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Abstract

Mountains have socio-economic and environmental importance for the entire world, and they are also one of the regions most
threatened by global change. As mountains are systems in which the human and nature dimensions are tightly intercon-
nected, studying them as social-ecological systems (SES) is increasingly common. To date, a variety of approaches and
frameworks have been used to study mountain SES, making comparisons across mountain areas challenging. In this paper,
we use Ostrom’s SES framework to review the mountain SES peer-reviewed literature under a common scope, aiming at
unraveling which frameworks, approaches, domains, sectors, and elements are studied by researchers. Among the 169
reviewed manuscripts, only 28% of them employed a framework to study their system, and custom-made frameworks were
preferred over existing ones. Although most research articles were in the domain of environmental sciences, socio-economic
attributes were included more often than ecological ones, and more than 30% did not combine social and ecological infor-
mation. Moreover, albeit most manuscripts had an empirical approach, field data were seldomly used. Future works should
focus on collecting social and ecological data at comparable scales, as well as on developing tools to effectively integrate
both dimensions in mountain SES studies. Finally, we examine components of mountain socio-ecological systems com-
monly addressed in literature, highlighting important elements for overall and sector-specific sustainability. Regarding social
aspects, understanding local inhabitants’ diverse perspectives and socioeconomic context is crucial. In terms of ecological
elements, describing climatic patterns and ecosystem history is key.

Keywords Social-ecological systems - Mountain sustainability - Global change - Trans-disciplinary research - Resource
management

Introduction

Mountain areas are found on every continent. They occupy
approximately 25% (Meybeck et al. 2001) to 39% (Vivi-
roli et al. 2007) of the world’s territory and are home to
approximately 25% of the population globally (Meybeck
et al. 2001). Mountains have social, economic, and envi-
ronmental capital of significance for the entire world, since
they harbor rich natural and sociocultural diversity, and
provide essential ecosystem services to up to half of the
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world’s population (FAO 2011, UNEP et al. 2020). Moun-
tains also provide water for about 22% of the world’s popu-
lation (Immerzeel et al. 2019) and supply a substantial part
of both natural and anthropogenic water demands (Viviroli
et al. 2007; Immerzeel et al. 2010). Despite their geographi-
cal diversity, mountains also disproportionately contribute
to the terrestrial biodiversity on Earth (Rahbek et al. 2019),
hosting a diverse range of species, including many endemic,
rare and threatened ones. Mountains partly or totally host
approximately 30% of the total land area identified as terres-
trial Key Biodiversity Areas (KBAs), and about 16.9% of the
extent of the world’s terrestrial protected areas network out-
side Antarctica is within mountains (Rodriguez-Rodriguez
et al. 2011).

With rising global temperatures, mountainous environ-
ments are transforming rapidly. Nearly 60% of the moun-
tainous area is under intense human pressure, predomi-
nantly at low elevations and mountain bases (Elsen et al.
2020). Mountain glaciers across much of the world are
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retreating (Dussaillant et al. 2019; Brun et al. 2017),
impacting the water supply for up to 1.9 billion people
(Immerzeel et al. 2019). These dramatic changes are
expected to affect mountain hazards, such as the frequency
and magnitude of flooding and landslide events (IPCC
2019). The steep terrain in combination with extreme cli-
matic conditions, and in some regions seismic or volcanic
activity, frequently triggers landslides, rock fall, debris
flows, avalanches, glacier hazards and floods (Kargel
et al. 2016, Kirschbaum et al. 2019). Since 2000, over
200,000 people have died in mountain regions (Immerzeel
et al. 2019) because of disasters (Guha-Sapir et al. 2019).
Numerous people living in mountains worldwide face mul-
tiple challenges in securing sustainable livelihoods. Pov-
erty incidence in mountain areas is high, and close to 40%
of the 835 million mountain people in developing coun-
tries are considered vulnerable to food insecurity (FAO
2015). Climate change, in combination with population
growth, urbanization, and economic and infrastructural
developments, is likely to exacerbate the impact of natu-
ral hazards and further increase the vulnerability of these
regions (Huss et al. 2017; Mal 2018; Mann et al. 2017;
Fischer and Knutti 2015; Haeberli et al. 2017). Climate
change is also leading to widespread elevational shifts
thought to increase species extinction risk in mountains
(Elsen et al. 2020). Thus, all these stressors and processes
threaten the sustainability of both the natural and human
communities of mountain regions, and trans-disciplinary
efforts among stakeholders, policy makers, and researchers
of multiple disciplines are needed to address these chal-
lenges (Grumbine and Xu 2021, Klein 2019, Carey et al.
2017).

Research in mountain areas has been approached in
different ways. On the one hand, projects may not con-
sider or even mention that they have been carried out in
mountain areas (e.g., Blumstein et al. 2005). Other pro-
jects consider that whichever the element under study, it
is important to include the (mountain element) because of
some of mountains specific characteristics (e.g., Martinez
et al. 2012; Lépez et al. 2009; Barrio et al. 2013). In this
case, the authors may consider factors that are character-
istic of mountains (e.g., slope or elevation in the case of
natural communities—e.g., Richman et al. 2020—or isola-
tion in the case of human populations—e.g., Urban 2020).
Finally, other projects not only consider some mountain
factors, but also acknowledge that mountain regions are
social-ecological systems (SES), i.e., regions that share
more characteristics within them than with the areas that
surround them; mountains are systems in which the vari-
ous dimensions (social, environmental, and economic) are
tightly interconnected (all papers listed in Supplementary
Material 2). Considering mountains as social-ecological
systems has become relatively common during the last
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years (Klein et al. 2019; Carey et al. 2017, see examples
in Supplementary Material 2).

The SES concept is a way of integrating human—environ-
mental interactions, connecting components of both through
complex system feedback and dependencies (Berkes et al.
2003). Recent works have shown that such complex prob-
lems cannot be analyzed only with disciplinary approaches,
but they must be dealt with in an integrative and trans-disci-
plinary way that considers the interaction between social—
including the economic—and ecological systems (Newell
et al. 2005; Folke 2006; Ostrom 2007, 2009). Berkes et al.
(1998, 2003) stated that biophysical models and environ-
mental research alone may not be enough to inform manag-
ers to take decisions to ensure the sustainability of a system.
Thus, the development of a holistic approach to identify and
mitigate environmental challenges, considering local and
global, environmental and social contexts, is essential for
advancing the understanding of how the various elements
interact in a given territory. An SES approach accurately
reflects the chaotic real world in which human and ecologi-
cal systems reciprocally interact (Folke 2006; Alessa et al.
2015), and, at least theoretically, facilitates environmental
management through the application of inter- and/or trans-
disciplinary concepts.

Various approaches that include both the social and the
ecological systems have already been developed and applied
(Young et al. 2006; Binder 2007, 2013; Liu et al. 2007;
Herrero-Jauregui et al. 2018; Colding and Barthel 2019).
Scholars use different frameworks, work at different scales,
and apply different methodologies to study their social-eco-
logical systems (Herrero-Jauregui et al. 2018; Colding and
Barthel 2019). A preliminary literature review by the authors
showed that this seemed to be the case for studies on moun-
tain social-ecological systems as well. Few works describ-
ing their mountain systems as SES had indeed used any
framework to study them, either by applying an existing one
(e.g., Al-Kalbani et al. 2016; Moran-Ordéiiez et al. 2013) or
by developing a new one (e.g., Capitani et al. 2019; Perez-
Leo6n et al. 2020). Although this probably reflects the speci-
ficity of each case study, the lack of a common language and
organization may hinder the comparison between different
works (Poteete and Ostrom 2008; Ostrom 2007, 2009).

Among the different frameworks developed by research-
ers, one of the most extensively used ones is Ostrom’s multi-
tier social-ecological systems framework (sensu Colding and
Barthel 2019). Ostrom’s social-ecological systems frame-
work (from now on, Ostrom’s SES framework) proposed by
Dr. Elinor Ostrom (2007, 2009) and then complemented by
others (Epstein et al. 2013; McGinnis and Ostrom 2014; Vogt
et al. 2015) is arguably the most comprehensive conceptual
framework for analyzing elements, interactions, and outcomes
in social-ecological systems (Partelow 2018). It provides a
common language for organizing the many variables relevant
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in the analysis of SES into a multi-tier hierarchy that can be
unfolded when needed. Ostrom’s SES framework is now
viewed both as a theoretical framework to advance collective
action theory, and as a general tool to diagnose the sustain-
ability of social-ecological systems (Partelow 2018). Ostrom’s
SES framework has been used to characterize systems due to
its comprehensive and flexible list of potential elements, its
ability to work at multiple scales, and its capacity to include
both qualitative and quantitative data (del Mar and Ramos
2015). These characteristics also make Ostrom’s SES frame-
work a useful tool to frame the mountain SES literature under
a common scope.

In this work, we aim at finding patterns and trends in
mountain SES studies. We want to unravel which, if any, SES
framework is used, which scale and approach (empiric or con-
ceptual) is taken, which domains and sectors do researchers
study, and which SES elements researchers include in their
works. To classify the SES elements included in the works of
researchers using different frameworks and approaches, we
use the systematic and comprehensive classification of SES
elements provided by Dr. Elinor Ostrom (Ostrom et al. 2007,
2009). Integrating the literature under Ostrom’s SES frame-
work enables us to see patterns in the inclusion (and omission)
of SES elements in mountain SES studies, letting us see what
researchers deem as most important, as well as to uncover
potential gaps. We specifically aim at answering these ques-
tions: (i) is there a bias in the inclusion of socio-economic
versus ecological attributes? (ii) Which elements do research-
ers consider most important when studying mountains under
a social—ecological system’s perspective? (iii) Which SES
elements are frequently studied together? and (iv) are there
asymmetries in the literature, e.g., are there any specific SES
elements that are underrepresented?

Our results will be helpful to shed light onto how research-
ers have approached the study of mountain systems under
an SES perspective so far, regarding their frameworks or
approaches, scales, domains, sectors, and studied elements.
Moreover, by bringing together the work of the research-
ers investigating mountain social-ecological systems across
scales, frameworks, and approaches, we provide some guid-
ance as to which SES elements to include in future studies. We
identify key SES-elements that projects addressing the sus-
tainable management of mountain resources include, as well
as relevant elements per sectors. Finally, by exposing asym-
metries in the literature, we identify potential gaps of knowl-
edge and give recommendations for future lines of research.

Methods

A bibliographic search was carried out in the ISI Web of Sci-
ence database using the following syntax: (mountain®* AND
(social—ecological OR socio—ecological) AND system¥*),

obtaining a total of 317 references. Search was restricted
to documents published from 2000 onwards to ensure that
the SES concept used in these papers was as close as pos-
sible to the recent understanding of social-ecological sys-
tems. Papers mentioned in the reference list of the analyzed
documents were eventually added to our database if they
referred to mountains as social-ecological systems in their
title or texts. The following data were initially collected for
each document: authors, region, framework used (if any)
and sector under study. We then investigated which ele-
ments were addressed in each study. To classify these ele-
ments, we followed the taxonomy provided by Dr. Elinor
Ostrom et al. (2007, 2009), structured into tiers of nested
and related concepts and variables. The first tiers include the
Resource System (RS), Resource Units (RU), Governance
System (GS), Actors (A), Social, Economic and Political
Settings (S), Interactions (I), External Ecosystems (ECO),
and Outcomes (O). Second-tier variables are nested within
each first-tier variable. We added Epstein et al. (2013) Eco-
logical Rules (ER) to the list of first tiers. First-tier and,
when it was clear, second-tier attributes (Table Al and Fig.
A1, Supplementary Material 1) were assigned to all SES
elements included in the studies. We decided not to include
either of the Ostrom’s SES framework Interactions or the
Outcomes because they represent another category of attrib-
utes, are part of the description of the SES itself, and include
elements that have already been included in the RS, RU, A,
GS, CLIM, ECO and/or the ER.

As expected, papers that did not use Ostrom’s SES frame-
work (SESF) did not use its vocabulary or taxonomy. In
this case, we tried to match as best as possible each paper’s
vocabulary to Ostrom’s attributes. For example, when papers
mentioned (...We conducted a series of interviews—ques-
tionnaires with the local population, which enabled us to
define their profile and to evaluate their perception of the
landscape...) (Rescia et al. 2008), the attribute A7 (Knowl-
edge of SES/Mental models) was assigned to this paper. We
were able to assign Ostrom attributes to all study objects.
Some researchers have raised awareness about the ambigu-
ity in the interpretation of the SESF attributes (del Mar and
Ramos 2015; Partelow 2018). In our case, the whole process
was independently carried out by the two authors and agreed
when assignments differed. Papers were rejected because of
one or more of the following reasons: the study was not car-
ried out in mountains; papers were purely theoretical; and/
or papers were not based on a sector (RS or RU), accept-
ing at most (Ecosystem services) as a sector (RS1). Finally,
following Herrero-Jauregui et al. (2018) we also noted the
approach (Empirical or Conceptual), the biophysical scale
(Field, Landscape, or Remote) and the domain (Environ-
mental, Social, and Agricultural and Biological Sciences).

With this information for each reviewed study, we inves-
tigated: countries/regions covered by the studies; number of
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papers using or not a framework/approach; number of papers
using each framework/approach (including custom frame-
works as a category); and number of papers per approach,
scale, domain, and sector. Then, following Ostrom’s classi-
fication, we investigated the number of attributes addressed
per paper; number of attributes addressed per framework;
number of papers addressing only socio-ecological attrib-
utes (GS, A, S), only ecological attributes (RS, RU, ECO,
ER), both socio-ecological and environmental, globally
and separating by works using a framework and not using
one; number and type of attributes per sector; number of
papers addressing each attribute; and relationships between
attributes.

We created a list of the attributes that were not addressed
in any of the analyzed papers. To investigate which elements
are frequently studied together, we looked at the relation-
ship between attributes. We built a matrix of interactions in
which the cells included the number of times that each com-
bination of attributes was found in the revised manuscripts.
Several interaction networks were built: one in which we
included those interactions that had been addressed in 10 or
more papers, and individual networks centered on these most
linked attributes. For this, we used the ggnet2 (Butts 2020a),
network (Butts 2020a), and sna (Butts 2020b) R packages.

Results

Our final database included a total of 169 papers (Supple-
mentary Material 2) from 42 different countries and other
trans-national regions (Supplementary Material 3, Fig. A.9).
Only 28% of them (47 papers) used one or more existing
frameworks, whereas the rest mentioned SES in the text,
but did not mention using any existing working framework.
Among the ones that used existing approaches, sixteen dif-
ferent ones were mentioned, including custom-made as a
category, which were the most used ones (31.9%), followed
by Ostrom’s SES framework and the Social-Ecological
Resilience frameworks (Fig. 1; Supplementary Material 3,
Table A.1).

Approach and scales

Most of the reviewed references had an empirical (67%)
approach rather than conceptual (33%), and also most of
them were taking a biophysical scale at the landscape level
(80%), followed by field (14%) and remote (i.e., using
remote sensing data, 6%) scale levels.

Domains and sectors

Domains. In total, 53% of the papers were classified in
the environmental domain, 29% in the social domain, and
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19% in the agriculture and biological domain (including
pastoralism).

Sectors (Ostrom’s SES framework Resource Systems and
Resource Units) and attributes per sector. Analyzed papers
addressed the various sectors with percentages that range
between 8 and 17%. Most studied sectors were (Biodiver-
sity), (Ecosystem Services), and (Water), (Fig. 2, top left).
All elements (ECO, S, ER, RS, RU, GS, and A) appear in all
these sectors, with a clear dominance of Actors (A) and Gov-
ernance Systems (GS), and the lowest presence of Social,
Economic and Political Settings (S) (Fig. 3).

(Biodiversity) was the most linked RS/RU to other attrib-
utes (25), whereas (Forest) (15) and (Agriculture) (13) were
the least ones. Works focusing on (Biodiversity) mostly
included the population mental frameworks (A7), climatic
patterns (ECO1), equilibrium properties (RS6), and rule-
making organizations (GS5) (Supplementary Material 3,
Figure A.1).

When addressing (Water) (Supplementary Material 3,
Fig. A.2) and (Ecosystem Services) (Supplementary Mate-
rial 3, Fig. A.3), prioritized attributes were the population
mental frameworks (A7), climatic patterns (ECO1), equi-
librium properties (RS6), and rule-making organizations
(GS5). In the case of (Ecosystem Services), population
(GS3) was also among the most addressed attributes.

(Livestock) was mostly related to climate (ECO1), the
population mental frameworks (A7), living population
(GS3), equilibrium properties (RS6), and, to a lower extent,
economic value (RU4) (Supplementary Material 3, Fig.
A4).

Finally, (Agriculture) (Supplementary Material 3, Fig.
A.5), (Landscape) (Supplementary Material 3, Fig. A.6) and
(Forest) (Supplementary Material 3, Fig. A.7) included the
population mental frameworks (A7); (Landscape) and (Agri-
culture) included equilibrium properties (RS6), and climatic
patterns (ECO1), the latest also included in (Forest); and
(Agriculture) and (Forest) included rule-making organiza-
tions (GS5) and population (GS3); finally, (Forest) was the
only one including ecosystem history (RS10).

SES elements addressed: Ostrom’s attributes

Number of attributes per paper. The number of attributes
addressed in single papers ranged between only 1 and a
maximum of 14, with an average value of 3.9 attributes per
paper, and without notable differences among sectors (Sup-
plementary Material 3, Fig. A.8) and no evidence that the
more papers addressing a sector, the more attributes when
pooling by sector. The average number of attributes was
higher in studies using a framework (4.8 attributes per study)
than in studies not using one (3.4 attributes per study) (Sup-
plementary material 3, Table A.1). Among the frameworks
used in at least more than one study, the one that included
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Custom -

Social-Ecological Resilience -

SES Ostrom

Vulnerability framework -

IAD-SES Ostrom -

Driving force, Pressure, State, Impact, Response (DPSIR)

Socio-environmental coevolutionary perspective -

Socio-ecological systems water metabolism framework

Framework

Social, Technological, Environmental, Economic, Political (STEEP)

Social Values for ESs Model -

Social-ecohydrological thresholds (SEHT)

Ecossystem Services framework -

Ecoagriculture approach -

Adaptive Capacity in SES -

Adaptive Capacity (Pahl-Wostl) 4

o4

Fig. 1 Percentage of approaches (including frameworks) used by
scholars in the reviewed works (n=169). For details, see Table A.1l
in the Supplementary Material. References in the main document:
Ostrom SES (Ostrom 2007), Vulnerability framework (Adger 2006);
References in the supplementary material: Adaptive capacity (Pahl-
Wostl) (Wallrapp et al. 2019), Adaptive capacity in SES (Young and
Kettenring 2020), DPSIR (Yu et al. 2021), Ecoagriculture approach

more attributes per study was Ostrom’s SES framework (8
attributes per study), followed by Social-Ecological Resil-
ience (5 attributes per study) and Vulnerability (4.2 attrib-
utes per study) frameworks (Supplementary Material 3,
Table A.1). 65% of the works included both social and eco-
logical elements together in their studies (110), followed by
works addressing socioeconomic elements exclusively (47,
27.8%), while studies addressing only ecological variables
were a clear minority (12, 7.1%) (Supplementary material
3, Table A.2). Works employing a framework (47, 27.8%)
combined ecological and socioeconomic attributes slightly
more often (37, 79%), and rarely employed only socioeco-
nomic data or ecological data (8 papers, 17%, and 2 papers,
4.3%, respectively). Works not using a framework (122,
72.2%) used only socioeconomic data in 32% of the cases
(39 papers), only ecological data in 8.2% (10 papers), and
both in 59.8%. (Supplementary material 3, Table A.2).

W 4
o

20
Percentage

=4
o

(Tanguay and Bernard 2020), Ecosystem services framework (Moran-
Ordofiez et al. 2013), IAD-SES (Graefe et al. 2019), SES water
metabolism framework (Cabello et al. 2015), Socio environmental
coevolutionary perspective (Pérez Leon et al. 2020), Social Values for
EEs Model (Zhang et al. 2019), STEEP (Everard et al. 2018), Social
Ecological Resilience (Daugstad 2019)

Ecological drivers attributes

Ecological drivers were included in 26% of the ana-
lyzed works (44 out of the 169 papers). Out of the papers
addressing ecological drivers ECO1 (Climatic patterns)
was used in most cases (93.3%), whereas the presence of
ECO2 and ECO3 was minimal (4.4% and 0.6%, respec-
tively, Fig. 2).

Social economic drivers attributes

Global social/economic drivers were included in 17.2% of
the works (29 papers). Within them, nearly half of them
addressed S1 (Economic development) (17 papers, 47.2%).
The rest addressed S5 (Markets) (10 papers, 27.8%), and S2
(Demographic trends) (9 papers, 25%) (Fig. 2).
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Sector ECO Drivers

m Agriculture
m Agro-pastoralism

m Biodiversity
m Climatic patterns (ECO 1)
m Ecosystems Services

m Pollution patterns (ECO 2)
m Forest

Flows into an t (EC
m Landscape m Flows into and out (ECO 3)
m Livestock

m Water

Social Economic drivers Ecological Rules

m Economic development (S1) W Physical rules (ER1)

m Demographic trends (S2) m Chemical rules (ER2)

m Political stability (S3) m Biological rules (ER3)

Resource Systems Governance Systems

m Clarity of syst. boundaries (RS2) m Policy area (GS1)

m Size (RS3) m Geographic scale (GS2)

m Human-built facilities (RS4) 139% 3% uPopulation (GS3)
17%

m Productivity of the system (RS5) 4%

mRegime type (GS4)
P : 60/“
m Equilibriumproperties (RS6) mRule-making org (GS5)

i i 9%
m Predictab. of syst. dynami. (RS7) = Rules-in-use (GS6)
m Storage characteristics (RS8) .
m Property-rights syst.(GS7)
m Location (RS9)
mNorms & strategies (GS8)
m Ecosystem history (RS10)
mNetwork structure (GS9)

Resource Units Actors

mNumber (A1)

m Socio-econ. attrib. (A2)

- o
m Mobility (RU1) 9% 6% 7%, m History of past exper. (A3)

m Growth (RU2) m Location (A4)

m Interactions among RU (RU3) mLeadership (AS5)

m Economic value (RU4) mNorms/Social capital (A6)

mNumber of units (RU5) mKnowledge/Ment. models (A7)

. . m Dependence to Resource (A8)
m Spatio-temporal dist. (RU7)

m Technology availab. (A9)

Fig.2 Percentage of papers that addressed each sector, and the attributes of the ecological drivers, the social, economic and political settings, the
ecological rules, the resource units and systems, actors, and governance systems (see Supplementary Material 1 for the code descriptions)
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60 -

Number

o

404

T T
Agriculture Biodiversity

Fig.3 Number of SES attributes addressed in the reviewed manu-
scripts when addressing each sector (Element) (N=169) (A: actors,
ECO: related ecosystems, ER: ecological rules, GS: governance sys-

Ecological rules attributes

The attributes of the Ecological Rules were included in
33 papers (19.5%). 41.9% of these papers included ER1
(Physical rules) and 41.9% included ER3 (Biological rules)
(Fig. 2). Physical rules were mostly related to erosion and
or run-off events, and biological rules were most related to
livestock or pest management. The least addressed ER was
ER2 (Chemical rules), addressed only in 16.3% of the works.

Resource system attributes

RS attributes were included in 53.3% of the analyzed ref-
erences. Among them, RS6 (Equilibrium properties) was
the most included (28%), indicating that many works refer
to any of the disturbance attributes that may affect the RS
under study (frequency of the disturbances, intensity, mag-
nitude, etc.) (Fig. 2). This is reinforced by the fact that RS10
(Ecosystem history) was the second most used RS attrib-
ute (21.6% of the cases); RS10 was assigned to studies that
included land use change, natural disaster history, and or
human use and disturbance history. With lower percentages,
studies included RS3 (Size of the resource system, 15.2%),
RS9 (Location, 9.6%), RS5 (Productivity of the system,

T T
EcosystemServices Forest
Element

T T T
Landscape Livestock Water

tem, RS: resource system, RU: resource unit, S: socio-economic and
political drivers)

7.2%) and RS2 (Clarity of system boundaries, 7.2%). The
least addressed RS attributes were RS7 (Predictability of the
system dynamics) and RS8 (Storage characteristics).

Resource units attributes

Resource Units and their attributes are not much referred
to in our review. Only 38 (22.4%) mention RU attributes,
probably indicating that, even though RS are formed by
RU, researchers prioritized working at the RS level. Nearly
half of them (46.5%) include RU4 (Economic value); RU7
(Spatial or Temporal distribution) appeared in 20.9% of the
works, and RU1 (RU Mobility) was considered in 14% of
the works (Fig. 2).

Governance system attributes

Governance System attributes were considered in more than
half (58.6%) of the 169 analyzed papers. Among them, GS5
(Rule-making organizations) was included in 27.9% of the
cases. GS5 includes all works in which community-based
organizations, public and private sectors, and/or NGOs par-
ticipate to manage the RS/RU (Fig. 2). Population (GS3)
was the second most addressed attribute (19.1%), close to
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the geographical scale of the governance system (GS2). GS9
(Network structure) was also included in 12.6% of the cases,
showing a relative importance of how the various govern-
ance institutions were related and how hierarchies among
them could play a role.

Actor attributes

These were the most addressed attributes, as more than half
of the reviewed works (54.7%) included one or more Actor
attributes. Most of them (38.9%) gave much importance to
the perceptions that actors had on the RS or the RU and how
they could be related to their environment sensu lato (A7,
Knowledge of SES/Mental models) (Fig. 2). In most cases,
this was carried out through in-person or virtual surveys.
11.4% of them referred to A3 (History of past experiences),
which included works where, for example, land abandon-
ment by the actors was considered. Socio-economic attrib-
utes (A2) were also present in many (21.1%) works.

Non-addressed attributes

Non-addressed attributes were RU6 (Distinctive character-
istics), GS10 (Historical continuity), and several socioeco-
nomic drivers: S3 (Political stability), S4 (Other governance
systems), S6 (Media organizations), and S7 (Technology).

Relationships between attributes

The global representation of links between the SES ele-
ments shows a complex net of interactions—understood as
elements or attributes studied together. Among the addressed
attributes, thirteen were the ones that appeared linked more

Fig.4 Links between the pairs
of attributes that are mostly
addressed together in the same
manuscript (A: actors, ECO:
related ecosystems, GS: gov-
ernance system, RS: resource
system, RU: resource unit)
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RS6

frequently (i.e., in 10 or more papers) than the rest: A2, A7,
ECOI1, GS5, GS9, RS6 and RS10 (Fig. 4). Two of them
(GS9 and RS10) are linked with only one other attribute, and
the rest of them present links with 2 (RS6 andA2), 3 (GS5
and ECO1), or 4 (A7) attributes.

The most frequently linked Resource Systems attributes
(RS6—equilibrium properties-, and RS10—ecosystem his-
tory) preferentially included ECO1 (Climatic patterns) and
A7 (Knowledge of SES/mental models), respectively. GS5
(rule-making organizations) was also preferentially linked
with A7, whereas GS9 (network structure) was most of the
times considered with GSS5. There are two Actor attributes
in the list of the most linked ones, A7 (Knowledge of SES/
mental models) and A2 (Socio-economic attributes), both
linked most of the times and also ECO1 (Climatic patterns)
and RS10 (Ecosystem history) (Supplementary Material 3,
Fig. A.10).

Discussion
Frameworks and approaches used

Our results show that scholars studying mountain social-eco-
logical systems usually do not employ a framework to do
so. Among those ones that do, varying frameworks were
identified, and custom frameworks were the more com-
monly used. This indicates that there are many approaches
to studying mountain SES. Many researchers highlighted the
specificity and uniqueness of their case studies, which may
explain why they could be reluctant to employ one-for-all
frameworks and prefer custom approaches. In several cases,
these custom frameworks were derived from well-known

RS10

Resoure System (RS)

. Governance System (GS)

Actors (A)

. Related Ecosystems (ECO)
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frameworks, such as Vulnerability (Adger 2006) or Resil-
ience frameworks (Folke 2006). For instance, Kohler et al.
(2017) used a conceptual approach stemming from the Resil-
ience framework to study a livestock system. Other scholars,
such as McCord and collaborators (2017), combined two
frameworks to analyze their social-ecological system: the
Institutional Analysis and Development framework (Kiser &
Ostrom 1982) and Ostrom’s SES framework (Ostrom 2007,
2009).

Often, we were able to identify more Ostrom’s SES
framework attributes in works employing a framework than
in works that did not use one. This is probably because
frameworks offer a systematic approach and a specific ter-
minology to analyze the system (Colding and Barthel 2019;
Ostrom 2007, 2009), which facilitated the classification
of the elements under study. In any case, each framework
has different setups, priorities, and goals (Herrero-Jauregui
et al. 2018; Colding and Barthel 2019), and combining
them can be useful to take advantage of the strengths of
each approach. For instance, Orchard et al. (2020) employed
a custom framework which combined social vulnerability,
natural hazard mitigation, and social-ecological resilience
approaches to study sustainable development goals (SDGs)
(Eakin et al. 2009; Suckall et al. 2018). Since each approach
contributes differently to SDGs, their combination allowed
them to understand the synergies and trade-offs between
SDGs. Similarly, Brymer et al. (2016) built a comprehen-
sive custom framework that combined ecosystem services
framework (de Groot et al. 2002) with the social processes
(Vanclay 2002) to study landscape changes. On the one
hand, the ecosystem services framework allowed them to
have a systematic approach to classify ecosystem functions,
goods, and services. On the other hand, the social processes
helped bring governance, economics, and leadership into
the analysis. Thus, rather than being understood as fixed
and unchangeable procedures, frameworks can evolve and
become very useful when combined with each other to
exploit their synergies.

The integration of the social and the ecological
dimensions

Despite the holistic perspective of an SES approach, some
of the reviewed works did not combine ecological and
socioeconomic information. Moreover, there seemed to be
a bias towards the inclusion of socio-economic elements
over ecological ones. This aligns with the findings of other
studies not focused on mountains (Refulio-Coronado 2021;
Herrero-Jauregui et al. 2018). SES approaches were con-
ceived to integrate social-ecological interactions into the
same analysis (Newell et al. 2005; Folke 2006; Ostrom 2007,
2009). Thus, not combining ecological and socioeconomic

information seems contradictory, an issue which has been
raised before (Rissman and Gillon 2017).

In a review that was not mountain-focused, Herrero-
Jauregui et al. (2018) found that the great majority of the
analyzed SES studies corresponded to research articles in
the domain of environmental sciences (60%), followed by
social sciences (25%) and agriculture and biological sciences
(15%). They found that despite this focus on environmental
sciences, studies tended to include more socio-economic
variables than ecological ones. We found very similar results
regarding the domains and the inclusion of social-ecologi-
cal variables studied in mountain regions. Herrero-Jauregui
et al. (2018) state that this suggests a greater research moti-
vation of natural scientists to study SES, but also notice
that there is an implicit risk of researchers with insufficient
background in the social sciences simplifying the social
dynamics of SES by incorporating just a few socioeconomic
variables. Moreover, Rissman and Gillon (2017) showed
that management recommendations were twice as likely to
be addressed in studies incorporating both ecological and
socio-economic variables. Scholars working in mountain
systems seem to be aware of the importance of combining
socioeconomic and ecological information, since most of the
reviewed works did so. Of those that did not, the vast major-
ity used only socioeconomic variables. Greater efforts need
to be made to include biophysical variables together with
socio-economic ones in mountain SES studies (Epstein et al.
2013; Rissman and Gillon 2017). Scholars of both social
and environmental sciences must find the ways to connect
and share their knowledge (Martin et al. 2012). This will
help the development of the sustainability science, not only
in mountains, but also for other regions (Folke et al. 2016;
Herrero-Jauregui et al. 2018).

The challenges of accessing adequate data to perform
trans-disciplinary SES approaches probably helps to explain
why some studies did not include more variables or com-
bined both socioeconomic and ecological data (Herrero-
Jauregui et al. 2018). Most of the reviewed works employed
an empirical approach. However, most of these empirical
approaches are based on interviews and surveys, and they
were seldomly combined with environmental field data.
These data are difficult to combine due to the different tem-
poral and spatial scales at which environmental and social
scientists work, and finding appropriate methodologies to
integrate them can also prove challenging (Herrero-Jauregui
et al. 2018, Graymore et al. 2008, Firscher et al. 2015,
Kramer et al. 2017). For example, population dynamics
may only be available for large territorial scales (national or
regional) and at annual resolution. Conversely, field data are
normally collected for a few years, at large territorial scales,
and are usually taken at higher-than-annual temporal scales.

Thus, there seems to be a gap between theoretical SES
conceptualization and the availability of empirical data and
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methodologies to effectively enable the integration of socio-
economic and ecological dimensions (Herrero-Jauregui
et al. 2018). New statistical tools such as Structural Equa-
tion Modelling (Filbee-Dexter et al. 2018), complex systems
analyses (Mao et al. 2021), and neural networks and machine
learning (Frey 2020) may help move one step forward from
the pure description of a system, to enable the integration
of social-ecological data to find which may be the conse-
quences of a given action to the whole territory, at various
dimensions and spatiotemporal scales. Similarly, the use
of satellite data may solve some of the problems related to
obtaining data, but matching environmental and social data
may still be very challenging at the micro-scale in many
systems. We also encourage a larger use of citizen science
methodologies to obtain field data, both in the environmental
and social domains (Danielsen et al. 2014; Aceves-Bueno
et al. 2015). Citizen science projects reduce the cost of
obtaining such information and have the potential to enlarge
the territorial and spatial resolution of environmental data
as well as collecting social data (Crain et al. 2014; Ballard
et al. 2017), leading to a likely future (community science)
approach (sensu Charles et al. 2020).

Most addressed elements

Despite the above-mentioned limitations, our results show
that most studies include both social and ecological ele-
ments and that scholars make an effort to establish links
between them. The most linked attributes show the com-
plexity and reality of mountains as SES, and what research-
ers prioritize when studying their systems. Ostrom’s SES
framework was initially created as a tool for a sustainable
management of resources, that could consider the social and
economic dimensions of the target resource (McGinnis and
Ostrom 2014; Partelow 2018). In the current frame of cli-
mate change highly affecting mountain regions (Huss et al.
2017; Mal 2018; Mann et al. 2017; Fischer and Knutti 2015;
Haeberli et al. 2017), this is still more urgent and necessary.
Using Ostrom’s SES framework to structure the mountain
SES literature provided insights into how researchers tackled
this challenge to date.

The most connected attributes include socioeconomic
elements related to the governance that may affect manage-
ment at various scales, the different view and knowledge the
local residents have on the exploitation of the environment,
and the socioeconomic context of the local residents. As
for ecological elements, they include equilibrium properties
(including natural disasters), and two of the most important
current drivers affecting natural systems’ sustainability: the
ecosystem history (analogue to land use change), and the
climatic patterns (i.e., climate change). These attributes
appeared repeatedly linked in studies working with dif-
ferent frameworks, scales, and approaches. This points at
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their importance for the sustainability of mountain regions
regardless of the methodology used.

Attributes per sectors

The most addressed sector was ecosystem services, and
the next included some of the most threatened systems in
mountain regions: biodiversity, water, forests and livestock
(Stritith et al. 2020; Mengist et al. 2020; Yu et al. 2021).
Two attributes were explored very often in all sectors: the
mental models of the population and the climatic patterns.
This indicates most scholars focus on the effects of climate
change and the opinions of the local population on how the
system should be managed, regardless of the sector from
which they approach the study of their SES.

Certain attributes appeared more often when looking at
specific sectors. Livestock and Agriculture are the sectors
most closely linked to markets. Thus, it is in these sectors
in which the economic value of the resource appears more
often, as well as the socioeconomic situation of the actors.
The different rule-making organizations were often consid-
ered in biodiversity, water, and agriculture sectors, indicat-
ing the complexity of managing these systems and the inter-
play of governance institutions involved. As for the Forest
sector, the geographical scale of the governance system was
often considered. This probably reflects the complexity of
managing forest ecosystems from different, often conflicting
institutions operating at local, regional, and national scales.
Mountains provide many ecosystem services vital to peo-
ple living in and outside them (EEA 2016). Ecosystem ser-
vices addressed in our database include wood-based energy
(Jensen-Ryan et al. 2019) and carbon sequestration (Ma and
Coppock 2012), for example. Not surprisingly, the most
addressed attribute in this sector together with the mental
models and climate change is the socioeconomic situation
of the region’s inhabitants. This is because many studies
focused on how the local residents envision the development
of mountain regions under the threat of climate change, and
how their livelihoods and social structure may be affected
by the adaptation options.

Water is among the most important mountain ecosystem
services, and it will play a very important role in the man-
agement of mountain resources in the future (Viviroli et al.
2011). Lower water availability due to climate change
may lead to conflicts for water use, not only in the moun-
tains but also in the lowlands, which are the main users
of water (Viviroli et al. 2011; Fuller and Harhay 2010).
Again, the most addressed attributes include climatic pat-
terns, governance institutions, and the views of the local
residents. This indicates that managing water in a global
change scenario must consider the local population and
the different actors that may play a role, be interested in,
or be affected by, changes in water use or availability. For
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instance, McNeeley et al. (2016) showed how a bottom-up
approach to understand drought complemented the more
classical top-down one and suggested that social-eco-
logical contexts defined by both management types are
important to understand how drought was experienced by
local inhabitants. Again, Postigo (2014) suggested that the
sustainable management of a glacier in the Peruvian Andes
may be better addressed strengthening institutions and
fostering local knowledge renewal. Moreover, technology
and disturbances (equilibrium properties) are also often
considered. This indicates that developing technology for
the provisioning of water and preventing natural disasters
will be key to avoid conflicts related to water.

Contrary to what Rissman and Gillon (2017) found in a
systematic review of SES research, we found biodiversity
to be equally addressed in comparison to other elements
in mountain SES studies. This is perhaps because moun-
tains are biodiversity hot-spots and host many endemic
species (Payne et al. 2020). Mountains are also among
the most threatened ecosystems by climate change (Hock
et al. 2019), especially at high elevations, where changes
in temperature are higher (Hock et al. 2019). This prob-
ably was reflected in our data, since climate patterns and
equilibrium properties (which includes frequency, timing,
extent, and magnitude of disturbances) are both addressed
when biodiversity is the target sector. Again, our analyses
also suggest that when dealing with biodiversity and cli-
mate change, it’s important to include the knowledge of
the SES by the stakeholders, as well as who is responsible
(or partially responsible) for local rules affecting biodiver-
sity, or which sectors may need to play a higher role when
managing biodiversity in mountains. For example, Cottrell
et al. (2020) show how taking into account these attributes
can help manage the mountain pine beetle (Dendroctonus
ponderosae) in western USA.

Our analysis identified attributes related to the institu-
tions managing the resources in most sectors. Notably,
rule-making organizations and their network structure
appear among the most frequently addressed and inter-
connected attributes. These institutional components are
intricately linked with equilibrium properties and the men-
tal models of actors involved in resource management. The
connection between institutions and elements affecting
equilibrium properties, such as natural disasters, high-
lights the importance of considering management institu-
tions when dealing with these challenges. Similarly, the
frequent association of institutions with the diverse mental
models of actors shows the importance of ensuring that
rule-making organizations are suited to accommodate the
needs of those they impact. This can ensure that contrast-
ing and often conflicting viewpoints are considered in
management planning, a key aspect to prevent maladapta-
tion (Magnan et al. 2016).

Unaddressed elements

Out of the 49 attributes considered in this paper, only six of
them were never used in any of the reviewed manuscripts.
Some of these may be contextually nuanced, such as distinc-
tive characteristics (RU6) or historical continuity (GS10),
making them hard to identify and code. The rest are all
related to socioeconomic drivers, such as political stability,
media organizations, or technology. Among those socioeco-
nomic drivers that were addressed in the reviewed works,
such as economic development of demographic trends, they
appeared scarcely. Thus, the reviewed works almost always
considered local socioeconomic variables, particularly gov-
ernance systems and actors, but global socioeconomic driv-
ers were not as often addressed.

Following Ostrom’s SES framework, global socioeco-
nomic driver attributes refer to external political, economic,
and social elements impacting the social-ecological system
(Ostrom 2007, 2009). The fact that these attributes did not
appear in our database does not necessarily mean that they
are not relevant in mountain regions. Not considering the
global economic and political agenda is hardly realistic in a
globalized world, as globalization can have impacts on the
connectedness, intensity, and speed of interactions among
variables of any social-ecological system (Young et al
2006). Moreover, as globalization is a relatively recent phe-
nomena, the lack of past experience makes it even more diffi-
cult to anticipate the potentially wide range of consequences
linked to it (Young et al 2006). Thus, we encourage future
researchers to combine variables related to local governance
with global socio-economic and political drivers to success-
fully develop effective adaptation strategies in the long run.

Additionally, there are some attributes which were sel-
domly addressed. For instance, despite that mountains offer
new opportunities for entrepreneurs (Covaci and Brejea
2020; Martini et al 2020), we found very few works dealing
with leadership or entrepreneurship (AS). The urgent need
for diversification of the winter tourism (Bausch and Gartner
2020; Hoy et al. 2011), the higher availability of internet
services in remote areas, the increase of work-from-home
possibility in many sectors after the COVID19 pandemic
(Bick et al. 2021), and the incentivization of circular and
local economies in many regions of the world (Heshmati
2016; Urbinati et al. 2017), offer a plethora of new business
models that seem not to be fully addressed by the scientific
community. We advocate for the further inclusion of entre-
preneurship in SES approaches, because all the above-men-
tioned points may have an impact in the whole region. For
example, promoting the use of local wood for heating can
be seen as a good adaptive strategy under a circular econ-
omy development pathway (Pan et al 2015), but the logging
can have detrimental effects on large mammal populations
inhabiting local forests (Bowman et al. 2010; Brodie et al.
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2015), which in its turn may affect grassland biodiversity
by limiting or removing the effect of grazing (Riesch et al.
2019; Tille et al. 2016).

Conclusions

Despite that mountains are tightly connected with the low-
lands, these regions are physically, socially, and often cultur-
ally distinct from them, and their current state is the legacy
of thousands of years of interactions between humans and
nature (Olsson et al. 2000; Telbisz et al. 2016). The network
of interactions that make up this socio-ecological system is
an exceptional framework for deepening the application of
SES approaches. However, mountain SES research is still a
work in progress, and in our analysis, we identified poten-
tial caveats and opportunities for future research. Future
development must be focused on collecting empirical data
at finer spatial and temporal scales, as well as on develop-
ing analytical tools and advancing frameworks to effectively
integrate both socio-economic and ecological variables in
SES research. Additionally, we encourage researchers to
incorporate relevant but understudied attributes in their
future mountain SES studies, such as entrepreneurship and
global socio-economic and political drivers, to prevent nega-
tive effects of a priori good adaptive solutions. Finally, our
review identified many frameworks available to study moun-
tain regions from different perspectives. To take advantage
of their different approaches, multiple frameworks can be
combined to exploit the strengths of each of them.
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