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Abstract Despite their often high conservation status and
international obligations to undertake regular population surveillance, the status of pine marten (Martes martes) in many
countries remains poorly understood. We conducted a noninvasive survey to determine the abundance of pine marten in
forested habitat located within a 360 km2 mountainous region
of Northern Ireland. We deployed 126 hair tubes between June
and November during which 4 sampling sessions occurred,
each lasting approximately 10 days. Hair samples were collected and analysed using genetic techniques to confirm species identity, sex and provide individual identity profiles.
Genotyping success rates increased with the number of hairs
in a sample and were significantly greater with sample sizes of
≥10 hairs (χ2 =15.1, df 1, P<0.005). Abundance estimates for
the adult breeding population were 23 individuals (95 % CI
15–31). Sex ratio data were 61 % male and 39 % female,
suggesting that 14 males and 9 females were present in the
breeding population. The total population abundance of pine
marten, including breeding adults and annual juvenile recruitment, was estimated at 32 (95 % CI 31–35). Mean pine
marten density was 0.53 per km2 of forest habitat and was
within the range of densities found for the species in
Europe. A breeding population in the low 20’s was considered small, and further research is needed on factors that
may impact on the population including habitat management, connectivity and mortality. Non-invasive surveys
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provided conservation relevant data within a relatively
short temporal period.
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Introduction
The requirement to determine the conservation status of a
species is often driven by government agency mandates to
assess populations through various regulatory mechanisms
and it can be challenging, particularly in relation to methodology and logistic constraints (Witmer 2005). Basic parameters of interest can include animal abundance, density, distribution and response(s) to specific management interventions.
For medium-sized carnivores such as pine marten (Martes
martes) that can be rare, elusive and have fragmented distributions, estimating abundance can be difficult. Traditionally,
abundance estimates for members of the genus Martes have
been assessed using basic indices per unit length of transect or
unit area based on scats or tracks (Lockie 1964; Kurki et al.
1998; Baines et al. 2004; Birks et al. 2005); historical trend
data derived from hunting/trapping records (Helldin 2000);
and live-trapping (Miller et al. 1955; Chapin et al. 1998).
Generally, capture rates and probabilities can be low leading
to problematic population estimation (Otis et al. 1978; White
et al. 1982).
More recently, wildlife abundance estimation has been
advanced by the development of non-invasive, DNA-based
survey techniques. DNA is extracted from remotely collected
samples and tested using microsatellite analysis to identify
individuals (Mowat and Strobeck 2000). Non-invasive survey
methods are increasingly being applied to pine marten populations (Balestrieri et al. 2010; Mullins et al. 2010; RuizGonzález et al. 2013; Sheehy et al. 2014). Primarily, these
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studies involve obtaining hair or scat samples, creating ‘capture histories’ for individuals based on microsatellite analysis
and then applying a range of statistical techniques based
primarily on capture–mark–recapture concepts (Poole et al.
2001; Boulanger et al. 2004; Frantz et al. 2004). This framework has recently been extended to the use of camera traps to
estimate pine marten population density (Manzo et al. 2012).
Whilst non-invasive techniques offer exciting opportunities for wildlife studies in terms of costs, logistics and reduced
disturbance to populations of interest, they are not a panacea
having potential drawbacks that include shadow effects and
genotyping errors that could cause negative bias in estimation
(Mills et al. 2000; Lampa et al. 2013). There are also issues
related to sampling design, study area delineation and accounting for the ecology of the target species (Lukacs and
Burnham 2005; Kelly et al. 2012). Despite these potential
drawbacks, non-invasive genetic sampling techniques offer
an increasingly cost effective monitoring strategy for wildlife
populations as they can provide a range of data on animal
distribution, individual identity, population parameters, landscape genetics and occupancy, which are of paramount
importance for conservation management (Mullins
et al. 2010; Wasserman et al. 2010; Pauli et al. 2011;
O’Mahony et al. 2012).
Hair samples, in particular, may offer an especially valuable tool for abundance estimation in non-invasive surveys as
they typically yield higher quality DNA (Kelly et al. 2012)
than other sources. Hair sampling devices can be placed to
optimise survey design and can be used by inexperienced
surveyors. Samples can be fresh and hair samples are simple
to handle in terms of health and safety. This is not always the
case with scats that are often opportunistically obtained, although recent advances in molecular techniques in relation to
scats make them an increasingly valuable resource for species
management (Ruiz-González et al. 2013).
After major reductions in range and distribution during the
nineteenth and twentieth centuries (O’Sullivan 1983), over
recent decades pine marten distribution has been increasing
in Ireland in response to increased afforestation rates and
reduced persecution (O’Mahony et al. 2012).
Preliminary population abundance estimates for Ireland in
the period 2005–2007 suggest an overall breeding population
of approximately 3,000 individuals (O’Mahony et al. 2012).
Pine marten are a species of high conservation interest in
Ireland and receive full statutory protection at all times of the
year. The population is in a phase of natural range expansion
and may face increasing human–wildlife conflict scenarios
into the future, however, in the historical context, current pine
marten distribution remains diminished (O’Mahony et al.
2012). Whilst data on pine marten density is available from
much of Europe (see Zalewski and Jędrzejewski 2006), apart
from a few recent studies (Mullins et al. 2010; Sheehy et al.
2014), there is generally a lack of Irish data on pine marten

abundance at a local and regional level, which is an important
knowledge gap in terms of species management.
In the current study, we used non-invasive genetic sampling techniques coupled with abundance estimation statistics
to provide estimates of the population size and density of pine
marten in commercial forest plantations in a mountainous
region of Northern Ireland. We also provide data on average
movement distances of pine marten between inter-session
centres of activity. To our knowledge, this study represents
the largest scale deployment of non-invasive hair snagging
devices to estimate pine marten abundance across the species
entire geographic range.

Materials and methods
Study area
The Mourne Mountains are located in the southeast of
Northern Ireland (Fig. 1). The study area was approximately
360 km2 in size with altitude ranging from 0 to 852 m. The
region has a largely temperate climate with average annual
rainfall from 1,300 to 2,000 mm and temperature ranges from
0 to 25 °C.
Forest habitat (3,350 ha) occurred in several discrete management units that ranged in size from 56 to 1,325 ha (Fig. 1).
The majority of forest land cover was either owned or managed by the Forest Service of Northern Ireland with conifer
(1,800 ha), mixed conifer (500 ha) and mixed conifer/
broadleaf (150 ha) stands occupying the largest land area
(approximately 72 % of forest area). There were also significant areas of open moorland habitat within forests (approximately 900 ha; 26 % of area), which was also the main habitat
available between forest units. This consisted mainly of tussock grasses (Molinia spp), some heather (Calluna spp.) and
rushes (Juncus spp.). There was little habitat connectivity
between forest management units as hedgerows were rare;
stone walls were the only linear boundary feature, where such
features existed.
It was known that pine marten occurred in the Mourne
Mountains and that the population was located approximately
35 km from pine marten core area (O’Mahony et al. 2012).
The species was thought to have been extirpated in the
Mournes by 1870, but individuals were live-trapped in the
late 1950s (Rogers 1959) suggesting a possible mid-twentieth
century re-colonisation event(s), although it could represent a
relict population.
Non-invasive surveys
We deployed hair tubes, which consisted of 110 mm width
drainpipe cut into 400 mm sections, throughout forest habitat
in a systematic grid pattern (Fig. 1). Hair tubes were secured to
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Fig. 1 Location of study area, extent of forest habitat available (inset) and location of individual hair tubes (n=126) in the Mourne Mountain region of
Northern Ireland

trees at breast height at approximate spacing intervals of
500 m. This distance represented the approximate average
home-range diameter of pine marten in Irish conifer forests
(O’Mahony 2014). Two sticky patches were attached to the
bottom of each hair tube to allow sample collection and the
bait was placed internally, approximately 100 mm above
patches. In total, 126 hair tubes were deployed throughout
the duration of the study, an approximate density of 1 tube per
26 ha of forest habitat.
Hair tubes were deployed continuously between June and
November 2011, during which four sampling sessions occurred, with each session 4–6 weeks apart (Table 1). During
each sampling session, tubes were baited with chicken and
checked approximately 10 days later, with all patches removed and stored at −30 °C until subsequent DNA analysis
of hairs. Between sampling sessions hair tubes were left in situ
without bait.
Hair tubes were potentially available for use by multiple
individuals during sampling sessions as tubes did not have a
closing mechanism after first use. In the current study, mixed

genotypes were not found (see the ‘Results’ section) indicating that multiple individuals did not enter tubes. Multiple
entries by different individuals have not been reported from
other studies that have used the same, or similar, sampling
device as in the current study (e.g. Mullins et al. 2010; Sheehy
et al. 2014). Observations from camera traps show that pine
marten do not re-enter tubes once bait has been removed
indicating a possible behavioural response that may act as a
proxy for a tube closure mechanism.
DNA analysis
Genomic DNA was isolated from hair samples using the ZR
Genomic DNA™-Tissue MicroPrep (D3041) kit (ZYMO
Research, CA, USA) using the protocol for hair DNA extraction (D3040). Real-time quantitative polymerase chain reaction (qPCR) assays for species and sex identification were
carried out as described in Mullins et al. (2010). Two PCR
replicates were carried out for molecular sexing (Lynch and
Brown 2006). Females were identified through the
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Table 1 Summary of survey
period during each sampling
session and hair capture results
from 126 hair tubes deployed
within study area

Sampling session
number

Start date–end date

Number of hair
samples collected

Pine marten
detections no./(%)

1
2
3
4

01/06/11 to 23/06/11
25/07/11 to 10/08/11
07/09/11 to 29/09/11
27/10/11 to 17/11/11

33
38
74
83

27 (82)
36 (95)
74 (100)
83 (100)

amplification of ZFX only, while a signal from both ZFX and
ZFY probes indicated male DNA was amplified. The ZFX
allele, therefore, acted as an internal amplification control for
the assay. Samples were selected for genotyping based on the
results of the qPCR sex-typing assay with samples with a ZFX
cycle threshold (CT) value <34 selected for genotyping.
Microsatellite analysis to identify individual pine marten
was carried out using 9 microsatellite markers. These were:
Gg7; Ggu234; Ma2; Ma8; Mel1; Mer041; Mvi1341,
Mvi1354 and Mvis075 (see Mullins et al. 2010). Each sample
was analysed in duplicate and only samples giving identical
results in the replicates were scored. PCR reactions were
carried out in two multiplex reactions. Multiplex 1 contained
Gg7, Mer041, Mvi1341, Mvi1354 and Mvis075 primers and
Multiplex 2 contained Ggu234, Ma2, Ma8 and Mel1 primers.
Each PCR reaction contained 5 μl GoTaq Hotstart master mix
(Promega Inc.), 1 μl multiplex primer mix (200 nM each
primer) and 4 μl DNA extract. The PCR protocol was 95 °C
initial denaturation for 5 min, followed by 40 cycles of 94 °C
for 30 s, 58 °C for 1 min and 72 °C for 30 s, with a final
extension time of 30 min at 72 °C. Fragment analysis was
carried out on an ABI PRISM 310 genetic analyser under
standard run conditions with 4 % polyacrylamide. Alleles
were scored against a GS500 LIZ™ size standard using
GeneMapper software version 3.7 (Applied Biosystems).
Genotype data were analysed for probability of identity (PI
and PIsibs), observed (Ho) and expected (He) heterozygosity
and allele frequencies using GENALEX version 6 (Peakall
and Smouse 2006). As only identical replicate genotypes were
accepted no false alleles or allele drop-out were observed.
Microsatellite genotyping success rates were assessed for
hair sample sizes between 1–5, 6–9 and ≥10. Genotyping
success rates for individual samples that had ≤9 hairs and
≥10 hairs were analysed using a chi-square analysis (with
Yates correction factor) test.
Abundance and density estimation
Dependent on the estimation method used, data were used to
determine either (a) a pine marten breeding population estimate (data from sampling sessions 1 and 2, i.e. June to
August) and/or (b) a post-breeding population estimate (data
from sampling sessions 3 and 4, i.e. September to November),
which included juvenile recruitment that year. Juveniles

would have been unlikely to be detected in hair tubes during
June–August as they tend to remain close to natal den sites
(Helldin and Lindström 1995). Minimum number alive
(MNA) estimates were calculated for the breeding and postbreeding pine marten population and represented the minimum and cumulative number of unique individuals known to
be alive in each sampling period. MNA estimates were also
used to identify forests where breeding was likely to have
occurred as inferred by the presence of males and females
within forest units during June–August sampling sessions.
MNA estimates are particularly useful for rare and cryptic
species in determining if multiple individuals are present
within an area (Kendall and McKelvey 2008).
Capture-mark-recapture analysis was undertaken on microsatellite derived individual pine marten identity data obtained
from non-invasive surveys, using CAPWIRE (Miller et al.
2005) and Chapman’s modified Lincoln–Petersen estimator
(Chapman 1951). CAPWIRE allowed for sampling with replacement, which is approximated in DNA-based mark recapture studies as animals can visit multiple locations within a
survey session (Miller et al. 2005). A likelihood-ratio test
between two competing models (even capture model or two
innate rates model) of capture frequency was used to choose
the most appropriate model for abundance estimation.
Confidence intervals were estimated using a parametric bootstrap procedure. This analysis was based on grouping all data
into a single sampling session as each individual sampling
session and sampling period (i.e. breeding and post-breeding)
had relatively low counts of individual pine marten (≤20),
which can lead to inaccurate estimates that have high confidence intervals (Miller et al. 2005). Therefore, to avoid biased
estimates of low precision, CAPWIRE was applied to all
multisession data only and produced a total abundance estimate combining adult and juvenile individuals identified during the study period. The Chapman modification of the
Lincoln–Petersen estimator is a two-sample closed population
model and was applied to provide breeding and post-breeding
population estimates of the pine marten population, with 95 %
confidence intervals. The assumption of population closure
was likely met given the short temporal period between sampling sessions for breeding and post-breeding estimates (i.e.
4–5 weeks).
To estimate pine marten density a maximum likelihood
approach using a spatially explicit capture–recapture (SECR)
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model, which incorporate animal capture location information
to develop individual centre of activities, was implemented in
DENSITY 4.4 (Efford 2004). For SECR analysis, the detector
type chosen was ‘proximity’ to allow for multiple individuals
to be captured at the same location; a Poisson distribution of
home range centres was specified; and probability density
functions were modelled using half-normal and hazard detection functions with a constant model for capture probability
(g0) and spatial scale parameter (σ). Overall model selection
was based on the lowest Akaike Information Criterion value,
corrected for small samples sizes (AICc). A habitat mask that
included only forested habitat within the study area was used
with a specified buffer width of 1,000 m (approximately two
home range centres (σ); from O’Mahony 2014). Data from
each sampling session were used to produce within session
density estimates, and an overall mean density estimate across
all sessions was also determined. Density was expressed as
number of pine marten per km2 of forest habitat.
Individual movement analysis
Average individual pine marten movement distances were
calculated between consecutive pairs of sampling sessions
(i.e. 1–2, 2–3 and 3–4), hereafter, termed inter-session. This
analysis only included individuals that were ‘recaptured’ during at least two inter-session periods (n=11). A mean centre of
activity (i.e. point location) was determined for each individual pine marten within each sampling session, using the mean
centre of spatial locations of hair tubes visited by the same
individual determined in ArcMap 10 (ESRI Systems, USA).
Inter-session straight line movement distances for individual
pine marten were calculated using ArcMap 10. Inter-session
movement distance analysis provided preliminary data on the
minimum distance travelled over the time elapsed between
sampling sessions and was used to assess home-range
stability.

Fig. 2 Percentage of hair tubes that returned hair samples during each
sampling session of the study. Total sample size of hair tubes n=126

although this may not be significant due to the small sample
size. Genotyping success rates increased from 26.7, 42.1 and
63.5 %, respectively, for hair sample sizes of 1–5, 6–9 and ≥10
hairs. Significantly more genotype data were determined from
hair samples with ≥10 hairs (χ2 =15.1, df 1, P<0.005).
Minimum number alive estimates for the breeding population were 18 unique individuals (11 male and 7 female) and
for post-breeding were 13 unique animals (6 male and 7
female), with a cumulative of 31 individual genotypes identified throughout the study (Fig. 3). The maximum number of
detections for an individual pine marten across all sampling
sessions was 18, whereas 10 individuals were detected only
once during the survey period. Data from sampling session 1
and 2 indicated that breeding may have occurred in 3 of the
larger (>500 ha) forest units (Castlewellan, Rostrevor and
Tollymore; see Fig. 1) only. Automatic model selection in
CAPWIRE selected the TIRM model to estimate a total population abundance estimate of 32 (95 % CI 31–35) pine
marten within the study area. The Lincoln–Petersen model
was used to estimate the breeding and post-breeding population, which were 23 (95 % CI 15–31) and 29 individuals
(95 % CI 22–37), respectively. Applying sex ratio data to

Results
In total, 228 hair samples were obtained from hair tubes of
which 96 % were identified as pine marten using qPCR
(Table 1). Other species that visited tubes were either rat
(Rattus norvegicus) or domestic dog (Canis familiaris). The
percentage of hair tubes with hair present increased over the
duration of the study (Fig. 2). Based on CT values a total of
123 hair samples were analysed, with 110 giving full genotypes at the 9 microsatellite markers (success rate 48.2 %). All
9 microsatellite loci were polymorphic with a maximum of 4
alleles (Gg7). The PI using all nine loci was PI=1.0×10−4 and
PIsibs=0.012. Only one loci, Mer041, showed a significant
deviation from Hardy–Weinberg expectations (P=0.033)

Fig. 3 Minimum and cumulative number of unique individual pine
marten present within and between each sampling session
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Lincoln–Petersen estimates for the breeding population indicated that there were 14 males (61 %) and 9 females (39 %)
present. Pine marten mean density estimates across sampling
session ranged from 0.40 to 0.70 marten per km2 of forest
habitat, with a mean density of 0.53 (Table 2). Inter-session
movement distances by individual pine marten ranged from 0
to 6,324 m (mean=881±303 m), with mean inter-session
movement distances across all individuals between sampling
sessions less than 1,100 m.

Discussion
We deployed a systematic non-invasive survey to a previously
unstudied population of pine marten and obtained data that
suggested the population had a low abundance, low density
and that there were short-range movements between pine
marten inter-session centre of activities, indicating general
home range stability. As all available forest habitats within
the study area were sampled, the research functioned as a
population census and indicated that a small breeding population of 23 pine marten existed, with concordance across
estimation methods, of which only 9 may have been female.
Preliminary data also suggested that breeding may only have
occurred within 3 forest units within the study area. Small and
isolated populations are more susceptible to stochastic events
(Shaffer 1981) and genetic considerations such as inbreeding
that could lead to local extinction events. The available evidence suggests that the pine marten population in the study
area relied on a very small number of breeding individuals,
particularly females.
Breeding pine marten density estimates have been
reviewed throughout eastern and northern Europe and can
range from 0.01 to 1.75 per km2 with strong biogeographic
limiting factors found to be winter severity and prey availability (Zalewski and Jędrzejewski 2006). Pine marten density
estimates obtained from live-trapping and non-invasive studies vary from 0.36 to 0.76 per km2 in Poland (Zalewski and
Jędrzejewski 2006), 0.46 to 4.42 per km2 in Ireland (Lynch
et al. 2006; Mullins et al. 2010; O’Mahony 2014; Sheehy et al.
2014) and 0.34 per km2 in Italy (Manzo et al. 2012). Although
Table 2 Pine marten
density estimates per
km2, including 95 %
confidence intervals
(CI), for each sampling
session (n=4) and all
session data (All) within
the Mourne Mountains

Sampling
session
number

Density
estimate

95 % CI

1
2
3
4
All

0.56
0.37
0.61
0.48
0.53

0.29–1.10
0.14–0.77
0.38–0.97
0.28–0.78
0.40–0.70

differences in methodological and data analysis procedures
constrain comparisons between studies, there is clear variation
across even small geographic scales that could be influenced
by habitat type, prey availability and levels of fragmentation.
In the current study, pine marten density was at the lower
scale of that which has been previously reported for Ireland.
However, this study took place at the largest geographical
scale, in primarily commercial conifer forests encompassing
a complete census of all available forest units within the
landscape. Other Irish studies have focussed on either a single
site (Lynch et al. 2006) or several relatively small sites (60 to
250 ha) consisting of deciduous or mixed conifer habitat,
within much more highly fragmented landscapes than the
current study (Mullins et al. 2010; Sheehy et al. 2014). The
highest densities reported in Ireland have been achieved in
deciduous woodland (Sheehy et al. 2014), which is a very rare
habitat due to previous deforestation events. In such deciduous woodlands, pine marten can reach high densities and
occupy small home ranges (Zalewski and Jędrzejewski
2006), which can be exacerbated in fragmented habitat
(Mergey et al. 2011; Caryl et al. 2012).
Additionally, in deciduous habitat, pine marten have a wide
dietary niche breadth (Lynch and McCann 2007). A mixture
of differences in habitat types, spatial scales of investigation,
food resource availability, density estimation methods and
Ireland’s lack of seasonality, including mild winters (Sheehy
et al. 2014), may influence the wide variation in estimated
densities. Our estimates may be more representative of the
range of densities pine marten can achieve in multi-scale
commercial conifer plantations, which are the dominant habitat resources for the species throughout Ireland.
Within the study region, density estimates were derived
only for forest land cover. There was little habitat connectivity
in terms of hedgerows or riparian woodland between forest
units, with open moorland habitat only available. As the
habitat outside forest was more similar to inhospitable matrices (i.e. moorland) suggested by Caryl et al. (2012), rather
than the fragmented yet highly connected habitats in Mergey
et al. (2011), density estimates were unlikely to have been
biased.
Implementing research and monitoring programmes for
pine marten is a priority for the species across their range to
address acknowledged gaps in the management of the species
(Proulx et al. 2005). Non-invasive methodologies may provide a cost effect mechanism through which data can be
obtained on species. In the current study, there was a clear
increase in the number of tubes with hair samples as the study
progressed. This could have been related to several factors
including pine marten showing a positive response to tubes as
a food reward was offered (an equivalent of individuals that
become ‘trap happy’ in live-capture studies), increased marten
abundance through juvenile recruitment over the study period
or it could have reflected natural changes in the behaviour and
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spatial ecology of pine marten according to time of year
(Zalewski and Jędrzejewski 2006; O’Mahony 2014).
In terms of the deployment of the method, a relatively large
number of hair samples in the current study did not provide
individual identity information due to poor quality DNA, with
larger samples of ≥10 hairs yielding improved results. In
similar studies carried out on carnivores, genotyping success
rates using hair samples can vary from 45.5 to 76.6 % (Mowat
and Paetkau 2002; Balestrieri et al. 2010; Kopatz et al. 2012;
Davoli et al. 2013; Sheehy et al. 2014), which are generally
higher than for scats (43 to 56 %; Frantz et al. 2006; Vergara
et al. 2014). Hair sample DNA quality can be influenced by
many factors including moisture, UV radiation, temperature
and age (Piggott 2004). Practically, in terms of designing noninvasive sampling devices, all of these potential threats to
DNA quality should be addressed and snagging mechanisms
should preferentially collect large samples. The PIsib value
(0.012) was found to be slightly above the recommended
<0.01 threshold necessary to prevent the shadow effect. In
future studies, the loci number used should be increased to
potentially avoid the presence of different individuals with the
same multilocus genotype. In the current study, a 10-day
interval between tube placement and sampling collection
was necessary in logistical terms. This could have led to some
degradation of DNA and also provided for unsuitable weather
conditions that may have affected the effectiveness of the
sticky patches in collecting samples. Hair samples should
preferentially be collected within short intervals, but not so
short that they could impact on hair capture success rates
(Mowat and Paetkau 2002).
Within a relatively short period of time, the current study
has provided conservation relevant data on this elusive carnivore from a landscape that included difficult survey terrain.
The method has potential as a national surveillance technique
in that not only does it provide basic data on presence but also
key demographic and population structure data that is critical
for conservation management. Given that our study indicated
low population abundance for pine marten in the Mourne
Mountains, it is important to consider local management
issues that may impact on the population. These include road
traffic collisions, habitat fragmentation, population connectivity, potential illegal persecution and forest management.
Perhaps of the most immediate interest is forest management
as recent forest disease outbreaks (Phytophthora ramorum
and Phytophthora lateralis) have led to an increase in clear
felling rates, along with normal commercial harvesting operations. Forest disease management strategies may influence
habitat quality, abundance and viability of red squirrel populations (Shuttleworth et al. 2012) and such concerns are equally relevant to forest dwelling species such as pine marten.
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