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Abstract
Protected area (PA) networks have in the past been constructed to include all major habitats, but have often been developed through consideration of only a few indicator taxa
or across restricted areas, and rarely account for global climate change. Systematic conservation planning (SCP) aims to improve the efficiency of biodiversity conservation,
particularly when addressing internationally agreed protection targets. We apply SCP in
Great Britain (GB) using the widest taxonomic coverage to date (4,447 species), compare
spatial prioritisation results across 18 taxa and use projected future (2080) distributions
to assess the potential impact of climate change on PA network effectiveness. Priority
conservation areas were similar among multiple taxa, despite considerable differences in
spatial species richness patterns; thus systematic prioritisations based on indicator taxa for
which data are widely available are still useful for conservation planning. We found that
increasing the number of protected hectads by 2% (to reach the 2020 17% Aichi target)
could have a disproportionate positive effect on species protected, with an increase of up
to 17% for some taxa. The PA network in GB currently under-represents priority species
but, if the potential future distributions under climate change are realised, the proportion
of species distributions protected by the current PA network may increase, because many
PAs are in northern and higher altitude areas. Optimal locations for new PAs are particularly concentrated in southern and upland areas of GB. This application of SCP shows
how a small addition to an existing PA network could have disproportionate benefits for
species conservation.
Keywords Bayesian occupancy modelling · Biodiversity · Habitat restoration · Spatial
prioritisation · Species range shifts · Zonation
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Introduction
Protected areas are an important tool to mitigate against increasing and unprecedented
threats to biodiversity in both terrestrial and marine environments. Terrestrial protected
areas cover 15% of global land area and protect an average of 19% of all terrestrial species’
ranges (Pouzols et al. 2014; Maxwell et al. 2020). Despite the Convention on Biological
Diversity’s Aichi target to increase land protection to 17% by 2020 having been missed,
the extent of protected areas continues to increase and more ambitious coverage targets
are likely to be set in 2022 (CBD 2011; Stokstad 2020). However, meeting these targets by
simply increasing the area protected would not by itself guarantee benefits to biodiversity;
reflecting this, Aichi target 11 noted the need for “ecologically representative and well connected systems of protected areas and other effective area-based conservation measures”. In
the past, development of protected area networks has rarely accounted for the spatial configuration of protected areas, leading to considerable inefficiencies (Maiorano et al. 2015) and
bias towards areas of low land-use conflict, rather than favouring areas of high biodiversity
(Venter et al. 2018). Identifying spatial conservation priorities is a complex process; there
are many potential options for creating or expanding protected areas, with high variation
in the distribution of species of concern, and finite resources with which to implement the
expansion of protected area networks (Kullberg et al. 2015). Often protected area network
expansion is informed only by a few well-recorded taxa, resulting in potential problems
such as underrepresentation of rare and non-target taxa (Kremen et al. 2008; Delso et al.
2021), or limited species representation, which has a large impact on conservation outcomes
(Kujala et al. 2018). Potential shifts in species ranges, resulting from climate change, present an additional challenge to implementing a comprehensive network of protected areas
that will benefit biodiversity into the future (Groves et al. 2012; Thomas and Gillingham
2015; Hannah 2010).
Systematic conservation planning (Margules and Pressey 2000) facilitates the identification of areas that could form a comprehensive and representative portfolio of protected
sites (Wilson et al. 2009). It typically requires that numerical targets are specified for how
much of each important biodiversity element should be conserved, making the planning
process transparent (Moilanen and Arponen 2011). We use the term ‘systematic conservation planning’ synonymously with ‘spatial conservation prioritisation/planning’, which uses
complementarity-based methods to select sites, so protected areas are selected based on how
much they would add to the existing network, rather than how much of each feature they
contain (Margules and Pressey 2000; Kukkala and Moilanen 2013). Systematic conservation planning can significantly improve the representativeness of the conservation estate
and has been widely applied, e.g. South Africa (Smith et al. 2006; Knight et al. 2006) and
Australia (Pressey and Bottrill 2008; Barr et al. 2016).
A protected area network should be representative of overall biodiversity, beyond just
threatened species. Therefore, including greater taxonomic coverage in spatial conservation
planning should result in a better conservation outcome (Kujala et al. 2018; Lehtomäki et
al. 2018). Ensuring protected areas are effective in a changing climate is an additional major
conservation concern (Gaston et al. 2006; Jones et al. 2016), and conservation prioritisation
should be informed by data on projected species climate suitability shifts, particularly if
existing protected areas are projected not to retain suitable climatic conditions (Araújo et
al. 2011). Determining the potential future effectiveness of existing protected area networks
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requires more evaluation (Gaston et al. 2006), particularly as conservation planning assessments often have limited species or taxonomic coverage (Dockerty et al. 2003; Araujo et al.
2004), in large part because diverse and comprehensive spatially explicit datasets have only
recently become available.
Europe is dominated by semi-natural habitats and cultural landscapes due to a history of
major land-use change across the continent. It is also a world leading location for driving
multinational conservation efforts (Pullin et al. 2009). This includes Natura 2000, the largest
coordinated protected area network in the world—consisting of sites designated as Special
Protection Areas (SPAs) or Special Areas of Conservation (SACs) (https://ec.europa.eu/
environment/nature/natura2000/). Within Great Britain (GB), SACs and SPAs together with
Sites of Special Scientific Interest (SSSIs) form the main protected area designation structure. The overall effectiveness of the GB protected area network has been found wanting
in various respects, including the size of many of its sites (most English SSSIs are < 1 km2)
(Shwartz et al. 2017), in the lack of coherence as a resilient ecological network (Lawton et
al. 2010; Cunningham et al. 2021) and in the quality and quantity designated for nature conservation (Starnes et al. 2021). The future effectiveness of the GB protected area network
may also be impacted by species’ range changes in response to climate change (Mason et
al. 2015; Thomas et al. 2012). Despite a number of spatial prioritisations undertaken in the
last decade (Delavenne et al. 2012; Dyer et al. 2017; Moilanen et al. 2011), it has not been
explicitly utilised for conservation planning policy decisions in GB. Therefore, planning
GB protected area networks using a more systematic approach to address current network
inefficiencies while also incorporating expected future changes would have clear benefits
(Isaac et al. 2018).
However, the amount of data required to ensure biodiversity is fully represented by spatial prioritisation in GB is unknown; prioritisation may be sensitive to the taxonomic groups
used or could require only a selection of species or taxa (Kujala et al. 2018). Although SCP
has been applied within Britain before (Franco et al. 2009; Moilanen et al. 2011; Thomas et
al. 2013; Cunningham et al. 2021), a complementarity-based approach across multiple taxa,
while incorporating future expected changes to species distributions, has not been implemented in GB despite the importance of such approaches being shown elsewhere (Kremen
et al. 2008; Di Minin and Moilanen 2014; Stralberg et al. 2020; Carroll et al. 2010).
As a first-pass assessment within GB, and working at a 10 km scale which highlights
priority areas to guide fine-scale follow-up, we have three aims. First, to apply systematic conservation planning to recent modelled distributions (1970–1991) of 4447 species
in GB to identify priority areas across multiple taxonomic groups, use these to assess the
representativeness of the existing designated sites in GB (SSSIs, SPAs and SACs), and to
identify where increasing the protected area network to the 2020 Aichi 17% target would
best represent GB biodiversity. Second, we aim to compare how systematic conservation
prioritisation differs across an exceptionally diverse set of taxa: plants, invertebrates and
vertebrates. Does such a complementarity approach provide better concordance in priority
areas between taxa than traditional approaches based on species richness hot-spots (Wilson
et al. 2007)? Third, we aim to use projected areas of suitable climate for these 4447 species under a climate change scenario to assess how the current priority areas might change
and hence the potential impact of climate change on the representativeness of the current
protected area network.
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Methods
Species data
Species distribution data were acquired from the Biological Records Centre (BRC) and British Trust for Ornithology (BTO) at 10 km (hectad) resolution which is consistent with the
available data across the widest range of taxonomic groups (Dyer et al. 2017). Data were
available for the following groups: ants, spiders, bees, birds, bryophytes, butterflies, ground
beetles, centipedes and millipedes, long-horned beetles, ladybirds, craneflies, hoverflies,
moths, dragonflies and damselflies, crickets and grasshoppers, plants, soldier beetles and
wasps (Table S1). From these species, we classified those listed in Sect. 41 of the Natural
Environment and Rural Communities (NERC) Act 2006 as Priority Species (for conservation, usually based on rarity and threat status). Hectads for which climate data were not
available were excluded from analyses. Hectads on small islands, isolated from the GB
mainland, were also excluded to aid model convergence, giving 2,541 hectads for inclusion
in analyses. For all groups other than birds and plants, distribution data were taken only
from the period 1970–89; bird data were taken from the Second Breeding Bird Atlas (Gibbons et al. 1993; Gillings et al. 2019), covering the period 1988–91; plant data were taken
from the period 1970–86, covering the DC2 date class of the Botanical Society of the British
Isles (BSBI) atlas (Preston et al. 2002), and differences in recording effort were accounted
for in later modelling. Although more recent data on species distributions are available, all
modelled groups were subjects of high recording levels during the period (Pocock et al.
2015) and records may be expected to be closer to equilibrium with their preferred climates
during this period as many impacts of anthropogenic climate change were just starting.
Similarly, distributions during this period closely match the information available when the
bulk of protected areas across GB were designated (Stroud et al. 2001), providing a fairer
comparison between spatial conservation planning based selections and actual designation.
If a species was recorded in fewer than five hectads, whether due to low recorder effort
or genuinely extremely restricted distribution, it was excluded from the analysis to ensure
a minimum amount of data for modelling (Pearce-Higgins et al. 2017). These extreme
restricted-range species are expected to be similarly distributed to less rare species and
would therefore not be expected to impact the spatial prioritisations (Lennon et al. 2003).

Modelling recent and future distributions
To model the recent and potential future distribution of these species, we used spatially
explicit Bayesian hierarchical models as described by Beale, Brewer, and Lennon (2014).
These models simultaneously combine a spatially explicit (conditional autoregressive), generalised additive model, linking distribution to climate with a model that accounts for variation in observer effort. Using occupancy models incorporating taxon-specific estimates of
observer effort, we computed the probability of presence independently of the probability
of observation. Excluding the rarest species, we analysed 4898 species, for which 4447
models converged and were used to project recent and future distributions (Table S1, full
list in Supporting Information). Full details of the models are provided in Pearce-Higgins
et al. (2017), with a short summary below. Note that the recent distributions can be taken
as a direct measure of occupancy (incorporating all constraints on distribution). This means
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that for well-recorded taxa such as birds, modelling has a negligible impact on estimated
recent distribution relative to observed patterns, but for more poorly recorded species modelled distributions are more strongly dependent on estimates of climate suitability in areas
of low observer effort. By contrast, future projections are based on climate suitability and
an assumption that other geographically structured constraints (e.g. habitat availability, soil
type or dispersal barriers) remain unchanged.
For each taxonomic group (Table S1; Supporting Information), we used FRESCALO
(Hill et al. 2011) to estimate relative observer effort for each hectad by calculating the proportion of species observed in a hectad compared to expected species richness based on
nearby hectads with a similar species composition.
We calculated four bioclimate variables from monthly mean temperature (°C), cloud
cover (%) and total rainfall (mm) from 1961 to 1990 UK Met Office datasets (http://www.
metoffice.gov.uk/climatechange/science/monitoring/ukcp09/), aggregating 5 × 5 km data to
hectad using the mean: (i) mean temperature of the coldest month (MTCO): a measure
of winter cold; (ii) growing degree days (GDD5): a measure of the plant growth season;
(iii) the coefficient of variation of temperature (cvTemp): a measure of seasonality; (iv)
soil moisture (soilWater): a measure of moisture availability that combines rainfall with
soil capacity for water and evapotranspiration using a bucket model (Prentice et al. 1993).
These four variables are known to correlate with a wide variety of species distributions and
describe key bioclimatic variation, balancing ecological relevance and the need to avoid
simultaneously fitting several strongly correlated covariates (Beale et al. 2008; Beale et al.
2014).
To project suitable climate space under future climate, we used the Spatially Coherent Projections with 11 regional climate model (RCM) ensemble members from the UK
Climate Projections (UKCP09; Murphy et al. 2009) for 2070–2099 for the Intergovernmental Panel on Climate Change’s (IPCC) medium emission A1B scenario (equivalent to
4ºC global warming and intermediate between RCP6 and RCP8.5 (Rogelj et al. 2012)). For
each species, we projected future climate space from the 11 climate ensemble members
separately. From these 11 projections we calculated the median occupancy probability (i.e.
contingent on climate suitability) for each species per hectad for use in further analyses. For
both recent and projected distributions we set a threshold of 1%, below which we assumed
zero occupancy probability.

Identifying priority conservation areas
We used the Zonation conservation prioritisation algorithm to identify priority conservation
areas (Moilanen et al. 2005). Zonation is particularly suited to the modelled distributions
we generated, as it accepts probabilities as input variables. It works by assuming all cells
in the landscape are protected, and then seeks to find the cell that can be ‘unprotected’ with
least impact on the biodiversity within the remaining network. This process is repeated
until no cells are protected, producing a ranking of the importance of cells across the entire
landscape.
Zonation assigns the highest priority to cells with rare species and lowest priority to cells
containing only common species. We used the Core-area Zonation (CAZ) model, which
is suitable for regions such as GB that have high gradients in species richness, because it
assigns the priority of cells according to the rarest species within a cell. Thus cells with
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low overall numbers of species can be identified as priorities if rare species are present
(Moilanen et al. 2005). Zonation analysis was performed separately on all taxonomic groups
listed in Table S1 for both recent modelled and future projected distributions. It is worth noting that because the prioritisation is based upon the modelled recent distributions and does
not include land cover, priority areas identified include both those where species do and will
exist, as well as locations where species are currently absent, but are climatically suitable,
and therefore where conservation aims could be met best through habitat restoration.

Multi-taxa comparison of priority areas
To compare the spatial priorities across multiple taxa, we counted the number of times a
hectad was selected in the top 10% of priority hectads for each taxonomic group, repeating this for both recent distributions and projected future distributions. We compared the
similarity of richness (summed species probability per hectad) and the priority area patterns
between taxa using Pearson’s correlations. We also compared the number of occasions when
hectads were identified as a priority (i.e., within top 10%) for all taxa with the frequency
with which hectads were selected from 10000 samples of a random draw of 10% of hectads.

Protected area network (designated sites)
To determine the efficacy of the existing protected area network for species protection under
recent and future climate conditions, we merged the three categories of protected areas (biological SSSIs, SACs, and SPAs) to create a combined ‘designated sites network’. All three
categories are applicable to the recent species distributions (Stroud et al. 2001). Because
many SSSIs are small and geographically widespread, to prevent nearly all GB at 10 km
resolution being considered protected, we considered hectads to be protected only if they
had a least 20% of their area as designated sites. These ‘protected’ hectads covered 15%
(384 hectads) of GB (Fig. S1), which is equivalent to the combined area coverage of SACs,
SPAs and SSSIs. As existing protected areas are extremely unlikely to lose their designation,
these ‘protected’ hectads were then ‘locked into’ the prioritisation using a Zonation ‘mask’,
ensuring all other hectads are removed first and complementarity to ‘protected’ hectads is
considered. ‘Protected’ hectads select a slightly more representative distribution of available altitudes than the actual designated sites network (which is heavily biased towards
high altitude areas: Fig. S2). Through ranking the conservation prioritisation outputs, we
identified hectads where the GB protected area network could be increased to meet the 2020
Aichi 17% target for either expansion of existing PAs (i.e., in already ‘protected’ hectads) or
location of new PAs (the less-well protected hectads with < 20% designated sites coverage).
We determined a priori that we would consider species with at least 50 presence hectads
(technically, with a summed modelled probability of presence > 50) within the identified
network of priority sites as ‘adequately protected’, and assessed efficacy of the existing
designated sites network by calculating the proportion of species meeting this threshold.
An alternative approach would be to attempt to protect a certain percentage (e.g. 10%) of
all species ranges, but this would risk inadequately protecting species with small ranges for
which we may seek to protect the entire range (cf. the use of absolute areas of occupancy
thresholds by IUCN Red List criteria (Butchart et al. 2005)). As the threshold was arbitrary,
we repeated the analyses with thresholds for ‘adequately protected’ of presence in 1, 10,
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75 and 100 hectads, but qualitatively similar results were found; these results are presented
only in the Supporting Information and not discussed further. Four hundred (8.7%) species
were recorded in less than 50 hectads of the protected area network, and even more species
are projected to fall short of this threshold in the future (N = 767, 16.7%). Therefore, to estimate relative representation of the reserve network for both time periods, we compared the
proportion of species adequately protected within the network against the maximum proportion that could be protected in the same number of hectads (i.e., a hypothetical optimised de
novo reserve selection). Finally, to assess whether optimisation of site selection is required,
or whether a simple random selection of hectads is adequate, we compared the modelled
proportion of species adequately protected under the recent and future conditions within
the existing designated site network with the results of 10000 randomly selected reserve
networks containing the same number of hectads.

Results
Despite differences between species richness patterns of some taxonomic groups, such as
bryophytes, birds and odonata (Fig. 1), priority areas for conservation identified by Zonation tended to coincide across taxa (Fig. S4, Fig. 1), even for bryophytes where richness
patterns were negatively correlated with all other taxa (Fig. S5). There would be marginal
returns in identifying priority areas among taxa after including approximately 700 species
(Fig. S6). Almost half (44.0%) of hectads (1119) were not classified as priority areas for
any group, 19.8% (502) of hectads were classed as a priority for at least one group, while
5.2% (131 hectads) are priorities for more than half of the taxonomic groups. The top 10%
of priority areas among the 18 taxa for recent distributions consistently occurred in the
same geographic locations: northern and upland areas, and regions within Southern England
(Fig. 2a). Spatial priorities between taxa overlapped more than expected by chance; for a
network of protected areas conserving six or more taxa, more of the hectads selected by
Zonation are priorities than would be selected through a random selection (Fig. 3). Conservation priority patterns for individual taxonomic groups are provided in the Supporting
Information (Figs. S3–S4).
Future priority areas had similar spatial configurations to the recent modelled distributions (Fig. 2). The simulations indicate increases in potential conservation priority of upland
and northern areas such as the southern Pennines and northern Scotland (Fig. 2b). Some

Fig. 1 Priority conservation areas
among taxa identified using
Zonation (using CAZ which
reflects the importance of the
area for unique rare species). In
the priority maps (green), a rank
of 1 represents the highest priority hectad. Patterns of priority
areas are generally more similar
among taxa than patterns of species richness (inset maps in red)
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Fig. 2 Occurrence frequency of the top 10% of priority areas across all 18 taxonomic groups for (a) modelled
recent climatic suitability and (b) future climatic suitability. Priority rank is equivalent to the number of taxa
that have a particular hectad as a priority. Changes between recent and potential future priority (i.e. rank) are
shown in (c); the colour intensity represents the importance in both recent and future conditions, with high
intensity indicating relatively high spatial priority (rank) in both recent and future climatic conditions. The
top 10% of both recent and future priority areas are shown in (d)
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Fig. 3 The frequency of hectads that are independently identified as conservation priorities for increasing
numbers of taxonomic groups. Conservation priority hectads fall in the top 10% of Zonation priorities. Red
squares show the actual results of the zonation analysis, such as c. 400 hectads are priorities for one (and only
one) taxonomic group and 5 hectads are priorities for 17 groups. Boxplots show the equivalent results for
10,000 random selections of 10% of hectads. We infer that more hectads are priorities for more than 6 taxa
than expected by chance

southern areas retain high priority (conditional on suitable habitat being present) under projected future climate conditions although absolute priority level decreases (Fig. 2c). There
were also increases in the priority of currently rather low priority areas, such as upland
regions of Wales and in the Pennines. Compared to the recent modelled distributions, under
a future climate scenario fewer hectads, 15.2% (387), were identified as a conservation priority for at least one taxonomic group. Conservation priority maps for individual taxonomic
groups using the future climate space scenarios are provided in the Supporting Information
(Figs. S7–S10).
For the recent modelled distributions, 69% of all species are adequately protected (i.e.
are present in > 50 protected hectads) by the existing designated sites network (Table 1).
There are major differences among taxa—for example more than 80% of craneflies, hoverflies and soldier beetles are adequately protected compared to only 52% of orthopteran species (Table 1; column 2). Taxa with a high proportion of northern or upland species, such as
bryophytes, craneflies, and birds, had a greater proportion of recent modelled distributions
protected in the current protected area network than in a randomly selected reserve network
(Table 2; column 2). 53% of analysed Priority species are adequately protected. If a similar
land area (15% of hectads) to that currently protected were to be selected afresh, without
any reference to current designated sites, 73% of all species and 57% of priority species
could be adequately protected (Table 1; column 1), assuming the selected areas contained
suitable habitat for protection or could be prioritised for habitat creation. Optimal allocation
increases the relative protection for all groups, but could provide substantially increased
protection for some (e.g., orthoptera would increase to 90% adequately protected). The
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existing designated sites network also performs better under future climatic conditions;
there was an increase in the proportion of species adequately protected compared to recent
modelled distributions (Table 1; columns 9 and 10) and there was a significantly lower proportion protected in the future compared to a random allocation (Table 2–columns 5 and 6).
By ranking the zonation outputs, we can identify the priority hectads where an increase
in GB protected area to 17% could be located. Increasing the proportion of hectads protected from 15 to 17% using an optimal allocation based on all species would increase
the proportion of species modelled to be adequately protected by 4%; among individual
taxonomic groups the increase in proportion of species protected varied between 0% and
17% (Table 1). For example, the proportion of bee and long-horned beetle distributions
adequately protected would both increase by 16%, and proportion priority species protected
would increase by 3% (Table 1–column 4). If protected areas were optimally increased to
17% coverage, a greater proportion of species protection across all taxa is expected in comparison to a random hectad selection of 17% (Table 2).
The majority of hectads recommended for expansion of protected areas (i.e., in hectads
that already have protected areas) are in northern areas such as the Lake District and Scottish Highlands (Fig. 4b). In contrast, areas recommended for new protected areas are mostly
located in southern England and western Scotland (Fig. 4c), with 67.6% of hectads also
neighbouring hectads with existing protected areas (Fig. S11). Under the future climate
scenario, an increase in the percentage of hectads protected to 17% would increase the
absolute proportion of all species adequately protected by 2%, with long-horned beetles
benefiting the most from an increase in protected area with an absolute increase of 10%
(Table 1—column 8).

Discussion
Using the widest taxonomic coverage in GB to date to inform systematic spatial conservation planning (4447 species across 18 taxa), we identified a suite of priority areas for focusing habitat protection or restoration, based upon their climatic suitability. Although species
richness patterns differ, similar areas were identified as conservation priorities across the
taxonomic groups. The location of priority areas remained relatively consistent between
recent and future climate scenarios (Fig. 2a and b), but the relative importance of these areas
changed, with northern and upland areas potentially becoming more important, as widely
predicted under climate change scenarios (Mason et al. 2015; Shwartz et al. 2017).
Despite considerable spatial variation in species richness patterns across taxonomic
groups, the existing protected area network adequately protected the majority of GB species
(69%). A reasonable conclusion would be that focusing protection on a broad geographic
range and diversity of habitats based on vegetation, indicator taxa and rare species has
been beneficial for the conservation of a much wider group of species in GB. The similarity of conservation priority areas among taxa is perhaps because biodiversity has become
concentrated in the remaining semi-natural habitat, driven by historical land-use patterns.
For example, 47% of semi-natural grasslands in England were lost between 1960 and 2013
(Ridding et al. 2015), and 46% of ancient semi-natural broadleaved woodland were lost
between 1930 and the 1980s (Ratcliffe 1984). This pattern of conservation priority areas
is likely to be found elsewhere in Europe where protected area networks are similar and
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Table 1 Proportion of species with 50 hectads protected using two sizes of protected area network; 15% is equivalent to the percentage of land protected with the existing protected area network, and 17% is the Aichi target of landscape protection, with hectads considered protected if designated site coverage is at least 20%
Current climate
Future climate
Protection ratio of desigscenario
scenario
nated sites and unrestrained
protection
Column Number
1
2
3
4
5
6
7
8
9
10
UnreDesigProtection
Absolute
UnreDesigProtection
Absolute
Current cliFuture
strained
nated sites (including des- increase in strained
nated sites (including des- increase in mate scenario climate
protection
network
ignated) sites
proportion protection network
ignated) sites
proportion
scenario
15%
15%
17%
protected
15%
15%
17%
protected
Ants
0.86
0.68
0.68
0.00
0.86
0.82
0.82
0.00
0.79
0.95
Bees
0.93
0.70
0.86
0.16
0.88
0.87
0.88
0.01
0.75
0.99
Birds
0.67
0.65
0.67
0.02
0.68
0.62
0.67
0.05
0.97
0.91
Bryophytes
0.68
0.65
0.67
0.02
0.53
0.49
0.52
0.03
0.96
0.92
Butterflies
0.85
0.72
0.78
0.06
0.59
0.54
0.56
0.02
0.85
0.92
Centipedes & millipedes 0.91
0.71
0.77
0.06
0.85
0.82
0.82
0.00
0.78
0.96
Craneflies
0.89
0.81
0.81
0.00
0.75
0.66
0.69
0.03
0.91
0.88
Ground beetles
0.83
0.72
0.78
0.06
0.83
0.82
0.85
0.03
0.87
0.99
Hoverflies
0.94
0.86
0.91
0.05
0.88
0.87
0.88
0.01
0.91
0.99
Ladybirds
0.91
0.78
0.81
0.03
0.84
0.81
0.88
0.07
0.86
0.96
Long-horned beetles
0.82
0.62
0.78
0.16
0.75
0.62
0.72
0.10
0.76
0.83
Moths
0.87
0.80
0.83
0.03
0.81
0.80
0.81
0.01
0.92
0.99
Odonata
0.89
0.71
0.77
0.06
0.66
0.66
0.66
0.00
0.80
1.00
Orthoptera
0.90
0.52
0.61
0.09
0.74
0.71
0.71
0.00
0.58
0.96
Plants
0.61
0.59
0.62
0.03
0.62
0.61
0.63
0.02
0.97
0.98
Soldier beetles
0.89
0.83
0.87
0.04
0.87
0.87
0.87
0.00
0.93
1.00
Spiders
0.86
0.78
0.84
0.06
0.81
0.78
0.80
0.02
0.91
0.96
Wasps
0.95
0.72
0.89
0.17
0.94
0.92
0.94
0.02
0.76
0.98
All
0.73
0.69
0.73
0.04
0.70
0.68
0.70
0.02
0.95
0.97
Priority species
0.57
0.53
0.56
0.03
0.57
0.57
0.58
0.01
0.93
1.00
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Table 2 Comparisons across climate scenarios between the proportions of species adequately protected (at least 50 hectads) from a random selection of hectads with the current
and target sizes of protected area networks; 15% is equivalent to the percentage of land protected with the existing protected area network and 17% is equivalent to the Aichi
target of landscape protection. Median proportions of protection were generated from 10,000 random samples
Current climate scenario
Future climate scenario
Column Number
1
2
3
4
5
6
7
8
Current
15% random
Protection
17% random
Current
15% random
Protection
17% random
designated
selection median (including
selection median designated
selection median (including
selection mesites (15%) (95% CI)
designated)
(95% CI)
sites (15%) (95% CI)
designated)
dian (95% CI)
sites (17%)
sites (17%)
Ants
0.68
0.61 (0.46,0.61)
0.68
0.61 (0.57,0.64)
0.82
0.82 (0.82,0.82)
0.82
0.82 (0.82,0.82)
Bees
0.70
0.73 (0.64,0.78)
0.86
0.78 (0.72,0.81)
0.87
0.86 (0.86,0.87)
0.88
0.87 (0.87,0.87)
Birds
0.65
0.62 (0.61,0.64)
0.67
0.65 (0.63,0.67)
0.62
0.60 (0.59,0.61)
0.67
0.62 (0.61,0.64)
Bryophytes
0.65
0.60 (0.58,0.61)
0.67
0.62 (0.60,0.63)
0.49
0.43 (0.42,0.44)
0.52
0.45 (0.44,0.46)
Butterflies
0.72
0.74 (0.72,0.76)
0.78
0.76 (0.74,0.78)
0.54
0.46 (0.46,0.48)
0.56
0.48 (0.46,0.50)
Centipedes & millipedes
0.71
0.71 (0.68,0.74)
0.77
0.74 (0.71,0.77)
0.82
0.76 (0.76,0.79)
0.82
0.80 (0.76,0.80)
Craneflies
0.81
0.80 (0.78,0.83)
0.81
0.83 (0.81,0.84)
0.66
0.62 (0.61,0.64)
0.69
0.64 (0.62,0.66)
Ground beetles
0.72
0.68 (0.66,0.70)
0.78
0.71 (0.68,0.73)
0.82
0.79 (0.79,0.80)
0.85
0.80 (0.80,0.81)
Hoverflies
0.86
0.84 (0.83,0.85)
0.91
0.86 (0.85,0.87)
0.87
0.81 (0.80,0.84)
0.88
0.84 (0.82,0.85)
Ladybirds
0.78
0.81 (0.81,0.81)
0.81
0.81 (0.81,0.88)
0.81
0.84 (0.84,0.84)
0.88
0.84 (0.84,0.84)
Long-horned beetles
0.62
0.70 (0.65,0.75)
0.78
0.75 (0.70,0.80)
0.62
0.57 (0.57,0.57)
0.72
0.57 (0.57,0.60)
Moths
0.80
0.81 (0.80,0.82)
0.83
0.82 (0.81,0.83)
0.80
0.77 (0.76,0.78)
0.81
0.78 (0.77,0.79)
Odonata
0.71
0.69 (0.63,0.74)
0.77
0.71 (0.69,0.74)
0.66
0.66 (0.66,0.66)
0.66
0.66 (0.66,0.66)
Orthoptera
0.52
0.42 (0.39,0.52)
0.61
0.52 (0.42,0.55)
0.71
0.71 (0.71,0.71)
0.71
0.71 (0.71,0.71)
Plants
0.59
0.59 (0.58,0.60)
0.62
0.61 (0.61,0.62)
0.61
0.59 (0.58,0.60)
0.63
0.61 (0.60,0.61)
Soldier beetles
0.83
0.85 (0.85,0.87)
0.87
0.85 (0.85,0.87)
0.87
0.87 (0.83,0.87)
0.87
0.87(0.87,0.87)
Spiders
0.78
0.78 (0.76,0.79)
0.84
0.80 (0.79,0.81)
0.78
0.74 (0.73,0.75)
0.80
0.75 (0.75,0.77)
Wasps
0.72
0.83 (0.79,0.86)
0.89
0.87 (0.83,0.89)
0.92
0.93 (0.93,0.93)
0.94
0.93 (0.93,0.93)
All species
0.69
0.68 (0.67,0.69)
0.73
0.70 (0.69,0.71)
0.68
0.65 (0.64,0.66)
0.70
0.67 (0.66,0.67)
Priority species
0.53
0.54 (0.52,0.55)
0.56
0.55 (0.54,0.56)
0.57
0.54 (0.54,0.55)
0.58
0.55 (0.55,0.57)
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Fig. 4 Coverage of designated sites per hectad (a), recommended hectads to expand existing designated sites
(b) and recommended hectads to create new designated sites (c) identified by Zonation to highlight priority
conservation areas

historical land-use change has been the major influence on the distribution of extant seminatural habitats. Spatial priorities for protected species overlapped strongly with priorities
for individual taxonomic groups, suggesting that together, threatened (priority) species may
be a suitable surrogate group for prioritising conservation areas, presumably because when
threatened species are present within another assemblage their often small ranges have a
large influence on the overall selection algorithm. Although spatial priorities of specific
taxonomic groups with more species were more similar to priorities of full assemblage of
species, gains in similarity became smaller as species were added. This suggests the benefits
of including additional species declines as the number of species increases (Fig. S6). The
spatial overlap of priority species also has relevance to the broader geographic scale, with
at least 16% of GB species also being listed on European Red Lists of Species (Table S6).
The distribution of GB priority areas is also similar to the pattern of priority areas identified
using finer resolution (2 km2) data (Thomas et al. 2013), suggesting that at a broad, countrylevel scale, biodiversity data at hectad level may be sufficient for identifying priority conservation areas, particularly as priority hectads are similar irrespective of the taxonomic group
used to determine the spatial prioritisation.
If our projections of future distributions are realised, overall, and for most individual
taxonomic groups, a higher proportion of species will be adequately protected in the future.
This future increase in adequate protection reflects the ongoing and expected climate-driven
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range shifts towards higher latitudes and elevations (Mason et al. 2015) and the larger area
of designated sites in northern and upland areas, mirroring historical land-use patterns, with
more arable agriculture in lowland southern areas (Shwartz et al. 2017). This over-representation of upland areas in the British protected area network is similar to the global pattern of designated sites (Joppa and Pfaff 2009), and suggests that similar results would be
found elsewhere. Combined with evidence that species currently distributed in northern and
upland areas are vulnerable to climate change (Pearce-Higgins et al. 2017), this emphasises
the importance of these areas for conserving biodiversity in GB.
Our results therefore suggest that the current designated sites network in GB is geographically well positioned for species conservation in the future, extending the results of previous
analyses of the SPA network for birds (Johnston et al. 2013). Hence maintaining existing
designated sites, particularly within the identified priority conservation hectads, remains an
important component of effective conservation in a changing climate, although the management may need to change as the species for which these areas are likely to be important in
the future may have different habitat requirements. It should also be remembered that our
analysis did not take explicit account of whether other factors, such as geology and land-use,
affect the potential suitability of these sites for colonisation by species from more southerly
areas and lower altitudes, but at a national scale, semi-natural habitats are dominant in both
recent and future high priority hectads (Fig. S11). The future projections also assume that
geographically structured constraints (e.g., habitat availability, soil type or dispersal barriers) remain unchanged. It is therefore possible that areas of forecast high importance may
be located where none of the species of interest actually occur. In such cases, priority sites
should be taken to indicate priority locations for habitat creation to facilitate colonisation.
As well as the importance of upland areas, our results also highlight the importance
of protecting climatically suitable areas for both recent and future distributions of species
occurring in the south of GB (high intensity colours; Fig. 2c, d). Furthermore, our analysis
only considered species extant in GB; those moving northwards from continental Europe
were not included in the modelling process meaning the overall importance of protected
areas in southern GB may be underestimated (Fig. 2c, Fig. S8). Southern GB currently has
less protection than the north in smaller, more vulnerable protected areas (Cunningham et
al. 2021) and conservation action in priority areas here should focus on improving resilience
and adaptation to climate change through landscape-scale habitat restoration and connectivity networks (Oliver et al. 2017; Isaac et al. 2018). Although designated sites in Southern
GB may lose species they are currently designed to protect, these are likely to be replaced
by new colonists (Johnston et al. 2013), which often colonise protected areas before other
sites (Gillingham et al. 2015; Hiley et al. 2013).
We found that increasing land protection by 2%, to 17% of hectads, would increase
the proportion of all species considered adequately protected by 4%. The exact percentage
increases across taxa are dependent on the arbitrary 50 hectad threshold we choose; however, whatever the threshold, there is always a disproportionate increase in the proportion
of species that meet it, if new reserves are selected using optimisation. The same pattern
is true for threatened species, and although the increase in protection for this group by 3%
is lower than for most individual taxa, this is because threatened species have small geographic ranges, and many never reach the threshold of adequate protection (50 hectads).
Furthermore, even for taxa for which the current network performs worse than a random
selection of protected areas (e.g., long-horned beetles, soldier beetles and wasps; Table 2),
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spatial prioritisation and a 2% increase in land protection improves the representation of
currently under-represented taxa.
Our national approach has identified priority landscapes which can be further interrogated to take into account factors that aid species persistence, including climatic refugia
(Suggitt et al. 2018). Conservation of priority hectads does not necessitate strict protection across the whole area, but instead provides a guide for focusing conservation action.
To improve integration with land-management units (Pierce et al. 2005) and the efficiency
of conservation actions, finer scale assessments informed by our analysis, within hectads,
should also be implemented (Butchart et al. 2012; Gilby et al. 2021). For example, each
hectad could be assessed to identify whether the key species driving the prioritisation are
already adequately protected within small reserves not identified in this analysis because of
the protection threshold; many of the priority hectads will already contain protected areas
that are doing an adequate job of protecting priority species. The spatial conservation prioritisations identified strong integration of priority hectads, particularly for future distributions, with the existing protected areas (Fig. S12). Maintaining this connectivity between
protected areas and future species distributions is also fundamental for spatial coherence
and conservation success (Saura et al. 2014).
Using a multi-species and multi-taxa approach, we found that priority areas for many
taxa show strong geographic overlap, irrespective of the spatial richness patterns. This indicates that using a subset of species, such as priority species, might provide a reasonable
proxy to inform spatial conservation planning in GB. We also found the current protected
area network is likely to increase in value for current native species as climate drives a redistribution of species across GB towards more protected northern and upland landscapes. At
this spatial scale, spatial conservation planning tools, such as Zonation, can be used to aid
the design, rather than decide the exact structure, of a protected area network. Ultimately,
any additional protected areas will also be influenced by socio-economic factors (Bode et
al. 2008) as well as considerations of quality and connectivity between existing and future
protected areas (Hodgson et al. 2009; Moilanen et al. 2005). In addition to using spatial conservation planning to improve existing area-based conservation, we recommend the inclusion of predicted species distributions from multiple taxa to provide policy makers with an
assessment of the future effectiveness of existing protected area networks under changing
climatic conditions.
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