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Abstract
The transition to renewable energy exacerbates direct land occupation by infrastructure, leading to habitat degradation and biodiversity loss. However, the biodiversity loss driven by the production and consumption of different renewable energy deployment scenarios remains largely unquantified. Quantifying biodiversity loss associated with land occupation of renewable energy infrastructure is essential for a sustainable energy transition. Here, we developed a novel dataset to evaluate renewable energy-related biodiversity loss by considering the current infrastructure setting and future development pathways. We found that the land occupation of renewable energy infrastructure resulted in global biodiversity loss equivalent amounting to  global pdf in 2015. Severe biodiversity loss was concentrated primarily in densely populated and economically advanced countries, such as China, the United States, Brazil, India, Australia, Russia, and countries across Western Europe. International trade accounted for 14% of this biodiversity loss. Future renewable energy transition scenarios will lead to a global cumulative biodiversity loss of – global pdf during 2015-2060. By 2060, ambitious energy transition policies are projected to lead to a 1.7 – 1.8-times increase in biodiversity loss. The results underscore that while renewable energy could tackle climate change, its deployment should avoid encroaching on biodiversity hotspots. 
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Synopsis: The global renewable energy expansion, while crucial for climate, presents a trade-off by impacting terrestrial biodiversity through land occupation and international trade, requiring careful planning to ensure sustainability.

1. Introduction	
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Humanity is confronted with two interlinked crises: climate change and the sixth mass extinction, necessitating urgent and simultaneous actions to mitigate climate change and conserve biodiversity, despite potential trade-offs between these objectives.1–4 Climate change, often manifested in escalating global temperatures and extreme weather events, disrupts ecological functioning, reduces species habitats, and further aggravates the biodiversity loss exacerbated by excessive energy consumption.5 To effectively mitigate climate change, countries have committed to developing renewable energy infrastructure, as reflected in nationally determined contributions and international climate agreements.6 China and the US, for example, have presented strategies for their renewable energy infrastructure. China has committed to increasing the share of non-fossil fuels in primary energy consumption to 25% by 2030, and the US has reiterated its commitment to achieve carbon neutrality by 2050.6 The International Energy Agency (IEA) predicts that renewable energy will become a significant part of the global energy system, contributing 80% of power generation capacity and 42% of global electricity generation by 2030.7
However, Renewable energy technology like solar, wind, and hydroelectric power have lower energy densities than traditional fossil fuels.8 As a result, renewable energy infrastructure requires approximately 10 times more land area to produce the same amount of energy as typical fossil fuel facilities.9–11 This heightened land demand encroaches on agricultural fields, wilderness areas, and protected habitats, exacerbating biodiversity loss even with conservation efforts.12–14 This expansion threatens the existence of species and accelerates biodiversity loss at both local and global scales.12,15–19 For example, wind farms can cause fatalities of avian species due to turbine accidents.20,21 Additionally, they disrupt the natural landscape patterns and the cyclical dynamics of nearby ecosystems by influencing the local climate conditions. This, in turn, can harm biological habitats and lead to significant socioecological costs.20,22–25 Studies estimated that achieving the Paris Agreement's targets using solar and onshore wind energy could result in the loss of over 110,000 km² of natural lands, impacting an estimated 1,574 threatened and endangered species.14 The construction of reservoirs for hydropower led to a decline in wildlife populations due to the degradation of natural ecosystems in the surrounding area.26,27 Such conflict is also known as the "green versus green dilemma" in the context of energy transition.28,29 The ongoing construction of renewable energy infrastructure has the potential to significantly alter the global landscape, despite its current limited coverage of only 0.4% of ice-free land area.30–32 Consequently, the potential conflicts between biodiversity conservation and the large land demand of renewable energy infrastructure are likely to become more prominent.12,33–35
Recognizing this, Target 8 of the United Nations’ Kunming-Montreal Global Framework for Biodiversity seeks to minimize the impacts of climate actions on biodiversity by 2030.36 However, increasing inter-regional trade in renewable energy (such as electricity from wind farm and solar photovoltaic), driven by uneven distribution of global renewable resources and improved interconnectivity of global power grids, has amplified the complexity of coordinating actions on climate change and biodiversity actions.37–40 Studies showed that biodiversity loss associated with tangible commodities is increasing with the growth of international trade, leading to approximately 25% of species becoming extinct and 30% being endangered.41 Morton et al.42 showed that current biodiversity conservation policies have failed to effectively protect species, with international trade causing a 62% reduction in species richness at production sites. Moran and Kanemoto43 emphasized the importance of taking global supply chains into account in biodiversity conservation by linking a multiregional input-output analysis with IUCN Red List threatened species areas. These studies have illustrated the intricate connection between biodiversity loss and socio-economic activities that span different countries.44 With global electricity consumption projected to double over the next four decades, it is plausible to envisage renewable electricity becoming a major contributor to the international energy trade.45–47 Currently, the focus of research primarily lies on the production side, investigating the impact of renewable energy infrastructure on land use and biodiversity conservation areas (Table S1). While research using integrated assessment models (e.g., GCAM) has acknowledged the influence of fluctuations in renewable energy demand on land use, a comprehensive analysis of how these changes specifically affect wildlife habitats remains absent.13 This research gap has led to an underestimation of the consumption side’s role in biodiversity conservation and a lack of clear accountability for biodiversity protection by consuming countries. Thus, an impartial assessment of biodiversity loss from land occupation of renewable energy infrastructure and global accountability is critical to addressing climate and biodiversity trade-offs.26,28,48 
Hydropower, which supplies 16% of global electricity, along with solar photovoltaics and wind farms, is expected to play a pivotal role in the energy transition.7,49,50 Hence, we developed a framework focusing on the impacts of solar photovoltaics, onshore wind farms and hydropower reservoirs on global biodiversity by: (1) employing a Countryside Species−Area Relationship (c-SAR) model to evaluate the biodiversity loss resulting from the land occupation of renewable energy infrastructure up to 2015; (2) assessing the renewable energy-related biodiversity loss embodied in global demand and international trade using an Environmentally Extended Multi-Regional Input-Output analysis (EE-MRIO), which could comprehensively describe the economic-environmental connections across regions within the entirety of the trade system; and (3) projecting the potential biodiversity loss to 2060 based on the scenarios of the IEA’s Energy Technology Perspectives 2017 (ETP 2017) and the time horizon therein.51 We found that the land occupation of renewable energy infrastructure has led to biodiversity loss of  global pdf globally, and approximately 14% can be attributed to international trade. By 2060, aggressive energy transition policies are projected to lead to an additional 1.7-1.8-times increase in biodiversity loss. These findings highlight the importance of careful planning and global cooperation in coordinating renewable energy deployment and biodiversity conservation.
2 Methods
2.1 Characterization factors of extinction risk due to land-use
[bookmark: _Hlk180162731][bookmark: OLE_LINK27]The Characteristic factors (CFs, i.e., indicating species loss per unit area of land use type) quantified the contribution to biodiversity loss due to conversion of natural habitat into other land uses or due to flooding. The c-SAR model proposed by Chaudhary et al.52 was used to calculate CFs for four different categories of species group (mammals, birds, reptiles, and amphibians) in six land use types (natural habitats, managed forests, pastures, agriculture, urban, and water) within different ecoregions (from World Wildlife Fund Terrestrial Ecoregions of the World53). We refer to the methods of Semenchuk et al.54 and Dorber et al.55 to predict the number of species groups lost () due to cumulative land-use change in ecoregions:
		
[bookmark: OLE_LINK28]Where  denotes the initial extent of the natural habitat area in ecoregion , and  denotes the remaining natural habitat area after human disturbance in ecoregion .  is the number of terrestrial species group  originally occurring in ecoregion . According to Chaudhary et al.52, we assume entire ecoregions  were once covered by natural habitat (). The variable  represents the area of land use type  in the current ecoregion , while  represents the affinity of species group  for land use type  in ecoregion . We refer to the parameter setting of Chaudhary and Kastner38, assigning respective values of 0.44, 0.48, and 0.23 for  of island, forest, and non-forest.
 for additional land-use categories is calculated as follows:
					 	
[bookmark: OLE_LINK14]where,  represents the local land use characterization factor, which is equal to the relative difference between the species groups richness at the plot scale and the natural reference area in the same ecoregion.54 The  were collected by Dorber et al.55. Then, the regional potentially disappeared fraction (regional pdf) of species in ecoregion  is converted to global pdf using the Global Extinction Probability.56 We selected renewable energy infrastructure that had been constructed and maintained by 2015 and multiplied their land occupation area by the global pdf to estimate the resulting biodiversity loss. In the future scenario simulations, we follow a similar assumption that the expansion of renewable energy infrastructure between 2015 and 2060 occurs gradually in five-year increments. We multiply global pdf by the area of different land-use types occupied by renewable energy infrastructure to obtain the biodiversity loss. In detail, the area of solar photovoltaic was defined as the land directly occupied by the solar photovoltaic panels (i.e., the installation’s geodesic area), excluding the space used for associated auxiliary facilities. The area of wind farms included the land occupied by the wind turbines themselves and the impact area (buffered by 800 m) required to meet power generation needs. The area of reservoirs refers to the land inundation due to rising water levels in reservoirs from 1985 to 2015. For more details on assumptions and calculations, see Supplementary Information-2, 3, 4 and 5.
2.2 Identifying biodiversity loss responsibility in different future trajectories
[bookmark: _Hlk180052437]The MRIO elucidates the interlinkages between different sectors of the economy by monitoring the equilibrium of material or monetary transactions across countries and sectors.44,57,58 We sourced the 2015 global MRIO table from the EXIOBASE3 database, which includes 49 regions (44 countries and 5 rest of the world regions) and 163 industries. By integrating environmental satellite accounts, the biodiversity loss impacts were aggregated at the national level to match the MRIO table. As we focused on the impact of renewable energy infrastructure/sectors, we follow the methods of Wang et al.44 and Li et al.57, setting biodiversity loss of other sectors to zero (Fig. S1). 
We assess the impact of renewable energy infrastructure under different energy transition trajectories following the ETP 2017 by referring to the "Analytical Approach" by Li et al.59 and Malik et al.60, a scenario-driven approach based on the MRIO model. Scenarios cover the period 2014-2060, with updates every 5 years. Through this approach, we could highlight the different impacts of energy transition developmental trajectories (see Supplementary Information-2). Our study also has several limitations, see more details in Supplementary Information-14.

3 Result
3.1 Biodiversity loss associated with land occupation of renewable energy infrastructure
We quantified the impact of global renewable energy infrastructure on four terrestrial animal groups: mammals, birds, amphibians, and reptiles. By 2015, the global expansion of renewable energy infrastructure resulted in potential biodiversity loss of four species groups by (mammals), (birds), (amphibians), and (reptiles) global pdf (Fig. 1). Countries with substantial biodiversity loss are mostly densely populated and economically advanced, including China, the United States, Brazil, India, Australia, Japan, Russia, and countries across Western Europe. These countries have widespread renewable energy infrastructure, with portions located in Key Biodiversity Areas (KBAs).24,61–63 For example, Russia has deployed 8972.04 km2 of renewable energy infrastructure in KBAs, followed by China (5738 km2), India (3769 km2), and Venezuela (3610 km2). In contrast, countries in the Middle East, much of Africa, low-latitude island countries, and Greenland have negligible impacts due to limited investment, inadequate technology, or the abundant availability of cheap oil energy.64,65 
For species groups, the impacts of land occupation of renewable energy infrastructure generally follow a similar spatial distribution. Countries of particular concern include China, Brazil, India, and the United States. Western European nations are experiencing significant mammalian biodiversity losses, while Russia and Canada are facing pronounced avian biodiversity losses. Besides, the Malacca Strait, the Philippines, Ethiopia, and South Africa demonstrated notable biodiversity loss of mammals and birds. Despite having relatively lower levels of renewable energy infrastructure, these low-latitude regions exhibit disproportionately high biodiversity losses due to their rich biodiversity.
[image: ]
Figure 1. Spatial distribution of the impacts of land occupation of renewable energy infrastructure on mammals, birds, amphibians, and reptiles. Each row represents the impact of different renewable energy infrastructure on the same species group, while each column represents the impact of the same renewable energy facility on different species groups. 
[bookmark: _Hlk150454669][bookmark: _Hlk150456910] The results indicated that amphibians and reptiles are the most affected by solar photovoltaic and wind farms, while reservoirs have a relatively uniform impact on four species. Notably, in the United States, the combined loss of mammals and reptiles due to solar photovoltaics is almost equal to the loss of birds (Fig. S2a). For wind farms (Fig. S2b), India is the most affected country, followed by China, Brazil, and the United States. It is worth noting that even countries with smaller wind farm areas, such as Costa Rica ( global pdf), can cause significant biodiversity loss due to the high potential species groups loss rate per unit area. The frontline of hydropower reservoir expansion is mostly in countries such as Brazil, China, Vietnam, Laos, and India (Fig. S2c).55 Although the impact of reservoirs on the four species groups is relatively balanced, with almost equal shares, there are still differences between countries. The spatial differences can largely be attributed to the heterogeneity in the distribution of renewable energy resources and strategic development priorities.
3.2 Biodiversity loss embodied in domestic and global consumption 
[bookmark: OLE_LINK1]Electricity generated by renewable energy infrastructure is not only consumed domestically, but also exported to other countries through international power grids or the trade of products utilizing renewable energy infrastructure.67,68 Here we quantified the land occupation related biodiversity loss embodied in consumption (i.e., biodiversity loss footprint) of countries and in international trade. Figure 2a shows the biodiversity loss footprints of various countries. Rest of Aisa (global pdf), Rest of America (global pdf), India ( global pdf), Brazil (global pdf), China (), and the United States () have the largest footprints, followed by countries in Western Europe, including Italy, Germany, Spain, France, and others. Countries in Eastern Europe, such as Russia, Romania, and Czech Republic, have smaller footprints. 
[bookmark: _Hlk164360716]International trade accounted for approximately 14% (i.e.  ) of global biodiversity loss due to land occupation of renewable energy infrastructure. Figure S3a illustrates the share of biodiversity loss sourced from outside the selected countries in their total footprint. Malta has the highest share, with 100% of its footprints embodied in renewable energy imports, followed by Slovenia (99%), Switzerland (97%), Luxembourg (95%), Finland (91%), and Norway (90%). These countries, as major importers of renewable energy, should bear significant responsibility for biodiversity loss in exporting countries. Notably, a higher share of renewable energy imports did not necessarily correspond to a larger overseas biodiversity loss footprint (Fig. S3b). For example, Slovenia has a much smaller overseas footprint than the United States or China. Specifically, Slovenia's overseas footprint is only global pdf, while the United States' overseas footprint is global pdf (representing 43% of its total footprint) and China’s overseas footprint is global pdf (12% of its total). In contrast, Brazil (1.8%), India (2.6%), Mexico (4.4%), Turkey (5.4%), and South Africa (6.7%) only have a relatively low share of imported renewable energy, indicating a stronger reliance on domestic renewable energy development.
[bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK12]Figure 2b-e illustrates the biodiversity loss of different species group embodied in trade flows, excluding local consumption for clarity. Developed countries such as the United States (with global pdf imports), the United Kingdom ( global pdf), France ( global pdf), Japan (global pdf), Italy ( global pdf), Spain ( global pdf), and Canada ( global pdf) were the largest beneficiaries in international trade. Other developing countries of the world, such as those in the Rest of Asia and the Pacific, the Rest of America, the Rest of Africa, and the Rest of Middle East, also have an overseas biodiversity loss footprint through imports, as they lack the necessary domestic renewable energy infrastructure. Exporting countries such as China (with  global pdf export), Brazil ( global pdf), India ( global pdf), Spain ( global pdf), and South Africa  global pdf) exhibited substantial biodiversity loss embodied in exports. However, slight variations exist among different species group at the regional level. For instance, Spain was the main exporter concerning mammals (export  global pdf). France, owing to wind farms in its overseas territory Guadeloupe located in ecoregions with higher CFs for reptiles, consequently exported significant biodiversity losses of reptiles ( global pdf). The Rest of America also exported substantial biodiversity losses of reptiles and amphibians for similar reasons ( and  global pdf). 
[image: ]
[bookmark: _Hlk164360670][bookmark: _Hlk162536730]Figure 2. Land occupation of renewable energy related biodiversity loss embodied in the consumption of countries as well as in international trade. The two-digit country code is based on the International Organization for Standardization (ISO3) and detailed in Table S6. (a) biodiversity loss footprint of countries; (b)-(d) biodiversity loss embodied in international trade flows. The breadth of the bar in the circle corresponds to the total tele-coupled biodiversity loss consisting of inflows and outflows attached to a country. The vibrant ribbons that link the circle bar charts depict the trajectory and transmission of biodiversity loss from the export countries to the import countries.
 
3.3 Future biodiversity loss induced by future renewable energy infrastructures
[bookmark: OLE_LINK9][bookmark: OLE_LINK58][bookmark: OLE_LINK59][bookmark: OLE_LINK30]Figure 3 depicts the cumulative biodiversity loss of different species groups under three energy transition scenarios. Across all scenarios, countries or regions with larger populations, extensive territories, and/or advanced economies—such as India, China, Brazil, the European Union (EU27 plus the UK, based on 2015 pre-Brexit data, henceforth referred to as European Union), and the United States—exhibit the highest biodiversity loss footprints. Together, these top five contributors account for approximately 75% of the total cumulative biodiversity loss. The cumulative footprint of each country/entity increases substantially with the intensification of renewable energy development in the 2°C Scenario (2DS) and the Beyond 2°C Scenario (B2DS) scenarios compared to the reference scenario (RTS) (Scenario details are in Supplementary Information-12). In particular, Russia experiences the fastest growth, with its cumulative footprint increasing by 4.3 and 4.6 times in 2DS and B2DS compared to RTS, respectively, followed by the Rest of Europe, the European Union, and the United States. Surprisingly, Brazil experiences a slight increase in 2DS and B2DS, with only 1.26 and 1.32 times increase compared to RTS. The disparities can be explained by the assumption that IEA’s scenario setting of renewable energy development in Russia and non-OECD countries is significantly higher in the 2DS and B2DS scenarios than in the RTS, as shown in Tables S9-S11. Conversely, countries with smaller changes, such as Brazil, China, Mexico, and South Africa, follow similar energy transition trajectories across scenarios.
[bookmark: OLE_LINK4][bookmark: OLE_LINK2]By 2060, Brazil, South Africa, Mexico, and the Association of Southeast Asian Nations (ASEAN) are net exporters of biodiversity loss for mammals, birds, and amphibians due to renewable energy trade. The Rest of America and the European Union emerge as net exporters of biodiversity loss for reptiles. Net importers of biodiversity loss—benefiting from international renewable energy trade—include China, the United States, India, the European Union, the Rest of Africa, and, more broadly, the OECD. However, the role of certain countries and regions could change depending on the energy transition pathway settings. In particular, under the 2DS and B2DS, the ASEAN experiences a substantial increase in exports leading to losses of reptiles compared to the RTS (approximately 22 times higher). Conversely, European Union's increase in import leading to biodiversity loss of mammals and birds is higher than that of the Rest of Africa and the United States in 2DS and B2DS, while it is lower than both in RTS. This shift could be related to changes in position along global renewable energy supply chains and final demand across diverse scenarios. For example, in the 2DS and B2DS, the ASEAN countries' demand for renewable energy is lower than in the RTS, but their investment in renewable energy infrastructure is growing much faster. This trend could lead to an accelerated expansion of renewable energy infrastructure in ASEAN, positioning it as a net outflow region.
[image: ]
[bookmark: _Hlk186042809]Figure 3. The cumulative biodiversity losses of four species groups by countries and regions from 2015 to 2060 in RTS, 2DS, and B2DS scenarios (unit: global pdf). “The cumulative biodiversity loss” denotes the total impact due to increased demand across various scenarios from 2015 to 2060 for each country or region. The line chart illustrates the cumulative biodiversity loss within the territories of key countries and regions (including export and local production), while the stacked bar chart illustrates the cumulative biodiversity loss footprint of countries and regions (including import and local consumption).
[bookmark: OLE_LINK16][bookmark: OLE_LINK17]By 2060, the cumulative impact of the renewable energy trade could potentially lead to a global biodiversity loss between  and  global pdf in three scenarios outlined in ETP2017 (Fig. 4). Nevertheless, in all scenarios, the biodiversity loss induced by renewable energy land occupation has escalated, with the 2DS and B2DS showing a 1.7-1.8 times greater impact compared to the RTS. The primary reason is that the RTS, which considers current energy and climate commitments, has the slowest growth rate of renewable energy infrastructure. Consequently, it has the lowest impact on the four species groups, increasing by only  global pdf by 2060 compared to 2015. In contrast, biodiversity loss in the 2DS and B2DS scenarios increases by  global pdf and  global pdf respectively from 2015 to 2060. Species group compositions remain consistent across scenarios. Birds continue to be most affected, followed by amphibians. However, there is an increasing impact on birds in the 2DS and B2DS, with an increase of 6.07% and 6.08% respectively, compared to the RTS, suggesting that as the demand for renewable energy continues to increase, the impact on birds will continue to worsen.
[bookmark: _Hlk186042859][image: ]
Figure 4. Variations on an annual basis in biodiversity impact of global renewable energy trade in response to various energy transition scenarios. The final stacked bar chart depicts the species group composition of biodiversity losses embedded in international trade in 2060. The cascade chart illustrates the interannual variations in consumption embedded in international trade under various scenarios.

4. Discussion and policy implications
[bookmark: OLE_LINK18][bookmark: OLE_LINK142][bookmark: OLE_LINK143]Escalating global energy demand and the climate crisis have raised widespread concerns about the energy transition, emphasizing the emerging trade-offs between renewable energy and biodiversity conservation require careful management.69 Effective development of renewable energy infrastructure is critical to preventing species groups extinction while mitigating the effects of climatic change.12 Our analysis indicates that the land occupation expansion of renewable energy infrastructure has led to a  global pdf of biodiversity loss worldwide in 2015. The impact is more widely distributed compared to the primarily Northern Hemisphere-concentrated impact of fossil fuels (see Supplementary Information-15). Although the biodiversity loss from renewable energy infrastructure is currently much lower than that from agriculture, as a critical solution to mitigate the climate crisis, its future impact may significantly exceed current levels.37,70 We identified high-risk countries, including China, Brazil and the United States, which have deployed a large amount of infrastructure in KBAs. Simultaneously, these countries are major importers and/or exporters of renewable energy on the global market. The main challenge for energy policymakers is therefore to shift from a single, production-oriented perspective to a more comprehensive approach. To achieve this, efficient planning tools, supportive regulatory frameworks, and a broad policy discourse are essential components.58
There is an urgent need to change the existing land occupation paradigm that sacrifices biodiversity in the energy transition. It is essential to thoroughly evaluate the implementation of biodiversity conservation strategies and the establishment of renewable energy infrastructure. To ensure the development of renewable energy in all countries and regions while respecting conservation principles, the global layout of renewable energy infrastructure should be optimized. This includes avoiding KBAs, reducing landscape fragmentation, and avoiding migration and survival routes for critical species.72 Renewable energy infrastructure should be constructed on land types where comprehensive landscape and grid scale impact assessments indicate minimal biodiversity impacts, while avoiding critical species migration routes.73,74 Furthermore, countries and regions should develop policies tailored to their specific situations. Large producers, such as China, India, the United States, and Brazil, could consider deploying wind farms and solar photovoltaic systems by sharing the land needed for auxiliary roads and substations, which would help to mitigate the detrimental impact on biological habitats. Attempts can be made to establish livestock or breeding facilities for local rare species using solar photovoltaics, thus achieving coordinated development of renewable energy infrastructure and biodiversity conservation.75
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Essentially, biodiversity loss associated with renewable energy land occupation is primarily driven by international demand. In contrast to the focus on direct local biodiversity impact by Rehbein et al.12 and Gasparatos et al.76, this study integrates the c-SAR model and the MRIO model to investigate impacts at production sites and along complex industrial supply chains. Although countries and regions should primarily take responsibility for renewable energy-related biodiversity loss themselves, renewable energy imports of wealthy countries and regions also impose significant biodiversity pressures on developing countries. This phenomenon becomes increasingly notable amid future energy transitions (Table S12). Furthermore, as energy demand increases and energy transition progresses, the threat to biodiversity will become even more severe and unevenly distributed. Accordingly, calling for a fair and reasonable allocation of responsibilities among countries could improve global cooperation to effectively address climate change and biodiversity conservation. Producing countries should strengthen environmental impact disclosures, thereby raising the awareness of both exporting and importing countries of potential damage to biodiversity resulting from renewable energy consumption and providing a basis for ecological compensation, offsetting or other mechanisms. 
[bookmark: OLE_LINK19]Responsibility for biodiversity loss associated with land occupation along global supply chain is a contentious issue. However, changes in consumer behavior can contribute to biodiversity conservation.77 Increasing public exposure through information disclosure can raise consumers' environmental awareness and thereby encourage them to choose goods and services that are more conducive to biodiversity conservation. Such strategies have been shown to be effective in areas such as reducing carbon emissions.79 Due to the growing separation between production and consumption, biodiversity conservation requires substantial cooperation across countries.39,80 Our results suggest that the biodiversity loss embodied in renewable energy trade has primarily flowed from developing countries to developed ones. This phenomenon was also found in traditional energy systems (see Supplementary Information-15). Additionally, the direct land occupation of renewable energy infrastructure is the primary source of its impact on biodiversity, accounting for  global pdf, whereas only  global pdf of mining-related biodiversity loss is driven by the direct demand of renewable energy (see Supplementary Information-18 for detailed comparison). Hence, developed countries and regions should take a more proactive approach to minimizing their impacts by improving energy use efficiency and responsible consumption. They should also support countries and regions rich in biodiversity, such as Brazil, Guadeloupe, and the Rest of America, to take effective measures to mitigate their impacts through the transfer of renewable energy technology, investment and management skills.67, 68 Countries and regions with lower biodiversity but higher renewable energy potential, such as the Middle East and North Africa, could become major producers and exporters of renewable energy.63,83 This could also accelerate the transition to low-carbon energy consumption for these oil-rich countries and regions. 
[bookmark: _Hlk190092140][bookmark: _Hlk189926723][bookmark: _Hlk190092981]There are certain limitations existed in our research (see Supplementary Information-14). Two major limitations constrain our ability to achieve a more precise assessment. First, our assumption regarding the impact range of wind farms may fail to fully capture the complexity of real-world conditions. Variations in wind power technology, turbine blade size, and national regulations impose different requirements on the land consolidation as well as land use changes for wind farm construction. Moreover, wind farm operations can influence local climate, potentially causing subtle changes in surrounding land cover, which we have not accounted for.24 The 800 m impact range is primarily based on the assumption proposed by Dunnett et al.84, which is an estimate derived from the maximization of wind farm energy production efficiency. This range is also the most adopted standard for wind farm construction in the United States and Germany. Therefore, future study needs to incorporate more refined data on local characteristics. Second, we only considered the impact of cumulative land use on biodiversity, while the improved c-SAR model proposed by Scherer et al.85, which takes land use intensities and fragmentation into account, could more accurately reflect the impact of human land use activities on biodiversity. However, due to data collection limitations and alignment with the parameter settings of Dorber et al.55, we continued to follow the former recommendation. In future research, addressing these two issues will be crucial for improving the accuracy of biodiversity loss assessments in this context.
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