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Executive Summary

Socioeconomic and environmental changes are likely to drive shifts in the distribution of global
agriculture, resulting in large-scale abandonment of croplands. Abandonment is driven by
ecological, socioeconomic, and climatic factors that vary considerably by region. Without
strategic management, abandonment can cause soil erosion, inhibit nutrient cycling, increase
wildfire risk, threaten local food security, and negatively impact species adapted to human
agricultural landscapes.

However, abandoned lands can also be reforested or rewilded, though the optimal environmental
outcomes generally require incentives for land managers. If managed strategically, the rewilding of
abandoned lands can serve as a powerful natural climate solution, as revegetation sequesters
carbon in the form of plant biomass. Moreover, allowing abandoned land to reforest can preserve
biodiversity in some regions, including in the tropics.

Patterns of future cropland abandonment, as well as strategies for making use of abandoned
lands, are not well-researched. Understanding where and to what extent cropland abandonment
will occur can inform conservation planning. The first stage of this project examines where
croplands are projected to be abandoned globally under various climate change scenarios using
future global land cover data. These projections are then overlaid with spatially explicit carbon
sequestration potential and biodiversity data. We find that cropland abandonment will be
widespread in 2050, but the amount and location of abandoned croplands vary by climate
scenario. Projected abandoned croplands consistently overlap with areas of high importance to
biodiversity and carbon sequestration, highlighting where these abandoned lands can offer
valuable conservation opportunities.

The next stage of the analysis focuses on Brazil. Brazil is home to 13% of the world’s biota and
has immense potential for carbon sequestration, making its abandoned lands essential for
climate change mitigation and biodiversity preservation. We conduct an optimization analysis to
identify regions of Brazil where projected abandoned lands can be managed on a given budget
to maximize benefits for biodiversity and carbon sequestration. Our findings indicate that while
patterns of cropland abandonment are highly regional, conservation goals can be met by
leveraging abandoned lands and local restoration efforts.

Ultimately, understanding where and to what extent cropland abandonment will occur in the
future is crucial for informed conservation strategies and land use planning. Through our
research, we hope to inform effective policies and management strategies that balance the need
for agricultural production with goals for climate change mitigation and biodiversity preservation.



Objectives

This analysis projects cropland abandonment and highlights regions where the natural or
assisted recovery of abandoned land can sequester carbon and enhance biodiversity. The
science-based recommendations produced through this project can inform conservation and
policy investments that best use available resources to restore abandoned croplands while
maximizing social and environmental benefits.

This project supports Conservation International in setting global priorities for conservation
investment by completing the following objectives:

1. Generate global projections of abandoned cropland under different climate scenarios in
the near future to investigate the impact of abandonment on biodiversity and carbon
sequestration.

2. Within projected abandoned cropland in Brazil, identify regions where the conservation
of abandoned land can generate the highest benefits to biodiversity and carbon
sequestration.

3. Identify and evaluate policies to maximize benefits from the active restoration of
projected abandoned croplands.

Project Significance

In the 21st century, population growth and global warming are projected to drive large-scale
land use change, altering the distribution of croplands across the planet. Degraded, less
productive croplands are expected to be abandoned, while higher-quality parcels will be
cultivated more intensely (Stoate et al., 2009). Abandonment is driven by socioeconomic and
environmental factors that render agriculture unsustainable and no longer economically viable
on certain lands (Li & Li, 2017).

However, if managed strategically, these abandoned lands can offer numerous environmental
benefits. Abandoned lands hold significant potential for carbon sequestration and climate
change mitigation (Bell et al., 2020). Additionally, they can recover habitat that supports species
richness and biodiversity (Queiroz et al., 2014). Finally, reverting former croplands to natural
states can improve ecosystem services that directly benefit local communities (Quintas-Soriano
et al, 2022).

While historical patterns of cropland abandonment are well documented, more research needs
to be conducted on future abandonment trends and the influence of climate change on
abandonment. Additionally, most research on abandoned cropland management explores
methods to recultivate the land with little research on the potential benefits of rewilding the
land (Navarro and Pereira, 2015).

This project with Conservation International (Cl)—a global nonprofit dedicated to natural climate



solutions, biodiversity, and human well-being—investigates how abandoned croplands can be
managed to promote carbon sequestration and biodiversity worldwide. We employ a
prioritization analysis to illustrate how abandoned croplands may be strategically protected at
the national and ecoregion scales to maximize future benefits to carbon sequestration and
biodiversity. Ultimately, this project contributes to the growing body of research that attempts to
unlock the conservation potential of land abandonment (Corbelle-Rico et al., 2022; Du et al.,
2019; Fayet et al., 2022b).

This research will directly support the UCSB-CI Climate Solutions Collaborative project, Spatial
Planning for Area Conservation, Land Use, and Energy in Response to Climate Change.
UCSB-CI aims to identify where strategic land allocation for area-based conservation,
agriculture, and energy can support humans and biodiversity in a warming world.
Understanding where cropland abandonment will occur and where it will overlap with areas of
high environmental importance will support conservation and land use planning. Cl will share
results with national-level planners to support programmatic decision-making.



1. Introduction

1.1 Background

Agriculture dominates global land use, with pastures and cropland covering 26% and 12% of
ice-free terrestrial areas, respectively (Foley et al., 2011). While economically productive farmland
has trended towards intensification, several economic, social, geological, and cultural drivers
have resulted in other agricultural lands being abandoned (Beilin et al., 2014). Globally, the area
of abandoned agricultural land that has not been restored or developed is estimated at 385
million to 472 million hectares, a larger land area than India (Yang et al., 2020). This
phenomenon of abandonment has been observed extensively in Europe (Keenleyside & Tucker,
2010), Latin America (Munroe et al., 2013), Asia (Subedi et al., 2022), Africa (Leal Filho et al.,
2017), and North America (Meyfroidt & Lambin, 2011).

Land abandonment has mixed environmental and socioeconomic impacts. On the one hand,
abandoned land can lead to the loss of soil nutrients and the release of soil carbon into the
atmosphere (Yang et al., 2020). Abandoned land is also vulnerable to soil erosion, lower water
availability, and increased wildfire risk (Estel et al., 2015). In dry regions, the revegetation of
abandoned lands can also reduce soil water content and river flows as plant biomass consumes
a limited water supply (Ustaoglu & Collier, 2018). Moreover, abandonment on low-intensity and
historic farmland can negatively affect local biodiversity adapted to human-managed landscapes
and open spaces (Beilin et al., 2014). The loss of farmland can also harm food security and
livelihoods in rural, low-income communities (Khanal & Watanabe, 2006).

However, abandoned land can be strategically managed to benefit nearby human and
ecological communities. Abandoned land can function as a carbon sink if native vegetation
recovers and through regenerative agricultural practices that capture and store atmospheric
carbon in the soil (Yang et al., 2020). Restoring abandoned farmland can also enhance
biodiversity and promote habitat connectivity, nutrient cycling, soil recovery, and water retention,
ultimately providing local communities with key ecosystem services that can improve human
well-being (J. Benayas et al., 2007).

1.2 Drivers

Many factors contribute to agricultural abandonment, ranging from geological constraints to
economic and social pressures (Terres et al., 2015). Drivers also vary depending on location
(Beilin et al., 2014). Differences in terrain, along with social, economic, and cultural factors result
in significant regional variation in the drivers of abandonment (Osawa et al., 2016). Scholars
identify differing numbers of drivers that contribute to abandonment, but these drivers can
generally be split into three categories: socio-economic, ecological, and land mismanagement (J.
Benayas et al., 2007).



1.2.1 Socio-Economic Drivers

One major socio-economic driver of agricultural abandonment is the migration of rural
populations into urban centers due to industrialization and urbanization (Leal Filho et al., 2017).
Economic conditions have led workers to relocate away from rural areas in search of
manufacturing and service industry jobs, reducing the agricultural labor force in many countries
(Diaz et al., 2011; Li & Li, 2017; Ustaoglu & Collier, 2018).

Other socio-economic factors driving land abandonment include declines in market prices for
crops due to shifting demand and foreign-trade developments (Li & Li, 2017), agricultural policies
and land management systems (Ustaoglu & Collier, 2018), and agricultural intensification and
commercialization (van Vliet et al., 2015). Lower crop prices and higher input costs drive
abandonment in some regions as farmers give up their land in search of more profitable
endeavors (Prishchepov et al., 2021).

1.2.2 Ecological/Geographic Drivers

Ecological and geographic characteristics of the land are important factors contributing to
abandonment. Agricultural activity tends to continue on the parcels that generate high yields,
while abandonment occurs on marginal lands with lower-quality soils (Grau & Aide, 2008).
Regional case studies provide useful insights into commonalities between abandoned
agricultural lands. In Nepal, farmland was abandoned primarily in less fertile areas, further from
villages and population centers, and closer to forested areas (Paudel et al., 2014). In Europe,
spatial land use models predicted that agricultural lands will be abandoned in high-latitude
regions such as Finland and Sweden, as well as in mountainous and hilly areas in the Alps
(Keenleyside & Tucker, 2010). Other studies have also highlighted topography and parcel
isolation as key determinants of where abandonment occurs, with mountainous regions, sloped
parcels, and more isolated farmlands experiencing higher abandonment rates (Miiller et al.,
2009). Water stress and drought are other important causes of abandonment (Terres et al.,
2015). Climate change can exacerbate these conditions in certain regions, as declines in
precipitation in the Mediterranean regions have contributed to the abandonment of cereal
cropland and pastures (Lasanta et al., 2017).

1.2.3 Land Mismanagement

The mismanagement of agricultural land can also be a driver for abandonment. Overexploitation
and unsustainable farming practices can result in a loss of productivity, soil degradation, erosion,
and flooding, ultimately leading to abandonment (J. Benayas et al., 2007). Mismanagement of
soil and unsustainable agricultural practices can result in high rates of soil erosion, which can
eventually result in desertification, especially in arid regions (MacDonald et al., 2000). In Central
and Eastern Europe, soil degradation due to intensive agriculture and a gradual water shortage
due to heavy irrigation are critical drivers of abandonment (Lasanta et al., 2017). Moreover, global
economic and political pressures have incentivized agricultural intensification (Diaz et al., 2011;
Osawa et al., 2016; Ustaoglu & Collier, 2018). This shift from extensive agriculture to mismanaged



intensive agriculture has resulted in abandonment (Pinto-Correia & Godinho, 2013; van Vliet et
al., 2015).

1.3 Post-Abandonment Land Use

Agricultural land abandonment is a gradual process that often begins with a reduction in land
management, followed by a decline in farming intensity (Leal Filho et al., 2017). Abandonment can
also be temporary or permanent, presenting another source of uncertainty in defining where
abandonment has occurred (Keenleyside & Tucker, 2010). Former farmlands can follow several
trajectories after abandonment. Land abandonment owing to the expansion of urban centers can
result in the development of former agricultural land (Pandey & Seto, 2015). Land can also
undergo revegetation, either through natural succession or active restoration (Lasanta et al.,
2015). In other cases, abandoned land is cultivated years after being fallowed (Fayet et al,,
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Figure 1-1. Post-abandonment trajectories of farmland in Europe. Of the 135 parcels examined as part of
the study, 115 were eventually revegetated, largely through natural succession processes (Fayet et al.,
2022a).

1.3.1 Passive Restoration/Spontaneous Revegetation

Passive restoration involves the natural succession of abandoned land by surrounding plants
and wildlife. The outcome of passive restoration largely depends on the local climate (Benayas
et al,, 2007) and past land use (Meli et al., 2017). Natural succession can be a slow process in
drier regions with low primary productivity (Benayas et al., 2007). In tropical regions, canopy
height and basal tree area similar to primary forests can be seen in abandoned lands after 40 to
50 years of natural succession (Mufiiz-Castro et al., 2006). While vegetation may recover its



structure and diversity in this 50-year time frame as well, it can take over a century for species
composition and aboveground biomass to return to their pre-land use levels (Poorter et al.,
2021).

Passive restoration has also been shown to improve soil quality; the quantity of nutrients like
nitrogen, phosphorus, and organic carbon can decrease in the period immediately following
abandonment due to the halting of fertilizer inputs, but levels of these nutrients can exceed
those of agricultural land within 30 years of succession (Zhang et al., 2016). However, nutrient
levels on abandoned agricultural land undergoing natural succession are still lower than those
surrounding native forests after 50 years (Wang et al., 2011). The semi-natural landscapes that
result from succession can vary in quality. Some areas may experience successful restoration,
while others may be prone to invasive species (Fayet et al., 2022a). Proponents of natural
regeneration tout its cost-effectiveness and simplicity. Natural regeneration can also provide
numerous benefits, including critical habitat for native species, carbon sequestration, and
ecosystem services (Chazdon & Guariguata, 2016).

1.3.2 Afforestation/Managed Revegetation

Afforestation or managed revegetation is another common outcome on abandoned agricultural
lands. This approach involves the planting of trees or native species to assist regeneration.
There has been substantial debate on the effectiveness of active versus passive restoration.
Some studies argue that managed revegetation does not provide substantial benefits over
natural succession (Fayet et al., 2022a; Meli et al., 2017). However, site selection bias has
hindered many of these studies supporting passive restoration. It is common for research on
natural regeneration to occur at sites already undergoing secondary succession, while those
addressing active restoration often occur at fully degraded sites (Reid et al., 2018).

Active restoration has been supported as a way to restore ecosystem services (Benayas et al,,
2009) and increase biodiversity on degraded lands (Curran et al., 2014). Afforestation has also
been adopted to prevent soil erosion and encourage regrowth while maintaining the economical
use of the land (Campo et al., 2019; Segura et al., 2020). In Europe, subsidies encourage
plantings on abandoned agricultural land to boost tree cover (Keenleyside & Tucker, 2010). In
areas with degraded soil quality due to intensive agricultural use, assisted recovery through
direct plantings and reforestation efforts have been shown to shorten recovery times (Chazdon,
2008).

1.3.3 Alternative Agricultural Uses

Through management and restoration, abandoned lands can also potentially return to
agricultural use. One pathway for agricultural use on these lands is the adoption of low-impact or
regenerative activities (Fayet et al., 2022a). In China, rural regions have explored land
consolidation in traditional agricultural areas to protect farmland, support food demand, and
benefit livelihoods (Li et al., 2014). These efforts have revitalized rural areas experiencing high
migration to urban centers and have resumed traditional, extensive farming operations (Zhou et



al., 2020). Community farms can also use abandoned agricultural land, as has occurred in the
Italian Alps (Varotto & Lodatti, 2014).

1.4 Environmental Factors of Interest

1.4.1 Carbon Sequestration

Earth’s soils and vegetation store approximately five times more carbon than the atmosphere
(Lal, 2004). Preserving current carbon sinks and increasing sequestration in vegetation and soils
are essential solutions to mitigating climate change. Two forms of carbon pertinent to
agricultural abandonment are gaseous carbon dioxide (CO,) and carbon stored as soil organic
matter (SOM) (Weng, et al., 2021). While land conversion to cropland emits gaseous CO,,
increasing carbon storage as SOM and plant biomass over time through restoration practices
provides a low-cost and high-yield way to provide local and global environmental benefits
(Chazdon et al., 2016).

Carbon sequestration rates can increase through conservation methods such as active
restoration, passive restoration, reforestation, and varying land use management practices
(Griscom et al., 2017). Of these natural climate solutions, reforestation has the highest carbon
sequestration potential (Griscom et al., 2017).

Rates of carbon capture and capacity for carbon storage vary depending on land use and
location. Brazil has the highest potential for carbon storage, followed by Colombia, Venezuela,
and Mexico (Cook-Patton et al., 2020; Friedlingstein et al., 2021; Global Carbon Project, 2018). In
a secondary tropical forest located in Minas Gerais, Brazil, 35.23% of carbon is stored in
aboveground biomass, while 63.22% is in soil (Dantas et al., 2020). Other studies of forest
carbon suggest a nearly even split in aboveground and belowground carbon storage, but
carbon storage rates vary greatly depending on the region (Dantas et al., 2020; Dixon et al.,
1994). Carbon storage allocation also varies with stand age; primary forests hold more biomass
aboveground than belowground, while secondary forests display the opposite trend (Dixon et
al., 1994; Ngo et al., 2013). Within the first 20 years following the abandonment of agricultural
land in the tropics, aboveground biomass accumulation rates increase much more quickly on
average (6.2 MgC/ha/yr) than belowground biomass (1.4 MgC/ha/yr) (Silver et al., 2000). Thus,
following abandonment in the tropics, most gains in carbon sequestration occur aboveground
(Rovai et al., 2022).

1.4.2 Biodiversity

Biodiversity is an important indicator of biome health and function. The impacts and benefits of
agricultural land abandonment on biodiversity are still debated and can vary based on several
factors (Quintas-Soriano et al., 2022). A literature review of 276 studies on biodiversity and
abandoned agricultural lands that received no restoration interventions found that geographic
region, study metrics used, and taxa assessed all significantly affected abandonment-related
impacts on biodiversity (Queiroz et al., 2014).
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Countries in Eurasia have mainly reported negative effects of abandonment without intervention
on biodiversity, while countries in the Americas have mostly reported positive effects (Queiroz et
al., 2014). This may be attributed to historical land use. In Central and South America, habitat has
recently been converted into agricultural land; thus, extensification primarily threatens
biodiversity. In Europe, many species and landscapes have co-evolved with human intervention.
European forests typically have lower biodiversity, likely due to long-term habitat fragmentation
(Haddad et al., 2015). As a result, the succession of agricultural land to a more homogeneous
forested landscape reduces total biodiversity in Europe (Queiroz et al., 2014). Land
abandonment typically promotes the population decline of species adapted to open spaces and
favors the populations and diversity of species of alternative habitats such as wooded
vegetation; however, this is regional and crop-dependent (Otero et al., 2015).

Native biodiversity recovers from disturbances, such as agriculture, more slowly than species
richness (Hamilton, et al., 2005). Early in natural succession, species richness can be high, with a
wide variety of species coexisting until one type of species (shade-tolerant for example)
becomes more prevalent (Falster et al., 2017). It takes time for competition to create more equal
species abundance. Species diversity recovers in tropical forests after 25-60 years, while
species composition can take 120+ years to fully recover after agricultural uses (Poorter et al.,
2021).

Global research on abandonment’s impact on biodiversity informs management strategies for
alternative post-abandonment trajectories. Studies from the Cedar Creek Ecosystem Science
Reserve in Minnesota reveal that plant diversity recovers incompletely, and plant productivity
does not significantly recover from natural succession on abandoned lands (Isbell et al., 2019). In
their sample grassland ecosystem, after 91 years of abandonment, formerly plowed fields had
only three-quarters of the plant diversity and half of the plant productivity of nearby ecosystems
that have never been plowed (Isbell et al., 2019).

Low-intensity farming, such as cacao agroforests or milpas in South America, can promote high
species and habitat diversity; abandonment of these areas reduces biodiversity and landscape
heterogeneity if a smaller subset of species dominates the region without active management
(Queiroz et al., 2014). Invasive species can also impact biodiversity recovery on abandoned
agricultural land if they have competitive advantages to grow more quickly and thus limit
opportunities for other species to become established (Benayas et al., 2007).

Positive impacts include improvements to biodiversity from abandonment in areas classified as,
or adjacent to, biodiversity hotspots. Additionally, where diverse, woody vegetation exists (e.g.,
tropical forests), abandonment can facilitate biodiversity recovery. Some studies have found a
positive correlation between plant and invertebrate species richness and time since
abandonment (Benayas et al., 2007).



1.5 Agricultural Abandonment Policy

Few countries have existing policies explicitly discussing the management of abandoned lands
(Fayet et al., 2022b). As agricultural abandonment persists in Europe, North America, and parts
of Asia, policies from these regions can offer insight into optimizing agricultural abandonment
policies to prioritize biodiversity, carbon sequestration, and human well-being (Calaboni et al.,
2018; Corbelle-Rico et al., 2022).

To date, most policies that address land abandonment aim to prevent abandonment and sustain
agricultural production. The EU’s Common Agricultural Policy (CAP) aims to prevent agricultural
land abandonment through income support for farmers, rural development programs, and
market measures (European Commission, 2022; Keenleyside & Tucker, 2010; Renwick et al.,
2013). Agricultural policy in the neotropics rarely considers the impacts of abandoned cropland.
Failing to consider land abandonment in policymaking increases these countries' abandonment
rates (Calaboni et al., 2018).

Brazil’s agricultural policies have led to the consolidation of farmland and resulted in pockets of
abandoned croplands at the margins of active agricultural land, facilitating reforestation. Brazil's
Forest Code promoted reforestation by requiring landowners to maintain a percentage of their
properties in native vegetation (Navarro, 2010). However, policies promoting agricultural and
industrial development can also negatively impact the well-being of small farmers and the
environment (Du et al., 2019; Fayet et al., 2022b). Studies from China, where they have tried to
mitigate these impacts, have shown that microfinancing can be more successful than
institutional support in preventing agricultural abandonment (Hua et al., 2016). In conclusion,
policies must complement one another to benefit biodiversity and carbon sequestration
substantially. For an extended discussion on agricultural abandonment policy and implications,
see Chapter 4 of this report.

1.6 Shared Socio-Economic Pathways (SSPs)

Socioeconomic pathways and representative concentration pathways (SSP-RCP) explore
alternative climate futures under different global responses to climate change through 2100
(O’Neill et al., 2017). The five SSP scenarios outlined in Figure 1-2 represent distinct narratives
describing various climate mitigation and adaptation challenges. These narratives cover various
potential futures and incorporate socio-economic, political, demographic, technological, and
lifestyle trends. SSP1, “Sustainability,” depicts a gradual global shift towards environmentally
friendly, inclusive development emphasizing human well-being instead of economic gain. SSP 5
on the other hand, depicts continued global economic development powered by fossil fuels and
resource exploitation. SSP2 represents the “Middle of the Road” scenario, where slow progress
is made toward sustainable development goals and income inequality persists (Riahi et al., 2017).
We will project and analyze abandoned lands under each SSP to understand how climate
change impacts abandonment.

10



* SSP 5: % SSP 3:
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Socio-economic challenges
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Figure 1-2. The relative mitigation and adaptation challenges for the five SSP scenarios (O’Neill et al.,
2017).



2. Global Projections of Cropland Abandonment

Limited research has been conducted to project the future distribution of abandoned lands
under climate change. Several other studies have projected land abandonment, but none on a
global scale in accordance with the IPCC’s SSP scenarios. One study conducted in Europe
examined socioeconomic, geographical, and ecological factors to predict which lands would be
newly abandoned by 2030 (Perpina et al., 2021). A regional study in Japan projected
abandonment using biophysical and socioeconomic indicators according to two scenarios: high
economic growth and low economic growth (Estoque et al., 2019). In February of 2023, another
study projected global cropland abandonment based on its proximity to other abandoned lands
(Gvein et al, 2023).

This project complements this growing body of research by projecting global abandonment
based on the five SSPs. Our global abandonment projections are the first of their kind to employ
a robust land demand model that considers both the physical and social environments, and how
humans interact with each (Chen et al., 2022). This analysis is especially useful in the context of
biodiversity preservation and carbon sequestration, since strategic use of abandoned lands can
help make progress towards these conservation goals. Therefore, the global analysis also
highlights areas where our projections of cropland abandonment overlap with areas of
importance for biodiversity and carbon sequestration.

21 Methods

To determine where cropland abandonment may occur, we compared current and future global
land use and land cover projections under different SSP scenarios. For the purposes of this
analysis, any current cropland that has a different land use classification in future projections is
assumed to be abandoned, with the exception of land that has been urbanized. Urbanized land
is excluded from this analysis since croplands converted to urban use do not support our project
goals of maximizing benefits to carbon sequestration and biodiversity. Finally, we overlaid
carbon sequestration data and biodiversity data to visualize abandoned lands with high
conservation potential. Spatial analyses were performed using the terra package (version 1.6-41)
in R. Data sources and code used to perform this analysis are provided in Appendix D.

2.11 ldentifying cropland abandonment

1. Examine current global cropland distribution
Current cropland data are from the year 2015 (Chen et al., 2022) and provide a baseline
for the abandonment analysis.

2. Examine future global cropland distribution
Projected cropland data (Chen et al., 2022) are based on SSPs from the IPCC’s 6th
Assessment Report. This set of analyses analyzed cropland projections for 2050 under
each of these five climate scenarios.
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3. Perform raster calculations to determine abandonment
The 2015 baseline cropland raster was subtracted from the future cropland raster to
determine where current cropland is projected to be abandoned in 2050 (Figure 2-1).
This analysis was conducted for five of the SSP-RCP coupled scenarios (SSP1/RCP2.6,
SSP2/RCP4.5, SSP3/RCP7.0, SSP4/RCP6.0, and SSP5/RCP8.5) at the 2050 time horizon,
producing five global rasters of abandonment at 1km resolution.

4. Remove urbanized cropland from abandonment projections
To determine the potential carbon and biodiversity benefits of abandoned land we
removed from our projections any abandoned cropland that is classified as urban under
future scenarios.

nors | onors | —— | caors U — | qaons
2015 2050 Abandonment in 2050
XRemove urbanized under each SSP

land

Fig 2-1. The methodology for projecting a future abandonment layer for a single climate scenario.

2.1.2 Visualize abandonment projections in R Shiny

An R Shiny web application was created to visualize major trends in projected abandonment
overlaid with carbon sequestration and biodiversity data. Conservation International’s SPARC
conservation priority spatial data were utilized for global biodiversity. To estimate the carbon
sequestration potential of abandoned lands, we used potential accumulation rates, a measure of
how much carbon an area can sequester in 30 years of reforestation following anthropogenic
disturbance (Cook-Patton et al., 2022). Due to computational limitations, projected
abandonment, carbon, and biodiversity data were upscaled to 50 km resolution using the cell
mean values when aggregating. As a result, the abandonment raster represents the proportion
of abandonment (value between 0-1) within each cell.

2.1.3 Calculating total abandonment in 2050 by climate scenario

To quantify global trends in abandonment, the projected abandonment rasters were used to
calculate the total area of abandoned cropland by SSP scenario. These values were compared
against the total amount of cropland in 2015 to determine the percentage of global cropland that
becomes abandoned under each SSP. Croplands that became urbanized were excluded from
this analysis. These results are presented in Figure 2-4 below.
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2.1.4 Calculating global net cropland change in 2050

To further explore global agricultural shifts, another raster calculation using the same land use
data from Chen et al., 2022 determined the amount of new cropland in 2050. New cropland was
defined as any cropland in 2050 that was not cropland in the 2015 baseline layer. This analysis
was conducted for each of the five SSP scenarios. The total amount of projected new cropland
was subtracted from projected abandonment to determine the net cropland change in 2050 for
each SSP. These results are presented in Table 2-1 below.

2.2 Results

2.2.1 Identifying and visualizing land abandonment

Results from the global abandonment analysis are presented in an interactive R Shiny App. The
following figures show a sample of the visualizations of cropland abandonment (Figure 2-2), as
well as overlays with carbon sequestration rates and biodiversity values (Figure 2-3). As
displayed in Figures 2-2 and 2-3, many high abandonment areas have the potential to sequester
carbon quickly and are crucial areas for preserving global biodiversity. For more granular
visualizations, interested parties should use our R Shiny application.

SSP1

Proportion Abandonment

K

0.001

0 1,250 2,500 5,000

I T T <ilometers

Figure 2-2. Cropland abandonment at 50 km resolution in 2050 based on SSP1. Coloring reflects the
proportion of cropland abandoned within each pixel; dark red represents pixels with a higher proportion of
abandonment, while lighter colors show regions with less abandonment. Areas with no pixels are

locations that either have no current cropland or don’t have any projected abandonment.
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https://github.com/AgAbandonment-Bren-CI/shiny_app
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Figure 2-3. Biodiversity and carbon values within areas of high cropland abandonment at 50 km
resolution. Only pixels in the top 20% of projected abandonment by 2050 in SSP1 are included in the
figure. Figure 2-3a (top) shows SPARC Conservation Priorities biodiversity indicator, where darker blue
indicates areas of greater importance to preserving biodiversity. Figure 2-3b (bottom) shows the same
areas of high abandonment overlaid with carbon sequestration potential, with darker green indicating
greater carbon sequestration rates.
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2.2.2 Total abandonment by climate scenario (excluding urbanized land)

Cropland abandonment is projected to be widespread in 2050 and differs across SSPs, both in
the total volume of abandonment and spatial distribution. SSP1, the “Sustainability” scenario, has
the largest amount of projected cropland abandonment (3,163,707 km?, or 14.5% of current
cropland), while SSP2, dubbed the “Middle of the Road”, has the smallest amount (1,748,083 km?,
or 8% of current cropland) (Figure 2-4).

14.5%

3000
2500
2000

1500

Total cropland abandoned
(1000 sq. km)

500

o Middle of Regional Fossil-Fuel
Sustainability the Road Rivalry Inequality Development
SSP 1 SSP2 SSP 3 sSSP 4 SSP5

Climate Scenario

Figure 2-4. Total abandoned cropland globally in 2050 (km?) by climate scenario. Percentages indicate
the proportion of current cropland that is projected to be abandoned. Cropland which was urbanized is
not included in this analysis.

2.2.3 Net cropland abandonment by climate scenario

SSP1 was the only climate scenario in which there was more abandoned cropland than newly
cultivated cropland in 2050 (a net loss of 158,894 km?). Despite widespread abandonment
projected under each SSP, all other climate scenarios projected net increases in total cropland
greater than 175% by 2050. As displayed in Table 2-1, the largest amount of new cropland is
generated under SSP3. New cropland in this analysis includes the migration of cropland to new
lands that were not previously under agricultural production; the recultivation of croplands
abandoned between 2015 and 2050 are not considered as new cropland.
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Table 2-1: Abandoned and new cropland in 2050 by climate scenario. Urbanized cropland is included in
calculating the total cropland abandonment to gain a more complete understanding of global shifts in
agricultural land use.

. Non-urbanized . Total cropland | New Net
Climate Urbanized cropland
scenario cropland e abandonment | cropland cropland
abandonment (km?) (km?) (km?) (km?)

SSP1 3,163,707 145,607 3,309,314 3,150,420 -158,894
SSP2 1,748,083 107,687 1,855,770 3,356,630 1,500,860
SSP3 2,627,198 71,850 2,699,048 4,986,243 2,278,195
SSP4 2,262,644 125,502 2,388,146 4,304,894 1,916,748
SSP5 2,056,045 156,884 2,212,929 4,442760 2,229,831

2.3 Discussion

Global projections of cropland abandonment, and their overlap with areas of high biodiversity
and carbon sequestration potential, can provide useful insight to policymakers and scientists. By
allowing stakeholders to visualize these features, our interactive R Shiny App can be a powerful
and versatile tool to inform further research and conservation decision-making.

This analysis indicates that high rates of cropland abandonment are projected to occur on lands
that are important to preserve global biodiversity (Figure 2-3). For many countries, conserving
the land made available by cropland abandonment can help them meet targets set at the
Conference of the Parties (COP) 15, the UN biodiversity conference held in Montreal in 2022. At
COP 15, nations agreed to four targets and 23 goals to accomplish by 2030 in an effort to
reverse biodiversity loss by the end of the decade. These targets include a commitment to
protect 30% of the world's lands and waters and for the restoration of at least 30% of degraded
lands by 2030 (Kunming-Montreal Global Biodiversity Framework, 2022). Investing in the
restoration and protection of abandoned croplands can be an important strategy for nations to
reach these targets.

Additionally, this analysis indicates that cropland abandonment will only outpace the
development of new cropland under SSP1. All other climate scenarios show a net gain of global
cropland, with new agriculture exceeding losses to abandonment (Table 2-1). This could be
explained by several factors such as the prevalence of sustainable intensification under SSP1, or
its assumption of an accelerated demographic transition, allowing the global population—and
therefore food demand—to level off faster than under other SSPs (Riahi et al., 2017). Many other
factors incorporated into SSP1 can also explain how more food will be grown on less land. Along
with slowing population growth, technological advances, a reduction in food waste, and shifting
dietary preferences contribute to a decrease in overall cropland in production (Fitton et al,,
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2019). Meanwhile, other SSP scenarios must grapple with a rise in food demand of anywhere
from 35-56%, 60%, or 100-110% (van Dijk et al., 2021, Alexandratos & Bruinsma, 2012, Tilman et
al., 2011). Without the sustainable development trends present in SSP1, this rise in food demand
results in an expansion of land area under agricultural production.

Although crop yields will need to rise to meet rising food demand by 2050, the rapid
development of new croplands projected in Table 2-1 raises conservation concerns. With rising
food demand, an increase in abandoned croplands will mean that new agricultural land must be
developed elsewhere at the cost of existing ecosystems (Fitton et al., 2019). Agricultural
production is expanding quickly, especially in the tropics of South America and Sub-Saharan
Africa (Laurance et al., 2014). This expansion of croplands is a primary cause of deforestation,
with 90-99% of deforestation in the tropics occurring in regions where the main driver of tree
cover loss is agriculture (Pendrill et al., 2022).

While the analysis shows that some projected abandoned lands have high value for biodiversity
and carbon sequestration, other areas with less conservation value may be able to better benefit
global environmental health through recultivation or remaining in agricultural production.
Revitalizing these projected abandoned lands could reduce the demand for new cropland and
deforestation by using already disturbed landscapes to meet food demand.

Certain regions, particularly in the tropics, offer an excellent opportunity for carbon
sequestration through the restoration of abandoned lands; there are also areas where very little
carbon will accumulate post-abandonment (Cook-Patton, 2020). These regions, which include
the central U.S., Central Asia, and parts of Southern Europe, among others (Figure 2-3b), may be
ideal candidates to remain under agricultural production so that restoration resources can be
directed towards regions where carbon and biodiversity benefits are greater.

Moreover, the commitments made at COP 15 call for reducing the loss of areas of high
importance to biodiversity to near zero (Kunming-Montreal Global Biodiversity Framework,
2022). This project can help protect valuable cropland at risk of abandonment by allowing
decision-makers to locate and revitalize these lands for agriculture, therefore avoiding
deforestation for new agriculture in other areas.

However, avoiding cropland abandonment and revitalizing previously abandoned croplands
come with potential complications. As discussed in Chapter 1 of this report, abandonment is
caused by many drivers, including socioeconomic considerations such as urban-rural migration
and crop price shifts, as well as environmental factors including water availability, topography,
and soil quality. While environmental drivers of abandonment may be difficult to overcome,
incentive-based programs have the potential to keep croplands in production.
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3. Maximizing Benefits of Brazilian Abandoned Cropland

The second stage of our analysis focuses on abandoned cropland in Brazil. Brazil is a crucial
contributor to climate resilience due to its vast carbon storage capacity and significance to
biodiversity. To support global efforts to safeguard critical regions like the Amazon, we have
singled out Brazil as an ideal location to pinpoint areas of projected abandonment that can
provide maximum benefits in terms of carbon sequestration and biodiversity if actively restored.
Furthermore, President Da Silva's commitment to halting deforestation in Brazil by 2030 further
amplifies the importance of our work, as it enables the identification of regions that are most
suitable for restoration and where investments in recultivation will be most effective in
preventing future deforestation.

3.1 Brazil Background

Brazil is the fifth largest country in the world, spanning 852 million hectares (Mha) across the
northern and southern hemispheres (United Nations Statistic Division, 2020). Brazil hosts several
distinct biomes: the Amazon (tropical rainforest), Atlantic Forest (coastal rainforest), Caatinga
(semi-arid dryland), Cerrado (savanna), Pampa (grassland), Pantanal (wetland), and the coastal
area (Fonseca & Venticinque, 2018). These ecosystems are home to 9.5% of the world’s total
biodiversity, including 19% of the world’s flora (Giulietti et al., 2005; Lewinsohn & Prado, 2005).
Brazil is also home to the largest portion of the Amazon, which holds 31.5 Gt of irrecoverable
carbon-the largest reserve of its kind (Noon et al., 2022).

S By
Brazilian Biomes:
: |:| Amazon
| |:| Caatinga
|:| Cerrado
. Atlantic Forest
. Pampa
‘ . Pantanal

Figure 3-1. Boundaries for Brazil's six biomes.
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At the same time, Brazil faces large-scale deforestation, with forest land cover decreasing from
65.9% in 2000 to 59.7% in 2018 (Food and Agriculture Organization, 2018). Most of this land is
deforested to establish new fertile agricultural land to replace abandoned degraded parcels
(Navarro, 2010). The primary drivers of native vegetation loss in Brazil are conversion to pasture
and farmland (Nepstad et al., 2009; Pendrill et al., 2019; Silveira et al., 2022). From 1996 to
2005, Brazil cleared an average of 1.95 Mha of forest annually, releasing an estimated 0.7 to 1.4
billion tons of CO, equivalent per year (Nepstad et al., 2009). While the Amazon region lost

44 .53 Mha of native forest cover from 1985 to 2020, there is evidence that the pace decreased
significantly due to government agency intervention (Silveira et al., 2022). In 2004, trends
reversed with the rate of afforestation surpassing deforestation. This is largely attributed to
restrictions on credit for illegal deforestors, establishing public registries of properties and
municipalities with illegal deforestation, the Soybeans Moratorium, and the Meat Conduct
Adjustment Agreement (Nepstad et al., 2014; Rocha et al., 2015; Silveira et al., 2022). The Soy
Moratorium in Brazil is an agreement among soybean traders not to buy soybeans produced on
newly deforested lands in the Amazon (Nepstad et al., 2014). The Meat Conduct Adjustment
Agreement is a similar agreement among meatpackers to avoid sourcing cattle from suppliers
engaged in illegal deforestation in the region (Silveira et al., 2022). However, in 2015
deforestation once again increased to surpass afforestation rates. Projections from SSP2 and
SSP3 estimate that the Amazon biome will lose an additional 67 Mha of forest cover by 2050. In
contrast, SSP1 projects an addition of about 45 Mha of forest vegetation (Bezerra et al., 2022).

As of 2018, 28.3% (237 Mha) of Brazil was cultivated (Food and Agriculture Organization, 2018).
In 2020, most high-value crops in Brazil were grown in the Central-West and South of Brazil
(Instituto Brasileiro de Geografia e Estatistica, n.d.). Despite that, agricultural production in Brazil
is a growing industry that impacts all of its biomes. For example, 43% of the Brazilian Cerrado
has been converted to agricultural lands as of 2013 (Sano et al., 2019). The Amazon biome saw a
dramatic increase in agricultural land from 0.08 Mha in 1985 to 6.06 Mha in 2020 (Silveira et al,,
2022). It also saw a 38.1 Mha increase in pastureland due to cattle breeding for beef production,
resulting in 13.5% of the biome being occupied by pasture (Silveira et al., 2022; Bergier et al,,
2018).

Brazil’s snippets of success in preventing deforestation can be credited to its extensive history
of federal conservation units, codified by the National System of Conservation Units Law (SNUC)
of 2000. Brazil’s first protected area, the Parque Estadual de Capital, was established in 1896.
Now, federal conservation units cover 8% (69.5 Mha) of the country (Drummond et al., 2009).
There are two groups the conservation units fall under: “fully protected” units, dedicated to
preserving nature and allowing only indirect use of natural resources, and “sustainable-use”
units, combining conservation and the sustainable use of natural resources (Drummond et al.,
2009). From the 1980s to the 2000s, 247 of the 287 conservation units were established,
protecting some 62 Mha of land (Drummond et al., 2009). Most of these conservation units are
in the Amazon biome, and only 3.13% of conservation units protect species-rich transition areas
between biomes (Alves Oliveira Silva & Barbosa, 2019). Despite its history of deforestation, Brazil
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has many existing policy mechanisms that can protect abandoned croplands so they are
rewilded without the potential of being degraded again.

311 Status of Brazilian Environmental Policies

With a complex history of environmental policy dating back to the 1960s, Brazil has a robust
system of policies to protect and recover native vegetation in its diverse biomes. However,
recent political changes brought damaging reforms to these historic policies. In the past decade,
environmental policies like the Forest Code have decreased the amount of private land that
must be protected as native vegetation. These policy changes mean that just one individual
region of Brazil, the Cerrado, now has about 39 Mha of native vegetation that is not protected
from conversion to agriculture; this is more than 3 times larger than Brazil’s Nationally
Determined Contribution to restore 12 Mha of forest (Soares-Filho et al., 2014). These changes
mean less native vegetation is protected under historic laws and could be protected through
new protected units or policies.

Other threats to environmental policy come from a lack of international trust following the
election of President Jair Bolsanaro in 2019. Countries like Germany and Norway have ended
their contributions to the Amazon Fund—a REDD+ mechanism that has disbursed $592 million
USD to restoration projects in the Amazon (Bo, 2019). The fund, which currently has $678 million
USD, was frozen after Bolsanro removed the fund’s governing committee and overseers. The
Bolsonaro administration also oversaw the passage of 57 legislative acts that aimed to weaken
environmental protections. Additionally, fines for violating environmental laws decreased by 72%
during the pandemic, despite an increase in deforestation during this time (Vale et al., 2021).
With the reelection of President Lula da Silva in 2022, one of his first actions was to announce
Brazil’s renewed commitment to ending deforestation by 2030, as well as soliciting countries
like the US, UK, and Canada to become contributors to the Amazon Fund once again (Spring,
2022).
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3.1.2 Brazil’s Environmental Commitments

Table 3-1. An overview of Brazil’'s environmental commitments and their status.

Policy/Agreement Target

PLANAVEG (federal) 12 million hectares by 2030

NDC to Paris Climate 12 million hectares by 2030
Agreement

Bonn Challenge 12 million hectares

Aichi Target 15 of the Restore 15% of all degraded
Convention on ecosystems by 2020 (43 mha)
Biological Diversity

Atlantic Forest 15 mha of native forest in Atlantic
Restoration Pact Forest biome by 2050*
COP27 End deforestation by 2030

*Registered 60,000 ha of restoration projects from 2009 to 2018; 1.206 Mha of natural regeneration

3.2 Methods

To determine priority restoration areas in Brazil, we first determined where cropland is projected
to be abandoned under the five SSP scenarios. These locations then served as the available
planning units for the spatial prioritization of restoration efforts. Along with these planning units,
the prioritization software requires the input of the features and cost to be evaluated for each
planning unit, specific targets for how much of each feature should be represented in the
solution, and a primary objective for solving the problem. Figure 3-2 provides a broad, visual
overview of the processes and data inputs used for this analysis. Greater details on how these
data were processed and how the spatial prioritization was formulated are outlined below. An
additional analysis evaluating the accuracy and precision of the utilized future land use data is
included in Appendix C. Sources for publicly available data as well as the code generated to
perform this analysis are provided in Appendix D.
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Figure 3-2. The workflow diagram for the overall methods in this study includes a simplified process for
generating the final results, as well as an in-depth look into the projected abandonment layer used to
create planning units.

3.2.1 Planning Units

1. Determine areas of cropland abandonment:

The planning units represent locations where current cropland is projected to transition to
another non-urban use by 2050. As with the global projections of cropland abandonment, these
areas were determined using the dataset of projected global land use rasters from 2015 to 2050
at 1 km resolution (Chen et al., 2022). Each SSP scenario contains spatial rasters of projected
land use at five-year intervals; unlike the global analysis, the calculation of Brazilian cropland
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abandonment utilized all seven rasters for each climate scenario to identify any parcel of
cropland projected to be abandoned between 2020-2050. Along with the 2015 raster
representing “current" land use, a total of 36 land use rasters were utilized to determine the
planning units across five SSP-RCP scenarios.

Using the terra package (version 1.6-41) in R, rasters for each SSP scenario between 2020 and
2050, as well as the baseline 2015 land use raster, were clipped and masked from their original
global extent to Brazil using boundary data from the Brazilian Institute of Geography and
Statistics (IBGE). Each raster was then reclassified to isolate pixels representing cropland and
urban land use. All future land use rasters were individually subtracted from the baseline 2015
raster to determine where current cropland will become abandoned.

Because we are interested in identifying abandoned cropland optimal for restoration efforts,
planning units cannot represent cropland that becomes urbanized by 2050. Another series of
raster calculations and reclassifications removed any projected urban areas from our cropland
abandonment rasters. The seven rasters of non-urbanized abandonment for each SSP scenario
were then added together; the final result was one raster for each climate scenario representing
all parcels of projected cropland abandonment between 2020 and 2050.

In addition to these five rasters, a sixth planning unit raster representing consistent
abandonment was generated. This “consistent” climate scenario was calculated by overlaying
the five rasters described above and selecting only parcels projected to be abandoned in all five
SSP scenarios.

2. Cost:

The value assigned to each planning unit represents the cost of actively restoring that parcel.
Restoration cost data were sourced from a report by the Nature Conservancy that calculates the
mean price of six different restoration methods depending on location (Brazilian biome) and
environmental condition of the land (de Miranda Benini & Adeodato, 2017). This file was first
filtered to return only costs for the “conducting natural regeneration” restoration method in
unfavorable environmental conditions. This method was selected for most closely mimicking
natural vegetation regrowth, which the carbon sequestration data represents. It takes into
account important measures such as the removal of invasive species and treatment against
pests. Additionally, abandoned cropland tends to be more degraded, fragmented, and
small-scale, which reflects the higher restoration costs in the unfavorable environmental
conditions scenario. Table 3-2 displays these costs.

The filtered cost data were spatially joined with Brazilian biome shapefiles (IBGE, 2019). These
shapefiles were then rasterized and masked to the planning units for each SSP-RCP scenario.
The final output was a planning unit raster file for each of the five climate scenarios with pixel

values indicating the restoration cost.
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Table 3-2. Cost in Brazilian Reals and U.S. Dollars of conducting natural regeneration in unfavorable
environmental conditions by Brazilian biome.

Biome Cost ($R/ha) | Cost ($USD/ha)
Amazon 2,385 449
Caatinga 2,521 474
Cerrado 3,188 600
Atlantic forest 2,940 553
Pampa 2,629 495

3.2.2 Restoration Features

Our prioritization simultaneously evaluates the potential benefits each planning unit provides to
protecting biodiversity and sequestering carbon. Data for both features were reprojected,
resampled, clipped, and masked to each SSP’s planning units to ensure the same resolution and
spatial extent. Biodiversity and carbon layers for each SSP were then combined into a raster
stack to be utilized as the feature input in the prioritizr problem.

1. Biodiversity:

Biodiversity data was sourced from a study mapping global conservation priorities at 5 km
resolution based on current and future species distribution models. These models evaluated
over 17,000 terrestrial vertebrate species and future bioclimatic variables under the RCP2.6 and
RCP8.5 climate scenarios (Roehrdanz et al., 2021). Aggregate extinction risk values were
calculated based on the proportion of a species’ range conserved, then summed and
normalized across all species (Hannah et al., 2020). To maximize the benefits to present and
future biodiversity, and therefore reduce the risk of extinction, parcels with higher extinction risk
values were prioritized for restoration.

2. Carbon:

The carbon dataset, originally created by Cook-Patton et al. and updated by Global Forest
Watch, estimates the carbon sequestration rate in aboveground and belowground biomass
during the first 30 years of natural forest regeneration. Spatial sequestration estimates include
all forest and savanna biomes in units of MgC/ha/yr at 1 km resolution. Carbon data are missing
for most of the Pantanal biome, a large, mainly freshwater wetland in the southwestern portion
of Brazil. As a result, this biome was removed from all other feature and planning unit layers.
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Figure 3-3. Carbon and biodiversity data utilized as features in the spatial prioritization of cropland
restoration. Figure 3-3a (left) displays carbon sequestration rates (MgC/ha/yr) which range from 1.25 (light
yellow) to 5.81 (dark green). Figure 3-3b (right) displays extinction risk values that range from 7.9e-04 (light
blue) to 1 (dark blue).

3.2.3 Budget scenarios

The restoration prioritization model was run under various budget scenarios. The low-end
budget was determined by evaluating past allocation and spending by Brazil’s Ministry of the
Environment. In 2022, the Ministry only utilized 85.8% of its environmental management budget,
including restoration costs and associated activities. By applying this ratio to the 2023 budget,
restoration efforts could be financed by the potentially unused 455 million Brazilian Reals. The
high-end budget scenario of 3.4 billion Reals reflects the current balance of the Amazon Fund.
The Amazon Fund can be utilized by nonprofits, universities, international, and government
projects that prevent, monitor, and combat deforestation in Brazil.

3.2.4 Prioritization model

The spatial restoration prioritization was computed using the prioritizr package (version 7.2.2) in
R. This software uses mixed integer linear programming and provides greater flexibility in
building and solving spatial planning problems than similar conservation tools, such as Marxan
(Beyer et al., 2016). A separate problem was formulated for each SSP scenario and their
associated planning units and features data. Because this analysis only considers areas of
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non-urbanized abandoned cropland for restoration, no planning units were locked in or out of
the solution.

Each problem utilized a minimize shortfall objective, in which the solution minimizes the overall
target shortfall across all features while not exceeding a specified budget. Biodiversity and
carbon were weighted equally, and relative targets were set to 0.5 each (50% feature
conservation). Each SSP problem was run under both low and high-budget scenarios. After
formulation, each problem was solved using Gurobi Optimizer (version 9.5.2) with a 0.05 “gap to
optimality”; this value represents a 5% accepted deviance from the optimal solution, reducing
computational requirements.

3.3 Results

The number of parcels predicted to be abandoned (available planning units), the number
prioritized for restoration, the percent of targets met per climate scenario, and budget are
presented in Table 3-3. Across the five SSP scenarios, the average amount of projected
abandonment in Brazil is 271,830 km? + 46,743 km? (mean + standard deviation) with a range of
139,398 km? between the highest (SSP4) and lowest (SSP2) projections. The mean number of
parcels prioritized for restoration with a high-end budget is 11,754 km? + 83 km?, while the
low-end budget resulted in an average of 1,577 km? + 2 km? (mean * standard deviation).

The bottom row of Table 3-3 indicates our sixth “consistent” climate scenario, in which 123,883
km? of cropland are projected to become abandoned by 2050 regardless of SSP. The number of
these parcels selected for restoration with a high budget is 12,188 km?, greater than any
individual climate scenario. Figure 3-4 graphically displays the amount of projected
abandonment and restoration from Table 3-3. Additionally, Figure 3-5 illustrates where
abandonment is consistently projected to occur by 2050 in comparison to current cropland.
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Table 3-3. Counts of planning units available, those selected for restoration, and feature values held in

each climate scenario. Planning units are 1 km?in size.

Carbon Biodiversity
A Planning . 3
Climate . Planning units
. units Budget biodiversity held
Scenario . selected (n) carbon held )
available (n) percent total (avoided percent total
(MgC/halyr) - .
extinction risk)
Low 1,576 6,344 0.64% 815 6.49%
SSP1 268,654
High 11,746 43,687 4.39% 3,641 29.00%
Low 1,575 6,264 0.78% 780 767%
SSP2 214,596
High 11,883 447755 5.57% 3,405 33.50%
Low 1,579 6,285 0.69% 812 7.05%
SSP3 242,908
High 11,790 43,973 4.86% 3,589 31.20%
Low 1,576 6,238 0.48% 858 5.31%
SSP4 353,994
High 11,630 42,324 3.25% 3,921 24.30%
Low 1,581 6,264 0.61% 845 6.35%
SSP5 278,997
High 11,720 43,214 419% 3,797 28.50%
Low 1,573 6,120 1.28% 713 11.50%
Consistent 123,883
High 12,188 47,416 9.90% 31 46.10%
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Figure 3-4. Projected cropland abandonment and number of parcels selected for restoration for each
climate scenario. Figure 3-4a (top) shows the number of parcels prioritized for restoration with a low
budget in yellow, while Figure 3-4b (bottom) shows the number of parcels selected with a high budget in
orange.
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Figure 3-5. Current cropland (green) and projected cropland abandonment (blue) between 2020-2050 for
the Consistent climate scenario. The inset map highlights cropland within the Cerrado biome.
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Considering variation by biome, Tables 3-4 and 3-5 provide greater context for the spatial

variation of projected abandonment and where parcels were prioritized for restoration,

respectively. Figure 3-6 displays the difference in parcel fragmentation between the Amazon

and Atlantic Forest, the two biomes with the highest numbers of projected abandonment and
prioritized restoration.

Table 3-4. The number of planning units available in each biome by climate scenario.

Biome SSP1 SSP2 SSP3 SSP4 SSP5 | Consistent
Amazon 97,992 82,506 91,636 126,438 102,521 53,401
Caatinga 43,471 34,571 39,701 58,719 48,533 18,841
Cerrado 77673 59,092 67,266 105,339 74,824 29,576
Atlantic Forest 39,763 31,501 35,982 50,746 43,159 18,587
Pampa 9,755 6,926 8,323 12,752 9,960 3,478
Total 268,654 214,596 242,908 353,994 278,997 123,883

Table 3-5. The number of planning units selected as a restoration priority by climate scenario and biome

under a high-end budget.

SSP1 SSP2 SSP3 SSP4 SSP5 Consistent
Biome
high low high low high low high low high low high low
Amazon 1,205 259 1791 246| 1,366 262 691 235 926 266| 3,007 269
Caatinga 864 141 856 149 891 155 862 183 914 170 869 16
Cerrado 2,041 107| 1,782 1041 1,919 105 2,255 129 1,795 12| 1,093 126
Atlantic
F : 7,603 1,069| 7,367 1,076| 7587 1,057| 7,795 1,029| 8,062 1,033| 6,991 1,062
ores
Pampa 33 0 87 0 27 0] 27 0] 23 0] 228 0
Total: 11,746 1,576 | 11,883 1,575 | 11,790 1,579 | 11,630 1,576 | 11,720 1,581 | 12,188 1,573
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Figure 3-6. Parcels projected to be abandoned between 2020-2050 under the Consistent climate
scenario. Orange pixels represent parcels prioritized for restoration with a high budget, and blue pixels
are unselected abandoned parcels. Figure 3-6a (top) highlights an area of the Brazilian Amazon where
restoration priorities and projected abandonment are relatively concentrated. Figure 3-6b (bottom)
highlights the more fragmented parcels available within the Atlantic Forest biome.




3.4 Discussion

The prioritization model results indicate that budget constraints limit the potential restoration of
abandoned croplands. Across all SSP scenarios, an average of 271,830 km? of cropland is
projected to be abandoned—more area than the country of France. The high-end budget
scenario examined in our model can only facilitate the restoration of about 11,750 km?, 10% of
Brazil’s 12 mha goal for restoration. Our prioritization tool can serve as a framework for
restoration decision-makers to inform which areas offer the highest value to carbon
sequestration and biodiversity. It is paramount that policies discussed in Chapter 4 be used to
revitalize and incentivize projected abandoned lands to remain under agricultural production
where possible. While it may be difficult to overcome the drivers of abandonment in some
regions, encouraging projected abandoned lands to remain as croplands where possible can
help limit deforestation for new agricultural production elsewhere. Meanwhile, the results from
this prioritization model can identify areas that may be better used for conservation rather than
continued agricultural use. This is especially important considering the risk of continued land
conversion in ecosystems essential to global carbon sequestration and biodiversity, like the
Amazon and Atlantic Forest.

Table 3-3 shows that the amount of projected cropland abandonment differs significantly among
SSP scenarios. SSP2 contains the least abandoned parcels (214,596 km?), while SSP4 contains
the greatest (353,994 km?). The 65% increase in projected abandonment from SSP2 to SSP4
may be explained by how land use projections vary between climate scenarios. SSP2, or the
“Middle of the Road” pathway, envisions a future where socioeconomic and technological trends
remain similar to current and historical patterns (Popp et al., 2016). SSP4, dubbed a “Road
Divided,” predicts a future fraught with increasing socioeconomic inequalities both within and
between countries; this leads to increases in crop yield in high-income countries but
unproductive agriculture and increased deforestation in lower-income countries (Popp et al.,
2016). Despite this variance in available planning units (standard deviation of 46,743 km?), the
number of parcels selected for restoration in each SSP solution remains much more consistent
(standard deviation of 83 km? and 2 km? for high and low budgets, respectively). This displays
how monetary constraints largely limit restoration goals, as the number of parcels selected for
restoration remain low under all SSPs regardless of the total area of available land.

The restoration of abandoned lands in Brazil offers opportunities to maximize the benefits of
rural land conservation, carbon sequestration, and biodiversity conservation. However, policies
that provide long-term protection of projected abandoned lands are crucial to ensure these
benefits, and mechanisms like the private natural heritage reserve program can be utilized to
ensure long-term protection. Nonprofits can also promote expanding this program to include
more conservation planning and monitoring. The prioritization model results indicate that the
budget constraints limit the potential restoration of abandoned croplands, but the prioritization
tool can serve as a framework for restoration decision-makers to inform which areas offer the
highest value to carbon sequestration and biodiversity. These policies and mechanisms can help
Brazil achieve its climate targets while maintaining biodiversity and other ecological attributes.
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4. Agricultural Abandonment Policies

Agricultural land abandonment is a global phenomenon with significant implications for
biodiversity, climate mitigation, and human well-being. While some policies, such as the
European Union’s Common Agricultural Policy (CAP), acknowledge the threat of agricultural land
abandonment, few policies or frameworks aim to find beneficial uses for these lands. This
chapter will discuss the current landscape of global policy regarding abandoned agricultural
lands and the tradeoffs in designing environmental and agricultural policies that complement
one another to benefit biodiversity, carbon, and human well-being.

4.1 Global Policy Comparisons

The EU has several policies, including CAP, that intend to minimize agricultural abandonment. In
the case of CAP, the policy supports farmer livelihoods to prevent agricultural land abandonment
through income support for farmers, rural development programs, and market measures
(European Commission, 2022; Keenleyside & Tucker, 2010; Renwick et al., 2013). Despite efforts
to prevent abandonment, the EU is projected to lose 3% (4.8 Mha) of its 2015 agricultural land by
2030 (Perpifia Castillo et al., 2021). EU policies only acknowledge the potential of abandoned
agricultural lands for climate mitigation but do not provide frameworks for beneficial land use in
these areas (Fayet et al., 2022b).

The lack of land planning tools, communication with local populations, and economic
uncertainties contributed to the failure of CAP to prevent land abandonment (Fayet et al.,
2022b). In contrast, policies that promote biodiversity, such as the EU's Birds and Habitats
Directives, have facilitated nature conservation more effectively than agricultural policy (Fayet et
al.,, 2022b). Expert interviews also suggest recognizing the value of public goods that farmers
and landowners provide for nature protection. EU policies like CAP currently hinder
conservation initiatives by providing large economic incentives for agriculture, disincentivizing
other programs that promote biodiversity and carbon sequestration. This reveals that
land-owning farmers are primarily motivated by these economic policy mechanisms (Fayet et al,,
2022b). To promote optimal land use for agriculture, policies like CAP could provide less support
to large-scale farming and the acquisition of chemical products and instead finance rural citizens
to dedicate parts of their land to nature.

However, studies from China have demonstrated that institutional support can be unsuccessful
in preventing agricultural abandonment. In contrast, informal finance from relatives and friends
can successfully incentivize farmers not to abandon their lands (Du et al., 2019). Agricultural
credits provided by banks and loan institutions struggled to reach rural Chinese populations,
while informal microfinancing significantly negatively affected farmland abandonment (Du et al.,
2019).

Unlike the EU, Brazil has agricultural policies that have unintentionally resulted in the
abandonment of marginal croplands. While EU policy attempts to support the preservation of
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small-scale farming, countries like Brazil employed policies in the 1960s that consolidated large
amounts of farmland to a small group of owners (Calaboni et al., 2018; Navarro, 2010). Brazil
experienced deforestation in the mid-20th century, followed by reforestation in rural areas
largely because of agricultural policy. The creation of programs like the Rural Credit Subsidy
System (RCSS) and the National Program of Alcohol (Prodlcool) instigated the consolidation of
farmland in rural parts of Sdo Paulo. RCSS prioritized export crop production, which excluded
small and medium farmers from agricultural modernization. Prodlcool reinforced the exclusion of
staple crop farmers by funding research on the development of biofuels (Navarro, 2010).

Due to increased access to agricultural intensification technology, Sdo Paulo’s rural population
decreased from 43% to 14% between 1950 and 1980 (Calaboni et al., 2018). The consolidation of
land for agro-industry led to rural-urban migration and further isolated communities from
development (Calaboni et al., 2018). While agricultural policy impacted rural livelihoods, it also
set the scene for an agricultural transition in Sdo Paulo from extensive to intensive agriculture.
This change created space for reforestation, where agricultural land was abandoned (Calaboni
et al,, 2018). This transition is described as “forest transition theory”—deforestation rates slow or
even reverse when development becomes less dependent on the primary sector (Mather &
Needle, 1998). Agricultural policy in the state of Sdo Paulo negatively impacted small and
medium farmers' well-being but facilitated reforestation on land that consolidated farms left to
natural succession.

Brazil restored native habitats in abandoned marginal agricultural areas through agricultural
policy and laws that establish environmental protections and simultaneously drive the creation
of new cropland. Forest transitions are often driven by industrialization policies that promote
rural-urban migration, the concentration of modern agriculture on flatter and fertile lands, and
the abandonment of marginal lands (Rudel et al., 2005). The transition to reforestation in Brazil’s
state of Sdo Paulo was also supported by the Brazilian Forest Code (BFC). Adopted in 1965, BFC
promoted reforestation by requiring landowners to maintain a percentage of their properties in
native vegetation and preserve native vegetation on slopes steeper than 45°, hilltops, and
riparian areas (Calaboni et al., 2018). Despite secondary forest growth on abandoned lands,
primary forests continued to be deforested for new agriculture (Calaboni et al., 2018; Ferraz et
al., 2014). Primary forest loss is largely attributed to increased sugarcane production in which
farmers burn fields before cultivation, leading to large-scale forest fires that degrade old-growth
forest health (Ferraz et al., 2014). The policy that led to reforestation in S8o Paulo also led to
environmental degradation that impeded ecosystem service demands. These tradeoffs reveal
the importance of designing environmental and agricultural policies that complement one
another to substantially benefit biodiversity, carbon, and human well-being when considering
abandoned lands.

China’s Grain for Green Program (GFGP) is the world's largest reforestation program. Instituted in
1999 to control soil erosion, GFGP provides direct cash payments to rural households to
re-establish forests and grasslands on sloped croplands. By 2013, GFGP led to 27.8 million
hectares of regrown forests at the cost of $46.9 billion USD. GFGP forests are largely
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monocultures or simple mixed forests. These forests are often timber, tree fruits, or other cash
crops planted with production as the intended use (Hua et al., 2016). While active restoration
under the GFGP was not conducted with conservation as the primary goal, the program has
increased carbon sequestration in southern China, with the magnitude dependent on a region's
specific land use land cover change (Hu et al., 2021). However, due to the tendency for GFGP
forests to be monocultures, the biodiversity of bird species has shown net losses (Hua et al.,
2016).

Europe, China, and Brazil's ecological policies have led to varied reforestation levels over the
past few decades. Moreover, the predominantly non-forest ecosystems in many European
regions facing abandonment require more active management to increase biodiversity (Fayet et
al.,, 2022a; Isbell et al., 2019; Renwick et al., 2013). Importantly, agricultural abandonment is often
influenced by a positive feedback loop: the relative decline of working opportunities leads to
out-migration, which causes diminishing levels of public and commercial services, leading to
further migration and further decreases in services. Due to this positive feedback and the need
for active management in most ecosystems, policies that consolidate agricultural land into areas
that are the least attractive for carbon sequestration and biodiversity while other policies
promote the value of public goods from natural systems lead to the best optimization of
agricultural abandonment.

4.2 Potential Policy Mechanisms in Brazil

Considering the budget limitations of restoration projects, several recommendations can be
made for nonprofits to promote the development of existing restoration mechanisms. Programs
in Brazil for rural land conservation, expanding protected areas, and improving native nursery
infrastructure offer opportunities to maximize the benefits of restoring abandoned lands. Policies
that provide long-term protection of projected abandoned lands chosen for restoration are also
important to ensure benefits to biodiversity and carbon sequestration occur, considering the
need for abandonment to persist for at least 50 years to see benefits to carbon sequestration
and potentially longer for biodiversity (Crawford et al., 2022; Rozendaal et al., 2019). To
maximize the potential benefits, there are several mechanisms that nonprofits can utilize to
ensure long-term protection.

One of the most attractive protection methods for private lands is the private natural heritage
reserve program (reserva particular do patriménio natural) in the Brazilian Forest Code. This
program creates tax incentives (i.e., exemption from the Rural Territorial Tax) for private
landowners to convert their lands to permanent private areas. This system could be successful
in regions like the Atlantic Forest, where projected abandonment and selected parcels for
conservation occur in a fragmented pattern. While large protected areas offer many benefits to
carbon sequestration and biodiversity, private reserves would require little governmental
investment, allowing environmental management budgets to focus on protecting areas with
concentrated potential benefits, like the Amazon forest. These private reserves allow the
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sustained use of renewable environmental resources while maintaining biodiversity and other
ecological attributes.

Many current reserves are private from the public but open for research and conservation
efforts. The largest number of these reserves are found in the state of Bahia, in the Atlantic
Forest—emphasizing their success at conserving land in the areas the program can be most
effective. However, our projections also revealed that cropland persists within these existing
reserves and that some of these lands may be abandoned. This likely concerns the lack of
cohesive conservation plans required by the private natural heritage reserve system (Rodrigues
et al.,, 2011; Joly et al., 2014). Nonprofit organizations can promote expanding the private natural
heritage reserve program to include more conservation planning and monitoring to ensure
private reserves do not illegally cultivate crops on their lands. There also is an opportunity to
target selected parcels with high carbon sequestration and biodiversity potentials to join the
private natural heritage reserve program.

An additional obstacle arises from limited native species seed stocks—an important issue
considering the high levels of endemic species found in Brazil’s diverse biomes. There is limited
availability of native species nurseries outside of the Atlantic Forest, posing issues for active
restoration efforts in other regions. These challenges to improving biodiversity are exacerbated
by a focus on commercial reforestation in many projects, which produces limited biodiversity
through monocultures (Melo et al., 2013; Moreira da Silva et al., 2017). Areas like the Amazon
have significantly less diversity of native seedling resources compared to the Atlantic Forest,
which is exacerbated by seed collection in protected areas being illegal. Previous research has
shown that hiring local landowners in the Amazon to procure native seedling stock is highly
effective, with locals producing 78 native tree species for nurseries. In contrast, commercial
operations were limited to 9 species (Moreira da Silva et al., 2017). The Atlantic Forest, in
contrast, has the most robust stock of diverse, native species thanks to the Atlantic Forest
Restoration Pact, which built out more diverse nurseries by connecting local seed collectors,
nonprofits, and commercial companies.

Finally, it's important for nonprofits to persuade foreign governments to invest in the Amazon
Fund and similar restoration efforts to increase opportunities for conservation. The solutions
from our prioritization favor concentrated restoration of lands in the Amazon. However, bringing
future abandoned cropland into healthy protected areas will require long-term planning and
management, as well as sufficient funds—demonstrated by the budget limitations of the model.
Increasing investments in restoration and resilience can bring Brazil closer to the climate targets
they are committed to.

Nonprofits can be essential in promoting the empowerment and expansion of existing
restoration mechanisms to maximize the benefits of restoring abandoned lands in Brazil. The
private natural heritage reserve program offers an attractive protection method for private lands.
Meanwhile, improving native nursery infrastructure and promoting foreign investment in
restoration funds can help increase the availability of native species and secure long-term
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protection. Implementing these recommendations can help Brazil achieve its climate targets
while maintaining biodiversity and other ecological attributes.

4.3 Conclusion

This chapter highlights the potential of agricultural policies to lead to land abandonment as well
as the challenges to minimizing abandonment through policy. The EU’s policies, like CAP, intend
to prevent agricultural abandonment but do not always succeed. Moreover, the policies lack
frameworks to leverage abandoned lands for their potential benefits to biodiversity and carbon
sequestration. Meanwhile, Brazil’s history of agricultural policy from the 1960s demonstrates the
potential for policy to produce marginal cropland abandonment without considering the
phenomenon. The history of agricultural land abandonment policies emphasizes the importance
of designing environmental and agricultural policies that complement each other to provide
substantial benefits to biodiversity, carbon, and human-wellbeing while considering the potential
of abandoned lands. Bringing attention to the scale of cropland abandonment and existing
policies that can bolster the strategic use of those lands are necessary to support sustainable
land use transitions.
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5. Conclusion

5.1 Limitations

Our global projections of cropland abandonment examined the difference between a baseline
2015 cropland layer and a future projection layer in 2050. However, it is possible that land
became abandoned sometime between 2015 and 2050 but was re-cultivated for crops before
2050. This would not show up in our global projections. Additionally, the analysis does not show
when in that 35-year window the cropland became abandoned.

In some regions, our future projections of cropland abandonment were highly fragmented, with
very little connectivity between parcels projected to be abandoned. This lack of connectivity
limits the efficacy of prioritizing lands for conservation goals, especially preserving biodiversity. If
an abandoned parcel is reforested but is surrounded by lands still being used for agricultural
processes, there may be no way for native species to move back into and repopulate newly
restored land. Moreover, this limits the potential to create new conservation networks, or to
expand existing protected areas, since fragmented parcels will often be isolated by private
croplands.

Additionally, our data coverage for carbon sequestration rates had incomplete coverage within
Brazil. The Pantanal region, which contains high levels of irrecoverable carbon, is missing from
our carbon accumulation potential dataset. This discourages the Prioritizr model from selecting
parcels within the Pantanal for restoration, even if they may have high value for carbon
sequestration.

Finally, an original intention of our research was to incorporate the impacts of cropland
abandonment on human well-being. While the effects of abandonment on people are imperative
to understand, it was not feasible to responsibly incorporate a quantitative measurement of
human well-being that added valuable insights to our projections and prioritization.
Considerations regarding human well-being are explored further in our literature review in
Appendix A.

5.2 Future Research

Many unanswered questions remain about agricultural abandonment and its implications for
biodiversity and carbon sequestration. This analysis focused only on croplands, given that our
land cover data (Chen et al., 2022) did not distinguish between grasslands and pasture. The
inability to distinguish between the natural and altered land uses means we removed the effects
of pasture entirely from the analysis. With the availability of future land cover data sets, all
agricultural land, including both cropland and pasture, could be included in a similar
prioritization. Additionally, future research should analyze potential trends and differences in
abandonment rates by crop type. Depending on the dominant pre-abandonment crop type, soil
quality and restoration costs may vary.
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Moreover, future work could also include inputs into the Prioritizr model that consider the
connectivity of parcels when making selections. This would place heightened value on habitat
connectivity, since restoring isolated parcels may not be as meaningful as the restoration of
lands adjacent to already existing reserves.

Our global projections of cropland abandoned focused on a single time horizon (2050). Future
research should examine how abandonment differs in the near term (2030) and the long term
(as late as 2100), for which data coverage exists. This would give a more complete picture of the
progression of abandoned land over time, and provide more insight for land managers
attempting to prioritize specific parcels of abandoned land based on their goals.

5.3 Abandoned Cropland’s Role in Conservation

Abandoned cropland can play an essential role in meeting global conservation goals, with a
range of 1.8 to 3.3 million km? of land projected to be abandoned depending on the climate
scenario. How cropland abandonment is addressed will vary regionally, as the amount of
projected abandonment differs by SSP and area of interest. Globally, SSP1 (“Sustainability”) had
the highest amount of projected abandonment and was the only climate scenario with a net loss
of cropland by 2050. All other scenarios project net cropland growth, which emphasizes the
importance of targeting regions threatened by abandonment to decrease land use change from
native vegetation to cropland.

Within Brazil, however, SSP4 resulted in the highest projected abandonment. This underscores
the socioeconomic nature of the SSP-RCP coupled climate scenarios and its influence on future
land use changes. The scale of “consistent” abandoned parcels across all SSPs is roughly the
same amount of land Brazil set to restore (12 Mha), indicating that regional restoration and
conservation goals could potentially be met by leveraging cropland abandonment.

Additionally, the net effect of cropland abandonment differs between regions. In Europe,
abandonment has largely negative effects as gains to biodiversity are slim to none as wildlife
there has co-evolved with human-altered landscapes, and carbon sequestration potential is low.
However, in the neotropics, abandonment can help restore more recent losses to biodiversity
and carbon.

Our Brazil case study’s prioritization model found that budget constraints limit the potential
restoration of abandoned croplands. Policy should target lands to remain as agriculture while
also using the results from this prioritization model to identify areas that may be better used for
conservation than continued agricultural use. Nonprofits can pursue restoration by promoting
the expansion of existing restoration mechanisms to provide long-term protection of restored
abandoned lands, like Brazil’s program for rural land conservation, expanding protected areas,
and improving native nursery infrastructure. Additionally, nonprofits can build capacity for
restoration by encouraging foreign governments to invest in the Amazon Fund and similar
restoration funds.
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Existing policies and movements to increase funding for restoration offer opportunities to bring
these lands into preserved status. There also is a need to improve the monitoring and
enforcement of strategies that rely on community and private landowner cooperation to ensure
conserved lands are not disturbed by further land use change.
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Appendices:

A. Human well-being

It is essential to consider human well-being when discussing agricultural lands and their
potential use change into restoration and conservation areas. Productive agricultural lands are
necessary to feed the world’s people. Land abandonment and the restoration of abandoned
land has the potential to contribute to nature-based ecosystem services such as carbon
sequestration. In many regions across the globe, the well-being of present and future
generations depends on the continuous flow of these ecosystem services (Pereira et al., 2005).
Thus, the many tradeoffs between continued cultivation and land abandonment are complex
and situational, and depend on the human well-being factors considered. A systematic review in
the Mediterranean region found abandoned lands had mostly mixed or negative impacts on
quality of life metrics such as food security, social relations, and property rights (Quintas-Soriano
et al,, 2022). With uncertain results, there remains a knowledge gap in land abandonment's
impact on human well-being. However, other metrics defined in landmark human well-being
studies such as Nature Dependent People and Nature’s Contribution to People offer insight into
the impact land abandonment may have on socio-economic factors (Fedele et al., 2021,
Quintas-Soriano et al., 2022).

Revegetation of abandoned cropland can impact human well-being in different ways. Two
pivotal studies have quantified natural lands’ impacts on human well-being. In both studies,
rewilding of abandoned lands was used to restore interactions between nature and humans.
Eighty-seven percent of the global population benefits from local critical natural assets such as
nitrogen retention, fuelwood production, and access to nature. In Brazil, 98.7% of people benefit
from significant natural assets (Chaplin-Kramer et al., 2022). Ecosystem services such as coastal
protection, water quality regulation, coastal risk reduction, and crop pollination were additional
natural assets that benefit human well-being when intact (Chaplin-Kramer et al., 2019; Fedele et
al., 2021).

One method to measure the importance of the health of the local environment and human
well-being is to consider the level of dependence individuals have on the environment for
livelihood and survival. A study on “nature dependent people” finds that 1.2 billion people in
tropical countries—30% of their population—are highly dependent on nature for fulfilling basic
human needs such as housing materials, drinking water, fuel for cooking, and for a main
occupation (Fedele et al., 2021). This study can inform specific regions in the Neotropics to focus
on the impacts of land abandonment by identifying localized concentrations of
nature-dependent communities. It is estimated that 5.2% of the Brazilian population, or
11,489,639 people, rank as high or very high in nature dependence indicators (Fedele, et al,,
2021). This study also claims that high nature dependent countries tend to have lower human
development ranking. This aligns with other studies that demonstrate that high direct use of
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natural resources is usually associated with communities of people who have limited market
access, high poverty rates, and strong cultural ties to nature (Berkes et al., 2001; Angelsen et al.,
2014). Considering these studies, reforesting abandoned lands and restoring nature to people
who depend on it can address global environmental justice issues.

The assessment on nature dependent people across the tropics provides a foundation for
human well-being metrics in three categories: universal need satisfiers (Gough, 2015), basic
materials for good life (Millennium Ecosystem Assessment, 2005), and social foundations
(Raworth, 2012). Respectively, these indicators include factors for adequate nutritional food and
water, protective housing, economic security (Gough, 2015), adequate livelihoods and income,
access to energy (Millennium Ecosystem Assessment, 2005), and sanitation (Raworth et al.,
2012).
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B. Reforestation Reflections in Monteverde, Costa Rica

Regardless of where future projections on agricultural land abandonment are, human impact
considerations are essential to consider and evaluate. One way to evaluate potential human
impacts associated with agricultural land abandonment is to assess the characteristics and
values of farmers who voluntarily have decided to reforest (and therefore retire part of their
agricultural land). With the knowledge that agricultural abandonment will occur in the future,
understanding the institutions that influenced those who already abandoned their agricultural
land is invaluable.

With this in mind, our group sought to investigate the motivations, costs, and benefits farmers
have for participating in a voluntary reforestation program with the Monteverde Institute in Costa
Rica. The results show that increased participation in the program may be correlated to farmers
who own relatively flat land, rely minimally on their land for their main income, and farmers who
seek to block wind and preserve their natural water resources. These findings provide trends
that can inform best practices for future restoration projects with similar demographic and
geographic characteristics, as well as advise the Monteverde Institute on how to improve their
program participation and better meet the interests of their active participants. Additionally, this
case study promotes the importance of understanding the needs of a community and working
with local individuals to create restoration programs that benefit both the environment and the
people whose livelihoods are intertwined with the land.

Figure B-1. Report author Michelle Geldin speaking to a farmer in front of the voluntarily reforested plot of
their land near Monteverde, Costa Rica.

44



B.1 Background

Demographic History of Monteverde

Indigenous peoples lived in the Monteverde region for thousands of years until European
contact, colonization, and war waged by European settlers largely decreased their population. In
the early 1900s, a small number of Costa Rican settler families arrived in the Monteverde area.
They cleared forests to create areas for cattle farms and small-scale croplands (Davis, 2009).

In 1951, a group of 41 Quakers migrated from the United States to the sparsely populated
Monteverde region. These Quakers were seeking refuge from a home country whose
participation in war went against their beliefs. As Costa Rica had recently abolished their military,
the group decided Costa Rica would be their new home. Similar to the Costa Ricans in the area,
the Monteverde Quakers raised cattle and crops (Davis, 2009).

Though the Costa Ricans had partially cleared land in the area, the Quakers continued to cut
down forests to make room for their farms and settlements. However, the Quakers specifically
left about a third of each of their land plots to be natural forest. Their reasoning was not for
modern conservationist reasons such as to protect biodiversity of endangered species (though
their beliefs would lend themselves easily into the later-developed conservation movement in
Costa Rica), but was to functionally preserve resources such as water (Davis, 2009).

In the 1960s, scientists enticed by the English-speaking community in Monteverde began to
descend into the region to study the unique ecology and biodiversity in the cloud forest
ecosystem. Many of these scientists moved into Monteverde and their dedication to
conservation sparked the beginning of a cultural ethic of conservation in the local area (Davis,
2009).

Between the 1960s and 1980s, Costa Rica experienced accelerated deforestation due to
increased cattle raising, agricultural production, and human population growth. Monteverde
scientists began noticing the impacts this was having on the wildlife there, including on iconic
birds such as the Three-wattled Bellbird and the Resplendent Quetzal. This concern led to the
formation of a community group known as the Monteverde Conservation League (MCL) which
spearheaded reforestation projects in the region (Davis, 2009).

The MCL worked with farmers in the 1980s and learned that the high winds that came for part of
the year to Monteverde “stressed cattle and pasture grasses” which “negatively affected milk
production” (Davis, 2009). The MCL used this information to successfully campaign for
reforestation programs complete with free trees for farmers who would care for them and in turn
receive the benefits of wind blockage as they grew. By 1994, “500,000 trees had been planted
by 263 farmers” (Davis, 2009).

Scientists documented that these windbreaks provided essential habitat connections for many
bird species. Further research into the migratory patterns of the Three-wattled Bellbird
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demonstrated that the birds rely on many life zones during the course of one year—including
protected forest as well as “small forest fragments on private farms”. This underscores the
importance of small-scale reforestation projects on farmland in supporting key habitat zones for
this vulnerable species (Davis, 2009).

In the late 1990s, an organization with similar interests and goals as the MCL, the Costa Rican
Conservation Foundation (FCC) was established and began reforestation program work to
protect the Pacific Slope region around Monteverde that is important for Bellbirds.

The Bellbird Biological Corridor (BBC or CBPC) was founded in 2005 by the FCC, the
Monteverde Institute, and four other local organizations out of the recognition that Three-wattled
Bellbirds were declining due to habitat loss and fragmentation in the region. The BBC spans
over 164 acres and strives to connect critical habitat for several species of concern between the
cloud forests of Monteverde and the coastal mangroves on the Gulf of Nicoya in northwestern
Costa Rica (Newcomer et al., 2022).

The Monteverde Institute, a “non-profit educational organization founded in 1986” (Burlingame,
2019), has hosted the Monteverde Institute Reforestation Program since the late 1990s. This
program is similar to the MCL'’s original program, as it grows trees native to the BBC and
distributes them to local community members at no cost.

While there are many conservation initiatives and reforestation programs in the region, the
long-standing recognition and success of the Monteverde Institute’s Reforestation Program
render it the target of this investigation. Understanding the dynamics and successes of this
program can help improve this program as well as inform and create other successful
reforestation programs in other parts of the world.

B.2 Description of Project
Research Overview

This project included interviews with 22 farmers who have participated in the Monteverde
Institute Reforestation Program at least one time between the years 2000 and 2022. Twelve of
the interviewed farmers had participated in the reforestation program and created one
designated area of reforestation while the remaining ten interviewed farmers had participated in
the program multiple times and had created more than one designated area of reforestation.

Each farmer was asked the same 87 questions pertaining to the following categories:
- General Information
- Household Information
- Biophysical, Land Use, and Land Dependence Information
- Experience in the Community and with the Monteverde Reforestation Program
- Opinions on the benefits and drawbacks of reforesting land
- Open Ended Questions
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Farmers were additionally asked questions pertaining to their Reforestation Parcel
Characteristics for each parcel they reforested. As mentioned previously, twelve farmers
reforested once, and thus were each asked one set of 26 questions pertaining to their parcel.
On the other hand, the remaining ten farmers reforested between two and four parcels in total.
These “multiple-reforester” farmers were asked one set of additional 26 questions for each
relevant parcel.

Farmers were interviewed in either Spanish or English, according to their language preference.
The main researcher, Michelle Geldin, and a local bilingual translator conducted all interviews.
Interviews took place at the location of preference for the interviewees which included locations
that were both on and off of the farm sites in question.

Selection Methodology

A stratified cluster sampling method was used to create two groups from which to select
participants. The two groups to be selected from were farmers who had reforested once and
farmers who had reforested more than once. All chosen participants were farmers who had
participated in the Monteverde Institute Reforestation Program. Geographically, the participant
pool was restricted to the upper BBC watershed in the Monteverde region in order to minimize
cost and travel constraints. Available data were provided by the Monteverde Institute’s staff
members and included farmer name, farmer phone number, and approximate geographic
locations of the farm. Participants were sampled from the divided data pool and were called or
texted a consistent script asking for their interest in participating in an approximately 50-minute
interview.
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Figure B-2. This map illustrates the extent of the Bellbird Biological Corridor (gold border in the larger left
map), the relative size of the Bellbird Biological Corridor within Costa Rica (red circle in the country legend
map on the right), and the approximate locations of the 22 interviewed farms (red points). (MVI Digital
Collections, 2017).

B.3 Study objectives

1. To understand why farmers reforest their land and how they decide where to reforest.

a. To identify the social, economic, and biophysical factors associated with farmers
who decide to reforest.

2. To document farmers’ perceptions of the costs and benefits of reforestation overall. To
compare these perceptions between those who participate multiple times and those who
participate once.

3. To explore why some farmers choose to participate in the program for multiple years
while others only participate once.

a. To identify the social, economic, and biophysical factors associated with farmers
who decide to reforest more than one parcel/project on their land.
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4. To identify how the Monteverde Institute’s Reforestation Program could increase the
number of farmers who reforest or the total area of land reforested.

B.4 Results

Objective 1

Exploring the first objective, we can identify trends in motivations as well as physical, social, and
economic incentives factors associated with all participants of the program.

What was your main motivation for
reforesting for each particular project?

Gﬂﬂﬁ?©£_:q_

Block wind Protectwater  Protectwildlife  Property lines Help cattle Obtain fruit Regenerate soil  Climate change Obtain wood In memoriam

Figure B-3. The prevalence of various motivations for 38 total reforestation projects discussed by
interviewees. The largest motivators for reforestation projects were to block wind on the property and the
desire to protect natural water sources.

There is a wide variety of motivations to reforest land in this case study. Focusing on the
strongest motivators, we see that knowledge of wind protection for both the health of crops and
cattle, as well as protection for the home itself, is of large significance. Additionally, those who
reforested were aware of the benefits reforestation has to protect the short and long-term
availability of natural water sources on their property for both human and animal usage.
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A B C

Percent of Land with Steep Economic Comparison:

Slopes: All Reforesters All Reforesters Percent of Income Derived

from On Farm Activities

What was the land use
prior to reforestation?

Number of People Farmers Know
Who Participate in the MVI
Program: All Reforesters

Figure B-4. Proxies for the social, economic, and biophysical factors associated with all farmers who
participated in a reforestation project. Chart A shows how the steepness of the physical property plays a
role in reforestation decisions. Charts B and C demonstrate economic factors associated with
reforestation decisions. Chart D shows physical use prior to the restoration project’s implementation.
Finally, Chart E demonstrates social factors relevant to reforestation decisions.

Chart A in Figure B-4 displays that around 43% of participating farmers’ land is only between
0-25% steep whereas 19% of participating farmers’ land is classified as almost completely steep,
or 75-100% steep. Chart B depicts farmers' comparison of their current economic situation to that
of the community at large. Chart C displays the percent of income for farmers that are
dependent on farm products. About one-third (29%) of farmers have a high proportion of income
derived from their on-farm activities while around 43% rely relatively little (0-25%) on their
income from their farm. Chart D shows the breakdown of previous land uses: 60% of land for
reforestation work was transitioned from pasture land, while 17% was cropland and another 17%
was fallow. Chart E displays that most participants knew at least one to five others participating
in the Institute’s Reforestation Program (48%).
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Objective 2

This objective seeks to compare the costs and benefits perceived between those who
conducted one reforestation project versus those who conducted multiple reforestation projects
on their land. Interviewees were asked open ended questions related to whether they
experienced any personal costs or benefits related to participating in the Program, if any. For
example, a perceived cost could be that the reforestation effort was “labor and time intensive”
while a perceived benefit could be that the reforestation effort “increased natural fruit
production”. For respondents who gave a reason for which they perceived some type of cost or
benefit, they were recorded as a “Yes” in the figure below. For respondents who explicitly said
they did not have a reason to believe they experienced any type of cost or benefit, they were
recorded as a “No” in the figure below.

Personal Benefits: One Time Reforesters Personal Benefits: Multiple Reforesters
. “
Personal Costs: One Time Reforesters Personal Costs: Multiple Reforesters

0 €

Figure B-5. The first two charts in the top box demonstrate the existence of perceived personal benefits
between one-time-reforesters and multiple-reforesters. The latter two charts on the right demonstrate the
existence of perceived personal costs between one-time-reforesters and multiple-reforesters.

While one-time-reforesters and multiple-reforesters perceived a similar amount of personal
benefits, multiple-reforesters reported perceiving more costs than one-time-reforesters.

Objective 3

This objective explores the social, economic, and biophysical factors associated with farmers
who decide to reforest more than one project on their land and how they compare to farmers
who decide to reforest only once. Asking interviewees about their generated income is
regarded as invasive and may lead to unreliable results. Therefore, the interviewee’s perceived
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economic status is asked for as a proxy for economic status. Interviewees compared their

personal economic situation with that of their general community and indicated whether they felt

they were “much worse off”, “a little worse off”, “average”, “a little better off”, or “much better

off” than others.

Economic Comparison:
One Time Reforesters

Economic Comparison:
Multiple Reforesters

Average

Number of People Farmers Know
Who Participate in the MVI
Program: One Time Reforesters

n 5

Number of People Farmers Know
Who Participate in the MVI
Program: Multiple Reforesters

Figure B-4. The first two charts on the top demonstrate the perceived economic status between

one-time-reforesters and multiple-reforesters. The latter two charts on the bottom demonstrate the role of

knowing other people involved in the project between those who were one-time-reforesters and those

who were multiple-reforesters.

Economic comparisons between the two groups in question were quite similar, though
one-time-reforesters were the only group to choose the category “a little worse” economically

relative to other people in their community.

Multiple-reforesters were more likely to know of other people involved in the Reforestation
Program and were more likely to know larger numbers of people as compared to

one-time-reforesters.
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Will you Reforest More: Will you reforest more:
One Time Reforesters Multiple Reforesters

Yes

Percent of Land with Steep Percent of Land with Steep
Slopes: One Time Reforesters Slopes: Multiple Reforesters

0-25%

Figure B-5. The first two charts on the top demonstrate the motivation for one-time-reforesters and
multiple-reforesters to choose to reforest again in the future. The latter two charts on the bottom show the
physical difference of farms for one-time-reforesters and multiple-reforesters in regard to land steepness.

The chart on the top demonstrates that multiple-reforesters are much more likely to wish to
reforest more plots of their land in the future.

For one-time-reforesters, one-third of farms had property that was minimally steep (0-25%
steep), whereas multiple-reforesters had 56% of farms with property that was minimally steep
(0-25% steep).

Objective 4

This objective seeks information on how to encourage more participants to both join the
Monteverde Institute’s Reforestation Program, and to encourage those who have already
participated once to continue to participate. The list below highlights key suggestions provided
by farmer interviews to support both of these goals.

In order to encourage increased participation, farmers suggested:

- Educating farmers on the benefits to production that are possible. If farmers can be
shown that sustainable agricultural activities and planting trees can provide economic
payoffs, there may be increased participation (whether that be in the form of receiving
fruit, wood, increased milk production, or in other ways).
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- Seeking methods for direct economic incentives to plant trees. Government-run Payment
for Ecosystem Service Systems were not used by any of the interviewees, partly due to
the slow, bureaucratic process. Finding localized methods for direct economic payments
may increase participation.

- Increase the number of tree species offered. The Reforestation Program hosts nurseries
that grow plants from seed and then freely distributes them as young seedlings. In this
way, the Institute controls what native species are grown. However, some farmers
believe that there should be more diversity in native tree species provided and that they
would be more interested in planting trees that provide more functional benefits to their
farm. These farmers encourage the Institute to consider offering additional tree species
that are both functional to the farmers and beneficial to improving the ecosystem.

- Educating farmers through active workshops or in ways that demonstrate the benefits
and functionality of reforesting instead of just talking about it. It is crucial to consider who
is educating and promoting the program to farmers as some individuals may be more
trusted than others (farmers may trust other farmers more than non-farmers).

- Discuss the ways in which reforestation can provide increased outlets for income such as
through tourism.

- Provide supplies such as fencing materials to farmers in addition to trees to limit outside
costs that the farmers will incur related to caring for the trees.

B.5 Discussion

The voluntary active reforestation efforts on agricultural land undertaken through the
Monteverde Institute benefits native habitat for wildlife in the region and the livelihoods of those
who have participated. The motivations, costs and benefits, and the social, economic, and
biophysical characteristics of participants and their farms provide insight into the best practices
for program improvement.

Motivations

Blocking wind, preserving water sources, and protecting wildlife were the top three primary
motivations mentioned by participants of this project. These motivations can be generally
distilled into improving productivity and protecting property, protecting natural resources, and
preserving the natural ecosystem, respectively. Understanding the driving forces for
participation in this reforestation program illustrates the specific needs and interests of the
community. While these motivations may be common for other regions or for current Institute
participants, human behavior is dynamic and unpredictable and these results serve as reflective
information rather than a blanket ruling for other potential farmers.

Costs and Benefits

Both one-time-reforesters and multiple-reforesters indicated low levels of personal costs with
high levels of benefits incurred from participation in the program. Interestingly,
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multiple-reforesters more commonly stated that they incurred some type of cost from
participating. However, multiple-reforesters were more likely than one-time-reforesters to want
to reforest again in the future. Farmers pointed to various perceived benefits and costs
associated with participating in the reforestation program. Some of the benefits frequently
mentioned were the prevention of erosion, improved living conditions for livestock and
increased production from livestock, increased perceived property value, and elevated
emotional satisfaction with their land. On the other hand, perceived costs included the time and
labor intensity for reforesting, decreased available land for agricultural activities, and occasional
lack of success rates with planting. These results can inform the Institute in directly addressing
perceived costs, and incentivizing pathways to achieve more of the benefits mentioned.

Characteristics

Social dynamics are important to consider when investigating participation. Knowing other
people who are involved in the Institute’s Reforestation program is correlated to more consistent
participation in reforestation projects. This emphasizes the importance of social networks and
pressure for participating communities to continue reforesting.

Perceived economic status as well as true economic status can play a role in determining
program participation. The majority of participants relied minimally (0-25%) on their farm for their
income, which may indicate that farmers who have less at stake when decreasing productive
land are more likely to participate.

Biophysical factors related to farmland may dictate reforestation participation. From this study,
farmers who had flatter land were more likely to reforest multiple times than those who had
steeper land. This is initially a surprising result as it was originally hypothesized that those with
more steep land would generally find the steeper portions of their land more ideal to reforest
and thus create multiple reforestation projects. However, it is possible that steeper land may be
more inaccessible and thus harder to actively reforest.

Next Steps

Farmers provided key insights into what actions the Institute can take to increase participation in
the program. Among these insights are increasing appropriate education on the benefits of the
program and considering compromising conservation goals and the needs of farmers when
choosing what tree species to offer.

The insights provided by farmers to improve participation in the Institute’s program can be
incorporated into future updates to the program, as well as taken into account for other
reforestation programs with similar goals in other places to consider.

The trees planted by farmers and community members through the Monteverde Institute’s
Reforestation program can support habitat for native flora and fauna in the Bellbird Biological
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Corridor. In addition to nurturing the environment, active reforestation on farmlands can create a
plethora of benefits for the farmers themselves. Promoting best practices to improve
participation in reforestation initiatives will be important as we adapt and coexist with nature in
an ever changing world.

B.6 HSC Protocol Information and Acknowledgements

This Costa Rica Case Study was completed with the approval of the Human Subjects Committee
within the UCSB Office of Research. The Human Subjects Committee’s Institutional Review
Board completed the approval of this research on September 9th, 2022, with interviews taking
place after this date. The approved protocol number is 2-22-0538.

This research was made possible with the guidance of Dr. Celia A. Harvey, supportive staff of the
Monteverde Institute, countless kind community members, and with the generous support of
donors to the Bren School of Environmental Science and Management.
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C. Accuracy assessment of projected cropland abandonment

Using remote sensing derived Brazilian land cover data from MapBiomas (Souza et al., 2020),
we created a series of confusion matrices comparing the abandonment projected under Chen et
al. in 2020 to abandonment observed in 2020. This allowed us to evaluate the performance of
our abandonment projection methodology.

MapBiomas (Collection 6) uses Landsat mosaics to classify LULC at 30m resolution for the
spatial extent of Brazil. First, the resolution of the 2020 LULC MapBiomas data was aggregated
to tkm and resampled to match the resolution and spatial extent of Chen et al’s land cover
projection data. Next, the MapBiomas data was reclassified only to include categories of
cropland. Finally, we created a confusion matrix to compare the sensitivity (true positive rate)
and specificity (true negative rate) of Chen 2020 projections against MapBiomas 2020 cropland
data. The accuracy and precision are also reported, where accuracy is defined as how often the
predictor is correct overall, and precision is defined as how often “true” predictions are correct.
Table C-1displays how to interpret the confusion matrix results. The link to code used for this
analysis is provided Appendix D (Table D-2).

(true pos + true neg) .. _ true pos
(pos + neg) Precision = (true pos + false pos)

Accuracy =

Table C-1: Confusion matrix format used to report observed vs predicted data, where the numbers
reported in each cell are the raw count and ratios are reported within parentheses.

Predicted

Positive Negative

Positive true pos false neg
G (tp/p) (fn/p)
e
3
o] Negative false true neg
© | m pos (tn/n)
(fp/n)
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Table C-2: Chen 2020 (SSP1) vs MapBiomas 2020 (cropland) confusion matrix. Accuracy = 0.890,

precision = 0.344

Predicted (Chen)

Positive Negative

Positive 320541 306508

= (0518) | (0.482)
T E
20
o @ | Negative 629588 7223321
g (0.080) | (0.920)

Table C-3: Chen 2020 (SSP3) vs MapBiomas 2020 (cropland) confusion matrix. Accuracy = 0.887,

precision = 0.339

Predicted (Chen)

Positive

Negative

Positive 341437
(0.537)

204612
(0.463)

Negative 664845

Observed
(MapBiomas)

(0.085)

7188064
(0.915)

Table C-4: Chen 2020 (SSP5) vs MapBiomas 2020 (cropland) confusion matrix. Accuracy = 0.867,

precision = 0.315

Predicted (Chen)
Positive Negative
_ | Positive 415557 220492
B (0.653) (0.347)
T E
20
@ @ | Negative 904644 6948265
8 :_20, (0115) (0.885)

Overall, Chen et al.’s data is above 86% accurate for the three SSPs tested against MapBiomas
cropland. The precision, however, hovered between 31.5% - 34.4%. This emphasizes that high
true negative rates (accurately classifying what is not cropland) is driving the overall model’s

accuracy.
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While the Chen et al.’s plant functional type classifications do not include pasture land, the
MapBiomas data includes a classification for both “pasture” and “mosaic agricultural and pasture
land”. Additional confusion matrices were created to examine how including mosaic agriculture
and pasture affected the accuracy of Chen et al’s global land use projections.

Table C-5: Chen 2020 (SSP1) vs MapBiomas 2020 (crop + mosaic agriculture) confusion matrix.
Accuracy = 0.874, precision = 0.420

Predicted (Chen)

Positive Negative

Positive 402249 514157

= 0439 | (0561)
T E
e
o @ | Negative 555279 7017273
8 ‘2" (0.073) (0.927)

Table C-6: Chen 2020 (SSP3) vs MapBiomas 2020 (crop + mosaic agriculture) confusion matrix.
Accuracy = 0.872, precision = 0.414

Predicted (Chen)

Positive Negative

Positive 417220 | 499186
(0.455) (0.545)

Negative | 589678 | 6982874
(0.078) (0.922)

Observed
(MapBiomas)

Table C-7: Chen 2020 (SSP5) vs MapBiomas 2020 (crop + mosaic agriculture) confusion matrix.
Accuracy = 0.858, precision = 0.390

Predicted (Chen)

Positive Negative

__| Positive 515335 | 401071
® (0.562) (0.438)

o £

g ke

@ B | Negative | 804866 | 6767686
@©

82 (0106) (0.894)

When including mosaic agriculture and pasture land use into the cropland classification for
MapBiomas, the true negative rates slightly increase and the true positive rates decrease. The
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overall accuracy of the models decreases, but the precision increases to between 39%-42%.
Including mosaic agriculture into the MapBiomas data increases the overall amount of “true”
cropland present in Brazil. This causes the overall rates (percentages) for true positives and
negatives to decrease, lowering model accuracy. However, the actual count of true positives
increases, driving increased precision. This indicates that some pixels classified as cropland in
Chen et als projected land use may in fact be a mosaic of cropland and pasture.

To determine the “baseline” accuracy of Chen et al’s LULC data, a confusion matrix analysis was
performed using Chen’s 2015 “current” land use against MapBiomas’ 2015 data for both
cropland and cropland + mosaic agriculture.

Table C-8: Chen 2015 vs MapBiomas 2015 (cropland) confusion matrix. Accuracy = 0.896, precision =
0.320

Predicted (Chen)

Positive Negative

Positive 280795 286585

© (0.495) (0.505)
T E
20
@ Q| Negative | 596123 | 7325455
@©
s2 (0.075) (0.925)

Table C-9: Chen 2015 vs MapBiomas 2015 (crop + mosaic agriculture) confusion matrix. Accuracy = 0.881,
precision = 0.384

Predicted (Chen)

Positive Negative

Positive 336904 467716

© (0.419) (0.581)
T E
20
o % Negative 540014 7144324
@©
s2 (0.070) (0.930)

Similar to the projected land use, including mosaic agriculture and pasture into the MapBiomas
cropland classification slightly increases the number of true positives and overall precision.
Finally, a last series of confusion matrix analysis were performed using projected 2020 Chen et
al. data and observed MapBiomas 2020 data, with pasture land use included in the “cropland”
classification.
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Table C-10: Chen 2020 (SSP1) vs MapBiomas 2020 (crop + pasture) confusion matrix. Accuracy = 0.802,
precision = 0.844

Predicted (Chen)

Positive Negative

Positive 808178 1532114

z (0.345) (0.656)
T E
g 9
o D | Negative | 149350 5999316
©
8 2 (0.024) (0.976)

Table C-11: Chen 2020 (SSP3) vs MapBiomas 2020 (crop + pasture) confusion matrix. Accuracy = 0.805,
precision = 0.841
Predicted (Chen)

Positive Negative

Positive 846796 1493496

® (0.362) (0.638)
o £
g ke
@ D | Negative | 160102 5988564
©
g2 (0.026) (0.974)

Table C-12: Chen 2020 (SSP5) vs MapBiomas 2020 (crop + pasture) confusion matrix. Accuracy = 0.818,
precision = 0.801
Predicted (Chen)

Positive Negative
__| Positive 1057713 | 1282579
- (0.452) (0.548)
T E
20
o D | Negative | 262488 | 5886178
©
£2 (0.043) (0.957)

Including pasture and cropland into the MapBiomas data significantly increases the number of
“true positives” across all SSP scenarios and boosts precision above 80%. Overall, this indicates
that pixels classified as cropland in Chen et al’s dataset are likely pasture or a mosaic of pasture
and agriculture. This poses limitations to the efficacy of projected cropland abandonment and
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restoration models. However, despite this misclassification of pasture as cropland, these pixels
are still projected to transition away from human-influenced agriculture and toward natural land
uses. Conservatively, it is better to include these areas as eligible parcels for restoration (false
positives) than exclude misclassified cropland (false negatives). The high true negative counts
across all confusion matrices reflect this to be the case, with Chen et al’s dataset accurately
determining areas that are not cropland.
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D. Data and code availability

In the interest of transparency and open data practices, all data, analyses, and results generated
from this project are outlined in Tables D-1and D-2 below. The majority of data utilized for this
project’s analyses are publicly available; sources and links to datasets are provided in Table D-1
when applicable.

A public GitHub account, AgAbandonment-Bren-Cl, hosts repositories for the various analyses
conducted throughout this project; links and descriptions for these repositories are provided in
Table D-2. Due to the size of data utilized for some analyses, raw source data are not pushed to
these repositories. Sources to locally download these datasets are provided in Table D-1as well
as each repository’s README.md file. This GitHub account will be kept open for future research
and reproducibility.
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https://github.com/AgAbandonment-Bren-CI

Table D-1. Data used in analyses with links for publicly available sources.

Dataset General use File Date Download Brief description and citation
type created | link
Future global | Finding areas of GeoTllIFF | March, Zenodo link | Future land cover (1 km resolution) out to 2100 based on SSP-RCP
land cover projected cropland 2021 climate scenarios. Datasets available for either 7 land cover
abandonment both classifications or 20 cover types based on PFT.
globally (Ch. 2) and in
Brazil (Ch. 3) by 2050. Chen, G., Li, X. & Liu, X. (2022). Global land projection based on plant
functional types with a 1-km resolution under socio-climatic scenarios. Sci
Data 9, 125. https://doi.org/101038/s41597-022-01208-6
Current Determining the GeoTllFF | August, | MapBiomas MapBiomas Project - is a multi-institutional initiative to generate
Brazilian land | accuracy of Chen et 2021 Collections annual land use and land cover maps from automatic classification
use and land al’s projected land processes applied to satellite imagery. Collection 6 land cover data
cover cover for the year (30m resolution) for Brazil. The full description of the project can be
2020 (App. C). found at http://mapbiomas.org
Souza at. al. (2020) - Reconstructing Three Decades of Land Use and Land
Cover Changes in Brazilian Biomes with Landsat Archive and Earth Engine
- Remote Sensing, Volume 12, Issue 17, https://doi.org/10.3390/rs12172735
Carbon Highlighting areas GeoTIFF | July, Global Estimated rate of carbon sequestration (MgC/ha/yr) in above and
accumulation | critical to carbon 2022 Forest Watch | belowground biomass during the first 30 years of natural regrowth.

potential

sequestration globally
(Ch. 2) and prioritizing
Brazilian parcels for
restoration based on
potential benefits to
carbon (Ch. 3).

This global dataset (1 km resolution) was first generated by
Cook-Patton et al. in 2020 with values for aboveground carbon
storage only. GFW updated this dataset in 2022 to include
belowground sequestration rates.

Cook-Patton, S. C., Leavitt, S. M., Gibbs, D. et al. (2020). Mapping carbon
accumulation potential from global natural forest regrowth. Nature,
585(7826), 545-550. https://doi.ora/10.1038/s41586-020-2686-x
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https://zenodo.org/record/4584775#.ZA429XbMJD9
https://mapbiomas.org/en/colecoes-mapbiomas-1?cama_set_language=en
https://mapbiomas.org/en/colecoes-mapbiomas-1?cama_set_language=en
http://mapbiomas.org
https://doi.org/10.3390/rs12172735
https://data.globalforestwatch.org/documents/gfw::carbon-accumulation-potential-from-natural-forest-regrowth-in-forest-and-savanna-biomes/about
https://data.globalforestwatch.org/documents/gfw::carbon-accumulation-potential-from-natural-forest-regrowth-in-forest-and-savanna-biomes/about
https://doi.org/10.1038/s41586-020-2686-x

Table D-1 (cont.).

Data used in analyses with links for publicly available sources.

Future and Used for highlighting GeoTllFF | 2021 SPARC Global spatial dataset at 5km resolution displaying rank-ordered
current areas critical to Conservation | areas of high importance to conserving biodiversity. The rank
biodiversity biodiversity globally Priorities order of importance was determined by examining current and
priority areas | (Ch. 2) and prioritizing future ranges of 17,000 vertebrate species and their relative
Brazilian parcels for extinction risks.
restoration based on
e T Roehrdanz, P., Hannah, L., Corcoran, D., Corlett, R., Enquist, B., Fajardo, J.,
risk (Ch. 3). Fe.zng, X., Foden, W., LovetF, J., Maitner,.B., Marquet, P., Merow, C'f &
Midgley, G. (2021). Strategic Conservation of Global Vertebrates in
Response to Climate Change. SSRN Electronic Journal: Preprints.
https://doi.org/10.2139/ssrn.3854499
Restoration Assigning restoration | CSV 2017 Data in Estimated costs for six different restoration methods, depending
costs costs to abandoned GitHub on environmental condition and Brazilian biome. These data were
cropland parcels repository generated and reported in a Nature Conservancy report from 2017
based on restoration and manually entered into tabular format for analysis. These data
method and biome can be found within the GitHub repository for our restoration
(Ch. 3). prioritization analysis.
de Miranda Benini, R., & Adeodato, S. (2017). Forest Restoration Economy.
The Nature Conservancy, 71.
Brazilian Cropping and GPKG 2019 geobr The geobr package in R was used to read in accurate spatial
boundaries masking raster data to package datasets for various Brazilian boundaries. Biome boundary data
either the country of GitHub was originally sourced from the Instituto Brasileiro de Geografia e
Brazil or specific Estatistica (IBGE) and is at scale 1:250.000.
biomes/regions within
Brazil (Ch. 3). Pereira R, Goncalves C (2023). geobr: Download Official Spatial Data Sets
IBGE of Brazil. R package version 1.7.0999, https://github.com/ipeaGIT/geobr.
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https://github.com/AgAbandonment-Bren-CI/restoration-prioritization
https://github.com/AgAbandonment-Bren-CI/restoration-prioritization
https://github.com/ipeaGIT/geobr
https://github.com/ipeaGIT/geobr
https://github.com/ipeaGIT/geobr
https://www.ibge.gov.br/en/geosciences/maps/brazil-environmental-information/18341-biomes.html
https://github.com/ipeaGIT/geobr

boundary
vectors

Instituto Brasileiro de Geografia e Estatistica. (n.d.). Mapas Fisicos e
Ambientais. Brasil - Mapas Fisicos e Ambientais. Retrieved May 9, 2022,
from https://mapasinterativos.ibge.gov.br/sigibge/
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Table D-2. Links to GitHub repositories for project analyses.

Analysis

Description

Link to repository

Determining areas of
projected cropland
abandonment.

(Ch. 2 and 3)

Two separate R markdowns determining where projected cropland abandonment will
occur globally and within Brazil, respectively. Both analyses utilized future land cover data
from Chen et al., 2022. Outputs include rasters for abandonment under six different
climate scenarios at 1 km resolution. Brazilian abandonment is utilized as in input for the
restoration prioritization analysis.

abandoned-cropland

Prioritizing restoration of
abandoned Brazilian
cropland.

(Ch. 3)

Utilizes rasters of projected abandonment under 6 climate scenarios, as well as data for
biodiversity, carbon, and restoration cost, to determine the optimal restoration locations
within a specified budget. Outputs include rasters indicating which parcels should be
restored (value 1) and which should not (value 0).

Confusion matrices

Compares Chen et al.’s projected land cover against MapBiomas’ observed land cover to

cropland-projected-

(Ch. 2 and 3)

presented in this report.

(App. 3) determine the general accuracy of Brazilian land cover projections used for other analyses | observed
in this project.
Data visualization Creates an interactive Shiny App where the user can further explore the data and analyses | shiny-app

67


https://github.com/AgAbandonment-Bren-CI/abandoned-cropland
https://github.com/AgAbandonment-Bren-CI/restoration-prioritization
https://github.com/AgAbandonment-Bren-CI/cropland-projected-observed
https://github.com/AgAbandonment-Bren-CI/cropland-projected-observed
https://github.com/AgAbandonment-Bren-CI/shiny_app

References Cited

Alexandratos, N., & Bruinsma, J. (2012). World Agriculture Towards 2030/2050: The 2012
Revision. Food and Agriculture Organization of the United Nations.

Alves Oliveira Silva, J., & Barbosa, E. (2019). Management of preserved territories: Far beyond the
preservation of nature. Direito Ambiental e Desenvolvimento Sustentdvel, 16(35).

Beilin, R., Lindborg, R., Stenseke, M., Pereira, H. M., Llausas, A., Slatmo, E., Cerqueira, Y., Navarro,
L., Rodrigues, P., Reichelt, N., Munro, N., & Queiroz, C. (2014). Analysing how drivers of
agricultural land abandonment affect biodiversity and cultural landscapes using case
studies from Scandinavia, Iberia and Oceania. Land Use Policy, 36, 60-72.
https://doi.org/10.1016/j.landusepol.2013.07.003

Bell, S. M., Barriocanal, C., Terrer, C., & Rosell-Melé, A. (2020). Management opportunities for soil
carbon sequestration following agricultural land abandonment. Environmental Science &
Policy, 108, 104—111. https://doi.org/10.1016/j.envsci.2020.03.018

Benayas, J. M. R,, Newton, A. C,, Diaz, A., & Bullock, J. M. (2009). Enhancement of Biodiversity
and Ecosystem Services by Ecological Restoration: A Meta-Analysis. Science, 325(5944),
121-1124.

Benayas, J., Martins, A., Nicolau, J., & Schulz, J. (2007). Abandonment of agricultural land: An
overview of drivers and consequences. CAB Reviews Perspectives in Agriculture
Veterinary Science Nutrition and Natural Resources, 2.
https://doi.org/10.1079/PAVSNNR20072057

Bergier, I., Assine, M. L., McGlue, M. M., Alho, C. J. R, Silva, A., Guerreiro, R. L., & Carvalho, J. C.
(2018). Amazon rainforest modulation of water security in the Pantanal wetland. Science of
The Total Environment, 619—-620, 1116-1125. https://doi.org/10.1016/j.scitotenv.2017.11.163

Beyer, H. L., Dujardin, Y., Watts, M. E., & Possingham, H. P. (2016). Solving conservation planning
problems with integer linear programming. Ecological Modelling, 328, 14—-22.
https://doi.org/10.1016/j.ecolmodel.2016.02.005

Bezerra, F. G. S., Randow, C. V., Assis, T. O., Bezerra, K. R. A, Tejada, G., Castro, A. A., Gomes, D.
M. de P.,, Avancini, R., & Aguiar, A. P. (2022). New land-use change scenarios for Brazil:
Refining global SSPs with a regional spatially-explicit allocation model. Public Library of
Science, 17(4), €0256052. https://doi.org/10.1371/journal.pone.0256052

Bo, T. (2019). Germany, Norway halt aid funding over Brazil’s Amazon policies | Environment News
| Al Jazeera.

68


https://doi.org/10.1079/PAVSNNR20072057
https://doi.org/10.1371/journal.pone.0256052

https://www.aljazeera.com/videos/2019/9/1/germany-norway-halt-aid-funding-over-brazils-
amazon-policies

Boadle, A. & Spring, J. (2022). Brazil’s Lula courts U.K., U.S. to join Amazon rainforest protection
fund. Reuters.
https://www.reuters.com/business/environment/brazils-lula-courts-uk-others-join-fund-prot
ect-rainforest-2022-11-29/

Burlingame, L. (2019). Monteverde Institute | History. https://monteverde-institute.org/

Calaboni, A., Tambosi, L. R, Igari, A. T., Farinaci, J. S., Metzger, J. P., & Uriarte, M. (2018). The forest
transition in Sdo Paulo, Brazil: Historical patterns and potential drivers. Ecology and
Society, 23(4). https://www.jstor.org/stable/26796855

Campo, J., Stijsiger, R. J., Nadal-Romero, E., & Cammeraat, E. L. H. (2019). The effects of land
abandonment and long-term afforestation practices on the organic carbon stock and
lignin content of Mediterranean humid mountain soils. European Journal of Soil Science,
70(5), 947-959. https://doi.org/10.1111/ejss.12799

Chazdon, R. L. (2008). Beyond Deforestation: Restoring Forests and Ecosystem Services on
Degraded Lands. Science, 320(5882), 1458-1460. https://doi.org/10.1126/science.1155365

Chazdon, R. L., & Guariguata, M. R. (2016). Natural regeneration as a tool for large-scale forest
restoration in the tropics: Prospects and challenges. Biotropica, 48(6), 716—730.
https://doi.org/10.1111/btp.12381

Chen, G, Li, X, & Liu, X. (2022). Global land projection based on plant functional types with a
1-km resolution under socio-climatic scenarios. Scientific Data, 9(1), Article 1.
https://doi.org/10.1038/s41597-022-01208-6

Corbelle-Rico, E., Sanchez-Fernadndez, P., Lépez-Iglesias, E., Lago-Pefias, S., & Da-Rocha, J.-M.
(2022). Putting land to work: An evaluation of the economic effects of recultivating
abandoned farmland. Land Use Policy, 112, 105808.
https://doi.org/10.1016/j.landusepol.2021105808

Cook-Patton, S. C,, Leavitt, S. M., Gibbs, D., Harris, N. L., Lister, K., Anderson-Teixeira, K. J., Briggs,
R. D., Chazdon, R. L., Crowther, T. W,, Ellis, P. W., Griscom, H. P., Herrmann, V., Holl, K. D.,
Houghton, R. A, Larrosa, C., Lomax, G., Lucas, R., Madsen, P,, Malhi, Y., ... Griscom, B. W.
(2020). Mapping carbon accumulation potential from global natural forest regrowth. Nature,
585(7826), Article 7826. https://doi.org/10.1038/s41586-020-2686-x

Crawford, C. L., Yin, H., Radeloff, V. C., & Wilcove, D. S. (2022). Rural land abandonment is too

69


https://doi.org/10.1016/j.landusepol.2021.105808
https://doi.org/10.1038/s41586-020-2686-x

ephemeral to provide major benefits for biodiversity and climate. Science Advances, 8(21),
eabm8999. https://doi.org/10.1126/sciadv.abm8999

Curran, M., Hellweg, S., & Beck, J. (2014). Is there any empirical support for biodiversity offset
policy? Ecological Applications, 24(4), 617—632. https://doi.org/10.1890/13-0243.1

Dantas, D., Terra, M. de C. N. S,, Pinto, L. O. R,, Calegario, N., & Maciel, S. M. (2020). Above and
belowground carbon stock in a tropical forest in Brazil. Acta Scientiarum. Agronomy, 43,
€48276. https://doi.org/10.4025/actasciagron.v43i1.48276

Davis, J. (2009). The Creation and Management of Protected Areas in Monteverde, Costa Rica.
Global Environment, 96—119. http://www.environmentandsociety.org/node/4616.

de Miranda Benini, R., & Adeodato, S. (2017). Forest Restoration Economy. The Nature
Conservancy, 71.

Diaz, G. I., Nahuelhual, L., Echeverria, C., & Marin, S. (2011). Drivers of land abandonment in
Southern Chile and implications for landscape planning. Landscape and Urban Planning,
99(3—4), 207-217. https://doi.org/10.1016/j.landurbplan.2010.11.005

Dixon, R. K., Solomon, A. M., Brown, S., Houghton, R. A., Trexier, M. C., & Wisniewski, J. (1994).
Carbon Pools and Flux of Global Forest Ecosystems. Science, 263(5144), 185-190.
https://doi.org/10.1126/science.263.5144.185

Drummond, J., Franco, J., & Ninis, A. (2009). Brazilian Federal Conservation Units: A Historical
Overview of their Creation and of their Current Status. Environment and History, 15,
463-491. https://doi.org/10.3197/096734009X12532652872036

Du, J., Zeng, M., Xie, Z., & Wang, S. (2019). Power of Agricultural Credit in Farmland
Abandonment: Evidence from Rural China. Land, 8(12), Article 12.
https://doi.org/10.3390/1and8120184

Enquist, B. J., Feng, X., Boyle, B., Maitner, B., Newman, E. A., Jgrgensen, P. M, Roehrdanz, P. R,,
Thiers, B. M., Burger, J. R, Corlett, R. T., Couvreur, T. L. P, Dauby, G., Donoghue, J. C,,
Foden, W., Lovett, J. C., Marquet, P. A, Merow, C., Midgley, G., Morueta-Holme, N, ...
McGill, B. J. (2019). The commonness of rarity: Global and future distribution of rarity
across land plants. Science Advances, 5(11), eaaz0414.
https://doi.org/10.1126/sciadv.aaz0414

Estel, S., Kuemmerle, T., Alcantara, C., Levers, C., Prishchepov, A., & Hostert, P. (2015). Mapping

farmland abandonment and recultivation across Europe using MODIS NDVI time series.
Remote Sensing of Environment, 163, 312-325. https://doi.org/10.1016/j.rse.2015.03.028

70


https://doi.org/10.4025/actasciagron.v43i1.48276
https://doi.org/10.1016/j.landurbplan.2010.11.005
https://doi.org/10.1126/science.263.5144.185
https://doi.org/10.1126/science.263.5144.185
https://doi.org/10.1016/j.rse.2015.03.028

Estoque, R. C,, Gomi, K., Togawa, T., Ocoba, M., Hijioka, Y., Akiyama, C. M., Nakamura, S., Yoshioka,
A., & Kuroda, K. (2019). Scenario-based land abandonment projections: Method,
application and implications. Science of The Total Environment, 692, 903-916.
https://doi.org/10.1016/j.scitotenv.2019.07.204

European Commission. (2022). The common agricultural policy at a glance [Government].
European Commission.
https://ec.europa.eu/info/food-farming-fisheries/key-policies/common-agricultural-policy/c
ap-glance_en

Falster, D. S., Brannstrom, A., Westoby, M., & Dieckmann, U. (2017). Multitrait successional forest
dynamics enable diverse competitive coexistence. Proceedings of the National Academy
of Sciences, 114(13). https://doi.org/10.1073/pnas.1610206114

Fayet, C. M. J,, Reilly, K. H., Van Ham, C., & Verburg, P. H. (2022a). What is the future of
abandoned agricultural lands? A systematic review of alternative trajectories in Europe.
Land Use Policy, 112,105833. https://doi.org/10.1016/j.landusepol.2021105833

Fayet, C. M. J,, Reilly, K. H., Van Ham, C., & Verburg, P. H. (2022b). The potential of European
abandoned agricultural lands to contribute to the Green Deal objectives: Policy
perspectives. Environmental Science & Policy, 133, 44-53.
https://doi.org/10.1016/j.envsci.2022.03.007

Ferraz, S. F. B,, Ferraz, K. M. P. M. B,, Cassiano, C. C,, Brancalion, P. H. S., da Luz, D. T. A,,
Azevedo, T. N,, Tambosi, L. R., & Metzger, J. P. (2014). How good are tropical forest
patches for ecosystem services provisioning? Landscape Ecology, 29(2), 187-200.
https://doi.org/10.1007/s10980-014-9988-z

Fitton, N., Alexander, P., Arnell, N., Bajzelj, B., Calvin, K., Doelman, J., Gerber, J. S., Havlik, P.,
Hasegawa, T., Herrero, M., Krisztin, T., van Meijl, H., Powell, T., Sands, R., Stehfest, E., West,
P. C., & Smith, P. (2019). The vulnerabilities of agricultural land and food production to
future water scarcity. Global Environmental Change, 58, 101944.
https://doi.org/10.1016/j.gloenvcha.2019.101944

Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, J. S., Johnston, M., Mueller, N.
D., O’Connell, C., Ray, D. K., West, P. C., Balzer, C., Bennett, E. M., Carpenter, S. R., Hill, J.,
Monfreda, C., Polasky, S., Rockstréom, J., Sheehan, J., Siebert, S., ... Zaks, D. P. M. (2011).
Solutions for a cultivated planet. Nature, 478(7369), 337-342.
https://doi.org/101038/nature10452

Fonseca, C. R., & Venticinque, E. M. (2018). Biodiversity conservation gaps in Brazil: A role for

71



systematic conservation planning. Perspectives in Ecology and Conservation, 16(2), 61-67.
https://doi.org/10.1016/j.pecon.2018.03.001

Food and Agriculture Organization. (2018). Agricultural land—Brazil. The World Bank Data.
https://data.worldbank.org/indicator/AG.LND.AGRI.K2?locations=BR

Friedlingstein, P., Jones, M. W., O’Sullivan, M., Andrew, R. M., Bakker, D. C. E., Hauck, J., Le Quéré,
C., Peters, G. P, Peters, W., Pongratz, J., Sitch, S., Canadell, J. G, Ciais, P., Jackson, R. B., Alin,
S. R., Anthoni, P,, Bates, N. R, Becker, M., Bellouin, N, ... Zeng, J. (2022). Global Carbon
Budget 2021. Earth System Science Data, 14(4), 1917-2005.
https://doi.org/10.5194/essd-14-1917-2022

Giulietti, A. M., Harley, R. M., De Queiroz, L. P,, Wanderley, M. D. G. L., & Van Den Berg, C. (2005).
Biodiversity and Conservation of Plants in Brazil. Conservation Biology, 19(3), 632—-639.
https://doi.org/10.1111/j1523-1739.2005.00704.x

Grau, H. R, & Aide, M. (2008). Globalization and Land-Use Transitions in Latin America. Ecology
and Society, 13(2). https://www.jstor.org/stable/26267952

Griscom, B. W., Adams, J., Ellis, P. W., Houghton, R. A., Lomax, G., Miteva, D. A., Schlesinger, W. H.,
Shoch, D., Siikaméki, J. V., Smith, P., Woodbury, P., Zganjar, C., Blackman, A., Campari, J.,
Conant, R. T., Delgado, C,, Elias, P., Gopalakrishna, T., Hamsik, M. R, ... Fargione, J. (2017).
Natural climate solutions. Proceedings of the National Academy of Sciences, 114(44),
11645-11650. https://doi.org/10.1073/pnas.1710465114

Gvein, M. H., Hu, X,, Naess, J. S., Watanabe, M. D. B., Cavalett, O., Malbranque, M., Kindermann, G.,
& Cherubini, F. (2023). Potential of land-based climate change mitigation strategies on
abandoned cropland. Communications Earth & Environment, 4(1), Article 1.
https://doi.org/10.1038/s43247-023-00696-7

Hannah, L., Roehrdanz, P. R., Marquet, P. A,, Enquist, B. J., Midgley, G., Foden, W,, Lovett, J. C,,
Corlett, R. T., Corcoran, D., Butchart, S. H. M., Boyle, B., Feng, X., Maitner, B., Fajardo, J.,
McGill, B. J., Merow, C., Morueta-Holme, N., Newman, E. A, Park, D. S,, ... Svenning, J.-C.
(2020). 30% land conservation and climate action reduces tropical extinction risk by more
than 50%. Ecography, 43(7), 943—953. https://doi.org/10.1111/ecog.05166

Haddad, N. M., Brudvig, L. A, Clobert, J., Davies, K. F., Gonzalez, A., Holt, R. D., Lovejoy, T. E.,
Sexton, J. O., Austin, M. P,, Collins, C. D., Cook, W. M., Damschen, E. |, Ewers, R. M., Foster, B.
L., Jenkins, C. N., King, A. J,, Laurance, W. F,, Levey, D. J,, Margules, C. R,, ... Townshend, J. R.
(2015). Habitat fragmentation and its lasting impact on Earth’s ecosystems. Science
Advances, 1(2), e1500052. https://doi.org/10.1126/sciadv.1500052

72


https://data.worldbank.org/indicator/AG.LND.AGRI.K2?locations=BR
https://doi.org/10.5194/essd-14-1917-2022
https://doi.org/10.5194/essd-14-1917-2022
https://www.jstor.org/stable/26267952
https://doi.org/10.1073/pnas.1710465114
https://doi.org/10.1126/sciadv.1500052

Hamilton, A. J. (2005). Species diversity or biodiversity? Journal of Environmental Management,
75(1), 89-92. https://doi.org/10.1016/j.jenvman.2004.11.012

Hu, X, Li, Z., Chen, J., Nie, X, Liu, J., Wang, L., & Ning, K. (2021). Carbon sequestration benefits of
the grain for Green Program in the hilly red soil region of southern China. International
Soil and Water Conservation Research, 9(2), 271-278.
https://doi.org/10.1016/.iswcr.2020.11.005

Hua, F., Wang, X., Zheng, X., Fisher, B., Wang, L., Zhu, J., Tang, Y., Yu, D. W., & Wilcove, D. S.
(2016). Opportunities for biodiversity gains under the world’s largest reforestation
programme. Nature Communications, 7(1), 12717. https://doi.org/101038/ncomms12717

Instituto Brasileiro de Geografia e Estatistica. (n.d.). Mapas Fisicos e Ambientais. Brasil - Mapas
Fisicos e Ambientais. Retrieved May 9, 2022, from
https://mapasinterativos.ibge.gov.br/sigibge/

Isbell, F., Tilman, D., Reich, P. B., & Clark, A. T. (2019). Deficits of biodiversity and productivity linger
a century after agricultural abandonment. Nature Ecology & Evolution, 3(11), Article 11.
https://doi.org/10.1038/s41559-019-1012-1

Joly, C. A,, Metzger, J. P., & Tabarelli, M. (2014). Experiences from the Brazilian Atlantic Forest:
Ecological findings and conservation initiatives. New Phytologist, 204(3), 459-473.
https://doi.org/10.1111/nph.12989

Keenleyside, C., & Tucker, G. (2010). Farmland Abandonment in the EU: An Assessment of Trends
and Prospects. Report Prepared for WWF.

Khanal, N. R., & Watanabe, T. (2006). Abandonment of Agricultural Land and Its Consequences.
Mountain Research and Development, 26(1), 32—40.
https://doi.org/10.1659/0276-4741(2006)026[0032:A0ALAI]2.0.CO;2

Kunming-Montreal Global Biodiversity Framework. (2022).
https://www.cbd.int/doc/decisions/cop-15/cop-15-dec-04-en.pdf

Lal, R. (2004). Soil Carbon Sequestration Impacts on Global Climate Change and Food Security.
Science, 304(5677), 1623-1627. https://doi.org/10.1126/science 1097396

Lasanta, T.,, Arndez, J., Pascual, N., Ruiz-Flafio, P, Errea, M. P., & Lana-Renault, N. (2017).
Space—time process and drivers of land abandonment in Europe. CATENA, 149, 810-823.
https://doi.org/10.1016/j.catena.2016.02.024

Lasanta, T., Nadal-Romero, E., & Arndez, J. (2015). Managing abandoned farmland to control the

73


https://doi.org/10.1016/j.jenvman.2004.11.012
https://doi.org/10.1038/s41559-019-1012-1
https://doi.org/10.1659/0276-4741(2006)026%5B0032:AOALAI%5D2.0.CO;2

impact of re-vegetation on the environment. The state of the art in Europe. Environmental
Science & Policy, 52, 99-109. https://doi.org/10.1016/j.envsci.2015.05.012

Laurance, W. F., Sayer, J., & Cassman, K. G. (2014). Agricultural expansion and its impacts on
tropical nature. Trends in Ecology & Evolution, 29(2), 107-116.
https://doi.org/10.1016/j.tree.2013.12.001

Leal Filho, W., Mandel, M., Al-Amin, A. Q., Feher, A., & Chiappetta Jabbour, C. J. (2017). An
assessment of the causes and consequences of agricultural land abandonment in Europe.
International Journal of Sustainable Development & World Ecology, 24(6), 554—-560.
https://doi.org/10.1080/13504509.2016.1240113

Lewinsohn, T. M., & Prado, P. I. (2005). How Many Species Are There in Brazil? Conservation
Biology, 19(3), 619—624. https://doi.org/10.1111/j1523-1739.2005.00680.x

Li, S., & Li, X. (2017). Global understanding of farmland abandonment: A review and prospects.
Journal of Geographical Sciences, 27(9), 1123-1150.
https://doi.org/10.1007/s11442-017-1426-0

Li, Y., Liu, Y., Long, H., & Cui, W. (2014). Community-based rural residential land consolidation and
allocation can help to revitalize hollowed villages in traditional agricultural areas of China:
Evidence from Dancheng County, Henan Province. Land Use Policy, 39, 188-198.
https://doi.org/10.1016/j.landusepol.2014.02.016

MacDonald, D., Crabtree, J. R., Wiesinger, G., Dax, T., Stamou, N., Fleury, P., Gutierrez Lazpita, J., &
Gibon, A. (2000). Agricultural abandonment in mountain areas of Europe: Environmental
consequences and policy response. Journal of Environmental Management, 59(1), 47—69.
https://doi.org/10.1006/jema.1999.0335

Mather, A. S., & Needle, C. L. (1998). The Forest Transition: A Theoretical Basis. Area, 30(2),
17-124.

Meli, P.,, Holl, K. D., Rey Benayas, J. M., Jones, H. P,, Jones, P. C., Montoya, D., & Moreno Mateos,
D. (2017). A global review of past land use, climate, and active vs. Passive restoration
effects on forest recovery. PLOS ONE, 12(2), e0171368.
https://doi.org/10.1371/journal.pone.0171368

Melo, F. P. L., Pinto, S. R. R, Brancalion, P. H. S,, Castro, P. S., Rodrigues, R. R., Aronson, J., &
Tabarelli, M. (2013). Priority setting for scaling-up tropical forest restoration projects: Early
lessons from the Atlantic Forest Restoration Pact. Environmental Science & Policy, 33,
395-404. https://doi.org/10.1016/j.envsci.2013.07.013

74


https://doi.org/10.1371/journal.pone.0171368

Meyfroidt, P., & Lambin, E. F. (2011). Global Forest Transition: Prospects for an End to
Deforestation. Annual Review of Environment and Resources, 36(1), 343-371.
https://doi.org/10.1146/annurev-environ-090710-143732

Moreira da Silva, A. P., Schweizer, D., Rodrigues Marques, H., Cordeiro Teixeira, A. M., Nascente
dos Santos, T. V. M., Sambuichi, R. H. R., Badari, C. G., Gaudare, U., & Brancalion, P. H. S.
(2017). Can current native tree seedling production and infrastructure meet an increasing
forest restoration demand in Brazil?: Seedling supply for large-scale restoration.
Restoration Ecology, 25(4), 509-515. https://doi.org/10.1111/rec12470

Mdller, D., Kuemmerle, T., Rusu, M., & Griffiths, P. (2009). Lost in transition: Determinants of
post-socialist cropland abandonment in Romania. Journal of Land Use Science, 4(1-2),
109-129. https://doi.org/10.1080/17474230802645881

Mufiiz-Castro, M. A., Williams-Linera, G., & Benayas, J. M. R. (2006). Distance Effect from Cloud
Forest Fragments on Plant Community Structure in Abandoned Pastures in Veracruz,
Mexico. Journal of Tropical Ecology, 22(4), 431-440.

Munroe, D. K., van Berkel, D. B., Verburg, P. H., & Olson, J. L. (2013). Alternative trajectories of land
abandonment: Causes, consequences and research challenges. Current Opinion in
Environmental Sustainability, 5(5), 471-476. https://doi.org/10.1016/j.cosust.2013.06.010

MVI Digital Collections. (2017). Monteverde Institute | MVI Digital Collections. Retrieved March 22,
2023, from https://monteverde-institute.org/

Navarro, L. M., & Pereira, H. M. (2015). Rewilding Abandoned Landscapes in Europe. In H. M.
Pereira & L. M. Navarro (Eds.), Rewilding European Landscapes (pp. 3—23). Springer
International Publishing. https://doi.org/10.1007/978-3-319-12039-3_1

Navarro, Z. (2010). A half-century of transformations in the Brazilian rural scenario and the
governmental action. Revisita de Politica Agricola, 11.

Nepstad, D., McGrath, D., Stickler, C., Alencar, A., Azevedo, A., Swette, B., Bezerra, T., DiGiano, M.,
Shimada, J., Seroa da Motta, R., Armijo, E., Castello, L., Brando, P., Hansen, M. C,,
McGrath-Horn, M., Carvalho, O., & Hess, L. (2014). Slowing Amazon deforestation through
public policy and interventions in beef and soy supply chains. Science, 344(6188),
1118-1123. https://doi.org/10.1126/science.1248525

Nepstad, D., Soares-Filho, B. S., Merry, F., Lima, A., Moutinho, P., Carter, J., Bowman, M., Cattaneo,
A., Rodrigues, H., Schwartzman, S., McGrath, D. G., Stickler, C. M., Lubowski, R.,
Piris-Cabezas, P, Rivero, S., Alencar, A., Almeida, O., & Stella, O. (2009). The End of
Deforestation in the Brazilian Amazon. Science, 326(5958), 1350-1351.

75


https://doi.org/10.1146/annurev-environ-090710-143732
https://doi.org/10.1016/j.cosust.2013.06.010

https://doi.org/10.1126/science. 1182108

Newcomer, Q., Camacho Céspedes, F., & Stallcup, L. (2022). The Monteverde Cloud Forest:
Evolution of a Biodiversity Island in Costa Rica. In F. Montagnini (Ed.), Biodiversity Islands:
Strategies for Conservation in Human-Dominated Environments (pp. 237-278). Springer
International Publishing. https://doi.org/10.1007/978-3-030-92234-4_10

Ngo, K. M., Turner, B. L., Muller-Landau, H. C., Davies, S. J., Larjavaara, M., Nik Hassan, N. F. bin, &
Lum, S. (2013). Carbon stocks in primary and secondary tropical forests in Singapore. Forest
Ecology and Management, 296, 81-89. https://doi.org/10.1016/j.foreco.2013.02.004

Noon, M. L., Goldstein, A., Ledezma, J. C., Roehrdanz, P. R., Cook-Patton, S. C., Spawn-Lee, S. A.,
Wright, T. M., Gonzalez-Roglich, M., Hole, D. G., Rockstrom, J., & Turner, W. R. (2022).
Mapping the irrecoverable carbon in Earth’s ecosystems. Nature Sustainability, 5(1),
Article 1. https://doi.org/10.1038/s41893-021-00803-6

O’Neill, B. C., Kriegler, E., Ebi, K. L., Kemp-Benedict, E., Riahi, K., Rothman, D. S., van Ruijven, B. J.,
van Vuuren, D. P, Birkmann, J., Kok, K., Levy, M., & Solecki, W. (2017). The roads ahead:
Narratives for shared socioeconomic pathways describing world futures in the 21st
century. Global Environmental Change, 42, 169-180.
https://doi.org/10.1016/j.gloenvcha.2015.01.004

Osawa, T., Kohyama, K., & Mitsuhashi, H. (2016). Multiple factors drive regional agricultural
abandonment. Science of The Total Environment, 542, 478—-483.
https://doi.org/10.1016/].scitotenv.2015.10.067

Otero, I, Marull, J., Tello, E., Diana, G. L., Pons, M., Coll, F., & Boada, M. (2015). Land abandonment,
landscape, and biodiversity: Questioning the restorative character of the forest transition
in the Mediterranean. Ecology and Society, 20(2), art7.
https://doi.org/10.5751/ES-07378-200207

Package overview. prioritizr: Systematic Conservation Prioritization in R. (n.d.). Retrieved from
https://prioritizr.net/articles/package_overview.html

Pandey, B., & Seto, K. C. (2015). Urbanization and agricultural land loss in India: Comparing
satellite estimates with census data. Journal of Environmental Management, 148, 53—66.
https://doi.org/10.1016/j.jenvman.2014.05.014

Paudel, K. P, Tamang, S., & Shrestha, K. K. (2014). Transforming Land and Livelihood: Analysis of

Agricultural Land Abandonment in the Mid Hills of Nepal. Journal of Forest and
Livelihood, 9.

76


https://doi.org/10.1126/science.1182108
https://doi.org/10.1016/j.foreco.2013.02.004

Pendrill, F., Gardner, T. A., Meyfroidt, P., Persson, U. M., Adams, J., Azevedo, T., Bastos Lima, M. G.,
Baumann, M., Curtis, P. G., De Sy, V., Garrett, R., Godar, J., Goldman, E. D., Hansen, M. C,,
Heilmayr, R., Herold, M., Kuemmerle, T., Lathuilliere, M. J.,, Ribeiro, V., ... West, C. (2022).
Disentangling the numbers behind agriculture-driven tropical deforestation. Science,
377(6611), eabm9267. https://doi.org/10.1126/science.abm9267

Pendrill, F., Persson, U. M., Godar, J., & Kastner, T. (2019). Deforestation displaced: Trade in
forest-risk commodities and the prospects for a global forest transition. Environmental
Research Letters, 14(5), 055003. https://doi.org/10.1088/1748-9326/ab0d41

Perpifia Castillo, C., Jacobs-Crisioni, C., Diogo, V., & Lavalle, C. (2021). Modelling agricultural land
abandonment in a fine spatial resolution multi-level land-use model: An application for the
EU. Environmental Modelling & Software, 136, 104946.
https://doi.org/10.1016/j.envsoft.2020.104946

Pinto-Correia, T., & Godinho, S. (2013). Chapter 4 Changing Agriculture — Changing Landscapes:
What is Going on in the High Valued Montado. In D. Ortiz-Miranda, A. Moragues-Faus, & E.
Arnalte-Alegre (Eds.), Research in Rural Sociology and Development (Vol. 19, pp. 75-90).
Emerald Group Publishing Limited. https://doi.org/10.1108/S1057-1922(2013)0000019006

Popp, A., Calvin, K., Fujimori, S., Havlik, P., Humpendder, F., Stehfest, E., Bodirsky, B. L., Dietrich, J.
P., Doelmann, J. C., Gusti, M., Hasegawa, T., Kyle, P., Obersteiner, M., Tabeau, A,
Takahashi, K., Valin, H., Waldhoff, S., Weindl, I., Wise, M, ... Vuuren, D. P. van. (2017).
Land-use futures in the shared socio-economic pathways. Global Environmental Change,
42, 331-345. https://doi.org/10.1016/j.gloenvcha.2016.10.002

Poorter, L., Craven, D., Jakovac, C. C., van der Sande, M. T,, Amissah, L., Bongers, F., Chazdon, R.
L., Farrior, C. E., Kambach, S., Meave, J. A., Mufioz, R., Norden, N., Riger, N., van Breugel, M.,
Almeyda Zambrano, A. M., Amani, B., Andrade, J. L., Brancalion, P. H. S, Broadbent, E. N, ...
Hérault, B. (2021). Multidimensional tropical forest recovery. Science, 374(6573), 1370-1376.
https://doi.org/10.1126/science.abh3629

Prishchepov, A. V., Schierhorn, F., & Low, F. (2021). Unraveling the Diversity of Trajectories and
Drivers of Global Agricultural Land Abandonment. Land, 10(2), 97.
https://doi.org/10.3390/land10020097

Queiroz, C,, Beilin, R., Folke, C., & Lindborg, R. (2014). Farmland abandonment: Threat or
opportunity for biodiversity conservation? A global review. Frontiers in Ecology and the

Environment, 12(5), 288—296. https://doi.org/10.1890/120348

Quintas-Soriano, C., Buerkert, A., & Plieninger, T. (2022). Effects of land abandonment on nature
contributions to people and good quality of life components in the Mediterranean region:

77


https://doi.org/10.1126/science.abh3629
https://doi.org/10.1126/science.abh3629

A review. Land Use Policy, 116, 106053. https://doi.org/10.1016/j.landusepol.2022.106053

Reid, J. L., Fagan, M. E., & Zahawi, R. A. (2018). Positive site selection bias in meta-analyses
comparing natural regeneration to active forest restoration. Science Advances, 4(5),
eaas9143. https://doi.org/10.1126/sciadv.aas9143

Renwick, A., Jansson, T., Verburg, P. H., Revoredo-Giha, C., Britz, W., Gocht, A., & McCracken, D.
(2013). Policy reform and agricultural land abandonment in the EU. Land Use Policy, 30(1),
446-457. https://doi.org/10.1016/j.landusepol.2012.04.005

Riahi, K., van Vuuren, D. P, Kriegler, E., Edmonds, J., O’'Neill, B. C., Fujimori, S., Bauer, N., Calvin, K,,
Dellink, R., Fricko, O., Lutz, W., Popp, A., Cuaresma, J. C., Kc, S., Leimbach, M., Jiang, L.,
Kram, T., Rao, S., Emmerling, J., ... Tavoni, M. (2017). The Shared Socioeconomic Pathways
and their energy, land use, and greenhouse gas emissions implications: An overview.
Global Environmental Change, 42, 153-168.
https://doi.org/10.1016/j.gloenvcha.2016.05.009

Rocha, R., Gandour, C., & Assuncdo, J. (2015). Deforestation Slowdown in the Brazilian Amazon:
Prices or Policies? (with Juliano Assunc¢ado and Clarissa Gandour). Environment and
Development Economics, v.20 n.6, pp. 697-722, December 2015. Environment and
Development Economics, 20, 697-722.

Rodrigues, R. R., Gandolfi, S., Nave, A. G., Aronson, J., Barreto, T. E., Vidal, C. Y., & Brancalion, P. H.
S. (20M). Large-scale ecological restoration of high-diversity tropical forests in SE Brazil.
Forest Ecology and Management, 261(10), 1605-1613.
https://doi.org/10.1016/j.foreco.2010.07.005

Roehrdanz, P., Hannah, L., Corcoran, D., Corlett, R., Enquist, B., Fajardo, J., Feng, X., Foden, W.,
Lovett, J., Maitner, B., Marquet, P., Merow, C., & Midgley, G. (2021). Strategic Conservation
of Global Vertebrates in Response to Climate Change. SSRN Electronic Journal: Preprints.
https://doi.org/10.2139/ssrn.3854499

Rovai, A. S., Twilley, R. R., Worthington, T. A, & Riul, P. (2022). Brazilian Mangroves: Blue Carbon
Hotspots of National and Global Relevance to Natural Climate Solutions. Frontiers in
Forests and Global Change, 4, 787533. https://doi.org/10.3389/ffgc.2021.787533

Rozendaal, D. M. A, Bongers, F., Aide, T. M., Alvarez-Davila, E., Ascarrunz, N., Balvanera, P,,
Becknell, J. M., Bentos, T. V., Brancalion, P. H. S, Cabral, G. A. L., Calvo-Rodriguez, S.,
Chave, J., César, R. G., Chazdon, R. L., Condit, R., Dallinga, J. S., de Almeida-Cortez, J. S,
de Jong, B,, de Oliveira, A, ... Poorter, L. (2019). Biodiversity recovery of Neotropical
secondary forests. Science Advances, 5(3), eaau3114.
https://doi.org/10.1126/sciadv.aau3114

78



Rudel, T. K., Coomes, O. T., Moran, E., Achard, F., Angelsen, A., Xu, J., & Lambin, E. (2005). Forest
transitions: Towards a global understanding of land use change. Global Environmental
Change, 15(1), 23-31. https://doi.org/10.1016/j.gloenvcha.2004.11.001

Sano, E. E., Rodrigues, A. A., Martins, E. S., Bettiol, G. M., Bustamante, M. M. C., Bezerra, A. S,
Couto, A. F., Vasconcelos, V., Schiiler, J., & Bolfe, E. L. (2019). Cerrado ecoregions: A
spatial framework to assess and prioritize Brazilian savanna environmental diversity for
conservation. Journal of Environmental Management, 232, 818—828.
https://doi.org/10.1016/j.jenvman.2018.11108

Segura, C., Navarro, F. B, Jiménez, M. N., & Fernandez-Ondofio, E. (2020). Implications of
afforestation vs. Secondary succession for soil properties under a semiarid climate.
Science of The Total Environment, 704, 135393.
https://doi.org/10.1016/j.scitotenv.2019135393

Silveira, J. G. da, Oliveira Neto, S. N. de, Canto, A. C. B. do, Leite, F. F. G. D., Cordeiro, F. R., Assad,
L. T, Silva, G. C. C., Marques, R. de O., Dalarme, M. S. L., Ferreira, I. G. M., Conceicdo, M. C.
G. da, & Rodrigues, R. de A. R. (2022). Land Use, Land Cover Change and Sustainable
Intensification of Agriculture and Livestock in the Amazon and the Atlantic Forest in Brazil.
Sustainability, 14(5), 2563. https://doi.org/10.3390/su14052563

Silver, W. L., Ostertag, R., & Lugo, A. E. (2000). The Potential for Carbon Sequestration Through
Reforestation of Abandoned Tropical Agricultural and Pasture Lands. Restoration Ecology,
8(4), 394-407. https://doi.org/10.1046/j1526-100x.2000.80054.x

Soares-Filho, B., Rajdo, R., Macedo, M., Carneiro, A., Costa, W., Coe, M., Rodrigues, H., & Alencar,
A. (2014). Cracking Brazil’s Forest Code. Science 344(6182), 363-64.
https://doi.org/10.1126/science.1246663.

Soterroni, A., Império, M., Scarabello, M., Seddon, N., Obersteiner, M., Rochedo, P., Schaeffer, R.,
Andrade, P., Ramos, F., & Azevedo, T. (2022). Nature-Based Solutions Are Critical for
Putting Brazil on Track Towards Net Zero. Preprints.
https://www.preprints.org/manuscript/202211.0054/v1

Souza, C. M., Z. Shimbo, J,, Rosa, M. R, Parente, L. L., A. Alencar, A., Rudorff, B. F. T., Hasenack, H.,
Matsumoto, M., G. Ferreira, L., Souza-Filho, P. W. M., de Oliveira, S. W., Rocha, W. F.,
Fonseca, A. V,, Marques, C. B,, Diniz, C. G., Costa, D., Monteiro, D., Rosa, E. R.,
Vélez-Martin, E., ... Azevedo, T. (2020). Reconstructing Three Decades of Land Use and
Land Cover Changes in Brazilian Biomes with Landsat Archive and Earth Engine. Remote
Sensing, 12(17), Article 17. https://doi.org/10.3390/rs12172735

79


https://doi.org/10.1046/j.1526-100x.2000.80054.x

Stoate, C., Baldi, A., Beja, P., Boatman, N. D., Herzon, I, van Doorn, A., de Snoo, G. R., Rakosy, L., &
Ramwell, C. (2009). Ecological impacts of early 21st century agricultural change in Europe
— A review. Journal of Environmental Management, 91(1), 22—-46.
https://doi.org/10.1016/j.jenvman.2009.07.005

Subedi, Y. R,, Kristiansen, P., & Cacho, O. (2022). Drivers and consequences of agricultural land
abandonment and its reutilisation pathways: A systematic review. Environmental
Development, 42,100681. https://doi.org/10.1016/j.envdev.2021.100681

Terres, J.-M., Scacchiafichi, L. N., Wania, A., Ambar, M., Anguiano, E., Buckwell, A., Coppola, A,
Gocht, A, Kéllstrom, H. N., Pointereau, P., Strijker, D., Visek, L., Vranken, L., & Zobena, A.
(2015). Farmland abandonment in Europe: Identification of drivers and indicators, and
development of a composite indicator of risk. Land Use Policy, 49, 20-34.
https://doi.org/10.1016/j.landusepol.2015.06.009

Tilman, D., Balzer, C., Hill, J., & Befort, B. L. (2011). Global food demand and the sustainable
intensification of agriculture. Proceedings of the National Academy of Sciences, 108(50),
20260-20264. https://doi.org/10.1073/pnas.1116437108

United Nations Statistic Division. (2020). Table 3: Population by sex, rate of population increase,
surface area, and density [Government]. Demographic Yearbook.
https://unstats.un.org/unsd/demographic-social/products/dyb/documents/DYB2020/table
03.pdf

Ustaoglu, E., & Collier, M. J. (2018). Farmland abandonment in Europe: An overview of drivers,
consequences, and assessment of the sustainability implications. Environmental Reviews,
26(4), 396—416. https://doi.org/10.1139/er-2018-0001

Vale, M. M., Berenguer, E., Argollo de Menezes, M., Viveiros de Castro, E. B., Pugliese de Siqueira,
L., & Portela, R. de C. Q. (2021). The COVID-19 pandemic as an opportunity to weaken
environmental protection in Brazil. Biological Conservation, 255, 108994.
https://doi.org/10.1016/j.biocon.2021108994

van Dijk, M., Morley, T., Rau, M. L., & Saghai, Y. (2021). A meta-analysis of projected global food
demand and population at risk of hunger for the period 2010-2050. Nature Food, 2(7),
Article 7. https://doi.org/10.1038/s43016-021-00322-9

van Vliet, J., de Groot, H. L. F,, Rietveld, P., & Verburg, P. H. (2015). Manifestations and underlying
drivers of agricultural land use change in Europe. Landscape and Urban Planning, 133,

24-36. https://doi.org/10.1016/j.landurbplan.2014.09.001

Varotto, M., & Lodatti, L. (2014). New Family Farmers for Abandoned Lands. Mountain Research

80


https://doi.org/10.1016/j.biocon.2021.108994

and Development, 34(4), 315-325. https://doi.org/10.1659/MRD-JOURNAL-D-14-000121

Wang, B, Liu, G. B., Xue, S., & Zhu, B. (2011). Changes in soil physico-chemical and
microbiological properties during natural succession on abandoned farmland in the Loess
Plateau. Environmental Earth Sciences, 62(5), 915-925.
https://doi.org/101007/s12665-010-0577-4

Weng, Z. (Han), Lehmann, J., Van Zwieten, L., Joseph, S., Archanjo, B. S., Cowie, B., Thomsen, L.,
Tobin, M. J., Vongsvivut, J., Klein, A., Doolette, C. L., Hou, H., Mueller, C. W,, Lombi, E., &
Kopittke, P. M. (2021). Probing the nature of soil organic matter. Critical Reviews in
Environmental Science and Technology, 1-22.
https://doi.org/10.1080/10643389.2021.1980346

Yang, Y., Hobbie, S. E., Hernandez, R. R., Fargione, J., Grodsky, S. M., Tilman, D., Zhu, Y.-G,, Luo, Y.,
Smith, T. M., Jungers, J. M., Yang, M., & Chen, W.-Q. (2020). Restoring Abandoned
Farmland to Mitigate Climate Change on a Full Earth. One Earth, 3(2), 176-186.
https://doi.org/10.1016/j.oneear.2020.07.019

Zhang, C,, Liu, G., Xue, S., & Wang, G. (2016). Soil bacterial community dynamics reflect changes
in plant community and soil properties during the secondary succession of abandoned
farmland in the Loess Plateau. Soil Biology and Biochemistry, 97, 40—49.
https://doi.org/10.1016/j.s0ilbio.2016.02.013

Zhou, Y., Li, Y., & Xu, C. (2020). Land consolidation and rural revitalization in China: Mechanisms
and paths. Land Use Policy, 91, 104379. https://doi.org/10.1016/j.landusepol.2019.104379

81


https://doi.org/10.1007/s12665-010-0577-4
https://doi.org/10.1080/10643389.2021.1980346
https://doi.org/10.1080/10643389.2021.1980346

