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Abstract

We present a conservation genetics tool kit, which offers two ready-to-use workflows for the routine application of genetic
methods in conservation management. The workflows were optimized for work load and costs and are accompanied by an
easy-to-read and richly illustrated manual with guidelines regarding sampling design, sampling of genetic material, neces-
sary permits, laboratory methods, statistical analyses and documentation of results in a practice-oriented way. The manual
also provides a detailed interpretation help for the implementation of the results in conservation management. One work-
flow deals with the identification of pond-breeding amphibians based on metabarcoding and environmental DNA (eDNA)
from water samples. This workflow also discriminates the morphologically similar water frogs (Pelophylax sp.) and other
closely related species (e.g. Triturus cristatus and T. carnifex). The second workflow studies connectivity among popula-
tions using microsatellite markers. Its statistical analyses encompass the detection of genetic groups and historical, recent
and current dispersal and gene flow. Using the two workflows does not involve academic research institutes; they can be
applied by environmental consultancies, laboratories from the private sector, governmental agencies or non-governmental
organisations. These and additional conservation genetic workflows will hopefully foster the routine use of genetic methods
in conservation management.
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Introduction

Conservation genetics has an inherent practical goal, i.e.,
to use genetic theory and methods to conserve species and
safeguard biodiversity (Frankham 1995). However, conser-
vation genetics still is a mainly academic exercise. Appli-
cations in conservation management are mostly restricted
to larger and emblematic vertebrates or wild species of
economic or cultural value to human societies (Holdereg-
ger et al. 2019a, b). The myriads of other organisms like
plants, insects, sponges, fungi or lichens are rarely dealt
with in applied conservation genetics. In other words,
there is a gap between conservation genetics science and
practice (Sandstrom et al. 2019).

Many reasons for this science-practice gap have been
suggested (Taylor et al. 2017; Grant et al. 2019). Amongst
others, possible obstacles are the challenging understand-
ing of conservation genetics and the latter’s prohibitive
costs. In addition, conservation genetic results often do
not fit the expectations of practitioners and are difficult to
communicate to stakeholders (Taylor et al. 2017; Holde-
regger et al. 2019a, b). In our experience, however, conser-
vation professionals acknowledge the potential of genet-
ics in conservation management, but do not know how to
initiate, apply or use genetic tools or how to interpret the
output of conservation genetic analyses. Especially, labo-
ratory capacities as well as knowledge to run statistical
analyses are not accessible to practitioners. Therefore, help
is needed to overcome these obstacles, allowing the use of
genetic methods in every-day conservation management.

To understand the last point, a look at how conserva-
tion managers usually obtain the information they need is
helpful. We illustrate how conservation managers get rel-
evant data and results for their work with three examples.
First, in order to describe the diversity of habitat types
and landscape elements, conservation managers use, e.g.,
aerial photographs or existing GIS layers with topography
or land cover (Turner et al. 2001). Conservation managers
often do not do these analyses themselves, but contract
private consultancies to carry them out. Second, if con-
servation agencies want to detect changes in the ecological
conditions of nature reserves, they often apply vegetation
analysis. Such vegetation analyses are generally mandated
to environmental consultancies, which apply statistical
analysis to analyse vegetation data (Wildi 2013). Third,
if a wildlife organization wants to know the population
size of an animal in a certain area, diverse methods can be
used such as direct observation, transect surveys, traps or
camera traps (Magurran 2003). Again, these surveys are
often outsourced. In all these cases, governmental con-
servation agencies and non-governmental organizations
(NGOs) give a mandate to an environmental consultancy
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to carry out investigations using routine tools and meth-
ods. Because of their long application in conservation
management, professionals are used to the kinds of data
and results of such studies and are able to interpret them.
They are also sure that the results will be available in due
time, because of deadlines fixed with the consultancies.
Academic research institutions are not involved in the
examples given above.

This is in marked contrast to how conservation genetics
currently works. Most applied studies in conservation genet-
ics are carried out by researchers or in close collaboration
with academic institutions, zoological and botanical gardens
or museums (Dufresnes et al. 2019). This fact prompts the
question whether one needs to make conservation genetics a
routine method—similar to the above examples—that can be
readily applied by governmental authorities, NGOs, environ-
mental consultancies and private-sector companies? If so,
conservation genetic workflows are a way to move forward.
Workflows define and describe the sequence of the steps
involved in a process, from initiation to completion (www.
merriam-webster.com). Such workflows may be a key com-
ponent for a better implementation of conservation genetics
in conservation management (Holderegger et al. 2019a, b).

Developing workflows for conservation
practice

Here, we present ready-to-use conservation genetic work-
flows developed by a Swiss consortium consisting of a uni-
versity (University of Ziirich), a national research institute
(WSL), a university of applied sciences (HSR), a national
centre for species distribution data (info fauna-karch), a pri-
vate laboratory company (Microsynth Ecogenics GmbH)
and an environmental consultancy (ARNAL). This consor-
tium guaranteed that all the skills needed for the develop-
ment of genetic workflows were covered, especially, knowl-
edge on implementing science in practice, an understanding
of the needs of conservation professionals and experience in
outreach. It had support from national and regional authori-
ties in Switzerland (and from Austria).

Based on a consultation with Swiss cantonal agencies,
two topics for the development of conservation genetic
workflows were identified: (1) identification of amphib-
ian species based on environmental DNA (eDNA; Taberlet
et al. 2018) from water samples; (2) analysis of connectivity
among populations (Lowe and Allendorf 2010), eventually
coupled with an evaluation of the success of connectivity
measures such as over- and underpasses, stepping stones or
corridors (Corlatti et al. 2009). These two topics are of spe-
cial relevance to conservation professionals in Switzerland
(Braunisch et al. 2012), because they are looking for alterna-
tive, potentially cheaper monitoring methods (Pesch et al.
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2016) and because a nation-wide ecological infrastructure
consisting of habitat nodes and links providing landscape-
wide connectivity is currently implemented by the Swiss
government (BAFU 2017).

In the following, we describe the two conservation genetic
workflows. Detailed information is provided by Holderegger
et al. (2019a, b). As conservation practitioners do hardly rely
on information in foreign languages (Fabian et al. 2019),
the two workflows were presented in a series of information
events and outreach publications in the national languages of
Switzerland specifically targeted to practitioners (e.g. Csenc-
sics and Gugerli 2017; Stapfer et al. 2019).

Workflow: identification of amphibian
species with eDNA and metabarcoding

The goal was to establish a simple ready-to-use genetic
workflow for the identification of all pond-dwelling amphib-
ians in Switzerland and adjacent regions based on eDNA
from water samples using metabarcoding (Hawlitschek et al.
2016; Ficetola et al. 2019) rather than qPCR for the detection
of single species (Thomsen et al. 2012).

The manual for this workflow (Holderegger et al. 2019b)
first offers a detailed introduction to the pros and cons of
eDNA from water samples for the detection of amphib-
ians. Amongst others, some pros of eDNA in comparison to
traditional methods are (Smart et al. 2015; Goldberg et al.
2016): clandestine species can be identified (e.g. Lissotriton
vulgaris, Triturus cristatus); species impossible to morpho-
logically discriminate can be identified to a degree useful for
conservation practice (e.g. native and invasive Pelophylax
sp.); field work can be done during the day and is independ-
ent of weather conditions; amphibians are not impaired by
sampling. Some cons are: hybrids cannot be determined (e.g.
T. cristatus X T. carnifex); laboratory methods can create
false positives (see below); DNA content in the water is
highest during peak activity of amphibians and decreases
rapidly thereafter. Finally, it is clearly stated that the abun-
dance of an amphibian species cannot (yet) be determined
based on metabarcoding of eDNA from water samples (but
see Chambert et al. 2018).

Next, the manual gives a list of the pond-dwelling
amphibian species of Switzerland and adjacent regions that
can be identified with the workflow (Table 1). It allows the
detection of different taxa or taxon groups of the hybridoge-
netic water frogs (Pelophylax sp.), namely the species P. ber-
geriund P. bedriagae and the two groups P. esculentus/P.
lessonae and P. kurtmuelleri/P. ridibundus (Leuenberger
et al. 2014). Closely related species such as T. cristatus und
T. carnifex can also be determined.

Subsequently, the manual describes the major steps of
the workflow (Fig. 1). Detailed guidelines show at how

Table 1 The workflow for the detection of amphibian species based
on metabarcoding of eDNA from water samples can identify all
pond-dwelling amphibians of Switzerland and adjacent regions
as given in the table (the only exception is Bufotes viridis which is
extinct in Switzerland)

Ichthyosaura alpestris

Lissotriton helveticus

Lissotriton vulgaris

Triturus cristatus

Triturus carnifex

Alytes obstetricans

Bombina variegata

Bufo bufo

Epidalea calamita

Hyla arborea

Hyla intermedia

Pelophylax bedriagae

Pelophylax bergeri

Pelophylax kurtmuellerilP. ridibundus
Pelophylax esculentus/P. lessonae
Rana dalmatina

Rana latastei

Rana temporaria

Especially, the workflow is able to discriminate between species or
species groups of water frogs (Pelophylax sp.) or closely related spe-
cies (e.g. Triturus cristatus and T. carnifex)

many sites per pond water samples should be taken, mixed
and then aliquoted to at least three sample replicates per
pond for laboratory analysis (no filtering of water samples
involved; Taberlet et al. 2018). Private laboratory compa-
nies and environmental consultancies provide advice and
help with the sampling protocol. It is also stressed that
permits, e.g., to enter nature reserves, must be requested.
The workflow introduces the material necessary for field
work and describes how water sampling and the labelling
of samples (e.g. QR-codes provided by laboratory compa-
nies) are done. Special care is devoted to contamination
issues, and it is stressed that thorough de-contamination
of all (re-usable) equipment, shoes or wellingtons is man-
datory after sampling a pond, in order to prevent the dis-
persal of pathogens such as the amphibian chytrid fungus
(Batrachochytrium dendrobatidis; Schmidt et al. 2009).
We developed new primers in the 16 s rRNA of mtDNA
for the metabarcoding of amphibians of Switzerland and
adjacent regions (Microsynth Ecogenics 2018). These
primers were optimised to avoid the amplification of
human DNA. Special care was given to contamination
issues in the laboratory as well as to negative and posi-
tive controls. The PCR reactions for metabarcoding also
contained in process controls (short artificial DNA) as a
quality check for amplification. Specimens of all Swiss
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Definition of question to be answered

R 2

Sampling design: how many ponds and sampling
sites per pond?

n

Ordering material for field work

“

Request necessary permits

n

Field work: taking water samples

n

Sending water samples to laboratory

"

Laboratory work: DNA extraction, metabarcoding
and quality check

.

Standard documentation of results: presence,
uncertain detection, absence of species

n

Sending results to purchaser

n

Interpretation of results based on guidelines

n

Implementation of results in conservation
management

Fig.1 Steps of the conservation genetic workflow for the identifi-
cation of amphibians based on metabarcoding of eDNA from water
samples. Steps given in white boxes are relevant to conservation pro-
fessionals and must be understood by them. These steps are carried
out with the help, advice and training provided by private laboratory
companies and environmental consultancies. The steps given in grey
boxes are the domain of private laboratory companies and environ-
mental consultancies

amphibian species were Sanger sequenced, and a new,
constantly up-dated sequence data base was created.

The manual then introduces the results per pond, which
are sent to the purchaser. They show whether an amphibian
species has been identified in a pond with high probabil-
ity (presence), whether a species was only ambiguously
detected (uncertain detection) or not detected (absence).
The discrimination between presence and uncertain detec-
tion for each species was based on the number of Illumina
reads in field as well as in control samples using a statis-
tical framework accounting for false positives (Ficetola
et al. 2016; Lahoz-Monfort et al. 2016). We also used dif-
ferent amounts of real amphibian and artificial DNAs to
check for detectability thresholds.

@ Springer

Finally, the results are interpreted based on detailed
guidelines given in the manual and illustrated by the results
of water samples from real ponds to which the workflow had
been applied. Special care is given to the fact that the results
of the workflow on amphibian species identification do not
always result in clear absence or presence information for a
particular species, but that the above category of uncertain
detection needs additional effort (e.g. field observation, inde-
pendent repetition of the workflow with new water samples,
targeted sequencing of the DNA of the species in question).

Workflow: assessing dispersal and gene flow
among populations

Conservation professionals deal with issues of connectivity
by planning structural connectivity measures such as under-
passes, overpasses, corridors or stepping stones. However, it
is difficult to measure functional connectivity among popula-
tions (Manel and Holderegger 2013) with traditional meth-
ods such as radio-tracking or mark-recapture. Therefore,
conservation professionals are interested in using genetic
tools to assess movement, dispersal and gene flow among
populations and habitat patches (Lowe and Allendorf 2010;
Holderegger et al. 2019a, b). Hence, our goal was to estab-
lish a ready-to-use genetic workflow for assessing dispersal
(migration in genetic terms) and gene flow among popula-
tions using microsatellites. We decided to use microsatellites
as they are relatively inexpensive once developed.

The manual (Holderegger et al. 2019b) shows all steps
of this workflow (Fig. 2). It first offers guidelines to deter-
mine the appropriate sampling design in a given landscape.
As the dispersal abilities, the number and size of popula-
tions and the compositions of landscape elements all differ
among species and study areas, no general-purpose sam-
pling design can be applied. Instead, five principles for the
sampling design based on known species occurrences in the
study landscape are given. (1) The appropriate spatial extent
of the study area is defined by populations being within the
maximum dispersal distance of the species (based on lit-
erature or expert knowledge). (2) Comparison of different
situations of populations is fundamental, e.g., one needs to
compare isolated and near-by populations or populations
in fragmented and connected landscapes. (3) If barriers or
connectivity measures are of interest, populations affected
and unaffected (control) by these landscape elements need
to be sampled. (4) Populations at different Euclidean dis-
tances should be sampled to detect the effect of geographic
distance. (5) The number of populations sampled is defined
by the number of comparisons needed to detect a certain
effect. For instance, if one samples four populations on one
side of a fenced motorway and four populations on the other
side, one gets 16 comparisons of population pairs potentially
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Definition of question to be answered

R 2

Sampling design: how many populations and
individuals per populations?

R 2

Sampling design: which genetic material is
sampled?

“

Ordering material for field work

“

Request necessary permits

‘

Field work: taking samples

n

Sending samples to laboratory

n

Laboratory work: DNA extraction, microsatellite
genotyping and quality check

Standard statistical analysis: STRUCTURE,
isolation by distance, pairwise Fgr, BAYESASS,
GENCLASS, isolation by barriers IBB

R 2

Standard documentation of results: genetic
groups, historical and recent gene flow, first
generation migrants, barriers

R 2

Sending results to purchaser

E 2

Interpretation of results based on guidelines

= 2

Implementation of results in conservation
management

Fig.2 Steps of the conservation genetic workflow on connectivity.
For colour code see Fig. 1

fragmented by the motorway and 12 comparisons of poten-
tially connected populations on either side of the motorway
(Marsh et al. 2008). Generally, eight to ten sampled popula-
tions should be enough in an applied conservation genetic
study at the landscape scale.

The number of individuals sampled per population should
be 15 to 20. These numbers are based on literature (e.g.
Kalinowski 2005; Hoban et al. 2015) and a consultation with
20 conservation geneticists in Central Europe, in which most
of them agreed that a sample size of 20 individuals per popu-
lation is sufficient. We also performed a resampling analysis

of published microsatellite datasets of two mammals and an
herb (Biebach and Keller 2010; Buchalski et al. 2016; Fis-
cher et al. 2017). These datasets contained 19 to 39 micros-
atellite markers and 20 to 36 individuals per population. In
each dataset and for each possible number of markers and
individuals per population (from 2 to the maximum — 1),
we created 100 random subsets and calculated the average
of several population genetic parameters, namely expected
heterozygosity H,, pairwise population differentiation Fgr,
rarefied allelic richness A, and inbreeding coefficient Fg.
For the herb, we also performed STRUCTURE analyses
(Pritchard et al. 2000) and determined the putative number
of genetic clusters using the classical (highest probability of
the data, Pritchard et al. 2000), but also the delta K method
(Evanno et al. 2005). We then compared the results of the
random subsets with the observed results (i.e. the values
with the complete set of markers and individuals) with a
Pearson correlation and the ratio of resampled/observed
values, indicating whether one under- or over-estimates the
population genetic parameters with a smaller dataset.

This resampling exercise showed that population genetic
parameters are clearly more sensitive to the number of mark-
ers than to the number of individuals per population. Accept-
ably stable results (Pearson’s r>0.95) were obtained with
about 15 individuals per population (in some cases even
lower) and 20 microsatellite loci. There was a trade-off
between the number of markers and the number of individu-
als; increasing the number of markers markedly decreased
the required number of individuals to obtain accurate values.
With high numbers of markers (> 30), around five individu-
als were usually enough for accurate population genetic
assessments. There were some exceptions to this general pat-
tern. For an accurate measurement of Fig, substantially more
markers and individuals were required. Moreover, F;g and,
naturally, A, were clearly underestimated with low numbers
of individuals. For identifying the number of genetic clus-
ters in STRUCTURE, ten markers and ten individuals were
enough using the likelihood method. Results were highly
unstable with the delta K method. Finally, we found that in
the species with the highest level of inbreeding, the above-
mentioned rule of 15 individuals per population and 20
microsatellites was not sufficient for a sound estimation of
all genetic parameters tested.

The next steps of the manual describe for many organis-
mic groups (plants, arthropods, molluscs, fishes, amphib-
ians, reptiles, birds and mammals) which genetic material
is sampled in the field, how samples are labelled (e.g. QR
codes provided by private laboratory companies), what kind
of field material is needed and how samples are to be sent
to the laboratory. It is stressed that individuals should be
disturbed and handicapped as little as possible and that non-
invasive or minimally invasive methods are preferable (Mar-
schalek et al. 2013; Carroll et al. 2018; Zemanova 2019),
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e.g., buccal swabs (Broquet et al. 2007) or tissue punches
in amphibians. Special emphasis is given to the necessary
permits for entering protected or private land and regarding
legal obligations for sampling protected, red-listed or rare
species.

The manual then gives technical information on labo-
ratory methods. We used microsatellites for genotyping
because SNPs and bioinformatic pipelines are not yet ready
for routine use in conservation practice (also see below;
Puckett 2017; Holderegger et al. 2019a). Subsequently, the
five standard statistical analyses of the workflow are pre-
sented. (1) As STRUCTURE is the most widely used method
for genetic clustering (Janes et al. 2017), genetic groups
are determined with STRUCTURE (admixture model, no
LOCPRIOR; Pritchard et al. 2000) and CLUMPP (Jakob-
sson and Rosenberg 2007). STRUCTURE HARVESTER
(Earl and von Holdt 2012) is used to define the optimal k
using the log likelihood plot and the hierarchical develop-
ment of genetic clusters k when moving from k=1 to k=x
(the Evanno method should not be used; Meirmans 2015;
Janes et al. 2017; also see the resampling analysis above).
It is also needed to create input files to CLUMPP. As an
alternative to STRUCTURE, ordination methods such as
multidimensional scaling MDS (Cox and Cox 2001) could
be used for identifying genetic groups.

Subsequently, three measurements of dispersal or gene
flow are introduced. (2) Historical gene flow (Whitlock and
McCauley 1999) is estimated with pairwise Fqr-values with
the R package strataG 2.0.2 (Archer et al. 2016), and a sim-
ple Mantel test is used to check for isolation by distance with
the R package ecodist 2.0.1 (Goslee and Urban 2007). (3)
BAYESASS 3.0 (Wilson and Rannala 2003) is applied to
estimate bi-directional recent dispersal rates among popu-
lations. Bi-directional genetic exchange also allows detect-
ing source and sink populations (Holderegger and Gugerli
2012). (4) Current dispersal is studied by detecting first gen-
eration migrants with GENECLASS 2.0 (Piry et al. 2004).
However, it is made clear that a sample size of 15 to 20 indi-
viduals per population is generally not sufficient to detect
first generation migrants (Kraaijeveld-Smit et al. 2005).

(5) Finally, and in case of an appropriate sampling scheme
and the presence of potential barriers, a simple isolation by
barrier (IBB) analysis is performed (Oyler-McCance et al.
2013). Here, the occurrence of a barrier between popula-
tion pairs is coded in a 0/1 matrix. The statistical analysis
incorporates a matrix of pairwise Fyr-values or averaged
recent dispersal rates from BAYESASS 3.0 as dependent
variables, a matrix of Euclidian distances and one or sev-
eral barrier matrices and a covariance matrix, to account
for the non-independence of genetic data, as independ-
ent variables. The data are then analysed with a general-
ized linear mixed effects model with Monte Carlo Markov
Chain testing in the R package MCMCglmm 2.26 (Hadfield
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2010). All results are generated and visualised in a geo-
graphical way. For instance, the genetic groups inferred from
STRUCTURE are overlaid onto topographical maps, aerial
photographs or Google maps. Such STRUCTURE applica-
tions are appealing to practitioners. The results are then sent
to the purchaser.

The next step of the manual explains how to interpret the
results on dispersal and gene flow. A first good overview
is provided by STRUCTURE results. The manual offers
richly illustrated guidelines and also provides the results
of a real example to which the workflow had been applied.
Special focus is given to the fact that one should watch out
for the large patterns, e.g., comparing isolated with non-
isolated sites or potential source with sink populations, and
not interpret single details (“seeing the forest despite the
trees”). Again, private laboratory companies and environ-
mental consultancies provide help, advice and training with
interpreting the genetic results of the workflow.

Challenges met during the development
of the workflows

In the following, we discuss three main challenges that we
encountered during this transdisciplinary project, which
included both research institutions from the public domain
as well as companies (i.e. a molecular laboratory company
and an environmental consultancy) from the private sector.

First, eDNA and metabarcoding do not always result in
a clear “yes or no”-result, and it is particularly difficult to
define thresholds in order to keep the sensitivity of an assay
as high as possible without increasing its specificity. This
is a general problem in diagnostic tests (Altman and Bland
1994), but is even more pronounced if multiple species are
detected in a single assay.

Many factors can influence the results of metabarcoding
of eDNA from water samples. Some examples are low DNA
quantity or quality, cross-contamination during field sam-
pling, cross-contamination in the laboratory, primer com-
petition among the DNA of different species during PCR or
sequence mistakes introduced by TAQ-polymerase incon-
sistencies (Taberlet et al. 2018; Mathieu et al. 2020). All
these phenomena can lead to the false negative or false posi-
tive identification of species in a sample or to some species
having many sequencing reads, while other species show
only a few reads. In the latter case, species identification in
a particular sample remains questionable and uncertain. It is
this uncertainty that can be difficult for conservation practi-
tioners to accept. However, the situation is not really differ-
ent from field observations of species; an approach to which
practitioners are well used. Species can also be misidentified
and overlooked in the field, leading to false negatives and
false positives in observations as well (Cruickshank et al.
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2019). In the workflow for the detection of amphibian spe-
cies with eDNA from water samples by metabarcoding we
thus decided to actively communicate uncertainties in spe-
cies identification, by introducing a sample-specific thresh-
old of the required number of sequencing reads for certain
species detection (presence) or uncertain species detection
(uncertain detection), respectively (see above). Scientists
have long asked for the communication of uncertainties to
practitioners, politics and the broader public (Fischhoff and
Davis 2014; Papadopoulou et al. 2018).

Second, it is difficult for conservation professionals to
understand that conservation genetics cannot provide a sin-
gle parameter that shows whether there is “enough” gene
flow or dispersal among populations. In fact, the exact
value of many genetic parameters indicative of gene flow
and dispersal such as Fqp have no particular meaning per se
and vary, e.g., substantially among molecular marker types
applied to the same samples (Fischer et al. 2017). While it is
safe to conclude that two populations differentiated by a low
Fgr value of 0.03 show more (historical) gene flow than two
populations with a pairwise Fgr of 0.10, it cannot be inferred
whether there is enough gene flow in one or the other case
(unless one accepts the heavily criticised Nm=1 rule; Whit-
lock and McCauley 1999). What is needed is a comparison
of populations in different situations. For instance, one can
compare populations that are separated by a motorway with
populations that are not or populations in a dense setting
with populations that are sparsely scattered across a land-
scape. This is why the manual for the workflow on dispersal
and gene flow puts particular emphasis on major principles
to set up an adequate sampling design: one such principle
stresses the need for sampling and comparing populations in
different situations (see above). This later point needs expla-
nation and training to those conservation practitioners that
will be involved in setting up sampling schemes for genetic
analyses of dispersal and gene flow.

Third, researchers from the public sector and profession-
als from the private sector do not necessarily have the same
goals in a transdisciplinary project (Enquist et al. 2017).
Researchers—their salaries being paid by governmental
agencies from tax money—want to make all approaches
and methods as openly accessible as possible, so that every-
body who wants to use them can do so. In contrast, private
molecular laboratory companies and environmental consul-
tancies must generate money to pay salaries, expenses and
infrastructure. In other words, one of their main goals is to
generate an economic benefit. Professionals from the pri-
vate sector do thus not have an a priori interest in making
approaches and methods openly available, which can lead to
a conflict of interest. This is, e.g., illustrated by the fact that
some primers for the metabarcoding of European amphibian
species are patented and cannot be freely used for routine
commercial use (e.g. Valentini et al. 2016). In the present

project, such a conflict of interest was avoided by setting
up a contract signed by all institutional participants of the
transdisciplinary project right at the beginning. It clearly
regulated the use and shared ownership of all methods and
approaches developed during the project’s course.

Perspectives

The two workflows described above are intended to foster
the use of genetic methods in conservation management
by presenting genetic tools, which can readily be applied
by environmental consultancies, governmental agencies or
NGOS in collaboration with private companies and con-
sultancies outside academia. Researchers play no role in
the workflows, once the latter are set up. Researchers might
act as external experts, e.g., for training, specific statistical
analyses or special sampling designs, but in general, they
are not involved in the application of the two conservation
genetic workflows.

However, researchers play an important role in the
enhancement of established workflows or in the develop-
ment of additional workflows, in close collaboration with
private laboratory companies and environmental consultan-
cies. An obvious future development of the workflow on
eDNA detection of amphibians is the extension to other
water organisms, such as fishes (Valentini et al. 2016) or
dragon- and damselflies (Thomsen et al. 2012). The latter is
especially relevant as it allows the species identification of
larvae of dragon- and damselflies in water bodies and thus
indicates local reproduction. Another topic is the transition
from microsatellites to SNPs in the workflow on dispersal
and gene flow (Shafer et al. 2015). SNPs enable inference on
genome-wide patterns of genetic diversity, and the results of
studies using microsatellites or SNPs can differ substantially
(Fischer et al. 2017; Bohling et al. 2019). For instance, large
panels of SNPs allow for high precision when inferring the
genetic structure of populations (Jeffries et al. 2016; Puck-
ett and Eggert 2016). In conservation genetic research and
in non-model species, SNPs from RADseq (Petersen et al.
2012) are often used. The laboratory and sequencing costs
for SNPs from RADseq are already comparable to those of
microsatellites (Puckett 2017), and the major hurdle is to
set up bioinformatic pipelines that can be used in a routine
way for many species without much adjustment (Shafer et al.
2017).

Additionally, new genetic workflows should be estab-
lished. One example is a workflow on inbreeding. This
topic is of relevance as many small and isolated popula-
tions are inbred with potentially strong fitness consequences
caused by inbreeding depression (Frankham et al. 2017).
Studies have shown that runs of homozygosity (ROHs)
are the method of choice to measure inbreeding in wild
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populations (Purfield et al. 2012; Diez-del-Molino et al.
2018; Robinson et al. 2019). However, measuring inbreed-
ing with ROHs requires high quality, contiguous genome
data, which currently sets an obstacle to their routine use
in conservation genetics, but also points to the need for a
change from genetics to genomics in applied conservation
genetics (Shafer et al. 2015). Corresponding efforts to set up
genomic workflows for conservation management are cur-
rently undertaken, e.g., in the COST-actions DNAqua-Net
(https://www.cost.eu/actions/CA15219/) and G-BIKE (https
://lwww.cost.eu/actions/CA18134/).

We hope that the conservation genetic workflows pre-
sented here for Switzerland could serve as a model for
establishing similar workflows in other countries and that
they help to implement genetic methods as routine tools in
practical conservation management and to safeguard threat-
ened populations and species. The methods described in the
workflow identification of amphibians with eDNA and meta-
barcoding are already in routine use in the monitoring of the
nationally important habitats in Switzerland, which encom-
pass more than 250 amphibian breeding sites (BAFU 2020).
First results already inform the current update of the new
Swiss Red List of amphibians (Benedikt Schmidt, unpubl.
data). This example certifies that the developed workflows
find their way into practical conservation management.
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