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Abstract: Conservationists recognize the value of protected area (PA) systems, with adequate coverage,
ecological representation, connection, and management to deliver conservation benefits. Yet, governments
primarily focus on coverage, disregarding quantification of the other criteria. While recent studies have
assessed global representation and connectivity, they present limitations due to: (1) limited accuracy
of the World Database of Protected Areas used, as governments may report areas that do not meet
the IUCN or CBD PA definitions or omit subnational PAs, and (2) failure to include human impacts
on the landscape in connectivity assessments. We constructed a validated PA database for Tropical
Andean Countries (TAC; Bolivia, Colombia, Ecuador, Perú, and Venezuela) and used the existing
Protected-Connected-Land (ProtConn) indicator—incorporating the Global Human Footprint as a spatial
proxy for human pressure—to evaluate TAC ecoregions’ representation and connectivity. We found that
just 27% of ecoregions in the TAC are both protected and connected on more than 17% of their lands.
As we included human pressure, we conclude that previous global ProtConn studies overestimate PA
connectivity. Subnational PAs are promising for strengthening the representation of PA systems. If nations
seek to meet Aichi target 11, or an upcoming post-2020 30% target, further efforts are needed to implement
and report subnational conservation areas and appropriately evaluate PA systems.

Keywords: system of protected areas; ecological representation; connectivity indicators; Global
Human Footprint; subnational protected areas; Aichi target 11; post-2020 biodiversity targets
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1. Introduction

At least 73% of the land surface of the earth has been transformed by human activities [1].
Habitat loss, shrinkage, and degradation commonly have negative effects on biodiversity and
ecological processes [2–5], such as the isolation of populations of many wildlife species (e.g., terrestrial
carnivores [6]). Thus, the persistence of numerous species and ecosystems depends not only on local
actions but also on landscape management approaches [3,7,8]. Countries and regions have established
systems of protected areas (PAs) as the primary landscape strategy for biodiversity conservation [9].
As a single PA may seek to protect a remnant of natural or semi-natural habitat or a specific population,
well-designed networks of PAs (i.e., an ecologically representative, well-connected, and properly
managed system [9–11]) can contribute to the persistence of species and ecosystems [2,7,8,12,13].

There is no clear consensus about how much of these terrestrial landscapes should be covered by
systems of PAs to guarantee the conservation of biodiversity. The Strategic Plan of the Convention
on Biological Diversity (CBD) Aichi Target 11 sets a goal of 17% PA coverage for terrestrial systems,
especially areas of particular importance for biodiversity and ecosystem services [10]. This target
explicitly considers equity and effective management, connectivity, and ecological representation as the
main criteria to be reached by 2020. Beyond 2020, initiatives including the Global Deal for Nature (GDN)
initiative promotes a 30% target by 2030 [14], while the Half-Earth Project (see http://half-earth.org)
and other scientists are promoting 50% PA coverage [15–17].

Governments and official agencies focus on Aichi target 11 to evaluate their PA international
commitments. However, they focus primarily on quantifying how much of their land is protected
(i.e., coverage of PAs), and less on the other criteria that define a well-designed system. By focusing
solely on area, countries around the world might be overestimating their conservation performance,
misinforming decision-makers, and affecting future global commitments [18,19]. To ensure that
protected areas live up to their potential to conserve biodiversity, it is imperative to understand the
enabling conditions for their success, including adequate PA management, ecological representation,
and structural and functional connectivity [18,20,21].

Aside from PA management, recent studies have examined PA systems’ representation and
connectivity at global or regional scales. For instance, Santini et al. [22] use a graph-theory metric
called Equivalent Connected Area (ECA), proposed by Saura et al. [23], to measure the connectivity of
PA systems at country and continent levels. Based on a wide range of median dispersal distances of
terrestrial mammal species, this study found that less than half of the world’s land covered by PAs
(in categories I–IV from the International Union for Conservation of Nature, IUCN) is well-connected.
Similar results were later demonstrated by other authors [24–26] using an advanced version of ECA’s
indicator called Protected-Connected-Land (ProtConn). Overall, they found that although ca. 15% of the
global land surface is protected (IUCN categories I–VI), only 7.5% to 9.3% is covered by well-connected
PA systems, and that only one third of countries and terrestrial ecoregions globally reach the 17% target,
both protected and connected. More recently, using a new map of world ecosystems, Sayre et al. [27]
also found that just one third of terrestrial ecological units exceed the Aichi 11 protection target.

However, these results should be interpreted with caution. First, as has been acknowledged [22,24,28],
these analyses do not consider human-driven landscape heterogeneity in PA connectivity equations.
Thus, the aforementioned ProtConn values might be overestimated, as species movements between
PAs are sensitive to landscape permeability. Second, all previous studies have used Protected Planet
(the World Database of Protected Areas, WDPA) as the source of PA spatial information. This database
is the only freely available source of PA data on a global scale and is managed jointly by the World
Conservation Monitoring Center (WCMC) of the United Nations Environment Program (UNEP)
and the IUCN [9]. However, as the database primarily depends on governments’ official reports or
validation, which in many cases are not accurate (see results below), it is expected that this database is
neither fully updated nor completely inventoried for accuracy [29–31]. For instance, in some countries
where subnational PAs are recognized by local legislation, they barely appear in national databases,
and are therefore excluded from monitoring and reporting to the WDPA (e.g., Ecuador, see results
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below, or USA [32]). This also affects ProtConn calculations and hinders evaluations of subnational
PAs contributions [33]. Finally, while PA evaluations provide valuable insights at global scales, results
are compromised at sub-global analyses, due to the ecological and regulatory particularities of each
territory (e.g., which regional mammal dispersal distances are best suited to the model, or what should
be considered as a protected area).

Understanding some of the limitations of PA global evaluation efforts and using Tropical Andean
Countries (TAC) as our geographical model, our study uses a comprehensive, validated, and updated
database of PAs to (1) evaluate how landscape heterogeneity affects the connectivity of PA systems,
(2) assess—under this new approach—the region’s performance in achieving 17%, 30%, and 50% of
representation and connectivity targets, and (3) determine the contribution of subnational protected
areas to protection, representation, and connectivity. Here, we propose an improved application of
the ProtConn indicator and identify gaps for better design and reporting of PA systems toward the
achievement of international conservation targets.

2. Materials and Methods

2.1. Geographical Scope

Our study used the terrestrial administrative limits of Tropical Andean Countries (TAC; includes
Bolivia, Colombia, Ecuador, Perú, and Venezuela) as the geographical model that can inform global
decision-making (Appendix A Figure A1). Country boundaries were obtained from the Global
Administrative Unit Layers, developed by the Food and Agricultural Organization (FAO) [34].

TAC frames a subcontinental region in northern South America that shares an ecological and
geographical identity. These tropical countries—all considered as some of the most biodiverse nations in
the world [35]—have territories in both the Amazon basin and the Andes mountain range and hold two
hot-spots of global biodiversity (i.e., the Tropical Andes and the Chocó/Darien/western Ecuador) [36].
Further, due to similar cultural and historical backgrounds, these countries are linked politically and
economically. For instance, they integrate the Andean Community of Nations (CAN; Venezuela was
originally part of the community but is not anymore), a multi-government arrangement that influences
the financial, political, social, and environmental policies across the region. Thus, an evaluation of
PAs in one of the most biodiverse regions on the planet will inform not only local governments and
decision-makers but also regional or global agencies involved in PA evaluation and nature protection.

2.2. Database of Protected Areas

We involved one leading organization or expert for each TAC country with expertise in PA
creation, management, research, or normativity, and close relations with local government agencies,
thus ensuring a rigorous understanding of local PA performance and on the decision-making contexts.
Each team evaluated the regulatory and geographical data of PAs established before November 2019.
We only considered conservation areas that (i) are legally recognized as protected areas according
to the relevant national or subnational governmental regulations, (ii) have clear spatial limits and
conservation purposes, and (iii) can be assigned to any IUCN PA category (see Dudley [37]). In some
cases, especially for Venezuela, Bolivia, and Ecuador, we reconstructed the geographical limits of some
PAs if a more accurate description was found in legal documents. For coastal and marine PAs, we only
considered their terrestrial portions. We excluded conservation areas that: (a) do not have a national
or subnational legal designation as a protected area despite their potential for positive impacts on
conservation or even community or international recognition (e.g., IBAs, Biosphere Reserves, Ramsar
or indigenous lands), (b) do not have clear spatial limits (e.g., only a geo-referenced point or a vague
description of limits), even if the spatial extent is reported, (c) do not have conservation of nature
as the primary objective, so they do not meet the CBD or IUCN PA definition, (d) do not meet any
IUCN category, or (e) are entirely located in insular or marine areas. For each PA, the following
information was compiled: country, year of designation, name, national category, IUCN category,
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and level of governance (i.e., national or subnational). For PAs that were not given an IUCN category
by the government, we assigned the appropriate category. When a PA was created and managed by
subnational authorities, communities, or private owners, regardless of whether the legal document
was issued by a national authority, we classified it as a subnational PA.

PAs that met these criteria were compiled in a geo-database and standardized to the Mollweide
geographical projection, which is best suited for continental or global analyses. The full database of PAs
can be downloaded from https://doi.org/10.6084/m9.figshare.12568502. Note that this database does
not replace official information and will not be updated regularly, as the WDPA. For a full description
of how we built the database for each country, see Supplementary Table S1.

2.3. Ecological Units of Analysis

We used Ecoregions 2017© Resolve, also standardized to Mollweide, as the source of our units
of analysis [17]. This world map is an improved and updated version of Olson’s original Ecoregion
map [38]. Each ecoregion represents a spatial unit that has a biological and ecological identity, in
which similar species composition and vegetation structures are expected [17]. Although some
TAC countries have national maps of ecosystems or ecological units, the Ecoregions 2017© Resolve
map is a comprehensive source of information that enables comparable and compatible evaluations
at transnational scales. As this ecoregion map has been used widely to evaluate connectivity or
representation of PA systems [17,24,39–41], our results can be compared to other published studies.

2.4. Network Connectivity and Landscape Heterogeneity

We calculated the ProtConn indicator proposed by Saura et al. [24] to assess PA network connectivity.
Here, PA connectivity is defined as the facility of species movements and other ecological flows among
protected areas [24]. Protconn easily informs users and decision-makers about the connectivity state
in PA systems and helps to identify priorities for their improvement. It has recently been used
by the Digital Observatory of Protected Areas (DOPA) to compare progress toward national and
global PA targets [9,24,26]. ProtConn is based on the Probability of Connectivity Index (PC) and
Equivalent Connected Area (ECA), formerly proposed graph-metrics that take into account inter-patch
and intra-patch connectivity [23,42]. ProtConn corresponds to the percentage of a study area (here,
each ecoregion) covered by protected and connected lands [24,25].

According to Saura et al. [24,25], ProtConn in each ecoregion can increase in two ways: first,
through the designation of larger PAs, even if this results in a single PA covering several smaller,
well-interconnected PAs, and second, through more numerous or stronger connections between different
PAs. ProtConn may decrease if PAs are downsized or degazetted [43], or replaced by multiple smaller
PAs that cover a reduced proportion of what was originally protected. Additionally, we considered Prot
and ProtUnconn, also proposed by Saura et al. [24]. Prot corresponds to the percentage of each ecoregion
covered by PAs (i.e., coverage) and ProtUnconn corresponds to the percentage of the ecoregion covered
by unconnected PAs. ProtUnconn is calculated as the difference between Prot and ProtConn.

We calculated ProtConn and ProtUnconn considering six different median dispersal distances
(dmed): 1, 5, 10, 30, 50, and 70 km, where dmed refers to the median distance traveled by a disperser
(e.g., an animal) from its current home to a new one [44]. While Saura et al. [24] suggest a median
dispersal range between 1 and 100 km, we selected this range up to 70 km because it covers the
entire dispersal threshold of terrestrial vertebrate species that inhabit the TAC with better accuracy.
For instance, a maximum dispersal of 68.4 km has been reported for carnivores such as pumas
(Puma concolor, which has one of the greatest terrestrial dispersal capacities among neotropical
mammals [45]), on a neotropical-like open ecosystem (i.e., grasslands and savannas) [46,47].

Considering that PAs outside of the TAC region can contribute to PA connectivity [24,25],
we selected a 350 km buffer from the TAC study area to include all transnational PAs reported in the
WDPA until November 2019 (Appendix A Figure A1). All PAs that totally or partially intercept this
buffer were referred to as transboundary areas that potentially influence connectivity between PAs
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within ecoregions. To define transboundary areas, we applied the same method for global analyses used
by Santini et al. [22] and Saura et al. [24,25], but we applied a maximum dmed = 70 km, which also differs
from Saura’s dmed = 100 km. Considering a dmed = 70 km, the probability of dispersal movements
between PAs > 350 km apart from each other is only 0.03. See Saura et al. [24,25] for more details.

As suggested by different authors [22,24,28], it may be instructive to present a version of these
connectivity indicators that includes the degree of resistance offered by the landscape heterogeneity
to the movement of species between PAs. Thus, to replace the commonly used Euclidean distance
measurements (ProtConnEu) (e.g., References [24,25,32]), we integrated the Global Human Footprint
(GHF) map of 1 km2 of spatial resolution [48]. This map incorporates the land-cover change, presence
of infrastructure, and access to natural areas to measure the degree of human pressure on the landscape
and allows for quantifying the matrix-resistance for the mobility of a wide range of species (as is
needed in a transnational assessment). This approach has been widely used in connectivity analyses
because it works as a good generic proxy of landscape heterogeneity [49–53]. ProtConn and ProtUnconn
were again calculated under the same parameters as previously noted, using the resistance surface
and incorporating the resulting cost-distances (i.e., distances weighted by the landscape resistance)
to connectivity (ProtConnCD). To determine the contribution of sub-national PAs in each ecoregion,
we evaluated the differences in the values of Prot, ProtConnCD, and ProtUnconnCD when they are
excluded from the PA network as compared to when they are included. All protection and connectivity
indicators were calculated using the R Makurhini package [54], specifically designed for this study,
and further similar research to optimize landscape connectivity measures. This package is available
online at https://github.com/connectscape/Makurhini.

2.5. Data Analyses

To evaluate how landscape heterogeneity affects the connectivity of PAs, we tested the 1:1
relationship between the Euclidean connectivity (ProtConnEu) and the cost–distance connectivity
(ProtConnCD), and their variation as median dispersal distances (dmed) increased from 1 to 70 km.
Thus, we performed a linear regression model (lm) for each dmed range with ProtConnEu and ProtConnCD
as regressors. Then, we used the linear hypothesis test (lth) from the R car package [55] to assess the
extent to which both methods are over- or under-estimated between them (null hypothesis β = β0,1 is
not rejected with p-values > 0.05). Here, a significant slope above 1:1 (p < 0.05) indicates that ProtConnEu
overestimates the dispersal distance of a specific range. By contrast, if a significant slope is found
below 1:1 (p < 0.05), it indicates that the overestimation comes from the ProtConnCD.

To assess the region’s performance in the achievement of international targets—in terms of
coverage, connectivity, and representation of PA systems—we counted the number of ecoregions whose
Prot, ProtConnEu, and ProtConnCD values are in one of the following categories and protection ranges:
omission (i.e., <1%), insufficient for all targets (i.e., 1–16.9%), sufficient for Aichi 11 target because it
surpasses the 17% mark, but not the GDN or Half-Earth targets (i.e., 17–29.9%), sufficient for the GDN,
as it surpasses the Aichi 11 and GDN, but not the Half-Earth target (i.e., 30–49.9%), and sufficient for all
targets (i.e., ≥50%). We later extrapolated the number of ecoregions in each range as a percentage of the
TAC extension to evaluate how much land of TAC fits in each category. We consider that an ecoregion
is well represented in the PA system if its ProtConnCD at least surpasses the Aichi target 11 of 17%.

To test if the ProtConnCD varies with the inclusion or exclusion of subnational PAs for all ecoregions,
we ran a non-parametric Wilcoxon test to compare between groups (e.g., national and subnational PAs
versus national PAs). We ran this test because both groups, among all the studied distance ranges (1 to
70 km), did not fit the assumption of normal distribution (p > 0.05, Shapiro–Wilk test). Considering
that subnational conservation areas are mainly envisioned by local stakeholders as a response to local
needs and challenges [30,33,56], we delved further into the possible relationship between subnational
PAs and the degree of ecoregion transformation. We then repeated this procedure (including and
excluding subnational PAs) for subsets of ecoregions that have different degrees of transformation
(the proxy of transformation obtained from Dinerstein et al. [17], i.e., >80%, >50%, and <50%). We also
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used the linear hypothesis test (lth) from the R car package [55] to assess if both models (including and
excluding subnational PAs) follow the same slope for the relation between Prot and the GHF [48] as the
proxy of transformation (assigning to each ecoregion a GHF index through the zonal statistics function
of ArcMap 10.7).

3. Results

3.1. Database of Protected Areas

We compiled a terrestrial TAC database of 1775 protected areas (updated to November 2019),
that covers 21% of the TAC continental region. Eighty percent of them are subnational protected areas,
which contribute to 23% of PAs extension (Appendix A Figure A1). All TAC countries, except for
Colombia, exceed the 17% target for coverage of protected lands (Prot). Only Ecuador has more than
30% of its land protected. Comparisons with other sources of information (based on official data) show
several differences with our Prot estimations (Table 1).

Table 1. Tropical Andean Countries (TAC) national and subnational protected areas (PAs): count,
extension, and terrestrial coverage.

TAC
Country

National
Extent 1

(Mha)

No.
PA 2

No.
Subnal.

PA 2

PA
Extent 1

(Mha)

Subnal. PA
Extent 1

(Mha)

Subnal.
Contrib. to PA

Extent (%)

Protected Land (Prot) (%)

Our Study 1 WDPA 3 Redpar-Ques 4

Bolivia 108.9 132 110 29.5 12.4 41.9 27.1 30.9 30.9
Colombia 114.4 1154 1037 18.4 3.1 16.7 16.1 14.8 15.9
Ecuador 24.7 170 122 7.7 3.6 47.0 31.1 21.8 20.2

Perú 129.8 231 151 22.0 3.5 16.0 17.0 21.5 16.9
Venezuela 90.4 88 0 20.9 0.0 0.0 23.1 54.1 54.1

TAC 468.3 1775 1420 98.5 22.6 22.9 21.0 – –
1 Calculated by Mollweide geographical projections; only terrestrial extensions. 2 Database updated in November
2019. 3 Calculations by the World Database of Protected Areas (WDPA) based on official data reported until
November 2019 [57]. WDPA acknowledges that differences can exist between national and WDPA cover calculations
due to the use of different measurement methods, base map layers, data quality, and PA definitions. 4 Information
compiled by Redparques in June 2018 from different official reports (e.g., WDPA, Convention on Biological Diversity
(CBD), among others) [58]. Subnal.: Subnational; contrib.: contribution.

The largest subnational PAs can be found in the Amazonian region of Ecuador and northern Perú,
and the lowlands of eastern Bolivia. However, the most numerous subnational PAs are found in the
Andes, especially in Colombia, Ecuador, and northern Perú (Appendix A Figure A1). There are no
subnational PAs in 25 ecoregions, and none were reported for Venezuela, as their regulation does not
recognize them (Supplementary Table S2).

3.2. Landscape Heterogeneity and PA Connectivity

Significant differences from the 1:1 expected slope were found between ProtConnEu and ProtConnCD
across all dispersal distances (PIth < 0.001; Figure 1b–f), except for the shortest median dispersal distance
(dmed = 1 km; p = 0.142; Figure 1a). As the dispersal capabilities of organisms increase, differences
between connectivity methods are more evident (Figure 1). As expected, Euclidean values of
connectivity are always equal to or higher than cost–distance analysis within the same ecoregion.

Focusing on dmed = 10 km, which according to Saura et al. [24] is the central value of the
log-transformed range of all dmed considered in their study. The ecoregions that lost most of their
protected and connected lands (ProtConnCD) due to land transformation are: the Eastern Cordillera
Real Montane Forests (−46%), Southern Andean Yungas (−34%), Cauca Valley Montane Forests (−32%),
Madeira-Tapajós Moist Forests (−32%), Bolivian Yungas (−31%), and Northern Andean Páramo (−31%).
See Supplementary Table S2 for further details on other ecoregions.
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values. Confidence intervals of the regressions are shown in blue hatched lines.

No significant differences in connectivity (ProtConnCD) were found when we included or excluded
subnational PAs for all dmed taken into account (Supplementary Figure S1; p > 0.05). Although there
is a tendency that national PAs are more closely associated with non-transformed ecoregions than
subnational PAs, we found no significant differences (Supplementary Figures S2 and S3; p > 0.05).

3.3. Protected and Connected Ecoregions and Global Targets

Only 33 out of the 67 TAC ecoregions have more than 17% of their extensions covered by protected
areas (Prot), and just 20 (ca., 30%) or 18 (ca., 27%) surpass the 17% target with protected connected
lands (ProtConnEu or ProtConnCD, respectively; dmed = 10 km) (Figure 2 and Table 2). On average,
22% of the protected land in each ecoregion is not connected (ProtUnconnCD). In fact, 20 ecoregions
have more than 50% of their protected areas unconnected, and the Northern Andean Páramo (73%)
and the Cauca Valley Montane Forest (72%) are the most extreme cases. Only 6 ecoregions surpass the
Aichi target 11 with protected lands almost entirely connected (i.e., Prot ≈ ProtConn): the Santa Marta
Páramo, the Guianan Savanna, the Cerrado, the Santa Marta Montane Forests, the Eastern Panamanian
Montane Forests, and the Japurá-Solimoes-Negro Moist Forests (Supplementary Table S2).
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Prot = ProtConnCD + ProtUnconnCD. Global targets (17%, 30%, and 50%) are marked in dotted lines.
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Table 2. Number of ecoregions and TAC extension that meet the 17%, 30%, or 50% global targets:
connectivity evaluations (dmed = 10 km) and subnational contributions.

Category (% of Ecoregion Area)
Prot ProtConnEu ProtConnCD

ProtConnCD without
Subnal.

No. Ecoreg. Ext. (%) No. Ecoreg. Ext. (%) No. Ecoreg. Ext. (%) No. Ecoreg. Ext. (%)

Omission (<1) 2 0.7 2 0.7 2 0.7 5 2.0
Insufficient for all targets (1–6.9) 32 45.1 45 73.2 47 74.5 46 79.9
Sufficient for Aichi 11 (17–29.9) 17 36.2 7 12.9 6 13.0 5 8.3

Sufficient for GDN (30–49.9) 8 12.0 8 11.7 8 11.3 7 9.4
Sufficient for all targets (≥50) 8 5.9 5 1.4 4 0.5 4 0.5

No.: Number; Ext.: TAC extension; Subnal.: Subnational.

Almost all dry ecoregions (i.e., dry forests, dry punas, xeric shrublands, xeric scrubs, and deserts)
do not meet the Aichi target 11 (ProtConnCD), not even in coverage (Prot) (Figure 2 and Supplementary
Table S2). The Guianan Lowland Moist Forest in Venezuela and the Patía Valley Dry Forest in Colombia
have no protection at all (<1%). If we remove subnational protected areas, three additional ecoregions
(all in Colombia) lost all protection: the Cauca Valley Dry Forest, the Magdalena Valley Dry Forest,
and the Guajira-Barranquilla Xeric Shrub (Figure 3d and Supplementary Table S2).

Analysis by ecoregions demonstrates that, while almost half of the TAC surface surpasses the
Aichi target 11 through protected lands (Prot), only a quarter meets the same target through protected
and connected lands (either ProtConnEu or ProtConnCD) (Table 2 and Figure 3). These changes are
more conspicuous in the eastern and western Andes in Colombia, the Andean region in Ecuador
and Venezuela, the Amazonian region and foothills in Perú and Bolivia, and the Chiquitano Forest
and Beni Savanna in Bolivia (Figure 3). Spatial differences can also be observed between Euclidean
and cost–distance calculations, especially in the Ecuadorian and Colombian Andes, and the Southern
Andean Yungas ecoregion in Bolivia. Similar trends are found when we evaluate the 30% and 50%
targets. For instance, while 5.9% of TAC extension meets the 50% target through protected lands (Prot),
less than a quarter of it fails to meet this target through ProtConnEu and less than a tenth for ProtConnCD
(Table 2).

If we remove subnational PAs, another 7% of TAC extension fails to meet the 17% target: the Napo
Moist Forest in Ecuador and Perú, the Madeira-Tapajós Moist Forest in Bolivia, and the Colombian
Andes and Caribbean-related ecoregions are the most affected. However, while subnational PAs
explain on average 22% of the ecoregions Prot, they only explain 17% of the ProtConnCD. For further
details about changes in Prot, ProtConnEu, and ProtConnCD values for each ecoregion, as well as for
specific contributions of subnational PAs, see Supplementary Table S2.
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Figure 3. Ecoregion’s PA representation and connectivity (dmed = 10 km) in Tropical Andean Countries:
(a) protected land (Prot), (b) protected and connected land (ProtConnEu), (c) ProtConnCD, (d) ProtConnCD

without subnational protected areas. The gray background represents continental America. Black
lines are the TAC countries’ terrestrial borders. Geospatial data are available for download from
https://doi.org/10.6084/m9.figshare.12568502.
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4. Discussion

4.1. Protected Land and Governmental Reports

Although minor differences were expected (due to dissimilarities in geographical projections,
base maps, and dataset update dates), our protected land (Prot) values differ greatly from those
calculated in the WDPA [57] or in the Redparques regional report [58], based on official data (Table 1).
Official information in Perú, Bolivia, and especially Venezuela, overestimates their protected land
because they include some areas that do not meet the IUCN or CBD definition of protected area
(a commission error; see Baldwin and Fouch [33]). For instance, Venezuelan official information
includes areas that regulate agricultural and forestry activities for economic and production purposes,
but not for the long-term conservation of nature (e.g., the zone of agricultural development). In Bolivia
and Venezuela, official databases consider some areas that do not have a well-defined geographical
space but only point data (sometimes with a reported area). In addition, Perú reports areas to the
WDPA under the designation of “restricted zone” whose main purpose is to temporally protect forest
resources while studies are completed to assign a PA definitive category. During the categorization
process, the level of use and the size of the area that will finally be protected can change (or even
disappear), thus varying its contribution to the estimates and official reports. Even though there is
some validation of information sent by governments to the WDPA, UNEP-WCMC acknowledges that
the regulatory particularities of each country—and even national PA definitions—make it difficult
to remove all commission errors in the provided datasets [59]. Because PA authorities, especially
governments, are the primary entities reporting on PAs, they are responsible for data stewardship and
accurate reporting.

We also found that many subnational PAs have not been well-updated in Bolivia or well-inventoried
in Ecuador by official agencies, an omission error that has also been reported in many other countries
around the world [30,32,33,60]. This explains why Ecuador performs much better under our fully
inventoried and validated database, than under the official information provided (Prot = 31.1% vs.
20.2% to 21.8%, respectively). Thus, as Stolton et al. [30] (p. 43) acknowledged, WDPA data do not
fully represent the global network of PAs, especially subnational PAs. Again, it is the responsibility of
governments and officials to carry out a precise account and report of PAs that meet the PA definition.

Colombia and Perú have the best structured and updated databases of PAs in the TAC, something
that should be replicated across the region. Our findings suggest that, just as in other countries of
the world [29], the other TAC governments have an inadequate system of validation and reporting
of PAs. Incorrect reporting may arise, either (1) as a strategy of overreporting information for the
achievement of international targets, (2) as a result of poor political commitment to the use of precise
information for conservation planning, (3) as a consequence of officials misunderstanding concepts
and local legislation about PAs [30], or (4) as an effect of miscommunication or lack of coordination
between central governments and decentralized administrations. All these have negative implications
for conservation planning, decision-making, and proper evaluation of international targets.

4.2. Landscape Heterogeneity and PA Connectivity

PA systems are performing worse in connectivity than in previous estimates. As Santini et al. [22]
and Saura et al. [24] acknowledged, and Naidoo and Brennan [28] recommend, connectivity evaluations
of PA networks should consider landscape heterogeneity for more accurate results.

The continuous transformation of natural landscapes (in TAC or other regions of the world) is not
only affecting present values of PA connectivity but compromising the future of the global PA system
as a network [61]. Even if new and bigger protected areas are created, further landscape degradation
can contribute to a declining ProtConn. As ProtConnEu values tend to increase over time (assuming PAs
are newly established or expanded), ProtConnCD could either increase or decrease over time according
to the dynamics of PA creation and land transformation. Countries and conservation organizations
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should focus on avoiding land degradation and improving the matrix permeability between PAs to
achieve national and international conservation goals.

While available intact or semi-natural areas for the creation of new PAs become scarcer over time,
new approaches for conservation are also needed in areas of intensive land use to improve landscape
permeability and connectivity. The promotion of productive systems and infrastructure design that
diversify landscapes and reduce stresses for biodiversity mobility [62,63], as well as the establishment
of conservation corridors [52] and other effective area-based conservation measures (OECMs) at local
scales [56,64], are urgently needed.

4.3. Protected and Connected Ecoregions

Ecoregions are not well represented by PAs in the TAC. Less than a quarter of them surpass
the Aichi target 11 (ProtConnCD, or a third for the Prot indicator). These results are comparable
to recent findings by Watson et al. [11], Butchart et al. [41], Saura et al. [24], and Sayre et al. [27],
who estimated that barely one third of world ecoregions and ecosystems exceed this same global target
(Prot). Also, Shanee et al. [40] observed that just 35% of Peruvian ecoregions exceed 17% of protection.
Here, the most interesting finding is that our representation (Prot) proportion is similar to the one
found by Sierra [39] nearly 18 years ago, for the same TAC region. Using a PA database updated in
2001 (IUCN categories I to III) and Olson’s ecoregions, this study also found that just a third of TAC
ecoregions surpass 17% of protection. We stress that although PA extension has doubled since 2001 in
the TAC, no improvements to ecoregion representation have been achieved. Hence, countries’ efforts
in the creation of new PAs and the pursuit of meeting international commitments have seen limited
progress on strengthening the representativeness of PA systems. This might support the already
documented claim that many countries locate their protected areas based on opportunistic criteria,
rather than a systematic conservation planning process [32,65–67].

As expected, the better represented and connected ecoregions usually correspond to the most
remote, extensive, and wild lands (e.g., Amazonian-, Guianan-, and Chaco-related ecoregions)
(Figure 3c). Those areas have extensive PAs within minimally transformed landscapes. Instead,
the Andean, Caribbean, and Pacific ecoregions—some of the most numerous and densely populated—
are the poorest represented or the worst connected (Appendix A Figure A1; Supplementary Table S2).
This can be explained by a variety of different factors: (1) they correspond to the most transformed
ecoregions, with natural areas being even more degraded and isolated, (2) due to conflicts in land-use
interests and smaller remnants of natural habitats, they provide fewer opportunities for the placement
of new and larger protected areas [66], and (3) as the Northern Andean Páramo or the Pantepui,
some ecoregion units are naturally fragmented by geographical and natural conditions, so even if they
are well-protected, connectivity values are low.

For those ecoregions that have lost most of their natural extension (e.g., the tropical dry
forests [68,69]), restoration processes and alternative conservation practices are also needed to ensure
proper representation and connectivity of PA systems [17]. Also, as 57% of ecoregions are shared
among TAC countries or with neighboring nations, transnational collaborations are required to tackle
common conservation needs. Here, the establishment or reactivation of collaboration schemes for
conservation gains special relevance. For instance, the CAN and the Redparques intergovernmental
network for protected areas can and should facilitate this transnational planning across the TAC region.

4.4. Subnational Contributions

At our scale of analysis, the contribution of subnational PAs to connectivity is limited. Despite
averaging 22% of the ecoregions’ protection, or 23% of the TAC, they only explain 17% of the PA
connectivity. Similar results were recently obtained by Bargelt et al. [32] for the United States.
They found that private PAs have on average a small contribution to protection (Prot ≈ 1.1%) and
connectivity (ProtConn ≈ 0.4%). It seems, from both exercises, that subnational PAs are less effective at
connecting protected landscapes than expected from their current extensions.
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Size differences in PAs can partially explain why subnational PAs seem to perform worse
in connectivity than national PAs. While TAC national PAs have a median size of 25,244 ha
(n = 362), subnational PAs have a median size of 102 (n = 1421). As one of the ProtConn fractions
(i.e., ProtConn[within], see Saura et al. [24]) is highly dependent on size rather than distance or location
(topology), it might be obscuring the potential importance of small conservation areas at detailed scales
of analysis. For instance, if a single PA has the same extension as several smaller PAs, the PA system
would show better connectivity values in comparison to the smaller ones combined, even if they are
better located. Thus, jointly with field testing, more spatial analyses are needed at local scales including
the other ProtConn fractions (i.e., ProtConn[Contig] and ProtConn[Trans]) to determine if smaller PAs
play a key role as, for example, stepping-stones for biodiversity. Furthermore, as many subnational PAs
are created by local agencies or private owners, they do not necessarily follow national guidelines of
conservation planning (if they exist), but local or private agendas instead [30,32,33], so their contribution
to the overall system might not be the most efficient. Also, since they respond to local-scale conservation
needs, they may be more embedded in human-inhabited, transformed landscapes rather than in remote
and more intact areas, where better functional and structural connections are expected [32,33].

Likewise, we argue that this limited contribution to connectivity is also explained by the scale
of analysis, by differences in recognition and promotion of local conservation initiatives in different
countries, and by a loose conservation planning process, rather than by the intrinsic characteristics of
subnational PAs. In fact, according to Areiza et al. [70], one hectare of a subnational PA in Colombia
contributes twice as much to connectivity than one hectare of a national PA. We also found that in three
ecoregions (i.e., the Bolivian Montane Dry Forests, the Napo Moist Forests, and the Solimoes-Japurá
Moist Forests), subnational PAs are more efficient in connectivity (ProtConn) than in protection (Prot)
(Supplementary Table S2). Since Venezuela and many ecoregions do not have subnational PAs, we
assume this could be affecting our transnational evaluation and hiding the potential contribution to
connectivity from subnational areas.

It is also important to note that subnational PAs (or OECMs) could become a useful strategy
to protect natural remnants in transformed landscapes [32]. A similar pattern occurs with strategic
national ecosystems (e.g., mangroves, dry forests, and wetlands in Colombia [70] or the Marañón
Dry Forest in Perú [71]). Although no statistical differences were found when comparing the level
of governance (national versus national and subnational PAs) with the ecoregion’s transformation
(Supplementary Figures S2 and S3), we observed that 9 of the 11 ecoregions where subnational PAs
contribute to more than half of their Prot have at least 50% of its original extension transformed,
while national PAs contribute only 30 out of the 54. In fact, three of these ecoregions depend only on
subnational areas for their protection: the Cauca Valley Dry Forest, the Magdalena Valley Dry Forest,
and the Guajira-Barranquilla Xeric Shrub (Supplementary Table S2). Thus, subnational conservation
areas may play a critical role for the conservation of TAC endangered ecoregions (or other ecological
units), where incompatibilities with national, larger areas (mainly of strict protection) could arise.

Subnational conservation areas (legally protected or not) are globally recognized as representing a
significant opportunity to enhance the management, representation, and connectivity of PA systems [30,56].
Although administration costs may be higher, and ecosystem resilience and intactness could be more
limited [33,72], small, subnational conservation areas rather than big national PAs could have better local
management and even critical roles for protecting endangered ecoregions (as some dry ecosystems),
rare, threatened or restricted species (e.g., threatened vertebrates in Perú [40]), and valuable ecosystems
services by benefiting many users (e.g., urban PAs [73]). Moreover, as they respond to other scales of
management and have better local support (e.g., private reserves or indigenous lands), subnational
PAs and OECMs could make PA systems more complete [30,32,33,41,56,70].

4.5. Limitations and Further Research

An evaluation of the PA effectiveness on biodiversity and ecosystem services and equity in the
management of PAs was beyond the scope of our analysis. As the Protected Planet Report 2018
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states [9], only 9% of the PAs reported to the WDPA have management evaluations. This lack of
systematic reporting, which also characterizes our study region, does not allow us to assess management
or conservation effectiveness and equity. Therefore, by default, our evaluation overestimates PA
systems’ performance. Also, we did not analyze multi-temporal changes in Prot or ProtConn or include
connectivity variables such as future land-degradation or climate change. An understanding of past
and future tendencies on protection, connection, representation, and effectiveness of PA networks is
required for better conservation planning, especially under challenging scenarios of land and climate
change. Further efforts should focus on reporting equity, management, and conservation effectiveness
to the WDPA (PA attributes that can potentially be integrated into the ProtConn indicator), as well as
evaluating multi-temporal tendencies of conservation networks.

The Aichi target 11 states that conservation systems should also consider OECMs in their accounts.
This, indeed, is an opportunity for countries to complement their PA systems and reach international
goals [56]. However, in varying degrees, there is a lack of OECM recognition by TAC governments,
so there are no national databases for other conservation areas that could be included in our analyses.
Regardless, UNEP-WCMC recently launched a manual [59] for reporting OECMs to the WDPA,
which paves the way for furthering these areas and reporting them. We encourage governments
and conservation agencies to evaluate and reinforce conservation initiatives that can meet the OECM
criteria and include them in their reports.

We used Ecoregions 2017© Resolve and the GHF as substitutes for ecological variability and land
heterogeneity, respectively. Although they work well for global or subcontinental scales of analyses,
data interpretation might be limited at more detailed scales. For instance, different results about the
importance of subnational PAs were observed for the Marañón Dry Forest in Perú when considering a
different, more detailed geographical source of information for this ecoregion’s unit (i.e., SERNANP
Ecoregions [71]). Using this national layer, the Marañón Dry Forest largely depends on subnational
PAs for its protection. Similar limitations can arise from the GHF approach. This layer represents
the degree or potential of human pressure on the landscape, it does not account for other sources
of land heterogeneity, like topography, soil units, vegetation structure, and natural disturbances,
among others [53]. It might be possible that, under a different approximation of land heterogeneity,
ecoregions like the Pantepui (Venezuela), the Northern Andean Páramo (Ecuador and Colombia),
or the Southern Andean Yungas (Bolivia), which are well-protected but comprise several isolated
geographical units, could have better ProtConn values.

Understanding our research limitations and the different information needs for decision-making,
including marine or IUCN category evaluations, here, we presented the R Makurhini package [54],
developed by two of our coauthors for this type of analysis. This open-source R tool is available for
researchers, conservation agencies, and decision-makers for further research and conservation planning.

5. Conclusions

Despite progress toward achieving the Aichi target 11 in terms of PA extent (i.e., 21% versus the
17% target), we found that just one out of four ecoregions in the TAC region has more than 17% of land
both protected and connected and that, on average, 22% of all ecoregions’ protected land is not well
connected. Just increasing the PA surface alone is not enough to achieve a well-designed PA system:
comparing our data with previous exercises in the TAC region, we found that despite PA extension
doubling since 2001, there has been no improvement to ecoregional representation. Thus, we conclude
that TAC countries will not meet the Aichi target 11 in terms of connectivity and representation,
and neither are on track for meeting the GDN target until governments and officials make substantial
changes in the optimization of PA systems’ growth. This includes not only the implementation of
detailed conservation planning processes for the strategic shape and location of protected lands but
also the improvement of the landscape matrix around and among PAs.

Commission and omission inconsistencies were found in official datasets of PAs. While some
countries have inventory shortcomings of their subnational PAs, others include areas that do not meet
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the IUCN or CBD PA definition. The later error, as we observed, results in the overestimation of TAC’s
performance toward international PA commitments. Also, countries are mainly reporting coverage of
PAs (Prot), neglecting the importance of quantifying ecological representation, connectivity, and proper
management (effectively and equitably managed), criteria that define a well-designed network of PAs.
While recent global PA connectivity studies [22,24–26] have attempted to address this lack of information,
we found that they are also overestimating the connection of PA networks, as the human-driven
transformation of landscapes has not been considered in their models. We also overestimated the
region’s performance, since we did not evaluate effectiveness and equity in the management; despite
this, we consider our PA network evaluation as the most precise exercise completed so far for the TAC
region. According to Barnes et al. [18] and Visconti et al. [19], this overestimation pattern might be
happening all around the world, misinforming future global commitments.

We found that subnational PAs are pivotal for the protection of some strategic or endangered
ecoregions. Similarly, other authors argue that local areas for conservation could play better
roles protecting specific values of diversity (e.g., threatened or restricted species and essential
ecosystem services) and yield better management results than national areas, making PA systems more
complete [30,32,33,41,56,70]. However, our results do not support the hypothesis that subnational
PAs in the TAC are essential for connectivity, contradicting other local studies (e.g., Colombia [70]).
We think that this result is not an intrinsic characteristic of subnational PAs but rather a result of our
scale of analyses (i.e., limited method sensitivity), poor PA location, or a lack of record-keeping and
support of subnational conservation areas by national governments.

Our findings underscore the importance of improving governments’ capacity to support protected
area data and regular evaluations. The contribution of other conservation areas (e.g., OECMs) can also
support progress toward conservation goals, especially those established or furthered by subnational
stakeholders (e.g., indigenous lands or private reserves), which can complement national PA systems.
Connectivity, ecological representation, and effective and equitable management aspects should also
be considered, evaluated, and reported to avoid misinformation. A business-as-usual approach to PAs
will be insufficient to face the challenges of the 21st century, including biodiversity loss, wildlife-related
human epidemics, and climate change. Long-term funding, knowledge-transfer, and political will
are needed to support better risk assessment, conservation planning and management, community
engagement, monitoring, and evaluation. The CBD post-2020 framework—including through the
upcoming target for protected and conserved areas—provides the opportunity to meet these challenges.
The future of our planet and society depends on it.
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