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Propositions 

 

1. Achieving any climate-protection target will not reduce the pace of biodiversity loss. 

(this thesis) 

 

2. Land-based mitigation options determine the fate of future biodiversity. 

(this thesis) 

 

3. Depletion of natural resources is the ‘traveling companion’ of renewable energy.  

 

4. The price tag of fossil fuels should be set to conserve these resources rather than consume 

them. 

 

5. The last stretch of the PhD journey is not overwhelming if other ‘once-in-a-life’ milestones 

are planned simultaneously. 

 

6. The circular economy is the best way to happiness in a modern society. 
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Chapter 1 

 

Introduction 

Chapter 1 Introduction 

“Biological diversity must be treated more seriously as a global resource, to be indexed, used, and above all, 

preserved.” E.O. Wilson, 1988 
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1.1 Background 

The message from E.O. Wilson in his book Biodiversity (Wilson, 1988) was clear: the diversity of 

plant and animal species was declining at a much faster rate than generally was realized. He 

attributed this decline to increasing human population and destruction of natural habitats to fulfil 

the demands of economic development. In his book, he also stressed the need to acquire knowledge 

on biodiversity conservation. Three decades later, however, the urgent need to preserve and 

maintain global biodiversity still prevails.  

The term ‘biodiversity’ (i.e. ‘biological diversity’) was first used in 1988 by E.O. Wilson. Years later, 

biodiversity was defined by the Convention on Biological Diversity (CBD) during the 1992 United 

Nations Conference on Environment and Development as “the variability among living organisms from 

all sources including, inter alia, terrestrial, marine and other aquatic ecosystems and the ecological complexes of 

which they are part; this includes diversity within species, between species and between species and as well as 

that of ecosystems” (CBD, 1992). In other words, biodiversity concerns all living organisms, the 

interactions they have with each other and with the environment in which they live. Since then, 

many definitions for biodiversity have been adopted and used. This has resulted in many studies 

with different measures and indicators that assess the state of biodiversity. Already in 1988, 

discussions on the current extinction crisis reached importance among the scientific community 

(Heywood and Watson, 1995). Back then, monitoring biodiversity loss was a challenge and 

projections were usually estimated using principles of biogeography such as area-species relationship 

(e.g. Blake and Karr, 1987; Rydin and Borgegard, 1988). However, data on the rates and direction 

of biodiversity loss remained sparse and uncertain. 

The CBD represented an important step forward in the conservation of biodiversity. When the 

‘Strategic Plan for Biodiversity 2011-2020’ was adopted by the parties to the CBD in 2010, increasing 

societal responses and important efforts targeted to halve the rate of biodiversity loss. However, 

biodiversity continues to decline (CBD, 2014) and the progress has been insufficient to achieve this 

target. The most recently released Global Assessment Report from the Intergovernmental Science-

Policy Platform on Biodiversity and Ecosystem Services (IPBES, 2019) estimated that “up to one 

million species are threatened with extinction”. This is undoubtedly an overwhelming message.  

The threats to biodiversity are due to multiple anthropogenic and environmental drivers with climate 

change and land-use change being amongst the most prominent ones (IPBES, 2019). Changes in 

climate and land use affect biodiversity in many ways (Sala et al., 2000; Settele et al., 2014; UNEP, 

2014; Visconti et al., 2015; Newbold, 2018), affect overall ecosystems’ functioning (Cardinale et al., 

2012) and consequently human well-being (Díaz et al., 2006). Both climate change and land-use 

change pose immediate threats to biodiversity. I now shortly introduce those two drivers. 
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Climate change has been defined by the Intergovernmental Panel on Climate Change (IPCC) as 

“any change in the state of the climate over time, whether due to natural variability or as a result of human 

activity”. This definition differs from that in the United Nations Framework Convention on Climate 

Change (UNFCCC), where climate change refers to “a change of climate that is attributed directly or 

indirectly to human activity that alters the composition of the global atmosphere and that is in addition to 

natural climate variability observed over comparable time periods”. 

Climate change results from increased atmospheric greenhouse gas concentrations (e.g. carbon 

dioxide [CO2], methane [CH4] and nitrous oxide [N2O]) that lead to rising global temperatures 

(IPCC, 2013b). CO2 concentrations have increased by 40% since pre-industrial times, primarily due 

to emissions from burning fossil fuels and cement production, and secondarily from net land-use 

change emissions. Increasing atmospheric CO2 concentrations since pre-industrial times have 

resulted in an average global temperature rise of 0.8°C (NASA, 2019). Such changes in climate have 

large effects upon species and ecosystems. Climate, for example, largely determines the geographical 

distributions of species (Cramer and Leemans, 1993; Pearson and Dawson, 2003), drive 

phenological (e.g. timing) and physiological changes (Walther et al., 2002; Parmesan and Yohe, 

2003) and influence evolutionary (i.e. genetic) responses (Hoffmann and Sgrò, 2011). Climate 

change is also increasingly exacerbating the impact of other drivers on biodiversity, including land-

use change (IPBES, 2019).  

The IPCC defined land use as “the total of arrangements, activities and inputs undertaken in a certain land 

cover type (a set of human actions)”, and land-use change as “a change in the use or management of land by 

humans, which may lead to a change in land cover” (IPCC, 2014a). In this thesis, land use refers to the 

human use of land (e.g. croplands and pastures). Land use can change over time by changing its 

land cover or altering its management (e.g. more fertilizer or irrigation). Land-use change is driven 

by multiple factors from interacting sectors, including agriculture and forestry, and trends 

urbanization, infrastructure development and more energy production (UNCCD, 2017). Land-use 

change has large local and regional environmental and human well-being consequences (Verburg et 

al., 2015). Although land-use change offers a powerful potential for mitigation of and adaptation to 

climate change, it often entails the conversion of pristine, carbon-rich systems to a land use with 

lower carbon storage potential (e.g. forests to croplands or pastures) (UNCCD, 2017). Such 

conversion of natural ecosystems results in biodiversity loss as it affects spatial patterns of species’ 

habitats and limits dispersal (Fahrig, 2003; Opdam and Wascher, 2004), for instance, through 

habitat fragmentation.  

Previous assessments of projected climate and land-use change impacts indicated strong biodiversity 

reductions. These reductions, however, vary widely. For example, species extinction risks from 

climate change ranged from 8% (Urban, 2015) and 37% (Thomas et al., 2004) to 57% (Warren et 

al., 2013). The average reductions of within-sample species richness from land-use change ranged 

from 14% to 17% (Newbold et al., 2015) and the combined effect of both drivers was projected to 

range from 16% to about 54% (Newbold, 2018). Birds are particularly sensitive to both climate and 
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land-use changes (Jetz et al., 2007). Species from dryland ecosystems (e.g. grasslands) will be 

particularly vulnerable to land conversion (Sala et al., 2000; Alkemade et al., 2009) because their 

habitats will be reduced or lost. Biodiversity projections for other species groups and different 

ecosystems have been synthesized in review studies (e.g. Bellard et al., 2012) and model and scenario 

studies (e.g. Pereira et al., 2010). These studies consistently indicated alarming consequences for 

biodiversity over the 21st century.  

The Fifth Assessment Report from IPCC (IPCC AR5) introduced the Shared Socio-economic 

Pathways (SSPs: O’Neill et al., 2014) and the Representative Concentration Pathways (RCPs:van 

Vuuren et al., 2011) (i.e. the SSP-RCP scenario framework), which provide an improved integrated 

assessment of climate change impacts and adaptation and mitigation needs under a range of climate 

and socio-economic scenarios, and adaptation and mitigation policy assumptions. This SSP-RCP 

scenario framework is an integral part of this thesis. 

The latest IPBES regional assessments on biodiversity and ecosystem services (IPBES, 2018a; 

IPBES, 2018b; IPBES, 2018c; IPBES, 2018d) reported that changes in climate and land use will 

likely act synergistically and accelerate the rate of biodiversity loss. Although these reports underpin 

the findings on the unprecedented global biodiversity loss, they highlight ambiguous or poorly 

studied trends for some regions and ecosystems (e.g. Central Asian grasslands) and critical 

knowledge gaps, including more comprehensively understanding of drivers interactions and 

biodiversity status. 

Alongside the IPBES biodiversity reports, the IPCC special report on Global Warming of 1.5°C 

(IPCC, 2018) provided insights on the climate-change impacts on biodiversity and ecosystems. This 

IPCC special report assessed available scientific evidence relevant to the recently adopted Paris 

Agreement of the UN Framework Convention on Climate Change. This agreement aims at “holding 

the increase in the global average temperature to well-below 2°C”, and “to pursue efforts to limit the temperature 

increase to 1.5°C”. To achieve these targets, global efforts to combat climate change will require large 

mitigation commitments from different sectors, particularly the land sector, with both positive and 

negative implications on biodiversity. The IPCC special report presented mitigation options that are 

consistent with limiting warming to 1.5°C above pre-industrial levels, including land-based 

mitigation. The implications of land-based mitigation on biodiversity, however, were not fully 

assessed and this can easily be improved. 

Recent international efforts ranging from small-scale projects in remote communities aiming to 

improve their climate change resilience and land use, to regional and global initiatives that build the 

knowledge base, develop capacity and guide climate and agricultural policies, must quantify and 

explain the consequences of unmitigated ‘high-end’ scenarios for society at large, and for 

biodiversity in particular. This is especially useful for decision-makers who are responsible for 

designing climate change adaptation, mitigation and development strategies (IMPRESSIONS, 

2014). Such efforts report robust findings generally accompanied by a series of challenges and risks 

that need to be addressed. The Impacts and Risks from High-End Scenarios: Strategies for 
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Innovative Solutions (IMPRESSIONS) project proposed a novel methodology to explore impacts 

and risks from high-end scenarios for climate adaptation (Box 1.1). Whilst this methodology created 

an integrated set of high-end scenarios covering multiple scales and key social, economic and 

environmental sectors, where climate change and land use play fundamental roles, many challenges 

were simultaneously reported. Part of the research carried out for my PhD thesis took place within 

the IMPRESSIONS project. I contributed to advance the development of integrated high-end 

climate and more extreme socio-economic scenarios for the international case study in Central Asia. 

My PhD thesis expands on the context of the likely impacts on biodiversity of projected changes in 

climate and land use, and the implications from land-based mitigation options. These options should 

be consistent with limiting warming to 1.5°C above pre-industrial levels. In my thesis, biodiversity 

refers to the local abundance of terrestrial species in areas with suitable climate.  

I now first address two most important biodiversity-related research subjects: biodiversity responses 

and measuring biodiversity loss. These subjects are central to my research but need further 

explanation. Thereafter I introduce some major research gaps and the general research objective and 

research questions of my thesis. 

1.2 Biodiversity response to projected changes in climate 

and land use 

Biodiversity is strongly affected by climate change and this has large impacts on human well-being 

(Díaz et al., 2006). This changing climate strongly influences the impacts of land use on biodiversity 

(Titeux et al., 2016). This is a complex interaction on what the IPBES conceptual framework calls 

the ‘links between nature and people’ (Díaz et al., 2015). In the context of IPBES, ‘nature’ refers to 

the natural world with an emphasis on the diversity of living organisms (i.e. biodiversity) and their 

interactions among themselves and with their environment (i.e. in ecosystems). Climate change and 

land-use change are drivers that affect nature directly, at various temporal and spatial scales. 

Projected changes in climate and land use anticipate that maintaining locations with favourable 

climate and land-use patterns is critical to protect biodiversity because the loss of either can reduce 

the biodiversity that an area supports (Higgins, 2007). These projections, however, are based on 

different global climate and land-use change scenarios. Getting a clear picture of the future 

biodiversity is therefore problematic (Pereira et al., 2010).  

Climate and land-use change effects on biodiversity can be quantified and monitored by different 

indicators, which showed a dramatic increase over the past few decades (Butchart et al., 2010). The 

many available indicators allow to characterize reversed, improved or deteriorated trends in 

biodiversity (Butchart et al., 2010). Few studies have shown a positive biodiversity response to 

climate change, especially for local-scale plant biodiversity (Vellend et al., 2013; Dornelas et al., 

2014; Vellend et al., 2017). However, a consistent pattern commonly emerges from the majority of 
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biodiversity assessments (Parmesan and Yohe, 2003; Thomas et al., 2004; Warren et al., 2011; 

Urban, 2015): loss of species and habitats. This means that despite efforts to substantially reduce the 

rate of biodiversity loss as agreed by CBD’s parties, trends of continuous biodiversity decline show 

that most of the Aichi targets cannot be achieved (CBD, 2014; Tittensor et al., 2014). 

Understanding the biodiversity response to changes in climate and land use is challenged by all the 

different environmental and anthropogenic drivers. These drivers include direct exploitation of 

organisms, pollution and invasive alien species (IPBES, 2019). These drivers are also likely to vary 

considerably among different geographic regions and species (Newbold et al., 2019) and this adds 

to the complexity. However, recent studies that assessed the global biodiversity change (e.g. Jantz 

et al., 2015; Rondinini and Visconti, 2015; Visconti et al., 2015; Segan et al., 2016; Newbold, 2018), 

showed a consistent pattern of biodiversity loss, strongly driven by changes in climate and land use.  

Although few assessments on biodiversity responses to projected climate and land-use change show 

an increase in local biodiversity, such as, for example, increases in widespread habitat generalists 

and exotic or invasive species (Vellend et al., 2013), most assessments show substantial habitat range 

contractions and species extinctions (e.g. Malcolm et al., 2006; Jetz et al., 2007). However, most of 

these assessments focus on single species or taxonomic groups and specific biodiversity hotspots. 

This limits the extent to understand biodiversity responses world-wide.  

1.3 Measuring biodiversity loss 

Biodiversity can be quantified and monitored by different indicators (Walpole et al., 2009; Butchart 

et al., 2010; Heink and Kowarik, 2010; UNEP, 2012). A single indicator to measure biodiversity 

loss can never cover all relevant aspects or drivers (Scholes and Biggs, 2005). The actual selected 

measure for biodiversity loss will depend on the (type of) question that is addressed, or what aspect 

needs to be emphasised. Indicators are thus crucial to project future biodiversity responses to climate 

and land-use change effects (Balmford et al., 2005; Mace and Baillie, 2007). 

The CBD identified and developed a comprehensive set of indicators to assess progress to attain the 

Aichi Biodiversity Targets. This set includes both generic indicators, which identify types of clearly 

observable and discernible issues, and specific indicators that can be used to monitor changing trends 

in these issues (CBD, 2016). For example, generic indicators are ‘trends in natural habitat’ and ‘trend 

in species extinction risk and populations impacted by climate change’, and their specific indicators 

are ‘natural habitat extent’ and the ‘Red List Index’, respectively. Specific indicators largely describe 

species diversity (i.e. richness, abundance and evenness) in a particular area. 
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Box 1.1: Impacts and Risks from High-End Scenarios: Strategies for Innovative Solutions 
(IMPRESSIONS)  

IMPRESSIONS was a research project funded by the European Union from 2013 to 2018. The project 
aimed to provide a scientifically robust and policy-relevant understanding of the nature and scale of 
more extreme and long-term consequences (i.e. high-end scenarios) of climate change, and support the 
use of this knowledge by decision-makers working on adaptation, mitigation and sustainability (Harrison 
et al., 2019). The IMPRESSIONS project combined modelled high-end climate change impact projections 
(Harrison et al., 2019a) with participatory methods and stakeholder determined socio-economic 
scenarios (Pedde et al., 2019) to provide a unique set of comparable, yet stakeholder-relevant multi-
scale scenarios (Figure 1.1). This multi-scale modelling framework, developed in seven work packages, 
helped to analyse the complex interactions, synergies and trade-offs between different sectors, such as 
agriculture, forestry, biodiversity, urban development and health and tourism as they compete for 
resources under the impaired climate and socio-economic scenarios. This was done in five case studies 
from the local to the international scale. Novel approaches allowed to downscale SSPs, while ensuring 
consistency with existing scenarios (e.g. Europe; Kok et al., 2019). 

 
Figure 1.1 Overview of the conceptual framework of IMPRESSIONS project 

 
In IMPRESSIONS, ‘high-end’ scenarios are those that describe climate change levels at the upper end of 
the range of possible futures (i.e. beyond the 2°C Paris target). This included, for example, a scenario 
consistent with a potential revised policy target of 3°C, and worlds of 4°C and higher (i.e. RCP8.5)– 
bounded only by what is physically plausible according to the current set of available models 
(IMPRESSIONS, 2014). The scenarios’ underlying socio-economic storylines (i.e. SSPs) act both as the 
drivers of emissions (and other contextual factors) and as consistent narratives. These narratives 
capture a range of plausible societal challenges to mitigation and adaptation, and establish the ability 
of society to cope with the impacts of climate change.  
The main findings of IMPRESSIONS included: i) the considerably greater impact under high-end than 
low-end climate change in this century and the need to include this information as well as from 
stakeholder engagement in decision-making processes; ii) the challenges and risks in developing high-
end scenarios, including loss of detail, specific uncertainties and degree of subjectivity; iii) the potential 
high-end climate change together with socio-economic changes will require transformative solutions; 
and iv) adaptation and mitigation pathways that are robust to climate and socio-economic uncertainty 
are unlikely to be sufficient to fully enable Europe to achieve the vision of a sustainable future. 
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Research on indicators that assess biodiversity change in the new generation of studies, that explore 

the impacts of climate and socio-economic changes based on the latest SSP-RCP scenario 

framework, is needed. This SSP-RCP scenario framework better allows to assess (trends in) major 

causes and effects of climate change (van Vuuren et al., 2011; van Vuuren et al., 2012; O’Neill et al., 

2014) and land-use change (Popp et al., 2017). Recent studies (e.g. Newbold, 2018) showed that 

direct indicators such as species richness which is a relatively simple indicator, can predict effects of 

climate and land-use change on terrestrial vertebrate communities under SSP-RCP scenarios. 

Previous assessments that projected the impacts of different drivers of change on biodiversity 

(Alkemade et al., 2009; Pereira et al., 2010; Visconti et al., 2015), used the Mean Species Abundance 

(MSA) indicator. MSA measures the abundance of original species relative to their abundance in 

undisturbed ecosystems, indicating naturalness or biodiversity intactness (Alkemade et al., 2009). 

MSA ranges between 0 in areas where original biodiversity has completely disappeared, to 1 in areas 

where species composition and abundance is fully original. The scientific, policy and conservation-

management communities needs to deal with the many approaches to measure and monitor 

biodiversity change. Indicators such as MSA approximate trends in species abundance in local, 

regional or global assessments under both sparse and ample data availability conditions, and are 

thus an appropriate start to further develop an adequate, and urgently needed indicator set. 

1.4 Research gaps  

From the above review, I identified four main research gaps that limit the projection of a biodiversity 

response to changes in climate and land use. Firstly, a consolidated body of knowledge to assess the 

response of biodiversity to a global mean temperature increase well-below 2°C (i.e. the target of the 

Paris Agreement) is mostly lacking. Although many studies assess the multiple impacts of climate 

change on species and habitats at higher temperature increases, a clear response to the target of the 

Paris Agreement is still needed. This is also reported in Chapter 3 of the IPCC special report on 

Global Warming of 1.5°C in which research gaps on regional changes, impacts and consequences 

on terrestrial systems at 1.5°C and 2°C of warming were identified (Hoegh-Guldberg et al., 2018). 

Synthesising and attributing observed impacts can help to fill these gaps (IPCC, 2014b) but a 

consistent modelling approach that is compatible with the earlier approaches (i.e. at higher 

temperature increases) is also urgently needed. Secondly, global and regional biodiversity studies 

have poorly assessed the climate and land-use change impacts in regions or biomes of high 

importance for biodiversity, such as the central Asian grasslands, which is the largest grassland 

region of the world. Thus, an integrated assessment of climate and land-use change impacts on 

biodiversity for these grasslands complements other regional assessments and perfects global 

assessments. Thirdly, the interactions between climate and land-use change impacts on biodiversity 

are poorly understood and in most cases ignored. Often only the individual effects are accumulated 

and this result is reported. Thus, important interaction mechanisms must be addressed. Lastly, the 
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implications on biodiversity of land-based mitigation options in the context of the Paris Target needs 

to be better understood. These four research gaps limit the further development of strategies to 

reduce biodiversity loss.  

1.5 Overall research objective and research questions 

My PhD research therefore aims to address the four abovementioned research gaps. The overall 

research objective is to explore future biodiversity trends under projected direct and synergistic changes in 

climate and land use and to advance understanding of climate-change mitigation consequences for 

biodiversity. To achieve this objective I formulated four research questions (RQs): 

RQ1 Is the well-below 2°C climate target adequate to protect biodiversity? 

RQ2 How do projected changes in climate and land use affect biodiversity in a grassland 

ecosystem? 

RQ3 How will interaction mechanisms between changes in climate and land use affect 

biodiversity? 

RQ4 What are the implications on biodiversity of land-based mitigation?  

1.6 Thesis outline 

This PhD thesis consists of six chapters, including this introductory chapter. Figure 1.2 shows the 

outline of the different PhD chapters.  

In Chapter 2, I assessed the magnitude of expected changes of biodiversity by performing a meta-

analysis of the responses of species distributions to climate change. I estimated the proportion of 

local remaining species and areas with suitable climate for different taxonomic groups and 

ecosystems. This is a review chapter that highlights biodiversity responses to different intervals of 

global mean temperature increase, including the climate target of keeping global temperature well-

below 2°C.  

In Chapter 3, I developed climate and land-use scenarios based on the SSP-RCP scenario framework 

to explore biodiversity change in the Central Asian grasslands. I used climate-change estimates 

derived in Chapter 2, model outputs from integrated assessment models, regression analyses and 

existing gridded datasets on grazing. This is a methodological chapter that translates relevant 

information of socio-economic and climate-change drivers of biodiversity change.  

In Chapter 4, I explored interactions between climate change and land-use change, which are the 

two major drivers of biodiversity loss. This review chapter expands the findings of Chapter 3 and 

validates interaction mechanisms with evidence from a literature review of studies that used 

bioclimatic models and climate-change scenarios in modified landscapes under different dispersal 

assumptions. This review resulted in a comprehensive database of changes, interactions and 

responses. 
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In Chapter 5, I assessed the world-wide implications of climate-change mitigation on biodiversity. 

The land sector plays a crucial role in ambitious mitigation scenarios. Thus, I focus on land-based 

mitigation options consistent with the 1.5 °C climate target from the Paris Agreement. 

In Chapter 6, I summarised the main outcomes and take-home message of my thesis based on the 

state-of-the-art knowledge generated for the scientific community and policy-makers. I discussed on 

the expected gradual continuous biodiversity decrease an showed that, although a climate target of 

well-below 2°C is insufficient to protect biodiversity, limiting global mean temperature increase to 

the lowest possible is desired to reduce biodiversity losses. 

 

 

Figure 1.2. Outline of the PhD thesis chapters with the focus on research questions, methods and the main 

outputs. 

Methods Novelties

Chapter 1:  Introduction

Chapter 6: Synthesis, 

discussion and 

conclusions

Chapter 2: RQ1 and Research gap 1

Systematic literature review, 

meta-analysis

New estimates of biodiversity decline for 

different temperature increase intervals

Model and scenario analysis, 

spatial modelling analysis 

Land-use change scenarios and 

biodiversity change patterns in Central 

Asian grasslands

Systematic literature review, 

meta-analysis 

Validation of interaction mechanisms for 

different temperature and land-use 

intensity levels

Systematic literature review, 

Case scenario analysis

Opportunities between climate-change 

mitigation and biodiversity protection

climate change emphasis

climate change +
land-use change
integration

climate change +
land-use change
emphasis

Consolidated knowledge on interactions

climate change estimates are input
Chapter 3: RQ2 and Research gap 2 Chapter 4: RQ3 and Research gap 3

Chapter 5: RQ4 and Research gap 4

Chapter 1
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Chapter 2 Assessing the impacts of climate change on 

biodiversity: Is below 2°C enough? 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is based on: 

Nunez, S., Arets, E., Alkemade, R., Verwer, C. and Leemans, R. (2019) Assessing the impacts of 

climate change on biodiversity: Is below 2°C enough? Climatic Change 154, 351-365. 

Supplementary materials to this chapter can be found in the online publication.  
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Abstract 

Large changes in biodiversity are expected to occur if climate change continues at its current pace. 

Adverse effects include changes in species habitats and compositions, and consequently changes in 

ecosystem functioning. We assessed the magnitude of expected changes of biodiversity by 

performing a meta-analysis of the responses of species distributions to climate change. We focused 

on the proportion of local remaining species and their habitats. We summarized 97 studies and 

calculated two effect-size metrics from their results to quantify changes in biodiversity. These metrics 

were the fraction of remaining species (FRS) and the fraction of remaining area (FRA) with suitable 

climate for each species. Both metrics calculate deviations from the original biodiversity state and 

together they indicate biodiversity intactness. We found an expected gradual decrease in both FRS 

and FRA with significant reductions of 14% and 35% between 1°C and 2°C increase in global mean 

temperatures. Strong impacts were projected for both mammals and plants with FRS reductions of 

19%. The climate-change response of biodiversity varied strongly among taxonomic groups and 

biomes. For some taxonomic groups the FRA declined strongly beyond 3°C of temperature increase. 

Although these estimates are conservative, as we assume that species are unable to disperse or adapt, 

we conclude that already at moderate levels (i.e. 1-2°C) of temperature increase a significant 

decrease of original biodiversity is projected. Our research supports the pledge to limit climate 

change to 1.5°C and preferably lower to protect biodiversity. 
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2.1 Introduction 

Biodiversity is under increasing threats by many anthropogenic pressures (Alkemade et al., 2009; 

Leadley et al., 2014; Tittensor et al., 2014; Visconti et al., 2015; Johnson et al., 2017; Ripple et al., 

2017). A major pressure of biodiversity decline in this century is climate change (Parmesan and 

Yohe, 2003; Thomas et al., 2004; Warren et al., 2011; Bellard et al., 2012; Pacifici et al., 2015; 

Urban, 2015). Climate change affects biodiversity as climate variables largely determine the 

geographical distribution ranges of species (i.e. species’ climate envelopes; Box, 1981; Guisan and 

Zimmermann, 2000; Pearson and Dawson, 2003). Hence, in areas where climate is less suitable, 

species shift their geographical ranges and go extinct locally, depending on their dispersal capacities 

(Guisan and Zimmermann, 2000; Bellard et al., 2012). Species’ phenology and physiology, and 

community structures and ecosystem functions are also affected (Bellard et al., 2012). All these 

negative impacts exacerbate the challenge to manage and conserve biodiversity (CBD, 2019).  

The average global temperature has increased by almost 1°C since 1880 and the adverse effects of 

such increase on biodiversity are already witnessed and documented by many studies (Thomas et 

al., 2004; Parmesan, 2006; Butchart et al., 2010; Cardinale et al., 2012; Cook et al., 2012; IPCC, 

2013b; Peñuelas et al., 2013; CBD, 2014; Pacifici et al., 2017; Pecl et al., 2017). They all showed 

that the decline of biodiversity continues worldwide as many ecosystems lose suitable conditions for 

the survival of a proportion of their species. Some studies projected the already observed negative 

impacts on species (e.g. Parmesan et al., 2013; Warren et al., 2013) and their results feed into the 

ongoing debate of constraining the increase of global temperatures (e.g. by the climate-change target 

to keep global temperature increase well-below 2°C above pre-industrial levels in the Paris 

Agreement; (UNFCCC, 2015; Rogelj et al., 2018a). Yet, how biodiversity will respond to a global 

mean temperature increase of 2°C, or any increase close to this target, is not yet clear and represents 

a fundamental research challenge. 

The primary objective of this study was to quantify the response of terrestrial biodiversity to climate 

change covering global mean temperature-increase up to 6°C in 2100 (and implicitly considering 

associated climate variables, such as precipitation change) above the pre-industrial level. For this 

purpose, we performed a meta-analysis of studies that used bioclimatic models and climate-change 

scenarios. These studies reported climate-change effects on contemporary ecosystems and different 

taxonomic groups around the world. The climate-change level in these studies was indicated by their 

scenario’s global mean temperature increase. Most climate-change scenarios project that global 

mean temperature continues to increase to between 2°C and over 5°C in 2100 (Kintisch, 2009; Moss 

et al., 2010; IPCC, 2013b; Rogelj et al., 2018a). Similar to previous modelling studies that assessed 

the overall decline of biodiversity (e.g. Alkemade et al., 2009), we focused on the proportion of 

remaining biodiversity. We calculated two effect metrics: the fraction of remaining (i.e. persisting) 

species (FRS) at a location and the fraction of remaining area (FRA) with suitable climate for 

species. These metrics assess the changes of species richness over a region compared to the original 
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situation in the selected study. Both metrics indicate a deviation from the original biodiversity state 

and indicate biodiversity intactness (Scholes and Biggs, 2005; Alkemade et al., 2009). FRS indicates 

a decrease of species within the study region. FRA indicates a suitable climate-area (e.g. habitat) 

contraction within the study region. A potential increase of species or extending its geographical 

range is excluded from these metrics. As a result, FRS and FRA generally indicate a decline 

regardless of the global temperature interval. The changes in species composition can also indicate 

consequences for ecosystem’s functioning, but we do not address this. The results of our meta-

analysis allow to generalise projected trends and to assess effects across a broad range of climate-

change projections. The established meta-regression models can be used in models, such as the 

GLOBIO model (Alkemade et al., 2009; Alkemade et al., 2011), to assess biodiversity change in 

scenario studies in combination with other pressures of global biodiversity loss. 

2.2 Methods and materials 

2.2.1 Systematic literature review  

In June 2016, we queried the ISI Web-of-Science database to identify bioclimatic modelling studies 

that assess the effects of global mean temperature increase on terrestrial biodiversity. We reviewed 

all studies following the guidelines provided by the Collaboration for Environmental Evidence 

(CEE) (CEE, 2013) (Section 1.1 in Online Resource 1). The guidelines indicate the stages for 

conducting a systematic research in environmental science, and these stages were combined into 

three main steps.  

Firstly, we defined several search terms and classified them into four main search strings to conduct 

the review: i) Climate change elements: (climat* SAME change*) OR (temperature SAME change*) 

OR (temperature SAME increase) OR (global SAME warming) OR (climat* SAME warming); ii) 

Biodiversity elements: (biodiversity) OR (diversity SAME species) OR (species SAME richness*) 

OR (species SAME distribution*) OR (species SAME abundance*) OR (species SAME 

occurrence*) OR (species SAME turnover) OR (species SAME loss*) OR (species SAME gain*) OR 

(species SAME composition) OR (species SAME assemblage*); iii) Bioclimatic modelling elements: 

(bioclimat* model*) OR (niche* model*) OR (climat* model*) OR (distribution model*) OR 

(habitat model*) OR (ecologic* model*) OR (occurrence model*) OR (species distribution model*) 

OR (model* distribution*) OR (model* range*) OR (climat* envelope*) OR (envelope* model*); 

and iv) Modelling projections elements: (future SAME distribution*) OR (climat* SAME scenario*) 

OR (climat* SAME projection) OR (climat* SAME prediction) OR (climat* SAME pathway*). 

Additionally, we defined seven inclusion criteria to determine the pertinence of the studies (Section 

1.1 in Online Resource 1). These criteria allowed to further restrict the selection by rejecting those 

studies that did not support our objective. All studies were screened by title for their relevance to the 

purpose of our study. Those studies selected were then screened by abstract and, when providing 
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limited information in their abstracts, were fully screened, both in content and supporting material. 

Secondly, the potentially relevant studies were critically revised to select those fulfilling the inclusion 

criteria. Finally, the relevant data were extracted from all selected studies and synthesized in a 

biodiversity-impact database. These data included number of species and their area with suitable 

climate in the original and the projected climate situations, taxonomic group, study location, spatial 

resolution and the used global mean temperature increase. Many studies that reported climate effects 

on single species or exotic species (particularly weeds and insect pests, and aquatic species), were 

excluded from the database. These studies do not provide data on the original species composition 

or do not consider terrestrial species. 

2.2.2 Calculation of effect sizes  

We calculated the effect sizes, which are measures commonly used in meta-analyses, for each 

selected study. For studies that assessed the number of species affected by increasing temperatures, 

we used the fraction of species remaining at a location (Fraction Remaining Species, FRS) as the 

effect size; for studies assessing the loss of area with suitable climate for a species, we used the 

fraction of remaining area with suitable climate (Fraction Remaining Area, FRA) under a projected 

increase of global mean temperature (Figure 2.1). Both FRS and FRA are effect sizes compared to 

the original situation in the selected study. The original situation refers to the ecosystem’s condition 

before its climate changed (i.e. original area with suitable climate). Results from multiple climate-

change scenarios and time periods, or different bioclimatic modelling algorithms (e.g. Generalized 

Linear Model, Generalized Additive Model, Maximum Entropy Modelling) that are reported in a 

study, were all included as separate effect sizes in our database.  

We specifically estimated the proportion of remaining biodiversity (i.e. a conservative option 

assuming that species are unable to disperse or adapt) for three main reasons: i) on average, the 

projected climate distributions of species are closer to projections without dispersal than projections 

with full dispersal (Midgley et al., 2006; Hellmann et al., 2016); ii) uncertainty associated to the 

capacity of species to disperse (Pearson and Dawson, 2003; Pearson et al., 2006) or adapt (Berry et 

al., 2013) under climate change is reduced; and iii) FRS and FRA fit into the domain of the 

GLOBIO3 model, more specifically, they relate to the relative Mean Species Abundance (MSA) 

indicator from GLOBIO3 (Alkemade et al., 2009) and the Biodiversity Intactness Index (BII) 

(Scholes and Biggs, 2005; Newbold et al., 2016) of the local remaining biodiversity. 
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FRS is calculated as average of ratios between the remaining number of species and the original 

number of species within each locality (e.g. a grid cell) of the study area’s map after projected climate 

change: 

 

𝐹𝐹𝐹𝐹𝐹𝐹 = 1
𝑛𝑛

 ∙ ∑ 𝑆𝑆𝑑𝑑𝑑𝑑
𝑆𝑆𝑜𝑜𝑜𝑜

𝑛𝑛
𝑖𝑖=1     (Equation 2.1) 

 

where Sdi is the expected number of remaining species in grid cell i after climate change as 

characterized by global mean temperature increase (°C), and Soi is the number of species in grid cell 

i in the original situation. n is the total number of grid cells. FRS is a relative index between 0 (no 

original species present) and 1 (all original species present). FRS decreases if the climate is not 

suitable anymore for a species at one of the grid cells within the study area. FRS represents the local 

response of species to climate change (e.g. in a specific grid cell).  

FRA is calculated per species as the ratio between the original suitable climate area and the 

remaining suitable climate area: 

 

𝐹𝐹𝐹𝐹𝐹𝐹 = 1
𝑆𝑆
∙ ∑ 𝐴𝐴𝑑𝑑𝑑𝑑

𝐴𝐴𝑜𝑜𝑜𝑜
𝑆𝑆
𝑗𝑗=1     (Equation 2.2) 

 

where Adj is the remaining suitable climate area for species j after climate change, Aoj is the suitable 

climate area for species j in original situation without climate change and S is the number of species. 

FRA is also a relative index between 0 (no original suitable climate area) and 1 (suitable climate area 

unchanged).  

We estimated sampling variances for both effect sizes FRS and FRA to determine the weight to be 

assigned during the meta-analysis (Section 1.2 in Online Resource 1).  
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Figure 2.1.  Schematic illustration to indicate the fraction of remaining area (FRA) with suitable climate under 

projected global mean temperature increase. 

2.2.3 Harmonization of climate-change effects 

All studies reported their baseline and projected climate conditions. Following Warren et al. (2011), 

we converted projected temperatures from the climate-change scenarios for each study to a common 

pre-industrial reference (approximately 1880)  (Equation 2.3). To this end, the assumed temperature 

increase between pre-industrial and the 1961-1990 climatic normal was 0.3°C, between pre-industrial 

and 1981-1990 was 0.5°C and between pre-industrial and 1990 was 0.6°C. These are the baseline 

conditions often reported by the selected studies.  

 

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑛𝑛 = 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + ∆𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝−𝑟𝑟𝑟𝑟𝑟𝑟   (Equation 2.3) 

 

where GMTIn is global mean temperature increase converted to a common pre-industrial reference 

point for study n, Tscen is the projected temperature and ∆Tpre-ref is the assumed temperature increase 

between the pre-industrial and the baseline conditions, which are both driven by (or based on) 

climate-change scenarios. We defined four intervals of temperature increase for the meta-analysis: 

1-2°C, 2-3°C, 3-4°C and ≥4°C. Temperature increases between 0-1°C usually correspond to short-

term climate-change scenarios depicting low carbon emissions and/or stringent mitigation policies. 
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2.2.4 Meta-analysis 

We conducted a meta-analysis to derive the pooled effect for all effect sizes as a response to global 

mean temperature increase. We used the package ‘Metafor’ in the R-3.2.2 software (Viechtbauer, 

2010) and the rma.mv() function assuming independence between the effect size and sampling 

variance. The included studies are a selection from a larger population of bioclimatic modelling 

studies. 

We ran mixed-effects models with random-effects structures (Section 1.3 in Online Resource 1). We 

compared them using the Bayesian Information Criterion (BIC). We then fitted random-effects 

meta-models with restricted maximum likelihood (REML) to different taxa subsets. These are ‘all 

species’, ‘plants’, ‘vertebrates’, ‘birds’, ‘mammals’, ‘herptiles’ and ‘insects’, for the effect sizes FRS 

and FRA, and for all four intervals of global mean temperature increase. We introduced the variable 

‘biomes’ as a moderator to determine sources of heterogeneity (Table OR1.1 in Online Resource 1). 

For the meta-analyses and the meta-regression analyses ratios are often transformed using logit or 

log transformations to reach normality assumption for the effects sizes (Urban, 2015; Benítez-López 

et al., 2017). We ran the mixed-effects models separately for the untransformed effect sizes FRS and 

FRA, the logit-transformed and the log10-transformed FRS and FRA, and checked the results for 

robustness (Table OR1.2 in Online Resource 1). In addition, meta-regression analyses were used to 

relate pooled effect sizes FRS and FRA to global mean temperature increase. 

We visually inspected the funnel plots of asymmetry to explore the possibility of publication bias 

(Viechtbauer, 2010; Kuiper et al., 2014). We assessed heterogeneity by the formal test of 

heterogeneity ‘Q’ (Borenstein et al., 2009; Viechtbauer, 2010). Variability among the effect sizes was 

expected due to differential characteristics of the studies (e.g. different taxonomic groups, biomes 

and temperature-change intervals). 

2.3 Results 

The systematic literature search yielded 302 relevant studies after the title screening. These studies 

were screened by abstract, out of which 138 fulfilled the criteria for full text screening. We finally 

selected 97 studies that assessed species composition of the originally occurring species at a location 

spanning publication dates between 1992 and 2015. Figure 2.2 shows the location and number of 

selected studies from the systematic literature review. The selected studies allowed the calculation 

of 370 effect sizes for FRS (data from 60 studies) and 146 for FRA (data from 50 studies). The studies 

and the relevant information extracted are provided in the Online Resource 2. The types of 

bioclimatic models in the selected studies cover, in some cases, the entire distribution of each species 

studied. For instance, these models were derived for a continental species distribution or for endemic 

species. In other studies the models do not cover the entire range of all species and this likely slightly 

overestimates the effects of climate change. 



Assessing the impacts of climate change on biodiversity: Is below 2°C enough? 

 

19 

The meta-analyses showed similar results for untransformed, logit-transformed and log transformed 

effect sizes, suggesting robustness of these results. Here we present the results of log10-tranformed 

FRS and FRA, which is the most commonly used transformation. Results for untransformed effect 

sizes and logit-transformed FRS and FRA are provided in Tables OR3.5– OR3.8 in the Online 

Resource 3. We retained the random-effects structures (1 | Study ID + 1 | Extent) for the meta-

analysis of FRS (BIC = -502.4888) and (1 | Extent) for the meta-analysis of FRA (BIC = 14.8613) 

(Table OR3.1 in Online Resource 3). 

Results from the meta-regressions to estimate the response changes of FRS and FRA to global mean 

temperature increase are shown in Figure 2.3. The effect sizes decrease with increasing climate 

change —the rate of decrease is generally larger for FRA than for FRS.  

 

 

Figure 2.2. Locations and number of selected bioclimatic studies. 

Table 2.1 provides the results of the random-effects meta-models for FRS and FRA for ‘all species’. 

FRS and FRA were significantly lower under each global mean temperature increase interval. 

Overall, the FRS and FRA were reduced by 19% (95% confidence interval: 14-23%) and 47% (95% 

confidence interval: 37-55%), respectively (Figure OR3.1 in Online Resource 3). 

The first interval 1-2°C for the ‘all species’ group results in a FRS of 86% (95% confidence interval: 

79-93%) and a FRA of 65% (95% confidence interval: 56-75%). These estimates imply that under a 

global mean temperature increase of up to 2°C, terrestrial ecosystems could lose on average 14% of 

their current local species and that species could lose on average 35% of their suitable climate area. 

The intervals 2-3°C and 3-4°C result in larger reductions of FRS and FRA compared to the first 

interval: FRS is projected to reduce to 83% (95% confidence interval: 78-88%) and 78% (95% 

confidence interval: 72-86%), and FRA to 50% (95% confidence interval: 39-64%) and 46% (95% 

confidence interval: 34-63%), respectively. However, the largest reductions occur under a global 
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mean temperature increase beyond 4°C: only 68% of the local current species are projected to remain 

on average across the Earth’s terrestrial ecosystems (95% confidence interval: 57-80%) and their 

suitable climate area will likely be reduced to less than 46% (95% confidence interval: 25-85%). 

These responses are based on a wide range of climate projections with up to 6°C increase in 

bioclimatic studies assessing distributions for birds and plants species (e.g. Shoo et al., 2005; 

Sekercioglu et al., 2008; Meyer et al., 2016). 

FRS and FRA responses differ among taxonomic groups. The responses of the taxonomic group 

‘plants’ are lower than for ‘vertebrates’ in all temperature-increase intervals (Figure 2.4; Table OR3.2 

in Online Resource 3). In the interval of 1-2°C, the fraction of local originally occurring plant species 

is reduced by 18%, whereas the vertebrate species’ fraction is reduced by 10%. Under a more extreme 

temperature-increase interval (e.g. 3-4°C), the suitable climate area for plant species is reduced by 

53% and for vertebrate species by 50%. These results differ significantly from the original situation 

(see Table 2.1). The visual inspection of the funnel plots of asymmetry for FRS and FRA (Figure 

OR3.2 and Figure OR.3.3 in Online Resource 3) indicates that a bias is absent. 

We found that mammals show the largest reduction in FRS, which quickly declines beyond 2°C. 

Contrary to this FRS case, FRA for birds reduces to a larger extent under all intervals (Figure OR3.4 

and Table OR3.3 in Online Resource 3).  
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Figure 2.3. Meta-regressions on global mean temperature increase for log10 effect sizes (a) Fraction of 

Remaining Species (FRS) and (b) Fraction of Remaining Area (FRA) with suitable climate. 

Confidence intervals (CI 95%) are shown by the shadowed line. Each effect size is represented by 

a circle, and the size of the circle indicates the number of species in the original study. 
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Figure 2.4. Mixed-effects model results per taxonomic group plants and vertebrates for (a) Fraction of 

Remaining Species and (b) Fraction of Remaining Area with Suitable Climate. Whiskers indicate 

confidence intervals (CI 95%) and boxes demarcate standard errors. Top numbers indicate the 

number of studies (k) providing data for each group. 
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Estimates of FRS and FRA can also be used to rank biomes to indicate sensitivities to climate 

change. The resulting effect-size estimates from our mixed-effects models were used to run meta-

regressions to assess the response of biomes to global mean temperature increase (Figure 2.5 and 

Figure OR3.5 in Online Resource 3 for the FRA results). We found that deserts, temperate forests 

and shrublands experience the largest reductions in FRS and tropical and boreal forests in FRA. 

These are thus likely the most sensitive biomes to increasing global temperatures. 

 

 

Figure 2.5. Mixed-effects model – meta-regressions on global mean temperature increase for different 

terrestrial biomes. Circles indicate the log10 effect sizes Fraction of Remaining Species, and the 

size of the circles corresponds to the number of species in the original study. Results obtained with 

meta-regression and 95% confidence. 
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2.4 Discussion and conclusions 

The projections of both the FRS and the FRA overall showed continuous decreases. This indicates 

losses of local species richness (on average by 14% at 2°C of global mean temperature increase) and 

losses of suitable climate area of many species (on average by 35% at 2°C of global mean temperature 

increase). These results indicated that many species will be extirpated locally and disappear from 

areas where they now occur. This finding is supported by other studies (e.g. Wiens, 2016) and will 

certainly challenge species conservation in many places (Johnson et al., 2017; Warren et al., 2018). 

However, this does not mean that total species richness will necessary decrease as new species can 

potentially expand their ranges and establish, depending on their ability to disperse (Hellmann et 

al., 2016), but such emerging species are ignored in our effect sizes. 

We estimated that reductions exacerbate as global mean temperature goes beyond 2°C. For 

example, at 3°C of global mean temperature increase the local species richness decreased on average 

by 17% and the suitable climate area of species by 50%. In addition, these effects are expected not 

only to increase biodiversity losses but also to accelerate for every degree rise in global mean 

temperature. As a result, all the local decreases will likely lead to global extinctions.  

The results of FRS and FRA varied among taxonomic groups and biomes. This means that the 

species responses are closely related to their individual sensitivities and exposures to changes in 

temperature (Urban et al., 2016). For example, the response of vertebrates species to increases in 

global mean temperature was a decrease in both FRS (on average 10% at 2°C of global mean 

temperature increase) and FRA (on average 47% at 2°C of global mean temperature increase). We 

found that within the vertebrates group, mammals are projected to undergo the largest local species 

reduction (i.e. overall FRS reduced by 22%). Our finding is consistent with previous studies (Pacifici 

et al., 2017), which conclude that many threatened mammals are also negatively affected by climate 

change. For plant species, the projected FRS and FRA decreased by 18% and 34% respectively at 

2°C of global mean temperature increase. The lower plant species’ FRS response probably resulted 

from a higher variability among effect sizes (Q-test for heterogeneity in Table OR3.2 and funnel 

plots of asymmetry in Figure OR3.1 in Online Resource 3) than the variability for vertebrate species’ 

FRS. This high variability likely relates to methodological issues (e.g. different modelling 

algorithms) that are inherent to bioclimatic modelling and that affect species-range shifts and 

abundances. Although exotic and aquatic species were excluded from our study, the different 

climate-change responses of these groups (e.g. Schnitzler et al., 2007; Kalwij et al., 2015) contribute 

to the challenge of setting a climate-protection target. Our analysis with the mixed-effects model 

with biomes as a moderator, resulted in a lower heterogeneity in effect sizes compared to plants and 

vertebrates species. This indicates that ‘biomes’ is an important explanatory variable when assessing 

the projected effect of global mean temperature increase on biodiversity. 

FRS and FRA focus on assessing the remaining proportion of biodiversity under the conservative 

assumption of no dispersal. On average, no dispersal is close to reality for most species (Midgley et 
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al., 2006; Hellmann et al., 2016). This implies that FRS and FRA generally indicate decreases. FRS 

is consistent with indices that estimate the naturalness or intactness, such as the BII (Scholes and 

Biggs, 2005) or the MSA (Alkemade et al., 2009; Alkemade et al., 2011). As these indices are 

officially accepted by the Convention on Biologically Diversity to indicate the expected responses 

of original occurring species, our outcomes can also be used in international assessments of 

biodiversity change, such as the Global Biodiversity Outlook (CBD, 2014) and other global studies 

(e.g. PBL, 2012; Kok et al., 2018). FRS, however, differs from other biodiversity indices, such as the 

Species Richness Index (Newbold et al., 2014), because FRS ignores new species for which the future 

climate becomes suitable. FRA accounts for suitable climate-area reduction of local species. 

Previous studies that analysed suitable habitat of species to estimate global species richness patterns 

(e.g. Visconti et al., 2015) and/or the average proportional change in species distributions to estimate 

species extinction risks (e.g. Thomas et al., 2004), used similar approaches as our FRA. These 

studies inform developing goals for local biodiversity conservation and designing protected areas 

(Newbold et al., 2014; Virkkala et al., 2014). However, such studies also ignore reductions in areas 

with suitable climate of the originally occurring local species and the local community compositions.  

Contrary to the instant loss of biodiversity caused by some non-climatic anthropogenic pressures, 

climate change triggers more gradual and long-term effects on species (Bertrand et al., 2011) and 

such temporal dynamics must be considered to interpret the FRS and FRA results. In this study, we 

estimated the effects of global mean temperature increase assuming that any increase materialises 

simultaneously, but in reality higher increases in temperature are projected to occur at the end of 

this century, whereas increases of 2°C are possible already in 2050 (van Vuuren et al., 2011; IPCC, 

2013b). Although our results support the notion that higher impacts of climate change will occur 

with higher temperatures, our results do not demonstrate that a climate target of keeping global 

temperature well-below 2°C protects all biodiversity. Therefore, we support the pledge to keep 

climate change below 1.5°C and preferably lower, as this helps to maintain the composition of local 

communities and their climatically suitable areas. 

Understanding the climate-change impacts on biodiversity helps to prioritize biodiversity 

conservation strategies (Gärdenfors, 2001; Broennimann et al., 2006). Our results generically relate 

climate change and biodiversity loss. This relationship is useful to assess relative adverse effects of 

different climate-change scenarios and to stress the importance of holding climate change well-below 

2°C. Furthermore, our results can be used to explore interactions between climate change and other 

biodiversity-loss pressures, and estimate interactive effects. This implies that reducing the rate of 

biodiversity loss is critical and only possible if all pressures are reduced or eliminated (CBD, 2014). 

This means that, it would be helpful if the UN Conventions on Biological Diversity and Climate 

Change closely collaborate to address multiple urgent environmental challenges. 
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Abstract 

Arid and semiarid natural grasslands in Central Asia are extensively used for pastoral livestock 

grazing. This traditional land use is nowadays characterized by intensifying grasslands into more 

productive pastures. This change affects biodiversity and diminishes grasslands’ ecological role. 

Biodiversity impacts are probably also exacerbated by climate change. These changes in biodiversity 

are poorly studied in Central Asia. Here we estimated how biodiversity changes in the Central Asian 

grasslands using the latest Shared Socio-economic Pathways and the Representative Concentration 

Pathways (i.e. SSP-RCP scenario framework). We selected scenarios with contrasting socio-

economic and climate conditions (i.e. SSP1-RCP4.5, SSP3-RCP8.5, SSP4-RCP4.5 and SSP5-

RCP8.5) and further detailed the land-use scenarios for the region. We indicated future biodiversity 

by the Mean Species Abundance indicator. The contrasting scenario combinations showed that 

grasslands’ biodiversity will decline under each scenario. The strongest impact on biodiversity is 

expected in SSP5-RCP8.5, where half of the grasslands are likely to lose most of their local originally 

occurring species by 2100. The lowest impact is expected in SSP4-RCP4.5. Our study stresses the 

potential vulnerability of this region to increasing land-use intensity and climate change. These 

impact projections can help regional decision makers to develop and implement better biodiversity-

conservation and sustainable management policies for these grasslands.  
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3.1 Introduction 

Grasslands of Central Asia are located in a large land-locked region comprising five post-Soviet 

independent republics of Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan and Uzbekistan. This 

region extents over an area of 4 million km2 and grasslands occupy nearly 65% of this extent, 

covering considerable areas of Kazakhstan, Tajikistan and Kyrgyzstan (Figure 3.1). Most grasslands 

are arid and semiarid (Gintzburger et al., 2005; FAO, 2007) and provide important habitats for many 

species that are of global and regional conservation concern (IUCN, 2019a), including steppe birds 

(Kamp et al., 2011), large ungulates such as the Saiga tatarica (Mallon and Zhigang, 2009), and 

diverse plant communities (Kamp et al., 2016). These grasslands also provide livelihoods for pastoral 

and agro-pastoral communities that lived in this region for centuries (Mirzabaev, 2013; Mirzabaev 

et al., 2015). The resulting socio-ecological systems have strongly contributed to the regional stability 

(Chen et al., 2019). 

 

 

Figure 3.1. Map of Central Asia and main land-cover classes (adapted from GLC2000, Global Land Cover 

Network).  



Chapter 3 

 

32 

The Central Asian grasslands are nowadays transformed by changes in land use (Suleimenov, 2014) 

and climate (Zhang et al., 2018a). These changes diminish the grasslands’ ecological and socio-

economical roles and this ultimately leads to biodiversity loss. Traditionally, the Central Asian 

grasslands were used for extensive livestock production with high livestock mobility (FAO, 2007), 

which was a key element to sustainably manage grasslands. This helped to conserve and improve 

biodiversity. However, this traditional mobile pastoralism is recently replaced by a collective and 

sedentary grazing systems. This intensified grazing negatively affects biodiversity (e.g. habitat 

degradation) (Mallon and Zhigang, 2009; Singh et al., 2010; Kamp et al., 2016), especially in areas 

near settlements (Suleimenov, 2014; de Beurs et al., 2015; Mirzabaev et al., 2015). Future changes 

in land use likely pose considerable additional threats to Central Asia’s biodiversity. These changes 

stem, for example, from the governmental support to enhance the livestock industry (Suleimenov, 

2014) or from an increasing future demand for livestock products (Herrero et al., 2009; Thornton, 

2010; Alkemade et al., 2013). Both factors are driven by population growth, economic development 

and politics (Popp et al., 2017).  

Such land-use change has been accompanied by a decadal temperature increase of 0.4°C since 1970 

(Chen et al., 2009; Hu et al., 2014). This temperature increase already substantially decreased 

grassland extent in the neighbouring Xinjiang province in China since the start of this century 

(Zhang et al., 2018a). Climate change is expected to further exacerbate the land-use change impacts 

as the temperature in the region is projected to increase between 3°C and 5°C by 2080, relative to 

the average temperature over the period from 1961 to 1990 (Lioubimtseva and Henebry, 2009). 

Additionally, less water will be available (i.e. changed precipitation patterns and more 

evapotranspiration).  

Central Asia is also a region with large information gaps of past and current biodiversity trends, 

including habitat extent and intactness, and species conservation status (Hamidov et al., 2016; 

IPBES, 2018c). These knowledge gaps exist mainly because available assessments poorly represent 

this extensive grassland area. Global assessments inadequately depict the more subtle changes in 

grasslands, such as increasing land-use intensities (that are driven by socio-economic factors). 

Furthermore, these assessments generally ignore interaction mechanisms between land-use and 

climate effects, and consequently fail to accurately project biodiversity change. Thus, a new 

approach that fills in these knowledge gaps and improves future projections is clearly needed. The 

region has also been challenged socially, economically and politically since the collapse of the Soviet 

Union in 1991 (Yu et al., 2019), and neighbouring countries such as Russia and China have much 

at stake in Central Asia in terms of security and access to natural resources. These complex regional 

conditions suggests that Central Asia will remain relatively unstable in the future and also this makes 

future projections difficult and uncertain. 
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Our study aimed to estimate future biodiversity change in the Central Asian grasslands as a result 

of socio-economic trends and the consequent projections of land-use and climate-change effects. Our 

approach included the use of scenarios that are based on the Shared Socio-economic Pathways 

(SSPs: O’Neill et al., 2014) and the Representative Concentration Pathways (RCPs: van Vuuren et 

al., 2011), to quantify the possible range of future biodiversity changes. Scenarios have been widely 

used to assess global biodiversity change (e.g. Thomas et al., 2004; Malcolm et al., 2006; Pereira et 

al., 2010; IPBES, 2018c). They describe plausible futures based on a coherent and internally 

consistent set of assumptions about the drivers of change (MA, 2005). These drivers are input to 

models that quantify and simulate projections of biodiversity change (IPBES, 2016). We used the 

relative Mean Species Abundance (MSA) of original species as compared to their original 

abundance to indicate biodiversity change (c.f. Alkemade et al., 2009). Below, we describe our 

stepwise study approach and data sources, present scenario and modelling results and finally present 

and discuss the main findings. The projected continuous decline in biodiversity has consequences 

for current and future grassland management and conservation. 

3.2 Methodology 

3.2.1 Study approach 

We developed a stepwise study approach to assess biodiversity change in grasslands (Figure 3.2). 

This approach combined outcomes from the SSP-RCP scenario framework, outputs from integrated 

assessment models, regression analyses and existing gridded datasets on land-use change (i.e. 

grazing intensity). Below we describe the four steps and data sources in more detail. 

Step 1. Developing land-use scenarios for Central Asia 

We developed a set of four land-use scenarios based on the Central Asian socio-economic narratives 

from the IMPRESSIONS project (Harrison et al., 2019b). These socio-economic narratives are 

plausible ‘high-end’ qualitative narratives, which contain additional, more detailed information 

about regional socio-economic drivers of change (i.e. population and gross domestic product: GDP) 

for 2010 to 2100. Our land-use scenarios described the impact of these socio-economic drivers and 

model assumptions (i.e. technological agricultural developments) on grasslands. Land-use change 

was indicated by the extent and intensity of grassland use (i.e. grazing intensity).  

The scenario selection made within the IMPRESSIONS project covered SSP1 (Sustainability) and 

SSP4 (Game of Elites) combined with RCP4.5, and SSP3 (Regional Rivalry) and SSP5 (Fossil-

fuelled Development) combined with RCP8.5 (Figure 3.3). SSP1 represented low and constant 

population growth and moderate economic growth. SSP4 represented low population growth and 

economic stagnation. Climate change was moderate in both SSP1 and SSP4. SSP3 and SSP5 

scenarios represented high population growth, with economic stagnation and high economic 
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growth, respectively. Both SSP3 and SSP5 were challenged by high climate change. Technological 

agricultural development was indicated by the management factor which is derived from the 

IMAGE model (Stehfest et al., 2014). This factor slightly improved in SSP1 and remained constant 

in SSP3, whereas in SSP4 declined and in SSP5 only improved in the second half of the century. 

Our land-use scenarios thus showed different levels of demand for agricultural products (e.g. 

livestock) and agricultural production which were both reflected on grazing intensity.  

Step 2. Quantifying grazing intensity projections 

We quantified changes in grazing intensity at a grid cell level in ArcGIS 10.5 for each SSP for three 

periods (i.e. 2010-2040, 2040-2070 and 2070-2100) as follows: 

 

𝐺𝐺𝐺𝐺𝑎𝑎𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑖𝑖,𝑡𝑡 =  𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖,0 ∙ ∆𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖,𝑡𝑡 ∙ ∆𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖,𝑡𝑡 ∙ ∆𝑀𝑀𝑀𝑀𝑖𝑖,𝑡𝑡 (Equation 3.1) 

 

where: GrazInti,t is the grazing intensity in grid cell i at time t, GrazInti,0 is the current grazing 

intensity in grid i, ∆Popi,t and ∆GDPi,t are the relative increases of population and GDP per capita in 

grid cell i at time t, and the relative increase change in the management factor (∆MFi,t) in grid cell i 

at time t. We assumed a multiplicative relationship between these four factors and grazing intensity. 

Grazing intensity ranges from 0 to 1. We classified the resulting grazing intensity as low (i.e. 0.0 to 

0.4), moderate (i.e. 0.4 to 0.6), high (i.e. 0.6 to 1.0) and land that is converted. Such converted land 

corresponded to grasslands that exceed their grazing capacity (i.e. GrazInt > 1.0). 

Step 3. Quantifying grazing and climate-change effects on biodiversity 

Grazing and climate-change effects were indicated by the MSA indicator. MSA indicates 

biodiversity intactness and ranges between 0 in areas where original biodiversity has completely 

disappeared, to 1 in areas where species composition and abundance is fully original. We quantified 

biodiversity change from changes in grazing intensity (i.e. MSALU) based on the relationship 

between MSA and grazing intensity (Alkemade et al, 2013; Petz et al., 2014). Here, the MSALU 

described the biodiversity loss with increasing grazing intensities resulting in changing plant-species 

composition, soil compaction by trampling, outcompeting and hunting of wildlife, homogenization 

of landscapes and habitat destruction. 

The climate-change effect on biodiversity (i.e. MSACC) was estimated using the relationship between 

global mean temperature increase and the fraction of remaining species (FRS), which is derived from 

a meta-analysis of projected species shifts in different species-envelope models (Nunez et al., 2019). 

We related the projected global mean temperature increase for RCP4.5 and RCP8.5 for three periods 

and the FRS estimate for grasslands (FRS = -0.0324, 95% confidence interval: -0.0478 - -0.0170). 

This relationship determined changes of species richness in grasslands compared to the original 

biodiversity state.  
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Figure 3.2. Schematic illustration of the study approach to assess biodiversity change in grasslands. Global 

Shared Socio-economic Pathways (SSPs) and assumptions from IMAGE model are input to 

develop land-use scenarios that indicate the impact of land-use change on Mean Species 

Abundance (MSALU). Projected global mean temperature increase based on the Representative 

Concentration Pathways (RCPs) and the Fraction of Remaining Species (FRS) are correlated to 

indicate the impact of climate change on Mean Species Abundance (MSACC). The overall 

biodiversity change (MSALU-CC) is the product of MSALU and MSACC. 

Step 4. Analysis of biodiversity change in the SSP-RCP scenario matrix 

The overall biodiversity change (MSALU-CC) was estimated by multiplying the individual effects of 

land-use (MSALU) and climate change (MSACC) in ArcGIS 10.5. We visually compared the spatial 

patterns of biodiversity change in grasslands. We analysed these patterns by calculating the grassland 

proportion under each MSA category for each scenario for three periods to indicate the resulting 

biodiversity change. 
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Figure 3.3. SSP-RCP scenario matrix and the characteristics of major socio-economic drivers. 

3.2.2 Data sources  

In this study, we used various datasets (qualitative and gridded) to explore land-use and climate-

change effects on the biodiversity of grasslands. We describe these sources below (see Appendix 

3.A.1 for more detail).   

Population and GDP projections were quantified within the IMPRESSIONS project. Population 

projections are gridded datasets of 0.125x0.125° resolution (Jones and O’Neill, 2013). GDP 

projections are datasets for each country derived from The World Bank DataBank (2016). 

Technological development was based on the management factor from the IMAGE model. This 

management factor described the actual yield per crop group (i.e. grass) for Central Asia region as a 

proportion of the maximum potential yield and depends on the regional GDP (Stehfest et al., 2014).  

Projected global mean temperature increases for the late 21st century relative to the 1986–2005 

period for RCP4.5 (1.8°C) and RCP8.5 (3.7°C) were used to indicate climate change (IPCC, 2013b). 

Projected temperatures for the years 2040 and 2070 were derived from Table AII.7.5 (Annex II; 

IPCC, 2013b). The IPCC 5th Assessment Report used 1850-1900 as a historical baseline, and 

estimated the warming from then to 1986-2005 at 0.6°C.  
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Spatial data on grazing intensity (Petz et al., 2014) was used to define the initial grazing situation. 

We distinguished three grazing intensity categories (1 indicates maximum carrying capacity): low 

(0.0-0.4), moderate (0.4-0.6) and high (0.6-1.0). The Land cover database GCL2000 (Bartholomé 

and Belward, 2005) and the terrestrial biomes database (Olson et al., 2001) were used to delineate 

grasslands and other land-use classes in the region. 

3.3 Results 

Our land-use scenarios showed that grazing intensification will trigger large biodiversity losses in 

the region over the course of this century. SSP1 and SSP5 depicted the larger increases in grazing 

intensity by 2100, while the other two scenarios featured moderate losses. These changes in grazing 

intensity translate into a decrease in the MSALU (Figure 3.4). The MSA ‘high’ corresponded to nearly 

pristine grasslands where the proportion of originally occurring species was projected to be 70-100% 

after land-use change, ‘moderate’ to grasslands areas that lost between 30-50% of the originally 

occurring species, ‘low’ to areas that lost more than half of their originally occurring species and 

‘critical’ indicated that areas lost almost entirely their local originally occurring species. 

In SSP1, Central Asian countries followed a path of sustainable development with steady economic 

growth (see land-use scenarios in Appendix 3.A.2). However, the extent of natural grasslands that 

contain the highest biodiversity (i.e. low-intensity grazed), decreased by 8% between 2010 and 2100 

(Table 3.1). Between 2040 and 2070, 10% of the total grasslands likely converted, for example, into 

pastures, due to irrigation efficiency improvements. In SSP5, the highly intensively grazed areas 

increased by 6% between 2010 and 2100 and the moderate grazing areas by 9% (Table 3.1). By 2100, 

the extent of natural grasslands was highly reduced and possibly converted into other categories. 

Changes resulted from high economic and population growth. By the end of the century, the total 

population in Central Asia increased from 63.0 million in 2010 to 74.5 million and the annual GDP 

was over twenty times higher than in 2010. SSP3 was characterised by both an exclusive economic 

development and limited cooperation between countries that limit the economic growth in the 

region. Between 2040 and 2070, population dynamics powered a moderate grazing intensification 

that decreased low-intensity grazed areas by 4% (Table 3.1). In 2100, however, grazing 

intensification decreased due to a limited economic growth and out-migration from the region. By 

then, the population size in SSP3 was the lowest among all scenarios. In SSP4, Central Asia was a 

highly unequal heterogeneous region with an agricultural sector that focused on realising the food 

demand by local populations. Grazing intensity only increased slightly as a result of low population 

and economic growth, and therefore did not show substantial impacts on the MSALU. On the 

contrary, the high intensity grasslands slightly decreased. This reduced the pressure on grasslands 

and slightly increased the MSALU. Here, livestock production probably expanded into other areas 

(e.g. croplands or forest). The grazing intensity in grid cells without population was assumed to 

remain constant (i.e. no changes in GDP per capita and the management factor).  
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Table 3.1. Changes in grazing intensity (%) for all scenarios for 2040, 2070 and 2100. 

Grazing 

intensity 
2010 

SSP1 SSP3 SSP4 SSP5 

2040 2070 2100 2040 2070 2100 2040 2070 2100 2040 2070 2100 

Low 94.4 85.0 84.9 86.3 91.1 90.1 94.5 97.3 97.9 98.1 83.1 71.0 59.3 

Moderate 2.2 2.8 2.3 2.4 2.6 2.6 2.2 2.2 1.6 1.4 3.6 8.2 11.6 

High 3.4 3.6 3.2 2.7 2.8 3.0 2.5 0.5 0.4 0.4 3.0 6.0 9.8 

Converted 0.0 8.5 9.6 8.7 3.5 4.3 0.8 0.0 0.1 0.2 10.3 14.7 19.3 

 

RCP4.5 projected a global mean temperature increase of 2.4°C relative to pre-industrial. This 

increase resulted in the MSACC in grasslands decreasing from 2010 to 2100 by 16% (95% confidence 

interval: 9-23%). For RCP8.5 the global mean temperature increase was 4.3°C relative to pre-

industrial and the MSACC was projected to decrease by 27% (95% confidence interval: 16%-38%). 

We estimated that the MSALU-CC in grasslands decreased dramatically between 2010 to 2100 (Figure 

3.5). In 2100, only half of the natural grasslands of Central Asia was projected to remain undisturbed 

by land-use and climate changes for all SSPs.  

  



Increasing biodiversity loss in the Central Asia grasslands as a result of changes in climate and land use  

 

39 

 

Figure 3.4. Estimated changes in Mean Species Abundance (MSALU) in the grasslands of Central Asia between 

2010 and 2100 for different futures.   
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Figure 3.5. Estimated changes in Mean Species Abundance (MSALU-CC) in the grasslands of Central Asia 

between 2010 and 2100 for different futures.  
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The largest decrease in biodiversity occurred in SSP5-RCP8.5. By 2100, half of the grasslands were 

likely to lose more than 70% of their local originally occurring species. This scenario projected the 

largest grassland conversion (i.e. 19%) that implied a strong decline of more than 90% in the local 

originally occurring species (Figure 3.6). In SSP3-RCP8.5, biodiversity loss occurred already in the 

first half of the century. This was mainly driven by population growth and food demand peaking in 

2040. The high climate-change impact exacerbated biodiversity loss in these two scenarios. 

Moderate changes in biodiversity in SSP1-RC4.5 were mostly driven by the increasing population 

and economic development. Last, the scenario SSP4-RCP4.5 projected the smallest decrease in 

biodiversity by the end of the century. In this scenario, most grasslands (98%) retained more than 

half of their original occurring species, while less than 1% fell into a critical category. SSP1 and SSP4 

were influenced by a less stringent climate-change impact on grasslands.  

 

 

Figure 3.6. Estimated changes (%) in Mean Species Abundance (MSALU-CC) for different SSPs-RCPs. The left 

bar in each scenario indicates the year 2010, followed by 2040, 2070 and 2100. 

3.4 Discussion and conclusions 

Our analysis showed that biodiversity in the Central Asian grasslands will decline in all scenarios. 

The strongest impact on biodiversity was expected in SSP5-RCP8.5. This was a high-end climate-

change scenario with high economic growth that intensively develops the agricultural sector. This 

finding is consistent with the recent IPBES report (IPBES, 2019) that projects land-use and climate-

change impacts on biodiversity. This IPBES report indicates that species richness more strongly 

decreases in all SSPs-RCPs scenarios (with SSP5-RCP8.5 the strongest) for Central Asia in 

comparison to most other regions. Our results showed that the lowest impact will occur in Central 

Asia in SSP4-RCP4.5. 
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SSP1-RCP4.5 depicted a remarkably large biodiversity loss driven by the moderate economic and 

high demographic growth that lead to rapid grazing intensification. This result, however, contrasts 

the IPBES projections and its intuitive assumption that this scenario will protect biodiversity. Here, 

SSP1 showed that a world with high affluence and population growth will continue to put pressure 

on biodiversity, regardless of the efforts to pursue sustainability. 

The extent of (nearly) pristine natural grasslands that contain the highest biodiversity, was projected 

to be halved in all scenarios, already by 2040. In terms of impacts on biodiversity, this means that 

the abundance of original occurring species decreases to less than 70% in half of the total grassland 

area. The remaining proportion of natural grasslands was projected to slightly change over the 

course of the century, with consequent implications in ecosystem functioning. This is consistent with 

previous studies (Christensen et al., 2004; Zhang et al., 2018b) that showed that small temperature 

increase (i.e. 1-2°C) and moderate grazing level in steppe will affect native grasses (e.g. bunch-grass 

steppe) and result in decreasing above ground net primary production.  

Critical levels of biodiversity loss were mainly projected around population settlements. This is 

because land-use change is increasingly dynamic in response to population growth (Verburg et al., 

2015) and economic development, influenced by people’s preferences for agricultural production 

and technological development (Kok et al., 2018). Thus, spatial patterns of the relative change in 

land use that drive great losses of biodiversity occurred mainly around urban areas. For example, 

scenarios with steep technological developments (i.e. SSP1 and SSP5) showed an increasing 

management intensity of grasslands, with possibly habitat conversion and eventually land 

degradation (Popp et al., 2017). In other words, natural grasslands that decreased will likely convert 

into moderate or even high intensively used grasslands, and these eventually into other land use (e.g. 

permanent pastures). This will typically cause a decrease of biodiversity (Alkemade et al., 2013; 

Hamidov et al., 2016). In contrast, scenarios that assumed gentle technological developments (i.e. 

SSP4), will likely result in less pressure on the habitats of species.  

The extreme climate impact from RCP8.5 projected an increased biodiversity loss in the region. This 

associated impact is in line with recent studies that reported the negative effect of temperature 

increase on arid and semi-arid grasslands worldwide (Warren et al., 2011; Dangal et al., 2016). 

SSP5-RCP8.5 projected continuously increasing greenhouse-gas emissions over the entire century 

(Riahi et al., 2011) and a global mean temperature that likely exceeded 2°C (IPCC, 2014). In the 

absence of climate policy, this scenario is very unlikely to limit the global mean temperature increase 

to well-below 2°C above pre-industrial levels (i.e. Paris Agreement; UNFCCC, 2015). Hence, the 

biodiversity losses in SSP3-RCP8.5 and SSP5-RCP8.5 that result from climate change, are an urgent 

call to limit greenhouse-gas emissions worldwide to the lowest possible level.  

Our study relied highly on qualitative assumptions from integrated assessment models and socio-

economic scenarios to explore the future implications of land-use and climate changes on extensively 

used grasslands, which are part of one of the most common land-use classes in the world. Socio-

economic scenarios in our analysis were based on detailed insights from regional stakeholders. 
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Stakeholders’ input results in more realistic regional scenario elements than the assumption based 

on global scenario studies. This likely catered for a more robust analysis. Previous studies that 

assessed global land-use change in the SSPs (Popp et al., 2017; Riahi et al., 2017; Doelman et al., 

2018) included additional socio-economic elements, such as land allocation of grassland or cropland 

expansion, consumer preferences and food price sensitivities. Their results, however, showed similar 

trends in losses of natural land. This means that the main elements that are selected in our study, 

drive the larger changes in the land-use system. While the SSPs are not specifically designed to 

explore grassland systems, our relatively simple approach allowed to explore changes in this system. 

Other assumptions on land-use intensification or the effects of GDP growth could derive different 

biodiversity trends. Thus the underlying assumptions and scenarios are crucial to assess 

consequences in grassland systems . 

Previous studies that reported the effects of land-use change (Alkemade et al., 2013; Petz et al., 2014; 

Newbold et al., 2015) and climate change (Alkemade et al., 2009; Bütof et al., 2012; White et al., 

2014) in other grassland regions, concluded that biodiversity is projected to decline. Our study 

supports this notion but also hints at the potentially large biodiversity losses in the Central Asian 

grasslands across all scenarios. These grasslands seem more vulnerable.  

While our results translate relevant information of socio-economic and climate-change drivers, more 

research is urgently needed to translate our findings into better management strategies for Central 

Asia’s grasslands. We estimated biodiversity loss in the Central Asian grasslands using a simple 

biodiversity model that assumed a linear relationship between socio-economic drivers and grazing 

intensification. The resulting trends clearly demonstrate the need for better land-use and 

biodiversity-conservation planning. 
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3.A Appendix 

3.A.1 Datasets used in the study 

Table 3.A.1. Summary of qualitative and gridded datasets used as input in our study. 

Data description Resolution 
(geographical) 

Resolution 
(spatial) 

Source 

Grazing intensity  Global 0.05°x0.05° Petz et al. (2014) 
Global Land Cover 
(GLC2000) 

Global 0.0089°x0.0089° Joint Research Centre (2003) 

Terrestrial ecoregions Global 0.05°x0.05° 
Olson et al. (2001); TNC 
(2009) 

Shared Socio-economic 
Pathways (SSPs) 

Global n.a. Riahi et al. (2017) 

Central Asian Socio-
Economic Narratives  

Regional n.a. 
IMPRESSIONS Socio-
economic scenarios (Kok and 
Pedde, 2016) 

Total Population  Per country 0.125°x0.125° Jones and O’Neill (2013) 
Gross Domestic 
Product (GDP)  

Per country n.a. The World Bank DataBank 

Management factor Regional n.a. 
IMAGE model (Stehfest et 
al., 2014) 

Representative 
Concentration 
Pathways (RCPs) 

Global n.a. IPCC (2013b) 

Fraction of Remaining 
Species (FRS) 

Biome n.a. (Nunez et al., 2019) 
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3.A.1.1 Socio-economic drivers 

Population 

Population data consists of ESRI Shapefile (SHP) Feature Class in Geographic Coordinate System: 

GCS_WGS_1984 and Datum: D_WGS_1984 for SSP1, SSP3, SSP4, and SSP5 for each 10-year 

interval over the period 2010-2100. 

This file contains gridded population projections for Central Asia (Kazakhstan, Kyrgyzstan, 

Turkmenistan, Tajikistan, Uzbekistan) for the period 2010-2100. Projections are constructed by 

downscaling stakeholder-developed aggregate country-level projections to 1/8th degree resolution 

using the NCAR spatial population downscaling model. Urban, rural, and total population 

projections are reported in 10-year intervals for SSP1, SSP3, SSP4, and SSP5. SSP-specific 

projections of urbanization are taken from the SSP database (URL) and applied to stakeholder-

developed aggregate projections to produce country-specific projections of the urban and rural 

population for each ten-year time-step. For more information on the NCAR spatial downscaling 

methodology see: Jones, B. & O’Neill, B. C. Historically grounded spatial population projections 

for the continental United States, Environ. Res. Lett. 8, 044021 (2013). 

The 2010 population distribution is derived from the 2.5” Gridded Population of the World 

(GPWv3), scaled to meet the observed 2010 population for each country and aggregated to 1/8th 

degree (7.5”).  

Table 3.A.2. Population data for Central Asia used as input in our study.  

Year SSP1 SSP3 SSP4 SSP5 
Million 
persons 

Growth 
factor 
relative 
to 2010 

Million 
persons 

Growth 
factor 
relative 
to 2010 

Million 
persons 

Growth 
factor 
relative 
to 2010 

Million 
persons 

Growth 
factor 
relative 
to 2010 

2010 63.00 1.00 63.00 1.00 63.00 1.00 63.00 1.00 
2020 63.82 1.01 73.62 1.17 64.23 1.02 64.28 1.02 
2030 64.64 1.03 84.23 1.34 65.46 1.04 65.57 1.04 
2040 65.46 1.04 75.46 1.20 66.69 1.06 66.85 1.06 
2050 66.28 1.05 66.69 1.06 67.91 1.08 68.13 1.08 
2060 67.10 1.07 70.23 1.11 69.14 1.10 69.42 1.10 
2070 67.91 1.08 73.76 1.17 70.37 1.12 70.70 1.12 
2080 68.73 1.09 77.30 1.23 67.91 1.08 71.98 1.14 
2090 69.55 1.10 67.00 1.06 65.46 1.04 73.27 1.16 
2100 70.37 1.12 56.70 0.90 63.00 1.00 74.55 1.18 
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Economic development (GDP) 

Table 3.A.3. Annual gross domestic product data for Central Asia used as input in our study. 

Year SSP1 SSP3 SSP4 SSP5 

Billion 

2005 US 

$ PPP 

Growth 

factor 

relative 

to 2010 

Billion 

2005 

US $ 

PPP 

Growth 

factor 

relative 

to 2010 

Billion 

2005 

US $ 

PPP 

Growth 

factor 

relative 

to 2010 

Billion 

2005 US 

$ PPP 

Growth 

factor 

relative 

to 2010 

2010 318.52 1.00 219.96 1.00 219.96 1.00 219.96 1.00 

2020 587.57 1.84 314.03 1.43 185.30 0.84 397.24 1.81 

2030 1035.19 3.25 348.68 1.59 171.61 0.78 710.13 3.23 

2040 1555.25 4.88 293.74 1.34 174.55 0.79 1236.20 5.62 

2050 1974.19 6.20 277.51 1.26 177.54 0.81 1895.43 8.62 

2060 2280.63 7.16 293.65 1.33 180.58 0.82 2555.56 11.62 

2070 2555.54 8.02 347.56 1.58 183.67 0.84 3024.79 13.75 

2080 2722.39 8.55 335.03 1.52 186.82 0.85 3580.18 16.28 

2090 2828.17 8.88 261.88 1.19 190.02 0.86 4237.54 19.26 

2100 2893.74 9.08 165.25 0.75 193.27 0.88 5015.61 22.80 
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Technological development 

Table 3.A.4. Management factor data for Central Asia used as input in our study 

Year Category SSP1 SSP3 SSP4 SSP5 

MF Growth 

factor 

relative 

to 2010 

  Growth 

factor 

relative 

to 2010 

  Growth 

factor 

relative 

to 2010 

  Growth 

factor 

relative 

to 2010 

2010 Grass and fodder 0.06 6.20 0.06 6.20 0.06 5.70 0.06 5.70 

2020 Grass and fodder 0.06 6.20 0.07 6.60 0.05 5.45 0.05 5.37 

2030 Grass and fodder 0.06 6.40 0.07 7.00 0.05 5.26 0.05 5.15 

2040 Grass and fodder 0.06 6.20 0.07 6.90 0.05 5.07 0.05 5.04 

2050 Grass and fodder 0.06 6.00 0.07 6.80 0.05 5.01 0.05 4.92 

2060 Grass and fodder 0.06 6.00 0.07 6.76 0.05 5.04 0.05 4.88 

2070 Grass and fodder 0.06 6.00 0.07 6.72 0.05 5.10 0.05 4.83 

2080 Grass and fodder 0.06 6.00 0.07 6.68 0.05 5.16 0.05 4.80 

2090 Grass and fodder 0.06 6.00 0.07 6.64 0.05 5.21 0.05 4.84 

2100 Grass and fodder 0.06 6.00 0.07 6.60 0.05 5.27 0.05 4.88 
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Land use 

Land-use data was derived from a linear regression between grazed biomass and the Mean Species 

Abundance (MSA) (Petz et al., 2014). This regression is based on the relationship from GLOBIO3 

between MSA and livestock grazing intensity for biodiversity estimates (Alkemade et al., 2009). 

Table 3.A.5. Grazing intensities per country. Percentages under each category. 

Country Grazing intensity  
Low Moderate High 

Kazakhstan 99.4 0.3 0.3 
Kyrgyzstan 94.9 2.9 2.2 
Tajikistan 80.0 8.8 11.2 
Turkmenistan 80.3 9.1 10.6 
Uzbekistan 62.1 11.7 26.1 

 

Low grazing intensity means nearly pristine natural rangeland with marginal grazing-based livestock 

production system and minimal human intervention and livestock production is far below the 

natural production capacity; MSA values corresponding to this category range from 0.7-1.0 (high 

and very high). Moderate grazing intensity means natural rangeland with grazing-based production 

system, human intervention is restricted to low external input (e.g. manure) and livestock production 

is slightly below the natural production capacity; MSA values corresponding to this category range 

from 0.5-0.7. High grazing intensity means intensively used and (partly) modified natural rangelands 

with mixed production system, management heavily depends on external inputs and high resource 

extractions from the original ecosystems and livestock production approaches or exceeds the natural 

production capacity and grazing is supplemented with feed application; MSA values corresponding 

to this category range from 0.14-0.5. 
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3.A.1.2. Climate change  

The effect of climate change on the biodiversity of grasslands was taken from the cause-effect 

relationship between global mean temperature increase and the relative MSA in GLOBIO3 

(Alkemade et al., 2009): 

𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶 =  𝑏𝑏 ∙ 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺   (Equation A.3.1) 

where MSACC is the relative mean abundance of species after climate change, b is the regression 

coefficient for a specific biome and GMTI is the global mean temperature increase corresponding to 

the different climate scenarios. 

 

 

Figure 3.A.1. Projected global mean temperature increase for RCP4.5 and RCP8.5 

Data for global mean temperature increase is derived from Table AII.7.5 from the Fifth Assessment 

Report of the Intergovernmental Panel on Climate Change (IPCC, 2013a). The global mean surface 

temperature change (°C) relative to 1986–2005 reference period, thus I added 0.6°C to make it 

relative to pre-industrial level.   
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3.A.2 Land-use scenarios  

Central Asia SSP1 – Sustainability 

Central Asian countries follow a path of sustainable development. Their governments invest in the 

economy, particularly in the energy sector by promoting green technology development. Central 

Asian values and commonalities (e.g. culinary traditions) across these countries are also promoted. 

The agricultural sector intensifies to feed a growing population. The expansion of agricultural land 

is strongly regulated and countries see high improvements in agricultural productivity. Even though 

food production is ensured by a strong agricultural sector, the demand for livestock products put 

grasslands under pressure to an increased grazing intensity. The steady economic growth boosts an 

increased cooperation between the governments in Central Asia. This cooperation stimulates 

stability in the region, allowing that most food demand is met through internal supply. 

Central Asia SSP3 – Regional Rivalry  

Exclusive economic development leads to food insecurity, because priority is given to resource use 

for export, which supports external competition. The inexistent cooperation between countries 

limits the economic growth in the region. Land-use change is hardly regulated. The investment 

possibilities in agricultural technology to improve the productivity of agricultural land are low. Thus 

agriculture expands under bad irrigation practices deteriorating soil quality in agricultural areas. 

Livestock production remains far below its actual potential. Difficulties exist to supply food to 

upstream countries. This leads to an increasing out-migration from the region. 

SSP4 – Game of elites  

Central Asia is a highly unequal region, with governments gradually increasing their own power by 

concentrating wealth in the upper class. The elite mostly aim at increasing (economic) power, but 

there is increasing interest to address certain environmental problems (e.g. water and energy issues). 

The high level of environmental awareness results in an effective collaboration for the management 

of protected areas and exploitation of natural resources. The agricultural sector focus on fulfilling 

the food demand from the population. Agricultural technological development is low and Central 

Asian countries remain relatively unproductive in agriculture. 

SSP5 – Fossil Fuelled Development 

The Central Asian governments collaborate closely in order to compete on the global market. 

Economic growth derived from foreign investments (e.g. oil and gas industries) is very high. 

Population growth is also high. The agricultural sector sees a good increase in its productivity, partly 

due to improved technologies within this sector not only to supply the internal food demand but also 

to take part in international competitive markets. A substantial part of the income from oil and gas 

industries goes to developing the agricultural sector. Land-use change is, however, incompletely 

regulated. A more globalized lifestyle is adopted with consumption patterns mirroring those in other 

parts of the world.
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Abstract 

Changes in climate and land use are major drivers of biodiversity loss. These drivers likely interact 

and alter their mutual effects on biodiversity. The interaction mechanisms between these drivers are 

rarely considered in biodiversity assessments, as only the combined individual effects are reported. 

In this study, we explored interaction mechanisms that potentially affect species abundance and 

distribution shifts under climate change. These interactions arise if 1) species adapted to modified 

landscapes differ in their sensitivity to climate change from species adapted to natural landscapes 

and if 2) land-use composition restricts climate-change induced dispersal of species in fragmented 

landscapes. We verified the first condition by performing a meta-analysis of 42 bioclimatic studies 

on species distributions in landscapes with varying proportions of cropland. We used the Fraction 

of Remaining Species (FRS) as the effect-size metric in this meta-analysis. We reviewed studies on 

species’ dispersal under climate change in fragmented landscapes to verified the second condition. 

We found no significant interaction effect for the first condition. This indicates that the influence of 

global mean temperature increase on the FRS did not change with different cropland levels. No 

quantitative studies were found to verify the second condition for climate-change induced dispersal 

of species. These findings emphasize the need to assess interactions between land-use and climate-

change effects on biodiversity. Such assessments should also integrate other conditions, such as 

spatial location, adaptive capacity and time lags. Understanding these interaction mechanisms will 

help to better project future biodiversity trends and to develop coping strategies for biodiversity 

conservation. 



Exploring interactions between climate and land-use change effects on biodiversity 

 

53 

4.1 Introduction 

Changes in land use and climate are major drivers of biodiversity loss in this century (Sala et al., 

2000; Pereira et al., 2010; Tittensor et al., 2014). These drivers likely interact and potentially change 

their mutual effects on biodiversity (Opdam and Wascher, 2004; Oliver and Morecroft, 2014). 

Interaction mechanisms, however, are rarely considered by studies that assess both land-use and 

climate-change impacts on biodiversity (Alkemade et al., 2009; Visconti et al., 2015). Such studies 

commonly use scenario and model analysis that combine bioclimatic and land-use variables to 

evaluate species and habitat range changes (Jetz et al., 2007; Pompe et al., 2008; Asner et al., 2010; 

Beltran et al., 2014; Brown et al., 2015; Byrd et al., 2015; Garcia-Valdes et al., 2015; Jantz et al., 

2015; Rondinini and Visconti, 2015; Visconti et al., 2015; Newbold, 2018) or models to spatially 

overlay the individual effects. They solely show combined or additive effects (e.g. Broennimann et al., 

2006; Thuiller et al., 2006a; e.g. Mantyka-Pringle et al., 2012).  

An interaction occurs when “two explanatory variables have an effect upon a response variable that is greater 

(synergism) or lesser (antagonism) than the effects expected from the explanatory variables acting independently, 

i.e. effects are ‘multiplicative,’ rather than ‘additive’” (Oliver and Morecroft, 2014). Land-use and climate-

change effects will likely interact synergistically in several ways with respect to biodiversity. Oliver 

and Morecroft (2014) described possible interaction mechanisms between these drivers (Table 4.1). 

Interactions, for example, indicate that species in heavily modified landscapes may respond 

differently to climate change (i.e. they have higher sensitivity levels) than species in pristine 

landscapes. Modified landscapes suggest fragmented or converted areas that reduce available 

species’ habitats and increase distances between remaining habitat patches (Fahrig, 2003). 

Interaction mechanisms (1) and (2) arise if species that are adapted to modified landscapes (e.g. 

cropland areas), differ in their sensitivity to climate change from species that are adapted to natural 

landscapes. Mechanism (3) occurs if modified landscapes (e.g. fragmented habitats) restrict climate 

induced dispersal of species. These interactions mechanisms, however, are poorly understood due 

to limited data availability and methodological constraints (Brook et al., 2008; de Chazal and 

Rounsevell, 2009). 

These expected consequences can further elucidate on mechanisms to help validate the interaction 

effect on biodiversity (Table 4.1). The expected consequence for each mechanism can be verified 

using studies that assessed climate-change impacts, such as bioclimatic envelope modelling studies. 

These studies relate the geographical distribution of species to climatic variables so to enable 

projections of distributions under future climate-change scenarios (i.e. species distribution shifts; 

Heikkinen et al., 2006). Under climate change, the new climate envelope of a species may not only 

overlap with the old one. This depends on the time span and intensity of climate change, but also 

have multiple new land uses that influence the species’ response to climate change. Such land-use 

change may include fragmented or converted land that will likely constitute a land barrier for 

dispersal. The interaction mechanisms (1) and (2) are expected to occur in this remaining, 
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overlapping area with suitable climate, whereas mechanism (3) occurs in the new climate envelope. 

A thorough understanding of species’ dispersal under projected land-use and climate changes is 

missing (Wiens et al., 2009). Regardless of species’ dispersal being widely acknowledged in 

projecting geographic distribution of species (Thomas, 2000; Guisan and Thuiller, 2005; Midgley et 

al., 2006; Thuiller et al., 2008) how fragmented habitats hinder dispersal in response to climate 

change and how does the interaction mechanism on species dispersal actually function, remains 

unclear. 

Table 4.1. Interaction mechanisms between the predictor variables ‘land-use’ and ‘climate-change’ effects. 

Interaction mechanisms 
(Oliver and Morecroft, 2014) 

Expected consequences Potential test 

(1) Global mean temperature increase 
and the presence of conspecifics in 
modified habitats determine 
species’ birth rates or extinction 
risk 

(1) Declining species abundance in 
converted landscapes (e.g. a large 
proportion of cropland) is expected to 
affect species fecundity, which is 
highly dependent on temperature  

Fraction of 
Remaining 
Species 

(2) Global mean temperature increase 
and modified landscapes impose 
genetic variation on populations  

(2) Genetic erosion resulting from 
converted landscapes is expected to 
reduce species’ capacity to adapt to 
global mean temperature increase 

Fraction of 
Remaining 
Species 

(3) Modified landscapes affect species’ 
dispersal in response to global 
mean temperature increase 

(3) Fragmented habitats restrict climate 
induced dispersal of species, making 
dispersal more difficult than in less 
fragmented, continuous landscapes 

Qualitative 
assessment 

 

Our study aimed to explore interaction mechanisms between land-use and climate-change effects on 

biodiversity. For this purpose, we identified an expected consequence for each mechanism and 

validated the interactions with evidence from a literature review of studies that used bioclimatic 

models and climate-change scenarios in modified landscapes under different dispersal assumptions. 

We focused on intensively managed landscapes (i.e. croplands) where the occurrence of original 

species declines. We estimated the proportion of cropland area from these studies to indicate land 

use. We performed a meta-analysis of these studies and used the Fraction of Remaining Species 

(FRS) to indicate biodiversity decrease within the study region in the mechanisms (1) and (2). The 

interaction mechanisms occur if the FRS in large cropland areas is significantly different from the 

FRS in areas with small cropland. For mechanism (3), we qualitatively reviewed the body of 

literature to find scientific evidence on the impact of fragmentation on climate induced dispersal of 

species. By validating these expected consequences, we achieved a deeper understanding of drivers’ 

interactions that can be used in future biodiversity assessments. 
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4.2 Methodology 

4.2.1 Interaction mechanisms 

We identified expected consequences that elucidate interaction effects between land-use and 

climate-change effects in each mechanism. These expected consequences indicate that species’ 

responses to climate change vary if the landscape changes (i.e. different proportions of cropland 

area). Expected consequences (1) and (2) (Table 4.1) indicate ecological processes that result in 

declining populations if land-use and climate-change effects interact synergistically upon species. 

Such processes are likely to occur in area with still suitable climates. Thus, declining populations 

can be evidenced with meta-analysis from bioclimatic modelling studies and the FRS indicator 

(Nunez et al., 2019). FRS measures the occurrence of a given number of species at a certain location 

before and after projected climate change. Expected consequence (3) indicates species’ responses to 

climate change in fragmented landscapes and thus assumes that species have the ability to disperse. 

This mechanism occurs in the new climate envelope and can be evidenced with a review and analysis 

from the literature on the impact of fragmentation on climate induced dispersal.  

4.2.2 Literature review 

We conducted a literature review to find evidence on the interaction mechanism expected 

consequences. We queried the ISI Web-of-Science to identify bioclimatic model and scenario studies 

that (1) assessed the effects of global mean temperature increase on terrestrial species and (2) 

included cropland as one of the land-use types in their study area. We combined keywords into a 

search string to conduct the review: [(climat* SAME change*) OR (temperature SAME change*) 

OR (temperature SAME increase) OR (global SAME warming) OR (climat* SAME warming)] 

AND [(biodiversity) OR (diversity SAME species) OR (species SAME richness*) OR (species 

SAME distribution*) OR (species SAME abundance*) OR (species SAME occurrence*) OR 

(species SAME turnover) OR (species SAME loss*) OR (species SAME gain*) OR (species SAME 

composition) OR (species SAME assemblage*)]. We provide detailed information on the selection 

process in Nunez et al. (2019). We consolidated a database from all data extracted from the selected 

studies to perform meta-analysis on species distributions in landscapes with varying proportions of 

cropland. These data included study location, used global mean temperature increase, land use/land 

cover, number of species in the original and the projected climate situations, dispersal capacities, 

terrestrial biomes, taxonomic group, land extension and the spatial resolution. We also searched 

and qualitatively assessed studies on the impact of habitat fragmentation and climate change on 

species dispersal. 
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4.2.3 Projected land-use and climate changes 

Land use was indicated by the percentage of cropland in the original study areas. Croplands areas 

are intensively managed. We estimated cropland percentage using the land-cover maps from the 

European Space Agency (ESA) Climate Change Initiative (CCI) (Defourny et al., 2014) between 

1992-2015 in ArcGIS 10.2.1. We also explored the land-use related assumptions made in the original 

studies to determine the applied level of change. Land-use change was classified as very low, low, 

moderate, high and very high, corresponding to 0-5%, 0-10%, 10-15%, 15-20% and >20% of 

cropland (i.e. cropland level) respectively. Climate change in these studies was indicated by their 

scenario’s global mean temperature increase.  

4.2.4 Meta-analysis  

We estimated the overall reduction in species abundance in converted landscapes with high cropland 

levels compared to low cropland levels with a mixed-effects meta-analysis. As an effect size, we 

calculated the FRS. We used the package ‘Metafor’ in the R-3.2.2 software (Viechtbauer, 2010) and 

the rma.mv() function assuming independence between the effect size and sampling variance. We 

built mixed-effects models with random-effects structures to examine variations in the relationship 

between the FRS and both cropland level and global mean temperature increase. We included first-

order interaction terms and second-order interaction terms to account for variation in the slope of 

the relationship between global mean temperature increases and cropland levels. We compared the 

models using the Bayesian Information Criterion (BIC). 

4.3 Results 

The systematic literature review yielded more than 100 studies that contained relevant titles and 

abstracts. Of these, 42 studies corresponded to the selected criteria for data extraction (Appendix 

4.A.1). Some geographical bias was found since most of the studies were from either Western 

Europe (19) or Africa (10), while a few studies from the Western Hemisphere (7), Oceania (4) and 

China (2). We collated these studies, including 219 effect sizes (Table 4.A.1 in Appendix 4.A.2). 

These effect sizes corresponded to very low (53), low (54), moderate (31), high (12) and very high 

(69) cropland level. These studies covered a wide range of temperature increase up to 5°C. 

For the meta-analysis, we retained the random-effect structure [1 | Study + 1 | Extent] with the 

lowest Bayesian Information Criterion (BIC = -197.67) (Table 4.A.2 in Appendix 4.A.3). The 

second order interaction term (i.e. global mean temperature increase2∙cropland level) did not improve the 

model fit and was therefore dismissed. The final model used was global mean temperature increase + 

cropland level + global mean temperature increase • cropland level. 
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The results from the mixed random-effects model for mechanisms (1) and (2) indicated that global 

mean temperature increase is a good, significant model predictor for biodiversity decline (Table 4.2). 

However, the model results did not reveal significant interactions between cropland level and global 

mean temperature increase, indicating that the influence of all cropland levels on the FRS did not 

change with global mean temperature increase. A model using global mean temperature increase as 

the only predictor variable was significant (Table 4.3). This suggests that temperature had a strong 

influence on the FRS. Contrary, a model using cropland level as the only predictor variable was less 

significant, indicating that land use did not influence the FRS. 

Our analysis of global mean temperature increase indicated a general decrease of FRS. Both 

estimates for temperature in Tables 4.2 and 4.3 resulted in FRS reduced by 14% (95% Confidence 

Interval: 8-18%) and 12% (95% Confidence Interval: 9-15%), respectively. 

Table 4.2. Results of the mixed-random effects model with FRS as response variable, global mean temperature 

increase, land use with the five levels (i.e. very low, low, moderate, high and very high) and 

interaction terms as predictor variables. The land-use level ‘high’ was used as intercept. 

Fixed effects Estimate SE p-value z-value CI (lb) CI (ub) 
Intercept 0.0309 0.0591 0.6009 0.5230 -0.0849 0.1467 
Temperaturea -0.0628 0.0129 <.0001 -4.8506 -0.0881 -0.0374*** 
Land useb  -0.0568 0.1026 0.5800 -0.5533 -0.2579 0.1443 

Very low -0.0342 0.0998 0.732 -0.3424 -0.2299 0.1615 
Low -0.0783 0.1137 0.4912 -0.6885 -0.3011 0.1446 
Moderate 0.0678 0.0676 0.3165 1.0017 -0.0648 0.2003 
Very high -0.0019 0.0310 0.9510 -0.0615 -0.0627 0.0589 

Temperaturea: Land use very low 0.0440 0.0293 0.1325 1.5043 -0.0133 0.1014 
Temperaturea: Land use low 0.0548 0.0385 0.1548 1.4229 -0.0207 0.1303 
Temperaturea: Land use moderate 0.0071 0.0154 0.6461 0.4592 -0.0231 0.0372 
Temperaturea: Land use very high 0.0309 0.0591 0.6009 0.5230 -0.0849 0.1467 
a Global mean temperature increase 
b Cropland level 

Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Table 4.3. Results of the mixed-random effects model with FRS as response variable and global mean 

temperature increase and cropland level as predictor variables.  

Fixed effects Estimate SE p-value z-value CI (lb) CI (ub) 
Temperaturea (only predictor)       

Intercept 0.0670 0.0260 0.0090 2.6290 0.0170 0.1170** 
Temperature -0.0560 0.0070 <.0001 -8.413 -0.069 -0.0430 *** 

Land useb (only predictor)       
Intercept -0.1524 0.0412 0.0002 -3.7025 -0.233 -0.0717 
Very low -0.0377 0.0534 0.4798 -0.7066 -0.1424 0.0669 
Low 0.0989 0.0534 0.0637 1.8542 -0.0056 0.2035 ∙ 
Moderate 0.0908 0.0491 0.0641 1.8512 -0.0053 0.1870 ∙ 
Very high 0.0831 0.0451 0.0655 1.8420 -0.0053 0.1716 ∙ 

a Global mean temperature increase 
b Cropland level 

Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

We did not find any study that quantified climate induced dispersal of species in fragmented 

landscapes to validate mechanism (3). Most studies we found focused on either single impacts of 

fragmentation (Thomas, 2000; Fahrig, 2003) or climate change (e.g. Araujo et al., 2004; McClean 

et al., 2005; Thuiller et al., 2005; Lawler et al., 2006; Malcolm et al., 2006; Thuiller et al., 2006a; 

Thuiller et al., 2006b; Alkemade et al., 2011; Walther and van Niekerk, 2015), assessed single species 

responses (Bennie et al., 2013) or assessed past dispersal trends (Schwartz, 1993).  

4.4 Discussion and conclusions 

Based on the expected consequences for the studied interaction mechanisms, we found no significant 

interaction effect between current levels of cropland and global mean temperature increases. This 

means that the FRS of areas with large proportion of cropland (i.e. intensively managed) did not 

significantly differ from those areas with a low cropland proportion (i.e. close to pristine, natural 

areas). This finding excluded interaction effects between global mean temperature increases and 

landscapes that are modified by other land uses than cropping. We, however, did not find any study 

that assessed interactions between land-use and climate-change effects. This makes assessing the 

interaction mechanisms in other modified landscapes unattainable. 

The few studies for the mechanism that affected species’ dispersal in response to global mean 

temperature increases indicated that species’ dispersal ability is closely related to the landscape 

structure and level of fragmentation (e.g. Wiens et al., 2009; McGuire et al., 2016) and thus only 

species with unlimited dispersal capacities can establish remote populations in fragmented 

landscapes (Opdam and Wascher, 2004). However, the actual mechanisms could not be properly 

validated with the available evidence. Thus, the increasing landscape fragmentation will likely 

hinder dispersal species’ distribution shifts in response to climate change. 
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Previous studies that assessed additive land-use and climate change effects (Mantyka-Pringle et al., 

2012; Newbold, 2018), indicated that changes in biodiversity are likely to vary spatially. For 

example, tropical forests are predicted to experience larger losses of biodiversity under projected 

climate change (Higgins, 2007; Asner et al., 2010) than temperate regions (Garcia-Valdes et al., 

2015). Temperate regions have already undergone some of the largest biodiversity losses from land 

use over centuries and thus the climate effect is predicted to be small (Newbold, 2018). Our analysis, 

however, showed that man-made modified landscapes did not lead to different species responses to 

climate change. The species responses to climate change are likely most sensitive in deserts, 

temperate forests and shrublands, regardless of land use (Nunez et al., 2019). This spatial variation 

was not considered by the majority of studies that assessed combined effects of these drivers in 

multiple land-cover types simultaneously (e.g. Heubes et al., 2013; Jantz et al., 2015; Riordan et al., 

2015). While most studies that assessed changes in climate and land use, found an increased 

combined effect (e.g. Jetz et al., 2007; Pompe et al., 2008), a few showed that the combined effect 

did not always have the strongest negative impact on biodiversity (Hoiss et al., 2013; Brown et al., 

2015). 

Our assessment approach of interaction mechanisms included factors which involve large 

uncertainties, such as species’ dispersal capacities (Hellmann et al., 2016). Other inherent factors 

affecting interaction mechanisms include species adaptive capacity (Dawson et al., 2011) and the 

more gradual and long-term effects of climate change (Nunez et al., 2019) and changing atmospheric 

CO2 concentrations. Such factors also involve large uncertainties in projecting species distributions 

in response to climate change, and need to be included when assessing these mechanisms. 

Furthermore, future assessments should consider the physiological characteristics of species and the 

time lags resulting from the expected changes in both land use and climate. Although future 

projections of land-use and climate changes are challenging to create, our study serves as a starting 

point to introduce more elements to assess such changes and their interactions mechanisms.  

The lack of integration of land-use and climate-change effects in mechanisms implies that the 

projected biodiversity responses may inadequately inform biodiversity managers and policy makers 

on possibilities to develop appropriate biodiversity-conservation measures (de Chazal and 

Rounsevell, 2009; Mantyka-Pringle et al., 2012; Heubes et al., 2013; Brown et al., 2015; Mantyka-

Pringle et al., 2015; Segan et al., 2016). This knowledge gap, however, can certainly be explored 

using the expected consequences to validate the interaction effects (c.f. Table 4.1). Our study 

supports the notion that the biodiversity-loss predictions for most species will approximate reality 

by acknowledging the interaction effects. This can become an important element in developing 

strategies for conservation of biodiversity. 
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4.A Appendix 

4.A.1 List of selected studies 

Study ID Study 

RQ1-430 Araujo, M., Cabeza, M., Thuiller, W., Hannah, L., Williams, P. (2004). Would 
climate change drive species out of reserves? An assessment of existing reserve-
selection methods. Global Change Biology 10, 1618-1626 

RQ1-623 Bakkenes, M., Eickhout, B., Alkemade, R. (2006). Impacts of different climate 
stabilisation scenarios on plant species in Europe. Global Environmental Change 
16, 19-28 

RQ1-291 Bakkenes, M., Alkemade, J., Ihle, F., Leemans, R., Latour, J. (2002). Assessing 
effects of forecasted climate change on the diversity and distribution of European 
higher plants for 2050. Global Change Biology 8, 390-407 

RQ1-3751 Benito, B., Lorite, J., Perez-Perez, R., Gomez-Aparicio, L., Penas, J. (2014). 
Forecasting plant range collapse in a mediterranean hotspot: when dispersal 
uncertainties matter. Diversity and Distributions 20, 72-83 

RQ1-172 Box, E., Crumpacker, D., Hardin, E. (1999). Predicted effects climatic change on 
distribution of ecologically important native tree and shrub species in Florida. 
Climatic Change 41, 213-248 

RQ1-57 Brereton, R., Bennett, S., Mansergh, I. (1995). Enhanced greenhouse climate-
change and its potential effect on selected fauna of South-Eastern Australia - a trend 
analysis. Biological Conservation 72, 339-354 

RQ1-627 Broennimann, O., Thuiller, W., Hughes, G., Midgley, G.F., Alkemade, J., Guisan, 
A. (2006). Do geographic distribution, niche property and life form explain plants' 
vulnerability to global change? Global Change Biology 12, 1079-1093 

RQ1-4627 Costion, C., Simpson, L., Pert, P., Carlsen, M., Kress, W.J., Crayn, D. (2015). Will 
tropical mountaintop plant species survive climate change? Identifying key 
knowledge gaps using species distribution modelling in Australia. Biological 
Conservation 191, 322-330 

RQ1-2054 Engler, R. et al. (2011). 21st century climate change threatens mountain flora 
unequally across Europe. Global Change Biology 17, 2330-2341 

RQ1-1279 Engler, R., Randin, C., Vittoz, P., Czaka, T., Beniston, M., Zimmermann, N., 
Guisan, A. (2009). Predicting future distributions of mountain plants under climate 
change: does dispersal capacity matter? Ecography 32, 34-45 

RQ1-309 Erasmus, B.F.N., Van Jaarsveld, A.S., Chown, S.L., Kshatriya, M., Wessels, K.J. 
(2002). Vulnerability of South African animal taxa to climate change. Global 
Change Biology 8, 679-693 

RQ1-1018 Fitzpatrick, M., Gove, A., Sanders, N., Dunn, R. (2008). Climate change, plant 
migration, and range collapse in a global biodiversity hotspot: the Banksia 
(Proteaceae) of Western Australia. Global Change Biology 14, 1337-1352 

RQ1-3215 Goodenough, A., Hart, A. (2013). Correlates of vulnerability to climate-induced 
distribution changes in European avifauna: habitat, migration and endemism. 
Climatic Change 118, 659-669 

RQ1-3254 Heubes, J. et al. (2013). The projected impact of climate and land use change on 
plant diversity: An example from West Africa. Journal of Arid Environments 96, 
48-54 
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RQ1-2639 Huntley, B., Barnard, P. (2012). Potential impacts of climatic change on southern 
African birds of fynbos and grassland biodiversity hotspots. Diversity and 
Distributions 18, 769-781 

RQ1-65 Huntley, B., Berry, P.M., Cramer, W., McDonald, A.P. (1995). Modelling present 
and potential future ranges of some European higher plants using climate response 
surfaces. Journal of Biogeography 22, 967-1001 

RQ1-1047 Huntley, B., Collingham, Y., Willis, S., Green, R. (2008). Potential Impacts of 
Climatic Change on European Breeding Birds. Plos One 3 

RQ1-680 Lawler, J., White, D., Neilson, R., Blaustein, A. (2006). Predicting climate-induced 
range shifts: model differences and model reliability. Global Change Biology 12, 
1568-1584 

RQ1-3345 Lemes, P., Loyola, R.D. (2013). Accommodating Species Climate-Forced 
Dispersal and Uncertainties in Spatial Conservation Planning. Plos One 8 

RQ1-852 Levinsky, I., Skov, F., Svenning, J.-C., Rahbek, C. (2007). Potential impacts of 
climate change on the distributions and diversity patterns of European mammals. 
Biodiversity and Conservation 16, 3803-3816 

RQ1-1729 Li, R., Tian, H., Li, X. (2010). Climate change induced range shifts of Galliformes 
in China. Integrative Zoology 5, 154-163 

RQ1-1071 Loarie, S., Carter, B., Hayhoe, K., McMahon, S., Moe, R., Knight, C., Ackerly, D. 
(2008). Climate Change and the Future of California's Endemic Flora. Plos One 3 

RQ1-1073 Luoto, M., Heikkinen, R. (2008). Disregarding topographical heterogeneity biases 
species turnover assessments based on bioclimatic models. Global Change Biology 
14, 483-494 

RQ1-2206 Maiorano, L. et al. (2011). The future of terrestrial mammals in the Mediterranean 
basin under climate change. Philosophical Transactions of the Royal Society B-
Biological Sciences 366, 2681-2692 

RQ1-4980 Meller, L., Thuiller, W., Pironon, S., Barbet-Massin, M., Hof, A., Cabeza, M. 
(2015). Balance between climate change mitigation benefits and land use impacts of 
bioenergy: conservation implications for European birds. Global Change Biology 
Bioenergy 7, 741-751 

RQ1-339 Midgley, G., Hannah, L., Millar, D., Rutherford, M., Powrie, L. (2002). Assessing 
the vulnerability of species richness to anthropogenic climate change in a 
biodiversity hotspot. Global Ecology and Biogeography 11, 445-451 

RQ1-396 Midgley, G., Hannah, L., Millar, D., Thuiller, W., Booth, A. (2003). Developing 
regional and species-level assessments of climate change impacts on biodiversity in 
the Cape Floristic Region. Biological Conservation 112, 87-97 

RQ1-702 Midgley, G., Hughes, G., Thuiller, W., Rebelo, A. (2006). Migration rate 
limitations on climate change-induced range shifts in Cape Proteaceae. Diversity 
and Distributions 12, 555-562 

RQ1-480 Miles, L., Grainger, A., Phillips, O. (2004). The impact of global climate change on 
tropical forest biodiversity in Amazonia. Global Ecology and Biogeography 13, 
553-565 

RQ1-714 Ohlemuller, R., Gritti, E., Sykes, M., Thomas, C. (2006). Quantifying components 
of risk for European woody species under climate change. Global Change Biology 
12, 1788-1799 

RQ1-345 Peterson, A., Ortega-Huerta, M., Bartley, J., Sanchez-Cordero, V., Soberon, J., 
Buddemeier, R., Stockwell, D. (2002). Future projections for Mexican faunas under 
global climate change scenarios. Nature 416, 626-629 

RQ1-1126 Pompe, S., Hanspach, J., Badeck, F., Klotz, S., Thuiller, W., Kuehn, I. (2008). 
Climate and land use change impacts on plant distributions in Germany. Biology 
Letters 4, 564-567 

RQ1-414 Siqueira, M.F.d., Peterson, A.T. (2003). Consequences of global climate change for 
geographic distributions of cerrado tree species. Biota Neotropica 3, 1-14 
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RQ1-496 Skov, F., Svenning, J. (2004). Potential impact of climatic change on the 
distribution of forest herbs in Europe. Ecography 27, 366-380 

RQ1-601 Thuiller, W., Lavorel, S., Araujo, M.B., Sykes, M.T., Prentice, I.C. (2005). Climate 
change threats to plant diversity in Europe. Proceedings of the National Academy 
of Sciences of the United States of America 102, 8245-8250 

RQ1-756 Thuiller, W., Midgley, G.F., Hughes, G.O., Bomhard, B., Drew, G., Rutherford, 
M.C., Woodward, F.I. (2006b). Endemic species and ecosystem sensitivity to 
climate change in Namibia. Global Change Biology 12, 759-776 

RQ1-754 Thuiller, W., Broennimann, O., Hughes, G., Alkemade, J.R.M., Midgley, G.F., 
Corsi, F. (2006a). Vulnerability of African mammals to anthropogenic climate 
change under conservative land transformation assumptions. Global Change 
Biology 12, 424-440 

RQ1-1174 Virkkala, R., Heikkinen, R., Leikola, N., Luoto, M. (2008). Projected large-scale 
range reductions of northern-boreal land bird species due to climate change. 
Biological Conservation 141, 1343-1353 

RQ1-1889 Virkkala, R., Marmion, M., Heikkinen, R.K., Thuiller, W., Luoto, M. (2010). 
Predicting range shifts of northern bird species: Influence of modelling technique 
and topography. Acta Oecologica-International Journal of Ecology 36, 269-281 

RQ1-5291 Walther, B., van Niekerk, A. (2015). Effects of climate change on species turnover 
and body mass frequency distributions of South African bird communities. African 
Journal of Ecology 53, 25-35 

RQ1-1914 Yates, C., McNeill, A., Elith, J., Midgley, G. (2010). Assessing the impacts of 
climate change and land transformation on Banksia in the South West Australian 
Floristic Region. Diversity and Distributions 16, 187-201 

RQ1-4465 Zhang, M.-G., Zhou, Z.-K., Chen, W.-Y., Cannon, C.H., Raes, N., Slik, J.W.F. 
(2014). Major declines of woody plant species ranges under climate change in 
Yunnan, China. Diversity and Distributions 20, 405-415 
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4.A.3 Results of random effect models 

Table 4.A.2. Random-effect results for the used model. 

Random-effect models BIC 
1 | 1 -29.14 
1 | Study -197.34 
1 | Resolution -88.39 
1 | Extent -132.87 
1 | Study + 1 | Resolution -192.00 
1 | Study + 1 | Extent -197.67 
1 | Resolution + 1 | Extent -144.00 
1 | Study + 1 | Resolution + 1 | Extent -192.33 
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Abstract 

The Paris Agreement to keep global temperature increase to well-below 2°C and to pursue efforts to 

limit it to 1.5°C requires to formulate ambitious climate-change mitigation scenarios to reduce CO2 

emissions and to enhance carbon sequestration. These scenarios likely require significant land-use 

change. Failing to mitigate climate change will result in an unprecedented warming with significant 

biodiversity loss. The mitigation potential on land is high. However, how land-based mitigation 

options potentially affect biodiversity is poorly understood. Some land-based mitigation options 

could also counter the biodiversity loss. Here we reviewed the recently scientific literature to assess 

twenty land-based mitigation options that are implemented in different mitigation pathways to 

comply with the Paris Agreement for their biodiversity impacts by using the Mean Species 

Abundance (MSALU) indicator for land use. We showed the likely land-use transition and potential 

MSALU changes for each option, compared their carbon sequestration opportunities (tC per ha) and 

assessed the resulting biodiversity change in two case scenarios. Our results showed that most 

options benefit biodiversity. Reforestation of cultivated and managed areas together with restoration 

of wetlands deliver the largest MSALU increases, if land is allowed to reach a mature state over time. 

A quarter of the assessed options, including intensification of agricultural areas and bioenergy with 

carbon capture and storage, decreased MSALU. Options, such as afforestation and reduced 

deforestation, either positively or negatively affected MSALU. This depends on their local 

implementation and adopted forest-conservation schemes. Comparing the different options showed 

that avoiding deforestation by implementing agroforestry at the expense of pastures delivered both 

the largest MSALU increases and the highest carbon sequestration opportunities. However, 

agroforestry that leads to deforestation, enhanced carbon sequestration slightly but with a marginal 

MSALU increase. This stresses the importance of avoiding forest conversion. Our study advances the 

understanding on current and future benefits and adverse effects of land-based mitigation options 

on biodiversity. This certainly helps biodiversity conservation and determines the regions with large 

land-based mitigation potential.  
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5.1 Introduction 

Changes in climate are projected to further adversely affect biodiversity this century (Thomas et al., 

2004; Pereira et al., 2010; Urban, 2015), including changes in species composition, distribution and 

extinctions, and in ecosystem structure and functioning. These impacts increase in extent and 

magnitude in the worst-case climate-change scenarios (Bellard et al., 2012). Global efforts to combat 

climate change are thus required to limit these adverse effects on biodiversity. These efforts include 

a global policy response to keep global temperature increase well-below 2°C and to pursue efforts to 

limit it to 1.5°C (i.e. The Paris Agreement; UNFCCC, 2015). These ambitious targets require, 

among others, further stringent climate-change mitigation to reduce CO2 emissions in different 

sectors and regions. Without such additional efforts to reduce CO2 emissions beyond those in place 

today, global emissions growth is expected to persist and the global mean temperature increase will 

likely range from 3.7°C to 4.8°C above pre-industrial levels by the end of the century (IPCC, 2014b; 

IPCC, 2018). Such temperature increase will unprecedentedly affect biodiversity (IPCC, 2014b; 

IPCC, 2018), as already at moderate warming (i.e. <2°C) significant change in species and 

ecosystems are expected. These changes are shown in a recent meta-analysis of the climate-change 

effects on biodiversity, where 14% and 17% of the originally occurring species and habitats, 

respectively, could be locally lost between 1°C and 2°C increase (Nunez et al., 2019). Grave impacts 

on biodiversity could potentially occur with 3°C increase as over half of all ecosystem likely shift 

biome and a quarter (25%) of the world’s nature reserves consequently would not comply to their 

original conservation purposes any more (Leemans and Halpin, 1992). 

The IPCC special report on Global Warming of 1.5°C (IPCC, 2018) and recent climate-change 

mitigation assessments (Griscom et al., 2017; Rogelj et al., 2018a; van Vuuren et al., 2018) reported 

mitigation pathways consistent with the Paris Agreement (i.e. to achieve CO2 emissions decline by 

about 45% from 2010 levels by 2030 for 1.5°C and 25% for warming to below 2°C). These pathways 

require broad transformations in energy, industry, transport, building and land-use sectors and thus 

include a range of potential mitigation options, which largely rely on Carbon Dioxide Removal 

(CDR). The mitigation potential of the land-use sector is high with a likely contribution between 

20% to 60% of total cumulative abatement to 2030 and 15% to 40% to 2100 (Smith et al., 2014). 

This contribution mainly comes from Bioenergy with Carbon Capture and Storage (BECCS) and 

removals in the Agriculture, Forestry and Other Land Use (AFOLU) sector (IPCC, 2018). AFOLU 

options are, for example, afforestation, reforestation, land restoration and soil carbon sequestration. 

Projecting changes in land use is central to understand the ways in which land-based mitigation 

options will counter or promote biodiversity conservation efforts (Rudel et al., 2005). How these 

land-based mitigation options will affect biodiversity is, however, poorly understood.  

Priority areas to establish land-based mitigation will not always reflect biodiversity values (Miles 

and Kapos, 2008). Thus land-based mitigation options are unlikely to benefit all ecosystems equally 

and in some cases may be even harmful. For example, replacing degraded tropical forest by 
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monoculture plantations can enhance terrestrial carbon storage in these ecosystems but the 

biodiversity value of monocultures is per definition low (Lal, 2008). Alternative options that 

promote degraded land to return to previous conditions, can be more beneficial to biodiversity. The 

challenge to identify and to select areas of high value for both climate change mitigation and 

biodiversity conservation urgently remains. 

Our study aimed to assess the implications of land-based mitigation options on biodiversity. To this 

end, we identified mitigation options in the land-use sector that can substantially reduce and capture 

CO2 emissions. These are AFOLU-related CDR options implemented in different climate change 

mitigation scenarios (IPCC, 2018). These options could largely contribute to achieve the 1.5ºC target 

from the Paris Agreement. We reviewed the scientific and policy literature on these different 

mitigation options and their land-use impacts to indicate whether they preserve, increase or 

deteriorate biodiversity. We used the Mean Species Abundance for land use (MSA; Alkemade et 

al., 2009) to quantify these impacts in a case scenario. As no single mitigation option sufficiently 

addresses climate change, we developed an approach to compare the carbon (C) storage (tC per ha) 

on land and the resulting biodiversity change of different mitigation options. This approach can be 

used to asses local, regional or global impacts and it shows baseline scenarios with underlying 

assumptions that negatively affect biodiversity, and alternative mitigation scenarios that, on the 

contrary, will likely benefit biodiversity. Our results and findings can be used for current and future 

biodiversity conservation in regions with presumably large land-based mitigation potential. 

5.2 Methods 

5.2.1 Selecting land-based mitigation options 

Our study focused on climate-change mitigation options in the land sector. We first searched 

climate-change mitigation options that are consistent with scenarios limiting global temperature 

increases to 1.5°C. These options were reported in Chapter 2 of the IPCC’s Special Report on Global 

Warming of 1.5ºC (Rogelj et al., 2018b). Subsequently, we selected mitigation options that were 

implemented in agriculture and forestry and that endured changes in land management practices 

and technology. These are AFOLU-related CDR land-based mitigation options that will generally 

require greater land area under more stringent, ambitious mitigation pathways (Harper et al., 2018). 

We finally reviewed additional climate change mitigation studies in the context of the Paris 

Agreement to identify other potential land-based mitigation options (e.g. Harper et al., 2018; Rogelj 

et al., 2018a; van Vuuren et al., 2018).  
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5.2.2 Determining changes in land use 

We identified the potential land-use changes of each land-based mitigation option. To do this, we 

reviewed the scientific and policy literature of climate-change mitigation studies that assessed one 

or more selected options. These studies indicated the original land cover and/or use where the 

option is implemented. Land-based mitigation, which depends on the assumptions from the climate-

change mitigation scenario in the original study, will likely result in land transition to achieve a 

substantial mitigation. In principle, this transition indicates land-cover and/or land-use change, but 

it can also indicate the same land cover and/or use with altered properties (e.g. land-use 

intensification). This land transition (or intensification) needed to achieve a substantial climate-

change mitigation, was also indicated in the original study. We recorded the evidence on land 

changes from these studies to determine the initial and final land cover and/or use. This evidence 

helped to assess implications of these changes on biodiversity.  

5.2.3 Assessing potential biodiversity change 

To assess potential biodiversity change, we assigned MSALU values (Table 5.A.1 in Appendix 5.A) 

to both the initial and final land cover and/or use for each mitigation option. The MSALU is an 

indicator that expresses the mean abundance of original species in disturbed conditions relative to 

their abundance in undisturbed habitats, as an indicator of the degree to which an ecosystem is intact 

(Alkemade et al., 2009; Alkemade et al., 2013). This indicator ranges between 0 in areas where 

original biodiversity has completely disappeared (e.g. from land transition due to climate-change 

mitigation), to 1 in areas where species composition and abundance is fully original (i.e. pristine). 

Relationships between MSALU and land use have been quantified in the GLOBIO model (Alkemade 

et al., 2009; Schipper et al., 2016). These relationships are based on studies and published datasets 

that reported species composition in a given type and intensity of land use and an undisturbed 

reference situation. Based on the MSALU values, we determined whether biodiversity increases, 

decreases or remains unchanged under the assumption of each mitigation option.  

We further quantified biodiversity changes in a specific case-scenario analysis by comparing 

alternative mitigation scenarios that implement one or more land-based mitigation options, with 

corresponding baseline scenarios that assumed no mitigation. We showed two cases. The first 

baseline scenario (BAU-1) assumed a continuation of current trends in underlying socio-economic 

drivers, such as population, technological and economic growth and consumption preferences. As 

a result, the demand for crop production (e.g. food and feed) increased (e.g. double) (Stehfest et al., 

2019). This demand was realised by increasing cropland area onto forest areas. This resulted in 

deforestation. Alternative scenarios to BAU-1 offered the opportunity to assess avoid deforestation 

while fulfilling such crop demand. This was done by expanding cropland areas elsewhere (i.e. 

avoiding deforestation) in combination with other mitigation options. The second baseline scenario 
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(BAU-2) also assumed that crop production doubles. This demand was realised by restoring 

degraded land into cropland. Alternative scenarios to BAU-2 assessed other possible restoration 

options. 

Biodiversity changes that resulted from land-use transitions in each mitigation option were related 

to the carbon-storage (CS; tC per ha) potential of the land cover and/or use where these options 

occur (Figure 5.1). We did this by calculating the total carbon storage CSt for all baseline and 

alternative scenarios (Equation 5.1).  

 

𝐶𝐶𝐶𝐶𝑡𝑡,𝑠𝑠 = ∑𝐶𝐶𝐶𝐶𝑖𝑖 ·a   (Equation 5.1) 

 

where CSt,s, is the total carbon stored in scenario s, CSi is the carbon storage capacity of land cover 

and/or land use i and a is the land cover and/or land use area (e.g. hectares). a and i vary 

depending on the mitigation option assumed in alternative scenarios. Subsequently, we 

calculated the absolute change between each alternative scenario and its corresponding baseline 

(Equation 5.2). 

 

∆CS𝑡𝑡 =  𝐶𝐶𝐶𝐶𝑡𝑡,𝑠𝑠𝑠𝑠 − 𝐶𝐶𝐶𝐶𝑡𝑡,𝑠𝑠𝑠𝑠  (Equation 5.2) 

 

where ∆CSt is the change in carbon stored between two scenarios, CSt,sx is the carbon stored in 

alternative scenario x and CSt,sb is the carbon stored in baseline scenario b. These carbon-storage 

estimates were derived from scientific evidence in the reviewed studies (Table 5.A.2 in Appendix 

5.A). We focused on the carbon storage of forests, croplands, pastures, peatlands and degraded 

lands.  

Similarly, the MSALU values for both the initial and final land cover and/or use for each scenario 

were compared (Equation 5.3). 

 

∆MSA𝐿𝐿𝐿𝐿 =  𝑀𝑀𝑀𝑀𝑀𝑀𝐿𝐿𝐿𝐿,𝑠𝑠𝑠𝑠 − 𝑀𝑀𝑀𝑀𝑀𝑀𝐿𝐿𝐿𝐿,𝑠𝑠𝑠𝑠 Equation 5.3) 

 

where ∆MSALU is the change in MSALU between two scenarios, MSALUsx is the MSALU value 

alternative scenario x and CSt,sb is the carbon stored in baseline scenario b. We assumed that degraded 

lands, which have not been assigned MSALU estimates yet, were in early stages of secondary 

vegetation. The MSALU of degraded land was estimated to be 0.4. This was based on estimates for 

species richness in young secondary vegetation (Newbold et al., 2015). The MSALU for agricultural 

land was also assigned 0.4 (Alkemade et al., 2009). Our comparison determined which option(s) 

obtained the largest carbon storage with the largest benefit to biodiversity.  
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Figure 5.1. Examples of mitigation options in different land cover and/or use. Potential carbon storage CS 

(tC per ha) and MSALU of land cover and/or use. 

5.3 Results 

We assessed twenty land-based mitigation options from AFOLU-related CDR. These options are 

presented in Table 5.1 together with their potential land cover and/or land use transitions. We found 

that more than half of these options could potentially benefit biodiversity by either maintaining (i.e. 

no change) or increasing the MSA value of the land cover and/or use where they occur. Mitigation 

options that increased its MSA included forest-related activities (i.e. forest restoration and 

afforestation), agriculture-related activities (i.e. agroforestry, urban and peri-urban agriculture and 

forestry and conservation agriculture) and degraded land-restoration options (i.e. reduced land 

degradation and restoration of wetlands). Restoration options included, for example, transitions 

from cleared or degraded land into primary vegetation. Land transitions into primary vegetation 

were indicated with MSA of 1. This means that those areas could potentially reach an original (or 

possibly natural) state over time. Thus, restoration of wetlands offered a large potential to increase 

biodiversity. 
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Land-based mitigation options in the livestock sector, such as grazing and manure management, did 

not require land-use change. Similarly, lands where silviculture, fire-management and pest-control 

options occurred did not transition into different land cover and/or use, and thus their MSA 

remained unchanged. These options helped to conserve forest structure and composition. 

The mitigation options that reduced the MSA of land cover and/or use included changes in 

agricultural practices to enhance soil carbon, which increased agricultural productivity. Such 

BECCS options are one of the largest contributors to remove emissions from the atmosphere during 

this century (Harper et al., 2018). Reduced deforestation and avoided forest conversion benefited 

biodiversity through maintaining the forest-land cover. However, they can also be detrimental to 

biodiversity as these options could lead to large biodiversity declines through ‘leakage’ issues if forest 

conservation is not adequately implemented (e.g. leakage effects into non-forest ecosystems) 

(Aukland et al., 2003; Popp et al., 2014). 
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The scenario comparison showed the baseline and alternative mitigation scenarios for two cases: 

deforestation and restoration of degraded land into cropland (Table 5.2 and Tables 5.A.3 and 5.A.4 

in Appendix 5.A). In the first case, we defined six alternative scenarios that contain options from 

Table 5.1, with the underlying assumption that food production doubles while avoiding 

deforestation (Table 5.2). These alternative scenarios showed different combinations of land-based 

mitigation in different land-cover/land-use types. We compared these scenarios with the baseline to 

determine which option derives both the highest carbon storage and MSALU. We found that 

agroforestry is by far the best option to avoid deforestation while maintaining, and even increasing, 

cropland production at the expense of pastures (Figure 5.2a). Both carbon storage and MSALU 

increased under this alternative option by 3185 MtC and by 7%, respectively. The least desired 

option to avoid deforestation was agroforestry at the expense of forest. The second case showed 

minimal benefits on biodiversity when land is restored into cropland (Figure 5.2b). We found that 

restoration of peatlands is the best alternative option for degraded land.  
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Table 5.2. Alternative mitigation scenarios for i) BAU-1 ‘deforestation’ and ii) BAU-2 ‘restoration of degraded 

land into cropland’. The main underlying assumption for these scenarios is that cropland area 

increases to achieve the desired food production. 

Scenarios Short description 
BAU 1 - deforestation  BAU shows continuation of current socio-economic trends that 

result in increasing food demand. Cropland area expands onto 
forest (deforestation) 

Alternative 1 - cropland 
area increases at the 
expense of pasturesa 

Food production increases by cultivating the established units of 
cropland and additional units of pasture (i.e. moderately used 
rangelands; Alkemade et al., 2013) 

Alternative 2 - food 
production increases due to 
agricultural productivity 
increase per area 

Food production increases as technological change will result in 
increasing crop productivity (yield/ha) (Stehfest et al., 2014), and 
therefore no additional land is required 

Alternative 3 - agroforestry 
at the expense of forest 

Reintroduction of trees to agricultural land will decrease land 
productivity by 25%. To compensate the productivity loss and to 
achieve the desired level of food production, cropland area 
increases at the expense of forest area 

Alternative 4 - agroforestry 
at the expense of pasturesa 

Reintroduction of trees to agricultural land will decrease land 
productivity by 25%. To compensate the productivity loss and to 
achieve the desired level of food production, cropland area 
increases at the expense of pastures 

Alternative 5 - agroforestry 
with agricultural 
productivity increase at the 
expense of forest 

Reintroduction of trees to agricultural land will decrease land 
productivity by 25%. By means of technological change, 
agricultural productivity increases in the agroforestry system. To 
compensate the original productivity loss and to achieve the 
desired level of food production, cropland area increases at the 
expense of forest area 

Alternative 6 - agroforestry 
with agricultural 
productivity increase at the 
expense of pasturesa 

Reintroduction of trees to agricultural land will decrease cropland 
productivity by 25%. By means of technological change, 
agricultural productivity increases in the agroforestry system. To 
compensate the original productivity loss and to achieve the 
desired level of food production, cropland area increases at the 
expense of pastures area 

BAU 1 - restoration of 
degraded land 

Degraded land is restored into cropland to fulfil food demand 

1- forest increase Degraded land is restored into forest 
2- peatland increase Degraded land is restored into peatlands 
3- pastures increase a Degraded land is restored into pastures 

 
a This option assumes large changes in human diet (e.g. less meat) and consumption patterns that 

likely reduce the demand for livestock products. 
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5.4 Discussion and conclusions 

We assessed the implications of twenty land-based mitigation options on biodiversity. Our results 

showed that fifteen of the assessed options benefit biodiversity by either maintaining or increasing 

the MSA of the land use where they occur. Options that increased biodiversity included agroforestry, 

conservation agriculture, reforestation of croplands and pastures and restoration of degraded land 

(e.g. wetlands). Reforestation and restoration options could potentially allow land to reach a primary 

vegetation state (i.e. MSA of 1) over time, while improving the land carbon-storage capacity. 

Wetlands such as peatlands, which have some of the highest annual carbon sequestration rates (i.e. 

peat accumulates at rates of 0.5–1.0 mm yr-1; Ramsar, 2018), could return to important habitats and 

refuge for many rare and endangered species (Warren et al., 2017). This is particularly important to 

prevent wetlands from releasing methane, a potent greenhouse gas (Ramsar, 2018). We also found 

that avoided deforestation offered large benefits to biodiversity as it will preserve habitats for many 

species, especially in the tropics. However, avoided deforestation is contested as it creates a 

competing demand between climate-change mitigation and enhancing food security (i.e. demand 

for agricultural land) (Aukland et al., 2003; Miles and Kapos, 2008). This competing demand 

between agricultural land and more specifically croplands (e.g. SSP2; Popp et al., 2017; Stehfest et 

al., 2019), and forests was apparent in the baseline scenario for avoided deforestation. The expansion 

of cropland onto forest resulted in a 7% MSA decrease and a loss of 1660 MtC, whereas 

implementing agroforestry with increasing agricultural productivity at the expense of pastures 

increased both carbon storage (i.e. with 2236 MtC) and MSA (i.e. with 7% ). Similarly, afforestation 

either positively or negatively affects MSA. This depends on their spatial implementation and forest-

conservation schemes. All other mitigation options will negatively affect biodiversity due to 

intensification of cultivated and managed areas to increase soil carbon and to promote the 

deployment of BECCS. 

Land-based mitigation potentially limit global temperature increase to 1.5°C above pre-industrial 

levels, with major contributions from BECCS and large-scale afforestation (Rogelj et al., 2018a; van 

Vuuren et al., 2018). The deployment of BECCS in the scenarios that are consistent with the Paris 

Agreement, is projected to range from 0-4.5 GtC per year in 2100. This assumes that BECCS occurs 

worldwide (IPCC, 2018) and it would require a large amount of land (i.e. up to 550 Mha by 2060 in 

the Shared Socio-economic Pathway 2, SSP2-RCP1.9) (Harper et al., 2018) to cultivate the biomass 

required for bioenergy, competing not only with producing food to support a growing population 

but also biodiversity conservation. This was previously shown in an assessment on the effects of 

changes in agricultural efficiency and consumption patterns on biodiversity loss (Powell and Lenton, 

2013). This assessment showed a substantial biodiversity loss due to increasing intensity of biomass 

harvests. On the other hand, afforestation to mitigate climate change potentially increases 

biodiversity of degraded lands by growing new forests. Generally, these forests are plantations of 

non-native species that sequester carbon faster than native trees. However, afforestation could also 
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be detrimental for biodiversity if implemented on non-degraded land. In such a case, reforestation 

by native trees on originally forested land is best for biodiversity (Cunningham et al., 2015). 

While many studies assessed the climate-change mitigation potential of these options (e.g. Smith et 

al., 2008; Herrero et al., 2016; Zomer et al., 2016), only few addressed the likely impacts on 

biodiversity (Díaz et al., 2009; Powell and Lenton, 2013; Griscom et al., 2017; Smith et al., 2018). 

Yet, this limited number of studies focused mainly on impacts from individual land-based mitigation 

options or only qualitatively assessed biodiversity change. Our results advanced the findings of 

especially the recent study (Smith et al., 2018). We showed that cropland and agroforestry have a 

replacement effect if implemented in combination, whereas restoration of degraded land mostly 

increased biodiversity. However, restoration of severely degraded land is difficult and in some cases 

constrained by its short-term cost-effectiveness (Griscom et al., 2017). 

We assessed land-based mitigation options implemented in scenarios that limit warming to 1.5°C 

(e.g. van Vuuren et al., 2017; Rogelj et al., 2018a; van Vuuren et al., 2018). These mitigation 

scenarios differ in the deployment level of land-based mitigation options into the energy system, on 

the assumed development of socio-economic drivers (e.g. population growth and economic 

development), implementation costs and uncertainties in future land projections due to differences 

in modelling approaches in current land-use models (Popp et al., 2014; IPCC, 2018). These 

differences affect the time before benefits to biodiversity become visible. This means that land-based 

mitigation options that deliver an early high mitigation potential (e.g. BECCS) do not necessarily 

benefit biodiversity by increasing the land-use’s MSA. Considerable research still is needed to 

comprehensively analyse the best options that favour both climate change mitigation and 

biodiversity protection. This desired combination will contribute to achieve the climate target, while 

reducing detrimental biodiversity decline by unsuitable land-based mitigation options. 

Overall, we showed that opportunities to mitigate climate change by land-use based options will 

largely benefit biodiversity. However, biodiversity protection strategies should also be considered. 

For example, implementation of forest-related efforts simultaneously reduce the pressures on 

biodiversity conservation and other ecosystem values (Miles and Kapos, 2008). A unique solution 

does not exist. With more claims on land, more pressure and higher potential biodiversity losses will 

occur. Yet, finding workable synergies requires solutions that are less effective for separate goals. 

The Paris Agreement call to limit global temperature increase can become a major risk to 

biodiversity conservation if the beneficial land-based mitigation options are not selected and 

implemented effectively. Thus addressing the impacts of different land-based mitigation with 

alternative mitigation options (e.g. van Vuuren et al., 2018), like we did in this study, on biodiversity 

and other co-benefits of nature, is essential. 
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5.A Appendix  

Table 5.A.1. MSALU estimates for land cover/land use 

GLOBIO land-use class MSALU 
Forest - Natural 1.00 
Forest - Plantation 0.30 
Forest - Clear-cut harvesting 0.50 
Forest - Selective logging 0.70 
Forest - Reduced impact logging 0.85 
Burnt forest 1.00 
Natural grassland 1.00 
Pasture - moderately to intensively used 0.60 
Pasture - man-made 0.30 
Extensive cropland 0.30 
Intensive cropland 0.10 
Irrigated cropland 0.05 
Woody biofuels 0.30 
Bare area 1.00 
Snow and ice 1.00 
Urban area 0.05 
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Table 5.A.2. Carbon storage estimates 

Land cover/land use/biome tC per ha Source 
Tropical forests 243 IPCC Special Report Land Use, Land-use 

change and forestry (2000) 
Temperate forests 153 IPCC Special Report Land Use, Land-use 

change and forestry (2000) 
Boreal forests 408 IPCC Special Report Land Use, Land-use 

change and forestry (2000) 
Tropical savannas 147 IPCC Special Report Land Use, Land-use 

change and forestry (2000) 
Temperate grasslands 243 IPCC Special Report Land Use, Land-use 

change and forestry (2000) 
Deserts and semideserts 44 IPCC Special Report Land Use, Land-use 

change and forestry (2000) 
Tundra 134 IPCC Special Report Land Use, Land-use 

change and forestry (2000) 
Wetlands 686 IPCC Special Report Land Use, Land-use 

change and forestry (2000) 
Croplands (extensive) 82 IPCC Special Report Land Use, Land-use 

change and forestry (2000) 
Grasslands 62 Griscom et al., (2017) 
Global peatlands 267 Griscom et al., (2017) 
Cropland soil (Available soil)a 82 Zomer (2017) 
Cropland soil (High SOC soils) a 252 Zomer (2017) 
Mangroves 937 Alongi (2012) 
Tropical and Subtropical Moist 
Broadleaf Forests 

248 Keith et al., (2009) 

Tropical and Subtropical Dry 
Broadleaf Forests 

111 Keith et al., (2009) 

Tropical and Subtropical 
Coniferous Forests 

111 Keith et al., (2009) 

Temperate Broadleaf and Mixed 
Forest 

642 Keith et al., (2009) 

Temperate Conifer Forest 278 Keith et al., (2009) 
Boreal Forest/Taiga 97 Keith et al., (2009) 
Agroforestryc 126 Shi (2018) 
Cropland (intensive) 77 This study 
Degraded land 40 This study 

 
a 30 cms depth 
b Mean soil C Stocks MgC/ha 
c For stock data 'No tillage' had significantly higher SOC stocks down to 30 cm than either ‘High 

intensity’ (4.61 Mg per ha) or ‘Intermediate intensity’ (3.85 Mg per ha). 
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6.1 Introduction 

The overall objective of my thesis was to explore future biodiversity trends under projected direct and 

synergistic changes in climate and land use and to advance understanding of climate-change mitigation 

consequences for biodiversity. To achieve this objective I formulated four research questions: 

RQ1 Is the well-below 2°C climate target adequate to protect biodiversity? 

RQ2 How do projected changes in climate and land use affect biodiversity in a grassland 

 ecosystem? 

RQ3 How will interaction mechanisms between changes in climate and land use affect    

biodiversity? 

RQ4 What are the implications on biodiversity of land-based mitigation?  

These questions have been addressed in the previous chapters (Chapters 2 to 5). In Chapter 2, I 

addressed RQ1 by assessing the magnitude of expected changes of biodiversity by performing a 

meta-analysis of the responses of species distributions to climate change. In Chapter 3, I addressed 

RQ2 by developing climate and land-use scenarios based on the Shared Socio-economic Pathways 

and the Representative Concentration Pathways (i.e. SSP-RCP scenario framework) to explore 

biodiversity change in the Central Asian grasslands. In Chapter 4, I addressed RQ3 by exploring 

interaction effects between changes in climate and land use on biodiversity. In Chapter 5, I addressed 

RQ4 by assessing implications of land-based mitigation on biodiversity. In this synthesis chapter I 

first summarize the main findings for each research question, then I discuss the relevance of these 

findings in a wider research context and, finally, I present an outlook and recommendations for 

further research.  

6.2 Main findings of the thesis 

The general findings of my thesis provide a strong scientific advancement on understanding high-

end climate-change impacts (i.e. beyond the 2°C Paris target) and land-use change on biodiversity 

during the 21st century. These high-end conditions were derived from SSPs and RCPs scenarios, the 

latest Intergovernmental Panel on Climate Change (IPCC) scenarios, which are now becoming 

more popular in impact assessments. The findings of my thesis show that changes in climate and 

land use are major drivers of biodiversity decline, and that projected changes will place additional 

pressure on local biodiversity. In this section I answer each of the research questions formulated 

based on the findings from previous chapters. 

  



Synthesis, discussion and conclusions 

 

97 

6.2.1 Is the well-below 2°C climate target adequate to protect biodiversity? 

The main results from Chapter 2 and Chapter 3 did not demonstrate that a climate target of keeping global 

temperature increase well-below 2°C protects biodiversity. In Chapter 2, my meta-analysis revealed a 

gradual decrease in biodiversity with significant reductions in the fraction of remaining species 

(FRS) and the fraction of remaining area (FRA) with suitable climate for species of 14% and 35% 

between 1°C and 2°C increases in global mean temperatures. This finding specifies that many species 

will go extinct locally and likely disappear from areas where they now occur. Mammals were 

projected to undergo the largest local species reduction. My results generically relate climate change 

and biodiversity loss. This relationship is useful to assess relative adverse effects of different climate-

change scenarios and to stress the importance of holding climate change well-below 2°C. The 

scenario analysis that was carried in Chapter 3, also showed large decreases in the biodiversity in 

the Central Asian grasslands, even in scenarios that depicted a moderate climate change (i.e. <2°C). 

Biodiversity declined strongly with higher temperature levels. These scenarios showed that about 

half of the currently pristine natural grasslands will likely convert into moderate or even high 

intensively used grasslands, and lose almost entirely their original occurring species. These findings 

indicated that already at moderate levels of warming many changes in species and ecosystems can 

be expected.  

6.2.2 How do projected changes in climate and land use affect biodiversity in 

a grassland ecosystem? 

The main finding from Chapter 3 was that the extent of Central Asian pristine natural grasslands that 

contain the highest biodiversity (i.e. MSA of 1), will drastically decrease from changes in climate and land use 

already in 2040. In Chapter 3, I used scenario analysis based on the SSP-RCP scenario framework to 

estimate future biodiversity change in the Central Asian grasslands, which is the largest continuous 

grasslands region in the world but it is poorly studied and documented. The region has little 

information on current and future biodiversity trends. I developed land-use scenarios that describe 

the impact of socio-economic drivers (i.e. population increase, economic growth and technological 

development) on grasslands, under moderate (i.e. <2°C) and higher (>4°C) warming. I found that 

biodiversity loss will be exacerbated in scenarios that project high temperatures and socio-economic 

developments (i.e. SSP3-RCP8.5 and SSP5-RCP8.5). Yet, in scenarios with moderate temperatures 

and socio-economic developments (i.e. SSP1-RCP4.5 and SSP4-RCP8.5) biodiversity will also 

undergo large decreases. These are major impacts for this grassland region. Critical levels of 

biodiversity loss were mainly found around population settlements, where land-use change is 

increasingly dynamic in response to population growth. These rapid changes relate mostly to a 

conversion from natural grassland to pastures and/or cropland. The results from my scenario 

analysis are consistent with the recent IPBES report that projects climate and land-use change 
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impacts on biodiversity (IPBES, 2019). Changes to the grassland ecosystem as a result of changes in 

climate and land use, are likely to have substantial negative social, cultural and economic 

consequences for pastoralist communities in Central Asia.  

6.2.3 How will interaction mechanisms between changes in climate and land 

use affect biodiversity? 

The major finding from Chapter 4 was a no significant interaction effect for the mechanism ‘climate change 

and the presence of conspecifics in modified habitats determines species’ birth rates or extinction risk’. This 

unexpected finding was based on a meta-analysis of bioclimatic studies on species distributions 

under climate change in fragmented landscapes. A no significant interaction means that the FRS of 

areas with large proportion of cropland (i.e. intensively managed) did not significantly differ from 

those areas with a low cropland proportion (i.e. close to pristine, natural areas) under climate 

change. I found that global mean temperature increase is a significant model predictor for 

biodiversity decline. This suggest that temperature has a strong influence on FRS. The validation of 

interaction mechanisms between land-use and climate-change effects and other inherent factors that 

affect species’ dispersal (e.g. adaptive capacity and time lags) will help to better project future 

biodiversity trends. However, the lack of integration between these drivers in the available literature 

limits the development of strategies for biodiversity conservation.  

6.2.4 What are the implications of land-based mitigation on biodiversity? 

The main finding from Chapter 5 was that climate-change mitigation by land-use based options will largely 

benefit biodiversity. This benefit arises from the possible positive synergies between land-use based 

options in certain climate-change mitigation scenarios. This was the case of agroforestry in 

combination with agricultural practices, which can deliver substantial benefits in terms of carbon 

sequestration and biodiversity conservation. I found that mitigation options such as reforestation of 

cultivated and managed areas and restoration of wetlands deliver the largest MSA increases, but 

only if land is allowed to reach a mature state over time. The Paris Agreement call to limit global 

temperature increase can become a major risk to biodiversity conservation if the beneficial land-

based mitigation options are not selected and implemented effectively. This is the case of land-based 

mitigation options with large mitigation potential such as Bioenergy with Carbon Capture and 

Sequestration (BECCS) and intensification of agricultural areas. Both BECCS and the 

intensification of agricultural areas strongly rely on agricultural efficiency improvements and land 

expansion to achieve higher yields. These practices lead to land-use intensification (e.g. low-input 

agriculture to intensive agriculture) and eventually to land-use change (e.g. natural grasslands to 

pastures). Consequently, the originally occurring species in those agricultural areas will also change. 

In Chapter 3, I showed that grazing intensification, which increases the per hectare productivity of 
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grassland areas, decreases the MSA in grasslands. Grazing will intensify in scenarios that feature 

high population and economic growth (e.g. SSP5) until the areas reach their potential grazing 

carrying capacity and then convert to another land use. These scenarios will likely require the largest 

mitigation efforts. Climate-change mitigation can thus be detrimental for biodiversity if the 

implementation of land-based mitigation options ignore the impacts of biodiversity. 

6.3 Addressing biodiversity change under species’ adaptive 

capacity and unlimited dispersal cases 

The outcomes of my thesis were primarily based on an approach that uses species-distribution (i.e. 

species climate envelope) models to estimate biodiversity decline under climate change. These 

species-distribution models rely on statistical correlations between the observed species distributions 

and several climate variables to predict their distributions and hence their extinction risk under future 

climate scenarios (Pearson and Dawson, 2003; Guisan and Thuiller, 2005). My approach estimated 

the expected number of remaining species and areas with suitable climate for species. These likely 

conservative biodiversity estimates excluded the potential species gains (i.e. species turnover) as 

estimated in dynamic approaches. These approaches and the resulting increased biodiversity from a 

complementary meta-analysis to Chapter 2 that uses data for unlimited dispersal cases, are discussed 

in this section. 

More dynamic approaches that assess the vulnerability of species to climate change, showed that 

observed climate-change induced responses are influenced by species’ biological traits (Dawson et 

al., 2011). Vulnerability, in such dynamic context, refers to the extent to which a species or 

population is threatened with decline, reduced fitness, genetic loss or extinction owing to climate 

change. These dynamic approaches require consideration of all aspects of vulnerability: exposure, 

sensitivity and adaptive capacity (Williams et al., 2008), and probably reflect future trends of 

increased biodiversity. These positive trends have been shown in previous studies that assessed 

distributions of vertebrate (e.g. reptile and amphibian) and plant species under climate change 

(Araujo et al., 2006; Fordham et al., 2012).  

Adaptive capacity is the ability of a species (or a system) to cope with climatic change by persisting 

in situ, by shifting to more suitable local microhabitats or by migrating to more suitable regions 

(Lindner et al., 2010; Dawson et al., 2011; Beever et al., 2016). Adaptive capacity largely depends 

on species’ dispersal ability. This is shown on the left and right parts of Figure 6.1 (i.e. potential 

adaptation of species in the original area with suitable climate and potential dispersal of species in 

the projected area with suitable climate). Previous studies that assessed potential adaptation in situ 

(e.g. Hamann and Aitken, 2013) found that biodiversity could be maintained under moderate 

climate change until the end of the century. These results are useful for conservation planning only 
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when they indicate that threats to biodiversity have been considered in such scenario assessments 

(e.g. Foden et al., 2013; Pacifici et al., 2015).  

Dispersal refers to the ability of species to disperse within and across habitats, to track the preferred 

climate space and to expand rapidly following disturbance (Solomon and Leemans, 1990; Williams 

et al., 2008). Most climate and land-use change impact assessments on biodiversity report changes 

in species distributions and habitats based on two extreme cases: no dispersal and unlimited dispersal 

(e.g. Thomas et al., 2004; Rondinini and Visconti, 2015; Visconti et al., 2015; Newbold, 2018). No 

dispersal restricts future predictions of suitable habitat to the extent of the current distributions, 

whereas unlimited dispersal assumes that a species could instantaneously reach all geographical 

areas with projected suitable habitat, overcoming different land-use barriers (Bateman et al., 2013).  

The analyses that were conducted in my thesis, particularly in Chapters 2, 3 and 4 were based on 

the no-dispersal case. No dispersal has been shown to be closer to species specific dispersal data 

(Hellmann et al., 2016). Hellmann et al. (2016) estimated climate change sensitivity scores for 

vertebrate and plant species and found that both assumptions (i.e. no dispersal and unlimited 

dispersal) are unrealistic. However, unlimited dispersal largely overestimates the extent of future 

species distributions, while no dispersal probably only slightly underestimates projected distribution 

extents. Thus, the FRS, FRA and MSA that I used in my research, reflected changes in biodiversity 

that are likely much closer to species specific dispersal estimates than estimates for unlimited 

dispersal.  

 

Figure 6.1. Schematic illustration to indicate potential species adaptation, FRA and species potential dispersal 

under projected global mean temperature increase. 
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The unlimited dispersal assessment (Figures 6.2b and 6.2d), as expected, showed that current 

biodiversity levels likely remain intact whereas the no-dispersal situation projected a gradual 

decrease in both FRS and FRA (Figures 6.2a and 6.2c). Such decrease was significantly larger for 

FRA (i.e. 21% at 95% confidence interval: 15-26%) (Table 6.1) than for FRS. In the unlimited 

dispersal case, the originally occurring species were perfectly able to track areas with suitable climate 

and thus remained constant (Figure 6.2b). The area with suitable climate was projected to slightly 

increase (Figure 6.2d). However, some previous studies that assessed unlimited dispersal concluded 

that despite this being an optimistic situation, the species response is strongly linked to the local 

climatic conditions (and the stochastic extreme weather events) of the original study area and thus 

should not be generalized too much (Engler et al., 2009). 

 

 

Figure 6.2. Meta-regressions on global mean temperature increase for log10 effect sizes (a) Fraction of 

Remaining Species, (b) Unlimited dispersal for local original occurring species, (c) Fraction of 

Remaining Area with suitable climate and (d) Unlimited dispersal for projected area with suitable 

climate. Confidence intervals (CI 95%) are shown by the shadowed line. Each effect size is 

represented by a circle, and the size of the circle indicates the number of species in the original 

study. 
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The relative rates of environmental and evolutionary change that will likely affect biodiversity, need 

to be further addressed (c.f. Bradshaw and Holzapfel, 2006). Although accounting for either 

modelling approaches that attempt to simulate species’ dynamics under future climate scenarios 

provides optimistic future biodiversity trends, my conservative assumption shown to be more 

promising in the projection of biodiversity responses. This is because assuming no dispersal only 

differs slightly from climate sensitivity scores calculated with species specific dispersal data. 

Remaining uncertainty will then likely relate most to the magnitude of climate change (c.f. Engler 

et al., 2009) and land-use change as it was shown in Chapter 3.  

6.4 Biodiversity sensitivity to changes in climate and land 

use  

In Chapter 4, I showed that the interaction effect between current levels of cropland and global mean 

temperature increases on biodiversity is not significant. This outcome counteracts the intuitive 

assumption that climate and land-use change effects will synergistically interact upon species. In 

practice, this synergy likely happens. Theoretically, the many factors that influence this synergistic 

effect (e.g. time lags, species dispersal ability and species adaptive capacity) are difficult to integrate 

in biodiversity assessments. Moreover, integrated assessments that focus on crop productivity and 

shifts in potential production areas neglect the wide range of human adaptive responses to climate 

change in land-use systems. For example, spatial displacement of activities can pose a significant 

threat to biodiversity (Titeux et al., 2016). This neglect also limits a holistic integration of all relevant 

factors to address the interaction mechanisms (including feedbacks, trade-offs and synergies). The 

generally addressed synergy assumption therefore has most often been reported as an accumulated 

individual effect rather than the actual interaction (e.g. Mantyka-Pringle et al., 2012; Brown et al., 

2015; Garcia-Valdes et al., 2015). A more thorough theoretical understanding and methodological 

approach to assess interaction effects is still needed. This can be achieved, for instance, by moving 

away from the relatively linear relationships between all relevant drivers, and focus on the more 

complex dynamic interactions (Pereira et al., 2010). Such complexity could help to explain the 

unanticipated outcome from Chapter 4.  

This section is thus devoted to explore and test the sensitivity of biodiversity to changes in cropland 

extent (%) and global mean temperature (°C ) (i.e. mixed-effect model in Section 4.2.4 of this thesis) 

across Europe, using a sensitivity analysis. A sensitivity analysis is a tool to determine how much of 

the variability and uncertainty in model output variables can be attributed to different inputs 

variables (Leemans, 1991). I used a model protocol designed in the IMPRESSIONS project 

(Fronzek et al., 2019) to perform additional model runs with GLOBIO3, which is a model to assess 

the impact of different environmental drivers on terrestrial biodiversity (Alkemade et al., 2009).  
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The results of the sensitivity analysis showed that biodiversity decreases with both warming and 

expansion of cropland (Figure 6.3), but the model is most sensitive to changes in temperature. The 

effect of a moderate increased in temperature (e.g. 2°C), that was determined at no cropland change, 

decreased the relative species abundance (i.e. MSA) on average from 38% to 36% across Europe. 

With no temperature change, the MSA only decreased when cropland extent increased beyond 10%, 

with the strongest decrease (i.e. from 38% to 33%) occurring when cropland expands by 30%. 

Climate-change effects were quantified per biome. This means that the degree of biodiversity loss is 

strongly linked to the biomes of this region. Thus, the dramatic biodiversity decrease projected for 

the Mediterranean region (i.e. MSA from 38% to 23%) at a more extreme climate change (i.e. >4°C) 

is in agreement with findings from Chapter 2. In Chapter 2, I also found that shrublands are among 

the most sensitive biomes projected to experience the largest reductions in local species abundance. 

The effect of cropland expansion is, however, largely determined by the allocation algorithm in 

GLOBIO3. Based on this algorithm, cropland expansion is first allocated to non-forest natural 

vegetation classes, followed by forest classes. Thus, regions such as Eastern Europe and France, 

which are characterized by large agricultural land extents, are likely to experience large effects from 

increasing cropland area when determined at no temperature change. On the contrary, regions such 

as the Alps, British Isles and Northern Europe, which are characterized by natural vegetation classes 

(e.g. forests), are less likely to be affected by increases in cropland. Further results of this sensitivity 

analysis have been published in Fronzek et al. (2019). 

 

 

Figure 6.3. Maps of biodiversity change in Europe (all regions) under three combinations of temperature 

change and cropland extent. (a) Baseline conditions (i.e. no change), (b) Conservative conditions 

(i.e. -1°C and 10% decrease in cropland area) and (c) Extreme conditions (i.e. +11°C and 30% 

increase in cropland area).  
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The different combinations of temperature change and cropland extent that were used in my 

analysis, projected plausible futures with varying effects on biodiversity. However, extreme climate 

conditions, such as temperature increases beyond 7°C or allocation of large cropland areas, are far 

beyond the reach of the GLOBIO3 model and thus the results for such scenarios need to be 

contemplated carefully. The biodiversity response was fairly linear to changes in climate and land 

use (Figure 6.4). This can be attributed to the lack of complex drivers interactions within GLOBIO3. 

The model’s linearity helped to verify consistency and robustness of GLOBIO3’s simulated 

biodiversity patterns and changes therein. More specifically, the model results indicated that 

interactions among environmental drivers were mostly absent. In general terms, this means that 

uncertainties related to the parameterisation of complex cause–effect relationships, the considered 

drivers, the scenario inputs to specify trends in drivers, the underlying data and the used indicators 

need to be further assessed. This could likely improve GLOBIO3 and modelling approaches such as 

the one used in my research, in a direction that more robust and maybe more realistic and precise 

results will become available to the impact assessment community.  

 

 

Figure 6.4. Simulation results over European regions for mean species abundance (MSA) plotted as contoured 

Impact Response Surfaces (IRSs) with respect to temperature change (°C) and land-use change 

(%) (adapted from Fronzek et al., 2019). Top row shows absolute changes between the simulated 

baseline (unperturbed- at the intersection of the zero change lines) and perturbed responses of 

MSA. Bottom row shows relative changes between the simulated baseline (unperturbed- at the 

intersection of the zero change lines) and perturbed responses of MSA. 
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6.5 Future outlook: prioritising efforts to protect 

biodiversity  

The 2°C and the stricter 1.5°C climate targets from the Paris Agreement strongly differ in their 

negative consequences for biodiversity, both locally and globally (Leemans and Vellinga, 2017; 

Smith et al., 2018; Warren et al., 2018). The stricter target has substantially lesser impacts (IPCC, 

2018). A recent study that assessed different consequences (including biodiversity) of various 

climate-change scenarios in Europe across different sectors (Harrison et al., 2019a), also found that 

impacts are considerably larger under the high-end (i.e. >4°C) than low-end (i.e. < 2°C) climate 

change. Since the average global temperature reached approximately 1°C above pre-industrial levels 

in 2017 (IPCC, 2018), limiting climate change to the 2°C target and more desirably to 1.5°C would 

require large mitigation efforts, including those from the land sector. Such efforts probably threaten 

species and habitats and jeopardize biodiversity conservation as a whole (c.f. Chapter 5). To 

prioritize efforts, projecting plausible biodiversity trends that minimize uncertainty to the climate 

and land-use change effects, will be necessary (Newbold et al., 2019). Such trends have been shown 

in Chapters 2 to 5 of my thesis. Nevertheless, urgent advances remain needed to estimate trends 

under projected changes in climate and land use, that can help prioritizing biodiversity protection 

efforts. These advances are discussed below. 

A consistent approach to estimate biodiversity trends under low-end and high-end climate change.  

Higher levels of warming are expected in the coming decades. Thus, future advancements in 

projecting biodiversity trends require an agreed approach to estimate biodiversity losses under 

different climate-change ends. In Chapters 2 and 3 of my thesis, I also assessed biodiversity responses 

to global mean temperature increases beyond 2°C. In Chapter 2, I used intervals of temperature 

increase that cover up to 7°C increase as reported in previous studies (e.g. Shoo et al., 2005; Loarie 

et al., 2008; Sekercioglu et al., 2008). In Chapter 3, I used the reported global mean temperature 

increase from high climate-change scenarios (i.e. 3.7°C relative to the 1986-2005 period in RCP8.5; 

IPCC, 2013b). I found that biodiversity declines more strongly with higher temperature-increase 

levels. I proposed methods to estimate such consequences (i.e. future biodiversity trends). These 

methods and their resulting trends are based on a conservative approach. This approach focuses on 

assessing the proportion of local remaining species and their habitats after projected changes in 

climate and land use. Similar approaches to the one that I used in my thesis, can provide the robust 

and needed results to adequately inform efforts on biodiversity conservation.  

Assessments of the interaction mechanisms between climate and land-use change effects that integrate other 

conditions (e.g. spatial location, adaptive capacity and time lags).  

The understanding of the interactions between climate and land-use change effects is improving but 

scientific progress is still urgently needed (Oliver and Morecroft, 2014). For example, estimates of 

the interaction effects for different ecosystems at both 2°C and 1.5C°C would provide more robust 
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arguments for the stricter target, allow to better project future biodiversity trends and help develop 

coping strategies for biodiversity conservation. The lack of integration of climate and land-use 

change effects in the current climate-change negotiations implies that the projected biodiversity 

responses probably also inadequately inform biodiversity managers and policy makers on 

possibilities to develop synergistic biodiversity-conservation measures consistent with limiting 

climate change to well-below 2°C and preferably lower (Chapters 2 and 3). Efforts on advancing the 

understanding of drivers interactions should certainly be among priorities to project future 

biodiversity trends. Although clear evidence to verify some of these mechanisms is lacking, Chapter 

4 explored different mechanisms to estimate the potential interaction effect of these drivers.  

Translate estimates of biodiversity loss in grassland ecosystems.  

A major challenge highlighted in my thesis, is the urgent need to translate findings of Chapter 3 into 

better management strategies for especially the Central Asia’s grasslands. Such findings resulted 

from contrasting scenario combinations from the SSP-RCP scenario framework, and showed that 

grasslands’ biodiversity will decline under each scenario. This is particularly important when 

assessing mitigation pathways that rely heavily on untested mitigation approaches such as BECCS 

(Chapter 5). Although these biodiversity estimates stress the potential vulnerability of this region to 

increasing land-use intensity and climate change, they are the result of a static model and scenario 

approach which should be further advance to deliver dynamic projections of land-use changes.  

The way forward of the Post-2020 Global Biodiversity Framework.  

The Post-2020 Global Biodiversity Framework comprises actions towards the development of an 

ambitious post-2020 strategy that would contribute to the achievement of the Sustainable 

Development Goals (SDGs), and support the Rio Conventions as well as other biodiversity-related 

conventions (IUCN, 2019b). This framework, which will likely follow up the Strategic Plan for 

Biodiversity 2011-2020 and its 20 Aichi Biodiversity Targets, will become the core for several 

advances for which this thesis provides strong scientific advancement. For example, the findings of 

my thesis can contribute to identifying ways and means by which the CBD and the Post-2020 Global 

Biodiversity Framework can achieve the transformational change of pathways towards a 

sustainable, plausible future, as established in the 2050 Vision for Biodiversity. 

6.6 Conclusions 

The loss of biodiversity is an environmental problem that society at large has been facing during the 

last decades. This thesis generated state-of-the-art knowledge for the scientific community and 

policy-makers on impacts from high-end scenarios on biodiversity and the effectiveness of different 

mitigation strategies to cope with extreme climate change. This was achieved by applying existing 

and novel approaches to fill four major knowledge gaps: 1) a consolidated body of knowledge to 

assess the response of biodiversity to a global mean temperature increase well-below 2°C, 2) an 
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integrated assessment of climate and land-use change impacts on biodiversity in grasslands, 3) a 

better understanding of interaction mechanisms between climate and land-use change effects on 

biodiversity and 4) a thorough understanding of implications of climate-change mitigation on 

biodiversity. From this generated knowledge, I can conclude the following:  

• The magnitude of expected changes of biodiversity differs considerably across different intervals of 

temperature increase and land use. These changes, however, indicate gradual continuous decreases of 

species abundance and habitats that exacerbate under projected high-end climate change (i.e. beyond 

the 2°C target) and large societal developments. Translating the relevant information on socio-

economic and climate-change drivers in the SSP-RCP scenario framework and determining 

the consequences of these drivers on biodiversity urgently requires better approaches. Only 

then, can the obtained future trends of biodiversity adequately inform biodiversity-

conservation planning;  

• There is no evidence that the well-below 2°C climate target protects biodiversity. My results position 

climate change as a major driver of biodiversity loss and thus support findings from the latest 

Global Assessment Report on Biodiversity and Ecosystem Services (IPBES, 2019). 

Although my findings do not demonstrate that the well-below 2°C climate target protects 

biodiversity, they surely support the pledge to limit global temperature increases to 1.5°C 

and preferably lower; 

• Approaches that focus on assessing the proportion of local remaining species and their habitats after 

projected environmental changes are preferred over ‘optimistic approaches’ that incorporate dispersal 

and adaptive capacities of species. These more optimistic approaches likely overestimate future species 

distributions. My results can be used to develop ambitious strategies to monitor biodiversity 

impacts and to minimize global extinctions; and 

• Climate change and land-use change are major drivers of biodiversity loss in grasslands and thus should 

be given equal importance. My thesis contributed to the IMPRESSIONS project in providing 

results to support EU policy initiatives and to understand high-end climate change based on 

a set of integrated climate and socio-economic scenarios developed during the duration of 

the project between 2014-2018. These integrated scenarios were used to assess climate and 

land-use change impacts on the Central Asian grassland region, which has been previously 

neglected in global biodiversity assessments and still has large information gaps of past and 

current biodiversity trends.  

Overall, my thesis provided knowledge that is quickly becoming an important element to develop 

strategies for regional and global biodiversity conservation, and can thus feed into the current UN 

Conventions on Biological Diversity and Climate Change agendas (e.g. the processes for developing 

the post-2020 global biodiversity framework and ongoing efforts from the Paris Agreement to 

combat climate change and its impacts). 
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Summary 

Biodiversity loss due to changes in climate and land use has been assessed recently. The earliest 

biodiversity assessments already showed that species are declining faster than at any time in the past 

and that ecosystems are rapidly deteriorating. Moreover, these assessments indicated that the 

projected changes in climate and land use likely drive further biodiversity losses in the 21st century, 

both directly and in synergy with each other. This accumulated evidence positions climate change 

and land-use change among the major human-induced direct drivers of biodiversity loss. Climate 

change affects biodiversity as climate variables, such as temperature and precipitation, largely 

determine the geographical distributions of species. Hence, in areas where climate is less suitable, 

species shift their geographical ranges and go extinct locally. Land-use change poses immediate 

threats to biodiversity as the conversion of natural habitats (e.g. forests, wetlands and grasslands) 

into agricultural land results in populations decline and extinctions become more likely. These 

adverse effects consequently change ecosystems functioning and potentially affect the supply of 

ecosystems services and thus human well-being. 

Although research on climate and land-use change impacts on biodiversity and the consequent 

implications was repeatedly conducted, the range of estimates for these impacts remains disturbingly 

large. Moreover, such research relied on climate-change scenarios that depict relatively small 

increases in global mean temperatures (i.e. <2°C). Nowadays, the plausibility of climate-change 

scenarios which overshoot the 2°C policy target from The Paris Agreement, is rapidly increasing. 

Advances are thus needed to better understand how biodiversity will respond to such larger changes, 

including quantifications of the expected biodiversity decline at different climate and land-use 

change levels, and the effect derived from interaction mechanisms between these drivers. 

Furthermore, the global efforts to combat climate change and to keep global average temperature to 

well-below 2°C will require large mitigation commitments from the land sector with potentially both 

positive and negative consequences for biodiversity. These implications of land-based mitigation 

efforts have to be further assessed. 

My PhD thesis therefore aimed to explore future biodiversity trends under projected direct and synergistic 

changes in climate and land use and to advance understanding of climate-change mitigation consequences 

for biodiversity. In this thesis, climate change was indicated by global mean temperature increase (°C) 

and land-use change by land-use intensity levels (i.e. grazing and cropland levels) and land-cover 

type transitions.  

In Chapter 2, I assessed the magnitude of expected changes of biodiversity by systematically 

reviewing studies and performing a meta-analysis of the responses of species distributions to climate 

change. I proposed two indicators to quantify the local response of terrestrial biodiversity to climate 
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change: the fraction of remaining species (FRS) and the fraction of remaining area (FRA) with 

suitable habitat for each species. The FRS and FRA calculate deviations from the original 

biodiversity state and both they indicate biodiversity intactness. The biodiversity response was 

quantified for different intervals of global mean temperature increase and for different taxonomic 

groups and ecosystems. The results showed that projected climate-change impacts likely cause 

changes to the distribution of many plants and animals and this leads to severe range contractions 

and local extinction of some species (i.e. decreasing biodiversity). The FRS and FRA were projected 

to gradually decrease with significant reductions of 14% and 35% between 1°C and 2°C increases in 

global mean temperature, and 32% and 54% beyond 4°C increase. This chapter showed that already 

at moderate temperature increases the original biodiversity significant decreased.  

In Chapter 3, I estimated biodiversity decline from changes in climate and land use in grassland 

ecosystems, which are among the most extensive ecosystems in the world. The analysis was 

conducted in the Central Asian grasslands, which are nowadays transforming by changes in land 

use and climate. I used a scenario analysis based on the latest Shared Socio-Economic Pathways 

(SSPs) and Representative Concentration Pathways (RCPs) (i.e. SSP-RCP scenario framework) and 

further detail land-use scenarios for the region. I selected contrasting socio-economic and climate 

conditions (i.e. SSP1-RCP4.5, SSP3-RCP8.5, SSP4-RCP4.5 and SSP5-RCP8.5). In this analysis, the 

climate-change impact for the selected RCP4.5 and RCP8.5 was indicated by the FRS for grasslands 

as estimated in Chapter 2; the land-use change impact was indicated by changes in land-use intensity 

derived from the land-use scenarios; and the future biodiversity was indicated by the Mean Species 

Abundance (MSA). The MSA expresses the mean abundance of originally occurring species in 

disturbed conditions (e.g. after climate change) relative to their original abundance in undisturbed 

habitats. The contrasting scenario combinations showed that grasslands’ biodiversity remained 

under continuous threat and will further decline under each scenario. The strongest impact on 

biodiversity was projected in SSP5-RCP8.5, where half of the grasslands will likely undergo a large 

decrease in their species abundance by 2100. This chapter stressed the potential vulnerability of the 

Central Asian grasslands to increasing land-use intensity and climate change. 

In Chapter 4, I explored interaction mechanisms between climate and land-use change effects on 

biodiversity. Climate change and land-use change are often addressed as drivers that interact 

synergistically in several ways and alter their mutual effects on biodiversity. I identified interaction 

mechanisms in which species in heavily modified landscapes may respond differently to climate 

change than species in pristine landscapes. These interactions arise if 1) species adapted to modified 

landscapes differ in their sensitivity to climate change from species adapted to natural landscapes 

and if 2) land-use composition restricts climate-change induced dispersal of species in fragmented 

landscapes. To verify these conditions, I performed systematic reviews and a meta-analysis of 

bioclimatic studies on species distributions in landscapes with varying proportions of cropland (first 

condition) and species’ dispersal under climate change in fragmented landscapes (second condition). 

I used the FRS as the effect-size metric in this meta-analysis. Based on the results of this analysis, I 
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found no significant interaction effect for the first condition. This indicates that the influence of 

global mean temperature increase on the FRS did not change with different cropland levels. No 

quantitative studies were found to verify the second condition for climate-change induced dispersal 

of species. This chapter emphasized the need to assess interactions between land-use and climate-

change effects on biodiversity, integrating other conditions, such as spatial location, adaptive 

capacity and time lags. 

In Chapter 5, I assessed carbon-dioxide-removal options in the Agriculture, Forestry and Other 

Land Use sectors (i.e. land-based mitigation options) implemented in different mitigation pathways 

that keep global temperature increase to well-below 2°C for their biodiversity impacts using the MSA 

indicator. Land-based mitigation options may preserve, increase or deteriorate biodiversity, because 

of their land-use impact. In this chapter, I reviewed climate change mitigation studies that assessed 

each of the selected land-based mitigation options and indicated the land transition needed to 

achieve a significant climate change mitigation (i.e. potential land-cover and/or land-use change). I 

found that reforestation of cultivated and managed areas together with restoration of wetlands 

deliver the largest increase of MSA, if provided the opportunity to reach mature states over time. 

Contrary, intensification of agricultural areas and bioenergy with carbon capture and sequestration 

decreased MSA locally. Options such as afforestation and reduced deforestation, either positively 

or negatively affect MSA. This depends on their spatial implementation and the precise forest 

conservation schemes. This chapter provided insights on possible synergies that emerge from certain 

scenarios and their benefits for current and future biodiversity conservation in regions with large 

land-based mitigation potential. 

My PhD thesis advanced scientific understanding of climate and land-use change impacts on 

biodiversity that can feed into the current UN Conventions on Biological Diversity and Climate 

Change agendas. It showed future biodiversity trends and proposed methods that translate relevant 

information of socio-economic and climate-change drivers to assess interactions between climate 

and land-use change effects on biodiversity. Such knowledge is quickly becoming an important 

element to develop strategies for regional and global biodiversity conservation and thus to minimize 

biodiversity loss. I stress the importance of holding climate change well-below 2°C as this helps to 

maintain the composition of local communities and their climatically suitable areas, while seeking 

for the desired combinations that will reduce the use of detrimental land-based mitigation options 

to biodiversity. 
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Resumen 

La pérdida de biodiversidad debido a los cambios en el clima y el uso de la tierra, recientemente ha 

sido evaluada. Las primeras evaluaciones de biodiversidad demostraron que las especies están 

disminuyendo más rápido que en cualquier otro momento en el pasado y que los ecosistemas se 

están deteriorando rápidamente. Además, estas evaluaciones indican que los cambios proyectados 

en el clima y en el uso de la tierra probablemente impulsarán más pérdidas de biodiversidad en el 

presente siglo, tanto directamente como en sinergia entre sí. Esta evidencia acumulada posiciona el 

cambio climático y el cambio en el uso de la tierra entre las principales causas de la pérdida de 

biodiversidad inducidas por la humanidad. En efecto, el cambio climático afecta la biodiversidad, 

ya que las variables climáticas, como la temperatura y la precipitación, determinan en gran medida 

las distribuciones geográficas de las especies. Por lo tanto, en áreas donde el clima es menos 

adecuado, las especies cambian sus rangos geográficos y se extinguen localmente. Por su parte, el 

cambio en el uso de la tierra plantea amenazas inmediatas a la biodiversidad, ya que la conversión 

de hábitats naturales (por ejemplo, bosques, humedales y pastizales) en tierras agrícolas hace que la 

población biológica disminuya y las extinciones sean más probables. En consecuencia, estos efectos 

adversos cambian el funcionamiento de los ecosistemas y pueden afectar la oferta de servicios de los 

mismos y por ende el bienestar humano. 

Aunque investigaciones sobre los impactos y consecuencias sobre la diversidad por parte del cambio 

climático y del uso de la tierra se han llevado a cabo repetidamente, el rango de estimaciones para 

estos impactos sigue siendo significativamente alarmantemente. Además, dichas investigaciones se 

basan en escenarios de cambio climático que representan aumentos relativamente pequeños en las 

temperaturas medias globales (es decir, <2°C).  

En la actualidad, la plausibilidad de los escenarios de cambio climático que superan el objetivo 

climático de 2°C del Acuerdo de París, está aumentando rápidamente. Por lo tanto, se necesitan 

avances analíticos para discernir cómo la biodiversidad responderá a estos considerables cambios, 

incluyendo estimaciones de la disminución esperada de la biodiversidad en diferentes rangos de 

cambio climático y uso de la tierra, así como por el efecto derivado de interacción entre dichas 

causas. Además, los esfuerzos globales para combatir el cambio climático y mantener la temperatura 

promedio mundial por debajo de 2°C requerirán grandes compromisos de mitigación basada en el 

uso de la tierra con posibles consecuencias tanto positivas como negativas para la biodiversidad. 

Estas implicaciones de los esfuerzos de mitigación en el uso de la tierra deben evaluarse más a fondo. 

Mi tesis doctoral, por lo tanto, tuvo como objetivo principal explorar las tendencias futuras de la 

biodiversidad en relación a los cambios directos y sinérgicos proyectados en el clima y el uso de la tierra, y 

así comprender mejor las consecuencias de la mitigación del cambio climático en la biodiversidad.  
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En esta tesis, el cambio climático está indicado por el aumento de la temperatura media global (°C) 

y el cambio en el uso de la tierra, por los niveles de intensidad del uso de la tierra (es decir, los niveles 

de pastoreo y tierras para cultivo) y las transiciones de tipo de cobertura de la tierra. 

En el Capítulo 2, evalué la magnitud de los cambios esperados en la biodiversidad a través de una 

revisión sistemática de estudios y meta-análisis de las respuestas de las distribuciones de especies al 

cambio climático. Para ello, formulé dos indicadores para cuantificar la respuesta local de la 

biodiversidad terrestre al cambio climático: la fracción remanente de especies (FRS, por sus siglas 

en inglés) y la fracción remanente del área (FRA) con hábitat adecuado para cada especie. Ambas 

calculan las desviaciones del estado de biodiversidad original e indican la integridad de la 

biodiversidad. La respuesta de la biodiversidad fue cuantificada para diferentes intervalos de 

aumento de la temperatura media global y para diferentes grupos taxonómicos y ecosistemas. Los 

resultados mostraron que los impactos proyectados del cambio climático probablemente causen 

cambios en la distribución de muchas plantas y animales, y esto conducirá a contracciones severas 

y la extinción local de algunas especies (es decir, la disminución de la biodiversidad). Se espera que 

la FRS y la FRA disminuyan gradualmente con reducciones significativas de 14% y 35% entre los 

aumentos de 1°C y 2°C en la temperatura media global, y del 32% y 54% más allá del aumento de 

4°C. Este capítulo concluyó que un aumento moderado de temperatura provocará 

significativamente una disminución en la biodiversidad original. 

En el Capítulo 3, cuantifiqué la disminución de la biodiversidad a partir de cambios en el clima y 

del uso de la tierra en los ecosistemas de pastizales, constituido como uno de los más extensos del 

mundo. El análisis se centró en los pastizales de Asia Central, que en la actualidad se están 

transformando por cambios en el uso de la tierra y el clima. Utilicé un análisis de basado en el más 

reciente marco de escenarios de Trayectorias Socioeconómicas Compartidas y Trayectorias de 

Concentración Representativas (SSP-RCP, por sus siglas en inglés) y más detalles de los escenarios 

de uso de la tierra para la región. Seleccioné condiciones socioeconómicas y climáticas contrastantes 

(SSP1-RCP4.5, SSP3-RCP8.5, SSP4-RCP4.5 y SSP5-RCP8.5). En este análisis, el impacto del 

cambio climático para RCP4.5 y RCP8.5 está indicado por la FRS para pastizales como se estimó 

en el Capítulo 2; el impacto del cambio en el uso de la tierra está indicado por los cambios en la 

intensidad del uso de la tierra derivados de los escenarios de uso de la tierra; y finalmente, la 

biodiversidad futura está indicada por la abundancia media de especies originales (MSA), la cual 

expresa la abundancia media en condiciones perturbadas (por ejemplo, después del cambio 

climático) en relación con su abundancia original en hábitats no perturbados. Las combinaciones de 

escenarios contrastantes mostraron que la biodiversidad de los pastizales permanece bajo una 

amenaza continua y disminuyó en cada escenario. El impacto más fuerte en la biodiversidad se 

espera en SSP5-RCP8.5, donde la mitad de los pastizales probablemente experimentarán una gran 

disminución en su abundancia de especies para el año 2100. Este capítulo enfatizó la vulnerabilidad 

de los pastizales de Asia Central al aumento de la intensidad del uso de la tierra y el cambio 

climático. 
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En el Capítulo 4, exploré los mecanismos de interacción entre el clima y los efectos del cambio en 

el uso de la tierra sobre la biodiversidad. El cambio climático y el cambio en el uso del suelo a 

menudo se abordan como impulsores que interactúan sinérgicamente de varias maneras y alteran 

sus efectos mutuos sobre la biodiversidad. En este capítulo identifiqué mecanismos de interacción 

en los cuales las especies en paisajes muy modificados pueden responder de manera diferente al 

cambio climático que las especies en paisajes prístinos o naturales. Estas interacciones surgen si: 1) 

las especies adaptadas a los paisajes modificados difieren en su sensibilidad al cambio climático, de 

las especies adaptadas a los paisajes naturales; y 2) la composición del uso de la tierra restringe la 

dispersión de especies inducida por el cambio climático en paisajes fragmentados. Para verificar 

estas condiciones, realicé revisiones sistemáticas y un meta-análisis de estudios bioclimáticos sobre 

distribuciones de especies en paisajes con proporciones variables de tierras de cultivo (primera 

condición) y dispersión de especies bajo el cambio climático en paisajes fragmentados (segunda 

condición). Utilicé la FRS como la métrica del tamaño del efecto en éste meta-análisis. Basándome 

en los resultados de este análisis, no encontré ningún efecto de interacción significativo para la 

primera condición. Esto indicó que la influencia del aumento de la temperatura media global en la 

FRS no cambió con los diferentes niveles de cultivo. No encontré estudios cuantitativos para 

verificar la segunda condición de dispersión de especies inducida por el cambio climático. Este 

capítulo enfatizó la necesidad de evaluar las interacciones entre el uso de la tierra y los efectos del 

cambio climático en la biodiversidad, integrando otras condiciones, como son la ubicación espacial, 

la capacidad de adaptación y lapsos de tiempo para percibir dichos efectos. 

En el Capítulo 5, evalué las opciones de eliminación de dióxido de carbono en los sectores de 

Agricultura, Silvicultura y otros usos del Suelo (AFOLU, por sus siglas en inglés) implementadas 

en diferentes vías de mitigación que mantienen el aumento de la temperatura global muy por debajo 

de 2°C para medir el impacto en su biodiversidad utilizando el indicador MSA. Las opciones de 

mitigación basadas en el uso de la tierra pueden preservar, aumentar o deteriorar la biodiversidad. 

En este capítulo, revisé diversos estudios de mitigación del cambio climático que evaluaron cada 

una de las opciones seleccionadas e indiqué la transición de la tierra necesaria para lograr una 

mitigación significativa del cambio climático (es decir, un posible cambio en el uso de la tierra). En 

este capítulo, demostré que la reforestación de áreas cultivadas junto con la restauración de 

humedales produce el mayor aumento de MSA, si se brinda la oportunidad de alcanzar estados 

maduros en el largo plazo. Al contrario, la intensificación de las áreas agrícolas y la bioenergía con 

la captura y el secuestro de carbono disminuyeron la MSA a nivel local. Las opciones tales como la 

forestación y la reducción de la deforestación, afectan positiva o negativamente a la MSA, esto 

dependerá de su implementación espacial y según los esquemas precisos de conservación forestal. 

Este capítulo analizó las compensaciones para la conservación de la biodiversidad actual y futura 

en regiones con un gran potencial de mitigación en tierra. 

Mi tesis doctoral contribuyó en la comprensión científica de los impactos del cambio climático y del 

uso de la tierra en la biodiversidad que pueden contribuir a las actuales convenciones de las Naciones 
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Unidas sobre la diversidad biológica y el cambio climático. En mi tesis demostré tendencias futuras 

de la biodiversidad y propuse métodos que traducen la información relevante de los factores 

socioeconómicos y de cambio climático para evaluar las interacciones entre el clima y los efectos 

del cambio de uso de la tierra sobre la biodiversidad. Este conocimiento se está convirtiendo 

rápidamente en un elemento importante para desarrollar estrategias para la conservación de la 

biodiversidad a nivel regional y mundial y, por lo tanto, para minimizar la pérdida de biodiversidad. 

Finalmente, destaco la importancia de mantener el cambio climático muy por debajo de los 2°C, ya 

que esto ayudará a mantener la composición de las comunidades biológicas locales y sus áreas 

climáticamente adecuadas, al mismo tiempo que se buscan las combinaciones deseadas que 

reducirán el uso de las opciones de mitigación perjudiciales para la biodiversidad basadas en la tierra. 
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