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Abstract
For conservation genetic studies using non-invasively collected samples, genome-wide data may be hard to acquire. Until 
now, such studies have instead mostly relied on analyses of traditional genetic markers such as microsatellites (SSRs). 
Recently, high throughput genotyping of single nucleotide polymorphisms (SNPs) has become available, expanding the use 
of genomic methods to include non-model species of conservation concern. We have developed a 96-marker SNP array for 
use in applied conservation monitoring of the Scandinavian wolverine (Gulo gulo) population. By genotyping more than a 
thousand non-invasively collected samples, we were able to obtain precise estimates of different types of genotyping errors 
and sample dropout rates. The SNP panel significantly outperforms the SSR markers (and DBY intron markers for sexing) 
both in terms of precision in genotyping, sex assignment and individual identification, as well as in the proportion of samples 
successfully genotyped. Furthermore, SNP genotyping offers a simplified laboratory and analysis pipeline with fewer samples 
needed to be repeatedly genotyped in order to obtain reliable consensus data. In addition, we utilised a unique opportunity to 
successfully demonstrate the application of SNP genotype data for reconstructing pedigrees in wild populations, by validating 
the method with samples from wild individuals with known relatedness. By offering a simplified workflow with improved 
performance, we anticipate this methodology will facilitate the use of non-invasive samples to improve genetic management 
of many different types of populations that have previously been challenging to survey.
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Introduction

Management and conservation of wide-ranging, elusive 
species occurring at low densities is challenging due to 
their hard-to-survey nature. Consequently, there is a need 
to develop novel tools for assessing vital information such 
as population size, sex ratio and demographic parameters 
(McMahon et al. 2011; Mills 2013; Pereira et al. 2013). 
Non-invasive survey methods focusing on genetic data, are 

becoming increasingly utilised for this (Beja-Pereira et al. 
2009; Bruford et al. 2017; Carroll et al. 2018; Ferreira et al. 
2018), where potential DNA sources, such as hair, saliva, 
scats and urine, are collected without interfering with natural 
behaviours or compromising individual survival (Rodgers 
and Janečka 2013). Such genetic data can form the basis for 
estimates of population size, survival and reproductive suc-
cess, and provide insights into genotypic or environmental 
variables contributing to individual fitness (Bérénos et al. 
2014). It can also identify cases of inbreeding and be used to 
inform genetic rescue operations (Åkesson et al. 2016; Vilà 
et al. 2003), thus providing predictive power for manage-
ment decisions and applied conservation biology (Johnson 
et al. 2010; Soulé 1985; Soulé and Mills 1992).

The main limitations for non-invasively collected genetic 
samples are that they often contain low-quality and quan-
tity of DNA, limiting the use of high-throughput genomic 
analysis methods (Carroll et al. 2018; but see Khan et al. 
2020), and high cost of sequencing large number of samples 
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(Aylward et al. 2018; Förster et al. 2018; Snyder-Mackler 
et al. 2016). Consequently, many genetic studies have been 
restricted to more traditional low-throughput genetic mark-
ers such as microsatellites (SSRs), hampering the uptake of 
genomics applications in practical conservation projects, and 
creating the so called “conservation genomics gap” (Shafer 
et al. 2015). Recently, genotyping of Single Nucleotide 
Polymorphism (SNP) markers, that offer increased preci-
sion, repeatability and resolution compared to classic SSR 
markers, has been applied to such low-quality DNA (Helyar 
et al. 2011; Kraus et al. 2015; Norman and Spong 2015; 
Nussberger et al. 2014; von Thaden et al. 2020). SNP mark-
ers offer many advantages compared to SSRs, like low error 
rates and low levels of homoplasy (Miller et al. 2011; Morin 
et al. 2009). However, practical limitations in the form of 
restricted financial and technical resources often lead to a 
need to reduce the amount of SNP markers, while maximiz-
ing the genomic resolution to render manageable and cost 
effective methods for genetic monitoring of wildlife.

In addition to individual identification, population struc-
ture inference and sexing, multi-locus SNP panels offer the 
possibility to infer both effective population size and pre-
cise local population sizes as well as relatedness between 
individuals (Norman and Spong 2015; Spitzer et al. 2016). 
Importantly, the high genetic resolution available from SNP 
data is useful for pedigree reconstruction (including the 
identification of mother, father and offspring triads) (Ander-
son and Garza 2006; Norman and Spong 2015). However, 
there are many challenges involved in reconstructing pedi-
grees; such as incomplete sampling, unknown population 
sizes, overlapping generations with long reproductive lifes-
pans and lack of information on individual age. Age data is 
especially important for determination of the directionality 
of inferred parent – offspring relationships (Wang and San-
ture 2009). The level of genetic variability and inbreeding 
in the population also affects the precision in genetic pedi-
gree reconstruction. Consequently, there is a need for studies 
validating pedigrees reconstructed solely from genetic data, 
to assess the risk of falsely inferred relationships as well as 
the influence of factors such as the number of markers used.

The wolverine (Gulo gulo) is a good example of a species 
that is hard to survey; an elusive and territorial carnivore 
with large home ranges, occurring at low densities, often 
in remote and inaccessible terrain (Inman et al. 2012; Pers-
son et al. 2010). As a consequence, wolverines have been 
considered for protection as a threatened species under the 
Endangered Species Act in (the contiguous) United States 
(USFWS 2013). In Europe, the majority of the wolverines 
occur in the Scandinavian population (Norway and northern 
part of Sweden, Chapron et al. 2014), where it is red-listed 
as “Vulnerable” in Sweden (Swedish species information 
centre 2015) and “Endangered” in Norway (Henriksen and 
Hilmo 2015). A main challenge for wolverine conservation 

in Scandinavia is depredation conflicts caused by wolverine 
predation on free-ranging, semi-domestic reindeer (Rangi-
fer tarandus) owned by indigenous Sámi reindeer-herding 
communities in both countries (Hobbs et al. 2012; Mattisson 
et al. 2016; Persson et al. 2015) and free ranging domes-
tic sheep (Ovis aries) in Norway (Mattisson et al. 2016). 
Consequently, the Scandinavian wolverine population is 
intensively monitored to be kept above national manage-
ment goals for minimum population size, set to minimize 
conflicts while ensuring population viability (SEPA 2014).

Here we describe the development of a set of 96 SNPs 
to be used within the conservation monitoring program for 
wolverines in Scandinavia. The SNP identification is based 
on data from a whole genome sequencing effort of indi-
viduals from the same population (Ekblom et al. 2018). 
We specifically present the validation process, focusing on 
the following: (1) Estimation of rates of genotyping errors, 
marker and sample dropouts in non-invasively collected 
samples. (2) Assessment of the number of SNP markers 
needed for reliable individual identification. (3) Evaluation 
of the performance of the new SNP-set in relation the classic 
SSR method for identification and DBY intron markers for 
sexing. (4) Benchmarking SNP genotype data for pedigree 
reconstruction. For pedigree validation, we use samples from 
a long-term, individual-based field study. Consequently, 
this provides detailed information about social system and 
relatedness for known age individuals in a local population 
(Aronsson and Persson 2018; Hedmark et al. 2007; Persson 
et al. 2010), offering a unique opportunity with important 
baseline information for validation of new procedures based 
on DNA, and specifically for reconstruction of pedigrees. 
Our high-throughput SNP genotyping procedure is opti-
mised to handle thousands of samples with efficient lab and 
analysis workflows. The framework presented here offers 
practical advice for DNA-based population monitoring and 
conservation management. In addition, we provide general 
guidance on when and how to apply SNP markers in con-
servation genetic projects relying on non-invasive sampling 
of DNA samples.

Materials and methods

Study population and sampling

The Scandinavian wolverine population has been subject 
to extensive monitoring for over two decades (Aronsson 
and Persson 2017; Brøseth et al. 2010). During most of 
this time, genetic analyses have formed a central part of 
the monitoring program (Bischof et al. 2016, 2020; Ekb-
lom et al. 2018), together with snow-tracking and searches 
for natal den sites. For more information regarding the 
monitoring program, see Aronsson and Persson (2017). 
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Non-invasive DNA samples (mainly from scats, but also 
hair, urine, blood and secretions) are routinely collected 
in the field during the monitoring period, from February 
to June. In addition to verifying species, sex and individ-
ual identity, genetic data have been utilised to learn about 
population structure (Walker et al. 2001), genetic diver-
sity (Ekblom et al. 2018), relatedness among individuals 
(Hedmark and Ellegren 2007), and local density estimates 
through a sampling-resampling framework (Bischof et al. 
2016). The current population estimate is 1035 (95% CrI: 
985–1088) wolverines in Scandinavia (660 in Sweden and 
375 in Norway; Flagstad et al. 2019). Generations are 
overlapping with an average generation time of 6 years 
(Nilsson 2013), and many individuals are repeatedly sam-
pled both within and between seasons.

For this study we used a total of 2005 DNA samples 
from wolverines collected in Sweden Norway and Fin-
land. A majority of the samples (N = 1836) were non-
invasively collected from 2001 to 2017 (mainly scats and 
secretions). These samples are referred to as “monitor-
ing samples” hereafter. We also used tissue samples from 
dead individuals (N = 85, collected 2014–2017) obtained 
from the National Veterinary Institute, where autopsies of 
all encountered dead wolverines are routinely conducted, 
and these samples are referred to as “tissue samples”. In 
addition, we used tissue samples from 84 individuals col-
lected from known individuals within a long-term study 
of wolverine ecology in Northern Sweden (1994–2011, 
The "Sarek study"; e.g. Aronsson and Persson 2017, 
2018; Persson 2005; Persson et al. 2009), these samples 
are referred to as “Sarek samples”. From these individuals 
we have access to detailed demographic and spatial field 
data, including parental relationships.

For monitoring samples collected from 2015–2017 
(N = 1654), a small piece of material was dissolved in 
Buffer TL (VWR) and treated overnight with Proteinase 
K (20 mg/ml) at 55 °C before automated DNA extrac-
tion using the  Maxwell® 16 MDx Instrument and the 
 Maxwell® 16 Tissue DNA Purification Kit (Promega). 
Samples collected before 2015 (N = 182) were extracted 
using either the QIAamp DNA stool mini kit (GmbH, 
Hilden, Germany)(Hedmark and Ellegren 2007) or a Gen-
emole DNA extraction robot (Mole Genetics, Lysaker, 
Norway) (Bischof et  al. 2016). Each extraction run 
included a negative control to detect cross contamina-
tion of samples and contamination of reagents. DNA from 
tissue samples and Sarek samples were extracted using 
the Qiagen DNeasy Blood & Tissue Kit. All monitor-
ing and tissue samples had previously been genotyped 
and sexed using 19 SSRs (see Hedmark et al. 2004 for 
more information about the SSR markers and genotyping 
procedure).

Development of SNP marker‑set

In a previous study of Scandinavian wolverines, thousands 
of high-quality and high information content SNPs were 
identified from the wolverine genome using re-sequencing, 
and several hundred of these were verified using independ-
ent genotyping (Ekblom et al. 2018). Furthermore, Ekblom 
et al. (2018) described a 96 SNP set suitable for genotyping 
of low-quality samples (hereafter referred to as “set A”). 
However, set A include markers with limited genotyping 
success and information content, and does not contain 
markers suitable for sexing. Consequently, we evaluated an 
additional SNP set (“set B”) with 65 autosomal SNP mark-
ers (not included in set A), 17 putative X- and 14 putative 
Y-chromosome markers. After preliminary analyses of both 
set A and B, a combined set of the best working markers 
was chosen to produce the final 96 SNP marker set selected 
for wolverine scat genotyping (“set D”). This included 
87 autosomal SNPs, 6 X-chromosome linked SNPs and 3 
Y-chromosome markers. Details and flanking sequences for 
all SNP markers in set A, B and D are available in Appendix 
S1. Y-chromosome markers are monomorphic, but only pro-
duce a genotype signal in samples from males, consequently 
these were only used for sexing and removed from the data 
for all other analyses. A combination of X-chromosome 
genotype and signal data from all 3 Y-chromosome mark-
ers was used for sex-identification (for details, see section 
“Sexing and individual identification”). All Sarek samples 
were also genotyped for the complete 375 SNP marker set 
from Ekblom et al. (2018) using the GoldenGate platform 
(Illumina). This set completely overlaps with all autosomal 
markers included in SNP sets A, B and D.

SNP genotyping

SNPs were genotyped using Fluidigm integrated fluidic 
circuits (IFCs) with 96 samples and 96 markers for each 
plate (96.96 Dynamic  Array™ IFC). Prior to genotyping, 
all samples were pre-amplified using a highly multiplexed 
PCR, called Specific Target Amplification (STA). Here all 
96 marker sites were simultaneously amplified using STA 
primers. Tissue samples were diluted to 5 ng/µl before per-
forming the STA reaction and then run together with the 
non-invasively collected samples. The PCR was run for 40 
cycles at 60 °C annealing/elongation temperature, other 
details were according to the manufacturer’s protocol. The 
STA products were then diluted to 1:10 in DNA Suspen-
sion Buffer. Genotyping markers, pre-amplified samples 
and control line fluid were loaded onto the IFC according 
to the manufacturer’s instructions. The IFC Controller was 
used for priming and loading the chip. The genotyping reac-
tions were run on the FC1 Cycler according to the manu-
facturer’s instructions and reagents. This included thermal 
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mix at 70 °C for 30 min and 25 °C for 10 min, hot start 
activation at 95 °C for 5 min, annealing temperature touch-
down for 5 PCR cycles from 64 °C to 60 °C, followed by 26 
cycles at 60 °C (each with 45 s annealing steps). The IFCs 
were finally analysed using the EP1 Reader. All samples 
were run in duplicate, including both positive and negative 
controls on each chip. Genotype calls were made using the 
Fluidigm SNP Genotyping Analysis software (version 4.3.1) 
using SNP-type normalisation, K-Means clustering and an 
automatic confidence threshold of 85, followed by manual 
inspection and correction of genotype clusters. Genotypes 
were exported as CSV files and converted into PLINK for-
mat using R version 3.3.1 (R Core Team 2016). R-scripts 
used for data handling and subsequent analyses are available 
as supporting information (Appendix S2).

Genotype analysis

The sample consensus genotype of each marker was set to 
“missing” if one or both of the duplicates for that sample 
did not produce a reliable genotype or if the two dupli-
cates had different genotypes for the marker in question. 
Samples with marker dropout exceeding 15% or genotype 
mismatch between duplicates exceeding 5% were run in an 
additional duplicate (“re-run”), in order to obtain more reli-
able genotype calls. Samples where both duplicates had a 
marker dropout rate above 85%, and re-run samples where 
the marker dropout remained above 62%, were classified 
as non-working samples and were discarded for error rate 
analyses and individual assignment. Consensus genotypes 
of re-run samples were scored as homozygous only if two 
or more of the runs yielded a homozygous genotype and the 
second allele was completely absent from all runs. Heterozy-
gous genotypes of re-run samples were called if more than 
one run yielded a heterozygous genotype. In other cases, the 
genotype of the marker was set to “missing”. All genotypes 
were also checked for signals of contamination from other 
individuals (heterozygosity level of > 60%, Appendix S3, 
many markers with ambiguous genotypes falling between 
the genotype clusters and/or conflicting sexing signals), and 
signs that the sample came from a species other than wolver-
ine (high degree of homozygosity).

SNP genotyping error rates

Precise estimates of genotyping error rates were calculated 
for 1285 of the monitoring samples (collected 2015–2017) 
where the true genotype was known from an independ-
ent tissue sample or well working monitoring sample (0% 
marker dropout) of the same individual. “Allele dropout” 
was defined as markers where the true genotype was het-
erozygous but the scored genotype was homozygous. “False 
allele” was defined as all markers where the true genotype 

was homozygous while the scored genotype was heterozy-
gous. The rare cases where the true genotype was homozy-
gous for one allele while the scored genotype was homozy-
gous for the other allele was scored as both “False allele” 
and “Allele dropout”. “Marker dropout” was calculated as 
the rate of non-scored autosomal or X-linked markers. Error 
rates were calculated independently for each run, thus twice 
per sample run in duplicate and four times for re-run sam-
ples. To avoid pseudo-replication, the mean error rate per 
sample was used.

In order to evaluate the effect of DNA concentration on 
genotyping success and genotyping error rates, we per-
formed a dilution series for 8 selected tissue samples. Each 
sample was diluted four times in water with a ratio of 1:5, 
resulting in final DNA concentrations of 5 ng/µl, 1 ng/µl, 
0.2 ng/µl, 0.04 ng/µl and 0.008 ng/µl. These were then geno-
typed in duplicate with the same analysis pipeline as other 
samples. Marker dropout rate, allele dropout rate and false 
allele rate were calculated as above.

Sexing and individual identification

Genetic sexing of all samples was done using the 6 X-chro-
mosome and 3 Y-chromosome markers included in set D. 
Genotype cut-offs for sex determination was identified fol-
lowing preliminary genotyping of individuals of known sex. 
Thus, the sex of a given sample was set to male if the num-
ber of positive Y-markers was higher than 1 and the number 
of heterozygous X-markers was 0. A sample was classified 
as female if the number of positive Y-markers was 0 and 
the number of positive X markers was higher than 4, or if 
the number of positive Y-markers was 0 and the number of 
heterozygous X markers was higher than 1. In all other cases 
and for all samples where the marker dropout rate was 25% 
or higher, the sex was set as “unknown”.

Each sample consensus genotype was matched against a 
database of all known individual genotypes (as well as all 
other samples from the same run) using the PLINK (ver. 
1.07) –cluster –matrix command (Purcell et al. 2007). The 
similarity matrix produced was then converted to long for-
mat and analysed using a custom R script (supplementary 
material). All pairwise similarities above 95% (including the 
same sex assignment) and with more than 85% of markers 
genotyped in both samples were automatically considered to 
be multiple samples from the same individual. These cut-
offs reliably separate samples from different individuals and 
samples from the same individual (Ekblom et al. 2018; This 
study). Samples with similarities between 85% and 95% and 
those with fewer than 85% of successfully genotyped mark-
ers in common were manually checked to confirm identity. 
For each new identified individual a consensus sequence was 
produced based on all genotyped samples of that individual 
and added to the genotype database.
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Assessment of number of markers needed 
for reliable individual identification

In order to evaluate how many SNP markers are needed for 
reliably separating different individuals based on the multi-
locus genotype, we used a total of 182 monitoring samples 
from 161 different individuals (previously identified from 
microsatellite analyses, including pairs of individuals known 
to have high levels of genetic similarity) that were genotyped 
with all SNPs included in set A and B (thus 173 autosomal 
and X-linked markers in total). To simulate genotyping with 
fewer markers, this dataset was reduced by randomly remov-
ing different number of markers during the data analysis. 
The reduced genotypes were then run in the same individual 
matching pipeline. For each selected number of markers, ten 
random independent marker sets were thus constructed and 
analysed. The distributions of the pairwise similarity scores 
for each sample pair were then compared between samples 
originating from different individuals and from the same 
individual. The measure of individual identification success 
was constructed by taking the difference between the upper 
0.5 percentile for the similarity distribution of samples from 
different individuals and the lower 0.5 percentile for the sim-
ilarity distribution of samples from the same individual. If 
this measure is positive, it thus means that less than one per-
cent of the samples have been wrongly inferred to be from 
the same individual. The probability of mis-assignment was 
defined as the overlap between the distributions of pairwise 
similarities for samples from different individuals and from 
samples from the same individuals, calculated using the R 
“overlap” function.

Comparison between SNP markers and SSRs

All monitoring samples from 2015 (N = 770) were processed 
using both the newly developed SNP genotyping pipeline, 
with marker set D, as well as the analysis procedure previ-
ously used for genetic monitoring based on 19 microsatellite 
(SSR) markers. We could thus compare the performance, in 
terms of number of successfully genotyped and individu-
ally assigned samples, between SSR and SNP markers. SSR 
markers were amplified in three separate multiplex reactions, 
fragments were genotyped using an ABI3730xl sequencer 
and analysed with GeneMapper (Brøseth et al. 2010; Flag-
stad et al. 2004; Hedmark et al. 2004). In addition, we eval-
uated the ability to determine the correct sex of samples 
using the X- and Y-chromosome markers included in SNP 
set D, compared to the traditional sex identification based 
on PCR amplification of two DBY intron fragments (DBY3 
and DBY7, Hedmark et al. 2004). All samples were run in 
duplicate, and for cases where these gave inconsistent results 
the sex of the sample was set to “unknown”.

Pedigree reconstruction

In order to evaluate the performance of SNP genotype data 
for pedigree reconstruction, we used 84 individuals sampled 
from the long-term ecological study in Northern Sweden 
(Sarek samples). For these individuals we had information 
of known (N = 75; in most cases mother–offspring captured 
together, but also those identified with SSR kinship analysis 
with supporting spatial information and age) and assumed 
(N = 9; based on information about age together with spa-
tial and temporal matching) parent–offspring relationships 
(Hedmark et al. 2007; Rauset et al. 2015). Most of these 
were genotyped for all markers used in the A, B and D SNP 
sets described above (six Sarek individuals were excluded 
as they lacked identified pedigree relations), as well as the 
partly overlapping markers from the GoldenGate platform 
(Illumina) from Ekblom et al. (2018), yielding a total of 357 
autosomal markers. No sex chromosome marker genotypes 
were utilised in the pedigree reconstruction. We thus first 
constructed the best pedigree possible, using data from all 
available SNP markers as well as the previously known eco-
logical data. This was then compared to pedigree reconstruc-
tion using more limited data sets with fewer SNP-markers 
(including the 93 markers of SNP set D).

Genetic pedigree reconstruction was carried out using 
the FRANz software (Riester et al. 2009) using the”full-sib 
heuristic” algorithm. FRANz input files were built and anal-
ysis of the output pedigrees was conducted using R (R Core 
Team 2016). Pedigrees were visualised using Pedigraph 2.2 
(Garbe and Da 2008).

Where a genetically inferred parental relationship 
matched a known or assumed relationship it was scored as 
“true”. Where it negated a known or assumed relationship 
or was impossible due to known birth and death dates it 
was scored as “false”. All relationships that neither con-
flicted with, nor were confirmed by, any known relationships 
were scored as “possible”. To model how the number and 
accuracy of genetically inferred relationships change with a 
decreasing number of SNPs we extracted 20 random subsets 
of different numbers of markers (ranging from 50 to 300) 
from the 357 SNPs using PLINK 1.07. The full 357 SNP 
data was also run 20 times to evaluate between-run vari-
ation. Concurrence for each parent–offspring relationship 
was defined as the percentage of the 20 random subsets for 
each number of markers where the relationship was inferred.

Results

SNP genotyping error rates

We were able to obtain precise estimates of the rates of 
different kinds of SNP genotyping errors from 1285 of the 
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non-invasively collected monitoring samples. The distribu-
tion of genotyping error rates was highly skewed, with a 
majority of the samples (N = 754) having complete multi-
marker profiles with no genotyping errors (Fig. 1). The mean 
marker dropout rate across all genotypes was 2.7%, while the 
mean rate of allele dropouts was 1.9% and the mean rate of 
false alleles was 0.02%. The rates of marker dropout were 
positively correlated to the rate of genotyping errors, both 
for allele dropouts  (rS = 0.75, df = 1283, p < 0.0001, Fig. 1a), 
and for false alleles  (rS = 0.18, df = 1283, p < 0.0001, 
Fig. 1b).

The effect of DNA concentration on genotyping success 
and error rates could be clearly observed by genotyping of a 
series of diluted tissue samples. Diluted samples with a con-
centration down to 0.2 ng/µl had complete or near complete 
genotype profiles, while samples with the lowest concentra-
tion of DNA (0.008 ng/µl) showed a marked decrease in 
genotyping success rate and an elevated level of genotyping 
errors, especially allele dropouts (Table 1).

Number of SNP markers needed for reliable 
individual identification

For 182 monitoring samples (161 individuals) we used 
a total of 173 SNP markers (polymorphic autosomal and 
X-linked markers from set A, B and D), to evaluate how 
many SNP markers were needed for making reliable indi-
vidual assignments. Analyses using 93 markers (as in set D) 
provided similar power to differentiate genotypes between 
individuals (probability of mis-assignment <0.001) as 
using the whole 173 marker set (probability of mis-assign-
ment <0.001, Fig. 2a). Even 45 markers were enough for 
making reliable individual assignments, based on a very low 
degree of overlap in pairwise genetic similarities between 
samples from the same individual and samples from dif-
ferent individuals (probability of mis-assignment = 0.0015). 

With fewer than 30 markers the ability to differentiate 
between individuals was reduced (probability of mis-assign-
ment = 0.020), meaning that there is a significant risk that 
samples may erroneously be inferred to be from different 
individuals due to genotyping errors, or that samples may 
erroneously be inferred to come from the same individual 
due to high genetic similarity between individuals (Fig. 2b). 
It should be noted that 14 of the samples analysed here came 
from different individuals that were known to have high lev-
els of relatedness (for example full-sibs from inbred matings; 
Hedmark and Ellegren 2007), thus representing unusually 
difficult cases of genetic individual assignment.

Comparison between SNP markers and SSRs

A total of 770 monitoring samples were processed using 
both the SNP genotyping pipeline (set D) and the previously 
used multiplex microsatellite (SSR) genotyping method. The 
SNP method outperformed the traditional microsatellite 
method in several ways. Genotypes and individual assign-
ments were obtained for 555 samples (72%) using SNPs, 
while 476 of the samples (62%) were genotyped and indi-
vidually assigned using microsatellites (Fig. 3). In two cases, 
the individual assigned to the sample differed between the 

Fig. 1  Correlation between marker dropout rate and the rate of (a) allele dropouts and (b) false alleles. The distributions of genotyping errors (in 
the right and top margins of the plots) are highly skewed with a majority of samples overlapping at no marker dropouts and no genotyping errors

Table 1  Genotyping success and error rates from a dilution series of 
tissue samples

DNA concentra-
tion (ng/µl)

Marker dropout 
rate (%)

Allele dropout 
rate (%)

False 
Allele 
rate (%)

5.0 0 0 0
1.0 0.07 0 0
0.2 0.07 0 0
0.04 1.37 2.75 0.07
0.008 24.24 21.50 0
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A

B

Fig. 2  Distributions of genetic similarity for pairs of samples depend-
ing on the number of markers used (a). Light grey bars indicate 
genetic similarity of pairs of samples from different individuals while 
black bars indicate similarity between pairs of samples from the same 
individual. Dashed vertical lines in each diagram represents the upper 
0.5 percentile for the distribution of pairs from different individuals, 
and solid vertical lines represents the lower 0.5 percentile for pairs 
from the same individual. Where the dashed line is left of the solid 

line, the degree of overlap between the two distributions is thus less 
than 1%. (b) Degree of 1% overlap plotted against the number of 
markers. A positive overlap indicates that there is less than 1% over-
lap between the distributions of genetic similarities between pairs of 
samples from different and the same individuals. Mean and range 
for 10 independent random subset of markers is shown for runs with 
fewer than 173 markers
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two genotyping methods. After manual inspection of SNP 
and SSR profiles, both of these were concluded to come 
from manual errors in the microsatellite genotype assign-
ment and were corrected in the database based on the SNP 
genotype. Another improvement with the SNP genotyping 
method was that fewer samples (120 [16%] compared to 257 
[33%] for microsatellites) needed to be re-run in order to 
obtain reliable genotypes (Fig. 3).

The sex of the individual genotyped was assigned using 
6 X-linked SNPs and 3 Y-linked monomorphic markers 
included in set D. Sex was inferred for 523 of the samples 
(279 females and 244 males). In comparison, 486 of the 
samples (272 females and 214 males) were sexed using the 
traditional sex markers based on DBY intron amplification. 
In one case the inferred sex differed between the two meth-
ods, a sample that was identified as female with the tradi-
tional markers and male with the new SNP markers. The 
true sex in this case, was known as male based on other 
genotyped samples from the same individual.

Pedigree reconstruction

In order to evaluate the ability to reconstruct pedigrees in 
natural populations using the 93 marker SNP set described 
here, we first produced the most complete pedigree possible, 
using all available data (both genetic and ecological). This 
was then compared to pedigrees produced using reduced 
sets of SNP markers (including the 93 marker set D). For 
the 84 individual wolverines in the Sarek samples, we used 
both the full 357 SNP genotypes and the prior informa-
tion about age and relatedness, and were able to infer 61 
mother–offspring and 40 father–offspring relationships. The 
full pedigree consisted of up to four consecutive generations 
(Fig. 4). Most of the genetically reconstructed relationships 
using SNP-data (50 maternal and 19 paternal) were verified 

by either known (n = 63) or assumed (n = 6) relationships in 
the Sarek data. Twelve relationships (7 maternal and 5 pater-
nal) that were previously known, or assumed, could not be 
verified using the SNP data. All but three of these included 
at least one individual that was not successfully genotyped 
in this study. Finally, 20 previously unknown relationships 
(4 maternal and 16 paternal) were identified using the SNP 
data (Fig. 4). We only observed one case of close inbreeding 
in the pedigree, this was a mating between half-siblings and 
their offspring thus had an inbreeding coefficient of 0.125.

We used random subsets of SNP markers to evaluate the 
effect of number of markers used on pedigree reconstruction 
ability. Here “concurrence” was defined as the percentage 
of 20 independently inferred pedigrees, constructed with a 
given number of SNP markers, that contained the relation-
ship in question. The genetically inferred pedigree relation-
ships were verified by comparing with ecological data (see 
Methods for details). The total number of inferred pedigree 
relationships increased with reduced number of markers 
(Fig. 5a). This was an effect of a large number of falsely 
inferred relationships at a low concurrence (thus only found 
once or twice out of 20 independent runs) when decreasing 
the number of SNPs. With many markers, or by applying 
a high concurrence rate cut-off, the number of false posi-
tives was low (Fig. 5b). With 200 or more SNPs, a cut-off 
level of 50% concurrence was sufficient to eliminate all 
false relationships, whereas 75% concurrence excluded all 
negative relationships also with as few as 50 SNPs. With a 
concurrence rate of 95% the number of correctly inferred 
“true” relationships dropped when using few markers (<150 
SNPs). But with a cut-off concurrence of 75%, even fewer 
than 100 markers provided reliable results (Fig. 5c).

Discussion

We describe the development and benchmarking of a SNP 
genotyping pipeline implemented in the conservation-mon-
itoring program for wolverines in Scandinavia. Our study 
provides an extensive empirical validation of the use of SNP 
markers for conservation genetics with non-invasively col-
lected samples that is applicable to many other systems fac-
ing similar management challenges. Our 96-marker SNP set 
consistently outperforms the previous microsatellite/DBY 
marker panel, providing sufficient information for success-
fully identifying individuals and sex, and for reconstructing 
reliable pedigrees.

We found that using 93 SNP markers provided similar 
power to differentiate genotypes between individuals as 
using the maximum 173 marker set. While these results may 
serve as a general starting point also for marker develop-
ment in other species/populations, we recommend a similar 
validation process as described here, before adopting a new 

Fig. 3  Genotyping success rate (number of samples genotyped and 
individually assigned) of the described SNP genotyping pipeline in 
comparison to the previously utilised microsatellite (SSR) method
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marker system. Due to the risk of ascertainment bias, the 
marker panel should be developed and/or validated for the 
population of interest, since it cannot always be easily trans-
ferable to other parts of the distribution range, or related taxa 
(Clark et al. 2005; Garvin et al. 2010; Helyar et al. 2011; 
Morin et al. 2004). The number of markers needed will 
also depend on characteristics of both the population (e.g. 
relatedness structure and overall levels of genetic diversity) 

and the markers in question (e.g. minor allele frequency and 
genotyping error rates).

The SNP set presented here consistently outperforms the 
19 microsatellite (SSR) marker panel previously used for 
wolverine population monitoring, both in terms of a larger 
proportion of the non-invasive samples genotyped, and in 
terms of increased precision in individual identification, as 
a result of reduced genotyping error rates. Fewer samples 

Fig. 5  Number of parent – off-
spring relationships identified 
per number of SNP by type of 
relationship and concurrence 
level. Colours correspond to dif-
ferent levels of concurrence and 
curves are fitted with a loess 
function
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needed to be reanalysed with SNPs compared to SSRs, 
and the SNP pipeline thus provides a more time- and cost 
efficient lab-flow. In addition, sexing previously had to be 
performed by a separate analysis of Y-chromosome specific 
PCR fragments (Hedmark et  al. 2004). Sex-assignment 
using the SNP panel outperformed the traditional Y-intron 
sex-markers in terms of both accuracy and number of sam-
ples sexed. Consequently, by including X and Y chromo-
some markers in the SNP set provided here, the laboratory 
workflow is simplified by performing the sexing of samples 
together with the genotyping. It should be noted here that 
the cost of developing a novel SNP-panel can be consider-
able (especially in the absence of a reference genome). The 
reduced time and cost for genotyping with SNPs must thus 
be weighed against marker development efforts. Also, as 
noted above, bi-allelic markers (such as SNPs) may be less 
transferrable between populations compared to multi-allelic 
markers such as SSRs.

Importantly, apart from being non-invasively collected 
samples of low quality, some of the samples analysed here 
came from individuals that were known to have high lev-
els of relatedness (e.g. full-sibs from inbred matings), and 
thus representing unusually difficult cases of genetic indi-
vidual assignment. Consequently, our results highlight the 
potential applications of similar SNP panels for other study 
systems. Given that we successfully validated the utility of 
a SNP marker-set in a population with very low levels of 
genetic diversity (Ekblom et al. 2018, 2014), SNP markers 
are expected to be applicable to a wide range of populations 
with conservation concern, including cases with high levels 
of inbreeding. An increase in genotyping success rate may 
be explained by the shorter fragment lengths needed for SNP 
markers (<120 bp) compared to SSRs (often 150–300 bp), 
which leads to increased PCR success when using small 
quantities of degraded DNA (as is often the case in non-
invasively collected samples such as scats). The allele-spe-
cific signals are also typically clearer for SNP genotypes 
compared with SSRs, where PCR artefacts such as “stutter-
bands” and “primer-dimer peaks” often blur the genotype 
profiles (Guichoux et al. 2011).

To successfully genotype low quality samples, the SNP 
genotyping method need to be based on PCR amplification. 
This limits the potential number of techniques available. We 
have used the Fluidigm technology, offering genotyping of 
96 markers and 96 samples per run. The precise details of 
our described laboratory procedures and analytical pipeline 
has been subject to extensive optimisation. For example, 
we found that using 40 PCR cycles in the pre-amplification 
(STA) reaction (rather than the 14 suggested by the manu-
facturer), and diluting the STA product 1:10 (instead of the 
recommended 1:100), significantly increased genotyping 
success of low quality samples (see also von Thaden et al. 
2020). Further, we achieved the best genotype resolution 

using 26 cycles (instead of the recommended 34) in the 
genotyping reaction on the FC1 cycler.

Using DNA samples from free-ranging wolverines from 
a long-term, individual level ecological study in Northern 
Sweden, we had the unique opportunity to validate pedigree 
reconstruction based on SNP genotyping data with prior 
knowledge of known and assumed relatedness, as well as 
detailed information on age and the spatial structure (Aron-
sson and Persson 2018; Rauset et al. 2015). We found that 
DNA-based pedigree reconstruction was reliable and effec-
tive. For a higher number of SNP markers (i.e. ≥150) both 
the total number of relationships and the number of true 
relationships identified appear to stabilize. Consequently, it 
is reasonable to assume that adding more markers (>357) 
would not increase the accuracy of the reconstructed ped-
igree. When age data is not available to complement the 
pedigree, as in most cases using non-invasive sampling, our 
results suggest that applying a high threshold of concurrence 
(≥75%) from multiple independent analyses will minimize 
the inclusion of false relationships (especially wrong direc-
tion of parent–offspring relationships) when reconstructing 
an unknown pedigree.

The use of genetic methodology and non-invasive sam-
ples provide a great source of information with huge poten-
tial and reduced costs in terms of animal welfare concerns, 
financial expenditure and sampling effort. Pedigree recon-
struction is valuable for long-lived and elusive species in 
general, where the relative contribution of each individual 
can be vital to small or isolated populations, and for car-
nivores in particular, where compromises between conflict 
mitigation and conservation may lead to low population 
targets that need to be monitored precisely. In the pedi-
gree reconstruction presented here, we found no evidence 
of perpetuated matings between closely related individuals 
among the wolverines in Sarek (only one case of half-sib 
parentage). There are a few previously described examples 
of close inbreeding of wolverines in newly formed, small and 
partly isolated sub-populations in Scandinavia (Hedmark 
and Ellegren 2007). The Sarek area, however, was highly 
saturated with wolverines during the entire study period, 
characterized by a stable distribution of resident individuals 
(Aronsson and Persson 2018).

The Scandinavian wolverine served as an excellent, 
challenging, non-model system for benchmarking SNP 
genotyping in management monitoring, but the methods 
implemented in this study will be applicable to many other 
populations and species facing similar challenges. SNP 
data can also be used to investigate population demogra-
phy, migration patterns, population structure and effective 
gene flow (Kleven et al. 2019). Information from such analy-
ses can, in turn, be used for making informed management 
decisions (regarding for example translocations, population 
protection, hunting quotas, and protective legislation) thus 
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providing a case for bridging the “conservation genom-
ics gap” (Shafer et al. 2015, 2016). However, the value of 
genetic data also relies on the accuracy of the prior informa-
tion required by the programs. Gathering ecological data is 
still an important and potentially vital part of for example 
pedigree reconstruction and this cannot be replaced entirely 
by genetic data. The continued value of ecological data is 
thus not be underestimated.
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tary material available at https:// doi. org/ 10. 1007/ s12686- 021- 01208-5.
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