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Sustainable land-system transformations are necessary to avert
biodiversity and climate collapse. However, it remains unclear
where entry points for transformations exist in complex land sys-
tems. Here, we conceptualize land systems along land-use trajecto-
ries, which allows us to identify and evaluate leverage points, i.e.,
entry points on the trajectory where targeted interventions have
particular leverage to influence land-use decisions. We apply this
framework in the biodiversity hotspot Madagascar. In the north-
east, smallholder agriculture results in a land-use trajectory origi-
nating in old-growth forests and spanning from forest fragments
to shifting hill rice cultivation and vanilla agroforests. Integrating
interdisciplinary empirical data on seven taxa, five ecosystem serv-
ices, and three measures of agricultural productivity, we assess
trade-offs and cobenefits of land-use decisions at three leverage
points along the trajectory. These trade-offs and cobenefits differ
between leverage points: Two leverage points are situated at the
conversion of old-growth forests and forest fragments to shifting
cultivation and agroforestry, resulting in considerable trade-offs,
especially between endemic biodiversity and agricultural produc-
tivity. Here, interventions enabling smallholders to conserve
forests are necessary. This is urgent since ongoing forest loss
threatens to eliminate these leverage points due to path depen-
dency. The third leverage point allows for the restoration of land
under shifting cultivation through vanilla agroforests and offers
cobenefits between restoration goals and agricultural productivity.
The co-occurring leverage points highlight that conservation and
restoration are simultaneously necessary to avert collapse of multi-
functional mosaic landscapes. Methodologically, the framework
highlights the importance of considering path dependency along
trajectories to achieve sustainable land-system transformations.

agroforestry | conservation | restoration | path dependency | Madagascar

Ecosystem degradation and climate change call for land-
system transformations that improve human well-being and
reverse biodiversity loss through conservation and restoration
(1). Such transformations could be enabled by policies and
interventions that influence land-use decisions in ways that
result in multifunctional land systems that work for people and
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nature (2-4). To study how various land-use types contribute to
biodiversity conservation, ecosystem services, and agricultural
production, scientists commonly compare multiple land-use
types with each other (5). However, such comparisons often fail
to consider which conversions between land-use types are
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realistic and which are unrealistic on policy-relevant timescales
(6). For example, conversions from open land to old-growth
forest are typically not realistic.

Here, we propose a framework that overcomes this problem
by understanding land systems along actually observed land-use
trajectories (Fig. 1, steps 1 to 3). Various land-use types are
organized along distinct stages that may be converted into each
other, following the trajectory downstream. Importantly, the
different stages vary in the number of conversion steps they are
away from the historical land cover (for example old-growth
forest), but may all occur simultaneously in a single landscape.

The framework also allows identifying leverage points for
land-system transformations (Fig. 1, step 4) (7). In this context,
leverage points are entry points along the trajectory where land
uses with realistic conversion potential to other land uses are
situated, offering leverage for interventions that can steer con-
servation and conversion decisions. At each leverage point,
such interventions can be informed by biodiversity, ecosystem
service, and agricultural productivity data (Fig. 1, step 5) that
can be combined to evaluate cobenefits and trade-offs between
the current land system and various conversion options (Fig. 1,
step 6). Furthermore, various leverage points along the land-
use trajectory can be compared, helping to find those promising
the best cost-to-benefit ratio. This trajectory framework also
takes path dependency into account (8). This is because avail-
able leverage points depend on prior decisions, and future
leverage points will be limited by current decisions. Considering
path dependency may also uncover windows of opportunity, as
current decisions influence the leverage points available in the
future.

We apply our framework to a smallholder mosaic landscape
in Madagascar (Fig. 2). In such landscapes, possible leverage
points for land-system transformations exist at deforestation
frontiers, where large swaths of biodiverse old-growth forest can
be conserved (9, 10), as well as within mosaic landscapes, where
smallholders may benefit from increased food security, higher
incomes, and improved resilience to economic and environmen-
tal shocks (3, 11, 12). Madagascar is a biodiversity hotspot (13)

that has lost 44% of its forest cover from 1953 to 2014 (14) with-
out ensuring basic needs for many rural people (15, 16). This
underlines the urgency of a transformation toward sustainable
land systems. Smallholder subsistence agriculture, predominantly
through shifting cultivation, remains the main driver of forest
loss in the northeastern part of the country (17). The region is
also the most important area for vanilla growing globally, with
vanilla providing a livelihood for an estimated 70,000 to 80,000
farmers (18). These smallholders produce vanilla as a cash crop
for the international market and largely rely on family labor
(19). The spice is derived from the orchid Vanilla planifolia
locally farmed in agroforestry systems (20).

We identified the land-use history of the predominant land-
use types of northeastern Madagascar, building on published
literature (17, 21, 22), local knowledge accessed through a
transdisciplinary approach (19), and field experience of our
multidisciplinary research team. By combining the histories of
all land-use types, we revealed a trajectory shaped by shifting
cultivation and various forms of forest transformation. Old-
growth forests (stage 0; historic baseline; Fig. 2) can be burned
for shifting hill rice cultivation (stage 1). Alternatively, old-
growth forests may be fragmented and heavily used for timber
extraction, resulting in forest fragments (stage 1). These frag-
ments can, in turn, be converted to shifting hill rice cultivation
or to forest-derived vanilla agroforests (stage 2). Irrespective of
previous use, hill rice fields are left fallow and usually develop
into woody fallows within a few years (stage 3). Woody fallows
can again be converted, either through an additional cycle of
shifting hill rice cultivation or through the establishment of
fallow-derived vanilla agroforests (stage 4). Vanilla, therefore,
plays a role at two distinct points along the land-use trajectory:
if forest-derived, vanilla agroforestry contributes to forest deg-
radation; if fallow-derived, vanilla agroforestry has the potential
to restore fallow land (23). On this trajectory, we identify three
leverage points at which smallholders make key land-use deci-
sions and where policy interventions may have strong leverage:
old-growth forest, forest fragment, and woody fallow (Fig. 2).
Rice paddies are another prevalent land-use type in the region,
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Fig. 1.

Methodological framework to identify leverage points along land-use trajectories. The framework starts with 1) the identification of relevant

land uses within a mosaic landscape, followed by 2) multidisciplinary research (interviews, surveys, and literature) on the land-use history. With this
knowledge, 3) a land-use trajectory is built, aligning conversions across multiple stages, following the trajectory downstream. Now, 4) multiple leverage
points can be identified, depending on the complexity of the trajectory. Next, 5) data on biodiversity, ecosystem services, and agricultural productivity
of each land-use type is collected. Then, 6) trade-offs and cobenefits of conversion options can be evaluated against the current land use at leverage
points (here, leverage point 2). This knowledge can inform interventions, showcasing which cobenefits can be harnessed and which trade-offs need to be
mitigated under various conservation and conversion options at each leverage point.
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Fig. 2. Hypothesized outcomes for ecosystem services and biodiversity along the predominant land-use trajectory in northeastern Madagascar, with
leverage points 1 to 3. We define leverage points as distinct points along a land-use trajectory, where land users face alternative land-use options with
potentially contrary outcomes. At each leverage point, the current land use could be conserved or converted into one of multiple alternatives, suggesting
strong leverage for interventions targeted to these points. Importantly, we can then evaluate the conversion options against the conservation option
and against each other in terms of ecosystem services, biodiversity, and agricultural productivity. The relative position on the y axis for each land-use type

represents hypothesized outcomes for ecosystem services and biodiversity.

but are not part of the predominant trajectory, as they are
typically established in floodplains and wetlands (20).

To test our methodological framework and hypotheses, we
collected multidisciplinary data on seven taxa (trees, herba-
ceous plants, birds, amphibians, reptiles, butterflies, and ants),
five ecosystem service indicators (above-ground carbon, soil
organic carbon, predation rate, natural product provisioning,
and water regulation), and three parameters of agricultural
productivity (profit per person-day, profit per hectare, and yield
mass per hectare) across the seven predominant land-use types
of northeastern Madagascar (old-growth forest, forest frag-
ment, forest-derived vanilla agroforest, fallow-derived vanilla
agroforest, herbaceous fallow, woody fallow, and rice paddy).
We collected data on seven taxa and three ecosystem services
(above-ground carbon, soil organic carbon, and predation rate)
from 70 plots of all six land-use types that form part of the tra-
jectory, as well as on rice paddy (10 plots per land-use type,
except 20 plots for fallow-derived vanilla). Additionally, we
interviewed 322 households about ecosystem services (water
regulation and natural product provisioning) gained from each
land-use type and followed 109 households through a year-long
longitudinal study to record data on agricultural productivity of
rice paddies, hill rice, and vanilla agroforestry.

We combine these data by calculating (endemic) multidi-
versity and ecosystem service multifunctionality [hereafter
ES-multifunctionality sensu Manning et al., 2018 (24)]. These
combined measures enable us to summarize the ability of each
land-use type to simultaneously host a suite of (endemic) taxa
and to provide multiple ecosystem services into only three
integrated measures. Following the well-established threshold-
based ES-multifunctionality approach (24), we calculate ES-
multifunctionality as the proportion of services crossing a certain
threshold, which we defined as the mean of the top five
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maximum values measured in our study. Similarly, we calculate
(endemic) multidiversity as the proportion of taxa crossing a cer-
tain threshold of the observed maximum (endemic) species rich-
ness. We show results for an intermediate threshold (50%) in
the main text (Figs. 3 and 4) and show results for low (20%) and
high (80%) thresholds in SI Appendix, Fig. S2. Additionally, we
compare the three parameters of agricultural productivity across
the seven land-use types (Fig. 4).

Results and Discussion

While no land-use decision at any leverage point maximizes all
outcome variables, we find cobenefits between ecosystem serv-
ices, biodiversity, and agricultural productivity under conver-
sion of fallow land into fallow-derived vanilla agroforestry.
Trade-offs prevail under forest conversion to shifting hill rice
cultivation. Throughout this section, we refer to higher species
richness, greater ecosystem service supply, and better agricul-
tural productivity as desirable outcomes.

Leverage Point 1: Trade-Offs in Old-Growth Forest Conservation.
Our results reveal that the conversion of old-growth forests in
northeastern Madagascar is associated with a marked loss of
plot-level species richness of most taxa (except for butterflies
and herbaceous plants) and a 2.6-times-higher loss of endemic
species richness across all taxa evaluated, highlighting the lever-
age for biodiversity conservation at this point on the trajectory
(Figs. 3 and 4). These stronger losses for endemic species indi-
cate that endemic species are more negatively affected by land-
use change than nonendemic species (25). Our finding also
underlines the need to protect the last remaining old-growth
forests in Madagascar (26), a conclusion that would likely be
strengthened by the inclusion of biodiversity variables at
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Fig. 3. Comparison of biodiversity, endemic biodiversity, and ecosystem services at leverage points 1 to 3 along the predominant land-use trajectory of
northeastern Madagascar. Leverage point 1: conserving old-growth forest is necessary to retain many endemic taxa and ecosystem services. Conversion to
shifting hill rice cultivation has overall stronger negative effects than conversion to forest fragments. Leverage point 2: conserving forest fragments is
important to retain biodiversity and ecosystem services, but the lack of agricultural productivity encourages their conversion. After conversion, forest-
derived agroforests outperform shifting hill rice cultivation across variables. Leverage point 3: cobenefits are possible under conversion of fallow land to
fallow-derived vanilla agroforestry, given stable multidiversity and ES-multifunctionality and a strong increase in profitability. Dots and lines (mean and
95% Cl) represent proportional deviation in biodiversity or ecosystem services resulting from land-use conversion. If the 95% Cl does not include zero,
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in biodiversity or ecosystem services when compared with old-growth forest, forest fragments, or woody fallow.

broader temporal and spatial scales (such as beta diversity,
gamma diversity, and extinction debts).

Losses of biodiversity are particularly strong when old-
growth forests enter the shifting cultivation cycle for hill rice
production—i.e., when they are cleared under the use of fire
(Figs. 3 and 4). Here, multidiversity drops by 58% and endemic
multidiversity by 97%. The fragmentation into forest fragments
and the extraction of timber and other natural products also
result in a loss of (endemic) species, but to a lesser extent,
reducing multidiversity by 36% and endemic multidiversity by
48%. Our assessment of leverage point 1 shows, however, the
considerable benefits that smallholders gain from old-growth
forest conversion. Hill rice cultivation has average yields of
1,082 kg-ha '.y~! (referring to a year farmed not including
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fallow periods; vs. 2,692 kg-ha 'y ™! in rice paddy) and gener-

ates profits of $51 ha 'y~ and $1.60 person-day ' (referring
to a year farmed not including fallow periods; vs. $751 ha='.y—!
and $21 person-day ' in rice paddy). Most importantly, how-
ever, shifting hill rice cultivation is essential to satisfy subsis-
tence needs, particularly for poorer households who own little
or no paddy rice (19), thus contributing to local food security
(15). These findings are in line with recent research from north-
eastern Madagascar, which has demonstrated trade-offs
between global demands—such as biodiversity conservation—
and local needs—such as food-crop production (27).
Old-growth forest conversion offers clear individual benefits,
so smallholders need clear economic alternatives to forest con-
version or need to be compensated for losses they experience
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20% and 80% thresholds are displayed in S/ Appendix, Fig. S2. Multidiversity and ES-multifunctionality are positively correlated (S/ Appendix, Fig. S3).

under strict forest protection. These opportunity costs for
restricted forest use and conversion are estimated at 27 to 84%
of total annual income for median-income households (28) at
the forest frontier in eastern Madagascar.

Leverage Point 2: Conserving Forest Fragments and Favoring Forest-
Derived Agroforestry over Shifting Cultivation. Comparing out-
comes under the conversion of forest fragments to shifting hill
rice cultivation at leverage point 2 shows that conserving forest
fragments benefits (endemic) biodiversity and ecosystem serv-
ices (Figs. 3 and 4). Specifically, multidiversity drops by 34%
under this conversion, with endemic species particularly
affected (ranging from —100% for trees to —19% for butter-
flies; —94% for endemic multidiversity). These results underpin
past research (29) on the high value of rapidly vanishing tropi-
cal forest fragments (9) for biodiversity and ecosystem services.
However, the conversion of forest fragments to forest-derived
vanilla agroforestry, where understory trees and shrubs are
used as support structures for the vanilla vines while most of
the canopy stays intact, does not cause significant change for
many taxa and ecosystem services of forest fragments (6%
increase in multidiversity and 3% decrease in endemic multidi-
versity; both with CIs overlapping zero). This slight increase in
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overall species richness is mostly due to nonendemic herba-
ceous plants, birds, butterflies, and ants that are more species-
rich in forest-derived agroforests (30-32).

The high profitability of vanilla farming, both per person-day
and per hectare (Fig. 4), strongly incentivizes the conversion of
forest fragments into forest-derived vanilla agroforests. Indeed,
profits generated through vanilla farming can be remarkable
under high vanilla prices, as observed between 2014 and 2019:
forest-derived vanilla agroforests bear mean profits of $5,250
ha—'.y~! and $16 person-day'. Under these conditions, forest-
derived agroforestry established inside (already degraded) for-
est fragments appears justifiable as an alternative to shifting
cultivation in terms of biodiversity, ecosystem services, and
profits. This is further supported by a chronosequence within
vanilla agroforests (23). The study shows increasing canopy
cover in forest-derived vanilla agroforests over time, suggesting
that forest-derived agroforests may sustain trees also in the
long run.

Leverage Point 3: Cobenefits under the Conversion of Fallow Land
into Fallow-Derived Vanilla Agroforests. The third leverage point
along the trajectory occurs on fallow land. Fallows form part of
the shifting cultivation cycle (22) succeeding crop cultivation.

PNAS | 50f9
https://doi.org/10.1073/pnas.2107747119

SUSTAINABILITY

SCIENCE

ECOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107747119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107747119/-/DCSupplemental

Smallholders who own fallow land essentially face three
options. First, they may keep the land under shifting cultivation
by initiating another rice-cultivation cycle through slash-and-
burn. This is associated with a short-term loss of biodiversity
(—12% multidiversity and —82% endemic multidiversity) before
fallow vegetation recovers (Figs. 3 and 4). Importantly, this recov-
ery only happens if the land stays fallow for several years prior to
this cycle of shifting cultivation (22). Otherwise, the land may
enter a degradation cycle associated with nonnative plants and a
loss of soil fertility (22, 33). A shortening of fallow periods can,
however, be observed in eastern Madagascar as land becomes
scarce (33) and, in part, degraded (22).

The transformation of fallow land to fallow-derived vanilla
agroforests represents the second option. This conversion is asso-
ciated with strong gains in profitability (to $7,684 ha~'.y~' and
$25 person-day ') and stable or moderately increasing plot-level
species richness (ranging between —9% for birds and +25% for
trees), including endemic multidiversity (raising from 0.03 in
woody fallows to 0.17 in fallow-derived vanilla agroforests; Figs. 3
and 4). Similarly, fallow-derived agroforests also feature levels of
ecosystem services that are not significantly different to fallow
land (—16% ES-multifunctionality), but significantly higher than
hill rice (+153% ES-multifunctionality). We thereby show that
the restoration of fallow land through vanilla agroforestry is a
win-win-win opportunity to simultaneously achieve positive out-
comes for biodiversity, ecosystem services, and agricultural pro-
ductivity. Many of these benefits, such as carbon storage (34), are
likely accumulating over time, further underlining the advantages
of fallow-derived vanilla agroforestry.

Despite likely benefits, various factors may inhibit smallholders
from converting their fallow land into vanilla agroforests. There
are the benefits of fallow land—namely, as a land resource for
future shifting hill rice cultivation and as a source of natural
products (such as firewood or medicinal plants). But problems
associated with vanilla growing may also hinder vanilla agroforest
establishment: firstly, labor input for vanilla is high (19), necessi-
tating hired labor or the reduction of other farming activities
(35), such as rice cultivation, under the expansion of vanilla agro-
forestry. Secondly, vanilla yields only 3 y after planting (36),
thereby creating a time lag between resource investment and
pay-off. Thirdly, vanilla prices fluctuate strongly (19), making a
specialization on vanilla farming risky and undesirable (35), a cir-
cumstance that is worsened by prevalent vanilla theft (37).
Fourthly, sustainability certification schemes (e.g., Rainforest
Alliance or Organic) require diverse and native shade-tree cover,
a criterion that may be more difficult to meet in fallow-derived
agroforestry compared to forest-derived agroforestry [see Martin
et al., 2020 (6) for an extended discussion of the topic]. Interven-
tions that aim at increasing smallholder fallow-derived vanilla
agroforestry should thus focus on smallholders who currently
struggle to establish high-yielding agroforestry systems due to the
competing labor demand with shifting hill rice cultivation. For
those farmers, food or cash aid for the 3 y until the first vanilla
yields could act as a catalyst enabling vanilla cash cropping in
addition to subsistence agriculture.

The third possible land-use option for smallholders owning
fallow land is to stop shifting cultivation and allow secondary
forest to regenerate. However, secondary forests are extremely
rare in eastern Madagascar (38), the reason for which they do
not form part of our land-use trajectory. The lack of secondary
forests may be due to accidental fire escapes (22, 39), depleted
seed banks, invasive plants (22), land scarcity, limited land
tenure (40), and the absence of targeted policies (9).

Despite a common perception of fallows as wasteland among
researchers and policymakers (41), our analysis highlights fal-
low land conversion as a prime leverage point for achieving
positive outcomes for people and nature. It may thus be advan-
tageous to focus policy interventions on leverage point 1, where
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old-growth forest can be conserved, and on leverage point 3,
where cobenefits may be realized. Here, conceptualizing the
landscape along the trajectory was key to understanding and
analyzing realistic land-use options and therefore likely trade-
offs and cobenefits.

Policy Recommendations Informed by Leverage Points. From the
analysis of three leverage points along the predominant land-
use trajectory of northeastern Madagascar, we derive four
key policy recommendations. Firstly, the paramount role of
old-growth forest in maintaining (endemic) biodiversity and
ecosystem services requires strict protection of the remaining
contiguous forests (Figs. 3 and 4). However, apparent trade-
offs between old-growth forest conservation and agricultural
production (Fig. 4) confirm the importance of considering
smallholder livelihoods in land-use policies (42). Secondly,
fallow-derived vanilla agroforestry should be favored over
forest-derived agroforestry, given cobenefits between ecosystem
services, biodiversity, and agricultural productivity (Figs. 3
and 4). Thirdly, forest-derived agroforestry should only be
encouraged as an alternative to complete deforestation of for-
est fragments and should play no role in old-growth forest deg-
radation. Fourthly, while shifting hill rice cultivation may not
be economically profitable at first sight (Fig. 4), its contribution
to local food security (15) and natural product provisioning is
considerable. This is mainly because households relying on hill
rice are, on average, poorer and may lack the means to invest
in land preparation and irrigation, even if suitable land for
paddy rice cultivation would be available (19). This illustrates
the motivations for shifting cultivation, despite low yields.

Interventions should thus encourage more sustainable small-
holder subsistence agriculture also on land not suitable for
paddy rice cultivation, potentially including shifting cultivation
with long fallow periods that sustain yields in the long term
(22). However, disadvantaged households depend heavily on
shifting hill rice cultivation and are often forced to apply short
fallow periods. Sustainable smallholder agriculture may only be
possible if disadvantaged households are empowered—for
example, through training, credit, or land tenure—to establish
productive vanilla agroforestry and rice paddies. Such rice pad-
dies have higher yields and higher profits than shifting hill rice
cultivation, but have limited value for ecosystem services and
biodiversity (Fig. 3). Importantly, implementing these interven-
tions will rely on close collaborations between various local and
global actors (42).

Our framework provides a basis for future research, with
three promising avenues. Firstly, our approach could be refined
by data on currently unmeasured, but potentially important,
ecosystem services—for example, climate regulation, erosion
control, soil fertility, pollination, or cultural value. Secondly,
analysis across spatial scales could highlight the relationships
between ecosystem services, biodiversity, and agricultural pro-
ductivity from local to landscape scales (43). Thirdly, elucidat-
ing stakeholder preferences about future landscape trajectories
(24) would generate target knowledge that could further
inform interventions at multiple leverage points. This could
help to ensure that conservation and restoration interventions
are locally desired (42), likely improving their efficacy and
permanence.

Broader Applications: Land-Use Trajectories as a Tool to Identify
Leverage Points in Land Systems. We demonstrate that the con-
ceptualization of landscapes along land-use trajectories, and the
associated path dependency, offers the opportunity to identify
multiple leverage points, which each have distinct land-use
options and outcomes (Fig. 2). These can then be evaluated in
terms of any given indicator; in our case, these are biodiversity,
ecosystem services, and agricultural productivity (Figs. 3 and 4).
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Our framework may be particularly useful in diverse and dynamic
mosaic landscapes, where many different land uses coexist. Here,
the occurrence of multiple land-use types may lead to overall
higher multifunctionality of mosaic landscapes compared to sim-
plified ones (3), so maintaining land-use diversity is important.
The multiple, simultaneously occurring leverage points in such
landscapes suggest that a suite of interventions specific to each
leverage point may be ideal. Importantly, these interventions may
either work on the conservation side—for example, in old-growth
forest conservation—or on the conversion side—for instance, by
promoting restorative agroforestry on shifting cultivation fallows.
If successfully implemented, this would lead to a forest transition
(44) with increasing landscape-scale tree cover. In this light, our
methodological framework can also inform large-scale forest-res-
toration activities by considering previous land use, as well as
current biodiversity, ecosystem service supply, and agricultural
productivity of target areas.

Focusing on realistic land conversions along land-use trajec-
tories, instead of just comparing all different land-use types
(5, 11), further avoids evaluating theoretical contrasts between
land-use types that, due to path dependency, cannot be converted
into each other. For example, dozens of studies contrast forest-
derived agroforests to open land, reporting higher biodiversity
and ecosystem services in forest-derived agroforests (6). How-
ever, such agroforests cannot be established on open land over
policy-relevant timescales, so comparing them to open land may
lead to inapplicable or even misleading policy recommendations.

The strong path dependency revealed in our case study also
implies that windows of opportunity close as leverage points
become inaccessible due to current decisions, limiting the scope
of interventions in the future. For example, in the study region
in northeastern Madagascar, remnant forest fragments within
the mosaic landscape are disappearing quickly (9), indicating
that the window of opportunity for forest fragment conserva-
tion is closing. This suggests that, if faced with resource
limitations, nongovernmental organizations and state actors
may better concentrate on forest conservation. Nonetheless,
restoration activities through agroforestry (6) or payments for
ecosystem services (45) could improve livelihoods, which is a
prerequisite for forest conservation (28). This highlights again
that multiple leverage points need to be addressed in concert.

We conclude that identifying and analyzing leverage points
along land-use trajectories can, firstly, focus the lens of
researchers to ensure that realistic land-use options are evalu-
ated, leading to more applicable research findings. Secondly,
the approach enables the quantification of trade-offs and cobe-
nefits of various conservation and conversion options at each
leverage point, elucidating the motivations of land users to
make certain decisions, as well as the consequences these deci-
sions have for biodiversity and ecosystem services. Thirdly, by
comparing various leverage points, policymakers aiming at
landscape-scale conservation and restoration can focus on
those leverage points that promise desired outcomes or those
that promise the best cost-to-benefit ratio.

Materials and Methods

Study Region. Our study was based in the central part of the Sambava, Ant-
alaha, Vohemar, and Andapa (SAVA) region in northeastern Madagascar
(map in SI Appendix, Fig. S1), a global biodiversity hotspot (13). The area has
retained more forest than any other part of the eastern Madagascar rainforest
biome, but also suffers from ongoing forest loss (9, 14), mainly due to shifting
hill rice cultivation practiced by smallholders (17). The SAVA region is also the
historic and current center of global vanilla production (19), producing the
majority of Madagascar's 40% share of the world market (46). A recent price
boom for vanilla (19) has led to an expansion of vanilla agroforests (21) and
has contributed to the development of the region relative to other regions of
Madagascar [Human Development Index of 0.57 for 2018, third-highest
among the 22 Malagasy regions (16)].
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Study Design: Biodiversity and Ecosystem Service Indicators. \We sampled data
on biodiversity and ecosystem services in a replicated, plot-based, space-for-
time design spanning 80 circular plots of 25-m radius (1,963.5 m?). We sampled
the most prevalent land-use types of the study region. These are old-growth
forest (inside Marojejy National Park), forest fragments, forest-derived vanilla
agroforests, hill rice, woody fallow, fallow-derived vanilla agroforests, and rice
paddy (S/ Appendix for more details, Fig. 2 for example photos and the land-
use trajectory, and S/ Appendix, Fig. S1 for a map of the study region, the
old-growth forest sites, and the villages).

Biodiversity. We collected all biodiversity data between October 2017 and
February 2019. We did so on all 80 plots, except for the tree data, which we
collected on all land-use types with tree presence (i.e., all but hill rice and rice
paddy, for which we set tree species richness to zero; n = 20 plots), except for
two fallow-derived vanilla agroforest plots, where we were denied plot access
(47). For data analysis, we used total (endemic) species richness per taxa per
plot as input data. Endemism categorization sources are available in S/
Appendix, Table S1.

We inventoried all trees with free-standing stems with >8 cm of diameter
at breast height, including arborescent palms, herbs, and tree ferns, but
excluding lianas (47). Based on field characteristics and collected herbarium
material, we identified all trees to species or morphospecies level. We sampled
herbaceous plants within eight 4-m? subplots per plot (32). In each subplot,
we assessed all vascular plant species that did not have apparent wood at
maturity. Based on field characteristics and collected herbarium material, we
identified all herbaceous plants to species or morphospecies level. We counted
birds during dry and low-wind conditions at two 40-min point counts per plot
conducted at two points in time (30). We excluded observations in flight and
outside the plot. We sampled amphibians and reptiles during three diurnal
and three nocturnal time-standardized search walks of 45 min by two observ-
ers in each plot (48), covering both the wettest and driest seasons. Upon
encountering an individual, we stopped the standardized search time and
identified the individual to species level. For individuals where morphological
identification proved difficult, we took DNA samples that we used to deter-
mine the species. We sampled butterflies with fruit trapping and time-
standardized netting. We baited eight fruit traps (cylindrical nets) with
fermented bananas and deployed them for 24 h. During the time-
standardized netting, we caught butterflies for 30 min while walking at a
slow and steady speed in a zig-zag line from plot edge to plot center to cover
the plot area equally and interrupted the 30-min search time when handling
butterflies. We only performed time-standardized netting in dry and non-
windy conditions, either in the morning (8:00 to 12:00) or afternoon (13:00 to
17:00). Irrespective of the sampling method, we collected all captured butter-
flies, dried them, and took them to the laboratory for identification (moths
excluded). We sampled ants with five bait (sardine and sugar) and five pitfall
traps (31). We left pitfalls open for 48 h, but retrieved bait traps 30 min after
installation. We preserved ant specimens in a tube with 70% alcohol for
further identification. We identified ant specimens to (morpho-) species level.

Ecosystem Service Indicators. We estimated above-ground carbon stocks
(Mg-ha™") based on above-ground biomass values derived from the tree-
inventory data (34). To calculate these, we used the pantropical allometric
model with diameter at breast height, tree height, and wood density as input
data (S/ Appendix). To measure soil organic carbon concentration, we took
two mixed soil samples at 0- to 15-cm depth per plot using a soil corer and fol-
lowed established laboratory methods (S/ Appendix). We assessed predation
rates using artificial caterpillars made from plasticine (49). We deployed the
dummy caterpillars for 48 h in the plots and calculated predation rates for
each plot based on the ratio of dummies that were attacked by predators to
the number of dummies that remained untouched.

We interviewed 322 households in 10 villages (S/ Appendix, Fig. S1) to
quantify perceived ecosystem services (natural products and water regula-
tion). We interviewed mainly randomly selected households that participated
in our baseline study [233 of 322 (19)]. To assess natural product use, we first
asked the head of each household if they had access to each land-use type
(same land-use types as for plots, except for vanilla, which we did not separate
into fallow- and forest-derived for these interviews). We then asked the
respondent to name all natural products (charcoal, firewood, plants for con-
struction, weaving materials, lianas for string making, livestock fodder, wild
food, honey, and medicinal plants) they gained from each land-use type. We
then derived a single measure for all natural products by summing up the
number of different products derived from each land-use type in each village
and divided the sum by the number of households that had access to that
land-use type. To assess perceived water-regulation services, we considered
all responses related to water (water retention, water infiltration, and
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interception of precipitation), as we expected these values to vary between
land-use types (50). Because these water-regulation services were not access-
related, we divided the number of people who cited water-regulation services
from each land-use type by the number of households interviewed in that vil-
lage. The resulting value is thus the proportion of people interviewed who
perceived to gain water-regulation services from a particular land-use type.

Agricultural Productivity: Profitability and Yields. We calculated three param-
eters of agricultural productivity: 1) yield in kilograms per hectare, 2) profit
per hectare, and 3) profit per person-day from a longitudinal study (October
2017 through October 2018), a recall study (October 2018 through March
2019), and a baseline study. We calculated profit as the difference between
gross income and total costs over 1y, where gross income was yield (kilo-
grams) multiplied by the median farmgate price surveyed (Malagasy ariary
[MGA] 165,000 kg~ for green vanilla pods and MGA 1,300 kg~ for brown
rice). Costs included values of seeds, fertilizers, and pesticides used; hired labor
wages; in-kind costs for labor; other cash costs directly related to production;
and depreciation of materials. We did not include nonpaid labor (family labor
and exchange labor) as costs, but calculated profit per person-day by dividing
profit by nonpaid labor and similarly calculated profit per hectare by dividing
profit by field size. To make the profit calculations more accessible, we con-
verted the profits from MGA to dollars using an exchange rate of MGA 3,333
to $1. See SI Appendix for details.

Multidiversity, Endemic Multidiversity, and ES-Multifunctionality. We calcu-
lated (endemic) multidiversity and ES-multifunctionality to unify multiple indi-
cators for biodiversity, endemic biodiversity, and ecosystem services into a single
value. We computed multidiversity and endemic multidiversity for each land-
use type based on raw plot-level species-richness data of seven taxonomic
groups (trees, herbaceous plants, birds, amphibians, reptiles, butterflies, and
ants) covering plants, vertebrates, and invertebrates. For calculating endemic
biodiversity, we included only species classified as endemic to the country of
Madagascar (S/ Appendix, Table S1 for endemism sources for all taxa). We calcu-
lated ES-multifunctionality for each land-use type by combining three ecosys-
tem services (above-ground carbon, soil organic carbon, and predation rate)
measured on the plot level and two ecosystem services (natural product provi-
sioning and water regulation) assessed through interviews at the village level.
To connect these data, we linked each measured ecosystem service to the corre-
sponding land-use type in each village. For example, we linked the perceived
value for water-regulation service of forest fragments in a village to the forest-
fragment plot of the same village. For the 10 old-growth forest plots that are
by design not situated in a village, we randomly associated each plot to one of
the perceived ecosystem service values from one of the 10 villages. Compared
to alternative approaches of ES-multifunctionality calculation (24), our
approach allowed us to derive a single measure of ES-multifunctionality that
considers multiple services from local to landscape scales. By including only a sin-
gle indicator from each underlying dataset (e.g., only one soil variable), we pro-
vide a more robust measure of ES-multifunctionality (51).

We calculated multidiversity, endemic multidiversity, and ES-multifunctionality
using a thresholding approach (24). The basic idea behind this approach is that
to fulfill a function or service, a taxon or function needs to occur to a sufficient
extent to provide that service. Multidiversity or ES-multifunctionality is then
expressed as the proportion of functions or taxonomic groups that exceed an a
priori defined threshold, as compared with the maximum reached performance
level (24). To circumvent the definition of an arbitrary threshold, researchers
often use a multithreshold approach, running the analysis for various thresholds
between 0% and 100% (24). Here, we computed multidiversity and
ES-multifunctionality at the 20%, 50%, and 80% threshold, but chose to display
the 50% threshold result in the main text (Fig. 3). We did this since diversity
effects on ecosystem functioning peak at the 50% threshold (52). However, we
display the results at the 20% and 80% thresholds in S/ Appendix, Fig. S2. To
operationalize this approach, we calculated the maximum reached perfor-
mance level as the average of the 5 highest recorded values across all 80 plots,
allowing us to reduce the influence of potential outliers. Importantly, the five
highest recorded values were not limited to a single land-use type, so the aver-
age of the five highest recorded values may stem from, for example, three old-
growth forest and two forest-fragment plots. Furthermore, the plots with the
five highest recorded values may differ between multidiversity, endemic multi-
diversity, and ES-multifunctionality. We then calculated how many evaluated
taxa and ecosystem functions reached the threshold on each plot, resulting in
three values per plot (multidiversity, endemic multidiversity, and ES-multifunc-
tionality). For instance, in a plot that reached a multidiversity value of 0.75 at
the 50% threshold, 75% of all evaluated taxa reached a minimum of 50% of
species richness compared to the average of the five plots of any land-use type
with most species of that taxa. These calculations follow Grass et al., 2020 (11).
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Assessment of Leverage Points and Trade-Offs with Agricultural Productivity.
We identified three leverage points along the land-use trajectory (Fig. 2), i.e.,
points at which policy interventions may have large leverage for more sustain-
able outcomes since land users face conservation and conversion options with
contrary outcomes. Importantly, the three leverage points exist at the same
point in time due to various current land-use types that are placed at different
stages along the trajectory. On our land-use trajectory, each leverage point
has three possible outcomes: conservation of the present state and two con-
version options. Therefore, decisions at each leverage point can result in vastly
different outcomes, highlighting the leverage that interventions at these
points may have. The frequency at which each leverage point occurs may vary
through time: as old-growth forest vanishes, leverage point 1, where old-
growth forest is at risk for being converted, will become less common, signify-
ing a closing window of opportunity.

We investigated multiple taxa and ecosystem services at each leverage point
to comprehensively assess trade-offs and cobenefits (Fig. 3). For each taxon or
ecosystem service, we considered the difference to the current land use as the
outcome of a land-use decision. We thus calculated the proportional deviation
and 95% adjusted bootstrap Cls as follows:

Conversion option — Current land use

Proportional deviation = —_
Current land use

Conversion option is the value of biodiversity or ecosystem functioning in the
conversion option, and Current land use is the mean of the biodiversity or
ecosystem functioning under the conservation option associated with each
leverage point, i.e., old-growth forest, forest fragment, or woody fallow. Val-
ues of —1 thus indicate a 100% decrease (complete loss), and values of 1 indi-
cate a 100% increase in biodiversity or ecosystem functioning compared to
the current land use—that is, old-growth forest at leverage point 1, forest
fragment at leverage point 2, or woody fallow at leverage point 3. We then
calculated 95% Cls of the proportional deviation using 10,000 bootstrap repli-
cates [R-package boot (53), adjusted percentile bootstrap (bca-type)l. If the
95% ClI did not include zero, this indicated significant differences between the
conversion option and the current stage.

To compare multidiversity, endemic multidiversity, and ES-multifunctionality
along the land-use trajectory (Fig. 4 A-C), we calculated means and 95%
adjusted bootstrap Cls (Cl type “bca”) of the variable for each land-use type at
the corresponding stage (stage 0 to 4) as implemented in the R-package boot
(53) with 10,000 bootstrap replicates. Two land-use types along the trajectory
are considered to be different in terms of multidiversity, endemic multidiversity,
and multifunctionality when their 95% Cls do not overlap.

To visualize multidiversity, endemic multidiversity, ES-multifunctionality,
and individual measures of agricultural productivity per land-use type (Fig.
4D), we standardized all variables to a common scale by subtracting the mean
value of the variable across all land-use types and dividing through the SD of
the variable across all land-use types:

. Value — Value
Standardized value = Standard deviation(Value)

We then calculated the mean for each variable for each land-use type (Fig. 4)
to provide an overview across the seven land-use types. We processed all data
in R (version 3.6.2) (54).

Data Availability. The data and code to reproduce the figures are available on
Zenodo (https:/doi.org/10.5281/zenodo.5554864).
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