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A B S T R A C T

Land clearing and ecosystem degradation are primary causes of loss of biodiversity and ecosystem services
worldwide, putting at risk sustainable options for Earth and humankind. According to recent global estimates,
degraded lands already account for at least 1 and up to 6 billion ha. Given high rates of habitat degradation and
loss of biodiversity in human-dominated landscapes with high levels of ecosystem transformation, conventional
approaches to conservation such as setting aside lands in protected areas, are not enough; in combination with
ecosystem protection, ecological restoration is essential to ensure the conservation of biodiversity and delivery of
ecosystem services. Despite recognition of the role of ecological restoration, the planning of restoration at the
landscape scale remains a major challenge. Specifically, more studies are needed on developing restoration plans
that maximize conservation and provisioning of ecosystem services, while minimizing competition with high-
productivity land uses. We use Colombia, one of the world’s mega-diversity countries in which ca. 25 % of
ecosystems are listed as critically endangered (CR), as a test case for exploring the potential advantages of
including the Red List of Ecosystems, a newly developed tool for assessing conservation value, in restoration
planning. We identified restoration priorities focused on both high-risk ecosystems and low-productivity lands,
to maximize conservation value and minimize land-use conflicts. This approach allowed us to identify over 6M
ha of priority areas for restoration, targeting the restoration of 31 (75 %) of the country’s endangered ecosys-
tems. Eight of the Regional Administrative Environmental Planning Areas (CARs) had greater than 20 % of their
area identified as restoration priorities. We roughly estimated that the cost of restoring the prioritized areas with
restoration through natural regeneration, using payment for ecosystem services (PES), would equal less than 50
% of the annual budget of the CARs. Our results are in sharp contrast (only 12 % agreement) with the priorities
identified under the current National Restoration Strategy of Colombia, and highlight the potential contribution
of the Red List of Ecosystems in refining and improving restoration planning strategies at both national and sub-
national levels.

1. Introduction

Land clearing and ecosystem transformation and degradation asso-
ciated with an increasing demand for land, especially for agriculture,
are major causes of the decline in biodiversity and the linked ecosystem
services worldwide, putting at risk options for humankind to have a
sustainable future on Earth (Foley et al., 2005; Cardinale et al., 2012).
Currently, there are an estimated one to six billion hectares of degraded
lands across the globe (Gibbs and Salmon, 2015) that cost more than
230 billion USD per year, an equivalent of 0.4 % of global GDP (Nkonya
et al., 2016). This level of land degradation (Millenium Ecosystem
Assessment, 2005), has created an unprecedented need for ecosystem

restoration —the process of assisting in the repair of lands that have
been degraded, damaged, or destroyed (SER (Society for Ecological
Restoration), 2004; Gann et al., 2019). There is currently widespread
agreement on the need for ecosystem restoration (Alexander et al.,
2011; Aronson and Alexander, 2013) and ambitious global restoration
targets have been created (e.g., Bonn Challenge and UN Convention on
Biological Diversity Aiche Targets), with a growing number of countries
engaging in strategic prioritization of areas for ecological restoration
(IUCN, 2019b). However, restoration prioritization is often done
without adequate consideration of biodiversity or at-risk ecosystems
(but see, Martinez-Harms et al., 2017; Bland et al., 2019). Thus, there is
a critical need to integrate restoration and conservation planning in
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large-scale initiatives, especially in recognized biodiversity hotspots,
such as the tropical Andean countries - Colombia, Venezuela, Ecuador,
Peru and Bolivia, given their disproportionate importance to global
species protection and conservation.

Although conservation initiatives have historically been based on
ecosystem protection as the main strategy, there is increasing re-
cognition that ecological restoration is equally as critical for effective
conservation, given continued high rates of ecosystem transformation
across the globe (Gann et al., 2019; Possingham et al., 2015). Increas-
ingly large proportions of highly endangered ecosystems exist outside
of protected areas (Watson et al., 2016), embedded within a matrix of
human dominated lands. Therefore, restoration is critical to protect
threatened ecosystems outside of protected areas but also to restore
connectivity among remnant patches. Additionally, many protected
areas are subject to human pressures and degradation, and have begun
to resemble their surrounding modified environments (Laurance et al.,
2014); therefore, many sites even within the borders of protected areas
require ecological restoration. Thus, effectively reversing habitat de-
gradation and ensuring the conservation of biodiversity and availability
of supported ecosystem services in face of global change, requires the
integration of conservation and restoration assessments and activities
into land use planning (Possingham et al., 2015; Wiens and Hobbs,
2015).

Restoration as a tool for conserving biodiversity will become even
more important in face of increasing ecosystem degradation and cli-
mate change (Lomax, 2015), and the consequent increase in number
and extent of endangered ecosystems outside of protected areas. For
instance, currently, half of remaining tropical forests have been de-
graded to some degree, and this trend is likely to advance especially in
South America and Africa because these regions harbor most of the
currently unexploited land in the topics; therefore, the pressure to clear
land for agriculture in the future will increase in these areas (Laurance
et al., 2014). At the same time vast expanses of tropical lowland forests
of Latin America have been cleared for low-productivity and high-im-
pact cattle grazing (Wassenaar et al., 2007; McAlpine et al., 2009).
These large underproductive areas represent important opportunities
for ecosystem restoration that could be implemented with sustainable
development initiatives.

To address the huge restoration imperative, the UN Convention on
Biological Diversity (CBD) included strategic targets in its 2011−2020
strategic plan, and IUCN launched the Global Partnership on Forest and
Landscape Restoration (GPFLR) in 2003, later followed by the Bonn
Challenge (2011) and the New York Declaration on Forests (2014).
Although the GPFLR produced a map of potential forest landscape re-
storation opportunities at the global scale, it was primarily meant to
serve as a communication tool and not as a priority setting framework.
Thus, there is an immediate need to prioritize areas for restoration
using systematic planning protocols (Moilanen et al., 2009; Wilson
et al., 2011; Strassburg et al., 2019). Prioritizing areas for restoration,
however, is a complex task. For this reason, multi-criteria decision
approaches are useful for identifying best alternatives based on a large
number of natural and social factors, including decision-makers’ needs
(Department for Communities and Local Government, 2009).

In multi-criteria decision approaches for restoration planning, it is
critical to include information on ecosystem risk, including large-scale
processes and the dynamic nature of ecological systems (Ehrenfed,
2000). With increasing availability of spatially explicit datasets on
biodiversity, ecosystem function and threats, these variables can be
included in the process of identifying priority restoration or conserva-
tion areas. One such dataset is the Red List of Ecosystems (RLE), a new
standard promoted by the IUCN in 2012 (Keith et al., 2013), that allows
the categorization of ecosystems by risk category, and the identification
of where ecosystems have been lost, or are being threatened. The RLE is
already available for several countries (IUCN, 2019a). For instance, a
recent RLE assessment for Colombia (Etter et al., 2017) indicates that
the most threatened ecosystems are not well represented or protected in

the country’s National Protected Areas (NPA) system, while expansion
of land-use for agriculture is causing ongoing loss of some of the last
remaining remnants of threatened and endangered ecosystems. The
RLE assessments have the potential to greatly improve biodiversity
considerations in restoration planning. For example, Martinez-Harms
et al. (2017) demonstrate the importance of including the Red List of
Ecosystems (RLE) in assessments of both degradation due to wildfire
and priorities for forest restoration in Chile, and Bland et al. (2019)
summarize applications of the RLE to inform restoration priorities
across countries such as Australia, France, Finland, and South Africa.

Because restoration activities occur in the context of socio-ecolo-
gical systems, it is important to include in any restoration prioritization
simultaneous consideration of predicted restorative benefits and social
and economic costs and benefits (Wilson et al., 2011; Possingham et al.,
2015). One way to maximize cost efficiencies is to prioritize areas for
restoration that have high ecological value and limited value for other
land uses, such as agriculture. Land-use and infrastructure maps permit
the identification of underproductive agricultural lands (Evans et al.,
2017; Zuluaga and Etter, 2018), and land degradation issues often as-
sociated with them (FAO, 2017), and thereby allow restoration to be
prioritized on areas that will only minimally compete with agricultural
uses. Another way to maximize efficiencies is to identify areas for re-
storation that both are ecological priorities and are relatively in-
expensive to restore (Strassburg et al., 2019). Towards this end, it is
important to consider the extent to which restoration can occur through
natural regeneration versus active planting (Crouzeilles et al., 2017).
For this reason, it is important to consider distance to intact sites,
through the use of land cover maps (Hansen, 2013; Song et al., 2018),
in restoration prioritization. Taken together, these considerations will
help identify areas where continued agricultural use is appropriate, as
well as areas where ecological restoration should be prioritized for re-
cuperation and conservation of species, ecosystems and ecological
services, minimizing competition with productive land uses in their
vicinity (Wiens and Hobbs, 2015).

The purpose of this study was to identify priority areas for re-
storation based on degree of ecosystem endangerment (determined by
the Red List of Ecosystems (RLE) (Etter et al., 2017) and cost effec-
tiveness, using Colombia as a study case. We applied a multi-criteria
analysis, based on maps of potential ecosystems (models of the original
extent of natural ecosystems), land use and other geographical data. We
then analyzed how the selected priority areas represent the array of
critically endangered ecosystems and how they overlap the Regional
Administrative Environmental Planning Areas (CARs). Our study adds
to a growing body of literature on methods for prioritizing ecosystems
for ecosystem conservation and management (e.g., Polasky et al., 2008;
Orsi et al., 2011; Pennington et al., 2017; e.g., Strassburg et al., 2019;
Oyafuso et al., 2020) and, although we focus on Colombia, is relevant to
the many countries and programs around the world that are working on
land-use planning for ecological restoration.

2. Materials and methods

2.1. Study area

This study was conducted in Colombia, a country located in
northwestern South America, occupying over 1.1 million km². With 81
types of general ecosystems, ranging from desert and tropical savannas
to humid rainforests and tropical snow-covered mountains, Colombia
possesses an outstandingly diverse mix of geographic, climatic, biolo-
gical and ecosystem components (Etter et al., 2017). Because of this
variability, Colombia is one of the world’s top mega-diversity countries,
harboring around 10 % of the planet´s biodiversity in less than 1% of its
surface, and containing high levels of endemism (Hernández et al.,
1992; Myers et al., 2000; Orme et al., 2005). Worldwide, it ranks first in
bird and orchid species richness and second in richness of plants, but-
terflies, freshwater fishes and amphibians (IAvH, 2017).
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However, especially during the past 50 years, native ecosystems in
Colombia have been substantially transformed by deforestation and
land-use change (Etter et al., 2008). Since 1990, more than 6 million ha
of forests have been cleared (more than 200,000 ha.yr-1), mainly due to
illegal crops, cattle ranching, mining and infrastructure development
(Etter et al., 2006), and this land clearing in Colombia has occurred in
the absence of land-use planning. Currently there are more than 38
million ha (34 % of the country) of transformed ecosystems within the
agricultural frontier (all lands cleared for agriculture) (Fig. 1a). Al-
though in recent years Colombia has taken steps to improve the re-
presentation of natural ecosystems in protected areas (SINAP, 2017)
and to restore degraded lands from agricultural development and
mining activities (Vanegas Pinzón et al., 2015; Ramírez et al., 2016),
these efforts still fall short of fulfilling the needs for biodiversity pro-
tection and restoration for many ecosystems and species (Murcia et al.,
2016).

Around 80 % of the agricultural frontier is used for cattle grazing,
which largely occurs in biophysically vulnerable areas, causing en-
vironmental degradation, and on lands with low productivity (Zuluaga
and Etter, 2018). These low-productivity cattle grazing systems cover
over 10 million hectares, equivalent to more than 25 % of the agri-
cultural frontier, and are mostly located in the center and north of the
country (Andean and Caribbean regions) (Fig. 1b). They represent an
important opportunity to develop integrated land-use and conservation
plans where ecological restoration and improved land-use models could
make a significant contribution to enhancing environmental and so-
cioeconomic quality.

2.2. Analytical framework

We created a multicriteria framework (Department for Communities
and Local Government, 2009) to evaluate restoration need based on
degree of ecosystem endangerment and cost effectiveness of restora-
tion. Specifically, we used the RLE evaluation for Colombia (Etter et al.,
2017) to select areas that would help recover biodiversity and eco-
system services for the most endangered (CR and EN) ecosystem types.
To determine cost effectiveness, we included proxies related to the cost
of land, including current land productivity (Zuluaga and Etter, 2018),
soil degradation, and accessibility, as well as data related to the po-
tential for natural regeneration, including availability of local propa-
gules, based on the existence of native ecosystems in the vicinity and
riparian connectivity (Fig. 2).

2.3. Data

We assembled a spatial dataset to apply the multicriteria framework
(Fig. 2) from available and constructed data sources (Table 1). All maps
were transformed to a common raster format of 100m resolution.

2.4. Analysis

2.4.1. Multi-criteria analysis
The multi-criteria analysis (MCA) followed a simple step-by-step

process (Fig. 2). For all spatial variables (Table 1), a priority map was
created by classifying each raster map by a variable score (Table 2),
using the Map reclassify Toolbox from Arc-GIS10.1. The MCA was per-
formed using the maps of all variables combined and the Weighted Sum
tool of the Spatial Analyst “Overlay Toolbox” in ArcGIS 10.2. Our

Fig. 1. Location of the study area showing: a) cleared lands (grey) and remnants of natural ecosystems (forests, savannas, Páramos, wetlands) (green) (Etter et al.,
2017); and b) areas of cleared lands (pink) within the agricultural frontier that correspond to low-productivity grazing systems (Zuluaga and Etter, 2018).
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selection started from the prerequisite of targeting the ecosystems that
are most at risk (CR and EN) and that are located in areas where the
land is categorized as low productivity (Fig. 2). Because we aim at re-
storing lands based on natural regeneration, within the former we
priortized sites using four additional criteria (Table 2, Fig. 2). We gave
highest importance (highest weight) to cost of land acquisition/treat-
ment (Polasky et al., 2008) (areas located far from roads were prior-
itized), then to soil condition (Chazdon, 2003; Orsi et al., 2011) (areas
with low soil degradation were prioritized) and propagule availability
(Thomlinson et al., 1996) (areas close to natural vegetation were
prioritized), and finally to hydrological corridors (Orsi et al., 2011)
(areas close to rivers were prioritized).

The obtained map was classified into three priority classes: low,
medium and high applying the Jenks natural breaks classification in
ArcGIS10.2, which reduces variance within classes and maximizes
variance among classes.

2.4.2. Priority areas in relation to ecosystems and environmental
administrative areas

The priority map was then overlaid on the potential ecosystem map,
and the Regional environmental administrative and planning areas
(CARs), (Table 1), to identify the level of representation of different
specific endangered ecosystems in the selected restoration priority
classes, and the extent of their overlap with the CARs administrative
units.

3. Results

We calculated that of the 18 million hectares of cleared ecosystems
that are classified as critically endangered (CR) or endangered (EN),
over one third of (5.9 million ha) overlap with low-productivity cattle
ranching land (Table 3). This is about 17 % of all cleared lands of the
country.

Of these low-productivity lands overlapping endangered ecosystems

Fig. 2. Methodological flowchart of the application of the multi-criteria analysis (MCA) to identify restoration priority areas.

Table 1
Data used for analysis.

Data Source Reference

Location of CR and EN ecosystems (degree of risk to the ecosystem) Red List of Ecosystems Etter et al. (2017)
Location of cleared ecosystems Potential Ecosystem Map Etter et al. (2017)
Land productivity level Grazing land use map Zuluaga and Etter (2018)
Distance to roads Road map IGAC (2017a)
Distance to waterways Drainage map IGAC (2017a)
Distance to natural ecosystems Ecosystem transformation map Etter et al. (2017)
Soil degradation categories Erosion and soil degradation map IDEAM (2015)
Administrative planning areas Regional environmental administrative and planning areas (CARs) map IGAC (2017b)
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over 4.5 million hectares (77 %) are categorized as critically en-
dangered (CR), and over 1.3 million hectares (23 %) where categorized
as endangered (EN) (Table 3, Fig. 3). The majority of these areas are
located in the Caribbean region and the inter-Andean dry valleys.
Within these remnant ecosystems, the area of CR and EN ecosystems is
highly reduced.

3.1. Restoration priority areas

Of the nearly 6 million hectares of priority areas identified for re-
storation, 0.8 million ha were categorized as high priority, corre-
sponding to 12.5 % of the low-productivity cattle lands and 2.2 % of all

cleared ecosystems of the country. Of these high-priority areas, 83 %
are in CR ecosystems (Table 4). The analysis also classified 2.4 and 2.7
million hectares in the medium and lower priority restoration classes
respectively, also mostly of CR ecosystem types (76.3 %).

The total area of all three priority classes combined account for:
16.3 % of the current agricultural frontier, 31.2 % of all cleared eco-
systems classified as CR, and 40.2 % of all cleared ecosystems classified
as EN, and all located in underproductive land use.

The majority of the areas prioritized for restoration coincide with
the Tropical Dry Forest biome of the Caribbean, and the Chicamocha,
upper Magdalena and Patía Valleys in the Andes (Fig. 4). Additional
important restoration areas are located in the rainforests of the pied-
mont in the Llanos, and the area surrounding the San Lucas mountain
range. Also, these prioritized areas are mostly located in the lowlands

Table 2
Scoring matrix of the MCA showing for each variable the scaling and the weighting factor.

Variable \ Score 1 2 3 4 5 Weighting Factor

Distance to road (km) < 0.5 0.5−1 1−2 2−5 >5 0.35
Soil degradation (category) Moderate Low 0.25
Distance to natural ecosystems (km) > 10 5−10 2−5 1−2 <1 0.25
Distance to water (km) > 5 2−5 1−2 0.5−1 <1 0.15

Table 3
Area of cleared areas of critically endangered (CR) and endangered (EN) eco-
systems within the agricultural frontier, and the subset coinciding with low-
productivity cattle grazing areas.

Total Low productivity

(ha) (ha) (proportion)
CR 14,684,375 4,591,225 0.31
EN 3,429,431 1,360,338 0.40
Total 18,113,806 5,951,563 0.33

Fig. 3. Map of transformed ecosystems categorized as critically endangered (CR, red) and endangered (EN, orange) in a) all areas, and b) low-productivity cattle
grazing areas.

Table 4
Area (ha) of CR and EN ecosystems categorized as low, medium, and high
priority for restoration.

Low Medium High Total

CR 2,100,488 1,875,519 615,219 4,591,225
EN 683,013 556,794 120,531 1,360,338
Total 2,783,500 2,432,313 735,750 5,951,563
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below 500m of altitude (60 %). In terms of the natural regions of Co-
lombia, 40 % of prioritized areas fall in the Andean, 34 % in the Car-
ibbean, 11 % in the Magdalena and 10 % in the Orinoco regions
(Fig. 5).

3.2. Restoration priorities and the regional administrative environmental
planning areas (CARs)

The area prioritized for restoration varied greatly among the
Regional Administrative Environmental Planning Areas (CARs)
(Table 5). Eight of these areas have more than 20 % of their area ca-
tegorized as priority for restoration.

The CARs with the highest area to be restored are Cortolima,
Corpamag, Cam, CorpoCesar, Corpoinoquia and Corantioquia (Fig. 4),
each with more than 400,000 ha identified as priorities for restoration.

3.3. Ecosystem composition of restoration priority areas

Of the 37 ecosystem types that were classified as CR and EN in the
Colombian RLE assessment, 31 (17 CR and 14 EN) of these ecosystem
types (83 %) were identified in our priority areas for restoration.
However, just 10 of these ecosystem types account for 73 % of all
identified priority areas for restoration (Table 6).

The four ecosystems with the largest area classified as high-priority
restoration are the critically endangered tropical dry forests found in
the Caribbean and inter-Andean valleys, and the rainforests of the
Orinoco Piedmont, which together account to more than half of the
high-priority restoration areas.

Fig. 4. Map of restoration priority classes and the six Regional Administrative Environmental Planning Areas (CARs) that had the largest area categorized as
restoration priority areas (see Table 6): Corpamag (1), CorpoCesar (2), Cortolima (3), Corporación del Alto Magdalena (4), Corpoinoquia (5) and Corantioquia (6).
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4. Discussion

Society is facing a major challenge: human transformation of the
land and induced climate change are putting many ecosystems at risk of
collapse (Keith et al., 2013). In response to this and recognizing the
powerful role that ecosystem restoration can play in reversing eco-
system degradation, the UN declared 2021−2030 the “Decade on
Ecosystem Restoration”. However, a substantial challenge to promoting
and implementing restoration projects and programs is that conserva-
tion and restoration initiatives often compete and conflict with areas
used for agriculture and cattle ranching, leading to important tradeoffs

(Tanentzap et al., 2015). Finding locations where the relative costs and
conflicts are low and the benefits of restoration are high is essential
(Orsi et al., 2011; Wiens and Hobbs, 2015). In this study, we used
Colombia as an example of how to integrate multiple criteria to select
areas for ecological restoration that maximize conservation of en-
dangered ecosystems, potential for natural regeneration, and con-
nectivity, and also minimize the conflict with competing land uses.

Colombia is an excellent example of a country in which conserva-
tion through protected areas is not enough to protect biodiversity and
the services it provides. Although the country still possesses around 60
% of its native land cover area, 37 (45 %) of its ecosystem types have
been categorized as critically endangered (CR) or endangered (EN)
(Etter et al., 2017). Our finding that close to six million ha currently
used for low-productivity agriculture and ranching occur in ecosystem
types that are listed as CR or EN, suggests a tremendous opportunity for
restoration. These low-productivity lands, mostly consisting of large
farms with extensive land uses and low population density, contribute
little to the economy and welfare of Colombians and, therefore, there
may be more buy-in from stakeholders for ecological restoration than
there would be in highly productive sites. In this way, our analysis
identified important restoration sites that would help recover highest
risk ecosystems with the least interference with high-productivity land
uses. These results highlight that the RLE is a powerful tool to inform
conservation and restoration actions because it identifies ecosystems
most likely to enter a state of collapse (Keith et al., 2013), the locations
where high-risk ecosystems have been most degraded, as well as their
current land use conditions and threats, to inform decision making in
planning at national and subnational levels.

4.1. Colombia´s restoration plan

Recognizing the threats that environmental degradation is imposing
on biodiversity and services provided by its ecosystems, Colombia´s
government recently adopted an ambitious 20-year National
Restoration Plan (NRP) (Vanegas Pinzón et al., 2015), with the as-
piration that it would become an integral part of the land-use planning
process. As part of this process, the Ministry of Environment conducted
a national prioritization analysis based on land use conflict, 100m
buffers to natural areas, legal buffers to rivers and water bodies, and
burned areas. The Plan categorizes areas based on three approaches to
ecosystem repair, restoration in cleared areas, rehabilitation in low
degraded areas and recuperation in severely degraded areas (Vanegas
Pinzón et al., 2015) – but lacks a clear statement of the objectives
sought by the restoration process. The NRP selected over 24 million Ha
(Vanegas Pinzón et al., 2015) as priorities for restoration, which ac-
counts for an unrealistic two thirds of the agricultural frontier of the
country, with vague references to land-use type and productivity. Of the
areas selected, 90 % are in the “moderate” priority category. Having
virtually all selected areas in the “moderate priority” class is not par-
ticularly useful for decision makers, as there is no guidance on what
areas are most important within the large bulk of the moderate priority
class (See Fig. 6).

When compared to our study, only 12 % of the selected areas in the
NRP coincide with those of our study (Table7). Of these, over half
(1,450,000 ha) fall in our “low priority” class. Of all the areas prior-
itized by our study (5,951,563 ha), only 3% (197,000 ha) coincide with
the NRP’s “very high” and “high” priority areas, which were selected in
the NRP based mainly on proximity to river corridors. The spatial
mismatch of the NRP with our study also is high (Fig. 6). This lack of
spatial coincidence is notable in the Caribbean, Patía, Chicamocha and
Llanos regions. The NRP selected areas mostly target large areas of
ecosystems not categorized as endangered by the RLE, in the Andean,
Amazon and Orinoco regions. However, the ecosystems selected by our
study coincide with some of the conservation priorities included in a
previous study by Pizano et al. (2016) for the Tropical Dry Forest
Biome. Differences in results between our study and the NRP

Fig. 5. Proportion of priority areas by regions.

Table 5
Regional Administrative Environmental Planning Areas (CARs), with area (ha)
classified as high-, medium, and low-priority restoration, and proportion of
each jurisdiction classified as restoration priority by our study.

Jurisdiction Low Medium High Total Proportion of
Jurisdiction

Name (ha) (ha) (ha) (ha)

Cortolima 244,094 247,506 57,119 548,719 0.23
Corpamag 76,425 174,944 215,125 466,494 0.2
Cam 300,019 142,406 18,388 460,813 0.25
Corpocesar 158,669 210,356 87,375 456,400 0.2
Corporinoquia 147,594 215,000 56,431 419,025 0.02
Corantioquia 215,250 165,100 30,538 410,888 0.12
Corpoguajira 123,394 145,563 69,138 338,094 0.16
Corpoboyaca 237,575 85,500 3213 326,288 0.2
Csb 26,669 245,394 42,625 314,688 0.16
Car 184,956 111,838 9250 306,044 0.18
Cas 116,163 139,481 28,713 284,356 0.11
Cormacarena 115,288 107,819 31,619 254,725 0.03
Cardique 138,250 79,444 21,338 239,031 0.37
Crc 125,831 86,456 14,694 226,981 0.07
Corponariño 107,600 78,650 8419 194,669 0.06
Corponor 94,581 66,069 20,725 181,375 0.08
Cvc 111,875 52,806 1400 166,081 0.08
Cvs 42,081 47,419 20,894 110,394 0.04
Codechoco 644 62,644 13,506 76,794 0.02
Cra 57,331 10,563 469 68,363 0.21
Cdmb 34,388 24,138 3256 61,781 0.13
Carsucre 28,219 19,381 3288 50,888 0.1
Corpochivor 38,519 2325 0 40,844 0.13
Corpomojana 9594 26,956 1994 38,544 0.07
Epa 24,969 6056 1031 32,056 0.54
Sda 21,319 844 0 22,163 0.14
Corpocaldas 17,056 5019 56 22,131 0.03
Carder 11,144 1525 0 12,669 0.04
Dagma 8663 3944 0 12,606 0.22
Corpoguavio 10,463 1575 0 12,038 0.03
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Table 6
The 10 CR and EN ecosystems with the largest area (Ha) prioritized for restoration.

Ecosystem RLE category Restoration priority Proportion restor/cleared

Low Medium High Total

Tropical dry forest of the rolling plains CR 545,131 453,925 258,119 1,257,175 0.37
Tropical dry forest of the hills CR 513,294 459,606 133,675 1,106,575 0.62
Tropical dry forest of the plains CR 427,281 278,225 82,506 788,013 0.26
Tropical rainforest of the Orinoco piedmont CR 131,900 139,569 35,988 307,456 0.26
Tropical rainforest of the Magdalena rolling plains EN 74,638 102,419 24,750 201,806 0.23
Tropical Andean subhumid forest EN 82,769 92,081 22,381 197,231 0.31
Alluvial forests in humid biome EN 84,594 146,981 21,625 253,200 0.21
Tropical rainforest of the Catatumbo plains CR 12,381 24,225 19,638 56,244 0.12
Tropical Andean dry open forests and scrub CR 127,400 100,406 19,206 247,013 0.77
Tropical rainforest of the Orinoco plains EN 94 38,350 16,681 55,125 0.38

Fig. 6. Spatial comparison between the areas selected by National Restoration Plan (NRP) and our study. Coincidences between both studies are shown in orange.
Large areas (purple) selected by the NRP show no coincidence with our critical ecosystems prioritization.
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prioritization are primarily due to the fact that the NRP did not consider
four important aspects: ecosystems at risk, the productivity of agri-
cultural lands, the potential synergy with natural remnants, and feasi-
bility of low-cost natural regeneration approaches. This highlights the
importance of incorporating ecosystem risk assessments into restoration
prioritization and building capacity for and promoting the use of in-
tegrative planning processes that evaluate biodiversity and land-use
tradeoffs. Our results should be useful for refining Colombia’s National
Restoration Strategy and improving biodiversity conservation in Co-
lombia’s restoration agenda.

4.2. Restoration approach

Within current global restoration initiatives, a variety of ecosystem
management approaches are being promoted for ecosystem repair,
ranging from improved management of forest plantations to active
ecological restoration (Brancalion et al., 2019; Gann et al., 2019), de-
pending on land management goals. Management activities in areas
where biodiversity protection is the primary goal, such as in en-
dangered ecosystems, should aim for the highest level of ecological
restoration achievable (Gann et al., 2019). In these areas, recovery of
species composition and ecosystem structure, functionality, and in-
tegrity over as large an area as possible is essential, may be more im-
portant than enhancing ecosystem goods and services such as C-storage
or water regulation, given that often there are tradeoffs between bio-
diversity protection and carbon storage (Veldman et al., 2015). In other
areas, there may be opportunities to implement restorative activities
based on the Nature Based Solutions (NBS) framework (Cohen-Shacham
et al., 2019), in which restoration and sustainable land use practices
address other societal challenges effectively and adaptively, which is in
line with the proposed land sharing strategy introduced by Phalan et al.
(2011). Clearly restoration has the potential to target other services
besides biodiversity conservation, by concentrating on particular
forest/land restoration such as riparian areas, buffer zones around re-
sidual forest patches, corridors between forest areas, or eroding areas
on steep hills (Lamb et al., 2005), helping to achieve goals such as
improving water quality, reducing sedimentation and increasing C
uptake (Holl and Aide, 2011).

4.3. Cost of passive restoration

When repairing ecosystems, managers have a choice of actively
planting vegetation or relying on natural regeneration (Brancalion
et al., 2019; Gann et al., 2019). A global analysis of forest restoration
projects in the tropics (Crouzeilles et al., 2017), showed that natural
regeneration and successional regrowth processes is in many cases the
best solution for restoring biodiversity and ecosystem function and
services. These approaches have also been found to have the lowest
costs (Brancalion et al., 2019). Because of this, restoration planning,
especially where the goals are conservation oriented, should explicitly
identify proximity to natural remnants, accessibility and degree of
human disturbance threats, which all impact the success of natural
vegetation regeneration. Where natural regeneration is possible, the
main expenses for restoration is the cost of the land, although there of
course are additional costs for fencing and other management activities

needed to protect against external threats.
Based on our findings of 6MHa of areas prioritized for restoration,

we estimate the cost of land purchase for passive restoration in
Colombia to be between $1.8−7.0 billion USD, assuming a purchase
cost of USD 300 to USD 1200/ha (higher end for low-accessibility
lands). If only the critically endangered (CR) ecosystems identified in
this study are considered, which cover 0.75 MHa, the cost would range
between $250−900 million USD.

Another possible approach is a restoration action plan with Payment
for Ecosystem Services (PES), where landowners are paid for passive
restoration to safeguard successional regeneration forests. If we assume
a land rent for low-productivity extensive grazing land to be in the
order of 40 USD/ha.yr−1 (Zuluaga, 2019), the total cost for restoration
of all priority areas in our study based on natural regeneration pro-
cesses only, would be reduced to an annual cost of around $240 million
USD, or $30 million USD for the prioritized CR ecosystems only. Given
that the annual investment of the CARs for conservation and restoration
can be estimated at $20−30 million USD, restoring the prioritized
areas would use less than 50 % of their annual budget. A potential
important hurdle to implementing such a payment scheme for eco-
system services delivered by restoration initiatives with farmers, how-
ever, are the transaction costs of assuring that resources reach the
farmers and monitoring of the process, in low-accessibility areas
without banking infrastructure, an aspect that has been widely dis-
cussed in REDD and REDD+projects (Pistorius, 2012; Rendón-
Thompson et al., 2013).

4.4. Limitations and further analysis needs

In this study, we emphasized identification of areas that can serve to
restore ecosystems at risk and interfere as little as possible with pro-
ductive land uses. However, prioritized areas need to be further as-
sessed, applying a combined approach with cost-effectivity analyses
where biological and socioeconomic trade-offs can be assessed, such as
those by Strassburg et al. (2019); Pennington et al. (2017) and Polasky
et al. (2008). In addition, although we included key variables, such as
RLE, land productivity, and distance to remnant patches, other poten-
tially important factors were not easily incorporated into our study,
given that it was implemented at the national scale. For instance, we
were unable to include important local variables, such as land-tenure
context, land use history and cultural characteristics of land owners
(McLain et al., 2019). The local stakeholder context is critical, espe-
cially in areas with complex land-tenure systems such as those found in
Colombia and other countries and regions that are dominated by small
farms. Also, political conflict and stakeholder mapping should be im-
portant in fine tuning the process of restoration planning.

Second, since our prioritization weighted areas by multiple factors
not just degree of ecosystem threat, it left out some of the most en-
dangered ecosystems, such as the Tropical Andean High-plain Forests
and the Andean Wetlands (Etter et al., 2017), because they are situated
in highly transformed and high-cost lands, leading to high land-use
conflicts and costs. Nevertheless, these ecosystems need to be con-
sidered in a wider scope restoration strategy. Additionally, because we
had a filter for proximity to intact patches, areas far from remnant
patches that could potentially be important for restorative activities
esuch as mixed production intensification and conservation strategies
based on land sharing, which would compensate the production lost in
the proposed restoration areas ewere not categorized as priorities (e.g.
Alves-Pinto et al., 2017). Also, locations within the agricultural matrix
far from natural areas, with highly fragmented and small remnants of
native vegetation, might also be priorities for management activities, as
they can significantly contribute to the conservation of biodiversity and
ecosystem services (Wintle et al., 2019).

Finally, all such prioritization exercises face two major challenges
that may jeopardize the vision of limiting the environmental impacts of
agriculture put forward by Tanentzap et al. (2015): the need to win

Table 7
Area (Ha.) shared by our study and the National Restoration Plan.

This Study National Restoration Plan

Very High High Moderate Low

Not selected 177,031 936,613 19,379,944 621,050
Low 9794 89,844 1,280,106 67,675
Medium 8163 68,288 1,067,769 22,638
High 1994 19,325 300,581 2206
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political support for policy change; and the need to geographically
adjust the implementation of policy, as successful land allocation to
restoration depends on features of the surrounding landscape, such as
habitat connectivity and land-use specificity. A strong planning process
with coherent goals is urgent, especially in countries such as Colombia
with a poor history of land-use planning, and weak enforcement ca-
pacity of government restrictions on public and private land uses.

5. Conclusions

The extent to which we succeed in achieving ambitious global tar-
gets of environmental recuperation depends, in large part, on our ef-
fectiveness in prioritizing areas for restoration. Because of tradeoffs
between biological conservation, ecological integrity, and ecosystem
goods and services, stakeholders and planners must develop planning
frameworks that adequately consider the multiple objectives of re-
storation. Here, we show the application of a new tool, the Red Lists of
Ecosystems, to improve prioritization of restoration using Colombia as a
study case. The large amount of land in Colombia used for low-pro-
ductivity agriculture, offers substantial opportunities for restoring the
environment and, when coupled with areas that have high potential for
natural regeneration, the costs of restoration may be reduced. Like
many countries, Colombia´s natural heritage has been heavily impacted
and urgent action is required to create a more sustainable future. Our
findings can be used in Colombia and elsewhere to improve existing
efforts to identify areas that can help recover the natural heritage and
associated values.
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