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Abstract
Monitoring postrelease establishment and movement of animals is important in eval-
uating conservation translocations. We translocated 39 wild pine martens Martes 
martes (19 females, 20 males) from Scotland to Wales. We released them into for-
ested areas with no conspecifics in 2015, followed by a second release in 2016, along-
side the previously released animals. We used radio-tracking to describe postrelease 
movement and habitat selection. Six martens (15%) were not re-encountered during 
the tracking period, of which four undertook long-distance dispersal. For the remain-
ing individuals, we characterized two phases of movement, “exploration” followed by 
“settlement,” that differed between releases. In the first release, martens remained 
in exploration phase for a mean of 14.5 days (SE = 3.9 days) and settled at a mean 
distance of 8.7 km (SE = 1.8 km) from release sites, whereas martens released in year 
two, alongside resident conspecifics, traveled away from release sites at a faster rate, 
settling sooner, at a mean of 6.6 days (SE = 1.8 days), but further, at a mean distance 
of 14.0 km (SE = 1.7 km) from release sites. Animals released in year one did not 
exhibit habitat preferences overall but within forests they favored recently felled 
areas, whereas animals released in year two showed strong selection for forested 
habitat but did not discriminate between forest types. The presence of conspecifics 
appeared influential for settlement and site fidelity of translocated martens and was 
associated with more rapid but more distant dispersal of the later cohort. Releases of 
animals in close proximity appeared to promote site fidelity and rapid establishment 
of ranges in the recipient environment.

K E Y W O R D S

carnivore, conservation, reinforcement, reintroduction, restoration, rewilding, translocation

www.ecolevol.org
https://orcid.org/0000-0002-5864-0129
https://orcid.org/0000-0001-6353-4550
https://orcid.org/0000-0003-0093-9838
https://orcid.org/0000-0002-6919-120X
https://orcid.org/0000-0002-8318-5383
mailto:
https://orcid.org/0000-0002-6922-3195
http://creativecommons.org/licenses/by/4.0/
mailto:r.mcdonald@exeter.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fece3.6265&domain=pdf&date_stamp=2020-05-14


2  |     MCNICOL et aL.

1  | INTRODUC TION

Translocation, the deliberate movement of organisms from one 
site to release in another (IUCN, 2013), is a long-established and 
frequently used tool in species conservation. In recent years, con-
servation translocations have increasingly been associated with 
restoration ecology (Seddon, 2010) as well as being effectively im-
plemented in threatened species recovery projects (Hayward et al., 
2007). The return of species to their historic ranges can benefit not 
only the species in question, but improve functionality and biodi-
versity within the recipient ecosystem (Seddon, 2010). Successful 
reintroductions require a sound knowledge of the species’ ecology 
within its native range as well as some insight into its likely postre-
lease behavior and habitat requirements. Understanding postrelease 
movement, habitat selection and the drivers of these is therefore 
necessary for appraising and improving current and future translo-
cation projects.

Two key components of the success of translocation and re-
introduction projects are release site fidelity and the survival rate 
of the translocated individuals (Armstrong & Seddon, 2008). The 
selection of appropriate habitat for release sites and, thereby, pro-
viding access to adequate resources for individual animals, is par-
amount for their retention on, or near, the release site (Armstrong 
& Seddon, 2008). Alongside site characteristics, sex ratio, release 
schedule, and numerous other factors can influence the likelihood 
of a new population establishing successfully (Armstrong & Seddon, 
2008; Letty, Marchandeau, & Aubineau, 2007). Lack of site fidelity is 
clearly unfavorable and often implies poor selection of release sites, 
inappropriate release protocols, and/or unforeseen conspecific in-
teractions (Letty et al., 2007). Therefore, understanding the patterns 
of movement of translocated individuals after their release, and the 
characteristics of their selected habitats during the initial release pe-
riod, is vital in evaluating and improving conservation translocations 
(Armstrong et al., 2013).

The first individuals to be released into a new area may be more 
likely to leave the vicinity of release sites, due to the inherent ab-
sence of resident conspecifics and/or lack of mating opportunities 
(Mihoub, Robert, Gouar, & Sarrazin, 2011). Exploration by the intro-
duced animals of the novel environment in search of ideal habitat is a 
central but unpredictable part of a reintroduction project (Armstrong 
et al., 2013). Such exploratory movements by translocated individu-
als can be detrimental to survival, since extended periods of explo-
ration and habitat searching are often erratic and extend over long 
distances, making them energetically costly (Robertson & Harris, 
1995; Spinola, Serfass, & Brooks, 2018; Yott, Rosatte, Schaefer, 
Hamr, & Fryxell, 2011) and exposing animals to diverse hazards. 
Three major postrelease movement patterns have been identified: 
(1) immediate settlement, (2) dispersal followed by settlement, and 
(3) long-distance dispersal or failure to settle (Broquet et al., 2006; 
Davis, 1983; Slough, 1989; Tolhurst, Grogan, Hughes, & Scott, 2015; 
Woodford, Macfarland, & Worland, 2013). Among translocated 
carnivores, these patterns have been described in American mar-
ten Martes americana (Davis, 1983; Slough, 1989; Woodford et al., 

2013), otters Lontra canadensis (Sjoasen, 1997; Spinola et al., 2018), 
red foxes Vulpes vulpes (Tolhurst et al., 2015), and swift foxes Vulpes 
velox (Moehrenschlager & Macdonald, 2003). However, explanations 
for the ecological mechanisms driving among-animal variation in the 
observed patterns remain ambiguous, with conspecific attraction, 
habitat suitability, and predation risk all thought to play a role (Davis, 
1983; Letty et al., 2007; Sjoasen, 1997). Reduction of problems aris-
ing from exploration, long-distance dispersal, or attempted “homing” 
has most commonly been achieved through adopting a soft-release 
protocol, allowing acclimatization of individuals to the release site in 
an enclosure provisioned with food for a short period of time prior to 
release (Moehrenschlager & Macdonald, 2003; Tolhurst et al., 2015).

The presence of conspecifics may be beneficial at low densities, 
and founding individuals might discriminate less between habitat 
types and instead favor proximity to other founder members and 
the establishment of a “neighborhood” (Shier & Swaisgood, 2011; 
Stamps, 2001; Ydenberg, Giraldeau, & Falls, 1988). Alternatively, 
founding individuals might intuitively be expected to select the 
highest quality locations in an uninhabited landscape, in line with 
an ideal free distribution (Fretwell & Lucas, 1962; Stamps, 2001). 
With a continual influx of translocated animals, however, competi-
tion would be expected gradually to increase (Stamps, 2001; Stamps 
& Krishnan, 2005), perhaps leading later arrivals to disperse away 
from otherwise ideal release sites (Selonen & Hanski, 2007; Stamps 
& Swaisgood, 2007). Therefore, the social structure of the species as 
well as the habitat, site, and landscape characteristics must be key 
considerations in translocation project design and implementation.

Reintroductions have been proposed and implemented as 
measures to combat the decline of carnivores worldwide. In Great 
Britain, several native mammalian carnivores have experienced his-
toric declines as a result of predator control, environmental contam-
inants, deforestation, and demand for fur (Sainsbury et al., 2019). 
Current efforts are being made to reverse these declines. Since the 
mid-20th century, considerable recoveries in the ranges and pop-
ulations of otter Lutra lutra, polecat Mustela putorius, badger Meles 
meles, and pine martens Martes martes have arisen largely through 
combinations of increased legal protection, changed control prac-
tices, reduction in pollution, and habitat enhancement (Sainsbury 
et al., 2019). Translocations have also played a role in these species’ 
recoveries with releases of captive-bred, wild-caught, or escaped 
individuals (Sainsbury et al., 2019). The recovery of British otter 
populations was accelerated by captive breeding and release of ot-
ters (Jefferies, Wayre, & Jessop, 1986). Polecats have also benefited 
from reintroduction, primarily through illicit releases such as those in 
Cumbria and Argyll (Birks & Kitchener, 1999). The pine marten is cur-
rently showing natural range extension in Scotland (Sainsbury et al., 
2019), though its expansion has also been aided by translocation to 
southern Scotland (Shaw & Livingstone, 1992), and there have likely 
been sporadic illicit releases in England (Birks & Messenger, 2010; 
Jordan et al., 2012).

Recovery of the pine marten throughout the UK has been an 
area of focus for statutory (Bright & Smithson, 1997) and nongov-
ernmental organizations (MacPherson, 2014), with an aim to expand 



     |  3MCNICOL et aL.

the range extent of what was a sparse and fragmented population 
through translocations and population reinforcements. Previous 
translocation studies of Martes species have indicated strong site 
affinity by released individuals (Davis, 1983; Shaw & Livingstone, 
1992; Slough, 1989; Woodford et al., 2013). This may partly have 
been related to the use of soft releases (Davis, 1983; Woodford 
et al., 2013). Martens are, however, highly mobile animals and are 
capable of dispersing large distances (Broquet et al., 2006). Long-
distance postrelease movements have been attributed to territorial 
saturation or the absence of suitable habitat near to release sites 
(Woodford et al., 2013). In some instances, male martens have been 
found to disperse further than females (Slough, 1989). This is likely 
related to sexual dimorphism with regard to body size, energetic de-
mands of reproduction, and ranging extent (Caryl, Quine, & Park, 
2012; Zalewski, 2007), as well as pronounced intra-sexual territo-
riality, allowing for the overlap of male and female ranges, but ex-
clusivity of ranges within each sex (Powell, 1979; Erlinge & Sandell, 
1986; Balharry, 1993; but see Bartolommei, Manzo, & Cozzolino, 
2016). These studies also found that although many translocated in-
dividuals settled in mature forest, their movement was not impeded 
by landscape features or the presence of different habitat types 
(Slough, 1989).

Martens are predominantly viewed as forest specialists 
(Balestrieri et al., 2010; Balharry, 1993; Bartolommei et al., 2016; 
Manzo, Bartolommei, Rowcliffe, & Cozzolino, 2012; Slough, 1989; 
Storch, 1990; Weber, Roth, Tesini, & Thiel, 2018) and often den in 
tree cavities found in ancient woodland. Nevertheless, martens can 
traverse and utilize areas of scrub and low canopy cover (Balestrieri 
et al., 2010; Lombardini et al., 2015; Manzo et al., 2012; Moll et al., 
2016; Pereboom et al., 2008), with some studies even showing 
preferential use of such open habitats (Manzo et al., 2018). In many 
regions with fragmented forest, pine marten diet is dominated by 
grassland voles Microtus spp., found in edge and open habitats 
containing tussock grass (Caryl et al., 2012; Hansson, 1978). This 
contrasts with studies in highly forested regions which have iden-
tified the greater importance of forest-dwelling voles Myodes spp. 
Although mature forest provides the structural complexity required 
for marten denning and foraging (Caryl, 2008), varied habitat use 
is linked not only to the level of forest fragmentation but also prey 
availability and conspecific density (Caryl et al., 2012; Lombardini 
et al., 2015; Powell, 1979). This suggests that martens are capable 
of exploiting both forest interiors and the edge habitats abundant in 
mosaic habitat structure. However, few of these studies have looked 
at marten movement and habitat selection after a translocation 
event.

Mid-Wales was identified as the optimal location for a species 
recovery program (MacPherson, 2014) to facilitate the spread of 
pine martens throughout Wales and into England due to its high 
availability of forested habitats and low-density road network. Scat 
surveys undertaken between 2011 and 2015 found no evidence of 
marten presence in this part of the species’ historic range, suggest-
ing the former resident population was, at best, functionally extinct 
in the region. Our study examined the movements and habitat use 

of translocated pine martens immediately after their release. We 
tracked two cohorts of martens taken from the wild in their core 
range in Scotland and released in an unoccupied region of their his-
toric distribution in mid-Wales. First, we describe the initial postre-
lease movements of martens, characterizing phases of exploration 
and settlement in years with and without resident conspecifics in a 
novel environment. Second, we investigate habitat selection by indi-
vidual martens across a large and diverse habitat matrix and within 
wooded areas, again in the absence (year 1) and later presence (year 
2) of conspecifics. The results of our study improve understanding 
of marten habitat requirements and post-translocation movement 
ecology in unoccupied areas of their historic range. This can be used 
to inform and maximize the success of future reintroduction pro-
grams and to understand the movement ecology of a recovering and 
expanding population.

2  | METHODS

2.1 | Trapping, translocation, and release

Between September and November, in both 2015 and 2016, pine 
martens were translocated from forests in the Scottish Highlands 
to mid-Wales (Figure 1). Source sites in Scotland were surveyed for 
marten scats before live-capture traps (Tomahawk 205, Tomahawk 
Live Trap, Hazelhurst, USA) were installed and prebaited for 
2–3 weeks. Sites comprised large blocks of commercial conifer plan-
tation with heather Calluna vulgaris and bilberry Vaccinium myrtillus 
understorey. Traps were prebaited with peanuts, jam, raisins, raw 
whole chicken eggs, and scent lure (Blackie's Magnum Call Lure) and 
then monitored for marten activity by motion-sensitive trail cam-
eras (Bushnell NatureView HD, Bushnell Corp.) before being set for 
one night per week until 2–4 individuals per woodland had been 
caught. This reduced the chance of translocating related individu-
als and unsustainably depleting resident populations. Trapped ani-
mals were processed at a nearby temporary field station. Martens 
were restrained gently using “combs” inserted between cage bars, 
in low-light and quiet conditions. General anesthesia was induced by 
intramuscular injection of a combination of ketamine (25 mg/kg) and 
midazolam (0.2 mg/kg). If required during the sampling and collaring 
period, face-mask inhalation anesthesia with oxygen and isoflurane 
was utilized. Animals were given a full health screening by a wildlife 
veterinarian. Adult martens in good physical condition, at an equal 
ratio of males to females, were selected for translocation. Any juve-
niles, surplus individuals, those with any obvious injuries or deemed 
too old (on the basis of their dentition), were rereleased at their site 
of capture. Individuals to be translocated were tagged with a sub-
cutaneous passive integrated transponder (PIT: Avid Identification 
Systems Inc.) and fitted with a collar equipped with a VHF transmit-
ter (Biotrack Ltd.).

Martens were translocated overnight from Scotland to sites in mid-
Wales in a purpose-modified dog transport van with climate control 
and physical separation between animals and between animals and 
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drivers. The release sites had been identified in a feasibility study for 
reintroduction to England and Wales as having high habitat suitability, 
based on habitat composition, road density, potential impact on other 
species, and public perceptions (MacPherson, 2014). These sites were 
dominated by commercial conifer plantations managed on a short ro-
tation, clear-fell regime and were deemed to present a low-mortality 
risk to released animals. The forest was dominated by Sitka spruce 
Picea sitchensis with varying proportions of Norway spruce Picea abies, 
Douglas fir Pseudotsuga menziesii, larch Larix kaempferi, L. eurolepis, and 
lodgepole pine Pinus contorta. Deciduous and mixed woodland within 
and surrounding these sites is characterized by small proportions of 
these conifers alongside sessile oak Quercus petraea, beech Fagus syl-
vatica, rowan Sorbus aucuparia, birch Betula spp., and willow Salix spp. 
Other mesocarnivores, including red foxes, were present in the release 
areas, as were low numbers of polecats, stoats Mustela erminea, wea-
sels M. nivalis, and otters (MacPherson, 2014; Sainsbury et al., 2019).

The translocated martens were placed in individual soft-release 
pens (timber frames 3.6 × 2.3 × 2.4 m with 16 gauge 24 × 13 mm 
weldmesh) furnished with vegetation and containing a den box. 
Animals were held in these pens for 5 days and supplied with food 
(day-old chicks, raw eggs, peanut butter, and raisins) ad lib. Release 
was subjected to confirmation, from serological testing of samples 
taken at the time of capture in Scotland, that individuals had not 
been exposed to canine distemper virus, following which, the pen 
door was then opened and animals were allowed to leave. Upon 
removal of soft-release pens, a den box was installed nearby (and 
remained in situ beyond the lifespan of the project) and food was 
provided until the martens ceased to return (0–3 weeks). Trapping 
and release protocols in year 1 and year 2 were consistent.

Telemetry locations of pine martens were collected for up to 
10 months postrelease with each marten being located at least once 
per week. Tracking was predominantly undertaken at dusk and after 
sunset to ensure locations were representative of marten movement 
during their active hours (Mccann, Zollner, & Gilbert, 2017; Zalewski, 
1997). Animals released in 2015 (year 1) were not monitored after the 
releases undertaken in 2016 (year 2) as VHF collars were removed 
6–10 months after their release, prior to battery exhaustion to enable 
location for retrapping outside of key breeding events. Animals were 
retrapped under license using live-capture traps and restrained in a 
handling cone to enable collars to be cut off. Pine marten locations were 
triangulated from two locations and bearings taken within 5–10 min of 
each other (mean = 5 min, SD = 4 min, range = 0–57 min) using LOAS 
4.0 (Ecological Software Solutions LLC; n = 1,413, mean = 37 per indi-
vidual, range = 1–110; Appendix S3). Single bearings that were taken 
over one hour apart, or did not converge to give a triangulated location, 
were excluded from the final dataset. To estimate the error of VHF 
triangulated locations in relation to true collar locations, two observ-
ers, who undertook all radio-tracking, took simultaneous bearings on 
collars in unknown locations (n = 14). These points were triangulated, 
and the distance (m) of the triangulated location from the true collar 
location was then measured. The median error of VHF locations was 
estimated as 70 m.

2.2 | Postrelease movements

For each individual, we calculated the straight-line distance (km) from 
the release pen to each triangulated location and modeled these with 

F I G U R E  1   Map of home ranges 
of translocated pine martens Martes 
martes released in 2015 (red) and 2016 
(blue) in Wales. Home ranges are 90% 
kernel density estimates. Individuals with 
multiple home range centers are grouped 
with dotted lines. Release pens, indicated 
by X, are shown for 2015 (red) and 2016 
(blue). Rivers are indicated in blue. Inset 
map of the UK indicates the region 
containing trapping locations in Scotland 
(green) and the release site area in Wales 
(dashed box)
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time since release from pen, measured in days, as a predictor. We 
fitted a piecewise (“broken-stick”) linear regression model (Toms & 
Lesperance, 2003) forced through the origin, representing a period of 
exploration, followed by settlement. The piecewise regression model 
was constrained to fit two segmented linear relationships with one in-
tersection point (breakpoint), taken as the point at which settlement 
took place. The time to settlement (t) in days (i.e., where the break-
point lies on the x-axis), distance to settlement (d) in km (i.e., where 
the breakpoint lies on the y-axis), and the rate of dispersal (r), in km/
day (i.e., the slope of the initial exploration period from the origin to 
the breakpoint), were treated as parameters of postrelease behavior. 
As model convergence of piecewise regression can be sensitive to the 
start parameters and number of iterations, the model fitting was at-
tempted up to 1,000 times, with the first successful fit being extracted. 
The fit of the piecewise model was compared to that of a simpler linear 
least squares model of distance and time since release using Akaike's 
information criterion, adjusted for sample size (AICc [Burnham & 
Anderson, 2004]). In six cases, a piecewise model could not be fitted 
due to sparsity of data in the earliest stages following release (i.e., ani-
mals went missing for a number of days before being located for the 
first time), which caused problems with model fit. These individuals 
were excluded from further postrelease movement analyses.

An individual was considered to be “settled” if the distance 
moved from their release pen reached a plateau (i.e., the slope of the 
second line was not significantly different from zero). Before analy-
ses of the postrelease movement parameters, we confirmed there 
was no correlation between the distance (d) and the number of days 
since release (t) at which martens moved from the transition into 
the establishment phase (Pearson's correlation; ρ = 0.21, t = 1.00, 
df = 21, p = .32). Piecewise regressions were fitted using the R pack-
age segmented (Muggeo, 2017), and all analyses were undertaken in 
R version 3.3.3 (R Core Team 2018).

2.3 | Analysis of movement

Generalized linear models (GLMs; Marschner, Donoghoe, & 
Donoghoe, 2018) were used to examine the effect of sex and year 
of release on the three response variables: time to settlement (t), 
distance to settlement (d, rounded to whole numbers), and rate of 
dispersal (r). We did not include an interaction term between sex and 
year in any of the models due to the small sample size of each sex 
within each group. Day of settlement (t) was modeled using a nega-
tive binomial GLM with a (default) log-link, distance of settlement 
(d) was modeled using a Gaussian GLM with a square-root link, and 
rate of dispersal (r) was log-transformed to normalize distribution of 
residuals. We used backward stepwise elimination to determine the 
minimum adequate model. Variables were retained at each stage if 
removing them had a significant effect on model fit, as measured 
using an ANOVA (α = 0.05). We back-transformed model estimates 
from the final model to the original scale to obtain response values 
using the R package emmeans (Lenth, Singmann, Love, Buerkner, & 
Herve, 2019).

Range size asymptotes were produced prior to generation of 
home range kernels to ensure ranging data were only generated 
using individuals with adequate relocation data and stable range 
sizes. Asymptotes with 95% confidence intervals (CIs) were calcu-
lated using an increasing number of resampled locations (Laver & 
Kelly, 2008) taken after the breakpoint only, up to 100 days post-
release (i.e., during the “settlement” phase). All individuals were ini-
tially included in this analysis (n = 29), including those for which a 
segmented model (and thus breakpoint) could not be fitted (n = 6). 
For these 6 martens, linear model plots were visually inspected and 
a breakpoint of zero days was assigned, therefore including all of the 
locations recorded (Figure 2). Individuals (n = 3) with an inadequate 
number of relocations were excluded from calculation of ranging 
metrics. Home ranges of remaining individuals (from the breakpoint 
until 100 days postrelease; n = 26) were then characterized by 90% 
kernel density estimates (KDEs), with 95% CIs calculated using 100 
bootstrap samples with replacement. KDEs were calculated with the 
reference smoothing parameter h-ref which is suited to small sam-
ple sizes and reduced over-smoothing of data (Borger et al., 2006; 
Fieberg & Kochanny, 2005; Laver & Kelly, 2008), in the R package 
adehabitatHR (Calenge, 2012). We investigated the effect of sex, 
year of release, distance to settlement (d), time to settlement (t), and 
an interaction between year of release and sex on the mean home 
range size of martens using a Gaussian linear model. Range size was 
log-transformed to normalize the distribution of residuals. Model 
selection was undertaken using backward stepwise elimination as 
above.

2.4 | Habitat preference

We investigated habitat preference in a hierarchical framework, fol-
lowing definitions by Johnson (1980), which provide that selection 
on a landscape scale by individuals has already occurred during the 
establishment of a home range (first-order selection). The regional 
habitat composition therefore already determines a degree of habi-
tat selection of individuals; however, we can investigate selection at 
different spatial scales (McLoughlin et al., 2002; Rettie & Messier, 
2000; Virgos, Zalewski, Rosalino, & Mergey, 2012; Johnson, 1980). 
We thus examined the second-order habitat selection (i.e., habitat 
within the home range) by investigating the broad habitat types used 
by individuals in their home range, similar to approaches by Rondinini 
and Boitani (2002). We then focused on forested areas and exam-
ined third-order selection (i.e., the usage of components within the 
home range) to investigate whether there was any selection for par-
ticular woodland types. In both instances, we asked whether certain 
habitat types were used disproportionately to their availability.

Preferences for broad habitat types (second-order habitat se-
lection) and then for forest types (third-order habitat selection) 
were investigated separately. Geo-referenced land-use data were 
obtained from the CORINE Land Cover (CLC) 2012 database (scale 
1:100,000; created in 2011–2012, released in 2016). Land-use clas-
sifications were grouped into three biologically relevant classes: 
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agricultural land, forest, and grassland (Appendix S1). Forest-type 
data were acquired from the National Forest Inventory (NFI) 2016 
database (created and released in 2016; Forestry Commission 2016). 
Forest-type classifications were condensed into five major groups: 
broadleaf, conifer, felled, open areas, and young or sparse woodland 
(Appendix S1).

The habitat preferences of all pine martens (for both broad land-
use and forest type) during the postrelease “settlement” period, up to 
100 days postrelease, were assessed using a use-availability design, 
where preference is the ratio of used to available habitat (Aebischer, 
Robertson, & Kenward, 1993; Warton & Aarts, 2013). We compared 
the habitat types and characteristics of “used” locations with “avail-
able” habitat at randomly sampled locations. This approach therefore 
considered the landscape composition but not the landscape struc-
ture, that is, patchiness of habitat types. Available habitat was sam-
pled randomly from a uniformly sized area around the home range 
centroid of each marten. The radius of this area (7.15 km) was defined 

by calculating the mean maximum Euclidean distance that each mar-
ten with an adequate fix number was located from their home range 
centroid. To ensure thorough representation of “available” habitat, 
each “used” location had five corresponding “available” locations. This 
unequal ratio was then accounted for by weighting locations within 
subsequent models so that five “available” points were equivalent to 
one “used” point. Both “used” and “available” points were overlaid on 
habitat spatial polygons, and the underlying habitat-type data were 
extracted. The total area of “available” habitat assessed in this study 
was 1,404 km2. The total area assessed comprised urban areas (~1%), 
wetland/bog (11%), forest (12%), grassland (30%), and agricultural land 
(46%). Fewer than 10 marten locations were found in wetland/bog and 
urban areas, as a result these broad habitat types were excluded from 
analyses. For analysis of forest-type preference, available locations 
were only generated within NFI forest polygons to ensure complete 
representation of available forested habitat. For individuals situated 
close to the coast, areas were clipped to avoid selection of the marine 

F I G U R E  2   Postrelease movement 
of translocated pine marten away from 
release sites over 100 days after release. 
Each panel represents the movement 
of an individual marten. The green line 
shows a “broken-stick” regression fitted 
to the data, representing a two-phase 
movement pattern. The purple line shows 
a linear regression fitted to the data 
representing continuous movement away 
from the release pen. The AICc values for 
each model are provided, representing the 
fit of the data to the model. AICc values 
enable comparison between broken-stick 
and linear models. When AICc = NA, a 
broken-stick regression could not be fitted 
due to scarcity of locations immediately 
after release. Animal number is shown in 
parentheses. Animals 1–13 were released 
in 2015 and 14–29 in 2016
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environment and intertidal zones (< 500 m of the low water mark). All 
habitat use data were processed using the R package sp (Pebesma & 
Bivand, 2012).

We fitted generalized estimating equations (GEEs) in a general 
linear model (GLM) framework to investigate the habitat preference 
of martens in different release years and between sexes. GEEs en-
hance GLMs by accounting for the spatial and temporal autocorrela-
tion within locations recorded for individuals. The assumption of 
independence, made in a GLM, is replaced with a correlation struc-
ture that groups individuals, allowing for correlation within, but not 
between, individuals. GEE-GLMs use the empirical standard error 
in analysis, which is more robust to misspecification of correlation 
structure and nonindependence of data points, an inherent feature 
of telemetry data (Booth, Embling, Gordon, Calderan, & Hammond, 
2013; Zuur, Ieno, Walker, Saveliev, & Smith, 2009). Incorporating 
these correlation structures makes it possible to generate a popu-
lation mean response rather than making inferences about single 
individuals (Braaker et al., 2014; Zuur et al., 2009). GEE-GLMs with a 
binomial error distribution and logit link function were used to model 
the habitat preference of pine martens. The response variable was 
binary: used versus. available. Habitat type and its interaction with 
both release year and sex were factor variables. The weight of the 
point (used = 1, available = 0.2) was also specified. Release year, ei-
ther 2015 or 2016, was included to test for variance arising from 
(1) differences in release sites between years and (2) the presence 
of conspecifics in the second year of releases. Animals released in 
2015 (year 1) were not monitored in 2016, and therefore, each year 
contains a different set of newly released individuals. Individual 
martens were defined as clusters, and the correlation structure was 
assumed to be independent, that is, correlation structure was ex-
pected among locations from the same individual but not between 
individuals (Braaker et al., 2014; Fieberg & Kochanny, 2005; Pirotta, 
Matthiopoulos, Mackenzie, Scott-Hayward, & Rendell, 2011).

Models contained fixed effects of sex, habitat type, and year. We 
included all main effects and the two-way interactions between sex 
and habitat type, and year and habitat type. We used backward-step 
selection using GEE-GLM p-values to obtain the minimum adequate 
model. Models were assessed using Wald's tests (GEE-GLM ANOVA 
function in geepack) to ensure that all retained variables had a p-
value < .05 (Ventura, Matthiopoulos, & Jeglinski, 2019). Based on 
the significance of an interaction term, data from each year or sex 
were then modeled separately to identify the differences in prefer-
ence within each group. Parametric bootstrapping 1,000 times using 
GEE-based uncertainty parameters was implemented to calculate 
95% CIs around the population mean (Pirotta et al., 2011; Russell 
et al., 2015). All models were fitted using the geeglm function in the 
geepack package (Halekoh, 2006) in R version 3.5.1.

2.5 | Ethical statement

The study was approved by the University of Exeter Animal Welfare 
and Ethical Review Board and was conducted under licenses from 

Scottish Natural Heritage and Natural Resources Wales and from 
The Home Office under the Animals (Scientific Procedures) Act.

3  | RESULTS

In 2015 and 2016, 39 pine martens (10 M and 10F in 2015 and 10 M 
and 9F in 2016) were translocated from Scotland and released into 
mid-Wales. Ten individuals were completely excluded from subse-
quent analyses due to an inadequate number of fixes (<6) within 
100 days. This was a result of either shedding the radio collar in the 
release pen (n = 1), mortality (n = 3; two individuals died after 13 days 
due to infection and one individual was thought to have been killed 
by a predator after 16 days), or inability to relocate animals for a 
long period of time immediately after release (n = 6; although 4 of 
these were subsequently relocated and identified 27–230 days pos-
trelease). Within the first 100 days postrelease, the mean number of 
fixes recorded for the 29 (6M and 7F in 2015 and 9M and 7F in 2016) 
successfully tracked individuals was 35 (SD = 20 fixes; range = 7–84; 
Appendix S3).

We identified two clear stages of postrelease movement by 
translocated pine martens within the first 100 days postrelease, 
of “exploration” followed by “settlement.” For 23 of the 29 pine 
martens, a segmented linear model with two stages characterized 
marten movements postrelease better (lower AICc score) than a sim-
ple linear regression (Figure 2). The distance (d) and time (t) taken 
to settlement differed significantly between the two release years 
(Figure 3a and b), while the rate of exploration (r) varied both with 
year of release and pine marten sex (Figure 3c and d). The minimum 
adequate model for settlement time identified an effect of year of 
release on settlement time (t) (χ2

2,1
 = 3.83, p = .05). Pine martens re-

leased in the second year took significantly less time to settle than 
those released in the first (Figure 3b). Settlement occurred at a mean 
of 14.5 days (SE = 3.9 days) in the first year, compared to 6.6 days 
(SE = 1.8 days) in the second year. The longest time taken to settle 
by an individual was 56 days. There was no difference between the 
sexes (χ2

2,1
 = 0.078, p = .78). The minimum adequate model for settle-

ment distance (d) showed that year of release significantly affected 
settlement distance (χ2

2,1
 = −161.48, p = .03). Pine martens released in 

the first year settled closer to their point of release than those in the 
second year (Figure 3a). Animals in the first year settled a mean of 
8.7 km (SE = 1.8 km) away from the release site, whereas animals in 
the second year traveled a mean of 14.0 km (SE = 1.7 km; Figure 3a). 
The maximum distance at which the tracked martens settled within 
100 days was 21.5 km, and the minimum was 1.1 km. There was no 
difference in settlement distance between male and female martens 
(χ2

2,1
 = −115.01, p = .074). Of the 6 individuals that were not located 

immediately after release, 4 were later found 1.0–103.0 km from 
their release locations. The minimum adequate model for explora-
tion rate (r) included effects of year of release (χ2

2,1
 = −10.92, p = .001) 

and sex (χ2
2,1

 = −5.22, p = .026). When averaged over sex, animals 
released in the second year dispersed from their point of release at a 
greater rate than those released in the first year (Figure 3c). Year one 
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F I G U R E  3   Summaries of postrelease 
movement of translocated pine martens 
away from release pens over 100 days 
after release. (a) Distance (d) from release 
pen (km) at which pine martens switched 
from the “exploration” phase and entered 
the “settlement” phase during which 
they established stable home ranges. (b) 
Time (t) since release (days) at which pine 
martens switched from the “exploration” 
phase and entered the “settlement” phase 
during which they established stable 
home ranges. (c) Rate (r, in km/day) that 
pine martens dispersed from their release 
pen before entering the settlement phase. 
(d) Rate (r, in km/day) that female and male 
pine martens dispersed from their release 
pens. The first release group (2015) is 
shown in red, and the second group (2016) 
is shown in blue. Females are shown in 
orange, and males are shown in green. 
Raw data are shown in black

F I G U R E  4   Home range sizes of translocated pine martens calculated using locations recorded from the time of settlement up until 
100 days postrelease. Tops and bottoms of the bars represent the 75th and 25th percentiles of the data, the black lines are the medians, and 
the whiskers extend from their respective hinge to the smallest or largest value, no further than 1.5 times that of the interquartile range. 
Points outside this range are outliers. The first release group (2015) is shown in red, and the second release group (2016) is in blue. Individual 
pine marten numbers correspond to animals in Figure 1. Martens 1, 22, and 29 were excluded from range calculations due to an inadequate 
number of locations collected postsettlement
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animals traveled at a rate of 0.75 km/day (SE = 0.23 km/day) com-
pared to year two animals at a rate of 3.00 km/day (SE = 0.89 km/
day). When averaged over years, males also showed a significantly 
greater rate of dispersal than females (Figure 3d). Females traveled 
at a mean rate of 0.93 km/day (SE = 2.76 km/day), whereas males 
traveled at 2.42 km/day (SE = 0.75 km/day) on average.

The mean home range size of martens in the settlement phase 
(i.e., from the breakpoint up to 100 days) was 9.5 km2 (SD = 10.6 km2, 
range = 0.2–65.6 km2, n = 26; Figure 4). Variation in range size was 
not significantly affected by sex, year of release, the interaction 
between sex and year of release, settlement time, or settlement 
distance.

The preference of martens for broad habitat types after set-
tlement and up to 100 days since release differed significantly be-
tween release years (GEE-GLM; �2

3
 = 55.2, p < .001). When broad 

habitat-type preference was assessed separately for each year, pine 
martens did not display a strong habitat preference in year one, but 
in the second year martens preferred forest habitats and avoided 
agricultural areas and grassland (GEE-GLM; �2

2
 = 76.6, p < .001; 

Figure 5a). Marten preferences for forest type also differed between 
years (GEE-GLM; �2

5
 = 17.15, p = .004, Figure 5b). When each year 

group was assessed separately, martens showed strong preference 
for felled areas in year one (GEE-GLM; �2

4
 = 28.9, p < .001; Figure 5b), 

while in the second year, martens did not show preference for any 
forest types.

4  | DISCUSSION

Postrelease movement of translocated martens followed distinct 
patterns, and the presence of previously released conspecifics al-
tered the duration and extent of dispersal by individuals in a sub-
sequent release. This in turn influenced home range location and 
resulting habitat use. Animals released in phases should thus not be 
expected to follow identical postrelease behavioral patterns, but in-
stead are influenced by the presence and location of conspecifics.

We observed a clear, two-phase, postrelease movement pattern 
undertaken by pine martens translocated from their core range in 
Scotland to mid-Wales. This pattern comprised exploration followed 
by settlement and was likely a result of initial searching of the new 
environment for denning and foraging habitat (Moehrenschlager & 
Macdonald, 2003; Sjoasen, 1997; Slough, 1989; Stamps, 2001). A 
switch to settlement suggests identification of adequate habitat in 
which to establish a territory. Postrelease movement strategies dif-
fered between subsequent years of release, with animals traveling 
further and faster before settling in year two. Here, the main period 
of exploration predominantly occurred within the first two weeks 
postrelease. Intensive tracking of animals within this initial time pe-
riod is therefore clearly desirable to avoid loss of contact with dis-
persing animals. Preferences for broad-scale habitat and forest-type 
also differed between years. It is likely that conspecific density, hab-
itat quality, and landscape structure are major factors influencing 
these differences.

The initial retention of translocated individuals closer to their re-
lease sites is central to the long-term viability and establishment of a 
new population (Yott et al., 2011). Although they differed between 
years, in Wales the mean distances of pine marten dispersal prior to 
settlement (8 km for 2015 releases and 14.0 km for 2016 releases) 
were comparable to those recorded for Martes americana translo-
cations over similar time periods (0.4–75.3 km within 4–161 days; 
(Davis, 1983), 0.4–45.7 km within 1–64 days; (Woodford et al., 2013)). 
Year 1 individuals established territories near to their release sites 
(Figure 1). Although consisting of large forestry blocks, these release 
sites are surrounded by pasture, moorland, and farmland. Such areas 

F I G U R E  5   Habitat preferences of translocated pine martens 
released in year one (2015; red) and two (2016; blue). Top plot 
shows broad-scale habitat preferences, and bottom plot shows 
forest habitat preferences. Plots show the ratio of use to availability 
of habitat types plotted on the scale of the response. Mean values 
and 95% confidence intervals are shown in bold. Raw data for 
each marten are shown by small points. A value of 0 indicates 
use of a habitat in equal proportion to its availability. Positive 
values indicate preferential use of a habitat type in relation to its 
availability. Negative values indicate lower use of a habitat than 
expected in relation to its availability
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were selected for marten release as they provided a diverse struc-
tural environment required for denning, combined with fields and 
edge-habitat in which to forage, resulting in the use of habitat propor-
tional to its availability. Recent studies provide supporting evidence 
that pine martens are less habitat-specific than previously thought 
(Manzo et al., 2018), suggesting that a combination of habitat types 
is required. This landscape complementation (Dunning, Danielson, & 
Pulliam, 1992) enables individuals to utilize different habitat types for 
different functions or key resources. For example, within large com-
partments of commercially managed forestry, tree thinning and fell-
ing are common. The felled woodland, favored by animals released in 
the first year (Figure 5b), often comprises wind-thrown trees or large 
areas of debris and offers structural complexity utilized by martens for 
denning and foraging (Caryl et al., 2012; Clevenger, 1994; Lombardini 
et al., 2015). Growth of new vegetation as a result of felling has been 
shown to increase diversity and biomass of rodent species, the primary 
food source of martens (Caryl et al., 2012; Sidorovich, Sidorovich, & 
Krasko, 2010). In newly felled areas, martens have been found to re-
spond to this through increased consumption not just of field voles 
Microtus agrestis but also of bank voles Myodes glareolus and wood 
mice Apodemus sylvaticus (Sidorovich et al., 2010; Steventon & Major, 
1982). The preferential use of these areas by martens in the first year 
of the releases may therefore be a result of high prey abundance in 
close proximity to denning sites.

As marten density in the release area increased as a result of 
territorial establishment by year one individuals, animals released 
under the same protocols and conditions in year two likely dispersed 
further in response to territory or site saturation and competition 
for resources (Woodford et al., 2013; Yott et al., 2011). A study 
on released otters similarly found that the movement (i.e., explo-
ration) distance of individuals released into unoccupied areas was 
much lower than those released into areas containing conspecif-
ics (Sjoasen, 1997). Density-dependent dispersal (Massaro, Chick, 
Kennedy, & Whitsed, 2018) is therefore a likely driver of greater 
settlement distance in second-year animals. However, these sec-
ond-year animals did settle faster than those released in the first 
year (Figure 3b), possibly spending less time searching for appro-
priate habitat near to release sites and dispersing immediately out 
of the large forest blocks into empty territories. These individuals 
quickly settled in smaller forest fragments on the periphery of the 
core population (Figure 1), suggestive of saturation around the re-
lease sites. The mosaic structures made up of noncommercial wood-
land, scattered within and around areas dominated by farmland, 
explain the broad-scale preferential use of forested habitat but lack 
of selectivity of forest type. The likely use of mosaic habitats, par-
ticularly in year two, may have been driven by landscape structure, 
that is, not only habitat composition but the way in which habitat 
types are distributed across an area. Animals may cover larger areas 
comprising multiple small patches of preferred habitat, interspersed 
with low-quality habitat. This strategy, known as landscape supple-
mentation (Dunning et al., 1992), enables the persistence of indi-
viduals where large, contiguous habitat is not available and can also 
facilitate dispersal.

Movement of some individuals was unpredictable and, in both 
years, a small number of martens (six individuals in total; 15% of 
39 animals) were lost after release. Four of these individuals were 
found again after a long period of absence, some having traveled 
exceptionally long distances (e.g., one individual was relocated 
103 km away from its release site 172 days postrelease). When 
a population is in flux, processes such as habitat preference and 
range size may be less predictable, demonstrated here as animals 
try to re-establish themselves, with a lack of mutually exclusive 
ranges in individuals released in year one (Figure 1). High num-
bers of these long-distance dispersers may be detrimental to the 
viability of the translocated populations. With the next nearest 
established population of martens located in Kielder forest, over 
300 km away, the likelihood of new individuals arriving in the area 
and compensating for loss of highly dispersive translocated indi-
viduals is negligible (Mihoub et al., 2011). This long-distance dis-
persal has been observed in slightly higher proportions in other 
translocation studies of marten species (26%; Davis, 1983, 30%; 
Slough, 1989) and is often indicative of local territorial saturation 
(Yott et al., 2011). Here, the driving forces behind long-distance 
dispersal remain unclear, although it has been suggested that in-
dividual personality and stress levels may be influential (Clobert, 
Galliard, Cote, Meylan, & Massot, 2009). The drivers of range size 
variation were also unclear and could not be attributed to sex, 
year of release or any postrelease metrics. The home range sizes 
estimated for settled martens were, however, similar to those pre-
viously recorded for martens in source locations (5.6–23.6 km2; 
Caryl, 2008). On visual inspection, these range sizes of martens 
do show overall differences, with ranges being more defined and 
apparent in year two individuals who show distinct territorial for-
mation akin to those typical of established populations (Balharry, 
1993; Powell, 1979; Figure 1). This may potentially be a result of 
stronger territorial distinction by established individuals in their 
second year, when sex-based differences in ranging become 
more apparent prior to mating and offspring being born in follow-
ing years (Erlinge & Sandell, 1986; Powell, 1979; Sjoasen, 1997; 
Slough, 1989; Tolhurst et al., 2015; Yott et al., 2011). However, the 
density of martens in the recipient region thus far, approximately 
0.03 martens/km2, is substantially lower than elsewhere across 
the species range in Ireland (1.25–4.42 martens/km2, Sheehy, 
O’Meara, O’Reilly, Smart, & Lawton, 2014) or Scotland (0.16–0.28, 
Balharry, 1993; 0.32–0.46, Halliwell, 1997; 0.28–2.0, Caryl, 2012). 
Since martens in this study were sourced from various Scottish 
locations, conspecific density, and therefore home range size, was 
likely variable and may influence initial ranging behavior. With 
time, it is expected that marten range size at release sites will sta-
bilize in accordance with the local density of individuals.

The difference in postrelease strategies by year one and year 
two animals in this study suggests that the role of conspecifics, 
particularly established residents, can influence posttranslocation 
movement by released animals. In translocation projects, release 
of animals is frequently performed in phases due to logistical con-
straints (Richardson & Ewen, 2016). There is often an assumption 
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that individuals in initial and subsequent releases will behave in a 
comparable manner (Richardson et al., 2016). However, as shown in 
this study, the presence or absence of an established population can 
result in different dispersal strategies (Richardson & Ewen, 2016). 
The response of released animals to conspecific presence and den-
sity should thus be central to reintroduction planning (Richardson 
& Ewen, 2016). Reinforcement of social or colonial species can ex-
ploit conspecific attraction to aid the success of projects, either 
translocating animals in family units or releasing individuals into 
pre-established colonies (Ward & Schlossberg, 2004). The pres-
ence of other individuals can indicate suitability of habitat as well 
as mate availability, having an anchoring effect on subsequently re-
leased animals (Ward & Schlossberg, 2004). Even in mammals that 
are not obviously social or colonial, such as the pine marten, social 
information is still important in dispersal decisions.

Translocation and release of animals require consideration of 
the social structure and demographic processes driving movement 
and ranging behavior. In a translocated population, however, this 
social structure is initially undefined and can result in unpredict-
able responses to conspecifics and increased dispersal or mortality, 
particularly if neighbors are unfamiliar (Richardson & Ewen, 2016; 
Shier & Swaisgood, 2011). Conspecific attraction might, however, 
improve the establishment of a release-site population and can be 
achieved through i) translocation of large numbers of individuals, 
such as in year one of this study, ii) translocation of neighboring 
individuals from source sites (Shier & Swaisgood, 2011; Ydenberg 
et al., 1988), although this may result in a higher level of relatedness 
among individuals, or iii) translocation of individuals into pre-estab-
lished, low-density populations, such as in year two of this study 
(Richardson & Ewen, 2016).
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