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The interacting impacts of habitat fragmentation and climate change present a substantial threat for biodiversity,
constituting a ‘deadly anthropogenic cocktail’. A range of conservation actions has been proposed to allow
biodiversity to respond to those environmental changes. However, determining the relative effectiveness of these
actions has been hampered by incomplete evidence. Empirical studies have provided important insights to
inform conservation, but the challenge of considering multiple actions at large spatial and temporal scales is
considerable. We adopt an individual-based modelling approach to qualitatively assess the effectiveness of
alternative conservation actions in facilitating range expansion and patch occupancy for eight virtual species. We
test actions to: (i) improve the quality of existing habitat patches, (ii) increase the permeability of the sur
rounding matrix, (iii) restore degraded habitat, (iv) create new habitat patches to form stepping-stones or (v)
create new habitat to enlarge existing habitat patches. These actions are systematically applied to six real
landscapes of the UK, which differ in their degree of habitat fragmentation and availability. Creating new habitat
close to existing patches typically provides the strongest benefits for both range expansion and patch occupancy
across species and landscapes. However, some landscapes may be so degraded that even under unrealistically
high levels of management action, species’ performances cannot be rescued. We identify that it is possible to
develop a triage of conservation actions at the landscape, species and investment level, thereby providing timely
evidence to inform action on the ground to lessen the hangover from the deadly anthropogenic cocktail.

1. Introduction
Habitat loss, fragmentation and climate change are driving local,
regional and global extinction and decline of many species; despite de
cades of conservation actions and a notable increase in the areas of
protected land, the Convention on Biological Diversity (CBD) Aichi
Target 12 shows little progress in halting species extinctions or reversing
declines (Secretariat of the Convention on Biological Diversity, 2014;
Tittensor et al., 2014). On the contrary, many studies have demonstrated
that habitat fragmentation, driven by land-use change, not only reduces
biodiversity, especially when remaining fragments are small and iso
lated (Gibson et al., 2013; Morcatty et al., 2013), but also dramatically
impairs key ecosystem functions (Haddad et al., 2015; Valiente-Banuet

et al., 2015). Notably, the ecological threats posed by habitat loss and
climate change can be synergistic, posing a ‘deadly anthropogenic
cocktail’ for biodiversity (Travis, 2003). This occurs because it is
increasingly challenging for species to shift their ranges to track
changing climatic conditions when there is less suitable habitat (Travis,
2003; Bellard et al., 2012; Hodgson et al., 2012) and when that habitat is
more fragmented within increasingly hostile landscapes (McInerny
et al., 2007; Krosby et al., 2010; Haddad et al., 2015).
To address the combined threats of fragmentation and climate
change, specific conservation actions have been proposed in the hope of
forming ‘ecological networks’ to i) maintain the persistence of species in
fragmented landscape and ii) offer the opportunity for species to adjust
their range in response to climate change (Jongman and Pungetti, 2004;
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Bennett and Mulongoy, 2006; Oliver et al., 2016; Isaac et al., 2018).
Until recently, actions were mostly implemented at the site-scale, and
consisted of improving local habitat quality or expanding habitat
patches through habitat creation. However, many studies soon stressed
the importance of connectivity between habitat patches embedded in an
inhospitable matrix, and recommended the development of conserva
tion plans at the landscape scale (Krauss et al., 2003; Opdam and
Wascher, 2004; Tscharntke et al., 2005; Krosby et al., 2010; Scheper
et al., 2013). Thereby, conservation actions were extended (stepping
stones, corridors between existing habitat fragments) to create more
permeable landscapes to aid species movement within the landscape
(Lawton et al., 2010; Isaac et al., 2018). These combined actions are
carried out with the expectation that they will deliver ecological net
works that are effective now but will also confer ecological resilience in
the face of climate change (Bixler et al., 2016; Samways and Pryke,
2016; Albert et al., 2017; Isaac et al., 2018).
This shift in conservation focus towards creating ecological networks
has been widely embraced and adopted by conservation communities
worldwide (e.g. Boitani et al., 2007; Lawton et al., 2010; Worboys et al.,
2010; Fitzsimons et al., 2013). Nevertheless, although they are inher
ently appealing and based upon sound scientific principles, the under
pinning evidence base is limited (Boitani et al., 2007). In the absence of
strong evidence, there exists an ongoing debate within the scientific and
conservation communities on ideal actions including the relative merit
of, and balance between, site- and landscape-scale actions (Prugh et al.,
2008; Hodgson et al., 2009; Doerr et al., 2011; Fahrig, 2013; Tingley
et al., 2014; Hanski, 2015). It has even been suggested that ecological
networks are based on oversimplifications of complex ecological con
cepts and offer little for biodiversity conservation beyond a simple
conceptual framework that may even be misdirecting limited resources
(Boitani et al., 2007; Quinlan et al., 2016). Developing the robust evi
dence base that is required to achieve greater clarity and consensus on
the appropriate balance between site and landscape scale actions is
therefore a key applied ecological challenge.
The spatial and temporal scales required are prohibitive for the
collection of empirical data to assess the relative importance of different
site- and landscape-scale conservation actions. Therefore, theoretical
models have a vital role to play in this context. Various modelling ap
proaches have already informed much of our thinking on ecological
networks. Classic metapopulation models consider the proportion of
patches occupied in the landscape as the state variable and colonization
and extinction as the key ecological processes (Cadotte et al., 2017).
Theory developed from them leads to the prediction that, for a given
number of habitat patches, higher patch occupancy is achieved when
those patches are spatially aggregated. This implies that species can
persist under greater rates of habitat loss when the remaining habitat is
more clumped (Jacquemyn et al., 2003). However, under climate
change, when a species’ ability to spread across a landscape becomes
crucial, avoiding large gaps between aggregation of patches becomes
critical (McInerny et al., 2007; Hodgson et al., 2012). There may thus
exist a tension between the optimal landscape for persistence in a static
climate and the optimal one for facilitating range shifts (Carroll et al.,
2010).
The majority of modelling studies investigating the climate-change
resilience of ecological networks at larger scales (e.g. regional or na
tional) have typically not included demography and dispersal explicitly.
Instead, they have relied on methods including environmental niche
modelling, least-cost path, graph theory and circuit theory approaches
(Tingley et al., 2014). Rather than explicitly incorporating speciesspecific biology, these methods have sought general insights into
likely broad-scale resilience by making simplifying assumptions. They
have the major benefits of requiring fewer data for parameterisation and
being much less computationally demanding. However, with these
‘coarse filter’ approaches, there is no nuance in the assessment of con
servation action across a range of species’ life-history traits (Tingley
et al., 2014).

Here, we used a ‘fine-filter’ individual-based modelling approach
(sensu Tingley et al., 2014) that explicitly incorporates demography and
dispersal, to test the relative effectiveness of six alternative site- and
landscape-scale conservation actions on six real landscapes. Instead of
gaining quantitative predictions on how individual species may perform
in a particular landscape (e.g. Tingley et al., 2014), we sought here
qualitative insights into which potential management actions were
likely to work effectively across a range of species and landscapes and
for different conservation objectives. Thus, in each of our six landscapes,
we assessed the response of eight virtual species to each action based on
their range expansion and patch occupancy potential, thus assessing
both how well the action may facilitate a distributional shift in response
to climate change and how well it enables persistence within an existing
range suffering from fragmentation.
2. Methods
We implemented our simulations using RangeShifter, a spatiallyexplicit individual-based modelling platform (Bocedi et al., 2014a).
RangeShifter incorporates demography and the three phases of dispersal
(emigration, transfer and settlement) of single species, thereby
providing a process-based modelling approach. We used a new version
which enabled simulations to be run on dynamic landscapes.
2.1. Landscapes
Six study sites were selected from across the UK to represent a broad
range of landscapes in terms of their habitat availability, configuration
and land-use (Fig. 1). Each landscape was a 20 km × 50 km region
extracted from the UK Landcover Map 2007 (Morton et al., 2011) and
discretised at 20 m resolution. Broadleaved woodland was defined as the
suitable habitat for all the study species, as this is severely fragmented
across the UK and is the focus of much conservation action (Defra,
2018). Five other composite land-use classes formed the inter-patch
matrix, each with associated permeability or perceived movement
costs (Fig. 1). Costs were assigned so that habitat permeability was
ranked from natural, through semi natural to highly managed landcover
types. In this study, in line with previous experience of using Range
Shifter, we were interested in relative rather than absolute costs.
Moreover, the permeability of each habitat type was held constant
across all species and landscapes to allow for direct comparison of the
relative effects of the conservation actions.
2.2. Conservation actions assessed
Six conservation actions detailed in Table 1 were applied systemat
ically to each of the six landscapes at four levels, defined as the pro
portion of the landscape that was changed, namely 500 ha (0.5% of the
landscape), 1000 ha (1%), 2000 ha (2%) and 4000 ha (4%), which were
considered plausible as they spanned the policy aspiration to increase
woodland cover in England from 10% to 12% by 2060 (Defra, 2018). A
number of actions at a level of change >1% could not be implemented
owing to limited availability of habitat that could be restored or created.
As each conservation action was applied using a stochastic spatial al
gorithm (see Supplementary material), ten replicates were created for
each action and change level in each landscape (see Synes et al., 2015).
2.3. Species
We choose to use virtual species. There are two main reasons for
taking this approach. Most importantly, we seek to determine how po
tential landscape modifications will impact a broad range of species
across different taxa that possess different life-history traits. Currently, it
would be very challenging, if not impossible, to robustly parameterise
our model for more than a handful of real species as all the necessary
data have rarely been gathered for individual species (for one species,
2
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Habitat
Improved grassland, arable, water (cost = 1000)

Semi-improved grassland (cost = 100)
Montane habitats (cost = 50)
Conifer woodland, fen marsh & swamp (cost = 25)

Dwarf shrub heath (cost = 10)
Broadleaved woodland (cost = 1)

Landscape 1 8.3%

Landscape 2 21.0%

Landscape 3 4.1%

Landscape 4 9.8%

Landscape 5 8.2%

Landscape 6 3.2%

Fig. 1. Location in the UK and land-use composition in the six study landscapes (20 km × 50 km). Vertical bars represent the proportion of each land-use class, above
which the percentage of broadleaved woodland (suitable habitat) is shown. A perceived movement cost is associated with each class, ranging from 1 (most
permeable) to 1000 (least permeable).
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2.4. Simulations

Table 1
Site- and landscape-scale conservation actions applied in each of the six study
landscapes.
Conservation action

Details

(i) Improve-InSitu

Improve habitat quality through site-scale management.
Existing broadleaved woodland patches (0.5 to 20 ha) were
selected randomly and their carrying capacity increased by
10%.
Increase the permeability of the surrounding landscape
matrix. The permeability of agricultural land was increased
by changing it to conifer woodland. Each patch of improved
matrix (0.5 to 10 ha) was positioned randomly.
Restore unsuitable woodland habitat adjacent to existing
woodland. Conifer woodland patches (0.5 to 20 ha) adjacent
to existing suitable habitat were selected randomly and
restored to provide additional suitable habitat.
Create random woodland patches. New patches of
broadleaved woodland were created (0.5 to 10 ha) on
improved grassland and arable land in random locations at
least 200 m from existing broadleaved woodland to create
stepping-stones.
Create woodland adjacent to existing woodlands.
Broadleaved woodland patches (0.5 to 10 ha) were created
on improved grassland and arable land adjacent to
randomly selected existing broadleaved woodland to
increase their size and carrying capacity.
Create woodland to increase the size of small woodlands. As
Create-Adjacent, but restricted to existing patches less than
3 ha.

(ii) Improve-Matrix

(iii) Restore-Adjacent

(iv) Create-Random

(v) Create-Adjacent

(vi) CreateAdjacentSmall

First, for each species on each of the six original landscapes, ten
replicate simulations were run to generate a scenario of no conservation
action to provide a baseline. Second, ten replicate simulations were run
for each species on each landscape for each of the six conservation ac
tions at each level of change. Every simulation started with the species
initialised at half carrying capacity in all patches within the southern
20% of the original landscape. The species were restricted to this region
for the first 50 years to allow equilibrium total population and patch
occupancy to be attained. At year 50, the conservation action was
implemented, the restriction was removed, and the population was
allowed to expand its range northwards for the next 100 years. We
extracted two summary variables from each simulation to determine
how well the conservation action worked: patch occupancy, i.e. the
mean proportion of patches occupied from years 100 to 150 in the
southern 20% of each landscape, and the range expansion rate, i.e. the
mean speed from year 50 to 150 at which the population expanded
northwards. The relative efficiency of each conservation action was
assessed by subtracting the mean baseline results from the conservation
action results. A positive difference meant that the conservation action
was beneficial for the species while a negative difference meant that the
action was less successful than leaving the landscape unaltered. We then
partitioned the variance in each relative efficiency metric by fitting the
data to ANOVA models having landscape, species, action, change level
(within action), landscape replicate (within change level) and in
teractions as fixed effects, in order to identify which factors had the
greatest influence on the overall success of the conservation actions.

excellent data may exist on fecundity and reproduction but not on
dispersal behaviour, while for another species we might have strong
dispersal data but lack information on survival). Furthermore, even if we
could find the necessary data on a reasonable number of U.K. forest
species from a range of taxa, it is unlikely that those species would have
current (or future potential) distributions across all the six landscapes
that we focus on here, which would understandably result in people
questioning the appropriateness of the chosen species rather than
focussing on the generality. Thus, here we follow previous approaches
(e.g. Watts et al., 2010) in adopting a virtual species approach. Eight
virtual species were modelled, representing taxa having a wide range of
dispersal abilities, population densities, lifespans, stage structuring and
method of reproduction (Table 2). Two species were assumed to have
relatively passive dispersal that is little influenced by the matrix (e.g.
aerially dispersed insects) and these were modelled using dispersal
kernels. For these two species, distinct suitable habitat patches were
defined as contiguous areas of habitat only. We assumed the other six
species to be active dispersers which respond to land-use in the matrix
(representing invertebrate, mammal and bird species with varied
dispersal abilities). For these species we simulated dispersal using the
stochastic movement simulator (SMS), which accounts for beneficial
and inhibitory features of a heterogeneous environment (Palmer et al.,
2011). Species parameters are taken from Synes et al. (2015) (Supple
mentary material Tables S1, S2).

3. Results
Partitioning the variance in the summary variables (Supplementary
material Table S1) indicated that landscape, species and their interac
tion could account for little of the range expansion rate (5.6%) and
somewhat more of patch occupancy (23.3%). Similarly, the conserva
tion action and the level of change could account for only a negligible
proportion of range expansion rate (2.4%) and a moderate proportion of
occupancy (29.1%). Only when all four factors were considered together
could we account for a substantial proportion of the variance in the
responses (73.4% and 92.2% respectively). We therefore present the
results in terms of how each action and level of change influenced the
response of each species on each landscape, rather than present mar
ginal mean effects having low levels of confidence.
3.1. Species dynamics in a “no conservation action scenario”
Under no conservation action, the mean proportion of occupied
suitable patches in the southern 20% of the landscape was high for all
invertebrates (>86%), intermediate for birds (54–93%) and lower for
mammals (24–70%; Fig. 2a). This was not strongly influenced by the
type of landscape but rather by the life history traits of species. Con
trastingly, species’ rates of range expansion strongly depended on the

Table 2
Species characteristics. SMS – stochastic movement simulator; Kernel – negative exponential dispersal kernel.
Group

Dispersal ability (D)

Population density (P)

Reproduction (S)

Dispersal method

Name

Invertebrates

Low
Medium
Medium
Medium
Medium
High
High
Very high

Very high
High
Very high
Very high
Medium
Low
Medium
Low

Asexuala
Asexuala
Asexuala
Sexual
Sexual
Sexual
Sexual
Sexual

SMS
SMS
Kernel
Kernel
SMS
SMS
SMS
SMS

Invert 1
Invert 2
Invert 3
Invert 4
Mammal 1
Mammal 2
Bird 1
Bird 2

Mammals
Birds

a
In this context, ‘asexual’ does not necessarily imply asexual reproduction. Rather, it may represent invertebrate species that mate upon emergence into the adult
stage within the natal patch, and then fertilised females disperse and are able to found a new colony alone; hence dispersal of males does not need to be modelled.
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Fig. 2. (a) The mean proportion of suitable habitat occupied in the southern 20% of the landscape and (b) the mean annual range expansion rate for each species in
each landscape (columns) and for each species (rows) when no conservation action is applied.

configuration and composition of the landscape (Fig. 2b). In the case of
Landscape 3, which had the lowest proportion of suitable habitat (<5%)
and the highest proportion of the most costly, least permeable land-use
class (88%), most species were unable to expand their range as fast as in
other landscapes. Likewise, species’ life history traits strongly influ
enced range expansion rate: Invert 4 and Mammal 2 had a lower range
expansion ability compared to Invert 1 and Invert 2 at higher population
densities and the two bird species (Fig. 2b).

improvement or restoration of adjacent habitat, or improvement of the
matrix had a negligible effect on patch occupancy (<5%; Fig. 3a). On the
contrary, actions based on the creation of new habitat always had a
positive effect and the extent of this benefit increased with the level of
change, improving species occupancy by up to 27%.
Regarding potential range expansion, modest to negligible gains
were made in all landscapes by improving in situ or by improving the
matrix (difference < 50 m⋅year− 1; Fig. 3b). All conservation actions that
created new habitat were consistently effective across the landscapes
except Landscape 6. The magnitude of benefits depended upon both the
landscape and the level of change (Fig. 3b). The rate of range expansion
was strongly enhanced by creating new habitat adjacent to existing
patches when it was carried out in Landscapes 2 and 4 while it had less
benefit in Landscapes 1, 3 and 5, especially for levels of change <2%. In
Landscape 6, only creating new random habitat patches or creating

3.2. How conservation actions impact patch occupancy and range
expansion potential of a single species across different landscapes
We first illustrate the results for the example species Bird 1, char
acterized by medium dispersal ability and medium population density.
Regardless of the landscape, conservation actions implementing

Fig. 3. Difference in (a) patch occupancy during the final 50 years and (b) range expansion rate compared to a no conservation action scenario for a species with
medium dispersal ability and medium population density (Bird 1) by landscape, conservation action and level of change. A positive difference reflects a positive effect
of the conservation action. Note: some conservation actions could not be implemented owing to the lack of suitable land for conversion, e.g. Restore-Adjacent in
Landscape 6 was possible only at 0.5% change.
5
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adjacent patches at 4% change improved species spread compared to the
baseline (Fig. 3b). Results for other species can be found in Supple
mental material.

two first actions actually resulted in reduced rates of spread compared to
no action. When the Improve-InSitu or Improve-Matrix conservation
actions were applied, respectively 45% and 35% of range expansion
rates were negative, meaning that these conservation actions could slow
species range shifts in the landscape compared to a no action scenario
(presumably due to increased carrying capacity leading to longer timelags before newly-colonized patches produce dispersers by densitydependent emigration under the Improve-InSitu action and under the
Improve-Matrix action randomly located matrix improvements being as
likely to direct dispersers away from suitable patches as towards them).
On the contrary, Create-Random, Create-Adjacent and CreateAdjacentSmall conservation actions were beneficial in most cases, only
13%, 9% and 11% respectively of responses being negative compared to
the baseline scenario. The Restore-Adjacent action was intermediate at
30% of the species range expansion rates being negative, but this action
could not be applied for high levels of change. Although species range
expansion seemed specific to the landscape and conservation action
applied, Bird 2 had a particularly noticeable and consistent high
response in its range expansion rate in Landscape 2, regardless of the
conservation action (Fig. 5). This was because Bird 2 had a very high
range expansion rate through Landscape 2, and reached the northern
edge of the landscape rapidly in all scenarios. However, while it reached
there in 7 years in the baseline scenario, the time it took under con
servation actions varied from 4 to 10 years, leading to extreme but
somewhat artificial negative as well as positive differences in range
expansion rates (Supplementary material Fig. S1).

3.3. How do conservation actions improve patch occupancy and range
expansion of eight virtual species?
When looking at patch occupancy within the existing range (Fig. 4),
regardless of the landscape or level of change, none of the conservation
actions had any major benefits for Invert 1, 2 and 3, which were
‘asexual’ species. Even for the highest level of change, the increase in
patch occupancy was never more than 1.4%. Indeed, those three species
all had high initial patch occupancies (Fig. 2a) and thus, there was no
great scope for improving their patch occupancy within the existing
range (Fig. 4). On the contrary, Invert 4, the two mammals and the two
birds had patch occupancies enhanced by most conservation actions,
especially when creating new habitat adjacent to existing large or small
patches. While creating random patches could have negative impacts on
occupancy, especially for Invert 4, Mammal 2 and, to a lesser extent,
Mammal 1, the Restore-Adjacent strategy tended to have positive ef
fects, but never more than +3.3%. Finally, the benefit was consistently
increased as the level of change increased (Fig. 4). For example, by
applying a Create-Adjacent action for Mammal 1, the mean increase in
occupancy averaged across the six landscapes was 3.4% when 0.5% of
the landscape was converted, rising to 20% when 4% was converted.
When comparing the range expansion rate between each conserva
tion action and the baseline scenario in each landscape, results depen
ded on the species, landscape and level of change considered (Fig. 5).
Improving the quality of existing suitable habitat or enhancing the
matrix was much less effective in increasing the spread of any of the
virtual species than creating new habitat. Indeed, in many cases these

3.4. Do conservation actions provide benefits for both patch occupancy
and range expansion?
When comparing the effect of each of the conservation actions in

Fig. 4. Difference in patch occupancy in the southern 20% of the landscape compared to the baseline scenario for the final 50 years of the simulations according to
the landscape, conservation action, species and level of change. White cells indicate that the action could not be implemented due to the lack of suitable land.
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Fig. 5. Difference in the range expansion rate (m⋅year− 1) compared to the baseline scenario according to the study species, the landscape, the conservation action
and the level of action. White cells indicate that the action could not be implemented due to the lack of suitable land for conversion e.g. Restore-Adjacent at >1%
level of change.

each landscape and for each species on both patch occupancy and range
expansion rates, Improve-InSitu and Improve-Matrix rarely led to both
responses being positive. At 0.5% change, those two conservation ac
tions resulted in 19% of responses being both positive, 20% of responses
being both negative and the rest having contradictory effects (Fig. 6).
Contrastingly, Create-Adjacent and Create-AdjacentSmall did not lead to
both negative responses in any of the landscapes. At 0.5% change, both
positive responses were achieved in 50% of cases. This was increased to
92% when the level of change was 4%. The Restore-Adjacent action was
intermediate, 42% of both responses being positive, 8% being negative
and 50% having contradictory effects. However, this action could only
be applied for levels of change <2%.

were true, it would pose a major challenge for landscape management.
Our results show that across the range of simulated virtual species,
the conservation actions based on creating new habitat adjacent to
existing ones consistently and substantially outperform those of
improving existing habitat or the landscape matrix. This is the case in all
six landscapes and regardless of the response variable (patch occupancy
or range expansion rates). If we compare the highest level of change
(4%) for improving matrix or improving habitat against creating habitat
at the lowest level (0.5%), the habitat creation actions still substantially
outperform the alternatives. This suggests that any difference in cost per
unit area between the strategies would need to be at least eight-fold in
order to make the improvement of habitat or matrix as effective. How
ever, we acknowledge that we only investigated modest change from
these conservation actions, consisting of a 10% increase in carrying
capacity from in situ habitat management and only a small increase in
permeability and decrease in mortality from matrix management.
For most of the examined species and landscapes, greater benefits in
occupancy and range expansion were achieved when habitat is added
adjacent to existing patches, and not at random. On one hand, this is
entirely in line with expectations gained from classical metapopulation
theory (Rybicki and Hanski, 2013; Peterman et al., 2018). Local occu
pancy is enhanced through higher metapopulation connectivity and
potential rescue effects occurring in small patches (Heard et al., 2015).
However, it contrasts with some studies which have suggested that the
ideal management strategy to enhance species spread in fragmented
landscape is to create new habitat patches as stepping stones (McInerny
et al., 2007; Hodgson et al., 2012).
The differences obtained in species’ responses to conservations ac
tions can be explained by their different demographic and dispersal
traits, or at least by modelling choices to represent them. We modelled

4. Discussion
We have demonstrated here how a process-based modelling
approach may be applied to fill a major recently-identified gap in
addressing the combined impacts of fragmentation and range expansion
as an adaptation strategy for climate change, as recommended by Cos
tanza and Terando (2019). Our method assesses, at large spatial and
temporal scales, the relative effectiveness of alternative conservation
actions aiming at (i) improving a species’ occupancy within its existing
range and (ii) improving its range expansion ability in response to
climate change. Importantly, the method yields significant new insights
into how landscapes should be managed effectively at appropriate
spatial and temporal scales, for different aims and for multiple species
with different demographies and behaviours. Previous work has sug
gested that the optimal landscape management for facilitating range
shifts may be different from the one aiming at protecting species within
established ranges (e.g. Carroll et al., 2010; Prober et al., 2019). If this
7
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Fig. 6. Comparison of the effects of each conservation action on the combined responses (patch occupancy and range expansion rates) for each species, each
landscape and each level of change. White cells indicate that the action could not be implemented due to the lack of suitable land, e.g. Restore-Adjacent at >1% level
of change.

our virtual invertebrates in a relatively similar way to the species used in
the theoretical studies that highlighted a potential tension between
managing landscapes for persistence versus range expansion (McInerny
et al., 2007; Hodgson et al., 2012). Species from those theoretical studies
had relatively simple demography and life cycle: only a female sex, no
stage-structure, and simple dispersal (passive dispersal kernel). At
initially high local densities, populations are readily established in new
habitat patches, even when they are quite distant from existing patches
as long as occasionally an individual moves far enough. There are thus
no Allee effects and stochastic extinction of establishing populations is
unlikely, as the intrinsic population growth rate is moderately high. In
contrast, our virtual vertebrate species have more complex demographic
and dispersal traits. They are stage-structured, both sexes are modelled
and dispersal is implemented in a mechanistic way, accounting for the
permeability of the surrounding matrix, so that an empty suitable patch
can only be colonized successfully when both a male and female arrive
there. Consequently, Allee effects and demographic stochasticity are
more pronounced in newly colonized patches, and particularly in the
most distant ones, which are less likely to experience sustained
immigration.
The substantial differences that we observe between our virtual
species reinforces other recent results (Bocedi et al., 2014b) which
already highlight the need to model with more detail the ecology and
behaviour of species to understand better how those characteristics in
fluence species’ range expansions across fragmented landscapes. Our
results emphasise that this is not only important for improving our
ability to make quantitative predictions on the speed of range shifts, but
also, critically, for ranking alternative management interventions. This
work also provides valuable new evidence to the ongoing debate on how
we should best target our conservation actions to improve the resilience

of landscapes under environmental change (Shoo et al., 2013; Prober
et al., 2019).
The benefits derived for patch occupancy and range expansion due to
level of change vary substantially depending upon the landscape, and
this has important implications in terms of prioritising actions. In
particular, in Landscape 3, even a level of change as high as 4% (unlikely
given real-world constraints) has only modest benefits, especially when
aiming at improving range expansion potential. Indeed, it is smaller than
the gains to be derived elsewhere with much more limited addition of
new habitat. This leads to an important issue. If funding for management
is to be prioritised, where should it be best used? There is a case for
targeting those regions and landscapes where the greatest improvement
in the management objectives is to be derived. To illustrate this point, if
our objective at the UK scale is improving species’ range expansion
potential, it might be much better to create an additional 1% of wood
land in each of four landscapes with characteristics similar to those
found in our Landscapes 2 and 6 than investing in creating 4% in
Landscape 3. Essentially, our results highlight that conservation actions
applied in landscapes with an existing low proportion of suitable habitat
are unlikely to be cost effective. On the other hand, some species in
certain landscapes (e.g. 2 and 4) already show good occupancy and
range expansion abilities and may not require additional conservation
actions. Therefore, we seek to implement modest actions in the right
landscape to provide the best overall outcome.
As suggested by several studies (Bottrill et al., 2008; Wiens et al.,
2012; Wilson and Law, 2016), we must begin to prioritise conservation
efforts and target the most effective areas to get the greatest ‘bang for
our buck’ (Rappaport et al., 2015). Conservation triage (Bottrill et al.,
2008) may sometimes be necessary and, in the current environmental
crisis, is likely to need to resemble the medical triage applied in disaster
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or war conditions under which some patients’ chances of survival are
deemed too low to be allocated scare medical assets (Wilson and Law,
2016). From our analysis, it would appear that Landscapes 1 and 2 are
already providing opportunities for our species to maintain patch oc
cupancy and expand their range and respond to small conservation in
terventions. In contrast, Landscape 3 appears to offer limited potential
for our species and would require very substantial actions to provide
conservation benefits. In between these extremes, Landscapes 4, 5 and 6
may be the best targets for future actions, as within them the eight
species appear to respond well to moderate levels of change.
There is a need for future work and further developments applying
such fine-filter modelling approaches. We highlight four important as
pects here. First, our analysis implicitly assumes that all conservation
actions have an instantaneous impact on the species. We are, in effect,
testing the resilience of the networks at the point when the management
actions have resulted in the desired habitat change. In reality, the cre
ation of new woodland may take many decades to provide ideal habitat
for species depending on their composition and ecological complexity
(e.g. Peterson and Soberón, 2018), whereas some actions, such as
habitat management and restoration, could produce far quicker results.
Extending the approach to understand and account for the time lags
between management actions and species’ response will be vital, in
order to assess how the most effective management options depends
upon the time horizon considered (Watts et al., 2020). Second, we can
begin to assess the degree to which the rankings of alternative conser
vation options gained from a fine-filter approach such as ours are
concordant with the rankings gained with coarse-filter approaches that
have been used to date. Ideally, we would find close agreement between
the rankings from the different approaches, as that would provide a
degree of reassurance that the results from coarse-filter approaches are
robust. However, were there to be differences, it would be important to
determine the conditions under which they are more substantial, such
that caution is taken before implementing management based on the
outcome of a single model type. Third, in-situ management, restoration
and matrix management might be cheaper, and faster, than creating new
habitat patches. For instance, 1 ha of newly created habitat could equate
to 10 ha of in-situ management or 50 ha of matrix permeability man
agement. Therefore, the economics of conservation will be very
important to consider and will require the development of suitable
indices to be able to make an effective triage of alternative conservation
actions. Finally, to enable increasingly effective parameterisation of
these parameter-rich models, it is critically important that high quality
empirical work is conducted to obtain life-history data across broad
numbers of species from different taxa. While the virtual species
approach enables general conclusions to be made about the likely
relative effectiveness of alternative conservation actions for different
landscapes, high quality data for real species is required before similar
approaches can be used to gain robust quantitative estimates of the
impacts of alternative management actions on local species
assemblages.
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