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Abstract
Many methods are available to gather data on wildlife population parameters, such as population abundance and density, yet few
have been compared or validated. We compared the efficacy of three survey methods (live trapping, hair tubes and scats) for
estimating abundance and population density of the European pine marten (Martes martes) in Galloway Forest, Scotland. We
evaluated these methods by, firstly, comparing the accuracy of the population estimate derived from each method, and, secondly,
comparing the financial cost of each method. Molecular analysis of samples from all three methods was used to determine sex
and individual genotype. Population abundance estimates were derived from capture-recapture programme Capwire. The non-
invasive methods (hair tubes and scats combined) detected 81% of known individuals, although hair tubes and scats performed
poorly alone, detecting 48% and 52% of individuals, respectively. Live trapping was the individual method that detected the most
individuals (77%). Hair tubes were the most expensive method, both in financial cost and personnel hours, whilst scat sampling
was the cheapest method. There was a highly significant association between the sex of the animal and the total number of
detections by method. The population abundance estimate from all methods combined was 32 (95% CI 31–35) and the popu-
lation density estimate was 0.27 martens/km2. This study indicates that a combined sampling approach comprising hair tubes and
scats maximises the number of detections and provides a viable alternative to invasive live trapping.
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Introduction

Determining the distribution and abundance of species is a
fundamental issue in conservation biology (Riddle et al.
2003), and successful monitoring of these parameters is essen-
tial for effective management of wildlife populations (Gibbs
et al. 1999). It can be problematic to collect accurate data on
many wildlife species, particularly if they are elusive, cryptic,
nocturnal, have large home ranges and occur at low popula-
tion densities (Mills et al. 2000; Wilson and Delahay 2001;
Riddle et al. 2003; Efford 2011).

Whilst a multitude of methods is available to monitor and
gather data on wildlife populations, many have not been com-
pared or validated with known population sizes or more rig-
orous methods of population estimation (Witmer 2005).
Different methods can result in contrasting rates of detection,
and the use of inappropriate sampling techniques might fail to
detect a species when it is present (Diggins et al. 2016).
Increasingly, studies are evaluating the efficacy of different
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methods for detecting and gathering population abundance
and density data for wildlife populations (Edwards et al.
2000; Hackett et al. 2006; Long et al. 2007; Velli et al.
2015; Mumma et al. 2015; Diggins et al. 2016; Robinson
et al. 2017; Riley et al. 2017).

The European pine marten (Martes martes) is a species of
conservation and population management interest and is sub-
ject to national and international conservation legislation
throughout much of its range (O’Mahony et al. 2017). In
Britain, pine martens are of particular conservation interest
because the population is recovering following a severe his-
torical decline in which the species became confined to small
parts of its former range (Langley and Yalden 1977; Croose
et al. 2013, 2014). This recovery, and the potential role of pine
martens in controlling populations of the invasive American
grey squirrel (Sciurus carolinensis) (Sheehy and Lawton
2014; Sheehy et al. 2018), tempered with concern from some
stakeholders of the impact on potentially vulnerable prey spe-
cies such as the capercaillie (Tetrao urogallus) (Summers et al.
2009; Baines et al. 2016), has resulted in increased interest and
need for the collection of accurate baseline abundance data
and monitoring of population trends.

Methods used for estimating pine marten population abun-
dance and density include non-invasive genetic sampling
(Lynch et al. 2006; Mullins et al. 2010; Sheehy et al. 2013;
O’Mahony et al. 2015; 2017; Kubasiewicz et al. 2016, 2017;
Croose et al. 2016); camera trapping (Manzo et al. 2012);
snow tracking (Kurki et al. 1998; Zalewski 1999); live trap-
ping (Lynch et al. 2006; O’Mahony 2014); radio-telemetry
(Balharry 1993; Bright and Smithson 1997); and territory
mapping (Zalewski and Jędrzejewski 2006). Only one study
to date has evaluated the efficacy of non-invasive hair sam-
pling and live trapping for estimating pine marten population
abundance (Lynch et al. 2006).

In 2014, we carried out a non-invasive genetic survey in
Galloway Forest, southwest Scotland, to determine the distri-
bution, population abundance and density of pine martens in a
discrete area of the forest (Croose et al. 2016). We also inves-
tigated the effect of sample source (hair and scats) on popula-
tion estimation. Previous studies using non-invasive sampling
have used hair sampling alone to produce pine marten popu-
lation estimates (Sheehy et al. 2013; O’Mahony et al. 2015;
2017). However, our 2014 study found that collection and
genotyping of hair samples under-sampled the pine marten
population (detecting only 33% of known individuals) com-
pared with the collection and genotyping of scats (which de-
tected 93% of individuals) (Croose et al. 2016). Consequently,
we concluded that using a combined non-invasive sampling
approach, comprising both hair and scat samples, was optimal
to detect as many individuals within the population as possible
to maximise the accuracy of population estimates.

Here, we describe a subsequent study carried out in 2017,
where we conducted another survey of the pine marten

population in the same area of Galloway Forest, comprising
live trapping alongside non-invasive sampling. Our objective
was to examine and compare the efficacy of three survey
methods (live trapping, hair sampling and scats) for estimating
pine marten abundance and population density. We evaluated
these methods by, firstly, comparing the accuracy of the pop-
ulation estimate derived from each method, and, secondly,
comparing the financial cost of each method. Finally, we con-
sidered how pine marten population abundance in the study
area has changed between the previous study in 2014 and the
current study.

Methods

Study area

The study was conducted in Galloway Forest, a predominant-
ly commercial conifer plantation in southwest Scotland, UK
(55° 02′ N, 4°16′W). The study area covered a 100 km2 area
known as the Fleet Basin, located at the south-eastern edge of
Galloway Forest (as described in Croose et al. 2016).
Dominant tree species are Sitka spruce (Picea sitchensis)
(77%), Lodgepole pine (Pinus contorta) (11%) and other co-
nifer species (12%), with minor coverage of broadleaves
(6%). The dominant tree age structure is pole stage, mature
and old forest stage crops with a smaller proportion at estab-
lishment or thicket stage (Forest Enterprise 2012). The study
area has a mild maritime climate with average temperatures
ranging from 1.3 °C in the winter to 19.5 °C in the summer
(Met Office 2013) and an average annual rainfall of 1600 mm
(Forest Enterprise 2012).

Sample collection

Live trapping

Live trapping of pine martens was undertaken during
September 2017 under Scottish Natural Heritage licence.
Live traps (Havahart Large 1-door collapsible traps, model
1089, Woodstream Europe Ltd., Fencing House, Oakham,
Rutland, LE15 6RF, UK) were located off forest tracks and
covered with dry hay and vegetation, such as moss. Trap sites
were pre-baited for 2.5 weeks prior to trapping, using a hen’s
egg and a mixture of honey, peanuts and raisins and a small
amount of marten lure (Hawbakers Marten Lure, F&T Fur
Harvester’s Trading Post, www.fntpost.com). A total of 40
trap sites were established at approximate 2 km spacing. The
trapping was completed in two phases, whereby 20 traps were
active in each phase and each trap was set for four nights and
days. Traps were checked twice per day: once in the morning
and once in the evening.
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When a pine marten was captured, the trap was covered
with a thick cloth and martens were calmly restrained at the
rear of the trap using a purpose-built ‘comb’. A small hair
sample for DNA analysis was removed with tweezers and a
colour mark was applied to the marten (either the chest, flank
or back) with stock marker spray (Carrs Billington Stock
Marker Spray) in a distinctive pattern using a paintbrush, to
identify individuals in any subsequent recaptures. Animals
were released at the capture site immediately after sampling.
Hair samples were taken on the first capture only and not on
recaptures. If an animal was recaptured, it was identified by
means of the colour markings applied at first capture.

Non-invasive sampling

Hair tubes

Hair samples were collected from a total of 99 hair tubes
which were installed throughout the study area, at a density
of one tube per 1 km2 Ordnance Survey grid square, with
approximately 1 km spacing between each tube where practi-
cable. The tubes were placed at the same locations as the
previous survey in 2014, so that the sampling effort would
be comparable across the two surveys. Due to active forestry
operations, one site where a hair tube was located in 2014 was
inaccessible, so only 99 hair tubes were installed, rather than
the 100 installed during 2014.

Hair tubes were constructed from 100 mm2 plastic cable
trunking cut into 300 mm lengths and secured with a lid on the
top. Three 40-mm diameter holes were drilled through the
elevation of the tube facing the tree to allow the martens to
grip the tree through the back of the tube whilst climbing into
the tube. A further four 6-mm holes were drilled through the
elevation of the tube facing the tree and bale string was tied
through the holes to attach the tube to the tree. A clip-on cover
was secured to the lid of the tube with a 100mm length of duct
tape to act as a hinge, allowing the front section of the tube to
be detached for removing hair samples and replacing bait. The
lid was also attached to the upper string passing through
drilled holes to prevent detachment. Chicken wings were used
as bait and secured inside the top of the tube by a hook com-
prising a 100 mm length of electrical cable armouring wire.
An eye was formed at one end of the hook and it was threaded
on to the upper length of tying string inside the tube with the
wire end bent upwards. A small square patch of ‘mouse glue’
(Pest Control Supermarket, www.pestcontrolsupermarket.
com) was stuck to a correspondingly sized square of self-
adhesive backed Velcro and attached inside the tube 50 mm
above the lower edge of the clip-on cover to catch the hair
from an animal when it entered the tube. Hair tubes were
placed within 30 m of forest tracks and were tied to a tree at
a minimum height of 1.5 m above ground level. In areas of
clearfell or recent timber harvesting where there were no trees

on which to install hair tubes, tubes were installed on fencing
posts driven into the ground.

Five sampling sessions were conducted during September
and October 2017, with tubes checked every 7 days over a
total of 36 days. During each session, any glue patches with
hair samples were removed, fresh glue patches were fitted,
fresh bait was placed in the tube and any remaining bait left
on the ground below the tube. All hair samples were retained
on the glue patches, stored individually in plastic tubes and
frozen at − 4 °C within 12 h of collection. The same applied to
hair samples taken from animals caught during live trapping.

Scat collection

Fresh pine marten scats (faeces) were collected during
September and October 2017 in concurrence with the hair
tube surveys. Scats were collected from forest tracks of vary-
ing lengths distributed throughout the study area, totalling
75.8 km. The distribution of scat survey effort was designed
to maximise geographical coverage along forest tracks across
the study area. Typically, one or two experienced surveyors
searched the tracks extensively, covering both sides of the
track, but not away from tracks, except when checking traps
or hair tubes. Each track was surveyed once and tracks were
not cleared prior to collection. Scats were also collected on an
ad hoc basis whilst checking traps or hair tubes. Only fresh
scats were collected for genotyping, but all scats observed
were recorded as part of another study. All scats were frozen
at − 4 °C within 12 h of collection.

Genetic analysis

The DNA extraction and analysis methods were as described
in Croose et al. (2016). In this study, up to 10 microsatellite
markers were used to identify individuals. These were Mel1;
Gg7; Ma2;Mvi1341;Mer041 andMvis075 (seeMullins et al.
2010) and Mar21; Mar64; Mar53 and Mar08 (Natali et al.
2010). All new individuals were genotyped with all 10
markers. The PI for 10 markers was 1.4 × 10−4 and PIsib was
1.1 × 10−2. Recaptures were identified using 6 markers (Mel1;
Ma2; Mer041 and Mvis075; Mar64 and Mar08) and the PI
was 5.1 × 10−3 and PIsib was 7.0 × 10−2.

Statistical analysis

Population estimation

Population abundance estimates for each individual method
(live trapping, hair sampling and scat sampling) and all
methods combined were derived from capture-recapture pro-
gramme Capwire (Miller et al. 2005). Capwire has been
shown to provide accurate population estimates for small pop-
ulations with capture heterogeneity and takes account of
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multiple samples from an individual within the same sampling
session (Miller et al. 2005). All captures, including recaptures,
of individual pine martens, were grouped into a single sam-
pling session scheme for analysis. The likelihood ratio test
(LRT) was applied to choose the most suitable model: the
Two-Innate Rates Model (TIRM), which allows for capturing
heterogeneity and assigns a high or low capture probability to
individuals, or the Even Capture Model (ECM), which as-
sumes that each individual has an equal chance of being cap-
tured. The maximum population size was set to 100 and 95%
confidence intervals were estimated using 1000 parametric
bootstrap replicates.

Density estimates

Population density estimates were derived by dividing the
population abundance estimates by the effective trapping area
(Otis et al. 1978). The effective trapping area was calculated as
per the previous study in 2014 (Croose et al. 2016). Briefly, a
convex hull around the study area was delineated by the loca-
tions of the outmost hair tubes and scat transects using
MapInfo Professional (v12.0). A buffer strip was included to
account for ‘edge effects’ caused by the movement of animals
in and out of the study area (Otis et al. 1978; Royle et al.
2013). The buffer strip was derived by calculating the mean
maximum distance moved by pine martens to provide an es-
timator of home range diameter (mean = 2.42 km), then the
width of half mean maximum distance moved (1021 m) was
applied to the convex hull to create the effective trapping area
(Royle et al. 2013). Significant areas of open ground and lochs
were excluded from the calculation of the effective trapping
area.

Other

Chi-squared analysis was used to test if the number of detec-
tions (‘captures’) per detection method (‘trap type’) was inde-
pendent of animal sex.

Data availability

The datasets generated and analysed during this study are
available from the corresponding author on reasonable
request.

Results

Sample collection and DNA analyses

A total of 160 trap days of live trapping were completed,
resulting in a total of 48 captures of pine martens during 320
trap checks. DNA analysis of hair samples taken of captured

animals identified 24 individuals: 17 males and seven females
(Table 1). Genotyping success rate of these hair samples was
100%. The number of times an individual marten was cap-
tured ranged from 1 to 4. On one occasion, a recaptured ani-
mal could not be identified with certainty from the colour
markings applied by stock spray on the first capture, so this
recapture was excluded from further analysis.

In total, 157 hair samples were collected from the hair
tubes. Of these, 57% were sex-typed, resulting in 61 male
detections and 28 female detections. 44% of the samples were
successfully genotyped, detecting 15 individuals (10 males
and 5 females) (Table 1). The cumulative proportion of hair
tubes that collected hair samples increased over the sampling
period, from 6% in the first sampling session to 64% in the
fifth sampling session. The number of new (previously unde-
tected) genotypes detected in the hair tubes increased through
the sampling sessions, with no new genotypes detected in the
fifth and final sampling session (Fig. 1). The number of times
an individual marten was detected in a hair tube ranged from 1
to 12.

In total, 103 scats were collected. Of these, 80% were sex-
typed, resulting in 38 male detections and 44 female detec-
tions. 32% of the samples were successfully genotyped, de-
tecting 16 individuals (6 males and 10 females) (Table 1). The
number of times an individual marten was detected via scats
ranged from 1 to 4.

When all methods are combined, the number of times an
individual marten was detected ranged from 1 to 18 (mean =
4.55) (Fig. 2).

Population estimation

The minimum population size derived from genotyping sam-
ples from all three methods combined was 31 individuals,
comprising 19 males and 12 females. The minimum popula-
tion size detected from each individual method was 24 indi-
viduals from live trapping, 15 from hair tubes and 16 from
scats (Table 2).

In Capwire, the TIRM model was selected for estimates
derived from the following sample groups: hair tubes; scats;
hairs and scats combined; all methods combined; the ECM
model was selected for estimates from live trapping only.
The population abundance estimates derived from Capwire
were 30 (95% CI 24–37) for live trapping; 15 (95% CI 15–
16) for hair tubes; 26 (95% CI 16–37) for scats; 27 (95% CI
25–31) for hair tubes and scats combined; and 32 (95%CI 31–
35) for all methods combined (Table 2).

There was considerable variation in the average number of
observations per individual for each method, with hair tubes
yielding the highest average number of observations per indi-
vidual (4.6) and live trapping yielding the lowest average
number of observations per individual (2.0) (Table 2).
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The population density estimate for pine martens in the
Fleet Basin was 0.27 martens/km2 for all methods combined
(and ranged from 0.13 to 0.25 martens/km2 for individual
methods alone) (Table 2).

Efficacy of survey methods

The highest population estimate produced by Capwire (32
(95% CI 31–35)) was derived from all three methods com-
bined. The method which detected the most individual pine
martens was live trapping, detecting 77% of known individ-
uals within the population (n = 24) (Table 1) and producing
the highest and most accurate population estimate (30 (95%
CI 24–37)) from Capwire (Table 2). Hair tubes detected fewer
than half of known individuals within the population (48%)
and yielded the lowest and least accurate population estimate
(n = 15). Scat sampling detected just over half of known indi-
viduals (52%) and yielded a more accurate population esti-
mate than hair tubes (n = 26). However, hair tubes and scat
sampling combined detected 81% of known individuals (n =
25), a more accurate minimum population estimate than live
trapping alone.

There were individual variations in the pattern of detections
by the three sampling methods: only five individuals (16% of

all individuals detected) were detected by all three methods;
45% of individuals (n = 14) were detected by two methods,
and 39% of individuals (n = 12) were detected by only one
method (Fig. 2). Interestingly, six individuals were live-
trapped on 13 occasions but were never detected via hair tubes
or scat samples, three individuals were detected in hair tubes
but never in live traps or scat samples and three individuals
were detected only by scat sampling (Fig. 2).

There was a highly significant association between the sex
of the animal and the total number of detections by method
(χ2 = 9.7965, df = 2, p = 0.00746). Female detections were
over-represented in scat sampling, whereas male detections
were over-represented in live trapping and hair tubes.
However, the results of the test for an association between
sex and the number of individuals detected per method was
not statistically significant (χ2 = 4.8264, df = 2, p = 0.08953).

Financial cost

Hair tubes were the most expensive method (accounting for
the most personnel hours, highest vehicle mileage and highest
genotyping costs), detected the fewest individuals and pro-
duced the lowest and least accurate population estimate
(Table 3). The relatively high cost is due to sampling from

Table 1 Results of genetic analysis of pine marten samples collected in the Fleet Basin, southwest Scotland, in 2017 by each method

Method Samples collected Samples
sex-typed

Samples
genotyped

No. male: female
detections

No. individual genotypes
(total and males: females)

Proportion of known
individuals detected

Live trapping *24 24 (100%) 24 (100%) **34:13 24 (17:7) 77%

Hair tubes 157 89 (57%) 69 (44%) 61:28 15 (10:5) 48%

Scat sampling 103 82 (80%) 33 (32%) 38:44 16 (6:10) 52%

Hair tubes and scats combined 261 171 (66%) 102 (39%) 99:72 25 (13:12) 81%

*Hair samples taken from captured animals for genotyping. Hair samples were taken from animals on the first capture only. For repeat captures, animals
were identified by a coloured paint marking applied to the animal during the first capture. **The number of detections here is higher than the number of
samples genotyped, as this includes all individuals captured, comprising animals that were identified by genotype during the first capture and identified
subsequently in recaptures, as explained above
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hair tubes taking place over 5 weeks (longer than the live
trapping and scat collection exercises) and producing the
highest number of samples for genotyping. Conversely, live
trapping was completed in only 8 days, and, because hair
samples were taken from captured animals during the first
capture only, there were many fewer samples for genotyping.
Scat sampling was the least costly method in terms of person-
nel hours, mileage and genotyping costs (Table 3).

Discussion

Comparison of efficacy of methods

This is the first study to compare the efficacy of live trapping,
hair tubes and scat sampling in providing population abun-
dance and density estimates for pine martens.

In this study, live trapping was the single method that de-
tected the most individual pine martens (77% of known indi-
viduals). However, it did yield the lowest average number of

observations per individual, compared with hair tube and scat
sampling, and resulted in a bias towards male detections.
Whilst hair tube and scat sampling performed fairly poorly
alone in detecting individuals, both of these methods com-
bined detected 81% of known individuals, producing a more
accurate minimum population estimate than live trapping
alone. In particular, hair tubes yielded the highest average
number of observations per individual marten compared with
the other methods (Table 2). Due to the higher number of
detections per individual and the wider geographic spread of
hair tubes and scat transects, non-invasive sampling can pro-
vide a better indication of the distribution of martens in the
study area and an individual marten’s home range, which can
be useful in the absence of fine-scale spatial data from radio-
tracking. The results from the hair tubes support our previous
study in 2014, which showed that using hair tubes alone
under-samples the population by failing to detect all individ-
uals and is not an accurate method to use in isolation (Croose
et al. 2016). The population estimate derived from Capwire
(n = 32) was very close to the minimum population estimate

Table 2 Population abundance and density estimates for pine martens in the Fleet Basin, southwest Scotland, in 2017 by each method

Method Minimum (genetic)
population size

Capwire population
estimate

Average no.
observations/
individual

Population density estimate
(minimum size)

Population density estimate
(Capwire estimate)

Live trapping 24 30 (95% CI 24–37) 2.0 0.20/km2 0.25/km2

Hair tubes 15 15 (95% CI 15–16) 4.6 0.13/km2 0.13/km2

Scat sampling 16 26 (95% CI 16–37) 2.1 0.13/km2 0.22/km2

Hairs and scats
combined

25 27 (95% CI 25–31) 4.1 0.21/km2 0.23/km2

All methods
combined

31 32 (95% CI 31–35) 4.8 0.26/km2 0.27/km2
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derived from genotyping (n = 31), suggesting that, in combi-
nation, the three surveymethods successfully sampled most of
the population.

The effectiveness of live trapping and non-invasive sam-
pling was very similar (detecting 77% and 81% of known
individuals, respectively). However, the significant associa-
tion between the sex of the animal and the total number of
detections by method indicates a bias, which should be con-
sidered for future survey design. Live trapping and hair tubes
resulted in a bias towards male detections, whereas scats re-
sulted in a bias towards female detections. A combined sam-
pling approach using hair tubes and scats takes account of the
sex bias. Nevertheless, the sex bias arising from methods may
vary by study area, as a previous study elsewhere in Scotland
found higher detection probabilities for female than male mar-
tens in hair samples (Sheehy et al. 2018). Personality or be-
havioural traits may also influence detectability of individuals
and studies have shown that bold, active, exploratory individ-
uals are most detected (Merrick and Koprowski 2017). Thus,
live trapping and hair tubes may under-sample shy, less ex-
ploratory individuals, whereas these individuals may be de-
tected via scat surveys, as this does not require the animal to
undertake any potentially risky behaviour, such as entering a
trap or hair tube. Moreover, the spatial distribution of hair
tubes and trap sites and pine martens’ use of these sites, along
with the status of individuals (particularly whether they are
resident or dispersing), may influence detectability

(Belbachir et al. 2015). This may explain the noticeable vari-
ations in detections of individual pine martens by different
methods in our study (Fig. 2).

Non-invasive sampling is advantageous over live trapping,
because trapping has the potential for discomfort, distress,
physical injury, loss of fitness or even incidental mortality of
captured animals (Putman 1995). Furthermore, pine martens
are a protected species in Britain, and, as such, a licence from
the appropriate Statutory Nature Conservation Organisation is
required to capture pine martens, whereas a licence is not
required for non-invasivemethods. Live trapping can be better
justified if other samples (e.g. blood) are required that cannot
be collected non-invasively, or if physical capture is necessary
for condition assessment, PIT-tagging or radio-collaring.

Nevertheless, there are drawbacks to non-invasive
methods, notably the degradation of DNA in samples and
associated low genotyping success. DNA amplification suc-
cess rates are affected by the length of time that samples are in
the field, temperature and dew point (Murphy et al. 2007). The
lower genotyping success rate for non-invasive samples (44%
for hairs and 32% for scats in this study)means that it is almost
certain that more individuals would have been sampled by
non-invasive methods, but the DNAwas of insufficient qual-
ity to amplify to genotype. Scat samples have a lower
genotyping success rate than hairs, which has led to them
being discounted from analysis in some previous studies
(Mullins et al. 2010; Kubasiewicz et al. 2017). Conversely,

Table 3 Summary of the costs for each method for pine marten population estimation in the Fleet Basin, southwest Scotland, in 2017

Method and task Personnel @ £37.50 per
hour*

Mileage @ 50p per
mile

Genotyping @ £30 per
sample

Equipment Total

Live trapping

Pre-baiting 40 trap sites 58 h = £2175 794 = £397

Setting and checking 40 traps over 4
nights

208 h = £7800 875 = £437.50

Genotyping 24 hair samples £720

Bait and hay £45

Total £9975 £834.50 £720 £45 £11,574.50

Hair tubes

Installing and monitoring 99 hair tubes 456 h = £17,100 2174 = £1087

Genotyping 158 hair samples £4740

Bait and glue patches £65

Total £17,100 £1087 £4740 £65 £22,992

Scat collection

Scat transects and collection 20 h = £750 200 = £100

Genotyping 103 scat samples £3090

Total £750 £100 £3090 £3940

All methods combined

£27,825 £2021.50 £8550 £38,396.50

*This is based on an hourly consultancy rate. Does not include the cost of purchasing live traps and materials to make hair tubes, as this equipment was
already available
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with live trapping, the hair samples taken from animals during
capture were fresh and consisted of more hairs, and thus re-
sulted in a 100% genotyping success rate. Any methodologi-
cal improvements that lead to increased genotyping success
rates will improve the value and accuracy of non-invasive
sampling methods in the future.

The relatively small proportion of samples from the hair
tubes genotyped was partly attributable to the glue patches
inside the tubes failing to collect adequate quantities of hairs
on several occasions due to an accumulation of flies stuck to
the patches, thus reducing their adhesive ability. The number
of individual detections and resulting population estimates
from hair tubes could be improved by increasing the number
of hair follicles in each reaction, as previous research indicates
that including more follicles (up to 13) reduces PCR failure
rates (Kubasiewicz et al. 2016). In this study, five hair tube
sampling sessions were completed (one more than during the
2014 study). Interestingly, whilst the number of individuals
detected by hair tubes increased cumulatively through the
sampling sessions, no new genotypes were identified during
the fifth and final sampling session; however, the genotyping
success rate for hair samples collected during this final session
was poor (24% of samples genotyped).

When considering financial cost, the cost of non-invasive
sampling was much higher than live trapping, with hair tubes
being the most expensive individual method and scat sam-
pling the cheapest individual method. The relatively high cost
incurred by personnel hours for the hair tubes could be re-
duced by having only four sampling sessions, as no new ge-
notypes were identified during the fifth and final sampling
session in this study.

Whilst hair tubes and scat samples have proved successful
methods in our studies in southwest Scotland and also studies
in Ireland (Lynch et al. 2006; Mullins et al. 2010), it is worth
noting that the efficacy of different survey methods may vary
by locality. In a study in Italy, Bartolommei et al. (2013) found
both scat surveys and hair tubes to be ineffective at detecting
pine martens, and camera trapping was the only effective
method to estimate pine marten population density. In other
studies in Scotland and Poland, hair tubes have been unsuc-
cessful at collecting pine marten hair samples at sites where
pine martens were known to be present and marten scats were
detected (Kubasiewicz et al. 2017; Power 2015). In Lynch
et al.’s (2006) study in Ireland, scats, hair trapping and live
trapping were decreasingly effective at detecting the presence
of pine martens, although population abundance was not esti-
mated in this study.

Population abundance and density

The pine marten population in the Fleet Basin as determined
in this study (n = 32) has apparently almost doubled since the
previous study in 2014 (n = 18; Croose et al. 2016). This was

contrary to our expectations that the population may have
declined due to extensive timber harvesting and a consequent
reduction in mature woodland habitat between the study
years: between September 2014 and September 2017,
632.54 ha of land was felled (approximately 7% of the forest-
ed part of the study area). Whilst the mechanisms of the pop-
ulation increase are unknown, we suggest some hypotheses.

Firstly, the availability of den sites for martens in the Fleet
Basin has substantially increased since the 2014 population
estimate. Pine martens require sheltered, elevated den sites for
resting and breeding, and a scarcity of suitable arboreal sites
may be a critical constraint for marten populations (Brainerd
et al. 1995). In autumn 2014, 50 artificial den boxes were
installed in the Fleet Basin at a density of one box per 2 km2

(JB, JM & GV, unpublished data). This increase in den site
availability in a commercial forestry plantation where natural
cavities are scarce may help to reduce predation risk and en-
ergetic costs, particularly for breeding females.

Secondly, predator populations may be influenced by the
abundance and population cycles of prey species, and in the
Netherlands, pine marten litter size corresponds with abun-
dance of wood mice (Apodemus sylvaticus) (Kleef and
Wijsman 2015). Both 2014 and 2017 appeared to be peak
years for field voles (Microtus agrestis) in Galloway Forest,
a key prey item for martens (JB, unpublished data), so in this
case, differences in vole abundance are unlikely to have been a
driver of the population increase.

Finally, the apparent increase in martens may be due in part
to some individuals within the population being under-
sampled or failing to be detected in the 2014 study. It is pos-
sible that if live trapping had been conducted during the 2014
study, more individuals would have been detected. However,
if only considering individuals detected in 2017 through hair
tubes and scats, and discounting those detected only by live
trapping, to allow a more direct comparison with the sampling
effort during 2014, there is still a clear increase from 15 indi-
viduals detected in 2014 to 25 individuals in 2017. This sug-
gests that there has been a real population increase over the
3 years between the two studies, and it is not merely attribut-
able to differences in sampling effort.

Three individuals that were detected in the 2014 study were
also detected in the 2017 study: two males and one female.
The rest of the animals identified in 2017 had not previously
been detected.

The population density estimate for the Fleet Basin pro-
duced by this study (0.27 martens/km2, an increase from
0.15/km2 in the previous study in 2014; Croose et al. 2016)
is within the middle range of population densities reported in
other studies in Scotland, which have ranged from < 0.10
martens/km2 (Bright and Smithson 1997; Kubasiewicz et al.
2017) to 0.58 martens/km2 (Halliwell 1997). This is predom-
inantly lower than densities reported elsewhere in Europe,
which typically range from 0.01–1.75 martens/km2
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(Zalewski and Jędrzejewski 2006), but have been reported to
be as high as 4.42 martens/km2 in the midlands of Ireland
(Sheehy et al. 2013).

Recommendations and conclusion

The data from this study indicate that, of the three methods
used, the most effective for estimating pine marten popula-
tions is a combined sampling approach comprising hair tubes
and scat sampling. This approach maximises the number of
detections, accounts for the sex bias resulting from detection
methods, avoids the invasive nature of live trapping and does
not require a protected species licence. Although not used in
this study, camera traps and the random encounter model have
proved to be an effective method for estimating pine marten
population density elsewhere (Manzo et al. 2012). Therefore,
it would be worthwhile comparing the efficacy of camera
traps with non-invasive methods and live trapping in future
studies. Nevertheless, the necessity of some studies to collect
genetic material, such as hairs and scats, will dictate that cam-
era trapping alone is not a suitable method. As the pine marten
population in Britain continues to recover and expand its
range, combined non-invasive sampling methods should be
employed to monitor the population and inform conservation
and management efforts.
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