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Abstract 51 

Context 52 

Organisations acting to conserve and protect species across large spatial scales prioritise to optimise 53 

use of resources. Spatial conservation prioritization tools typically focus on identifying areas 54 

containing species groups of interest, with few tools used to identify the best areas for single-species 55 

conservation, in particular, to conserve currently widespread but declining species. 56 

Objective 57 

A single-species prioritization framework, based on temporal and spatial patterns of occupancy and 58 

abundance, was developed to spatially prioritise conservation action for widespread species by 59 

identifying smaller areas to work within to achieve predefined conservation objectives. 60 

Methods 61 

We demonstrate our approach for 29 widespread bird species in the UK, using breeding bird atlas 62 

data from two periods to define distribution, relative abundance and change in relative abundance. 63 

We selected occupied 10-km squares with abundance trends that matched species conservation 64 

objectives relating to maintaining or increasing population size or range, and then identified spatial 65 

clusters of squares for each objective using a Getis-Ord-Gi* or near neighbour analysis.  66 

Results 67 

For each species, the framework identified clusters of 20-km squares that enabled us to identify 68 

small areas in which species recovery action could be prioritised. 69 

Conclusions 70 

Our approach identified a proportion of species’ ranges to prioritize for species recovery. This 71 

approach is a relatively quick process that can be used to inform single-species conservation for any 72 

taxa if sufficiently fine-scale occupancy and abundance information is available for two or more time 73 

periods. This is a relatively simple first step for planning single-species focussed conservation to help 74 

optimise resource use. 75 

 76 

Keywords: Spatial conservation prioritization  Conservation intervention  Widespread species  77 

Isolated population  Bird atlas Abundance 78 

 79 

Introduction 80 

 81 

Conservation resources are limited and need to be used efficiently and where they can be most 82 

effective. To help achieve this many frameworks for spatial prioritization have been developed and 83 

implemented across ecological systems (Moilanen et al. 2008; Moilanen et al. 2009; Winiarski et al. 84 

2014). Spatial conservation prioritization (SCP) frameworks typically concern the identification of 85 

priority areas to guide conservation resource allocation and are most commonly applied to identify 86 

areas for protection and habitat restoration, or to avoid and mitigate the negative impacts of 87 

economic development. Areas for prioritization are usually identified by using groups of particular 88 

species or habitats, typically based on threat or taxonomic classification and complementarity 89 
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(although see Beger et al. 2010). SCP most commonly uses data describing species distributions, 90 

habitat types and connectivity to derive decisions, but can incorporate other types of data.  91 

 92 

SCP methods are infrequently applied to guide the allocation of conservation resources for single 93 

species (although see Sirkia et al. 2012; Wan et al. 2014), despite sharing the same principles and the 94 

suitability of software tools such as Marxan (Watts et al. 2009) and Zonation (Moilanen et al. 2005). 95 

This may arise because SCP tends to focus on identifying areas that contain the greatest richness in 96 

biodiversity or groups of species of particular interest, thereby potentially providing a greater return 97 

on investment. Consequently, much SCP is based upon complementarity mapping, identifying 98 

hotspots of overlapping interest which may then enable protection or restoration through 99 

conservation networks and/or protected areas (Moilanen et al. 2009; Wilson et al. 2011; Wilson et 100 

al. 2007). At the same time however, many conservation organisations invest in single-species 101 

programmes (Young et al. 2014), but very few have used SCP to inform resource allocation formally.  102 

 103 

Many species identified as conservation priorities are rare and localised in distribution, and thus 104 

there is less need for SCP; it is relatively easy to identify areas containing the most important 105 

populations and ranges are often small enough for entire populations to be the focus of 106 

conservation efforts. However, there is growing awareness of steep declines in species which remain 107 

relatively common and widespread. Range-wide declines of such species are becoming evident 108 

worldwide, for example, in many birds (Hoffmann et al. 2018; Inger et al. 2015) and invertebrates 109 

(Conrad et al. 2006; Van Dyck et al. 2009). Conserving common and widespread species may be 110 

critical as they have a greater biomass and importance in terms of ecosystem function compared to 111 

rare species (Gaston and Fuller 2007), and even small reductions in these species results in large 112 

losses in the total number of individuals. For widespread but declining species, deciding where 113 

resources are best allocated spatially can be more difficult and will be more important when whole-114 

range action is not feasible. Site-based actions, for example in protected areas, are only likely to 115 

influence relatively small proportions of such populationsand so landscape-scale interventions, such 116 

as those provided through Agri-Environment Schemes (AES) in Europe, are required. These must be 117 

applied over a sufficient area to benefit a high proportion of the target species’ population to enable 118 

impact at the population level (Kleijn et al. 2011). 119 

 120 

The fundamental outcomes of species conservation are usually expressed in terms of species 121 

population size or density and range extent. Targets may include preventing further loss of numbers 122 

or range in declining species, maintaining numbers and range, and increasing numbers and range of 123 

species depleted following previous declines. Population size and range extent are not independent, 124 

and tend to be positively correlated, but the form of this relationship varies between species 125 

(Gaston et al. 2000). These multiple conservation aims are reflected in targets set by biodiversity 126 

frameworks such as the Aichi biodiversity targets (CBD 2010) and species Favourable Conservation 127 

Status, as set out under the EU Habitats Directive (Mehtälä and Vuorisalo 2007). These frameworks 128 

are often underpinned by assessments of species extinction risk, as defined by the IUCN Red List, 129 

which considers both range and population size in red-listing criteria (IUCN 2012). Whether 130 

conservation action should primarily aim to maintain or increase the range of a given priority 131 

species, or to maintain or increase the population size, or both, will be dependent on drivers of 132 

decline, prior and current status, available resources and the tractability of implementing 133 

conservation solutions. 134 
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 135 

Decisions on where to focus conservation interventions can be informed by using spatial and 136 

temporal trends in abundance (Johnston et al. 2015). Species abundance, and abundance change 137 

over time, vary spatially due to landscape variation in habitat availability and quality, climate, 138 

elevation, and in intra- and interspecific competition mediated survival and demography (Newton 139 

1988). In addition, we might expect different population-level responses to conservation 140 

interventions depending on where they are applied within a species’ range, for example, where 141 

existing abundance is high or low, and where the temporal abundance trend is increasing or 142 

decreasing. Although evidence of spatial variation in the success of species’ conservation 143 

interventions is almost totally lacking (Murdoch et al. 2007), SCP can use spatially explicit abundance 144 

information to identify priorities according to species conservation objectives, namely those 145 

focussed on maintaining or increasing population size or range extent. 146 

 147 

Here we illustrate a pragmatic single-species SCP framework. The framework aims to prioritise 148 

conservation action for relatively widespread declining bird species by identifying smaller areas to 149 

work within to achieve predefined conservation objectives. Our framework first defines conservation 150 

need for a species by assessing its stage along a theoretical ‘species recovery curve’ and then 151 

identifies and maps potential target areas for conservation action, based on spatial and temporal 152 

patterns in abundance. 153 

 154 

Species selection 155 

 156 

A species prioritisation approach based on the Birds of Conservation Concern assessment process 157 

(BoCC, Eaton et al. 2015) is used by the Royal Society for the Protection of Birds (RSPB), a large 158 

nature conservation organisation in the UK. BoCC is a well-established, objective assessment of the 159 

status of all bird species in the UK, Channel Islands and Isle of Man, placing each species on a Red, 160 

Amber or Green list of conservation concern, with Red-listed species being of the highest concern.  161 

 162 

We test and illustrate our framework with 29 bird species of conservation concern in the UK, all 163 

either Red or Amber listed in the latest BoCC assessment. From the complete UK Red (67 species) 164 

and Amber (96 species) list, we used breeding season data from a bird atlas conducted in Britain and 165 

Ireland during 2008–11 (Balmer et al. 2013) to exclude species that did not breed in the UK and 166 

those with a coastal breeding distribution. From the remaining 115 species, we next selected the 71 167 

that were considered breeding in 7% or more 10-km squares throughout Britain and Ireland, with 168 

these species defined for our study as widespread species for which targeting the whole of the UK is 169 

impractical. We excluded Red grouse as most grouse populations are managed for commercial 170 

shooting and two species (Bullfinch and Reed bunting) that although listed by BoCC, have more 171 

recently seen an increase in population trend and so are not of immediate conservation concern. 172 

Finally, we reduced our species list further by selecting species for which reasons for decline were at 173 

least partly known and resulted from factors acting from within the UK, as these are the species for 174 

which evidence-based conservation interventions can be implemented within the UK breeding 175 

range.  176 

 177 

Stages of species recovery 178 

 179 
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A managed process of species recovery can be described as following a series of stages, depicted as 180 

a theoretical 'species recovery curve' (Fig. 1). This approach is based on similar use in human 181 

healthcare, has been used by the RSPB and other conservation organisations (Moorhouse et al. 182 

2015) and is similar to one described by Westwood et. al. (2014). This species recovery curve is a 183 

simple means of representing hypothetical steps to restore the favourable status of a species. There 184 

are four distinct stages; 1) diagnostic research - determining the causes of poor conservation status; 185 

2) testing solution research - development and testing of practical management solutions; 3) 186 

recovery management - the deployment of identified solutions and evaluation of species response, 187 

and 4) sustainable management of the recovered population. Species are allocated to curve stages 188 

based on best available evidence by RSPB staff and annually reviewed. Species can be considered to 189 

be at multiple stages of the recovery curve because of differing progress in different habitats or 190 

areas, between which drivers of change, and/or conservation interventions, may differ. 191 

 192 

Species recovery is achieved by progress through the recovery curve through a range of 193 

mechanisms, including dedicated intervention projects, site acquisition and management, land and 194 

sea management advocacy, site protection and influencing government policies, e.g. on land 195 

management and the marine environment. Species recovery is a long-term process and it is 196 

important to continue with a recovery programme until the target population has reached a self-197 

sustaining level, meaning it will remain with a stable or increasing population without the 198 

requirement for specific interventions. 199 

 200 

Deciding species conservation objectives 201 

 202 

While it is self-evident that clear objectives are required from the outset of species recovery 203 

projects, we question whether these are always sufficiently well-defined and articulated. Here we 204 

define four sequential objectives, based on improvements in species status as measured by 205 

population size and range extent (Table 2). Species conservation Objective 1 is to stop ongoing 206 

population decline, i.e. maintain current population size or population density. Objective 2 is to 207 

reverse previous population decline, i.e. increase population size. Once a population is increasing in 208 

number, Objective 3 would then secure (maintain) the current range, if this has not been achieved 209 

already. Population increases may not necessarily be accompanied by range expansion and may 210 

even occur despite continuing range loss, particularly if delivered through spatially targeted 211 

conservation action within the existing range. Finally, Objective 4 would be to increase the range, 212 

most obviously (although not necessarily) back into areas previously occupied. There may be cases 213 

where maintaining and increasing population size objectives may be acted upon simultaneously, for 214 

example through a single intervention. In our example, conservation objectives were defined for 215 

species based on their stage on the species recovery curve (Fig. 1). 216 

 217 

Identifying priority target areas for species 218 

 219 

Species data  220 

 221 

Species breeding ranges were defined by the occupancy of 10-km squares using breeding season 222 

data from a bird atlas conducted in Britain and Ireland during 2008–11 (Balmer et al. 2013). 223 

Although we were only interested in identifying areas for targeting in the UK for our example, our 224 
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analyses included the Republic of Ireland as patterns of abundance and distribution there could 225 

influence the identification of squares for targeting within Northern Ireland; although squares 226 

identified in the Republic of Ireland were excluded from the final stage and so were not displayed in 227 

the final maps. Changes in species abundance were approximated using changes in relative 228 

abundance between the 2008–11 atlas (atlas 2) and the preceding atlas (atlas 1), for which fieldwork 229 

was undertaken during 1988–91 (Gibbons et al. 1993). Both atlases generated relative abundance 230 

maps using species lists from two 1-hour field surveys conducted in each of a minimum of eight 231 

‘tetrads’ (2×2-km squares) per 10-km square between 1 April and 31 July. We used relative 232 

abundance maps generated by the method of Balmer et al. (2013). Relative abundance estimates for 233 

species for each 10-km square (relative to all other squares) were calculated from the standardized 234 

tetrad visits by one of three methods depending on species, with the most refined approach used 235 

that the data for a species permitted. These three methods either map actual counts in each square, 236 

smooth data with square values adjusted according to counts in adjacent squares, or use predictive 237 

models that include variables such as habitat. For our analysis the resulting maps were then 238 

summarised and displayed to a 20x20-km square resolution. 239 

 240 

Identifying priority target areas 241 

 242 

Deciding which areas to prioritise depends on the aim of the intervention. If the aim is to maintain 243 

the population size of a declining population (Objective 1), we suggest that remaining areas of high 244 

relative density should be targeted to conserve remaining populations and reduce further loss. In 245 

contrast, if the aim is to increase population size (Objective 2), we propose to focus effort on areas 246 

that have undergone recent declines in abundance, on the basis that these areas could, with suitable 247 

conservation intervention, have the capacity to return a species to a higher density. Where lost 248 

recently, dependent on the reason for loss which first needs addressing, areas that have experienced 249 

a relatively recent decline are more likely to have retained the same environmental conditions and 250 

habitats compared to areas where species have been in decline over a longer period. Areas where 251 

populations have been in decline over longer periods of time are more likely to require interventions 252 

which take longer to achieve and are more costly, such as through habitat creation, or because 253 

species' life histories result in both slow decline and recovery, such as long-lived species with low 254 

fecundity where individuals continue to breed but with low breeding success causing decline, in 255 

conjunction with having a relatively late recruitment age, resulting in slow population recovery 256 

(Jenouvrier et al. 2009; Sæther and Bakke 2000). Objectives 3 and 4 for species’ range might be best 257 

met by targeting action in areas of lower density to prevent local extinction (in order to maintain 258 

range) due to small populations being at a greater risk of extinction (Purvis et al. 2000), or targeting 259 

action in areas where a species has gone extinct recently if there is evidence that conservation 260 

interventions could increase range, i.e. if suitable habitat and conditions remain and reasons for loss 261 

has been adequately addressed. 262 

 263 

Priority areas for targeting conservation action were identified by a map-based analysis (Fig. 2). For 264 

the species conservation Objectives 1-3, target areas were identified using spatial cluster analysis on 265 

subsets of occupied 10-km squares. Cluster analysis identifies groupings that share characteristics. 266 

We used the Getis-Ord Gi* statistic calculated within ArcMap 10.5 (ESRI, 2016), a statistic typically 267 

used for identifying clusters of events (Baruch-Mordo et al. 2008), but also for guiding species 268 

prioritization (Kober et al. 2012). The Getis-Ord Gi* statistic assesses clustering and provides 269 
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information about local high and low clustering across a study extent. In our framework this tested, 270 

for each species separately, the degree to which each square where a species was present was 271 

surrounded by squares with similarly high or low clustering within a specified geographical distance. 272 

Our specified distance was a minimum fixed (Euclidean) distance band, the minimum distance that 273 

ensured every square where a species was present had at least one other occupied square to make 274 

clustering assessments with. A Z-score and P value were returned for each square, which indicate 275 

whether spatial clustering is more pronounced than expected in a random distribution. To identify 276 

priority areas, we ordered squares by Z-score, in ascending or descending order according to species 277 

conservation objective, and the number of targeting squares we selected for the final stage was 278 

predetermined for each species based on the number of occupied 10-km squares in atlas 2. For 279 

species found in 7-20% of 10-km squares in atlas 2 (including Republic of Ireland), we selected the 280 

top 40% of 10-km squares, for species found in 20-40% of 10-km squares in atlas 2, we selected the 281 

top 30%, and for species found in 40-100% of 10km atlas squares, we selected the top 20%. This 282 

approach aimed to ensure that target areas covered an area that could be affordable and practical 283 

to work within. 284 

 285 

The Getis-Ord Gi* equation used in the ArcMap tool is: 286 

 287 

 288 
 289 

where 𝑥j is the attribute value for feature j, 𝑤i,j is the spatial weight between locations of i relative to 290 

j, 𝑛 is equal to the number of features and:  291 

 292 

 293 
 294 

For species conservation Objective 1 'maintain population size', a Getis-Ord Gi* analysis was run on 295 

the relative abundance value of occupied squares using atlas 2 data. Squares were then ranked in 296 

descending order by Z-score and the number of squares selected for targeting based was 20, 30 or 297 

40% of species range according to the total number of 10-km squares occupied by the species in 298 

atlas 2.  299 

 300 
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For species conservation objective 2 'increase population size', first a map layer that only included 301 

occupied squares that had declines in relative abundance between the two atlases was selected. The 302 

Getis-Ord Gi* analysis was run for this subset of squares, using values of absolute change in relative 303 

abundance between atlas 1 and atlas 2. Squares were then ranked in ascending order by Z-score and 304 

the number of squares selected for targeting based was 20, 30 or 40% of species range according to 305 

the total number of 10-km squares occupied by the species in atlas 2.  306 

 307 

For species conservation objective 3 'maintain range', a Getis-Ord Gi* analysis was run on the 308 

relative abundance value of occupied squares using atlas 2 data. Squares were then ranked in 309 

ascending order by Z-score and the number of squares selected for targeting based was 20, 30 or 310 

40% of species range according to the total number of 10-km squares occupied by the species in 311 

atlas 2, which represented spatial clusters of squares that showed the lowest abundance. 312 

 313 

For species conservation objective 4 'increase range', squares that had no recorded occupancy in 314 

atlas 2, but that did have occupancy recorded in atlas 1, were identified. We calculated the distance 315 

between squares where the species was found in atlas 2 with squares where the species had been 316 

lost between atlas 1 and atlas 2. From these squares, we then only selected the squares that were 317 

within 50km of a square occupied in atlas 2 for targeting.  318 

 319 

For our illustration, we sought to prioritize species conservation work within ten UK operational 320 

areas used by the RSPB. Each area has a work programme revised every five years guided by a 321 

national organisational strategy. These operational areas defined the spatial units used for our final 322 

assessment. 323 

 324 

Operational areas containing >30% of identified target squares were defined as the highest priority 325 

for the stated objective (Target Area 1), those containing 10-30% of target squares as medium 326 

priority (Target Area 2) and those containing <10% of target squares as lower priority (Target Area 327 

3). We calculated Target Area category values within the GIS using the 'Frequency' and 'Field 328 

Calculator' tools. Finally, all resulting maps were converted to a raster map, to a 20-km resolution 329 

summarising by the mean Target Area category. We intentionally produced maps at the 20-km scale 330 

to avoid over-interpretation by end-users to specific sites or populations, but maps could be 331 

generated at any spatial scale equal to or larger than the occupancy and abundance data available. 332 

 333 

Target areas identified 334 

 335 

Maps for all 29 species (Online Resource, Fig. S1), over all relevant species conservation objectives, 336 

identified a mean of 87.6 20-km squares per species in which to target species recovery work (Table 337 

3), from which one (for 25 species) or two (for three species) operational areas per species were 338 

identified as being of the highest priority for targeting (Target Area 1). For the species conservation 339 

Objective 1 'maintain population size', the 26 species for which this was mapped had a mean of 87.5 340 

20-km squares identified (range 22-181) over a mean of 4.3 operational areas (range 1-9). For 341 

Objective 2, 'increase population size' the 10 species maps had a mean of 113.1 20-km squares 342 

(range 6-181) and identified a mean of 5.5 operational areas (range 2-7). For Objective 3 'maintain 343 

range' the four maps had a mean of 60.5 20-km squares (range 8-118) and identified a mean of 5.3 344 

operational areas (range 2-9). Although none of the 29 species reached Objective 4 'increase range' 345 
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on the recovery curve, we did map this for two species, Corncrake Crex crex because this species has 346 

been subject to a previous reintroduction programme to England (Carter and Newbery 2004), and 347 

Nightjar Caprimulgus europaeus because if the recent increasing population trend continues but 348 

range remains static, this could be a realistic objective in the near future. These two ‘increase range’ 349 

maps had a mean of 15.5 20-km squares (range 14-17) and four operational areas (range 3-5) 350 

identified (Fig. S1). 351 

 352 

Of the 11 species which had more than one species’ conservation objective mapped, eight resulted 353 

in different operational areas being identified as the highest priority for different conservation 354 

objectives. While this is expected where objectives oppose each other, for example high versus low 355 

abundance, this is an important because it suggests that areas selected for conservation intervention 356 

by SCP will in most cases vary according to the conservation objective. Although not examined in our 357 

single-species approach, this pattern is also likely to apply if multi-species congruence type 358 

approaches of SCP based on abundance trends are used. This reinforces the recognised need to set 359 

very clear objectives for species recovery programmes, as well as for SCP (Jones et al. 2018; 360 

Lehtomäki and Moilanen 2013), whether applying single-species or multi-species approaches, and 361 

revising the objectives as species recover. 362 

 363 

Discussion and conclusions 364 

 365 

Ecological assessments to inform where to target conservation resources are important as these 366 

resources are finite and need to be used wisely. We illustrate a relatively simple framework to help 367 

guide spatial targeting using existing data on species abundance and distribution. While the methods 368 

that we use to identify spatial aggregation are not new, their application to inform the spatial 369 

targeting of single-species conservation programmes is more novel. Our framework resulted in 370 

identifying a single area to our highest priority targeting category for most species (93%), and 371 

generally suggested clear spatial priorities in respect of individual species and objectives defined by 372 

the species’ conservation objectives we used. This should therefore allow for a more efficient and 373 

successful approach to conservation planning.  374 

 375 

For most species, target areas identified by our framework differed according to the species 376 

conservation objective. These objectives will themselves be influenced by the current trend and 377 

status of a species, and both these may change as a species responds to conservation intervention. 378 

Therefore, assessments of these should be made a-priori and either the mapping exercise repeated 379 

as circumstances change, or all the objectives should be mapped for each species to aid planning 380 

ahead. For example, where to target conservation effort for a species based on a 'maintain range' 381 

objective map might be influenced by where effort is recommended based on the 'increase range' 382 

objective map, or versa visa. This may avoid the possibility that as a species progresses through the 383 

recovery stages work is stopped in one area and started in another. 384 

 385 

Our framework could be applied to any species of flora or fauna for which trends in distribution and 386 

abundance are well known across the entire area of interest. Birds in the UK have been particularly 387 

well monitored for decades and so our example was able to use high quality data for the whole of 388 

the area at a relatively fine spatial resolution. However, monitoring schemes for other taxa 389 

(Schmeller et al. 2009), and for birds in previously less well monitored areas (Underhill et al. 2017; 390 
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Wotton et al. 2018), are becoming established in many parts of the world and will provide future 391 

opportunities for similar prioritization exercises. Advances in estimating abundance (Dennis et al. 392 

2013) and new methods of monitoring at large spatial extents (Biggs et al. 2015) further increase the 393 

availability of suitable data for a range of taxa. For many taxa, prioritization exercises may still be 394 

meaningful at smaller spatial scales, so a national monitoring scheme is not a prerequisite. 395 

 396 

There are a number of ways our framework could be improved. For example, our targeting maps 397 

only take into account the extent and location of suitable available habitat or elevation/climatic 398 

conditions (i.e. a species’ climatic niche) via the actual species’ distributions. Our framework does 399 

not consider how species might respond to future climatic change, both in terms of potential range 400 

shift to include new areas and the loss of other areas (Gillings et al. 2015), or in terms of how 401 

climatic change may spatially alter species abundance (Stephens et al. 2016).  402 

 403 

Different approaches may need to be considered for certain species groups. Atlas data are 404 

potentially less accurate, especially in mapping abundance, for species poorly detected by generic 405 

atlas survey methods, such as nocturnal or cryptic species (including Nightingale Luscinia 406 

megarhynchos and Woodcock Scolopax rusticola, which we included in our illustration). For such 407 

species, data from repeated single-species surveys with tailored methodology to maximise 408 

detection, could be used in a similar way to that described here. Also it should be borne in mind that 409 

our example is dependent on interventions made within the breeding range being successful in 410 

effecting recovery. While this is likely to be true for most of the species we selected, as the reasons 411 

for decline are at least partly known, for other species conservation interventions may be required 412 

to address drivers acting upon populations in the non-breeding season. For example, some resident 413 

UK species’ breeding populations are influenced by factors that occur during the winter (Siriwardena 414 

et al. 2006). Migratory species have multiple life stages in which factors can influence population 415 

dynamics and many species show spatial variation in population trends (Morrison et al. 2013). 416 

Conserving mobile and migratory species is a challenge for SCP generally (Runge et al. 2014), 417 

although most migratory birds tend to show high between-year site philopatry (Paradis et al. 1998), 418 

meaning species’ ranges and priority areas will not differ between years, unless undergoing rapid 419 

contraction or expansion. Most seabirds and some other highly colonial nesting species may also 420 

require a different approach because the locations needed to implement conservation interventions 421 

could be marine foraging areas or breeding colonies, and because breeding distributions are often 422 

exclusively coastal. 423 

 424 

Finally, pragmatically, resource allocation is not decided purely based upon species biology. Many 425 

economic, political, social and logistical considerations that we did not include also need 426 

consideration (Mazor et al. 2014; Naidoo et al. 2006). A parallel framework, or second stage 427 

assessment, could incorporate such non-biological factors along with the recommendations resulting 428 

from our spatial framework. 429 

 430 

There are also broader issues concerning SCP. We still lack a comprehensive understanding of where 431 

to target conservation action within species ranges in order to achieve particular objectives, 432 

including maintaining or increasing population size and range. For example, it is not known whether 433 

it is better to target conservation action in the core of species’ ranges or at the edge, in areas of high 434 
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or low abundance, or in areas where populations are currently stable or decreasing, and optimal 435 

targeting is likely to vary between species and circumstances.  436 

 437 

Optimisation methods are commonly used to prioritize populations in a metapopulation context 438 

(Moilanen and Cabeza 2002), and Spatially Explicit Population Models (SEPMs, e.g. Dunning et al. 439 

1995) incorporating abundance data are used to prioritize habitats or habitat patches to direct 440 

single-species work within (e.g. Conlisk et al. 2014; Minor and Urban 2007). Where spatially explicit 441 

information exists for a species’ metapopulation dynamics, habitat availability and quality, and 442 

connectivity (Hodgson et al. 2011), SEPMs should provide better guidance on where to work than 443 

our simple framework. However, such methods will frequently identify priority populations or 444 

habitats that are scattered spatially; our framework is designed to identify one or few relatively 445 

small areas. Furthermore, the highly detailed level of information required for SEPMs is often not 446 

known or available, and SEPMs usually only address one conservation objective. Our basic 447 

framework requires less information about a species and can be used for multiple and dynamic 448 

objectives. 449 

 450 

For single-species SCP, spatial targeting based on multi-species complementarity hotspot 451 

approaches is unlikely to be the most effective in delivering conservation action. Approaches that 452 

encapsulate spatial and temporal variation in abundance, ecological traits and demography across 453 

distributions are required. Our simple and adaptable framework incorporates one of these, 454 

abundance. As we gain a more complete knowledge of a species' metapopulation dynamics and of 455 

spatial variation in species’ demography and effectiveness of conservation interventions, it should 456 

be possible to include these in more complex frameworks. Once the spatial prioritization process has 457 

been completed for a species, congruence approaches can then be used to identify overlap in 458 

priority areas across groups of species; this would be particularly valuable when there is overlap or 459 

synergy between the conservation actions required. Conservation planning is an on-going process in 460 

which current decisions set the stage for those to be made in the future (Costello and Polasky 2004; 461 

Murdoch et al. 2007). Our simple framework is a starting point that can be built on or tailored to suit 462 

other taxa, spatial scale or conservation strategy. 463 
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Species recovery stage actions Species recovery objective 

Diagnostic research (D): Undertake research to 
understand cause of decline. 

Maintain population size, while diagnosing 
causes of decline. 

Trial solution research (T): Undertake and assess 
trial management until it provides evidence that 
management interventions are effective. 

Maintain population size, while devising 
management solution. 

Recovery management (R): Conservation 
interventions adopted across the species’ range 
which enable achievement against 
population/range targets with continued 
conservation intervention. 

Maintain population size while solutions become 
adopted. Increase population size once solutions 
adopted range wide. Maintain range once 
population has increased above predetermined 
threshold. 

Sustainable management (S): Continued 
management through conservation 
interventions until evidence that 
population/range targets are being achieved and 
can be sustained with little or no conservation 
intervention. 

Consider increasing range where recovered 
populations are at risk from stochastic events. 
Maintain population size and maintain range. 
Consider reducing conservation intervention 
resource. 

 629 

Table 1. Description of each stage of a hypothetical species recovery curve, and corresponding 630 

species recovery objective. 631 
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Objective Aim Method 

1)  
Maintain 
population size 

Prevent further population decline, 
by targeting effort at remaining 
higher abundance areas where this 
will act upon a relatively large 
proportion of the remaining 
population 

Spatial cluster analysis using relative 
abundance in atlas 2. Target identified squares 
with the highest relative abundance 

2)  
Increase 
population size 

Target effort in areas where 
declines in abundance have been 
most severe but species is still 
present, and thus has the potential 
to recover to previous levels 

Restrict analysis to only squares that saw 
declines in abundance between atlas's. Spatial 
cluster analysis using change in relative 
abundance in atlas 2. Target identified squares 
with the lowest relative abundance 

3)  
Maintain range 

Target effort in areas where 
species is still present but at low 
density, where local extinction 
(and hence range loss) is most 
likely 
 

Spatial cluster analysis, using relative 
abundance in atlas 2. Target squares with the 
lowest relative abundance 

4) 

Increase range 
Target areas from which the 
species has been lost but which 
were occupied in previous 
assessment – areas where a 
species has been lost from 
relatively recently are most likely 
to be reoccupied.  

Squares that had no recorded occupancy in 
atlas 2 but that did have occupancy recorded 
in atlas 1 were identified. Target all identified 
squares that were within a distance of 50km 
from squares occupied in atlas 2 

 659 

Table 2. Species conservation objectives, their aims and the methods used to create targeting maps 660 

for each objective. 661 

 662 
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  1) Maintain population size 2) Increase population size 3) Maintain range 4) Increase range 

Species Recovery 

curve 

stage(s) 

Target 20-

km squares 

Number of 

operational 

areas 

identified 

Number of 

operational 

areas 

containing 

Target Area 1 

Target 20-

km 

squares 

Number of 

operational 

areas 

identified 

Number of 

operational 

areas 

containing 

Target Area 1 

Target 20-

km 

squares 

Number of 

operational 

areas 

identified 

Number of 

operational 

areas 

containing 

Target Area 1 

Target 20-km 

squares 

Number of 

operational 

areas 

identified 

Number of 

operational 

areas 

containing 

Target Area 1 

Black grouse  T and R 36 2 2          

Corn bunting  T and R  72 5 1 72 6 1       

Corncrake T and R    6 2 1 9 3 1 17 3 2 

Cuckoo D 132 4 1        

Curlew  T  113 4 1        

Grasshopper warbler  T  22 1 2        

Grey partridge  R  99 4 1 99 6 1      

Hen harrier  T 45 4 1         

House sparrow  D and R  148 7 1 181 6 1     

Lapwing  T and R  136 6 1 136 4 1      

Linnet  D and R 111 9 1        

Marsh tit T 89 5 1        

Nightingale D 37 6 2        

Nightjar  D and R     8 2 1 14 5 0 

Oystercatcher D and T 122 4 1        

Redshank D and S 107 7 1 116 6 2 118 9 0   

Ring ouzel  T  46 4 1        

Skylark  T and R 181 8 1 99 5 1     

Snipe  T  46 2 2        

Song thrush  R 74 5 2 181 7 1     
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Table 3. Recovery curve stage and summary of mapping results for all 29 species analysed. For each of the four species conservation objectives that are 

relevant to the conservation objectives of each species, the number of 20-km squares resulting from analysis are shown together with the number of 

operational areas they occurred in and the number of Target Areas with the highest priority that were identified. Shaded areas indicate targeting maps that 

were produced for each species, with blank areas meaning that no assessment was made for that species and objective because species recovery objectives 

were not applicable based on their species recovery curve stage. Species recovery curve stages are explained in Table 1, with 13 species having multiple 

stages as these differed between habitat types or geographical areas.

Swift  D and T 153 5 3        

Tree sparrow  R   113 6 1 107 7 1    

Turtle dove  T  64 2 1        

Twite  D and T 62 3 1        

Whinchat D 84 4 1        

Willow tit  D and T 63 4 1        

Woodcock  D        35 4 2        

Yellowhammer  R       130 7 1 128 7 0     

Yellow wagtail T        67 4 1        
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Fig. 1. Theoretical species recovery curve. Species recovery actions undertaken at each stage D 

(diagnostic research), T (trial solution research), R (recovery management) and S (sustainable 

management) are described in Table 1.  

 

Fig. 2. Stages of target map creation, using the priority area map to maintain population size for 

Curlew Numenius arquata as an example. Stages of map creation from left to right show a) relative 

abundance, b) result of Getis-Ord Gi* analysis with all occupied 567 10-km squares displayed by Z-

Score, c) selection of the 113 10-km squares with the higest Z-Score from the Getis-Ord Gi* analysis, 

and d) the final targeting map. The ten operational areas (spatial units used) are shown in all maps. 

 

Fig. 3. Example maps for a) Grey partridge Perdix perdix, b) Redshank Tringa totanus, c) Tree 

sparrow Passer montanus, d) Ring ouzel Turdus torquatus and e) Swift Apus apus. Column 1 shows 

relative abundance, column 2 change in relative abundance between atlas 1 (1988-91) and atlas 2 

(2007-11), column 3 priority area map to maintain population size, column 4 priority area map to 

increase population size and column 5 priority area map to maintain range. For these species no 

priority area map to increase range was created because this objectives was not applicable based on 

species recovery curve stage. The ten operational areas (spatial units used) are shown in all maps. 
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