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PERSPECTIVE

Future-proofing ecosystem restoration through
enhancing adaptive capacity
Marina Frietsch 1,2✉, Jacqueline Loos1,3, Katharina Löhr 4,5,

Stefan Sieber4,6 & Joern Fischer 1

Social-ecological ecosystem restoration involves interacting challenges, including climate

change, resource overexploitation and political instability. To prepare for these and other

emerging threats, we synthesized key restoration and social-ecological systems literature and

derived three guiding themes that can help to enhance the adaptive capacity of restoration

sites: (i) work with the existing system, (ii) create self-sustaining, adaptive systems, and (iii)

foster diversity and participation. We propose a two-step approach and provide an example

from Rwanda detailing the application of these principles. While site-specific activities have

to be designed and implemented by local practitioners, our synthesis can guide forward-

thinking restoration practice.

The restoration of degraded ecosystems is increasingly recognized as a key strategy to
respond to climate change, biodiversity decline, and associated ecological and social
challenges1,2. Worldwide, many initiatives from local to global scales contribute to eco-

system restoration3,4, and the United Nations declared 2021–2030 the “Decade on Ecosystem
Restoration”5. Ecosystem restoration can be defined as the “process of halting and reversing the
degradation of ecosystems”6. In practice, restoration encompasses diverse activities that range
from revegetation7 through interventions to restore species composition, ecosystem structure or
function8, to approaches that aim for multifunctional landscapes such as forest landscape
restoration9. Increasingly, restoration is no longer seen as a purely ecological task but rather as a
social-ecological endeavour10,11 that seeks to restore inherent ecosystem values as well as provide
goods and services to humanity12,13. Defined this way, ecosystem restoration needs to consider
species composition, ecosystem functions and services, as well as human well-being.

Restoration activities inherently need to grapple not only with connections across space, but
also with connections through time: restoration is informed by the past but created for the
future, while drawing on the knowledge of today. Because the world is rapidly changing, past
reference states might significantly differ from biophysical and also social conditions that shape a
specific site now, let alone in 50 or 100 years14,15. In some cases, novel or hybrid ecosystems
might emerge that are characterized by significantly altered abiotic conditions and new,
unprecedented species assemblages16. Rapid and partly unpredictable social-ecological change
thus makes ecosystem restoration particularly complex, and also influences the context in which
restoration activities take place17.

Despite their importance, three well-known challenges are commonly neglected in the design
of restoration projects: (1) climate change, (2) overexploitation of resources, and (3) political
instability. While some aspects of all three challenges have been discussed in recent restoration
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literature18–21, restoration practice still lags behind in consistently
taking measures to safeguard restoration sites against future
threats15,20,22. As a result, how climate change, overexploitation
of resources, and political instability affect restoration sites in the
short and medium term remains underexplored. In addition,
interactions among these challenges—and perhaps other con-
temporary or emerging social-ecological changes—might result in
new types of compounding threats for the viability of current and
planned restoration efforts.

In this perspective article, we discuss how these three chal-
lenges and their interactions could disrupt, impede, or undermine
ecosystem restoration. Based on this, we provide tangible sug-
gestions for ways forward. Specifically, we (1) generate a concise
synthesis of key principles from restoration and social-ecological
systems literature, (2) introduce a two-step approach detailing
how the resulting three guiding themes can be applied to
restoration sites, and (3) illustrate via a case study on western
Rwanda how the application of this approach can help restoration
sites prepare for emerging challenges that might increasingly
influence restoration in the future. In combination, our discussion
of potential future threats, integration of different bodies of lit-
erature and operationalization of the resulting guiding principles
provide a novel approach that can guide forward-thinking
restoration practice.

Three key challenges for long-term successful restoration
Globally, locations predicted to experience severe climate change,
overexploitation of resources, and political instability broadly
coincide with locations earmarked for ambitious restoration
activities (Fig. 1). Drawing on examples from around the world,
we illustrate some of the many impacts that these challenges can
have on social-ecological systems in general, and that they may
have on restoration sites in particular.

Climate change. Climate change challenges ecosystem restoration
by shaping future biophysical conditions in ways that are difficult
to predict and, in some cases, may result in entirely unknown
system constellations16. Climate models project that temperatures
will rise, precipitation patterns will change, sea levels will rise, and
the occurrence of extreme weather events will increase over the
coming decades23,24. Notably, climate change is projected to have
above-average impacts on regions with many restored and
pledged restoration sites—as indicated for example by the num-
ber of extremely hot days predicted for the future (Fig. 1b).

Climate, directly and indirectly, influences ecosystem structure
and processes, as well as the distribution of species and
ecosystems25. Changes in climate might cause biome and habitat
shifts26,27. At a coarse resolution, biome boundaries might shift28

either gradually or abruptly, depending on the scale and type of

c. Overexploitation of resources: Projected percentage 
change in population per country between 2020 and 2100 
indicated by blue gradient. Fifteen countries with the highest 
material footprint in 2019 are marked with a yellow dot. 

a. Restoration commitments: Percentage of total land area 
committed to ecosystem restoration per country as of 2020.

b. Climate change: Projection of the number of days > 35°C 
per year for the period 2080-2099 under the RCP 8.5 scenario.

d. Political instability: Perceptions of the likelihood that the 
government will be destabilized or overthrown by violent orr 
unconstitutional means for 2020. Focused on the present 
because predictions are not feasible. 
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Fig. 1 Global patterns of restoration commitments, projected effects of climate change, overexploitation of resources, and political instability. The
areas where many restoration activities are being implemented or planned (a) are also disproportionately affected by climate change (b), overexploitation
of resources (c), and political instability (d). Data sources: a Restoration commitments from the Global Restoration Commitments Database by the PBL
Netherlands Environmental Assessment Agency90. b Climate change represented by the number of days above 35 °C in the period 2080–2099 from the
Climate Impact Lab.85, 91. c Human population growth from the United Nations World Population Prospects 201949 and national material footprint from the
United Nations Environment Programme International Resource Panel Global Material Flows Database92 (a list of the 15 countries is provided in
Supplementary Table 1); d Political instability from the Worldwide Governance Indicators project by the World Bank93.
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climate change-induced pressure29. For example, the boundaries
of the Sahel, where the Great Green Wall (one of the world’s most
ambitious restoration projects) is currently being implemented3,
are anticipated to shift southwards as a response to increasing
temperatures, changes in precipitation patterns, and general
drying in the region28,29. Such biome shifts could have major
effects on restoration outcomes because ecological conditions will
change over vast areas of land. At a finer resolution, climatic
changes will cause the ranges of individual species to shift,
generally to higher latitudes and higher altitudes30. Such changes
in habitat suitability have major implications for species selection
in restoration, and require the consideration of different
timescales in restoration practice. Besides shifts in the location
of biomes and habitats, the spatial extent of these will also change
in response to climate change, and completely new systems with
unknown ecological outcomes might emerge in the process31.
Unless restoration is planned with climate change in mind,
species newly planted for ecosystem restoration could fail to keep
pace with associated shifts in geographical range32.

Another aspect of how climate change might influence
restoration sites is the effect of more frequent and intense
extreme weather events15,23. Extreme temperatures, precipitation,
floods, droughts, winds, or wildfires have the potential to destroy
vast areas of biomass at once. For example, the 2021 wildfires in
California, United States of America, burned almost 1 million
ha33. Yet, California is considered a priority area for ecosystem
restoration with a high potential to safeguard biodiversity and
mitigate climate change34. Extreme weather events can irrever-
sibly alter the structure of ecosystems and cause the decline or
even local extirpation of species35. Notably, changes in patterns of
extreme weather events are acknowledged to impact ecosystem
functioning more strongly than shifts in average conditions36.
Combinations of gradual changes in temperature and precipita-
tion as well as more frequent extreme weather events thus could
significantly undermine restoration efforts locally because planted
species may not grow as expected, or because extreme weather
events could destroy restoration areas.

Overexploitation of resources. Overconsumption as well as
human population growth challenge ecosystem restoration by
increasing global and local demand for natural resources,
potentially triggering their overexploitation. Intensifying pressure
on ecosystems therefore is both the reason why ecosystem
restoration is so urgently needed, as well as a potential threat to
restored ecosystems37,38. In addition, overexploitation aggravates
competition for space between long-term restoration projects and
resource extraction that benefits people in the short term39,40. In
most high-income countries, the human population is projected
to only grow moderately or may even decline in the coming
decades (Fig. 1c). However, excessive per capita consumption in
these countries results in a disproportionate demand for
resources41. Consumption-related environmental impacts caused
by high-income countries are estimated to be three to six times
larger than those of low-income countries42. Often, these impacts
are outsourced to middle- and low-income regions43,44. South
American countries, for example, are the largest producers of
soybeans which are used as livestock feed in the European Union.
Large-scale soy production for the international market in
countries such as Brazil and Argentina has resulted in the loss of
primary forests, the expansion of monocultures45, and grassland
conversion, while providing no economic benefits to society at
large46. Such telecouplings (i.e., interactions among social and
ecological phenomena across large distances11,47 and ecologically
unequal exchange (i.e., asymmetric exchange of biophysical
resources from poorer to richer countries43 increasingly shift

environmental burdens to poorer countries, and thus to many of
the nations that have committed themselves to ecosystem
restoration (Fig. 1a).

In addition to excessive consumption in the Global North,
human population growth (especially in the Global South) can also
fuel the overexploitation and degradation of ecosystems38 and can
be an important driver of deforestation48. The world population is
projected to grow from nearly 8 billion today to 10.9 billion in
210049. As with climate change, rapid population growth is
projected to occur in many countries where ambitious restoration
projects are being implemented or planned, such as Pakistan,
Bolivia, and Nigeria (Fig. 1c). In Madagascar, the co-occurrence of
human population growth and forest loss is clearly evident: a rising
demand for food and energy has caused the ongoing clearance of
formerly forested land for agricultural production and biomass
extraction. Between 1950 and 2000, Madagascar’s population grew
from 4.1 million to 15.7 million49. In the same time period, 40% of
forest cover was lost, leading to losses of biodiversity and ecosystem
services, as well as causing soil degradation and increased carbon
dioxide emissions50,51. Similarly, population growth played a
central role in deforestation in Malawi52, where a 1% increase in
the human population was related to a deforestation rate of 2.7%38.
Today, Madagascar and Malawi are among the countries with the
highest projected population growth in the coming decades49; but
they have also pledged to restore close to 7% and 50%, respectively,
of their land by 20304.

Notably, increasing resource demands caused by high per
capita consumption and human population growth are met not
only by land-use change, but also by intensifying production on
existing agricultural land38. In the Brazilian Amazon, for
example, intensification was induced by local population growth
and associated growing demand for food53. However, in many
cases, agricultural intensification fails to achieve its goal of
delivering higher levels of ecosystem services or human well-
being, especially when it is driven by human population growth54.
In the Brazilian example, agricultural intensification in fact
caused a reduction in cassava yield while simultaneously
increasing labour and decreasing household incomes53.

In combination, high per capita resource demand in high-
income countries combined with growing demand for essential
ecosystem services by a growing population in low-income
countries could jeopardize restoration activities: growing demand,
necessity, and resource scarcity might drive people to prioritize the
short-term gains of extracting resources—and potentially degrad-
ing restoration sites in the process—over the long-term benefits of
restoration. Moreover, mosaic restoration that integrates trees into
mixed-use landscapes, especially agricultural lands, is a key
restoration strategy that seeks to generate diverse benefits for both
ecosystems and humans55. The ongoing simplification of agricul-
tural landscapes driven by a desire to increase agricultural yields,
however, runs counter to mosaic restoration56.

Political instability. Political instability challenges ecosystem
restoration by destabilizing structures that are vital for the
implementation and ongoing management of restoration projects
(Rai et al.57). We define political instability as the absence of
orderly transfers of government power and failure to maintain the
rule of law, leading to social unrest, tensions, and conflicts at an
international, national, or regional level. Because political
instability is inherently uncertain, future developments in poli-
tical stability are difficult to predict58,59. However, many of the
priority areas for restoration have experienced political instability
in the past58 or are unstable today (Fig. 1d). It thus seems rea-
sonable to expect that these areas also could be vulnerable to
ongoing political instability in the coming years and decades60,61.
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To reach its full potential, ecosystem restoration hinges on a
minimum level of stable political and societal conditions. This
includes the protection of restoration sites through legal tenure
arrangements62,63, as well as long-term political and economic
commitments by major public and private stakeholders13,64. In
areas where such conditions are missing, the degradation of
restoration sites is probable. When political instability under-
mines the rule of law, high levels of corruption and impunity can
result in illegal destruction of ecosystems and even threaten the
lives of environmental activists. For example, many murders of
environmental defenders became public in recent years, especially
in countries across Latin America65. Case studies in Nepal, Sri
Lanka, Peru, and Côte d’Ivoire further show that deforestation
rates had increased in the aftermath of armed conflicts when
resource demands were high, and when political instability
resulted in weak enforcement of environmental regulations66.

In the worst case, political instability can result in armed
conflict. This can trigger human displacement, forced reliance on
natural resources, uncontrolled resource exploitation, and subse-
quently biodiversity loss67. For example, an analysis of the effect
of armed conflicts in forests in Colombia between 1992 and 2015
revealed that conflict areas were eight times more likely to
undergo deforestation relative to average deforestation rates. The
main drivers included efforts to finance the conflict through
illegal agricultural production, mining, and logging, as well as
insecure land tenure and unstable political institutions that paved
the way for land grabbing68. Similarly, in Myanmar, the world’s
longest civil war and recent political transitions have caused the
degradation of ecosystems due to weak land tenure, economic
pressures, internal displacement, and other associated factors69.
Based on these examples, armed conflicts can be expected to
degrade or even destroy restoration sites, and the effects are
difficult to anticipate and control. For example, the civil war in
Ethiopia’s Tigray region which erupted in 2020 substantially
overlaps with many of Ethiopia’s key restoration sites in the Great
Green Wall3 – but at present, consequences of the conflict for
these sites remain unknown.

Additional challenges, interactions, and unforeseen surprises.
While climate change, overexploitation of resources, and political
instability are central challenges ecosystem restoration will need
to face, they are far from being the only social-ecological pres-
sures. Other potential ecological risks are related to (1) the spread

of invasive species that can significantly change the composition
of ecological communities, result in biotic homogenization70, or
cause the local extinction of species71; (2) habitat fragmentation
that only allows for small, isolated restoration sites where biodi-
versity levels are low and key ecosystem functions are impaired
(Haddad et al.72); and (3) the pollution of air, water, and soil that
can harm organisms and reduce biodiversity71. Other social risks
include poverty, structural inequities, and a lack of environmental
justice19, which can limit community commitment to ecosystem
restoration and thereby indirectly cause the overexploitation of
restoration sites. Finally, conflicting expectations regarding
restoration sites can slow down or inhibit the implementation of
restoration activities22,55 or reinforce social inequalities19,64 if
stakeholders cannot agree on common goals. Thus, while climate
change, overexploitation of resources, and political instability are
some of the largest and most visible challenges to the future of
restoration sites, they underpin and interact with many other
additional challenges. Interactions among possible future chal-
lenges to restoration sites are inherently difficult to anticipate and
might lead to numerous unforeseen surprises such as the crossing
of social-ecological system tipping points. An example of how
climate change, overexploitation of resources, and political
instability are interconnected in Rwanda, and how this affects
ecosystem restoration activities, is provided in Box 1.

The way forward
When planning ecosystem restoration, it is important to consider
the challenges laid out above. Already, there are numerous sug-
gestions for how to design sustainable, adaptive systems that can
be applied to restoration. Globally applicable restoration guide-
lines date back to 2012, when Keenleyside et al. argued for
restoration of Protected Areas to be effective, efficient, and
engaging. Partly overlapping principles have since been put for-
ward by Suding et al.73; while the most recent, comprehensive
lists of principles were published by Gann et al.13, Gichuki et al.74,
and FAO et al.75. Similarly, numerous principles have been
proposed to maintain the adaptive capacity of production
landscapes76 or social-ecological systems in general77–79.

To distil a tangible set of usable suggestions from the bur-
geoning lists of existing principles, we focus on two key bodies of
literature that provide guidance on how to design and manage
restoration sites and navigate complex human-environment
relations, respectively. Specifically, (i) restoration literature and

Box 1 | Ecosystem degradation and restoration in the case of Rwanda

The case of Rwanda illustrates the interactions between political instability, redistribution of human pressures due to migration, causing the
overexploitation of resources, and climate change in a restoration context across time. Over the past decades, a complex interplay of societal and
political factors has resulted in the large-scale degradation of ecosystems in all parts of the country. Unstable political conditions94, short-sighted
protected area governance95, armed conflicts in the 1960s, and a civil war culminating in the genocide against the Tutsi in 1994 caused habitat
fragmentation, unregulated resource extraction, biodiversity loss, the killing of endangered animals, and ecosystem pollution96. Protected areas
experienced disproportionate forest loss following the settlement of refugees96, 97 and paramilitary militias94, 95 within or close to their borders, with
some protected areas losing up to two-thirds of their historical extent96. The breakdown in law and order that accompanied the armed conflicts
interrupted research and conservation activities, resulted in higher poaching rates, loss of lives of conservationists94, 96, and declining conservation
funding94.
In the aftermath of the civil war, fast-growing non-native plantation forests were established throughout Rwanda96, 98, 99. These early restoration efforts
focused on establishing woodlots or adopting agroforestry practices due to land scarcity98. While these activities provide short-term benefits for local
communities such as fuelwood, they have resulted in patchy forests with relatively low biodiversity98 and degrading soils99. It also remains unclear how
the many non-native monocultures will perform under a changing climate.
Despite these limitations of early restoration efforts in particular, today Rwanda is considered one of the world’s ecosystem restoration leaders9, and
has pledged to restore more than 80% of its terrestrial area. However, in order to respond to ongoing climate change, human population growth,
increasing resource demands, and the risk of renewed political instability in the coming decades, Rwanda will need to increase the adaptive capacity of
its restoration sites. In the case of Rwanda, this might involve planting a mix of species that respond well to changing climatic conditions, further refining
agroforestry approaches that benefit both biodiversity and a growing human population, as well as decentralizing restoration responsibility to safeguard
restoration sites even in the event of political turmoil.
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(ii) social-ecological systems literature both put forward diverse
sets of principles that are useful, but that have not been integrated
to date. Restoration principles often focus on ecological and
design aspects of restoration, and often emphasize the connection
between local actions and the larger landscape13,73–75. By con-
trast, in social-ecological systems science, there is a rich literature
on resilience—i.e., the degree to which a system can cope with
changing conditions while retaining key elements of structure,
function, and identity80,81—which highlights social capital and
the need for a deep understanding of system complexity77–79.

Despite their possible utility, the proliferation of theory-driven
principles can be difficult to operationalize for restoration prac-
titioners, and as such does not automatically translate into
practical implementation on the ground. As a consequence,
adequate responses to future uncertainties (such as the three
threats outlined above) are still not sufficiently well anchored in
restoration practice15,20,22. We argue that while theoretical con-
siderations on restoration, system complexity and resilience
abound, there is a lack of practical skills, mechanisms, strategies,
and institutional structures that support system components in
restoration sites (e.g., actors, species, ecological communities) in
adjusting to changing environmental and socio-economic con-
ditions. As such, there is a need to further enhance the adaptive
capacity of restoration projects81–84.

To help navigate the myriad of existing principles and provide
tangible guidance on how the adaptive capacity of restoration sites
can be increased by integrating insights from restoration and
resilience literature, we offer a two-fold contribution. First, we draw
on 52 recognized restoration and resilience principles, and distil
these into three core guiding themes for how to respond to the
specific threats outlined above. Second, we demonstrate how these
three themes can be operationalized in practice, and illustrate our
approach by applying it to restoration in western Rwanda.

For the synthesis of restoration and resilience principles, we
selected seven influential publications by scientists and organisations
that together encompass a very broad range of principles that are

relevant for social-ecological restoration contexts (for restoration
principles, see ref. 13,73–75; for resilience principles, see ref. 77–79.).
For restoration, we focused on the most recent, comprehensive lists
of principles. We then iteratively coded these principles into three
themes (Table 1). In highly simplified (but usable) terms, the 52
principles can be boiled down to three main themes: (1) work with
the existing system, (2) create self-sustaining, adaptive systems, and
(3) foster diversity and participation.

First, working with the existing system means considering
restoration sites as social-ecological systems and tailoring
restoration activities to local contexts, including site-specific
ecological variability and drivers of degradation. Second, creating
self-sustaining, adaptive systems entails promoting polycentric
governance systems, managing feedbacks, and monitoring and
responding to developments in restoration sites over time. Third,
fostering diversity and participation in a given social-ecological
restoration system implies strengthening social capital, encoura-
ging exchange and innovation, and promoting functional and
response diversity as well as maintaining suitable levels of mod-
ularity. All three guiding themes need to be applied at all levels of
restoration action, and should consider both the ecological and
social components of a given social-ecological restoration system.
Ideally, the guiding principles will inform the scoping and design
of restoration projects as well as their ongoing management.

To integrate restoration and resilience principles in practice
and create restoration sites that are well-equipped to face climate
change, overexploitation of resources, political instability, and
other unexpected threats, we propose a two-step approach
(Fig. 2). The first step is an initial assessment of the impacts each
threat would likely have on a specific site at different points in
time. Meaningful timeframes will differ across restoration sites;
for example, it could mean to consider the present, 30 years and
100 years in the future. As a second step, each of the three guiding
themes can be applied to formulate specific activities that can
strengthen skills, mechanisms, strategies, and institutional struc-
tures that support different system components in adjusting to

Table 1 Principles put forward by different sources to support successful ecosystem restoration and enhance resilience.

Restoration Principles Resilience Principles

Suding et al. 201573 Walker & Salt 200677

Increase ecological integrity □ Promote and sustain diversity ☆
Establish long-term sustainable systems □ ○ Embrace and work with ecological variability □ ☆
Learn from the past and plan for the future □ Maintain and create modularity ○
Benefit and engage society □ ☆ Acknowledge slow variables □
Gann et al. 201913 Tighten the strength of feedbacks □ ○
Engage stakeholders □ ☆ Strengthen social capital □ ☆
Draw on many types of knowledge ☆ Emphasize innovation ☆
Relate to native reference ecosystems while considering environmental change □ Create redundancy in governance ☆
Support ecosystem recovery processes □ ○ Include unpriced ecosystem services □ ☆
Assess against clear goals using measurable indicators ○ Biggs et al. 201278
Seek the highest level of recovery possible □ Maintain diversity and redundancy ☆
Gain cumulative value when applied at large scales □ ○ Manage connectivity ○
Design activities as part of a restorative continuum □ ☆ Manage slow variables and feedback □
Gichuki et al. 201974 Foster an understanding of social-ecological systems as complex adaptive systems ○
Focus on landscapes □ Encourage learning and experimentation ☆
Maintain and enhance natural ecosystems □ Broaden participation ☆
Engage stakeholders, support participatory governance ☆ Promote polycentric governance systems ☆
Tailor to local conditions □ Carpenter et al. 201279
Restore multiple functions for multiple benefits ☆ Promote diversity ☆
Manage adaptively for long-term resilience ○ Create modularity ○
FAO, IUCN & CEM 202175 Manage openness ○
Contribute to the SDGs and the Rio Conventions ☆ Maintain reserves ○ ☆
Promote inclusive and participatory governance ○ ☆ Manage feedbacks □
Include a continuum of restorative activities ☆ Enable polycentric governance by nesting systems ☆
Benefit nature and people ○ Conduct monitoring ○
Address causes of degradation □ Promote leadership and trust ☆
Integrate different types of knowledge ☆
Establish well-defined and measurable goals ○
Tailor to local contexts while considering the larger landscape □
Include management and monitoring ○
Ensure an enabling policy environment ○

We iteratively assigned these principles to three core themes: work with the existing system=□; create self-sustaining systems=○; foster diversity and participation=☆.
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each threat. Relevant system components might include people
living in the restoration landscape, landowners, restoration
practitioners, governance bodies and formal institutions, cur-
rently occurring ecological communities, and species planted
within the scope of restoration activities.

We suggest these two steps because they help to break down
the myriad of existing high-level principles into concrete actions
to be carried out within a given social-ecological restoration
project. The site-specific skills, mechanisms, strategies, and
institutional structures that are strengthened in the process will,
in turn, enhance the adaptive capacity of the social-ecological
restoration site. Restoration projects designed and managed in
this way thus can be expected to have an enhanced capacity to
respond to climate change, overexploitation of resources, and
political instability.

Practical application. To illustrate what this approach may look
like in practice, we use the example of the Albertine Rift in western
Rwanda. We specifically consider climate change in this instance,
noting that a similar rationale could also be applied to political
instability or resource exploitation. Major climatic changes expected
for the Albertine Rift relate to a substantially warmer climate85, the

redistribution and increase of precipitation, altitudinal habitat
shifts86, a changing distribution of vegetation types and homo-
genization of habitats, and an increasing likelihood of floods and
landslides87. Combining these potential changes with the three
themes suggested above results in 12 concrete activities that can be
embedded in restoration projects to increase their adaptive capacity
(Fig. 3). Notably, these activities are examples only. Ideally, a
combined group of scientists, local practitioners and policy makers
should design suitable activities in a collaborative process.

While the suggested strategies in Fig. 3 are by no means
complete, they illustrate how professionals and communities
involved in restoration in western Rwanda could potentially
increase the adaptive capacity of restoration sites to climate change
by drawing on recognized restoration and resilience principles.
Similarly, in the case of overexploitation of resources, viable
strategies might include, for example, creating a mosaic of land uses
that allow for diverse livelihood opportunities, designing incentives
for the long-term commitment to restoration on different
organisational levels, safeguarding restoration sites via contextually
appropriate land tenure arrangements, and making telecouplings
visible that connect restoration sites with actors elsewhere. To
safeguard restoration sites against possible incidents of political

How will the focal system be impacted by a 
specific threat at different points in time?

How can different system components be 
designed so they can respond to each threat? 

Strengthen site-specific skills, 
mechanisms, strategies and 

institutional structures

Safeguarded restoration sites 
for an uncertain future

Consider climate change,
overexploitation of resources

and/or political instability

Now? 
At different points 
in the future?

C
om

bination of principles

Application

R
esult

Work with the existing system
Create self-sustaining, adaptive systems

Foster diversity and participation

For different 
system 
components

Fig. 2 Safeguarding restoration sites by integrating restoration and resilience principles. Three high-level guiding themes for future-proof restoration
practice were derived from the synthesis of 52 existing restoration and resilience principles (see Table 1). These guiding principles can be applied to
restoration projects to facilitate the development of site-specific skills, mechanisms, strategies, and institutional structures that enhance the restoration
system’s adaptive capacity.
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instability, possible strategies might be decentralizing power and
decision-making authority to local and regional levels, being
sensitive to existing power imbalances and inequalities in
communities where restoration takes place, organizing restoration
as independent as possible from temporary political power
structures—especially when the political system is prone to quick,
fundamental changes. As noted above, these are general sugges-
tions only; collaborative processes would be required to generate an
authoritative list of context-specific adaptive responses that also
take into account possible interactions among potential threats.

Conclusion
In conclusion, climate change, resource overexploitation and
political instability individually and in combination generate
major uncertainty for restoration projects in many parts of the
world. Restoration and social-ecological systems literature can
guide forward-thinking restoration practice to address these
threats by strengthening site-specific skills, mechanisms, strate-
gies, and institutional structures that enhance a system’s adaptive
capacity. Drawing on a combination of resilience and restoration
principles is valuable not only when applied to the three threats
identified in this paper, but can also support the development of
measures aiming to enhance the resilience of restoration sites to
other site-specific, interconnected threats. Across both ecological
and social realms, the particular ways to enhance the capability of
a restoration site to adjust to change will vary. Hence, it is central
to bring together researchers, practitioners, policy-makers and the
people living at restoration sites to exchange knowledge and align
restoration practice with local realities22,88,89. This way, restora-
tion sites will stand the best chance of benefitting both nature and
people into the long-term future.

Reporting summary. Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Received: 6 May 2022; Accepted: 21 March 2023;

References
1. IPBES. Global assessment report on biodiversity and ecosystem services of the

Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services. Zenodo https://doi.org/10.5281/zenodo.6417333 (2019).

2. IPCC. Climate Change and Land: an IPCC Special Report on Climate Change,
Desertification, Land Degradation, Sustainable Land Management, Food
Security, and Greenhouse Gas Fluxes in Terrestrial Ecosystems (IPCC, 2019).

3. Goffner, D., Sinare, H. & Gordon, L. J. The Great Green Wall for the Sahara
and the Sahel Initiative as an opportunity to enhance resilience in Sahelian
landscapes and livelihoods. Reg. Environ. Change 19, 1417–1428 (2019).

4. IUCN. Restore Our Future: Bonn Challenge. Impact and Potential of Forest
Landscape Restoration (IUCN, 2020).

5. United Nations Environment Agency. Resolution 73/284: United Nations
Decade on Ecosystem Restoration (United Nations Environment Agency,
2019).

6. United Nations Environment Programme. Becoming #GenerationRestoration:
Ecosystem Restoration for People, Nature and Climate (United Nations
Environment Programme, 2021).

7. Munshower, F. F. Practical Handbook of Disturbed Land Revegetation (CRC
Press, 2018). https://doi.org/10.1201/9781351075923.

8. Stanturf, J. A., Palik, B. J., Williams, M. I., Dumroese, R. K. & Madsen, P.
Forest restoration paradigms. J. Sustain. Forestry 33, 161–194 (2014).
Overview of the context and goals of four of the most important
restoration paradigms, namely revegetation, ecological restoration,
functional restoration, and forest landscape restoration.

9. Mansourian, S. et al. Reflecting on twenty years of forest landscape restoration.
Restor. Ecol. 29, e13441 (2021).

10. Yang, A., Bellwood-Howard, I. & Lippe, M. in Forest Landscape Restoration:
Integrated Approaches to Support Effective Implementation (eds. Mansourian,
S. & Parrotta, J.) 65–82 (Routledge, 2018). https://doi.org/10.4324/
9781315111872-5. Application of a social-ecological systems lens to forest
landscape restoration to explore resilience and interactions within linked
ecological and social systems.

11. Fischer, J., Riechers, M., Loos, J., Martin-Lopez, B. & Temperton, V. M.
Making the UN decade on ecosystem restoration a social-ecological
endeavour. Trends Ecol. Evol. 36, 20–28 (2021).

12. Martin, D. M. Ecological restoration should be redefined for the twenty-first
century. Restor. Ecol. 25, 668–673 (2017).

13. Gann, G. D. et al. International principles and standards for the practice of
ecological restoration. Second edition. Restor. Ecol. 27, 1–46 (2019).
Introduction of eight principles to support ecological restoration practice
in achieving interconnected social, community, productivity, and
sustainability goals.

14. Harris, J. A., Hobbs, R. J., Higgs, E. & Aronson, J. Ecological restoration and
global climate change. Restor. Ecol. 14, 170–176 (2006).

Step 1: Assessment of threat Step 2: Identification of possible responses

Current climate
● temperate tropical highland climate
● two rainy seasons

Projected climatic changes and related 
impacts until the end of this century 

● substantially higher temperatures
● redistribution and increase of 

precipitation
● habitat shifts to higher altitudes
● changing distribution of vegetation 

types
● homogenization of habitats
● increased likelihood of floods and 

landslides

Context
● large-scale deforestation and 

degradation of ecosystems in the 
past century

● many Eucalyptus monocultures
● landscape with many steep slopes
● prevalence of small-scale agriculture

Work with the existing system
● plant species that can be integrated in already existing 

Eucalyptus plantings 
● let natural ecological processes take place such as genetic 

exchange between native plant populations
● secure slopes to prevent landslides by establishing protective 

plantings

Create self-sustaining, adaptive systems
● decentralize decision-making power to allow for flexible 

responses to local climate impacts (especially floods and 
landslides)

● design easy-to-use monitoring tools and react to responses of 
planted species to weather and climate

● create a mosaic of land uses that allows for diverse livelihood 
opportunities to ensure long-term commitment to restoration

Foster diversity and participation
● plant diverse species in terms of function and ecological niche
● diversify agricultural systems to strengthen economic and 

ecological resilience to shocks
● choose species to be planted based on different types of 

knowledge (including local and scientific knowledge)

Fig. 3 Exemplary application of the three guiding themes to the threat of climate change in western Rwanda. In practice, the three guiding principles can
be applied to any possible threat. Here, we apply it to effects of climate change on the Albertine Rift in western Rwanda. In a first step, the current context and the
effects of the focal threat need to be understood. In a second step, possible context-specific responses based on the three guiding principles can be formulated.

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-04736-y PERSPECTIVE

COMMUNICATIONS BIOLOGY |           (2023) 6:377 | https://doi.org/10.1038/s42003-023-04736-y | www.nature.com/commsbio 7

https://doi.org/10.5281/zenodo.6417333
https://doi.org/10.1201/9781351075923
https://doi.org/10.4324/9781315111872-5
https://doi.org/10.4324/9781315111872-5
www.nature.com/commsbio
www.nature.com/commsbio


15. Zabin, C. J. et al. Increasing the resilience of ecological restoration to extreme
climatic events. Front. Ecol. Environ. 20, 310–318 (2022).

16. Hobbs, R. J., Higgs, E. S. & Hall, C. M. in Novel Ecosystems: Intervening in the
New Ecological World Order (eds. Hobbs, R. J., Higgs, E. S. & Hall, C. M.)
58–60 (John Wiley & Sons, Ltd, 2013). https://doi.org/10.1002/
9781118354186.ch6.

17. Homayounfar, M., Muneepeerakul, R. & Anderies, J. M. Resilience-
performance trade-offs in managing social-ecological systems. E&S 27, (2022).

18. Chazdon, R. L., Wilson, S. J., Brondizio, E., Guariguata, M. R. & Herbohn, J.
Key challenges for governing forest and landscape restoration across different
contexts. Land Use Policy 104, 104854 (2021).

19. Osborne, T. et al. The political ecology playbook for ecosystem restoration:
principles for effective, equitable, and transformative landscapes. Glob.
Environ. Change 70, 102320 (2021).

20. Simonson, W. D. et al. Enhancing climate change resilience of ecological
restoration—a framework for action. Perspect. Ecol. Conserv. 19, 300–310 (2021).

21. Fremout, T. et al. Diversity for Restoration (D4R): Guiding the selection of
tree species and seed sources for climate‐resilient restoration of tropical forest
landscapes. J. Appl. Ecol. 59, 664–679 (2022).

22. Stanturf, J. A. Forest landscape restoration: building on the past for future
success. Restor. Ecol. 29, e13349 (2021).

23. IPCC. Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A:
Global and Sectoral Aspects. Contribution of Working Group II to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC,
2014).

24. IPCC. Climate Change 2021: The Physical Science Basis. Contribution of
Working Group I to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC, 2021).

25. Leemans, R. & Eickhout, B. Another reason for concern: regional and global
impacts on ecosystems for different levels of climate change. Glob. Environ.
Change 14, 219–228 (2004).

26. IPCC. Global Warming of 1.5 °C. An IPCC Special Report on the Impacts of
Global Warming of 1.5 °C above Pre-industrial Levels and Related Global
Greenhouse Gas Emission Pathways, in the Context of Strengthening the Global
Response to the Threat of Climate Change, Sustainable Development, and
Efforts to Eradicate Poverty (IPCC, 2018).

27. IPCC. Climate Change 2007: Impacts, Adaptation and Vulnerability.
Contribution of Working Group II to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC, 2008).

28. Higgins, P. A. T. & Harte, J. Biophysical and biogeochemical responses to
climate change depend on dispersal and migration. Bioscience 56, 407 (2006).

29. Keys, P. W. et al. Anthropocene risk. Nat. Sustain. 2, 667–673 (2019).
30. Sintayehu, D. W. Impact of climate change on biodiversity and associated key

ecosystem services in Africa: a systematic review. Ecosyst. Health Sustain. 4,
225–239 (2018).

31. Pecl, G. T. et al. Biodiversity redistribution under climate change: Impacts on
ecosystems and human well-being. Science 355, eaai9214 (2017).

32. Corlett, R. T. & Westcott, D. A. Will plant movements keep up with climate
change? Trends Ecol. Evol. 28, 482–488 (2013).

33. Department of Forestry and Fire Protection. 2021 Incident Archive. https://
www.fire.ca.gov/incidents/2021/ (2021).

34. Strassburg, B. B. N. et al. Global priority areas for ecosystem restoration.
Nature 586, 724–729 (2020).

35. Maxwell, S. L. et al. Conservation implications of ecological responses to
extreme weather and climate events. Divers. Distrib. 25, 613–625 (2019).

36. Jentsch, A. & Beierkuhnlein, C. Research frontiers in climate change: effects of
extreme meteorological events on ecosystems. Comptes Rendus Geosci. 340,
621–628 (2008).

37. Bradshaw, C. J. A. & Brook, B. W. Human population reduction is not a quick fix
for environmental problems. Proc. Natl Acad. Sci. USA 111, 16610–16615 (2014).

38. Maja, M. M. & Ayano, S. F. The impact of population growth on natural
resources and farmers’ capacity to adapt to climate change in low-income
countries. Earth Syst. Environ. 5, 271–283 (2021).

39. Latawiec, A. E., Strassburg, B. B., Brancalion, P. H., Rodrigues, R. R. &
Gardner, T. Creating space for large-scale restoration in tropical agricultural
landscapes. Front. Ecol. Environ. 13, 211–218 (2015).

40. Delzeit, R. et al. Forest restoration: expanding agriculture. Science 366,
316–317 (2019).

41. Marín-Beltrán, I. et al. Scientists’ warning against the society of waste. Sci.
Total Environ. 811, 151359 (2022).

42. International Resource Panel. Global Resources Outlook 2019: Natural
Resources for the Future We Want (International Resource Panel, 2019).

43. Dorninger, C. et al. Global patterns of ecologically unequal exchange:
Implications for sustainability in the 21st century. Ecol. Econ. 179, 106824
(2021).

44. Meyfroidt, P. et al. Ten facts about land systems for sustainability. Proc. Natl
Acad. Sci. USA 119, e2109217118 (2022). Synthesis of core knowledge on

terrestrial social-ecological systems to explain sustainability challenges in
land use and guide the development of solutions.

45. Martínez-Valderrama, J. et al. Mediterranean landscape re-greening at the
expense of South American agricultural expansion. Land (Basel) 10, 204
(2021).

46. Boerema, A. et al. Soybean trade: balancing environmental and socio-
economic impacts of an intercontinental market. PLoS ONE 11, e0155222
(2016).

47. Liu, J. et al. Framing sustainability in a telecoupled world. Ecol. Soc. 18, (2013).
48. Bologna, M. & Aquino, G. Deforestation and world population sustainability:

a quantitative analysis. Sci. Rep. 10, 7631 (2020).
49. United Nations, Department of Economic and Social Affairs, Population

Division. World Population Prospects (United Nations, 2019).
50. Harper, G. J., Steininger, M. K., Tucker, C. J., Juhn, D. & Hawkins, F. Fifty

years of deforestation and forest fragmentation in Madagascar. Environ.
Conserv. 34, 325–333 (2007).

51. Clark, M. Deforestation in Madagascar: consequences of population growth
and unsustainable agricultural processes. Global Majority E J. (2012).

52. Ngwira, S. & Watanabe, T. An analysis of the causes of deforestation in
Malawi: a case of mwazisi. Land (Basel) 8, 48 (2019).

53. Jakovac, C. C., Peña-Claros, M., Mesquita, R. C. G., Bongers, F. & Kuyper, T.
W. Swiddens under transition: consequences of agricultural intensification in
the Amazon. Agric. Ecosyst. Environ. 218, 116–125 (2016).

54. Rasmussen, L. V. et al. Social-ecological outcomes of agricultural
intensification. Nat. Sustain. 1, 275–282 (2018).

55. Stanturf, J. A. et al. Implementing forest landscape restoration under the Bonn
Challenge: a systematic approach. Ann. Sci. 76, 50 (2019).

56. Chaplin-Kramer, R., Chappell, M. J. & Bennett, E. M. Un-yielding: evidence for the
agriculture transformation we need. Ann. N. Y. Acad. Sci. 1520, 89–104 (2023).

57. Rai, N. D., Bhasme, S., & Balaji, P. Power, inequality and rights: A political
ecology of forest restoration. in Forest landscape restoration: integrated
approaches to support effective implementation (eds. Mansourian, S. &
Parrotta, J.) 47-62 (Routledge, 2018).

58. Goldstone, J. A. et al. A global model for forecasting political instability. Am. J.
Pol. Sci. 54, 190–208 (2010).

59. Bowlsby, D., Chenoweth, E., Hendrix, C. & Moyer, J. D. The future is a
moving target: predicting political instability. Br. J. Polit. Sci. 50, 1405–1417
(2020).

60. Bello-Schürmann, J. & Moyer, J. D. Structural Pressures and Political
Instability: Trajectories for Sub-Saharan Africa (2018).

61. Fund for Peace. Fragile State Index Annual Report (2021).
62. de Jong, W. et al. in Forest Landscape Restoration: Integrated Approaches to

Support Effective Implementation (eds. Mansourian, S. & Parrotta, J.) 158–175
(Routledge, 2018). https://doi.org/10.4324/9781315111872-10.

63. Elias, M., Joshi, D. & Meinzen-Dick, R. Restoration for whom, by whom? A
feminist political ecology of restoration. Ecol. Restor. 39, 3–15 (2021). Critical
analysis of the social inclusivity of restoration agendas and practices to
illustrate the need for more inclusive and context-specific restoration
initiatives.

64. Mansourian, S. in Forest Landscape Restoration: Integrated Approaches to
Support Effective Implementation (eds. Mansourian, S. & Parrotta, J.) 139–157
(Routledge, 2018).

65. Bille Larsen, P. et al. Understanding and responding to the environmental
human rights defenders crisis: The case for conservation action. Conserv. Lett.
14, e12777 (2021).

66. Grima, N. & Singh, S. J. How the end of armed conflicts influence forest cover
and subsequently ecosystem services provision? An analysis of four case
studies in biodiversity hotspots. Land Use Policy 81, 267–275 (2019).

67. Dudley, J. P., Ginsberg, J. R., Plumptre, A. J., Hart, J. A. & Campos, L. C.
Effects of war and civil strife on wildlife and wildlife habitats. Conserv. Biol.
16, 319–329 (2002).

68. Landholm, D. M., Pradhan, P. & Kropp, J. P. Diverging forest land use
dynamics induced by armed conflict across the tropics. Glob. Environ. Change
56, 86–94 (2019).

69. Lim, C. L., Prescott, G. W., De Alban, J. D. T., Ziegler, A. D. & Webb, E. L.
Untangling the proximate causes and underlying drivers of deforestation and
forest degradation in Myanmar. Conserv. Biol. 31, 1362–1372 (2017).

70. Filgueiras, B. K. C., Peres, C. A., Melo, F. P. L., Leal, I. R. & Tabarelli, M.
Winner-loser species replacements in human-modified landscapes. Trends
Ecol. Evol. 36, 545–555 (2021).

71. Díaz, S. et al. Pervasive human-driven decline of life on Earth points to the
need for transformative change. Science 366, eaax3100 (2019).

72. Haddad, N. M. et al. Habitat fragmentation and its lasting impact on Earth’s
ecosystems. Science advances 1, e1500052 (2015).

73. Suding, K. et al. Committing to ecological restoration. Science 348, 638–640 (2015).
74. Gichuki, L. et al. Reviving Land and Restoring Landscapes: Policy Convergence

between Forest Landscape Restoration and Land Degradation Neutrality

PERSPECTIVE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-04736-y

8 COMMUNICATIONS BIOLOGY |           (2023) 6:377 | https://doi.org/10.1038/s42003-023-04736-y | www.nature.com/commsbio

https://doi.org/10.1002/9781118354186.ch6
https://doi.org/10.1002/9781118354186.ch6
https://www.fire.ca.gov/incidents/2021/
https://www.fire.ca.gov/incidents/2021/
https://doi.org/10.4324/9781315111872-10
www.nature.com/commsbio


(International Union for Conservation of Nature, 2019). https://doi.org/10.
2305/IUCN.CH.2019.11.en.

75. FAO, IUCN CEM & SER. Principles for Ecosystem Restoration to Guide the
United Nations Decade 2021–2030 (2021).

76. Fischer, J., Lindenmayer, D. B. & Manning, A. D. Biodiversity, ecosystem
function, and resilience: ten guiding principles for commodity production
landscapes. Front. Ecol. Environ. 4, 80–86 (2006).

77. Walker, B. & Salt, D. Resilience Thinking: Sustaining Ecosystems and People in
a Changing World (Island Press, 2006).

78. Biggs, R. et al. Toward principles for enhancing the resilience of ecosystem
services. Annu. Rev. Environ. Resour. 37, 421–448 (2012).

79. Carpenter, S. et al. General resilience to cope with extreme events.
Sustainability 4, 3248–3259 (2012).

80. Folke, C. Resilience: the emergence of a perspective for social–ecological
systems analyses. Glob. Environ. Change 16, 253–267 (2006). Overview of the
development of the resilience perspective and its role in understanding
linked social-ecological systems.

81. Cinner, J. E. & Barnes, M. L. Social dimensions of resilience in social-
ecological systems. One Earth 1, 51–56 (2019).

82. Folke, C., Colding, J. & Berkes, F. in Navigating Social-ecological Systems (eds.
Berkes, F., Colding, J. & Folke, C.) (Cambridge University Press, 2003).

83. Mortreux, C. & Barnett, J. Adaptive capacity: exploring the research frontier.
WIREs Clim. Change 8, e467 (2017).

84. Dudney, J. et al. Capacity for change: three core attributes of adaptive capacity
that bolster restoration efficacy. Restor. Ecol. https://doi.org/10.1111/rec.13647
(2022).

85. Climate Impact Lab. Climate Impact Map—End of Century 2080-2099.
https://impactlab.org/map/#usmeas=absolute&usyear=1981-2010&gmeas=
absolute&gyear=2080-2099&tab=global&gvar=tasmax-over-95F.

86. Seimon, A. & Picton Phillipps, G. in Longterm Changes in Africa’s Rift Valley:
Impacts on Biodiversity and Ecosystems Impacts on Biodiversity and Ecosystem
(ed. Plumptre, A.) 9–30 (Nova Science Publishers, 2011).

87. Ayebare, S., Plumptre, A. J., Kujirakwinja, D. & Segan, D. Conservation of the
endemic species of the Albertine Rift under future climate change. Biol.
Conserv. 220, 67–75 (2018).

88. Carmenta, R. & Vira, B. Integration for restoration. in Forest Landscape
Restoration: Integrated Approaches to Support Effective Implementation (eds.
Mansourian, S. & Parrotta, J.) 16–36 (Routledge, 2018). https://doi.org/10.
4324/9781315111872-2.

89. Holl, K. D. & Brancalion, P. H. S. Tree planting is not a simple solution.
Science 368, 580–581 (2020).

90. Sewell, A., van der Esch, S. & Löwenhardt, H. Global Restoration
Commitments database. https://www.pbl.nl/sites/default/files/downloads/pbl-
2021-global-restoration-commitments-database-4680.ods (2020).

91. Rasmussen, D. J., Meinshausen, M. & Kopp, R. E. Probability-weighted
ensembles of U.S. County-Level Climate Projections for Climate Risk
Analysis. J. Appl. Meteorol. Climatol. 55, 2301–2322 (2016).

92. United Nations Environment Programme & International Resource Panel.
Global Material Flows Database. https://www.resourcepanel.org/global-
material-flows-database (2019).

93. The World Bank. Worldwide Governance Indicators. https://databank.
worldbank.org/source/worldwide-governance-indicators (2021).

94. Plumptre, A., Masozera, M. & Vedder, A. The Impact of Civil War on the
Conservation of Protected Areas in Rwanda (2001).

95. Clay, N. Fixing the ecosystem: conservation, crisis and capital in Rwanda’s
Gishwati Forest. Environ. Plan. E Nat. Space 2, 23–46 (2019).

96. Kanyamibwa, S. Impact of war on conservation: Rwandan environment and
wildlife in agony. Biodivers. Conserv. 7, 1399–1406 (1998).

97. Ordway, E. M. Political shifts and changing forests: effects of armed conflict
on forest conservation in Rwanda. Glob. Ecol. Conserv. 3, 448–460 (2015).

98. Arakwiye, B., Rogan, J. & Eastman, J. R. Thirty years of forest-cover change in
Western Rwanda during periods of wars and environmental policy shifts. Reg.
Environ. Change 21, 27 (2021).

99. Rwibasira, P., Naramabuye, F. X., Nsabimana, D. & Carnol, M. Long-term
effects of forest plantation species on chemical soil properties in Southern
Rwanda. Soil Syst. 5, 59 (2021).

Acknowledgements
The authors thank Tobias Plieninger and Tobias Kuemmerle for providing valuable
feedback on drafts of this manuscript.

Author contributions
M.F. devised the main conceptual ideas and wrote the manuscript in consultation with
J.F. J.L., K.L., S.S. and J.F. critically revised the work and contributed to the synthesis of
restoration and social-ecological systems principles led by M.F. J.L. supported M.F. with
the acquisition of data for the maps. J.F. was involved in planning and supervising the
work. All authors discussed the results and edited the manuscript. All authors approved
this version to be published.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42003-023-04736-y.

Correspondence and requests for materials should be addressed to Marina Frietsch.

Peer review information Communications Biology thanks Eric Higgs, William Simonson
and the other, anonymous, reviewer(s) for their contribution to the peer review of this
work. Primary Handling Editors: Shouli Li and Luke R. Grinham.

Reprints and permission information is available at http://www.nature.com/reprints

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

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

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

© The Author(s) 2023

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-04736-y PERSPECTIVE

COMMUNICATIONS BIOLOGY |           (2023) 6:377 | https://doi.org/10.1038/s42003-023-04736-y | www.nature.com/commsbio 9

https://doi.org/10.2305/IUCN.CH.2019.11.en
https://doi.org/10.2305/IUCN.CH.2019.11.en
https://doi.org/10.1111/rec.13647
https://impactlab.org/map/#usmeas=absolute&usyear=1981-2010&gmeas=absolute&gyear=2080-2099&tab=global&gvar=tasmax-over-95F
https://impactlab.org/map/#usmeas=absolute&usyear=1981-2010&gmeas=absolute&gyear=2080-2099&tab=global&gvar=tasmax-over-95F
https://doi.org/10.4324/9781315111872-2
https://doi.org/10.4324/9781315111872-2
https://www.pbl.nl/sites/default/files/downloads/pbl-2021-global-restoration-commitments-database-4680.ods
https://www.pbl.nl/sites/default/files/downloads/pbl-2021-global-restoration-commitments-database-4680.ods
https://www.resourcepanel.org/global-material-flows-database
https://www.resourcepanel.org/global-material-flows-database
https://databank.worldbank.org/source/worldwide-governance-indicators
https://databank.worldbank.org/source/worldwide-governance-indicators
https://doi.org/10.1038/s42003-023-04736-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio
www.nature.com/commsbio

