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Abstract

Human-driven deforestation and fragmentation are major threats to global biodi-
versity and climate stability, particularly in the Amazon rainforest. Ecuador, located
in the Andes—Amazon transition zone, hosts some of the world’s most biodiverse
ecosystems. The REDD+ initiative, the main international mechanism for mitigating
forest degradation, has identified six priority conservation areas in Ecuador—87% of
which are in the Amazon region and distributed across three zones: northern, cen-
tral, and southern. This study evaluates landscape fragmentation in REDD+ priority
zones of the Ecuadorian Amazon over a 32-year period (i.e., 1990-2022) using a
dual approach: statistical analysis with FRAGSTATS v4 and spatial modeling with
Guidos Toolbox v2. Two land use/land cover (LULC) datasets were compared—one
from Ecuador’s Ministry of the Environment and the other from the MapBiomas
Ecuador initiative. Results revealed an overall increase in fragmentation, including

a higher number of forest patches, greater isolation, and reduced patch size and
representativeness. Spatial analysis indicated a clear fragmentation pattern along the
north—south E45 highway corridor, which increasingly separates Andean and Ama-
zonian ecosystems. The northern and southern zones were the most affected, due
to increased accessibility linked to oil and mining activities, respectively. MapBiomas
data more effectively captured fragmentation associated with small-scale deforesta-
tion. These findings provide a critical baseline for policymakers to design strategies
aligned with REDD+ goals and to develop targeted actions to reduce forest fragmen-
tation and deforestation in the Ecuadorian Amazon.
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Introduction

The Amazon basin, spanning 6.2 million square kilometers, covers 40% of South
America’s territory and is crucial for global hydrological and carbon cycles and the
conservation of biodiversity [1-3]. This region hosts one of the world’s highest con-
centrations of biological diversity and is under threat from landscape fragmentation,
deforestation, and land-use change [4—6]. These pressures have accelerated since
the 1970s, driven by road construction, extractive industries, and government-led
land concessions aimed at economic development [7-9], all of which have signifi-
cantly fragmented Amazonian landscapes [10,11].

Landscape fragmentation is the process by which large, continuous natural eco-
systems are divided into smaller, isolated patches [12]. This process can reduce eco-
system biodiversity by up to 75%, compromising ecosystem services, conservation
efforts, trophic structures, and overall resilience [2,3,13—18]. Therefore, monitoring
the impacts of fragmentation is essential. In this context, spatial information on land
use/land cover (LULC) has become a key tool for developing strategies to combat
biodiversity loss and climate change, including studies made in the Brazilian and
Ecuadorian Amazon [19-22]. The most prominent mechanism to avoid the impacts of
LULC change is REDD+ (i.e., reducing emissions from deforestation and degradation
and increasing forest carbon reservoirs) [23], which has identified six priority zones in
Ecuador, 87% of which are located in the Amazon region [23].

Two sources of spatial information on the LULC in Ecuador come from the Min-
istry of Environment, Water and Ecological Transition of Ecuador (MAATE) [24—-27]
and Collection 1.0 of the MapBiomas Ecuador project [28,29]. The information from
the MAATE is collected using two different methodological protocols. On the one
hand, the MAATE uses the collection of images from the Landsat satellites to collect
LULC data, and its processing is carried out through a supervised classification in
the desktop software ISODATA (between 1990 and 2008) and ENVI (from 2014).
The MAATE selects training areas according to the spectral response of the objects,
which are to be grouped by each of the classes defined by the maximum likelihood
algorithm [24,26,27,30]. On the other hand, MapBiomas data uses Landsat satellite
images and is processed on the Google Earth Engine platform, which uses Google
Cloud processing. Classification is supervised by selecting training areas and using
the Random Forest algorithm [28].

Due to the growing and rapid fragmentation of Amazonian ecosystems, which
threatens their biological integrity and ecosystem services and, consequently, the
well-being of the population [31-34], accurate and reliable information from LULC
data is essential to evaluate landscape fragmentation and design effective conser-
vation and management strategies. In the case of Ecuador, spatial information on
forests is available from MAATE and MapBiomas [22,35-37].

In the Ecuadorian Amazon, some studies have analyzed the patterns of defor-
estation and landscape fragmentation with a quantitative and statistical approach
[19,21,36]. However, there are limited studies that spatially evaluate these processes,
and even fewer studies have been carried out that allow the analysis of significant
differences between different sources of spatial information on LULC. Therefore, this
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study raised the following questions: i) How do fragmentation processes change spatially and statistically in the Ecua-
dorian Amazon? ii) Are there significant differences between the primary sources of LULC available for Ecuador, taking
landscape fragmentation in the REDD+ priority zones for the Ecuadorian Amazon as a proxy?

This study evaluated landscape fragmentation in REDD+ priority zones in Ecuador between 1990 and 2022 quan-
titatively and spatially explicitly. For this purpose, all available years of information from MAATE and data from even-
numbered years from MapBiomas were used. Then, the two LULC information sources were statistically and spatially
compared to identify differences in their representation of fragmentation processes. The results of this research will con-
tribute to decision-making by being a baseline for developing effective policies and actions to meet REDD+ objectives and
the region’s sustainable development goals.

Materials and methods
Study area

The study was conducted in the three REDD+ priority zones located within the Ecuadorian Amazon, covering approximately
117,000 km2. These zones were selected by the REDD+ program based on their forest potential, historical deforestation
rates, and high concentration of local communities and biodiversity. (MAATE, 2016a). The zones are Zone 1 — northern
Amazon (52,356 km?), zone 2 — central Amazon (40,366 km?), and zone 3 — southern Amazon (24,924 km?) (Fig 1).

Acquisition and relevance of land use/land cover (LULC) data

Two sources of information on LULC of the Ecuadorian Amazon between 1990 and 2022 were used: the Ministry of Envi-
ronment, Water and Ecological Transition (MAATE) and the MapBiomas Ecuador project.

MAATE data. This is the official government source, providing LULC maps for 1990, 2000, 2008, 2014, 2016, 2018,
2020, and 2022 [23,25-27]. The information was generated using Landsat and Aster satellite sensors (30 m resolution).
However, the methodology for creating these maps has varied over time. Maps from 1990, 2000, and 2008 were produced
with a different process than those from 2014 onwards [30,38,39]. This inconsistency is a potential limitation because
changes in classification methods can affect the comparability of data over time. These LULC layers are classified into two
levels: level one comprises six classes recommended by the Intergovernmental Panel on Climate Change [40], and level
two contains sixteen classes obtained from workshops with various governmental organizations [30]. Until 2023, it was the
only source of LULC information generated for Ecuador.

MapBiomas data. This dataset provides annual LULC information from 1985 to 2022 and was developed by the
Amazonian Network of Referenced Socio-Environmental Information and the Ecociencia Foundation. It utilizes the
Google Earth Engine platform to process a vast collection of Landsat imagery with a consistent methodology (Random
Forest algorithm) across all years. This information is freely accessible and is published for download and analysis on the
MapBiomas Ecuador geoportal. These LULC maps are divided into two levels: the first has five classes, and the second
has fifteen classes [28,29].

The relevance of using both sources lies in the need to understand how different data collection and processing meth-
odologies influence the assessment of forest fragmentation. This comparison is critical for policymakers who rely on this
information for conservation and land-use planning.

Spatial information processing

This research was conducted in four phases: i) downloading spatial information, ii) LULC data preparation, iii) quantita-
tive fragmentation analysis, and iv) spatially explicit analysis of forest fragmentation (Fig 2). Each phase of the study was
conducted independently and followed the same protocols for the two LULC information sources and each priority zone of
the REDD+ program in the Ecuadorian Amazon.
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Fig 1. Priority areas for REDD+ in Ecuador. Source: MAATE, 2016a.

https://doi.org/10.1371/journal.pone.0342476.9001

Preparing LULC information

This research used the LULC information available from MAATE and MapBiomas corresponding to the even-numbered
years of the annual LULC maps. The LULC information presents different classes at various levels depending on its ori-
gin; therefore, it was necessary to reclassify the layers to analyze the fragmentation and compare the results. The reclas-
sification was conducted by grouping the LULC information from both sources into natural covers, anthropic use, and
water sources. Natural covers are the focus of the study and the basis for the fragmentation analyses. Then, the reclas-
sified layers were clipped for the three priority zones of the REDD+ program. These processes were carried out using
Google Earth Engine and QGIS software.

Analysis of landscape fragmentation

Fragmentation was analyzed using quantitative values called landscape metrics (LMs), which represent characteristics
of landscape composition and spatial patterns [20,41]. LMs were calculated using Fragstat software because the use of
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this program has been widely reported in the scientific literature on landscape ecology and tropical forest fragmentation
[42-43].

For our study, six class-level metrics were used: average patch area (AP_A), number of patches (NP), patch density
(PD), largest patch index (LPI), average Euclidean distance to nearest neighbor (ENN), and effective mesh size (MESH)
[43,44,46]. These metrics were selected for their ability to represent fragmentation processes and other ecological phe-
nomena. For example, metrics such as average patch area and number of patches are important for identifying changes
in land cover and use during the study period. Landscape fragmentation analysis used the eight-neighboring-cell rule to
consider all the information surrounding each pixel [32,43,47] (Table 1).

Spatially explicit analysis of fragmentation

Fragstat’'s quantitative approach to analyzing LMs has certain limitations when spatializing landscape fragmentation
patterns [48]. Therefore, in the last decade, programs such as Guidos Toolbox (GTB v3.3) (Graphical User Interface for
the Description of Image Objects and their Shapes-GUIDOS) have emerged. This free-to-use software provides access
to a wide range of morphological analyses based on geometric concepts to examine various morphological characteris-
tics of an image, such as patterns, networks, fragmentation, distances, costs, objects, and changes [49-51]. The meth-
odology GTB uses to analyze landscape fragmentation is based on Riitters, Wickham [52], which calculates the LM’s
forest area density (FAD) to reclassify each pixel of spatial information, thus generating a graphical representation of the
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Table 1. Landscape metrics used the Fragstat program.

Ladscape Metrics (Abbreviation,
unit)

Formula

Description

Mean Patch Area* (PA_MN*, ha)

1
Area = aj (10,000)

Mean of the total area of a given LULC class; a,=area (m2) of patch ij. The
area of each LULC patches is perhaps the most important and useful piece of
information contained in the landscape

Number of Patches (NP)

NP

Il
=

n;: Total number of patches of class i;

Patch density (PD, # de parches/
100 ha)

PD = %(10,000)(100)

Patch density is expressed as the ratio of the number of patches of a LULC
class i and the total area (A; m2); its value is converted to number per 100 hect-
ares. PD is a simple measure of fragmentation.

Largest patch index (LPI, %)

mff(ay
LPI = =" (100)

Largest Patch Index is expressed as the proportion of the largest patch of a
given LULC class (aij: area, m2) and the total area (A, m2). It is a simple mea-
sure of patch isolation.

Euclidian nearest neighbor
(ENN_MN#*, m)

ENNyy = ==

ENN is the shortest edge to edge distance between the patches of a given
LULC type; on class level it is expressed as the mean of the shortest paths. It is
a measure of patch isolation.

Effective mesh size (MESH, ha)

MESH — 252

MESH is the ratio of square of summed patch areas (a,: area of patch ij, m2)
and the total area, (A, m2). It provides the probability of 2 randomly placed
animals to find each other in the landscape. MESH expresses the fragmentation
independent of the extent of the studied landscape.

*Mean (MN)

=
=z
I
-
X

el

MN (Mean) is the sum of the corresponding patch metric values across all
patches of the same type, divided by the total number of patches of the same
type, expressed in the same units as the corresponding patch metric.

Fuente: McGarigal & Cushman, 2012a

https://doi.org/10.1371/journal.pone.0342476.t001

fragmentation processes. The FAD metric was obtained by taking a neighborhood area with a specific number of pixels
and calculating the proportion of forest pixels within that area [49,51] (Fig 3).

Through DAB (Diameter at Breast Height), the GTB program reclassified the natural covers of the original raster image
into 6, 5, or 2 classes, according to the user’s needs. Each class belongs to a range of specific FAD values (Fig 4). GTB
also allowed a multiscale analysis of the neighborhood area to calculate the FAD. Specifically, the multiscale fragmenta-
tion analysis calculates the DAB using five observation scales: 7x7, 13x13, 27 x27, 81%x 81, and 243 x 243 pixels. As a
result, GTB generated a graphical representation of the fragmentation according to the number of classes chosen. For
example, if we selected the multiscale analysis option, we also obtained images for each scale and an image that repre-
sented the average of all the results.

An advantage of GTB for this study was the ease of making temporal comparisons of the fragmentation process over
different periods using the tool called “Change.” This tool used the TIFF images previously generated through multiscale
fragmentation analysis for each period. As a result, GTB generated a graph showing the change in fragmentation for each
scale of the two timelines, representing one period as a solid line and another as a dashed line [50,51].

To better interpret the spatial dynamics of fragmentation, its causes, and effects, a map was generated using the multi-
scale spatial fragmentation results from the MapBiomas CUS (land use coverage) layer for 2022 and information on roads
[53], extractive activities [53], villages [54], and protected and ecologically important areas [55-57].

Statistical analysis

The Wilcoxon signed-rank test was used to determine whether there were significant differences between the information
sources of MAATE and MapBiomas [58]. This nonparametric statistical analysis was used to compare two related sam-
ples and determine whether there are significant differences. This statistical analysis generated a p-value compared to an
a value of 0.05. Suppose the p-value is less than or equal to 0.05. In that case, it is considered that there is a significant
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difference in the representation of the fragmentation processes between the two sources of CUS information [58]. A
related sample analysis was used because the data were obtained from the same geographic area. This analysis was
performed for each REDD+ metric and priority zone with the RStudio program (v4.2) and the “rstatix” package [59]. This
last package also includes the wilcox_effsize function, which calculates the effect size between the two data sources. The
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effect size of the nonparametric Wilcoxon analysis equals the Pearson correlation coefficient, denoted by the letter r. It
represents the intensity with which two variables are related on a scale from —1—-1 [60,61]. The effect size was included
to understand the relationship between the fragmentation data from the two sources of information and to compare them
appropriately.

Using the Guidos Toolbox program (v3.3), was analyzed over a 32 years period, yielding a transition matrix between
the six fragmentation classes. In this matrix, positive values below the diagonal indicated an increase in fragmentation,
while negative values above the diagonal represented a decrease in fragmentation [49]. These data provide information
on the variations between fragmentation categories during the study period. The results are represented in heat maps
made using the R Project package “gplots” [62,63].

Results
Quantitative analysis of fragmentation

The results of the six LMs, using data from MAATE and MapBiomas, cover the period from 1990 to 2022.

Average patch area (PA_MN). Both datasets showed a decline in average patch size. The absolute values reported
by MAATE were consistently larger (up to 4,000 ha) compared to those from MapBiomas (up to 1,000 ha). The central
Amazon (zone 2) consistently maintained the largest average patch sizes (Fig 5).

Number of patches (NP) and patch density (PD). Both metrics exhibited a clear increasing trend over time,
indicating a progressively more fragmented landscape. The MapBiomas dataset reported a significantly higher number
of patches and greater patch density—up to five times higher—compared to MAATE, particularly in the northern and
southern zones. This suggests that MapBiomas is more effective at detecting small-scale forest clearings (Figs 6 and 7). A
notable difference between the two metrics is that the southern zone had the highest PD (fragmentation per unit area) (Fig
7), whereas the northern zone had the highest absolute NP (Fig 6). This result may be because the southern zone is the
smallest in area and therefore more fragmented on a per-unit basis.

Largest patch index (LPI) and effective mesh size (MESH). These metrics are related to landscape connectivity.
The results showed notable differences between the two data sources. The MAATE data revealed a strong negative

a) MAATE b) MAPBIOMAS
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Fig 5. Landscape metric Mean Patch Area (PA_MN) for the two CUS sources. a) Data 1 MAATE and b) Data 2 MapBiomas.

https://doi.org/10.1371/journal.pone.0342476.9005
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Fig 7. Landscape metric Patch area density (PD) for the two CUS sources. a) Data 1 MAATE and b) Data 2 MapBiomas.
https://doi.org/10.1371/journal.pone.0342476.9007

trend in all zones, most dramatically in the southern zone, where the LPI decreased from 85% to 18% between 1990 and
2022 (Figs 8 and 9). In the MapBiomas data, the trend fluctuated more, but there was an overall negative decline in the
northern zone, with less consistent patterns in the central and southern zones (Figs 8 and 9). Despite these differences,
both datasets agreed that the central zone maintained the highest LPl and MESH values.

Metric nearest mean Euclidean distance (ENN_MN). This metric, which quantifies patch isolation, showed
increasing trends in both datasets (Table 2). A notable difference was that the ENN_MN values from the MAATE data
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Fig 8. Landscape metric Largest Patch Index (LPI) for the two CUS sources. a) Data 1 MAATE and b) Data 2 MapBiomas.
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Fig 9. Landscape metric Effective mesh size (MESH) for the two CUS sources. a) Data 1 MAATE and b) Data 2 MapBiomas.
https://doi.org/10.1371/journal.pone.0342476.9009

were almost double those from the MapBiomas data, suggesting MAATE perceives remaining patches as being much
more isolated (Fig 10).

Statistical comparison between LULC datasets. A statistical comparison was conducted for each of the six LMs.
The Wilcoxon signed-rank test confirmed that the differences between the two data sources were statistically significant
(p<0.05) for PA_MN, NP, PD, and ENN_MN. The two metrics related to connectivity (i.e., LPI and MESH) did not show
significant differences. The Pearson correlation coefficient (r) showed a strong positive correlation (r=0.891) for the first
four metrics, indicating that while their absolute values differed, their trends were similar. The correlations for LPI and
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Table 2. Summary of contrasting outcomes from MAATE and MapBiomas Data (1990-2022).

Landscape Metric

MAATE Data Trend

MapBiomas Data Trend

Key Difference

Mean Patch Area
(PA_MN)

Sharp decline; reports larger absolute patch
sizes.

Steady decline; reports smaller abso-
lute patch sizes.

MAATE reports patches that are, on
average, up to 4x larger.

Number of
Patches (NP)

Steadily increasing number of patches
identified.

Much higher and more rapidly increas-
ing number of patches.

MapBiomas identifies up to 5 times more
individual patches.

Patch Density
(PD)

Increasing density, with the highest values in
the southern zone.

Consistently higher density values
across all zones.

MapBiomas shows greater density, reflect-
ing more small patches per unit area.

Largest Patch

Strong negative trends in all zones, indicating

Less pronounced trend, with fluctua-

MAATE shows a more dramatic and con-

Index (LPI) loss of core areas. tions in central and southern zones. sistent decline in large, core forest areas.
Nearest Neighbor | Steadily increasing distance between Increasing distance between patches, | MAATE reports average distances
(ENN_MN) patches, indicating greater isolation. but at a lower absolute magnitude. almost double those of MapBiomas.
Effective Mesh Apparently, there is a decrease in overtime in | Slight decrease in the north, but fluctu- | Like LPI, MAATE shows a more consis-
Size (MESH) all zones, indicating reduced connectivity. ating trends in other zones. tent loss of functional connectivity.

https://doi.org/10.1371/journal.pone.0342476.t002
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Fig 10. Nearest Mean Euclidean Distance (ENN_MN) landscape metric for the two CUS sources. a) Data 1 MAATE and b) Data 2 MapBiomas.

https://doi.org/10.1371/journal.pone.0342476.9010

MESH were weaker and varied by zone, suggesting the two datasets represent landscape connectivity differently. To
synthesize these findings (Table 3).

In addition, the Pearson correlation coefficient denoted by the letter r was calculated. This value represented the
correlation between the data from the two sources of information, with values ranging from 1 to —1 representing a perfect
positive and negative relationship, respectively. The four LMs had significant differences with a correlation of r=0.891 for
the three priority zones of the study, indicating a positive correlation. The two metrics that did not have significant differ-
ences had different effect sizes for each area. The LPI had values of r=0.3 for the north and south zones and r=0.594 for
the central zone. For the MESH metric, the r value for the north and central zones was greater than r=0.59 and, for the
southern zone, there was a positive correlation of r=0.3 (Table 2).

Spatial analysis of fragmentation

For the multiscale fragmentation of the landscape in the priority zones of the REDD+ program during 1990-2022, a map
was generated for each area with spatial information on forest fragmentation.
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Table 3. Statistical comparison between two data sources with the Wilcoxon signed test (p-value) and the Pearson correlation coefficient (r).

Zone PA_MN NP PD LPI ENN_MN MESH
r p-value r p-value r p-value r p-value r p-value r p-value

North 0.89 0.0078 0.89 0.0078 0.89 0.0078 0.39 0.313 0.89 0.0078 0.69 0.054
Center 0.89 0.0078 0.89 0.0078 0.89 0.0078 0.59 0.109 0.89 0.0078 0.59 0.109
South 0.89 0.0078 0.89 0.0078 0.89 0.0078 0.34 0.383 0.89 0.0078 0.29 0.461
North 0.89 0.0078 0.89 0.0078 0.89 0.0078 0.39 0.313 0.89 0.0078 0.69 0.054
Center 0.89 0.0078 0.89 0.0078 0.89 0.0078 0.59 0.109 0.89 0.0078 0.59 0.109
South 0.89 0.0078 0.89 0.0078 0.89 0.0078 0.34 0.383 0.89 0.0078 0.29 0.461

https://doi.org/10.1371/journal.pone.0342476.t003

Priority zone 1 — northern Amazon. Fragmentation advanced mainly in the central part of priority zone 1 — northern
Amazon during the period 1990-2022. The dynamics are revealing around the roads that connect the towns of the
cantons Loreto, Shushufindi, Lago Agrio, Putumayo, Orellana, Archidona, Tena, and Cascales. Both data sources
represented a similar advance of fragmentation during the study period, although with notable differences in 1990.
MapBiomas reported a more fragmented landscape for the year 1990, with a more significant presence of the “interior”
and “dominant” classes along the eastern Andean mountain range and a lower presence of forest in the cantons Lago
Agrio and Shushufindi (Fig 11). In contrast, spatial information from MAATE showed that forests in the western zone were
less fragmented, categorized mainly as “intact” (Fig 11).

Regarding multiscale fragmentation, MapBiomas showed a minor change in fragmentation classes and a smaller loss
of natural cover area (284,104 hectares) (Fig 12). On the other hand, MAATE presented twice the area of loss of natural
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Fig 11. Multiscale fragmentation for 1990-2022 in priority area 1 — Northern Amazon of the REDD+ program with two data sources: Data 1
MAATE and Data 2 MapBiomas.

https://doi.org/10.1371/journal.pone.0342476.9011
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Fig 12. Change in multiscale fragmentation from 1990 to 2022 for the Northern Amazon with two sources of information: Data 1 MAATE and
Data 2 MapBiomas.

https://doi.org/10.1371/journal.pone.0342476.9012

cover (517,837 hectares) and a more pronounced increase in fragmentation in the study period (Fig 12). Despite this,
for MapBiomas, there was 5% more natural cover within more fragmented classes due to the presence of small patches
without vegetation (Fig 11).

Priority zone 2 — central Amazon. In priority zone 2 — central Amazon of the REDD+ program, fragmentation maps
allowed us to observe how fragmentation and loss of natural cover have expanded between 1990 and 2022, especially
around the Amazon trunk road and the connections that connect the main towns of the cantons of Santa Clara, Mera,
Pastaza, Huamboya, Palora, Pablo Sexto and Taisha. In the eastern Andes mountain range, where the Sangay
protected area is located, a change in fragmentation classes was observed toward the “interior” or “dominant” categories
(Figs 13 and 14).

There are differences between the MapBiomas fragmentation maps and the 1990 data, especially in the latter.
In the MapBiomas fragmentation map, a greater presence of the “interior” and “dominant” classes was observed
in the eastern Andes mountain range and between the 10 de Agosto and Arajuno parishes. In contrast, the
MAATE information source reported that most forests were in the “intact” category, even around populated areas
(Fig 13).

Linear plots of multiscale fragmentation change reported that MapBiomas data dynamics are lower during the study
period compared to MAATE data (Fig 14). Furthermore, the loss of forest area according to MAATE data (189,758 hect-
ares) is three times higher than that reported by MapBiomas (67,552 hectares). Here, too, MapBiomas presented 5% less
presence of the “intact” and “interior” classes compared to MAATE (Fig 14).

Priority zone 3 — southern Amazon. For multiscale fragmentation in priority zone 3 — southern Amazon of the
REDD+ program, a loss of natural cover and increased fragmentation were observed, mainly along the Amazon trunk
road and the roads that connect with the mountain region and the border with Peru. Also, an expansion of fragmentation
was observed in cantons characterized by the increase in agricultural and mining activities, such as Palanda, Chinchipe,
Nagaritza, El Pangui, Morona, and Tiwintza. With the MapBiomas data, it was spatially observed that for 1990, there was
a more significant presence of landscape fragmentation classes compared to the information from MAATE. However, for
2022, MAATE presented a more significant area covered by anthropic activities, but less fragmentation within the forest
remnants (Fig 15).

According to MAATE data (Fig 16), the area of natural cover loss between 1990 and 2022 is 355,327 hectares, almost
four times greater than the results obtained with MapBiomas (Fig 16) (88,165 ha). As in the previous results, the MAATE
information reported greater changes in multiscale fragmentation during the study period.
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Fig 13. Multiscale fragmentation between 1990-2022 for priority area 2 — Central Amazon of the REDD+ program with two data sources, Data 1
MAATE and Data 2 MapBiomas.
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Fig 14. Change in multiscale fragmentation between 1990 and 2022 for the Central Amazon with two information sources, Data 1 MAATE and
Data 2 MapBiomas.

https://doi.org/10.1371/journal.pone.0342476.9014

Statistical analysis of landscape fragmentation with Guidos tools

The three REDD+ priority zones in the Ecuadorian Amazon reported an increase in fragmentation, especially in the
transition from the “intact” to “interior” class and from “interior” to “dominant.” Likewise, the reduction in fragmentation was
predominantly observed in the transitions from “interior” to “intact” and from “dominant” to “interior” S1 Fig.

Between the two sources of information used in the study, it was observed that the percentages of increase in fragmen-
tation for the transition from “intact” to “interior” are higher in the MAATE results (S2 Fig, S4 Fig, S6 Fig). In contrast, the
percentages of transition from “interior” to “dominant” were higher in the MapBiomas results (S1 Fig, S3 Fig, S5 Fig).
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Fig 15. Multiscale fragmentation between 1990-2022 in priority area 3 — Southern Amazon of the REDD+ program with two data sources, Data
1 MAATE and Data 2 MapBiomas.

https://doi.org/10.1371/journal.pone.0342476.9015

The “intact” to “interior” category represented the highest percentage of increase in fragmentation during the study
period. Similarly, the decrease in fragmentation was dominated by the transition from “interior” to “intact” across all zones
and information sources. Among priority zones, zone 2 had the highest percentage of transition from “intact” to “interior,”
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Fig 16. Change in multiscale fragmentation between 1990 and 2022 for the Southern Amazon using two sources of information: Data 1
MAATE and Data 2 MapBiomas.

https://doi.org/10.1371/journal.pone.0342476.9016

followed by zone 3 and, finally, zone 1. In contrast, for the transition from “interior” to “dominant,” zone 1 had the highest
percentage, followed by zone 3 and zone 2.

Discussion

Between 1990 and 2022, fragmentation in the Ecuadorian Amazon increased markedly, with a higher number, density,
and isolation of natural cover patches, and a corresponding decrease in patch size, representativeness, and connectivity.
Key drivers include road construction, land conversion for agriculture, and extractive industries [9,32,33,64]. Roads initially
developed for oil exploitation facilitated population influx and agricultural expansion beginning in the 1960s [65-67].

The northern Amazon showed the greatest loss of natural cover and fragmentation, particularly near oil infrastruc-
ture corridors. This zone, spanning 5.2 million ha, had the most numerous and least connected forest patches (S7 Fig).
Road access catalyzed the division of ecologically critical landscapes and isolated high-biodiversity reserves, including
Cayambe-Coca, Antisana, Yasuni, and Cuyabeno. This spatial disruption threatens species with large home ranges, such
as jaguars (Panthera onca), pumas (Puma concolor), and Andean tapirs (Tapirus pichaque) [9,32,68—70]. Our results
(i.e., MapBiomas, 44%; MAATE, 49%) (S1 and S2 Figs) showed that fragmentation primarily affected less-altered areas,
indicating that deforestation is encroaching on previously undisturbed forest. Drivers include new oil roads, agricultural
colonization, and projects like the ITT (Ishpingo—Tambococha—Tiputini), which threaten “intangible zones” inhabited by
uncontacted Indigenous peoples [65,71-74].

The central Amazon, covering approximately 4 million ha, was the least fragmented zone. Despite doubling in patch
number and halving in average size, it retained the highest forest integrity, which was due in part to limited industrial
access and extensive community-managed conservation under the Socio Bosque program and the Pastaza REDD+ plan
[65,73,75—77]. Qil extraction in block 10, conducted without road construction, has had a lower landscape impact [67,73].
Fragmentation in this zone was concentrated near the E45 highways and the connections with Palora and Taisha. These
patterns stem from historical settlement promoted by the Ambato-Puyo road in 1948, land titling under IERAC (Ecuador-
ian Institute of Agrarian Reform and Colonization), and the spread of livestock practices by Shuar communities to resist
colonization [9,77,78] (S8 Fig).

The southern Amazon, the smallest priority zone (~2.5 million ha), was the most fragmented per unit area. lts narrow
east—west configuration makes it vulnerable to north—south roads that sever Andean—Amazonian connectivity. Highly
biodiverse regions, such as the Kutuku-Shaime forest and the Cordillera del Céndor, are particularly at risk [35,79-81]
(S9 Fig). Fragmentation here is primarily due to agricultural frontier expansion, but legal and illegal mining have recently
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emerged as significant threats [82,83]. Open-pit mining causes extensive forest destruction, pollutes aquatic ecosystems,
fosters road construction, and promotes further deforestation and fragmentation. Protected areas in the eastern Andes
foothills have shown some resistance to fragmentation [83,84]. However, forests in the east—particularly the Kutuku-
Shaime and Céndor ranges—face growing pressure from expanding mining concessions. Continued trends may compro-
mise the ecological integrity of these protected landscapes.

The statistically significant differences found between the MAATE and MapBiomas datasets underscore how method-
ological choices in data generation can fundamentally influence conservation assessments. MapBiomas, with its consis-
tent algorithm, consistently identified a greater number of smaller patches (Figs 5—10). This suggests its methodology is
more sensitive to detecting fine-scale deforestation events, such as those caused by subsistence agriculture, selective
logging, or informal mining. In contrast, MAATE’s approach, particularly in earlier years, appears to generalize the land-
scape more, resulting in larger, more uniform patch classifications (Figs 11, 13 and 15). The interpretation of the effect
sizes (r values) from the correlation analysis provides further insight. The medium-to-large effect sizes for most metrics
imply a strong practical relationship; that is, when one dataset shows an increase in fragmentation, the other generally
does as well. This suggests that both datasets are useful for monitoring broad trends. However, for metrics related to con-
nectivity, like LPI, where the correlation was weaker, the datasets tell different stories. This implies that for detailed analy-
ses of landscape structure or for identifying emerging deforestation hotspots, the higher-resolution detail from MapBiomas
may be more reliable [29,85,86].

There is increasing evidence that forest fragmentation compromises the resilience and availability of critical ecosystem
services such as water provision [87], biodiversity maintenance [13,88,89], and climate regulation [12,85,89]. Considering
these findings, it is essential to use the spatial data and patterns identified in this study to inform decision-making pro-
cesses aimed at achieving a sustainable economic model—one that enhances community livelihoods without sacrificing
environmental integrity [19,32,47]. To move in this direction, we propose three key approaches: (i) integrated land-use
planning: national and local governments must coordinate to implement strategic land-use zoning. These plans should
clearly define areas for strict conservation, sustainable use, and development, thereby preventing further agricultural
and extractive expansion into ecologically sensitive corridors and high-value forests [90]. (ii) Sustainable infrastructure
development: all future infrastructure projects, particularly roads, should be subjected to rigorous and transparent environ-
mental impact assessments. Priority should be given to upgrading existing routes and consolidating development within
already-altered areas rather than opening access to intact forests [64], and (iii) strengthening and expanding protected
areas: the observed resilience of areas like Sangay National Park demonstrates the importance of robust legal protection,
active enforcement, and natural barriers such as remoteness and rugged topography. Strengthening the management and
enforcement capacities of protected areas is essential to mitigating future fragmentation [33].

Conclusion

Our research assessed the fragmentation of REDD+ priority zones in the Ecuadorian Amazon using a quantitative and
spatial analysis of LMs between 1990 and 2022. For the study period, an increase in fragmentation was observed in all
priority zones. Despite the rapid advance of landscape fragmentation, the central Amazon has been the best preserved
and least fragmented, mainly within the community territories belonging to seven Indigenous nationalities. The Socio
Bosque project and the REDD+ implementation plan are conserving these territories. Spatially, vegetation cover has been
fragmented along the Amazon trunk road, which connects north and south. This separation of the Andean ecosystems
from the Amazonian ones puts their ecological integrity and the species that inhabit them at risk.

The spatial information on land-use change between MAATE and MapBiomas was robust. They show that land-use
change, and fragmentation processes are better represented by smaller patches of fragmentation and vegetation cover
from MapBiomas compared to the MAATE data. Therefore, it is highly recommended that MapBiomas use the information
generated by MapBiomas in the monitoring and planning processes of REDD+ in the tropical Andean forests of Ecuador.
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In the analyzed landscapes, promoting sustainable agricultural practices that increase productivity is recommended
without expanding the agricultural frontier. Economic alternatives that promote the conservation of the remnants of natural
cover, such as sustainable or scientific tourism, are also recommended. Finally, implementing socio-ecological corridors in
an east—west direction that connect the Andean conservation areas with the Amazonian ones and stop mining expansion,
especially illegal mining, is key to integrating conservation landscapes with development landscapes.
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S1 Fig. Transition matrices of the change between fragmentation categories in priority areas of the REDD+ pro-
gram 1990-2022. Zone 1-Northern Amazon MAPBIOMAS.
(JPG)

S2 Fig. Transition matrices of the change between fragmentation categories in priority areas of the REDD+ pro-
gram 1990-2022. Zone 1-Northern Amazon MAATE.
(JPG)

S3 Fig. Transition matrices of the change between fragmentation in priority areas of the REDD+ program 1990-
2022. Zone 2-Amazon Center MAPBIOMAS.
(JPG)

S$4 Fig. Transition matrices of the change between fragmentation categories in priority areas of the REDD+ pro-
gram 1990-2022. Zone 2-Amazon Center MAATE.
(JPG)

S5 Fig. Transition matrices of the change between fragmentation categories in priority areas of the REDD+ pro-
gram 1990-2022. Zone 3-Southern Amazon MAPBIOMAS.
(JPG)

S6 Fig. Transition matrices of change between fragmentation categories in priority areas of the REDD+ program
1990-2022. Zone 3-Southern Amazon MAATE.
(JPG)

S7 Fig. Map of fragmentation of the Northern Amazon in 2022 with respect to roads, extractive processes and
areas under conservation.
(JPG)

S8 Fig. Map of fragmentation of the central Amazon in 2022 with respect to roads, extractive processes and areas
under conservation.
(JPG)

S9 Fig. Map of fragmentation of the Southern Amazon in 2022 with respect to roads, extractive processes and
areas under conservation.
(JPG)

Author contributions
Conceptualization: Juan Paredes, Pablo Cuenca.
Formal analysis: Juan Paredes.

Funding acquisition: Pablo Cuenca.

PLOS One | https://doi.org/10.137 1/journal.pone.0342476 February 11, 2026 18721



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342476.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342476.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342476.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342476.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342476.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342476.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342476.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342476.s008
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342476.s009

PLO\Sﬁ\\.- One

Investigation: Juan Paredes, Pablo Cuenca.

Methodology: Juan Paredes, Pablo Cuenca.

Resources: Pablo Cuenca.

Supervision: Pablo Cuenca.

Writing — original draft: Juan Paredes, Pablo Cuenca.

Writing — review & editing: Juan Paredes, Jin Kyoung Noh, Nikolay Aguirre, Yeo-Chang Youn, Pablo Cuenca.

References

1.

10.
1.
12.

13.
14.
15.
16.

17.
18.
19.

20.

21.

22.
23.
24.
25.
26.
27.
28.

29,
30.

Zhang L, Li J. Identifying priority areas for biodiversity conservation based on Marxan and INVEST model. Landsc Ecol. 2022;37(12):3043-58.
https://doi.org/10.1007/s10980-022-01547-0

Hooper DU, Adair EC, Cardinale BJ, Byrnes JEK, Hungate BA, Matulich KL. A global synthesis reveals biodiversity loss as a major driver of eco-
system change. 2012.

Cardinale BJ, Duffy JE, Gonzalez A, Hooper DU, Perrings C, Venail P. Biodiversity loss and its impact on humanity. 2012.

Foley JA, Asner GP, Costa MH, Coe MT, DeFries RS, et al. Amazonia revealed: forest degradation and loss of ecosystem goods and services in
the Amazon basin. 2007.

Mitchard ETA. The tropical forest carbon cycle and climate change. 2018.
McGuffie K, Henderson-Sellers A, Zhang H, Zhang H, Durbidge TB, Pitman AJ. Global climate sensitivity to tropical deforestation. 1995.

Hanggli A, Levy S, Pascual DA, Bovolo |, Brandao J, Rueda X. A systematic comparison of deforestation drivers and policy effectiveness across
the Amazon biome. 2023.

Malhi 'Y, Roberts JT, Betts R, Killeen TJ, Killeen TJ, Li W. Climate Change, Deforestation, and the Fate of the Amazon. 2008.
Wasserstrom R, Southgate D. Deforestation, agrarian reform and oil development in Ecuador, 1964-1994. 2013.

Turner MG. Disturbance and landscape dynamics in a changing world. 2010.

Winkler K, Fuchs R, Rounsevell M, Herold M. Global land use changes are four times greater than previously estimated. 2021.

GOFC-GOLD. A sourcebook of methods and procedures for monitoring essential biodiversity variables in tropical forests with remote sensing. B O,
G-GG editor. Report UNCBD COP-13 ed: OFC-GOLD Land CoverProject Office. Wageningen University. 2017.

Allan E. Land use intensification alters ecosystem multifunctionality via loss of biodiversity and changes to functional composition. 2015;834—43.
Bates AE, Newbold T, Hudson LN, Hill SLL, Contu S, Lysenko I|. Global effects of land use on local terrestrial biodiversity. 2015.
Haddad NM, Brudvig LA, Clobert J, et al. Habitat fragmentation and its lasting impact on Earth’s ecosystems. 2015.

MacDougall AS, McCann KS, Gellner G, Turkington R. Diversity loss with persistent human disturbance increases vulnerability to ecosystem col-
lapse. 2013.

Peh KSH, Lin Y, Foster WA, Luke SH, Luke S, Luke S. Forest fragmentation and ecosystem functioning. 2014.
Saunders DA, Saunders DA, Hobbs RJ, et al. Biological consequences of ecosystem fragmentation: a review. 1991.

Bonilla-Bedoya S, Molina JR, Macedo-Pezzopane JE, Herrera-Machuca MA. Fragmentation patterns and systematic transitions of the forested
landscape in the upper Amazon region, Ecuador 1990-2008. 2014:301-9.

Cuenca P, Echeverria C. How do protected landscapes associated with high biodiversity and population levels change? In: Mpodozis JM, editor.
Public Library of Science. 2017:e0180537.

Kleemann J, Zamora C, Villacis-Chiluisa AB. Deforestation in continental Ecuador with a focus on protected areas. Multidisciplinary Digital Publish-
ing Institute. 2022;268.

Noh JK, Echeverria C, Gaona G. Forest ecosystem fragmentation in Ecuador: Challenges for sustainable land use in the tropical Andean. 2022.
MAATE. Bosques para el buen vivir - Plan de accion REDD Ecuador (2016-2025). 2016.

MAATE. Mapa De Cobertura y Uso De La Tierra Del Ecuador Continental afio 1990, 2000, 2008, 2014. Quito - Ecuador. 2016.

MAATE. Mapa de cobertura y uso de la tierra del Ecuador continental afio 2016. 2017.

MAATE. Mapa de cobertura y uso de la tierra del Ecuador continental afio 2018-2019. 2019.

MAATE. Mapa de cobertura y uso de la tierra del Ecuador continental afio 2020. 2022.

Borja M, Holguin W, Aguilar C, Teran K, Rodriguez A, Josse C. Documento de bases tedricas de algoritmo (ATBD) RAISG - MapBiomas Ecuador
coleccién 1.0 de mapas anuales de cobertura y uso del suelo de Ecuador. 2023.

Ecociencia F, RAISG. Proyecto MapBiomas Ecuador- coleccion 1.0 de los mapas anuales de cobertura y uso del suelo en Ecuador. 2024.
MAATE. Protocolo metodolégico para la generaciéon de mapas de deforestacién del Ecuador continental. 2017.

PLOS One | https://doi.org/10.1371/journal.pone.0342476 February 11, 2026 19/21



https://doi.org/10.1007/s10980-022-01547-0

PLO\Sﬁ\\.- One

31. Laurance WF, Lovejoy TE, Vasconcelos HL, Bruna EM, Didham RK, Stouffer PC, et al. Ecosystem Decay of Amazonian Forest Fragments: a 22-
Year Investigation. Conservation Biology. 2002;16(3):605—-18. https://doi.org/10.1046/j.1523-1739.2002.01025.x

32. Cuenca P, Echeverria C. How do protected landscapes associated with high biodiversity and population levels change?. PLoS One.
2017;12(7):e0180537. https://doi.org/10.1371/journal.pone.0180537 PMID: 28672002

33. Kleemann J, Zamora C, Villacis-Chiluisa AB, Cuenca P, Koo H, Noh JK, et al. Deforestation in Continental Ecuador with a Focus on Protected
Areas. Land. 2022;11(2):268. https://doi.org/10.3390/land 11020268

34. Kleemann J, Koo H, Hensen |, Mendieta-Leiva G, Kahnt B, Kurze C, et al. Priorities of action and research for the protection of biodiversity and
ecosystem services in continental Ecuador. Biological Conservation. 2022;265:109404. https://doi.org/10.1016/j.biocon.2021.109404

35. Armenteras D, Gonzéalez TM, Retana J. Forest fragmentation and edge influence on fire occurrence and intensity under different management
types in Amazon forests. 2013:79.

36. Tapia-Armijos MF, Homeier J, Espinosa Cl. Deforestation and forest fragmentation in south Ecuador since the 1970s — losing a hotspot of biodiver-
sity. Public Library of Science. 2015;1-18.

37. Wilson MC, Chen XY, Corlett RT, Didham RK, Ding P, Holt RD. Habitat fragmentation and biodiversity conservation: key findings and future chal-
lenges. 2016:219-27.

38. MAE-MAGAP. Protocolo metodoldgico para la elaboracion del mapa de cobertura y uso de la tierra del Ecuador continental 2013-2014, escala
1:100.000. 2015.

39. Peralvo M, Delgado J. Metodologia para la generacién del mapa de deforestacion histérica 2010. 2010.

40. [PCC. Climate Change 2007 - Mitigation of Climate Change: Working Group Ill Contribution to the Fourth Assessment Report of the IPCC. Cam-
bridge University Press. 2007.

41. Gonzalez-Avila S, Ortega E, Martin B. Multiscale fragmentation of forest types in Spain. 2023;121317.

42. Hargis CD, Bissonette JA, David JL. The behavior of landscape metrics commonly used in the study of habitat fragmentation. Landscape Ecology.
1998;13(3):167-86. https://doi.org/10.1023/a:1007965018633

43. McGarigal K, Cushman SA. FRAGSTATS v4: Spatial Pattern Analysis Program for Categorical and Continuous Maps. 4 ed. Amherst: University of
Massachusetts. 2012.

44. Uuemaa E, Antrop M, Roosaare J, Marja R, Mander U. Landscape Metrics and Indices: An Overview of Their Use in Landscape Research. Living
Rev Landscape Res. 2009;3. https://doi.org/10.12942/Irlr-2009-1

45. Wang X, Blanchet FG, Koper N. Measuring habitat fragmentation: An evaluation of landscape pattern metrics. Methods Ecol Evol. 2014;5(7):634—
46. https://doi.org/10.1111/2041-210x.12198

46. Lamine S, Petropoulos GP, Singh SK, Szab6 S, Nour El, Srivastava PK. Quantifying land use/land cover spatio-temporal landscape pattern
dynamics from Hyperion using SVMs classifier and FRAGSTATS®. 2018.

47. Noh JK, Echeverria C, Gaona G, Kleemann J, Koo H, Fiirst C, et al. Forest Ecosystem Fragmentation in Ecuador: Challenges for Sustainable
Land Use in the Tropical Andean. Land. 2022;11(2):287. https://doi.org/10.3390/land11020287

48. LiH, Wu J. Use and misuse of landscape indices. 2004:389-99.

49. Vogt P. GuidosToolbox (Graphical User Interface for the Description of Image Objects and Their Shapes): Digital Image Analysis Software Collec-
tion. 2016.

50. Vogt P. User guide of GuidosToolbox. 2016.

51. Vogt PM, Riitters KH. GuidosToolbox: universal digital image object analysis. 2017.
52. Riitters K, Wickham J, O’Neill R, Jones K, Smith E, Coulston J. Fragmentation of Continental United States Forests. 2002;815-22.
53. Militar IG. Vias 1:50.000. 2013.

54. Militar IG. Poblados 1:50.000. 2013.

55. MAATE. Bosques y vegetacion protectora. 2023.

56. MAATE. Area bajo conservacion PSB. 2023.

57. MAATE. Sistema nacional de area protegida SNAP2024.

58. McKnight PE, Najab J. Mann-Whitney U Test. Wiley Online Library. 2010.

59. Rpv. Rstatix: Pipe-friendly framework for basic statistical tests. 2023.

60. Field A. Discovering statistics using SPSS. 3 ed. SAGE Publications. 2009.

61. Lantz B. The large sample size fallacy. 2013. 487-92.

62. Gu Z. Complex heatmap visualization. 2022.

63. Pryke A, Mostaghim S, Nazemi A. Heatmap visualization of population based multi objective algorithms. Springer. 2007.
64. Baynard CW, Ellis JM, Davis H. Roads, petroleum and accessibility: the case of eastern Ecuador. 2013;675-95.

65. Mena CF, Laso F, Martinez P, Sampedro C. Modeling road building, deforestation and carbon emissions due deforestation in the Ecuadorian Ama-
zon: the potential impact of oil frontier growth. Taylor & Francis. 2017:477-92.

PLOS One | https://doi.org/10.137 1/journal.pone.0342476 February 11, 2026 20/ 21



https://doi.org/10.1046/j.1523-1739.2002.01025.x
https://doi.org/10.1371/journal.pone.0180537
http://www.ncbi.nlm.nih.gov/pubmed/28672002
https://doi.org/10.3390/land11020268
https://doi.org/10.1016/j.biocon.2021.109404
https://doi.org/10.1023/a:1007965018633
https://doi.org/10.12942/lrlr-2009-1
https://doi.org/10.1111/2041-210x.12198
https://doi.org/10.3390/land11020287

PLO\Sﬁ\\.- One

66.

67.

68.
69.

70.

7.

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

Bilsborrow RE, Barbieri AF, Pan W. Changes in population and land use over time in the Ecuadorian Amazon. Instituto Nacional de Pesquisas da
Amazobnia. 2004.

Mena CF, Bilsborrow RE, McClain ME. Socioeconomic drivers of deforestation in the Northern Ecuadorian Amazon. Environ Manage.
2006;37(6):802—15. https://doi.org/10.1007/s00267-003-0230-z PMID: 16555027

Coronel Vargas G, Au WW, Izzotti A. Public health issues from crude-oil production in the Ecuadorian Amazon territories. 2020. 134647.

Ortega-Andrade HM, Rodes Blanco M, Cisneros-Heredia DF, Guerra Arévalo N, Lépez De Vargas-Machuca KG, Sanchez-Nivicela JC. Red list
assessment of amphibian species of Ecuador: A multidimensional approach for their conservation. Public Library of Science. 2021.

Rocha EC, Brito D, Silva PM, Silva J, Bernardo PV d S, Juen L. Effects of habitat fragmentation on the persistence of medium and large mammal
species in the Brazilian savanna of Goias state. Instituto Virtual da Biodiversidade | BIOTA - FAPESP. 2018;e20170483.

Olsoy PJ, Zeller KA, Hicke JA, Quigley HB, Rabinowitz AR, Thornton DH. Quantifying the effects of deforestation and fragmentation on a range-
wide conservation plan for jaguars. 2016:8—16.

Finer M, Mamani N, Josse C, Villacis S. Plataformas petroleras se acercan a la zona intangible (Parque Nacional Yasuni, Ecuador). 2022.

Lessmann J, Fajardo J, Mufioz J, Bonaccorso E. Large expansion of oil industry in the Ecuadorian Amazon: biodiversity vulnerability and conser-
vation alternatives. Ecol Evol. 2016;6(14):4997-5012. https://doi.org/10.1002/ece3.2099 PMID: 27547329

Bass MS, Finer M, Jenkins CN, Kreft H, Cisneros-Heredia DF, McCracken SF, et al. Global conservation significance of Ecuador’s Yasuni National
Park. PLoS One. 2010;5(1):e8767. https://doi.org/10.137 1/journal.pone.0008767 PMID: 20098736

Abdullah SA, Nakagoshi N. Forest fragmentation and its correlation to human land use change in the state of Selangor, peninsular Malaysia. For-
est Ecology and Management. 2007;241(1-3):39—48. https://doi.org/10.1016/j.foreco.2006.12.016

Holland MB, de Koning F, Morales M, Naughton-Treves L, Robinson BE, Suarez L. Complex Tenure and Deforestation: Implications for Conserva-
tion Incentives in the Ecuadorian Amazon. World Development. 2014;55:21-36. https://doi.org/10.1016/j.worlddev.2013.01.012

Vasco C, Bilsborrow R, Torres B, Griess V. Agricultural land use among mestizo colonist and indigenous populations: contrasting patterns in the
Amazon. In: Holland M, editor. Public Library of Science. 2018:e0199518.

Casto M, Sierra R, Calva O, Camacho J, Lopez F. Zonas de procesos homogéneos de deforestacion del Ecuador: factores promotores y tenden-
cias al 2020. 2013.

Cuesta F, Peralvo M, Merino-Viteri A, Bustamante M, Baquero F, Freile JF. Priority areas for biodiversity conservation in mainland Ecuador. Taylor
& Francis. 2017.

Valencia JH, Ortega-Andrade HM, Laborde J, Pineda E. Species richness, composition, distribution and conservation status of the amphibians and
reptiles of the Cordillera del Céndor, a region between Ecuador and Peru. 2023:61-72.

Palacios Orejuela |, Rodriguez Espinosa F. Economic valuation of environmental goods and services of the Protector Forest Kutuku — Shaimi, SE
Ecuador. 2021:117-32.

Massa P, Del Cisne Arcos R, Maldonado D, Massa-Sanchez P, Cisne Arcos R d, Maldonado D. Mineria a gran escala y conflictos sociales: un
analisis para el sur de Ecuador. Universidad Nacional Autbnoma de México, Instituto de Investigaciones Economicas. 2018:119—41.

Mestanza-Ramén C, Cuenca-Cumbicus J, D’Orio G, Flores-Toala J, Segovia-Caceres S, Bonilla-Bonilla A. Gold Mining in the Amazon Region of
Ecuador: History and a Review of lts Socio-Environmental Impacts. Multidisciplinary Digital Publishing Institute. 2022;221.

Tapia-Armijos MF, Homeier J, Espinosa Cl, Leuschner C, de la Cruz M. Deforestation and Forest Fragmentation in South Ecuador since the 1970s
- Losing a Hotspot of Biodiversity. PLoS One. 2015;10(9):e0133701. https://doi.org/10.1371/journal.pone.0133701 PMID: 26332681

Koo H, Kleemann J, Cuenca P, Noh JK, First C. Implications of landscape changes for ecosystem services and biodiversity: A national assess-
ment in Ecuador. Ecosystem Services. 2024;69:101652. https://doi.org/10.1016/j.ecoser.2024.101652

Buckley P, Muller P, Rathjens C. Landscape Ecology. The Journal of Applied Ecology. 1980;17(3):848. https://doi.org/10.2307/2402669

Saunders DA, Hobbs RJ, Margules CR. Biological Consequences of Ecosystem Fragmentation: A Review. Conservation Biology. 1991;5(1):18-32.
https://doi.org/10.1111/j.1523-1739.1991.tb00384.x

Laurance WF, Lovejoy TE, Vasconcelos HL, Bruna EM, Didham RK, Stouffer PC, et al. Ecosystem Decay of Amazonian Forest Fragments: a 22-
Year Investigation. Conservation Biology. 2002;16(3):605—18. https://doi.org/10.1046/j.1523-1739.2002.01025.x

Haddad NM, Brudvig LA, Clobert J, Davies KF, Gonzalez A, Holt RD, et al. Habitat fragmentation and its lasting impact on Earth’s ecosystems. Sci
Adv. 2015;1(2):e1500052. https://doi.org/10.1126/sciadv.1500052 PMID: 26601154

Loaiza T, Nehren U, Gerold G. REDD+ and incentives: An analysis of income generation in forest-dependent communities of the Yasuni Biosphere
Reserve, Ecuador. Applied Geography. 2015;62:225-36. https://doi.org/10.1016/j.apge0g.2015.04.020

PLOS One | https://doi.org/10.1371/journal.pone.0342476 February 11, 2026 21/21



https://doi.org/10.1007/s00267-003-0230-z
http://www.ncbi.nlm.nih.gov/pubmed/16555027
https://doi.org/10.1002/ece3.2099
http://www.ncbi.nlm.nih.gov/pubmed/27547329
https://doi.org/10.1371/journal.pone.0008767
http://www.ncbi.nlm.nih.gov/pubmed/20098736
https://doi.org/10.1016/j.foreco.2006.12.016
https://doi.org/10.1016/j.worlddev.2013.01.012
https://doi.org/10.1371/journal.pone.0133701
http://www.ncbi.nlm.nih.gov/pubmed/26332681
https://doi.org/10.1016/j.ecoser.2024.101652
https://doi.org/10.2307/2402669
https://doi.org/10.1111/j.1523-1739.1991.tb00384.x
https://doi.org/10.1046/j.1523-1739.2002.01025.x
https://doi.org/10.1126/sciadv.1500052
http://www.ncbi.nlm.nih.gov/pubmed/26601154
https://doi.org/10.1016/j.apgeog.2015.04.020

