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SCIENCE FOR SOCIETY Biodiversity, food, and agriculture are deeply interconnected, yet global policies
often overlook important regional interlinkages and are hindered by sectoral silos. In December 2022, global
decision makers committed to tackle ongoing biodiversity loss, food insecurity, and rising inequity with the
Kunming-Montreal Global Biodiversity Framework (GBF). Food and agriculture are central to the GBF, as
biodiversity is vital for food security and agriculture remains a major driver of biodiversity loss. Yet achieving
the GBF’s objectives will only be possible when all countries contribute effectively, reflecting their specific
contexts. Our research supports this by mapping globally recurring patterns of people’s interactions with na-
ture, highlighting both opportunities and challenges. This helps international and national decision makers to
tailor policy targets, such as GBF targets, to regional contexts and prioritize conservation, restoration, and
sustainable farming actions where they are most needed.

SUMMARY

Reconciling biodiversity conservation, food security, and sustainable agriculture at global scale requires
a clear understanding of regional social-ecological opportunities and challenges. This understanding
helps untap regional contributions to better achieve global policy targets, such as those framed in the
Kunming-Montreal Global Biodiversity Framework (GBF). Yet previous global syntheses of social-ecological
interlinkages remain limited in thematic and spatial detail, restricting the discussion of regional contributions
and targeted policy implementation. Here, we present 25 human-nature archetypes derived from clustering
of global social-ecological data revealing regional opportunities and challenges for meeting global policy tar-
gets. Our results differentiate regions with large conservation opportunities from those well suited for
ecological restoration or ecological intensification. They highlight the widespread need for improving
governance to enhance food security and re-design agricultural systems. Overall, our analysis supports
international and national decision makers in tailoring GBF targets to regional specificities in order to more
effectively achieve global sustainability goals.
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INTRODUCTION

Inthe 19" century, Alexander von Humboldt emphasized the close
interlinkages between land use and ecosystems. He represented
holism in science based on interacting natural and social pro-
cesses.' Successfully translating these insights into policy advice
was key to him to ensure progress in enhancing biodiversity, food
security, and equity. Yet the subsequent disciplinary and sectoral
fragmentation of science and policy’® have ruled out essential as-
pects of Humboldt’s holistic worldview, perturbing human-envi-
ronmental relationships. As a result, biodiversity loss, hunger,
and inequity accelerated,”*° clearly demanding targeted social-
ecological research to strengthen a new vision of development
that reflects the underlying interlinkages. Terrestrial biodiversity
loss is primarily driven by land-use change including agricultural
expansion, intensification, and specialization.*° These processes
contribute to the extinction threat of about 1 million animal and
plant species, which undermines nature’s contributions to people
including the provision of food, feed, and clean water as well as
climate regulation,”*° among others. In turn, many production
systems ignore their reliance on functioning ecosystems to pro-
duce food and agricultural commodities and degrade the environ-
ment on which they depend.?®® As biodiversity and land use are
tightly interlinked and interact in diverse ways,®'° it is essential to
understand which and where regional opportunities and chal-
lenges exist to reconcile biodiversity conservation, food security,
and sustainable land use.

Existing global syntheses reveal patterns of biodiversity and
land use”'""® yet entail thematic and spatial knowledge gaps.
Among these, anthropogenic biomes, or anthromes, classify re-
gions according to human population density, land use, and land
cover including crops, pastures, and cities.'' Anthromes were
only retrospectively linked to biodiversity including vertebrate
species richness.'? Yet drivers of biodiversity change such as
land-use change, fertilizer application intensity, food security,
and governance remain largely neglected, implying crucial the-
matic knowledge gaps. More detailed biodiversity aspects
such as ecosystem structure, species richness, and species
traits were captured in analyzing patterns of anthropogenic
drivers of biodiversity loss.” However, these findings lack
spatially explicit insights and differentiated perspectives on
land-use change and disregard food security. Moreover, anthro-
pogenic threat complexes reveal patterns of human drivers of
biodiversity change.'® Although the patterns are valuable for
testing hypotheses of biodiversity change, biodiversity out-
comes were not included in their analysis. Furthermore, global
trade of agricultural products can affect biodiversity across
distant locations.'®'" Such telecoupling effects pose ample
conservation risks, but the impacts of global trade on biodiver-
sity in distant locations remain underexplored.

The international community agreed to halt biodiversity loss and
restore nature in a just and equitable way while enhancing human
wellbeing calling for effective implementation of the Kunming-
Montreal Global Biodiversity Framework (GBF),"® its monitoring
framework,'® and the Sustainable Development Goals (SDGs).'”
A global stock-taking to assess current progress on the path to
achieve the GBF targets is planned, and national biodiversity stra-
tegies and action plans are now being revised to translate global
targets into national contexts. Although GBF targets are defined
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globally, GBF encourages the signatory countries to adapt the tar-
gets according to their national characteristics.’® Neglecting
regional specificity and existing knowledge on social-ecological
patterns may result in untapped opportunities and misaligned in-
terventions, undermining our capacity to achieve global policy tar-
gets. Therefore, insights into regional opportunities and challenges
are urgently needed to tailor policies, i.e., prioritize policy targets in
regions where they can effectively contribute to maintain and
enhance biodiversity while ensuring human wellbeing.'®'® Yet the-
matic and spatial knowledge gaps in earlier global syntheses limit
possible regional considerations in policy tailoring. Synthesis
research offers a way forward to integrate data and generalize
knowledge in context-sensitive ways.?>?" The use of these insights
to inform policy has emerged as a priority in synthesis science.

Here, we provide a decision support tool for the international
community to tap regional opportunities and identify challenges
to effectively meet global biodiversity and sustainability targets.
We identify human-nature archetypes, which we define as
distinct social-ecological patterns that have emerged from and
shape the interactions between ecosystems and humans.”'?
Advancing the thematic and spatial detail of previous global syn-
theses, we focus on biodiversity intactness and threats, food se-
curity, agricultural land use, governance, remoteness, and hu-
man population density. We consider biodiversity as diversity
of species and the land systems to which they belong.® Two
research questions guided our empirical study. First, which hu-
man-nature archetypes occur across the globe and where? Se-
cond, which insights into regional opportunities and challenges
do these archetypes offer to inform policy tailoring? To answer
these questions, we integrated a set of social-ecological indica-
tors with a consistent temporal reference, global coverage, and
harmonized spatial resolution of 15 arcminute (0.25°) grid cells.
To identify human-nature archetypes, we applied partitioning
cluster analysis frequently used in sustainability science.?® The
resulting clusters of indicators constitute the human-nature ar-
chetypes that we interpret in terms of social-ecological interac-
tions. We found a large gradient of archetypes ranging from
best-maintained biodiversity in sparsely populated non-agricul-
tural regions (31% of archetypes’ land area; 2% of archetypes’
population) to lowest biodiversity intactness in intensively
farmed regions (4% of archetypes’ land area; 48% of arche-
types’ population). Extending archetype application at science-
policy interfaces,”*?> we use the archetypes to tailor GBF
targets and discuss the archetypes’ role for enhancing policy
effectiveness. Our findings highlight priority regions for policy ac-
tions on nature conservation, ecological restoration, and ecolo-
gical intensification. This supports international and national de-
cision makers to focus actions according to regional conditions
in order to achieve global policy goals more effectively.

RESULTS

Human-nature archetypes provide a new unit of analysis

We identified 25 human-nature archetypes (Figures 1, 2, and S1)
characterized by distinct combinations of social-ecological indi-
cators reflecting interactive factors and processes. The indica-
tors capture biodiversity intactness (estimated natural biodiver-
sity that still remains intact despite human impacts®®) and
biodiversity threats, food security, agricultural land use,
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Figure 1. Human-nature archetypes depict eight broad groups of social-ecological patterns

Group A shows the best-maintained biodiversity in sparsely populated regions. Group B depicts areas with intermediate biodiversity intactness and low infant
mortality in well-governed regions. Group C characterizes intermediate biodiversity intactness, endemicity, erosion and severe poverty in accessible high
mountains. Group D combines intermediate biodiversity intactness, poverty and diverse agriculture. Group E shows intermediate biodiversity intactness, severe
food insecurity and weakest governance. Group F denotes intermediate biodiversity intactness and land-use change. Group G represents low biodiversity
intactness and varying food security in productive regions. Group H encompasses areas with the lowest biodiversity intactness, very high agro-potential and
poverty. The country boundaries shown on the map do not imply the expression of any opinion whatsoever on the part of the authors concerning the legal status of
any country, territory, city, or area or of its authorities, or concerning the delimitation of its frontiers or boundaries.

governance, remoteness, and human population density (for in-
dicator details, see Table 2 and methods). We used the indicator
combinations to characterize and label the archetypes (see syn-
thesis in Figure 2). We categorized the archetypes into eight
broad groups (groups A-H) (Figure 2) along a multi-dimensional
gradient of decreasing biodiversity intactness, increasing threats
to biodiversity (driven by land-use change, global trade, agricul-
ture, and human settlements), increasing agricultural intensity,
and decreasing governance quality.

On one side of the gradient, group A (Figure 2) depicts the
best-maintained biodiversity covering 29.9 million km? (31% of
archetypes’ land area; Table 1). Being sparsely populated, these

regions are home to about 110 million people (1.9% of arche-
types’ population) and many contain high shares of Indigenous
Peoples’ land (IPL) (13%—-91%; Table 1). IPL depicts areas where
IPL tenure is formally recognized and/or where Indigenous Peo-
ples substantially determine land use to fulfill material and non-
material needs.”” Peoples are regarded as Indigenous when de-
scending from populations who inhabited a region prior to
conquest or colonization and who retain some, if not all, of their
own socio-cultural, economic, and political institutions.?”**® On
the other side of the gradient, groups G and H (Figure 2) capture
less and least intact biodiversity in 20% of archetypes’ land
area (Table 1). About 3.5 billion people (64% of archetypes’
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Figure 2. Distinct indicator combinations
characterize the human-nature archetypes
Rows depict the archetypes, and columns show
the indicators ordered in groups of social-
ecological dimensions covering biodiversity
intactness and threats, food security, agricultural
land use, governance, remoteness, and human
population density. To provide an overview, indi-
cator values at cluster centers are standardized
according to the minimum (extreme dark end of
purple color) and maximum values (extreme dark
end of green color) using equal intervals at the
level of each individual z-scaled indicator. For
further details see Table S1 and Figure S2.

central and northern Asia, northern Amer-
ica, the Amazon basin, central Australia,
and northern Europe.
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population) live in these regions that encompass lower but often
still substantial IPL shares (5%-52%; Table 1). Occupying only
specific areas of the multi-dimensional gradient, the archetypes
demonstrate the absence of regions with intact biodiversity
despite high human impact. This highlights the widespread
human influence on biodiversity and limited effectiveness of
conservation efforts. We present an overview of the groups
below, highlighting the most important dimensions of each
group that show very low or very high values among all arche-
types (Figure 2; for further details see Table S1 and Figure S2).
A detailed description of the archetypes can be found in
Table S1.

Group A: Best-maintained biodiversity

Group A depicts the best-maintained biodiversity in sparsely
populated, non-agricultural regions (Figures 1, 2, and S2). These
archetypes represent the best-preserved biodiversity among all
archetypes. Actual values of the Biodiversity Intactness Index
(BIl, i.e., average species abundance relative to their abundance
inintact ecosystems, see Table 2 and methods) reach 0.94-0.98,
indicating that biodiversity is close to its natural potential. These
archetypes differ largely in governance, species threats by
global trade (of all commodities, weighted by biodiversity
impact), income, and remoteness (Figure 2). For example, arche-
types A1 and A2 depict very well-governed regions with very low
species threats by global trade, intermediate income, and inter-
mediate to high remoteness. In contrast, archetype A5 repre-
sents only moderate to weak governance combined with inter-
mediate species threats by global trade, low income, and low
remoteness, while A7 shows intermediate governance associ-
ated with low species threats by global trade, very low income,
and intermediate remoteness. Overall, the archetypes in group
A cover small area shares (2%-8%) and very small population
shares (<1%) but intermediate to very large IPL shares, above
all in most remote regions (13%-91%) (Table 1). They are found
in tundra, boreal, temperate, subtropical, and tropical regions in
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Group B: Low infant mortality in
well-governed regions

In group B, intermediate biodiversity
intactness across all archetypes (0.69-
0.80 Bll), indicating biodiversity significantly below its natural po-
tential, is associated with very few to an intermediate number of
species threatened by global trade, distinctive land-use change,
low and very low infant mortality, and high agro-potential in
moderately to very well-governed and accessible regions
(Figures 1, 2, and S2). These archetypes represent small area
shares (4%-5%) and very small and small population shares
(0.1%-4%) and cover small to intermediate IPL shares (6%-
34%) (Table 1). They occur in subtropical and temperate regions
in Australia, northern and southern America, eastern Europe, and
some parts of southern Europe.

Group C: Endemicity, erosion, and poverty in high
mountains

Group C captures regions in which intermediate biodiversity
intactness (0.64-0.79 BIl) occurs together with either highest
levels of endemicity or most severe soil erosion and severe
poverty as well as moderate to weak governance in well- and
very well-accessible high mountains (Figures 1, 2, and S2).
Endemic species are prevalent in regions with a high richness
of threatened species and moderate to weak governance (C1).
Soil erosion is most severe in moderately governed, very well-
accessible regions (C2). These archetypes encompass small
area shares (2%), small population shares (3%-4%), and inter-
mediate IPL shares (24%-26%) (Table 1). They are found in the
northern and central Andes, central America, southern Brazil,
Madagascar highlands, New Guinea highlands, and Ethiopian
highlands.

Group D: Poverty and diverse agriculture

In group D, intermediate biodiversity intactness (0.64-0.79 BIl)
co-occurs with a pronounced contribution of grassland change
to overall land-use change, low income, diverse and very diverse
agriculture, and very weak to moderate governance (Figures 1, 2,
and S2). Grassland change is associated with either very inten-
sive fertilization of croplands (D1) or very large grazing land
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Table 1. Complementary characteristics of human-nature archetypes

Indigenous Share of Indigenous
Human-nature Peoples’ land Peoples’ land per
archetype Area (1,000 km?) Area (%) Population (1,000 people) Population (%) (1,000 km?) archetype (%)
A1l 2,635 2.7 51 0.0 347 13
A2 7,642 7.8 45,244 0.8 2,074 27
A3 2,510 2.6 172 0.0 2,288 91
A4 1,685 1.7 2,376 0.0 1,492 89
A5 3,133 3.2 37,479 0.7 410 13
A6 6,600 6.7 8,065 0.1 3,667 56
A7 5,700 5.8 16,395 0.3 2,033 36
B1 4,799 4.9 6,643 0.1 1,649 34
B2 4,018 4.1 234,119 43 247 6
C1 2,122 2.2 175,029 3.2 517 24
c2 1,443 1.5 205,176 3.8 371 26
D1 4,136 4.2 522,780 9.6 1,026 25
D2 6,650 6.8 71,156 1.3 2,170 33
E1 3,970 41 79,449 1.5 1,344 34
E2 4,650 4.8 131,130 24 909 20
E3 4,520 4.6 111,945 21 1,137 25
F1 5,785 5.9 129,924 2.4 417
F2 2,934 3.0 24,905 0.5 270
F3 2,819 2.9 159,519 2.9 1,553 55
G1 7,161 7.3 220,515 4.1 389 5
G2 2,550 2.6 237,935 4.4 1,320 52
G3 1,307 1.3 186,553 3.4 306 23
G4 4,926 5.0 236,292 4.4 311 6
H1 2,346 2.4 661,086 12.2 462 20
H2 1,779 1.8 1,925,321 8515 81 5)
Mean 3,913 4 217,170 4 1,072 29
Total 97,820 100 5,429,256 100 26,790 N/A

Characteristics accompany the indicator combinations presented in Figure 2. They include the archetypes’ area (1,000 km? and %), human population
(1,000 people and %), IPL (1,000 km?), and share of IPL per archetype (%). IPL was calculated based on estimates provided by Garnett et al.”” We
acknowledge that these estimates included blank areas that do not necessarily indicate an absence of Indigenous Peoples or their lands, but rather
areas for which an Indigenous connection could not be inferred based on publicly available geospatial data.

and very low cropland fertilization (D2). These archetypes cover
low area shares (4%-7 %), varying population shares (1%-10%),
and intermediate IPL shares (25%-33%) (Table 1). They occur in
arid, semi-arid, and humid temperate regions in southern and
some parts of eastern Africa, the Himalayas, the Andes, the Mon-
golian Khangai Mountains, and eastern China.

Group E: Food insecurity and weakest governance

Group E shows intermediate biodiversity intactness (0.76-0.83
Bll) in regions where people face severe food insecurity, crops
are cultivated very extensively, and weakest governance prevails
(Figures 1, 2, and S2). Very high infant mortality and very low in-
come are associated with partly very high yield gaps. Weakest
governance in these regions is indicated by a combination of
low voice and accountability and very low government effective-
ness. These archetypes represent low area shares (4%-5%), low
population shares (2%), and average IPL shares (20%-34%)

(Table 1). Respective regions include tropical forests and sa-
vannas across Africa and in the southern Amazon basin.

Group F: Land-use change

In group F, intermediate biodiversity intactness (0.75-0.76 Bll)
co-occurs with distinctive land-use change and partly very se-
vere species threats by global trade in mainly sparsely popu-
lated, well- and very well-accessible regions (Figures 1, 2, and
S2). In some regions, a large contribution of forest change to
overall land-use change is associated with large and very large
numbers of threatened species and very low income (F1 and
F3). In other subsets, very severe species threats by global trade
are combined with only moderate to weak governance (F2 and
F3) and sometimes a very large contribution of grassland change
to overall land-use change (F2). These archetypes are found in
small area shares (3%—-6%) where small population shares live
(1%-3%) and IPL shares vary (7%-55%) (Table 1). They encom-
pass mainly tropical and subtropical rainforests, dry forests, and
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Figure 3. Human-nature archetypes highlight priority regions to
tailor GBF targets

Priority regions for integrated spatial planning focused on (A) nature conser-
vation (GBF Targets 1 and 3), (B) ecological restoration (GBF Targets 1 and 2),
and (C) ecological intensification (GBF Targets 1 and 10). The country
boundaries shown on the map do not imply the expression of any opinion
whatsoever on the part of the authors concerning the legal status of any
country, territory, city, or area or of its authorities, or concerning the delimi-
tation of its frontiers or boundaries.

savannas as well as temperate and dry steppes in southeastern
America, central Asia, and southeastern Asia.

Group G: Low biodiversity intactness and varying food
security

Group G shows low biodiversity intactness (0.56-0.62 Bll) in pro-
ductive, very well-accessible regions where people generate
moderate to very low income (Figures 1, 2, and S2). In some re-
gions, only few species threatened by global trade are associ-
ated with very low infant mortality and very strong governance
(G1). In other regions, pronounced contributions of forest, crop-
land, and grassland change to overall land-use change are linked
with very high infant mortality, very low income, and only moder-
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ate to weak governance (G2), or large numbers of species threa-
tened by global trade occur together with low infant mortality and
low income (G4). Archetypes in this group represent very small
and small area shares (1%-7%), small population shares (3%—
4%), and varying IPL shares (56%-52%) (Table 1). They are found
above all in temperate and tropical regions in northern America,
Europe, southern Australia, western and northern Asia, and
western Africa.

Group H: Lowest biodiversity intactness and poverty
Group H depicts the least intact biodiversity among all arche-
types (0.28-0.32 Bll) in very well-accessible regions with very
high agro-potential, diverse agriculture, and high and very high
food self-sufficiency (FSS) but with people living in poverty
(Figures 1, 2, and S2). In these regions with a long history of agri-
culture, either a large contribution of cropland change to overall
land-use change is combined with high richness of threatened
species (H1), or very intensive agriculture indicated by high ferti-
lizer inputs in cropland and grassland is combined with highest
population density (H2). This group encompasses archetypes
that represent small area shares (2%) but the largest population
shares (12%-36%) and small to intermediate IPL shares (5%—
20%) (Table 1). They are found mainly in southern and
eastern Asia.

Archetypes are robust, and indicators vary in
importance

Well-defined cluster properties (see Figure S2) and overall very
high reproducibility (91% mean reproduction share of all grid
cells’ cluster membership, see Figure S3) demonstrate that hu-
man-nature archetypes are well differentiated and robust. Ac-
cording to the Fraiman Index,?® the most important indicators
at the level of the entire partition of archetypes include the dis-
tance to the nearest city (journey time in a given grid cell to reach
the nearest city) and the area of grazing land (see low values of
Fraiman Index depicting large differences in cluster results
when omitting these indicators; Figure S4). In contrast, nitrogen
fertilizer on cropland and species threats by global trade are
among the least important indicators (see high values of Fraiman
Index in Figure S4). Despite their low importance for the entire
partition of archetypes, these indicators discern particular arche-
types, e.g., highest nitrogen fertilizer application on cropland in
archetype D1 and highest species threats by global trade in ar-
chetypes F2 and F3 (Figure 2). They enable the discussion of spe-
cific social-ecological patterns emerging only in some regions.

Archetypes reveal priority regions for policy actions

Human-nature archetypes provide insights that help tailor pol-
icies and support their spatial targeting so that they effectively
foster the simultaneous enhancement of biodiversity, food secu-
rity, and sustainable land use. The archetypes reveal distinct re-
gions in which specific policy actions and spatial planning for
nature conservation, ecological restoration, and ecological
intensification are most effective. First, nature conservation
would be an effective spatial planning focus (GBF Targets 1
and 3) in group A (Figure 3A) where biodiversity is best main-
tained, agriculture is not very relevant, and human population
density is very low and in archetype C1 with the highest level
of endemicity and high numbers of threatened species
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(Figure 2). It helps protect remaining species and habitat diver-
sity and exceptional concentrations of endemic species threat-
ened by habitat loss and degradation. This concerns 33% of
the archetypes’ land area (Table 1). Second, ecological restora-
tion of biodiversity, ecological integrity, and connectivity would
be an effective focus of spatial planning (GBF Targets 1 and 2)
in groups G and H (Figure 3B) with low and lowest biodiversity
intactness, intensive and partly expanding agriculture, and
limited food security. Restoration actions aim at recovering
degraded ecosystems and associated ecosystem services
such as nutrient cycling, pollination, and natural pest regulation
upon which agriculture relies. These actions are relevant in
20% of the archetypes’ land area (Table 1). Third, an ecological
intensification focus in spatial planning (GBF Targets 1 and 10)
would be essential in groups B-F (Figure 3C) with intermediate
biodiversity intactness, partly high and very high yield gaps,
and poverty limiting food security (Figure 2). Ecological intensifi-
cation supports wild species that contribute to nutrient cycling,
pollination, and pest regulation, which can enhance crop yields,
fostering both biodiversity-friendly agriculture and food security.
This concerns 49% of archetypes’ land area (Table 1).

DISCUSSION

Human-nature archetypes advance sustainability

debate

Current gaps in thematic and spatial knowledge on human-na-
ture interactions limit possibilities to consider regional specificity
in implementing global biodiversity and sustainability policy.
Negligence of regional specificity may lead to unused opportu-
nities and misaligned interventions, weakening chances to
achieve policy targets. The human-nature archetypes provide
refined insights into social-ecological patterns suited to tailor
global policy. They present an integrated perspective capturing
various dimensions of biodiversity intactness and threats, food
security, agricultural land use, governance, remoteness, and hu-
man population density. The archetypes advance previous the-
matic and spatial insights gained from approaches that mapped
how humans have altered the Earth using simplified indications
of anthropogenic pressures, land use, and land cover.'07'2:3°
For example, the human-nature archetypes differentiate three
broad terrestrial conditions representing combinations of land-
use drivers and anthropogenic pressures.®° Group A mainly cap-
tures “large wild areas” dominated by natural ecosystems and
small-scale land use.’® These archetypes further differentiate
the areas according to large variations in income, governance,
and remoteness. Groups F-H largely correspond to areas indi-
cated as “cities and farms.”*° Yet again, they demonstrate great
differences in richness of threatened species, global trade im-
pacts, land-use change, food self-sufficiency, governance, and
human population density.

The human-nature archetypes advance the delineation of
anthromes."" The anthromes result from a stepwise clustering
approach using pre-defined thresholds to classify the terrestrial
surface based only on population density, land use (croplands,
pastures, and irrigated areas), and land cover (trees and bare
lands). Using these variables, the anthromes capture the global
extent and intensity of land-use footprints. Intersecting the
anthromes with biodiversity data such as vertebrate species
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richness provided essential insights into spatial associations
between land use and biodiversity change.'? While the method-
ological and empirical simplicity yields important conceptual in-
sights, the anthromes cannot provide spatially nuanced quanti-
tative observations into social-ecological patterns necessary
for targeted policy advice. In contrast, the human-nature arche-
types integrate data on important biodiversity aspects (such as
endemicity and species threatened by global trade), drivers of
biodiversity change (such as land-use dynamics and fertilizer
application intensity), food security, agricultural land use, and
governance in the cluster analysis. Overall, the archetypes offer
generic insights into the relationship between human activity and
ecosystem integrity that can suitably underpin the tailoring of
global policies, particularly in light of achieving GBF targets.
The archetypes’ focus on social-ecological patterns can be
used to complement and contextualize findings derived from
bottom-up approaches such as those framed as social-ecolo-
gical production landscapes.® These provide valuable insights
for outstanding land-use systems that depict harmonious inter-
actions between people and nature. The growing number of
case studies assessing social-ecological production landscapes
capture important local indicators for which data are lacking at
global scale, e.g., stakeholders’ multiple value systems and de-
cision making.* Yet locally specific indicators do not permit
consistent comparison at global scale as the human-nature ar-
chetypes do.

The archetypes also refine typical human pressure com-
plexes'® with a focus on biodiversity, global trade impacts,
land-use dynamics, food security, and governance. They reveal
distinct regions with high numbers of threatened species in
southeastern Asia (e.g., F3), very high endemicity in high-moun-
tain regions (C1), and pronounced global trade impacts on spe-
cies in central and southeastern Asia (F2 and F3). Moreover,
variations in the contribution of forest and cropland change to
overall land-use change differentiate pressure complexes in Eu-
rope and northern America (B1 and G1) and variations in gover-
nance those in the northern high latitudes (e.g., A1 and A6).

Refined insights into regional human-nature interactions can
be drawn from these differentiations. To illustrate refinements,
we present empirical evidence on interactions between consti-
tuting dimensions of archetypes reported in different continents.
For example, “green revolution” legacies are evidenced for ar-
chetypes with least intact biodiversity, limited food security,
and restricted governance (group H). In the respective regions,
India promoted high-yielding crop varieties since the 1960s
aimed at reducing yield gaps as a means to overcome hunger
and poverty.>' However, this agricultural intensification rein-
forced biodiversity loss, soil fertility decline, and soil pollution,
among others, while poverty and food insecurity persisted.®?
Indigenous crop varieties (e.g., rice and millet in northern, cen-
tral, and eastern India) were replaced, sometimes going extinct.
This reduced agro-biodiversity and led to the loss of knowledge
on Indigenous crop management.®’ Moreover, agricultural
policies favored an excessive use of synthetic fertilizers and pes-
ticides in many parts of India that contributed to soil degradation
and pesticide residues in foods and the environment.>'** To
build up vital human-nature interactions, restoration of degraded
ecosystems, sustainable productivity gains, and the diversi-
fication of farming systems should be incentivized. Linking to
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global trade, food imports from ‘“green revolution” legacy
hotspots (e.g., into Europe) should implement legislation on
deforestation-free products (EU Deforestation Regulation,
http://data.europa.eu/eli/reg/2023/1115/0j) and the Corporate
Sustainability Due Diligence Directive (CSDDD, http://data.
europa.eu/eli/dir/2024/1760/0j). These legislations aim to
reduce the European Union’s impact on global deforestation
decelerating biodiversity loss and improve environmental and
human rights along supply and value chains.

Innovation bright spots are reported in regions where arche-
types expose intermediate biodiversity intactness combined
with severest food insecurity and weakest governance (E1).
These bright spots depict situations in which social-ecological
interactions were re-designed based on ecological principles
to underpin agricultural production under environmental, demo-
graphic, and societal pressures.***> For example, land conver-
sion to agriculture driven by population growth, neoliberal mar-
ket reforms, and structural adjustment policies contributed to
biodiversity loss and soil exposure in southern Niger.>**° The re-
sulting decline in agricultural productivity together with recurrent
droughts aggravated the vulnerability and food insecurity of rural
populations.>® Farmer-managed natural regeneration (FMNR),
an agroforestry-based practice,®* reversed agriculturally driven
biodiversity degradation and supported food security in these
degraded regions. It entails the regrowth of trees and shrubs
from remaining stumps and the soil seedstock using native
biodiversity.>**>3" Essentially, the re-growing of trees and
shrubs helps prevent soil erosion and re-enhances farmland
biodiversity, ultimately fostering crop yields, food availability,
and income generation.®**’ In particular, leguminous tree spe-
cies such as Faidherbia albida play a major role in FMNR in
southern Niger as they fix nitrogen, thus decreasing nitrogen fer-
tilizer demand, and are recognized by farmers to increase crop
yields and to serve as an important source of fodder.>* Low costs
of replication and enhanced government effectiveness ensuring
that communities have the mandate to manage the land and
farmers benefit from their investments play a prominent role in
FMNR implementation.®® Integration of customary land-tenure
systems within formal law and implementation of monitoring
and enforcement systems are fundamental for FMNR success.*®
Having been implemented on more than 5 million hectares of
agricultural land in Niger,>* FMNR provides essential insights
for innovative and positive scenarios of future development in
a region that is surprisingly empty in the database of seeds of
a good Anthropocene.*®

Moreover, the border between archetypes in the eastern
Amazon basin (A7) and the Cerrado in Brazil (F1) depicts a threat
frontier. Along this frontier, native vegetation has been cleared
for soybean cultivation and cattle pastures,®®*° exploiting the
high agro-potential in the Amazon basin (Figure 2). It is essential
to prevent the progression of the threat frontier and maintain the
remaining high biodiversity intactness in the eastern Amazon re-
gion (Figure 2) by slowing or halting deforestation, such as
through agreements like the Soy Moratorium, a voluntary zero-
deforestation agreement.*’ Expansion of the Soy Moratorium
to the Cerrado (F1) can help avoid the conversion of remaining
native vegetation for crop production in already intensively
used regions.*? Enhancing poorly defined with conservation-ori-
ented land-tenure schemes is essential to reduce deforesta-
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tion.“® The large overlap of intact forests and IPL in the agricul-
tural frontier region between the eastern Amazon basin and the
Cerrado highlights the importance of recognizing IPL tenure to
maintain natural habitats.

Archetypes support tailoring of policy targets

GBF presents a window of opportunity to globally reconcile
biodiversity enhancement, food security, and sustainable land
use overcoming the persistent division between the Global
Biodiversity Plan 2011-2020*° and the SDGs.'” The human-na-
ture archetypes deliver important insights for tailoring GBF tar-
gets to regional conditions. Thereby, the current level of biodi-
versity intactness, food security, and intensity of land use
indicates which type of reconciliation actions is effective.'® We
discuss where specific policy actions can best maintain and
enhance biodiversity while ensuring that people can meet their
food and livelihood needs, considering governance a key
enabler of transformative change.

In group A and archetype C1, prioritizing integrated spatial
planning for nature conservation (GBF Targets 1 and 3) can
best protect species and habitat diversity where they still exist
and an exceptionally high richness of endemic species under
threat. Respective countries can suitably contribute to achieve
the global conservation target by focusing their national spatial
planning on effective conservation and management of wild spe-
cies and natural habitats, including areas of high biodiversity
importance and ecosystems of high ecological integrity. A key
opportunity would be to widen the network of protected areas
and other effective area-based conservation measures above
the globally defined 30% area target (GBF Target 3). This reflects
the globally uneven distribution of intact biodiversity and
endemic species, reinforcing the potential of nationally adjusted
area targets for nature conservation.* In these efforts, revitaliza-
tion and strengthening of Indigenous-led conservation is essen-
tial to increase the spatial extent of effective and just
conservation.

However, archetypes A3-A7 and C1 depict only weak to inter-
mediate governance, clearly challenging conservation planning
and implementation (Figure 2). Challenges include a lack of
well-defined land tenure rights, limited compliance and enforce-
ment of conservation regulations, and ineffective regulatory
measures.“°*? These insights on important conservation chal-
lenges contrast an earlier global study that calculated low chal-
lenges for most of these regions only based on conservation
area and gross domestic product (GDP).** The greater chal-
lenges indicated by the human-nature archetypes highlight the
need for actors beyond national governments including provin-
cial governments, Indigenous and local communities, and the
private sector to urgently be recognized and integrated in tack-
ling biodiversity challenges. In particular, polycentric gover-
nance”® can foster the required institutional fit while recognizing
Indigenous and traditional territories (GBF Targets 1 and 3) prev-
alent in archetypes A3-A7 and C1 (see Table 1).

In groups G and H, giving priority to integrated spatial planning
that emphasizes ecological restoration (GBF Targets 1 and 2)
can effectively contribute to recover the strongly degraded biodi-
versity intactness in intensively used agricultural systems. This
underpins the urgent need of re-establishing healthy interactions
between biodiversity and food production. In these regions with


http://data.europa.eu/eli/reg/2023/1115/oj
http://data.europa.eu/eli/dir/2024/1760/oj
http://data.europa.eu/eli/dir/2024/1760/oj

One Earth

severely exhausted natural habitats and species pools, a re-
design of agricultural systems according to the principles of
ecological restoration would enable ecosystem services and
ecological integrity to recover. This is an essential precondition
to support regional food security and national sovereignty over
land and food instead of compensating food production else-
where. If respective countries would adjust the globally defined
target and plan to restore >30% of their degraded areas at na-
tional level, then chances of reaching the global restoration
target would greatly increase.

Ecological restoration depends on active participation of local
people, underlines the importance of Indigenous land manage-
ment, and supports Indigenous Peoples’ cultures and languages
as living libraries of traditional ecological knowledge in the
respective regions.“® However, capacities to effectively design
and implement restoration actions*’ are limited in many regions
with restoration priority (groups G and H), indicated by weak to
moderate governance (Figure 2). Major challenges encompass
the limited awareness of biodiversity, limited integration of tradi-
tional and Indigenous knowledge in policy, and incoherence be-
tween sectoral policies in implementing sustainable develop-
ment targets.”*® Collaborative efforts at national and global
scales would be essential to build up these capacities consid-
ering partly high and very high infant mortality as well as low
and very low income (Figure 2).

In groups B-F, an integrated spatial planning focus on ecolo-
gical intensification (GBF Targets 1 and 10) can effectively help
overcome biodiversity degradation co-occurring with food secu-
rity limitations and unsustainable agriculture. Ecological intensi-
fication draws attention to the management of wild species that
provide regulating and supporting ecosystem services (e.g.,
nutrient cycling, pollination, and pest regulation).***° Re-esta-
blishing wildlife habitats surrounding or embedded in agricultural
landscapes can provide foraging, nesting, and refuge space for
service-providing species, which in turn can support and stabi-
lize crop yields. As an innovative approach, agroecology (GBF
Target 10) supports ecological intensification by highlighting
the role of biodiversity to foster synergies, efficiency, and resil-
ience, essentially implying a re-design of agricultural and food
systems.%>" Resting on responsible governance, social values,
and knowledge co-creation, it turns away from the paradigm of
maximizing productivity toward optimizing the effectiveness
of biodiversity while maintaining productivity and ensuring
affordable and healthy diets. Hence, in groups B-F, agroecology
provides a promising framework to sustainably transform land
and food systems,'® an urgently acknowledged requirement to
solve the biodiversity crisis.®>°® In archetype C1, it should be
accompanied by conservation measures to provide special pro-
tection for the endemic species prevailing there, as out-
lined above.

In regions with ecological intensification priority, planning and
implementation capacities are likely greater in Australia, Europe,
and northern America, given better governance (group B,
Figure 2). However, cropland expansion and intensive agricultural
production challenge efforts in some of these regions (e.g., in
eastern Europe and southeastern United States of America). In
contrast, planning and implementation capacities for ecological
intensification are clearly limited in regions that suffer from
weak and very weak governance, above all in Africa (group E,
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Figure 2). Challenges arise from limited dialogue between rele-
vant departments involved in natural resource management, inef-
ficient formal institutions, government agents’ limited interest in
capacity building, and insecure and short-term land tenure disin-
centivizing investments in land,***” among others. These insights
extend an earlier study that also calculated intermediate to high
challenges for implementing nature conservation areas in some
of these regions.** Yet innovation bright spots demonstrate the
clear potential of a locally managed re-design of agricultural
and food systems supported by effective governance at national
level (see previous subsection), efforts toward which the interna-
tional community can well contribute.

Archetypes help enhance policy effectiveness

The archetypes depict recurrent patterns, meaning typical com-
binations of social-ecological factors and processes, which sup-
port integrative evaluations of human-nature interactions. The
archetypes do not encompass all possible configurations but
only a manageable number of patterns that occur repeatedly.
They provide knowledge in between regional and global scales
that advances generalization and comparison at an intermediate
level. The spatial indication of human-nature archetypes enables
international and national decision makers to compare regions
and assess their similarities and differences in a broader
perspective.

The archetypes present a framework for more effectively plan-
ning and implementing policy actions. Specific policy targets
and associated actions can be tailored to those conditions
where they can most effectively contribute to achieve global sus-
tainability. This offers decision support for the international com-
munity to evaluate regional opportunities and challenges for
meeting global policy targets. The human-nature archetypes
also offer the opportunity for a consistent global stock-take of
current conditions serving as a baseline for future inventories
and trend analyses if the datasets used here are continuously
collected. Furthermore, our methodological approach can
accommodate data with higher spatial, thematic, or temporal
details, which permits more nuanced insights into spatial so-
cial-ecological patterns to be explored in future studies.

Moreover, human-nature archetypes support the discussion
of scaling domains depicting regions with similar social-ecolo-
gical conditions where reconciliation strategies can be tested.
Assuming that suitable strategies are comparable under similar
conditions,®® the archetypes support the scaling of strategies
and foster learning across regions. For example, agroforestry,
a strategy that helped re-enhance ecological processes and
food security in southern Niger, can also be assumed effective
for re-establishing healthy social-ecological interactions in other
parts of the Sahel zone located in the same archetype (E1). When
scaling strategies, they need to be adjusted to the environ-
mental, governmental, and socio-cultural conditions in the
new regions (such as using native tree species, traditional
knowledge, and suitable organizational structures).

Uncertainty in archetype analysis

As all global data syntheses, the archetypes generalize real-
world complexity. They refine existing syntheses with a
view on diverse features of biodiversity, food security, agricul-
tural land use, and governance, allowing a more nuanced
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interpretation of social-ecological interactions. The unsuper-
vised clustering approach used in this study avoids uncertainties
associated with expert-defined thresholds used in earlier syn-
theses.'"* In these syntheses, pre-defined classification thres-
holds served as cutoff points to categorize observations in spe-
cific groups. However, their definition relies on subjective
decisions. For example, there is general evidence that agricul-
tural expansion decreases biodiversity. Yet there is no agree-
ment on the maximum cultivated area in agricultural landscapes
that still ensures functional natural habitats and the provision of
nature’s contributions to people.®® This depends on the land-
scape context (e.g., characterized by field margins and natural
vegetation remnants) and conservation targets.*®

As a cluster-specific procedure, we used stability conside-
rations to select the optimal number of clusters and evaluate
their reproducibility addressing internal validity.>” The clusters
are very well reproducible (see Figure S3) and their properties
well defined (see Figure S2). For example, in an archetype found
in the Amazon basin (A7), most indicators vary very little. This is
shown by the very small size of boxplots (see Figure S2),
meaning a very small range of indicator values within the middle
50% of grid cells categorized in this archetype. These indicators
encompass Bll, land-use change, infant mortality, income, and
governance. In other indicators, some variation is found such
as in the richness of threatened species and diversity of agricul-
tural production, while FSS varies to a greater extent. In the
multi-dimensional perspective of archetypes, however, these
variations did not result in distinct patterns.

We used globally available data with sub-national resolution to
indicate social-ecological dimensions aiming to integrate data
with consistent underpinnings. For example, land-use informa-
tion from the History Database of the Global Environment
(HYDE) served as source data for Bll, grazing land, and nitrogen
fertilizer application on cropland and grassland. Moreover, data
on harvested area, crop yields, and land suitability from the
Global Agro-Ecological Zones (GAEZ) database were used to
generate FSS, agro-potential, and yield gap data. However,
the reliability of land-use estimates is limited for some countries
(e.g., China) entailing regional uncertainties. Data processing im-
plies further sources of uncertainty. For example, misclassifica-
tion in remote sensing products related to annual classification
errors can accumulate, particularly affecting the precision of
long-term datasets (e.g., land-use change). Overall, the source
data and their processing entail a varying degree of uncertainty
for our analysis. Our estimation of cluster sensitivity to the omis-
sion of indicators (see Fraiman Index in Figure S4) shows the in-
dicators’ importance, which enables a discussion of how influen-
tial their uncertainty is for the partition of archetypes.

The input data used in our study are differently resolved in
space, implying scale-related uncertainties. To balance the
base resolution of input data and ensure their comparability
and compatibility, we conducted our analysis at 15 arcminute
(0.25°) resolution. This aims at preserving a suitable level of detail
for more finely resolved data (e.g., distance to city) while not sug-
gesting a false level of detail for coarsely resolved data (e.g.,
governance). Advancing earlier global syntheses, we included
sub-nationally resolved gross domestic product (GDP) data as
an income indicator. This enables a more detailed perspective
on regional income distribution. Moreover, choosing a 15 arcmi-
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nute grid cell resolution for our analysis rather than administra-
tive units reveals heterogeneity within these units. Values for
originally lower resolved input data (e.g., national governance
data) were homogenously assigned to all grid cells in that spatial
unit (e.g., country). Combination with higher resolved data can
provide some more details for interpretation. For example, the
distance to the nearest city differentiates the broad governance
data. We assume that in less accessible regions, governments
can less effectively implement policies and provide quality public
and civil services, and citizens may be restricted in participating
in elections and political processes. Moreover, the varying tem-
poral coverage of input data also influences uncertainty. To
mediate these effects, we focused on temporally consistent da-
tasets. The baseline centers around the year 2015 (i.e., data
available for 2015 or the closest year to 2015), as adequate
data for more recent years were not available for many dimen-
sions. Hence, more recent processes (e.g., re-intensified
deforestation in the Amazon or GDP changes in Europe) remain
beyond the scope of our study.

Our human-nature archetypes are constrained by the lack of
high-resolution data. For example, the diversity of land-use ac-
tors, including farmer organizations, investors, distant land-
owners, and value chain actors, remains systematically absent
in global data. In particular, the actors’ motivations, decision
making, and embeddedness in potentially far-reaching networks
are inherently difficult to capture in a spatially explicit way. Glob-
ally consistent data are equally absent for land governance,
land-use policies, and social outcomes of biodiversity conserva-
tion. Currently, the archetypes focus on terrestrial ecosystems.
This focus can further be broadened once global information
about the impacts of human water uses (including blue water
and groundwater use) on the functioning of aquatic ecosystems
becomes available. Ongoing shifts from focusing on either natu-
ral or social science perspectives toward explicit social-ecolo-
gical approaches that lead to enhanced data availability can sup-
port future efforts to refine the current generalization.

Conclusion

The human-nature archetypes systematically integrate eco-
system integrity and requirements with human activity and
needs, bridging disciplinary and sectoral divides. They redirect
the global debate toward seizing social-ecological benefits on
all land areas to improve system efficiency and policy effective-
ness, reflecting the uneven distribution of biodiversity intactness
and threats, food security, and land-use activities. The arche-
types help clarify where global policy targets such as those
framed in the GBF provide incentives to sustainably transform
land and food systems, which enables policymakers to assess
aregion’s opportunities and challenges. For example, integrated
spatial planning emphasizing nature conservation (GBF Targets
1 and 3) would be most beneficial in archetypes with high biodi-
versity intactness and pronounced concentrations of endemic
species to safeguard remaining vital ecosystems. In contrast, in-
tegrated spatial planning focused on ecological restoration (GBF
Targets 1 and 2) would be most effective in archetypes with low
and lowest biodiversity intactness and intensive agriculture to
reverse ecosystem degradation and food insecurity. Global pri-
orities can now be set allowing the GBF Fund Council, estab-
lished to support GBF implementation, and other funding
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agencies to focus their efforts in approving implementation
projects.

Yet how does the world look like when GBF targets will be
reached in the future? For example, can the archetypes that
currently depict poverty together with diverse agriculture or se-
vere food insecurity combined with weakest governance evolve
in such a way that they resemble those currently portraying best-
maintained biodiversity? Development trajectories have differed
in the past and will do so in the future, making simple conver-
gence between archetypes practically impossible. To steer
transformative change for sustainable future development,
some archetypes would require improvements in social dimen-
sions (e.g., governance) to reduce the increasing pressure on
ecosystems and to stabilize ecological conditions (e.g., biodiver-
sity intactness). In other archetypes, restoration of biodiversity
and associated ecosystem services (e.g., nutrient cycling) would
be a prerequisite to improve social dimensions (e.g., food
availability and poverty reduction), or both social and ecological
advances would be necessary. Future research could explore
the different option spaces reflecting current conditions and
reveal specific potentials and conflicts lying ahead.

Clearly, the prevalent and partly high share of IPL across the
human-nature archetypes highlights that there is no way to
achieve global biodiversity and sustainability goals without
Indigenous Peoples. They have managed social-ecological sys-
tems for centuries in all archetypes. This reinforces the plea for
taking up evidence-based contributions that Indigenous Peoples
have delivered to the global discussion about biodiversity con-
servation, sustainable land management, and food security.
They offer important lessons for strengthening the resilience of
land and food systems that should be comprehensively consid-
ered in future research and decision making.

Over 200 years ago, Humboldt assumed that “everything is in-
terconnected” and if the individual parts of a system and their in-
teractions are known and integrated in a system’s perspective,
then understanding and steering of the system should be
possible. Systematic observation of interlinked vegetation,
abiotic environmental conditions, and land use led Humboldt
to strategically locate and ensure consistency in scientific mea-
surements and generalization of results. The human-nature ar-
chetypes deliver useful insights to inform the international com-
munity on relevant monitoring indicators to track progress in
achieving the GBF targets. These indicators can help to monitor
interactive trends in ecosystem conservation and restoration,
food security and land use.

METHODS

Social-ecological indicators

To characterize human-nature archetypes, we quantitatively
indicated social-ecological dimensions whose interdepen-
dencies were emphasized as important for achieving global
sustainability priorities.”°® We chose indicators along six di-
mensions representing critical drivers and outcomes of biodi-
versity-food-agriculture interactions including biodiversity
intactness and threats, food security, agricultural land use,
governance, remoteness, and human population density®’'°
(Table 2). Our study demands quantitative data available with
global coverage and high spatio-temporal resolution. Data
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need to be finely resolved in space to support recognition of
fine-scale patterns as a prerequisite for developing targeted
strategies to effectively achieve sustainability goals. This re-
quires a sub-national resolution. To warrant comparability and
compatibility, data would ideally reflect the same spatial reso-
lution and temporal collection intervals and be derived using
consistent methodologies. Using these criteria, we screened
available, sub-nationally resolved global data initially identifying
29 suitable indicators. Some of these indicators were gene-
rated using similar source data and were hence not fully inde-
pendent of each other. To avoid collinearity and select indica-
tors that are important for the overall data variance, we
assessed Spearman correlations and the variance distribution.
This resulted in a final set of 23 indicators used to identify hu-
man-nature archetypes. Their temporal reference centers
around the year 2015 because most data were available for
2015 or a year close to it (Table 2; for further details see
Tables S2 and S3). Details on the indicators are given below.

Biodiversity intactness and threats

To represent biodiversity intactness and threats, we selected in-
dicators that specify how much of a region’s natural biodiversity
is left intact, threatened by extinction, or susceptible to habitat
loss as well as global trade and land-use change as drivers of
biodiversity loss and soil erosion. This selection included eight
integrative indicators encompassing the Biodiversity Intactness
Index, richness of threatened species, endemicity, species
threats by global trade, forest change, cropland change, grass-
land change, and human-induced soil erosion (Table 2). In the
absence of a globally consistent biodiversity monitoring, we
used the BII,*%"%®" which provides an estimate of the average
abundance of a broad range of species in a given area in relation
to their abundance in intact reference ecosystems.’® As it is
based on an unprecedented large number of field studies and
observations across the globe and represents all major biomes
and land uses, the Bll enables coherent global comparison.
We further characterized the intactness of biodiversity using
the richness of threatened species (RTS).” RTS helps to gain
differentiated insights into regions where species may be more
affected by human activities. Land use, land-cover change,
and growing human populations often threaten species and
may drive their extinction®>®° and can be more influential than
environmental factors (e.g., insularity and temperature).®* More-
over, we used endemicity (END) data, i.e., restriction to a
geographical area,®®*°° to indicate species’ susceptibility to
the effects of habitat change/loss and extinction caused by hu-
man activities. In addition, we captured species threats by global
trade (TGT).° The production and consumption of goods and
services can impact species locally but also elsewhere. Applying
the biodiversity footprint method,®> Moran and Kanemoto®
attributed anthropogenic species threats to one or more causal
economic sectors including agriculture, forestry, transport, resi-
dential and commercial development, and others. TGT data
represent species threats associated with the consumption in
the United States of America, Europe, China, and Japan. We
summed the worldwide species threats linked to consumption
in all these countries, thus capturing the total impacts of major
players in world trade. The reason for using a biodiversity foot-
print approach is that people living in one archetype could be
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Table 2. Social-ecological indicators used for analyzing human-nature archetypes

Social-ecological dimension Abbreviation Indicator (unit) Time reference (year)  Spatial resolution Source references
Biodiversity intactness and threats
(1) Biodiversity intactness Bl Average species abundance 2015 5’ grid cells Hill et al.”®
relative to their abundance in
intact ecosystems (unitless)
(2) Richness of threatened RTS Richness of threatened species of 2015 10 x 10 km grid cells Pimm et al.*®
species mammals, birds, and amphibians
(total number of all species)
(3) Endemicity END Range-rarity of all terrestrial 2015 0.5° grid cells International Union for
species (summed area share) Conservation of Nature,” BirdLife
International,®® Collen et al.,’"
Selig et al.,®? Kreft and Jetz®®
(4) Species threats by globaltrade = TGT Species threats caused by key 1990-2015 Polygons Moran and Kanemoto®
global trade players (species
equivalents)
(5) Forest change FCH Relative contribution of forest 2000-2040 0.5° grid cells Fuchs et al.®®
change to gross land change
rates, accounting for area gains
and losses per grid cell (% change
per year)
(6) Cropland change CCH Relative contribution of cropland 2000-2040 0.5° grid cells Fuchs et al.®®
change to gross land change
rates, accounting for area gains
and losses per grid cell
(% change per year)
(7) Grassland change GCH Relative contribution of grassland 2000-2040 0.5° grid cells Fuchs et al.®®
change to gross land change
rates, accounting for area gains
and losses per grid cell
(% change per year)
(8) Soil erosion ERO Water erosion of soil 2012 250 x 250 m grid cells Borrelli et al.®®
(t/ha-year)
Food security
(9) Infant mortality IMR Infant mortality rate (number of 2015 0.5’ grid cells Center for International Earth
children who die before their first Science Information Network®”
birthday per 1,000 live births)
(10) Food self-sufficiency FSS Ratio of calorie production/ 2010 5' grid cells Pradhan et al.®®%°
consumption (unitless)
(11) Gross domestic product/ GDP Gross domestic product/capita 2015 Highest sub-national Kummu et al.”®

capita

(US$/capita)

administrative division

(Continued on next page)
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Table 2. Continued

Social-ecological dimension

Abbreviation

Indicator (unit)

Time reference (year)

Spatial resolution

Source references

Agricultural land use

yreg auQ

(12) Diversity of agricultural DIVA Shannon diversity index of food 2005 5’ grid cells Herrero et al.”"
production production (unitless)
(13) Agro-potential AP Maximum suitability index across Baseline 1981-2010 5’ grid cells Food and Agriculture Organization
all crops/pasture and input levels climatology of the United Nations, and
(unitless) International Institute for Applied
Systems Analysis’?
(14) Grazing land GRAZ Total land used for grazing (km?) 2015 5’ grid cells Klein Goldewijk et al.”®
(15) Nitrogen fertilizer on cropland ~ NCRO Annual synthetic nitrogen fertilizer 2013 0.5° grid cells Lu and Tian™*
used in cropland
(t N/km?Z.year)
(16) Nitrogen fertilizer on NGRA Sum of manure nitrogen 2015 0.5° grid cells Xu et al.”®
grassland deposition, manure application,
and synthetic fertilizer nitrogen
input to pastures and rangelands
(t N/km?Z.year)
(17) Maize yield gap MYG Relative yield gap between 2010 5’ grid cells Food and Agriculture Organization
potential attainable and actual of the United Nations, and
yield (% potential attainable yield) International Institute for Applied
Systems Analysis’?
(18) Wheat yield gap WYG Relative yield gap between 2010 5’ grid cells Food and Agriculture Organization
potential attainable and actual of the United Nations, and
yield (% potential attainable yield) International Institute for Applied
Systems Analysis’?
(19) Rice yield gap RYG Relative yield gap between 2010 5’ grid cells Food and Agriculture Organization
9 9 9 9 9
potential attainable and actual of the United Nations, and
yield (% potential attainable yield) International Institute for Applied
Systems Analysis’?
Governance
(20) Voice and accountability VA Perceptions of citizens’ ability to 2015 National World Bank’®

participate in elections, freedom of
expression, freedom of
association, and free media
(unitless)

(Continued on next page)
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consuming very few resources from within that region but im-
porting large amounts of resources from other regions. By
c R capturing the total use as opposed to merely local use of re-
b ’g‘ sources, we more accurately characterize the resource use in
% g each archetype. The data cover a large share and diversity of
& c the world’s trade players but not all of them, restricting insights
§ g '% to major global trade players. Moreover, we indicated land-use
3o ~ 2 g change as another anthropogenic biodiversity threat.” We used
% § E ‘_6 € data on the relative contribution of forest change (FCH), cropland
9 g o g § change (CCH), and grassland change (GCH) to overall rates of
g 5 2 g 2 land-use change.®® These data enable an exploration of biodi-
o= = ©cn versity modifications including habitat change and variations in
associated ecosystem services, e.g., provision of food and resil-
ience.®>®5%8 The data on land-use change capture observa-
tional data and a reference scenario of future land-use change.65
Furthermore, we indicated human-induced soil erosion (ERO)
caused by water erosion.®® This allows to explore risks of aggra-
- ) vated soil erosion mainly driven by changing land use and land
S 8 management as well as implications for land productivity.
> i) 12}
2 ) o]
of = = o Food security
K _g = % Food security was represented by three indicators reflecting
(% 8 x B food availability and access.® In the absence of global data on
undernourishment or stunting, we used infant mortality rate
£} (IMR) to indicate food security. IMR is found to be negatively
g correlated with food supply (addressing food availability) in
3 lower-income countries and with food access across countries
o with varying income levels.’*°' We indicated IMR by the number
% of infant deaths for every 1,000 live births.®” Moreover, consi-
g g g g dering that food security depends on environmental, managerial,
Flx N « and economic factors, we captured food self-sufficiency and
peoples’ ability to purchase food. We used data on a region’s
_ E E é food self-sufficiency (FSS) reflecting the proportion of total calo-
z 8 § £2 g rie production and consumption.®®°° We considered a region as
o3 T 5% > Ee % food self-sufficient when the total regional calorie production
N § 8 b s £ ; 2E|lg was sufficient to meet its consumption. Moreover, we repre-
5332k o 23|k sented income using sub-national per capita GDP’° as spatially
3£862¢7w ] 3 8| well-resolved income data are unavailable at global scale. This
=|52885.8| |g S 8|y vee aae gloda .
S|e3E 2 §rE 5 ag 2 served to indicate people’s ability to purchase sufficient calories
g 2 5 % S 52 % £ ? g g = for sustaining an active and healthy life. This indicator pertains to
_g § § ;— 3 E S :8 T3 LE: -g § the affordability of food as an important determinant of food se-
2 E) o sg g ég E £ 3 2ls curity.® Interpreting income together with food self-sufficiency
% enables a more detailed discussion of food security. For
s £ example, we assume that people living in a region with lower
5 £ food self-sufficiency but higher income may meet their food de-
g w = Q .é mand through addit.ional purchase, though relying more on
2 8 = Q G (global) trade. GDP is only a rough proxy for access to food.
k5 More fine-grained metrics of hunger, food poverty, and access
g to healthy diets are available in some regions but lacking at
A = B global scale.
5| £
- g % ° |3 Agricultural land use
SlE|IS > -% g Agriculture is a multi-dimensional land-use activity, which we
£l= s ° 1513 |2 characterized by focusing on the diversity, extent, and inten-
S S “E’ ‘;, 518 % sity of agricultural production as well as opportunities to
°lele AR gl g h i icultural productivity. This sets the basis to discuss
ol & 8| 5 ol ® 5 increase agricultural productivity. This se
o § 3 o|ls o g ES] interlinkages between agricultural land use, biodiversity, and
% § 2 % 2 % ; “g food security. We used eight indicators capturing the diversity
Flold angl N T o of agricultural production, agro-potential, area of grazing land,
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and nitrogen fertilizer input in cropland and grassland, as well as
yield gaps for maize, wheat, and rice. We covered the diversity of
agricultural production (DIVA) to explore associations of agricul-
tural diversity with food security. DIVA can stabilize and increase
food availability and access depending on the environmental and
socio-economic context, hence providing an important strategy
to improve food security. We indicated DIVA by the number of
crops grown and livestock raised in a grid cell and their distribu-
tion in this grid cell.”’ Moreover, agro-potential served to identify
production opportunities and attractiveness of expanding agri-
cultural land use into land suitable for agricultural production.
We indicated agro-potential (AP) by land suitability for agricul-
tural production provided by the GAEZ database.’” It considers
eco-physiological characteristics and climatic and edaphic re-
quirements of crops. We used the maximum suitability index
across all crops/pasture and input levels. Managing agro-
ecological opportunities and limitations and recognizing the
most suitable crop options support effective land-use planning.
Furthermore, we captured the extent and intensity of agricultural
production to discuss outcomes of agricultural land use for
biodiversity and food security. In terms of area extent, we
selected data on the area of grazing as one of the most wide-
spread forms of land use worldwide®® and one of the main
drivers of biodiversity loss. We used the area of grazing land
(GRAZ), the total land used for grazing in the HYDE 3.2 data-
base.”® In addition, we indicated synthetic nitrogen fertilizer
application as it markedly increases food production, but often
at the expense of biodiversity. In turn, the absence of synthetic
fertilizer application offers the opportunity that diversification
synergistically stabilizes and improves both biodiversity and
yields.”® Better managing these relations remains a major chal-
lenge for policy makers. We used the annual synthetic nitrogen
fertilizer input in cropland (NCRO) matched with HYDE 3.2
land-use maps.’* To cover grassland fertilization (NGRA), we
used the sum of annual manure nitrogen deposition, manure
application, and synthetic nitrogen fertilizer input on pastures
and rangelands.”® Both nitrogen fertilizer datasets provide
critical driver information to discuss the intensity of agricultural
land use and biodiversity feedback patterns. Moreover, yield
gaps provide insights into potentials to increase food production
in the future as a cornerstone of food security. Capturing major
staple food crops, we indicated yield gaps for maize, wheat,
and rice (MYG, WYG, and RYG) within their growing regions, ex-
pressed as the percentage of potential attainable yield.”?

Governance, remoteness, and human population

density

Finally, we captured governance, remoteness, and human
population density, as they play important roles in reconciling
interconnected concerns of biodiversity, food security, and
sustainable land use. Governance encompasses processes of
decision making, rule setting, and decision enforcement, whose
effectiveness determines chances to conserve biodiversity and
use land sustainably while ensuring food security. We indicated
governance by the national average of aggregated indicators re-
flecting perceptions of the public and private sector, non-govern-
mental organizations, enterprises, and citizens.”* We used the
dimension of voice and accountability (VA) to capture processes
by which governments are selected, monitored, and replaced.”®

¢? CellPress

OPEN ACCESS

We also included government effectiveness (GOE) to capture a
government’s capacity to effectively formulate and implement
policies.”® Furthermore, remoteness from markets and decision
making provides insights into access to goods and services that
affect biodiversity, food security, and land use. We indicated
remoteness by the distance to the nearest city (DIST), meaning
the journey time in a given grid cell to reach the nearest city.””
Finally, human population density (POP) expresses food and
other demands to be satisfied, pressurizing land resources
and the number of people affected by biodiversity degradation
and food insecurity. We indicated human population density by
the number of people per km? living in a region.”®

Cluster analysis

We identified the human-nature archetypes using cluster ana-
lysis commonly applied for unsupervised pattern recognition.”®
Clustering serves to reveal groups in data based on their
similarities and differences, providing insights into the structure
of the multi-dimensional data space spanned by the selected in-
dicators. It categorizes data into groups or clusters with similar
characteristics depicting recurrent patterns. The patterns are
represented by the indicator combinations at the cluster centers.
These combinations portrayed the archetypes and provided the
basis to discuss factors and processes that typically result from
and shape the interactions between biodiversity, food security,
agricultural land use, governance, remoteness, and human
population density.

In preparing the cluster analysis, we used the initial set of 29
indicators and re-sampled them all to an intermediate 15 arcmi-
nute spatial resolution (grid cells) to harmonize differences in in-
dicator resolution. Moreover, we normalized all indicators using
their mean and standard deviation (z-scaling) to enable consis-
tent mean-centering and unit scale differences as a basis for
comparison. We investigated correlations between these z-
scaled indicators and performed a principal component
analysis.?® To ensure the use of largely uncorrelated indicators
that hold most of the structure information, we selected those
indicators that had a Spearman correlation coefficient p
<|0.75| and/or an absolute loading >|0.55| in the first 15 prin-
cipal components, explaining 88% of the total variance. This
yielded the 23 indicators described above (Table 2) covering
172,841 grid cells (69% of global land area and 77% of ice-
free land area) that we used to identify the archetypes. The
remaining six indicators were highly correlated with other indi-
cators, contributed very little to the data variance, and were
therefore excluded from the cluster analysis. These encom-
passed human appropriation of net primary productivity
(HANPP),*® cropland area,”® harvested area,”” Human Deve-
lopment Index (HDI),”® share of agriculture, forestry, and fishing
of national GDP,°” and control of corruption.’® Moreover, we
adjusted datasets with few extreme values that skewed the
overall data distribution in order to adequately focus on the ma-
jority of grid cells. To handle such skewed data, we winsorized
the datasets, i.e., replaced the extreme observations (<0.5" or
>99.5™ percentile) with the next available less extreme obser-
vation.?® This procedure was applied to indicator numbers 3, 4,
8, 15-19, and 23 (for indicator numbers see Table 2).

We performed cluster analysis in the 23-dimensional data
space using a partitioning algorithm (k-means).*® We determined
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the optimal number of clusters by investigating the stability of
cluster partitions based on stochastic initialization.>®°° We
repeated the clustering with varying starting points and
compared results in a pairwise way. Using 200 comparisons
(400 cluster runs), we calculated the share of grid cells that
were categorized in the same cluster considering partitions with
2-30 clusters. Results are expressed as consistency measure.
Using the same approach of clustering with varying starting
points, we calculated the reproduction share of archetype mem-
bership for each grid cell based on 200 repetitions of partitions
with the optimal cluster number. Moreover, we estimated the in-
dicators’ importance for the optimal cluster partition by assessing
the partition’s sensitivity to the omission of indicators, expressed
as Fraiman Index?° (see Figure S4). Low values of the Fraiman In-
dex portray important indicators (i.e., large difference between
partitions with original and omitted indicators), while high values
depict less important indicators. The Fraiman Index provided a
hint on the mostimportant indicators at the level of the entire clus-
ter partition, whereas the average values of indicators at the clus-
ter centers presented the basis for discussing archetype-specific
mechanisms. We performed all statistical analyses using the
open-source statistics environment R (version 3.5.1)."%°

Policy tailoring

Tailoring policy targets to current levels of biodiversity intact-
ness and threats, food security and agricultural land use is
critical for effective reconciliation actions.'® Clearly, integrated
spatial planning in biodiversity-inclusive and participatory
ways is required on all land (GBF Target 1). Yet understanding
specific regional opportunities and challenges will be key to
simultaneously enhance biodiversity, food security, and sus-
tainable land use. We used the social-ecological insights re-
vealed by the human-nature archetypes to tailor selected
GBF targets.

We illustrate the tailoring approach by focusing on the inter-
face between farmland biodiversity and agriculture.'® Overall,
integrated spatial planning enshrined in GBF Target 1 (Plan
and manage all areas to reduce biodiversity loss) is taken as
a global necessity. In addition, we selected three focal ap-
proaches capturing nature conservation defined in GBF
Target 3 (Conserve 30% of land, waters, and seas), ecological
restoration framed in GBF Target 2 (Restore 30% of all
degraded ecosystems), and ecological intensification speci-
fically addressing agriculture outlined in GBF Target 10
(Enhance biodiversity and sustainability in agriculture, aqua-
culture, fisheries, and forestry). The selected approaches de-
pict a broad division between (1) conserving non-use values
of biodiversity and (2) restoring ecosystems and re-enhancing
ecosystem services such as nutrient cycling, pollination, and
natural pest regulation.

To tailor the GBF targets, we prioritized the selected
approaches in those regions where they can best support the
objectives of reducing biodiversity threats while meeting peo-
ple’s food and livelihood needs.'® On the one hand, integrated
spatial planning focused on nature conservation (GBF Targets 1
and 3) is most effective in archetypes with best-maintained
biodiversity and extensively used agricultural areas that can
provide substitutes for natural habitats and in archetypes with
a high level of endemicity. It emphasizes the protection of re-
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maining species and habitat diversity and exceptional concen-
trations of endemic species. On the other hand, ecological
restoration and ecological intensification shift the perspective
toward recovering and re-enhancing functional biodiversity. In-
tegrated spatial planning focused on ecological restoration
(GBF Targets 1 and 2) entails active intervention to assist the re-
covery of degraded, damaged, or destroyed ecosystems.*®
This is most effective in archetypes with low and lowest biodi-
versity intactness, intensive agriculture, and land-use change
threatening remaining biodiversity. In contrast, integrated
spatial planning emphasizing ecological intensification (GBF
Targets 1 and 10) draws attention to introducing or fostering
biodiversity-friendly agricultural practices, replacing external
inputs and enhancing productivity.*®“° It rests on the inclusion
of regulating and supporting ecosystem services in agricultural
management. Prioritizing this approach in archetypes with
intermediate levels of biodiversity intactness and agricultural
intensity as well as limited food security is well suited to create
and harness synergies between ecosystem services and food
security. Based on this attribution, we assessed the regional
distribution of prioritized approaches and evaluated the under-
pinning social-ecological conditions to shed light on particular
reconciliation opportunities and challenges.
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