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ARTICLE INFO ABSTRACT
Keywords: Balancing biodiversity conservation and food security is the key to global sustainable develop-
Biodiversity conservation ment. However, we know little about the future global conflict risk hotspots between biodiversity

Food security

Sustainable development
Protected areas

Land use and land cover change

and food security at both country and Biodiversity Hotspots (BHs) levels. First we calculated land
use intensity index (LUII) based on future land use simulation, incorporated data on species
richness(including birds, mammals and amphibians) and introduced the Global Food Security
Index (GFSI). Then we used local indicators of spatial association (LISA) and bivariate choropleth
map to identify the future global conflict risk hotspots between biodiversity conservation and
food security. These include 10 countries (including Congo (Kinshasa), Sierra Leone, Malawi,
Togo, Zambia, Angola, Guinea, Nigeria, Laos, Cambodia) and 7 BHs (Eastern Afromontane,
Guinean Forests of West Africa, Horn of Africa, Indo-Burma, Mediterranean Basin, Maputaland-
Pondoland-Albany and Tropical Andes). Special attention needs to be paid to these hotspots to
balance biodiversity conservation and food security.

1. Introduction

The United Nations Sustainable Development Goal 2 aims to end hunger and achieve food security (Godfray et al., 2010). Faced
with rapidly growing crop demand, expansion and intensification of agricultural land has become a prevailing phenomenon (Foley
etal., 2005), since technical limitations (Tester and Langridge, 2010) and negative synergies from increasing yield (Phalan et al., 2016)
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hinder the strategy which aims to increase yield and then spare land for wild nature. Besides agriculture, urban expansion changes land
use and exerts cumulatively negative impacts on nature (Mcdonald et al., 2008). As a result, increasing land use intensity and more
resources (such as water, pesticides and fertilizer) inputs for agriculture will lead to the loss, fragmentation and degradation of natural
habitats (Tilman et al., 2001), contributing to global biodiversity decline (Butchart et al., 2010). Specifically, species richness will be
seriously threatened due to the expansion of human footprint (Newbold et al., 2015).

In this context, satisfying food demands while conserving biodiversity simultaneously is crucial to the global sustainable devel-
opment (Tscharntke et al., 2012). The conservation of species richness depends on effective conservation and restoration measures
(Newbold et al., 2015), especially strategies targeted at species and habitats vulnerable to future environmental change (Pereira et al.,
2010). Hence, conflict risk hotspots between biodiversity conservation and food security need to be identified (Molotoks et al., 2017).
Studies which integrated and analyzed species richness of different taxonomic classes as a whole may miss conflict risk hotspots
essential for one specific taxonomic class (Kehoe et al., 2017; Shackelford et al., 2015; Sonter et al., 2020). Of the few studies which
took different taxonomic classes into account, most mainly focused on the relationship between land use change related to agriculture
and biodiversity, ignoring dramatic urban growth and its potential impacts on nature (Delzeit et al., 2017; Zabel et al., 2019).

In this study, we aim to uncover future spatial relationships between land use intensity and species richness of mammals, birds and
amphibians, and to identify global future conflict risk hotspots between biodiversity conservation and food security. To do this, we
calculate the Land Use Intensity Index (LUII), which takes both agricultural land and urban area into consideration (Peng et al., 2016;
Jiang, Yu, 2019). Land use’s potential impacts on species richness of birds, mammals and amphibians (Pimm et al., 2014; Jenkins et al.,
2013) are assessed separately. Then we identify High-High spatial clusters between biodiversity and LUII using local indicators of
spatial association (LISA) (Anselin, 1995) at 10-km resolution. These High-High spatial clusters imply locations where high species
richness are threatened by land use intensification. We subsequently identify future high spatial auto-correlation (HSA) areas for
countries and BHs. Countries and BHs with high proportion of HSA areas and low value of Global Food Security Index (GFSI) are
defined as conflict risk hotspots, demanding forward-looking measures and effective management.

2. Materials and methods

This analysis is conducted separately for countries and BHs in 2030, 2050 and 2100 to identify future global conflict risk hotspots
(Fig. 1). On the one side, to reflect future land use intensity, we calculate 10-km LUII in 2030, 2050 and 2100 from a 1-km resolution
dataset which simulates and maps future global land-use and land-cover change (Global LUCC) under 8 different scenarios. We adopt
LUII and maps of total species richness and use Local Indicators of Spatial Association (LISA) to discern HSA areas under each future
scenario and areas showing HSA in all 8 future scenarios (HSA-8). Then the area proportion of HSA-8 areas (HSA-8%) is calculated for
each country and each BH. On the other side, we calculate Global Food Insecurity Index (GFISI) from GFSI. Based on bivariate cho-
ropleth map, we identify countries and BHs belonging to the high HSA-8% & high GFISI type and these areas are future global conflict

| Global LUCC |
| Calculation of LUII |
| LUII | | Species richness |
[ I
!

| LISA |

| HSA areas | | GFSI |

| HSA-8% | | GFISI |
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l

| Conflict risk hotspots |

Fig. 1. Technical route of the analytical process. Yellow represents input datasets. Blue represents intermediate outputs. Purple represents the
processing of input datasets and intermediate outputs. Green represents the final outputs, that is, conflict risk hotspots identified.
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risk hotspots.

2.1. Calculation of LUII based on Global LUCC

In order to calculate LUII (Peng et al., 2016; Jiang et al., 2019) and then analyze future land use intensity for 2030, 2050 and 2100,
we use 1-km resolution Global LUCC, which simulates future land cover/land use from 2020 to 2100 at a 5-year interval. Chen et al. use
the Future Land-Use Simulation (FLUS) model, which adopts the mechanisms of machine learning and cellular automata, to produce
Global LUCC (Chen et al., 2020). Global LUCC contains 7 land types, including water, forest, grassland, bare land, cropland, urban land
and snow/ice. This dataset considers both the shared socioeconomic pathways (SSPs) and the representative concentration pathways
(RCPs) and provides projections from 2020 to 2100 under 8 kinds of scenarios, including SSP1-RCP1.9, SSP1-RCP2.6, SSP2-RCP4.5,
SSP3-RCP7.0, SSP4-RCP3.4, SSP4-RCP6.0, SSP5-RCP3.4 and SSP5-RCP8.5. The five SSPs describe future changes in demographics,
economy, technology, policies and natural resources as follows (Neill et al., 2017). SSP1 represents a sustainable pathway which values
human well-being and takes the green road. SSP2 represents middle of the road in which development follows classic patterns in
history. SSP3 is regional rivalry pathway with attenuated globalization and prevailing fragmentation. SSP4 represents a divided
pathway which stresses rising inequality and declining social cohesion both across and within countries. SSP5 is characterized by
massive exploitation of fossil fuel resources and rapid economic growth. RCPs depict plausible climate outcomes in aspects of emis-
sions, concentrations and land cover/use (Van Vuuren et al., 2011), providing predicted radiative forcing by 2100 from less than
1.9 W/m™2 to more than 8.5 W/m 2. The combined scenarios of SSPs and RCPs represent different levels of societal vulnerability and
radiative forcing (Neill et al., 2016).

Human activities, such as agricultural land expansion driven by food demands and urban expansion due to increasing population,
have greatly jeopardized global biodiversity (Mcdonald et al., 2008; Jones et al., 2018). It is therefore meaningful to identify the future
change of land use intensity and its potential threats on high-biodiversity regions (Zabel et al., 2019). Based on Global LUCC, we
calculate an index named LUII to reflect future land use intensity for 2030, 2050 and 2100. LUII is calculated according to Eq.(1) and
Eq.(2).

LUl =100x Y " (A x C), LUII' €[100, 400] 1))

LU — 100
LUl =———, LU0, 1 2
00 €, 1] ©)
Where LUII’ represents the weighted average intensity for each pixel with a 10-km resolution to match the resolution of species
richness map; A; represents the land use value for the i-th land cover class, according to Table 1; C; represents the area proportion of the
i-th future land use; LUII represents the final index, which is the normalization of LUII".

2.2. Exploration of the future relationship between LUII and species richness

To explore the future relationship between LUII and each one of birds, mammals and amphibians, we apply the bivariate local
Moran’s I by Local indicators of spatial association (LISA) at ecoregion scale (Anselin et al., 1995). Global spatial autocorrelation is not
considered in this study because spatial heterogeneity is high on a global scale. In the LISA method, we calculate adaptive kernel
inverse distance weights as spatial weight matrix.

Data used for biodiversity maps total species richness of global terrestrial birds, mammals and amphibians with a spatial resolution
of 10 km (Pimm et al., 2014; Jenkins et al., 2013). This dataset obtains original data from BirdLife International and International
Union for Conservation of Nature, which involves 10,033, 5270 and 6188 species of birds, mammals and amphibians. It is the most
widely used and most reliable global species richness dataset with relatively high accuracy.

It is at ecoregion scale that we apply LISA method, involving 867 terrestrial ecoregions which contain distinct natural communities
and endemic species (Olson et al., 2001). For each ecoregion, the mean LUII for 2030, 2050 and 2100 under each scenario and the
mean species richness of birds, mammals and amphibians are calculated. Then bivariate local Moran’s I, a local indicator of spatial
association, is applied at ecoregion scale, simulating the future relationship between LUII and each one of birds, mammals and am-
phibians. The statistical significance for the spatial relationship is at 0.05 level, according to Monte Carlo randomization procedure
with 999 permutations. High-High spatial clusters imply locations where high species richness are threatened by land use intensifi-
cation. Low-Low spatial clusters indicate areas with both low species richness and low potential for future land use intensity. High-Low

Table 1

Classification of land types and the corresponding land type value. Unused land mainly consists of saline-alkali land, sand land, barren soil land,
barren rock land (Peng et al., 2016). Ecological land refers to land with less human disturbance and more inhabitable for wildlife, such as natural
vegetation. Agricultural land is defined as land used for cultivation of crops and animal husbandry. Construction land is used for buildings and
structures, satisfying residential, industrial, transport and infrastructure purposes.

Land type Unused land (A1) Ecological land (A2) Agricultural land (A3) Construction land (A4)
Land types of Global LUCC bare land, snow/ice water, forest, grassland cropland urban area
Land type value 1 2 3 4
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spatial clusters mean that high species richness and low LUII coexist in future. Low-high spatial clusters mean that low species richness
and high LUII coexist in the future.

2.3. Identification of countries’ and BHs’ HSA-8 areas

For each year (2030, 2050 or 2100) under each scenario, there are three kinds of spatial associations, including associations be-
tween LUII and bird, mammal, amphibian richness respectively. Accordingly, we identify HSA areas and HSA-8 areas, separately for
countries and BHs at an ecoregion scale.

There are currently 36 BHs, which are not only rich in biodiversity but also severely threatened. Only areas where more than 1500
endemic species of vascular plants inhabit and meanwhile over 70% of primary native vegetation vanishes are defined as BHs
(Hoffman et al., 2016). According to Conservation International, these 36 BHs cover only 2.4% of Earth’s land surface while shelter
more than 50% of endemic plant species and almost 43% of endemic bird, mammal, reptile and amphibian species. Only terrestrial
regions in BHs are included in this study.

Firstly, for each year under each scenario, regions where LISA between LUII and all three kinds of species richness presents High-
High spatial clusters are identified as HSA areas for countries; regions where LISA between LUII and any one of species richness
presents High-High spatial clusters are identified as HSA areas for BHs.

Secondly, aimed at each year, we count the number for each ecoregion of its being identified as HSA areas among all 8 scenarios,
respectively for countries and BHs. Then regions identified as HSA areas for 8 times are HSA-8 areas in the current year. Identifying
HSA-8 areas can reduce uncertainty due to different future scenarios and better reflect the possibility and strength of conservation
conflicts. HSA-8% of each country and each BH is calculated subsequently.

Similarly, for each taxonomic class, regions where LUII and species richness show High-High spatial relationship are identified as
HH areas. Regions identified as HH areas under all 8 scenarios are HH-8 areas. We further calculate area proportion of HH-8 areas
(hereafter referred to as HH-8%) for countries and BHs.

2.4. Calculation of GFISI

We use 2019 GFSI (The Economist Intelligence Unit, 2019) to calculate GFISI. GFSI assesses food security conditions for 113
countries, involving both developing and developed countries. The higher the value of GFSI, the more optimistic the condition of the
country’s food security. GFSI 2019 incorporates 34 distinct indicators which assess the driving factors of food security. It is built in the
light of three crucial aspects, including affordability, availability, and quality and safety(https://foodsecurityindex.eiu.com/).
Affordability is calculated from 9 indicators and involves factors about change in average food costs, proportion of population under
global poverty line, gross domestic product per capita, agricultural import tariffs, presence and quality of food safety net programmes
and farmers’ access to financing. Availability is calculated from 14 indicators and involves factors about sufficiency of supply, public
expenditure on agricultural research and development, agricultural infrastructure, volatility of agricultural production, political
stability risk, corruption, urban absorption capacity and food loss. Quality and safety is calculated from 11 indicators and involves
factors about dietary diversity, nutritional standards, micronutrient availability, protein quality and food safety.

GFISI is calculated according to Eq.(3). Since GFSI is a country-scale index, we cut BHs into many parts by countries’ boundaries
and each part has consistent GFSI value with the country it is located in.

GFISI = 1— GFSI/100 3)
Where GFSI ranges from 0 to 100, 100 means the highest food security; GFISI show opposite trend with GFSI and is normalized.
2.5. Identification of future global conflict risk hotspots between biodiversity conservation and food security

The correlation between HSA-8% and GFISI reflects potential future conflicts between biodiversity conservation and food security.
To catch this, the spatial relationships for both countries and BHs are respectively depicted through bivariate choropleth map.

Based on equal interval classification of HSA-8%, countries or BHs are divided into three types, that is, low type, medium type and
high type. Similarly, based on equal interval classification of GFISI, countries or BHs are divided into low type, medium type and high
type. Further, we combine countries’ or BHs’ types of HSA-8% and types of GFISI and classify them into three-by-three types. These
three-by-three types include low HSA-8% & low GFISI, low HSA-8% & medium GFISI, low HSA-8% & high GFISI, medium HSA-8% &
low GFISI, medium HSA-8% & medium GFISI, medium HSA-8% & high GFISI, high HSA-8% & low GFISI, high HSA-8% & medium
GFISI and high HSA-8% & high GFISI. The combinations of HSA-8% and GFISI are depicted in bivariate choropleth maps. Countries
and BHs belonging to the high HSA-8% & high GFISI type are identified as conflict risk hotspots, as regions having high GFISI may
require more agricultural lands in the future to increase food production, which will further increase the potential conflict between
biodiversity conservation and food security. Similarly, there are bivariate choropleth maps reflecting the relationships between HH-8%
and GFISI for each taxonomic class.
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Fig. 2. Global regions of high LUII and high species richness of birds, mammals and amphibians. HSA areas of each year are classified in to 3 types,
according to the number of scenarios under which these areas show HSA.
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Fig. 3. Spatial associations between HSA-8% and GFISI. The numbers in the matrices indicate the number of countries included in each of the
9 types.
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3. Results

3.1. Global regions of high LUII and high species richness for mammals, birds and amphibians

Fig. 2 shows the global regions of high LUII and high species richness for mammals, birds and amphibians from statistically sig-
nificant (P < 0.05) local indicators of spatial association for 2030(Fig. 2a), 2050(Fig. 2b) and 2100(Fig. 2¢). HSA areas for countries
are identified as regions where LISA between LUII and all three kinds of species richness presents High-High spatial clusters. We count
the number of scenarios under which 10-km pixels are identified as HSA areas for countries. This number ranges from 1 to 8 since
Global LUCC provides 8 different future scenarios. We classify HSA areas into 3 types according to this number: 1-4, 5-7 and 8.
According to natural breaks for GFSI, countries belonging to the highest type of GFSI are bordered with blue and those belonging to the

lowest type of GFSI are bordered with red.

E Country
|:| Conflict risk hotspots

Country Birds Mammals
Angola
Cambodia

Amphibians

Congo (Kinshasa)
Ethiopia
Guinea
Laos
Malawi

Nigeria

Sierra Leone

Syria

Togo

Zambia

(b)

Conflict risk hotspots

Fig. 4. Conflict risk hotspots for countries. (a) Locations of these 10 countries. (b) Conditions of three taxonomic classes. These 10 countries are in
comparison with 2 countries which for at least one year are classified into the high HH-8% & high GFISI type for at least one taxonomic class.
Orange denotes that for 2030, 2050 and 2100, this country is in the high HH-8% & high GFISI type for taxonomic classes or identified as conflict risk
hotspots. Green denotes that for 2030, 2050 and 2100, this country is not in the high HH-8% & high GFISI type for taxonomic classes or is not

identified as conflict risk hotspots. Purple denotes that this country belongs to different HH-8% & GFISI types for 2030, 2050 and 2100.
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Most HSA areas are identified as HSA-8 areas, since they show statistically significant spatial associations between LUII and
biodiversity under all 8 scenarios. Though land use varies with different future scenarios, HSA areas of high LUII and high richness for
three taxonomic classes show great spatial consistency under all scenarios. Land use’s pressure on biodiversity is apparent globally,
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Fig. 5. BH regions of high LUII and high species richness of birds, mammals and amphibians. HSA areas of each year are classified in to 3 types,
according to the number of scenarios under which these areas show HSA.
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especially in the United States, Latin America, Sub-Saharan Africa, Central Europe, Southern Europe, Belarus, Ukraine, South Asia,
China, Japan, South Korea, North Korea and Southeast Asia. In addition, there is prevailing intensified land use among various sce-
narios in the United States, Brazil, Argentina, Sub-Saharan Africa, Europe, South Asia, China, Myanmar and Thailand. Venezuela, Laos

Higher GFISI —

21

Higher HSA-8% —

Higher GFISI —

Higher HSA-8% —

Higher GFISI —

22

Higher HSA-8% — o -
©)

Fig. 6. Spatial associations between HSA-8% and GFISI. The numbers in the matrices indicate the number of BH regions included in each of the
9 types.
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and many African countries with low GFSI are not only faced with critical challenge of food insecurity but also simultaneously
threatened by potential biodiversity loss. Even in some high GFSI countries, species richness is threatened by intensified land use,
including the United States, Canada, Japan, Australia, Germany, France and Portugal.

3.2. Spatial associations between HSA-8% and GFISI

Fig. 3 shows the spatial associations between HSA-8% and GFISI for 2030 (Fig. 3a), 2050 (Fig. 3b) and 2100 (Fig. 3c). Countries are
classified into 9 types based on equal interval for both HSA-8% and GFISI. Countries lack of GFISI data are filled with white.

The maps show that though many countries have to tackle the trade-offs between biodiversity conservation and food security, few
are classified into the high HSA-8% & high GFISI type which simultaneously suffers from both jeopardized biodiversity due to the
intensified land use and severe food insecurity. Most vulnerable countries are located in Central Africa, West Africa, Southeast Asia and
South Asia. For one thing, these tropical regions provide habitats for massive species and show high species richness. For another, these
less developed regions face food-insecure problems and have experienced fast population and economic growth with cropland and per
capita income increasing over the past several decades, which poses anthropogenic threats to biodiversity (Tilman et al., 2017).

o

| Low GFSIBH part
High GFSI BH part

—— BHpart
E’ Conflict risk hotspots

E Country

Code BH part Birds Mammals Amphibians Conflict risk hotspots
1.1 Eastern Afromontane (Ethiopia)
1.2 Eastern Afromontane (Malawi)
1.3 Eastern Afromontane (Mozambique)
14 Eastern Afromontane (United Republic of Tanzania)
1.5 Eastern Afromontane (Zambia)
2.1 Guinean Forests of West Africa (Cameroon)
2.2 Guinean Forests of West Africa (Nigeria)
2.3 Guinean Forests of West Africa (Sierra Leone)
24 Guinean Forests of West Africa (Togo)
3 Horn of Africa (Ethiopia)
4.1 Indo-Burma (Cambodia)
4.2 Indo-Burma (Laos)
5 putaland-Pondoland-Albany (M. bique)
6 Mediterranean Basin (Syria)
7 Tropical Andes (Venezuela)

(b)

Fig. 7. Conflict risk hotspots for BHs. (a) Locations of these 15 BH parts, involving 7 BHs. Labels correspond to the codes in (b). (b) Conditions of
three taxonomic classes. Orange denotes that for 2030, 2050 and 2100, this BH part is in the high HH-8% & high GFISI type for taxonomic classes or
identified as conflict risk hotspots. Green denotes that for 2030, 2050 and 2100, this BH part is not in the high HH-8% & high GFISI type for
taxonomic classes.

10



J. Zhao et al. Global Ecology and Conservation 34 (2022) e02036
3.3. Conflict risk hotspots: 10 countries

The ten countries classified into the high HSA-8% & high GFISI type (Fig. 3) are identified as future conflict risk hotspots at the
national level (Fig. 4), including Congo (Kinshasa), Sierra Leone, Malawi, Togo, Zambia, Angola, Guinea, Nigeria, Laos, Cambodia (in
descending order of GFISI). The list of countries identified as conflict risk hotspots keep the same for 2030, 2050 and 2100. Besides, for
each taxonomic class, countries’ conditions are shown in Fig. 4b and Fig. S1 (Appendix A). Considering that natural resilience at
national level is stronger that at BH level, HSA areas at national level are defined as areas where all three taxonomic classes show HH in
Section 2.3. Hence, Ethiopia and Syria are not conflict risk hotspots. However, birds and mammals are extremely vulnerable for 2030,
2050 and 2100 in Ethiopia while mammals are vulnerable for 2030 and 2050 but are facing less threats for 2100 in Syria. Though LUII
varies with time, the spatial distribution of countries with most threated species richness shows great consistency across 2030, 2050
and 2100. This demonstrates that even the most environmentally friendly future scenarios, SSP1-RCP1.9 and SSP1-RCP2.6, are unable
to mitigate potential conflicts and effective efforts towards these countries should be emphasized.

3.4. Conflict risk hotspots: 7 Biodiversity Hotspots

Fig. 5 shows BH regions of high LUII and high species richness for mammals, birds and amphibians from statistically significant
(P < 0.05) local indicators of spatial association for 2030(Fig. 5a), 2050(Fig. 5b) and 2100(Fig. 5¢). HSA areas for BHs are identified as
regions where LISA between LUII and any one of species richness presents High-High spatial clusters. We count the number of scenarios
under which 10-km pixels are identified as HSA areas for BHs. This number ranges from 1 to 8 since Global LUCC provides 8 different
future scenarios. We classify HSA areas into 3 types according to this number: 1-4, 5-7 and 8. To match with the national-level index
GFSI, BHs are cut into many parts by countries’ boundaries and each one has consistent GFSI with the country it is located in. Whether
a BH part is identified as with low or high GFSI depends on the country it belongs to as well.

Of 36 terrestrial BHs, species richness in most are facing potential impacts from intensified land use. In 2100, only in few BHs are all
three taxonomic classes totally free from future threats due to intensified land use, including Chilean Winter Rainfall and Valdivian
Forests, Polynesia-Micronesia, East Melanesian Islands, Southwest Australia, New Caledonia and New Zealand. In Madagascar and the
Indian Ocean Islands, Coastal Forests of Eastern Africa, Wallacea, North American Coastal Plain, Tropical Andes and Mediterranean
Basin, some regions are disturbed by intensified land use only under certain future scenario or even safe from potential intrusion. While
in other BHs like Cerrado, Atlantic Forest, Indo-Burma, Himalaya, Horn of Africa and so forth, most areas are identified as HSA-8 areas.

BH parts are classified into 9 types based on equal interval for both HSA-8% and GFISI. Among 126 BH parts with GFISI data, 15 BH
parts (involving 7 BHs) encounter high HSA-8% and high GFISI simultaneously and are identified as conflict risk hotspots for 2030
(Fig. 6a), 2050 (Fig. 6b) and 2100 (Fig. 6¢).

The conflict risk hotspots at the BH level keep the same for 2030, 2050 and 2100, including 7 BHs (Fig. 7), namely, Eastern
Afromontane, Guinean Forests of West Africa, Horn of Africa, Indo-Burma, Mediterranean Basin, Maputaland-Pondoland-Albany and
Tropical Andes. Besides, for each taxonomic class, BHs’ conditions are shown in Fig. 7b and Fig. S2 (Appendix A). Considering BH’s
particular vulnerability, HSA areas at BH level are defined as areas where any one of taxonomic classes shows HH in Section 2.3. Even
though, among 15 BH parts identified as conflict risk hotspots, 13 of them face conflict between all 3 taxonomic classes and food
security. Conditions are better in Horn of Africa (Ethiopia) and Mediterranean Basin (Syria), where amphibians are free of conflicts.
Similar to conflict risk hotspots for countries, conflict risk hotspots for BHs show consistency not only across spatial distribution but
also across taxonomic classes.

4. Discussion
4.1. Recommendations for biodiversity conservation in the post-2020 era

The 15th Conference of the Parties to the United Nations Convention on Biological Diversity will adopt the post-2020 global
biodiversity framework to guide the global biodiversity conservation in the next 10-30 years. In the 2050 goals and 2030 milestones,
retaining the area of natural ecosystem and reducing the number of species that are threatened are critical. In this context, balancing
biodiversity conservation and food security is one of the key issues and our results provide specific implications for the global policy.
Our results provide implications in developing the sustainable development polices at global, national and regional levels. At the
international level, international cooperation and mechanisms of assistance need to be further strengthened as most of the hotspots are
located in developing countries. As suggested by the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Ser-
vices (IPBES) (IPBES et al., 2019), reviewing and renewing joint goals and targets, exchanging scientific knowledge and innovating in
technologies contribute to transboundary environment conservation and establishment of effective cooperation mechanism. The 1st
Draft of The Post-2020 Global Biodiversity Framework highlights increasing international financial support for developing countries
(Secretariat of the Convention on Biological Diversity, 2021), which could mitigate the predicament of many hotspots identified in this
study.

Of the 10 countries identified as conflict risk hotspots, 8 lie in Sub-Saharan Africa and 2 in Southeast Asia. These countries have
high level of species richness, high level of future land use intensity, and high level of food insecurity. Thus, they will face the double
dilemma of food insecurity and biodiversity loss in the future and may require more agricultural lands to increase food production,
which will further increase the potential conflict between biodiversity conservation and food security. All of these 10 countries have
very high GFISI value, and are concerned in all of the three core index issues including affordability, availability, quality and safety.
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Thus, comprehensive measures should be taken to improve the food security situation from all aspects in these countries, which re-
quires more attention and careful management to minimize the negative impacts of future agricultural expansion on biodiversity
conservation.

All of BHs identified as conflict risk hotspots are located in Sub-Saharan Africa, Asia and South America and belong to developing
countries, except that some areas of Mediterranean Basin lie in Europe and North Africa. Similar to the situations of the countries, these
BHs will face the double dilemma of food insecurity and biodiversity loss. BHs are regions with significant levels of biodiversity that is
threatened by human habitation, which have the top priority for attention at the global scale. So, the BHs identified as future conflict
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Fig. 8. Boxplots of GFSI’s main factors for typical countries in 2100. (a) for affordability, (b) for availability, (c) for quality and safety, and (d) for
natural resources and resilience. The number above each box represents the number of countries belonging to this type. Global p-value is shown in
the top left corner. Pairwise comparison with each type and all types is shown in the top (*: p < = 0.05; **: p < = 0.01; ***: p < = 0.001; ****:
p < = 0.0001. If p > 0.05, that is, the result is not significant, p-value is showed).
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risk hotspots are the “priorities in the priorities” in terms of balancing biodiversity conservation and food security.

4.2. Recommendations for conservation actions in typical countries

For typical countries with highest or lowest types of HSA-8% and GFISI, we show the main factors which influence GFSI of these
countries (Fig. 8). In particular, the category of natural resources and resilience does not contribute to the overall score of GFSI 2019.
Natural resources and resilience score is calculated from 21 unique indicators related with exposure, water, land, oceans, sensitivity,
adaptive capacity and demographic stresses. There are significant differences among four types of countries in affordability, avail-
ability, quality and safety, especially affordability. In contrast, difference in natural resources and resilience is not significant. For the
four types of countries, the policy focus on biodiversity conservation and improving food security should be different. For the 10
countries with high HSA-8 & high GFISI, biodiversity conservation and food security issues should be considered closely together. For
the 11 countries with high HSA-8 & low GFISI, biodiversity conservation should be the policy priority and for the 9 countries with low
HSA-8 & high GFISI, food security should be the policy priority. While for the 26 countries with low HSA-8 & low GFISI, biodiversity
conservation and food security are facing less threats than the other countries.

4.3. Limitations and future research

The data used in this study (including Global LULC, biodiversity datasets of different taxa, GFSI) has uncertainties which may cause
the uncertainties in the results. Although we conduct scenario analysis to reduce the uncertainties, better data should be used to
validate and improve the results in this study.

Besides, global-scale analysis provides a whole picture of balancing biodiversity conservation and food security. Based on the
findings, further research at national, regional and local scales could be conducted, to monitor the actual landscape change, and to find
out context-specific solutions to reduce the conflicts between biodiversity conservation and food security.

5. Conclusion

To achieve sustainable development in the 21st century, it is critical to identify conflict risk hotspots between biodiversity con-
servation and food security at global level. By applying methods including LISA and combining Global LUCC, species richness of birds,
mammals, amphibians, and GFSI, we identified 10 countries (Congo (Kinshasa), Sierra Leone, Malawi, Togo, Zambia, Angola, Guinea,
Nigeria, Laos, Cambodia) and 7 BHs (Eastern Afromontane, Guinean Forests of West Africa, Horn of Africa, Indo-Burma, Mediterra-
nean Basin, Maputaland-Pondoland-Albany and Tropical Andes) as conflict risk hotspots between biodiversity conservation and food
security at the global scale. These regions are mainly located in developing countries, which require urgent attention. Optimizing
agricultural structure and layout, improving yield by technological innovation, mechanization and breeding, providing food subsidies
could contribute to mitigating the conflicts. We call for international cooperation and mechanisms of assistance to support these
conflict risk hotspots to balance biodiversity conservation and food security.
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