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Abstract 11 

In a post-Paris Agreement world, where global warming has been limited to 1.5 or 2oC, 12 

adaptation is still needed to address the impacts of climate change. To reinforce the links 13 

between such climate actions and sustainable development, adaptation responses should be 14 

aligned with goals of environmental conservation, economic development and societal 15 

wellbeing. This paper uses a multi-sectoral integrated modelling platform to evaluate the 16 

impacts of a +1.5oC world to the end of the 21st century under alternative Shared 17 

Socioeconomic Pathways (SSPs) for Europe. It evaluates the ability of adaptation strategies to 18 

concurrently improve a range of indicators, relating to sustainable development, under the 19 

constraints imposed by the contrasting SSPs. The spatial synergies and trade-offs between 20 

sustainable development indicators (SDIs) are also evaluated across Europe. We find that 21 

considerable impacts are present even under low-end climate change, affecting especially 22 

biodiversity. Even when the SDIs improve with adaptation, residual impacts of climate change 23 
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affect all the SDIs, apart from sustainable production. All but one of the adaptation strategies 24 

have unintended consequences on one or multiple SDIs, although these differ substantially 25 

between strategies, regions and socio-economic scenarios. The exception was the strategy to 26 

increase social and human capital. Other strategies that lead to successful adaptation with 27 

limited unintended consequences are those aiming at adoption of sustainable behaviours and 28 

implementation of sustainable water management. This work stresses the continuing 29 

importance of adaptation even under 1.5oC or 2oC of global warming. Further, it demonstrates 30 

the need for policy-makers to develop holistic adaptation strategies that take account of the 31 

synergies and trade-offs between sectoral adaptation strategies, sectors and regions, and are 32 

also constrained by scenario context to avoid over-optimistic assessments. 33 

1. Introduction 34 

In a future post-Paris Agreement world, where the aim to limit global warming to 1.5 or 2oC to 35 

significantly reduce the risks and impacts of climate change has been achieved, adaptation 36 

actions will still be needed to address the impacts of these lower levels of warming together 37 

with the impacts of socio-economic changes (Harrison et al., 2018; Jacob et al., 2018). To reach 38 

the Paris Agreement target, climate mitigation policies, such as those defined in individual 39 

countries Nationally Determined Contributions, need to be updated and significantly enhanced 40 

with stricter regulations (Michaelowa et al., 2018) and fast and extensive technological 41 

advances across the energy, manufacturing, infrastructure, forestry and agricultural sectors are 42 

required (Kuramochi et al., 2018). These enhanced climate mitigation actions, together with 43 

continuing changes in non-climate drivers such as social, economic and political changes 44 

(O’Neill et al 2017), will impose many constraints on land use and society (Berry et al., 2015; 45 

Ingwersen et al., 2014) through actions related to land-based mitigation and societal 46 

transformation towards more sustainable behaviours. These factors may inadvertently impose 47 

constraints that affect the adaptive capacity of sectors and society to future environmental 48 
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changes. Thus, the design and implementation of effective adaptation strategies should take 49 

into account their long-term resilience to both climate and socio-economic changes. 50 

A “roadmap” guiding the direction in which climate change adaptation responses, alongside 51 

mitigation responses, need to move is provided by the principles of sustainable development 52 

and multiple, diverse societal targets such as the Sustainable Development Goals (SDGs) 53 

(United Nations, 2016), the Aichi Biodiversity Targets (CBD, 2010) and the Sendai Framework 54 

for Disaster Risk Reduction (UNISDR, 2015). The challenging objectives set by the SDGs and 55 

the Paris Agreement provide a common ground where the links between climate actions and 56 

sustainable development across the social, economic and environmental pillars can be 57 

positively reinforced (Gomez-Echeverri, 2018). 58 

The multi-dimensionality of climate adaptation goals calls for integrated assessments that 59 

consider the different components of the human - environment system and their interactions 60 

(Tavoni and Levin, 2014; Verburg et al., 2016). Harrison et al. (2016) demonstrated that 61 

excluding cross-sectoral interactions hinders the ability to accurately understand the 62 

magnitude, direction and spatial pattern of impacts. This especially affects the water and food 63 

production sectors, due to their inter-connectedness to other sectors that compete for the use of 64 

the same finite land and water resources. Furthermore, Collste et al. (2017) and Mainali et al. 65 

(2018) showed that integrated approaches better highlight the synergies and trade-offs between 66 

different sectoral adaptation goals. Identifying the linkages between cross-sectoral goals can 67 

lead to stronger synergies (Mainali et al., 2018), while utilising the identified synergies leads 68 

to systemic improvements that favour the achievement of the goals (Collste et al., 2017). 69 

Moreover, indicators, relating the examined sector to a measurable variable derived based on 70 

scientific judgment (Pedro-Monzonís et al., 2015), are a useful tool to use in integrated 71 

assessments for capturing sectoral and cross-sectoral climate impacts, which is key to providing 72 

policy makers with robust findings to support decision making (von Stechow et al., 2016). 73 



4 
 

Adaptation responses and strategies are not immune from the socio-economic context, due to 74 

the limitations of, and variability in, the capacity of different actors to adapt. This arises from 75 

the influence of available economic and natural resources, social networks, entitlements, 76 

institutions and governance, human resources, knowledge and technology on all levels of 77 

society, from decision-makers and industries to individuals (Azhoni et al., 2017; Brooks et al., 78 

2005; Dunford et al., 2014; Moser and Ekstrom, 2010; Schneider et al., 2000). These 79 

determinants of adaptive and coping capacity will be modified by the future evolution of socio-80 

economic conditions at all scales from the global (e.g. O’Neill et al., 2017), to the regional and 81 

national (e.g. Kok et al., 2018; Tinch et al., 2015). 82 

It is thus important that studies aiming to assess the outcomes of adaptation strategies employ 83 

approaches that account for the cross-sectoral feedbacks, constraints and their differing 84 

importance within alternative socio-economic futures (Rosenzweig et al., 2017; Schellnhuber 85 

et al., 2014). However, very few models and studies incorporate all the above factors in their 86 

framework (Holman et al., 2018). One exception is the CLIMSAVE Integrated Assessment 87 

Platform or IAP (Harrison et al., 2015b), which has been used in a number of cross-sectoral 88 

impact and adaptation studies (e.g. Dunford et al., 2014, 2015; Harrison et al., 2016, 2015a; 89 

Holman et al., 2017; Jäger et al., 2014), and, its successor, the IMPRESSIONS IAP2 (Harrison 90 

et al., 2018; Holman et al., 2017), which we utilise in this study. 91 

In this paper, we use a multi-sectoral integrated modelling platform to evaluate the ability of 92 

different adaptation strategies to concurrently improve a range of sustainable development-93 

related indicators, accounting for the constraints imposed by contrasting alternative socio-94 

economic futures. We focus on Europe at the end of the 21st century under the lowest 95 

representative concentration pathway  (RCP2.6, Moss et al., 2010; van Vuuren et al., 2007), -96 

which is broadly consistent with global warming associated with the Paris Agreement. There 97 

are three main objectives for the study. Firstly, to understand the impacts of lower-end climate 98 
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change on a range of multi-sectoral indicators under alternative European socio-economic 99 

futures. Secondly, to evaluate the efficacy of a set of adaptation strategies and the consequent 100 

synergies and trade-offs between the indicators across Europe to identify sectoral ‘winners’ 101 

and ‘losers’. And thirdly, to discuss the implications of spatial variations in the trade-offs 102 

between indicators from an understanding of the underlying mechanisms of the strategies, with 103 

the aim of designing more effective adaptation strategies that minimise unintended 104 

consequences. 105 

2. Methods 106 

2.1. The IMPRESSIONS Integrated Assessment Platform 2 (IAP2) 107 

The IAP2 is an interactive, web-based, cross-sectoral modelling platform developed within the 108 

IMPRESSIONS1 project. IAP2 includes interlinked meta-models for a number of sectors 109 

including urban development, agriculture, forestry, water provision, coastal and fluvial 110 

flooding and biodiversity. It is a recent development of the widely published CLIMSAVE IAP 111 

(e.g. Harrison et al., 20153a, 2016; Holman et al., 2017; Kebede et al., 2015) with the inclusion 112 

of regional climate change scenarios from multiple GCM-RCMs using the Representative 113 

Concentration Pathways (RCP) and European versions of the Shared Socioeconomic Pathways 114 

(SSPs) as inputs to the modelling system. The evaluation of the underlying models within the 115 

two versions of the platforms has been extensively published, including with sensitivity (IAP1: 116 

Kebede et al., (2015); IAP2: Fronzek et al., (2019)) and uncertainty (Brown et al., 2015; 117 

Dunford et al., 2015) analyses and comparative performance of stand-alone and integrated 118 

model application (Harrison et al., 2016). The IAP2 results are presented at a 10’ by 10’ 119 

(approximately 16 km × 16 km) grid-cell resolution for the European Union (including the 120 

UK), Norway and Switzerland. Baseline simulations are based on 1961–1990 for climate 121 

                                                 
1 Impacts and risks from high-end scenarios: Strategies for innovative solutions 
http://www.impressions-project.eu/ 
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variables, and 2010 for socio-economic variables. A brief description of the main models is 122 

given below: 123 

 Urban expansion is simulated as a function of the scenario values of population, GDP, 124 

household preference for proximity to green space versus social amenities, 125 

attractiveness of the coast (scenic value versus flood risk) and strictness of the planning 126 

regulations to limit sprawl. Development in urban and rural areas is given first priority 127 

in the allocation of land; 128 

 Flood impacts are based on topography, relative sea-level rise or change in simulated 129 

peak river flow and the estimated Standard of Protection of flood defences. The 130 

probability of flood inundation constrains the suitability of floodplain land for 131 

agriculture; 132 

 Water resources are simulated at a large river basin scale, with the difference between 133 

simulated total water availability (driven by climate) and projected non-agricultural 134 

(domestic, industrial and energy) water consumption and environmental allocation in 135 

each spatial unit determining the maximum availability for agricultural irrigation; 136 

 Forest species are simulated to assess potential average annual timber yields and Net 137 

Primary Production (NPP) for a range of deciduous and coniferous tree species under 138 

different management regimes across Europe; 139 

 Crop yields are simulated for a range of annual and permanent crops (winter and spring 140 

wheat, barley and oilseed rape, potatoes, maize, sunflower, soya, cotton, grass and 141 

olives) under rainfed and irrigated conditions across Europe; 142 

 Rural land allocation for agriculture and forestry is based on constrained profit 143 

maximisation (based on simulated crop and timber yields, scenario production costs 144 

and prices), taking account of land availability (including constraints due to 145 

urbanisation, soils and flood risk) and maximum irrigation availability, the simulated 146 
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yields of each of the crops and tree species and the demand for food and timber within 147 

the scenario. The model aims to meet the demand for food and timber within Europe 148 

(as a function of population, GDP, net imports, dietary preferences and bioenergy 149 

demand) through iterating crop and timber prices to expand or contract agricultural and 150 

managed forest areas. Land is allocated to the land use types according to relative profit 151 

until demand for each commodity (cereals, oilseeds, proteins, meat, dairy, fibres and 152 

timber) is met, in the order of decreasing profitability of intensive (arable) agriculture, 153 

intensive (dairy) agriculture, extensive (sheep and beef) agriculture, very extensive 154 

(sheep) agriculture and managed forests. Any remaining land is not used for productive 155 

purposes, and is allocated to either unmanaged forest (if NPP is sufficient for 156 

establishment and growth through natural succession) or unmanaged land. 157 

 Species distributions are simulated for 91 species of plants, animals, birds and insects 158 

that are representative of the broad range of habitats from coasts to mountains, 159 

according to each species’ climate suitability. The availability of both suitable climate 160 

and habitat (from the rural land allocation outputs and soil types) determines potential 161 

future distributions. 162 

Further detailed information on the IAP2 is available in Holman et al. (2017a, 2011 for IAP2 163 

and 1, respectively). 164 

2.2. Scenarios 165 

2.2.1. Climate 166 

A sub-set of three climate model simulations  were selected from the fifth phase of the Coupled 167 

Model Intercomparison Project (CMIP5-Taylor et al., 2012), dynamically downscaled for the 168 

European CORDEX domain (Jacob et al., 2014). In order to represent levels of warming 169 

compatible with the Paris Agreement, the model selection was based on the availability of 170 

downscaled projections following the lower-end RCP2.6 emission scenario, that project 171 
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warming levels of less than 1.5oC at the end of the 21st century compared to the pre-industrial 172 

period (Holman et al., 2017). GCM simulations were bias-adjusted against the CRU TS3.1 173 

monthly mean data using the Delta Change method (Madsen et al., 2016). Information on the 174 

selected models is summarized in Table 1.  175 

The time period from 1961 to 1990 is considered as the climate baseline, while the end of 21st 176 

century time-slice (2071 to 2100) is the focus of the climate projections for the present analysis. 177 

This time period will be referred to as the 2080s. 178 

Table 1. Summary of the GCM-RCMs used in this study. All GCMs are based on the RCP2.6 179 

emissions scenario. Change in average annual temperature (ΔT) and precipitation (ΔPr) is 180 

calculated for the European region for 2071-2100, relative to 1961-1990. 181 

GCM RCM ΔT [oC] ΔPr [%] 

EC-Earth RCA4 1.4 4 

MPI-ESM REMO 1.3 1 

NorESM1-M RCA4 1.3 4 

 182 

2.2.2. Socio-economics 183 

The socio-economic scenarios, the “European Shared Socio-economic Pathways” (Eur-SSPs), 184 

were developed as equivalent scenarios (according to the interconnectedness levels of Zurek 185 

and Henrichs, 2007) to the global SSPs of O’Neil et al. (2014) as part of the IMPRESSIONS 186 

project. Through an expert-driven process described in Kok et al. (2018), the global SSPs were 187 

mapped onto the stakeholder-developed European scenarios of Kok et al. (2015); which were 188 

extended from the 2050s to 2100 informed by the global SSPs. Trends and quantification of 189 

key model parameters were then estimated for the new Eur-SSPs to facilitate their use as model 190 
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input (Pedde et al., 2018). Kok et al. (2018) describes the full European SSPs, but these are 191 

summarised below and in Supplementary Table 1: 192 

 Eur-SSP1 (We are the World) - a strong commitment to achieve sustainable 193 

development goals is achieved through effective governments and global cooperation, 194 

that ultimately results in less inequality and less resource intensive lifestyles.   195 

 Eur-SSP3 (Icarus) - economic shocks in major economies and regional conflicts lead 196 

to increased antagonism between and within regional blocks that result in the 197 

disintegration of European social fabric and many European countries struggling to 198 

maintain living standards. 199 

 Eur-SSP4 (Riders on the Storm) - power becomes concentrated in a political and 200 

business elite, which is accompanied by increasing disparities in economic opportunity 201 

that results in a substantial proportion of Europe’s population having a low level of 202 

development. 203 

 Eur-SSP5 (Fossil-fuelled Development) - increasing faith in competitive markets, 204 

innovation and participatory societies produces rapid technological progress and 205 

development of human capital, but is accompanied by a lack of environmental concern 206 

and exploitation of fossil fuels. 207 

Representative model input parameters used to characterise the different Eur-SSPs along with 208 

their changes per Eur-SSP compared to baseline are shown in Table 2. For simplicity, the 209 

developed Eur-SSPs will be referred to hereafter in the text as SSPs. 210 

  211 
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Table 2. Selected parameters of the European socio-economics scenarios used in IAP2. The 212 

changes in the quantitative parameters’ state are for the 2080s compared to the baseline 213 

period. 214 

  SSP1 SSP3 SSP4 SSP5 

Q
u

an
ti

ta
ti

v
e 

Population 

change 

No change -38% -22% +47% 

Net food 

imports 

-12.5% -5.3% +4.3% +17.7% 

GDP +259% +48% +200% +724% 

Beef and lamb 

consumption 

-82% No change No change +53% 

Chicken and 

pork 

consumption 

-34% +35% +35% +74% 

Q
u

al
it

at
iv

e 

Technology 

development & 

transfer 

Rapid Slow High in high-

tech 

economies 

and sectors; 

slow in 

others with 

little transfer 

Rapid 

Carbon (energy) 

intensity 

Low High Low/Medium High 

Environmental 

status 

Improving 

condition 

Serious 

degradation 

Highly 

managed near 

high-income 

Highly 

engineered 

approaches 
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areas; 

degraded 

otherwise 

Human capital High Low/Medium No change High 

Social capital High No change No change High 

Financial capital Medium/High Low High Medium/High 

Manufactured 

capital 

Medium/High Low/Medium Medium/High Medium/High 

 215 

2.3. Adaptation strategies 216 

Eight different strategies to adapt to climate and socio-economic changes were considered, 217 

similar to the approach of Dunford et al. (2015). Strategies aim to achieve climate resilience 218 

while pursuing a range of goals relating to sustainable development, by specifically targeting 219 

and investing in water, forestry, environment, flood protection, behavioural changes, society, 220 

bioenergy and food production. The adaptation strategies were applied within the SSPs through 221 

changing the socio-economic inputs to the IAP2.  222 

The differing capacity to adapt between the SSPs are reflected in scenario-specific adaptation 223 

limits to the numerical model inputs in the IAP2. These limits are prescribed as a function of: 224 

 the unconstrained range of input values that are plausible and consistent with the 225 

underlying socio-economic scenario storyline; 226 

 the consistency between the broad type of adaptation (human, technological, financial 227 

etc.) and the scenario narrative, i.e. behavioural adaptation would be expected to be 228 

more effective in an SSP such as SSP1 characterised by high human and social capital; 229 

and  230 
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 the availability of the most limiting capital (human, social, manufactured or financial) 231 

within the SSP for the given adaptation. 232 

Each adaptation strategy was implemented by changing the model inputs to the adaptation limit 233 

(maximum or minimum) within the above scenario constraints. 234 

To assess the efficacy of the strategies, a “No action” strategy is also considered (Strategy0) 235 

which expresses the impacts of the combined climate and socio-economic changes without any 236 

planned adaptation actions. A description of the adaptation strategies, and the model settings 237 

used to implement them in IAP2, are shown in Table 3. 238 

  239 
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Table 3. Adaptation strategies applied within each combination of climate model and socio-240 

economic scenario. 241 

No.  Adaptation 

strategies [Target] 

Description Settings (↓decrease to scenario 

minimum; ↑increase to 

scenario maximum) 

0 No action No measures implemented Default settings 

1 Sustainable water 

management 

[Water] 

Aiming to reduce water 

use and maximise 

environmental allocation 

of water 

Water saving (technological)↑ 

Water saving (behavioural) ↑ 

Water demand prioritization = 

Environment 

Irrigation water price ↑ 

2 Maximising forest 

area [Forestry] 

Increasing forest area 

(managed and unmanaged) 

through protection, 

expansion and facilitating 

agricultural land use 

conversion 

Net Imports to Europe ↑ 

Tree species = ‘‘Optimum’’ 

(all regions) 

Forest management = 

unevenaged 

Protected Area change ↑ 

Protected Area that is Forest = 

100 % 

Method for Protected Area 

allocation = “connectivity then 

Buffering”  

Arable conservation land ↑ 

3 Land-sharing 

[Environment] 

Maximising “landscape” 

diversity and value for 

recreation: maintaining 

Change in diet (red meat) ↑ 

Crop inputs ↓  

Arable conservation land ↑  
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and expanding less 

intensive land uses 

(agricultural and forestry) 

and minimising urban 

sprawl 

Protected Area (PA) change ↑ 

[PA Forest] and [PA 

Agriculture] = 33%, 33% 

Method for Protected Area 

allocation = ‘‘Connectivity 

then buffering’’ 

Forest management = 

“Unevenaged” 

Spatial planning to control 

urban sprawl=High 

4 Flood protection 

[Floods] 

Minimising flooding 

impacts: avoiding coastal 

floodplain development 

and improvement flood 

protection 

Preference for coastal living ↓ 

Standard of Protection of 

flood defences ↑ 

5 Sustainable 

behaviours 

[Behavioural 

changes] 

Combining water savings 

to make water available 

for the environment, 

reduction in agricultural 

and forestry management 

intensity, and dietary 

change 

Water saving (technological)↑ 

Water saving (behavioural) ↑ 

Water demand prioritization = 

Environment 

Crop inputs ↓  

Change in diet (red meat) ↓ 

Change in diet (white meat) ↓ 

Net Imports to Europe ↓ 

Forest management = 

unevenaged 

6 Human and social 

capital [Society] 

Strategies to increase 

social and human capital 

Social capital ↑ 

Human capital ↑ 
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and people-based flood 

resilience measures 

Flood management (resilience) 

 

7 Bioenergy 

[Energy] 

Maximising bioenergy 

production: increasing 

biomass and biofuel 

production 

Arable conservation land ↑ 

(farm woodland) 

Change in biofuel production 

↑ 

Tree species = ‘‘Optimum’’ 

(all regions) 

Forest management = 

“Optimum” (all regions) 

8 Agricultural 

intensification for 

land-sparing 

[Food] 

Promoting domestic 

production of food 

through agronomic 

improvement, increased 

crop inputs, prioritising 

agricultural water use 

Yield improvement ↑ 

Water demand prioritization = 

Food  

Irrigation efficiency ↑ 

Reducing diffuse pollution 

from agriculture ↓ 

Set-aside ↓ 

Agricultural mechanisation 

improvement↑ 

 242 

2.4. Sustainable development indicators 243 

To assess the impacts of the climate and socio-economic scenarios and the efficacy of 244 

adaptation strategies, we used indicators relating to different aspects of sustainable 245 

development. These sustainable development indicators (hereafter, SDIs) were derived from 246 

different social, environmental and economic components of the IAP2 outputs to depict human-247 

environment system interactions. Eight indicators within the three pillar framework of 248 

sustainable development (environment, economy and society) (Papadimitriou et al., 2019) 249 
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were considered in total, each focussing specifically on flood protection, food security, water, 250 

bioenergy, employment, sustainable production, environment and biodiversity. The SDIs were 251 

calculated using direct or derived indicators from IAP2 outputs. The SDIs are summarised in 252 

Table 4 and a detailed description of their derivation based on the IAP2 outputs is provided in 253 

the ESM. 254 

Table 4. Summary of SDIs used in this study. 255 

SI  SDI focus SDI description SDI derivation 

1 Floods Vulnerability to 

flooding 

Population present in 

areas with vulnerability 

to flooding 

2 Food Food security  Per capita calorific value 

of European food 

production 

3 Water Vulnerability to 

water over-

exploitation 

Population present in 

areas with vulnerability 

due to water over-

exploitation 

4 Bioenergy Availability of 

biomass and 

biofuels 

Tonnes of arable crop 

and managed timber 

production used for 

bioenergy 

5 Employment Agricultural and 

forestry 

employment 

Employment based on 

standard labour 

requirements of 

agricultural and forest 

systems 
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6 Sustainable 

production 

Sustainable 

agriculture  

Food production per unit 

of input fertiliser usage 

7 Environment Total forest area Sum of managed and 

unmanaged forest areas 

8 Biodiversity Species’ 

presence 

Number of species 

present, based on 

simulated bioclimatic 

and habitat suitability 

for 91 species, with 

agricultural set-aside 

land able to provide 

multiple climatically-

appropriate habitats 

 256 

The SDIs were evaluated for Europe and for five biogeographical European sub-regions 257 

(Alpine, Northern, Atlantic, Continental and Southern, shown in Figure 1) defined by Metzger 258 

et al. (2005), to examine spatial differences in adaptation effectiveness and trade-offs. 259 

 260 
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 261 

Figure 1. The IAP2 domain, split into European sub-regions, defined by Metzger et al., (2005). 262 

IAP2 has a 10’ grid spatial resolution (~16 km grid). 263 

2.5. Impacts and strategy efficacy 264 

The impacts of climate and socio-economic change and the efficacy of adaptation strategies in 265 

improving the SDIs are expressed as the relative changes in the SDIs. Thus, the absolute state 266 

of each indicator in the baseline or future time-slice is not the focus for this study.  Changes in 267 

the SDIs are expressed as fractions of the SDI value in the future time-slice over a reference 268 

SDI value. Expressing the differences in SDIs as fractions normalizes the results across 269 

different SDIs and regions, with values greater than 1 indicating improvements in the SDI state 270 

and values less than 1 indicating deteriorations. For the SDIs in which a reduction in their value 271 

is the positive outcome (SDIs 1 and 3, population vulnerable to flooding and water over-272 

exploitation respectively), the abovementioned fractions are inverted, to provide a consistent 273 

comparison with the other SDIs. 274 
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Based on this framework, three types of effects are examined here. First, the effects of climate 275 

and socio-economic changes on an SDI compared to baseline conditions, under no action 276 

(Strategy0SSPn/Baseline). Second, the efficacy of a strategy compared to no action, under 277 

climate and socio-economic changes (StrategyX SSPn /Strategy0 SSPn). And finally, the efficacy 278 

of a strategy with reference to the baseline conditions (StrategyX SSPn /Baseline). 279 

3. Results 280 

3.1. Impacts under low-end climate change in different socio-economic futures 281 

The impacts of the climate and socio-economic scenarios on the examined SDIs in the 2080s 282 

compared to the baseline period are depicted in Figure 2. For the analysis we considered the 283 

ensemble mean of the results produced by the three climate models. Single model results are 284 

not presented as the variation in their projections of land use classes is small (Supplementary 285 

Table 2). Moreover, due to the spatial aggregation for the calculation of changes in SDIs, results 286 

from the different ensemble members fall into the same category of change (Supplementary 287 

Figure 1).  288 

Low-end climate change (RCP2.6) and varying socio-economic changes are associated with 289 

both positive and negative effects on the examined SDIs, and these differ notably for the 290 

different SSPs (Figure 2). For example, the majority of the indicators (five out of eight) 291 

improve under SSP1 (flood protection, food, water, bioenergy and sustainable production), 292 

while only three out of eight show improvements under SSP5 (bioenergy, sustainable 293 

production and environment) when aggregated at the European scale.  SSP3 and SSP4 both 294 

show improvements for four out of the eight indicators; food, water and biodiversity improve 295 

for both SSPs, whilst flood protection also improves in SSP3 and employment in SSP4. The 296 

SSP dependency of the impacts is also observed across the European sub-regions. For example, 297 

flood protection, food and water related SDIs improve for most sub-regions under SSP1 (four 298 
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out of the five sub-regions for flood protection and food, and two out of five for water), while 299 

the same indicators deteriorate in all sub-regions under SSP3 and in the majority of sub-regions 300 

in SSP5 (flood protection deteriorates across all sub-regions, food for three out of five, and 301 

water for four out of five). Consistent responses across SSPs and regions are only found for 302 

sustainable production (positive effects) and biodiversity (negative effects) SDIs. This 303 

indicates that even low-end climate change is projected to impact biodiversity in a substantial 304 

manner, as the effects persist even under the most environmentally-friendly socio-economic 305 

scenario SSP1. 306 

 307 

Figure 2. Climate and socio-economic impacts on the SDIs, at 2071-2100, calculated as 308 

proportions relative to baseline, for Europe and European sub-regions. Results are presented 309 

for different socio-economic scenarios (SSPs). Blue colour hues represent improvements in the 310 

SDIs and orange hues deteriorations. 311 

Supplementary Figure 2 of the ESM shows the relative distribution of land use classes at the 312 

European level, for the baseline period and for the 2080s under the influence of different socio-313 

economic scenarios. This information is important for understanding the differences in the SDI 314 

response between the SSPs. For example, under SSP1 there is a large reduction in the extent 315 

of forest areas compared to the baseline and other SSPs. This leads to declines in the 316 
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environment SDI (which corresponds to total forest area) in SSP1, but increases for the other 317 

SSPs that result in increased forest coverage compared to the baseline period. Forest area 318 

reduction in SSP1 is caused by expansion of the agricultural (arable and grassland) land use 319 

classes, as a response of the model to the environmentally-friendly lower intensity agricultural 320 

production systems within SSP1 and the decreased food imports (to reduce environmental 321 

footprint) in the scenario, signifying that a greater component of the European food demand 322 

has to be covered by food grown within Europe. The expansion of agricultural areas in SSP1 323 

in order to meet net food demand explains the improvement of the food SDI shown in Figure 324 

2. Alternatively, the food SDI deteriorates under SSP3, a scenario of decreases in net food 325 

imports (although smaller compared to SSP1), decreased wealth (as expressed by Gross 326 

Domestic Product) and a decreased European population. In the case of SSP3, the overall 327 

decreased demand for food can be met with a small agricultural production area, so a larger 328 

proportion of the population are potentially vulnerable to food insecurity due to a reliance on 329 

less effective food distribution systems in this fragmented Europe. 330 

3.2. Effect of adaptation strategy implementation 331 

The effects of implementing each of the eight adaptation strategies within the context of the 332 

four SSPs combined with RCP2.6 on the SDIs for Europe and the five sub-regions are 333 

graphically summarised in Figure 3. The numeric values corresponding to the colour hues in 334 

Figure 3 are tabulated in Supplementary Table 3 of the ESM. The grey dots in the improving 335 

SDIs indicate that, after the strategy implementation, the SDI state is the same or better than at 336 

the baseline period. 337 

Figure 3 reveals the complex cross-sectoral interactions associated with the different adaptation 338 

strategies, which results in various synergies and trade-offs across SDIs and regions. There is 339 

no single strategy that improves all the SDIs and unintended trade-offs are present in all the 340 

strategies for at least one SSP. For example, for Europe, strategy 1 (Sustainable water 341 



22 
 

management) has positive effects for the water related SDI for all SSPs, for the environment 342 

SDI for SSP1, but negative impacts on employment for SSP4. For SSP1, the improved 343 

environment SDI can be attributed to increased agricultural productivity due to more effective 344 

water management and irrigation, which allows land use transitions to increase forest areas. 345 

For other SSPs this transition does not considerably affect the environment SDI as they already 346 

have higher forest coverage. In contrast, the reduction of agriculturally productive areas leads 347 

to the deterioration of the employment SDI in SSP4. Another representative example of the 348 

SSP dependency of the efficacy and trade-offs associated with the adaptation strategies is 349 

strategy 8 (Agricultural intensification for land-sparing) for Europe. In this case, the water, 350 

bioenergy and biodiversity SDIs only improve for SSP1 while they exhibit no change for the 351 

other SSPs (or even deteriorate in the case of the water SDI in SSP5 and the bioenergy SDI in 352 

SSP4). This is because SSP1 has such a shortage of land other than agriculture that land sparing 353 

makes a real difference by freeing up land for other land uses, such as forests (improved 354 

environment SDI) and habitats for different species (improved biodiversity SDI). The same 355 

logic explains the deterioration of the employment SDI under all the SSPs with strategy 8 (as 356 

agricultural areas have a higher relative employment requirement than managed forest). 357 

Strategy 5 (Sustainable behaviours) improves two SDIs (water and sustainability) for SSP4 in 358 

Europe, without any trade-offs with other sectors, while there are trade-offs for all the other 359 

SSPs (with the environment SDI for all the remaining SSPs and additionally with the 360 

biodiversity SDI for SSP1). However, more SDIs are improved under strategy 5 in SSPs 3 and 361 

5 compared to SSP4, even though there are trade-offs present. This indicates that for evaluating 362 

the overall efficacy of each strategy, we need to not only look at improvements and the 363 

presence/absence of trade-offs, but also the relative relationship between improvements and 364 

deteriorations in the SDIs. 365 
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The only strategy that consistently improves SDIs without any trade-offs across all regions and 366 

SSPs 3 and 4 is strategy 6 (Human and social capital). SSPs 1 and 5 have high levels of human 367 

and social capital and are thus less benefited by strategy 6. As SSPs 3 and 4 have lower capitals, 368 

they benefit from the increased coping capacity enabled by the increase in capitals in strategy 369 

6, which results in decreased vulnerability to flooding and water over-exploitation and the 370 

projected improvement of the relevant SDIs.  371 

Strategy 4 (Flood protection) does not have any significant effect on the indicators, as the 372 

assumed changes in scenario-specific flood risk management approaches, based on low levels 373 

of increases in the Standard of Protection of flood defences (in SSP 1, 4 and 5) and the 374 

implementation of flood resilience measures in new buildings (in SSP 3) produce only small 375 

changes in the exposed population. 376 
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 377 

Figure 3. Effects of adaptation strategies on the SDIs, for different socio-economic scenarios 378 

(SSPs) combined with RCP2.6, for Europe and European sub-regions (StrategyX/Strategy0). 379 

Adaptation strategies correspond to: 1. Sustainable water management, 2. Maximising forest 380 
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area, 3. Land-sharing, 4. Flood protection, 5. Sustainable behaviours, 6. Human and social 381 

capital, 7. Bioenergy, 8. Agricultural intensification for land-sparing. Blue colour hues 382 

represent improvements in the SDIs (greater than 5%) and orange hues deteriorations (greater 383 

than 5%). The grey dots indicate that the improved SDI is at the same or better state as at the 384 

baseline period. 385 

3.3. Improvements over baseline and residual climate impacts 386 

Implementation of some adaptation strategies enables some SDIs (those marked with grey dots 387 

in Figure 3) to reach the baseline state (or an improved state). For all other SDIs, even those 388 

that improve, there are residual impacts that mean that, even when the strategies are 389 

implemented, the system is worse than its baseline state. In general, Figure 3 reveals that for 390 

most SDIs there are residual impacts -which is the difference between the SDI after the 391 

adaptation responses and the SDI in the baseline period- pushing values below baseline levels. 392 

The ability of strategies to recover the baseline state of SDIs varies considerably between 393 

regions and SSPs. For example, in the Atlantic region under SSP1, there is only one case out 394 

of the 64 combinations of SDIs x Strategies where the improvement reaches the baseline state 395 

(for the Water SDI with strategy 8). In contrast, in the Southern region under SSP4, there are 396 

14 cases of improved SDIs out of the 64 combinations, and only three of them are shown to 397 

have residual impacts (all three associated with the employment SDI). 398 

Moreover, improvements beyond the baseline state are more common for some SDIs than 399 

others. To better understand the behaviour of each SDI, the cases of SDI that improve (relative 400 

to strategy 0) and additionally improve over the baseline state are counted for each SDI in the 401 

Strategy x SSP scenario space. The results are included in Supplementary Tables 4 and 5 402 

respectively. This shows that the sustainable production related SDI is the only indicator whose 403 

improvements reach or exceed the baseline state consistently for all the examined regions, 404 

whilst the flood protection, food and bioenergy related SDIs improve beyond the baseline for 405 
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some regions. In all cases where the food SDI improves in the Continental and Southern 406 

regions, it improves beyond its baseline state. The improvements in the bioenergy SDI are 407 

equal to or exceed the baseline state in all cases for Europe and the sub-regions of Atlantic, 408 

Continental and Southern. Residual impacts of climate and socio-economic change that cannot 409 

be reversed after implementing adaptation strategies in all the examined regions are identified 410 

for the water, employment, environment and biodiversity indicators. Biodiversity is noticeable 411 

as the SDI most affected by residual impacts, as it never reaches the baseline state under any 412 

of the strategies and SSPs in any of the examined regions, demonstrating the inability of 413 

adaptation responses to overcome some biophysical impacts of climate change, e.g. species’ 414 

climate space. 415 

3.4. Spatial “winners” and “losers” across SSPs 416 

The net number of improving SDIs, calculated as the difference between the number of SDIs 417 

that improve relative to strategy 0 and the number of SDIs that deteriorate, is a useful metric 418 

for examining the variations in strategy efficacy for different SSPs and regions. We calculate 419 

the percentage of net improving SDIs over the total number of SDIs across all Strategies 420 

(Figure 4a) and all SSPs (Figure 4b). The absolute numeric values used to derive the graphs in 421 

Figure 4 can be found in Supplementary Tables 6 and 7.  422 

The net percentage of improving SDIs for each SSP and across regions (Figure 4a) indicates 423 

that the Alpine region is the relative adaptation “winner” that benefits the most from the 424 

implementation of adaptation strategies, as it is the only region with positive values of net 425 

improving SDIs across all the SSPs. Southern region has positive net percentage of improving 426 

SDIs for all but one SSP (SSP1, for which the number of SDIs that improve are equal to the 427 

number of SIs that deteriorate). The Atlantic and Continental regions are identified as “losers” 428 

under SSP1 (-11% and -9% net percentage of improving SDIs respectively), due to the negative 429 

effects of strategies 2 (Maximising forest area) and 3 (Land-sharing) on food, bioenergy, 430 
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sustainability and environment related SDIs, although they have positive values for other SSPs 431 

(SSPs 3 and 4 for Atlantic, SSPs 3, 4 and 5 for Continental). Similarly, the Northern region is 432 

identified as a relative “loser” from adaptation under SSP4 (-5% net percentage of improving 433 

SDIs), due to decreased number of improving SDIs compared to the other SSPs for the same 434 

region, but has positive values for SSPs 1 and 5. 435 

 436 

Figure 4. Net percentage of improving SDIs (aggregate number of SDIs that improve – 437 

aggregate number of SDIs that deteriorate, divided by the total number of SDIs in the scenario 438 

space, a. SDIs x Strategies scenario space (shown percentages are relative to 64 possible 439 

combinations)  and b. SDIs x SSPs scenario space (shown percentages are relative to 32 440 

possible combinations). Improvements are defined as changes greater than 1.05 and 441 

deteriorations as changes less than 0.95, as in Figures 1-2. 442 
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3.5. Adaptation strategy efficacy 443 

The net percentage of improving SDIs for each region and across strategies (Figure 4b) 444 

indicates the strategies that are most effective for maximising synergies and minimising trade-445 

offs between the different sectors. Strategies 1 (Sustainable water management), 5 (Sustainable 446 

behaviours) and 6 (Human and social capital) are identified as the most effective strategies, as 447 

they have positive values of net percentage of improving SDIs consistently for all the regions. 448 

Between the three strategies, the highest net percentages of improving SDIs are achieved by 449 

strategy 5 (13% to 34% across regions, compared to 6% to 13% for strategy 1 and 9% to 13% 450 

for strategy 6). 451 

The other strategies, due to unintended impacts, cause significant trade-offs in some regions 452 

(negative values of net improving SDIs). For example, strategy 2 (Maximising forest area), is 453 

highly beneficial for the Alpine region (25%) but deteriorates more SDIs than it improves for 454 

the rest of the regions. This effect, most pronounced for the Atlantic and Continental regions 455 

(-22% and -16% respectively), is mostly due to the negative impacts of strategy 2 on the food, 456 

bioenergy, sustainability and environment related SDIs under SSP1, which relate to the 457 

competition for land when meeting food demand in the more environmentally sensitive socio-458 

economic scenario SSP1. Strategy 7 (Bioenergy) has an overall beneficial effect for the 459 

Northern (3%) and Southern (9%) regions but negative unintended consequences for the 460 

remaining regions, mostly due to the deterioration of the bioenergy, sustainability and 461 

environment indicators in these regions. Strategy 8 (Agricultural intensification for land 462 

sparing) is highly beneficial for the Continental and Southern regions with few trade-offs 463 

between SDIs and high values of net improving SDIs of 16% and 31% respectively. However, 464 

this is not the case for the Alpine, Northern and Atlantic regions, for which the negative impacts 465 

of strategy 8 on the food, bioenergy, employment, sustainability and biodiversity SDIs exceed 466 

the overall improvements caused by the implementation of the strategy (negative net 467 
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percentage of improving SIs: -3%, -9% and -16% respectively for Alpine, Northern and 468 

Atlantic). 469 

4. Discussion 470 

This paper presents an integrated multi-objective assessment of the scenario-specific efficacy 471 

of adaptation strategies in alleviating the combined impacts of low-end climate change and 472 

socio-economic change in Europe, as expressed by representative SDIs. The study aims to 473 

answer the urgent policy questions of what magnitude of impacts are experienced in a Paris 474 

Agreement climate in Europe, and what is the effectiveness of adaptation response options for 475 

alleviating these impacts. The present study innovates providing, to the authors’ knowledge, 476 

the first Europe-focused integrated assessment of impacts of low-end climate change along 477 

with assessment of the efficacy and cross-sectoral implications of different adaptation 478 

strategies. Moreover, the present study provides a methodological innovation, by deriving and 479 

utilising sectoral indicators relevant to the social, environmental and economical components 480 

of sustainable development to express the impacts of climate change across sectors. 481 

4.1.Environmental change impacts in a post-Paris Agreement Europe 482 

This study has shown that there remain important impacts on society, economy and 483 

environment within a post-Paris Agreement Europe, despite the reduced level of climate 484 

change associated with the enhanced climate mitigation actions. Other studies focusing on 485 

impacts in a +1.5oC future report similar findings. Harrison et al. (2018) show that the 486 

agricultural, forestry, biodiversity, water, coastal and urban sectors in Europe are impacted by 487 

low-end climate change, even though these impacts are considerably reduced compared to 488 

high-end scenarios of climate change. Alfieri et al. (2018) found that flood risk in Europe will 489 

increase substantially, even within Paris Agreement temperature goals, as does drought risk for 490 

the Mediterranean and central Europe (Lehner et al., 2017). Various studies that look at the 491 
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differences between +1.5 and +2oC futures for freshwater availability and droughts, weather 492 

extremes indices, vulnerability to food insecurity, crop productivity, biodiversity, flooding and 493 

energy demand (Aerenson et al., 2018; Arnell et al., 2018; Betts et al., 2018; Koutroulis et al., 494 

2018; Schleussner et al., 2018; Smith et al., 2018) agree that the negative impacts at +1.5oC are 495 

generally less pronounced than at +2oC and thus the Paris goal is worth pursuing, while 496 

underlining that the impacts of the lower level of warming in many cases are not negligible. 497 

Alongside the negative impacts of such low-end climate change, our study shows that there are 498 

also benefits for some sectors. However, apart from sustainable production that is consistently 499 

improving across scenarios and regions, the appearance of improvements in other indicators 500 

depends on the socio-economic scenario and varies throughout European sub-regions. Jacob et 501 

al. (2018) quantified the climate and socio-economic impacts of +1.5oC of global warming for 502 

Europe across the energy, tourism and ecosystem sectors. They found that the negative impacts 503 

are considerable, but there are also positive impacts reported for tourism in parts of Western 504 

Europe and the energy sector over most of Europe. However, whilst the aforementioned studies 505 

assume no socio-economic changes (with the exception of Koutroulis et al. (2018) who 506 

consider alternative socio-economic pathways), this study has shown that the impacts of +1.5oC 507 

climate change are conditioned by the future socio-economic choices made by Europe and its 508 

society. 509 

4.2. Adaptation findings 510 

Our study shows that adaptation actions can potentially ameliorate the impacts of climate and 511 

socio-economic change and result in an improved state of some indicators reflecting aspects of 512 

sustainable development for Europe. However, synergistic effects and improvements of such 513 

sustainability related goals will be limited by the human-environment system’s capacity to 514 

fulfil their requirements. Due to the competition for finite land and water resources, regional 515 

differences in impacts and adaptation benefits within the European area are inevitable. A first 516 
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determinant of the opportunities or limitations that each region will face are the impacts of 517 

climate change. Earlier studies (Dunford et al., 2015; Harrison et al., 2018) have identified the 518 

Northern region as a winner in terms of food provision under climate change, due to increased 519 

agricultural productivity resulting from the increases in temperature, whilst the Southern region 520 

has been highlighted as one of the most negatively affected regions under climate change, with 521 

projections showing decreased food production and increases in water stress. The socio-522 

economic changes are a second determinant of regional differences which can further 523 

exacerbate or reduce the negative climate change impacts. With the regionally focused 524 

assessment of this study, we have showed how the winners and losers of climate change vary 525 

across regions and also across SSPs and sectors. In our approach, winners and losers are defined 526 

with regards to the efficacy of the adaptation strategies to improve the examined SDIs of the 527 

same time period, taking account of the constraints of the socio-economic context of the SSPs. 528 

This may cause our spatial winners and losers to differ from those of other relevant studies 529 

such as Dunford et al. (2015) and Harrison et al. (2018), where winners and losers relate to 530 

positive and negative impacts under climate and socio-economic change in comparison to the 531 

baseline period. For example, the Southern region has been identified as a negatively impacted 532 

region in the abovementioned studies but in this study it is one of the regions that most benefits 533 

from adaptation, consistently across SSPs. This arises from the increased opportunities for 534 

improvements in various sectors from implementing adaptation strategies, due to the higher 535 

negative climate change impacts for that region. Thus, this study underlines that adaptation can 536 

help alleviate environmental change impacts even in the most affected areas. 537 

Most importantly, this study highlights that the regional and sectoral winners and losers can 538 

change dramatically due to the different socio-economic scenarios. Thus, consideration of 539 

alternative socio-economic scenarios and associated constraints in adaptation studies is of 540 

paramount importance to avoid over-optimistic outcomes and to provide a comprehensive 541 
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assessment of the different adaptation options (Holman et al., 2018). Meanwhile, the societal 542 

need for adaptation to deal with climate and socio-economic change impacts combined with 543 

the complexity of responses, stress the importance for future studies to move beyond 544 

impacts/potential impacts and to further investigate residual impacts and the benefits arising 545 

from adaptation. 546 

Many of the reported trade-offs between SDIs (mainly between the food, sustainable 547 

production, environment and biodiversity related indicators) emanate from the competition for 548 

finite land resources. The results of the present study are based on the IAP2’s paradigm of 549 

aiming to meet net European food demand through varying food prices (within limits) to 550 

promote the necessary land use change to meet demand. It is inevitable that different 551 

assumptions regarding the drivers of land use change could potentially result in different 552 

synergies and trade-offs between the SDIs – for example approaches that base future land use 553 

change on changing land suitability (Brown et al., 2017) or an assumption that historical 554 

explanatory variables of land use change can be extrapolated into the future (e.g. (Fuchs et al., 555 

2015; Verburg et al., 2009). However, such approaches can lead to societally unacceptable 556 

over- or under-supply of food (with associated consequences on e.g. food shortages) or 557 

inconsistencies with scenario logic (e.g. regarding future international trade and food 558 

import/exports; or technological innovation). 559 

4.3.Implications for policy-making 560 

The findings of the present study highlight the challenges for multi-objective adaptation to 561 

meet societal goals such as the SDGs. Societal goals span multiple sectors and combine 562 

environmental with social and economic considerations, making them more difficult to achieve 563 

due to feedbacks and unintended consequences from other sectors and goals. Earlier studies 564 

have stressed the importance of considering the possible unintended negative impacts of 565 

adaptation actions on other sectors (defined as “maladaptation”) to optimise adaptation efficacy 566 
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(Barnett and O’Neill, 2010; Juhola et al., 2016). van Vuuren et al. (2015) show that the 567 

simultaneous achievement of SDIs relating to the food-water-energy nexus can only be realistic 568 

under purposefully comprehensive adaptation actions including systemic transformations. 569 

Understanding the inter-linkages between societal targets is crucial for taking advantage of 570 

their synergistic effects and moving towards the simultaneous achievement of these goals 571 

(Mainali et al., 2018). In our case, all but one of the adaptation strategies had unintended 572 

consequences on selected SDIs, with the exception being the strategy to increase human and 573 

social capital. This shows that trade-offs within complex socio-ecological systems (such as the 574 

trade-offs between environmental protection and employment, between food production and 575 

biodiversity or between bioenergy and the environment) are an intrinsic feature of sectoral and 576 

multi-sectoral adaptation because of competition for finite land and water resources. However, 577 

the unintended consequences differed notably between strategies, regions and socio-economic 578 

scenarios. 579 

Moreover, our findings point to the importance of adaptation for reducing the impacts of 580 

environmental change in Europe, even in a post-Paris Agreement future. However, in terms of 581 

governance decisions and investments at the country-level, adaptation actions have not 582 

advanced as much as mitigation, while the already emerging impacts show the urgency for 583 

implementation of adaptation measures (Lesnikowski et al., 2017). Although adaptation has to 584 

be approached as a global challenge, a more precise definition of adaptation targets at the 585 

country level is necessary to avoid maladaptation during implementation of regional-scale 586 

measures (Magnan and Ribera, 2016). Finally, early adoption of adaptation strategies such as 587 

integrated water resources management (IWRM) and climate smart agriculture (CSA) can 588 

supplement and enhance mitigation targets while offsetting the adaptation cost through the 589 

achieved reduction of emissions (Dovie, 2019). 590 
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5. Conclusions 591 

This study has presented an assessment of the efficacy of adaptation to tackle low-end climate 592 

change and socio-economic change driven impacts, expressed as indicators relating to 593 

sustainable development on Europe and its regions in the 2080s. The IMPRESSIONS 594 

Integrated Assessment Platform 2 (IAP2) was employed that represents the interactions 595 

between multiple land and water-based sectors and in which adaptation is limited by the 596 

scenario context and the scenario-specific availability of financial, human, social and 597 

manufactured capitals. 598 

Analysis of environmental change impacts on the SDIs shows that considerable impacts are 599 

present even under low-end climate change, affecting especially biodiversity, and highlights 600 

the need for implementation of adaptation practices in a post-Paris Agreement Europe. The 601 

effectiveness of different adaptation strategies on representative SDIs show the synergies and 602 

trade-offs between SDIs and regions. Even when the SDIs improve with adaptation, residual 603 

impacts affect all the SDIs, apart from sustainable production. The most effective strategies 604 

identified by this study are those aiming at adoption of sustainable behaviours (strategy 5), 605 

implementation of sustainable water management (strategy 1) and increasing societal coping 606 

capacity through investment in increasing social and human capital (strategy 6). All of the 607 

evaluated adaptation strategies, except strategy 6, have unintended consequences on SDIs 608 

under all SSPs. The existence of such unavoidable trade-offs between the examined sectors 609 

demonstrates the importance of employing systemic approaches so as to avoid unrealistic and 610 

over-optimistic outcomes. Moreover, the socio-economic scenario dependency of the 611 

outcomes underlines the need for considering alternative socio-economic futures in adaptation 612 

studies, otherwise a considerable component of the uncertainty in projections of human-613 

environment systems is hidden. 614 
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This assessment provides essential information for policy-makers who need to develop 615 

adaptation actions, demonstrating the complex synergies and trade-offs between adaptation 616 

strategies, sectors and European regions. Such insights on relative adaptation winners and 617 

losers builds the capacity of decision-makers to develop improved climate resilience policy 618 

and practice to reduce regional and sectoral unintended consequences whilst enhancing the 619 

opportunities afforded by the identified synergies. 620 

This work highlights the continuing importance of adaptation even under optimistic scenarios 621 

of 1.5oC or 2oC of global warming. The presence of residual climate and socio-economic 622 

impacts after adaptation, even under low-end climate change, stresses the importance of early 623 

adoption of mitigation and adaptation actions and the importance of pursuing the lowest 624 

possible levels of warming. 625 

Acknowledgements 626 

The research was financially supported by the IMPRESSIONS project (funded by the European 627 

Union`s Seventh Framework Programme for research, technological development and 628 

demonstration under Grant Agreement Number 603416).  The authors gratefully acknowledge 629 

the contributions of the IMPRESSIONS partners and stakeholders. 630 

 631 

References 632 

Aerenson, T., Tebaldi, C., Sanderson, B., Lamarque, J.-F., 2018. Changes in a suite of 633 

indicators of extreme temperature and precipitation under 1.5 and 2 degrees warming. 634 

Environ. Res. Lett. 13, 035009. https://doi.org/10.1088/1748-9326/aaafd6 635 

Alfieri, L., Dottori, F., Betts, R., Salamon, P., Feyen, L., 2018. Multi-Model Projections of 636 

River Flood Risk in Europe under Global Warming. Climate 6, 16. 637 



36 
 

https://doi.org/10.3390/cli6010016 638 

Arnell, N.W., Lowe, J.A., Lloyd-Hughes, B., Osborn, T.J., 2018. The impacts avoided with a 639 

1.5°C climate target: a global and regional assessment. Clim. Change 1–16. 640 

https://doi.org/10.1007/s10584-017-2115-9 641 

Azhoni, A., Holman, I., Jude, S., 2017. Adapting water management to climate change: 642 

Institutional involvement, inter-institutional networks and barriers in India. Glob. 643 

Environ. Chang. 44, 144–157. https://doi.org/10.1016/J.GLOENVCHA.2017.04.005 644 

Barnett, J., O’Neill, S., 2010. Maladaptation. Glob. Environ. Chang. 20, 211–213. 645 

https://doi.org/10.1016/j.gloenvcha.2009.11.004 646 

Berry, P.M., Brown, S., Chen, M., Kontogianni, A., Rowlands, O., Simpson, G., Skourtos, M., 647 

2015. Cross-sectoral interactions of adaptation and mitigation measures. Clim. Change 648 

128, 381–393. https://doi.org/10.1007/s10584-014-1214-0 649 

Betts, R.A., Bradshaw, C., Caesar, J., Friedlingstein, P., Gohar, L., Koutroulis, A., Lewis, K., 650 

Morfopoulos, C., Papadimitriou, L., Richardson, K., Tsanis, I., Wyser, K., 2018. Changes 651 

in climate extremes, river flows and vulnerability to food insecurity projected at 1.5°C 652 

and 2°C global warming with a higher-resolution global climate model. Philos. Trans. R. 653 

Soc. A Math. Phys. Eng. Sci. https://doi.org/http://dx.doi.org/10.1098/rsta.2016.0452 654 

Brooks, N., Neil Adger, W., Mick Kelly, P., 2005. The determinants of vulnerability and 655 

adaptive capacity at the national level and the implications for adaptation. Glob. Environ. 656 

Chang. 15, 151–163. https://doi.org/10.1016/j.gloenvcha.2004.12.006 657 

Brown, C., Alexander, P., Holzhauer, S., Rounsevell, M.D.A., 2017. Behavioral models of 658 

climate change adaptation and mitigation in land-based sectors. Wiley Interdiscip. Rev. 659 

Clim. Chang. 8, e448. https://doi.org/10.1002/wcc.448 660 

CBD, 2010. The Strategic Plan for Biodiversity 2011-2020 and the Aichi Biodiversity Targets 661 



37 
 

1–13. https://doi.org/10.1111/cobi.12383 662 

Collste, D., Pedercini, M., Cornell, S.E., 2017. Policy coherence to achieve the SDGs: using 663 

integrated simulation models to assess effective policies. Sustain. Sci. 12, 921–931. 664 

https://doi.org/10.1007/s11625-017-0457-x 665 

Dovie, D.B.K., 2019. Case for equity between Paris Climate agreement’s Co-benefits and 666 

adaptation. Sci. Total Environ. 656, 732–739. 667 

https://doi.org/10.1016/j.scitotenv.2018.11.333 668 

Dunford, R., Harrison, P.A., Jäger, J., Rounsevell, M.D.A., Tinch, R., 2014. Exploring climate 669 

change vulnerability across sectors and scenarios using indicators of impacts and coping 670 

capacity. Clim. Change 128, 339–354. https://doi.org/10.1007/s10584-014-1162-8 671 

Dunford, R.W., Smith, A.C., Harrison, P.A., Hanganu, D., 2015. Ecosystem service provision 672 

in a changing Europe: adapting to the impacts of combined climate and socio-economic 673 

change. Landsc. Ecol. 30, 443–461. https://doi.org/10.1007/s10980-014-0148-2 674 

Fuchs, R., Herold, M., Verburg, P.H., Clevers, J.G.P.W., Eberle, J., 2015. Gross changes in 675 

reconstructions of historic land cover/use for Europe between 1900 and 2010. Glob. 676 

Chang. Biol. 21, 299–313. https://doi.org/10.1111/gcb.12714 677 

Gomez-Echeverri, L., 2018. Climate and development : enhancing impact through stronger 678 

linkages in the implementation of the Paris Agreement and the Sustainable Development 679 

Goals ( SDGs ). Philos. Trans. A. Math. Phys. Eng. Sci. 376. 680 

https://doi.org/10.1098/rsta.2016.0444 681 

Gramberger, M., Zellmer, K., Kok, K., Metzger, M.J., 2015. Stakeholder integrated research 682 

(STIR): a new approach tested in climate change adaptation research. Clim. Change 128, 683 

201–214. https://doi.org/10.1007/s10584-014-1225-x 684 

Harrison, P.A., Dunford, R., Savin, C., Rounsevell, M.D.A., Holman, I.P., Kebede, A.S., Stuch, 685 



38 
 

B., 2015a. Cross-sectoral impacts of climate change and socio-economic change for 686 

multiple, European land- and water-based sectors. Clim. Change 128, 279–292. 687 

https://doi.org/10.1007/s10584-014-1239-4 688 

Harrison, P.A., Dunford, R.W., Holman, I.P., Cojocaru, G., Madsen, M.S., Chen, P.Y., Pedde, 689 

S., Sandars, D., 2018. Differences between low-end and high-end climate change impacts 690 

in Europe across multiple sectors. Reg. Environ. Chang. 1–15. 691 

https://doi.org/10.1007/s10113-018-1352-4 692 

Harrison, P.A., Dunford, R.W., Holman, I.P., Rounsevell, M.D.A., 2016. Climate change 693 

impact modelling needs to include cross-sectoral interactions. Nat. Clim. Chang. 6, 885–694 

890. https://doi.org/10.1038/nclimate3039 695 

Harrison, P.A., Holman, I.P., Berry, P.M., 2015b. Assessing cross-sectoral climate change 696 

impacts, vulnerability and adaptation: an introduction to the CLIMSAVE project. Clim. 697 

Change 128, 153–167. https://doi.org/10.1007/s10584-015-1324-3 698 

Harrison, P.A., Holman, I.P., Cojocaru, G., Kok, K., Kontogianni, A., Metzger, M.J., 699 

Gramberger, M., 2013. Combining qualitative and quantitative understanding for 700 

exploring cross-sectoral climate change impacts, adaptation and vulnerability in Europe. 701 

Reg. Environ. Chang. 13, 761–780. https://doi.org/10.1007/s10113-012-0361-y 702 

Holman, I., Audsley, E., Berry, P., Brown, C., Bugmann, H., Clarke, L., Cojocaru, G., Dunford, 703 

R., Fronzek, S., Harrison, P.A., Honda, Y., Janes, V., Kovats, S., Lafond, V., Lobanova, 704 

A., Madsen, M.S., Mokrech, M., Nunez, S., Pedde, S., Sandars, D., Savin, C., Wimmer, 705 

F., 2017. Modelling Climate Change Impacts , Adaptation and Vulnerability in Europe. 706 

IMPRESSIONS Deliverable D3B.2. 707 

Holman, I.P., Brown, C., Carter, T.R., Harrison, P.A., Rounsevell, M., 2018. Improving the 708 

representation of adaptation in climate change impact models. Reg. Environ. Chang. 1–709 



39 
 

11. https://doi.org/10.1007/s10113-018-1328-4 710 

Holman, I.P., Brown, C., Janes, V., Sandars, D., 2017. Can we be certain about future land use 711 

change in Europe? A multi-scenario, integrated-assessment analysis. Agric. Syst. 151, 712 

126–135. https://doi.org/10.1016/J.AGSY.2016.12.001 713 

Holman, I.P., Harrison, P.A., eds, 2011. Report describing the development and validation of 714 

the sectoral meta-models for integration into the IA platform, CLIMSAVE Deliverable 715 

2.2. 716 

Ingwersen, W.W., Garmestani, A.S., Gonzalez, M.A., Templeton, J.J., 2014. A systems 717 

perspective on responses to climate change. Clean Technol. Environ. Policy 16, 719–730. 718 

https://doi.org/10.1007/s10098-012-0577-z 719 

Jacob, D., Kotova, L., Teichmann, C., Sobolowski, S.P., Vautard, R., Donnelly, C., Grillakis, 720 

M.G., Tsanis, I.K., Damm, A., Sakalli, A., Geesthacht, H., Meteorological, S., Systems, 721 

W., 2018. Climate impacts in Europe under +1.5. https://doi.org/10.1002/eft2.286 722 

Jacob, D., Petersen, J., Eggert, B., Alias, A., Christensen, O.B., Bouwer, L.M., Braun, A., 723 

Colette, A., Déqué, M., Georgievski, G., Georgopoulou, E., Gobiet, A., Menut, L., 724 

Nikulin, G., Haensler, A., Hempelmann, N., Jones, C., Keuler, K., Kovats, S., Kröner, N., 725 

Kotlarski, S., Kriegsmann, A., Martin, E., van Meijgaard, E., Moseley, C., Pfeifer, S., 726 

Preuschmann, S., Radermacher, C., Radtke, K., Rechid, D., Rounsevell, M., Samuelsson, 727 

P., Somot, S., Soussana, J.F., Teichmann, C., Valentini, R., Vautard, R., Weber, B., Yiou, 728 

P., 2014. EURO-CORDEX: New high-resolution climate change projections for 729 

European impact research. Reg. Environ. Chang. 14, 563–578. 730 

https://doi.org/10.1007/s10113-013-0499-2 731 

Jäger, J., Rounsevell, M.D.A., Harrison, P.A., Omann, I., Dunford, R., Kammerlander, M., 732 

Pataki, G., 2014. Assessing policy robustness of climate change adaptation measures 733 



40 
 

across sectors and scenarios. Clim. Change 128, 395–407. 734 

https://doi.org/10.1007/s10584-014-1240-y 735 

Juhola, S., Glaas, E., Linnér, B.O., Neset, T.S., 2016. Redefining maladaptation. Environ. Sci. 736 

Policy 55, 135–140. https://doi.org/10.1016/j.envsci.2015.09.014 737 

Kok, K., Bärlund, I., Flörke, M., Holman, I., Gramberger, M., Sendzimir, J., Stuch, B., Zellmer, 738 

K., 2015. European participatory scenario development: strengthening the link between 739 

stories and models. Clim. Change 128, 187–200. https://doi.org/10.1007/s10584-014-740 

1143-y 741 

Kok, K., Pedde, S., Gramberger, M., Harrison, P.A., Holman, I.P., 2018. New European socio-742 

economic scenarios for climate change research: Operationalising concepts to extend the 743 

Shared Socioeconomic Pathways. Reg. Environ. Chang. 744 

https://doi.org/https://doi.org/10.1007/s10113-018-1400-0 745 

Koutroulis, A.G., Papadimitriou, L. V., Grillakis, M.G., Tsanis, I.K., Wyser, K., Betts, R.A., 746 

2018. Freshwater vulnerability under high end climate change. A pan-European 747 

assessment. Sci. Total Environ. 613–614, 271–286. 748 

https://doi.org/10.1016/j.scitotenv.2017.09.074 749 

Kuramochi, T., Höhne, N., Schaeffer, M., Cantzler, J., Hare, B., Deng, Y., Sterl, S., Hagemann, 750 

M., Rocha, M., Yanguas-Parra, P.A., Mir, G.U.R., Wong, L., El-Laboudy, T., Wouters, 751 

K., Deryng, D., Blok, K., 2018. Ten key short-term sectoral benchmarks to limit warming 752 

to 1.5°C. Clim. Policy 18, 287–305. https://doi.org/10.1080/14693062.2017.1397495 753 

Lehner, F., Coats, S., Stocker, T.F., Pendergrass, A.G., Sanderson, B.M., Raible, C.C., 754 

Smerdon, J.E., 2017. Projected drought risk in 1.5°C and 2°C warmer climates. Geophys. 755 

Res. Lett. 44, 7419–7428. https://doi.org/10.1002/2017GL074117 756 

Lesnikowski, A., Ford, J., Biesbroek, R., Berrang-Ford, L., Maillet, M., Araos, M., Austin, 757 



41 
 

S.E., 2017. What does the Paris Agreement mean for adaptation? Clim. Policy 17, 825–758 

831. https://doi.org/10.1080/14693062.2016.1248889 759 

Madsen, M.S., Maule, C.F., Christensen, J.H., Fronzek, S., Carter, T.., 2016. IMPRESSIONS 760 

Climate Scenarios. EU FP7 IMPRESSIONS Project Deliverable D2.3. 761 

Magnan, A.K., Ribera, T., 2016. Global adaptation after Paris. Science (80-. ). 352, 1280–1282. 762 

https://doi.org/10.1126/science.aaf5002 763 

Mainali, B., Luukkanen, J., Silveira, S., Kaivo-oja, J., 2018. Evaluating Synergies and Trade-764 

Offs among Sustainable Development Goals (SDGs): Explorative Analyses of 765 

Development Paths in South Asia and Sub-Saharan Africa. Sustainability 10, 815. 766 

https://doi.org/10.3390/su10030815 767 

Metzger, M.J., Bunce, R.G.H., Jongman, R.H.G., Mücher, C.A., Watkins, J.W., 2005. A 768 

climatic stratification of the environment of Europe. Glob. Ecol. Biogeogr. 14, 549–563. 769 

https://doi.org/10.1111/j.1466-822X.2005.00190.x 770 

Michaelowa, A., Allen, M., Sha, F., 2018. Policy instruments for limiting global temperature 771 

rise to 1.5°C – can humanity rise to the challenge? Clim. Policy 18, 275–286. 772 

https://doi.org/10.1080/14693062.2018.1426977 773 

Moser, S.C., Ekstrom, J.A., 2010. A framework to diagnose barriers to climate change 774 

adaptation. Proc. Natl. Acad. Sci. U. S. A. 107, 22026–31. 775 

https://doi.org/10.1073/pnas.1007887107 776 

Moss, R.H., Edmonds, J.A., Hibbard, K.A., Manning, M.R., Rose, S.K., van Vuuren, D.P., 777 

Carter, T.R., Emori, S., Kainuma, M., Kram, T., Meehl, G.A., Mitchell, J.F.B., 778 

Nakicenovic, N., Riahi, K., Smith, S.J., Stouffer, R.J., Thomson, A.M., Weyant, J.P., 779 

Wilbanks, T.J., 2010. The next generation of scenarios for climate change research and 780 

assessment. Nature 463, 747–56. https://doi.org/10.1038/nature08823 781 



42 
 

O’Neil, B.C., Kriegler, E., Riahi, K., Ebi, K.L., Hallegatte, S., Carter, T.R., Mathur, R., van 782 

Vuuren, D.P., 2014. A new scenario framework for climate change research: the concept 783 

of shared socioeconomic pathways. Clim. Change 122, 387–400. 784 

https://doi.org/10.1007/s10584-013-0905-2 785 

O’Neill, B.C., Kriegler, E., Ebi, K.L., Kemp-Benedict, E., Riahi, K., Rothman, D.S., van 786 

Ruijven, B.J., van Vuuren, D.P., Birkmann, J., Kok, K., Levy, M., Solecki, W., 2017. The 787 

roads ahead: Narratives for shared socioeconomic pathways describing world futures in 788 

the 21st century. Glob. Environ. Chang. 42, 169–180. 789 

https://doi.org/10.1016/j.gloenvcha.2015.01.004 790 

Papadimitriou, L., D’Agostino, D., Borg, M., Hallett, S., Sakrabani, R., Thompson, A., Knox, 791 

J., 2019. Developing a water strategy for sustainable irrigated agriculture in 792 

Mediterranean island communities – Insights from Malta. Outlook Agric. 1–9. 793 

https://doi.org/10.1177/0030727019841060 794 

Pedde, S., Kok, K., Onigkeit, J., Brown, C., Holman, I., Harrison, P.A., 2018. Bridging 795 

uncertainty concepts across narratives and simulations in environmental scenarios. Reg. 796 

Environ. Chang. 1–12. https://doi.org/10.1007/s10113-018-1338-2 797 

Pedro-Monzonís, M., Solera, A., Ferrer, J., Estrela, T., Paredes-Arquiola, J., 2015. A review of 798 

water scarcity and drought indexes in water resources planning and management. J. 799 

Hydrol. 527, 482–493. https://doi.org/10.1016/j.jhydrol.2015.05.003 800 

Rosenzweig, C., Arnell, N.W., Ebi, K.L., Otze-Campen, H., Raes, F., Rapley, C., Stafford 801 

Smith, M., Cramer, W., Frieler, K., Reyer, C.P.O., Schewe, J., van Vuuren, D., 802 

Warszawski, L., 2017. Assessing inter-sectoral climate change risks : the role of ISIMIP 803 

Assessing inter-sectoral climate change risks : the role of ISIMIP. Environ. Res. Lett. 12. 804 

https://doi.org/https://doi.org/10.1088/1748-9326/12/1/010301 805 



43 
 

Schellnhuber, H.J., Frieler, K., Kabat, P., 2014. The elephant , the blind , and the intersectoral 806 

intercomparison of climate impacts. Proc. Natl. Acad. Sci. U. S. A. 111, 3225–3227. 807 

https://doi.org/10.1073/pnas.1321791111 808 

Schleussner, C.F., Deryng, D., Muller, C., Elliott, J., Saeed, F., Folberth, C., Liu, W., Wang, 809 

X., Pugh, T.A.M., Thiery, W., Seneviratne, S.I., Rogelj, J., 2018. Crop productivity 810 

changes in 1.5oC and 2oC worlds under climate sensitivity uncertainty. Environ. Res. 811 

Lett. Press. https://doi.org/https://doi.org/10.1088/1748-9326/aab63b 812 

Schneider, S.H., Easterling, W.E., Mearns, L.O., 2000. Adaptation: Sensitivity to Natural 813 

Variability, Agent Assumptions and Dynamic Climate Changes, in: Societal Adaptation 814 

to Climate Variability and Change. Springer Netherlands, Dordrecht, pp. 203–221. 815 

https://doi.org/10.1007/978-94-017-3010-5_11 816 

Smith, P., Price, J., Molotoks, A., Malhi, Y., Soc, T.R., Smith, P., 2018. Impacts on terrestrial 817 

biodiversity of moving from a 2 ° C to a 1 . 5 ° C target Subject Areas : Author for 818 

correspondence : 819 

Tavoni, A., Levin, S., 2014. Managing the climate commons at the nexus of ecology, behaviour 820 

and economics. Nat. Clim. Chang. 4, 1057–1063. https://doi.org/10.1038/nclimate2375 821 

Taylor, K.E., Stouffer, R.J., Meehl, G.A., 2012. An Overview of CMIP5 and the Experiment 822 

Design. Bull. Am. Meteorol. Soc. 93, 485–498. https://doi.org/10.1175/BAMS-D-11-823 

00094.1 824 

Tinch, R., Jäger, J., Omann, I., Harrison, P.A., Wesely, J., Dunford, R., 2015. Applying a 825 

capitals framework to measuring coping and adaptive capacity in integrated assessment 826 

models. Clim. Change 128, 323–337. https://doi.org/10.1007/s10584-014-1299-5 827 

UNISDR, 2015. Sendai Framework for Disaster Risk Reduction. Geneva, Switzerland. 828 

United Nations, 2016. The Sustainable Development Goals Report 2016, United Nations. 829 



44 
 

van Vuuren, D.P., Den Elzen, M.G.J., Lucas, P.L., Eickhout, B., Strengers, B.J., Van Ruijven, 830 

B., Wonink, S., Van Houdt, R., 2007. Stabilizing greenhouse gas concentrations at low 831 

levels: An assessment of reduction strategies and costs. Clim. Change 81, 119–159. 832 

https://doi.org/10.1007/s10584-006-9172-9 833 

van Vuuren, D.P., Kok, M., Lucas, P.L., Prins, A.G., Alkemade, R., van den Berg, M., 834 

Bouwman, L., van der Esch, S., Jeuken, M., Kram, T., Stehfest, E., 2015. Pathways to 835 

achieve a set of ambitious global sustainability objectives by 2050: Explorations using the 836 

IMAGE integrated assessment model. Technol. Forecast. Soc. Change 98, 303–323. 837 

https://doi.org/10.1016/j.techfore.2015.03.005 838 

Verburg, P.H., Dearing, J.A., Dyke, J.G., Leeuw, S. van der, Seitzinger, S., Steffen, W., 839 

Syvitski, J., 2016. Methods and approaches to modelling the Anthropocene. Glob. 840 

Environ. Chang. 39, 328–340. https://doi.org/10.1016/j.gloenvcha.2015.08.007 841 

Verburg, P.H., van de Steeg, J., Veldkamp, A., Willemen, L., 2009. From land cover change 842 

to land function dynamics: A major challenge to improve land characterization. J. 843 

Environ. Manage. 90, 1327–1335. https://doi.org/10.1016/j.jenvman.2008.08.005 844 

von Stechow, C., Minx, J.C., Riahi, K., Jewell, J., McCollum, D.L., Callaghan, M.W., Bertram, 845 

C., Luderer, G., Baiocchi, G., 2016. 2 °C and SDGs: united they stand, divided they fall? 846 

Environ. Res. Lett. 11, 34022. https://doi.org/10.1088/1748-9326/11/3/034022 847 

Zurek, M.B., Henrichs, T., 2007. Linking scenarios across geographical scales in international 848 

environmental assessments. Technol. Forecast. Soc. Change 74, 1282–1295. 849 

https://doi.org/10.1016/J.TECHFORE.2006.11.005 850 

 851 


	Elsevier fc 444
	Final_Manuscript_STOTEN

