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Non-invasive genetic mark-recapture has emerged as an 
alternative to traditional methods involving trapping or 
sedation of animals which can lead to stress or additional 
mortality (Soulsbury et al. 2020), and biases resulting from 
trap responses (Hwang and Huggins 2005). Additionally, 
non-invasive mark-recapture is generally more time and 
cost effective and allows for the collection of larger sample 
sizes (Carroll et al. 2018; Miller et al. 2005).

However, non-invasive genetic sampling comes with 
its own set of challenges. The DNA that animals leave 
behind in the environment is usually found in small 
quantities and the quality rapidly declines with time as 
it is exposed to precipitation, UV light, enzymes, etc. In 
addition, the samples tend to contain PCR inhibitors which 
prevent DNA amplification (Creel et al. 2003, Lampa et 
al. 2013; Regnaut et al. 2006). These factors increase the 
prevalence of genotyping errors that can be especially 
problematic in genetic mark-recapture studies because 
erroneous genotypes can lead to a large overestimation 

Introduction

Reliable population size estimates are fundamental for 
successful management and conservation of wildlife 
species (Mills 2012; Rosenberg et al. 1995). The last 
few decades have seen the rapid advancement of DNA 
techniques granting researchers and managers new 
tools for estimating abundance and gaining insights into 
genetic parameters such as connectivity, hybridization and 
inbreeding (Hohenlohe et al. 2021; Taberlet et al. 1999). 
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Abstract
While non-invasive genetic methods have become increasingly important for estimating the abundance of wildlife popu-
lations, finding sufficient high-quality samples for accurate genotyping and population estimation remains a challenge. 
We tested whether salivary DNA from twigs browsed by moose (Alces alces) could complement fecal samples for indi-
vidual identification and population size estimation using genetic mark-recapture. Browsed twigs and fecal samples were 
collected from two adjacent plateau mountains in Southern Sweden with a potentially isolated moose population. Twig 
samples were first genotyped with SNP (single nucleotide polymorphism) assays developed for cervid identification. 
The moose-positive twig and fecal samples were then genotyped on a SNP assay developed for individual identification. 
Both sample types generated genotypes of sufficient quality for individual identification and the total population size was 
estimated to be 37 moose, 95% CI [30, 52]. Average amplification rates of twig samples identified as moose and fecal 
samples were 0.81 and 0.61, respectively. However, genotyping error rates were relatively high in both sample types and 
only 10% of twig samples and 35% of fecal samples could be used in population genetic analyses. Amplification rate was 
not useful for filtering out samples with a high error rate, since some samples displayed high error rates despite 100% 
amplification. We found that graphical analysis of the distribution of allelic differences between all samples is an efficient 
way of separating real genetic variation from genotyping errors and for deciding the rate of genotyping errors that can be 
tolerated when grouping genotypes for individual identification.

Keywords  Alces Alces · Non-invasive sampling · SNP genotyping · Population estimation · Mark-recapture

Received: 28 March 2025 / Revised: 18 July 2025 / Accepted: 11 August 2025
© The Author(s) 2025

Estimating the population size of a semi-isolated moose (Alces alces) 
population from two sources of non-invasively collected DNA

Julia L. Jansson1  · Barbara Giles2 · Göran Spong1

1 3

https://doi.org/10.1007/s10344-025-01982-9
http://orcid.org/0009-0002-0910-0326
http://orcid.org/0000-0002-1246-5046
http://crossmark.crossref.org/dialog/?doi=10.1007/s10344-025-01982-9&domain=pdf&date_stamp=2025-8-28


European Journal of Wildlife Research          (2025) 71:100 

of the population size (Creel et al. 2003; Taberlet et al. 
1999). These errors need to be identified and accounted 
for when analysing data derived from non-invasively 
collected samples to achieve a reliable estimation of 
population size (Lampa et al. 2013).

In this study we collected two types of non-invasive 
samples, feces and browsed twigs, to estimate the size of 
a Swedish moose (Alces alces) population. Combining 
two sources of DNA can increase the number of usable 
samples when it is difficult to find enough from one 
source, as well as mitigate the impact of heterogeneity 
associated with one method alone (Boulanger et al. 2008). 
Fecal samples are a well-tested source of DNA in non-
invasive genetic studies for a multitude of species, includ-
ing moose (Blåhed et al. 2019; Broquet and Petit 2004; 
Carroll et al. 2018). Saliva is a less commonly used source 
of non-invasively collected DNA. However, saliva left on 
plant material has been used to collect DNA from primates 
(Aylward et al. 2018; Ishizuka et al. 2019), salivary DNA 
left on prey is sometimes used for the identification of 
predators (Blejwas et al. 2006; Caniglia et al. 2013; Piag-
gio et al. 2020) and together with fecal DNA, has been 
used to estimate the size of a brown bear (Ursus arctos) 
population (Wheat et al. 2016). Saliva left on browsed 
twigs has previously been used for species identification 
in ungulates (Nichols et al. 2015; van Beeck Calkoen et 
al. 2019), but not for individual identification, population 
size estimation, or for population genetic analyses. Our 
aim was to investigate whether DNA from browsed twigs 
could generate genotypes of sufficient quality to be used 
for these applications as well.

From being near extinction in the 1800 s, the Swed-
ish moose population is now the densest in the world 
(Wallgren 2023). However, after a large population boom 
in the 1970 s to ‘80s the population has decreased sig-
nificantly as a result of intense management. About one 
fourth of the moose population is harvested each year to 
limit browsing damage to forestry (SLU Artdatabanken 
2024). Accurate population size assessments and knowl-
edge about the population structure are necessary to sup-
port the sustainable management of the species (Charlier 
et al. 2008; Dussex et al. 2023). This study was conducted 
on two neighbouring plateau mountains in southwestern 
Sweden that support a semi-isolated moose population. 
The mountains are colloquially referred to as “the moose 
mountains” and have a history as royal hunting grounds 
dating back to 1351 (Nunstedt 2006). The moose popula-
tion has declined over the last decades, and an evaluation 
conducted in 2001–2009 pointed to a population with low 
fitness; low birth weights, decreased ovulation and poor 
antler development (Svensk Naturförvaltning 2010). Pel-
let counts are carried out annually in the area, but these 

are notoriously difficult to generate absolute numbers 
from (Rönnegård et al. 2008), aerial surveys have been 
unsuccessful due to weather conditions and low visibil-
ity, and hence, there is a demand for corroboration from 
an additional source of information. Furthermore, we 
were interested in whether this population is genetically 
isolated from the surrounding area contributing to the 
population’s low fitness.

Method

Study site

The study was conducted on two adjacent low plateau 
mountains called Halleberg (2500  ha) and Hunneberg 
(4300  ha), together referred to as Halle-Hunneberg, 
in Västergötland, Sweden (Fig.  1). The mountains are 
separated by a c. 500  m wide ravine and an average 
elevation of c. 90 m above the central Swedish lowland, 
in the hemiboreal zone of south-west Sweden. The 
landscapes on both plateaus consist largely of productive 
forests dominated by Norway spruce (Picea abies), 
Scots pine (Pinus sylvestris) and silver birch (Betula 
pendula) with an intermixture of deciduous trees such 
as pedunculate oak (Quercus robur) and European beech 
(Fagus sylvatica). A border of weather-beaten pines 
and heavily browsed sessile oak (Quercus petraea) 
characterize the periphery and the rocky sides of the two 
mountains. There are four deer species in the area: moose, 
red deer (Cervus elaphus), roe deer (Capreolus capreolus) 
and fallow deer (Dama dama).

Sample collection

To study the ungulate population we collected twig and 
fecal samples simultaneously, before bud break in late 
April and early May of 2019. We walked along the perim-
eter of 22 square transects, each 4  km in length, some 
shorter due to landscape features or the boundary of 
the study area, in total 66.2  km (Fig.  1). For twig sam-
ples, every pine and oak with branches lower than two 
meters, within a three meter radius from the transect, was 
inspected for browsed branches. About two centimetres 
of twig were collected from each bite site with a clip-
per that was flame sterilized with a butane torch between 
each sample. In the cases where a tree had been browsed 
more than once, only one twig was collected per tree to 
avoid sampling the same browser from the same browsing 
event multiple times. In total, 293 twig samples were col-
lected, 230 from Hunneberg and 63 from Halleberg, 136 
samples from oak and 157 from pine. Twigs were stored 
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individually in kraft paper envelopes in snap-lid contain-
ers with silica gel beads to keep them dry. For fecal sam-
ples, several pellets from each encountered pile of moose 
droppings were swabbed with a forensic cotton swab and 
placed in a tube with a ventilation membrane. Addition-
ally, 2–3 whole pellets were collected in a 50 ml falcon 
tube containing silica gel beads. In total, swabs and pel-
lets were collected from 97 piles of moose droppings, 57 
from Hunneberg and 40 from Halleberg. All samples were 
stored at room temperature until they could be frozen and 

stored in the laboratory at −20  °C. Both twig and fecal 
samples were collected only if they were deemed to have 
been produced recently enough to generate results in fur-
ther analyses. Moose droppings were collected if they 
were dark brown and glossy but not if they were dry or 
covered in mould. Twigs were judged by the colour of the 
wood at the surface of the bite, green to white or yellow 
twigs were collected but not those where the surface of 
the bite had turned grey. Pine twigs were also judged by 
the condition of the resin.

Fig. 1  Left: Map of Sweden showing the location of Halleberg and Hunneberg. Right: Terrain map of Halleberg (north) and Hunneberg (south) 
with transects shown as dashed lines
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Nichols and Spong 2017). All genotyping was performed 
on the Fluidigm Biomark platform (Fluidigm Corporation, 
San Francisco, USA). We identified 163 moose genotypes. 
The amplification rate of each sample was calculated by 
dividing the number of loci successfully amplified by the 
total number of loci tested. The 93 samples (a full plate) 
with the highest amplification rates were then selected for 
genotyping at four sex-specific and 92 autosomal SNPs 
allowing for higher precision in individual identification 
(Blåhed et al. 2018 with adjustments). The SNPs used for 
sex identification are only amplified in males; if more than 
two of the four SNPs amplified, the DNA was considered 
to originate from a male; if two amplified it was deemed 
inconclusive and if one or none of the SNPs amplified, the 
sample was considered female. After the initial filtering and 
validation of the data (see Validation below) it was decided 
that replicates of all samples used in further analyses were 
needed to calculate the error rate for each sample. There-
fore, twig samples with an amplification rate of over 75% of 
loci (n = 66) were genotyped a second time. All genotyping 
runs included three non-template controls (NTCs), contain-
ing only water as negative contamination controls and for 
detecting primer-dimers. Additionally, a sample of moose 
DNA extracted from tissue sourced from a previous study 
was included as a positive control in every run.

Fecal samples

The DNA from the fecal swabs was genotyped with the 
same SNP assay of 92 autosomal moose SNPs as the twigs. 
The swab DNA samples with amplification success over 
75% of loci (n = 49) were genotyped a second time for repli-
cation just as the twig DNA samples. The 14 DNA samples 
extracted from the fecal pellets with a corresponding swab 
DNA sample with a > 75% amplification were genotyped 
once as their error rate could be calculated from compari-
son with the two replicates of the corresponding swab DNA 
samples. The 15 whole fecal pellet DNA samples where the 
corresponding swab had an amplification rate lower than 
75% were genotyped twice to be able to calculate error rates.

Genetic analyses

Validation

Amplification rate is typically regarded as a useful proxy 
for sample quality (Purfield et al. 2016; von Thaden et al. 
2017). Thus, only those samples with an amplification rate 
over 90% were used in the analyses initially. To investigate 
whether this filtering was sufficient, all sample genotypes 
were compared pairwise against all sample genotypes, and 
a graph of the number of allelic differences against the 

DNA extraction

Twigs

DNA was extracted from the twigs using Macherey-Nagel’s 
Nucleospin Soil kit according to manufacturer’s instruc-
tions with accommodations for using a twig sample instead 
of soil. The twigs were removed from the tubes after adding 
the lysis buffer, vortexing for 5  min with ceramic beads, 
and centrifuging for 2 min. The kit provides two lysis buf-
fers (S1 and S2) of which one is to be chosen depending 
on the chemical properties of the sample. Additionally, an 
enhancer (Enhancer SX) is provided that increases DNA 
yield but may facilitate the release of humic acids that 
decrease the purity of the DNA. Preliminary tests were 
run on confirmed bites of moose on twig samples collected 
from the zoo, Lycksele Djurpark, and evaluated visually 
with an agarose gel. The best results were obtained using 
lysis buffer S1 and no Enhancer SX, and this method was 
thus used for all twig samples.

Fecal samples

The Zymo Research Quick-DNA Fecal/Soil Microbe kit 
was used to extract DNA from the fecal samples accord-
ing to manufacturer’s instructions. DNA was extracted from 
both fecal swabs and whole fecal pellets. The DNA on the 
97 swabs was extracted by cutting the swab ends into the 
extraction kit tubes.

Because all whole fecal pellet samples had been swabbed, 
we extracted DNA from fewer than 97 whole pellets to opti-
mize costs. To compare genotyping results between swab 
and whole fecal pellet extraction, we extracted DNA from 
14 whole fecal pellets whose corresponding swab amplifi-
cation rates were above 75% in the genotyping stage. To 
increase the total number of usable moose whole fecal sam-
ples in the study, we extracted DNA from 15 additional fecal 
pellets whose corresponding swab amplification rates were 
lower than 75%. To optimize DNA quality, only the surface 
of the fecal pellets was scraped off with a scalpel and used 
for DNA extraction (as in Blåhed et al. 2019).

SNP genotyping

Twigs

To identify which of the twigs (n = 293) had been browsed by 
moose as opposed to other deer species, genotyping was first 
performed with a SNP assay developed to identify Swedish 
cervids with 9 mitochondrial SNPs for species identifica-
tion and between 12 and 26 autosomal SNPs for individ-
ual identification depending on the species (for details see 
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to the variation generated by genotyping errors (Fig. 2b). 
After visual examination of the graph, it was estimated 
that a slightly higher number of errors, lower than 0.2 mis-
matches per loci, would not interfere with individual identi-
fication and increase the number of usable samples (n = 62). 
The replicates of the chosen samples were then compared 
and one consensus genotype for each sample was defined 
as suggested in Pompanon et al. (2005).

To further examine the relationship between the ampli-
fication rate and the error rate, a negative binomial general 
linear model (GLM) was performed with the R software 
package MASS (Venables and Ripley 2002). Additionally, 
a Wilcoxon signed rank test was used to compare the ampli-
fication rates of the fecal samples that were swabbed in the 
field to whole fecal pellets scraped in the lab.

Individual identification

The R package allelematch (Galpern et al. 2012) was 
used to group all samples with DNA originating from the 
same individual. The sex associated with each sample was 
included as an added single locus as suggested in the pack-
age Supplementary documentation (Galpern et al. 2012). 
The function amUniqueProfile in allelematch was used 
to examine the optimal number of mismatching alleles 
allowed in a group (Fig. 3). When the number of “multiple 

number of paired samples with that number of differences 
was created using R Statistical Software (v4.2.2; R Core 
Team 2022; Fig. 2a). This graph displays both the distri-
bution of natural genetic variation between individuals 
and sample differences within individuals due to genotyp-
ing errors. The sample pairs that originate from the same 
individual will, ideally, have few differences and appear on 
the left side of the graph while sample pairs from different 
individuals will have many differences and appear on the 
right. When filtering was based solely on amplification rate, 
there was an overlap between the two distributions making 
it impossible to distinguish between unique individuals and 
erroneous genotypes, which may lead to over- or underes-
timation of the true number of individuals in the sample 
set. To mitigate this risk, we went back and replicated all 
samples in the genotyping stage. The two replicates of each 
sample were then compared and the number of mismatch-
ing loci between them was divided by the number of loci 
where an error could have been detected to calculate the per 
locus error rate of each sample. Samples were then filtered 
for error rates lower than 0.15 mismatches per locus. Addi-
tionally, two loci with an error rate above 0.15 across sam-
ples were excluded. Another graph comparing the allelic 
differences of all filtered samples was produced by com-
paring the paired samples. There was no longer an over-
lap between the genetic variation in the samples compared 

Fig. 2  (a and b). a) Distribution of allelic differences between all 
samples with > 90% amplification rate paired against each other in the 
dataset, where pairs may come from the same individual or from two 
individuals. In the left part of the histogram b), more samples of low 

quality, i.e. those with > 15% mismatches per locus, have been filtered 
out, causing clear separation between distribution caused by genotyp-
ing error and the larger distribution of comparisons between different 
individuals
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sample joined a group. The allelic differences between 
the sample and the group that the sample joined were 
studied and the mismatches largely consisted of missing 
data; 2 actual mismatches and 10 missing alleles, which 
allelematch still counts as an allele mismatch. There were 
no other changes compared to using 19 as the cut off, other 
than the unclassified sample joining a group. The next 
two changes in the number of groups identified when an 
increasing number of mismatches were allowed, were also 
investigated. With 30 mismatches allowed, two samples 
previously identified as unique formed a group of two with 
7 mismatches and 22 cases of missing alleles across the 
two samples. Seven was within the expected number of 
mismatches due to errors so this group was deemed valid. 
The next change in unique genotypes at 38 mismatching 
alleles resulted in two groups of four and two to merge. 

match” samples (samples that match several groups) first 
reaches a minimum it indicates that unique genotypes are 
sorting into groups with minimal overlap (Galpern et al. 
2012). The samples had been filtered for a specific known 
maximum error rate of 0.2 or 18 of 90 (two loci were 
excluded because of a high error rate across samples) mis-
matching loci or about 18 of 180 alleles. Thus, a minimum 
of multiple matches close to that at 19, was investigated 
initially. The function amUnique was then used to identify 
individuals in the data with 19 as the input for allowed 
allelic mismatches. This resulted in one sample being 
labeled as “unclassified”. This means the sample was not 
different enough to be labelled as a unique individual but 
it had too many differences to join any of the groups. The 
amUnique function was run again with 23 as the number 
of allowed mismatches as that was where the unclassified 

Fig. 3  The output from the function amUniqueProfile in allelematch 
used to examine the optimal number of mismatching alleles allowed in 
a group. Count of genotypes identified as unique (unique), genotypes 
that match several groups (multipleMatch), and number of genotypes 

unable to be classified to any group (unclassified) against the number 
of mismatching alleles allowed in a group (alleleMistmatch). When 
Mutliplematch approaches zero it indicates that genotypes have been 
sorted into groups with minimal overlap
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and Nordmaling. A principal coordinate analysis (PCoA) 
using the genotypes from Halle-Hunneberg and southern 
and northern Sweden was carried out in GenAlEx to exam-
ine the genetic distance between the groups. Additionally, a 
pairwise Fst value, or fixation index, was calculated between 
Halle-Hunneberg and southern Sweden in GenAlEx using 
an analysis of molecular variance (AMOVA) approach, 
with 999 as the number of permutations for the test of sig-
nificance. The inbreeding coefficient (F) was calculated for 
each individual in the R package adegenet (Jombart 2008; 
Jombart and Ahmed 2011).

Results

Genotyping evaluation

The mitochondrial SNPs for species identification from 
the 293 twig samples amplified at an average rate of 0.76 
on the cervid SNP assay with 163 samples identified as 
moose, 18 as red deer and 8 as roe deer. The twig samples 
that were identified as carrying moose DNA and were 
selected for further genotyping (n = 93) had an average 
amplification rate of 0.81 on the moose SNP assay. The 
average amplification rate of the fecal samples was 0.61 
for the swab samples (n = 97) and for whole feces it was 
0.75 (n = 29). There were no significant differences in the 
amplification rates between fecal samples swabbed in the 
field and those where a fecal pellet had been collected 
from the same pile of moose droppings (n = 29, Wilcoxon 
signed rank test, p > 0.2). After quality filtering, the data 
consisted of 62 samples (28 twig samples and 34 fecal 
samples) with an average amplification rate of 0.98 (range 
0.85-1) and a mean error rate of 0.07 (SD = 0.07, range 
0-0.19) per locus. Two loci with an error rate above 0.15 
across samples were excluded, resulting in 90 autosomal 
SNPs used in all further analyses. Using only the samples 
with unique genotypes identified in allelematch (n = 24), 
seven of the SNPs deviated from HWE (p < 0.05) and the 
mean minor allele frequency (MAF) was estimated to 
be 0.37. The probability of identity (PI) was estimated 
below 0.001 (p = 9.97 · 10−4) combining eight of the most 
informative SNPs and 15 SNPs among siblings (PIsib, 
p = 8.46 · 10−4).

Although the genotyping error rate decreased slightly 
with the amplification rate (glm, x2 = 11.23 p = 8.05e−4), the 
variation in error rates was too high even in samples with 
high amplification rates for it to be a useful proxy for sample 
quality. Samples with an amplification rate higher than 0.9 
had an error rate ranging between 0 and 0.47 (mean = 0.14, 
SD = 0.12), and one third of those samples had an error rate 
over 0.2. Thus, amplification rate was determined to not 

Here the new group was deemed invalid as there were 36 
actual allelic mismatches and only two cases of missing 
data. It was also known from the graph of allelic differ-
ences (Fig. 2b) that the real variation between individuals 
started somewhere around 35 allelic differences. Thus, 30 
mismatching alleles was chosen as the optimum, noting 
that only two changes resulting from missing data actually 
differed from the result with 19 mismatches allowed.

Population size estimation

The R package capwire (Pennell et al. 2013) was used to 
estimate the population size in R version 3.4.0 (R Core Team 
2017). Capwire was developed for estimating population 
size using mark-recapture from non-invasive genetic 
samples where, in contrast to traditional capture-mark-
recapture, there is often only one capture session where 
individuals may be caught multiple times (Pennell et al. 
2013). Additionally, it has been shown to produce accurate 
population estimates in small populations with large capture 
heterogeneity (Miller et al. 2005). The population size was 
estimated for the whole study area, i.e. both Halleberg and 
Hunneberg. Two models were fit to the data: the Equal 
Capture Model (ECM), in which all individuals are assumed 
to have the same probability of being captured, and the 
Two-Innate Rates Model (TIRM), in which the population 
is assumed to contain a mixture of two classes: individuals 
that are easy to capture and individuals that are difficult to 
capture. The models were compared using the likelihood 
ratio test in capwire. Additionally, a 95% confidence interval 
of the population estimate was calculated using parametric 
bootstrapping in capwire.

Population genetic analyses

Tests for Probability of identity (PI), Hardy-Weinberg 
equilibrium (HWE) and mean observed and expected het-
erozygosity were carried out in GenAlEx 6.503 (Peakall 
and Smouse 2006, 2012) using the genotypes identified as 
unique in allelematch. To investigate if the moose popula-
tion on the mountains differs genetically from the moose 
in the surrounding areas, genotypes from a previous study 
were used as a reference group (Blåhed et al. 2019). The 
moose population in Sweden is primarily divided into two 
genetic clusters, with one group located in the north and the 
other in the south (Blåhed et al. 2019; Charlier et al. 2008; 
Wennerström et al. 2016). Representing the southern clus-
ter, 29 genotypes from moose originating from Uppsala, 
Öster-Malma, Mark, Aneby, Misterhult, and Växjö were 
selected. The northern cluster was represented by 28 gen-
otypes of moose originating from Abisko, Nikkaluokta, 
Överkalix, Arjeplog, Ängesbyn, Hemavan, Malå, Bågede 
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Population genetic analyses

The mean observed and expected heterozygosity were 
0.43 ± 0.01 (SE) and 0.45 ± 0.01 (SE), respectively, in the 
Halle-Hunneberg population. For the samples from southern 
Sweden, the mean observed and expected heterozygosity 
were 0.44 ± 0.01 and 0.46 ± 0.01, respectively. No significant 
differences in observed or expected heterozygosity were 
found between the populations with the z-test (Hobs p = 0.59, 
Hexp p = 0.48). The Fst (fixation index) between Halle-Hun-
neberg and southern Sweden was not significantly differ-
ent from zero (Fst=0.01 p = 0.05) and the average inbreeding 
coefficient (F) was 0.52. The PCoA comparing the genetic 
distance between Halle-Hunneberg, southern and northern 
Sweden showed high similarity between Halle-Hunneberg 
and southern Sweden indicating that there is a high level of 
connectivity between those groups (Fig. 4).

Discussion

Non-invasive samples

In this study we combined two types of non-invasively 
collected DNA, feces and, for the first time, browsed 
twigs, to estimate the size of a moose population. The 
DNA in saliva left on twigs has previously been used 

be useful for filtering out samples with low quality in this 
dataset in contrast to findings from earlier studies (Purfield 
et al. 2016; von Thaden et al. 2017).

Individual identification

Allelematch identified 24 unique individuals in the data, 
12 genotypes were observed more than once, up to eight 
times, and 12 were only observed once (average: 2.6). 
Ten of the individuals were detected in twig samples, 
19 in fecal samples, and five were detected in both types 
of samples. Of the 24 unique individuals, 7 (29%) were 
female and 17 (71%) male, five of the individuals were 
from samples collected on Halleberg and 19 from Hun-
neberg, no individual was found on both mountains. There 
were no unclassified samples or samples matching mul-
tiple groups with 30 as the number of maximum allele 
mismatches allowed.

Population size estimation

The result of the likelihood ratio test in capwire was that the 
null-model, that there is no within population heterogene-
ity in the probability of capture (ECM), could be rejected 
in favour of the model with heterogeneity (TIRM test stat: 
20.3, p < 0.05). The population size estimate using the TIRM 
was 37 individuals 95% CI [30, 52].

Fig. 4  PCoA visualising popula-
tion differentiation between 
moose on Halle-Hunneberg 
southern Sweden. PC 1, 2 and 3 
explain 9.19%, 4.73% and 4.26% 
of the variation, respectively
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wanted to determine the size of the population and exam-
ine whether there is a genetic component to the problem. 
The moose population size was estimated to be 37 (30–
52), with a density of 5.44 (4.41–7.65) moose/1000  ha. 
An estimate based on pellet counts from local hunters 
the same year was slightly higher, 7.47 moose/1000  ha 
(Fredrik Stenbacka, unpublished data), but falls within the 
confidence interval of our estimation. The national aver-
age density in moose hunting areas during the same period 
was 7.1 moose/1000 ha after the hunt and about 8.8 before 
(Widemo et al. 2022). No moose were hunted in the study 
area for a couple of years prior to the study.

Population genetics

The Swedish moose population has been shown to be pri-
marily structured into two genetic groups, one in the north-
ern and one in the southern part of the country (Blåhed et 
al. 2019; Charlier et al. 2008; Wennerström et al. 2016). 
The population of Halle-Hunneberg seems to have a high 
level of connectivity with the population of southern Swe-
den, as indicated by the low pairwise Fst value and the 
high similarity in the PCoA and low inbreeding coefficient 
(F). Moose in Sweden have been found to have relatively 
restricted gene flow, with genetic similarity decreasing 
almost linearly across distance with an average disper-
sal distance of 3.5–11.1  km (Wennerström et al. 2016). 
Halle-Hunneberg only measures about 8 × 13  km across 
at its widest points and moose are a highly mobile species 
(Singh et al. 2012), individuals probably frequently move 
in and out of the area as evidenced by the high genetic 
similarity with the rest of the southern Swedish popula-
tion. Thus, the decrease in population size and the dete-
rioration of the physical condition of moose is likely not 
related to any genetic concerns but rather to other issues 
such as competition for resources and hunting pressure. 
The available forage on the mountain has decreased dur-
ing the last decades (Svensk Naturförvaltning 2010), and 
although hunting has been limited on the actual moun-
tain, the population is connected to the surrounding areas 
where the goal has been to decrease moose numbers to 
mitigate forest damage.

Error rate

The error rate in our study was on the higher end of what 
has been reported in previous non-invasive genetic stud-
ies (Lampa et al. 2013; von Thaden et al. 2020), and 
some samples displayed very high error rates despite high 
amplification success, which is often used as a measure of 
data quality (Purfield et al. 2016; von Thaden et al. 2017). 

for species identification in cervids (Nichols et al. 2012, 
2015; Nichols and Spong 2014; van Beeck Calkoen et 
al. 2019). Here we demonstrated that browsed twigs can 
also be used for individual identification, to determine 
population size and investigate population structure. The 
DNA on twig samples had a high average amplification 
rate compared to fecal samples on the moose assay, 0.81 
vs. 0.61, however, note that twig samples were prese-
lected for their amplification on the cervid assay. Ulti-
mately, only a small portion of the twig samples could be 
used for individual identification, about 10%, compared 
to fecal samples where about 35% of the samples were 
usable for individual identification. The number of twig 
samples was reduced to fit the assay size but the samples 
that were filtered out were of very low quality and would 
probably not have contributed to the final data set. Nev-
ertheless, browsed twig samples can be used for individ-
ual identification while providing additional information 
about feeding preferences and composition of browsing 
species in the area.

Combining two types of non-invasively collected 
samples can be useful in situations where it is difficult to 
get enough from one source alone (Boulanger et al. 2008; 
Croose et al. 2016). In this case, finding enough fresh 
fecal samples was challenging as the quality deteriorates 
rapidly and it is difficult to accurately determine freshness 
in the field. Twig and fecal samples were collected during 
the same field sessions and the addition of twig samples 
did not greatly increase the sampling effort. Multiple 
methods of sampling can also mitigate the impact of 
heterogeneous capture probabilities associated with 
any one method, resulting in more precise population 
estimates (Boulanger et al. 2008).

Fecal samples were collected in two ways, swabs and 
whole pellets, to ensure maximum quality and quantity 
of the DNA and to assess which method worked best. 
There were no differences in DNA quality between the 
two methods. This may, however, be due to the relatively 
small sample size as other studies have found swabs to be 
superior (Bach et al. 2022; Quasim et al. 2018). We also 
found swabs to be much less cumbersome to work with 
in the laboratory compared to whole feces that need to be 
scraped carefully with a scalpel. In addition, swabs were 
convenient in the field as they are lightweight and take up 
very little space.

Population size

The moose population on Halle- and Hunneberg has 
decreased during the last few decades and has shown 
signs of low fitness (Svensk Naturförvaltning 2010). We 
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between them and the number of errors allowed in the data 
needed to be less than that so that an allowed number of 
mismatches could be set safely in between. This method 
allowed us to include as many samples as possible while 
ensuring that the errors we allowed in the data did not 
interfere with differentiating individuals. Nevertheless, 
because Allelematch counts missing data as mismatches, 
great care has to be taken to review the results.

Conclusions

Salivary DNA left on twigs by browsing can be used to gen-
erate genotypes of sufficient quality for individual identifi-
cation and to study population genetics. However, as with 
many non-invasive genetic samples, low quality and quan-
tity of target DNA on browsed twigs can inhibit sequenc-
ing and cause low amplification and high genotyping error 
rates. Accounting for these genotyping errors is essential, 
especially in population size estimation. We found that ana-
lysing the distribution of allelic differences between samples 
graphically is a useful tool for highlighting whether geno-
typing errors will interfere with individual identification 
and downstream analyses. If genotypes of sufficient quality 
can be extracted, however, browsed twigs provide an easy 
source of non-invasive genetic samples. Twigs were easy to 
find and collect compared to fecal samples and can provide 
additional information about browsing preferences and the 
relative impact of browsing from different species. Whether 
browsed twigs are a good option for sourcing non-invasively 
collected genetic samples will depend on the research ques-
tions, availability of other sources, such as fecal samples, 
and the relative cost of field work and sequencing.
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In microsatellite studies, low quality and quantity of tar-
get DNA increase the risk of errors such as allelic dropout 
and false alleles (Taberlet et al. 1999). The relationship 
between low-quality DNA samples and genotyping errors 
is not as well studied in SNP markers. SNPs generally 
perform better in low quality samples; however, allelic 
dropout and false alleles can still cause significant issues 
for non-invasively collected samples (von Thaden 2020). 
Additionally, herbivore feces and browsed twigs samples 
both contain plant material which tend to contain strong 
PCR inhibitors (Peist et al. 2001).

Filtering out error prone samples and accurately calcu-
lating the error rates is particularly important when using 
genotypes for individual identification and population 
size estimation (Waits and Leberg 2000). A single error 
in a genotype creates a false “ghost” individual which, 
even at low error rates, can cause a large overestimation 
of the number of individuals detected and an underestima-
tion of the individuals recaptured, both of which lead to 
an inflated population size estimation (Creel et al. 2003). 
Previously, and common for microsatellite studies, the 
multiple-tube approach, i.e. genotyping the same sample 
or individual more than once, was used to improve allele 
calling in individual genotypes (Taberlet et al. 1999). 
Replication of all samples significantly increases costs but 
can be necessary in many non-invasive studies as DNA 
quality is generally low (von Thaden et al. 2020; López-
Bao et al. 2020). Amplification rate has been suggested 
as a proxy for DNA quality to decide whether only some 
samples need to be replicated (Laguardia et al. 2021; von 
Thaden et al. 2017). In this study we found that even sam-
ples with 100% amplification success could have an error 
rate as high as 0.23, making it ineffective for quality filter-
ing. We resolved this by requiring two replicates with an 
error rate below the 0.2 threshold.

Allelematch, and some other programs for identifica-
tion of unique multilocus genotypes, are developed to 
tolerate some errors by allowing an accepted number of 
mismatches between the multilocus genotypes originating 
from the same individual to be set (Galpern et al. 2012). 
The allowed number of mismatches is important to get 
right as being too lenient will result in identifying too 
few unique genotypes and being too stringent will result 
in identifying too many, i.e. creating ghost individuals. 
Investigating the variation in allelic differences in the data 
graphically (Fig. 2) allowed us to identify that there were 
too many errors in our initial data set to separate differ-
ences caused by errors and actual genetic differences. After 
more rigorous quality filtering we could determine that 
real individuals had between 35 and 84 allelic differences 
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