we review practical 
guidance to improve applied conservation genomics. We share insights aimed at en-
suring effectiveness of conservation actions around three themes: (1) improving ped-
agogy and training in conservation genomics including for online global audiences, (2) 
conducting rigorous population genomic analyses properly considering theory, marker 
types and data interpretation and (3) facilitating communication and collaboration be-
tween managers and researchers. We aim to update students and professionals and 
expand their conservation toolkit with genomic principles and recent approaches for 
conserving and managing biodiversity. The biodiversity crisis is a global problem and, 
as such, requires international involvement, training, collaboration and frequent re-
views of the literature and workshops as we do here.
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1  |  INTRODUC TION

Anthropogenic activities have increased the frequency and inten-
sity of environmental change (AghaKouchak et al., 2020) and impose 
serious threats to biodiversity, with steep socio-economic costs 
(Bradbury et al., 2021). The past 5 years have been the hottest pe-
riod on record (IPCC, 2021), with no signs of relenting. Often there is 
no single threat contributing to species' declines, but rather multiple 
stressors, including habitat loss, predation or competition from inva-
sive species, disease and overharvesting (Lovejoy & Hannah, 2019). 
In many cases, swift conservation decisions, and actions that are well 
informed, must be taken to mitigate biodiversity loss. Population 
genomics can help inform these conservation actions in a number 
of ways. As the field expands and as genomic data become more 
easily generated, there is a growing need to train students, early-ca-
reer scientists and practitioners in genomic data analysis and inter-
pretation to help address diverse conservation issues (Schweizer 
et al., 2021; Taylor et al., 2017).

In this review, we discuss three major themes from the online 
ConGen 2021 course, usually held in Montana, USA that focused on 
training students and professionals to improve their use of genom-
ics for conservation. First, we address the growing need for more 
extensive training to improve use of genomics principles and data 
(genotyping and sequencing) by scientists, managers and policy-
makers worldwide; this includes recommendations to improve vir-
tual (online) workshops. Second, we explain that rigorous science, 
rooted in theory, is necessary to generate actionable information 
(Allendorf,  2017). Improvements and rigour should be more thor-
oughly considered at all steps of genetics research and management 
workflows – from considering the appropriate molecular marker(s) 
and sample sizes for each research question to avoiding pitfalls as-
sociated with data analysis, interpretation and practical applications. 
Third, we discuss how population genomic knowledge and data can 
be used more effectively for conservation by building collaborations 
and communication between researchers and stakeholders (Taylor 
et al., 2017). Because the three themes of this review are distinct, 
readers might focus on those that interest them most.

1.1  |  Improving training: advice for online 
workshops and teaching hands-on data 
analysis exercises

1.1.1  |  Reaching global audiences via virtual training

The transition from in-person to virtual training in 2020, 2021 and 
2022 allowed us to consider how to best engage people from differ-
ent time zones and increase participation by students and instruc-
tors from more countries outside of the United States – especially 
countries and participants with limited funding to travel. Importantly, 
the online format fundamentally improved our ability to include 
and promote interactions among international and local audiences 
– including asynchronous learning by students from distant time 

zones who watched recorded lectures several hours after they oc-
curred. This is an important difference between this online ConGen 
and a number of population genomic workshops and bioinformatic 
courses, which typically offer long-term or in-person courses (e.g. 
Stephen O'Brien's ConGen course; https://​conse​rvati​ongen​etics.​
org/​). For instance, a semester-long interdisciplinary, distributed 
graduate course between institutes in the United States and Europe 
combines local teaching with distant learning to teach landscape 
genetics (Wagner et  al.,  2012), while the annual 2-week Evomics 
Workshop on Population and Speciation Genomics held in Czech 
Republic brings up-to-date training in bioinformatics to students and 
early-career researchers across Europe (Barth et al., 2023).

We harnessed cloud-computing technology to maximize online 
engagement and learning. Providing hands-on exercises through a 
single virtual (cloud) server accessible to all instructors and students 
had multiple benefits. First, the single server reduced complications 
arising from each student preparing their own computers across 
different operating systems and downloading exercise data files. 
Second, it provided equitable access to computational power and 
speed throughout the course. Further, cloud computing through the 
RStudio Server (Rstudio Team,  2020) interface leverages a ready-
made, offsite, flexible and temporary network and server infrastruc-
ture, with a versatile user connection to the server through a web 
browser (Langmead & Nellore, 2018).

Multiple software installation procedures, each typically depen-
dent on other software and operating systems, can be daunting and 
sometimes fail completely on some students' computers. Time re-
quired for troubleshooting is obviated when using a single server 
with pre-installed software for hands-on exercises, available over 
the Internet. A virtual server hosted in the cloud also avoids bur-
dening the host university's computing resources, including IT tasks 
associated with distributing temporary credentials to allow ConGen 
attendees access to a private university network.

By offering ephemeral, single-purpose, virtual machines (VMs), 
cloud computing services allow a single Linux image to move from 
one machine to another, with each VM configured for changing per-
formance and storage needs. For example, the week before the first 
ConGen class, a modest VM was instantiated to allow instructors to 
test their hands-on software and procedures. When classes started, 
the (now tested and refined) Linux image was moved to a single ‘pro-
duction’ VM with sufficient processors, RAM and storage to provide 
plentiful performance for combined use by instructors and students 
through remote login. By monitoring system resource use, we de-
termined that our initial production VM was over-provisioned, and 
moved the image to a less costly machine, with only a very brief in-
terruption in access. Finally, after terminating the ConGen final VM, 
we saved the Linux image in the cloud service to ease and speed-up 
server reconstruction for the following year.

To give organizers some idea of computer resources needed for 
a course similar to ConGen, with 12 of our 21 instructors offering 
computer-based exercises, and 41 (online) students, we met com-
puter demands using a server with 72 virtual CPUs, 196 Gigabytes 
of RAM, 2 Terabytes of storage space for instructors and students 
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    |  3SCHIEBELHUT et al.

and network performance rated at 100 Gigabits. Varying numbers 
of students and instructors, as well as computational and storage 
demands of instructor-designed exercises and associated schedul-
ing, likely render these specifications either too generous or insuf-
ficient for a given course. For VM management, it is important to 
test resource use before a course/workshop and to monitor it during 
server use.

The RStudio Server paired conveniently with cloud computing 
for hands-on exercises. It presents an interface accessible by web 
browsers that is secured using the underlying Linux user password 
system and properly limits user access with a Linux directory and 
file permission configuration. RStudio's client/server design effi-
ciently accommodates many users with a single R installation (R Core 
Team, 2019), whose base system and extensible packaging system 
were used by many instructors. Along with an R terminal and plot-
ting window, the RStudio interface also provides file transfers be-
tween local computers and the VM, a full-featured scripting editor, 
a graphical file browser and a Bash shell terminal that gives access 
to non-R executables. These resources encapsulate nearly the com-
plete set of computing interactions students and instructors needed 
to perform the hands-on exercises for ConGen.

Only three programs required an operating-system-based graph-
ical interface – EasyPop (Balloux, 2001), NeEstimator (Do et al., 2014) 
and Tracer (Rambaut et  al.,  2018). The solution, though inelegant, 
was to have students install these few programs on their laptops. We 
tried previously to provide these three programs on the VM using a 
virtual desktop server but found its performance too unpredictable 
to be useful. For future course iterations, we recommend making all 
software available virtually and will achieve this by modifying pro-
grams (e.g. EasyPop) to run with an R terminal (William Hemstrom & 
Jones, 2023).

In addition to streamlining the course with a virtual server, we 
used three software programs to facilitate communication and the 
transition to a remote offering of ConGen: Zoom (https://​zoom.​us) 
for video conferencing, Box (www.​box.​com) for document sharing 
and Slack (https://​slack.​com) for messaging. These programs allowed 
instructors and participants to share course content, participate in 
lectures and hands-on sessions and maintain communication, either 
live or asynchronously for those attending in distant time zones. 
Some instructors who did not want to learn or use Slack instead 
shared their emails with students to communicate directly.

Zoom recordings were converted to an MP3 format immedi-
ately following each lecture for uploading to a shared Box drive. 
This allowed asynchronous participants across different time zones 
to watch lectures a few hours later, while also archiving videos for 
future access by all participants (e.g. re-watching or teaching). Zoom 
breakout rooms for hands-on sessions created opportunities for 
students to problem solve in smaller groups with peers and instruc-
tors; students self-reported these activities as being useful to their 
learning. Based on participant feedback, we encourage future work-
shops to incorporate planned, unrecorded virtual ‘coffee breaks’ and 
casual question sessions with instructors. We recommend using a 
scheduler application that automatically adjusts for time zones when 

arranging one-on-one meetings with instructors to avoid confusion 
and scheduling conflicts.

The online format provides an opportunity to involve research-
ers globally who may not have joined in person due to geographic, fi-
nancial, time or environmental constraints (López-Uribe et al., 2022). 
We saw an average increase from 8 international students at the 
in-person workshops (12–29% attendees in 2016–2019) to 20 at the 
online workshops (46–56% attendees in 2020–2021). Additionally, 
the online format allows for a diverse set of international instruc-
tors who bring in new skills and expertise. This increased diversity of 
participants and expert instructors worldwide shows that the online 
workshop format is cost-effective to provide population genomics 
training in countries where biodiversity is most threatened but least 
funded and where the lessons from a conservation course could 
have high impact.

1.1.2  |  Designing effective hands-on learning 
activities: Examples testing for Hardy–Weinberg 
proportions

With the rapid increase in genomic resources, conservation geneti-
cists are faced with a need to not only understand the theory be-
hind population genomics tests, but also to efficiently analyse big 
datasets and interpret the results in applied conservation settings. 
Considering this, our ConGen course focused specifically on inte-
grating the principles or assumptions of population genomics tests 
along with hands-on applications of tests and interpretations of re-
sults in practical scenarios (e.g. Table S1).

Among the most fundamental and widely used yet inconsistently 
applied tests in population genetics are tests for Hardy–Weinberg 
(HW) proportions (Sethuraman et al., 2019; Waples, 2014). Anyone 
publishing population genetic data or reading or using the popula-
tion genetics literature must be able to conduct or understand these 
relatively basic tests (e.g. Allendorf,  2017; Allendorf et  al.,  2022). 
With the large number of loci in high-throughput sequencing 
(HTS) datasets, the number of HW tests per dataset has increased, 
which adds additional challenges of correcting for multiple testing 
(Graffelman & Weir,  2018; Sethuraman et  al.,  2019; Section  1.2.9 
below). To improve student understanding of HW test assumptions 
and applications, the ConGen 2021 course had students test for de-
viations from HW proportions that were caused by different phe-
nomena (e.g. cryptic population structure, small Ne or locus-specific 
selection).

In a somewhat novel teaching approach, student groups were 
given simulated datasets and asked to test for deviations from HW 
proportions, without information on the cause of the deviation (see 
the hands-on exercise in Table  S1 and supplementary material). 
Student groups were asked to interpret test results and determine 
if their dataset showed signatures of a Wahlund effect (cryptic sub-
structure) versus effects of small Ne, or selection on individual loci. 
Students learned to calculate and plot basic statistics, including FIS, 
using the hierfstat R package; they also performed PCA using the 
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4  |    SCHIEBELHUT et al.

adegenet R package (Jombart, 2008) in R to distinguish population 
structure from other causes of HW proportion deviations. By using 
simulated datasets, students can analyse datasets as if they were 
empirical studies, having a chance to interpret results and discuss 
putative drivers of the recovered signal before receiving the correct 
answer from instructors (Figure 1).

We recommend giving students time and space (e.g. through 
Zoom breakout rooms) to work together and discuss the problem, 
with guidance from instructors (visiting the breakout rooms), focus-
ing on population parameters (in our examples, negative FIS at one 
or most loci), and assess genome-wide and locus-specific patterns. 

For example, differences in allele frequencies between the sexes 
caused by drift and small Ne will cause a genome-wide negative FIS 
(i.e. an excess of heterozygotes). General discussion can include 
considering how to test for an excess of heterozygotes (negative 
FIS) and allele frequency differences between sexes, which can 
be done separately or simultaneously/jointly (e.g. Graffelman & 
Weir,  2018), and how to estimate Ne to follow-up this hypothe-
sis that Ne is small (e.g. Do et al., 2014; Waples & Do, 2010). This 
hands-on teaching strategy using simulated data can be applied to 
teaching other statistical tests, metrics and concepts (Schweizer 
et al., 2021).

F I G U R E  1  Representation of data simulated to represent four realistic biological scenarios (a–d; grey dashed lines represent mean FIS) 
for the HW proportions hands-on learning activity from ConGen 2021. Each group of students was blindly assigned one of four simulated 
datasets: (a) a population with small Ne, (b) a dataset from a genome-wide scan with one outlier locus experiencing very strong selection 
against heterozygotes, (c) substructure, illustrating the Wahlund effect or (d) an ideal/Wright–Fisher population (i.e. random mating with 
large Ne and no substructure). Simulations were completed in EasyPop (Balloux, 2001) under a Wright–Fisher model for a diploid organism 
with separate sexes and random mating (except b and c had selection and substructure added), details available in online materials 
(Section 1.1.2 in Table S1). All loci that went to fixation during the simulations (e.g. panels a and c) are not shown because FIS cannot be 
estimated when there is zero heterozygosity. The students calculated FIS and other summary statistics to connect genetic patterns to real-
life processes and identify which dataset they received.
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    |  5SCHIEBELHUT et al.

1.2  |  Novel considerations at each step of the data 
analysis pipeline

This section discusses novel developments or timely issues associ-
ated with eight important topics covered at ConGen 2021 and 2022. 
We first present a novel decision tree to help choose the best mo-
lecular marker(s) for a given research question or management prob-
lem (2.1), which is particularly important when working with rare and 
endangered species and a limited budget or sample sizes; and (2.2) 
the importance of identifying structural variants in addition to SNPs 
because they are abundant across genomes and often influence phe-
notypes and fitness. We then discuss how to appropriately process 
molecular genetic data, including filtering and analysing RADseq 
data from raw reads to genotypes using the recently revised version 
of Stacks – v2 (2.3). We next discuss key factors to consider when 
assembling reference genomes, such as genome size, ploidy, hete-
rozygosity, sample quality and quantity (2.4) and alignment (2.5). We 
then discuss detection of selection signatures including flexible ap-
proaches not requiring population identification, as implemented in 
pcadapt (2.6). We then describe novel approaches for estimating dis-
persal rates using BayesAss (2.7). Finally, we illustrate the importance 
of correcting for multiple testing in large genomic datasets (2.8).

1.2.1  |  Choosing the right marker for your study

Recent advances in sequencing technology, targeted sequencing and 
associated cost reductions have increased the use of reduced repre-
sentation sequencing and low-coverage whole genome sequencing 
approaches (Ali et al., 2016; Baird et al., 2008; Campbell et al., 2015; 
Lou et al., 2021). These advances provide researchers with improved 
tools to measure and conserve genome-wide variation (e.g. Kardos 
et al., 2021). Hundreds to thousands of SNPs and HTS provide in-
creased power to address conservation questions and are less ex-
pensive than genotyping microsatellites (e.g. Allendorf et al., 2022).

This variety of available sequencing (and genotyping) ap-
proaches can lead to uncertainty and confusion when selecting the 
most appropriate marker type or sampling method. Indeed, while 
there is broad understanding that specific study questions and the 
biology of target organisms must guide the selection of molecular 
methods, many nuanced factors involved in these decisions remain. 
It is important for students to understand how to approach these 
decisions. Unfortunately, no publications provide a comprehensive 
review of or advice for choosing among marker types for different 
questions (e.g. Hohenlohe et al., 2019; Meek & Larson, 2019).

Population genetics studies often address multiple questions 
relating to variation at putatively neutral and adaptive regions of 
the genome (Willi et al., 2022). Such studies have traditionally ad-
dressed questions relating to population structure, diversity, con-
nectivity, pedigrees, relatedness and phylogenetic relationships with 
a modest set of putatively neutral markers (Hohenlohe et al., 2019; 
Schweizer et al., 2021). However, complex patterns of relatedness 
or deep inference of pedigree relationships may require a relatively 

large number of neutral markers (e.g. Delomas & Campbell, 2022; 
Galla et  al.,  2022). Research questions that aim to address selec-
tive processes within or between species, populations, ecotypes or 
phenotypes typically require markers from adaptive regions of the 
genome.

While there remain cases where microsatellites are fully ade-
quate, there are many scenarios where larger panels of genome-wide 
markers are less costly (Campbell et al., 2015) or allow genome-wide 
investigation of both neutral and adaptive variation (e.g. Lou 
et al., 2021; Meek & Larson, 2019). In cases of reduced representa-
tion or whole genome sequencing, there are circumstances when in-
dividual genotypes must be determined with high sequencing depth 
and quality (e.g. when testing for HW proportions, LD, parentage, 
forensics cases, GWAS or when individual fitness or phenotypes are 
compared to individual loci) in contrast to low-depth approaches to 
estimate allele frequencies within a group or population (Hendricks 
et al., 2018; Lou et al., 2021; Prince et al., 2017).

Based on these concepts, the flow chart in Figure 2 will help re-
searchers choose appropriate marker methods for their study ques-
tion. The chart begins with a question regarding the need of neutral 
versus adaptive markers since many studies in conservation genet-
ics may only require neutral markers (e.g. population structure, es-
timates of Ne, parentage analyses) as opposed to those that require 
more extensive genomic coverage to identify adaptive variation (e.g. 
local adaptation; genomic basis of trait variation). This chart is not 
comprehensive of all scenarios, and largely targets sequencing or 
GBS-based approaches for conservation genomics.

Other tools are recommended for specialized applications (re-
viewed in Hohenlohe et al., 2019; Schweizer et al., 2021), such as 
epigenetics and gene expression (Anastasiadi et al., 2021), genome 
assembly (Whibley et al., 2021) or environmental DNA (Rodríguez-
Ezpeleta et al., 2021). Furthermore, decisions regarding the discov-
ery and genotyping of markers throughout the genome will typically 
involve factors of both scientific importance (e.g. sample size, ge-
nome size, statistical power, evolutionary context) and practical 
nature (e.g. sample quality, funding, time, resources, career goals). 
Ultimately, there are many perspectives regarding preferred meth-
ods, such that guidance should come from a variety of resources and 
people with expertise in marker selection for conservation genomics 
applications (Benestan et al., 2016; Schweizer et al., 2021).

1.2.2  |  Conducting quality control in 
RADseq analysis

Among the most important breakthroughs in the 2010s for conser-
vation genetics was the development of restriction site-associated 
DNA sequencing (RADseq; Anonymous,  2010). This sequencing 
approach has been reviewed elsewhere but is mentioned here be-
cause RADseq is increasingly applied to questions and systems – 
particularly those lacking a reference genome or genomic resources 
(Bootsma et al., 2021; Garrison et al., 2021; Nash et al., 2018; Stuart 
et al., 2014).
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6  |    SCHIEBELHUT et al.

Many countries, laboratories and non-model taxa are only now 
transitioning to use RADseq or still use microsatellites for conser-
vation work; whole genome sequencing is often too expensive or 
unnecessary (Clugston et al., 2019; Gargiulo et al., 2021; fig. 4.1 
in Allendorf et al., 2022). Efficient implementation of RADseq ap-
proaches often requires understanding of issues such as linkage 
disequilibrium, marker density, sequencing coverage and PCR du-
plicates to ensure sufficient power to detect the biological signal 
of interest (Davey et al., 2013; reviewed in Andrews et al., 2016; 
see also McKinney et al., 2017). Factors such as low sequencing 
coverage and an excess of PCR duplicate reads can reduce power 
and accuracy of genotyping by missing loci or alleles (allele drop-
out caused by heterozygotes scored as homozygotes; Hendricks 
et  al.,  2018). Technical sources of allele dropout in RADseq ex-
periments (e.g. PCR, sequencing or bioinformatics problems) far 
eclipse the effects of dropout caused by biological polymorphism 
and so are critical for students to consider in analysis (Rivera-
Colón et al., 2021).

There are several analytical pipelines available for the analysis 
of RADseq data, including Stacks 2 (Rochette et al., 2019), dDocent 
(Puritz et al., 2014), iPyrad (Eaton & Overcast, 2020), among others. 
While the underlying algorithmic approaches might be different in 
each software, their results can all be negatively impacted by tech-
nical artefacts (e.g. low coverage and high duplicates). Therefore, 
monitoring the data at each step of the pipeline is crucial for any 
RADseq analysis, regardless of the pipeline used. Although problems 
with coverage and PCR duplicates originate from the construction 
and sequencing of the library itself (Rochette et al., 2023), steps can 
be taken post-sequencing to assess, and potentially mitigate, their 
effects. For example, monitoring the distribution of reads across 
samples when de-multiplexing, verifying coverage before and after 
duplicate removal and filtering the resulting genotypes (see supple-
mentary Box  S1 for advice on using Stacks v2 software; Rochette 
et al., 2019). These checks provide a robust and reliable implemen-
tation of the library protocol, enabling the experimenter to trace the 
data (and problem solve) at each major step of the analysis – from 

F I G U R E  2  A decision tree for guiding the choice of a molecular marker method for conservation and ecological genomics applications. 
The chart begins with a question regarding the need of neutral versus adaptive markers since many studies in conservation genetics may 
only require neutral markers (e.g. population structure, estimates of Ne, gene flow, parentage analyses) as opposed to those that require 
more extensive genomic coverage to identify adaptive variation (e.g. local adaptation; genomic basis of trait variation; Allendorf et al., 2010). 
However, this flow chart is not comprehensive and decisions should be guided by specific project needs, for example, *a large genome size 
(e.g. > a few Gb) can limit genome-wide marker approaches because they require large computational resources or sequencing costs for a 
specific project.
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raw read to final genotype. Different pipelines yield different re-
sults; thus, different pipelines (and filtering choices) can be used to 
improve certainty of variant identification, genotyping quality and 
downstream inferences (Graham et al., 2020; Hemstrom et al., n.d. 
in review; Mona et al., 2023; Shafer et al., 2017).

1.2.3  |  Structural variants are important 
markers and components of genomic variation

Recent work has revealed that structural variants – variation in the 
presence, abundance, position and/or direction of a nucleotide se-
quence – are ubiquitous in nature, often influence fitness and can 
impact larger sections of the genome relative to the more commonly 
studied SNP variants (Catanach et  al.,  2019; Feuk et  al.,  2006). 
Structural variants can influence population dynamics, adaptation 
and eco-evolutionary dynamics of threatened species or invasive 
species of management concern (e.g. Cohen et al., 2023). Structural 
changes can also impact the three-dimensional structure of the ge-
nome, which may influence gene expression and regulation (Mérot 
et al., 2020). Students and conservationists should understand this 
form of variation.

Structural variants are best detected with high-coverage whole 
genome data (Box 1). The role of structural variants in conservation 
and complementing SNP-based approaches to enhance species re-
covery is increasingly realized (Wold et  al.,  2021). These variants 
often detect significant genetic–environment associations where 
SNPs do not (e.g. sea surface temperature and American lobsters, 
Homarus americanus; Dorant et al., 2020). Structural variants can be 
species diagnostic and detected by PCR tests to inform management 
decisions (e.g. distinguishing a rare subspecies of white-cheeked 
gibbon, Nomascus leucogenys leucongenys; Carbone et al., 2009). As 
structural variants can also reduce reproductive success, they are 
of interest to programmes conserving small populations (Deakin 
et al., 2019).

Structural variants can lead to genomic incompatibilities 
that influence hybridization and introgression, and variants like 
inversions can impact the genome-wide recombination land-
scape (Sturtevant,  1913; Sturtevant & Mather,  1938; reviewed in 
Wellenreuther & Bernatchez, 2018). Recent studies show structural 
variants often have a significant influence on the phenotype (Sanchis-
Juan et al., 2018; reviewed in Wellenreuther & Bernatchez, 2018), as 
seen in morphotypes of rainbow trout (Oncorhynchus mykiss: anad-
romous and resident; Pearse, 2016) and the ruff bird (Calidris pugnax: 
satellites, faeders and independents; Lamichhaney et al., 2016).

Most work has focused on the adaptive significance of gene 
duplications and large-effect inversions, with much less attention 
on other structural variant types, e.g. fusions or translocations 
(Wellenreuther et al., 2019). Future studies should focus on repro-
ducible and well-documented frameworks for structural variant de-
tection to uncover the full spectrum of types and sizes, and to relate 
their presence to their function and evolutionary significance (e.g. as 
outlined in Mérot et al., 2020), which will also facilitate comparative 

meta-analyses. Finally, databases will become important tools for 
detecting candidate adaptive variants in related species, something 
that is so far only available for human disease (e.g. DBVar: https://​
www.​ncbi.​nlm.​nih.​gov/​dbvar/​​).

1.2.4  |  Recent advances in genome 
sequencing and assembly

Several technologies, such as Pacific Biosciences and Oxford 
Nanopore, have greatly increased their capabilities of sequencing 
long stretches of DNA (long reads), which has allowed for a greater 
ease of assembly. Longest reads up to 15–30 kb can now be achieved 
fairly reliably (Marx, 2023), and with a reduction in error rates (e.g. 
99.8% accuracy using circular consensus long-read sequencing on 
the PacBio HiFi Sequel System; Wenger et  al.,  2019). In addition 
to long reads improving our ability to construct high-quality refer-
ences, other technologies such as Hi-C or optical mapping can be 
incorporated to provide additional information on how various se-
quences fit together within chromosomes (Rhie et al., 2021; Whibley 

BOX 1 Discovery and genotyping of structural 
variants.

Structural variants are best assessed with high-coverage 
whole genome data (e.g. NovaSeq), and long variants, spe-
cifically, should be targeted with long-read data [e.g. Pacific 
Bioscience (PacBio)] that can span variant boundaries 
(Mahmoud et  al.,  2019). Other types of sequencing data 
can also be used, e.g. paired end data from reduced repre-
sentation libraries or data derived from standard shotgun 
libraries (i.e. with short insert size, generally <1 kb), but 
their suitability in detecting a diverse set and size range of 
structural variants is more limited.

Detection of structural variants occurs via the application 
of both indirect and direct methods. Indirect approaches 
apply unsupervised methods such as principal component 
analysis (PCA) combined with information about linkage 
disequilibrium (LD) to detect genome regions that co-seg-
regate and show limited recombination, i.e. haploblocks 
(e.g. Mérot et  al.,  2021). Direct methods use information 
based on the read depth or from split reads and read ori-
entation to identify variants (e.g. duplications or dele-
tions). Advancements, such as optical mapping, Hi-C data 
and linked reads using 10x Genomics, all provide informa-
tion to directly detect structural variants de novo (Mérot 
et al., 2020). Software for the analysis of structural variants 
is rapidly developing and continuously updated and should 
be selected based on the type of available data and struc-
tural variants of interest [e.g. Lumpy (Layer et  al.,  2014), 
Manta (Chen et al., 2016), Delly (Rausch et al., 2012)].
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et al., 2021). This, and the accompanying declining costs, make de 
novo assembly a more attractive and viable option for non-model 
organisms (for review, see Whibley et al., 2021).

Although it can be time-consuming and computationally intensive, 
building a reference genome for a species of interest is preferable to the 
alternate approach of mapping reads against the reference genome of a 
closely related species. This is because the differences in the sequence 
order and content between species can ultimately affect downstream 
analyses, a consequence broadly termed ‘reference bias’ (Günther & 
Nettelblad, 2019; Prasad et al., 2022). In fact, reference bias can even 
occur within species (Thorburn et  al.,  2023). To accommodate with-
in-species reference bias, reference genomes from several individuals 
within a species can also be used to construct pangenomes, which fur-
ther improves our ability to represent diversity within a species (e.g. The 
Human Pangenome Project; Wang et al., 2022).

In addition to reducing bias, high-quality, contiguous assemblies 
allow us to better infer variation in the context of recombination 
since they enable the use of haplotype-level information, thus fa-
cilitating our understanding of demography and gene flow (Leitwein 
et  al.,  2020). High-quality assemblies also enable more accurate 
detection of runs of homozygosity (ROH), which are important for 
the inference of recent or historic inbreeding events. For example, 
Prasad et al. showed that when mapping to non-conspecific assem-
blies, ROH was undetectable in both the rowi kiwi and the beluga 
whale, and more fragmented assemblies impacted the detection of 
ROH in unpredictable ways (Prasad et al., 2022).

Once annotated, comparisons of genome assemblies from differ-
ent individuals, populations or species can capture the full range of 
genome variation, including SNPs, repetitive elements, copy-number 
variants and structural variation (Dominguez Del Angel et al., 2018). 
For example, annotation of both repetitive elements and genic re-
gions in a threatened and endemic land snail, Oreohelix idahoensis, 
revealed that expansions of long terminal repeats are responsible for 
differences in both genome size and gene composition, specifically 
expanding gene families related to stress and biomineralization com-
pared to other Oreohelix species (Linscott et  al.,  2022). Structural 
variation that would go undetected in more fragmented assemblies 
can also provide critical information about the maintenance of poly-
morphisms within species. For example, a new assembly for rainbow 
trout (On. mykiss) revealed a 55 Mb supergene that is responsible for 
maintaining sex-specific migratory tendencies (Pearse et al., 2019).

While many initiatives are producing high-quality reference ge-
nomes for species of conservation concern – e.g. the Vertebrate 
Genomes Project (Rhie et al., 2021), the Earth BioGenome Project 
(Lawniczak et  al.,  2022), the Darwin Tree of Life Project (The 
Darwin Tree of Life Project Consortium et al., 2022), the California 
Conservation Genomics Project (Shaffer et al., 2022) – it will be of 
critical importance for conservationists to contextualize these data 
to support our understanding of the diversity between and within 
species. Building reference genomes represents an important and 
sometimes overlooked first step in the conservation genomics pipe-
line, but greatly improves the accuracy of downstream analyses and 
subsequent inferences.

1.2.5  |  An alternate to genome assembly: 
Reference-based read mapping

As genome assembly is both a time-consuming and computation-
ally intensive endeavour, an often-used alternative strategy involves 
aligning sequence reads to a previously assembled genome of the 
same, or closely related, species. This approach, commonly called 
‘read mapping’, is much faster than de novo assembly, but has the 
drawback that structural variation between the sequenced sample 
and the reference genome (being mapped to) will be difficult to dis-
cern (Theissinger et al., 2023). Yet, for many biological questions, read 
mapping offers a quick and sufficient alternative to de novo assembly. 
For instance, this method was recently employed to identify genes 
responsible for seasonal coat colour changes in white-tailed jackrab-
bits (Ferreira et al., 2023). Several pipelines have been developed to 
facilitate mapping-based population genetics of non-model organ-
isms with many individuals at high throughput (Czech & Exposito-
Alonso, 2022; Mirchandani et al., 2023). In some cases, it may also 
be a more efficient strategy to sequence many samples to low depth, 
pool reads from samples by population, and map the reads to a closely 
related, high-quality reference genome (Lou et al., 2021).

Read mapping has some drawbacks, including reference bias, 
which occurs when highly diverged reads fail to map to the reference 
genome (Armstrong et al., 2020; Sarver et al., 2017). When assess-
ing the quality of mapped reads and variants called from them, many 
of the programs used to map reads [e.g. BWA (Li & Durbin,  2009), 
Bowtie2 (Langmead & Salzberg, 2012), minimap2 (Li, 2018)] also provide 
a convenient mapping score that can be used for filtering in down-
stream analyses. Beyond that, the most informative quality metric of 
mapped reads may be coverage or read depth. One can compute ex-
pected coverage and compare this to actual coverage output from the 
read mapper to identify potentially unsuccessful read mapping.

1.2.6  |  Quality control of genome assemblies

Whether one is performing de novo assembly or read mapping, as 
with all bioinformatic tasks, quality control at every step is impor-
tant. First, tools that assess the quality of raw reads like FastQC 
(Andrews, 2010) and MultiQC (Ewels et al., 2016) can help determine 
if the trimming or filtering of reads is necessary. For de novo assem-
bly, the ideal outcome is to have one assembled contig or scaffold 
per chromosome for the sequenced species. However, due to the bi-
ological complexity of the genome, this is often not easily achieved. 
Nonetheless, non-chromosome-level assemblies are useful for im-
proving applications of genomics to conservation (e.g. RADseq or re-
lated genotyping; Hendricks et al., 2018). Importantly, statistics have 
been developed to assess how well a genome has been assembled.

Tools are available to calculate basic assembly statistics such as 
the number, size and distributions of scaffold and contig lengths. 
These tools include but are not limited to BBTools (Bushnell, 2014), 
QUAST (Gurevich et  al.,  2013) or tools from the Assemblathon 2 
(Bradnam et al., 2013). A commonly used assembly statistic is the 
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scaffold N50, which is computed as the length of the shortest scaf-
fold of all scaffolds that sum to at least half of the genome assem-
bly (Lander et al., 2001). In contrast, the scaffold L50 describes the 
number of scaffolds (when considered in order from largest to small-
est) that comprise 50% of the genome.

While N50 and L50 are useful for estimating the contiguity of an 
assembly, these statistics are calculated independent of expected 
genome size (instead of using total assembly size as the expected 
sequence length), which makes comparisons of N50 statistics be-
tween genomes difficult. One solution is to use the NG50 statistic, 
which is similar to N50 but is computed using expected genome size 
rather than assembly size (e.g. NG50 of 100 means that half of the 
genome is assembled in scaffolds 100 bp or larger) and is now the 
preferred metric for comparing assemblies between individuals or 
species (Earl et al., 2011; Whibley et al., 2021) as we look forward to 
a near future where comparative genomics of non-model organisms 
in conservation settings becomes commonplace. Additional meth-
ods for evaluating assembly accuracy and polishing are provided in 
supplementary materials (Box S2).

1.2.7  |  Detecting selection in the context of 
adaptive divergence

Detecting selection is important both to facilitate the study of adap-
tive variation and to remove adaptive loci prior to computing neutral 
population parameters (Luikart et al., 2003). Methods for detecting 
evidence of natural selection from gene frequency differences have 
been developed since the early 1970s (Lewontin & Krakauer, 1973), 
primarily to account for biases arising from population structure 
(Beaumont & Balding,  2004; Beaumont & Nichols,  1996; Coop 
et  al.,  2010; Excoffier et  al.,  2009; Fariello et  al.,  2013; Foll & 
Gaggiotti, 2008; Privé et al., 2020). Many approaches have been de-
veloped and implemented to detect selection using genome data (Lin 
et al., 2022; Nielsen, 2005; Rajawat et al., 2022; Smith et al., 2022). 
In the ConGen course, we discussed recent approaches that com-
pare populations that are potentially experiencing divergent se-
lection in order to illustrate potential confounding factors such as 
demographic history, with a focus on pcadapt (Privé et al., 2020).

Many of the methods have been based on estimates of FST. Tight 
linkage and strong selection leads to higher FST for genetic markers 
linked to a selected variant. It is important to note that these meth-
ods identify linked regions of the genome and not necessarily the 
causal variant itself. Recently, Liu et al. (2019) studying horses at dif-
ferent elevations found high FST values at a number of markers, es-
pecially those linked to the EPAS1 gene, and the authors concluded 
that this provided evidence of adaptation to hypoxia at high altitude.

The classic literature on modelling hybrid zones (Barton & 
Bengtsson,  1986) makes use of the approach described earlier, 
which implicitly underpins genomic cline analysis, a statistical 
method for detecting natural selection in hybridizing populations 
(Gompert & Buerkle, 2011, 2012) and implemented in bgc (Gompert 
& Buerkle, 2012). Genomic cline analysis is more appropriate for sit-
uations in which the hybrid status of individuals can be identified 

(McFarlane et al., 2021), as it presupposes that pure parental types 
can be identified and gene flow follows a particular demographic 
model (Gompert & Buerkle, 2011). However, demographic scenarios 
are often not known, or can be complex, particularly in cases of ex-
tensive introgressive hybridization.

An alternative and flexible approach, which does not require 
pre-identification of parental populations, is to use the method 
of Duforet-Frebourg et  al.  (2016), implemented in pcadapt (Privé 
et al., 2020), which is based on the distribution of PCA loadings and 
identifies genes that contribute an unusually large weight to the PCA 
score. A recent example of local adaptation using pcadapt is from an 
analysis of spinner dolphin ecotypes which provides evidence of 
local adaptation in social behaviour (Andrews et al., 2021). This study 
compared several different approaches to identifying outliers, and 
also illustrated the use of enrichment analysis (also discussed below) 
for identifying networks of genes related to particular functions.

A further advance in methods for detecting the effects of natural 
selection in the genome has arisen from recognition that individual 
gene effects on a trait, and associated selection coefficients, may be 
very small (Boyle et al., 2017). This has led to methods focusing on 
groups of genes in sub-networks, for which statistical inference can 
be combined, leading to greater power (Berg & Coop, 2014; Daub 
et al., 2013). In the case of introgressing genomes, it is also possible 
to test whether groups of genes in the same sub-network are signifi-
cantly enriched in recipient genomes as a consequence of introgres-
sion (Gouy & Excoffier, 2020).

Along with improvements in the detection of selection at the 
genomic level, there have also been advances in methods for simu-
lating sequence evolution at a genomic level (Haller & Messer, 2019; 
Kelleher et  al.,  2016). These methods have a variety of uses: cali-
bration of population genetic tools, such as those described earlier 
(Howard-McCombe et  al.,  2021; McFarlane et  al.,  2021), and the 
development of models that jointly infer demography and selection 
(Johri et al., 2020). These simulation tools are particularly valuable 
for calibrating methods for detecting selection (Howard-McCombe 
et  al.,  2021; McFarlane et  al.,  2021), because, though there have 
been major advances in their accuracy, it is not possible to develop 
an all-encompassing method that is accurate under all possible cir-
cumstances, and they tend to be sensitive to details of the demo-
graphic history of populations (Hoban et al., 2016).

Finally, methods to detect selection can also be used to remove 
putative adaptive loci from the analyses (Mamoozadeh et al., 2020; 
Reynes et al., 2021). This potentially allows researchers to focus on 
neutral drivers of evolution and to infer the demographic history 
of populations with less potential bias from loci under selection 
(Luikart et al., 2003).

1.2.8  |  Contemporary migration estimation and a 
need for simulation studies

Assessment of contemporary migration (gene flow) aids in de-
lineation of conservation units (Lowe & Allendorf,  2010) and is 
a common application that conservation geneticists encounter 
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(Burgess et  al.,  2022; Forester et  al.,  2022). Despite this conser-
vation importance, methods of migration assessment often focus 
on coalescent-based approaches to determine historical migra-
tion rates and population dynamics (Al-Asadi et al., 2019; Beerli & 
Felsenstein, 2001; Hey & Nielsen, 2007; Nielsen & Wakeley, 2001). 
In comparison, algorithms for contemporary migration assess-
ment have been less frequently published [BayesAss (Wilson & 
Rannala, 2003); divMigrate (Sundqvist et al., 2016)].

As software ages, it often requires modification to remain an-
alytically relevant as datasets become larger. The modification 
of older, popular programs can be advantageous due to existing 
awareness of shortcomings or situations in which these methods 
are inaccurate (e.g. BA3-SNPs; Mussmann et al., 2019). However, 
the vetting process must continue when new genotyping meth-
ods are developed, with previous studies serving as a baseline for 
additional validation of analytical methods. For example, BayesAss 
is less suited for scenarios in which large numbers of populations 
are evaluated (e.g. >5) and where genetic differentiation is low 
among population pairs (e.g. FST < 0.1) because these scenarios can 
cause Markov chain Monte Carlo (MCMC) convergence problems 
or underestimation of true migration rates (Faubet et  al.,  2007; 
Meirmans, 2014).

A little known approach for evaluating large numbers of popu-
lations in networks (e.g. streams, riparian zones or mountain ridge-
lines) is to analyse subsets or populations. These environments can 
be deconstructed into discrete groups of neighbouring populations 
along the linear path of a stream between which organisms may 
plausibly move (Neuenschwander,  2006). This geographic sliding 
window approach, which assumes a stepping stone model of migra-
tion (Kimura & Weiss, 1964), has been proposed as one method for 
evaluating large numbers of discrete populations in a stream net-
work (Mussmann, 2018).

Analytical methods must continue to evolve as new sequencing 
and SNP genotyping technologies increase in popularity. SNPs and 
new sequencing datasets undergo many filtering regimes including 
heterozygosity, minor allele frequency and missing data (Andrews & 
Luikart, 2014; O'Leary et al., 2018; Schweizer et al., 2021). Different 
SNP filters have been demonstrated to impact various analytical meth-
ods (Ahrens, Jordan, et al., 2021; Martin et al., 2021), but the explicit 
impacts of these filters have not yet been investigated for BayesAss. 
SNPs may represent either neutral or adaptive loci; the inclusion of 
adaptive loci in studies of migration estimation needs to be evaluated.

Researchers must also consider the benefits of genotyping more 
individuals compared to additional loci. Some population genomic 
statistics (e.g. heterozygosity; pairwise FST) can often be reliably de-
termined from low sample size (n ≤ 10 per population) when thou-
sands of genomic loci are available (Nazareno et al., 2017; Schmidt 
et  al.,  2021). However, other analyses require larger samples per 
population (n ≥ 20–30) to be accurate or useful – e.g. estimat-
ing Ne via linkage disequilibrium (Luikart et  al.,  2021; Nunziata & 
Weisrock, 2018). Testing for loci associated with fitness or a phe-
notype (GWAS) often require samples of hundreds to thousands of 

individuals to achieve high power for natural populations (Santure 
& Garant, 2018). The benefit from genotyping more loci can quickly 
plateau (Waples et al., 2022), and it remains unknown how the in-
teractions between genome-scale samples of loci and individu-
als impact the ability to infer migratory rates. Therefore, precious 
computation time could, in some cases, be better spent including 
more individuals (rather than more loci) in analyses. As availability 
of genomic resources increases for many organisms, contemporary 
migration estimation could also benefit from development of algo-
rithms focusing specifically on low-coverage genome sequencing 
(Lou et al., 2021).

The aforementioned knowledge gaps indicate areas of research 
in which simulation would be vital for evaluating SNP filter im-
pacts on contemporary migration estimation (Hoban, 2014; Hoban 
et al., 2012; Yuan et al., 2012). Simulation studies can address realistic 
scenarios as conservation efforts come ever closer to the analytical 
and real-life situations in which small errors can cause management 
problems and population declines (Schweizer et al., 2021).

1.2.9  |  Correcting for multiple testing

Recent meta-studies in conservation genomics have described the 
persistent underuse and inconsistent use of methods correcting 
for multiple testing, which is extremely problematic with datasets 
of thousands of loci (Hauser et al., 2019; Sethuraman et al., 2019) 
– an issue students need to be aware of in data analysis. Both stud-
ies reported conscious or unconscious bias by researchers applying 
conservative and/or liberal corrections within publications without 
explaining why [e.g. Benjamini–Yuktieli, Benjamini–Hochberg based 
false discovery rate (FDR) correction methods] to aid the discov-
ery of significantly differentiated outlier genomic loci that are then 
correlated with functional adaptive trait variation (see Lotterhos & 
Whitlock, 2014). Hauser et al.  (2019) and Sethuraman et al.  (2019) 
also report that researchers are using more conservative corrections 
(e.g. Bonferroni, sequential Bonferroni correction methods) to iden-
tify genomic loci that are not in HW proportions, or in strong link-
age disequilibrium so as to filter those loci for non-conformance to 
independence or neutrality (see Waples, 2014). While these are not 
inherently ‘biases’, most studies also lack sufficient explanation or 
analysis of FDRs chosen and possible effects on subsequent results 
and conclusions.

In this context, it is informative to consider the methods de-
scribed in White et al.  (2019) and Narum  (2006) to estimate the 
family-wise error rate (FWER) under the complete null model 
for any statistical test (i.e. there are no correct discoveries, and 
therefore here equivalent to the FDR). Consider performing 1000 
independent null chi-square tests with two degrees of freedom 
(similar to performing chi-square tests of HW proportions at 
1000 bi-allelic SNP loci). FWER is estimated as 1-(1-alpha)^k, 
where alpha is the critical value threshold and k is the number 
of independent tests performed. Without adjusting for multiple 
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testing, the FWER quickly reaches 1.0, implying that the infer-
ence from these tests is always incorrect. However, all other cor-
rection methods – (in order of the degree of conservativeness) 
Bonferroni, Benjamini–Yekutieli (BY) and Benjamini–Hochberg 
(BH) – effectively control for FWER (and FDR), maintaining it 
the rate of false discovery across all k tests at a threshold of 0.2 
and below (Figure 3). Importantly, however, controlling for FWER 
using the BY and BH methods also correspondingly inflates the 
false negative rate (see White et al. (2019) for a detailed treatment 
of this issue). Therefore, researchers must consider false negative 
and positive rates based on their question, and explain or justify 
their choice of correction method – including effects of sample 
sizes, number of tests and the desired degree of conservativeness 
(White et al., 2019).

Recent studies have detailed approaches for multiple testing cor-
rection (Austin et al., 2022; Flores-Manzanero et al., 2022; Marques 
et  al.,  2022). Correction procedures are straightforward to apply, 
and are often included with statistical analysis packages such as 
p.adjust command in R (https://​www.​r-​proje​ct.​org/​), FDRestimation 
package in R (Murray & Blume, 2020) and multipletests function in 
the Python statsmodels module (Seabold & Perktold, 2010).

1.3  |  Applications and being an effective 
conservation genomicist

1.3.1  |  Applied conservation genomics

The most exciting applications of genomics in conservation include 
questions that could not be addressed with previous molecular and 

computational approaches. We encouraged ConGen students to 
consider novel applications of genetic markers and discussed recent 
practical examples. A few recent examples are provided here, recog-
nizing many other examples are reviewed elsewhere (e.g. Allendorf 
et al., 2022).

Adaptive genomic variation research is guiding assisted gene 
flow management (Aitken & Whitlock,  2013) and climate-assisted 
provenancing (Prober et al., 2015) to facilitate adaptation to chang-
ing climates. For example, genomic analysis was used to understand 
adaptive variation in Corymbia calophylla, a key species of the forests 
of south-western Australia. Association of SNPs with precipitation 
or temperature variables (and mapped in Corymbia and Eucalyptus 
reference genomes) was used to assess function of climate-associ-
ated variants (Ahrens et al., 2019). This genomic information is being 
combined with common garden experiments (Ahrens et  al.,  2020) 
and ecophysiological analysis (Ahrens, Challis, et al., 2021) to predict 
species' responses to changing climate, and inform adaptation strat-
egies for forest conservation.

Landscape genomics allows genome-wide associations with en-
vironmental variables [also known as genotype–environment asso-
ciation (GEA) studies]; enabling inferences about local adaptation 
(Rellstab et al., 2015). For example, genome-wide SNP frequencies 
of coral in New Caledonia were associated with remote-sensed en-
vironmental heat data to investigate the local adaptation of reefs 
to thermal stress. Candidate-adaptive SNPs experiencing selection 
were used to characterize the functional role of nearby genes and 
make inferences about adaptive traits that could allow coral to per-
sist in the face of warming oceans (Selmoni et al., 2021). Similarly, 
genomics is being used to fast-track thermal adaptation in coral 
across the Great Barrier Reef, Australia through identification of pu-
tatively adaptive loci in warm-adapted coral using genomic associa-
tion methods, which will be used to target individuals for selective 
breeding, and implement assisted gene flow (Quigley et  al.,  2019; 
Suggett & van Oppen, 2022).

In another study, RADseq data for the greenlip abalone (Haliotis 
laevigata) revealed signs of local adaptation in candidate SNPs asso-
ciated with genes involved in tolerance to high temperature and low 
oxygen (Lampert, 2018; Sandoval-Castillo et al., 2018). These results 
could influence management of this commercially important species 
in the face of climate change (Lopez et al., 2019).

Genomics provides numerous and informative markers often 
needed to identify the origins and track spread of invasive species, 
and thereby reduce future spread. For example, Passiflora foetida, a 
climbing vine that is native to Central and South America, has spread 
to South-east Asia and the Pacific. Genome skimming was used to 
produce whole chloroplast and ITS sequences from samples collected 
across the invasive range, which directed collection of herbarium 
specimens from across the native range. The analysis suggested three 
independent origins of the species into Australia from Ecuador and 
Peru, Brazil and the Caribbean, with only one of these lineages be-
coming widespread (Hopley et al., 2021). This has guided the search 
for a biological control agent for this species by identifying where in 
the native range to search for agents specific to these lineages.

F I G U R E  3  Family-wise error rates (FWER) plotted as a function 
of the number of independent tests, under different correction 
schemes and the unadjusted FWER in comparison. All correction 
methods effectively control for FWER, with varying degrees of 
conservativeness.

 17550998, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1755-0998.13893 by M

inistry O
f H

ealth, W
iley O

nline L
ibrary on [18/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.r-project.org/


12  |    SCHIEBELHUT et al.

1.3.2  |  How to be an effective conservation  
geneticist

Genetic considerations are often missing from conservation man-
agement planning and policy (Cook & Sgrò, 2017; Laikre et al., 2020; 
Pierson et al., 2016). If this gap between genetics research and ap-
plication persists, the tools and techniques described here will have 
limited influence in practice. Thus, we need to understand the fac-
tors that contribute to this gap and identify the tools and techniques 
to bridge it.

Many factors may contribute to the lack of integration of genetic 
data and principals into conservation action plans, where the shift 
to genome-scale data could exacerbate the gap between population 
genomics and its application in conservation. Hypothesized drivers 
of this gap include a lack of awareness of the benefits of integrat-
ing genetics and genomics into conservation (Pierson et al., 2016), 
heavy use of jargon in published communications (Allendorf 
et  al.,  2022, chap. 24; Cook & Sgrò,  2019), workflow bottlenecks 
from the generation or analysis of massive amounts of data and fi-
nancial constraints. Funding is a problem, including lack of access 
to pay-to-view peer-reviewed publications by practitioners (Cook 
& Sgrò,  2017), and genetics may be perceived as costly to imple-
ment (Vernesi & Bruford, 2009). There also can be lack of funding 
and other incentives to motivate geneticists to bridge the gap (Haig 
et al., 2016; Shafer et al., 2015; reviewed in Allendorf et al., 2022, 
chap. 24).

It is often still under-appreciated that genetic factors such as 
inbreeding or fixation of harmful alleles can cause immediate or 
short-term population problems as suggested by genome sequenc-
ing in orcas (Kardos et al., 2023; see also Kardos & Luikart, 2021). 
Additionally, some practitioners are concerned about the increased 
handling time of vulnerable species needed to collect the high-quality 
samples required for some genomic work, while others are confused 
about the differences between genetics, genomics and genetically 
modified organisms (Kadykalo et al., 2020; Luikart et al., 2019).

Genomics could widen the gap as the questions that practi-
tioners need answered may be misaligned with what researchers 
can publish in high-impact journals. For example, a management 
question might be answered using 10–20 microsatellite markers, 
but such a dataset can be difficult to publish in a high-profile jour-
nal. Fortunately, it is often possible to achieve both aims through 
effective communication and well-targeted research (see examples 
in Section 1.3.1).

Geneticists and practitioners worldwide are keen to close the 
gap between knowledge and application, where practitioners typ-
ically want to see genetic data better integrated into management 
(Cook & Sgrò, 2018; Taft et al., 2020). In the United States and some 
other places, an effective approach is to have in-house geneticists 
embedded in agencies conducting conservation activities such as 
the National Oceanic and Atmospheric Administration (NOAA), 
Forest Service, U.S. Geological Survey (USGS) and U.S. Fish & 
Wildlife Service (USFWS). Interestingly, practitioners surveyed in 
New Zealand do not favour this model due to fears that resources 

could become monopolized by certain teams and instead prefer ex-
ternal collaborations (Taylor et al., 2017).

An alternative is to form boundary organizations – typically a col-
lection of researchers and practitioners from different organizations 
working together to bridge the gap via communication and training 
(Cook et al., 2013). Zoos can also bridge conservation genetic research 
and practice, where zoos globally have in-house genetics laboratories 
and well-established functional partnerships with practitioners: the 
Antwerp Zoo, Chicago Zoological Society, Copenhagen Zoo, Omaha's 
Henry Doorly Zoo, Royal Zoological Society of Scotland, San Diego 
Zoo Global, Smithsonian's National Zoo, Taronga Zoo in Sydney 
Australia and South African National Biodiversity Institute. Nations, 
governments, tribes and agencies can benefit from understanding ad-
vantages or disadvantages of the different strategies used by differ-
ent countries and organizations mentioned earlier.

Incorporating genetic metrics into the International Union for 
Conservation of Nature (IUCN) RedList of threatened species would 
also be an effective motivator to gather and analyse more genetic 
data for threatened species (Garner et al., 2020). Although integrat-
ing genetic data into threat status can be challenging, it is not in-
surmountable (Funk et al., 2019). Publishing in languages other than 
English (Holderegger et al., 2019) and producing different versions 
of textbooks that cater to the needs of geneticists and practitioners 
(e.g. Frankham et al., 2019) are also practical solutions for broaden-
ing access to and adoption of conservation genomics approaches.

After completing academic training in population genetics (in-
cluding theory), a conservation geneticist can follow numerous ca-
reer paths, each requiring different skills (see Allendorf et al., 2022, 
chap. 24). Although under-taught in academic science programmes, 
skills in communication and building and facilitating collaborations 
can be honed by seeking out real-world experiences. For example, 
emergent conservation geneticists can interact with advisors and 
colleagues who sit on threatened species management steering 
groups, and ask to sit in on meetings. Courses, such as the facilita-
tion training offered by the IUCN Conservation Planning Specialist 
Group (http://​www.​cpsg.​org/​our-​appro​ach/​training) or the struc-
tured decision-making training from the IUCN Conservation 
Translocation Specialist Group (https://​iucn-​ctsg.​org/​), can help 
researchers practice using soft skills to engage with conservation 
managers. While effort is required up front to obtain and hone these 
skills, the investment will reap benefits, making early-career conser-
vation geneticists more employable in a competitive job market and, 
more importantly, making them more effective conservationists.

2  |  CONCLUSIONS

This review highlights key and emerging topics in conservation genom-
ics research, including the importance of bioinformatics training, novel 
computational analyses and the understanding of population genetics 
theory to ensure appropriate data collection and analysis. We provide 
a novel flow chart (Figure 2) to help researchers choose appropriate 
marker methods for a range of study questions including the use of 
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neutral and adaptive loci. We also provide advice on cultivating rela-
tionships with practitioners through effective communication to en-
sure research projects will address conservation concerns. We hope 
this review helps readers worldwide stay updated on recent advances 
in population genomics and the growing number of applications of 
genomics that can help slow the global extinction crisis.
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