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Success rates for conservation translocations of species are low and there is a need for increased understanding of
how this activity is best applied. Here, using static species distribution models and a spatially-explicit dynamic
simulation model, RangeShifter, we examine the impacts of habitat cover in recipient landscapes, allocation of
individuals into multiple sites and species trait characteristics on the long-term fate of hypothetical translocations
of a grassland specialist butterfly, Maniola jurtina, in Finland. While persistence of populations introduced to
climatically suitable locations northwards of the current range can be increased by selecting sites with increasing
habitat cover and by allocation of individuals to multiple release sites, local population growth rate is shown
to be the key parameter in determining likely translocation success. We conclude that the long-term persistence
of translocated habitat specialist butterflies, particularly with low growth rates, appears to be uncertain in
modern-day fragmented grassland networks and that translocation activities should prioritize management
that improves local growth rate.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Conservation-oriented translocations (Seddon et al., 2007), i.e.
assisted movements of organisms from one area to another, are a
controversial tool (McLachlan et al., 2007; Loss et al., 2011) which
nevertheless hold much potential for species conservation (Chauvenet
et al., 2013a). In particular, carefully planned translocations can aid
habitat specialists with limitedmobility to track spatial changes in suit-
able areas (Willis et al., 2009a; Gallagher et al., 2015).

The two main types of conservation translocations are
(i) reintroductions where species are released within their indigenous
range and (ii) assisted colonization (referred to also as assistedmigration
and managed relocation) where species are moved beyond their histori-
cal range (McLachlan et al., 2007; Seddon et al., 2014). These have certain
common key features (Olden et al., 2011). First, the success rate of both
reintroductions (Griffith et al., 1989; Armstrong and Seddon, 2008) and
assisted colonization (Gallagher et al., 2015) has been low, resulting
from insufficient consideration of species biology and ad hoc selection
of release sites (Seddon et al., 2007; Schultz et al., 2008; Chauvenet
et al., 2013b). Second, translocation resources are often limited and
only a few options can be implemented. Thus potential success of differ-
ent alternatives should be scrutinized with appropriate tools (Rout et al.,
kkinen).
2007; Schultz et al., 2008; Lewis et al., 2012). Indeed, increasingly sophis-
ticated approaches are available for assessing factors determining the
success of population establishment (Fordham et al., 2012; Chauvenet
et al., 2013a). Systematic application of such tools helps in developing
both reintroduction and assisted colonization planning (Armstrong and
Seddon, 2008; Chauvenet et al., 2013b). A promising avenue is the use
of species distribution models (SDMs) to determine the broad-scale
suitability of recipient areas in conjunction with dynamic population
models, which provide estimates of the translocation success (Fordham
et al., 2012; Lewis et al., 2012).

In this study we examine the potential success of butterfly transloca-
tions at the northern range margin. We consider a habitat specialist,
Maniola jurtina, which inhabits sparsely occurring managed grasslands
in SW Finland (Heikkinen et al., 2014). With SDMs we determine the
climatically suitable area for the species which is currently unoccupied,
apparently due to difficulties in dispersing across fragmented landscapes
(Warren et al., 2001; Pöyry et al., 2009).Within this focal areawe use the
dynamic model RangeShifter (Bocedi et al., 2014a) to explore potential
success of simulated introductions in relation to (1) regional availability
of suitablehabitat (Chauvenet et al., 2013a; Seddonet al., 2014)and(2)al-
location of introduced individuals in one vs. multiple sites (Rout et al.,
2007; Armstrong and Seddon, 2008). We also examine the role of three
key life-history parameters, growth rate, carrying capacity and length of
long-distance dispersal events, in determining the introduced popula-
tions' persistence and spread. We conclude with recommendations for
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the development of reintroduction and assisted colonization programmes
for habitat specialist species in modern-day agricultural landscapes.

2. Materials and methods

2.1. Study species

The Meadow Brown butterfly, M. jurtina (Linnaeus, 1758)
(Lepidoptera, Nymphalidae) is a grass-feeding grassland generalist in
many parts of Europe (Van Swaay, 2003; Dennis, 2004). However, the
northern range margin of M. jurtina is in southernmost Finland (Fig. 1)
where the species favors sparselyoccurringmanageddryunimproved(i.e.
semi-natural, unploughed, non-fertilized, traditionally managed) grass-
lands over other types of grasslands (Schulman et al., 2005). Thus in our
study area the species behaves as a grassland habitat specialist.

Despite possibilities provided by recent climatic warming (Pöyry
et al., 2009) the species has not managed to expand its range north-
wards. As such, it represents a suitable candidate for an experimental
climate change-related translocation (cf. Carroll et al., 2009). We used
the National Butterfly Recording Scheme in Finland (NAFI) (Saarinen
et al., 2003) data for 2001–2010 to determine 10 × 10 km cells with
recent populations ofM. jurtina in our study area (Fig. 1; Supplementary
material, Text A1).

2.2. Recent climatically suitable areas

We determined the area that had recently become climatically
suitable for M. jurtina by generating three SDMs (generalized linear
models (GLM), generalized additive models (GAM) and generalized
boosting method (GBM)). These SDMs were based on European-wide
butterfly (Kudrna et al., 2011) and climate data, recordedusing a regular
30′×30′ grid systemand averaged across the timeperiod of 1971–2000
(for details see Supplementary material, Text A1). In SDMs, the
European range of M. jurtina was related to four climate variables,
found to be ecologically important predictors for the broad-scale
Fig. 1.Distribution of the selected twelve 10 × 10 km grid cells (“10 × 10 km landscapes”)
used in themodelling of translocation potential ofManiola jurtina butterfly in SW Finland.
Cover of suitable habitat in the selected 10 × 10 km cells is shown using a 6-level scale.
Grey shading indicates climatically suitable area for the species and blue dots (midpoints
of 10 × 10 km grid cells) known occurrences in 2001–2010.
distributions of butterflies: mean temperature of the coldest month
(MTCO), annual daily temperature sum above 5 °C (growing degree
days, GDD5), annual water deficit (WD) and mean annual precipitation
(PREC). The calibrated SDMs were then fitted to 10 × 10 km resolution
climate data for Finland for the period 2001–2010, providing three dif-
ferent (GLM-, GAM- or GBM-based) projections of climatic suitability
across thewhole country. Thesemodel-based probabilities of suitability
were converted into three maps where each 10 × 10 km cell was pre-
dicted to be either climatically suitable or unsuitable, and climatically fa-
vorable cells were determined by agreement of at least two of the
models (see Supplementary material). Overlaying these 10 × 10 km
cells with NAFI records revealed climatically suitable but currently unoc-
cupied areas in SW Finland (Fig. 1).

2.3. Land cover data and selection of recipient landscapes and sites

The amount of suitable habitat (i.e. ‘habitat cover’) forM. jurtinawas
determined for all unoccupied but climatically suitable 10 × 10 km cells
and for all potential release sites (200× 200m cells) using CORINE 2006
Land cover data, available at 25 × 25 m resolution, by summing up the
categories ‘Pastures’ and ‘Natural grassland’ — the two CORINE categories
deemed suitable for M. jurtina (Heikkinen et al., 2014). In these calcula-
tions climatic suitability, as determined by SDMs, was not considered,
only the habitat cover. Next we selected twelve 10 × 10 km cells as recip-
ient landscapes, two for each of six habitat cover classes (b0.2%; 0.2–0.4%;
0.4–0.6%; 0.6–0.8%; 0.8–1.0% and N1.0% cover), in order to represent a
gradient in habitat cover (Table A1). Two selection rules were used: no
neighboring 10 × 10 km cells were selected for simulated release sites
and all selected cells were located inland, separated by at least one
empty 10 × 10 km cell from known occurrences (Fig. 1). From each of
the twelve 10 × 10 km landscapes, we then selected as release sites, the
one, four or eight 200×200mcellswith thehighest habitat cover. Habitat
calculationswere conducted using ArcMap software (Version 10.2.2, ESRI
Inc., Redland, CA, USA).

2.4. Species parameterization, founder population persistence and spread

The long-term persistence and spread of translocated M. jurtina
populations were projected using RangeShifter v1.0, a platform for
individual-based modelling of species' population dynamics and
dispersal (Bocedi et al., 2014a). We used a female-only and non-
overlapping generation population model, requiring information on
growth rate (rmax) and carrying capacity (K; i.e. equilibrium population
density) (Bocedi et al., 2014a). We assumed density-dependent dispersal
probability (Heikkinen et al., 2014) and sampled the dispersal distance
from a double negative exponential distribution in order to account for
rare long distance dispersal events (i.e. simulating a combination of
more common short dispersal events and rarer long distance dispersal
events) (Nathan et al., 2012). We modelled population dynamics at
a 200 × 200 m resolution, recording local population abundances for
50 years following each initial translocation. The ‘released’ butterfly
populations were allowed to spread outside the focal 10 × 10 km cells,
potentially throughout the whole climatically suitable area (grey-shaded
grid cells in Fig. 1).

Biological parameters were extracted from literature, long-term
butterfly monitoring surveys and expert assessments (for details see
Supplementary material, Text A1 and Heikkinen et al., 2014). We
conducted a sensitivity analysis to evaluate the effects of varying three
key life-history traits on the simulated population dynamics (Carroll
et al., 2003; Naujokaitis-Lewis et al., 2013): carrying capacity, population
growth rate and the mean distances of long-distance dispersal events
(McInerny et al., 2007; Willis et al., 2009b; Heikkinen et al., 2014). A
default intermediate value and one alternative lower and one higher
parameter value were used for each parameter, such as K = 100/150/
200 individuals/ha (“K100”, “K150” and “K200”), for rmax = 1.5/2.0/2.5,
and mean long-distance dispersal = 1500/3000/5000 m (“D1500”,



Table 1
Mean survival probability (i.e., percentage of replicate simulationswhere the translocated
population persisted 50 years) of translocatedManiola jurtina populations (mean ± SD).
Probability values are averaged over the twelve recipient landscapes and shown in relation
to the number of release sites (one, two or eight 200 × 200 m grid cells within the twelve
recipient 10 × 10 km landscapes) and the three life-history parameters: growth rate (rmax),
carrying capacity (K) and mean distance for long-distance dispersal events (D).

Number of release sites

1 4 8

Default life-history parameters
rmax2.0–K150–D3000 0.23 ± 0.15 0.38 ± 0.22 0.49 ± 0.26

Alternative life-history parameters
rmax2.0–K100–D3000 0.23 ± 0.17 0.36 ± 0.23 0.47 ± 0.28
rmax2.0–K200–D3000 0.23 ± 0.16 0.40 ± 0.22 0.52 ± 0.24
rmax1.5–K150–D3000 0.04 ± 0.04 0.06 ± 0.06 0.08 ± 0.07
rmax2.5–K150–D3000 0.37 ± 0.22 0.60 ± 0.26 0.74 ± 0.28
rmax2.0–K150–D1500 0.23 ± 0.17 0.38 ± 0.23 0.51 ± 0.26
rmax2.0–K150–D5000 0.23 ± 0.16 0.38 ± 0.22 0.49 ± 0.26
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“D3000” and “D5000”). For a 200 × 200 m cell with 100% habitat cover,
we therefore assumed a default carrying capacity of 600 individuals (cf.
Van Swaay, 2003). The mean short-distance dispersal distance was set
at 200 m and the probability of individuals dispersing according to the
long-distance dispersal kernel to 0.1 based on observations of Öckinger
and Smith (2007). For the double negative exponential kernel, only one
value for the mean of short-distance dispersal events, 200 m, was used
based on information from literature (e.g. Schneider, 2003; Öckinger
and Smith, 2007).

We included both environmental stochasticity affecting carrying ca-
pacity and probabilistic local population extinction into our RangeShifter
analyses. First, to mimic impacts of annually varying regional climate
conditions we implemented temporal environmental stochasticity
acting globally on the carrying capacity of the 200 × 200 m cells
(Bocedi et al., 2014a). Environmental stochasticity is implemented by
adding εtK to the initial K of the cell, where εt is the noise value sampled
through afirst order autoregressive process (formore details see Supple-
mentary material, Text A1). Here, we assumed temporally uncorrelated
fluctuations between years (i.e. white noise). Second, we set the
probability of random local population extinction to 0.2. As there were
no directly applicable studies available for M. jurtina, we selected this
value based on comparisons with data on Melitaea cinxia in Finland
(Hanski et al., 1995).

2.5. Translocation simulation design and analysis

We first simulated the translocation of 40 (female) individuals into
each of the twelve recipient landscapes using the default life-history
trait values, by ‘releasing’ 5 individuals into eight sites (200 × 200 m
cells), 10 individuals into four sites, or all 40 individuals into one site.
Forty individuals were deemed a realistic target both for specialist
butterflies based on expert assessments and for species' translocations
in general (Griffith et al., 1989). Next, we repeated the simulations
varying the life-history trait values (K, r and long-distance dispersal)
one by one (i.e. only one parameter was changed at a time), testing
both one lower and one higher alternative. Each simulationwas repeated
300 times.

The persistence and spread of translocated populations were
assessed with two descriptors: (1) probability of translocation success
(percentage of simulations surviving 50 years) and (2) spatial spread
after 50 years, measured as the mean number of occupied 200 × 200 m
cells (calculated for surviving replicates). Impacts of habitat cover, alloca-
tion of the translocated individuals and life-history parameters on the two
descriptor statistics were analyzed using SPSS version 22 and ranked
ANOVA tests (Thomas et al., 1999). To gain a balanced number of factors
for the ANOVA tests, we agglomerated the data into three habitat cover
categories: b0.4%, 0.4–0.8% and N0.8%, (Table A1). Additionally, we report
the mean number of individuals remaining in each of our translocation
simulation setting after 50 years in Supplementary material.

3. Results

Growth rate critically affected the persistence of introduced
M. jurtina populations (data averaged over the 12 recipient landscapes;
F2, 99 = 57.004, p b 0.001; Table 1), showing a stronger impact than the
two other life-history traits (Table 2). Higher growth rates resulted in
substantially higher survival probability and spread of translocated
populations after 50 years (Figs. 2–3). For example, with rmax = 2.5,
populations persisted in 56.9% of replicates and those that survived
had spread to an average of 57.6 200 × 200 m cells. By contrast, with
rmax = 1.5, populations survived in only 5.9% of replicates and those
that persisted had spread an average of 9.8 200 × 200 m cells
(Table A2, Table A3). The impact of the other two life-history parameters
was weaker. Neither varying K nor D showed a statistically significant
impact (after Bonferroni correction; Table 2) on population survival
probability or number of occupied 200 × 200 m cells.
As expected, increasing habitat cover in the recipient landscape
results in a significantly higher survival probability (Fig. 2, Table 2)
and the total number of occupied 200 × 200 m cells (Fig. 3, Table A3).
With the default growth rate (rmax= 2.0), the probability of population
survival often drops below 50% when the habitat cover is less than 1%
(Table A2). However, spreading the translocation effort into multiple
release sites and particularly increasing the growth rate can notably
increase the simulated population survival probability for a given
amount of habitat cover (Fig. 2).

Allocation of translocated individuals into multiple sites systemati-
cally increases the population survival probability (Fig. 2, Table 2). Pop-
ulations persisted in 47.1% versus 22.4% of replicates when introduced
into 8 versus 1 site (Table A2). However, if the founder population sur-
vived, the number of introduction sites did not have any significant ef-
fect on the number of occupied 200 × 200 m cells after 50 years
(Fig. 3, Table A3). The mean number of individuals remaining in persis-
tent simulations varied from less than 100 to over 16,000 (Fig. A1,
Table A4). Only landscapes with N1.0% habitat cover were simulated
to have constantly (except with rmax= 1.5)more than 1000 individuals
after 50 years.

4. Discussion

Species translocation is a controversial and expensive conservation
tool and it is challenging to know when and how it is best applied
(Carroll et al., 2003; Rout et al., 2007; Schwartz and Martin, 2013).
Modelling tools have the potential to increase the understanding of
factors underlying translocation success and aid avoiding management
options with low likelihood of success (Lewis et al., 2012; Chauvenet
et al., 2013b; Schwartz andMartin, 2013).While static species distribu-
tionmodels yield useful assessments of the overall climatic suitability of
introduction areas (Carroll et al., 2009; Willis et al., 2009a), our study,
alongside some earlier ones (McIntire et al., 2007; Fordham et al.,
2012), shows the important role spatially-explicit dynamic models
can play in forecasting survival and spread of introductions under alter-
native translocation scenarios, before these are actually implemented in
the field.

Several factorsmay affect the success of translocations, ranging from
number of individuals released to the quality of recipient sites and
genetic effects (Griffith et al., 1989; Rout et al., 2007; Armstrong and
Seddon, 2008). Here we demonstrated that habitat availability in the
landscape, allocation of translocated individuals in one vs. multiple
sites and life-history traits significantly affect the fate of translocations.
Considering habitat cover (and default growth rate and single release
site), ≥1% of suitable habitat in the landscape appears as a general
threshold for reaching the 50% probability of persistence in released
M. jurtinapopulations in our study area.However, even in our landscape



Table 2
Results for three-factor analysis of variance based on the rank order of original values (three-way ANOVA on ranks; Thomas et al., 1999), conducted separately for each life-history trait.
(A) Survival probability (percentage of persistent populations) of translocatedManiola jurtinapopulations (PSurv) and (B)meannumber of occupied 200×200mgrid cells (NCells) at the end of a
50 year dynamic simulationwith300 replicate runs. (B)was calculated basedon replicate runswhere the translocated population persisted after 50 years. Factors includedwere: (i) habitat area
(area; grouped into three main size classes), (ii) number of release sites (NSites; three classes, 1, 4 and 8) and (iii) life-history parameters (P) used. For each life-history parameter (carrying
capacity (K), population growth rate (r), mean length of long-distance dispersal events (D)) a default value and one lower and one higher alternative value were applied.

Life-history parameter (P)

K R D

MS df F p-Value MS df F p-Value MS df F p-Value

(A) PSurv
Area 32,514.15 2, 81 181.28 b0.001 14,412.76 2, 81 85.59 b0.001 32,873.44 2, 81 193.47 b0.001
NSites 11,028.42 2, 81 61.49 b0.001 3867.44 2, 81 22.97 b0.001 11,242.59 2, 81 66.17 b0.001
P 285.19 2, 81 1.59 0.210 25,509.05 2, 81 151.49 b0.001 27.76 2, 81 0.16 0.850

(B) NCells

Area 43,008.05 2, 81 214.20 b0.001 28,754.09 2, 81 128.52 b0.001 43,812.34 2, 81 228.85 b0.001
NSites 333.15 2, 81 1.66 0.197 437.52 2, 81 1.96 0.148 495.44 2, 81 2.59 0.081
P 697.72 2, 81 3.48 0.036 12,537.65 2, 81 56.04 b0.001 5.44 2, 81 0.03 0.972

MS= Mean square; df = degrees of freedom; Bonferroni-corrected level for statistically significant p-value, 0.05/6 = 0.008.
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which includes the single largest aggregation of semi-natural grasslands
in Southern Finland the projected probability of long-term population
persistence remained below 85%..

Examination of the habitat cover in the 10 × 10 km grid cells where
the species has been recorded in the year 2001 and afterwards reveals
interesting patterns. While the two easternmost inland landscapes
Fig. 2. Survival probability of translocated Maniola jurtina populations in relation to the
amount of suitable habitat in the recipient landscapes (10 × 10 km grid cells) and the
number of release sites (one, two or eight 200 × 200 m grid cells). Survival probability =
thepercentage of the simulations among300 replicate runswhere the introducedpopulation
persisted 50 years. Upper panel, lower growth rate (rmax = 1.5); middle panel, default
growth rate (rmax = 2.0); lower panel, higher growth rate (rmax = 2.5). Simulation results
for alternative K and long-distance dispersal parameters are excluded from the figure.
with the species indeed have habitat more than 1%, the mean habitat
cover in the other occupied 10 × 10 km grid cells – located all except
one in the archipelago – is 0.5%. These discrepancies may be caused by
the improved local climate conditions in the archipelago compared to
the inland (milderwinters and longer growing season) or by differences
in the spatial configuration of the habitats (patches being more
Fig. 3.Number of 200 × 200mgrid cells occupied byManiola jurtina at the end of a 50 year
dynamic simulation exercise in relation to the amount of suitable habitat for the species in
the recipient landscapes (10 × 10 km grid cells) and the number of release sites (one, two
or eight 200 × 200 m grid cells). The number of occupied grid cells is calculated as the
mean of simulation replicates where populations persisted 50 years. The results for the
three different growth rate values are shown. Note that the scale of the y-axis varies
between different growth rate values.

Image of &INS id=
Image of Fig. 3
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agglomerated and better connected in large islands than in inland
areas) which enable persistence in 10 × 10 km grid cells with less over-
all habitat. However, we highlight one difference here: while the
RangeShifter simulation projections for population persistence showas-
sessments based on a 50-year long period, the records of M. jurtina in
the butterfly atlas datamay represent temporally sporadic observations.
To improve possibilities for empirical testing of the simulation results
we need surveys of the long-term dynamics and survival of butterfly
populations where the same areas are monitored systematically over
several consecutive years (cf. Van Swaay et al., 2012; Oliver and Roy,
2015).

There is much variation in the simulated number of occupied
200 × 200 m cells for a given set of parameters. This is likely due to
stochastic expansion–retraction processes determined by the environ-
mental stochasticity in carrying capacity and the relatively lowdispersal
ability (Boggs et al., 2006). Our results suggest that if the founder
population persists, it may increase in abundance even in the poorest
landscapes. However, in such landscapes only a few introductions
establish (b10% of simulation replicates persisted), because these
butterfly populations are constrained to the introduction sites and
thus highly susceptible to extinction.

Few studies have examined the impacts of spreading the transloca-
tion effort. Using a dynamic population viability model, Lewis et al.
(2012) showed that introduction success of Fisher (Martes pennanti), a
mid-sized carnivore, increased with the number of release sites. Griffith
et al. (1989) described an asymptotic relationship showing that there
may be little additional benefit fromextra individualswhen translocation
includes a large number (N100) of individuals. Under such circum-
stances, splitting the individuals into two sites reduces the risk of translo-
cation failure. Our results suggest that spreading the translocation even
with fewer individuals into multiple sites enhances the population per-
sistence, if the population growth rate is not too low. This is an interesting
result because such a risk-spreading tactic would lead to small founder
(sub)populations with only 5 or 10 individuals. Notably, certain translo-
cations have established successfully from b15 founders (Taylor et al.,
2005) and new butterfly populations may successfully start from very
few dispersing females (Hanski, 2011). Nevertheless, small populations
have inherent risks including genetic bottlenecks (Krauss et al., 2002;
Armstrong and Seddon, 2008). Weeks et al. (2011) argued that the
founder population should reach an effective size of 1000 individuals
to guarantee maintenance of genetic variation. Among our persistent
simulations, absolute population sizes of this magnitude were reached
only in landscapes where the habitat cover was 0.8% or more
(Table A4). Further work is required, ideally using spatially explicit
populationmodels that are extended to incorporate genetics, to explore
these additional potential complexities. Further work is also required
not only to experiment via real-life translocation trials (Carroll et al.,
2009; Willis et al., 2009a; Kuussaari et al., 2015) the validity of the
RangeShifter simulations developed here for M. jurtina, but also to
assess how widely the revealed importance of spreading the transloca-
tion effort and habitat cover levels on introduction success can be applied
to other grassland species and other areas (cf. Baguette et al., 2000;
Lindenmayer et al., 2003; McIntire et al., 2007). This is because species
often differ in their ecological characteristics and there may also be
within-species variation in certain life-history traits between different
regions, and thus findings from single-species studies should be
generalized only with caution.

Moreover, uncertainties in parameterization of dynamic models
may substantially affect their results (Minor et al., 2008; Heikkinen
et al., 2014), highlighting the importance of sensitivity analysis
(Carroll et al., 2003; Naujokaitis-Lewis et al., 2013). The sensitivity
analysis conducted here showed that the translocation success of
M. jurtina is affected differently by the variation in the three studied
life-history traits. Contrary to a priori expectations (Boggs et al., 2006;
McInerny et al., 2007), alterations in the length of long-distance dispersal
did not affect the success of translocations. This is at least partly due to the
severely fragmented network of grasslands in Finland, where the poten-
tial for longer distance dispersal does not guarantee a successful coloniza-
tion of small isolated habitat patches (cf. Mair et al., 2014). However,
along with the vast majority of similar modelling exercises, we used
here a simple kernel based approach for modelling dispersal; this has
the advantage of being easier to parameterize but lacks mechanistic real-
ism that may alter conclusions (Travis et al., 2013). Recent theoretical
work demonstrated that species with strong dispersal ability (i.e. can
survive for lengthy periods while crossing matrix) may actually have
higher rates of spread when habitat is more fragmented (Bocedi et al.,
2014b). Such complex results are challenging to capture with the simple
kernel-based approach. This highlights the need for future work on
modelling translocation success, where gathering the empirical data
that would allow models to incorporate a more mechanistic based
approach for representing dispersal has a central role (Travis et al., 2012).

A striking feature in the present results was the critical role of
growth rates. Some earlier studies have considered high growth rates
as an important determinant for the translocation success (Griffith
et al., 1989; Taylor et al., 2005) and for the rate of range expansion in
butterflies (Willis et al., 2009b). Recently, Mair et al. (2014) examined
simultaneously the importance of habitat availability, abundance trends
and dispersal ability for the range shifting of 25 British butterfly species.
These authors showed that positive population growth has a fundamen-
tal role for species' range expansion, and this role may be more central
than that of habitat availability and dispersal duringunfavorable climate
periods. It appears that when species show low growth rates or declin-
ing abundances even long-established populations will not produce
many migrants and may fail to colonize new sites. In agreement with
Mair et al. (2014), our results underscore that if the population growth
rates are low, as often is the case close to range margins, the probability
of translocation success may decrease drastically even in landscapes
with seemingly sufficient amount of suitable habitat.

4.1. Conservation planning for grassland butterflies

Earlier studies have shown that habitat specialist butterflies have
difficulties in spreading into new areas across modern-day agricultural
landscapes (Warren et al., 2001; Pöyry et al., 2009). Indeed, the drastic
loss and fragmentation of traditionally managed grasslands have in
many parts of Europe caused severe challenges for the conservation
planning of grassland biota, reflected as the replacement of specialists
by generalists in species assemblages and blocking of dispersal and
colonization (Critchley et al., 2003; Polus et al., 2007; Willis et al.,
2009a). One potential approach to support grassland species is
constructing networks of patches and ecological corridors across
human-dominated landscapes to facilitate species spread to new suitable
areas (Nuñez et al., 2013). In Europe, such corridors might be built via
increased adaptation of low-intensity farming practices andmaintenance
and restoration of grassland patches valuable for biodiversity based on
agri-environment schemes (AES) (Donald and Evans, 2006; Arponen
et al., 2013; Tainio et al., 2014). However, this approach may be unrealis-
tic, as the evidence for corridors promoting insect dispersal is equivocal
(Öckinger and Smith, 2008; Baur, 2014; but see Loss et al., 2011) and
because the construction of corridors with habitat patches as stepping
stones can be very expensive (Tainio et al., 2014).

Translocations are potentially a logistically more feasible and cost-
effective solution to help species colonize new areas than constructing
ecological corridors in severely fragmented areas (Loss et al., 2011;
Baur, 2014). However, planning translocations requires detailed under-
standing of the species' biology as well as a priori assessments of the
factors affecting their success, such as present-day habitat availability.
Our study landscapes may represent typical examples of agricultural
landscapes for much of Europe (cf. Critchley et al., 2003; Littlewood
et al., 2012). Given this, our results suggest that the habitat loss often
hampers also the translocation success of grassland butterflies, as the
probability of long-term persistence of founder populations was less
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than half in most of our landscapes. Corresponding obstacles for trans-
locations are likely also in other highly fragmented habitat types
(McIntire et al., 2007) and in other species groups (Fordham et al.,
2012). These problems concern especially many habitat specialists
and also clearly translocated species with low population growth rates
may face difficulties to establish successfully.

In modern-day agricultural landscapes, a more successful conserva-
tion strategy for grassland butterflies than ecological corridors might
be the planning of local networks of restored grasslands, agglomerated
to include sufficient amount of habitat. Such agglomerations would pro-
vide focal “translocation centers”, where introductions of species with
similar climatic requirements might be targeted. Modelling tools,
particularly spatially-explicit dynamic models equipped with more
mechanistic representation of species' population dynamics and dispers-
al, may aid assessing whether habitat patches available in target land-
scape are sufficient for species persistence or if new restoration efforts
are required to promote the success of translocations (McIntire et al.,
2007). Again, AES and especially biodiversity-related AES measures
could have a key role in such restoration planning (Donald and Evans,
2006; Tainio et al., 2014).

The persistence of released populations may be enhanced also by
selecting target landscapes based on criteria additional to habitat
cover. Firstly, management and restoration planning associated with
species translocations can benefit landscape-scale planning (Helm,
2015). In particular, sufficient habitat connectivity in target landscapes
is essential (McIntire et al., 2007; Loss et al., 2011). Spatially-explicit
dynamic models inherently capture elements of habitat connectivity
in their simulations but importance of connectivity can be examined
also more directly, e.g. with certain spatial conservation planning
tools such as the Zonation software (Arponen et al., 2013). Alarmingly,
Arponen et al. showed that grassland habitat connectivity has received
very little attention in the spatial allocation of agri-environment
schemes, and concluded that improving conservation planning for
grasslands of conservation valuewould benefit of integrating connectivity
into AES.

Secondly, areas between habitat patches (i.e. “matrix”) can affect the
persistence of species' populations in thepatches (Sweaney et al., 2014).
Characteristics of thematrix which are likely to be supportive for grass-
land butterflies include land use and habitat heterogeneity, rugged
topography, adjacent woodlands providing shelter, nectar and host
plant resources, and uncultivated grassy elements increasing matrix
permeability and supporting between-patch movements of species
(Littlewood et al., 2012; Sweaney et al., 2014; Villemey et al., 2015). It
is increasingly argued that government schemes aiming to promote
grassland biodiversity (particularly AES) should support maintaining
and restoring these beneficial elements in the landscapes around the
actual grassland patches (Donald and Evans, 2006). Thirdly, habitat
quality in the translocation sites is important, as low quality has
been one of the primary limiting factors for the success of species
reintroductions (Schultz et al., 2008). Habitat quality could be examined
also at the landscape-scale level, by considering the characteristics (e.g.
soil nutrient status; Critchley et al., 2003) of the existing grassland
patches in the network, as well as the quality of low-quality grasslands
available for enhancement and siteswhere re-creation of new grassland
patches might be attempted (Littlewood et al., 2012). Finally, heteroge-
neous and low-intensity management actions should be prioritized in
the implications of AES, simply because different species groups can
have notably different responses to grassland management e.g. by
grazing or mowing (Littlewood et al., 2012; Baur, 2014).

4.2. Conclusions

It is evident that developing successful translocations for declining,
rare and at-risk habitat specialist grassland butterflies requires a
multi-faceted planning system with several important steps requiring
careful consideration. These include gathering a detailed knowledge of
the focal species' life-history and ecology to support building more
complex models, and identifying release sites with sufficient amounts
of habitat to generate large source populations for further dispersal
(McIntire et al., 2007). Release sites should be located in heterogeneous
landscapes and preferably adjacent to wooded patches (Villemey et al.,
2015). They should also be embedded in landscapes showing a strong
connectivity of grassland patches and including elements in the matrix
which are likely to support the spread and persistence of grassland
species (e.g. permeability) (Sweaney et al., 2014). Moreover, where
the current habitat network appears marginal in terms of potential
translocation success, realistic possibilities for restoration and rehabili-
tation of suitable grassland habitats based on AES should be considered
(Critchley et al., 2003; Littlewood et al., 2012). Different target locations
and landscapes are likely to support different introduced species popu-
lations to a varying degree (Baguette et al., 2000; Lindenmayer et al.,
2003; Baur, 2014). This study, alongside earlier ones (McIntire et al.,
2007; Fordham et al., 2012), shows that conservation andmanagement
planning based on spatially-explicit dynamicmodels can provide useful
comparisons of the persistence potentiality of species in the same or
different target landscape(s) and thereby have a valuable role in
successful translocation interventions.

Acknowledgements

Funding for this work was provided by the Academy of Finland
project A-LA-CARTE. JMJT was supported by the Natural Environment
Research Council, UK. Most of the European distributional data were
compiled by Otakar Kudrna within the framework of Kudrna (2002)
and Kudrna et al. (2011). Kimmo Saarinen provided kindly the NAFI
data for the study.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.biocon.2015.09.028.

References

Armstrong, D.P., Seddon, P.J., 2008. Directions in reintroduction biology. Trends Ecol. Evol.
23, 20–25.

Arponen, A., Heikkinen, R.K., Paloniemi, R., Pöyry, J., Similä, J., Kuussaari, M., 2013. Improving
conservation planning of semi-natural grasslands: integrating connectivity into agri-
environment schemes. Biol. Conserv. 160, 234–241.

Baguette, M., Petit, S., Queva, F., 2000. Population spatial structure and migration of three
butterfly species within the same habitat network: consequences for conservation.
J. Appl. Ecol. 37, 100–108.

Baur, B., 2014. Dispersal-limited species — a challenge for ecological restoration. Basic
Appl. Ecol. 15, 559–564.

Bocedi, G., Palmer, S.C.F., Pe'er, G., Heikkinen, R.K., Matsinos, Y.G., Watt, K., Travis, J.M.J.,
2014a. RangeShifter: a platform for modelling spatial eco-evolutionary dynamics
and species' responses to environmental changes. Methods Ecol. Evol. 5, 388–396.

Bocedi, G., Zurell, D., Reineking, B., Travis, J.M.J., 2014b. Mechanistic modelling of animal
dispersal offers new insights into range expansion dynamics across fragmented land-
scapes. Ecography 37, 1240–1253.

Boggs, C.L., Holdren, C.E., Kulahci, I.G., Bonebrak, T.C., Inouye, B.D., Fay, J.P., McMillan, A.,
Williams, E.H., Ehrlich, P.R., 2006. Delayed population explosion of an introduced
butterfly. J. Anim. Ecol. 75, 466–475.

Carroll, M.J., Anderson, B.J., Brereton, T.M., Knight, S.J., Kudrna, O., Thomas, C.D., 2009.
Climate change and translocations: the potential to re-establish two regionally-extinct
butterfly species in Britain. Biol. Conserv. 142, 2114–2121.

Carroll, C., Phillips, M.K., Schumaker, N.H., Smith, D.W., 2003. Impacts of landscape change
on wolf restoration success: planning a reintroduction program based on static and
dynamic spatial models. Conserv. Biol. 17, 536–548.

Chauvenet, A.L.M., Ewen, J.G., Armstrong, D., Pettorelli, N., 2013a. Saving the hihi under
climate change: a case for assisted colonization. J. Appl. Ecol. 50, 1330–1340.

Chauvenet, A.L.M., Ewen, J.G., Armstrong, D.P., Blackburn, T.M., Pettorelli, N., 2013b.
Maximizing the success of assisted colonizations. Anim. Conserv. 16, 161–169.

Critchley, C.N.R., Burke, M.J.W., Stevens, D.P., 2003. Conservation of lowland semi-natural
grasslands in the UK: a review of botanical monitoring results from agri-environment
schemes. Biol. Conserv. 115, 263–278.

Dennis, R.L.H., 2004. Butterfly habitats, broad-scale biotope affiliations, and structural
exploitation of vegetation at finer scales: the matrix revisited. Ecol. Entomol. 29,
744–752.

Donald, P.F., Evans, A.D., 2006. Habitat connectivity and matrix restoration: the wider
implications of agri-environment schemes. J. Appl. Ecol. 43, 209–218.

http://dx.doi.org/10.1016/j.biocon.2015.09.028
http://dx.doi.org/10.1016/j.biocon.2015.09.028
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0005
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0005
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0010
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0010
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0010
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0015
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0015
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0015
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0020
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0020
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0025
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0025
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0030
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0030
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0030
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0035
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0035
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0040
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0040
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0045
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0045
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0045
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0050
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0050
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0055
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0060
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0060
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0060
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0065
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0065
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0065
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0070
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0070


206 R.K. Heikkinen et al. / Biological Conservation 192 (2015) 200–206
Fordham, D.A., Watts, M.J., Delean, S., Brook, B.W., Heard, L.M.B., Bull, C.M., 2012.Managed
relocation as an adaptation strategy for mitigating climate change threats to the
persistence of an endangered lizard. Glob. Chang. Biol. 18, 2743–2755.

Gallagher, R.V., Makinson, R.O., Hogbin, P.M., Hancock, N., 2015. Assisted colonization as a
climate change adaptation tool. Austral. Ecol. 40, 12–20.

Griffith, B., Scott, J.M., Carpenter, J.W., Reed, C., 1989. Translocation as a species conservation
tool — status and strategy. Science 245, 477–480.

Hanski, I.A., 2011. Eco-evolutionary spatial dynamics in the Glanville fritillary butterfly.
Proc. Natl. Acad. Sci. U. S. A. 108, 14397–14404.

Hanski, I., Pöyry, J., Pakkala, T., Kuussaari, M., 1995. Multiple equilibria in metapopulation
dynamics. Nature 377, 618–621.

Heikkinen, R.K., Bocedi, G., Kuussaari, M., Heliölä, J., Leikola, N., Pöyry, J., Travis, J.M.J.,
2014. Impacts of land cover data selection and trait parameterisation on dynamic
modelling of species' range expansion. PLoS One 9. http://dx.doi.org/10.1371/
journal.pone.0108436.

Helm, A., 2015. Habitat restoration requires landscape-scale planning. Appl. Veg. Sci. 18,
177–178.

Krauss, S.L., Dixon, B., Dixon, K.W., 2002. Rapid genetic decline in a translocated population
of the endangered plant Grevillea scapigera. Conserv. Biol. 16, 986–994.

Kudrna, O., 2002. The distribution atlas of European butterflies. Oedippus 20, 1–342.
Kudrna, O., Harpke, A., Lux, K., Pennerstorfer, J., Schweiger, O., Settele, J., Wiemers, M.,

2011. Distribution Atlas of Butterflies in Europe. Gesellschaft für Schmetterlingschutz,
Halle, Germany.

Kuussaari, M., Heikkinen, R.K., Heliölä, J., Luoto, M., Mayer, M., Rytteri, S., von Bagh,
P., 2015. Successful translocation of the threatened clouded apollo butterfly
(Parnassius mnemosyne) and metapopulation establishment in southern Finland.
Biol. Conserv. 190, 51–59.

Lewis, J.C., Powell, R.A., Zielinski, W.J., 2012. Carnivore translocations and conservation:
insights from population models and field data for fishers (Martes pennanti). PLoS
One 7. http://dx.doi.org/10.1371/journal.pone.0032726.

Lindenmayer, D.B., Possingham, H.P., Lacy, R.C., McCarthy, M.A., Pope, M.L., 2003. How
accurate are population models? Lessons from landscape-scale tests in a fragmented
system. Ecol. Lett. 6, 41–47.

Littlewood, N.A., Stewart, A.J.A., Woodcock, B.A., 2012. Science into practice — how can
fundamental science contribute to better management of grasslands for invertebrates?
Insect Conserv. Divers. 5, 1–8.

Loss, S.R., Terwilliger, L.A., Peterson, A.C., 2011. Assisted colonization: integrating conser-
vation strategies in the face of climate change. Biol. Conserv. 144, 92–100.

Mair, L., Hill, J.K., Fox, R., Botham, M., Brereton, T., Thomas, C.D., 2014. Abundance changes
and habitat availability drive species' responses to climate change. Nat. Clim. Chang.
4, 127–131.

McInerny, G., Travis, J.M.J., Dytham, C., 2007. Range shifting on a fragmented landscape.
Ecol. Informatics 2, 1–8.

McIntire, E.J.B., Schultz, C.B., Crone, E.E., 2007. Designing a network for butterfly habitat
restoration: where individuals, populations and landscapes interact. J. Appl. Ecol.
44, 725–736.

McLachlan, J.S., Hellmann, J.J., Schwartz, M.W., 2007. A framework for debate of assisted
migration in an era of climate change. Conserv. Biol. 21, 297–302.

Minor, E.S., McDonald, R.I., Treml, E.A., Urban, D.L., 2008. Uncertainty in spatially explicit
population models. Biol. Conserv. 141, 956–970.

Nathan, R., Klein, E., Robledo-Arnuncio, J.J., Revilla, E., 2012. Dispersal kernels: review. In:
Clobert, J., Baguette, M., Benton, T.G., Bullock, J. (Eds.), Dispersal Ecology and Evolution.
Oxford University Press, pp. 187–210.

Naujokaitis-Lewis, I.R., Curtis, J.M.R., Tischendorf, L., Badzinski, D., Lindsay, K., Fortin, M.-J.,
2013. Uncertainties in coupled species distribution-metapopulation dynamics
models for risk assessments under climate change. Divers. Distrib. 19, 541–554.

Nuñez, T.A., Lawler, J.J., McRae, B.H., Pierce, D.J., Krosby, M.B., Kavanagh, D.M., Singleton,
P.H., Tewksbury, J.J., 2013. Connectivity planning to address climate change. Conserv.
Biol. 27, 407–416.

Öckinger, E., Smith, H.G., 2007. Asymmetric dispersal and survival indicate population
sources for grassland butterflies in agricultural landscapes. Ecography 30, 288–298.

Öckinger, E., Smith, H.G., 2008. Do corridors promote dispersal in grassland butterflies
and other insects? Landsc. Ecol. 23, 27–40.

Olden, J.D., Kennard, M.J., Lawler, J.J., Poff, N.L., 2011. Challenges and opportunities in
implementing managed relocation for conservation of freshwater species. Conserv.
Biol. 25, 40–47.

Oliver, T.H., Roy, D.B., 2015. The pitfalls of ecological forecasting. Biol. J. Linn. Soc. 115,
767–778.
Polus, E., Vandewoestijne, S., Choutt, J., Baguette, M., 2007. Tracking the effects of one
century of habitat loss and fragmentation on calcareous grassland butterfly commu-
nities. Biodivers. Conserv. 16, 3423–3436.

Pöyry, J., Luoto, M., Heikkinen, R.K., Kuussaari, M., Saarinen, K., 2009. Species traits explain
recent range shifts of Finnish butterflies. Glob. Chang. Biol. 15, 723–743.

Rout, T.M., Hauser, C.E., Possingham, H.P., 2007. Minimise long-term loss or maximise
short-term gain? Optimal translocation strategies for threatened species. Ecol.
Model. 201, 67–74.

Saarinen, K., Lahti, T., Marttila, O., 2003. Population trends of Finnish butterflies
(Lepidoptera : Hesperioidea, Papilionoidea) in 1991–2000. Biodivers. Conserv. 12,
2147–2159.

Schneider, C., 2003. The influence of spatial scale on quantifying insect dispersal: an anal-
ysis of butterfly data. Ecol. Entomol. 28, 252–256.

Schulman, A., Heliölä, J., Kuussaari, M., 2005. Farmland biodiversity on the Åland islands
and assessment of the effects of the agri-environmental support scheme. Finnish
Environ. 734, 1–210.

Schultz, C.B., Russell, C., Wynn, L., 2008. Restoration, reintroduction, and captive propagation
for at-risk butterflies: a review of British and American conservation efforts. Isr. J. Ecol.
Evol. 54, 41–61.

Schwartz, M.W., Martin, T.G., 2013. Translocation of imperiled species under changing
climates. Ann. N. Y. Acad. Sci. 1286, 5–28.

Seddon, P.J., Armstrong, D.P., Maloney, R.F., 2007. Developing the science of reintroduc-
tion biology. Conserv. Biol. 21, 303–312.

Seddon, P.J., Griffiths, C.J., Soorae, P.S., Armstrong, D.P., 2014. Reversing defaunation:
restoring species in a changing world. Science 345, 406–412.

Sweaney, N., Lindenmayer, D.B., Driscoll, D.A., 2014. Is the matrix important to butterflies
in fragmented landscapes? J. Insect Conserv. 18, 283–294.

Tainio, A., Heikkinen, R.K., Heliölä, J., Hunt, A., Watkiss, P., Fronzek, S., Leikola, N., Lötjönen,
S., Mashkina, O., Carter, T.R., 2014. Conservation of grassland butterflies in Finland
under a changing climate. Reg. Environ. Chang. http://dx.doi.org/10.1007/s10113-
014-0684-y.

Taylor, S.S., Jamieson, I.G., Armstrong, D.P., 2005. Successful island reintroductions of New
Zealand robins and saddlebacks with small numbers of founders. Anim. Conserv. 8,
415–420.

Thomas, J.R., Nelson, J.K., Thomas, K.T., 1999. A generalized rank-order method for
nonparametric analysis of data from exercise science: a tutorial. Res. Q. Exerc. Sport
70, 11–23.

Travis, J.M.J., Delgado, M., Bocedi, G., Baguette, M., Barton, K., Bonte, D., Boulangeat, I.,
Hodgson, J.A., Kubisch, A., Penteriani, V., Saastamoinen, M., Stevens, V.M., Bullock,
J.M., 2013. Dispersal and species' responses to climate change. Oikos 122, 1532–1540.

Travis, J.M.J., Mustin, K., Barton, K.A., Benton, G., Clobert, J., Delgado, M.M., Dytham, C.,
Hovestadt, T., Palmer, S.C.F., Van Dyck, H., Bonte, D., 2012. Modelling dispersal: an
eco-evolutionary framework incorporating emigration, movement, settlement
behaviour and the multiple costs involved. Methods Ecol. Evol. 3, 628–641.

Van Swaay, C.A.M., 2003. Butterfly densities on line transects in The Netherlands from
1990–2001. Entomolog. Ber. 63, 82–87.

Van Swaay, C.A.M., Brereton, T., Kirkland, P., Warren, M.S., 2012. Manual for Butterfly
Monitoring. Report VS2012.010. De Vlinderstichting/Dutch Butterfly Conservation,
Butterfly Conservation UK & Butterfly Conservation Europe, Wageningen.

Villemey, A., van Halder, I., Ouin, A., Barbaro, L., Chenot, J., Tessier, P., Calatayud, F., Martin,
H., Roche, P., Archaux, F., 2015. Mosaic of grasslands and woodlands is more effective
than habitat connectivity to conserve butterflies in French farmland. Biol. Conserv.
191, 206–215.

Warren, M.S., Hill, J.K., Thomas, J.A., Asher, J., Fox, R., Huntley, B., Roy, D.B., Telfer, M.G.,
Jeffcoate, S., Harding, P., Jeffcoate, G., Willis, S.G., Greatorex-Davies, J.N., Moss, D.,
Thomas, C.D., 2001. Rapid responses of British butterflies to opposing forces of
climate and habitat change. Nature 414, 65–69.

Weeks, A.R., Sgro, C.M., Young, A.G., Frankham, R., Mitchell, N.J., Miller, K.A., Byrne, M.,
Coates, D.J., Eldridge, M.D.B., Sunnucks, P., Breed, M.F., James, E.A., Hoffmann, A.A.,
2011. Assessing the benefits and risks of translocations in changing environments:
a genetic perspective. Evol. Appl. 4, 709–725.

Willis, S.G., Hill, J.K., Thomas, C.D., Roy, D.B., Fox, R., Blakeley, D.S., Huntley, B., 2009a.
Assisted colonization in a changing climate: a test-study using two UK butterflies.
Conserv. Lett. 2, 45–51.

Willis, S.G., Thomas, C.D., Hill, J.K., Collingham, C., Telfer, M.G., Fox, R., Huntley, B., 2009b.
Dynamic distribution modelling: predicting the present from the past. Ecography 32,
5–12.

http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0075
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0075
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0075
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0080
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0080
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0085
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0085
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0090
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0090
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0095
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0095
http://dx.doi.org/10.1371/journal.pone.0108436
http://dx.doi.org/10.1371/journal.pone.0108436
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0105
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0105
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0110
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0110
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0115
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0120
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0120
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0125
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0125
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0125
http://dx.doi.org/10.1371/journal.pone.0032726
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0135
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0135
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0135
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0140
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0140
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0140
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0145
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0145
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0150
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0150
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0150
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0155
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0155
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0160
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0160
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0160
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0165
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0165
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0170
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0170
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0175
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0175
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0175
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0180
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0180
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0185
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0185
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0190
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0190
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0195
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0195
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0200
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0200
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0200
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0205
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0205
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0210
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0210
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0210
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0215
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0215
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0220
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0220
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0220
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0225
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0225
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0225
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf9000
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf9000
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0230
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0230
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0230
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0235
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0235
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0235
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0240
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0240
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0245
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0245
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0250
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0250
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0255
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0255
http://dx.doi.org/10.1007/s10113-014-0684-y
http://dx.doi.org/10.1007/s10113-014-0684-y
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0265
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0265
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0265
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0270
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0270
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0270
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0275
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0280
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0280
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0280
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0285
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0285
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0290
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0290
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0290
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0295
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0295
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0295
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0300
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0300
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0305
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0305
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0310
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0310
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0315
http://refhub.elsevier.com/S0006-3207(15)30120-8/rf0315

	Modelling potential success of conservation translocations of a specialist grassland butterfly
	1. Introduction
	2. Materials and methods
	2.1. Study species
	2.2. Recent climatically suitable areas
	2.3. Land cover data and selection of recipient landscapes and sites
	2.4. Species parameterization, founder population persistence and spread
	2.5. Translocation simulation design and analysis

	3. Results
	4. Discussion
	4.1. Conservation planning for grassland butterflies
	4.2. Conclusions

	Acknowledgements
	Appendix A. Supplementary data
	References


