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Abstract 

Biodiversity hotspots are the most biologically rich, yet threatened, terrestrial 

regions. From 1992 to 2015, they underwent 148 Mha of land cover changes, 

including forest losses (56 Mha, of which 40 Mha caused by agricultural expansion), 

declines of shrubland or savannah (23 Mha), and urbanization (10 Mha). The three 

largest losses in forest areas occurred in Sundaland, Indo-Burma, and Mesoamerica, 

accounting for 11 Mha, 6 Mha, and 5 Mha, respectively. This corresponds to a 

relative loss of 13%, 6%, and 7%, respectively, of the forest area originally present in 

1992. Forest losses are also observed inside protected areas within the biodiversity 

hotspots. About 4.5 Mha of forests were lost between 2000 and 2015, and around 1 

Mha of losses happened in the relatively recent past (between 2010 and 2015). 

Stricter and more effective land-based policies are needed to preserve threatened 

ecosystems and prevent risks of massive species extinction. 

 

Introduction 

Biodiversity decline is one of the most urgent challenges for our society (Tilman et 

al., 2017), and biodiversity hotspots were introduced to identify priority areas where 

major conservation efforts should be allocated (Figure 1a) (Brooks et al., 2002; Myers, 

2003; Myers et al., 2000). To qualify as a biodiversity hotspot, an area must contain at 

least 1,500 species of vascular plants found nowhere else on Earth (endemic species), 

and have lost at least 70% of its primary vegetation (Myers, 2003). Biodiversity 

hotspots cover about 16% of land globally and have lost around 85% of their original 

habitat, but they are the sole remaining habitats of about half of the Earth’s plant 

species and more than one-third of the vertebrate species (Myers, 2003; Myers et al., 

2000). Biodiversity hotspots thus host an enormous concentration of small-ranged 

species in places where most natural habitats have been cleared, and additional 

degradation can lead to an exceptionally large extinction spasm (Kobayashi et al., 

2019; Myers, 2003; Tracewski et al., 2016). 

Endemic species in biodiversity hotspots are highly vulnerable to land cover changes 

(LCCs) (Kobayashi et al., 2019; Sandel et al., 2011). LCCs increase extinction risks 
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because they likely reduce habitat and facilitate anthropogenic interactions and 

disturbances, such as infrastructure, poaching or the introduction of alien species 

(Helmus et al., 2014). Furthermore, abrupt biodiversity declines are most likely to 

occur where landscape fragmentation is already high and additional habitat losses 

can trigger non-linear responses from threatened endemic species (Betts et al., 2017; 

Brooks et al., 2002), such as in the biodiversity hotspots. Deforestation is one of the 

main drivers that accelerates species extinction (Betts et al., 2017; Brooks et al., 2002; 

Tracewski et al., 2016), and remotely sensed datasets of changes in forest areas are 

frequently integrated with biodiversity databases to estimate species responses at 

different scales (Betts et al., 2017; Tracewski et al., 2016). However, the lack of a 

consistent global land cover dataset limited existing studies to focus on one type of 

land cover class at a time (usually forests) (Betts et al., 2017; Tracewski et al., 2016), 

or to use coarser databases with simplified differentiations in land cover types and 

trends (Kobayashi et al., 2019).  

Recently, the European Space Agency (ESA) produced time-series (from 1992 to 

2015) of high-resolution land cover maps (300 m) combining multiple remote sensing 

products and ground-truth observations (Defourny et al., 2017; Li et al., 2018). These 

maps were specifically developed to advance a more realistic representation of land 

cover dynamics in interdisciplinary studies, and provide an opportunity to refine 

biodiversity research to an unprecedented level of spatial and temporal accuracy. 

The aim of this study is to investigate the recent historical land cover changes that 

occurred in the biodiversity hotspots, and inside the protected areas within the 

biodiversity hotspots. LCCs are key indicators of potential risks for biodiversity. For 

example, expansion of agricultural land and reductions in forests and shrubland are 

typically associated with contractions in natural habitats for many species 

(Kobayashi et al., 2019; Tilman et al., 2017; Tracewski et al., 2016). Although previous 

studies individually investigated trends in land cover (mainly deforestation) for 

some of the hotspots, this analysis provides a first consistent overview of the land 

cover status in each hotspot at an unprecedented level of resolution. 
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Methods 

This analysis integrates the ESA land cover dataset with maps of biodiversity 

hotspots (Mittermeier et al., 2004; Myers, 2003), and protected areas therein (IUCN, 

2019), to shed light on historical land transitions that occurred between 1992 and 

2015.  

The European Space Agency (ESA) Climate Change Initiative (CCI) land cover (LC) 

product is used to investigate the recent land transitions in the biodiversity hotspots. 

The ESA CCI-LC maps are provided at a spatial resolution of 300 m for a period of 

24 years, from 1992 to 2015 (Defourny et al., 2017). These maps characterize the 

global surface using 37 land cover classes based on the United Nations Land Cover 

Classification System (UNLCCS), and were designed to overcome previous 

limitations and reduce uncertainty in the representation of land cover and LCCs 

(Defourny et al., 2017; Li et al., 2018). The dataset was produced after combination of 

the global daily surface reflectance of five different satellite observation systems, 

with the ambition to keep high levels of consistency over time. The dataset is 

increasingly used to assess patterns of landscape changes at different scales (Liu et 

al., 2018; Nowosad et al., 2018) and for land-climate interaction studies (Duveiller et 

al., 2018; Li et al., 2018). The accuracy of the CCI-LC maps was assessed at a global 

level against other datasets, and estimated to be generally larger than 70% for the 

different land cover classes (Defourny et al., 2017). The highest accuracy was found 

for cropland classes, forests, urban areas, bare areas, water bodies and perennial 

snow and ice. Mosaic classes, lichens and mosses showed the lowest accuracy. In 

order to facilitate the interpretation of the land transitions occurred in the 

biodiversity hotspots, we aggregated the 37 UNLCCS classes into the generic IPCC 

land classes, according to the specific cross-walking table provided by the ESA CCI-

LC products (reproduced in Supplementary Table S7) (Defourny et al., 2017). The 

land cover transitions are more reliable when they involve changes between land 

cover types that belong to different overarching IPCC classes, than between 

UNLCCS classes that belong to the same IPCC class. For example, cropland-forest 
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transitions have the highest accuracy, whereas gradual changes involving mosaic 

classes (e.g., shrubland-sparse vegetation transition) are less robust.  

Land cover transitions within the biodiversity hotspots are produced by integrating 

the maps of the hotspots (Myers, 2003) with the global land cover dataset, and then 

the land cover differences between 1992 and 2015 within each hotspot are 

considered. The original resolution of 300 m for the maps is retained thanks to the 

use of an empowered server for the computations. Protected areas are those 

identified by the World Database on Protected Areas (WDPA), which is based on the 

definition of the IUCN/CBD for protected areas (i.e., a geographically defined area 

designated, regulated and managed to achieve specific conservation objectives) and 

is continuously updated by submissions from governments, land-owners and 

communities (IUCN, 2019). We select those within each biodiversity hotspot and 

investigate the changes in agricultural and forestland for our assessment period, and 

up to 2000 and 2010 to assess the most recent trends of LCCs within protected areas. 

 

Results 

 

Land cover changes in the biodiversity hotspots 

Up to 148 Mha of gross land transitions occurred in all hotspots (Figure 1b and 

Supplementary Tables S1-4). Most of the losses concerned forest cover (54 Mha, 

37%), followed by agriculture (39 Mha, 27%), and shrubland or savannah (23 Mha, 

15%). The main expansions are for agriculture (56 Mha, 38%), forest (45 Mha, 30%), 

human settlements (10 Mha, 7%), and shrubland (10 Mha, 7%). The net area changes 

showed an increase of agricultural land in the biodiversity hotspots of about 16 Mha, 

while forested areas declined by about 10 Mha. Land transitions typically involved 

from 5 to 10% of the total hotspot area (Figure 1c) 

Different trends specific to each biodiversity hotspot emerged from our analysis (see 

Figure 2 and Supplementary Figures S1-5). Previous studies reported that further 

habitat losses from deforestation could trigger the most severe implications for 
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biodiversity in hotspots #27 Eastern Afromontane Arc, #6 Coastal Forests of Eastern 

Africa, #18 Philippines, #34 Tropical Andes, #15 Mesoamerica, #21 Sundaland, #10 

Indo-Burma, #13 Madagascar and #22 Tumbes-Chocó-Magdalena (Brooks et al., 

2002). Three of these hotspots, #21 (Figure 2e), #10 (Figure 2b), and #15 (Figure 2d), 

show the three largest recent losses in forest areas, accounting for 11 Mha, 6 Mha, 

and 5 Mha, respectively. This corresponds to a relative loss of 13%, 6%, and 7%, 

respectively, of the forest area that was present in 1992. Other hotspots with high 

relative forest losses are in South Africa, i.e. #14 Maputaland and #25 Cape Floristic 

Region, where 22% and 18%, respectively, of the forest cover in 1992 was lost. Forest 

losses are a major concern for the hotspots, where many vascular plants are endemic 

(Myers, 2003). The main driver of deforestation is usually expansion of agricultural 

land. Expansion of new forest areas ranged from 0.8 Mha in #6 to 7 Mha in #10, but 

the net forest changes are still negative for hotspots #6, #15, #21, and #34. In relative 

terms, the highest increases in forest areas are in hotspots #16 Mountains of Central 

Asia (24%), #11 Irano-Anatolian (11%), and #1 Atlantic Forest (8%), mainly due to 

new forest plantations. For example, in hotspot #1 recent conservation measures 

focused on reforestation of agricultural land to contrast historical deforestation 

trends (Figure 2a) (Rezende et al., 2018). Although planting new forests can help to 

reduce extinction risks by increasing connectivity of vegetation remnants, 

biodiversity does not show immediate responses to forest expansion, meaning that 

young secondary forests do not mitigate biodiversity declines in the short-term 

(Betts et al., 2017; Lautenbach et al., 2017). Thus, increases in forest areas should 

neither be interpreted as a one-to-one compensation for forest losses, nor used as an 

argument to underestimate the biodiversity risks of deforestation.  

A decline in shrubland by 6 Mha from expansion of agriculture is observed in 

hotspot #26 Brazilian Cerrado, one of the richest tropical savannah regions with high 

levels of endemism (Figure 2f). This loss corresponds to about 8% of the original 

vegetation cover in 1992. Large declines in shrubland (about 8.5 Mha, 29%) are also 

found in #10 (Figure 2b), mostly because of reforestation policies in the region 

(Tordoff et al., 2012). Loss of shrubland is much smaller in the other hotspots (< 1 

Mha). Context-specific information is needed for a more accurate interpretation of 
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the transitions involving shrubland. For example, the shrubland-to-forest transition 

can indicate a development of early-stage trees in 1992 that were larger and denser 

in 2015, and the opposite transition (forest-to-shrubland), representing the largest 

gains in shrubland cover (85%), can be a proxy of forest degradation.  

Agriculture expansion usually happened at the expense of forests (68%) and 

shrubland (15%). The top three hotspots in terms of agriculture expansion are #21 

(11 Mha), #26 (6.5 Mha) and #10 (6 Mha). In relative terms, agricultural expansion is 

the largest in #13 Madagascar (increased by 17% relative to 1992, mostly replacing 

forests) (Figure 2c), whereas the major relative declines are in #7 East Melenesian 

Islands (66%) and #32 New Zealand (36%). Human settlements expanded by about 

10 Mha, mostly at the expense of agricultural land (70%). More than 1 Mha of human 

settlements occurred in #10, #12 Japan and #30 Mediterranean Basin. In about half of 

the hotspots, areas of human settlements expanded by more than 100% relative to 

1992.  

 

Land cover changes within protected areas 

Protected areas represent a key tool to safeguard biodiversity against increasing 

anthropogenic threats. However, areas currently under protection within the 

biodiversity hotspots were not exempted by LCCs (Supplementary Table S5). 

Between 1992 and 2015, about 16% (average value) of total forest losses in the 

biodiversity hotspots occurred within protected areas. This corresponds to about 7.5 

Mha, and it was mostly driven by agricultural expansion (10% average value across 

all the hotspots). Most of the forest losses happened after 2000, i.e., the year that the 

concept of biodiversity hotspots gained larger international attention (Myers et al., 

2000). About 4 Mha of forests within protected areas were lost in the period 2000-

2015, about 52% on average across all the hotspots (Supplementary Table S6). Forest 

losses in protected areas are still occurring in the recent past, with an average of 15% 

of losses happening between 2010 and 2015 (corresponding to about 1 Mha). The 

biodiversity hotspots with the recent highest forest declines within protected areas 
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are #26 (131 kha, 28% of the total losses in protected areas from 1992), #21 (120 kha, 

29%), #10 (108 kha, 9%), and #8 (90 kha, 13%).  

 

Discussion 

This study provides an extensive quantitative analysis of the status of land covers 

and recent changes in each biodiversity hotspot. Declines in forest cover and 

shrubland are still significant in many hotspots. LCCs are an indicator commonly 

used to assess threats to biodiversity, but the specific implications for species 

abundance and extinction risks are highly dependent on the local context such as 

type of species, land uses involved, and patterns of land use changes, e.g., 

exacerbating landscape fragmentation or affecting pristine areas (Betts et al., 2017; 

Tracewski et al., 2016). The datasets produced in this analysis can be instrumental to 

future biodiversity research requiring high-resolution information to specifically 

investigate how recent trends affected habitats and species richness in the different 

hotspots. 

Although they have experienced a severe loss of primary vegetation, biodiversity 

hotspots still host many endemic species. This study shows that halting 

deforestation in the biodiversity hotspots remains a priority. Even moderate 

additional habitat destruction can cause time-delayed but deterministic extinction in 

remnant patches, and the more fragmented a habitat already is, the greater the 

number of extinctions caused by added destruction will be (Tilman et al., 1994; 

Wearn et al., 2012). Pressure on biodiversity from LCCs is likely to increase in the 

future due to increasing demands for food, feed, and energy from population 

growth and stringent climate stabilization objectives that require land for production 

of renewable energy and negative emissions (e.g., afforestation or bioenergy crops) 

(Popp et al., 2017). These drivers can further exacerbate the threats to vulnerable 

endemic species, and cross-boundary land use policies and context-specific 

conservation strategies are needed to mitigate potential risks.  
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Protected areas are a key strategy for biodiversity conservation and are promoted 

through multiple international conventions and agreements. Although there are 

different levels of management allowed within protected areas, the scale of the 

observed changes therein raises concerns about the safeguarding of endemic and 

threatened species and calls for improving the effectiveness of existing conservation 

measures. There is evidence that financial support for protected areas has reduced 

and this had direct implications in habitat degradation and extinction risks (Coad et 

al., 2019; Jones et al., 2018). Less than one quarter of the global protected areas has 

adequate resources in terms of both staffing and budget (Coad et al., 2019), and our 

analysis finds that about 1 Mha of forest losses happened in the relatively recent past 

within protected areas (between 2010 and 2015), with  irreversible risks for 

thousands of species. Together with further expanding protected areas to those 

ecosystems that are threatened, a shift in the degree of effectiveness and quality of 

conservation measures in existing protected areas is required in light of the still 

ongoing land cover changes. However, many biodiversity hotspots are in 

developing countries with substantial poverty, where resources for conservation 

measures are usually scarce and land use regulations difficult to implement. The 

success of conservation activities crucially depends on making conservation a 

relevant component of poverty alleviation (Fisher and Christopher, 2007). In the 

absence of such concerted international efforts we risk losing irreplaceable and 

vulnerable species.  
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Figure 1 Biodiversity hotspots and major land cover transitions. Location of the biodiversity 
hotspots in the world (a); aggregated land cover transitions across all hotspot areas between 1992 and 
2015 (b); breakdown of the relative change in each individual land cover type per hotspot, as a 
percentage of the total hotspot area (c). Positive values indicate an expansion of the respective land 
cover, negative values a contraction. Legend in (b) also shows the net area change per land cover 
class.   
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Figure 2 Recent historical land cover changes in selected biodiversity hotspots between 1992 and 
2015. Per each land class, the transitions to other land classes is explained by the color code in the 
legend. Positive values indicate an expansion of the respective land cover, negative values a 
contraction. Land transitions for the remaining hotspots are shown in Supplementary Figures S1-5. 
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