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Abstract
Alpine pastoral systems are examples of human-managed landscapes in which traditional farming practices have long been 
adapted to the availability and variability of semi-natural forage resources. These systems are increasingly exposed to multiple 
stressors, among which climate change is expected to play a significant role in shaping future management decisions, with 
substantial socio-economic and environmental implications for both pastoral systems and mountain communities. However, 
pastoral systems are complex socio-ecological systems driven by a multitude of interrelated drivers that generate direct and 
indirect feedback mechanisms, thereby shaping the adaptive responses of Alpine farming systems. This study presents a 
participatory approach that integrates diverse sources and forms of knowledge, including the co-construction of cognitive 
maps with local farmers and scenario-based simulations of potential impacts on the local pastoral system. The objective 
is to identify the primary drivers of vulnerability, understand the cause–effect relationships, and assess the enabling and 
constraining factors that influence farmers’ adaptive capacity. The findings highlight the critical role of unpredictability 
associated with climate variability and wildlife predation in shaping farmers’ decision-making. The participatory process 
with local stakeholders also underscores the growing importance of addressing increased workloads arising from climate-
related stresses, predation pressure, and administrative burdens linked to agricultural policy. Among the proposed strategies, 
enhancing the availability and competence of skilled shepherds emerges as a particularly effective intervention. This measure 
is shown to mitigate farmers’ workload, strengthen the adaptive capacity of the pastoral system, and ultimately support the 
continued use and maintenance of upland pastures, thereby countering ongoing trends of mountain grassland abandonment.

Keywords  Agri-environment policy · Agriculture · Fuzzy cognitive mapping · Grazing · Mental models · Predation · 
Vulnerability

Introduction

Ensuring that pastoral systems remain resilient to climate 
change and other drivers of change is essential for maintain-
ing the vitality of mountain rural areas and the ecosystem 
services, including food provision, delivered by these agri-
ecosystems. Climate-related events have intensified across 
the Alpine region, especially in the Southern Alps, which are 
increasingly identified as climate “hot spots” (IPCC 2022). 
Over the past century, average temperatures in the Alps have 
risen by approximately 2 °C, with projections indicating 
an additional increase of 3–5 °C by the end of the century 
(Auer et al. 2007; Petriccione and Bricca 2019). The warm-
ing trend is associated with higher winter minimum tem-
peratures, more frequent and intense summer heatwaves, and 
an increase in extreme events such as droughts and heavy 
precipitation (Zampieri et al. 2017). These climatic shifts 
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are expected to reduce the extent and quality of suitable pas-
ture areas, modify plant diversity, and alter grazing practices 
(Dibari et al. 2020).

At the same time, projecting climate impacts on forage 
resources remains complex, and the extent to which grass-
land dynamics translate into pastoral system responses is 
still uncertain (Choler et al. 2021; Brilli et al. 2023). Indeed, 
adaptive capacity depends not only on biophysical exposure 
but also on the interaction between environmental conditions 
and socio-economic processes that shape system responses 
(Martin-Lopez et  al.  2019; Dean et  al. 2021). Climate 
impacts are intertwined with broader structural transfor-
mations in the Alps, including depopulation and land-use 
change, tourism development, policy incentives under the 
Common Agricultural Policy (MacDonald et al. 2000; Fis-
cher et al. 2012), and increasing predation pressures (Mink 
et al. 2023), all of which influence both vulnerability and 
adaptive capacity.

Although the main drivers affecting pastoral systems are 
generally understood, their interaction and intensity within 
specific local contexts can generate diverse responses among 
land managers (Gorddard et al. 2016). Pastoral systems 
have historically demonstrated flexibility in responding to 
fluctuations in local forage resources. However, it remains 
unclear whether this adaptive potential can offset heightened 
exposure and sensitivity to concurrent climatic and socio-
economic pressures (Thiault et al. 2019).

Recent studies suggest that Alpine land-use dynamics are 
more complex than simple abandonment narratives imply 
(Hinojosa et al. 2016a; Massenberg et al. 2022), underscor-
ing the need for integrated and participatory approaches to 
support policy design and management (Voinov and Bous-
quet 2010). The abandonment of grazing practices and the 
maintenance of high-altitude pastures depend strongly on 
farmers’ willingness and capacity to rely on semi-natural 
grasslands. Yet analytical frameworks that explicitly inte-
grate biophysical drivers, socio-economic constraints, insti-
tutional dynamics, and policy interventions remain limited 
(Esgalhado et al. 2024; Lecegui et al. 2024). Thus, identi-
fying enabling conditions for successful adaptation within 
current policy contexts and diverse socio-ecological settings 
remains challenging (Darnhofer et al. 2017). There is there-
fore a clear need for approaches capable of capturing the 
interactions between environmental stressors, socio-institu-
tional processes, and farmers’ perceptions, while accounting 
for the role of policy in shaping adaptation pathways (Adger 
2006).

This paper aims to assess the capacity of different adap-
tation strategies to address the multiple drivers of change 
affecting pastoral systems. The analysis is grounded in long-
term participatory engagement with local actors in a pastoral 
region of the French Alps (Écrins and Mercantour areas).

Specifically, the study seeks to:

•	 Identify the principal stressors affecting the local pastoral 
system;

•	 Examine the causal relationships linking drivers and sys-
tem components;

•	 Determine complementary factors that enable or con-
strain adaptive capacity;

•	 Evaluate how different mechanisms influence pasture 
abandonment under climate change.

To achieve these objectives, the study applies fuzzy cog-
nitive mapping (FCM) based on expert knowledge and stake-
holder perceptions to analyze the socio-ecological dynam-
ics shaping the pastoral system. By integrating qualitative 
insights with structured causal modelling, FCM is particu-
larly appropriate for representing feedbacks, non-linear 
dynamics, and intangible dimensions—such as institutional 
and experiential factors—within complex human-managed 
systems (Anderies and Norberg 2008; Özesmi and Özesmi 
2004; Jetter and Kok 2014). The novelty of this study lies in 
the development of a participatory FCM approach that inte-
grates climate-related stressors with complementary factors, 
including predation and policy constraints, thereby provid-
ing a comprehensive analysis of adaptation mechanisms that 
takes into consideration the specific features of an Alpine 
pastoral socio-ecological system.

Materials and methods

Study area

The case study region is located in the French Southern 
Alps (Provence-Alpes-Côte d’Azur region; Fig. 1) and 
encompasses approximately 70,000 ha and 100,000 ha of 
upland pastures within the Écrins and Mercantour National 
Parks, respectively. These pastures account for about 30% 
of the total area of the Écrins National Park and 56% of 
the Mercantour National Park. The pastoral system is pre-
dominantly based on ovine livestock for meat production, 
representing approximately 75% of the total stocking rate 
in Écrins (around 115,000 sheep) and more than 65% in 
Mercantour (approximately 145,000 sheep) (National 
Pastoral Survey 2012–2014).1 Although transhumance 
has declined across Europe (Oteros-Rozas et al. 2013), it 
remains an important practice in this region, accounting 
for roughly 30% of the total ovine stocking rate (Brien 
2018). While some localized abandonment has occurred, 
particularly in lower-altitude or smaller interseason 

1  National Pastoral Survey (2012–2014). INRAE. https://​enque​te-​
pasto​rale.​inrae.​fr/

https://enquete-pastorale.inrae.fr/
https://enquete-pastorale.inrae.fr/
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pastures, the region has not experienced the widespread 
abandonment observed in other European mountain areas 
(Bernués et al. 2016; Hinojosa et al. 2016b).

Climatic pressures represent a significant challenge 
for pastoralism in the southern French Alps. Temperature 
increases of nearly + 2 °C have been recorded since the 
eighteenth century, exceeding the global average warm-
ing of approximately + 1 °C (Gobiet et al. 2014). Severe 
drought events during the early 2000s raised concerns 
among local farmers and significantly affected forage avail-
ability and pastoral management (Lamarque et al. 2014).

Pasture management in the region is extensive and relies 
primarily on local forage resources, with minimal external 
inputs. The dominant system is based on traditional vertical 

transhumance, whereby livestock are moved to high-altitude 
summer pastures (alpages), while valley meadows are har-
vested for hay to meet winter feeding needs. Hay purchases 
are generally limited to exceptional circumstances, such as 
extreme drought years. In addition, summer pastures host 
large flocks from Mediterranean lowland areas (the so-called 
Grande Transhumance, or horizontal transhumance). These 
systems allow the management of large flocks with limited 
infrastructure requirements, as animals graze outdoors for 
most of the year. Approximately 60% of farmers partici-
pate in collective grazing arrangements involving multiple 
holdings, facilitated by a national pastoral law introduced 
in the 1970 s to reduce competition and improve pasture 
coordination.

Fig. 1   The case study region: 
Location of the Ecrins, and 
Mercantour National Parks in 
France



	 Regional Environmental Change          (2026) 26:109   109   Page 4 of 16

Since the early 2000 s, the increasing presence of wolf 
packs has profoundly altered pastoral management (Meuret 
et al. 2017). Predation has increased the demand for shep-
herds, livestock guardian dogs, and protective infrastructure 
such as shelters and night paddocks. While the availability 
of shepherds enables farmers to diversify activities, includ-
ing forage production and tourism, the presence of guard-
ian dogs has also generated tensions with recreational users, 
particularly hikers using mountain trails (Muñoz-Ulecia 
et al. 2021).

Participatory building of the fuzzy cognitive 
mapping

Analytical framework to highlight cause– effect 
mechanisms, factors, and drivers of changes

An analytical framework was developed following a partic-
ipatory process that focused on three dimensions of analy-
sis to assess various potential impacts of climate change 
on the local pastoral system and to identify the more rel-
evant factors that enhance (or reduce) its adaptive capacity 
(Fraser et al. 2011; Metzger et al. 2006): (1) the impacts 
of drivers such as climate change on local agroecosystem 
resources; (2) the relations between drivers and local-scale 
socioeconomic factors; and (3) an exploration of the adap-
tation practices which local farmers could mobilize. The 
framework supported the development of an FCM focused 
on the perceived cause–effect mechanisms underlying the 
management of the local pastoral system and potential 
changes in upland pasture use. The choice of the FCM was 
rooted on its capacity to analyze socio-ecological systems, 
where complex interactions, limited quantitative data, and 
strong human influence characterize system dynamics. As 
a semi-quantitative and participatory approach, FCM inte-
grates expert and stakeholder knowledge into structured 
causal models, making it well suited to contexts where data 
are limited and human behavior strongly shapes outcomes 
(Özesmi and Özesmi 2004; Gray et al. 2017). Unlike data-
intensive process-based models, FCM can support strate-
gic decision-making by exploring how policy options may 
influence system dynamics and by identifying key lever-
age points and potential unintended effects (Hobbs et al. 
2002). Its capacity to aggregate diverse perspectives into a 
conceptual model represents a tool able to enable scenario 
analysis including the effect of critical elements that can 
support the design and implementation of policies (Knox 
et al. 2023).

The participatory process was carried out between 2017 
and 2023 with a group of c.a. 90 local stakeholders, includ-
ing farmers, farmers’ associations, technicians, members 
of the Center for Studies and Pastoral Achievements of the 
Mediterranean Alps (CERPAM), and representatives of 

other local institutions (i.e., National Park, local decision 
makers, Chamber of Agriculture). The participatory process 
included three workshop rounds (cf. Appendix 1), several 
informal discussions with local administrators and experts, 
and the collection of 23 farmers’ questionnaires (Table 1). 
Engagement with representative stakeholder groups was 
facilitated by the Alpages Sentinelles network, a long-stand-
ing working group bringing together researchers, nature 
managers, and actors from the pastoral sector, that enables 
information exchange between local and regional actors, and 
discuss changes in the mountain pastures relatited to climate 
change and pastoral management (Dobremez et al. 2014). 
The opportunity to rely on this network greatly facilitated 
the stakeholder participative process and ensured the inclu-
sion of the diversity of “voices” concerned with the local 
pastoral system.

The first round of stakeholder workshops consisted of 
two meetings held in November and December 2017 in the 
case study region (Table 1; step 1; Appendix 1). These meet-
ings aimed to explore the interconnections between pasture 
abandonment and climate change, identify key features of 
local pastoral systems, and discuss potential adaptation 
strategies, drivers (e.g., CAP, climate change), and under-
lying cause–effect mechanisms shaping the pastoral socio-
economic system. The workshops also sought to ensure 
institutional engagement and foster stakeholder interest. 
Subsequently, an online questionnaire was administered to 
10 stakeholders to rank socioeconomic proxies relevant to 
pastoral sustainability (Table 1; step 2). The questionnaire, 
based on established livestock sustainability indicators (Leb-
acq et al. 2013), identified key economic, social, and cultural 
dimensions.

These findings were complemented by an exploratory 
survey conducted between March and August 2018 with 
16 farmers and eight experts (Table 1; step 3). The survey 
assessed perceptions of major stressors (e.g., droughts, 
extreme events, forage variability) and the feasibility of 
response strategies (Brien 2018). Strategies were catego-
rized as coping (no structural change), adaptation (intro-
ducing innovations), or transformation (changing system 
identity) (Tuvendal and Elmquist 2012).

Results from these phases informed the identification 
of links between drivers and system factors. To validate 
preliminary findings, a meeting of the Alpages Sentinelles 
network was held in January 2019 (Table 1; step 4), fol-
lowed by a second stakeholder workshop in February 2019 
(Table 1; step 5). This workshop focused on mapping causal 
relationships affecting pasture abandonment, resulting in a 
cause–effect conceptual map developed through a mind-
mapping approach (Reed et al. 2009).

The cause–effect mechanisms, factors, and drivers iden-
tified by stakeholders in the conceptual map were subse-
quently structured into a network, which was presented 
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and discussed with three local experts during individual 
interviews in June 2019 (Table 1; step 6). The network 
was developed by retracing the causal chains linking the 
identified factors. The interviews aimed to validate the 
overall structure of the network, refine the definition of 
climate-related and other drivers affecting the pastoral sys-
tem, and identify any missing issues, response strategies, 
or mechanisms. Following Özesmi and Özesmi (2004), a 
qualitative aggregation procedure was applied to organize 
factors into thematic groups and simplify visualization and 
weight elicitation. The purpose of the qualitative aggre-
gation was to facilitate understanding and assessment of 
the network grouping factors into thematic domains. For 
example, variables related to grassland management—
such as the timing of summer grazing, stocking rate, and 
grass quality—were clustered together. This organization 
helped to present the network structure and underlying 
mechanisms in a clearer and more accessible way for the 
interviewees.

Fuzzy cognitive mapping building

A questionnaire including the factors F = {F₁, F₂, …, Fₙ} 
and the relationships that had been identified as relevant in 
the previous research steps was designed. The aim of the 
questionnaire was to assign a weight wᵢⱼ, based on informa-
tion obtained through individual interviews with farmers. 
These weights captured both the direction of the influence 
(positive or negative) and its magnitude (ranging from 0, 
indicating no impact, to 9, indicating a highly significant 
impact). The weights were transformed in a range ∈ [− 1, + 1] 
and compiled into a square adjacency matrix with n rows 
and n columns, where n represents the total number of fac-
tors in the network.

The inference mechanism of the FCM followed the gen-
eral update function proposed by Kosko (1986) and later 
modified by Stylios and Groumpos (2004) to account for the 
presence of transmitter concepts (factors that act as drivers 
within the network but are not themselves influenced by any 

Table 1   Overview of the participatory approach and the data collec-
tion and processing procedures employed in the development of the 
fuzzy cognitive mapping (FCM) network for pastoral systems in the 

case study regions. Stakeholders were engaged through three rounds 
of workshops, complemented by meetings and individual interviews

Participatory steps in 
chronological order

Objective Number of stakeholders involved

1 1 st stakeholder workshop round Discussion of drivers and mechanisms 
affecting upland pasture management 
to identify the main socio-economic-
cultural proxies affecting the sustain-
ability of the local pastoral system

Overall 33 in two workshops (cf. 
Appendix 1)

2 Questionnaire with local experts Ranking of a set of relevant socio-
economic proxies for the local pastoral 
system

10

3 Interviews with farmers and experts Identification of current trends and 
response strategies to the main drivers 
affecting the local pastoral system

24

4 Meeting with experts and National 
Parks’ technicians

Validation of precedent research steps 
and identification of relevant stake-
holder groups for the organization of 
the 2nd workshop

5

5 2nd stakeholder workshop Mind mapping exercise for the identifi-
cation of the set of main cause–effect 
mechanisms in the local pastoral 
system

17 (cfr. Appendix 1)

6 Expert interviews Validation of the set of cause–effect 
mechanisms as outlined in the 2nd 
workshop

3

7 Farmers’ interviews Individual questionnaires to present the 
FCM network highlighting the relevant 
cause–effect mechanisms and collect 
the data for the FCM model

23

8 3rd stakeholder workshop round Final discussion of the results and 
scenarios

Overall 48 (cfr. Appendix 1)
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other factor). In the FCM, transmitters are represented as 
nodes that exert influence on other components of the system 
without receiving any input from them. The inference func-
tion employed is as follows:

where t indicates the matrix iteration number. A sigmoid 
transfer function to clamp the factor values into a − 1; + 1 
value interval was included in the model (Felix et al. 2017).

The questionnaire was designed to assess the perception 
of farmers about the cause–effect relations affecting the local 
pastoral system and their relative importance. With the aid of 
the Alpage Sentinelles network, farmers were selected for the 
interviews to include a wide as possible differentiation (e.g., 
from small and less connected to the pastoral social network 
to larger farmers involved in large collectives). Twenty-three 
farmers agreed to participate in the interviews (six in the 
Ecrins National Park and 17 in the Mercantour National Park 
areas, respectively). Interviews were individual and were on 
average 1.5-h long. During the interviews, the participants 
were allowed to add new relationships between factors, as 
well as to introduce additional factors into the network. The 
relevance of the different factors and drivers was calculated 
adopting indicators, such as the total weight of impacts on 
other factors (i.e., relevance as a causal factor, out-degree); 
the total weight of impacts from other factors (i.e., relevance 

Fi
t
=

n
∑

j

(

wji ∗ Fj
t−1

+ Fi
t−1

)

as an effect factor, in-degree); and centrality, the sum of out-
degree and in-degree (Özesmi and Özesmi 2004).

The FCM resulted by averaging the weights assigned 
in the different questionnaires. The arithmetic mean was 
employed to attribute the same weight to each individual 
farmer questionnaire and to keep track of the different 
stakeholders’ views (Forman and Peniwati 1998). The 
FCM results were presented for validation during dedicated 
stakeholder workshops held in March 2022 (Écrins) and 
2023 (Mercantour) (Table 1; step 8). During these sessions, 
the FCM outputs were shared with participants, who were 
invited to provide feedback, articulate their reasoning, and 
offer interpretations of the findings. The objective of the 
discussions was to develop a consensual narrative regard-
ing adaptation strategies deemed effective within the socio-
ecological context of the local pastoral system.

Results

The system mapping process resulted in the construction 
of a network of factors, drivers, and relationships, organ-
ized into four thematic clusters (Fig. 2): “Adaptation Strate-
gies,” “External Drivers,” “Farm Management,” and “Forage 
Resources.” This network synthesizes the modifications and 
specifications of factors and drivers that emerged throughout 
the participatory process.

Fig. 2   Aggregated FCM network. The factors and drivers identified 
and refined through the participatory process (see also Appendix 2) 
are organized into four thematic clusters reflecting their roles within 
the pastoral system: “External Drivers,” “Forage Resources,” “Farm 

Management,” and “Adaptation Strategies.” Arrows indicate the pri-
mary cause–effect relationships among these clusters, as elicited dur-
ing stakeholder engagement
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The FCM network included 49 factors among which seven 
drivers and an overall 362 cause–effect connections. Figure 3 pre-
sents a simplified structure of the FCM network, while Table 2 
lists the most relevant factors identified through the analysis.

The most influential drivers identified were the level of 
CAP subsidies, predation risk, and climate-related variables. 

Among these, CAP subsidies were consistently regarded as 
a central driver of the pastoral system, alongside the avail-
ability of shepherds, forage quality, and predation pressure. 
While climate variability, particularly the unpredictable 
occurrence of extreme events such as droughts, was, on 
average, perceived as the most critical climate-related driver 
across the study region, greater emphasis in the Mercantour 
area (the southernmost site) was placed on factors associ-
ated with water availability. In Mercantour, aspects related 
to farm revenues and the professional image and identity of 
pastoralists also emerged as more salient than in the Écrins 
area. Nevertheless, in both regions, revenues were closely 
associated with CAP subsidies and were therefore often con-
sidered interdependent.

Differences in the overall centrality of the four clusters, 
as well as between the two case study areas, were observed 
(Fig. 4). Specifically, climate-related drivers were perceived 
as less influential in the Écrins National Park (PNE) com-
pared to the Mercantour National Park (PNM). In the PNE, 
adaptation strategies exhibited higher centrality values. Con-
versely, in the PNM, the “forage resources” cluster emerged 
as the most central, reflecting a greater emphasis on con-
straints related to forage availability within that region.

To assess prospective impacts on the pastoral systems, the FCM 
inference focused specifically on the effects of predation and cli-
mate variability, identified as two of the most influential drivers of 
change in the region alongside CAP subsidies. These two factors 
were consistently emphasized throughout the participatory process 

Fig. 3   Key factors included in the FCM, organized according to their 
centrality values. The two (Three factors related to farm management 
are included, as “workload” and “investments” received equal rele-
vance scores.). most influential factors from each cluster are displayed 
(grey = external drivers, blue = forage resources, yellow = farm man-
agement, red = adaptation strategies). Arrows represent the direction 
and magnitude of the causal relationships: line width is proportional 
to the strength of the connection; blue lines indicate positive relation-
ships (an increase in Factor A leads to an increase in Factor B), while 
red lines indicate negative relationships (an increase in Factor A leads 
to a decrease in Factor B). The figure was developed using the Mental 
Modeler software (www.​menta​lmode​ler.​com)

Table 2   Pastoral system 
network: The first 20 factors 
are presented in order of 
perceived relevance according 
to the results of the farmers’ 
questionnaires. Relevance is 
assessed as the sum of out- 
and in-degree (centrality) for 
the case study areas Écrins 
(PNE) and Mercantour (PNM) 
National Parks

Concept Out-degree In-degree Centrality 
a verage

Centrality PNE Centrality PNM

CAP decrease 7.5 1.1 8.6 9.4 7.9
Experienced shepherd relevance 3.5 4.8 8.3 8.3 8.8
Hay buying 2.2 5.3 7.5 5.3 10.3
Predation increase 5.0 1.8 6.9 8.7 6.4
Grass quality reduction 4.2 2.5 6.8 8.2 7.0
Work charge 2.4 4.3 6.7 3.7 11.4
Upland grass biomass reduction 3.7 3.0 6.6 4.6 8.8
Alternative forage areas relevance 3.0 3.6 6.6 6.2 7.1
Revenues 1.8 4.8 6.5 1.0 12.0
Investments (livestock) 1.5 4.4 6.0 6.2 6.2
Improved forage management 3.2 2.7 5.9 5.4 6.9
Forage crop relevance (lowlands) 2.5 3.3 5.7 2.8 8.7
Technical support/improved 

knowledge of pasture manage-
ment

4.4 1.0 5.5 4.4 7.3

Improved image of farmers 1.5 3.8 5.3 0.0 10.6
Improved infrastructure uplands 3.1 2.2 5.2 4.5 6.5
Identity 1.2 3.9 5.1 0.0 10.3
Climate variability 4.7 0.0 4.8 3.3 6.3
Relevance of uplands 2.5 2.1 4.6 0.0 9.2
Abandonment 0.9 3.7 4.5 6.0 3.4
Join a collective 2.9 1.6 4.4 0.0 8.9

http://www.mentalmodeler.com
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and were the subject of in-depth stakeholder discussion. Expert N.2 
noticed that “The wolfpredationis the result of a societal demand 
for rewilding. It can lead to the exclusion of pastoral activity in 
mountain areas. Moreover, the use of livestock protection dogs 
disrupts the consensus between livestock farming and tourism.” 
Similarly, Farmer N.5 outlined that “Wolf predation forces us 
to abandon areas that are the most difficult to defend. It affects 
all practices: changes in grazing routes, nighttime enclosure, use 
of guard dogs….” Concerning climate changes, Expert N.4 and 
Expert N. 2 noticed that “There is greater uncertainty across sea-
sons: less forage regrowth, more heatwave episodes, and shifts in 
the timing of transhumance to and from alpine pastures, as well as 
changes in the dates of grass maturation”; and “Greater seasonal 
precocity is expected, which weakens pastoral livestock systems: 

the disappearance of snow cover exposes grass to spring frost; the 
extension of the autumn season complicates the planning of tran-
shumance dates; and conditions favor less palatable plant species” 
(panicle fescue—Festuca paniculata) respectively.

As illustrated in Fig. 5, sensitivity analyses reveal a marked nega-
tive effect on farm revenues associated with increasing levels of both 
predation and climate variability. Notably, climate variability was 
associated with a stronger direct impact on revenues, whereas preda-
tion was found to induce more substantial structural changes within 
the pastoral system. These include the abandonment of upland 
pastures, relocation of grazing activities, a shift toward indoor live-
stock rearing, and increased reliance on off-farm income sources. 
Such changes underscore response strategies aimed at minimizing 

Fig. 4   Average centrality scores 
of FCM clusters in the Écrins 
and Mercantour regions. Error 
bars represent standard errors 
for each cluster. In the Mercan-
tour case, the “Climate Drivers” 
category includes only the 
“climate variability” factor

Fig. 5   Sensitivity analysis 
results: Main impacts on 
adaptation strategies and farm 
management factors relative 
to the baseline scenario. The 
x-axis indicates relative changes 
(e.g., 0.05 = + 5% compared to 
the baseline equilibrium value). 
Values for “Predation” and 
“Climate Variability” are not 
displayed, as these drivers were 
fixed at their maximum levels to 
isolate and illustrate their effects 
within the sensitivity analysis 
framework
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economic losses and reducing the labor demands linked to flock 
surveillance in open grazing systems.

While predation emerged as a primary driver of structural trans-
formation, particularly leading to pasture abandonment and system 
intensification, climate variability was associated with a broader set 
of adaptive strategies and stronger effect on revenues. These strate-
gies, as identified through FCM modelling, are oriented toward 
optimizing the use of semi-natural grasslands rather than aban-
doning them. In this context, spatial adaptations (e.g., grazing in 
buffer zones such as woodlands) and temporal adjustments (e.g., 
modifying the grazing calendar) were perceived as the most effec-
tive means of coping with increased climatic uncertainty.

Two scenarios were developed to assess the effects of preda-
tion and climate variability on the sustainability of the pastoral 
system, as well as to evaluate the potential mitigating role of 
technical assistance (Fig. 6). Scenario 1 focused on the com-
bined impacts of increased predation and heightened climate 
variability. Under this scenario, the sustainability of the local 
pastoral system was substantially compromised, as indicated by 
a significant decline in farm revenues and marked changes in 
farm management, including increased administrative burden 
and labor intensity. Adaptation strategies in this context empha-
sized the importance of access to alternative strategic resources 
and the availability of experienced shepherds. The scenario also 
pointed to the likelihood of structural transformation in the pas-
toral system, including the abandonment of upland pastures and 
shifts away from traditional grazing practices.

Scenario 2 incorporated the same environmental stressors as 
scenario 1 but introduced the variable of targeted technical support, 
particularly through the availability of skilled shepherds to assist 
in pasture management. While adaptation strategies remained 

prominent, the results suggested a mitigated impact on work charge 
compared to scenario 1. Although system adaptations such as 
indoor breeding and diversification of revenues remained relevant, 
the presence of technical assistance contributed to a reduction in 
the likelihood of upland pasture abandonment. Nevertheless, both 
scenarios highlighted persistent and substantial negative effects on 
farm revenues, underscoring serious concerns regarding the long-
term economic viability of the pastoral system under increasing 
environmental pressures.

Discussion

The primary finding of this study concerns the impacts of preda-
tion and climate variability, both of which significantly jeopardize 
the sustainability of local pastoral systems. The identification of 
predation and climate variability as the most influential drivers 
confirms that system unpredictability, whether induced by ecolog-
ical or biological pressures, plays a critical role in shaping pasture 
management decisions. Given the reliance of these systems on 
semi-natural forage resources, farmers are required to make key 
management decisions, such as planning hay reserves or schedul-
ing livestock movements, under conditions of increased uncer-
tainty. This imposes considerable organizational constraints on 
pastoral farming. In brief, predation risks and production uncer-
tainties jointly undermine farmers’ reliance on pastures as a for-
age resource: As noted by Expert N.2 and Farmer N.2: “Over the 
past decade, livestock farming systems have become increasingly 
vulnerable. Climate change has intensified uncertainty regarding 
resource availability, while predation has challenged the viability 
of extensive livestock management practices” (Expert #2); and 

Fig. 6   FCM-based scenarios of 
the pastoral system in the case 
study region. Results of the 
combined impacts of climate 
variability and predation are 
reported in scenario 1. Scenario 
N. 2 combines the effects of 
scenario 1 with the additional 
contribution of experienced 
shepherds for farmers. On the 
x-axis, the magnitude of the 
impacts relative to the baseline 
is indicated (0.05 = + 5% in 
comparison to the baseline). For 
each scenario, the main impacts 
on adaptation strategies and 
farm management factors are 
reported
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“Last year, climate change manifested in spring through a suc-
cession of unpredictable conditions, with unusually warm tem-
peratures in March followed by cold spells in April. Grasses were 
adversely affected, resulting in a very poor first hay cut” (Breeder 
#2).

In the analyzed scenarios characterized by increasing climate 
and predation pressures, the negative impacts on farm revenues 
are primarily attributed to reduced forage quality and the con-
sequent need to adapt grazing practices to altered phenological 
conditions under climate variability. These challenges induce 
a series of adaptive responses, including increased reliance on 
external inputs (e.g., purchased hay), the use of alternative forage 
areas such as buffer zones, and a higher labor burden for farmers.

In contrast, predation exerts a more disruptive influence on the 
overall configuration of the pastoral system. It leads to the abandon-
ment of pastures, a shift toward less extensive livestock systems, and 
a growing dependence on off-farm income sources. In summary, cli-
mate variability is an environmental stressor to which farmers have 
historically been accustomed and for which a portfolio of adaptive 
strategies exists, whereas predation reintroduces a challenge that has 
been largely absent from the region for several decades. As noted by 
Lamarque et al. (2014), pasture-based farming is inherently adaptive 
to climatic conditions, and pastoralists retain traditional knowledge 
and flexibility that allow them to adjust, for instance, by modifying 
grazing calendars or utilizing semi-natural forage resources. Con-
versely, predation is perceived as a less manageable threat due to the 
lack of viable control options, such as predator removal, which were 
historically employed but are no longer permissible under current 
wildlife protection policies. This situation leads to a perception of 
vulnerability among farmers, who feel “defenseless” in the face of 
the predatory threat.

The provision of technical support aimed at enhancing pas-
ture management demonstrated positive effects under a scenario 
characterized by increased predation pressure and climate varia-
bility. Two key outcomes are particularly noteworthy. First, tech-
nical support proved effective in mitigating farmers’ workload, 
a factor widely recognized as a critical determinant of pastoral 
management decisions (Aubron et al. 2016). Second, while tech-
nical assistance still requires significant adaptive adjustments, it 
contributes to maintaining the role of pastures as a vital forage 
resource, thereby reducing the likelihood of their abandonment.

The analysis further underscores the importance of two inter-
related factors in reducing the vulnerability of mountain pastoral 
systems to climate change and predation: the availability of skilled 
shepherds and access to alternative forage resources. “The issue of 
shepherds is crucial. We need experienced shepherds so that we 
are not overly solicited and can ensure the completion of other farm 
tasks” (e.g., haymaking) (farmer N. 3). Currently, many shepherds 
are young individuals, often without an agricultural background, 
and are engaged under short-term, precarious arrangements. Typi-
cally, contracts are seasonal and last for the summer months (Tolley 

2004; Bonnet et al. 2020). These conditions, exacerbated by the 
psychological stress associated with predation (Meuret et al. 2017) 
and the lack of familial ties to farm operations, contribute to high 
turnover rates and hinder the accumulation and transmission of local 
ecological knowledge, which is known to be central to adaptive 
capacity (Naess 2013). The reduction of farmers’ direct workload 
is one of the main positive effects of employing skilled shepherds, 
as it allows greater allocation of time to forage production, on-farm 
diversification, and complementary income-generating activities. 
While the availability of alternative forage resources also contrib-
utes to adaptation, its effectiveness was found to be comparatively 
lower than that of shepherd availability. This may be attributable 
to increased predation risks in certain environments (e.g., wooded 
areas), which reduce the attractiveness of smaller forage areas, as 
well as to the greater labor input required to utilize these dispersed 
resources effectively.

The significant revenue losses identified across both sce-
narios could, in principle, be addressed through an increase in 
CAP subsidies. However, this option appears largely unfeasible 
given the already substantial share of subsidies in the overall 
income of pastoral farms (Bernués et al. 2011). Furthermore, 
while subsidies are undeniably critical for the economic viabil-
ity of many pastoral farms, several limitations and unintended 
consequences were raised during the stakeholder workshops. 
Notably, the current structure of incentive schemes often favors 
the development of larger flocks, which can inadvertently reduce 
the effectiveness of predation control measures. For example, 
livestock guardian dogs tend to be less effective when tasked 
with protecting larger herds (Rossi et al. 2012). Additionally, 
larger flocks increase farms’ vulnerability to climatic stressors 
such as drought because of the need for substantial hay reserves 
and incur in greater logistical constraints.

Moreover, subsidy schemes based on rigid, prescriptive man-
agement practices have been shown to constrain the adaptive 
capacity of mountain farms by limiting operational flexibility in 
response to environmental variability (Delattre et al. 2020). These 
findings suggest the need for a policy transition toward more 
flexible and adaptive support instruments, such as result-based 
approaches. In this framework, payments would be linked to 
ecological outcomes rather than predetermined practices, allow-
ing greater responsiveness to site-specific conditions (Whitaker 
2023). Result-based agri-environmental schemes, in particular, 
have been identified as a promising strategy to support the sus-
tainable management of mountain grassland systems (Darnhofer 
et al. 2017). Nevertheless, their implementation requires careful 
attention to issues of social acceptability, administrative feasibility, 
and ecological effectiveness (Elmiger et al. 2023; D’Alberto et al. 
2024; Fleury et al. 2015; Zabel 2019; Pinto-Correia et al. 2022).

In summary, beyond direct cause–effect relationships 
between individual drivers and pastoral practices, analytical 
frameworks examining pastoral systems often fail to adequately 
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consider the cumulative and interactive effects of multiple stress-
ors, such as predation and climate variability, as well as the com-
plex reinforcing or compensatory mechanisms they may trigger. 
In addition to contributing to the abandonment of pastoral activi-
ties, the combined influence of predation and climate-related 
pressures can also foster local-scale intensification dynamics. 
These dynamics are characterized by the progressive withdrawal 
from marginal or smaller grazing plots, particularly remote or 
wooded areas that are more difficult to monitor and defend 
against predators, and by a growing reliance on valley-bottom 
forage resources, hay, and indoor livestock breeding. Such shifts 
lead to a spatial reorganization of grazing pressure, typically 
resulting in a mosaic of localized overgrazing in accessible areas 
and the abandonment of less favorable lands. This pattern poses 
significant threats to the ecological integrity of grassland ecosys-
tems, potentially undermining the conservation of semi-natural 
habitats and biodiversity in the Alps (Schmeller et al. 2022).

Conclusions

This study employed a participatory FCM approach to 
identify the key drivers of vulnerability and potential 
adaptation strategies for pastoral systems in a region of 
the French Alps. The findings underscore that predation 
and climate variability are the primary stressors shaping 
the management of these systems. While climate vari-
ability mainly prompts adjustments in grazing practices 
on upland pastures, predation is associated with more 

profound transformations in the technical and organiza-
tional dimensions of pastoral systems.

Our results demonstrate that when the broader chains of 
causality linked to climate variability and predation are con-
sidered, the anticipated intensification of these drivers threatens 
the long-term sustainability of pastoral activities in the region. 
Notably, both drivers significantly increase uncertainty and 
farmers’ workload, two critical constraints for effective pasture 
management. The availability of technical support, particularly 
skilled shepherds, and access to alternative forage resources 
emerge as key enablers of adaptive strategies aimed at mitigat-
ing the risk of upland grassland abandonment. Investments in 
infrastructure and capacity building for shepherds, including 
training in wildlife protection and climate risk management, are 
therefore essential to strengthen the system’s adaptive capacity.

Moreover, the projected negative impacts on farm revenues, 
particularly in relation to predation and climate variability, raise 
important concerns about the future economic viability of the 
regional pastoral sector. In addition to enhancing adaptive capac-
ity, efforts to increase the added value of pastoral production are 
necessary. This could involve developing value chains that reward 
high-quality mountain products, fostering synergies between 
tourism and agriculture, and implementing agri-environmental 
schemes that incentivize more effective ecological stewardship. 
However, a critical question remains as to whether the pace of 
adaptation and transition will be sufficient to match the antici-
pated rate and intensity of climate and predation pressures. This 
potential temporal mismatch poses a significant challenge for 
policy design and long-term sustainability planning.

Appendix 1

Table 3
Table 3   Number of participants and affiliation category in the three stakeholder workshop rounds

Workshop 
round

Place Date Farmers, farm-
ers’ associations 
and shepherds

Technicians Local administration Researchers and 
academics

1 Vallouise 21 November 2017 8 3 0 3
1 Aspres-les-Corps 11 December 2017 4 10 2 3
2 Gap 6 February 2019 3 8 2 4
3 Gap 31 March 2022 5 5 0 4
3 Ecrins 10 and 18 November 2023 7 0 8 0
3 Queyras and Cerces 20–21 November 2023 6 0 5 0
3 Mercantour (Roya & 

Vésubie valleys)
10–11 January 2024 4 2 2 0



	 Regional Environmental Change          (2026) 26:109   109   Page 12 of 16

Appendix 2

Table 4
Table 4   List of factors and drivers included in the network describing the pastoral system. Meaning and details about the participatory process 
are reported in the description

Factor/driver Description

Abandonment As it was the objective of the research, “abandonment” of upland 
grazing was the factor on which the whole participatory process was 
focused

Acceptance of new farmers The factor was considered in particular for the Ecrins where the demand 
for upland pastures is higher and so some forms of competition 
between locals and transhumants are present

Administrative burden Time efforts devoted to fulfill administrative requirements, in particular 
related to the CAP. During the participatory process, the term “sim-
plification of management” was split in two to be more specific about 
time consumed for administration and time consumed for the actual 
management of the farm (“work charge”)

Bottom valley resources (forage crops and meadows) All forage resources available at farm level but not on the uplands. 
During the participatory process, the term was slightly changed from 
cultivated resources (forage crops and meadows) to “bottom valley 
resources” to include further typologies such as pastures and grazing 
on mowed meadows

CAP subsidies As subsidies are between 60 and 80% of pastoral farms revenues, it was 
the most important driver and directly related to the economic sustain-
ability of farms

Climate variability Variability (i.e., extremes) was included as a specific driver related to 
climate change effects such as droughts

Climate: Snow reduction Factors related to climate change and variability and with specific 
impacts on the organization of the grazing season and water avail-
ability

Climate: Late frost
Climate: Late snowing
Connection with local society The factor was included in particular in relation to the changing role of 

pastoral activities in the local societies
Diversification of activities It mainly relates to agritourism and direct selling of products in farmers’ 

markets
Diversification of revenues Beside agriculture, diversification of revenues also includes winter 

sport-related activities, guides, etc
Drought in bottom valleys The climate-related driver “drought” was differentiated during the par-

ticipatory process in droughts in uplands affecting specifically grazing, 
and drought impacts on forage stocks in bottom valleys

Drought in uplands

Early frost The driver is related climate variability and to recent events that forced 
to reduce the grazing season in the region

Hay buying Traditionally, farms in the region rely on internal resources but climate 
events and adjustments in some farm organization have generated 
higher relevance of hay buying

Improved infrastructures in uplands It describes in particular water infrastructures but also huts and fences
Improved management of grasslands The factors were strongly related to farmers’ and shepherds’ 

experience,and the availability of technical supportImproved knowledge of grasslands
Indoor breeding (specialization) Specialization aimed at maximizing production factors was adapted to 

the context by the stakeholders with “indoor breeding” as it was by 
large the most common intensification strategy in the region and to 
differentiate it by other forms of investments

Investments in machinery Even though not particularly frequent in the region, the factors were 
considered relevant by the stakeholdersInvestments in livestock heads

Join a collective of farmers The possibility to join farmers’ collectives for the use of uplands was 
considered a factor able to impact on abandonment

Livestock pests The factor was stressed in particular by farmers and related to climate-
related stress and the presence of transhumant farmers
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Table 4   (continued)

Factor/driver Description

Local institution: Land planning administration The role of local institutions was considered different according to their 
role. For instance, land planning institutions were differentiated by 
stakeholders from the administration of the municipality (which man-
age public uplands), and the Chambre de l’Agriculture (administrating 
CAP funds). A specific relevance was attributed to the CERPAM as it 
represents the technical support for farmers

Local institution: CERPAM

Local institution: Chambre d’Agriculture

Local institution: Municipality

Local institution: National Park
Meat price Particularly relevant for farmers as sheep/lamb meat is the main product 

of the local pastoral system
Overgrazing Overgrazing was present in some parts and related to not efficient man-

agement of herds and/or scarce availability of grass in drought years
Predation Impact of wolf predation in economic terms and emotional distress for 

farmers
Professional identity The factor includes aspects related to how the farmers perceive their 

role in the society
Professional image Strongly related to the connection with local society, the factor 

describes the changing image of farmers from a positive traditional 
figure to a more negative image linked to contrasts with environmen-
talists and tourism activities

Revenues Income of the farm. During the participatory process, “viability” as a 
distinct factor related to economic sustainability was added as it was 
considered not completely overlapping with revenues

Viability

Search for new pasture area The meaning of new pastures is the necessity to abandon an area but not 
the pastoral activity

Search for alternative forage resources In the participatory process, the valorization of resources like forests, 
and pastures located between bottom valleys and uplands was included 
as potential adaption strategy to cope with climate-related stress

Shepeherds: Experienced shepherd hiring During the participatory process, the factor “need of shepherds” was 
adapted to underline the relevance for farmers to find expert shep-
herds, and also the possibility to find shepherd with skills in the 
management of wolfdogs

Shepherds: Need of shepherds
Shepherds: Need of wolfdogs

Technical training Training was included as a relevant factor and in particular the local 
technical support office for farmers (CERPAM) was added as a factor 
differentiated from institutions

Tourism The factors referred to the presence of backpackers on the trails and 
mainly related to contrasts with pastoral activities

Upland grassland biomass increase Grass resources on the uplands were split in biomass (quantity) that 
could increase or reduce according to climate aleas and grass quality 
that was particularly critical for the management of livestock

Upland grassland biomass reduction
Upland grassland quality reduction
Variation of grazing season Adaptation strategies like variation of the grazing seasons were com-

plemented by stakeholders with the necessity to adapt the lambing 
periods

Variation of lambing period

Work charge Work charge included efforts and labor time necessary for the manage-
ment of the farm
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