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Abstract 

Non-technical summary. Climate change is significantly altering our planet, with greenhouse gas 

emissions and environmental changes bringing us closer to critical tipping points. These changes are 

impacting species and ecosystems worldwide, leading to the urgent need for underst anding and mitigating 

climate change risks. In this study, we examined global research on assessing climate change risks to species 

and ecosystems. We found that interest in this field has grown rapidly, with researchers identifying key factors 

such as species’ vulnerability, adaptability, and exposure to environmental changes. Our work highlights the 

importance of developing better tools to predict risks and create effective protect strategies. 

Technical summary. The rising concentration of greenhouse gases, coupled with environmental 

changes such as albedo shifts, is accelerating the approach to critical climate tipping points. These changes 

have triggered significant biological responses on a global scale, underscoring the urgent need for robust 

climate change risk assessments for species and ecosystems. We conducted a systematic literature review 

using the Web of Science database. Our bibliometric analysis shows an exponential growth in publications 

since 2000, with over 200 papers published annually since 2019. Our bibliometric analysis reveals that the 

number of studies has exponentially increased since 2000, with over 200 papers published annually since 
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2019. High-frequency keywords such as “impact,” “risk,” “vulnerability,” “response,” “adaptation,” and 

“prediction” were prevalent, highlighting the growing importance of assessing climate change risks. We then 

identified five universally accepted concepts for assessing the climate change risk on species and ecosystems: 

distribution, exposure, sensitivity, adaptivity, and vulnerability. We provided an overview of the principles, 

applications, advantages, and limitations of climate change risk modeling appro aches like correlative 

approaches, mechanistic approaches, and hybrid approaches. Finally, we emphasize that the emerging trends 

of risk assessment of climate change, encompass leveraging the concept of telecoupling, harnessing the 

potential of geography, and developing early warning mechanisms. 

Social Media summary 

Climate change risks to biodiversity and ecosystem: Key insights, modeling approaches, and emerging 

strategies. 

1. Introduction 

Throughout the long history of the Earth’s movements, its climate has undergone constant change. 

However, the current anthropogenic “climate change” is distinct from natural climate variability caused by 

natural factors. Presently, greenhouse gas concentrations on Earth have reached their highest level in 2 million 

years and are continuing to rise. According to the World Meteorological Organization’s Global Climate Status 

2022 (WMO, 2023), the global average temperature in 2022 was 1.15°C higher than the pre-industrial 

average (1850-1900), a rise that aligns with intermediate climate change scenarios predicting a continued 

upward trend. With current CO2 emission trends, global temperatures are projected to rise by as much as 4.4 

degrees Celsius by the end of the century, pushing the planet closer to an unmanageable tipping point for 

climate change. Presently, 3.5 billion people live in highly climate-vulnerable countries. Catastrophic 

consequences, including extreme weather events, mega-fires, ocean heatwaves, food crises, and biodiversity 

loss, can result from climate change (McDowell et al., 2018). 

Life processes on Earth are intricately linked to environmental changes across multiple spatial and 

temporal scales (Davis & Shaw, 2001). The geographic distribution of any species depends on factors such 

as environmental tolerance, dispersal limits, and biological interactions with other species (Wunderling et al., 

2022; Antão et al., 2022). The combined rate and magnitude of climate change have triggered global -scale 

biological responses. In the face of climate change, marine, freshwater, and terrestrial species often respond 

by shifting their locations to seek more suitable environmental conditions. Terrestrial species tend to shift to 

areas with lower temperatures and higher altitudes, while marine species move to deeper and colder waters.  

Additionally, species undergo changes in relative abundance, timing of activity, and microhabitat use across 

their ranges (Bates et al., 2014). Studies indicate that terrestrial species move on average 17 km poleward 

every decade, while marine species move about 72 km poleward every decade  (Sorte et al., 2010; Chen et 

al., 2011; Poloczanska et al., 2013). However, some species’ response may lag behind climate change due to 

species-specific physiological, behavioral, ecological, and evolutionary responses o r due to a lack of adequate 
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habitat connectivity and access to microhabitats and microclimates. It is crucial to recognize that species have 

limits to their ability to adapt to changing environments (Williams et al., 2008), and once these limits are 

exceeded, species are at risk of extinction. 

Ecosystems play a vital role in supporting biological survival and development, offering both tangible 

material resources and intangible environmental conditions. The effects of changes in species distributions 

are not limited to a single system or dimension; instead, they involve feedbacks and linkages across multiple 

interacting spatial and temporal scales, extending to various ecosystems. Alterations in species d iversity due 

to redistribution are likely to have indirect impacts on ecosystem conditions (Schmidt-Traub et al., 2021). 

According to predictions, vegetation in the Arctic will shift from being dominated by high -albedo lichens 

and mosses to low-albedo coniferous forests by 2050 (Pearson et al., 2013). The combined effects of earlier 

snowmelt and increased shrub density at high latitudes will reduce albedo, leading to increased net radiation 

and exacerbating warming in those regions (Chapin 3rd et al., 2005). Moreover, the combined impacts of 

warmer temperatures and drought will intensify plant stress, contributing to more severe pest outbreaks and 

tree mortality, further influencing ecosystems and their capacity to provide benefits to humans  and other 

species. 

Considering the far-reaching consequences of climate change on species and ecosystems, it becomes 

imperative to gain a comprehensive understanding of potential risks and develop effective strategies to 

mitigate its effects. Risk assessment serves as a systematic process of identifying, analyzing, and evaluating 

potential hazards and their associated impacts (IPCC, 2022). Traditional risk assessment methods were 

originally developed for specific hazards, such as chemical exposure, they were not explicitly designed to 

address the impacts of climate change (Rowland et al., 2011). Consequently, researchers have been dedicated 

to developing and refining climate-driven risk assessment methods. These methodologies integrate climate 

models, species distribution data, and ecological knowledge to predict future risks and assist in planning 

adaptation strategies. By utilizing climate-driven risk assessment, scientists and policymakers can better 

comprehend the potential consequences of climate change on biodiversity and ecosystems, thereby 

strengthening our capacity to respond effectively and protect vulnerable species and habitats.  

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) protocol is 

designed to enhance the reproducibility of reviews and facilitate readers’ understanding of the entire protocol 

followed during the literature review (Page et al., 2021). Following the PRISMA protocol, our study involved 

a systematic search in the Web of Science (WoS) core collection database. In the initial phase, we focused on 

identifying relevant records through two distinct searches: Topic 1: “species” AND “climate change” AND 

“risk”; Topic 2: “ecosystem” AND “climate change” AND “risk”. Our search spanned from January 1, 2000, 

to December 31, 2022 (accessed on April 1, 2023). After retrieving pertinent publications, we refined the 

results to include only “Article” document types. This process yielded 7,570 articles for Topic 1 and 5,575 

articles for Topic 2. The subsequent step involved a thorough screening process. We reviewed the titles and 

abstracts of each article to identify those addressing, describing, quantifying, or mapping climate change-

related risks on species and ecosystems. Irrelevant literature was filtered out, and the 2,000 most relevant 
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articles for each of the two topics were used to conduct a bibliometric overview. In the final stage, we read 

the full text of each selected publication, extracting generally accepted concepts, approaches used to model 

risk, and emerging trends. The flowchart illustrating the literature screening and review process is shown in 

Fig. 1. 

 

Fig. 1. Flowchart depicting the process of literature screening and review 

2. Bibliometric overview of climate change risk assessment 

Bibliometric analysis serves as an effective method for qualitatively and quantitatively analyzing a vast 

number of existing publications. CiteSpace, an open-source bibliometric software developed by Drexel 

University in 2004, stands as one of the most widely utilized tools for bibliometric analysis (Chen, 2006). By 

employing mathematical and statistical methods, CiteSpace analyzes data and offers knowledge map 

presentations. 

2.1 Co-occurring subjects 

The number of studies on climate change risk on species and ecosystems has been exponentially 

increased since 2000 (Fig. 2a). Between 2000 and 2004, less than 25 papers are published in both fields, 
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whereas since 2013, more than 100 papers have been published each year, and the annual published papers 

has exceeded 200 since 2019. Fig. 2b presents the co-occurring subject categories network of topic 1, which 

comprises 59 nodes and 262 links. Notably, the top three categories in terms of research activity were as 

follows: Environmental Sciences & Ecology (1216, 0.14); Biodiversity & Conservation (551, 0.06); and 

Ecology (527, 0.58). The numbers in parentheses represent the number of articles and the cent rality of the 

categories, respectively. Fig. 2c displays the co-occurring subject categories network of topic 2 consisting of 

73 nodes and 198 links. In this case, the top three categories were as follows: Environmental Sciences (427, 

0.54); Ecology (334, 0.24); and Biodiversity & Conservation (223, 0.06). Frequent co-occurrence among 

subject categories indicates that the field of study is inherently multidisciplinary and interdisciplinary.  

 

Fig. 2. Annual number of publications from 2000 to 2022, divided into four stages: Stage 1 (2000–2005), 

Stage 2 (2006–2010), Stage 3 (2011–2015), and Stage 4 (2016–2022), showing the growth trend in research 

on the topics (a); Co-occurring subject categories network of topic 1 “Climate change risk on species” (b); 

Co-occurring subject categories network of topic 2 “Climate change risk on ecosystems” (c). 

2.2 Research collaboration 

The number of publications in a given field represents the level of a country ’s activity in that particular 

area, while the centrality values of nodes in the cooperation network signify the authority and leadership of 

countries within the field. The United States, the United Kingdom, and Australia are the top three countries 

in terms of the number of papers of topic 1, accounting for 42.27% of all research papers in this field  (Fig. 

3a). However, the centrality of these three countries is relatively lower, with values of 0.02, 0.13, and 0.18, 

respectively (Fig. 3b). The United States, China, and the United Kingdom are the top three countries in terms 

of the number of papers of topic 2, accounting for 40.69% of all research papers in this area (Fig. 3c). When 

considering centrality, France, Germany, and Finland take the lead, with centrality values of 0.21, 0.18, and 

0.18, respectively (Fig. 3d). In both fields, it is evident that the top three countries in terms of the number of 

publications contribute to more than 40% of all publications, highlighting the significant disparity between 
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countries in research output within these fields. The large number of links between nodes in Fig . 3b and 3d 

further illustrates the extensive collaboration between countries across the globe.  

 

Fig. 3.  The number of records attributed to authors from each country  of topic 1 (a) and topic 2 (c). Country 

collaboration network of topic 1 (b) and topic 2 (d). 

An institution co-authorship analysis was employed to unveil academic collaborations at the institutional  

(Fig. 4a-4b) and author levels (Fig. 4c-4d). In the field of topic 1, there were 193 institutions involved, 

resulting in 412 collaborations among them. The institutions with the highest research output included the 

Chinese Academy of Sciences (CAS), Consejo Superior de Investigaciones Científicas (CSIC), and the 

University of British Columbia (UBC). In the field of topic 2, the organizations with the largest research 

output in this field were the Chinese Academy of Sciences (CAS), the U.S. Geological Survey (USGS), and 

the U.S. Forest Service (USFS). The network of Topic 1 comprised 105 collaborations and 92 nodes, whereas 

the network of Topic 2 comprised 27 collaborations and 35 nodes. The centrality of many nodes in the 

network of topic 1 exceeded 0.10, particularly those associated with several authors who had the highest 

publication volumes. In contrast, the network of topic 2 exhibited a division into numerous isolated sub-

networks, with no nodes having a betweenness centrality greater than 0.01. This suggests that authors in the 

field of topic 2 tended to collaborate in small teams, and there was limited collaboration between these teams. 
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Fig. 4. Institutional collaboration network in the field of topic 1 (a) and topic 2 (b); Author collaboration 

network in the field of topic 1 (c) and topic 2 (d). 

2.3 Influential references 

Co-citation analysis allows us to gather valuable insights about the most frequently cited authors, 

references, and journals within a specific research area. The author co-citation network analysis in the field 

of topic 1 revealed a vast network comprising 2,344 nodes connected by 9,664 links, organized into 19 co-

citation clusters. The author co-citation network analysis in the field of topic 2 comprised 2,226 nodes 

connected by 7,238 links, grouped into 19 co-citation clusters. Authors such as Parmesan C., Thomas C.D., 

and Thuiller W.C. featured prominently among the top 3 authors in both fields. Through an analysis of citation 

frequency, we identified 78,096 valid references of topic 1 and 102,697 valid references of topic 2. The three 

most cited articles in the field of topic 1 are as Urban (2015), Pecl et al. (2017), and Pacifici et al. (2015). 

Three most cited articles in the field of topic 2 are IPCC (2014), Pecl et al. (2017), and Seidl et al. (2017). 

Publications in the two fields are spread across 458 and 527 different journals, respectively (Fig. 5a and 5c). 

Journal co-citation analysis (Fig. 5b and 5d) show that the network of cited journals in the field of topic 1 

comprises 1173 nodes organized into 71 co-citation clusters (modularity Q = 0.538, weighted average 

silhouette = 0.479). In contrast, the network of cited journals in the field of topic 2 consists of 1169 nodes 

organized into 81 co-citation clusters (modularity Q = 0.7582, weighted average silhouette = 0.6111).  
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Fig. 5.  Top 20 journals in term of publications in the field of “Climate change risk on species” (a) and the 

field of “Climate change risk on ecosystems” (c). Visualization of the journal co-citation network in the field 

of “Climate change risk on species” (b) and the field of “Climate change risk on ecosystems” (d). 

2.4 Thematic trends 

Keywords with high frequencies in a research area can effectively represent the hot topics of interest. In 

the field of topic 1, the top 10 keywords with the highest frequency are climate change, biodiversity, impact, 

extinction risk, conservation, distribution, model, risk, diversity, and response. In the field of topic 2, the top 

10 keywords are climate change, impact, management, ecosystem service, biodiversity, risk, vulnerability, 

adaptation, conservation, and model. Table 1 presents the top 10 suddenly emerging keywords with high 

burst strength in the two fields. These observations illustrate that researchers are increasingly exploring novel 

topics such as climate change impacts, regional responses, and nature-based solutions. Among the high-

frequency keywords in both fields, words such as impact, risk, vulnerability, resilience, response, adaptation, 

prediction, and management are prominent, signifying the growing importance of risk assessment and 

forewarning for the adaptation of species and ecosystems to climate change. 

Table 1. The 10 keywords with strongest bursts in the field of topic 1 and topic 2 

Topic 1 

Climate change risk on species 

Topic 2 

Climate change risk on ecosystems 

keywords Strength Begin End  keywords Strength Begin End 

model 5.8275 2002 2007  climate change 11.0236 2000 2007 

Europe 4.2486 2002 2010  risk 7.3376 2000 2008 

bioclimate envelope  11.6689 2005 2012  ecosystem 4.7171 2006 2008 

response 5.1215 2006 2008  global change 10.4325 2008 2014 

migration 4.8972 2006 2015  plant 6.4747 2010 2013 

niche model 4.7366 2008 2014  uncertainty 6.5312 2012 2017 

envelope model 4.2059 2008 2012  California 6.4535 2013 2015 

global change 4.769 2009 2017  future 5.0593 2013 2015 

assisted colonization 6.6334 2010 2012  united states 4.8441 2014 2017 

population model 4.8138 2011 2012  flood 4.6209 2014 2016 
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3. Generally accepted concepts to assess climate change risk 

Assessing the climate change risk on species and ecosystem often involves the use of various ecological 

and conservation metrics. While no standardized unit of measurement exists explicitly for this purpose, 

researchers and conservationists commonly employ a combination of concepts to evaluate the impacts of 

climate change risk on species and ecosystems. These concepts provide valuable insights into different 

aspects of the ability of species and ecosystems to adapt and survive in the face of the changing climate risk  

(Fig.6, Table 2). 

  

Fig. 6. Concepts used to assess climate change risk and their relations 
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Table 2. Examples of concepts in climate change risk assessments. 1 

Types of 

concepts 

Spatial 

scale 

Temporal 

scale 

Biological 

scale 
Main findings References 

Exposure 

local future ecosystem 
There is substantial spatial heterogeneity in the exposure of ecosystem 

services to future climate changes on the Tibetan Plateau. 
(Hua et al., 2021) 

regional present 
species, 

ecosystem 

Chemical contaminant exposure can exacerbate the energetic challenges 

posed by climate change, leading to complex synergistic and antagonistic 

effects on organisms’ fitness. 

(Grunst et al., 2023) 

local future ecosystem 

Mountain forests face high exposure to warming, which can trigger critical 

and potentially irreversible transitions in forest ecosystems, though 

topographic complexity can buffer some of these climate change impacts. 

(Albrich et al., 2020) 

Sensitivity 

global past ecosystem 
Ecologically sensitive regions, such as the Arctic tundra, tropical rainforest, 

and other key biomes, exhibit amplified responses to climate variability. 
(Seddon et al., 2016) 

regional 
past, 

future 
species 

Regional disparities in exposure to anthropogenic environmental changes, 

despite similar biotic sensitivity, may result in different extinction risks for 

plant species under future climate change scenarios. 

(Song et al., 2021) 

global present species 
Many terrestrial ectotherms have narrow physiological thermal-safety 

margins and must rely on thermoregulatory behavior to avoid overheating. 
(Sunday et al., 2014) 

Adaptation 

local present species 
Managed relocation is a critical strategy for mitigating climate change 

threats to the persistence of the endangered pygmy bluetongue lizard . 
(Fordham et al., 2012) 

local past species 

The uncertainty in selecting climate metrics significantly impacts 

projections of species distribution and the predicted benefits of adaptation 

actions. 

(DeWeber & Wagner, 2018) 

local future species 

Geographical adaptation to site conditions prevails over species-specific 

physiological traits in determining the vulnerability of Mediterranean rear-

edge forests to climate change. 

(Dorado-Liñán et al., 2019) 

Vulnerability 

local future species 

Incorporating exposure, sensitivity, and adaptive capacity into spatial 

conservation prioritization significantly impacts the representation of 

species under climate change. 

(Summers et al., 2012) 

local past ecosystem 

Mozambican forest mangroves are highly vulnerable to climate change, 

particularly to sea level rise and tropical storms, highlighting the need for 

adaptive management at various spatial scales. 

(Lee et al., 2018) 

global past ecosystem 

Vulnerability of ecosystems to climate change is significantly moderated by 

habitat intactness, with larger, intact wilderness areas serving as crucial 

refugia. 

(Eigenbrod et al., 2015) 
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Response 

local past species 

Phenological responses of temperate and boreal trees to warming vary 

significantly depending on ambient spring temperatures, leaf habit, and 

geographic range. 

(Montgomery et al., 2020) 

regional future ecosystem 

Dynamics of Amazon dieback in response to climate change are robust, 

with uncertainty primarily driven by climate projections rather than 

ecosystem model parameters. 

(Poulter et al., 2010) 

local future species 

Climate change significantly impacts the regeneration potential of eucalypt 

species in South-Eastern Australia's temperate forests, leading to shifts in 

species distribution and potential declines in regeneration by 2050. 

(Mok et al., 2012) 

Note: The spatial scales are classified into three types: local, regional, and global. Temporal scales are divided into past, present, and future. Biological scales 2 

include species and ecosystems. 3 
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3.1 Exposure 

Climate change exposure pertains to the extent to which organisms and ecosystems are susceptible to 

climate change-related threats. These threats encompass intrinsic factors such as physiological tolerances and 

dispersal ability, as well as extrinsic factors like rising temperatures, shifts in precipitation patterns, changes 

in the frequency and intensity of meteorological events, including sea level rise, droughts, floods, and 

hurricanes (Cardillo et al., 2005; Brawn et al., 2017; Glazier & Gjoni 2024). For instance, higher temperatures 

influence both abiotic disturbances like fire, drought, wind, snow, and ice, and biotic disturbances such as 

insect infestations and pathogens. The complex interplay between these disturbances further compounds 

ecosystem disruptions (Seidl et al., 2017). The exposure of species and ecosystems to climate change varies 

significantly across different climate change scenarios. Under a global warming scenario of less than 2°C, it 

is anticipated that less than 2% of ecological assemblages will face sudden exposu re events affecting over 

20% of species worldwide. In contrast, if global warming reaches 4°C, 15% of assemblages will be at risk of 

sudden exposure (Trisos et al., 2020). Within the high emissions scenario, climate change exposure for 

ecological assemblages is expected to commence in tropical oceans by 2030 and subsequently expand to 

tropical forests and higher latitudes by 2050. Ureta et al. (2022) employed standardized Euclidean distances, 

considering current and future climate conditions at each grid point, which encompass annual temperature 

change, precipitation change, and historical records of hurricane intensity and fire occurrences, to forecast 

the risk of climate change exposure for species. Beyond alterations in the mean levels of c limate factors, 

researchers are increasingly focusing on temporal shifts and structural impacts of these factors. Increased 

variability in winter snowmelt will intensify water shortages during the growing season and elevate the 

stochasticity of runoff (Wieder et al., 2022). 

Non-human primates are often considered flagship species in tropical forest ecosystems. Under the most 

pessimistic climate change scenario, it is estimated that 74% of primates inhabiting Neotropical forests may 

face exposure to a maximum upper temperature increase of up to 7°C. In contrast, primates residing in 

Madagascar’ s savannahs will experience less pronounced warming (Carvalho et al., 2019). Mammals that 

inhabit the same geographic ranges exhibit varying risks of climate change exposure due to diffe rences in 

body size and movement patterns. Generally, larger species (>15 kg) and arboreal and semi-aquatic animals 

are at the highest risk. Even for sympatric species with relatively similar sensitivities, such as Disjunct plant 

genera, the risk of extinction differs considerably in response to various environmental exposures. The  key 

climate change exposure factor for Disjunct plant genera in East Asia is the annual temperature range, while 

in the northeastern United States, it is annual precipitation (Song et al., 2021).  
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3.2 Sensitivity 

Sensitivity refers to the extent to which ecosystems and species respond to climate change. When 

assessing the impact of environmental changes on extinction risk, one of the primary sources of uncertainty 

is the potential variability in biological sensitivity (Song et al., 2021). This sensitivity encompasses a range 

of factors, including intrinsic elements such as genetic characteristics and reproductive methods, as well as 

extrinsic factors like food networks and ecological interactions.  

Physiological characteristics that influence species and ecosystem sensitivity include traits such as 

temperature range tolerance, water acquisition, conservation and utilization efficiency, reproductive methods 

and strategies. For example, the generation length, defined in some studies as the average age of parents in 

the current generation, reflects the rate at which breeding individuals in a population are renewed. Species 

with longer generation lengths and lower reproduction rates have demonstrated a hi gher risk of extinction 

under climate change (Pacifici et al., 2017). In comparison to species with shorter generation lengths, those 

with longer generation lengths exhibit relatively smaller population responses to conservation measures, such 

as the establishment of protected areas and translocations (Leclerc et al., 2020a).  

Ecological characteristics that influence species and ecosystem sensitivity include habitat features  

(niche breadth), position within food chains, and food networks (including primary diet, foraging niche, and 

foraging periods), life history features (species lifespan, body size, life history strategies, migration 

characteristics, etc.) (Sandin et al., 2014; Ureta et al., 2022). For mammals, habitat specialization and dietary 

specialization are vital factors for evaluating their sensitivity to climate change, as more specialized species 

are less likely to expand into new, suitable climate regions. Species with limited migration capabilities tend 

to be more sensitive to climate change. Ecosystems supported by unique species face higher risks of 

concurrent extinctions and critical loss of ecosystem functions due to disruptions in ecological interactions 

caused by climate change. In other words, such ecosystems exhibit lower ecological redundancy  (similar 

combinations of ecological trait values) (Leclerc et al., 2020b). 

Genetic characteristics influencing species and ecosystem sensitivity encompass genetic diversity, 

genetic adaptability, genetic drift, and so forth (Jezkova et al., 2011). For example, some fish populations 

with high genetic diversity may be more capable of adapting to changing water temperatures and quality. 

Certain species may already possess adaptive genetic traits for climate change conditions, including heat 

tolerance genes, increased drought resistance, or enhanced immune systems (Parmesan, 2006). Genetic drift 

refers to random changes in genetic characteristics within a population, which can lead to the emergence of 

new beneficial traits or the reduction of existing harmful traits. Wildlife populations with higher genetic drift 

are more likely to adapt to climate change across different geographical regions (Perry & Wu, 1960). 

3.3 Adaptivity 

Adaptivity is a term used to describe the capacity of species and ecosystems to respond to climate change. 

Various factors influence the adaptivity of species and ecosystems, including intrinsic factors like behavioral 
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adaptation and niche flexibility, as well as extrinsic factors such as geographical isolation and the presence 

of protected areas. Geographical isolation restricts opportunities for species to move to other landmasses, 

impacting their ability to adapt to climate change. For instance, isolated islands often offer fewer potential 

refuges, and if these islands have limited area and minimal elevational differences, the adaptability of species 

can be significantly compromised. Establishing protected areas is a recognized effective method for 

enhancing the adaptability of species and ecosystems to climate change. Protected areas can provid e suitable 

habitats and increase habitat continuity, facilitating species migration from non -protected areas to protected 

ones (Ureta et al., 2022). Phylogenetic uniqueness measures the number of close relatives of each species 

and their phylogenetic distance (Jansson, 2009). Species pools with greater phylogenetic diversity possess 

higher evolutionary potential in the face of climate change, making them more likely to adapt and persist.  

Physiological plasticity can potentially alleviate the impact of climate warming on organisms by 

reducing the thermal sensitivity of life processes and increasing physiological tolerance  (Stillman et al., 2003; 

Seebacher et al., 2015). Species’ behavioral avoidance can also protect organisms from the effects of climate 

change by minimizing exposure to high-cost or lethal temperatures (Sunday et al., 2014). Nevertheless, the 

roles of plasticity and species’ behavioral avoidance in safeguarding species from extinction are still debated, 

as climate warming may surpass the adaptive capacity of plasticity or increase the costs associated with 

behavioral strategies (Sears et al., 2016). The current extinction rate of species also influences their adaptivity. 

According to the filtering hypothesis (Balmford, 1996), species with high extinction rates are more likely to 

withstand future climate change. This is because species that have evolved and survived in highly disturbed 

environments are more likely to persist in the face of new disturbances, such as climate change. However, 

species’ adaptability is effective only within a certain range of climate change scenarios. In the best-case 

climate scenario (RCP2.6), plant genera with similar sensitivity in eastern Asia and eastern North America 

show distinct differences in vulnerability. However, under the most pessimistic scenario (RCP8.5), these  

differences vanish, and all genera become highly vulnerable. This suggests that severe climate change 

(RCP8.5) may override regional buffer capacities (Song et al., 2021). 

3.4 Vulnerability 

Vulnerability is the critical factor linking distribution, exposure, sensitivity, and adaptivity, offering a 

comprehensive assessment of species and ecosystems susceptibility to climate change. It also plays a key 

role in evaluating extinction risks (Bergstrom et al., 2021). The rate of species extinction on Earth is on the 

rise, with one out of every six species facing threats. Particularly noteworthy is that in South America, 

Australia, and New Zealand, the risk of species extinction is most pronounced  (Malcolm et al., 2006; Warren 

et al., 2013; Foden et al., 2013; Urban, 2015). Islands and archipelagos, in particular, exhibit varying degrees 

of vulnerability to future climate change, with the Pacific region often displaying heightened vulnerability. 

In a comprehensive assessment by Thomas et al. (2004), which covered approximately 20% of the world’s 

terrestrial surface, it was found that under the mid-range warming scenario in 2050, 15%-37% of species will 

be on the brink of extinction.  
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In the discourse on vulnerability and extinction risk, the concept of "extinction debt" is pivotal. Several 

studies (Devictor et al., 2012; Bertrand et al., 2016) suggest that the impact of climate change on local species 

richness is constrained and may paradoxically forecast an augmentation in species diversity, challenging 

conventional acknowledge. For instance, in mountainous regions susceptible to climate warming, instances 

of plant extinctions are sporadic, even across a century-long time series of climate warming. In contrast, the 

overall richness of plant species at the local level has surged as species migrate to higher latitudes with climate 

warming (Tilman et al., 1994; Dullinger et al., 2012). This phenomenon is expounded by the concept of 

"extinction debt" (Rumpf et al., 2019), which posits that although habitat destruction or other detrimental 

factors may have initiated biodiversity decline, the actual extinction of species may be deferred into the future, 

owing to a time lag. Extinction debt implies that, notwithstand ing efforts to mitigate habitat loss or other 

stressors, compromised biodiversity may still experience a gradual decline in the ensuing decades (Jackson  

Sax, 2010; Dullinger et al., 2012; Arneth et al., 2020). 

3.5 Response 

Responses of species and ecosystems to environmental changes can be divided into short -term, medium-

term, and long-term categories. In the short term, responses include individual behavioral changes, 

physiological adjustments, and shifts in community composition. Over the medium term, species may exhibit 

phenotypic adaptations, undergo genotype selection, and experience shifts in their geographic distribution. 

In the long term, environmental pressures can lead to evolutionary trends, species extinction, and  overall 

ecosystem transformation (Moilanen et al., 2022). Importantly, there are feedbacks relationships between 

response and other components like exposure, sensitivity, and adaptation. For example, changes in a species’ 

range reflect its ability to adapt to new climatic conditions, showcasing the profound influence of climate 

change on the survival and reproductive parameters of these species (Mahony et al., 2017; Zhou et al., 2023). 

However, changes in the distribution of species with particular behaviors, such as ecosystem engineers, can 

create feedback loops that influence their exposure to environmental changes (Cozzoli et al., 2021). A 

prominent feature of species redistribution driven by climate change is the rate and extent at which various 

species respond. This often leads to the disruption of pre-existing interactions and the formation of new 

ecological relationships concurrently. Such dynamics result in species either separating or engaging in novel 

interactions (Pecl et al., 2017). This disruption has significant consequences, affecting predatory, competitive, 

commensal, and parasitical relationships (Cahill et al., 2013). In European countries where agriculture plays 

a substantial role in the GDP, climate change projections (Civantos et al., 2012), anticipate a decrease in the 

distribution and abundance of vertebrates responsible for controlling crop pests.  

4. Approaches for modeling climate change risk to species and ecosystems 

When conducting assessment of climate change risk on species and ecosystems, it is imperative to 

collect a diverse set of environmental and biological parameters, as well as high-quality historical and real-

time data. However, relying solely on these data is insufficient  (Pettorelli et al., 2014). Scientific modeling is 
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essential to gain deeper insights into how organisms and ecosystems respond to climate change risks, serving 

as the cornerstone for evidence-based policy formulation and decision support (Chen et al., 2022; IPBES, 

2016). Evaluating the vulnerability of species to climate change can be accomplished through various 

methods, including correlation-based approaches, mechanistic methods, hybrid approaches, criteria-based 

approaches, and other approaches (Fig.7). 

 

Fig. 7. Approaches for modeling climate change risk to species and ecosystems. The abbreviations of various 

modeling approaches represent: Species Distribution Models (SDMs), Generalized Linear Models (GLMs), 

Generalized Boosted Regression Models (GBMs), Generalized Additive Models (GAMs), Multiple Adaptive 

Regression Splines (MARS), Random Forests (RFs), Maximum Entropy (Maxent), Boosted Regression 

Trees (BRT), Demographic Niche Model (DemoNiche), Dynamic Range Models (DRM), Landscape and 

Life History Population Model (LoLiPop), Migration and Climate Model (MigClim), Incidence Function 

Models (IFM), and metabolism models (MM). 

4.1 Correlative approaches 

Correlation-based methods rely on established climate and ecological data, encompassing factors like 
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species distribution, temperature, and rainfall (Kong et al., 2021). These methods employ statistical analysis 

to assess species and ecosystems’ vulnerability. These predictions involve comparing current and future 

climate data to identify regions where species survival and ecosystem stability may be at risk. Traditional 

Species Distribution Models (SDMs) are often categorized as correlation-based methods, as they primarily 

examine the correlations between species distribution and environmental variables (Summers et al., 2012; 

Song et al., 2021). In their description of the current distribution model of Ethiopian Arabica coffee, Moat et 

al. (2019) utilized the comprehensive SDM, employing six modeling techniques: Generalized Linear Models  

(GLMs), Generalized Boosted Regression Models (GBMs), Generalized Additive Models (GAMs), Multiple 

Adaptive Regression Splines (MARS), Random Forest (RFs), and Maximum Entropy (Maxent). Tagliari et 

al. (2021) employed four statistical algorithms to model the bioclimatic niche and distribution of seven 

studied baobab species: GLMs, GAMs, RFs, and Maxent. Curd et al. (2023) employed landscape metrics in 

species distribution modeling to characterize the internal structure and variations within species distribution 

areas, using four algorithms: GLMs, GAMs, RFs, and boosted regression trees (BRT). Parametric models 

like GLM and GBM, along with non-parametric models like GAM and MARS, are well-known for their 

robustness and are standard regression models. In contrast, classification tree models such as RF, BRT and 

Probability distribution models like Maxent, belonging to machine learning methods, are more complex 

algorithms. 

Relevant models are capable of mapping across various spatial scales and a wide range of species. 

However, they do come with certain limitations and uncertainties, primarily originating from climate data, 

algorithms, and biological assumptions (Pearson et al., 2006; Guisan & Rahbek, 2011). Uncertainties in 

climate data can be attributed to general circulation models and their resolutions. Different parameters and 

model structures can yield diverse outcomes when simulating future climate systems (Wiens et al., 2009; 

Bagchi et al., 2013). Furthermore, climate data is typically less detailed compared to other data used in 

correlation models, such as environmental and biological data, often proving inadequate for modeling rare 

species or those with smaller geographical ranges (Guisan & Thuiller, 2005). Uncertainties in algorithms 

arise from variations in model performance and simulation outcomes resulting from the choice of different 

correlation methods and predictor variables. Some studies have mitigated these u ncertainties by producing 

ensemble predictions, which involve averaging probabilities and confidence intervals from various models 

(Carvalho et al., 2011). Uncertainties related to biological assumptions hinge on the presumption that the 

relationship between species and their environmental conditions will persist in the future  (Harrison et al., 

2006). As in reality, the ecological niche of some species is influenced not only by their optimal climate but 

also by non-biological, biological, geographic, historical, and anthropogenic factors (Guisan & Thuiller, 

2005). As future climate conditions evolve, species may select different and more suitable ecological niches 

than their current ones. Despite criticism that correlation models lack mechanistic and causal explanations 

and have limited capabilities when assessing species with sparse distribution points and small geographical 

ranges, they have been widely used in regional and global analyses due to their relative speed and cost -

effectiveness. 
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4.2 Mechanistic approaches 

The mechanistic approach is grounded in a comprehensive understanding of biological and ecological 

mechanisms, which are employed to analyze species’ physiological, ecological, and behavioral responses to 

climate change. This approach encompasses species’ life history traits, physiological ecological processes, 

and adaptability, which typically necessitate a more substantial body of biological and experimental data. 

Mechanistic models such as Demographic Niche Model (DemoNiche), Landscape and Life History 

Population Model (LoLiPop), Migration and Climate Model (MigClim) build upon correlation models like 

SDMs by incorporating mechanistic components such as diffusion or population dynamics. On the other hand, 

process-based dynamic range models (DRM), incidence function models (IFM), and age-structured 

metapopulation models do not rely on traditional SDMs; they directly infer the dynamics of environment -

population quantity from data, thereby delving deeper into the mechanisms governing biological processes 

(Zurell et al., 2016). Riddell et al. (2018) integrate experimental physiological and behavioral traits into 

species distribution models to predict extinction risk based on individuals’ ability to maintain energy balance 

under scenarios with and without plasticity. 

Mechanistic models are widely regarded as more explanatory, robust, and theoretically sound (Kearney 

& Porter, 2009). Unlike correlation models, which can only simulate the ecological niches that species have 

already occupied, mechanistic models may provide a better representation of the fundamental ecological 

niches of species, even those that are not currently reflected in their distribution (Monahan, 2009; Kearney 

& Porter, 2009). Mechanistic models can also explicitly account for significant biological factors, including 

evolution and physiological responses. However, the limitations and uncertainties of mechanistic models 

primarily arise from the lack of understanding of the processes involved  and the challenges associated with 

parameter selection, calibration, and validation during the modeling process. Mechanistic models rely on 

detailed data obtained from laboratory or field experiments, such as reproductive rates and physiological 

tolerances (Deutsch et al., 2008; Jenouvrier, 2009; Radchuk et al., 2013), and many species lack this data, 

rendering mechanistic models less widely applicable and often confined to a few rare or endangered species 

(Hunter et al., 2010). Similar to correlation models, mechanistic models typically do not account for 

interactions between species. 

4.3 Hybrid approaches 

Hybrid approaches integrate both correlative and mechanistic elements, offering a comprehensive 

framework for understanding species’ responses to climate change by considering not only statistical 

relationships between variables but also biological and ecological processes (Cozzoli et al. 2021). Example 

models, such as LoLiPop, MigClim, and Incidence Function Models (IFM), capture the complex interactions 

between environmental factors and species traits. Intrinsic Traits encompass a species’ body size (Jones et 

al., 2009), dietary breadth (IUCN, 2022), dispersal distance, generation length, litter size Tacutu et al., 2013), 

annual reproductive rate (Jones et al., 2009) and activity pattern (Wilman et al., 2014). Spatial Traits relate 
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to a species’ distribution range and encompass the highest temperature within the species’ range, the lowest 

temperature, temperature seasonality, precipitation seasonality, and altitudinal range. 

The key advantage of hybrid approaches lies in their flexibility and adaptability. They offer 

comprehensive insights into species vulnerability while being customizable to suit different research 

questions and datasets. However, these approaches often require high-quality, high-resolution data, and the 

process of selecting and calibrating multiple parameters can introduce subjectivity and uncertainty  (Hunter 

et al., 2010). Hybrid models rely on detailed data obtained from laboratory or field experiments, su ch as 

reproductive rates and physiological tolerances (Deutsch et al., 2008; Radchuk et al., 2013). 

4.4 Other approaches 

In addition to the relevant models, mechanistic models, and trait -based methods mentioned earlier, there 

are several other methods for assessing climate change risks on species and ecosystems. These include 

criteria-based approaches, expert judgments, the paleoecological method, and combined approaches.  

Criteria-based approaches typically utilize the categories and standards established by the International 

Union for Conservation of Nature (IUCN) Red List (Maclean & Wilson, 2011; Visconti et al., 2015) to 

categorize species into different threat categories based on the risks posed by climate change. These 

standardized methods are applicable to a wide range of global species (IUCN, 2022) and consider multiple 

aspects of how climate change risks impact species and ecosystems. Pearson et al. (2014) employed a 

simulation approach based on general life history types and found that most variables critical for predicting 

extinction risk are already incorporated into the IUCN Red List criteria for species conservation assessments, 

suggesting that the current assessment criteria may be more effective at identifying vulnerable species and 

ecosystems in the context of climate change than previously thought. 

Expert judgments based on their knowledge and experience are sometimes used to assess climate change  

risk on species and ecosystems, especially in situations with limited data. Camac et al. (2021) employed 

structured expert judgment to predict species and community responses to global change.  

Paleoecological methods can be leveraged to understand how species have responded to past climate 

fluctuations, providing insights into predicting potential responses of species in the future. Clark et al. (2018) 

analyzed 594 published paleoecological records to reveal changes in the composition and structure of 

terrestrial vegetation since the last glacial period and predict the extent of ecosystem transformations under 

future emission scenarios. Pineda-Munoz et al. (2021) investigated whether human-induced changes in 

species’ geographic ranges have altered their climate niches using fossil records. 

Combined approaches integrate above approaches based on related mechanisms (Ureta et al., 2022). 

Pearson et al. (2014) combined ecological niche models (ENMs) with population demographic models to 

develop the generic life history method (GLH), which represents a species’ extinction risk as the probability 

of zero abundance by 2100, rather than the proportion of species extinctions resulting from bioclimatic 

envelope contractions. 
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5. Emerging trends of risk assessment of climate change 

Exploring the intricate interactions, feedback loops, and spillover effects among climate change, 

biodiversity, and ecosystems is of paramount importance in various global future scenarios. Given the 

inherent uncertainty in climate change predictions and the dynamic and complex responses of species and 

ecosystems, the following directions warrant further in-depth exploration: 

5.1 Leveraging the concept of telecoupling 

As a global phenomenon, the impacts of climate change on species and ecosystems in one region can 

reverberate across borders, affecting ecosystems and species in distant regions through various pathways 

such as species competition, transboundary migration, and the interconnectedness of ecosystem service 

supply chains. This intricate global interplay finds elucidation through the telecoupling concept, which 

delineates the complex interconnections among global changes, environmental impacts, and social feedba cks 

across different regions worldwide. Within the telecoupling framework, each system comprises agents, 

causes, and effects, with connections forged through the exchange of information, material, energy, people, 

capital, and organisms (Liu et al., 2013). 

For instance, climate change may disrupt patterns of species migration, prompting some species to 

relocate towards northern or higher-altitude areas in response to warming climates (Hulina et al., 2017). Such 

migrations can introduce new species to destination areas, altering local ecosystems and potentially 

precipitating local species extinction or ecosystem collapse. The telecoupling framework facilitates 

comprehension of the ramifications of these migrations on destination-area ecosystems and their 

repercussions on ecosystems in the source areas (López-Hoffman et al., 2017; Schröter et al., 2018). 

Furthermore, the impacts of climate change on ecosystem services can propagate through extensive supply 

chains, reshaping interdependencies among disparate ecosystems. The telecoupling concept aids in 

discerning how climate change influences the supply and demand of ecosystem services in diverse regions, 

while also evaluating the overarching stability of global ecosystem services (Hulina et al., 2017). Given that 

the impacts of climate change often transcend national boundaries, locally oriented conservation endeavors 

may yield adverse spillover effects, imperiling the sustainability of remote regions (Liu, 2014). Thus, the 

telecoupling concept underscores the imperative of transnational ecosystem management and cooperation, 

entailing facets such as resource sharing, information exchange, and policy coordination.  

5.2 Empirical Research on Climate Change Risks 

Despite established theoretical frameworks, there is a pressing need for large-scale experimental efforts 

to rigorously test hypotheses and explore factorial experimental designs. Such studies should investigate the 

physiological, behavioral, and ecological responses of various species under changing climatic conditions. 

Recent literature underscores the importance of integrating empirical approaches with existing models to 

provide a comprehensive understanding of climate change-mediated responses. For instance, Glazier & Gjoni 
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(2024) emphasize that metabolism, a key driver of biological processes, is influenced by numerous intrinsic 

and extrinsic factors, including body size and environmental conditions. This need for empirical research 

becomes particularly evident when considering species distribution. While it is commonly believed that 

species will migrate to higher elevations and latitudes as temperatures rise, Tagliari et al. (2021) reveal that 

mean annual temperature is not the only limiting factor in determining species distribution. Instead, species 

may adapt their ranges in response to a variety of climate variables. For example, in tropical regions, many 

species are expected to move toward the equator to avoid the impacts of seasonal temperature fluctuations. 

This highlights the critical role of empirical studies in uncovering adaptive strategies and understanding the 

nuanced responses of species to climate change. 

5.3 Harnessing the potential of Geography  

Geography studies have a critical role to play in addressing challenges such as climate change, 

biodiversity loss, and the provision of essential ecosystem services. The advent of remote sensing 

technologies, geographic information systems, and the emergence of machine learning have revolutionized 

risk assessment of climate change on species and ecosystems (White et al., 2017; Zamora-Gutierrez et al., 

2021). Integrated mapping and modeling have proven to be invaluable tools for monitoring and assessing 

species and ecological changes on a large spatial scale (Yu et al., 2022). By incorporating these technologies 

into risk assessments, we can attain a comprehensive understanding of ecosystem dynamics and enhance the 

accuracy of predictions and warnings (Du et al., 2023; Ni et al., 2023). Incorporating species distribution 

models into comprehensive assessment models and establishing connections between species redistribution 

due to climate change and ecosystem integrity through large-scale multi-generational experiments are critical 

for a deeper understanding of the adaptive responses of organisms and ecosystems to environmental changes, 

presenting a central challenge (Pecl et al., 2017; Cabral et al., 2023). 

Harnessing the potential of geography also involves integrating the outcomes of climate change risk 

assessments on species and ecosystems into the design of new nature reserves and the formulation of 

conservation strategies. As the latest framework developed under the Convention on Biological Diversity 

(CBD), the Kunming-Montreal Global Biodiversity Framework was advanced by China during its presidency 

in 2022 (Shen et al., 2023). To achieve these ambitious objectives, it is necessary to integrate climate change 

considerations into biodiversity and ecosystem conservation and restoration efforts.  Researches have 

demonstrated that the inclusion of various aspects of vulnerability significantly influences spatial 

conservation priorities (Thuiller et al., 2005; Carvalho et al., 2010; Crossman et al., 2012). For example, 

incorporating the adaptability of species and ecosystems when determining priority conservation areas can 

enhance the representation of a wide range of species. However, prioritizing vulnerable species may reduce 

the overall representation of priority conservation areas for other species (Summers et al., 2012). Hence, in 

making decisions regarding conservation planning aimed at reducing the vulnerability of species and 

ecosystems to climate change, it is essential to fully acknowledge the sensiti vity of spatial conservation 

priorities to different vulnerability components. In addition to identifying priority areas for climate change 
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adaptation, there should be a focus on promoting sustainable land management  and fostering international 

cooperation.  

5.4 Developing early warning mechanism 

Sudden changes in the structure, function, and composition of ecosystems occurring with little to no 

warning can have irreversible and far-reaching consequences for biodiversity and human societies (Newton 

et al., 2021). Pressures from global climate change manifest in the form of chronic ‘presses’ and/or acute 

‘pulses,’ leading to ecosystem collapses. Responses to climate change pressures on ecosystems can be 

categorized into four collapse profiles: abrupt, smooth, stepped, and fluctuating. Predicting which species 

and ecosystems are most susceptible to the effects of climate warming is crucial for guiding conservation 

strategies to minimize species extinctions and ecosystem collapses (van Heerwaarden & Sgrò, 2021). 

Concerning climate change risk warnings for ecosystems, polar regions, semi-arid areas, and small islands 

are widely acknowledged as the habitats most susceptible to influence. Regarding climate change risk 

warnings for species, forecasts (Clusella-Trullas et al., 2011; Kellermann et al., 2012; Sunday et al., 2012) 

indicate that tropical/mid-latitude species face the highest risks because they already reside near their upper 

critical thermal limits. 

However, complex systems often yield unforeseen outcomes and thresholds. Assessing trends before 

and after climate change at the species and ecosystem levels typically requires decades of continuous data, 

and acquiring long-term datasets for species and biological systems can be challenging. Fossil records offer 

valuable insights into how species and ecosystems have responded to climate change  (Finnegan et al., 2015). 

Nevertheless, understanding their recent ongoing responses necessitates the collection of various 

environmental and biological parameters, real-time data streams, and high-quality near-real-time data 

(Pettorelli et al., 2014). With ongoing advancements in atmospheric science, ecology, and computer science, 

it is imperative to enhance climate change warning methods and tools and integrate this information into 

decision support frameworks for species and ecosystems. The above-mentioned early warning efforts also 

require substantial policy, financial support, and international collaboration to esta blish the necessary 

monitoring plans to record and respond to climate change. Even with these efforts, nature ’s response will 

remain dynamic, and the mechanisms by which species and ecosystems respond to climate change may not 

be fully understood or predictable now and in the future. This uncertainty calls for flexible, dynamic 

management to swiftly adapt to changing conditions within limited timeframes, seize opportunities, and 

mitigate adverse impacts. 

6. Conclusions 

Climate change, reaching an unprecedented magnitude in millennia, poses profound risks to global 

biodiversity and demands comprehensive research efforts. This study provides a novel bibliometric analysis 

of the research landscape on “Risk assessment for species and ecosystems responding to climate change”  

from 2000 to 2022, identifying key themes, trends, and collaborations. The novelty of our work lies in 
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integrating various approached to access species and ecosystem risks, such as correlative approaches, 

mechanistic approaches, trait-based approaches, and criteria-based models, offering a comprehensive view 

of their strengths and limitations. Our findings emphasize the critical need for developing more accurate risk 

assessment tools, particularly those that consider abrupt, unpredictable changes in ecosystems and their 

potential for irreversible impacts on both biodiversity and human societies. By identifying five universally 

accepted concepts—distribution, exposure, sensitivity, adaptivity, and vulnerability—our research provides 

a solid foundation for future studies and practical applications in risk management and early warning systems. 

Moreover, our work highlights emerging trends, including the telecoupling concept and the application of 

geographical data for more precise predictions, which could significantly expand the utility and applicability 

of climate change risk assessments. 
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