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Abstract: The loss of forest is a leading cause of species extinction, and reforestation is 1 of 2 established inter-
ventions for reversing this loss. However, the role of reforestation for biodiversity conservation remains debated,
and lacking is an assessment of the potential contribution that reforestation could make to biodiversity conserva-
tion globally. We conducted a spatial analysis of overlap between 1,550 forest-obligate threatened species’ ranges
and land that could be reforested after accounting for socioeconomic and ecological constraints. Reforestation
on at least 43% (∼369 million ha) of reforestable area was predicted to potentially benefit threatened vertebrates.
This is approximately 15% of the total area where threatened vertebrates occur. The greatest opportunities for
conserving threatened vertebrate species are in the tropics, particularly Brazil and Indonesia. Although reforesta-
tion is not a substitute for forest conservation, and most of the area containing threatened vertebrates remains
forested, our results highlight the need for global conservation strategies to recognize the potentially significant
contribution that reforestation could make to biodiversity conservation. If implemented, reforestation of ∼369
million ha would also contribute substantially to climate-change mitigation, offering a way to achieve multiple
sustainability commitments at once. Countries must now work to overcome key barriers (e.g., unclear revenue
streams, high transaction costs) to investment in reforestation.
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Reforestación Mundial y Conservación de la Biodiversidad

Resumen: La pérdida de los bosques es una de las causas principales de la extinción de especies y la refor-
estación es una de las dos intervenciones establecidas para revertir esta pérdida. Sin embargo, el papel de la
reforestación en la conservación de la biodiversidad todavía se debate, además de que hay una falta de evaluación
de la contribución potencial que podría dar la reforestación a la conservación mundial de la biodiversidad. Real-
izamos un análisis espacial del traslape de la distribución de 1,550 especies obligadas de bosque que se encuentran
amenazadas y el suelo que podría utilizarse para reforestar después de considerar las restricciones socioeconómi-
cas y ecológicas. El análisis predijo que la reforestación en al menos el 43% (∼ 369 millones de ha) del área que se
puede reforestar beneficiará potencialmente a los vertebrados amenazados. Esto es aproximadamente el 15% del
área total en donde están presentes los vertebrados amenazados. Las oportunidades más grandes para conservar a
las especies amenazadas de vertebrados se encuentran en los trópicos, particularmente en Brasil y en Indonesia.
Aunque la reforestación no es un sustituto para la conservación de los bosques, y aunque la mayoría del área que
contiene vertebrados amenazados todavía tiene flora original, nuestros resultados resaltan la necesidad de tener
estrategias mundiales de conservación para reconocer la contribución potencialmente significativa que podría
dar la reforestación a la conservación de la biodiversidad. Si se implementa, la reforestación de ∼369 millones
de ha también contribuiría significativamente a la mitigación del cambio climático, ofreciendo así una manera de
cumplir varios compromisos de sustentabilidad a la vez. Los países ahora deben trabajar para sobreponerse a las
barreras importantes (p. ej.: flujos inciertos de ingresos, costos elevados de las transacciones) que enfrentan las
inversiones para la reforestación.
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Introduction

The loss of biological diversity represents one of the
most pressing environmental challenges of our time (Ce-
ballos et al. 2017). Almost one-fifth of all vertebrates are
classified as threatened (IUCN 2018). Habitat loss and
degradation are among the most significant threats to
biodiversity, followed by overharvesting, pressure from
invasive species and pathogens, pollution, and climate
change (IUCN 2015; Maxwell et al., 2016). Although
habitat protection is essential to reducing the rate of
species loss, reforestation should be considered a com-
plementary strategy (e.g., Possingham et al. 2015; Venter
et al. 2016; Whitworth et al. 2018). The UN Convention
on Biological Diversity (CBD) calls for the restoration of
15% of degraded ecosystems (Aichi target 15) to improve
ecosystem resilience, increase carbon stocks, and reduce
biodiversity loss (e.g., UN CBD 2011, 2012; Leadley et al.
2014). Over the past eight years, 49 countries around
the world have committed to restoring 150 million ha
of degraded and deforested land by 2020 and 350 million
ha by 2030 (Bonn Challenge 2019; New York Declaration
on Forests 2019) to secure the services and biodiversity
these ecosystems support.

However, the potential impact of reforestation efforts
on biodiversity conservation remains debated. Extinc-
tions from habitat loss are often delayed rather than
immediate because many species linger in forest frag-
ments but eventually are extirpated due to reduced and
therefore nonviable population sizes (Newmark et al.
2017). This time delay provides a window of oppor-
tunity for conservation through reforestation. Adding
new forest can increase population sizes by expanding
habitat and allowing immigration from source popula-
tions. However, the rate at which species go extinct fol-
lowing habitat loss is uncertain, as is the suitability of
secondary forest for old-growth specialist species (e.g.
Wright & Muller-Laudau 2006; Brook et al. 2006; Rocha
et al. 2018). In addition to uncertainty regarding the local
benefits of reforestation, an assessment of the potential

contribution that reforestation could make to biodiver-
sity conservation globally is lacking.

We explored this potential by assessing the amount
of overlap between a recent reforestation opportuni-
ties map (Griscom et al. 2017) and a threatened forest-
obligate vertebrate species richness map (Betts et al.
2017). We identified the area of overlap to help prioritize
locations where reforestation might provide the greatest
benefit to threatened vertebrates. With the CBD’s Strate-
gic Plan for Biodiversity 2011–2020 nearing its end, we
sought to describe the role forest restoration can play
in the post-2020 CBD Biodiversity Framework. Our re-
sults also represent a starting point for exploring the po-
tential synergies and trade-offs between biodiversity and
other conservation objectives of reforestation (e.g., cli-
mate mitigation) at the global scale to ease achieving mul-
tiple international sustainability goals and commitments
such as the UN Sustainable Development Goals and the
Paris Agreement (Ripple et al. 2019).

Methods

Reforestation Data

Our global spatial data set of reforestation opportunities
was obtained from Griscom et al. (2017 [https://
zenodo.org/record/883444]). To calculate the extent of
reforestation potential, they modified a 1-km resolution
map from the Atlas of Forest Landscape Restoration Op-
portunities (FLRO). This map is based on an estimate of
potential forest cover minus existing forests minus areas
incompatible with returning to forests, such as locations
with dense rural populations and cropland (Griscom
et al. 2017). The modifications introduced by Griscom
et al. (2017) include removal of boreal ecoregions (due
to albedo concerns), native grass-dominated ecosystems
(to avoid adverse effects on nonforest biodiversity),
potential forest-cover pixels with <25% tree cover, or
existing forest-cover pixels with >25% tree cover (to bet-
ter distinguish between forested and unforested lands).
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Species Data

We used a modified version of Betts et al. (2017) for our
species richness maps (see below). In particular, we es-
timated forest vertebrate richness based on the Interna-
tional Union for Conservation of Nature (IUCN) Red List
and BirdLife species’ range maps (BirdLife International
2016; IUCN 2017). Data were obtained for mammals, am-
phibians, and birds only. Reptiles were excluded because
they have not been comprehensively assessed. Species
that use only forest according to their IUCN Red List
fact sheet (version 2018.1) were categorized as forest-
exclusive (i.e., forest-obligate species). Species with con-
servation status vulnerable, endangered, or critically en-
dangered were categorized as threatened. Species with
data deficient status were omitted because their range
maps may be less reliable. All polygons for which the
species origin was not listed as native or for which the
species’ presence was listed as anything other than ex-
tant or probably extant were removed. We converted
these vector data layers to 1-km grids for analyses (details
in Supporting Information).

Spatial Analyses

Both species richness and reforestation-opportunity
maps were based on the World Cylindrical Equal Area
Projection and a 1 × 1 km grid. The reforestation data
set originally had a ∼739-m resolution, and we resampled
it to 1-km resolution with the nearest neighbor method.
All geospatial analyses on the reforestation and species
richness data were done in ArcGIS 10.4.

Results

Out of the total area that could be reforested, 43%
overlapped with the ranges of threatened forest-obligate
vertebrates. This corresponded to ∼369 million ha, or
approximately 15% of the total area containing threat-
ened vertebrates. Twenty-five percent (93 million ha)
of this land corresponded to reforestation opportunities
that overlapped with the ranges of at least 5 forest-
obligate threatened vertebrates, and 9% (35 million ha)
corresponded to reforestation opportunities that over-
lapped with the ranges of at least 10 forest-obligate
threatened vertebrates, out of a maximum potential
(in any given cell) of 22 forest-obligate threatened
vertebrates. Reforestation potential and threatened
forest-obligate vertebrate species distributions primarily
overlapped in Central and South America, Africa, and
Southeast Asia (Fig. 1c). Opportunities for conserving
10 or more species together were most common in
Indonesia and the Brazilian Amazon, roughly around the
so-called arc of deforestation along the southeastern edge
of the Amazon. Much of the potentially reforestable land

that did not overlap with the ranges of any threatened
forest-obligate vertebrates (i.e. 57%) occurred in the
Northern Temperate Zone (Fig. 1c).

Discussion

Our results suggest that reforestation opportunities
and threatened vertebrate biodiversity overlap primarily
in the tropics, including in places where a high num-
ber of threatened forest-obligate vertebrate species are
concentrated. This is not surprising, given that tropical
forests contain a higher total number of forest-obligate
vertebrate species than temperate or boreal forests (Sup-
porting Information) and that most of the forest loss over
the past approximately 30 years has taken place in the
tropics (Song et al. 2018). Deforestation rates accelerated
in the Amazon in the 1970s, followed by Southeast Asia
in the 1990s, and most recently the Congo Basin (Rosa
et al. 2016).

In the reforestable area that does not overlap with
threatened forest-obligate vertebrate species ranges (pri-
marily the Northern Temperate Zone), most deforesta-
tion took place hundreds of years ago. In Europe forests
were cleared on a large scale before the industrial revolu-
tion, and the amount of forest is now on the rise due to
land abandonment since the mid-twentieth century (FAO
2011; Kaplan et al. 2009; Navarro & Pereira, 2012). In the
United States, most deforestation took place in the 19th
century, and the amount of forest has been relatively
stable since the early 1900s (Smith et al. 2009). However,
it is conceivable that forest-obligate vertebrate species
in these locations are still vulnerable to disturbances
dating back hundreds of years (e.g., Halley et al. 2016).
Chen and Peng (2017) estimate that forest-dwelling
mammals and amphibians destined for extinction due
to deforestation in the 1500s exist in several locations,
including in Europe and the eastern United States.
Thus, although reforestation should be prioritized in
the tropics, where forest-obligate vertebrates species are
closest to extinction, reforestation outside the tropics
may help reduce the number of species that eventually
become threatened. Because IUCN threat statuses are a
species-level variable, the lack of threatened species also
does not preclude reforestation potentially helping con-
serve threatened forest-obligate subspecies or extremely
endangered populations of forest-obligate species.

Although reforestation is not a substitute for the con-
servation of existing forest and most of the area con-
taining threatened forest-obligate vertebrates is forested
(Hansen et al. 2013), the amount of opportunity area
for conserving threatened vertebrates through reforesta-
tion is substantial in absolute terms. Three hundred and
sixty nine million hectares is approximately the size of
India and Vietnam combined. Moreover, reforestation
opportunities that could potentially benefit at least 10
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Figure 1. (a) Areas of
reforestation opportunity
from Griscom et al. (2017),
(b) International Union for
Conservation of Nature
threatened forest-obligate
vertebrate species richness,
and (c) threatened
forest-obligate vertebrate
species richness in areas
that could be reforested.

threatened vertebrate species encompass roughly one-
tenth of this area. This congruence between reforesta-
tion opportunity and threatened vertebrate species rich-
ness is encouraging because tropical nations such as
Brazil may need to invest substantially in reforestation to

significantly reduce the loss of vertebrate species (Rosa
et al. 2016). In the Brazilian Amazon, >80% of extirpa-
tions expected to occur due to habitat loss over the last
few decades are still to come (Wearn et al. 2012). Even a
small amount of reforestation can go a long way toward
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stemming the loss of species. Newmark et al. (2017) es-
timated that regenerating 6,452 ha of forest in the At-
lantic Forest would create over 251,000 ha of restored
contiguous forest. This in turn would enhance species
persistence by a factor of 13 per location, or 5,102 years,
on average, compared with individual forest fragments.
Reforestation within the 369 million ha could, moreover,
potentially benefit threatened mammals, birds, and am-
phibians less strongly dependent on forest (Supporting
Information) and threatened species belonging to other
animal classes (e.g., forest-dwelling reptiles). Although
our study is intended to provide a broad overview of the
overlap between reforestation potential and threatened
forest biodiversity, future studies could look at which in-
dividual species would benefit most from reforestation.

Given that some forest-dependent vertebrate species
can be lost in a matter of years and it takes tropical forests
approximately 30–40 years to regenerate naturally
(Chazdon 2008; Lennox et al. 2018), the window of
opportunity for reducing biodiversity loss in the tropics
through reforestation is narrowing. Encouragingly,
commitments to the Bonn Challenge or national schemes
(e.g. nationally determined contributions or UN REDD+
projects) are already close to 300 million ha, with large
commitments from countries with high threatened
vertebrate species richness such as Brazil and Indonesia.
However, 45% of total commitments involve large mono-
culture plantations for income generation, and Brazil and
Indonesia are among the countries where most of this
type of reforestation is planned (Lewis et al. 2019). Plant-
ing monocultures can be highly detrimental to biodiver-
sity (Hua et al. 2016), and the greatest biodiversity gains
would likely be achieved through natural regeneration
(Chazdon 2008).

Our results should be interpreted with caution. Global
land-use patterns and natural limits on potential canopy
density mean that over 70% of all reforestation opportu-
nities described here would be most suited to reforesta-
tion involving a mix (or mosaic) of forest, planted trees,
and other land uses, such as agroforestry or small-holder
agriculture (WRI 2019). Natural regeneration is only pos-
sible when the state of land degradation is low and for-
est patches and seed dispersers still occur in the area
to supply and distribute a diversity of seeds (Chazdon
2008). Forest regeneration in mosaic landscapes is also
most effective for conservation when it permits enlarge-
ment of existing forest fragments or creation of biologi-
cal corridors linking formerly isolated fragments. More-
over, many forest-interior species do not find adequate
habitats in mosaic landscapes, which means there may
be a threshold of forest cover, patch size, or patch den-
sity needed for these species to be supported (Chazdon
2014). Reforestation decisions must be informed by de-
tailed assessments of local environmental and socioeco-
nomic conditions (e.g., cost, cultural norms) (Guariguata
et al. 2019).

A further caveat to our analysis is that patterns of ex-
tinction risk are not solely driven by deforestation. Hunt-
ing is a major cause of species loss across the tropics
(Maxwell et al. 2016; Symes et al. 2018); declines in bird
and mammal populations in hunted forests are substan-
tial (Benitez-Lopez et al. 2017). The presence of areas
in Indonesia where threatened forest-obligate vertebrate
species richness exceeds 10 for example is likely due
to high rates of forest loss (Margono et al. 2014) and
high rates of exploitation (Symes et al. 2018). Although
forest-obligate species will ultimately go extinct without
habitat, conserving tropical forests will not be enough
if other threats are not abated as well. Another limita-
tion of our analysis is that it is based on the assumption
that all areas identified as reforestable are reforestable.
Although the reforestation potential map generally does
not contain areas with intense land use (e.g., cropland),
grazing lands in forested ecoregions are included. Reduc-
ing the need for pasture is contingent on increased effi-
ciency of beef production or dietary shifts to reduce beef
consumption (Griscom et al. 2017). In some contexts,
increasing tree cover can also increase fire risk, reduce
water supplies, or lead to crop damage by wildlife (Chaz-
don & Brancalion 2019). Moreover, the reforestation po-
tential map does not account for land ownership or cul-
tural drivers of land use. Given that not all areas identified
as having reforestation potential may ultimately be refor-
ested, our results emphasize the importance of quantify-
ing the benefits of reforestation.

In addition to biodiversity conservation, 369 million
ha represents an enormous opportunity for climate
mitigation. To mitigate the effects of climate change,
emissions need to be curbed (which includes protecting
existing forest) and CO2 needs to be removed from the
atmosphere. Reforesting the 369 million ha would result
in an additional land uptake of ∼5.5 Pg CO2e/year by
2030, which is roughly equivalent to half the amount of
CO2, CH4, and N2O emitted currently due to land-use
change (IPCC 2014; Le Quéré et al. 2015; Griscom et al.
2017). Our estimate is approximate, however, because
it is based on the relationship between the maximum
potential extent of reforestation implementation and
the associated maximum additional mitigation potential
in Griscom et al. (2017).We therefore assumed our
reforestation pixels follow the same spatial distribution
as in that study, despite variation between temperate and
tropical climate domains in plantation and natural forest
growth rates and the proportion of future reforestation
estimated to be allocated to plantations (Griscom et al.
2017). The allocation estimates are based on current
plantation extent and therefore do not reflect aforemen-
tioned plans to drastically increase the area of planta-
tions. Another source of uncertainty is the model of car-
bon uptake itself, which is based on the assumption that
plantations sequester more carbon than natural forests.
The maximum additional mitigation potential estimate in
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Griscom et al. (2017) also includes adjustments for base-
line reforestation and double counting with other land-
based mitigation strategies (e.g., wetland restoration).

The difference in sequestration potential between nat-
ural and plantation reforestation strategies hinges on
which species are planted and their carbon sequestra-
tion rates, the number of plantation harvests, emissions
from timber products, and the persistence of naturally
regenerating forests. A long maturing natural forest could
sequester 40 times more carbon than a young plantation
that is harvested once and releases stored CO2 back into
the atmosphere (Lewis et al. 2019; Fagan et al. 2019). The
humid tropics, where most of the reforestable areas con-
taining a high number of threatened vertebrate species
occur, also represent places where natural regeneration
could restore very high carbon stocks, compared with
drier regions (Lewis et al. 2019). This congruence means
progress could be made at once toward achieving global
biodiversity and climate goals.

Climate funds represent a promising source of financ-
ing for conservation given reforestation’s potential for
CO2 sequestration (Ding et al. 2017). However, global
public climate finance in 2015 was US$128 billion, of
which only $7 billion was used to fund land-use projects
and only a fraction of those funds went to restoration.
In contrast, global conservation (including restoration)
funding needs are estimated to range from $300 to
400 billion/year (Credit Suisse et al. 2014; Buchner et al.
2015; Ding et al., 2017). Reasons for restoration projects
not being funded may include unclear revenue streams,
lack of an investment track record, risk of projects
failing, and high transaction costs (Wuethrich 2007;
Godefroid et al. 2011; Sunding 2011; Ding et al. 2017).
One solution to reducing these costs for applicants
would be to standardize requirements and procedures
associated with accessing finance across different funds
(Amerasinghe et al. 2017; Ding et al. 2017). Other
solutions to increasing restoration financing might
include greater support for risk-mitigation mechanisms
that boost private-sector investment and implementation
of national policies that signal to funders the importance
of restoration. Governments should, for instance,
explicitly acknowledge restoration as part of their
nationally determined contributions and set targets for
restoration finance (Ding et al. 2017).

Our results highlight the need for global conservation
strategies to recognize the potentially significant contri-
bution reforestation could make to biodiversity conser-
vation. Included in the CBD’s Strategic Plan for Biodiver-
sity 2011–2020 is the restoration of degraded ecosystems
to avoid biodiversity loss. However, the conservation of
threatened species is not directly mentioned as an aim
in the text of Aichi target 15. The focus is instead on
ensuring ecosystem resilience and maintaining carbon
stocks. Similarly, the conservation of threatened species
is a stand-alone objective (Aichi target 12), with no asso-

ciated action. However, the most commonly employed
action to prevent species extinctions is to protect habi-
tat (Rosa et al. 2016). Although habitat protection re-
mains vital for avoiding further biodiversity loss, there is
perhaps more opportunity for biodiversity conservation
globally through reforestation than previously realized.
Moreover, considering the current extent and rate of for-
est habitat conversion and the expected shifts in species
range distributions due to climate change (Hermes et al.
2018), one might argue, as others have (Mappin et al.
2019) that restoration, in addition to protection, should
be a priority. In the post-2020 Biodiversity Framework,
targets could be revised so that the role of restoration
in stemming biodiversity loss, in addition to ensuring
ecosystem resilience, mitigating climate change, and pro-
viding other ecosystem services, is made more appar-
ent. Clarifying relationships between the existing targets
would also facilitate implementation and help identify
common funding mechanisms.

Details about the method behind our threatened
forest-obligate vertebrate species richness estimate (Ap-
pendix S1), a map of total forest-obligate vertebrate
species richness (Appendix S2), and estimates of the to-
tal numbers of forest-dependent species (Appendix S3)
are available online. The authors are solely responsi-
ble for the content and functionality of these materials.
Queries (other than absence of the material) should be
directed to the corresponding author.
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