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Abstract
The Water-Energy-Food (WEF) nexus framework highlights the interdependencies among 
water, energy, and food systems. Integrating Ecosystem Services (ESs) enhances this ap-
proach by incorporating ecological benefits for more holistic assessments. This study ap-
plies a spatially explicit ESs-based WEF nexus analysis in the Adige River Basin (North-
ern Italy), focusing on five ESs: water provisioning, crop yield, sediment retention, carbon 
storage, and landscape diversity, under two future scenarios (SSP1-RCP 2.6 and SSP5-
RCP 8.5) from 2018 to 2050. Using Self-Organizing Maps, sub-basins were clustered into 
ESs bundles enabling the identification of tailored management strategies. Results reveal 
spatial heterogeneity and shifts in ESs bundles, with synergies often found in upstream, 
forested areas. Under high-emission scenarios, regulating services decline and provision-
ing services face trade-offs, especially with intensified agriculture. Key strategies sug-
gested include maintaining environmental flows, reducing synthetic fertilizers, promoting 
reforestation, crop diversification, and expanding protected areas. These are structured into 
physical, economic, and climatic pathways aligned with EU restoration goals. Findings 
demonstrate the value of an ESs-bundles approach for optimizing synergies and managing 
trade-offs across the WEF nexus.
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1  Introduction

The impacts of climate and land use changes on natural resources are becoming increas-
ingly evident, driven by rising global demand for water, energy, and food. This intensifies 
pressure on ecosystems and underscores the need for integrated resource management, as 
c.a60% of Ecosystem Services are already partially or fully degraded due to unsustainable 
land use practices (Vihervaara et al., 2010). Ecosystem Services (ESs), defined as the ben-
efits that ecosystems provide to people, have evolved from a conceptual tool to an applied 
framework shaping sustainability science, policy and spatial planning (Díaz et al. 2018). 
ESs assessments often distinguish between supply (i.e. the ecosystem’s capacity to provide 
services), demand (i.e. the societal need for those services) and flow (i.e. the actual benefits 
received by people), covering the multiple perspectives on human–nature interactions (Vil-
lamagna et al. 2013; Schröter et al. 2014).

In parallel, the Water-Energy-Food (WEF) nexus has become a critical framework for 
understanding and managing interdependent resource systems. Originating from interna-
tional policy dialogues (i.e. 2011 Bonn Conference), the WEF nexus emphasizes the inter-
linkages between water, energy and food security, together with the need to consider them 
in governance and planning. Integrating ESs into the WEF nexus strengthens its ecologi-
cal grounding by incorporating key ecosystem functions such as nutrient cycling, carbon 
sequestration, and water filtration, that sustain the natural capital underpinning resource 
flows (Lucca et al. 2025; Sambo et al. 2024a, b; Hoff et al. 2019). This integration enhances 
the capacity to address trade-offs, maximize synergies, and mitigate ecosystem degradation 
(Sambo et al. 2024a, b), while supporting broader goals like climate resilience, biodiversity 
conservation, and equitable access to resources, which are key aims of the UN Sustainable 
Development Goals (United Nations 2019).

Population growth, extreme climate events, and land-use disturbances are intensify-
ing pressure on natural resources, requiring an integrated understanding of interactions 
within the WEF-ESs framework (Lucca et al. 2025). Effective nexus management goes 
beyond analyzing ESs relationships, like water availability, and resource use, by balancing 
these demands with environmental integrity and human well-being (Bidoglio et al. 2018; 
Shah 2023). Meeting projected needs, like a 50% increase in agricultural production and 
30% more water withdrawals by 2050 (Wang et al. 2024), is especially challenging given 
that 2.4 billion people already face water stress and 40% of croplands experience scarcity 
(FAO 2021); Liu et al. 2022; Vihervaara et al. 2010). While increased demands present 
economic opportunities, particularly in developing regions, they also heighten pressure on 
strained water and energy systems, emphasizing the need for sustainable management prac-
tices (Santos et al. 2023).

As water moves through landscapes, it shapes eco-hydrological dynamics, influencing 
ESs provision and broader ecosystem processes. Climate change further alters these dynam-
ics, necessitating adaptive management and long-term planning to address local-scale 
impacts with precise, context-specific climate information (Aznarez et al. 2021). Mountain 
ecosystems, such as those in the Adige Basin in Northern Italy, exemplify these dynam-
ics. Characterized by complex terrain, steep altitudinal gradients, and high biodiversity, 
the Adige is one of the major alpine catchments in Italy and plays a critical role in regional 
water, energy, and food systems. These highland regions act as natural water towers (Pereira 
et al. 2022), regulating water availability downstream while supporting key ESs such as car-
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bon sequestration, soil retention, and recreational value (Schirpke and Ebner 2022; Gratzer 
and Keeton 2017). Like many other mountainous regions in Europe, the Adige River basin 
is undergoing substantial land-use transformation driven by socio-economic, climatic, and 
environmental factors (Gaglio et al. 2020). These changes arise both from natural processes, 
such as ecological succession after land abandonment or climate-driven shifts, and from 
human interventions including urban expansion and land reclamation. Such transformations 
increasingly threaten ESs in mountain regions (Bilbao-Barrenetxea et al. 2024; et al. 2023). 
While some ESs, like food production and forest-related functions (e.g., carbon sequestra-
tion, pollination, soil formation) may experience localized benefits, many regulating and 
cultural services are adversely affected (Egarter Vigl et al. 2021; Schirpke et al. 2012). 
A spatial gradient in ES supply and demand is evident across Alpine landscapes like the 
Adige Basin. Sparsely populated upstream areas with extensive forest cover predominantly 
supply regulating and cultural services, while downstream valleys, with denser popula-
tions and intensive land use, are characterized by higher demand for provisioning services 
such as irrigation, food, and hydropower (Schirpke et al. 2012, 2019). These patterns cre-
ate interdependencies across the landscape and highlight potential mismatches that may 
intensify under future environmental change. In regions like the Alps, steep gradients and 
land tenure mosaics contribute to high spatial heterogeneity in ESs provision (Schirpke et 
al. 2012), making it a representative case for understanding how WEF-related ESs interact 
under climate and land use change pressures. Disentangling these interactions is essential 
for developing strategies that mitigate negative impacts. Changes in agricultural policies, 
market prices, or land use often drive resource users to adjust their extraction from the 
environment and usage of ESs, often adopting unsustainable practices in response to exter-
nal pressures (Pacheco et al. 2025; Carrer et al. 2020). In mountain basins like the Adige, 
upstream management decisions can strongly influence downstream ecosystem functions 
and socio-economic resilience (Carrer et al. 2020; Nepal et al. 2014). Addressing these 
cross-scale interactions requires integrated analyses of climate, land use, and economic fac-
tors to formulate effective WEF nexus strategies (Chen et al. 2022; Yin et al. 2023).

In this context, the concept of ESs bundles provides a systems-level perspective that 
complements traditional ESs assessments. ESs bundles are recurring sets of services that 
co-occur in space and time due to shared ecological, climatic, or socioeconomic drivers 
(Raudsepp-Hearne et al. 2010; Vannier et al. 2019). Unlike assessments centered on indi-
vidual ESs or mismatches in supply and demand, the bundle perspective emphasizes inter-
actions, highlighting synergies (i.e. where ESs increase or decline together) and trade-offs 
(i.e. where gains in one service may reduce others) (Vallet et al. 2018; Turner et al. 2014). 
Identifying these bundles supports recognizing multifunctional landscapes and help balanc-
ing competing land uses across the WEF sectors (Vannier et al. 2019). While traditional 
assessments often use administrative boundaries for data convenience, these rarely align 
with ecological processes. Sub-basins offer a more ecologically meaningful unit, bridging 
biophysical features with human management (Pacheco et al. 2025; Zhang and Wang 2024; 
Aznarez et al. 2021). Given that ESs are highly responsive to climate and land-use changes, 
an integrated systems perspective is essential to account for trade-offs and synergies in their 
management (Sambo et al. 2024a, b). Examining ESs associations in areas with similar 
geographic characteristics further improves understanding of their consistency and inter-
relationships (Reader et al. 2024; Mouchet et al. 2017). Static ESs bundles analyses have 
informed land use management (Dou et al. 2020) but incorporating both current and histori-
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cal ESs dynamics can better capture evolving interactions and support long-term sustainable 
management (Gou et al. 2022; Yang et al. 2021a, b; Han et al. 2021). Tools like Self-Orga-
nizing Maps (SOM) efficiently handle large datasets and spatial complexity, making them 
well-suited for exploring ESs synergies and trade-offs across scales (Mouchet et al. 2017; 
Cord et al. 2017; Dou et al. 2020; Xia et al. 2023).

This study analyzes temporal and spatial changes in ESs interactions within the Adige 
Basin under future climate and land use change scenarios. Using the WEF nexus framework 
and insights from the NEXOGENESIS project (Sambo et al. 2024a, b), it offers action-
able recommendations for enhancing ES bundles. The objectives are to: (i) assess sub-basin 
scale heterogeneity of WEF nexus-related ES bundles, (ii) model future climate and land 
use impacts, and (iii) support spatial planning and WEF management at the sub-basin scale.

2  Case study

The Adige River basin, Italy’s third-largest catchment, spans approximately 12.100 square 
kilometers, covering parts of the provinces of Bolzano, Trento, Verona, Vicenza, Belluno, 
Padua, Rovigo, and Venice. This basin is characterized by a diverse landscape, ranging from 
the high-altitude, mountainous regions of Trentino-Alto Adige to the flat, low-lying plains 
of the Veneto region (Fig. 1).

The upper part of the basin is a typical high-altitude mountain landscape, dominated 
by glaciers, bare rock and rugged terrain. As elevation decreases, the landscape transitions 
into extensive coniferous and broadleaf forests, interspersed with grasslands, which further 
shape the ecological dynamics of the region. This diverse land cover plays a crucial role in 
regulating river flow, supporting biodiversity, and providing essential ecosystem services 
such as water purification, flood regulation, and habitat provision for diverse species. Addi-
tionally, the forests and grasslands contribute to carbon sequestration, soil retention, and 
slope stabilization, helping to mitigate erosion and landslides while sustaining the overall 
environmental balance of the basin.

As the river descends, the terrain flattens into primarily agricultural areas before reaching 
the delta. In these areas, agriculture relies heavily on river water for irrigation, particularly 
in the upstream mountain valleys. These fertile areas are well known for intensive apple 
orchards, contributing over 15% of European apple production (FAO 2021) as well as for 
fruit berries, olive groves and wine production. The need to manage water resources sustain-
ably is critical to maintaining food security while avoiding conflicts between agricultural 
and other water uses. The Adige River in fact is crucial for various water uses, includ-
ing drinking water, irrigation, hydropower, industrial processes and tourism (Braioni et al. 
2002; Egarter Vigl et al. 2016; Mozzi et al. 2020). Hydropower is a major component of the 
energy matrix in the Adige River basin, particularly in the upper part, where 61 hydropower 
stations generate more energy than is locally consumed (Terzi et al. 2021).

Figure 1 show expected land use for the case study area according with the land use pro-
jection of Chen et al. (2022) considering baseline condition at 2015 and two future scenarios 
for 2050 (i.e. SSP1-RCP 2.6 and SSP5-RCP 8.5). Future projections for the Adige River 
basin indicate significant land-use transformations under both future scenarios. Grassland 
cover in the northern part of the basin is expected to decline, primarily due to ongoing land 
abandonment and changes in climatic conditions. Similarly, agricultural land extension at 
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Fig. 1  Case study area with baseline land cover (a), and two future scenarios for 2050: SSP1-RCP 2.6 
(b) and SSP5-RCP 8.5 (c).Compared to the baseline, SSP1-RCP 2.6 shows reductions in arable land, 
grasslands and urban expansion, and increases in forested area and perpetual snow while SSP5-RCP 8.5 
depicts more pronounced land-use changes, including further loss of snow cover and increased arable 
land and urban sprawl, particularly in valley areas. These shifts illustrate the contrasting socio-economic 
and climatic trajectories shaping ecosystem services provision
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higher elevations is anticipated to decrease. This trend is especially prominent at higher 
elevations and in less accessible locations, where traditional and small-scale farming will 
become increasingly unprofitable compared to agricultural activities in lower-altitude areas 
(Bonari et al. 2025; Gobbi 2021; Faccioni et al. 2019). For the same reason, a slight increase 
in agricultural areas may occur in the central, more profitable, parts of the basin (Mascetti 
et al. 2023). Forested areas are projected to expand throughout the basin, largely because 
of natural succession processes in abandoned land. At the same time, bare land cover in the 
northern regions is expected to increase. As low-intensity farming and grazing practices 
diminish, previously vegetated land is left exposed and becomes more vulnerable to soil 
erosion. In combination with rising temperatures and glacial retreat, as well as shifts in 
vegetation dynamics at high altitudes, it could contribute to the expansion of barren rock 
surfaces. Urban expansion is also expected, with artificial surfaces slightly increasing, par-
ticularly around major urban centers such as Trento and Bolzano, driven by infrastructure 
development and population dynamics.

3  Methods

The methodological approach proposed in this work seeks to adopt an Ecosystem Services-
based perspective to the assessment of the impacts of climate and land use changes on 
the WEF nexus in the Adige River Basin (Italy). As describe in Fig.  2, it integrates (i) 
the identification and mapping of ESs sustaining the WEF nexus in the case study; (ii) a 
spatially-explicit assessments of ESs bundles dynamics under alternative future scenarios; 
(iii) the analysis and recommendation of priority interventions for improving overall nexus 
sustainability.

Fig. 2  General methodological framework adopted in the Adige River basin
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3.1  Data collection

Multisource datasets were utilized for the spatial assessment of ESs (Table 1) under current 
and future scenarios. The highest possible resolution was chosen for each data type, with a 
preference for local sources wherever available.

This study considers three land cover scenarios: a baseline period (2015) and two future 
projections for 2050 based on Shared Socioeconomic Pathways (SSP) (SSP1-RCP 2.6 and 
SSP5-RCP 8.5) (Fig. 1). Five ESs indicators were selected based on data availability and 
relevance to the scenarios. The chosen SSPs are: SSP1: Sustainability (Taking the Green 
Road), and SSP5: Fossil-fueled Development (Taking the Highway), represent contrast-
ing yet optimistic development trajectories. Both assume strong investments in education, 
healthcare, and the establishment of strong institutions. However, SSP1 envisions a gradual 
transition to sustainable practices, while SSP5 relies on fossil-fuel-based, energy-intensive 
economy (Rakhmatova et al. 2024). These scenarios were used in the IPCC Sixth Assess-

Data type Units ESs Data source Spatial 
resolution

Land use M CY, 
RV, 
CS, 
SI

(Chen et al. 
2022)

1 km

Runoff M3/s WP CMIP6- MPI-
model

-

Precipitation Mm WP CMIP6- MPI-
model

-

Temperature °C WP CMIP6- MPI-
model

-

Soil C storage t/ha CS SoilGrids-
ISRIC

250 m

Type of Eco-
floristic region

-- CS FAO -

Type of Conti-
nental region

-- CS Continental 
region clas-
sification (Oak 
Ridge National 
Laboratory)

-

Future rainfall 
erosivity 
(R-factor)

MJ-mm 
ha-1 h-1 year-1

RV ESDAC JRC 500 m

Soil Erodibility 
(K- Factor)

t ha h 
ha-1 MJ-1 mm-
1

RV ESDAC JRC 500 m

LS-factor 
(Slope Length 
and Steepness 
factor)

RV ESDAC JRC 100 m

Cover 
management
 (C-factor)

(0–1) RV (Panagos et al. 
2015a, b)

National

Support 
practice
 (P-factor)

(0–1) RV (Panagos et al. 
2015a, b)

National

Crop yield (t/ha) CY ISTAT Provincial

Table 1  Data implemented in the 
analysis and related data source
 

1 3

Page 7 of 24  168



Climatic Change (2025) 178:168

ment Report to model five different scenarios (SSP1-SSP5)tof temperature outcomes by 
2100, each associated with anticipated levels of radiative forcing by 2100 (ranging from 
1.9 to 8.5 W/m²) (Rakhmatova et al. 2024). SSP1-2.6 scenario reflects low greenhouse gas 
(GHG) emissions, aiming for net zero CO2 emissions by 2075, whereas SSP5-8.5 reflects 
very high GHG emissions, with CO2 emissions expected to triple by 2075. These two 
scenarios were selected as the study’s ‘best case’ (SSP1-2.6) and ‘worst case’ (SSP5-8.5) 
scenarios. To simulate future land use scenarios, we utilized LULC data (1 km-resolution) 
for 2015 and projections for 2050 under SSP1-RCP 2.6 and SSP5-RCP 8.5, as developed 
by Chen et al. (2022). Climate projections data (i.e. temperature and precipitation) for the 
future were retrieved from the IPCC based on the Coupled Model Intercomparison Project 
(CMIP6), using the MPI model, which was deemed the most appropriate for this analysis 
(Tebaldi et al. 2021). Data characterizing the R factor have been retrieved from ESDAC 
JRC database.

3.2  Ecosystem services mapping

Five ESs representing each component of the WEF nexus were selected for mapping based 
on data availability and the characteristics of the case study area. These include water pro-
visioning (WP), crop yield (CY), sediment retention (RV), carbon storage (CS), and land-
scape diversity (SI). Each ESs was mapped at the sub-basin scale for both the baseline 
and future scenarios using specific sectoral models and tailored data sources as described 
below (Table 2). More information related to single ESs can be found in the Supplementary 
Material.

3.2.1  Carbon Storage - CS

Carbon storage was calculated using the ARIES (Artificial Intelligence for Ecosystem Ser-
vices) (https://aries.integratedmodelling.org)/Tier 1 carbon models (Martínez-López et al. 
2019). ARIES is AI-powered platform for data and model integration used to developing 
customizable ES models. Tier 1 model incorporates global lookup tables for vegetation 
carbon storage (Gibbs and Ruesch 2008), and spatially explicit global soil carbon storage 
data from ISRIC- World Soil Information [https://www.isric.org/explore/soilgrids]. Total 
ecosystem carbon storage is computed as the sum of the carbon mass stored in aboveground 
and belowground vegetation, plus the amount of carbon stored in the first 200 cm of soil. 
This study used the organic carbon mass (kg) as the indicator. To ensure comparability with 
other ESs, pixel-level results were aggregated at the sub-basin scale using a Zonal Statistic 
analysis with the mean value for each sub-basin in the years under study.

3.2.2  Crop Yield - CY

Crop yield was calculated using land cover maps to extract cropland areas, following the 
methodological process of Xia (et al. 2023) processed in R with the “sf” and “terra” pack-
ages. The resulting raster data were converted to sub-basin-level estimates using QGIS’s 
Zonal Statistic “count” function, allowing for comparison with other ESs. Additionally, crop 
yield data from ISTAT (National Statistical Institute) at the provincial level were assigned to 
sub-basins within the provinces of Bolzano, Trento, and Verona) (ISTAT 2024).
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3.2.3  Water Provisioning - WP

Water provisioning was modeled using the ICHYMOD hydrological model, which combines 
the TOPMELT snowpack model from with a conceptual rainfall–runoff hydrological model 
at the basin scale. This model converts snowmelt and excess precipitation into runoff at the 
basin outlet and includes a snow routine, soil moisture routine, and flow routine (Shrestha et 
al. 2023; Zaramella et al. 2019). This method was applied to the Adige River basin, provid-
ing detailed runoff predictions. Monthly runoff data were obtained, and average values for 

Table 2  Ecosystem services and indicators assessed in this study
WEFE Sector Ecosystem Service Indicators Abbreviation Description Model/

source
Water Water Provisioning Runoff (m3/s) WP Availability of 

water to produce 
energy and food, 
for the sustain-
ment of different 
ecosystems.

TOPMELT 
1.0 model 
(Zaramella 
et al. 2019)

Food Crop yield Orchards yield 
(t/ha)
Vineyards yield 
(t/ha)
Maize/Cereals 
yield (t/ha)

CY The quantity of 
agricultural pro-
duction obtained 
from crops; 
contributes to 
sufficient food 
security.

Corine 
land cover
ISTAT

Food-Ecosystems-
Water

Sediment retention Soil retained by 
vegetation (t/ha)

RV The amount of 
soil retained by 
vegetation pre-
vents the erosion 
and the disper-
sion of soil into 
water bodies, 
affecting water 
and ecosystem 
quality.

RUSLE 
(Ruesch 
and Gibbs 
2008)

Energy Carbon storage C organic mass 
(kg)

CS The amount of 
carbon stored 
in the soil, 
sequestrating 
carbon dioxide 
(CO2) from the 
atmosphere; 
contributes to 
regulating and 
mitigating cli-
mate change.

Ruesch 
and Gibbs 
2008

Ecosystems Ecosystem type 
diversity

Shannon Index 
(0–1)

SI The diversity of 
types of ecosys-
tems, describing 
the variety of a 
landscape gives 
importance to 
ecosystems and 
natural areas.

Shannon 
Index R
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June, July, and August (JJA) were used for analysis for 2015 and the two future scenarios for 
2050 (Shrestha et al. 2023; Zaramella et al. 2019). These months were selected due to their 
critical importance from a nexus perspective, as June-July-August typically coincide with 
peak temperatures, reduced precipitation, and the highest irrigation demands in the Adige 
River basin, reflecting both climatic stress and intensive agricultural activity.

3.2.4  Sediment retention - RV

Sediment retention was calculated using the k.Lab software from ARIES, which applies the 
Revised Universal Soil Loss Equation (RUSLE; Renard et al., 1997) to estimate soil loss 
and retention by vegetation (RV) in tons of sediment per hectare per year (Martínez-López 
et al. 2019). The potential value (supply) of the sediment regulation ES is assessed by cal-
culating RUSLE in two steps: first, using the most accurate available land cover data, and 
then, replacing all land cover with bare soil. The difference between these results estimates 
the amount of soil erosion prevented by vegetation (Martínez-López et al. 2019). Results 
were initially generated at the pixel level and subsequently aggregated to the sub-basin scale 
to allow for comparison with other ESs. A Zonal Statistic analysis was performed in QGIS, 
with the mean value (t/ha) of soil retention used for each sub-basin.

3.2.5  Shannon diversity Index – SI

To represent the ecological dimension of the nexus, we calculated the Shannon diversity 
index (SI) on the distribution of ecosystem types within each spatial unit. This index cap-
tures the heterogeneity of ecosystems, which is considered to influence the landscape’s 
capacity to simultaneously provide multiple ESs, both directly and indirectly related to the 
nexus (Mouchet et al. 2017; Alsterberg et al. 2017; Stürck and Verburg 2017).

The index quantifies the diversity of ecosystems types, where lower values mean that 
ecosystems type pixels belong to the same class, and higher SI refers higher heterogeneity 
of ecosystems (Legarreta-Miranda et al. 2021; Tonetti et al. 2023). The SI was calculated 
starting from ecosystem type maps that were derived incorporating the classification from 
the IUCN Global Ecosystem Typology with data about temperature and land cover from 
detailed land cover maps using packages “sf”, “terra”, “ggplot2” and “viridis” in R software.

3.3  Ecosystem services bundles for Spatial management and planning strategies

After single ESs have been mapped, an analysis of ESs bundles was performed. ESs bundles 
refer to groups of multiple ESs that consistently co-occur in space and time due to shared 
ecological, climatic, or socio-economic drivers.

3.3.1  Ecosystem services bundles

ESs bundles were developed using Self-Organizing Maps (SOM), an unsupervised learn-
ing spatial neural network method that clusters ESs based on their spatial co-occurrence 
and similarities (Willighagen et al. 2007). Single ESs values were normalized among them 
between 0 and 1, with minimum-maximum normalization, before applying SOM to facili-
tate the comparison of diverse data sets. The SOM analysis was conducted using the “Koho-
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nen” package (Willighagen et al. 2007) in R software, which provides tools for training and 
visualizing self-organizing maps. This allowed for the identification and visualization of 
ES bundles under the baseline and future scenarios, providing evidence to inform spatial 
management and planning strategies. To determine the correct number of bundles, differ-
ent tests have been conducted alternatively setting the maximum number of clusters; upon 
examining the characteristics of these bundles there were similarities that could represent 
redundancy. Manually testing bundle numbers, and observing the results for each, it was 
possible to understand how to maximize the differences between bundles while keeping the 
total number of bundles as low as possible. For an in-depth description of the different tests 
performed and alternative bundles configuration considered please see Annex I).

3.3.2  Management measures identification and selection

Local sectoral policies aimed at sustaining the future of ESs targets were identified and ana-
lyzed through an engagement approach with local stakeholders conducted in the frame of 
NEXOGENESIS project. Different engagement activities have been carried out to explore 
how local stakeholders perceived the theme of WEF nexus and ESs within the Adige River 
basin and based on their sector of expertise (Sambo et al. 2024a, b). Stakeholders have been 
asked to provide opinion and suggestion of different measures that could be implemented in 
the context of WEF nexus to sustain ESs in a short-term future period. Moreover, an analy-
sis of sectoral local policies has been conducted, to identify future targets to be selected for 
ESs sustainment. The policies linked to the ESs in the Adige River basin were prioritized, 
focusing on strategies to enhance their provision; additionally, policies from various sec-
tors that target ecosystems and land use components were reviewed to identify potential 
measures for future scenarios. These measures are intended to support the ES component 
across multiple sectors. The policy measures were then categorized into three main types: 
(i) regulatory, (ii) market-based, and (iii) incentive-driven approaches. For each measure, 
specific targets were derived, based on the goals reported in the respective policies and the 
perspectives shared by stakeholders.

For each ESs bundle, based on the targets identified, measures have been suggested. The 
aim was not to recommend transitioning from one bundle to another but rather to determine 
the appropriate measures and targets for preserving each bundle, allowing for the simul-
taneous management of interacting ESs. Results of this will be presented in the following 
section, where for each developed bundle the characteristics and measures’ suggestion are 
described.

4  Results

4.1  ESs mapping

ESs mapping showed varying results both at the ESs level and across the years, reflecting 
both climate and land use changes. Highest values of Carbon sequestration (CS) supply 
can be found in the northern and central parts of the basin, where extensive forests and 
grasslands facilitate carbon sequestration- Conversely, agricultural land in the southern part 
of basin exhibit lower CS values due to the intensive farming and monoculture practices, 
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which reduce organic matter input and limit long-term. CS remained relatively consistent 
across the different scenarios. Only a small decrease, most pronounced for the RCP8.5 sce-
nario, can be detected in the high-altitude sub-basins located in the north-west part of the 
case study interested by the higher loss of vegetated areas.

High values of Crop yield (CY) in the baseline are located mainly in the northeastern 
part of the study area, characterized by orchids and berries plantation. However, CY is the 
service that varies the most across scenarios; although future scenarios project a reduction 
in the overall extension of agricultural areas (Fig. 1), CY exhibits temporal variability. This 
is primarily due to the expansion of orchards and vineyards, which are the main contributors 
to crop yield and increase their influence on total yield over time. Across the two scenarios, 
it is possible to observe that the change of distribution at the sub-basin level is heteroge-
neous, however, how CY in SSP5-RCP8.5 has higher values in the northeastern area, where 
higher cropland extension is detectable, and it is likely related to the increase of vineyards 
or orchards which contribute greater to increase CY. Moreover, from Fig. 1 it can be seen 
that croplands are identifiable also in the central part of the case study in higher extension 
in SSP5-RCP8.5 compared to SSP1-RCP2.6; this is reflected in ESs patterns results (Fig. 3) 
where CY has higher values in the SSP5-RCP8.5 scenario. According to Egarter Vigl (et al. 
2016), vineyards and orchards are expanding replacing annual crops such as grains, having 
a higher yield, this influences the total CY detectable in this analysis.

Higher Water provisioning (WP) values are concentrated in the central and northeast-
ern parts of the basin, characterized by higher elevations and by the presence of glaciers, 
covered by dense forest and grasslands primarily. In these areas, WP is strongly influenced 
by the snowmelt, which significantly contributes to water flow. On the other hand, in sub-
basins mainly covered by bare rock or glacier retreat zones, WP is lower. In future scenarios, 
WP values increased in the southern areas due to changes in precipitation and temperature 
patterns. For each future scenario, changes are detectable, both in the north-central area of 
the case study and particularly in the southern area close to Verona. Between 2015 and the 
SSP5-RCP8.5 scenario, significant changes are taking place; notably, there is a substantial 
increase in WP in the southern region, likely driven by changing climatic conditions (i.e. 
increasing precipitation) or land use changes (i.e. agricultural expansion due to anthropo-
genic activities).

For the baseline the highest Soil retention by vegetation (RV) values are recorded in 
densely forested sub-basins. Low RV values occur in high-altitude barren zones and inten-
sively farmed southern croplands, where limited vegetation leads to higher runoff and ero-
sion. As shown in Fig. 3, future scenarios project increased RV, particularly in central and 
northwestern sub-basins, due to vegetation expansion and forest transitions from grasslands. 
Climate-driven changes in rainfall erosivity (R factor) also influence RV distribution, as it 
is a key driver of soil loss.

Finally, the Shannon Index (SI), which measures ecosystem diversity, is higher in areas 
with diverse ecosystem types, such as forests, grasslands, glaciers, and croplands. These 
areas are predominantly located in the northeastern part of the study area and the central 
part of the Adige River basin. By contrast, SI values are lower in homogeneous landscapes, 
such as large, forested regions or monoculture-dominated agricultural zones. The spatial 
distribution of SI remained relatively stable across the years, except for some sub-basins in 
the northwest under the SSP5-RCP8.5 scenario; here the expansion of forest is leading to 
a less diversification of land cover, thus decreasing the SI values. Although forests provide 
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essential habitat for many species, extensive and continuous tree cover can lead to lower 
landscape heterogeneity, reducing overall ecosystem diversity. While this process can be 
beneficial for specific ESs such as carbon storage, it may simultaneously reduce the provi-
sion of other ESs and lead to the emergence of trade-offs.

4.2  ESs bundles across different scenarios

SOM and manual tests identified five different ESs bundles (Fig. 4) at the sub-basin level 
in the whole Adige River basin. Figure 5; Table 3 describe the different ESs bundles devel-
oped with the SOM, providing a representation the specific ESs patterns characterizing each 

Fig. 3  Ecosystem Services 
spatial distribution for baseline 
(2015) and two future scenarios: 
2050 SSP1-RCP2.6 and 2050 
SSP5-RCP8.5
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bundle and their spatial distribution in the three considered scenarios (i.e. 2015, 2050 SSP1-
RCP26, 2050 SSP5-RCP85). The first bundle (B1 – Natural and remote areas) is mainly 
located in the northern part of the case study area (Fig. 4), characterized by mountainous 
landscapes with bare rocks, glaciers, perennial snow, and extensive forests (Fig. 1). It is 
defined by high values of soil retained by vegetation (RV), carbon storage (CS), and Shan-
non index (SI) indicators, indicating diverse natural ecosystems, such as forests, grasslands, 
pasturelands, and other types of natural vegetation. The presence of glaciers and snowpack 
plays a vital role in regulating water flow in the river basin, while the forested regions sup-
port various flora and fauna, enhancing biodiversity and contributing to essential ecosystem 
services.

Fig. 4  Ecosystem services bundles for the three scenarios under analysis. In the maps the spatial-temporal 
patterns of ES bundles are described, each color representing a different bundle that characterizes the 
sub-basins. In the graphs below composition and magnitude of ESs in ES bundles are reported, each color 
refers to the different ESs considered in the analysis, the segment represents the magnitude of ESs in each 
bundle, longer segments represent high ESs provisioning

 

Fig. 5  Bundles transition from baseline (2015) to future scenario (2050 SSP1-RCP 2.6) and future sce-
nario (2050 SSP5-RCP 8.5)
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Bundle 2 (B2 – Landscape diversity), detected in the southern areas, is characterized 
mainly by a high SI, reflecting a mix of land covers including cropland, grassland, and 
artificial surfaces. As illustrated in Fig. 1, the mosaic of habitats contributes to landscape 
heterogeneity, supporting. a wider range of species and ecological interactions.

The third bundle (B3 – Regulating services) is less widespread across the sub-basins, 
but aligns with areas dominated by forests. It is characterized by high levels of regulating 
services such as carbon storage (CS) and soil retained by vegetation (RV).Forested regions 
play a critical role in stabilizing soils, reducing erosion, and capturing and storing carbon. 
While these vegetated areas support B3´s core services (CS and RV), the presence of non-
contributing land covers like bare rock and glaciers limits the bundle’s spatial extent, confin-
ing it to smaller portions of the study area.

Bundle 4 (B4- Medium synergistic areas) can be found in the north-eastern part of 
the case study, where forest, mountains, vineyards area are present; it is characterized by 
a spatial synergy of CS, RV, SI, and CY. This bundle is in the areas where the mentioned 
ESs are mainly detected, reflecting the absence of WP (Fig. 3); these areas are character-
ized by forests which contribute to both CS and RV, but also in areas where agriculture is 

Table 3  ESs bundles description

The number of the bundle, related name, description, measures and targetslinked to each bundle. Note that 
the targets provided are intended purely as normative benchmarks. As they are not based on empirical data 
or statistical analysis, no confidence intervals are provided
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implemented, highlighting the importance of integrating forest conservation with agricul-
tural practices to enhance overall ecosystem resilience and productivity. Moreover, having 
different types of land covers, SI is increasing, reflecting greater biodiversity and ecological 
complexity within the area.

The last bundle (B5- High synergistic areas) is localized in the central part of the study 
area, where multiple ESs show strong spatial synergy across the WEF nexus sectors, except 
for crop yield (CY), which is less pronounced. B5 is mainly seen in those sub-basins with 
high ESs provisioning (Fig.  3) and where different land covers (Fig. 1), including bare 
rock, forest, croplands, grassland, and, in particular glaciers and snow. Glaciers, and snow, 
are particularly important for regulating water provisioning (WP) and supporting hydro-
logical processes, from which forests and natural areas take advantage and other ESs such 
as carbon storage (CS) and soil retention (RV) can benefit. These water sources also sus-
tain downstream agricultural and energy sectors, reinforcing the overall synergy within the 
WEF nexus. This spatial configuration underscores the importance of managing these mul-
tifunctional landscapes to optimize ESs provisioning while balancing sectoral synergies and 
trade-offs.

Figure 5 represents the transition of each ESs bundle from baseline to different scenarios, 
showing how each bundle is converted into another and in which size these are present. 
From 2015 to the future scenario of 2050 under SSP1-RCP 2.6, both the maps and transition 
graphs (Figs. 4 and 5) indicate that Bundle 1 is expanding, while Bundle 2, Bundle 3, and 
Bundle 4 are shifting toward Bundle 1. In the northern part of the case study, Bundle 1 is 
particularly expanding in the SSP1-RCP 2.6 scenario, where there is a noticeable reduction 
in cropland areas together with an increase in bare rock, forest, and mountainous regions, 
which are mainly considered natural and remote areas. Additionally, some regions within 
Bundle 1 are transitioning toward Bundle 5, representing high synergistic areas where mul-
tiple ESs related to the WEF nexus coexist both in time and space. In the 2050 SSP5-RCP 
8.5 scenario (Figs. 4 and 5), Bundle 1 moves towards Bundle 2, especially in the central 
region of the case study (Trento), where various types of land cover contribute to a higher 
Shannon index (SI). Bundle 1 also slightly shifts toward Bundle 5, indicating the increase of 
more ESs associated with WEF nexus sectors, where different land uses are located which 
contribute to providing these ESs, such as grassland, cropland, and forest Bundle 2 is tran-
sitioning towards Bundle 1 in SSP1-RCP 2.6, losing only one sub-basin (Fig. 3), while the 
expansion of mountainous areas and glacier melt leads to a decline in land cover diversity. 
In SSP5-RCP 8.5, Bundle 2 expands in the central part of the case study, increasing land 
cover types in this scenario and resulting in a higher SI. Bundle 3 exhibits slight expansion 
in both scenarios, particularly in the northern section of the case study area, where Bundle 
2 and Bundle 4 were previously located. This change is most evident in areas where forest 
and vegetation have expanded, as Bundle 3 is closely linked to carbon sequestration (CS) 
and retained vegetation (RV), which are ESs strongly associated with this land cover type 
(Fig. 3). Bundle 4 ranks as the lowest bundle across all scenarios and is gradually being 
replaced by Bundle 2 and Bundle 5. Conversely, Bundle 5, representing areas where mul-
tiple ESs co-occur in time and space, shows notable expansion in the 2050 SSP1-RCP 2.6 
scenario, particularly in mountainous regions, driven by the increase in forest land cover. 
Under the ‘best-case scenario’ (SSP1-RCP 2.6), it is possible to observe an expansion of 
high synergistic areas (Bundle 5), mainly driven by the transformation of natural and remote 
bundle (Bundle 1), as well as medium synergistic one (Bundle 4); from the point of view 
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of WEF nexus this represents a situation where ESs are in synergies among each other, 
and they can be managed together to improve their provisioning. While in the ‘worst case 
scenario’ (SSP5-RCP 8.5), despite compared to the baseline (2015) Bundle 5 is increasing, 
this occurs only in central-southern areas. In both scenarios, Bundle 4 is decreasing, giv-
ing space to both Bundle 1 and 5, for ecosystems, CS, and natural habitats this is a good 
perspective, they’re increasing in provisioning of regulating services, but there could be 
disadvantages for provisioning ones (i.e. WP and CY).

4.3  Identification of priority measures and targets for WEF nexus management

For each bundle, various management measures, and associated targets, have been pro-
posed based on their potential to enhance ESs provision and support the different ESs within 
each bundle (Table 3) under different land use and climate change scenarios. These targets, 
derived from sectoral policies, serve as normative benchmarks for sustainable management, 
rather than empirically validated thresholds, and thus do not include confidence intervals. 
The proportions of forest, grassland, and cropland strongly influence the provision of CS 
and RV (Figs. 1 and 3), highlighting the need to preserve and expand vegetated areas. Des-
ignating 30% of land as a protected can enhance soil and water conservation, and forest 
restoration is necessary to increase resilience to climate change (European Commission 
2022). This strategy is benefits Bundles 1 (forested and mountainous areas), 2 (diverse 
landscapes) and 5 (high ESs provision). The regulation of minimum vital flow setting the 
limit to 2 l/s/km2 plays a critical role in the preservation of ecosystems and the support of 
biodiversity. This flow standard ensures that even during periods of reduced water avail-
ability, rivers, and streams maintain a minimum water level necessary to sustain. Moreover, 
a regulated minimal flow contributes to the health of riparian zones, which are crucial for 
nutrient cycling, soil stabilization, and providing habitats for a variety of plant and animal 
species (Esquivel et al. 2020). This strategy can be applied both to Bundles 1 (preserva-
tion of all those natural areas), 2 (to support biodiversity) and 3 (to preserve those habitats 
fundamental in the provision of CS and RV). The disruption of natural hydrological cycles, 
largely due tohydropower development over the past century (Pérez Ciria et al. 2019), war-
rants halting further hydropower development and setting flow limits (in liters per second) 
to reduce erosion and water scarcity (Xia et al. 2023). This applies to Bundles 1(to preserve 
ecosystems and soil erosion), 3 (to mitigate soil erosion), and 4 (to preserve habitats, and 
ESs). From Fig. 3, it is evident that Bundle 4 (medium synergistic area) lacks water provi-
sioning (WP) in its bundle description. Therefore, implementing measures to enhance WP 
could help conserve water and allow this ES to co-occur with others in both time and space. 
In Bundles 4 and 5, converting 100 ha of orchards to vineyards, crops that require less water, 
can improve landscape diversity and resource management. Replacing 50% of fertilizers 
with organic alternatives for orchards and 100% for vineyards can reduce emissions and 
improve soil health, as these are the most significant crops in the Adige River basin. The 
use of organic fertilizers can help decrease the energy-intensive production associated with 
synthetic fertilizers and promote a healthier ecosystem. Additionally, implementing 100% 
drip irrigation can increase water efficiency and reduce environmental impact.; This method 
promotes sustainable agricultural practices by conserving water, enhancing crop yield, and 
minimizing the environmental impact of irrigation on surrounding ecosystems. To improve 
water availability, constructing reservoirs to increase storage by 20% will support sustain-
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able cropping and agricultural reliability. In Bundle 3, rich in regulating ESs like CS and 
RV, two measures are key: maintaining the 2 l/s/km² flow standard and reducing nitrogen 
emissions by 70–80% and phosphorus by 80–90% to enhance soil and water quality. These 
emission reduction strategies are also recommended for Bundle 2.

5  Discussion

The spatial and temporal dynamics of ESs in the Adige River Basin reveal key trade-offs, 
particularly between provisioning and regulating services, driven by both climate and 
land use change. Crop Yield (CY) emerged as the most dynamic ES, showing projected 
increases in the northeastern and central sub-basins under future scenarios, primarily due 
to the expansion of high-value crops such as vineyards and orchards. This intensification 
reflects economic demands for stable food production, but it comes at the expense of eco-
system diversity (SI) and compromises long-term ecosystem resilience. Simultaneously, 
agricultural abandonment in alpine sub-basins leads to natural reforestation, enhancing 
Carbon Sequestration (CS) and Soil Retention (RV) but reducing open habitats and over-
all ecosystems diversity (SI). These dynamics mirror broader trends observed in the Tren-
tino-Alto Adige region, as documented by Gobbi (2021) and Bonari et al. (2025). Studies 
by Cislaghi et al. (2019) and Mascetti et al. (2023) further emphasize that these land-use 
changes result in biodiversity loss and disrupted ecosystem functioning, particularly due to 
the disappearance of habitats critical for species dependent on open environments. This pat-
tern is consistent with findings from Lasanta et al. (2017) in other mountain regions, where 
similar transitions have led to simplified landscapes and a substantial decline in the ecosys-
tems’ ability to deliver multiple services and thus to a loss of multifunctionality of alpine 
landscapes. Additional trade-offs emerge from projected changes in hydrological services, 
particularly Water Provisioning (WP). Future scenarios indicate increasing climatic pres-
sures and a decline in vegetated surfaces (e.g., expansion of bare rock), especially at higher 
altitudes, leading to reduced water yield (Rafiei-Sardooi et al. 2022). Diminished snowpack 
and altered precipitation regimes impact the natural regulation of river flows, intensify-
ing competition among hydropower production, irrigation, ecosystem health, and drinking 
water supply (Siderius et al. 2022; Yin et al. 2023).

The ES bundles derived from the SOM analysis provide critical insights for guiding 
spatially differentiated policy responses to mitigate trade-offs and enhance synergies across 
the Adige River Basin. Their distinct compositions reflect underlying pressures from land 
use and climate change, emphasizing the need for flexible for site-specific strategies. (Saidi 
and Spray 2018).

For example, Bundle B2, marked by high landscape diversity and multifunctionality, 
is found in mosaic land use areas threatened by both agricultural intensification and forest 
sucession. These zones are essential for maintaining alpine habitat functions and should be 
prioritized for ecosystem restoration and protection, in line with the EU Restoration Regula-
tion goals of restoring 20% of degraded ecosystems by 2030 and all by 2050, while foster-
ing alignment with other EU climate strategies (e.g., the European Green Deal).

By contrast, Bundle B3, dominated by agricultural production, shows clear trade-offs 
with regulating services and declining landscape diversity. In such areas, sustainable tran-
sitions toward more sustainable agricultural practices considering agro-forestry, mixed 

1 3

168  Page 18 of 24



Climatic Change (2025) 178:168

cropping and the reduction of synthetic inputs in favour of organic fertilization (Muller et 
al. 2020 ), can help restore balance and improve soil and water quality. Promoting land-
scape diversity in agricultural land through organic farming and landscape mosaics, has 
been shown to strengthen ecosystem resilience and biodiversity (Brockerhoff et al. 2017). 
The designation of buffer areas, alongside targeted irrigation changes and emissions reduc-
tions, provides a pathway to harmonize human activities with natural systems (Gaglio et al. 
2020), supporting both local well-being and global goals like the UN Sustainable Develop-
ment Goals (Vörösmarty et al. 2021; Wood et al. 2018). Trade-offs between water uses are 
expected to intensify due to climate change. This is especially critical in medium-synergy 
areas (i.e. B4), where Water Provisioning (WP) is already low (Chiogna et al. 2016; Rafiei-
Sardooi et al. 2022). Management options include the construction of reservoirs and the 
revision of environmental flow standards (Davis et al. 2015; Aznarez et al. 2021; Guo et 
al. 2022). Reduced reliance on water-intensive energy sources and integrated allocation is 
also crucial to preserve downstream ES flows and maintain riverine ecosystem health (Sid-
erius et al. 2022; Yin et al. 2023).

Finally, high synergistic bundles like B5, where provisioning and regulating services co-
occur, illustrate opportunities for the implementation multifunctional strategies that align 
with the WEF (Water-Energy-Food) nexus (Carmona-Moreno et al. 2021). These areas are 
suitable for practices such as agroforestry, rotational grazing, or mosaic landscape manage-
ment, which can sustain productivity while preserving ecological integrity. In sub-basins 
where reforestation threatens biodiversity, conserving semi-natural grasslands and revital-
izing traditional pastures can counteract landscape homogenization and sustain cultural 
services.

6  Conclusion

Our study has contributed to understanding the spatial distribution and interactions of ESs 
within the WEF nexus in the Adige River basin. By analyzing five key ESs, water provi-
sioning, crop yield, sediment retention, carbon storage, and landscape diversity, we show 
how climate and land use changes may reshape service provision across the basin. Our 
findings highlight the role of land cover and climate features in shaping ES dynamics and 
emphasize the need for integrated, landscape-specific management strategies. A key con-
tribution is the use of SOM to identify and spatialize ESs bundles, enabling more targeted 
management interventions tailored to the diverse patterns observed across the bundles. For 
instance, some areas may require tailored policies to preserve and enhance ESs provision-
ing, particularly in scenarios where vulnerabilities and conflicts, such as those affecting crop 
yields, are evident. In the “best case ”scenarios, regions with synergistic ESs expand, sup-
porting the WEF nexus, while “worst case ”scenarios reveal potential trade-offs requiring 
adaptive responses.

Our study highlights the limitations of simplified land cover data and the need for finer-
scale research to capture more complex ESs processes, particularly under climate change. 
The spatial clustering of ESs into distinct bundles points to varied management priorities 
across the basin. However, the proposed measures, derived from existing sectoral policies, 
serve as normative sustainability benchmarks rather than empirically validated thresholds, 
and thus lack associated confidence intervals or measures of uncertainty. To make these 
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strategies operational, future research should focus on testing and refining them under local 
conditions to assess their effectiveness and relevance to ecosystem dynamics.

As climate-driven shifts in temperature and precipitation reshape resource availability, 
integrated policy frameworks that consider the full spectrum of WEF nexus will become 
increasingly important. In conclusion, this research emphasizes the importance of multi-
scale, ecosystem-based management to sustain critical services within the WEF nexus. The 
findings provide a foundation for future planning strategies that not only address individual 
ESs but also promote synergies that enhance the overall resilience of landscapes in the face 
of environmental change.

Supplementary Information  The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​
/​1​0​.​1​0​0​7​/​s​1​0​5​8​4​-​0​2​5​-​0​4​0​1​3​-​3​​​​​.​​

Funding  The activities conducted in this study are carried out within the framework of HORIZON2020- 
NEXOGENESIS project (Grant Agreement No. 101003881 NEXOGENESIS). A.S. acknowledges the 
PNRR research activities of the consortium iNEST (Interconnected North-East Innovation Ecosystem) 
funded by the European Union Next-GenerationEU (Piano Nazionale di Ripresa e Resilienza (PNRR) Mis-
sione 4 Componente 2, Investimento 1.5 D.D. 1058 23/06/2022, ECS_00000043 – Spoke1, RT1B, CUP 
H43C22000540006). This manuscript reflects only the Authors views and opinions, neither the European 
Union nor the European Commission can be considered responsible for them.

Declarations

Competing interests  The authors have no relevant financial or non-financial interests to disclose.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, 
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as 
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons 
licence, and indicate if changes were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. 
If material is not included in the article’s Creative Commons licence and your intended use is not permitted 
by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Alsterberg C, Roger F, Sundbäck K, Juhanson J, Hulth S, Hallin S, Gamfeldt L (2017) Habitat diversity and 
ecosystem multifunctionality—the importance of direct and indirect effects. Sci Adv 3(2):e1601475. 
https://doi.org/10.1126/sciadv.1601475

Aznarez C, Jimeno-Sáez P, López-Ballesteros A, Pacheco JP, Senent-Aparicio J (2021) Analysing the impact 
of climate change on hydrological ecosystem services in Laguna Del Sauce (Uruguay) using the SWAT 
model and remote sensing data. Remote Sens. https://doi.org/10.3390/rs13102014

Bidoglio G, Vanham D, Bouraoui F, Barchiesi S (2018) The water-energy-food-ecosystems (WEFE) nexus. 
Encycl Ecol 4:459–466. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​B​9​​7​8​-​0​-​​1​2​-​4​0​9​​5​4​8​-​​9​.​1​1​0​3​6​-​X

Bilbao-Barrenetxea N, Jimeno-Sáez P, Segura-Méndez FJ, Castellanos-Osorio G, López-Ballesteros A, Faria 
SH, Senent-Aparicio J (2024) Declining water resources in the Anduña river basin of Western pyrenees: 
land abandonment or climate variability? J Hydrol Reg Stud 53:101771. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​e​j​r​h​
.​2​0​2​4​.​1​0​1​7​7​1​​​​​​​

Bonari G, Lasen C, Buffa G, Filigheddu R (2025) The abandonment of high-elevation pastures in the Alps: 
patterns, processes and implications for biodiversity. J Mt Ecol 18(1):34–48

Braioni MG, Salmoiraghi G, Bracco F, Villani M, Braioni A, Girelli L (2002) Functional evaluations in the 
monitoring of the river ecosystem processes: the Adige River as a case study. Sci World J 2:660–683. 
https://doi.org/10.1100/tsw.2002.114

1 3

168  Page 20 of 24

https://doi.org/10.1007/s10584-025-04013-3
https://doi.org/10.1007/s10584-025-04013-3
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1126/sciadv.1601475
https://doi.org/10.3390/rs13102014
https://doi.org/10.1016/B978-0-12-409548-9.11036-X
https://doi.org/10.1016/j.ejrh.2024.101771
https://doi.org/10.1016/j.ejrh.2024.101771
https://doi.org/10.1100/tsw.2002.114


Climatic Change (2025) 178:168

Brockerhoff EG, Barbaro L, Castagneyrol B et al (2017) Forest biodiversity, ecosystem functioning and the 
provision of ecosystem services. Biodivers Conserv 26:3005–3035. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​1​0​5​3​1​-​0​1​
7​-​1​4​5​3​-​2​​​​​​​

Carmona-Moreno C, Crestaz E, Cimmarrusti Y, Farinosi F, Biedler M, Amani A, Mishra A, Carmona-Guti-
errez A (2021) Implementing the Water-Energy-Food-Ecosystems Nexus and achieving the Sustainable 
Development Goals. UNESCO. ​h​t​t​p​:​/​​/​w​w​w​.​​u​n​e​s​c​o​​.​o​r​g​​/​o​p​e​n​​-​a​c​c​e​​s​s​/​t​e​r​​m​s​-​u​​s​e​-​c​c​b​y​s​a​-​e​n

Carrer F, Walsh KJ, Mocci F (2020) Ecology, economy, and upland landscapes: socio-ecological dynamics 
in the Alps during the transition to modernity. Human Ecology 48(1):69–84. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​
1​0​7​4​5​-​0​2​0​-​0​0​1​3​0​-​y​​​​​​​

Chen G, Li X, Liu X (2022) Global land projection based on plant functional types with a 1-km resolution 
under socio-climatic scenarios. Sci Data 9:125. https://doi.org/10.1038/s41597-022-01208-6

Chiogna G, Majone B, Cano Paoli K, Diamantini E, Stella E, Mallucci S, Lencioni V, Zandonai F, Bellin A 
(2016) A review of hydrological and chemical stressors in the Adige catchment and its ecological status. 
Sci Total Environ 540:429–443. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​s​c​i​t​o​​t​e​n​v​.​2​​0​1​5​.​​0​6​.​1​4​9

Cislaghi S, Battaglini L, Follador M, Tasser E (2019) Land abandonment and vegetation dynamics in the 
Alps: ecological succession and impacts on biodiversity and ecosystem services. Journal of Alpine 
Ecology 45(2):123–135. https://doi.org/10.1016/j.jalpe.2019.03.004

Cord AF, Brauman KA, Chaplin-Kramer R, Huth A, Ziv G, Seppelt R (2017) Priorities to advance monitoring 
of ecosystem services using earth observation. Trends Ecol Evol 32(6):416–428. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​
1​6​/​j​.​t​r​e​e​.​2​0​1​7​.​0​3​.​0​0​3​​​​​​​

Davis J, O’Grady AP, Dale A, Arthington AH et al (2015) When trends intersect: the challenge of protecting 
freshwater ecosystems under multiple land use and hydrological intensification scenarios. Sci Total 
Environ 534:65–78. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​s​c​i​t​o​​t​e​n​v​.​2​​0​1​5​.​​0​3​.​1​2​7

Díaz S, Pascual U, Stenseke M, Martín-López B, Watson RT, Molnár Z, ... Shirayama Y (2018) Assessing 
nature's contributions to people. Science 359(6373):270–272. https://doi.org/10.1126/science.aap8826

Dou H, Li X, Li S, Dang D, Li X, Lyu X, Li M, Liu S (2020) Mapping ecosystem services bundles for ana-
lyzing spatial trade-offs in inner Mongolia, China. J Clean Prod 256:120444. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​
.​​j​c​l​e​p​​r​o​.​2​0​2​​0​.​1​2​​0​4​4​4

Egarter Vigl L, Marsoner T, Schirpke U, Tscholl S, Candiago S, Depellegrin D (2021) A multi-pressure 
analysis of ecosystem services for conservation planning in the Alps. Ecosystem Services 47:Article 
101230. https://doi.org/10.1016/j.ecoser.2020.101230

Egarter Vigl L, Schirpke U, Tasser E, Tappeiner U (2016) Linking long-term landscape dynamics to the 
multiple interactions among ecosystem services in the European Alps. Landsc Ecol 31(9):1903–1918. 
https://doi.org/10.1007/s10980-016-0389-3

Esquivel J, Echeverria C, Saldana A, Fuentes R (2020) High functional diversity of forest ecosystems is 
linked to high provision of water flow regulation ecosystem service. Ecological Indicators 115:106433. ​
h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​e​c​o​l​i​​n​d​.​2​0​2​​0​.​1​0​​6​4​3​3

European Commission (2022) Biodiversity strategy for 2030. ​h​t​t​p​s​:​​/​/​e​n​v​​i​r​o​n​m​e​​n​t​.​e​​c​.​e​u​r​​o​p​a​.​e​​u​/​s​t​r​a​​t​e​g​y​​/​b​i​o​
d​​i​v​e​r​s​​i​t​y​-​s​t​​r​a​t​e​​g​y​-​2​0​3​0​_​e​n

Faccioni G, Sturaro E, Ramanzin M (2019) Socio-economic valuation of abandonment and intensification of 
alpine agroecosystems and associated ecosystem services. Land Use Policy 81:453–462. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​
g​/​1​​0​.​1​0​​1​6​/​j​.​​l​a​n​d​u​​s​e​p​o​l​.​​2​0​1​8​​.​1​0​.​0​4​4

FAO, IFAD, UNICEF, WFP, & WHO (2021) The state of food security and nutrition in the world 2021. FAO. 
https://doi.org/10.4060/cb4474en

Gaglio M, Aschonitis V, Castaldelli G, Fano EA (2020) Land use intensification rather than land cover change 
affects regulating services in the mountainous Adige River basin (Italy). Ecosyst Serv 45:101158. 
https://doi.org/10.1016/j.ecoser.2020.101158

Gibbs HK, Ruesch A (2008) New IPCC Tier-1 global biomass carbon map for the year 2000. Oak Ridge 
National Laboratory, dataset

Gobbi M (2021) Fine-scale modelling of Trentino past forest landscape and future scenarios. Ecol Manag 
491:119176. https://doi.org/10.1016/j.foreco.2021.119176

Gou M, Li L, Ouyang S, Shu C, Xiao W, Wang N, Hu J, Liu C (2022) Integrating ecosystem service trade-
offs and Rocky desertification into ecological security pattern construction in the Daning river basin of 
Southwest China. Ecol Indic 138:108845. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​e​c​o​l​i​​n​d​.​2​0​2​​2​.​1​0​​8​8​4​5

Gratzer G, Keeton WS (2017) Mountain forests and sustainable development: the potential for achieving the 
United Nations’ 2030 agenda. Mt Res Dev 37(3):246–253

Han X, Yu J, Shi L, Zhao X, Wang J (2021) Spatiotemporal evolution of ecosystem service values in an area 
dominated by vegetation restoration: quantification and mechanisms. Ecol Indic 131:108191. ​h​t​t​p​s​:​​/​/​d​o​
i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​e​c​o​l​i​​n​d​.​2​0​2​​1​.​1​0​​8​1​9​1

1 3

Page 21 of 24  168

https://doi.org/10.1007/s10531-017-1453-2
https://doi.org/10.1007/s10531-017-1453-2
http://www.unesco.org/open-access/terms-use-ccbysa-en
https://doi.org/10.1007/s10745-020-00130-y
https://doi.org/10.1007/s10745-020-00130-y
https://doi.org/10.1038/s41597-022-01208-6
https://doi.org/10.1016/j.scitotenv.2015.06.149
https://doi.org/10.1016/j.jalpe.2019.03.004
https://doi.org/10.1016/j.tree.2017.03.003
https://doi.org/10.1016/j.tree.2017.03.003
https://doi.org/10.1016/j.scitotenv.2015.03.127
https://doi.org/10.1126/science.aap8826
https://doi.org/10.1016/j.jclepro.2020.120444
https://doi.org/10.1016/j.jclepro.2020.120444
https://doi.org/10.1016/j.ecoser.2020.101230
https://doi.org/10.1007/s10980-016-0389-3
https://doi.org/10.1016/j.ecolind.2020.106433
https://doi.org/10.1016/j.ecolind.2020.106433
https://environment.ec.europa.eu/strategy/biodiversity-strategy-2030_en
https://environment.ec.europa.eu/strategy/biodiversity-strategy-2030_en
https://doi.org/10.1016/j.landusepol.2018.10.044
https://doi.org/10.1016/j.landusepol.2018.10.044
https://doi.org/10.4060/cb4474en
https://doi.org/10.1016/j.ecoser.2020.101158
https://doi.org/10.1016/j.foreco.2021.119176
https://doi.org/10.1016/j.ecolind.2022.108845
https://doi.org/10.1016/j.ecolind.2021.108191
https://doi.org/10.1016/j.ecolind.2021.108191


Climatic Change (2025) 178:168

Hoff H, Alrahaife SA, El Hajj R, Lohr K, Mengoub FE, Farajalla N, Fritzsche K, Jobbins G, Özerol G, 
Schultz R, Ulrich A (2019) A nexus approach for the MENA region—from concept to knowledge to 
action. Front Environ Sci 7:48. https://doi.org/10.3389/fenvs.2019.00048

ISTAT – Istituto Nazionale di Statistica (2024) Crop yield statistics at provincial level (Bolzano, Trento, 
Verona). https://www.istat.it

Lasanta T, Nadal-Romero E, Errea MP (2017) The footprint of marginal agriculture in the Mediterranean 
mountain landscape: An analysis of the Central Spanish Pyrenees. Sci Total Environ 599:1823–1836. ​h​
t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​s​c​i​t​o​​t​e​n​v​.​2​​0​1​7​.​​0​5​.​0​9​2

Legarreta-Miranda CK, Prieto-Amparán JA, Villarreal-Guerrero F, Morales-Nieto CR, Pinedo-Alvarez A 
(2021) Long-term land-use/land-cover change increased the landscape heterogeneity of a fragmented 
temperate forest in Mexico. Forests 12(8):1099. https://doi.org/10.3390/f12081099

Liu X, Liu W, Tang Q, Liu B, Wada Y, Yang H (2022) Global agricultural water scarcity assessment incorporat-
ing blue and green water availability under future climate change. Earth’s Future 10(6):e2021EF002567. 
https://doi.org/10.1029/2021EF002567

Lucca E, Kofinas D, Avellan T, Kleemann J, Moreen CE, Blicharska M, Teutschbein C, Sperotto A, Sušnik 
J, Milliken S, Fader M, Đorđević D, Laspidou C (2025) Integrating nature in the water-energy-food 
nexus: current perspectives and future directions. Sci Total Environ 966:178600. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​
1​6​/​j​.​​s​c​i​t​o​​t​e​n​v​.​2​​0​2​5​.​​1​7​8​6​0​0

Martínez-López J, Bagstad KJ, Balbi S, Magrach A, Voigt B, Athanasiadis I, Pascual M, Willcock S, Villa F 
(2019) Towards globally customizable ecosystem service models. Sci Total Environ 650:2325–2336. ​h​
t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​s​c​i​t​o​​t​e​n​v​.​2​​0​1​8​.​​0​9​.​3​7​1

Mascetti L, Giordani P, Tiberi P (2023) Effects of pasture abandonment and overgrazing on soil quality 
and biodiversity in alpine mountain areas: consequences for agropastoral sustainability. Mt Res Dev 
43(1):67–78. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​6​​5​9​/​M​R​​D​-​J​O​U​​R​N​A​L​-​D​​-​2​2​-​​0​0​0​5​9

Mouchet MA, Paracchini ML, Schulp CJE, Stürck J, Verkerk PJ, Verburg PH, Lavorel S (2017) Bundles of 
ecosystem (dis)services and multifunctionality across European landscapes. Ecol Indic 73:23–28. ​h​t​t​p​s​
:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​e​c​o​l​i​​n​d​.​2​0​1​​6​.​0​9​​.​0​2​6

Mozzi P, Piovan S, Corrò E (2020) Long-term drivers and impacts of abrupt river changes in managed low-
lands of the Adige River and Northern Po delta (Northern Italy). Quat Int 538:80–93. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​1​6​/​j​.​q​u​a​i​n​t​.​2​0​1​8​.​1​0​.​0​2​4​​​​​​​

Muller F, Bicking S, Ahrendt K, Zeleny J et al (2020) Assessing ecosystem service potentials to evaluate ter-
restrial, coastal and marine ecosystem types in Northern Germany – an expert-based matrix approach. 
Ecol Indic 112:106116. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​e​c​o​l​i​​n​d​.​2​0​2​​0​.​1​0​​6​1​1​6

Nepal S, Flügel WA, Shrestha AB (2014) Upstream–downstream linkages of hydrological processes in the 
Himalayan region. Ecol Process 3:19. https://doi.org/10.1186/s13717-014-0019-4

Pacheco JP, López-Ballesteros A, Mesman JP et al (2025) Coupling SWAT + and GOTM-WET models to 
assess agricultural management practices for mitigating harmful algal blooms in Mar Menor. Spain. J 
Environ Manage 380:125033. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​e​n​v​m​​a​n​.​2​0​2​​5​.​1​2​​5​0​3​3

Panagos P, Borrelli P, Meusburger K, Alewell C, Lugato E, Montanarella L (2015a) Estimating the soil ero-
sion cover-management factor at the European scale. Land Use Policy 48:38–50. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​
1​6​/​j​.​​l​a​n​d​u​​s​e​p​o​l​.​​2​0​1​5​​.​0​5​.​0​2​1

Panagos P, Borrelli P, Meusburger K, van der Zanden EH, Poesen J, Alewell C (2015b) Modelling the effect 
of support practices (P-factor) on the reduction of soil erosion by water at European scale. Environ Sci 
Policy 51:23–34. https://doi.org/10.1016/j.envsci.2015.03.012

Pereira P, Inacio M, Bogunovic I, Francos M, Barceló D, Zhao W (2022) Servicios ecosistémicos En áreas 
de montaña: beneficios y amenazas. Pirineos 177:e068. https://doi.org/10.3989/pirineos.2022.177001

Pérez Ciria T, Labat D, Chiogna G (2019) Detection and interpretation of recent and historical streamflow 
alterations caused by river damming and hydropower production in the Adige and Inn river basins using 
continuous, discrete, and multiresolution analyses. J Hydrol 578:123964.124021. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​
1​6​/​j​.​​j​h​y​d​r​​o​l​.​2​0​1​​9​.​1​2​​4​0​2​1

Rafiei-Sardooi E, Azareh A, Joorabian Shooshtari S, Parteli EJR (2022) Long-term assessment of land-use 
and climate change on water scarcity in an arid basin in Iran. Ecol Model 467(C). ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​
1​6​/​j​.​​e​c​o​l​m​​o​d​e​l​.​2​​0​2​2​.​​1​0​9​9​3​4

Rakhmatova N et al (2024) Assessing the potential impacts of climate change on drought in Uzbekistan: find-
ings from RCP and SSP scenarios. Atmosphere 15:866. https://doi.org/10.3390/atmos15070866

Raudsepp-Hearne C, Peterson GD, Bennett EM (2010) Ecosystem service bundles for analyzing tradeoffs 
in diverse landscapes. Proc Natl Acad Sci U S A 107(11):5242–5247. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​7​3​/​p​n​a​s​.​0​9​
0​7​2​8​4​1​0​7​​​​​​​

Reader M, Eppinga MB, de Boer HG, Petchey OL, Santos MJ (2024) Consistent ecosystem service bundles 
emerge across global mountain, Island and delta systems. Ecosyst Serv 66:101593. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​
0​1​6​/​j​.​e​c​o​s​e​r​.​2​0​2​3​.​1​0​1​5​9​3​​​​​​​

1 3

168  Page 22 of 24

https://doi.org/10.3389/fenvs.2019.00048
https://www.istat.it
https://doi.org/10.1016/j.scitotenv.2017.05.092
https://doi.org/10.1016/j.scitotenv.2017.05.092
https://doi.org/10.3390/f12081099
https://doi.org/10.1029/2021EF002567
https://doi.org/10.1016/j.scitotenv.2025.178600
https://doi.org/10.1016/j.scitotenv.2025.178600
https://doi.org/10.1016/j.scitotenv.2018.09.371
https://doi.org/10.1016/j.scitotenv.2018.09.371
https://doi.org/10.1659/MRD-JOURNAL-D-22-00059
https://doi.org/10.1016/j.ecolind.2016.09.026
https://doi.org/10.1016/j.ecolind.2016.09.026
https://doi.org/10.1016/j.quaint.2018.10.024
https://doi.org/10.1016/j.quaint.2018.10.024
https://doi.org/10.1016/j.ecolind.2020.106116
https://doi.org/10.1186/s13717-014-0019-4
https://doi.org/10.1016/j.jenvman.2025.125033
https://doi.org/10.1016/j.landusepol.2015.05.021
https://doi.org/10.1016/j.landusepol.2015.05.021
https://doi.org/10.1016/j.envsci.2015.03.012
https://doi.org/10.3989/pirineos.2022.177001
https://doi.org/10.1016/j.jhydrol.2019.124021
https://doi.org/10.1016/j.jhydrol.2019.124021
https://doi.org/10.1016/j.ecolmodel.2022.109934
https://doi.org/10.1016/j.ecolmodel.2022.109934
https://doi.org/10.3390/atmos15070866
https://doi.org/10.1073/pnas.0907284107
https://doi.org/10.1073/pnas.0907284107
https://doi.org/10.1016/j.ecoser.2023.101593
https://doi.org/10.1016/j.ecoser.2023.101593


Climatic Change (2025) 178:168

Renard KG, Foster GR, Weesies GA, McCool DK, Yoder DC (1997) Predicting soil erosion by water: A 
guide to conservation planning with the Revised Universal Soil Loss Equation (RUSLE). USDA Agri-
culture Handbook No. 703. Washington, DC: United States Department of Agriculture

Saidi N, Spray C (2018) Ecosystem services and the water–energy–food nexus: A new perspective. Environ 
Res Lett 13:113001. https://doi.org/10.1088/1748-9326/aae5e0

Sambo B, Sperotto A, Torresan S, Pittore M, Zebisch M, Critto A (2024a) Looking at the water-energy-food 
nexus through the lens of ecosystem services: a new perspective. Environ Res Lett 19:121003. ​h​t​t​p​s​:​/​/​
d​o​i​.​o​r​g​/​1​0​.​1​0​8​8​/​1​7​4​8​-​9​3​2​6​/​a​d​9​6​c​f​​​​​​​

Sambo B, Cocuccioni S, Carnelli F, Sperotto A, Terzi S, Torresan S, Pittore M, Critto A (2024b) Stakehold-
ers’ engagement for the identification of measures supporting ecosystem services within the Water-
Energy-Food-Ecosystems (WEFE) nexus in the Adige River basin (Italy). EGU Gen. Assem. Conf. 
Abstr. EGU24-1127. https://doi.org/10.5194/egusphere-egu24-1127

Santos E, Carvalho M, Martins S (2023) Sustainable water management: understanding the socioeconomic 
and cultural dimensions. Sustainability 15(17):13074. https://doi.org/10.3390/su151713074

Schirpke U, Ebner M (2022) Exposure to global change pressures and potential impacts on ecosystem ser-
vices of mountain lakes in the European Alps. J Environ Manage 318:115606. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​
j​.​​j​e​n​v​m​​a​n​.​2​0​2​​2​.​1​1​​5​6​0​6

Schirpke U, Leitinger G, Tasser E, Schermer M, Steinbacher M, Tappeiner U (2012) Multiple ecosystem ser-
vices of a changing alpine landscape: past, present and future. Int J Biodivers Sci Ecosyst Serv Manag 
9(2):123–135. https://doi.org/10.1080/21513732.2012.751936

Schirpke U, Tappeiner U, Tasser E (2019) A transnational perspective of global and regional ecosystem ser-
vice flows from and to mountain regions. Sci Rep 9:6678. https://doi.org/10.1038/s41598-019-43229-z

Schröter M, Barton DN, Remme RP, Hein LG (2014) Accounting for capacity and flow of ecosystem ser-
vices: a conceptual model and a case study for Telemark, Norway. Ecological Indicators 36:539–551. ​h​
t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​e​c​o​l​i​​n​d​.​2​0​1​​3​.​0​9​​.​0​1​8

Shah T (2023) Water-energy-food-environment nexus in action: global review of precepts and practice. Camb 
Prisms: Water 1:e5. https://doi.org/10.1017/wat.2023.6

Shrestha S, Zaramella M, Callegari M, Greifeneder F, Borga M (2023) Scale dependence of errors in snow 
water equivalent simulations using ERA5 reanalysis over alpine basins. Climate 11:154. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​
g​/​1​0​.​3​3​9​0​/​c​l​i​1​1​0​7​0​1​5​4​​​​​​​

Siderius C, Biemans H, Kashaigili J, Conway D (2022) Water conservation can reduce future water-energy-
food-environment trade-offs in a medium-sized African river basin. Agric Water Manag 266:107548

Stürck J, Verburg PH (2017) Multifunctionality at what scale? A landscape multifunctionality assessment for 
the European union under conditions of land use change. Landsc Ecol 32:481–500. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​
1​0​0​7​/​s​1​0​9​8​0​-​0​1​6​-​0​4​5​9​-​6​​​​​​​

Tebaldi C et al (2021) Climate model projections from the scenario model intercomparison project (Scenari-
oMIP) of CMIP6. Earth Syst Dynam 12:253–293. https://doi.org/10.5194/esd-12-253-2021

Terzi S, Sušnik J, Schneiderbauer S, Torresan S, Critto A (2021) Stochastic system dynamics modelling for 
climate change water scarcity assessment of a reservoir in the Italian Alps. Nat Hazards Earth Syst Sci 
21(11):3519–3537. https://doi.org/10.5194/nhess-21-3519-2021

Tonetti V, Pena JC, Scarpelli MD et al (2023) Landscape heterogeneity: concepts, quantification, challenges 
and future perspectives. Environ Conserv 50(2):83–92. https://doi.org/10.1017/S0376892923000097

Turner KG, Odgaard MV, Bøcher PK, Dalgaard T, Svenning JC (2014) Bundling ecosystem services in Den-
mark: trade-offs and synergies in a cultural landscape. Landsc Urban Plan 125:89–104. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​
1​​0​.​1​0​​1​6​/​j​.​​l​a​n​d​u​​r​b​p​l​a​n​​.​2​0​1​​4​.​0​2​.​0​0​7

United Nations (2019) The Sustainable Development Goals Report
Vallet A, Locatelli B, Levrel H, Wunder S, Seppelt R, Scholes RJ, Oszwald J (2018) Relationships between 

ecosystem services: comparing methods for assessing tradeoffs and synergies. Ecol Econ 150:96–106. ​
h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​e​c​o​l​e​​c​o​n​.​2​0​​1​8​.​0​​4​.​0​0​2

Vannier C, Lasseur R, Crouzat E, Byczek C, Lafond V, Cordonnier T, Lavorel S (2019) Mapping ecosystem 
services bundles in a heterogeneous mountain region. Ecosyst People 15(1):74–88. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​
0​​8​0​/​2​6​​3​9​5​9​1​​6​.​2​0​1​9​​.​1​5​7​​0​9​7​1

Vihervaara P, Rönkä M, Walls M (2010) Trends in ecosystem service research: early steps and current driv-
ers. Ambio 39(4):314–324. https://doi.org/10.1007/s13280-010-0048-x

Villamagna AM, Angermeier PL, Bennett EM (2013) Capacity, pressure, demand, and flow: a conceptual 
framework for analyzing ecosystem service provision and delivery. Ecological Complexity 15:114–121 
https://doi.org/10.1016/j.ecocom.2013.07.004

Wang M, Bodirsky BL, Rijneveld R et al (2024) A triple increase in global river basins with water scarcity 
due to future pollution. Nat Commun 15:880. https://doi.org/10.1038/s41467-024-44947-3

1 3

Page 23 of 24  168

https://doi.org/10.1088/1748-9326/aae5e0
https://doi.org/10.1088/1748-9326/ad96cf
https://doi.org/10.1088/1748-9326/ad96cf
https://doi.org/10.5194/egusphere-egu24-1127
https://doi.org/10.3390/su151713074
https://doi.org/10.1016/j.jenvman.2022.115606
https://doi.org/10.1016/j.jenvman.2022.115606
https://doi.org/10.1080/21513732.2012.751936
https://doi.org/10.1038/s41598-019-43229-z
https://doi.org/10.1016/j.ecolind.2013.09.018
https://doi.org/10.1016/j.ecolind.2013.09.018
https://doi.org/10.1017/wat.2023.6
https://doi.org/10.3390/cli11070154
https://doi.org/10.3390/cli11070154
https://doi.org/10.1007/s10980-016-0459-6
https://doi.org/10.1007/s10980-016-0459-6
https://doi.org/10.5194/esd-12-253-2021
https://doi.org/10.5194/nhess-21-3519-2021
https://doi.org/10.1017/S0376892923000097
https://doi.org/10.1016/j.landurbplan.2014.02.007
https://doi.org/10.1016/j.landurbplan.2014.02.007
https://doi.org/10.1016/j.ecolecon.2018.04.002
https://doi.org/10.1016/j.ecolecon.2018.04.002
https://doi.org/10.1080/26395916.2019.1570971
https://doi.org/10.1080/26395916.2019.1570971
https://doi.org/10.1007/s13280-010-0048-x
https://doi.org/10.1016/j.ecocom.2013.07.004
https://doi.org/10.1038/s41467-024-44947-3


Climatic Change (2025) 178:168

Vörösmarty CJ, Stewart-Koster B, Green PA, Boone EL, Stifel D (2021) A green-gray path to global water 
security and sustainable infrastructure. Glob Environ Change 70:102344. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​g​l​o​
e​n​​v​c​h​a​.​2​​0​2​1​.​​1​0​2​3​4​4

Willighagen EL, Wehrens R, Melssen W, de Gelder R, Buydens LMC (2007) Cryst Growth Des 7(9):1738–
1745. https://doi.org/10.1021/cg060872y

Wood SLR, Jones SK, Johnson JA, Brauman KA, Chaplin-Kramer R, Fremier A et al (2018) Distilling the 
role of ecosystem services in the sustainable development goals. Ecosystem Serv 29:70–82. ​h​t​t​p​s​:​/​/​d​o​i​
.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​e​c​o​s​e​r​.​2​0​1​7​.​1​0​.​0​1​0​​​​​​​

Xia H, Yuan S, Prishchepov AV (2023) Spatial-temporal heterogeneity of ecosystem service interactions 
and their social-ecological drivers: implications for spatial planning and management. Resour Conserv 
Recycl 189:106767. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​r​e​s​c​o​​n​r​e​c​.​2​​0​2​2​.​​1​0​6​7​6​7

Yang F, Cen R, Feng W, Liu J, Qu Z, Miao Q (2021a) Effects of super-absorbent polymer on soil remediation 
and crop growth in arid and semi-arid areas. Sustainability 12(18):7825. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​s​u​1​2​
1​8​7​8​2​5​​​​​​​

Yang S, Bai Y, Alatalo JM, Wang H, Jiang B, Liu G, Chen J (2021b) Spatio-temporal changes in water-related 
ecosystem services provision and trade-offs with food production. J Clean Prod 286:125316. ​h​t​t​p​s​:​​/​/​d​o​
i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​c​l​e​p​​r​o​.​2​0​2​​0​.​1​2​​5​3​1​6

Yin D, Yu H, Shi Y, Zhao M, Zhang J, Li X (2023) Matching supply and demand for ecosystem services in 
the Yellow River Basin, China: a perspective of the water-energy-food nexus. J Clean Prod 384:135469. ​
h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​r​​g​/​​1​0​.​​1​0​​1​​6​​/​j​.​j​c​l​​e​​p​r​o​.​​​2​0​2​​2​.​1​3​5​4​6​9

Zaramella M, Borga M, Zoccatelli D, Carturan L (2019) TOPMELT 1.0: a topography-based distribution 
function approach to snowmelt simulation for hydrological modelling at basin scale. Geosci Model Dev 
12(12):5251–5265. https://doi.org/10.5194/gmd-12-5251-2019

Zhang Y, Wang Y (2024) Evaluation and prediction of water-energy-food nexus under land use changes in 
the Yellow River Basin, China. Sustain Futures 8:100307. https://doi.org/10.1016/j.sftr.2024.100307

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

1 3

168  Page 24 of 24

https://doi.org/10.1016/j.gloenvcha.2021.102344
https://doi.org/10.1016/j.gloenvcha.2021.102344
https://doi.org/10.1021/cg060872y
https://doi.org/10.1016/j.ecoser.2017.10.010
https://doi.org/10.1016/j.ecoser.2017.10.010
https://doi.org/10.1016/j.resconrec.2022.106767
https://doi.org/10.3390/su12187825
https://doi.org/10.3390/su12187825
https://doi.org/10.1016/j.jclepro.2020.125316
https://doi.org/10.1016/j.jclepro.2020.125316
https://doi.org/10.1016/j.jclepro.2022.135469
https://doi.org/10.1016/j.jclepro.2022.135469
https://doi.org/10.5194/gmd-12-5251-2019
https://doi.org/10.1016/j.sftr.2024.100307

	﻿Managing the water-energy-food nexus in the adige river basin: impacts of climate and land use change on ecosystem services bundles
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Case study
	﻿3﻿ ﻿Methods
	﻿3.1﻿ ﻿Data collection
	﻿3.2﻿ ﻿Ecosystem services mapping
	﻿3.2.1﻿ ﻿Carbon Storage - CS
	﻿3.2.2﻿ ﻿Crop Yield - CY
	﻿3.2.3﻿ ﻿Water Provisioning - WP
	﻿3.2.4﻿ ﻿Sediment retention - RV
	﻿3.2.5﻿ ﻿Shannon diversity Index – SI


	﻿3.3﻿ ﻿Ecosystem services bundles for Spatial management and planning strategies
	﻿3.3.1﻿ ﻿Ecosystem services bundles
	﻿3.3.2﻿ ﻿Management measures identification and selection

	﻿4﻿ ﻿Results
	﻿4.1﻿ ﻿ESs mapping
	﻿4.2﻿ ﻿ESs bundles across different scenarios
	﻿4.3﻿ ﻿Identification of priority measures and targets for WEF nexus management

	﻿5﻿ ﻿Discussion
	﻿6﻿ ﻿Conclusion
	﻿References


