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Ecosystem restoration is widely recognized as a key strategy to address social-ecological challenges.
National governments have pledged to restore millions of hectares of land. However, the ability to
accomplish these pledges remains opaque, because restoration efforts are influenced by complex
social-ecological factors. We provide a global analysis of national-level enabling and hindering
conditions and their relation to restoration pledges undertaken by different nations. We developed an
archetype characterization of within-country conditions using biophysical, socio-economic and
governance indicators. Additionally, we investigated between-country conditions by examining flows
of embodied land. Our analysis suggests that the countries with the most ambitious restoration
pledges also tend to have the weakest enabling conditions (and vice versa). These results highlight the
need to account for social, economic and governance factors alongside biophysical factors when

considering where restoration ought to take place.

The restoration of degraded terrestrial ecosystems is increasingly recognized
as a key strategy to address climate change, biodiversity decline, and asso-
ciated ecological and social challenges’. Ecosystem restoration can be
defined as the process of halting and reversing the degradation of
ecosystems’. Social-ecological restoration aims to simultaneously improve
social and ecological conditions towards well-being for current and future
generations’. A myriad of global initiatives seek to advance land-based
ecosystem restoration, including the Bonn Challenge, which aims to restore
350 million hectares of land by 2030°, as well as more regional initiatives
such as the Great Green Wall in the Sahel region”, or the African Forest
Landscape Restoration Initiative®’. Ecosystem restoration is also one of 23
global targets defined by the Kunming-Montreal Global Biodiversity Fra-
mework (https://www.cbd.int/gbf/targets/), and the United Nations has
declared 2021-2030 the Decade on Ecosystem Restoration’.

In response to these initiatives, countries have made ambitious pledges
to restore millions of hectares of land'*"'. However, the drive to meet
ambitious national-level targets often eclipses careful assessment of
restoration opportunities, failing to fully account for social-ecological con-
texts, including challenges related to biophysical, governance, or equity
issues, among others'>". Globally, there has been a rush to generate maps
depicting restoration opportunities'*'"”, arguably in response to calls to
produce usable science to inform various policies'®. Restoration opportunity

studies tend to focus on biophysical factors alone, to the detriment of
restoration in practice. For example, a focus only on ecological dimensions
of restoration might, in some contexts, inadvertently pave the way for land
dispossession where restoration targets give the state license to intervene in
what were previously locally-managed areas'~". In other instances, national
governments may leverage restoration as a way of exercising power, not
always for the benefit of their citizens, and possibly at the expense of political
or demographic minorities™. Such issues have led to the call for the use of an
“equality lens” in restoration projects, putting the participation, engagement
and well-being of local people at the center*”'~. Recent research has begun
to incorporate socio-economic and socio-demographic variables to char-
acterize global ecosystem restoration in a more holistic way**. Yet, broad
assessments of socio-economic and governance aspects in global restoration
work are still few and far between*"*, and social-ecological restoration
studies are still in their infancy*******. Studies that holistically consider the
biophysical, socio-economic and governance conditions that enable or
hinder ecological restoration are needed in order to more accurately
represent the realities of implementing national-level restoration pledges.
In addition to the biophysical, socio-economic and governance con-
ditions within a nation that shape the feasibility of meeting national
restoration pledges, global telecouplings (largely through international trade
relations, but also through international aid) add an extra layer of
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complexity as to where and how ecosystem restoration is likely to occur’*”.

The concept of “ecologically unequal exchange” postulates the existence of
unequal material flows fueled by ‘Global North’ countries, which govern the
global economic system and have greater access to both natural resources as
well as to the sink capacity (i.e., ability to absorb biophysical, financial and
other shocks) of ‘Global South’ countries”™”. In relation to ecosystem
restoration, nations that are heavily dependent on exporting of primary
ecological goods (food, timber, fibers etc.) may find their restoration efforts
undermined by the need to maintain economically important exports™’". In
contrast, nations that have outsourced such primary production via imports
may have greater capacity to restore their own ecosystems. One method of
quantifying ecologically unequal exchange is to construct models of
embodied human appropriated net primary productivity (¢HANPP), which
is a proxy measure of the amount of land embodied in traded biomass flows
(i.e., the amount of land required to sustain those trade flows)*”. Such models
indicate the extent to which national economies are dependent on the
outsourcing of intensive land use (thereby reducing pressure on their own
lands). eHANPP models have, for example, been employed to quantify the
reliance of the ‘Global North’ on material transfers from distant areas to feed
their populations and resource-intensive industries”’. Moreover, global
restoration efforts may be creating new forms of ecologically unequal
exchange. Many restoration commitments in the ‘Global South’ have
emerged from global initiatives driven by the ‘Global North’, including
carbon offsetting”, thereby outsourcing needed conservation and restora-
tion action to locations in the ‘Global South’, contributing to a further
entrenchment of systemically unequal ecological exchange”. Employing
eHANNP as a method of analysis could help quantify and qualify the nature
of ecological exchange inherent to globally telecoupled restoration projects,
and shed light on pathways for more meaningfully and equitably
meeting ambitions restoration goals in our highly connected-but highly
unequal-planet.

Our study therefore posed the following research question: What are
national-level social-ecological conditions for terrestrial ecosystem restora-
tion, and how do these conditions relate to national restoration pledges in the
context of global flows of embodied land? Here, we examined how a com-
bination of socio-economic, governance and biophysical conditions relates
to restoration pledges made by countries around the world. We reasoned
that some combinations of conditions - for example, situations with weak
governance, high poverty and low primary productivity — may be at odds
with especially ambitious restoration pledges. However, to date, such pro-
blems have not been made explicit in discourses on ecosystem restoration.
To address this question, we conducted a global analysis using a broad suite
of globally available biophysical, socio-economic, and governance indicators
for terrestrial ecosystems. Using these indicators, we developed a set of
archetypes of country level social-ecological conditions that might enable or
hinder ecosystem restoration. Further, we contextualized social-ecological
archetypes with national restoration pledges. We used eHANPP to
approximate the embodied flows of biomass (and corresponding land)
among nations and the global telecouplings between them (i.e., between-
country conditions), and sought to assess whether the same countries that
are exporting important levels of biomass to other nations are also those
seeking to restore major amounts of land. This, in turn, could indicate that
wealthy countries have outsourced both biomass production and their
restoration pressure to economically less well-off countries. Our approach
thus builds on recent calls for “connected conservation” - conservation that
considers both local-level conditions as well as global telecouplings because
both drive local conservation action - and extends these ideas into the
restoration sphere. The resulting archetypes are both a window into existing
ecological exchange dynamics as well as a tool to help drive national
restoration projects towards more effective and equitable outcomes.

Results

Unraveling within-country conditions for ecosystem restoration
To understand the archetypical global patterns of within-country condi-
tions that may influence nations’ restoration capacity, we clustered 207

countries according to their performance in 21 indicators across the bio-
physical, socio-economic and governance domains (Supplementary
Table 2). In combination, these domains provide insights for within-country
social-ecological conditions that may enable or hinder restoration efforts.
Our analysis identified nine global archetypes showing contrasting social-
ecological conditions. Some archetypes were spatially more clustered (e.g.,
archetype 9) whereas others were widely distributed across continents (e.g.,
archetype 2) (Fig. 1a, Supplementary Table 1). These archetypes showed
differentiated pledges in terms of the percentage of area [Kruskall-Wallis:
XZ: 75.09; P<0.0001] and the total area committed to restoration
[Kruskall-Wallis: x*= 90.616; P < 0.0001] (Fig. 1b, c).

Archetype 1 [Western Africa, Central America, Bangladesh - high
pledges]

This archetype included 22 countries (Supplementary Table 2) located
mainly in tropical regions of Africa (e.g., Togo) and Central America (e.g., El
Salvador), and one Southeast Asian country (Bangladesh) (Fig. 1a). This
archetype showed the highest share of agricultural lands, below-average
technology levels, and above-average population growth, density and GDP
growth. Typically, countries within this archetype were recipients of inter-
national aid and had below-average political stability, regulatory quality and
tenure security values (Fig. 2). These countries committed the highest
proportion of their territories for restoration (>25 %), in some cases above
80 % (Fig. 1b). However, countries in this archetype pledged relatively low
total areas of land for restoration in absolute terms (i.e. many countries are
small) (Fig. 1c).

Archetype 2 [All geographies, high pledges]

This archetype included 44 countries (Supplementary Table 2), making it
the largest and most widely distributed cluster. It included much of North,
South and Central America (tropical and temperate), central-south-western
Africa, Russia, as well as east and southeast Asian countries such as China,
India, Indonesia, Thailand and Vietnam (Fig. 1a). Countries in this arche-
type had the highest net primary productivity (NPP), and above-average
values of human appropriation of net primary productivity (HANPP),
protected areas, and forest share. These countries were mostly recipients of
international aid (although a few countries were donors such as the United
States of America), with below-average population density, as well as the
highest percentage of indigenous population among all archetypes (Fig. 2).
Countries in this archetype had the second highest proportion of their
territories committed to restoration, as well as the highest total area
(Fig. 1b, ¢).

Archetype 3 [Africa and Asia, high pledges]

This archetype included 24 countries (Supplementary Table 2) located in
central Asia, (e.g., Kazakhstan, Turkmenistan and Mongolia), eastern Africa,
(e.g, Tanzania and Mozambique), eastern Europe (e.g, Ukraine and
Romania), South America (e.g., Venezuela and Uruguay), and the Medi-
terranean basin (e.g., Turkey and Tunisia) (Fig. 1a). This archetype exhibited
a higher share of agricultural lands and strictly protected areas (IUCN I-III).
These countries had below-average education, income and life expectancy,
above-average population growth, and many were recipients of interna-
tional aid. Regarding governance conditions, these countries had lower than
average voice, political stability and regulatory quality (Fig. 2). Countries in
this archetype had the third highest proportions of their territories com-
mitted to restoration, as well as the second highest total area (Fig. 1b, c).

Archetype 4 [Small African and Asian states, moderate pledges]
This archetype incorporated 34 countries (Supplementary Table 2) located
mainly on the Arabian Peninsula, and in western tropical Africa (Fig. 1a).
Countries in this archetype had below-average NPP, share of protected
areas, agricultural lands, and non-productive areas. In the socio-economic
domain, they were characterized by above-average technology and popu-
lation density. These countries were also generally recipients of international
aid (except for Israel), with above-average political stability and below-
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Fig. 1 | Global archetypes of social-ecological conditions for ecosystem restora-
tion, based on 21 indicators (Supplementary Table 2) representing the biophy-
sical, socio-economic and governance domains, and their relation to restoration
pledges. Note that data on restoration pledges were not used to generate the
archetypes, but to contextualize and compare them. a Spatial depiction of
archetypes at the country level. Below the map are the boxplots summarizing
restoration pledges of countries within each archetype as (b) the proportion of the

Archetype

countries’ area committed for restoration with the respective number of countries
in square brackets; and (c) the total area. The mean and median values for each
archetype are represented by a solid red line, and the black solid line, respectively.
Countries are depicted according to an International Monetary Fund region
(shape) and North-South (color) categorization. Y-axes of (b) and (c) are on a
logarithmic scale.

average indigenous population density (Fig. 2). Overall, these countries have
pledged relatively high proportions of their territories for restoration, some
of them more than 70% (e.g. Liberia and Jordan). However, the total area
pledged was one of the lowest among all archetypes (Fig. 1b, c).

Archetype 5 [North Africa and Middle East, moderate pledges]
This archetype included 16 countries (Supplementary Table 2) located in
Sub-Saharan Africa (e.g., Mali), the Arabian Peninsula (e.g, Yemen), the

Middle East (e.g., Iraq) and the Mediterranean basin (e.g., Algeria) (Fig. 1a).
Countries in this archetype, which mainly spans desert areas, had the lowest
proportion of land covered by forest, and the lowest NPP (proportionately).
These countries were also characterized by having the lowest technology,
and the highest population growth, and were generally recipients of inter-
national aid. Significantly, their governance was characterized by the lowest
values for voice, political stability and regulatory quality, while exhibiting
above-average values for indigenous land and population density (Fig. 2).
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Fig. 2 | Characterization of the global archetypes of social-ecological conditions
for ecosystem restoration. Each panel represents one of the following archetypes: 1)
Western Africa, Central America, Bangladesh - high pledges, 2) All geographies,
high pledges, 3) Africa and Asia, high pledges, 4) Small African and Asian states,
moderate pledges, 5) North Africa and Middle East, moderate pledges, 6) Eastern
Europe and Caribbean, moderate pledges, 7) Canada, Scandinavia, Australia/New
Zealand, modest pledges, 8) Small European and Caribbean states, modest pledges,
9) Western Europe, South Korea, Japan, very low pledges. The barplots show the
deviation (z-score normalized values) of biophysical (blue bars), socio-economic
(purple) and governance (brown) indicators characterizing each archetype from the

zscore

global average (of all analyzed countries, represented by zero). The blue vertical lines
delimit the range between —0.5 and 0.5, within which indicator values can be
considered as close to the global average. The archetypes are organized in a
decreasing order relative to the mean percentage of countries’ area committed for
restoration (Fig. 1b). The mean area and standard deviation (sd) pledged per
archetype are indicated next to each archetype’s name in square brackets. Black error
bars represent the standard deviations of individual variables. Note that data on
restoration pledges were not used to generate the archetypes, but to contextualize
and compare them.

These countries dedicated a relatively low proportion of their territories to
restoration, but constituted the third largest total area in comparison with
the other archetypes (Fig. 1b, ¢).

Archetype 6 [Eastern Europe and Caribbean, moderate pledges]
This archetype encompassed 14 countries (Supplementary Table 2)
located primarily in eastern Europe (e.g., Belarus), the Baltics (e.g.,
Estonia), the Balkans (e.g., Serbia) and the Caucasus (e.g., Georgia)
(Fig. 1a). They presented the most differentiating characteristics in the
socio-economic and governance domains, for instance, they had among
the highest incomes, education and life expectancies, and the lowest
population growth. They were also recipients of international aid, and
exhibited above-average tenure security and below-average proportions
of indigenous land and population density (Fig. 2). These countries
typically pledged both low proportions and low total areas of their ter-
ritories for restoration (Fig. 1b, c).

Archetype 7 [Canada, Scandinavia, Australia/New Zealand,
modest pledges]

This archetype included 8 countries (Supplementary Table 2) located pre-
dominantly in the ‘Global North’ (Fig. 1a). Countries in this archetype
showed above-average values of NPP and protected area share for all the

IUCN categories (specially I to IIT), but below-average share of agricultural
land. They exhibited the highest technology and above-average education
levels combined with the lowest population density and below-average GDP
growth. These countries were some of the main donors of international aid.
In terms of governance, this archetype had the highest values for voice,
political stability and regulatory quality indexes, as well as of tenure security.
The share of indigenous population was also above-average (Fig. 2). Despite
the large landmasses of some of these countries, they committed the third
lowest proportion of territory and total area for restoration (Fig. 1b, c).

Archetype 8 [Small European and Caribbean states, modest
pledges]

This archetype included 21 small countries (Supplementary Table 2) located
exclusively in Europe (e.g., Croatia) and the Caribbean (e.g., Jamaica)
(Fig. 1a). They showed the lowest NPP, and below-average share of non-
productive areas, protected areas and agricultural lands. In the socio-
economic domain, this archetype had above-average mean income, and
population density, below-average population growth, and the lowest GDP
growth. Countries in this archetype were recipients of international aid. In
terms of governance, they scored above-average values for voice, political
stability and regulatory quality indexes (Fig. 2). These countries exhibited
the second lowest restoration pledges among all archetypes in terms of both
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the proportions of their territories and total area, with many countries not
pledging at all. (Fig. 1b, c).

Archetype 9 [Western Europe, South Korea, Japan, very low
pledges]

This archetype encompassed 24 countries from the ‘Global North™ (Sup-
plementary Table 2), including all of western Europe, some eastern Eur-
opean countries (e.g., Poland), as well as South Korea and Japan (Fig. 1a).
This archetype showed the most differentiating values for the socio-
economic and governance indicators, with above-average technology and
below-average population growth and GDP growth. These countries were
the main donors of international aid. They also had above-average values for
voice, political stability, regulatory quality and tenure security, while indi-
genous population and indigenous lands were among the lowest (Fig. 2).
Countries exhibited the lowest restoration pledges among all archetypes
(with many countries not pledging at all) in terms of both, area share and
total area (Fig. 1b, c).

Telecoupling factors shaping nation restoration capacity

Figure 3 shows the net flow of embodied land per capita due to global
trade relations to/from each archetype [Kruskall-Wallis: XZ: 58.626;
P <0.0001]. Four archetypes (2, 4, 8 and 9) were dominated by countries
with mean positive values of eHANPP (i.e., net importers of embodied
land). Counties within archetypes 4 (e.g., Israel), 8 (e.g., Bahamas) and
most notably 9 (e.g., Germany), showed the mean and median positive
values indicating that the majority of countries was found in the positive
range (i.e., they were importers of embodied land). Differently, although

500000
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archetype 2 showed a positive mean, the median was in the negative
range indicating that some countries within that archetype act as
importers of embodied land (e.g., USA) and others as exporters (e.g.,
Chile). Countries within archetypes 2, 4 and 9 committed on average less
than 5% of their territories for restoration, with archetype 9 committing
only 0.37%, while the average commitment in archetype 2 was the second
largest from all archetypes. The rest of the archetypes had negative values
of eHANPP, making them net exporters of embodied land. However,
there were marked differences among and within archetypes. For
example, countries within archetypes 3 (e.g., Kazakhstan), 5 (e.g., Libya)
and 7 (e.g., Finland) showed clearer negative mean eHANPP values,
indicating, on average, substantial exports of land from many countries
within these archetypes. Interestingly, these archetypes presented large
pledged areas, especially archetype 3 (more than 9%). Archetype 7
represented a special case because the majority of countries had values
close to zero (although negative), while one outlier (Canada) pushed the
mean into the negative, and thereby into the eHANPP exporter category.
Countries within archetypes 1 and 6 showed slightly mean negative
eHANPP values, with some countries acting as importers (e.g., Rwanda)
and others as exporters of embodied land (e.g., Ghana), and some of
them (from archetype 1) showing large pledged areas (Fig. 1b; 28.7% of
land on average). Our results show that in general the ‘Global North’ is a
net importer of land and the ‘Global South’ a net exporter, and that the
flow of eHANPP across the globe is highly unequal. Importantly, our
model linked restoration with increases in NPP, but did not differentiate
between types of restoration nor attempted to quantify the amount of
land embodied in particular restoration activities. Rather, the e HANPP
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Fig. 3 | Level of total embodied human appropriated net primary productivity
(eHANPP), represented as embodied land (ha per capita), in each one of the
archetypes. The solid red line represents the mean, and the solid black line repre-
sents the median. Positive values indicate countries within archetypes importing
embodied land, whereas negative values indicate countries exporting embodied

Japan, very low pledges

land. The mean percentage of the countries’ area per archetype pledged for
restoration is indicated on top of the box plots. Note that data on restoration pledges
were not used to generate the archetypes, but to contextualize and compare them.
Countries are depicted according to an International Monetary Fund region (shape)
and North-South (color) categorization.
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analysis is intended to act as a complement to the identification of
archetypes of social-ecological conditions; together, these analyses sug-
gest a “double pressure” placed on the ‘Global South’ to both export
productive land to the ‘Global North’ and restore extensive amounts of
land to meet global restoration targets—even though they often lack the
enabling conditions to do so.

Discussion
In this study, we assessed archetypical biophysical, socio-economic and
governance conditions and their relation to national restoration pledges. In
addition, we contrasted how these archetypes related to restoration pledges
and telecoupled embodied flows of land. Our analyses revealed archetypes of
conditions (both local and global) that might enable or hinder restoration,
highlighting large global disparities between nations and their role and
capacity to effectively contribute to global restoration commitments.
When determining opportunities for restoration, many global analyses
have looked primarily at biophysical potential'“. Resulting maps of “global
restoration opportunities” and associated archetype analyses tend to cluster
countries with large land areas deemed biophysically amenable to
restoration'”. However, our analysis revealed that despite archetype simi-
larities in the biophysical domain, countries within those archetypes can be
very different regarding their socio-economic and governance character-
istics. Favorable biophysical indicators may not, in all cases, translate to a
high capacity for restoration. From our findings, we identified three broad
groups of countries with substantially different restoration potentials: (1)
High biophysical potential with mixed enabling/hindering socio-economic-
governance conditions; (2) Average biophysical potential with favorable
socio-economic-governance conditions; and (3) Low biophysical potential
with mixed enabling/hindering socio-economic-governance conditions.
The first group included archetypes 2, 3 and 7, and showed overall high
biophysical potential, and mixed enabling/hindering socio-economic and
governance conditions for restoration. Thus, comparisons between these
archetypes suggest major differences in restoration capacity. For example,
archetypes 2 and 3 differed with respect to the Human Development index
indicators of income, education and life expectancy, as well as indigenous
population, factors understood as important for restoration*””. In particular,
archetype 9 had the lowest value for the Human-Development Index
indicators, as well as higher levels of population growth - conditions gen-
erally considered to negatively influence restoration®. Thus, although both
archetypes had high biophysical potential for restoration, countries in
archetype 2 showed a more favorable socio-economic context.
Comparisons between archetypes 2 and 7 yielded particularly inter-
esting insights. Archetype 7 comprised only countries from the ‘Global
North’ (e.g., Australia), while archetype 2 comprised only countries from the
‘Global South’ (e.g., Brazil), with the exception of the United States.
Although archetype 7 presented much clearer enabling factors— particularly
governance conditions-, countries from archetype 2 have made more
substantial restoration pledges (9.55% on average; Fig. 1b). This contra-
dictory finding could be attributable to the higher values of forest share in
archetype 2. In this sense, a higher forest cover may command more
attention as many initiatives worldwide are focused on forest landscape
restoration’’. However, even though the higher forest cover in archetype 2
might inspire larger restoration pledges, the higher population growth of
archetype 2 could hinder restoration efforts, as they exacerbate competition
for space in a context of global extractivist pressures on land****, A simi-
larity between archetypes 2 and 7 is the higher proportion of indigenous
population contrasted with on-average share of indigenous land, suggesting
additional impediments for restoration as indigenous-managed land is
crucial for conservation and restoration worldwide™"'. Reasons for these
differences could be the existence of a vertical flow of “unequal ecological
exchange” (ie, embodied land) between the countries in these
archetypes™***. Though the ‘Global North’ countries of archetype 7 theo-
retically demonstrate better enabling factors for restoration, the dynamics
underpinning unequal ecological exchange push restoration to other, less
capacitated, places.

The second group was composed by archetypes 6 and 9 which showed
average biophysical potential for all indicators and overall favorable
enabling socio-economic and governance conditions. A distinction between
these archetypes—despite similarities in the biophysical and socio-
economic-governance conditions and in the geographies where they are
located— is that archetype 6 was composed mostly of Global South coun-
tries while archetype 9 was composed of mostly of Global North countries.
The average biophysical potential was complemented by favorable enabling
conditions in the socio-economic domain, including shrinking populations
considered to put strains on limited environmental resources™* and
positive technology adoption considered to enable some types of restoration
interventions — especially in archetype 9*>*. However, economies were not
expected to grow particularly in archetype 9, indicating less probability of
investments in restoration as less wealth is accumulated and available".
Despite bad performance of their economies, countries in archetype 9 were
donors while countries in archetype 6 (and other archetypes) were recipients
of international aid raising questions about who benefits from flows directed
towards restoration. Governance conditions were also favorable in both
archetypes, except for indigenous population and indigenous land, which
were among the lowest among all archetypes (Fig. 2). Notably, however -
and in line with our observations of ecologically unequal exchange high-
lighted above - despite the potentially enabling biophysical, socio-economic
and governance conditions for restoration, these archetypes did not con-
tribute important restoration pledges (Fig. 1b).

The third group included archetypes 1, 4, 5 and 8 and was composed of
a majority of ‘Global South’ countries (Fig. 1), showed low biophysical
potential, and mixed enabling/hindering socio-economic and governance
conditions. In the biophysical domain, agricultural share played an
important role. For instance, archetype 1 showed the highest agricultural
share, which could indicate potential conflicts with restoration. While
agriculture and restoration are by no means incompatible - indeed, many
successful restoration projects and interventions take place in agriculture-
dominant landscapes — much agriculture in these geographies is driven by
global markets and characterized by extractivist practices***. International
agreements, which often view agricultural lands as ‘opportunities’ for
restoration, risk exerting a double pressure in which agriculture and
restoration compete for limited available NPP, and therefore both appro-
priate it (i.e., HANPP). Archetype 5 showed the largest proportion of non-
productive areas (Fig. 2). In these mostly arid countries, where agriculture is
concentrated into small areas, restoration is conditioned by primary pro-
ductivity, water availability, and changes in land uses (which might generate
conflicts with agriculture)**. In the socio-economic and governance
domains, both archetypes 1 and 5 showed a number of hindering condi-
tions, including a lower technology index, as well as lower political stability,
regulatory quality or tenure security. The latter is considered foundational
for restoration®', and another source of conflict. Contrastingly, these
archetypes presented a higher share of indigenous lands, which is potentially
an enabling condition for restoration. Safeguarding indigenous rights, land
tenure, and access to resources would likely also help secure long-term
benefits of restoration in these archetypes®. Archetype 6 showed more
favorable governance conditions, including voice, political stability and
tenure security. In contrast with archetypes 1 and 5, which showed GDP
growth and pledged high proportions of their territories, archetype 8
countries were not projected to have high GDP growth - suggesting less
investments in restoration initiatives -, and they committed a scarce area
share for restoration (1.26% on average; Fig. 1b). Conversely, archetype 4,
although having fewer favorable conditions (with the exception of tech-
nology), pledged on average a relatively higher proportion of territory for
restoration (in some cases above 70%; Fig. 1b).

Sustainability literature identifies global appropriation of NPP as a root
cause of social-ecological degradation, and has documented unequal eco-
logical exchange between centers of wealth in the ‘Global North’ and
‘extractivism areas’ in the ‘Global South™**. Our results similarly suggest
that unequal eHANPP exchange (in terms of land) in a telecoupled world
poses a possible challenge to global restoration goals, and suggests an
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inconsistency between what countries pledge to restore in the international
arena and their ability to carry out pledged restoration work within their
borders. Our results show a clear imbalance in terms of eHANPP exchange,
with countries in western Europe, and far-east Asia acting as net eHANPP
importers, while many countries in the ‘Global South’ conform to arche-
types that generally function as net exporters of embodied land, although
there is variability (see Fig. 3).

In this context, embodied land represents areas with the potential to
support restoration dependent on biomass and NPP, but also areas that
support increasing consumption through ‘unequal ecological exchange’
driven by extractivism”. Paradoxically, many of the countries in the
importers group (e.g. archetype 9) commit only minor portions of their
territories for restoration, leaving the ‘restoration burden’ to countries that
are already major exporters of embodied land (e.g. archetype 1, Fig. 3). The
question then arises: is it feasible for countries in the ‘Global South’ to be the
primary source of land for restoration, while still remaining the dominant
producers of primary productivity for the ‘Global North’?

Our study suggests a clear mismatch between both the prevailing
enabling and hindering conditions for restoration within archetypes and the
global flows of eHANPP with current restoration pledges. Two main con-
clusions emerge from our analyses:

I. Archetypes with the most favorable internal conditions for restoration,
particularly governance conditions, have made only modest pledges to
global restoration efforts, whereas several archetypes with much less
favorable conditions have made major restoration pledges in both
relative and absolute terms (Fig. 1; Fig. 3). This phenomenon is
exemplified most clearly in the cases of archetypes 9 (e.g., Germany)
and 1 (e.g., Togo).

II. Archetypes with the highest restoration pledges in relative and absolute
terms are those already exporting embodied land to other countries.
Concomitantly, countries within archetype 9 behave as the largest net
importers of land but have committed only modest restoration pledges
(Fig. 1; Fig. 3).

Together, these results suggest that the countries best positioned to
undertake successful restoration projects largely outsource the work of
restoration—often vis-a-vis financial aid-to countries with difficult socio-
economic or political conditions. The difficulty of accomplishing ‘successful’
restoration projects in these nations is further compounded by pressure that
‘Global North’ countries doubly exert on the ‘Global South’. The end result is
that less powerful, less capacitated countries are tasked both with restoring
important amounts of land and exporting NPP in the form of raw
commodities—in some cases through intensive, extractivist activities that
clash with restoration in practice.

There are compelling reasons to concentrate restoration activities in
tropical countries in the Global South, as these geographies contain highly
biodiverse ecosystems, and-by some accounts-are the sites where the
majority of landscape degradation is currently taking place. Nevertheless,
the ‘Global North’ cannot have its cake and eat it too; it cannot continue to
exert a double pressure on the ‘Global South’ to both export productive land
and restore extensive amounts of land to meet global restoration targets,
particularly given that Global South countries often face numerous hin-
dering conditions. Our analysis highlights the need to account for a host of
social, economic, and political factors alongside biophysical factors when
considering where restoration ought to take place. Moreover, special
attention is required regarding the creation of context-specific policies and
management practices that ensure that such restoration efforts are suc-
cessful from both an ecological and social perspective. More comprehensive
accounting raises serious questions about where large-scale restoration is
not only needed but also achievable, and about who benefits from existing
flows of resources and the associated pressures to restore’”.

In archetype analysis, it is common that not all clusters conform to
expectations or intuition (e.g., see archetype 2). In this sense, it is important
to interpret the results cautiously, acknowledging that archetype analysis
simply reflects recurrent patterns in the input data, and this will not always

match with prior expectations. Still, as long as such problems occur only for
some clusters, archetype analysis remains highly effective for summarizing
complex information (here, 21 variables across dozens of countries) in
relatively simple, accessible terms. This was particularly useful in our study
to identify global restoration challenges emerging from diverse within-
country social-ecological conditions, within a context of variable restoration
pledges and land telecouplings. In this regard, indicators were chosen based
on our goal to capture a balanced mixture of reliable socio-economic,
governance, and biophysical dimensions. While it is true that not all indi-
cators specifically characterize particular archetypes, this could not have
been known before the analysis.

In addition, basing the within- and between-country assessment on
an archetype analysis and the HANPP framework’***’ might hinder
detailed country-level analyses, and hide differences in data quality for
different parts of the world. While our indicators were based on recog-
nized international databases (Supplementary Table 4), some of them (e.g.
indigenous land tenure) require a nuanced evaluation as they stem from
multiple sources. Additionally, for the purposes of our analysis we gen-
erally treated agriculture and restoration as competing land uses. How-
ever, many restoration projects take place to varying degrees of success in
agricultural landscapes, and in those cases, these two land uses do not
necessarily compete with one another. Future research could expand
similar methods to elucidate enabling and hindering conditions specifi-
cally for restoration in mixed-use landscapes. Finally, our indicators for
forest and agriculture share are derived from World Bank data (Supple-
mentary Table 4), which classifies plantations as forests. The World Bank
also excludes trees on agriculture land from forest area percentage data,
thereby underreporting forest cover that comes from agroforestry systems
- some of which are much more complex, ecologically valuable, and
resilient than the monoculture plantations that are counted as forests.
Finally, the objects of ecosystem restoration span beyond terrestrial forest
ecosystems, and in particular, include aquatic ecosystems (for which NPP
alone would be an inadequate measure). Future research could again build
upon our methods to analyze social-ecological conditions for a broader set
of ecosystems.

Of note is that the division between the ‘Global South’ and ‘Global
North’ as used in this paper is not strictly based on geographical location but
rather on economic, social, and political characteristics. ‘Global North’
broadly comprises Northern America and Europe, Israel, Japan and South
Korea, as well as Australia and New Zealand™. ‘Global South’ is a term
broadly used to delineate countries with lower levels of economic/industrial
development. We adopt these terms sparingly to ensure legibility and
accessibility to scholars and practitioners who are most likely to make use of
our analysis, and to communicate broad patterns of existing inequalities. We
acknowledge, however, that these are descriptively inaccurate, homo-
genizing, and ultimately problematic terms, rooted in neo-colonial power
structures™ and we refrain from using them as descriptors for our arche-
types. By grouping countries into more descriptive archetypes, our paper
helps to dismantle these terms and advance a more accurate, multi-
dimensional pathway for clustering countries according to a broad range of
descriptors. Importantly, we recognize that the systematic assessment of
eHANPP in a context of restoration is not the only way to examine unequal
geopolitical relationships. However, it fits well with our approach of gen-
erating global maps, and has yielded meaningful results in several other
global-scale assessments (e.g. refs. 56,57).

Methods

Data collection

For the identification of archetypes of within-country social-ecological
conditions for ecosystem restoration we collected data on 21 indicators for
207 countries or officially recognized territories for the latest available year
(Supplementary Table 1). Indicator selection was based on recent literature
suggesting the inclusion of biophysical, socio-economic and governance
domains (Supplementary Table 2) when investigating restoration in order
to account for social-ecological contexts and equity issues”*".
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We adopted indicators used by other scholars (e.g. refs. 4,58), and
augmented them with additional land tenure and indigenous data indicators.
In total, we employed seven indicators to describe biophysical conditions,
eight to represent socio-economic conditions and six to describe governance
conditions. To contextualize the archetypes of within-country conditions
(not to generate them), we included two additional indicators to evaluate: (1)
national restoration pledges (as the amount of land committed to restora-
tion); and (2) between-country conditions (as the embodied human
appropriated net primary productivity - eHANPP -, see refs. 42,52,59). The
logic here was to highlight the amount of land derived from NPP that is
embodied (i.e., consumed) by a given country in any other country. The
capacity for doing ecosystem restoration strongly depends on NPP. Trade of
embodied land (i.e., via global telecouplings) might undermine ecosystem
restoration because of competition for primary productivity.

Indicators were collected from open source databases compiled by
international organizations with recognized legitimacy, such as public
institutions, agencies, and programs related to the United Nations Devel-
opment Program (UNDP) and the World Bank, as well as other interna-
tional organizations and scientific literature. We retrieved and selected those
indicators that: i) demonstrated high representational capacity (avoiding
high collinearity), i) had available information for many countries, and iii)
were based on recent data and in case of trends (population growth) con-
tained projections for the next 20 years.

Data analysis

Tests for the normality of the distribution of all 21 indicators were per-
formed. The indicators that did not follow a normal distribution or had
negative values were transformed using the bestNormalize package™. After
normalization, the indicators were rescaled (0-1) using z-score normal-
ization to obtain zero mean and unit of variance, which removed the dif-
ferent indicator units®. For the identification of archetypes of countries, we
carried out a hierarchical cluster analysis—using the Ward method and
Manbhattan distance- based on the 21 indicators describing within-country
conditions. For the selection of the optimal number of archetypes we used
the Davies-Bouldin index”.

Then, we characterized the archetypes by averaging indicator values
across all countries in a specific archetype, and then calculated the deviation
(in standard deviations) of the archetype mean to the overall mean of all the
studied countries. Thus, positive deviances refer to above average values,
and negative deviances to below average values, regarding the overall mean
for all countries (Fig. 2). We further contextualized the archetypes by
averaging (1) the country area pledged to restoration (see Fig. 1b, from
highest to lowest in percentage values, and Fig. 1c in absolute values), and (2)
the country net exchange of embodied land - ie., eHANNP - (Fig. 3;
Supplementary Table 3). We computed a Kruskall-Wallis test to assess if the
differences between archetypes in the average area pledged to restoration
and eHANPP were statistically significant. All statistical analyses were
performed with R”.

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

Data availability

All data on the 21 country-level indicators used to develop the archetype
analysis, and 2 additional indicators that support the findings of this study
are available at https://doi.org/10.5281/zenodo.14044180%. Data sources are
listed in the Supplementary Table 4.

Code availability

The code used for this work is available at https://github.com/benral990/
connected_restoration. R version 4.3.3 was used for all analyses of this study.
Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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