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Climate change presents regionally diverse risks to agriculture, with altered pre-
cipitation patterns and increased temperatures threatening crop yields and food
security. To support more coherent and actionable adaptation strategies, this
study applies and compares the impact chain methodology across five European
case study regions: Gotland (Sweden), Tarn-et-Garonne (France), the Southern
Great Plain (Hungary), Almeria (Spain), and the Azores (Portugal). Drawing on
stakeholder co-production and high-resolution climate projections, the study
identifies key biophysical and institutional drivers of vulnerability. Across all
regions, the results highlight a consistent shift toward wetter winters and drier
summers, with significant implications for irrigation demand and crop water
stress. Despite climatic differences, common impact pathways emerge: water
scarcity affecting agricultural productivity, soil degradation leading to long-term
yield loss, and institutional fragmentation delaying adaptation. The consolidated
impact chain synthesizes these shared pathways and links them to regionally
suitable land-use-based adaptation and mitigation solutions (LAMS). The findings
show that while LAMS can address local biophysical vulnerabilities, their imple-
mentation depends critically on institutional capacity, governance coordination,
and access to resources. Although similar risk patterns emerge across regions,
the effective implementation of adaptation measures must be tailored to local
ecological, economic, and governance contexts to ensure feasibility, acceptance,
and long-term impact. This study demonstrates how impact chains serve as an
effective visual tool to mind map climate risks, engage with local stakeholders,
and shape climate action interventions and policies. In this work, impact chains
were co-created with case study stakeholders allowing for a shared and broad
understanding of the different risk elements, their dynamics and how they can
be addressed by adaptation solutions. By linking local assessments with broader
policy frameworks, impact chains offer a scalable approach to support climate-
resilient land use and agricultural planning under the European Green Deal and
beyond.
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1 Introduction

European precipitation is not just shifting in volume, but is
increasingly variable in temporality across the year (André et al,,
2024). Copernicus Climate Change Service (C3S) data reveals east—
west and seasonal contrasts: 2024 marked one of the wettest years on
record in Western Europe, whereas Eastern and Southeastern regions
suffered from below-average rainfall, highlighting intensified summer
dryness across the Mediterranean and parts of Eastern Europe. From
alonger-term perspective, the data shows that while total annual pre-
cipitation may remain stable at the continental scale, seasonal redis-
tribution and volatile shifts between wetter winters and drier summers
are becoming the defining trend (Aalbers et al., 2018; Santos et al.,
2016; Felsche et al., 2024). Within the European continent these
changes may bring more precipitation to the North of Europe and less
to the South [European Environment Agency (EEA), 2024; Bednar-
Friedl et al., 2022]. The seasonal reshuffling has profound implications
for agriculture, as crops depend on precipitation during specific
growth stages, not just on annual totals. A decrease in summer rainfall
affects soil moisture precisely when evapotranspiration peaks, limiting
crop resilience. These changes are already affecting crops in Europe
and other regions of the World (Ray et al., 2019).

In a changing climate, crop yields will be affected both gradually
by increased temperatures and the frequency and intensity of
extreme weather. Temperature- and soil moisture-related indicators
are more important than precipitation-related indicators (Schmidt
and Felsche, 2024). When considering that crop yield is constrained
by other factors such as planting area and growing season, there will
be a significant yield loss in the European countries (Kang et al.,
2009 and Marton et al., 2007). Effectively, projections to future cli-
mate scenarios RCP4.5 and RCP8.5 suggest an increased risk of yield
shock and a paradigm shift from water limitation to extreme warm-
ing induced shocks over 2070-2099 (Zhu et al., 2021). Even though
there have been increasing temperatures and increasing rainfall
(annually) in Northern Europe, the wheat yields have been stagnant
(Lopes, 2022). This is due to the increasing summer temperatures
that have been negatively affecting the wheat yields, which is prob-
ably due to a shortened grain filling period (Schittenhelm et al.,
2020). In Northern Europe, the wheat has a short crop cycle of
approximately 5 months (spring to early autumn) and increased
temperatures as well as decreased rainfall during summer months
may be shortening this period depending on which kind of wheat is
sown (Lopes, 2022). In Eastern Europe the temperature increase has
contributed to an increase in wheat yields in recent years, which is
most likely due to an increase in photosynthesis (Trnka et al., 2012).
The observed positive effects of increased temperature on crop yields
may diminish if the ongoing decline in rainfall in Eastern Europe
continues. Such trends are expected to lead to more frequent
drought events, having a significant effect on yearly crop yield. In
the warm climates of Southern European countries, higher tempera-
tures have shown that rainfall during May and June remains critical
for sustaining yield increase (Lopes, 2022; Mikinen et al., 2018;
Kahiluoto et al., 2019). This underscores the role of precipitation
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patterns in supporting the long-term progress of crops production
in Europe.

The European Union’s climate policy framework is categorized
within a multi-level governance system that combines legally binding
instruments such as regulations, directives, and decisions with prepa-
ratory documents that guide legislative and budgetary processes
(Panara, 2015). A cornerstone of the EU’s climate and environmental
strategy is the Common Agricultural Policy (CAP), introduced in
1962. As Fusco (2021) explains, research over the past 20 years shows
that the CAP has gradually shifted from mainly focusing on food pro-
duction to a more balanced approach that also includes environmental
protection, rural development, and public health, helping to support
climate action and adaptation. However, there is ongoing debate about
how well the CAP supports climate resilience, especially as European
farming faces growing challenges like changing rainfall patterns, soil
damage, and more frequent extreme weather events.

Climate change presents complex and evolving risks to societies,
ecosystems, and economies, requiring decision-makers to navigate
uncertain futures, systemic interdependencies, and region-specific
vulnerabilities. In response, structured tools for climate risk and vul-
nerability assessment have become essential (IPCC, 2021). Over the
past decade, the impact chain approach has emerged as a widely
applied framework to support transparent, participatory, and policy-
relevant assessments. Anchored in the IPCC’s conceptualization of
risk as a function of hazard, exposure, and vulnerability (IPCC, 2014),
impact chains map how climate-related hazards translate into societal
impacts through coupled biophysical and socio-economic processes
(Fritzsche et al., 2014; Zebisch et al., 2017).

Since its formalization in the Vulnerability Sourcebook and its
Risk Supplement (GIZ, 2014; Zebisch et al., 2021), the impact chains
methodology has been operationalized in a growing number of
European initiatives for national and local risk assessments (Zell-
Ziegler and Thema, 2022; Liickerath et al., 2023), transboundary cli-
mate risk studies (Harris et al., 2022), sector-specific applications in
mobility (Zell-Ziegler et al., 2024), agriculture (Gobin et al., 2021),
energy (Zell-Ziegler and Thema, 2022), and health (Roveri et al,,
2024). The European Environment Agency (EEA) has also adopted
the impact chain methodology as part of its analytical foundation for
the 2024 European Climate Risk Assessment [European Environment
Agency (EEA), 2024], contributing to greater harmonization of meth-
odologies across scales.

This study contributes to these efforts by comparing five impact
chain-based assessments conducted in different European regions.
Building on this comparative analysis, we synthesize a consolidated
impact chain that captures shared causal pathways and systemic driv-
ers of vulnerability. This contributes to methodological innovation
and supports the design of more transferable, effective, and equitable
adaptation strategies under a common EU policy framework. Estoque
et al. (2022) provides a comprehensive conceptual discussion of
impact chains as a method to elucidate cascading cause-effect relation-
ships in climate risk contexts. They emphasize the utility of Impact
chains for stakeholder engagement, particularly in regional adaptation
planning, and stress the importance of clarity in conceptual framing
and representativeness in stakeholder involvement. The study

frontiersin.org


https://doi.org/10.3389/fclim.2026.1717714
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org

lhrfors et al.

highlights how impact chains can reveal complex connections within
climate risks, making vulnerability and risk assessments both more
scientifically sound and easier to use in practice (Estoque et al., 2022).

Furthermore, the European Climate Risk Assessment reinforces
the relevance of a structured and systemic approach to assess cascad-
ing climate risks across sectors and governance levels. The report
acknowledges impact chains as a useful conceptual basis to identify,
analyze, and communicate how climate risks propagate through inter-
connected systems. It also emphasizes the importance of mapping
interdependencies and non-climatic drivers of risk, such as social vul-
nerability and critical infrastructure exposure, aligning with the
impact chain framework’s emphasis on cause-effect dynamics
[European Environment Agency (EEA), 2024]. Consequently, projec-
tions increasingly emphasize the tempo of rainfall, whether rain
comes at the right time for crops, and not simply how much rain falls
annually. This timing-driven aspect is critical, as it directly affects
water storage dynamics, flood risks, and irrigation demands.
Capturing this seasonality is essential to model accurate land-based
adaptation measures, plan for irrigation infrastructure, and design
resilient farming systems capable of sustaining yields amid shifting
European precipitation patterns.

1.1 Aim and objectives

This study investigates how the impact chain methodology can be
systematically applied and used to compare risks across different
European governance and climatic contexts. The aim is twofold: (i) to
identify common systemic drivers of vulnerability that can inform
more coherent and effective adaptation strategies under the EU policy
framework, and (ii) to assess the utility of impact chains for integrat-
ing climate risk knowledge into policy and planning across scales.

Specific objectives include:

« Analyze agriculture specific impact chains based on five case study
regions in Europe, spanning different climatic zones, sectors, and
governance regimes. Compare the case specific impact chains
with respect to governance structures and climate hazards.

« Synthesize the case-specific chains into a consolidated impact
chain that captures shared risk pathways and systemic
vulnerabilities.

« Conduct a methodological evaluation of how impact chains facili-
tate expert and stakeholder engagement in climate risk and vul-
nerability assessments.

o Assess the relevance and effectiveness of impact chain-based
assessments in supporting adaptation decision-making and policy
formulation at multiple governance levels.

2 Methods

This study employs a qualitative comparative case study design to
investigate the use of the impact chains approach in climate risk and
vulnerability assessments across five European contexts and has been
conducted within the EU Horizon 2020 project RethinkAction (grant
agreement No 101037104). The selection of case studies was guided
by the intention to capture diversity in terms of geographic location,
governance levels (municipal to national), institutional arrangements,
and thematic focus areas (e.g., mobility, drought, flooding,
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multi-hazard). All cases are grounded in documented impact chain
applications and draw on stakeholder input, peer-reviewed articles,
project reports, and associated policy literature.

2.1 Case study regions

The five European case study regions were: Gotland (Sweden),
Tarn-et-Garonne (France), the Southern Great Plain (Hungary),
Almerfa (Spain), and the Azores (Portugal). Each case study served as
a geographical lens through which local exposure to climate change,
sensitivity of land systems, and institutional capacity to implement
climate policies were analyzed. The analysis was informed by a mix of
qualitative and quantitative methods, including stakeholder work-
shops, geospatial modeling, climate impact projections, and policy
reviews. This multi-method design ensured triangulation of results
and comparability across diverse socio-ecological settings.

The selection criteria for the regions were based on:

o Representation of major European climate zones (e.g.,
Mediterranean, Atlantic, continental, and temperate).

« Presence of different agricultural pressures and water manage-
ment challenges.

o Availability of downscaled climate projections and land suitabil-
ity data.

o Relevance to EU-wide adaptation and mitigation policy priorities.

2.2 Development of impact chains

The methodology for constructing local climate impact chains
was adapted from the framework proposed by Hagenlocher et al.
(2018), which supports climate risk assessment within Ecosystem-
based Adaptation (EbA) processes and emphasizes participatory
engagement. This guidebook proposes a framework which is built on
the Adaptation Support Tool (AST), developed by the European
Commission (2013) under the Climate-ADAPT initiative, and further
modified for application in specific socio-ecological systems (SESs).
The guidebook provides conceptual and step-by-step co-creation pro-
cedures with examples which put stakeholder input at the center of
impact chain development. It was chosen because of its practical ori-
entated framework which is explained by Zebisch et al. (2021). Both
Zebisch et al. (2021) and Hagenlocher et al. (2018) are framed within
the context of Impact Chain-based Climate Risk and Vulnerability
Assessments (IC-based CRVA) by Petutschnig et al. (2023) work.

Methods applied in this study rely on the guidebook (Hagenlocher
etal., 2018), which were adapted and simplified for application within
the RethinkAction project while retaining a strong emphasis on stake-
holder input and validation. Stakeholder engagement was an impor-
tant component of the impact chain development process and was
operationalized through a series of structured workshops conducted
in each case study region. The workshops were designed to co-develop
impact chains by eliciting local knowledge on climate hazards, expo-
sure, intermediate impacts, and vulnerabilities, with a specific focus
on agriculture and land use. Each workshop began with a presentation
of downscaled climate projections (see chapter 2.4) and regionally
relevant socio-ecological data. This was followed by a participatory
mapping process using a standardized visual impact chain template.
Stakeholders from diverse institutional backgrounds (e.g., municipali-
ties, farmers, water authorities, NGOs, and researchers) collaborated
in breakout groups to identify causal links between climate drivers
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(e.g., reduced precipitation), intermediate impacts (e.g., declining soil
moisture), and system vulnerabilities (e.g., low irrigation efficiency,
weak policy coordination). To facilitate this process, participants used
color-coded post-it notes to classify impact chain components and
visualize their interconnections. The outputs from the breakout
groups were later clustered to identify recurring and cross-cutting
vulnerability patterns in the region.

The used impact chain framework approach provided a structured
and replicable method for tracing causal pathways from climate haz-
ards through exposure and vulnerability to climate-induced risks, with
a focus on land use, water, and agricultural systems. The methods were
applied in five European case studies to identify region-specific cli-
mate risk pathways (see section 3.2). Hazards, which include altered
precipitation patterns and increased evapotranspiration, were linked
to exposure indicators (e.g., percentage of agricultural land, share of
agricultural GDP, proportion of population employed in farming).
Vulnerability was disaggregated into two dimensions: sensitivity (e.g.,
soil fertility, crop type, water dependency) and adaptive capacity (e.g.,
access to irrigation, institutional support, income diversification).
Both dimensions were informed by socio-economic and socio-eco-
logical variables, allowing the analysis to give dynamic feedback and
non-linear effects. Intermediate impacts, such as declining crop yields
or rising irrigation costs, were identified as connecting nodes in the
chain between hazard and socio-economic consequences (e.g., income
loss, production instability). The framework also incorporated recur-
sive relationships, allowing vulnerabilities to be reinforced by inter-
mediate impacts, thus better reflecting the complexity and
interdependencies of real-world socio-ecological systems.

Another reason to choose an IC-based CRVA is the fact of stake-
holder engagement being central to the development and validation
of the impact chains. This was achieved through co-creation work-
shops involving farmers, policymakers, local authorities, and NGOs,
key climate drivers, exposures, and vulnerabilities were identified and
contextualized. These workshops used a combination of tools struc-
tured questionnaires, hands-on participatory mapping, and plenary
discussions, supported by visual aids such as downscaled climate pro-
jections (temperature and precipitation) and high-resolution land use
maps (10 m resolution). These materials facilitated discussion and
ensured that the impact chains were grounded in both scientific data
and local knowledge, enhancing their relevance for identifying site-
specific Land-based Adaptation and Mitigation Solutions (LAMS)
(Chiriaco et al., 2025) Throughout the workshops, data was gathered
via questionnaires, participatory mapping, and plenary discussions,
providing qualitative insights into stakeholder perceptions of climate
risks and adaptation priorities (see section 3.2). These activities were
further supported by visual tools, including downscaled climate sce-
narios and land use maps, to contextualize discussions within the
socio-ecological characteristics of each case study region.

2.3 Development of a consolidated impact
chain at EU level

A consolidated impact chain was developed by synthesizing the five
region-specific impact chains, each originating from an individual case
study. Unlike the standard IC-based CRVA framework applied in the
individual assessments, this study adopts a dedicated consolidation
approach. Rather than relying primarily on stakeholder input or work-
shop outputs, the composite European impact chain for the agricultural
sector was constructed through a systematic mapping and comparison
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of impact chain components and structured responses across all case
studies. This approach enables the identification of shared causal path-
ways and recurrent vulnerability drivers across regions.

To construct the consolidated version, a cross-case coding and
clustering method was applied. This involved reviewing each case-
specific impact chain to identify recurring elements across the chains,
such as shared climate drivers (e.g., altered precipitation patterns),
exposure factors (e.g., evapotranspiration, fodder shortages), and vul-
nerabilities (e.g., yield loss, income instability, institutional fragmenta-
tion). Similar components were grouped into thematic clusters (see
Tables 1, 2) to capture structural patterns and common causal path-
ways across case studies (see Table 3). Special attention was given to
common problems that appeared in multiple contexts, helping to
identify shared challenges like limited resources, poor coordination
between sectors, and insufficient funding. The consolidated impact
chain thus reflects a generalized structure that integrates both bio-
physical and governance-related dimensions of vulnerability while
maintaining the logic of causal progression from climate hazards to
socio-economic impacts, in line with Hagenlocher et al. (2018).

The consolidated impact chain provides a comparative analytical
tool to identify system-wide weaknesses and to inform cross-regional
policy recommendations. It shows the patterns of climate risk and
obstacles to adaptation that are not limited to one area but are part of
the deeper weaknesses in Europe’s farming systems as the climate
changes.

2.4 High-resolution climate data for hazard
definition

Within the impact chain framework, climatic variables constitute
the initial entry point in the causal pathways leading to sectoral risks,
providing the climatic drivers (e.g., shifts in precipitation and tem-
perature) that initiate the chains of hazard, exposure, vulnerability,
and impacts addressed in the case studies. In this study, we derived
climatic variables by statistically downscaling a set of eight General
Circulation Models (GCMs) from the Coupled Model Intercomparison
Project Phase 6 (CMIP6). The CMIP6 experimental design and orga-
nization was described by Eyring et al. (2016) and is made available
namely by Copernicus Climate Change Service, Climate Data Store
(2021). The statistical downscaling procedure relied on the Empirical
Quantile Mapping (EQM) bias-adjustment method (Piani et al.,
2010), as detailed in Reder et al. (2025) and applied by Fedele et al.
(2025) over Italy.

In brief, data from eight GCMs with diverse climate sensitivities
(ACCESS-CM2, CESM2, CNRM-ESM2-1, EC-Earth3-Veg-LR,
HadGEM3-GC31-LL, IPSL-CM6A-LR, MIROC6, and NorESM2-MM)
were first interpolated from coarse-resolution native grids to high-
resolution target grids. Point-by-point quantile matching was then
performed between interpolated model outputs and the reference data-
set during the training phase using EQM, thereby aligning the cumula-
tive distribution functions. As reference, we used climate data for
1985-2014 from CERRA (Ridal et al., 2024) for all case studies, except
for the Azores, where a further statistical downscaling of ERA5 was
employed (Hersbach et al., 2020). To ensure seasonal consistency, cor-
rection functions were computed separately for each month, and wet-
day frequency adjustment was applied for precipitation.

The resulting local climate datasets cover a historical period (1985-
2014) and three future horizons (near-term 2015-2040, mid-term
2041-2070, long-term 2071-2,100) under three Tier 1 Shared
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TABLE 1 Table of elements identified by stakeholders in the five case studies, sorted in identified clusters.

Vulnerability and capacity cluster Stakeholder elements in cluster

Poor soil management; incl. Mono-cultivation practices

Poor soil management; Mono-cultivation practices

Decreasing soil quality; low water retention, high runoff, low flood

resistance, soil health, erosion, nutrient imbalance, soil depth

Nutrient wash-off; soil depth/soil cover; decreasing soil water retention; high soil erosion;
degradation of the soil quality; soil depth/soil cover; unhealthy soil: low water retention, high

runoff, low flood resistance; unhealthy soil: nutrient imbalance; poor soil quality

Wetland degradation (both trenching and regrowth)

Decrease of wetlands due to land changes; wetland degradation (both trenching and

regrowth); unnecessary channeling off of water from land

Water demanding crops; tree crops, wheat, vegetables, etc.

Water demanding crops (m3/ha); dependency of tree crops to water resources; water

demanding crops

Choice of crop; incl. limitation of choices, decrease in plants, change in

crop calendar

Lack of studies on crop varieties; limited crop choice; choice of crops; decrease/change in

plants

Insufficient coordination and management of water resources; incl. lack
of knowledge/training/money/support to change practices, dependency
on upstream departments, weak institutional setting for water
management, Incoherent and deficit policies, lack of successful spread of

water saving measures, insufficient subsidies for water and renewables

Lack of ability (knowledge/training/money/support) to change practices; lack of institutional
autonomy to access water (dependency on upstream departments); lack of successful spread
of water saving measures; insufficient subsidies (for water and renewables); incoherent and
deficit policies; weak institutional setting for water management; harmonization and

coordination problems between the agriculture and water sector

Low irrigation efficiency; incl. inefficient supply system, frost, loss of

water in system

Low irrigation efficiency; low irrigation efficiency (%); frost affecting irrigation equipment;

inefficient water supply system; water wasted/capacity to irrigate reduced

Irrigation system on farm, e.g., reusage of greywater, irrigation dam

Drained farmland suitable for irrigation dams; irrigation system on farm; high irrigation

expenses (energy); reusage of greywater (from, e.g., potato cleaning)

Limited access to farmable land and pasture land, e.g., Scattering,

flooding, degradation, open land

Scattered structure of estates with lack of resources; farmland that benefits from higher water

levels (ha); flooded farmland (ha); pasture degradation; available open pastureland (ha)

Increase of costs of inputs, e.g., energy, water, fuel, pest control, fertilizer

High water cost; high administrative costs (€); increase of costs of inputs, energy, water, fuel;

higher production costs; cost of pest control (price on pest control euro/l); high energy costs

Unfavorable market conditions, e.g., competition with imported

products, dependency on agriculture, Reduced purchasing power

Competition with imported products; unfavorable market conditions (imports); high
economic dependency on agriculture; reduced purchasing power (less purchase of organic or

local products, which are more expensive); decrease in local food production

Resistance to change; incl. low acceptance, cooperation, lack of personnel
and knowledge, uncertainty on planning implementation and investment

(time and money)

Farmers lack an understanding of consequences of switching from monoculture to
integrated agroforestry; lack of professionals and personnel; high level of uncertainty
regarding long-term planning, implementation and investment; high resistance to change;

lack of cooperation among farmers; low farmer acceptance (2-way communication)

Agriculture: insufficient policies, knowledge & technical support, e.g.,
inadequate crop calendar, know-how about land management
(techniques), lack of knowledge about sustainable practices in

agriculture, inadequate soil management

Insufficient knowledge & technical support; insufficient technical support; insufficient
policies and know-how about land management (techniques); lack of sustainable practices in
agriculture (no cover crop, not enough organic matter); inadequate soil management;

inadequate crop calendar (Maize cycle reduction - 500 to 440 days? April seeding delay)

Lower water availability to farmers (m3)

Low water availability to farmers; lower water availability to farmers (m3); increasing

demand for groundwater (m3)

Insufficient water supply network; expansion, reservoirs, poor quality of

the infrastructure, low finances

Significant and increasing number of illegal- or above-legal water outtake; poor quality of

water infrastructure; heavily under-financed water sector; insufficient water supply network

(expansion + reservoirs)

Socioeconomic Pathways: SSP1-2.6, SSP2-4.5, SSP5-8.5 (see Table 4).
These scenarios were described by O'Neill et al. (2016) in the scope of
the CMIP6 project experiments. As stated by O’'Neill et al. (2016) “Tier
1 spans a wide range of uncertainty in future forcing pathways impor-
tant for research in climate science’, thus providing adequate range of
possible future outcomes for climate variables which depend on green-
house gas (GHG) emissions (Meinshausen et al., 2020). Riahi et al.
(2017) provides narratives for the baseline scenarios which are based
on the absence of mitigation policies and explains the application of
mitigation scenarios. SSP5-8.5 is a baseline scenario which represents
a high emissions pathway, SSP1-2.6 is a mitigated scenario with low
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emissions pathway, and SSP2-4.5 is an intermediate mitigated scenario.
The local climate data is openly available on the RethinkAction reposi-
tory (RethinkAction Consortium, 2025), as 30-year maps, monthly
time series, and annual time series, thereby providing the scientific and
policy communities with transparent, ready-to-use datasets.

2.5 The role of land-use based adaptation
and mitigation solutions (LAMS)

The integration of Land-use based Adaptation and Mitigation

Solutions (LAMS) constitutes a pivotal element in the

frontiersin.org


https://doi.org/10.3389/fclim.2026.1717714
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org

lhrfors et al.

10.3389/fclim.2026.1717714

TABLE 2 Table of elements identified by stakeholders in the five case studies, sorted in identified clusters.

Intermediate impact cluster Stakeholder elements in cluster

Decrease of yield yearly, production (quantity
and quality)

Decrease of yearly yield; decreased crop production (quantity and quality); reduced yields; crop yield decrease or loss

(kg/ha); crop yield decrease or loss

Less employees in agro-industries, e.g.,

decreased number of farmers

Reduced income; loss of income; loss of income (€), increased costs; agroindustry impacted; decreased number of

farmers

Lowered soil quality, incl. decrease retention
capacity, less moisture, less plant available

water, organic soil loss

Less moisture in the soil; Organic soil loss (mass movements drag seeds, fertilizer, etc); less plant available water in
soils (m3m-3); decrease soil water retention capacity; increased drought of the soil and decrease in water in the soil;

soil quality; less moisture in the soil (m3m-3)

Reduced percolation due to dry soils causing
increased run-off and inland water stagnation

on arable land, landslides

Increased run off due to dry soil; landslides; increasing episodes of inland water stagnation on arable land; increased

run-off

Reduced water resources (quantity and quality)
incl. negative water balance, above ground
water stocks, reduced groundwater recharge,

etc

Lower water availability; water supply shortage; reduced river flows; decreasing above ground water stocks (m3m-3);
reduced groundwater recharge; locally and temporally negative water balance (mm/day); reduced water resources

(quantity and quality); less snow and snow melting

Higher potential evapotranspiration (mm/day)

Higher potential evapotranspiration; increased evaporation of rivers and waterbodies; higher potential

evapotranspiration (mm/day)

Climatic water balance (mm/day)

Climatic water balance

Water stress on crops, incl. heat stress,

insufficient water supply

Heat stress on plants (days >25\u00B0C); increased ETp of plants; evapotranspiration of plants; difficulties in meeting
crop water requirements; increased crop water demand (m3/ha); insufficient water supply for crops due to insufficient
water available from irrigation and precipitation; increased crop water demand; higher needs for water resources for the

plants; increased crop water stress (% of full irr); increased crop water demand (m3/ha); increased crop water stress

Pest attacks, e.g., Army-worm/Lagarta das
pastagens (Mythimna unipuncta), Plant health

sanity (fungi), Rust (Pucciniales), new pests

Amount of pests attacks; new pests and exotic species appearing; Army-worm/Lagarta das pastagens (Mythimna

unipuncta); plant health sanity (fungi); Rust (Pucciniales), tree crops sensitive to pests and climate hazards

Changes in crop patterns, crop degradation,

burning, early budding (fruits and flowers)

Changes in plant physiology (ex: early budding); crop degradation (fruits and flowers); fruit burning

Conflicts to use water resources, affects the
water needs for other sectors (households &

industry) and modification of practices

Affects the water needs for other sectors (households & industry) and modification of practices, Conflicts to use water

resources

Stress on livestock incl. heat, water, disease

Thermal stress in milk production; animal photosensitivity disease (fungi); heat strokes on livestock (days >25C);

higher water intake by animals (m3/stock); need to water livestock

Decreased heard size

Decrease livestock production (meat, milk); heard size

TABLE 3 Summary of common pathways in the studied regions.

Pathways

Climate Hazard — Water Scarcity — Agricultural Impact

Presence in regions Key consequences

All5 Yield decline, increased costs, economic uncertainty

Climate Hazard — Soil Degradation — Productivity Loss

Southern Great Plain, Almeria, Azores | Long-term degradation, higher input dependency, increased cost

Water scarcity — Governance Barriers — Delayed Adaptation

All5 Inaction, institutional inertia, systemic vulnerability

operationalization of the Impact Chain approach, as they offer spa-
tially explicit and context-specific measures that simultaneously
address climate adaptation and mitigation objectives. By reshaping
land-use dynamics, LAMS contribute to reducing exposure and vul-
nerability, while enhancing the adaptive capacity of socio-ecological
systems. Within the framework of the Impact Chain, they provide a
critical linkage between climatic hazards, ecological functions, and
socio-economic conditions, thereby enabling a more comprehensive
assessment of risks and response options. Moreover, LAMS facilitate
the identification of co-benefits and potential trade-offs, reinforcing
the scientific robustness and policy relevance of the Impact Chain as
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a decision-support tool. To support the selection of suitable LAMS,
the catalog developed by Chiriaco et al. (2025) was employed.

3 Results
3.1 Change in precipitation patterns

When simulating precipitation patterns across different regions of
Europe, it is evident that both the quantity and temporality of
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TABLE 4 Description of the socioeconomic pathways (SSP) used in the scenarios.

10.3389/fclim.2026.1717714

Socioeconomic Description Indicators (Basic ECVs)

pathway

SSP1-2.6 Sustainable future path with very low Greenhouse Gas (GHG) emissions. Near surface air temperature; total precipitation;

near surface wind speed.

SSP2-4.5 Future path in which social, economic, and technological trends do not shift Near surface air temperature; total precipitation;
markedly from historical patterns. near surface wind speed.

SSP5-8.5 Describes a future with very high GHG emissions where the push for economic and | Near surface air temperature; total precipitation;
social development is coupled with the exploitation of abundant fossil fuel resources | near surface wind speed.
and the adoption of resource- and energy-intensive lifestyles worldwide.

precipitation are changing under all scenarios. The severity of these
changes aligns with (i) the intensity of the scenario and (ii) the time
horizon, with the most pronounced shifts occurring in the long term
under the SSP5-8.5 scenario. The analysis of the five distinct regions,
Gotland, Sweden (Figure 1), Tarn-et-Garonne, France (Figure 2), the
Southern Great Plain, Hungary (Figure 3), Almeria, Spain (Figure 4),
and the Azores, Portugal (Figure 5), reveals region-specific precipita-
tion trends, highlighting the context-specific and diverse impacts of
climate change. Overall, winters are expected to become wetter, while
summer precipitation is projected to decrease by about 2% in Northern
Europe and up to 5% in Southern Europe (Caretta et al., 2022). The
observed patterns indicate potential challenges for water resource man-
agement and agricultural practices, necessitating adaptation strategies
to alleviate climate change driven impacts effectively in all parts of
Europe. When we look into the projected futures for the five case stud-
ies, we can see both differences and similarities. Across all scenarios,
precipitation is expected to decrease during the growing season for
most European crops, the impact of which becomes more pronounced
when combined with rising temperatures over the same period.

3.2 Regional climate impact chains:
projected precipitation patterns and
agricultural yield in five European case
study regions

Projected changes in precipitation patterns across Europe reveal
a clear trend of wetter winters and drier summers, particularly under
high-emissions scenarios such as SSP5-8.5. These shifts coincide with
critical phases in the agricultural calendar, increasing evapotranspira-
tion and the risk of crop water stress during the growing season. Yield
projections reflect region-specific vulnerabilities, with some areas
experiencing stagnation or decline due to shortened grain-filling peri-
ods or soil moisture deficits. When connected through impact chain
analysis, these climatic drivers interact with local biophysical condi-
tions, economic and governance contexts to expose differentiated
pathways. Understanding these pathways is essential for designing
sector-appropriate adaptation strategies in land use and agricultural
policy. Below we briefly set out how changes in precipitation relate to
yields, how this can manifest in a specific risk and how the impact
chain represents the same.

3.2.1 Gotland, Sweden
Precipitation changes on Gotland (Figure 1) show a general

increase during winter and a decrease during summer. These patterns
correlate with the severity of the scenario and the time horizon, with
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the most substantial winter increment and summer reduction occur-
ring under the SSP5-8.5 scenario in the long term. Despite increased
rainfall annually, wheat yields remain stagnant in northern Europe
due to higher summer temperatures shortening the grain-filling
period. Future reductions in rainfall during summer months may fur-
ther reduce yields by shortening the growing period of the crops
(Lopes, 2022). This translates into a risk of water scarcity/drought
affecting farmers’ livelihood. As the Impact Chain depicts (Figure 6),
increased winter rainfall may heighten flooding risks and nutrient
leaching, while drier summers reduce crop water availability, causing
stress across all arable systems. This intensified seasonality amplifies
the need for infrastructure to store and redistribute water and
increases reliance on adaptive governance systems, which are cur-
rently only moderately developed in the region. The stakeholder group
(Table 5) combined operational, academic, and civic perspectives,
with a strong municipal presence reflecting local responsibility in
water and land-use management.

3.2.2 Tarn-et-Garonne, France

Projected precipitation changes in Tarn-et-Garonne (Figure 2) are
predominantly negative throughout the year. The decrease is most
significant in summer and intensifies under the SSP5-8.5 scenario
over the long-term period. No significant changes in wheat yields have
been observed in Western Europe, despite recent climate variability.
This suggests current stability, though future risks remain uncertain
(Lopes, 2022). The overall risk is a decrease in water quality and avail-
ability affecting yields of tree crops in Tarn-et-Garonne as the Impact
Chain shows (Figure 7), tree crop systems in this region face direct
yield losses from soil moisture deficits. Livestock production is also
indirectly affected through reduced fodder availability, driving up
input costs and lowering resilience. These impacts are exacerbated by
the limited adoption of water-saving technologies and by coordination
challenges between the agricultural and water sectors. The composi-
tion of the stakeholder group (Table 6) emphasized agricultural exper-
tise and institutional water governance, relevant for understanding
irrigation and climate adaptation in a crop-dominated landscape.

3.2.3 Southern Great Plain, Hungary

In the Hungarian Southern Great Plain, precipitation changes
(Figure 3) follow a seasonal pattern, with increases in winter and
early spring but decreases in late spring, summer, and early
autumn. The temporal distribution shows an increasingly uneven
pattern during the summer term. The most pronounced changes
occur under the SSP5-8.5 scenario over the long-term period.
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FIGURE 1
Gotland: Monthly changes of total precipitation provided by the raw CMIP6 EM and downscaled/adjusted CMIP6 EM; evolutions are shown for SSP1-
2.6, SSP2-4.5, and SSP5-8.5 scenarios (from top to bottom) over near-term, mid-term, and long-term (from left to right).

Recent fluctuations on a multi-annual basis in wheat yields are
linked to higher temperatures enhancing photosynthesis, but
ongoing declines in summer rainfall have reversing effect as well.
In the case of corn, among the most important products of the
region, a decreasing trend in yield is more unequivocal. The
increasing frequency and severity of droughts already have nega-
tive effects on agricultural production and could significantly
reduce future yields (Lopes, 2022). The main risk is of crop yield
loss due to drought effects in the growing season. The Impact
Chain (Figure 8) shows how the mismatch between water avail-
ability and crop water requirements creates seasonal imbalances,
making efficient water management and strategic agronomic
planning essential. Limited technical knowledge and financial
resources, institutional fragmentation, and high level of uncer-
tainty on the market- and governance level further constrain the
region’s capacity to shift toward more resilient cropping systems
such as barley or other drought-tolerant crops. The stakeholder
group was a (Table 7) mix of academic, technical, and civic actors
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provided a broad base for assessing land and water-related climate
vulnerabilities.

3.2.4 Almeria, Spain

In Almeria, projected precipitation changes (Figure 4) are
consistently negative throughout the year. The most significant
summer reductions occur under the SSP5-8.5 scenario in the
long-term period. Higher temperatures between March and June
have already reduced yields in Almerfa. Continued rainfall deficits
during key months will further threaten crop productivity (Lopes,
2022). This means the central risk is precipitation variability and
heatwaves aggravating freshwater scarcity. The Impact Chain
(Figure 9) reveals high exposure due to the region’s strong socio-
economic dependence on agriculture, pronounced climate change
sensitivities, and low adaptive capacity, factors that together make
Almeria highly vulnerable to changing precipitation patterns. The
group (Table 8) covered a wide spectrum of stakeholders from
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FIGURE 2
Tarn-et-Garonne: Monthly changes of total precipitation provided by the raw CMIP6 EM and downscaled/adjusted CMIP6 EM; evolutions are shown for
SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios (from top to bottom) over near-term, mid-term, and long-term (from left to right).

desalination to waste-water reuse and agricultural sustainability,
addressing severe water scarcity in a semi-arid context.

3.2.5 Azores, Portugal

In the Azores (Figure 5), precipitation is projected to increase
in winter but decrease in the other seasons. The most significant
summer reduction occurs in June under the SSP5-8.5 scenario in
the long term. Changing rainfall patterns are affecting soil moisture
and crop cycles, impacting yields particularly on fodder crops
which are rainfed. The region’s small-scale agriculture remains vul-
nerable to shifts in seasonal precipitation (Lopes, 2022). The main
risk identified is that of precipitation variability affecting yield sta-
bility. In the Impact Chain (Figure 10), seasonal variability influ-
ences pasture growth and crop calendars, affecting mostly fodder
production for milk and meat production bovine cattle. The main
concern expressed by the impact chain is related to this hazard
combined with higher temperatures (in the future), high humidity
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(already present), compounding risks that relate to water scarcity
impacts and animal stress. Albeit not represented in the hazards
section, there are also concerns related to high precipitation events
that can lead to landslides, infrastructure damage, nutrient wash off
and pasture degradation. This was not added as to maintain fidelity
with the agreed final design, but this aspect is included in the inte-
grated impact chain (section 3.2.6).

Although there is institutional willingness, the implementation of
adaptation solutions (e.g., greywater use, land-use shifts) remains
uneven. Strengthening technical feasibility and stakeholder capacity is
therefore critical to building resilience in a context of complexity in
addressing climate risks of insular agricultural systems with limited
water resources. Stakeholder groups were made to address the
Agricultural sector in different workshops which included a series of
exercises and stakeholder input, as well as open discussion with other
workshop participants. For the workshop where the impact chain was
co-created (23/01/2024) a broad institutional diversity can be observed
(Table 9).
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FIGURE 3
Southern Great Plain: Monthly changes of total precipitation provided by the raw CMIP6 EM and downscaled/adjusted CMIP6 EM; evolutions are shown
for SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios (from top to bottom) over near-term, mid-term, and long-term (from left to right).

3.3 Integrated impact chain: cross-regional
climate risks to agriculture in Europe

The consolidated impact chain integrated by comparing and com-
bining the regional impact chains from the five case study regions
provide a generalized synthesis that captures both biophysical and
governance-related risks (Figure 1). It offers a tool to reveal system-
wide weaknesses and shared challenges in European agriculture. This
integrated impact chain highlights recurrent problems such as
resource scarcity and institutional fragmentation, while supporting
cross-regional policy recommendations to strengthen resilience under
climate change. Based on the consolidated impact chain, three main
and interrelated pathways stand out:

o Climate Hazard — Water Scarcity — Agricultural Impact

o Climate Hazard — Soil Degradation — Productivity Loss

o Water Scarcity — Institutional Fragmentation — Delayed
Adaptation
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These pathways reveal common weaknesses in farming systems
(see Table 3) that are caused by climate-related problems, worsened by
poor governance and are exacerbated by a lack of resources to adapt.
Each of these patterns are supported by local and national data on
climate and social factors from the different cases.

1) Climate Hazard — Water Scarcity — Agricultural Impact

Precipitation/drought — Water Stress/water scarcity during grow-
ing season — Agricultural Impact on yield, fodder, livestock.

The most prominent and consistent impact pathway observed
across all regions begins with climate hazards, including reduced pre-
cipitation, increased evapotranspiration, and greater seasonal variabil-
ity. These drivers lead to water stress/water scarcity, particularly
during the growing season, which triggers cascading impacts on
crops, livestock and farm economy. These changes directly reduce
water availability for agriculture while simultaneously increasing
water demand, particularly during periods of elevated temperatures
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FIGURE 4
Almeria: Monthly changes of total precipitation provided by the raw CMIP6 EM and downscaled/adjusted CMIP6 EM; evolutions are shown for SSP1-
2.6, SSP2-4.5, and SSP5-8.5 scenarios (from top to bottom) over near-term, mid-term, and long-term (from left to right).

and more frequent heat days. Observed effects include decreased crop
yields due to water stress and increased irrigation demand and costs.
In livestock systems, fodder shortages affect animal health and
productivity.

For farmers, this dual pressure translates into higher input costs,
especially for irrigation, coupled with expectations of decreasing
yields. The combined effect contributes to income loss and heightens
economic uncertainty across the agricultural sector in all regions.

In regions such as Almeria, Southern Great Plain, and the Azores,
these effects are amplified by rising temperatures and increasing fre-
quency of heat days. European studies (Kang et al., 2009 and Marton
et al,, 2007, Lopes, 2022) show yield reductions in drought-prone
years, reinforcing the urgency of adaptation. This pathway is uni-
formly present and links to:

« Yield/production losses.

« Rising production costs.
« Economic instability in the agricultural sector.
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2) Climate Hazard — Soil Degradation — Productivity Loss

Precipitation/drought — Decreased Soil Quality/Less Soil
Moisture — Productivity Loss/Increased Cost.

In Southern Great Plain, Almeria, and the Azores, a recurring
pathway was identified in which prolonged droughts and extreme
rainfall events contribute to declining soil quality. These climate-
related pressures reduce soil moisture, accelerate erosion, and weaken
the retention of organic matter and nutrients. The degradation is fur-
ther driven by monoculture practices and unsustainable land manage-
ment, which increase reliance on artificial/chemical fertilizer and
other inputs, as both natural nutrient cycling and top-soil quality
decline. This leads to reduced crop productivity, higher input costs for
fertilizers and soil conditioners, and decreased agriculture ecosystem
resilience.

Moreover, the observed degradation diminishes the effectiveness
of natural nutrient replenishment and reinforces dependence on
external soil amendments. This pathway is strongly associated with
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structural soil degradation, which increases both the cost and com-
plexity of land-based adaptation measures in these regions.

3) Water Scarcity — Institutional Fragmentation — Delayed
Adaptation

Water stress — Institutional fragmentation/Governance barriers/
Lack of coordination — Inaction/Missed opportunity/Societal conflicts.

All case studies show a third critical impact pathway, driven not by
biophysical factors alone, but by governance, and institutional resistance.
A consistent pathway emerges, beginning with perceived water stress and
progressing through a series of governance and institutional barriers,
ultimately leading to inaction. Despite growing awareness of water scar-
city and urgency to adapt, adaptation remains limited by fragmented
decision-making and policy disconnects, especially between agricultural
and water management sectors. This inaction manifests as low adaptive
capacity and delayed responses, resulting in missed opportunities to
implement timely and effective adaptation measures. Stakeholders across
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regions clearly recognize the increasing scarcity of water and express
growing concern over its implications. This recognition intensifies the
perceived urgency for adaptation. Common barriers include a lack of
coordination across agencies (e.g., between water and agricultural sec-
tors), upstream-downstream management conflicts, and a general sense
that agriculture operates within a rigid system in need of structural trans-
formation. Furthermore, rigid subsidy structures misaligned with adap-
tation needs and inadequate financial and technical support for
innovative practices are also barriers. At the same time, there is a strong
inclination among stakeholders to preserve the current system, paired
with an absence of institutional and financial support for change.

Even when stakeholders identify potential adaptation strategies,
such as crop diversification, greywater reuse, or precision irrigation,
they often acknowledge a lack of institutional frameworks and capaci-
ties to implement them. This reinforces a cycle of inaction where adap-
tation remains delayed despite clear awareness of risk and urgency. Low
adaptive capacity (technical, financial, institutional) leads to missed
opportunities and delays in LAMS implementation, thereby
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TABLE 5 Participants that co-created the impact chain for Gotland.
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representatives

Associations NGO

perpetuating vulnerability. This pathway is especially evident in Tarn-
et-Garonne, Almeria, Southern Great Plain, and the Azores, where
stakeholders emphasized the need for greater capacity-building, cross-
sector policy coherence, and funding mechanisms to enable adaptation.

3.4 Mapping land-based adaptation and
mitigation solutions to climate impact
chains in five European regions

Mapping LAMS onto the impact chain derived from the five
European case studies reveals how specific solutions correspond to
regionally differentiated climate risks. Each of the three dominant path-
ways presented above is associated with a distinct set of LAMS whose
suitability depends on both biophysical and institutional contexts.

3.4.1 LAMS for water scarcity and agricultural
impact

In the first and most prevalent pathway, solutions that improve
water retention and use efficiency are critical. LAMS such as cover
cropping, improved cropland management with retention of crop
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residues, and irrigation management, are particularly relevant in
Almeria and the Southern Great Plain, where reduced and uneven
summer precipitation and high evapotranspiration contribute to sea-
sonal water deficits. These LAMS enhance soil moisture retention,
reduce water loss, and stabilize crop yields under drought conditions.
On Gotland, where winter precipitation is increasing and infrastruc-
ture capacity is more advanced, the risk is less about drought and more
about the seasonality of precipitation and nutrient leaching. In this
context, LAMS such as rainwater harvesting, constructed wetlands, and
on-farm water storage reservoirs are more appropriate, aligning with
the region’s need for seasonal water redistribution and flood mitigation.

3.4.2 LAMS for soil degradation and productivity
loss

The second pathways links climate-induced soil degradation with
long-term productivity loss. In Southern Great Plain and the Azores,
where both exposure to drought and evidence of declining soil health
are apparent, LAMS such as agroforestry, minimum tillage, and soil
organic matter enhancement are particularly suitable. These solutions
reduce erosion, improve water retention, and promote nutrient cycling,
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The risk of water quality and availability affecting yields of tree crop in Tarn-et-Garonne, France. The impact chain was co-developed with stakeholders
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TABLE 6 Participants that co-created the impact chain for Tarn-et-Garonne.

Public
administration

Consular

chambers

consultancies

SME Water

directorates

Agricultural
technical institutes

offering co-benefits for both climate adaptation and mitigation.
Stakeholder input from these regions also reflects a growing interest in
shifting away from input-intensive farming practices, aligning well
with these agroecological LAMS.

3.4.3 LAMS for overcoming institutional barriers

In the third impact chain, the primary constraint is institutional
fragmentation, not physical climate exposure. In Tarn-et-Garonne and
Almeria, stakeholders emphasized that poor coordination between the
agriculture and water management sectors, coupled with limited
access to subsidies and support mechanisms, severely limits the imple-
mentation of technically feasible solutions. Enabling LAMS such as
water reuse, greywater irrigation, and integrated land-water gover-
nance frameworks are critical. However, their success depends not
only on local suitability but also on broader policy coherence, regula-
tory reforms, and institutional capacity-building.

In the Hungarian Southern Great Plane inputs from various stake-
holders contributed to the understanding that incoherent policies, the
lack of effective controlling measures regarding the water and agricul-
tural sectors, and an agrarian financial support scheme that is based
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on territory and aid to compensate for losses play significant roles in
preventing the successful spread of water saving measures. The har-
monization and coordination problems between sectors (agriculture,
forestry, water sector, environmental protection) and a high level of
uncertainty regarding long-term planning, implementation and
investment not exclusively in the agricultural sector can act as block-
ing points in effective LAMS implementation. On the social dimen-
sion, the lack of cooperation among farmers due to a general lack of
trust and the limited resources exacerbates further the erosion of
adaptive capacity toward the risks identified.

4 Discussion

4.1 Comparative analysis across
governance, hazards, and vulnerabilities

A multi-scalar analysis of climate impact chains spanning both
European and local levels is essential to fully understand how climate
hazards translate into sector-specific vulnerabilities. While local
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TABLE 7 Participants that co-created the impact chain for Southern Great Plain.

University/ SME consultancies

Research

institute

Associations

Water and nature
directorates

Regional
development
institutions

authorities are well positioned to address context-specific challenges,
they frequently lack the mandate or capacity to respond to trans-
boundary and systemic climate risks (Aall et al., 2023). The consoli-
dated impact chain developed in this study shows that although
biophysical hazards such as altered precipitation patterns and
increased evapotranspiration are shared across regions, the resulting
vulnerabilities differ based on governance structure, institutional
capacity, and socio-economic context. Water scarcity emerges as a
central concern across all the regions. However, the perceived drivers
of this differ. In some areas, the focus is primarily on reduced avail-
ability of water resources, while in others the emphasis lies on the
increased demand for water, particularly due to climate-driven
changes in evapotranspiration and crop water requirements. Across
crop types, stakeholders consistently emphasizes plant water stress as
a concern in all region, a finding that aligns with observed increases
in evapotranspiration under rising temperatures in Europe [European
Environment Agency (EEA), 2024].

These findings reinforce stakeholder concerns regarding the role
of changing precipitation patterns in shaping agricultural productivity.
These shifts coincide with the growing season for most crops, espe-
cially cereals and fodder, reinforcing stakeholder observations that
reduced rainfall during critical phenological stages contributes to yield
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instability. For example, on Gotland and in the Southern Great Plain,
while annual precipitation may remain stable or increase, the seasonal
mismatch, with wetter winters and drier summers, induces stress on
crops during grain filling and peak evapotranspiration periods, align-
ing with yield concerns expressed by stakeholders. The consolidated
impact chain highlights how seasonal precipitation shifts translate into
yield instability and economic vulnerability. In this context, stakehold-
ers are correct in identifying water stress as a primary driver of yield
reductions, increased irrigation needs, and elevated production costs.
These effects are further intensified in already arid regions such as
Almeria and the Azores, where water scarcity is intensified by institu-
tional gaps and low adaptive capacity (Figure 11).

While co-produced climate risk assessments aim to support prac-
tical decision-making, it is important to clearly link climate trends to
their effects in specific sectors. For example, recent studies show that
crop yields have generally increased worldwide in recent decades
(Gobin et al., 2021). However, key crops like maize and soybeans have
grown less than they could have due to the impact of climate change.
Without these climate-related pressures, yields, especially in vulner-
able regions, would likely have been even higher (Ritchie, 2024).
Understanding these effects is essential for guiding adaptation strate-
gies in food systems.
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TABLE 8 Participants that co-created the impact chain for Almeria.

University/Research
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The case studies show considerable variation in adaptive capac-
ity across regions. Some regions have made more progress in policy
implementation, particularly regarding EU directives. For example,
the reuse of greywater and treated wastewater for irrigation is being
explored in some areas (e.g., Gotland, Sweden). With ongoing dis-
cussions in the EU on regulatory frameworks and operational fea-
sibility (European Commission, 2025), the degree of adaptation in
different regions depends not only on farmers’ ability to adapt but
also on the condition and capacity of water infrastructure, factors
identified in most of the impact chains. In Southern European
cases, irrigation system efficiency and age constitute key socio-
economic sensitivities. In contrast, in Northern and Eastern
regions, sensitivities relate more to the limited presence of irriga-
tion systems, as they were previously not needed. However, accord-
ing to Pathak and Magliocca, 2022 these areas are expected to have
a high capacity to adapt to irrigation.

Stakeholders also express concern about yield instability and
income insecurity due to these climatic and agronomic changes. The
combination of projected yield losses/uncertainty (Lopes, 2022),
higher production costs, and uncertain market prices contribute to a
perception of economic vulnerability. This is particularly evident in
the perceived need to change crop types, either by switching between
varieties (e.g., from wheat to barley) or altering crop categories alto-
gether. However, farmers lack technical knowledge, financial means,
and institutional support to make such transitions to adaptation. This
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implementation gap between recognized needs and adaptive capacity
recurs across the case studies.

Declining soil quality adds an additional layer of concern.
Farmers/stakeholders report deteriorating soil health, reduced water
retention capacity, and an increased dependence on external inputs
such as soil amendments. These trends suggest that climate change not
only affects water availability and agricultural productivity but also
undermines long-term soil productivity, thus amplifying systematic
risks for agricultural systems.

4.2 Methodological reflections on impact
chain construction

The application of the impact chain approach across the five case
studies yielded important insights into its strengths and limitations.
As a methodological tool, impact chains provide a structured means
to link hazards, exposure, vulnerability, and impacts. For operational
risk assessments, impact chains can underpin the selection of models
and indicators or guide more qualitative, expert-based evaluations
(Zebisch et al., 2022). A key advantage lies in their ability to integrate
both qualitative and quantitative knowledge across sectors and scales,
thereby enabling stakeholders to co-produce assessments tailored to
local contexts. This flexibility increases the relevance and usability of
results, particularly when impact chains are developed through par-
ticipatory and iterative processes. As André et al. (2023) demonstrate,
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TABLE 9 The table shows the participants that co-created the impact chain for Azores.

University/
Research
institute

Municipality/
Regional
government

Environmental and
water agencies

Associations Energy/

Utilities

such processes foster shared learning and enhance the salience of
results for local adaptation planning.

The practical applicability of impact chains has been validated in
large-scale projects such as the EU-funded UNCHAIN initiative, which
successfully applied them in 11 European case studies (Petutschnig et al.,
2023). Conceptually, Estoque et al. (2022) underscore their capacity to
reveal cascading cause-effect relationships, thereby making vulnerability
and risk assessments both more rigorous and more accessible for deci-
sion-making. Moreover, impact chains have been shown to effectively
support communication of sectoral climate impacts and inform policy
design (Tangney, 2019). Co-creation across the five case-study regions
centered local knowledge and revealed context-specific risks and solu-
tions. This is in part due to the engagement and ownership of the process
experienced by the local stakeholders, which highlighted knowledge that
would have otherwise been missed, had they not been consulted (Salehi
etal., 2025). Within the context of a widespread research project as well,
such approaches of co-creation also serve to retain and grow stakeholder
engagement for the duration of the project, which is critical toward the
implementation of recommended solutions.

At the same time, several limitations have been identified. Critics
argue that impact chains are overly linear and risk oversimplifying
complex systems, where a network-oriented representation would
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more realistically capture the dynamic interrelations among hazards,
exposure, vulnerability, and risk (Menk et al., 2022). Despite their
growing use, impact chain applications remain predominantly case-
specific and adapted to distinct institutional settings, which raise con-
cerns about scalability, comparability, and cross-sectoral integration
(Menk et al., 2022; Englund et al., 2023). While impact chains func-
tion as robust boundary objects that support stakeholder engagement
and knowledge co-production (Petutschnig et al., 2023), their capacity
to bridge across governance levels is still insufficiently explored.
Recent research points to promising methodological advances to
address these shortcomings, including the integration of feedback
mechanisms (Pfleiderer et al., 2025), the representation of cascading
risks (Albulescu and Armas, 2024), higher systemic complexity
(Sparkes et al., 2025), and hybrid co-production models (Englund et
al.,, 2023). Collectively, these innovations suggest ways to extend the
impact chain approach beyond its current limitations and enhance its
value for operational risk assessment and climate adaptation planning.

Beyond conceptual limitations, the case studies revealed practical
challenges. First, the level of detail and structure varied a lot between
case study regions, complicating EU-level comparability. Second, the
selection of indicators was often driven by data availability rather than
by how well they captured core concepts such as vulnerability or
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adaptive capacity. This risks prioritizing what is measurable over what
is essential to understand. As the European Environment Agency
(EEA) (2024) observes, a key challenge remains finding the right bal-
ance between scientific robustness and what is practically feasible in
large-scale climate risk assessments.

Relatedly, the linear representation of impact chains often fails to
capture feedback loops and dynamic interactions. Yet in reality, climate
risks often involve cascading effects and complex relationships that are
difficult to capture in standard impact chain diagrams. Menk et al.
(2022) suggest that future improvements to the impact chain approach
should use more flexible, non-linear models to better capture how dif-
ferent climate risks are connected and influence each other. When cre-
ating the Impact chains in this project the decision to allow the chains
to loop back to intermediate impacts showed a need for a non-linear
approach to risk assessment methods. New methods, like consolidated
impact chains or hybrid models that mix top-down and bottom-up
approaches, may help improve this (Sparkes et al., 2025).

While the derivation of the hazard component is not the primary
focus of this study, the quality and robustness of the climate input data
are nevertheless relevant for the credibility of the impact chain analy-
sis. We acknowledge that different downscaling approaches can lead
to divergent local climate signals, particularly for precipitation
extremes and summer drying in Mediterranean and continental
regions. Evidence from comparative analyses of CMIP5-based statisti-
cal and dynamical downscaling suggests that, despite differences in
local magnitudes, the direction of change and the main seasonal pat-
terns, namely wetter winters and drier summers across much of
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Europe, are generally consistent across methods (Jacob et al., 2020). A
more systematic comparison of alternative downscaled datasets could
help to explicitly assess the propagation of uncertainty from climate
hazards into risk pathways; however, such an analysis is beyond the
scope of the present study.

Finally, scale remains a challenge for applying impact chains
across governance levels. Impact chains are usually designed for a spe-
cific region or institution, but climate risks and adaptation often span
several governance levels.

4.3 Policy uptake and decision-support
potential

EU’s intention is to implement water efficiency benchmarks (EU
water strategy), enhance CAP-driven adaptation through knowledge
transfer, and invest in digital water monitoring, this aligns with the
identified needs for enhanced institutional and technical capacity. The
regional differences in readiness gaps, such as in greywater reuse, stor-
age ponds and irrigation management, suggest that differentiated
policy uptake and local governance will shape the success of future
adaptation to the new precipitation patterns.

With COP30s focus on bringing together climate and biodiversity
goals, Nature-based Solutions (NbS) will likely become a key part of
future adaptation planning in the EU and its member states (da Silva
Bezerra, 2025). This shift is also reflected in the European Climate Risk
Assessment [European Environment Agency (EEA), 2024], which
emphasizes the need for systemic, cross-sectoral responses and
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identifies NbS as key to addressing both environmental and socio-
economic vulnerabilities.

In some case studies, impact chains were used to support local or
regional planning, especially when there were clear links to existing
policies or EU directives. In other cases, uptake was more limited due
to weak governance, a lack of capacity, or missing connections to
formal decision-making processes. This shows the importance of
embedding impact chains within existing planning systems to make
sure the results are used. Participatory processes enhanced the policy
relevance of impact chains. Involving diverse stakeholders helped
ensure that the results were trusted and relevant. The visual and flex-
ible format of impact chains also made it easier to communicate find-
ings and start discussions between different sectors.

To enhance their impact on decision-making, impact chains should
be more explicitly integrated with relevant policy instruments.
Furthermore, combining impact chains with complementary
approaches, such as cost-benefit analysis or adaptation planning tools,
can facilitate the transition from assessment to concrete action. As
emphasized by the European Environment Agency (EEA) (2024), bridg-
ing the gap between risk knowledge and decision-making remains a key
challenge for building climate resilience at all governance levels.

4.4 Strategic adaptation needs for changing
water conditions

Mapping LAMS onto these impact chains reveals several critical
insights. LAMS aimed at improving water retention and efficiency, such
as cover cropping, improved cropland management with retention of
crop residues, and irrigation, align closely with the first impact pathway
and are particularly relevant in Almeria and the Southern Great Plain,
where the seasonal water deficit is most acute. On Gotland, where adap-
tive governance and infrastructure are well developed, LAMS related to
enhancing flood control and storage systems, such as rainwater harvest
through constructed wetlands or on-farm reservoirs/dams, are more
suitable for addressing winter flooding and nutrient leaching.

In the third pathway, “Water Scarcity — Institutional
Fragmentation — Delayed Adaptation,” the barriers are less biophysi-
cal and more structural. In Tarn-et-Garonne and Almeria, where
stakeholders report fragmented responsibilities between water and
agriculture sectors, LAMS adoption is limited not by technical unsuit-
ability but by governance and funding mechanisms. Enabling LAMS
like reclaimed water reuse and integrated land-water planning require
not only technical feasibility but strong institutional coordination,
cross-sector subsidies, and regulatory alignment. This differentiation
underscores that the suitability of LAMS is context-specific, depen-
dent not only on biophysical variables (e.g., precipitation patterns, soil
type, topography) but also on institutional readiness and policy frame-
works. In this sense, LAMS do not provide a one-size-fits-all solution;
rather, they must be strategically selected and adapted to the regional
governance and stakeholder capacities. The need to tailor the solutions
to the local condition’s governance, cultural and institutional factors
have previously been stated as crucial by Pathak and Magliocca, 2022
when talking about irrigation as climate adaptation in agriculture.

Although heat stress in livestock is acknowledged in some case
studies, it is generally considered less urgent than crop-related
impacts, a prioritization also reflected in the European Environment
Agency’s Climate Risk Assessment [European Environment Agency
(EEA), 2024]. Nonetheless, an important indirect effect is noted:
fodder availability. Declining yields in fodder crops intensify pressures
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on cattle farming systems. This raises important economic questions
concerning land-use trade-offs, particularly whether shifting land
from fodder production to human food crops becomes more profit-
able, thereby increasing reliance on imported fodder. Such a transition
could heighten dependence on external supply chains and introduce
new vulnerabilities into European agricultural systems.

However, new challenges also arise with changed precipitations
patterns. Flooding of farmland, due to intense rainfall or excessive
irrigation over short periods combined with poor soil percolation
under dry conditions, presents a growing risk in several of the regions.
These dynamics are projected to intensify under future climate sce-
narios that feature more extreme rainfall events followed by longer dry
periods (Figures 1-8). These dynamics point to the need for more
nuanced water management practices that consider soil saturation
thresholds and hydrological buffering capacity as well. Future irriga-
tion practices must account for soil infiltration rates, landscape buffer-
ing capacity, and the risks of both under- and over-application
[European Environment Agency (EEA), 2024; Pathak, et al., 2022].
Strategic adaptation requires not only technological solutions, such as
soil moisture monitoring and adaptive irrigation scheduling, but also
institutional coordination across water governance levels to optimize
water allocation and reduce systemic risks to food systems.

The consolidated impact chain across European case studies
reveals that systemic climate risks in agriculture are not only biophysi-
cal, but deeply entangled with socio-institutional structures, a conclu-
sion also emphasized by Iglesias and Garrote, 2015. Addressing
climate-driven water stress and productivity loss requires strengthen-
ing governance, aligning institutional responsibilities, and enabling
the uptake of LAMS through targeted support and multi-level
coordination.

5 Conclusion

This study of five climate risk assessments using the impact chain
approach shows how useful and flexible impact chains are for organizing
clear, inclusive, and locally relevant analyses of climate vulnerability and
adaptation needs. Despite the diversity of geographical, institutional, and
thematic contexts represented in the case studies, our cross-case analysis
reveals shared causal pathways, common systemic drivers of risk, and
recurrent governance challenges especially in connecting the creation of
knowledge with practical decision-making. Nonetheless, methodological
challenges remain. These include the need for greater harmonization of
indicator selection, improved treatment of dynamic feedback loops and
cascading effects, and enhanced scalability across governance levels.
Addressing these challenges requires continued methodological innova-
tion and sustained dialog between researchers, practitioners, and policy-
makers. While impact chains are a valuable and participatory tool for
understanding climate risk, their use would benefit from more consistent
methods, especially regarding indicator choices, handling uncertainty,
and dynamic modeling systems. Improving these aspects could make
impact chains more effective for both local assessments and broader
policy learning across the EU. Impact chain-based approaches offer a
promising foundation for advancing integrated and equity-oriented cli-
mate adaptation under the European Green Deal and related policy
frameworks. By fostering comparability across cases while preserving
local relevance, they can support more coherent pathways to climate
resilience in Europe. But for them to make a real difference, they need to
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be more strongly connected to decision-making structures and sup-
ported by long-term institutional commitment.

The interaction between predicted precipitation changes and local
sensitivity and exposure factors underlines the importance of targeted
land-based adaptation strategies. For instance, areas facing severe
summer droughts should prioritize high-efficiency irrigation,
drought-tolerant crops, and land use shifts guided by suitability map-
ping. Meanwhile, areas with increased winter precipitation must adapt
to higher flood risks, soil erosion, and nutrient leaching and must
implement policies and ease up the capacity building of water storage.

In several of the impact chains there is a linkage between climate-
induced water scarcity together with governance and institutional barriers
that collectively contribute to delayed adaptation. With a change in pre-
cipitation patterns there will be an increased need for the agricultural
sector to adapt to the new conditions, but with a fragmented governance
structure (e.g., lack of coordination between sectors, weak institutional
settings) the adaptation will be delayed and with low adaptive capacity
there will be missed opportunities to implement important policies.
While there is growing awareness among stakeholders of the need to
change, they frequently report insufficient financial and knowledge
resources, poor policy coherence, and inadequate subsidy schemes as
major obstacles to effective adaptation.

While the consolidated impact chains reveal strong commonalities,
especially around water scarcity, declining yields, and institutional bar-
riers the implementation of land-based adaptation and mitigation solu-
tions (LAMS) must remain context-specific. The analysis shows that
even when similar climate hazards and vulnerabilities are present, the
suitability, uptake, and effectiveness of adaptation measures vary sig-
nificantly across regions due to differing ecological conditions (e.g., soil
quality, rainfall patterns), economic constraints (e.g., farm income,
investment capacity), and governance settings (e.g., policy alignment,
institutional coordination). These findings underscore the need for
adaptation strategies that are not only climate-informed but also rooted
inlocal realities, integrating stakeholder knowledge, regional priorities,
and capacity assessments. Therefore, scaling up LAMS effectively will
require both cross-regional learning and place-based adaptation plan-
ning to ensure resilience and equity. This shows that impact chains can
be helpful not only for exploring local climate risks, but also for linking
learning across different levels and supporting consistent EU policy.
The study also highlights how important it is to involve stakeholders,
work together, and consider local capacities to produce knowledge that
is both scientifically sound and useful for society.
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