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ABSTRACT 19 

Background: Human activities are driving accelerating rates of species extinctions that continue to 20 

threaten nature’s contribution to people. Yet, the full scope of where and how human activities 21 

threaten wild species worldwide remains unclear. Furthermore, the large diversity of approaches and 22 

terminology surrounding threats and threat mapping presents a barrier to understanding the state of 23 

knowledge and uptake into decision-making. Here, we define ‘threats’ as human activities and direct 24 

human-initiated processes, specifically where they co-occur with, and impact the survival of, wild 25 

species. Our objectives were to systematically consolidate the threat mapping literature, describe the 26 

distribution of available evidence, and produce a publicly available and searchable database of articles 27 

for easy uptake of evidence into future decision-making. 28 

Methods: Four bibliographic databases, one web-based search engine, and thirteen organisational 29 

websites were searched for peer-reviewed and grey-literature published in English 2000-2020. A 30 

three-stage screening process (title, abstract, and full-text) and coding was undertaken by two 31 

reviewers, with consistency tested on 20% of articles at each stage. Articles were coded according to 32 

22 attributes that captured dimensions of the population, threat, and geographic location studied in 33 

addition to methodological attributes. The threats studied were classified according to the IUCN Red 34 

List threat classification scheme. A range of graphical formats were used to visualise the distribution 35 

of evidence according to these attributes and complement the searchable database of articles.  36 

Review Findings: A total of 1,069 relevant threat mapping articles were found and included in the 37 

systematic map, most conducted at a sub-national or local scale. Evidence was distributed unevenly 38 

among taxonomic groups, ecological realms, and geographies. Although articles were found for the 39 

full scope of threat categories used, most articles mapped a single threat. The most heavily mapped 40 

threats were alien invasive species, aquatic or terrestrial animal exploitation, roads and railways, 41 

residential development, and non-timber crop and livestock agriculture. Limitations regarding the 42 



3 
 

English-only search and imperfect ability of the search to identify grey literature could have influenced 43 

the findings. 44 

Conclusions: This systematic map represents a catalogue of threat mapping evidence at any spatial 45 

scale available for immediate use in threat reduction activities and policy decisions. The distribution 46 

of evidence has implications for devising actions to combat the threats specifically targeted in the 47 

post-2020 UN Biodiversity Framework, and for identifying other threats that may benefit from 48 

representation in global policy. It also highlights key gaps for further research to aid national and local-49 

scale threat reduction. More knowledge would be particularly beneficial in the areas of managing 50 

multiple threats, land-based threats to marine systems, and threats to plant species and threats within 51 

the freshwater realm.  52 

 53 

KEYWORDS 54 

Biodiversity conservation, Evidence synthesis, Species extinctions, Human footprint 55 

 56 

1. BACKGROUND 57 

Species extinctions are occurring at up to 1,000 times the background rate [1, 2], and for some taxa 58 

these rates are now comparable to previous mass extinction events [3-5]. Unlike the five previous 59 

events that were prefaced by large-scale geological and climatic changes, the current pulse of 60 

extinction is being driven by human activities [6-9]. Yet, biodiversity contributes vital services to 61 

humanity such as climate regulation, food production, and clean water and air provision [10, 11]. 62 

Therefore, it is imperative that the human-driven threats to species are reduced to bend the curve of 63 

biodiversity loss [12, 13]. 64 

 65 
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Spatial prioritisations are a useful tool for informing a variety of conservation practice and policy 66 

interventions. For example, mapping is a highly recommended part of a systematic conservation 67 

planning process, and can help to identify where to carry out specific actions and prioritise limited 68 

financial and physical resources [14-16]. These maps tend to be local in scope, and coupled with multi-69 

criteria decision making or cost-effective analyses [17, 18]. On the other hand, multi-national and 70 

global-scale conservation priority maps have the power to generate public and policy awareness to 71 

deliver large amounts of funding to conservation projects in particular areas [16, 19]. For instance, the 72 

Critical Ecosystem Partnership Fund awarded US$255 million to conservation projects in Biodiversity 73 

Hotspots [20] between 2000 and 2020 [21]. Therefore, conservation priority maps at different scales 74 

have differing but equally important functions for conserving biodiversity.  75 

 76 

The term ‘threat mapping’ has been used to refer broadly to any spatial representation of the 77 

occurrence, intensity, or consequence of threat or threats [16]. This means that the term ‘threat 78 

mapping’ has been applied equally to maps of threatened species or extinction risk categories (herein 79 

maps of species state, e.g. [19, 20, 22-24]), maps of human-driven activities irrespective of species 80 

presence (herein maps of human pressure, e.g. [25-27]), and maps of the spatial co-occurrence 81 

between species and threatening human activities (herein threat maps, e.g. [28-30]). Threat mapping 82 

for spatial prioritisation has been criticised as being insufficient for making effective conservation 83 

decisions [16], yet such critiques have not distinguished between the types of maps described here. 84 

Of these three, the latter (threat maps) and their underlying data have the greatest potential to inform 85 

threat reduction actions but the availability, characteristics, and utility of which has not yet been 86 

discussed or formally reviewed. 87 

 88 

A lack of standardised terminology in the literature surrounding threat maps makes the process of 89 

finding relevant maps arduous, representing a barrier to understanding the state of knowledge and to 90 
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uptake in conservation planning and policy decisions. This is not limited to mapping approaches but 91 

also pervasive in the definition of threats themselves, for which ‘stress’, ‘impacts’, ‘risk’ , ‘drivers’ and 92 

‘footprints’ are often used synonymously [29, 31-33]. Furthermore, many authors refer to processes 93 

such as habitat loss and land-use change as a threats [34-37]. Whereas, others consider these 94 

processes to be the mechanism by which threatening human activities result in species declines rather 95 

than being threats themselves [38, 39]. Rigorous systematic review processes can overcome such 96 

variation in language; however, these can be time-consuming, and conservation planning and policy 97 

decisions are often made on timescales too short to accommodate their findings [40].  98 

 99 

A clarification in terminology is useful here to distinguish maps that: a) show the spatial coincidence 100 

of species and threatening human activities, from b) other spatial representations of threat. Here, 101 

‘pressures’ are considered to be the human activities themselves that have the potential to become 102 

‘threats’ where they adversely affect wild species. Consequently, threat mapping literature is that 103 

which presents the geographic occurrence of threats to species. For example, a study investigating 104 

the effect of a human-pressure (x) on a population of species (y) would not be considered a threat 105 

mapping study unless it visually presented the geographic distribution of x and y within the study area. 106 

In other words, threat mapping research is any investigation that presents the geographic co-107 

occurrence of wild populations of species and the human-driven activities that negatively impact 108 

them. 109 

 110 

Consolidating and describing the characteristics of the threat mapping literature is a vital next step 111 

towards understanding where and how human activities threaten species globally. A diversity of 112 

approaches are present in the threat mapping literature, including a range of spatial scales, threats 113 

studied, taxonomic groups, and questions asked [29, 32, 41-43]. In addition, the quantity of scientific 114 

literature inside and outside conservation science has increased considerably in recent years and 115 
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continues to do so [44-47]. A simultaneously numerous and fragmented literature contributes to the 116 

barrier between research and implementation [44] and presents a high risk of research effort 117 

duplication and contradictory findings, as demonstrated in related fields [24, 48]. Moreover, 118 

unidentified gaps and clusters in knowledge can result in a distorted understanding of a system [49-119 

51], thus increasing the likelihood that decisions based on such knowledge are flawed. Therefore, 120 

given that a major purpose of threat maps is to prioritise limited resources for threat abatement action 121 

and awareness, there is an urgent need to consolidate the, yet uncharacterised, threat mapping 122 

literature.  123 

 124 

There is extensive evidence that research effort in conservation science varies among taxonomic 125 

groups [49, 52-61], and some evidence for variation among geographic locations [49, 54-56, 60]. 126 

Additionally, it is expected that not all threats will be equally represented within the threat mapping 127 

literature, however, to our knowledge, there are no articles that consider differences in conservation 128 

research effort among threats. As threat mapping often relies on satellite data, threats that have a 129 

remotely observable footprint are expected to be disproportionately prominent in the literature [25, 130 

26, 41]. Whereas, direct exploitative threats are likely to be underrepresented [62, 63], despite 131 

biological resource use being the most frequently reported threat in IUCN Red List assessments [64]. 132 

Furthermore, despite many spatial articles [65-67], alien invasive species were included in only three 133 

cumulative threat assessments found during our protocol development [29, 30, 68]. Therefore, this 134 

work has the potential to highlight gaps in knowledge of high benefit to threat abatement efforts. 135 

 136 

This systematic map of the literature describes the review process undertaken, the distribution of 137 

threat mapping evidence across the world, and the searchable database of threat mapping articles. 138 

The systematic map is intended to fill a knowledge gap that has emerged during a wide range of 139 

discussions with diverse stakeholders during the development of the Post-2020 Global Biodiversity 140 
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Framework. Due to the emphasis on reducing the direct threats to species in the post-2020 141 

framework, it is expected that the findings of the map and database of articles will inform these 142 

negotiations and the implementation of the framework when it is agreed. The systematic map was 143 

produced according to the published protocol [69], with only minor adjustments to the search strategy 144 

and eligibility criteria needing to be made, which are described in full and justified below. 145 

 146 

2. OBJECTIVES OF THE REVIEW 147 
The aim of the systematic map was to describe the current distribution of threat mapping literature 148 

by collecting and analysing data on the methodological, taxonomic, and geographic extent of articles 149 

that have mapped threats to species. Descriptive analyses were used to identify gaps and clusters in 150 

knowledge to complement the publicly available database of articles and corresponding meta-data. 151 

As the scope of this investigation was existing in-situ threats, any articles published before 2000, 152 

articles of historical, future, or potential threats, and theoretical, captive, or lab-based articles were 153 

excluded. Furthermore, this analysis specifically considered threat mapping articles, therefore only 154 

articles that presented geographic distributions of both the threats and the affected species were 155 

included. Examples of how threat maps can be presented are given in Additional File 1. 156 

 157 

2.1 Primary Question  158 

What is the scope and extent of literature that maps threats to species? 159 

The following are the question elements: 160 

2.1.1 Population 161 
The taxonomic scope was any wild animal or plant species globally, in any ecological realm (terrestrial, 162 

marine, freshwater). Accepted proxies for the presence of species are detailed in the eligibility criteria. 163 
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2.1.2 Outcome 164 
The outcome examined was the spatial occurrence of threats. Threats are considered to occur where 165 

threatening human activities or direct human-initiated processes co-occur with, and negatively 166 

impact, wild species. It is emphasised that the focus of this study was the direct human-driven 167 

activities and processes rather than indirect processes or the ecological mechanisms (stressors) that 168 

subsequently impact species. For example, articles mapping the occurrence of human-wildlife conflict 169 

where the subject of the measured impact was not the wild species (e.g. the impacted subject was 170 

human), or articles mapping freshwater quality indicators without specifying a human source of 171 

pollution, did not merit inclusion. In contrast, articles mapping retaliatory killing of predators by 172 

humans or those mapping agricultural or industrial effluent where species were observed, would both 173 

qualify for inclusion.  174 

The IUCN Red List threat classification scheme [38] was used as a guide to categorise the threats 175 

studied in each article in a consistent and coherent manner. This allowed threat maps using different 176 

methodologies and terminologies to be analysed in the same way, and any threats in the IUCN 177 

classification scheme that were unrepresented in the threat mapping literature could be identified. 178 

There is evidence to suggest that some of the threats may interact with one another [17, 70-72], which 179 

the chosen framework did not capture. However, as the purpose of this investigation was to catalogue 180 

the existing evidence, the IUCN threat classification scheme was deemed to be the most appropriate 181 

framework to use. 182 

2.1.3 Methods 183 
Any primary research that collected and presented data on the geographic occurrence of threats was 184 

considered within the scope of this investigation. This included georeferenced presentations of direct 185 

or remote observations, spatial modelling results, expert elicitation processes, existing data such as 186 

from the IUCN red list or museum archives, or data collected from existing literature. Similarly, all 187 

cartographic methods were within the scope. Whereas, schematic representations of the occurrence 188 

or gradient of threats without a specific geographic context were outside the scope. 189 
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 190 

2.2 Secondary questions of the systematic map 191 

Descriptive analyses for the systematic map were structured around the following secondary 192 

questions: 193 

1. What is the geographic distribution of the existing literature?  194 

2. What is the taxonomic distribution of the existing literature?  195 

3. Which threats are studied most frequently and how many different threats are considered in 196 

each study? 197 

4. How has the extent of knowledge changed over time 198 

5. Where do gaps and clusters in knowledge exist? 199 

 200 

3. METHODS 201 

The following outlines the searching, screening, and data extraction process in the production of the 202 

systematic map. This was carried out in accordance with the published protocol [69]. The few changes 203 

to the protocol that were made are described and justified below, before describing in full the method 204 

that was used in the relevant sub-sections. 205 

3.1 Deviations from the protocol  206 

1. An alternative strategy was adopted to search some organisational websites. Searches 207 

conducted via (internal) website search boxes often generated materials irrelevant to this 208 

protocol, such as press releases and educational resources. Some websites also had additional 209 

filtering features to aid search efficiency and a publications page on the website, separate to 210 

the search function. Therefore, where the proposed search was found to be inefficient and 211 

other such tools were available, an alternative strategy was used. The specifics of how each 212 

organisational website was searched and screened were recorded (Additional File 2). 213 
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2. The criteria for including articles at title level was expanded as many potentially relevant 214 

articles would have been excluded under the previous guidance. In the protocol it was stated 215 

that ‘if there was insufficient information present in the title to conclusively exclude a study, 216 

all articles pertaining to an effect of human-driven threats on species, or prioritising 217 

conservation efforts will be screened again at abstract level’. Yet at the title screening stage, 218 

this guidance was found to be too restrictive. For example, titles that described the spread of 219 

human-driven pressure without referring to species, or those titled as conservation status 220 

assessments would have been excluded at this stage under the previous guidance. Therefore, 221 

expanding the scope of titles included at this stage was deemed necessary. The updated 222 

guidance related to inclusion of articles at title level is described fully in ‘Article screening and 223 

eligibility criteria’. 224 

3. Exclusion criteria 2B was changed from “Excluded if ecological stress is measured without 225 

being considered a proxy for a particular human activity” to “Excluded if the threat studied is 226 

relevant and studied in-situ but the occurrence was not mapped onto a geographic 227 

distribution”. When applying the criteria it was found that the original criteria 2B was already 228 

represented under criteria 2A, whereby articles were excluded due to an absence of data on 229 

a relevant threat. Meanwhile, articles that undertook an otherwise relevant piece of research 230 

but did not present the findings in a spatially explicit way were abundant. Therefore, the new 231 

structure to the eligibility criteria was considered to better represent the reasons why articles 232 

were excluded. 233 

4. The protocol included one subsequent round of snowballing within the search strategy. 234 

Snowballing was piloted on a sample of 574 articles (54% of the total relevant articles), in 235 

which all the literature cited in this sample was collected and any articles retrieved in the 236 

original search were removed. This process yielded 16,850 novel documents. Assuming that 237 

the three-stage screening would be completed at the same rate for the snowballed articles as 238 

the main search, the time required to screen and extract meta-data from the snowballed 239 
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articles was estimated to be 58 weeks. Therefore, completion of snowballing would likely 240 

result in the findings from the main search being outdated at the time of publication and the 241 

commitment to publish within 2 years of search commencement being breached. 242 

Consequently, the decision was taken not to complete the snowballing. Nevertheless, we 243 

acknowledge the potential of this technique for finding other relevant literature and 244 

encourage interested researchers with the required knowledge to do so. 245 

 246 

3.2 Search for articles 247 

Databases of commercially published and grey literature were searched in accordance with the 248 

published protocol. Two candidate searches were identified that retrieved all articles in a test-list of 249 

benchmark articles, and were compared using a title-level screen. The final search was chosen as a 250 

balance of search sensitivity and specificity. For full details of the scoping searches that were 251 

undertaken in search string development, tests of search comprehensiveness, and how the search 252 

string was adapted for each database see the published protocol [69]. 253 

3.2.1 Search string 254 
The final search string was as follows. This exact string was used to search SCOPUS and details of how 255 

it was adjusted to suit other databases can be found in Additional File 2. 256 

Search String: (pressure OR threat OR risk OR stress OR footprint) AND (species OR ecosystem OR 257 

wildlife OR fauna OR flora OR {spp}. OR {sp.}) AND (hotspot* OR map* OR geographic* OR “gis” OR 258 

“spatial distribution” OR “spatial overlap” OR “spatial separation” OR “spatial dynamics” OR “spatial 259 

variation” OR “spatial framework” OR “spatially explicit” OR geospatial) AND (conservation OR 260 

biodiversity) 261 

3.2.2 Search limitations 262 
The final search was used to search publication databases, search engines and grey-literature 263 

repositories in English for articles published between 2000 and 2020 inclusive. Inclusion of non-English 264 
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language articles was not considered feasible here due to translation resource restrictions. 265 

Furthermore, carrying out snowballing could have retrieved many more relevant articles. Therefore, 266 

we openly encourage interested researchers with the necessary skills to repeat our protocol for non-267 

english languages and snowballing searches. 268 

Through further consideration of the eligibility criteria, it was determined that two articles in the 269 

original test set of articles did not merit inclusion due to nuances in the definitions of future threats, 270 

and mapping [73, 74]. As these nuances were not detectible in the title, abstract or keywords of the 271 

papers, this is not considered to have compromised the comprehensiveness of the search. In addition, 272 

having ineligible articles in the test-set may only have resulted in a higher number of irrelevant articles 273 

being found rather than limiting the number of relevant articles found. Therefore, the overall impact 274 

of this on the comprehensiveness of the systematic map is considered to be minimal. 275 

3.2.3 Publication databases 276 
SCOPUS, ProQuest natural Science Collection, and Web of Science Core Collection were searched for 277 

published peer-reviewed articles by title, abstract and keywords using the subscriptions of Newcastle 278 

University. For specifics of the citation indexes used and how the search terms were adapted for each 279 

database please see ‘Additional File 2’ or the published protocol [69]. 280 

3.2.4 Search engine 281 
Google Scholar was used to identify grey literature by searching the titles with the simplified search 282 

string of: (pressure OR threat OR footprint) AND (species OR ecosystem OR wildlife). A title-level 283 

search has previously been found more effective than searching the full-text on Google Scholar [75]. 284 

The results were ordered by relevance and the first 500 gathered. 285 

3.2.5 Grey literature searches 286 
ProQuest Natural Science collection was specifically searched for non-commercially published 287 

dissertations and theses, government and official publications, reports, and working papers using the 288 

same search string as the ProQuest Natural Science commercially published literature search. 289 



13 
 

3.2.6 Website searches 290 
The following organisational websites were searched for additional grey literature. A bespoke 291 

approach was taken that utilised additional search features and repositories within each website. For 292 

full details of how each organisational website was searched see Additional file 2. 293 

• World Wildlife Fund for Nature (WWF) [76] 294 

• United Nations Environment Programme World Conservation Monitoring Centre  295 

(UNEP-WCMC) [77] 296 

• Convention on Biological Diversity (CBD) [78] 297 

• International Union for the Conservation of Nature (IUCN) [79] 298 

• Intergovernmental Panel on Biodiversity and Ecosystem Services (IPBES) [80] 299 

• Royal Society for the Protection of Birds (RSPB) [81] 300 

• Fauna and Flora International (FFI) [82] 301 

• The Nature Conservancy [83] 302 

• Conservation International [84] 303 

• Birdlife International [85] 304 

• Blue Ventures [86] 305 

• The Audubon Society [87] 306 

• Society of Conservation Biology (SCB) [88] 307 

 308 

3.2.7 Search Results  309 
EPPI-Reviewer-Web [89] was used to assimilate and de-duplicate the search results as well as 310 

coordinate the screening stage among multiple reviewers. EPPI-Reviewer-Web identifies duplicates 311 

based on a similarity algorithm. The threshold for automatic removal of duplicates was set at 0.9, 312 

whereby any articles with a similarity score greater than 0.9 were automatically removed. Articles that 313 

the duplicate removal tool identified as potential duplicates but had a similarity score of less than 0.9 314 

were checked manually. The application creators advise that duplicates are unlikely to be incorrectly 315 
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identified above a similarity threshold of 0.8. Therefore, we are confident that no novel articles were 316 

incorrectly excluded as duplicates. 317 

 To gather the full-text documents of all articles included at the full-text screening stage a combined 318 

strategy was used, utilising the Endnote full-text finding tool and manual searching. 319 

  320 

3.3 Article screening and eligibility criteria 321 

3.3.1 Screening process 322 
A three-stage screening process (Title, Abstract, and Full-text) was undertaken using EPPI-reviewer-323 

web [89]. At each stage, the articles were compared against the inclusion criteria and a decision made 324 

about whether the article was relevant. The following guidance was provided to reviewers about how 325 

to manage missing information at each stage. 326 

If there was insufficient information to conclusively exclude a study at title level, articles were included 327 

if a potentially relevant human-driven pressure and potentially relevant population were present or 328 

alluded to in the title. Terms such as species, ecosystem, and population were considered to 329 

sufficiently allude to species and a simultaneous reference to conservation or management was 330 

considered to sufficiently allude to a threat. Alternatively, titles that described a relevant human-331 

driven pressure were considered to sufficiently allude to threats, where information on the subject of 332 

the pressure was either absent or was not obviously human. Due to the wide variety of titles expected 333 

to be retrieved, reviewers were also advised that if they strongly suspected that the study contained 334 

the relevant information despite not fitting either of those descriptions, then the study should be 335 

reviewed again at abstract level. 336 

At the abstract screening stage, reviewers were advised that where insufficient information was 337 

present to confidently exclude a study it should be screened again at full-text level. However, abstracts 338 

that were entirely narrative and did not contain any suggestions of primary research, were concluded 339 

to be narrative reviews and excluded based on study type. 340 



15 
 

3.3.2 Consistency checking 341 
Two reviewers (FAR and EH) were used to carry out the screening process to test the consistency of 342 

study classification. At each screening stage (Title, Abstract, and Full-text) a random 20% of articles 343 

were allocated to a second reviewer for double screening via EPPI-reviewer-web [89]. Cohen’s kappa 344 

[90] was used to compare the proportional agreement between the two reviewers based on two 345 

possible coding outcomes: ‘Include’ and ‘Exclude’. At title and abstract level, FAR re-examined all 346 

disagreements and, where the reason for disagreement was not obvious (e.g. a clear mistake by either 347 

reviewer), the study was included to the subsequent screening stage. At full-text level all 348 

disagreements were reconciled by a discussion between the two reviewers. At no point during the 349 

screening process were the reviewers involved in decisions regarding the inclusion of their own 350 

authored work. 351 

There was weak to moderate agreement between reviewers at the title, abstract, and full-screening 352 

stages (table 1, [91]). A k value of 0.41 is considered moderate by some authors [90, 92], meanwhile 353 

others have found k to be limited by low numbers of potential coding outcomes and observer accuracy 354 

[93]. In particular, it was found that with two coding outcomes the maximum k was 0.8 and could only 355 

be achieved with an observer accuracy of 95% [93]. Therefore, given the wide contextual scope of 356 

relevant articles and the level of uncertainty associated with the title screening stage, a k greater than 357 

0.5 was deemed acceptable for the title-level screen. 358 

 359 

 360 

 361 

 362 

Table 1. Results from consistency testing at each stage of the screening process. N indicates the number of articles 363 

compared at each stage (20% of the total screened at each stage). K is the measure of inter-rater reliability (Cohen’s kappa, 364 

[90]). 365 

  
Exclusion rate (%) 

  

 
n Reviewer 1 Reviewer 2 Agreement (%) k 

Title 2804 54 59 76 0.51 

Abstract 1368 62 73 84 0.64 

Full-text 626 66 64 85 0.66 
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 366 

3.3.3 Eligibility Criteria 367 

Decisions on whether articles were included or excluded at each stage were made based on the 368 

following criteria. For examples of articles that challenged the exclusion criteria and how they were 369 

dealt with see additional file 3. 370 

1. Eligible Population 371 

The taxonomic scope of this study was any wild species of animal or plant globally, in any country or 372 

ecological realm (terrestrial, marine, freshwater). Evidence of the presence of individuals or groups of 373 

such species was an essential criteria for study inclusion. This included direct observations, remotely 374 

sensed observations, modelled distributions, and expert-derived species range maps. Pre-defined 375 

priority areas for biodiversity conservation, such as a Biodiversity Hotspot or some protected areas 376 

were considered to be valid proxies for species presence. A pre-defined priority area was defined as 377 

an area of conservation importance identified in previous work by any author, due to the presence, 378 

richness or density of animal or plant species. Examples of acceptable proxies for population presence 379 

did not deviate from the protocol and are reiterated in additional file 3. Modelled species distributions 380 

were only considered sufficient evidence of species presence if data on species presence within the 381 

study site were included in the model input. For example, predictions made using solely environmental 382 

analogues were deemed insufficient.  383 

Criteria 1A: Excluded if no evidence was given for the presence or distribution of a relevant species 384 

within the study area  385 

Criteria 1B: Excluded if the evidence provided was predictively modelled without evidence for species 386 

presence at the study site e.g. habitat suitability for the purpose of reintroduction 387 
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2. Eligible Outcome 388 

The spatial occurrence of threats to species. As defined above, threats occur where species are 389 

exposed to threatening human activities and human-initiated processes. Where articles included 390 

multiple ‘threats’ at least one needed to fit the definition used here to qualify for inclusion. If the 391 

threat studied was listed on the IUCN classification scheme but was not a result of human action (e.g. 392 

geological events) it was excluded. Articles on threats such as fire, extreme weather and disease were 393 

only included if they were specifically human-induced within the context of the study. For example, 394 

articles of extreme weather were included if they were studied as a consequence of climate-change. 395 

Criteria 2A: Excluded if no data on where species and human-driven pressures co-occur were 396 

presented or the ‘threat’ considered did not fit the definition used here. 397 

Criteria 2B: Excluded if the threat studied was relevant and studied in-situ but the occurrence was not 398 

mapped onto a geographic distribution. 399 

Criteria 2C: Excluded if the threat considered was not human-driven. 400 

3. Eligible Study Type 401 

Only primary research published 2000–2020 inclusive in English was included, which may use either 402 

primary data, or pre-existing datasets. Exceptions could be made in the case of systematic reviews 403 

and meta-analyses where data from primary work was collated and re-analysed. Only articles that 404 

assessed current threat distributions were included, as opposed to projected future, potential, or 405 

historical distributions. Otherwise, all data collection and cartographic methods were included. 406 

Criteria 3A: Excluded if the article was a narrative review in which no new synthesis of data was 407 

presented. 408 

Criteria 3B: Excluded if the presented distribution represented a historical, future, or potential 409 

distribution of threat to species. 410 
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Criteria 3C: Excluded if the spatial context could not be determined (e.g. due to insufficient reporting 411 

or schematic presentation), or the threat was not studied in-situ (e.g. theoretical, lab-based, or 412 

experimentally applied). 413 

 414 

3.4 Study Validity Assessment 415 

The validity of individual articles was not assessed beyond study eligibility based on the above criteria, 416 

which were written based on the ability of the article to show where species and threatening human 417 

activities co-occur geographically. Nevertheless, information on study design and data type was 418 

collected for each study allowing for future critical appraisal of the methodology. 419 

3.4 Data Coding Strategy  420 

Coding of the articles included at the full-text stage was performed by completing the pre-designed 421 

data collection tool which formed the basis of the database, where each study occupied a single row 422 

(Additional File 4). Meta-data were extracted in terms of bibliographic information, study 423 

characteristics (study design, ecological realm, spatial scale, spatial resolution, geographic location), 424 

threat characteristics (data type, method of collection or synthesis, data source, threats mapped, 425 

number of threats mapped, the thematic precision of threats mapped), and population characteristics 426 

(data type, method of collection or synthesis, data source, taxonomic resolution, taxonomic scope and 427 

taxonomic group). Data were only collected from the main text and supplementary material of each 428 

article; there was no subsequent follow up with authors to clarify missing information. A topology with 429 

full lists of potential outcomes and examples for each variable coded is provided in the coding tool 430 

(Additional File 4). 431 

3.4.1 Coding threats 432 
Threats were classified according to the IUCN Red List threat classification scheme [38] at the second 433 

level of thematic precision in the framework hierarchy, where level 1 was the lowest level in precision 434 
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and level 3 was the highest. For example, bushmeat harvesting was classed as ‘Biological Resource 435 

Use’ at the first level of precision (level 1) and ‘Hunting and Collecting Terrestrial Animals’ at level 2. 436 

Therefore, for a study that mapped the locations of observed hunting activity, the ‘Threat’ would be 437 

coded as ‘Hunting and Collecting Terrestrial Animals’ and the ‘Threat precision’ would be coded as 438 

‘Level 2’.  439 

Other and unspecified threats 440 

The threat classification scheme was adapted to acknowledge where threats were studied at a 441 

precision lower than level 2 or were not captured by the IUCN criteria despite being relevant according 442 

to the criteria above. If threats were mapped at level 1 precision without further clarification as to 443 

what activities this included, the threat was considered ‘unspecified’. For example, if a study mapped 444 

agricultural land-use without specifying if the production was timber, non-timber, or livestock, the 445 

threat was classed as ‘Other or unspecified agriculture and aquaculture’ and the threat precision 446 

classed as ‘level 1’. If the threat satisfied the definition of threats used here but wasn’t covered by the 447 

IUCN classification, the category ‘other’ was applied. For example, types of fencing that were not 448 

otherwise defined under the IUCN threat classification scheme were classed as ‘Other or unspecified 449 

linear infrastructure’. 450 

3.4.2 Coding consistency 451 
The coding was completed by two reviewers (FAR and EH) to ensure consistency. All included articles 452 

were coded by the primary reviewer, and 20% by a second reviewer. Each reviewer independently 453 

reviewed all disagreements on coding before the remaining disagreements were discussed and 454 

resolved collaboratively. Any necessary clarifications were added to the coding tool.  455 
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 456 

3.5 Data Mapping Method 457 

3.5.1 Searchable database 458 
All included articles, coded meta-data and bibliographic information have been made available as an 459 

excel workbook (Additional File 4) and as an online interactive choropleth map 460 

https://naturalandenvironmentalscience.shinyapps.io/ThreatMapping_SM/. The interactive 461 

choropleth map was constructed using the leaflet [94] and shiny [95] packages in R (version 4.1.1, 462 

[96]). The online interactive map allows users to filter the dataset by any of the meta-data, view the 463 

number of articles per country or marine territory, and download a list of citations for their selection.  464 

 465 

3.5.2 Visual mapping of the meta-data  466 
Summary figures and tables were produced to complement the searchable database and visually map 467 

the quantity and quality of evidence relevant to the primary and secondary questions. The taxonomic 468 

distribution was visualised using Sankey diagrams that highlighted the relationships among taxonomic 469 

group, taxonomic resolution, and taxonomic scope for both animal and plant kingdoms. Co-470 

occurrence matrices were used to identify gaps and clusters in research effort, and observe the 471 

linkages between spatial distribution, taxonomy and threats. 472 

To present the geographic distribution of evidence, the geographic location of the study area was 473 

collected in data coding. The geographic location was coded either as the country boundary [97] for 474 

terrestrial and freshwater articles or as the marine territory [98] for marine articles. Where study areas 475 

spanned more than one ecological realm, a judgement was made as to which was the most relevant 476 

for coding the geographic location.  477 

 478 



21 
 

4. REVIEW FINDINGS  479 

4.1 Review of descriptive statistics 480 

4.1.2 Searching and screening 481 
The six peer-reviewed and grey literature databases collectively yielded 29,572 articles. Of these, 482 

15,386 were duplicates and removed, leaving 14,185 articles to be screened (fig 1). In screening, 6,835 483 

(48%) were deemed potentially relevant at title-level, 3,133 (46%) at abstract-level, and 1,046 (33%) 484 

at full-text level (Fig. 1). 110 full texts were irretrievable whereby the full-text of the article could not 485 

be found, or it was inaccessible publicly or via the subscriptions used. Of the 1,977 excluded at full-486 

text level, 22 were originally included at the full-text screening stage but in light of additional 487 

information found at the coding stage both reviewers agreed that these articles did not satisfy the 488 

eligibility criteria. Combining the 23 articles found through searches of organisational websites 489 

resulted in 1,069 threat mapping articles to be included in the final systematic map (Fig 1). 490 

Rates of article relevance across the searched sources was low (1.9% - 11.3%, table 2). The source that 491 

contributed the highest number of articles to the final systematic map was SCOPUS (881/1069). 492 

However, high rates of duplication were recorded for Web of Science Core Collection (WOS) and the 493 

search of ProQuest Natural Science Collection for peer-reviewed published articles (ProQuestPub), 494 

making the independent ability of WOS and ProQuestPub to retrieve relevant threat mapping articles 495 

uncertain. The search of ProQuest Natural Science Collection for grey literature (ProQuestGrey) had the 496 

highest rate of relevance in terms of the number of de-duplicated results that were included in the 497 

systematic map (Table 2).  498 

Source 
Date 

Searched Total results 
Duplicates 
removed 

Relevant  
full-texts 

Relevance 
rate (%) 

SCOPUS 15.9.20 10,646 40 881 8.3 

Web of Science Core 
Collection 15.9.20 8,953 6,544 137 5.7 
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ProQuest Natural 
Science (Published) 15.9.20 9,078 8,690 11 2.8 

ProQuest Natural 
Science  

(Grey Literature) 
15.9.20 395 40 26 11.3 

Google Scholar 15.9.20 500 72 13 3.0 

Organisational 
Websites 

19.4.21 – 
27.4.21 1,238 0 23 1.9 

 Table 2. The results of literature searching and duplicate removal, indicating the number of articles from each source that 499 

were included after the full-text screening stage. Relevance is the percentage of de-duplicated results that were included 500 

after full-text screening. An additional 22 articles were excluded during the coding stage. 501 

 502 
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At full-text stage most articles were excluded on the outcome component of the eligibility criteria. 986 503 

articles (50% of those excluded at full-text level) investigated the occurrence of threats but did not 504 

map the findings. Meanwhile, for 444 articles (23%) the threat studied was found not to meet the 505 

definition used here (Fig 1). Moderate numbers were excluded due to the lack of a relevant population 506 

(159), the study not being a primary synthesis of data (119), or because the study investigated 507 

historical, future, or potential threats (186, Fig 1). For a full list of articles excluded at full-text level 508 

and the criteria that they were excluded on see Additional File 5.  509 

 510 

Figure 1. The flow of articles through the screening process generated in accordance with the ROSES Reporting standards 511 

for systematic evidence synthesis [99]. As all included articles had to present the findings of primary research, all included 512 

articles were scientific studies. ‘Records identified from searching other sources’ refers to articles found in grey literature 513 
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searching via Google Scholar and ProQuest. ‘Pre-screened articles from other sources’ indicates the articles found through 514 

searching organisational websites. 515 

4.1.3 Institutions and article types 516 
The articles included in the final systematic map included 1,011 journal articles, 22 reports, 15 theses, 517 

13 conference proceedings, six dissertations, one book section, and one generic resource. The most 518 

common publications were PLOSOne and Biological Conservation (87 and 80 articles respectively), 519 

while the remaining 902 articles were split between 302 publications (Table 3). 520 

The articles were primarily observational (1043 articles) with few being systematic reviews (16 521 

articles) or experimental (10 articles). Experimental articles were defined here as any investigation 522 

that manipulated variables regardless of tight controls, such as threat exclusion experiments. 523 

Qualitative metrics were more commonly used than quantitative metrics to map both the outcome 524 

(threats) and the population (600 versus 469 for threat metrics and 754 versus 315 for population 525 

metrics). 526 

Publication Name Number of Articles 
PLOSONE 87 
Biological Conservation 80 
Science Of The Total Environment 33 
Diversity And Distributions 31 
Conservation Biology 29 
Biodiversity And Conservation 22 
Global Change Biology 22 
Journal Of Applied Ecology 20 
Ecological Applications 17 
Ecological Indicators 17 
Ocean And Coastal Management 17 
Ecosphere 14 
Environmental Management 13 
Journal For Nature Conservation 13 
Oryx 13 
Endangered Species Research 12 
Journal Of Environmental Management 12 
Environmental Monitoring And Assessment 11 
Biological Invasions 10 
Proceedings Of The National Academy Of 
Sciences Of The United States Of America 10 
Sustainability(Switzerland) 10 
Other 576 

 527 
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Table 3. The distribution of articles among publications. 528 

Figure 2. The number of threat mapping articles published in each year by ecological realm. Some articles were relevant 529 

to more than one ecological realm so the total published in each year is less than the sum of the number published on 530 

each ecoregion for that year. Due to the final date of literature searching being 15.9.2020, the data for both 2020 and 531 

2021 were incomplete. 532 

 533 

4.1.4 Temporal distribution 534 
Of the literature retrieved, the number of threat mapping articles published annually has increased 535 

over the last 20 years. Five articles were published per annum across 2000 – 2004. From there, the 536 

number of published articles increased annually by 39% on average, to a maximum of 149 articles in 537 

2018 (fig 2). As the main search was completed on the 15th September 2020, both 2020 and 2021 are 538 

incomplete. 539 

 540 

4.1.5 Representation of the major ecological realms 541 
The quantity of threat mapping articles was not distributed evenly among the three major ecological 542 

realms. Articles relevant to the terrestrial realm outweighed those studying marine or freshwater 543 

environments (700, 282, and 171 respectively). Where articles investigated threats to a system in the 544 

boundary between these realms (e.g. estuarine or mangrove species) or covered a wide landscape 545 

including multiple of these realms, the codes for all relevant ecological realms were applied. Of these 546 
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boundary-spanning articles, 47 occupied freshwater and terrestrial zones, 18 marine and terrestrial, 547 

5 freshwater and marine, and 7 were relevant to all three. 548 

 549 

4.1.6 Distribution among spatial scales 550 
The number of articles generally decreased with increasing spatial scale, with the exception of global-551 

scale articles that were conducted at a similar frequency to national and multi-national scale articles. 552 

Overall, 345 articles (32%) were conducted at a local scale (<10,000km2), 333 (31%) at a sub-national 553 

scale (>10,000km2 within a single country), 123 (12%) at a national scale (an entire country extent, 554 

irrespective of area), 124 (12%) at a multi-national scale (>10,000km2 across multiple countries), 44 555 

(4%) at a continental scale and 100 (9%) at a global scale. Consequently, 75% of all threat mapping 556 

articles found were conducted at a national scale or below. 557 

 558 

Figure 3. The distribution of evidence among spatial scales, compared for expected sources of bias a) Ecological realm b) 559 

Taxonomic Kingdom. Some articles covered more than one ecological realm and studied species from more than one 560 

Kingdom. 561 

 562 

The distribution of articles across spatial scales followed a similar pattern across the compared sub-563 

groups (aquatic versus terrestrial realms and animal versus plant species, Fig 3). Almost twice as many 564 

articles were conducted on the terrestrial realm as the aquatic realms (marine and freshwater), yet 565 
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the proportion performed at each spatial scale was approximately similar. Likewise, there were almost 566 

three times as many articles on animals as plants, yet the proportions of evidence at each spatial scale 567 

were almost identical (Fig 3).  568 

 569 

4.2 Mapping the quantity of articles relevant to the question 570 

4.2.1 The geographic distribution of threat mapping literature 571 
Based on the literature retrieved, threat mapping research effort was heterogeneously distributed 572 

worldwide. For terrestrial and freshwater threat maps it was found that Asia was represented in the 573 

most articles (187) followed by North America (156), Europe (150), Africa (122), South America (110), 574 

and Australasia (30). Meanwhile in marine applications, the North Atlantic was represented in 70 575 

articles, the Mediterranean Sea in 48, the North Pacific Ocean in 39, the Arctic Ocean in 9, and the 576 

Caspian Sea in 2. While, the South Pacific Ocean (31), Indian Ocean (26), South Atlantic Ocean (14), 577 

and South China Sea (8) occurred in 79 articles collectively. Antarctica and the Southern Ocean 578 

occurred in 3 marine articles and 1 terrestrial or freshwater study.  579 

 580 

The relative proportions of terrestrial and freshwater articles conducted at each spatial scale differed 581 

among geographic regions. The preference for local or sub-national-scale threat maps in these two 582 

realms was most pronounced for Asia and North America (76% and 87% respectively) and remained 583 

present for Europe, Africa, and South America to a lesser extent (61%, 64% and 58% respectively Fig 584 

4). Articles of the African continent were more often mapped on a multi-national scale than a sub-585 

national scale (Fig. 4). Furthermore, of all articles conducted on a national scale, 29% occurred in 586 

Europe (Fig. 4).  587 
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Figure 4. The distribution of terrestrial and freshwater articles among continents and spatial scales. 588 

Figure 5. The distribution of marine articles among geographic regions and spatial scales. 589 

 590 

Threat maps on marine regions were more evenly distributed among spatial scales than terrestrial and 591 

freshwater threat maps. Sub-national scale articles formed the highest proportion of those conducted 592 

in the North Atlantic (44%), North Pacific (59%), and South Pacific Oceans (42%, fig 5). Meanwhile 593 

threats to species in the Mediterranean Sea were more likely to be multi-national (44%, fig 5). 594 

Substantive differences among spatial scales were not observed for other marine regions, although 595 

overall numbers of articles for these regions were low, making meaningful comparisons difficult.  596 

 597 
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Threat mapping evidence was found covering 144 countries and 160 marine territories. However, the 598 

number of articles per country tended to be low; 50% of countries had five or fewer articles and 107 599 

were absent of evidence. The United States of America was found to be the most heavily studied 600 

country (124 articles) and marine territory (36 articles, fig 6). The next most frequently studied 601 

countries in the terrestrial or freshwater realms included Brazil (52 articles), China (51 articles), India 602 

(48 articles), and Spain (36 articles, fig 6). Therefore, research tended to be clustered around western 603 

countries, with some exceptions in large, rapidly-developing countries. 604 

 605 

Figure 6. The geographic distribution of the 925 threat mapping articles conducted at a multi-national scale or below. 606 

 607 

The average number of articles per marine territory was also low, with 50% of marine territories 608 

occurring in 2 articles or fewer and 91 marine territories being absent of evidence. The most heavily 609 

studied marine territories were the USA (36), Italy (28), Spain (23), Canada (21), Australia (20), and 610 

France (20), with the UK and many other Mediterranean marine areas (Greece, Tunisia, Croatia, 611 

Morocco, Cyprus, Turkey, Albania, Bosnia and Herzegovina and Slovenia each represented in 10 to 20 612 

articles (fig 6). For a full table of the countries and marine territories mapped and the number of 613 

articles representing each, see Additional File 6.  614 

 615 
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4.2.2 Taxonomic distribution 616 

Distribution between Kingdoms 617 

Most applications of threat mapping focused on animal species alone (664 articles) with fewer that 618 

focused on threats to plant species (193 articles) and 65 articles presented data on both animal and 619 

plant species. 147 articles used a valid proxy for species presence, in which 97 mapped threats within 620 

a protected area and 57 mapped threats within other high biodiversity areas (Table 4).  621 

 622 

Distribution within Kingdoms 623 

Within the animal kingdom, mammals occupied the highest number of articles (287) followed by birds 624 

(171), fish (144) and invertebrates (111), while reptiles and amphibians occupied 86 and 70 articles 625 

respectively (Table 4). 29 articles that mapped threats to animals either grouped species by non-626 

taxonomic characteristics (e.g. extinction risk) or did not specify the taxonomy of the included animal 627 

species (table 4).  628 

 629 

Of the 258 articles that mapped threats to plants, 181 mapped threats to vascular plants (including 630 

forest). 87 articles mapped broad habitat types or unspecified vegetation, 2 articles mapped threats 631 

to bryophytes, and 21 mapped threats to other plant species, whereby taxonomy wasn’t specified or 632 

species were grouped by non-taxonomic characteristics. Furthermore, among vascular plants, forest 633 

(77 articles), flowering plants (36), grasses (27), unspecified tracheophytes (27), and mangroves (22) 634 

occupied considerably more threat mapping articles than conifers (9) or ferns (2 articles, Table 4).  635 

 636 

Taxonomic scope and resolution 637 

In addition to differences in overall research effort between kingdoms, consideration of taxonomic 638 

resolution and taxonomic scope revealed differences in the ways that each kingdom was studied. For 639 

example, 79% of animal articles mapped species at class-level or below and 49% of contained species-640 
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specific threat maps (fig. 7). By comparison, 28% of plant articles mapped threats at class-level or 641 

below with 16% that mapped threats at a species-specific level (fig 8). Conversely, threats to plants 642 

were more likely to be mapped at a kingdom or domain level (43% and 19% of plant articles 643 

respectively) than threats to animals (4% and 7% of animal articles respectively, fig 8). Furthermore, 644 

there was a greater proportion of single-species articles among animal threat mapping articles (34%, 645 

n = 245) than among plant threat mapping articles (8%, n = 21, fig 7). Therefore the evidence on the 646 

spatial occurrence of threats is both more numerous and more taxonomically specific for animals than 647 

for plants. 648 

Kingdom Class Number of  

Animal Mammal 287 
 

Bird 171 
 

Fish 144 
 

Invertebrate 111 
 

Reptile 86 
 

Amphibian 70 
 

Other 29 
 

Total 729 

Plant Magnoliopsida 37 
 

Liliopsida 27 
 

Pinopsida 9 
 

Bryopsida 2 
 

Polypodiopsida 2 
 

Other  158 
 

Total 258 

Other Pre-calculated high biodiversity area (PCHBA) 57 (77) 
 

Protected Areas 97 (160) 
 

Total 147 

 649 

Table 4. The number of articles mapping threats to each taxonomic class. Some articles mapped multiple species from 650 

different classes and kingdoms, making the total number of articles for each kingdom different to the sum of the articles 651 

for each class. The number of articles that mapped a conservation priority area have been denoted as: the number of 652 

articles in which the pre-calculated priority area was used as a proxy for population presence (outside parentheses) 653 
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followed by the total number of papers in which the priority area was mapped, (i.e. including those where other evidence 654 

for population presence were also used, inside parentheses). 655 

 656 

Figure 7. The difference in taxonomic resolution and taxonomic scope of retrieved threat mapping literature among animal 657 

taxonomic groups. Taxonomic resolution is the lowest taxonomic level that was mapped as an independent population 658 

unit, thus indicative of how taxonomically detailed the threat mapping application was. Whereas, taxonomic scope is the 659 

lowest taxonomic level that includes all species for which threats were mapped within the article. The width of the flows 660 

represents the number of articles. 661 

 662 

 663 

Figure 8. The difference in taxonomic resolution and taxonomic scope of retrieved threat mapping literature among plant 664 

taxonomic groups. Taxonomic resolution is the lowest taxonomic level that was mapped as an independent population 665 

unit, thus indicative of how taxonomically detailed the threat mapping application was. Whereas, taxonomic scope is the 666 

lowest taxonomic level that includes all species for which threats were mapped within the article. The width of the flows 667 

represents the number of articles. 668 
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 669 

4.2.3 Distribution among threats 670 
Articles were collected that represented all 41 relevant categories of threatening human activities and 671 

direct human-initiated processes, in addition to six ‘other or unspecified’ categories. All articles were 672 

classified as examining at least one threat.  673 

Eight threats occurred in 100 or more articles. These were: alien invasive species or diseases (187 674 

articles), fishing and other aquatic resource harvesting (184), roads and railways (172), residential and 675 

urban development (170), non-timber crop agriculture (142), unspecified agriculture (114), hunting 676 

and collection of terrestrial animals (102), and livestock farming (100, fig 9). Excluding ‘other or 677 

unspecified’ categories, seven threats were mapped in less than ten articles. These were: problematic 678 

native species (nine articles), climate-change-induced drought (eight articles), problematic species of 679 

unknown origin (five articles), climate-change-induced storms or flooding (four articles), introduced 680 

genetic material (four articles), flight paths (two articles), and viral or prion-induced diseases (one 681 

study, fig 9).  682 
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 683 

Figure 9. The number of threat mapping articles that mapped each threat. Threats were classified according to the IUCN 684 

threat classification scheme [38]. Colours indicate groups of thematically similar threats (i.e level 1 in the threat 685 

classification scheme). 686 

 687 

When threats were grouped thematically, ‘Agriculture and aquaculture’ was overall the most 688 

frequently mapped threat group (323 articles), followed by ‘Biological resource exploitation’ (314 689 

articles), ‘Residential and commercial development’ (280 articles), and ‘Transport and utility lines’ 690 

(268 articles, fig 9). ‘Problematic species’, ‘Pollution’, ‘Energy and mining’, and ‘Climate change’ each 691 

occupied between 101 and 204 articles. Meanwhile, two threat groups featured in less than 100 692 

articles, which were: ‘Human intrusion and disturbance’ (87) and ‘Natural system modification’ (81, 693 

fig 9).  694 

 695 
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Terrestrial 696 

The distribution of research effort among threats differed somewhat with geographic location, though 697 

three threats (alien invasive species, roads and railways, and residential development) were widely 698 

studied across the terrestrial realm (fig 10). Roads and railways occupied 10-29% of articles on the 699 

Asian, Australasian, European, North American, and South American continents. Meanwhile, Alien 700 

invasive species occupied 50% of articles in Australasia, 23% of articles in North America, 21% of 701 

articles in Europe, and 8-14% of articles in Asia, South America, and Africa. Furthermore, Residential 702 

development varied widely, from 11% in Australia to 27% in Africa (fig 10). 703 

 704 

When threat groups were considered collectively, agricultural threats were also widespread, although 705 

of greater importance in the global south. Articles mapping agricultural threats for Asia, Africa, and 706 

South America, collectively occupied 46%, 51%, and 42% of all terrestrial threat maps on these 707 

continents respectively. This was much larger than in Europe, North America, and Australia for which 708 

agricultural threats represented 20 – 25% of the total threat mapping articles on each continent.  709 

 710 

There were some differences in terrestrial threats among continents. Europe contained a relatively 711 

high proportion of articles mapping recreational disturbance (10%) and renewable energy production 712 

(12%) in comparison to the other continents (fig 10). Whereas, animal resource exploitation was 713 

mapped at an above average rate for Africa, South America, and Asia (28%, 18%, and 13% respectively, 714 

fig 10). Four threats were mapped in the single study of terrestrial Antarctica, these were residential 715 

development, recreational development, recreational disturbance, and work & other disturbance.   716 

 717 

Freshwater 718 

32 threats were mapped in the freshwater realm, eleven of which were mapped on two continents or 719 

fewer (fig 11). Alien invasive species was the most ubiquitously mapped freshwater threat, being the 720 

most heavily mapped on Australasia (75% of articles), Europe (51%), North America (39%) and Africa 721 
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(32%, fig 11). Alien invasive species was also the only freshwater threat for which threat mapping 722 

articles were found on all continents. ‘Water system modification and damming’ was also reasonably 723 

widespread, ranging from 14-31% of threat mapping articles on each continent and was mapped on 724 

every continent apart from Australasia (fig 11).  725 

 726 

Marine 727 

Threat mapping articles were found for 38 of 47 threats in the marine realm, with 13 threats mapped 728 

on two continents or fewer. Fishing and aquatic resource harvesting was mapped across all marine 729 

regions, ranging from 50% to 100% of articles on each marine region (fig 12). Study of shipping lanes 730 

was similarly widespread; only absent from the Caspian Sea. However, the contribution to the overall 731 

body of threat mapping literature found in each region was lower (12-44%, fig 12). Oil and Gas 732 

extraction, aquaculture, and commercial development were also studied with above average 733 

frequency across most marine regions (fig 12). Furthermore, some form of pollution was mapped for 734 

every marine region and, when considered collectively, represented 11-47% of articles on each marine 735 

region (fig 12).736 
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 737 

Figure 10. The representation of different threats in the terrestrial threat mapping literature and differences among geographic regions. 738 
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 739 

Figure 11. The representation of different threats in the freshwater threat mapping literature and differences among geographic regions. 740 
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 741 

 742 

Figure 12. The representation of different threats in the marine threat mapping literature and differences among geographic regions 743 
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4.2.4 The number of threats considered in each study  744 
Threats tended to be mapped in isolation. 60% of threat mapping articles mapped a single threat, 745 

whilst 91% of articles mapped five or fewer (fig 13). Most threats were mapped at the most precise 746 

level (862 at level 2, e.g. Residential an Urban Development), and fewer were mapped cumulatively 747 

(different threats combined into one index, 136 articles) or at level 1 (71, e.g. Residential and 748 

Commercial Development). Threat precision decreased as the number of threats per study increased 749 

(fig 13). For example, 96% of articles that mapped one threat did so at level 2 precision. Whereas, 74% 750 

of articles mapping ten or more threats and all articles mapping 14 or more threats, did so 751 

cumulatively (fig 13). Therefore, most evidence is contained within single-threat articles and thematic 752 

precision tended to be lost as the number of threats increased. 753 

 754 

Figure 13. The number of different threats mapped within each threat mapping study, indicating the thematic precision 755 

at which threats were mapped. ‘level 2’ is the finest level of precision (e.g. Oil and Gas Drilling), ‘level 1’ (e.g. Energy 756 

production and mining) is less precise, and ‘cumulative’ indicates where multiple thematically different threats were 757 

mapped as one. 758 

 759 
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4.3 Mapping the quality of articles relevant to the question 760 

4.3.1 The methods used to map the spatial occurrence of threats to species 761 
A range of methods were employed to map the threats to species, with many articles using more than 762 

one method. 23% of articles used multiple methods to map threats and 16% used multiple methods 763 

to map the population. Overall, ground-level survey methods were the most frequently-used source 764 

of data used to map the population (used in 32% of articles), followed by existing databases (24%), 765 

remote sensing (16%), and sourcing from the existing literature (15%, table 5). Meanwhile, existing 766 

databases were the most frequent source of data on threats (used in 31% of articles), followed by 767 

ground-level survey methods (27%), remote sensing (22%), and sourcing from the existing literature 768 

(15%, table 5). Far fewer articles utilised expert elicitation methods to map the population (5%) or 769 

threat (7%). Furthermore, modelling techniques were more commonly utilised to map the threat 770 

(21%) than the population (11%, table 5). Finally, a small number of articles were found that used a 771 

pre-calculated metric of threats (2%) in comparison to 22% of articles that used a protected area or 772 

pre-calculated high biodiversity area to map the population (table 5). 773 

 774 

Some of the methods used to map the spatial occurrence of threats to species did not fit within the 775 

classification used. Nine articles used other methods to map threats and five used other methods to 776 

map the population (eleven collectively). Of these, five used social media and other online platforms 777 

[100-104], three used museum or other archives [105-107], and for three articles it was unclear how 778 

the locations of the mapped threats were determined ([108-110], table 6). 779 

 780 

 781 

 782 
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Number of Articles using each method/data source for 

each question component 

Type Method Population Outcome (Threat)  

Primary Collection 

Survey 346 292 

Expert Elicitation 49 75 

Remote Sensing 172 237 

Secondary Collection 
Database 261 330 

Literature 164 160 

Primary Synthesis Modelled 119 221 

Secondary Synthesis 

Pre-calculated Metric  
(or PCHBA) 77 17 

Protected Area 160 - 

 Other 5 9 

Table 5. The methods used to map the spatial occurrence of threats to species. PCHBA = pre-calculated high biodiversity 783 

area (e.g. Biodiversity Hotspots [20] or Key Biodiversity Areas [111]). 784 

 785 

 Other method  

Study Population Outcome Description 

Abreo 2019 [100] X X Social Media 
Hausmann et al 2019 

[101] 
 X Social Media 

Jensen et al 2019 
[102] X X Social Media and online trading platforms 

Kitzes and Shirley 
2016 [108] 

 X Unclear how the locations of the dams were determined 

Kraus et al 2012 
[105] 

 X Museum specimens (in combination with other methods) 

Lin et al 2019 [104]  X Social Media 
Montevecchi et al 

2012 [109] 
 X Unclear how the locations of the  oil slick or the extent of oil 

coverage were determined 
Sonricker et al 2012 

[103] X X Social Media and online news 

Tancell et al 2016 
[110] 

 X Unclear how the locations of different marine resource-use  
designations were determined 

De Castro et al 2017 
[106] X  Museum records (in combination with other methods) 

Lawler et al 2003 
[107] X  Natural Heritage records (in combination with other methods)  

Table 6. Descriptions of the methods used in the eleven articles where the method of mapping either the population or 786 

outcome component could not be classified under the framework used. 787 

 788 
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Population Data Sources Number of Articles 
  

Threat Data Sources Number of Articles 

IUCN 53 
  

Government Data 45 

Government Data 17 
  

IUCN 15 

BirdLife 12 
  

FAO 10 

GBIF 6 
  

Land Cover/Land Use 10 

FishBase 5 
  

Human Footprint  9 

Nature Serve 5 
  

Marine Impact (Halpern) 8 

Aquamaps 2 
  

WorldClim 7 

Biodiversity Hotspots 2 
  

GBIF 5 

NOAA 2 
  

Climate Research Unit 3 

Other 125 
  

Other 246 

Source not found 57 
  

Source not found 32 

Table 7. Databases recorded from articles where the population data were gathered from an existing database and the 789 

threat data used were either a pre-calculated metric of threat or gathered from an existing database. ‘Source not found’ 790 

indicates that although the paper used existing data, neither reviewer found information on the source of the data.  791 

 792 

4.3.2 Datasets used to map threats to species  793 
Across the 408 articles that used data from existing databases to map either the population or threats, 794 

142 population databases and 291 threat databases were used. Databases were recorded as reported 795 

in the articles, therefore some of the underlying datasets may overlap (e.g. IUCN Red List and BirdLife). 796 

IUCN Red List and government sources of data were the most common sources for both population 797 

and threat data (table 7). Furthermore, the source population database was not identified in 57 798 

articles and the source threat database was not identified in 32 articles (table 7).  799 

 800 

4.4 Limitations of the map 801 

4.4.1 Search strategy 802 
The search strategy included two databases and 13 organisational websites specifically designed to 803 

target grey literature, yet journal articles were the primary document type among articles included in 804 
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the review. Given this systematic map was global in scope, we chose to search the websites of 805 

organisations that operate internationally. It is possible that smaller-scale organisations involved with 806 

conservation planning and management could contain additional applications of threat mapping. 807 

Contacting the organisations directly may have also been a more successful method of identifying 808 

novel unpublished research applications than online repositories. Therefore, an organisational 809 

website search targeting smaller organisations directly could result in further applications of threat 810 

mapping being found. 811 

As previously identified above, language also represents a limitation of the search strategy. The 812 

contextual and linguistic nuances associated with this investigation presented significant challenges 813 

and thus reinforced the decision only to include articles published in English. However, we recognise 814 

that this presents a risk of overlooking articles from non-English speaking countries. Therefore, we 815 

openly invite researchers with sufficient language resources to replicate this analysis for threat 816 

mapping research published in non-English languages. Regardless, it should be acknowledged that the 817 

English-only search and imperfect ability to target organisational resources could have contributed to 818 

the uneven distribution of literature observed. 819 

4.4.2 Eligibility Criteria 820 
The multi-faceted and diverse nature of the retrieved literature meant that a large number of articles 821 

conceptually challenged the eligibility criteria. For example, NDVI was not considered a valid proxy for 822 

wild species presence as it alone cannot distinguish between natural and human vegetation [112]. 823 

However, NDVI was considered a valid method for measuring the extent of threats such as logging 824 

where other evidence was provided to confirm the eligibility of the population and threat. 825 

Nonetheless, levels of consistency still met the proposed threshold for the abstract and full-text 826 

screening stage. Challenging articles were discussed when the review team met to consolidate 827 

disagreements and efforts were made to update the coding tool. However these nuances were not 828 

always generalisable to changes in the eligibility criteria. Therefore, a list was kept of recurring 829 

examples of such articles and how they related to the eligibility criteria (Additional File 3).  830 
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This systematic map was limited to articles that presented visually the geographic distribution of 831 

threats, therefore it does not represent an exhaustive collection of all the articles on in-situ threats 832 

that exist. For example, fifty percent of articles excluded at the full-text screening stage studied an 833 

otherwise relevant population and threat but either did not study it spatially or did not visually present 834 

the geographic distribution of these two components. Therefore, more evidence on the spatial 835 

distribution of threats to species could be generated by gleaning the country or study-site location 836 

from any study investigating the effect of a relevant threat on populations of animals or plants. 837 

Furthermore, consistency among reviewers at the title-screening stage was slightly lower than 838 

desired. All reasonable efforts were made to minimise the impact of this on the review findings within 839 

the time available, such as reviewing all disagreements again at abstract level. However, it is possible 840 

that some relevant articles were excluded at this stage. 841 

 842 

5. CONCLUSIONS 843 

This systematic map collected and consolidated literature that mapped the threats to animal or plant 844 

species across the world. The number of threat mapping articles has increased through time from five 845 

articles published in 2000 to a maximum of 149 in 2018. The final database consists of 1,069 articles, 846 

covering all 41 relevant IUCN threat categories and an additional six ‘other or unspecified’ categories. 847 

Of these articles, most studied a single threat. Therefore, the systematic map cannot necessarily 848 

provide information on the relative impact of particular threats on species in selected areas, but it can 849 

be used as a starting point for detailed syntheses of the available evidence and an organised repository 850 

of relevant information for use in threat reduction and spatial planning for conservation. 851 

 852 

Evidence was distributed unevenly among every study attribute we assessed: spatial scales, 853 

geographic locations, ecological realms, taxonomies, and threats. The freshwater realm was the 854 



46 
 

subject of substantially less research effort than the terrestrial and marine realms. Global threat maps 855 

were disproportionately numerous in all ecological realms, while the more focussed articles tended 856 

to be conducted at a sub-national or local scale in the land or sea territories of developed nations in 857 

the global north (particularly the USA).  In terms of target species, animals, particularly mammals, 858 

birds, and fish, received greater research attention in comparison to other taxonomic groups, with 859 

non-vascular plants, reptiles, and amphibians receiving less attention. Similarly, some threats were 860 

more frequently studied (alien invasive species, harvesting aquatic resources, roads and railways, and 861 

residential development), whilst, other threats were seldom studied (non-alien invasive species, genes 862 

or diseases, climate-change-induced drought, storms or flooding, and flight paths).  863 

 864 

5.1 Implications for policy/management  865 

5.1.1 Implications for the Post-2020 Global Biodiversity Framework 866 
This systematic map found generous amounts of threat mapping evidence of direct relevance to the 867 

post-2020 Global Biodiversity Framework [113, 114]. In particular, maps of agriculture and 868 

aquaculture, alien invasive species, and residential development were in relatively high abundance. 869 

This evidence could be synthesised or used directly to inform biodiversity-inclusive spatial planning. 870 

 871 

The high abundance of articles mapping the threat of roads and railways indicates that specific 872 

acknowledgement of this threat under the post-2020 framework might be beneficial to preventing 873 

species extinctions. The evidence for various impacts of roads on species is extensive [115-140], 874 

though efforts to reduce the direct threat of transport infrastructure are challenged by the critical role 875 

of transport in economic and social development [141-143]. Furthermore, a 60% increase in global 876 

road and rail network length is expected by 2050 [144]. Therefore, there is reason to consider the 877 

benefits to biodiversity of specifically targeting roads and railways under the post-2020 framework. 878 

 879 
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Biological resource use has been identified as the most pervasive threat to species [64] and is 880 

specifically featured in the Post-2020 framework. Threat mapping evidence found on it was 881 

heterogeneously distributed and clustered around terrestrial Asia, Africa, and South America, where 882 

there is higher reliance of communities on wild meats for sustenance, and presence of illicit wildlife 883 

trades [145-147]. Nonetheless, hunting and persecution of animals also occurs in Europe and North 884 

America [148-153] where mapping evidence for this threat was limited. Therefore, this systematic 885 

map will be useful for the implementation of targets on terrestrial biological resource use in Asia, 886 

Africa, and South America but more evidence is needed elsewhere. Furthermore, here biological 887 

resource use in the terrestrial and marine realms does not distinguish between intentional and 888 

unintentional effects (e.g. bycatch), which each require different methods of threat reduction [154-889 

156]. Therefore, further targeted synthesis of articles that map the threat of biological resource 890 

exploitation could have large benefits for threat reduction activities on land and marine spatial 891 

planning. 892 

 893 

5.1.2 Implications for national and local policy/management 894 
Decision-makers at a local and national scale will be able to use the database of articles to quickly and 895 

easily identify evidence of relevance to their specific application. Further critical appraisal and 896 

extraction of the magnitude of threats for each study are necessary to translate the evidence into 897 

threat reduction activities. Therefore, the systematic map and corresponding database of articles 898 

presents a valuable starting point for evidence-based decision-making for threat reduction at local and 899 

national scales.  900 

5.2 Implications for research 901 

This systematic map has reinforced the need to fill knowledge gaps in the previously identified areas 902 

of bias (taxonomy, geography, and ecological realm). In particular, plants and freshwater systems 903 

were starkly under-studied. Research effort in these areas was not only low overall, but low in 904 

particular foci expected to be of high conservation need. For example, articles of biological resource 905 
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use on plants and in the freshwater realm were scarce, despite 42% of threatened plant species and 906 

41% of threatened freshwater species (animals and plants) being threatened by biological resource 907 

use [157]. Our findings also agree with others that there are geographic biases towards North America 908 

and Europe and against Africa and areas of South America and Asia [49, 56, 158]. The above gaps are 909 

widely acknowledged but efforts to fill them continue to be hampered; we add our voices to those 910 

who call for more research into these underrepresented regions, countries, continents, taxa and 911 

ecological realms, which are equally threatened by human activities. 912 

 913 

The disproportionately high number of global maps we found will feed into a wider debate on the 914 

purpose of global conservation priority mapping [159]. We found almost as many global-scale threat 915 

maps as threat maps of any other spatial scale for either Africa or South America. Global scale analyses 916 

overlook contextual specificities and complexities in decision-making that influence the success of 917 

conservation interventions [160-163]. Meanwhile, actions to implement global frameworks like the 918 

Post-2020 Global Biodiversity Framework occur at a national level, yet a scarcity of maps has been 919 

reported in national strategies for both climate change and biodiversity [164, 165]. Therefore, we 920 

encourage researchers and individuals responsible for conducting global assessments to explore 921 

synthesising the collective findings from smaller-scale threat maps before conducting a global-scale 922 

map, and to prioritise filling knowledge gaps at the national level, where implementation is most likely 923 

to occur. 924 

 925 

Specific knowledge gaps were observed in land-based threats to marine systems and in the 926 

simultaneous study of multiple threats. There is an extensive body of literature to support the 927 

importance of land-based threats to the marine realm [166-172] and the importance of managing 928 

multiple threats [17, 71, 72, 173-176]. However, we found that most articles investigated single 929 

threats and few threat-mapping articles of the marine realm investigated land-based threats, 930 
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representing critical gaps in knowledge. Therefore, specific research that maps the land-based threats 931 

to the marine realm, and the spatial interactions between different threats, could have large benefits 932 

for conservation outcomes. 933 

 934 

This systematic map of the literature details the uneven distribution of retrieved threat mapping 935 

literature across threats, taxonomies, geographies, and methodologies. It highlights clusters in 936 

knowledge of relevance to the implementation of the Post-2020 Global Biodiversity Framework and 937 

draws attention to knowledge gaps that may distort our understanding of where and how human 938 

activities threaten species to inform future research. Moreover, the interactive database of threat 939 

mapping literature provides a user-friendly tool that makes this area of research more accessible to 940 

conservation policy-makers and practitioners.  941 
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