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Abstract

The tropical rain forests of northwest South America fall within the Choco-Darien Global
Ecoregion (CGE). The CGE is one of 25 global biodiversity hotspots prioritized for conserva-
tion due to its high biodiversity and endemism as well as threats due to deforestation. The
analysis of land-use and land-cover (LULC) change within the CGE using remotely sensed
imagery is challenging because this area is considered to be one of the rainiest places on
the planet (hence high frequency of cloud cover). Furthermore, the availability of high-reso-
lution remotely sensed data is low for developing countries before 2015. Using the Random
Forest ensemble learning classification tree system, we developed annual LULC maps in
the CGE from 2002 to 2015 using a time series of cloud-free MODIS vegetation index prod-
ucts. The MODIS imagery was processed through a Gaussian weighted filter to further cor-
rect for cloud pollution and matched to visual interpretations of land cover and land use from
available high spatial resolution imagery (WorldView-2, Quick Bird, Ikonos and GeoEye-1).
Validation of LULC maps resulted in a Kappa of 0.87 (Sd = 0.008). We detected a gradual
replacement of forested areas with agriculture (mainly grassland planted to support live-
stock grazing), and secondary vegetation (agriculture reverting to forest) across the CGE.
Forest loss was higher between 2010-2015 when compared to 2002—2010. LULC change
trends, deforestation drivers, and reforestation transitions varied according to administrative
organization (countries: Panamanian CGE, Colombian CGE, and Ecuadorian CGE).

Introduction

Land-use and land-cover (LULC) change brought about by human development are con-
stantly reshaping natural regions at local, national to global scales [1-4]. Evaluating these land-
scape level changes annually within regions where the natural condition is composed of
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Colombia to provide data and technical support, tropical rain forests is difficult due to the high amounts of cloud cover obscuring remote sens-
and IDEA WILD to provide equipment. ing instruments. Globally, these regions are suffering significant LULC change [2,5,6] causing
Competing interests: The authors have declared much concern due to its potential effect on climatic change, biodiversity loss, hydrologic alter-
that no competing interests exist. ation, soil degradation, and loss of ecosystem services [3,7]. Some national and global estimates

have found that deforestation due to LULC change was significantly higher than reforestation
in Central and South America [2,6,8,9]. Conversely, other LULC change studies in the same
region show a reforestation trend during similar time periods [5,10]. Although the methodolo-
gies were different, these contradictory results suggest that LULC change could be highly het-
erogeneous in time and space in the tropical rain forest domain. It also shows that consistent
and accurate information about the LULC dynamic is critical for the management and protec-
tion of these forests.

Tropical rain forests are currently the most biodiverse landscapes on our planet [11-13].
In South America, tropical rain forests form three well define natural regions; the Amazon
Basin, the Brazilian Atlantic Forest, and the Choc6-Darien Global Ecoregion (CGE; also
known as the Chocd Biogeographic Region) (Fig 1A). The CGE is a lowland area located
along the pacific coast of eastern Panama, western Colombia, and northwestern Ecuador
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Fig 1. The Choco-Darien Global Ecoregion (CGE): (a) estimated historical extent of Tropical Rain Forest (TRF) in South America: TRF-CGE (estimated TRF in CGE),
TRF-Amz (estimated TRF in Amazon basin), and TRF-BrAt (estimated TRF in Brazilian Atlantic Forest). (b) The Choc6-Darien Global Ecoregion (CGE): This global
ecoregion is formed by three smaller ecoregions: Magdalena-Uraba Moist forests (MgU), Choc6-Darién Moist Forests (ChD), and Western Ecuador Moist Forests
(WEc). Other four ecoregions have small sections in the CGE: Eastern Panamanian Montane Forests (EPaM), South American Pacific (SAP) Mangrove, Amazon-
Orinoco-Southern Caribbean (AOSC) Mangrove, and Mesoamerican Gulf-Caribbean (MGC) Mangrove.

https://doi.org/10.1371/journal.pone.0211324.9001
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and has been declared as one of the top 25 global hotspots for conservation priorities (Fig
1B) [4,12-14]. Historically, most of the effort to estimate forest cover and the LULC dynamic
have been focused on the Amazon Basin, the largest tropical rain forests in the world [1,15-
21]. Likewise, LULC dynamic in the Brazilian Atlantic Forest has been well studied [16,22—
24]. Despite the fact that the CGE is recognized as one of the world’s most biologically
diverse regions [4,25], it has not received the same level of study relative to its LULC
dynamic. The countries that share the CGE and their research organizations have conducted
studies of the CGE within their own boundaries [8,10,26], but these studies have used differ-
ent methodologies and/or sensors, and do not allow for valid comparisons to evaluate the
region as a whole. Furthermore, regional and global studies of LULC change have been done
for large areas that include the CGE [3,5,27,28]. However, these analyses have used general
LULC categories, restricting the identification of deforestation drivers occurring in the CGE
and giving only a general idea about the region’s LULC dynamics. A study of LULC dynam-
ics focused specifically on the CGE is a fundamental need to guide proper management and
conservation for this area.

Past LULC change studies in neotropical rain forest regions have focused on the gain and/
or loss of forest cover [2,5,8,10,26]. Local studies within the Amazon Basin and Brazilian
Atlantic Forest ecoregions have accurately identified direct drivers of deforestation and their
temporal and spatial variation [18,29-31]. However, within the CGE, much less is known
about the direct drivers of deforestation. The United Nations Framework Convention on Cli-
mate Change negotiations has encouraged developing countries to spatially map direct drivers
of deforestation [32,33]. While some studies have shown reforestation trends due to apparent
abandonment of agriculture lands, this reforestation process has only been slightly studied in
the Colombian CGE [34].

An analysis of LULC change across the CGE is a challenge when remote sensing imagery is
used because this area is considered one of the rainiest on the planet with an annual average
rainfall between 8000 to 13000 mm [35]. Furthermore, the availability of high spatial resolu-
tion remote sensing data before 2015 is low for Panama, Colombia and Ecuador. Conse-
quently, the satellite images that are available (Landsat, Satellite Pour I'Observation de la Terre
(SPOT), and RapidEye, for example) usually have a high percentage of cloud cover, making it
difficult for the development of regional land cover maps.

Nevertheless, over the past decade, methodologies using MODIS (MODerate resolution
Imaging Spectroradiometer) data have generated standard periodic cloud-free products aimed
at monitoring vegetation across the globe [36,37]. Merging these MODIS products with avail-
able high spatial resolution (e.g. WorldView, Ikonos, QuickBird, GeoEye) imagery, used as a
reference data source, with learning algorithms (e.g. Random Forest) offers potential for study-
ing region-wide LULC in areas like the CGE. These standardized remote sensing products can
also support biodiversity monitoring by coupling with essential biodiversity variables (vari-
ables that quantify biodiversity changes over time and across space), opening new possibilities
for conservation efforts in tropical areas similar to the CGE [38-40].We have applied a combi-
nation of methodologies developed by various authors to multi-temporal MODIS imagery to
generate yearly LULC maps across the CGE from 2002 to 2015. Our aim was to analyze LULC
temporal dynamics across this ecoregion and address the following objectives: 1) Evaluate
LULC change trends in the CGE and determine its heterogeneity in time and space. 2) Spa-
tially identify deforestation drivers, reforestation transitions (cover types that represent sec-
ondary forest-like vegetation), and quantify their change in time and space. We discuss the
types of information that are useful for conservation of biodiversity in the CGE relative to its
administrative organization (countries).
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Materials and methods

Study area

The Chocd-Darien Global Ecoregion (CGE) is a lowland area located along the Pacific coast
from Panama, through Colombia, and into northwestern Ecuador and includes the lowland of
the Magdalena river valley (Fig 1B) [4,13,14]. The CGE became separated from the Amazon
tropical rain forest by the uplift of the Andes beginning around 25 million years ago. As a con-
sequence, groups of endemic species emerged producing a significant impulse of diversifica-
tion. Another substantial array of new species arose because of the relatively recent formation
of the Isthmus of Panama (three million years ago), an geological event that formed a land
bridge for plants and animals from North and South America [13,41]. Presently, it is estimated
that the CGE has about 11,000 species of vascular plants (2,250 endemics), 900 species of birds,
350 species of amphibians (210 endemics), and 210 species of reptiles (63 endemic) [12,14]. It
was estimated in the year 2000 that the remaining tropical rain forest within the CGE covers
approximately 24% of its original distribution [12]. Due to this level of deforestation and the
high number of endemic species, the CGE was declared as one of the 25 global hotspots for
conservation priorities [4]. According to the World Wildlife Fund (2016), the CGE is formed
by four smaller terrestrial ecoregions: Chocé-Darién Moist Forests (73028.6 km?), Magdalena-
Urabd Moist Forests (76396 km?), Western Ecuador Moist Forests (33861.1 km?), and smaller
sections of Eastern Panamanian Montane Forests (2632.4 km?). Also, sections of three man-
grove ecoregions are found along the CGE coast: South American Pacific Mangrove (6252.4
km?), Amazon-Orinoco-Southern Caribbean Mangrove (702.9 km?), and a small area of
Mesoamerican Gulf-Caribbean Mangrove (50.2 km?) (Fig 1B). We did not include mangrove
ecoregions in our LULC change analysis because they are small areas of marine wetlands (3%
of the CGE) and our study was focused on terrestrial tropical rain forest.

LULC maps

We generated a temporal set of LULC maps based on a Random Forest [42] classification in
which we modeled a categorical response variable that identified eight LULC classes. Random
Forest is an ensemble learning algorithm that constructs multiple classification trees (e.g. 500
individual trees) by bootstrapping samples from an input data set, and combines the predic-
tions from all the trees to identify a modal response [43]. Random Forest is one of the most
robust statistically-based classification techniques and presents two main advantages for our
analysis; it has low sensitivity to the overfit produced by collinearity among predictors [44]
and allows for use of different types of response and predictor variables (e.g. numerical, binary,
categorical) in the classification process [45].

The mapping of these LULC classes was accomplished by training MODIS cloud-free tem-
poral image mosaics using 22 sampling sub-regions covering 20,708.6 km” of total land area
within the CGE. These 22 sampling sub-regions corresponded with locations of available high-
resolution imagery. The cloud-free MODIS vegetation index products MOD13Q1.V006 (tiles
h10v07, h10v08, h10v09, and h09v09) were downloaded from the NASA Distributed Active
Archive Center and processed to transform the standard sinusoidal projection to WGS84 geo-
graphic coordinate system. This transformation resulted in a calculated pixel size of 231.3 m”.

Response variable (land-cover/land-use classes)

Training samples for each LULC class were collected by visually interpreting four types of high
spatial resolution images: WorldView-2, Ikonos, Quick Bird, and GeoEye-1. To improve visual
interpretation of LULC classes, the multispectral bands from these sensors were fused to their
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corresponding panchromatic band (S1 Table). We reviewed previous regional LULC studies
within the CGE to help define our LULC classes [8,26,28,34]. From these studies, we estab-
lished eight general LULC classes.

1) Woody vegetation: This type of vegetation included tropical rain forest with trees taller
than 30 m, secondary vegetation (shrubs and smaller trees) as well as mosaics of both. This is
the primary natural cover type that occurs within the CGE [13,46,47]. Initially, forest and sec-
ondary vegetation were established as two different LULC classes; however, the Random For-
est classification could not adequately separate them. Likewise, we created a mixed woody
class (pixels with 20%-80% of woody and the rest the pixel cover by agricultural land), but the
Random Forest classification could not separate this cover type either. Consequently, after
doing a Fuzzy accuracy analysis [48] of a preliminary classification, forest and shrub were
merged into a woody vegetation class. 2) Wetland: The CGE has a complex of river basins with
swamps and shallow lakes ("ciénagas") covering large areas along the rivers. Wetland areas
were absent in previous LULC work performed within portions of the CGE [5,8,10,49] and as
a result have been markedly underestimated in global maps [2,28]. 3) Grassland: Introduced
grass species which are used primarily for cattle grazing [50]. Within the CGE, large areas of
native grasses do not occur as natural vegetation [46,47]. 4) Crops: Agriculture consisting of
annual or semiannual crops (corn, sugar canna, plantain, mainly). 5) Palm plantations: Exten-
sive areas of the CGE have been cultivated with African palm (Elaeis Guineensis Jacq) [51].
These palms take about three years to mature and produce oil. The useful life of a palm planta-
tion is about 25 years at which point plantations are replanted with younger palms [52,53]. In
terms of remote sensing, this relatively stable structure of palm plantations allowed its identifi-
cation as a LULC class using our imagery resources. 6) Settlements and infrastructure. 7) Con-
tinental water including rivers and lakes. 8) Bare areas: This class was not taken into account
in the final analysis due to its low representation.

The 192,924 km? of land corresponding to the CGE was divided into square sample areas of
231.3 m x 231.3 m to match the MODIS pixel size. Based on this grid, a stratified sampling was
applied to the area intersecting the aforementioned high spatial resolution images as follows:
we visually identified sample squares with 100% of any of the eight LULC categories. We then
superimposed a second grid of 1 km? as spatial filter to select one square of 231.3 m* for every
1 km? square. This spatial filter ensured that sample sites were separated by 693 m or more. By
doing this, we identified 18,559 sample sites classified as one of the eight LULC classes. To esti-
mate the error rate for the visual interpretation, we compared our visual interpretation with
the visual interpretations of the Corine Land cover project for Colombia [54], which used
many resources (high spatial resolution imagery, aerial photos, Landsat, and field visits) to
reach the best possible visual interpretation of land cover. We coupled 375 of our MODIS sam-
pling sites to the corresponding interpretations from the Corine Land Cover effort for the
years 2002, 2003, and 2007. The agreement between both interpretations resulted in a kappa of
0.93 (Accuracy = 0.95), showing a high level of consistency between both interpretations.

Predictor variables

Five MODIS-based predictor variables were generated from the MOD13Q1 product (16-Day
L3 Global 250 m Vegetation Indices). The MOD13Q1 product provides the highest quality
pixels from 16 daily images for four spectral bands: blue (459 nm -479 nm), red (620 nm -670
nm), near infrared (NIR: 841 nm- 876 nm), and mid-infrared (MIR: 2105 nm -2155 nm); as
well as two indices: Enhanced Vegetation Index (EVI) and the Normalized Difference Vegeta-
tion Index (NDVI). EVI reduces atmospheric influences on vegetation detection and improves
identification of vegetation with dense canopies, such as tropical forest, where NDVI tended to
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saturate [55]. However, we used both EVI and NDVTI as predictors because NDVTI has been
equivalent or better than EVI detecting vegetation covers with low biomass and canopies, such
as grassland, shrub, crop, and subtropical deciduous forests [56-59]. The MOD13Q1 product
also provides layers that estimate vegetation index quality, sensor view zenith, solar zenith
angles, individual pixel Julian day, and a pixel reliability ranking. For our analysis we did not
use the blue spectral band due to its lower spatial resolution, 462.7 m*. The yearly collection of
MOD13Q1 data consists of 23 temporally sequential periods (365 days and 16 days per period)
for every year from 2001 to the present. We utilized the entire range of data from 2001 through
the end of 2015, for a total of 345 individual measurements of red, NIR, MIR, NDVI and EVI
for every 231.3 meter pixel in the CGE. Although the MOD13Q1 product attempts to evaluate
pixel quality as a function of radiometric and atmospheric conditions (cloud interference),
these data can still contain anomalies that are caused by factors not relevant to the amount of
photosynthetically active surface cover, namely atmospheric conditions. To account for these
anomalies and therefore the uncertainty within the vegetation index products, we applied a
Gaussian weighted filter to the 23 temporal periods for each year and for each of the five spec-
tral variables. This filter reduced the variation of the MODIS bands and indices and replaced
outlier values with estimates calculated by the Gaussian weighted series (Fig 2). We used the
output of the Gaussian weighted filter to estimate an annual mean for each band and index,
and we used these means as predictor variables [37,60]. This analysis was performed using
TerrSet Geospatial Monitoring and Modeling Software from Clark Labs [61], with each year
from 2001 to 2015 representing a time series cycle (a total of 15 time series cycles) with a tem-
poral filter length or “window” of 5. In addition to the MODIS-based predictor variables, we
included the SRTM90 (NASA Shuttle Radar Topographic Mission) elevation data and its cor-
responding slope values as ancillary data in support of the image classification process [62,63].
Elevation and slope have been found to affect the type of land cover that occurs in a specific
area; forest tends to be preserved in places with higher altitude and slope (due to a more diffi-
cult access) while crops and palm plantations occur in places with low slope [52,64]. As well,
the wetlands in the CGE are located in areas with an altitude near or under the sea level
[47,65]. Additionally, the elevation data of SRTM90 could be affected by densely vegetated
areas [66—69] and wetlands [70]. SRTM has a spatial resolution of 90 m? and was, therefore,
resampled to 231.35 m? to match the MOD13QI pixels using a bilinear interpolation. From
this resampled digital elevation model, SRTM elevation and topographic slope were extracted
for each training side.

Random forest classification

A total of 18,559 training sites located within the 22 sampling areas were classified visually into
our eight LULC classes using high resolution imagery. The training site database, therefore,
contained the interpreted LULC class as well as the predictor variables of temporal spectral
and vegetation index values (NDVI and EVI) for each year along with SRTM values and topo-
graphic slope where columns represented the response and predictor variables and rows con-
sisted of the 18,559 observations (S2 Table). The Random Forest algorithm operates by
constructing a large number of decision trees from random subsets of predictor variables and
the resulting classification consists of the modal response of all trees for a particular outcome
[45,71]. We used the R statistical packages “randomForest’ [43] and “ModelMap” [71] to gen-
erate our yearly LULC maps (the R code to build a map is available in S1 Codes). The random-
Forest utility in R generated a default number of trees (500), using a 80% subset of the samples
(training subset) for every bootstrap iteration and the square root of the number of predictors
as the number of predictors used to identify a split at each node. This RF model can provide
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Fig 2. An example of the time series filtering procedure from 2009 to 2013 using the Gaussian weighted filter (GWF). GWF
improved the identification of land cover using the MODIS bands and indices. (a) A time series EVI pixel of woody vegetation
before and after filtering; outliers are replaced with estimates calculated by the Gaussian weighted filter. (b) Temporal variation of
120 pixels corresponding to woody vegetation before filtering and (c) the same 120 pixels after filtering; the variance of these
120-time series is reduced. (d) Post filtering results-simplified to means, for 120 woody vegetation pixels, 116 grassland pixels, 542
palm plantation pixels, 99 settlement pixels, 101 water pixels, and 454 wetland pixels. GWF increased the differentiation among
these land covers. The GWFs were applied using the Terrset software [61] with a temporal filter length of 5.

https://doi.org/10.1371/journal.pone.0211324.9002

accuracy estimates using OOB (or Out-of-Bag, a first independent subset from the training
data) [45] or using a second independent group formed by the 20% of samples that were not
used as training subset (testing subset). We reported the kappa from the second independent
group to reduce a possible overestimation in the accuracy [72]. Accuracy estimates included
Kappa (K), which was categorized into the following ranges of agreement: poor K < 0.4, good
K 0.4 < K< 0.75, excellent K > 0.7575 [73], as well as percent omission and commission errors
for each LULC class.

A Random Forest classification is accomplished using available training data and therefore
is subject to training data distribution amongst the different response classes. The dominant
land cover category in our study area consisted of the woody vegetation class. Of our 18,559
sample sites, 14,228 samples (76%) consisted of the woody vegetation class. In order to detect
the potential impact of this large sample size relative to other land cover categories on the accu-
racy of minority classes, we randomly reduced the samples representing the woody vegetation
class from 14,228 to 1,144 to match the sample size of the second most prevalent class, Grass-
land [74] (S3 Table). Random Forest classifications were run on both sample sets and the vali-
dation results (using a second independent group) showed that K for the original data was
0.872 and K for the reduced samples of woody vegetation class was 0.876, commission and
omission errors were similar for both sample distributions (54 and S5 Tables). Consequently,
we decided to use the original sample set of 18,559 training samples. Using this methodology,
we developed a RE-based LULC classification for each of the 15 years using SRTM values,
topographic slope, combined with MOD13Q1 MODIS data for each year as predictors for that
year. We used the R package ‘ModelMap’ which uses the ‘RGDAL’ libraries to generate LULC
maps using the RF model outputs. For all of the 15 individual years, our LULC maps reached a
high accuracy of K = 0.872, with a standard deviation of 0.008.

Woody vegetation split

As we describe before, woody vegetation could not be separated into forest and shrub (second-
ary vegetation) classes. These two LULC classes had similar spectral and NDVI—EVT signa-
tures provided by the MODIS data and consequently, Random Forest classification could not
separate them. This spectral similarity is common in tropical rain forests when using other
multi-spectral sensors such as Landsat [75]. For that reason, a final refinement after the RF
classifications was applied to the annual LULC maps generated from the annual sequence of
MODIS imagery. Pixels classified as woody vegetation were converted to forest when that
pixel was classified as woody vegetation for every year of our sequence (2001-2015). On the
other hand, if a pixel was classified as woody vegetation on the last year of our sequence
(2015), but in previous years that pixel was classified as another type such as grassland, crop,
or palm plantation, it was recoded as secondary vegetation. A similar methodology had been
applied previously in Amazonian forests [1]; this seemed like a logical method of splitting the
woody vegetation class into forest and secondary vegetation since the year-to-year accuracy of
each LULC map was high and the time required for succession to reach the canopy structure
of a mature forest in other neotropical rain forest ranges between 190-217 years [76,77].
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Likewise, shrubby vegetation typically takes over 20 years in TRF areas to develop arborescent
structures [78-80]. In other words, it is improbable that forests converted to a farm-like land-
use will reach a forest-like stage in 15 years or less. Consequently, these pixels were considered
secondary vegetation (landscapes converting from a farm-based land-use to natural vegeta-
tion). Based on this logic, we developed 14 final LULC maps (2002 to 2015) that included eight
LULC classes: forest, secondary vegetation, wetland, grassland, crops, palm plantations, settle-
ment, and continental water. The time series maps started in 2002 due to our methodology for
splitting woody vegetation needs an initial sequence of annual maps, 2001-2002. To test accu-
racy of the secondary vegetation class, 191 pixels mapped as secondary vegetation were ran-
domly selected and independently classified using visual interpretation of the available high
resolution images. The accuracy of our secondary vegetation classification averaged 84.2%
with a standard deviation across the years of 10.4.

Analysis of LULC change

LULC change trends. To determine LULC change trends, we estimated non-parametric
Pearson correlations between the area occupied for every LULC class and the corresponding
year in the annual sequence. A significant positive Pearson’s correlation coefficient indicates a
significant increase in the trend of that specific LULC class while a negative correlation coeffi-
cient indicates a significant reduction in area as years progress. This methodology has been
applied previously to other LULC analyses [10,81]. Pearson correlations were estimated at two
spatial levels: 1) the entire CGE, and 2) the areas of the CGE corresponding to the countries
that share this global ecoregion (Panamad, Colombia and Ecuador). Pearson correlations also
were calculated in two time periods for each of the two spatial levels: from 2002 to 2010 and
from 2010 to 2015. We chose these two time periods because we found that woody vegetation,
forest, and secondary vegetation trends (main objectives of our analysis) significantly changed
around 2010. Additionally, other studies that include the CGE analyzed LULC change from
2001 to 2010 [5,8-10]: therefore, an analysis of temporal change between 2002-2010 provided
an opportunity to compare our results with other studies.

Drivers of deforestation and farm conversion to secondary vegetation. To quantify the
direct drivers of deforestation (direct drivers refer to the land cover that replaces forest cover)
[82,83], we identified the following transitions. (1) Deforestation due to cattle grazing opera-
tions as indicated by areas of forest or secondary vegetation replaced by grassland. (2) Defores-
tation by annual or semiannual crops as indicated by areas of forest and secondary vegetation
replaced by crops. (3) Deforestation by extensive palm plantations as indicated by areas of for-
est and secondary vegetation replaced by palm. (4) Deforestation by infrastructure and urban
expansion as indicated by areas of forest and secondary vegetation replaced by human devel-
opment. Conversely, we quantified the conversion from every farming land-use (grassland,
crop, and palm plantations) to secondary vegetation as reforestation transitions. These defor-
estation and reforestation transitions were estimated for two temporal sequences 2002-2010
and 2010 2015 (using the first year of every sequence as the base year).

Results

In 2002, 63.9% of the CGE (120,246 km?) was classified as woody vegetation (forest and sec-
ondary vegetation combined). In 2010, woody vegetation increased to 68.5% (128,801.8 km?),
and in 2015, 65.5% (123,320.6 km?). In other words, woody vegetation increased 4.6% between
2002-2010 and reduced 3% between 2010-2015. For woody vegetation, 90.4% was identified
as forest in 2002, 72.1% in 2010 and 67.6% in 2015. LULC trends for the entire CGE shows
that secondary vegetation increased significantly from 2002 to 2010 (R = 0.94, p< 0.01)
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whereas forest (R =-0.96, p< 0.001) and agriculture (R = -0.64, p< 0.05 for grassland; R =
-0.64, p<0.06 for crop; R = -0.89, p< 0.02 for palm) decreased showing a progressive replace-
ment of forest and agriculture with secondary vegetation (Fig 3). Some of these trends changed
between 2010 to 2015; woody vegetation declined but not significantly, forest maintained its
decreasing trend (R = -0.98, p< 0.001), and grassland increased (R = 0.85, p< 0.02) while the
other agricultural land use trends did not show significant trends (Fig 3). These results show
that deforestation transitions (changes from forest or secondary vegetation to farm covers)
was higher between 2010-2015 than 2002-2010 and indicate that grassland was the main land
cover that replaced woody vegetation (forest and secondary vegetation) between 2010-2015.

When LULC trends are compared between political divisions during 2002-2010, we found
that woody vegetation increased in the Colombian and Ecuadorian CGE during 2002-2010
(R=10.78, p< 0.01; R = 0.64, p< 0.05) but did not show a significant trend in the Panamanian
CGE. Secondary vegetation increased significantly in every national territory (R = 0.95, p<
0.01 for Panamad; R = 0.91 p< 0.01 for Colombia, and R = 0.85, p< 0.01 for Ecuador) while for-
est decreased (R = -0.89, p< 0.01 for Panama; R = -0.95 p< 0.001 for Colombia, and R = -0.94,
p< 0.01 for Ecuador). Grassland decreased in the Colombian CGE (R = -0.68 p< 0.04) but it
did not show a significantly trend in Panama and Ecuador. Crops decreased in the Ecuadorian
CGE (R =-0.63 p< 0.05) and palm plantation decreased in the Colombian CGE (R = -0.86 p<
0.01). Between 2010-2015, some of the previous trends changed. Woody vegetation decreased
significantly in Panamanian and Colombian CGE (R = -0.94, p< 0.01; R = -0.89, p< 0.02), for-
est maintained its decreasing trend in all three countries (R = -0.85, p< 0.02 for Panamd; R =
-0.91 p< 0.01 for Colombia, and R = -0.96 p< 0.02 for Ecuador), grassland increased in Pan-
ama and Colombia (R = 0.86, p< 0.03 for Panama; R = 0.89 p< 0.02 for Colombia, and
R =0.63 p< 0.03 for Ecuador), and crops tended to decrease non significantly in the three
countries (Table 1).

The analysis of LULC transition showed that grassland was the most frequent deforestation
driver between 2002 to 2010 for the entire CGE (63%) and for each country (73% in Panama,
65% in Colombia, and 58% in Ecuador) (Fig 4A; S6 Table). Grassland was also the most fre-
quent land cover that change to secondary forest (reforestation) across the entire CGE (50%),
in Panamd (65%), and Colombia (58%), but it was different in Ecuador where crops were the
most frequent type to convert to secondary vegetation (55%) (Fig 4B; S6 Table). Subsequently,
from 2010 to 2015, LULC transitions also showed that grassland was most frequent deforesta-
tion driver across the CGE (73%) as well as in every country (94% in Panama, 76% in Colom-
bia, and 59% in Ecuador) (Fig 5A; S7 Table). Grassland was also the most frequent land cover
that converted to secondary vegetation during 2010-2015 for the CGE (47%) and in two coun-
tries (68% to Panama and 53% to Colombia). In Ecuador, crops to secondary vegetation was
the highest reforestation transition (55%) again (Fig 5B, S7 Table). The net deforestation was
almost two times higher during 2010-2015 (15,145 km?) than 2002-2010 (7,228 km?) in the
CGE,; this pattern was similar in every country (Figs 4A and 5A). Conversely, net reforestation
was higher between 20022010 (17783 km?) than 2010-2015 (9120 km?) in the CGE. As well,
reforestation tended to be higher in every country during 2002-2010 compared to 2010-2015
(Figs 4B and 5B).

Discussion
Heterogeneity of LULC temporal dynamics

LULC change trends have been temporally heterogeneous across the CGE. We identified an
overall increase in woody vegetation driven mainly by an increase in secondary vegetation
between 2002-2010, this increase, however, ceased between 2010-2015. Conversely, grassland
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Table 1. Correlations of land-use and land-cover (LULC) change trends among administrative divisions; The Choco-Darien Global Ecoregion (CGE), Colombian
CGE (Col CGE), Ecuadorian CGE (Ecu CGE), and Panamanian CGE (Pan CGE). Pearson’s correlation coefficient (R) are shown for two time periods 2002-2010 and

2010-2015. Significant codes: 0 “**>0.001 *“*> 0.01 ** 0.05.

Region |Time Woody Veg. R(p) | Forest R(p) Second. Veg. R | Grass-land R(p) | Crops R(p) Palm-Plan R(p) | Wet-land R(p)
P
CGE 2002-2010 0.81 (0.02)* -0.69 | -0.96 (0.001)*** -0.98 | 0.94 (0.01)** -0.64 (0.05)* 0.85 | -0.65 (0.06) -0.75 | -0.89 (0.02)* 0.89 | 0.51 (0.16) -0.56
2010-2015 (0.13) (0.001)*** 0.17 (0.75) (0.03)* (0.07) (0.07) (0.25)
Col 2002-2010 0.78 (0.01)** -0.95 (0.001)*** -0.91 | 0.91 (0.01)** -0.68 (0.04)* -0.33.(0.39) -0.86.(0.01)** 0.08 (0.86) -0.54.
CGE 2010-2015 -0.89(0.02)* (0.01)** -0.14 (0.8) 0.89.(0.02)* -0.57.(0.24) -0.01.(0.99) (0.27)
Ecu 2002-2010 0.64 (0.05)* -0.11 | -0.94 (0.01)* * -0.96 0.85 (0.01)** 0.14 (0.74) 0.03 | -0.63 (0.05)* -0.56 (0.15) 0.31 0.96 (0.01)**
CGE 2010-2015 (0.84) (0.02)* 0.22 (0.68) (0.63) -0.72 (0.11) (0.54) -0.14 (0.8)
Pan 2002-2010 -0.57 (0.11) -0.94 | -0.89 (0.01)** -0.85 0.95 (0.01)** 0.39 (0.3) 0.86 0.06 (0.88) -0.78 | 0.1 (0.8) 0.36 0.36 (0.34) 0.75
CGE 2010-2015 (0.01)** (0.02)* 0.73 (0.1) (0.03)* (0.07) (0.22) (0.09)
https://doi.org/10.1371/journal.pone.0211324.t1001
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Ecoregion (CGE), Colombian CGE (Col CGE), Ecuadorian CGE (Ecu CGE), and Panamanian CGE (Pan CGE).
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showed an overall decrease between 2002-2010 and an overall increase between 2010-2015.
These trend shifts were similar between the Colombian and Ecuadorian portions (92% of CGE
land) and suggest that external drivers could affected LULC change across the CGE. During
the first decade of this century (2000-2010), the Colombian and Ecuadorian agricultural sec-
tors declined, thus reducing cultivated (grassland, crops, palm) area and allowing for the
growth of secondary vegetation. The Colombian agriculture sector decreased 1.1% during this
period [84-86] while the Ecuadorian agricultural sector decreased by 1.8%. This was remark-
able in Ecuador because its agricultural sector had grown by 6.1% between 1990-2000 [87].
Increases in secondary vegetation were also found in several developing countries within Latin
America during the first ten years of the present century [5]. Some scholars have claimed that
the globalization of markets negatively impacted the agriculture sectors of these countries
resulting in abandonment of farm land and eventual reforestation [88,89]. Subsequently, from
2010 to 2015, Colombia and Ecuador showed a remarkable acceleration in their economic
growth due to the global increase in the price of mining products (specially, oil, coal, energy,
and gold). This acceleration could have a positive impact on all sectors of their economies
(improving transportation routes, infrastructure in general, market for farming products)
intensifying the use of farming areas. In Colombia, gross domestic agricultural product grew
from negative values in 2009 to 5.5% in 2014 [90] and two important routes that cross large
areas of the Colombian CGE were built (the route Tumaco- Tuquerres in Narifio department
and the route Virginia-Quibdé in Risaralda and Choco departments). These routes correspond
to some of the deforestation that we identified in our maps. In Ecuador, gross domestic agri-
cultural product grew 6% from 2009 to 2013 [91]. This increase in agricultural production
should have had a negative effect on the regeneration of secondary vegetation thus increasing
deforestation as our results indicate. Some authors have claimed that reforestation in the
Colombian CGE territory during 2002-2010 occurred principally due to land abandonment
caused by internal armed conflicts in Colombia [34]. However, we found the same pattern in
Ecuador during the same period (2002-2010), a country with no armed conflict. The regrowth
of secondary vegetation across farming areas was proportionally higher in the Ecuadorian
CGE compared to the Colombian CGE. Additionally, we found that reforestation has
decreased significantly between 2010-2015 in the Colombian CGE while the armed conflict
was still occurring and this area had a strong presence of the two main guerrilla groups in
Colombia. This evidence suggests that economic growth could have a greater influence on the
balance of deforestation and reforestation compared to local phenomenon such as armed con-
flicts. The Panamanian economy is not based on agriculture (main sectors in Panama are
transportation, communication, market, services and banking) [92]. This could explain the flat
trend for woody vegetation in the Panamanian CGE through 2002-2010; however, reductions
in woody vegetation, secondary vegetation and forest also occurred in the Panamanian CGE
during 2010-2015 indicating increased human land use driven by economic growth during
this time period. Panamad had the highest economic growth in Latin America between 2000-
2013 (7.2% on average) [92,93]. Only forest had an overall consistent temporal trend cross the
CGE, and tended to decline during both time periods across the three countries. Our split of
woody vegetation into secondary vegetation and forest allowed us identify this progressive
replacement of well-preserved forest primarily by grassland and secondary vegetation. Forest
reduction has been documented in the Colombian CGE [8] and in the Ecuadorian CGE [26]
between 2001-2010 using Landsat data and discriminations between forest and secondary
vegetation.

Agricultural expansion was the most frequent deforestation driver during both time periods
across the CGE; 98% of deforestation due to agricultural conversion and 1% by the establish-
ment of settlement and infrastructure. Our results agree with other reports showing
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agricultural expansion as the main deforestation driver in the tropics [94,95]. In addition, we
analyzed sub-categories of agricultural deforestation drivers (grassland, crops, and palm plan-
tations) and found that grassland conversion was the main cause of deforestation across the
CGE during both time periods. Extensive cattle grazing is a main agricultural activity for the
areas corresponding to Magdalena-Uraba Ecoregion (46% of the CGE land and this entire
sub-ecoregion is in Colombia) and to Western Ecuador Ecoregion (17% of the CGE land and
the entire sub-ecoregion is in Ecuador) (Fig 1B) [96-99]. Other causes that explain the gradual
replacement of forest by grassland and secondary vegetation cross the CGE during both time
periods (2002-2010 and 2010-15) are the colonial process and the land possession policies of
Colombia, Ecuador and Panama. Basically, colonists are required to prove they are using land
in order to become landowners. The cheapest and fastest method to prove land use is to con-
vert forest to grassland. However, many of these deforested areas are underutilized and they
consequently revert to secondary vegetation. Evidence supporting this hypothesis has been
documented by other scholars; Davalos et al. (2014) found that forest conversion to grassland
in several areas of the Amazon within Colombia were not related to beef production. They
concluded that colonists were removing forest to prove active land use, gain ownership of the
property, and wait for land values to increase [30]. IGAC (2015) found that deforestation after
colonization in areas with fragile soils, such as Choco-Darien ecoregion of the CGE (Fig 1B),
resulted in 38% of soils becoming unproductive in Colombia [100]. Historically, land posses-
sion has been a main source of economic and political power in Colombia and Ecuador result-
ing in land conflicts [9,101]. Consequently, future pressure on forest areas across the CGE
could increase since this area hosts the largest population of colonist in Panama and Ecuador
[9,102].

Reforestation transitions were also heterogeneous cross the CGE. Grassland to secondary
vegetation was the highest reforestation transition cross the CGE; however, it was different in
the Ecuadorian CGE (16% of the CGE land) where crop conversion to secondary vegetation
was the highest reforestation transition during both time periods (2002-2010 and 2010-2015).
Agriculture consisting of annual or semiannual crops (corn, plantain, coffee, rice) was the
principal driver of reforestation in the Ecuadorian CGE during 1990 and 2000 [9]. Manabi,
Esmeraldas (the south side), and Santo Domingo (the largest Ecuadorian provinces in the
CGE) are provinces considered to specialized in crop production, but cattle has increased
since 2000 in this region while crops have decreased; presently, about 50% of the land consists
of cultivated grassland and 18% by crops [103,104] and are consistent with our results.

Some scholars have claimed that palm plantations were one of the main drivers of defores-
tation in the CGE [53,105-107]. Our results showed that palm plantation was the third most
significant deforestation driver across the CGE and its effect on forest and woody vegetation
was different in every country; palm was the second deforestation driver in Colombia and the
third in Ecuador. Panamad did not have palm plantations and thus it was not a factor in that
country. Also, the reduction of forest as a result of palm plantations is substantial lower than
the reduction produced by grassland cross the CGE. The zones that we identified as areas with
palm plantation in Colombia coincide with the municipalities identified as areas with palm
plantations by the Colombian Federation of Palm Farmers [108]. Specifically, we found that
palm plantations were concentrated in three areas: Near the Colombia-Ecuador border,
around the Uraba gulf, and cross Magdalena valley. As well, we found that palm plantations
are partially spread cross the Ecuadorian CRB, which agrees with Ecuadorian studies about
palm distribution; the Ecuadorian CGE is the region with the most palm plantations in this
country and these cultivated areas have doubled between 2000 and 2010 [109].

Mining for mineral resources has been a primary historical economic activity along the
Pacific coast of Colombia within the CGE. Due to the increasing price of gold, silver and
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platinum in international markets between 2010 and 2015, mining has increased with little
governmental control in the Colombian Choco-Darien. Miners cut down forest, turn the soil,
and separate minerals from soil material using mercury with water from nearby rivers. Addi-
tionally, areas are deforested to build roads to transport machinery [110,111]. Frequently, this
mining activity occurs in smaller areas than our MODIS pixels size (231.3 m?); consequently,
the spatial scale of our analysis did not allow us to study this driver of deforestation. Further-
more, up-to-date maps of mining activities do not exist and high resolution imagery for this
portion of the study area are consistently cloud covered. Recently, the Colombian government
has been using aerial cameras to document illegal mining in specific areas of the CGE, how-
ever, these methodologies are not applicable for an analysis of the entire region. Illegal farming
activity, predominantly coca (Erythroxylum coca), is commonly found in the Colombian side
(Narifio Department) near the border with Ecuador [112]. These areas were coincident with
one of the deforestation areas that we identify in our maps. Although, we cannot discriminate
coca crops from other farming activities, the documented distribution of this crop is evidence
of its significant influence as a deforestation driver within the CGE.

On the conservation of biodiversity

Considering the high diversity and endemism of the CGE, the rapid reduction of forest is a pri-
mary concern for conservation activities. Currently the CGE still has significant reserves of
original forest. FAO (2010) estimated that 64% of the global woody vegetation corresponded
to forest regeneration following anthropogenic disturbances [113]. We estimate that 34% of
woody vegetation in the CGE in 2015 corresponded to secondary vegetation, suggesting that
the CGE has a higher proportion of well conserved forest (42% by our estimate) than other
areas across the world. These areas support high levels of biodiversity making them important
for conservation. Tropical rain forest areas across the CGE occupied 83312 km? in 2015; there-
fore, the CGE contains the second largest mass of tropical rain forest in South America, after
the Amazon Basin. However, the fast and gradual replacement of forest areas by secondary
vegetation points to another main concern. The high levels diversity and endemism prior to
deforestation in these forests cannot be recovered after reforestations. That is, secondary for-
ests evolving from secondary vegetation will have decreased biodiversity and different species
assemblages [114].

The most conserved forests in the CGE are located in Panama and along the pacific coast of
Colombia. Human colonization has been restricted in these areas by two main geographic bar-
riers, the Andes Mountains in the east and the Pacific Ocean to the west. However, the defores-
tation line has moved forward in two primary locations: to the east of the Colombia-Panamd
border (in the northeast of these well-preserved forests) and on the Colombia-Ecuadorian bor-
der (to the south of these well-preserved forests). Mitigating deforestation in these two areas is
critical to the conservation of the CGE. The integration of our time series of maps (built using
standard remote sensing products) and field data on essential biodiversity variables [38,40]
could be used to estimate biodiversity change in the context of LULC change.

Map-production methodology

The methodology applied in this work created accurate LULC maps in one of the cloudiest
areas of the planet. This methodology can be also used to create LULC maps with higher spa-
tial resolution in cloudy areas using other sensors with relatively high temporal resolution.
During the first 15 years of the 21 century, MODIS was the only sensor with moderate spatial
resolution that offered enough temporal resolution to apply our methodology to build LULC
maps in the CGE. After 2015, other sensors with higher spatial resolution, such as Landsat-7,
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Landsat-8 and Sentinel-2, have started to produce data with high temporal grain (when cou-
pled together) for every part of the Earth. Merging the data produced by these sensors effec-
tively increases their individual temporal grain and could be used to generate yearly LULC
maps that allow for the identification of forest successions in greater detail.

Developing annual maps of LULC across the CGE using satellite-based remote sensing
instruments with higher spatial resolution than MODIS had not been successful. The United
Nations Collaborative Program on reducing emissions from deforestation and forest degrada-
tion (REDD) in Colombia used available Landsat imagery to develop four forest/non-forest
land cover maps for the years 2000, 2005, 2010 and 2012 [115,116]. Each of these maps were
developed using Landsat mosaics consisting of 3-4 contiguous years of imagery resulting in
13% of the area with no-information due to cloud cover. Our approach, using MODIS, allowed
us to develop annual maps from 2002 to 2015 and identify LULC trends with a finer temporal
grain. However, the MODIS pixel size cannot detect land cover change smaller than the 250
m” nominal pixel size which could affect our results. We therefore compared the published
trends of the four Landsat forest/no-forest maps from the Colombian REDD project with our
MODIS maps for the same time periods. This analysis showed similar forest change trends
between the Landsat and MODIS products; forest cover change trends were negatively corre-
lated in similar proportions in the Landsat and MODIS maps (Landsat: R = -0.99, p = 0.003;
MODIS: R = -0.97, p = 0.02). We also compared the woody vegetation change (forest and sec-
ondary vegetation) of our 2002 and 2014 MODIS land cover maps with the global forest
change (GFC) maps of Hansen et al. (2013), which estimated loss and gain of tree cover
between 2000 and 2014. To make an accurate comparison, we clipped the area classified as for-
est in our initial 2002 LULC map along with the LULC change between 2002 and 2014. We
extracted the corresponding area of tree cover, tree loss and tree gain between 2000-2014 from
the GFC database. The GFC product did not distinguish between forest (old forest) and sec-
ondary vegetation (young forests) as we did. Therefore, we combined these two classes into
simply “woody vegetation” for the comparison. Our MODIS-based maps detected 6.35%
woody vegetation loss between 2002 and 2014 compared to 3.9% for the GFC product. This
level of non-agreement can be explained by the differences in spatial and temporal resolution
as well as the definition of map classes between the GFC Landsat-based maps and our
MODIS-based maps. The GFC database consists of two global maps of tree cover percentage
for 2000 and 2014. The GFC database does not record the dynamics of tree cover between
these two dates; consequently, the GFC does not discriminate between younger and older tree
cover. Further, the increased spatial resolution of the GFC product compared to MODIS
allows forest transitions to be identified at a finer scale. Small areas of non-forest within a
matrix of forest tended to be classified as secondary forest using MODIS whereas the GFC
product seemed to identify these areas as non-forest. Consequently, our MODIS-based prod-
uct seemed to overestimate deforestation as compared to the GFC database. However, this dif-
ference is mitigated by the inclusion of widespread palm plantations and wetlands as tree
cover in the GFC product where we were able exclude them from our classification of forest. A
direct comparison, therefore is difficult.

We used the GFW processed MODIS MOD13Q1 to build the LULC annual maps. The
MOD13Q1 dataset is a 250m resolution 16-day composite product calibrated to reflectance
using an atmospheric correction for aerosol gases, and a BRDF (Bidirectional Reflectance Dis-
tribution Function) adjustment [117,118]. MOD13Q1 adopts two cloud filters [36,119] and an
aerosol quality filter. Recently, other MODIS products, such as MOD09 (MOD09Q1 and
MODO09A1), have been developed with improved cloud filtering using the MAIAC algorithm
(Multi-Angle Implementation of Atmospheric Correction) [120]. We chose to use the
MOD13Q1 product over the MODO09 products after comparing annual time series of NDVIs
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of both products. We found that, overall, the pre-GFW NDVI temporal sequence of
MOD13Q1 (original data) time series are less variable than the NDVI temporal sequence of
MOD09Q1 within the CGE, and where pixels coincided temporally between the two products
on the 16-day cycle, the calculated NDVI values were often identical between the two products.
Consequently, the MOD13Q1 time series after GWF had significantly less variation (t = 5.54;
p = 0.02), allowing for a better discrimination between land cover types. Additionally,
MODO09Q1 consists of only the first two spectral MODIS bands (red and NIR) which would
not provide an EVI calculation and the MODO09A1 product, which allows for a calculation of
EVT, has a spatial resolution of 500m reducing our ability to discriminate between spatially
adjacent land cover types. Therefore, for our purposes, we found the MOD13Q1 product supe-
rior to the MODO09 products.

Conclusions

By analyzing annual land-use and land-cover (LULC) change dynamics in the Choc6-Darien
Global Ecoregion (CGE), we found that LULC change varied temporally. Deforestation and
reforestation occurred across the CGE; however, deforestation increased after 2010 showing
an increased risk for CGE conservation. We detected a gradual replacement of forest areas by
secondary vegetation and agriculture, mainly grassland, which would then transition to sec-
ondary vegetation. The increased loss of forest after 2010 should be an important concern for
the preservation of CGE biodiversity because forests in this ecoregion have high levels of spe-
cies richness and endemism which are difficult to recover through reforestation. In other
words, secondary forests evolving from secondary vegetation would have decreased biodiver-
sity and different species assemblages [114].

We also found spatial variations that need to be considered when developing CGE-wide
management plans aimed at preserving biodiversity and ecosystem services. Across national
boundaries, the Ecuadorian section had the smallest proportion of forest (11%; 3578.6 km?;
mostly located in the north near the border with Colombia), for that reason, restoration pro-
grams are urgently needed in the Ecuadorian CGE. The Colombian CGE had the largest area
of forest (66160 km? mostly located in the east along the pacific coast from the Panamanian
border, south to the northern border of the Cauca Department) but also the largest deforested
area. The Panamanian CGE contains the largest proportion of forest within their boundaries
(88%; 13569 km?) but this forested area is only 8% of the CGE. However, the forest in the Pan-
amanian CGE are fundamental to the connection of fauna and flora between Central and
South America because these forests span the Isthmus of Panama a land bridge for the biodi-
versity for the American continent. Regions with high deforestation transitions, such as the
southern Colombian CGE, show areas where forest protection strategies should be imple-
mented. Whereas regions with high reforestation transitions can identify areas in which forest
restoration programs might be established, as the north of the Ecuadorian CGE, for example.

Our methodological approach for producing accurate LULC maps can be applied in other
cloudy regions using open source software and imagery available at no cost.

Supporting information

S1 Table. High spatial resolution imagery used to the visually interpreting of the land-use
and land-cover (LULC) classes.
(DOCX)

S2 Table. Table of response and predictor variables used in the Random Forest classifica-
tion. S2 Table is in CSV format. This table can be download in the next link https://zenodo.

PLOS ONE | https://doi.org/10.1371/journal.pone.0211324 February 1, 2019 18/25


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211324.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211324.s002
https://zenodo.org/record/2543865#.XEI9llxKiM8
https://doi.org/10.1371/journal.pone.0211324

®PLOS | one

Land cover change in the Choc6-Darien global ecoregion of South America

org/record/2543865#. XEI9lIxKiMS8.
(DOCX)

$3 Table. Original distribution of the land-use and land-cover (LULC) classes and sam-
pling reduction.
(DOCX)

$4 Table. Confusion matrix of the second independent group from the original data.
Kappa, commissions and omissions are in the matrix.
(DOCX)

S5 Table. Confusion matrix of the second independent group from the data when woody
vegetation class is reduced as the grassland class number. Kappa, commission and omission
are in the matrix.

(DOCX)

S6 Table. Deforestation (deforestation drivers) and reforestation transitions from 2002 to
2010.
(DOCX)

S7 Table. Deforestation (deforestation drivers) and reforestation transitions from 2010 to
2015.
(DOCX)

S1 Codes. R codes used for the Random Forest classification (run with S2 Table).
(DOCX)

Acknowledgments

We acknowledged COLCIENCIAS-Colombia (529-2011) and Fulbright-US to support this
research, Ecology Center and Remote Sensing/GIS lab of Utah State University-US to provide
additional financial and technical support, DigitalGlobe Foundation to provide the high spatial
resolution imagery, IDEAM-Colombia and IGAC-Colombia to provide data and technical
support, and IDEA WILD to provide equipment.

Author Contributions

Conceptualization: ]. Camilo Fagua, R. Douglas Ramsey.
Data curation: ]. Camilo Fagua.

Formal analysis: ]. Camilo Fagua, R. Douglas Ramsey.
Funding acquisition: ]. Camilo Fagua, R. Douglas Ramsey.
Investigation: J. Camilo Fagua, R. Douglas Ramsey.
Methodology: J. Camilo Fagua, R. Douglas Ramsey.
Resources: J. Camilo Fagua, R. Douglas Ramsey.
Supervision: R. Douglas Ramsey.

Validation: J. Camilo Fagua, R. Douglas Ramsey.
Visualization: J. Camilo Fagua.

Writing - original draft: . Camilo Fagua, R. Douglas Ramsey.

PLOS ONE | https://doi.org/10.1371/journal.pone.0211324 February 1, 2019 19/25


https://zenodo.org/record/2543865#.XEI9llxKiM8
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211324.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211324.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211324.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211324.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211324.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211324.s008
https://doi.org/10.1371/journal.pone.0211324

®PLOS | one

Land cover change in the Choc6-Darien global ecoregion of South America

Writing - review & editing: J. Camilo Fagua, R. Douglas Ramsey.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Etter A, McAlpine C, Phinn S, Pullar D, Possingham HP. Characterizing a tropical deforestation wave:
a dynamic spatial analysis of a deforestation hotspot in the Colombian Amazon. Glob Chang Biol.
2006; 12: 1409-1420. https://doi.org/10.1111/j.1365-2486.2006.01168.x

Hansen MC, Potapov P V, Moore R, Hancher M, Turubanova SA, Tyukavina A, et al. High-Resolution
Global Maps of 21st-Century Forest Cover Change. Science (80-). 2013; 342: 850-853. https://doi.
org/10.1126/science.1244693 PMID: 24233722

Lambin EF, Geist HJ, Lepers E. Dynamics of land-use and land-cover change in tropical regions.
Annu Rev Environ Resour. 2003; 28: 36.

Olson DM, Dinerstein E, Wikramanayake ED, Burgess ND, Powell GVN, Underwood EC, et al. Terres-
trial ecoregions of the worlds: A new map of life on Earth. Bioscience. 2001; 51: 933-938. https://doi.
org/10.1641/0006-3568(2001)051[0933:teotwa]2.0.co;2

Aide TM, Clark ML, Grau HR, Lopez-Carr D, Levy M a., Redo D, et al. Deforestation and Reforestation
of Latin America and the Caribbean (2001-2010). Biotropica. 2013; 45: 262—271. https://doi.org/10.
1111/j.1744-7429.2012.00908.x

Li W, Ciais P, MacBean N, Peng SS, Defourny P, Bontemps S. Major forest changes and land cover
transitions based on plant functional types derived from the ESA CCI Land Cover product. Int J Appl
Earth Obs Geoinf. 2016; 47: 30—39. https://doi.org/10.1016/j.jag.2015.12.006

Pfaff A, Amacher G, Sills E, Coren M, Streck C, Lawlor K. Deforestation and Forest Degradation: Con-
cerns, Causes, Policies, and Their Impacts. In: Shogren J., editor. Encyclopedia of Energy, Natural
Resource, and Environmental Economics. Amsterdam: Elsevier; 2013. pp. 144—149.

Gonzélez JJ, Sarmiento AH, Ramirez C, Cabrera E, Vargas D, Galindo G, et al. Andlisis de tendencias
y patrones espaciales de deforestacion en Colombia. Bogota D.C., Colombia: Instituto de Hidrologia,
Meteorologia y Estudios Ambientales-IDEAM; 2011.

Sierra R. Patrones y factores de deforestacion en el Ecuador continental, 1990-2010. Y un acerca-
miento a los préximos 10 afios [Internet]. Quito, Ecuador: Conservation International; 2013. Available:
http://www.forest-trends.org/documents/files/doc_3396.pdf

Sanchez-Cuervo AM, Aide TM, Clark ML, Etter A. Land Cover Change in Colombia: Surprising Forest
Recovery Trends between 2001 and 2010. PLoS One. 2012; 7. https://doi.org/10.1371/journal.pone.
0043943 PMID: 22952816

Gardner TA, Burgess ND, Aguilar-Amuchastegui N, Barlow J, Berenguer E, Clements T, et al. A
framework for integrating biodiversity concerns into national REDD+ programmes. Biol Conserv. THE
BOULEVARD, LANGFORD LANE, KIDLINGTON, OXFORD OX5 1GB, OXON, ENGLAND: ELSE-
VIER SCI LTD; 2012; 154: 61-71. https://doi.org/10.1016/j.biocon.2011.11.018

Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB, Kent J. Biodiversity hotspots for conser-
vation priorities. Nature. 2000; 403: 853—858. https://doi.org/10.1038/35002501 PMID: 10706275

Primack RB, Corlett RT. Tropical Rain Forests: An Ecological and Biogeographical Comparison.
Oxford, UK: Blackwell Publishing; 2009.

WWF WWEF. Choco-Darien Moist Forests [Internet]. 2016. Available: http://wwf.panda.org/about_our
earth/ecoregions/chocodarien_moist_forests.cfm

Armenteras D, Rodriguez N, Retana J. Are conservation strategies effective in avoiding the deforesta-
tion of the Colombian Guyana Shield? Biol Conserv. 2009; 142: 1411-1419. https://doi.org/10.1016/j.
biocon.2009.02.002

Dutra Aguiar AP, Ometto JP, Nobre C, Lapola DM, Almeida C, Vieira IC, et al. Modeling the spatial
and temporal heterogeneity of deforestation-driven carbon emissions: the INPE-EM framework
applied to the Brazilian Amazon. Glob Chang Biol. 2012; 18: 3346—-3366. https://doi.org/10.1111/j.
1365-2486.2012.02782.x

INPE IN de PEPP. Projeto Prodes: Monitoramento da Floresta Amazonica brasileira por satélite. In:
Instituto Nacional de Pesquisas Espaciais Projeto Prodes [Internet]. 2015. Available: http://www.obt.
inpe.br/prodes/index.php

Rodriguez N, Armenteras D, Molowny-Horas R, Retana J. Patterns and Trends of Forest Loss in the
Colombian Guyana. Biotropica. 2012; 44: 123—-132. https://doi.org/10.1111/j.1744-7429.2011.00770.
X

Soares BS, Nepstad DC, Curran LM, Cerqueira GC, Garcia RA, Ramos CA, et al. Modelling conserva-
tion in the Amazon basin. Nature. 2006; 440: 520-523. https://doi.org/10.1038/nature04389 PMID:
16554817

PLOS ONE | https://doi.org/10.1371/journal.pone.0211324 February 1, 2019 20/25


https://doi.org/10.1111/j.1365-2486.2006.01168.x
https://doi.org/10.1126/science.1244693
https://doi.org/10.1126/science.1244693
http://www.ncbi.nlm.nih.gov/pubmed/24233722
https://doi.org/10.1641/0006-3568(2001)051[0933:teotwa]2.0.co;2
https://doi.org/10.1641/0006-3568(2001)051[0933:teotwa]2.0.co;2
https://doi.org/10.1111/j.1744-7429.2012.00908.x
https://doi.org/10.1111/j.1744-7429.2012.00908.x
https://doi.org/10.1016/j.jag.2015.12.006
http://www.forest-trends.org/documents/files/doc_3396.pdf
https://doi.org/10.1371/journal.pone.0043943
https://doi.org/10.1371/journal.pone.0043943
http://www.ncbi.nlm.nih.gov/pubmed/22952816
https://doi.org/10.1016/j.biocon.2011.11.018
https://doi.org/10.1038/35002501
http://www.ncbi.nlm.nih.gov/pubmed/10706275
http://wwf.panda.org/about_our_earth/ecoregions/chocodarien_moist_forests.cfm
http://wwf.panda.org/about_our_earth/ecoregions/chocodarien_moist_forests.cfm
https://doi.org/10.1016/j.biocon.2009.02.002
https://doi.org/10.1016/j.biocon.2009.02.002
https://doi.org/10.1111/j.1365-2486.2012.02782.x
https://doi.org/10.1111/j.1365-2486.2012.02782.x
http://www.obt.inpe.br/prodes/index.php
http://www.obt.inpe.br/prodes/index.php
https://doi.org/10.1111/j.1744-7429.2011.00770.x
https://doi.org/10.1111/j.1744-7429.2011.00770.x
https://doi.org/10.1038/nature04389
http://www.ncbi.nlm.nih.gov/pubmed/16554817
https://doi.org/10.1371/journal.pone.0211324

®PLOS | one

Land cover change in the Choc6-Darien global ecoregion of South America

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Swann ALS, Longo M, Knox RG, Lee E, Moorcroft PR. Future deforestation in the Amazon and conse-
quences for South American climate. Agric For Meteorol. 2015; 214: 12-24. https://doi.org/10.1016/j.
agrformet.2015.07.006

Davidson EA, de Araujo AC, Artaxo P, Balch JK, Brown IF, C. Bustamante MM, et al. The Amazon
basin in transition. Nature. Nature Publishing Group, a division of Macmillan Publishers Limited. All
Rights Reserved.; 2012; 481: 321. https://doi.org/10.1038/nature10717 PMID: 22258611

Calmon M, Brancalion PHS, Paese A, Aronson J, Castro P, da Silva SC, et al. Emerging Threats and
Opportunities for Large-Scale Ecological Restoration in the Atlantic Forest of Brazil. Restor Ecol.
Blackwell Publishing Ltd; 2011; 19: 154—158. https://doi.org/10.1111/j.1526-100X.2011.00772.x

Lira PK, Tambosi LR, Ewers RM, Metzger JP. Land-use and land-cover change in Atlantic Forest land-
scapes. For Ecol Manage. 2012; 278: 80—89. http://dx.doi.org/10.1016/j.foreco.2012.05.008

Ribeiro MC, Metzger JP, Martensen AC, Ponzoni FJ, Hirota MM. The Brazilian Atlantic Forest: How
much is left, and how is the remaining forest distributed? Implications for conservation. Biol Conserv.
2009; 142: 1141-1153. https://doi.org/10.1016/j.biocon.2009.02.021

Gentry AH. Species richness and floristic composition of Choco Region plant communities. Caldasia.
1986; 15: 5.

Ministerio del Ambiente del Ecuador. Linea base de deforestacion del Ecuador continental [Internet].
Quito, Ecuador: Ministerio del Ambiente del Ecuador; 2012. Available: http://sociobosque.ambiente.
gob.ec/files/Folletomapa-parte1.pdf

DeFries RS, Rudel T, Uriarte M, Hansen M. Deforestation driven by urban population growth and agri-
cultural trade in the twenty-first century. Nat Geosci. Nature Publishing Group; 2010; 3: 178-181.
http://www.nature.com/ngeo/journal/v3/n3/suppinfo/ngeo756_S1.html

Friedl MA, Sulla-Menashe D, Tan B, Schneider A, Ramankutty N, Sibley A, et al. MODIS Collection 5
global land cover: Algorithm refinements and characterization of new datasets. Remote Sens Environ.
2010; 114: 168—182. https://doi.org/10.1016/j.rse.2009.08.016

Aldrich SP, Walker RT, Arima EY, Caldas MM, Browder JO, Perz S. Land-cover and land-use change
in the Brazilian Amazon: Smallholders, ranchers, and frontier stratification. CLARK UNIV, WORCES-
TER, MA 01610 USA: ECONOMIC GEOGRAPHY; 2006; 82: 265—288.

Davalos LM, Holmes JS, Rodriguez N, Armenteras D. Demand for beef is unrelated to pasture expan-
sion in northwestern Amazonia. Biol Conserv. 2014; 170: 64—73. https://doi.org/10.1016/j.biocon.
2013.12.018

Godar J, Tizado EJ, Pokorny B. Who is responsible for deforestation in the Amazon? A spatially
explicit analysis along the Transamazon Highway in Brazil. For Ecol Manage. 2012; 267: 58—73. http://
dx.doi.org/10.1016/j.foreco.2011.11.046

La Vifa A, De Leon A. “Two Global Challenges, One Solution: International Cooperation to Combat
Climate Change and Tropical Deforestation.” Center for Global Development Working Paper No 388.
Washington, DC: Center for Global Development; 2014. p. 52.

UNFCCC UNFC on CC. Report of the Conference of the Parties on its twenty-first session, held in
Paris from 30 November to 13 December 2015. Paris: United Nations; 2015.

Sanchez-Cuervo AM, Aide TM. Identifying hotspots of deforestation and reforestation in Colombia
(2001-2010): implications for protected areas. Ecosphere. 2013; 4. https://doi.org/10.1890/ES13-
00207.1

Poveda G, Mesa OJ. On the existence of Lloro (the rainiest locality on earth): Enhanced ocean-land-
atmosphere interaction by a low-level jet. Geophys Res Lett. 2000; 27: 1675—-1678. https://doi.org/10.
1029/1999¢1006091

Ackerman S, Strabala K, Menzel P, Frey R, Moeller C, Gumley L, et al. Discriminating clear-sky from
clouds with MODIS. Algorithm Theoretical Basis Document (MOD35). Madison, US: University of
Wisconsin—NOAA; 2006.

Nitze |, Barrett B, Cawkwell F. Temporal optimisation of image acquisition for land cover classification
with Random Forest and MODIS time-series. Int J Appl Earth Obs Geoinf. PO BOX 211, 1000 AE
AMSTERDAM, NETHERLANDS: ELSEVIER SCIENCE BV; 2015; 34: 136—146. https://doi.org/10.
1016/j.jag.2014.08.001

Luque S, Pettorelli N, Vihervaara P, Wegmann M. Improving biodiversity monitoring using satellite
remote sensing to provide solutions towards the 2020 conservation targets. Methods Ecol Evol. 111
RIVER ST, HOBOKEN 07030-5774, NJ USA: WILEY; 2018; 9: 1784—-1786. https://doi.org/10.1111/
2041-210X.13057

Pereira HM, Ferrier S, Walters M, Geller GN, Jongman RHG, Scholes RJ, et al. Essential Biodiversity
Variables. Science (80-). American Association for the Advancement of Science; 2013; 339: 277-278.
https://doi.org/10.1126/science.1229931 PMID: 23329036

PLOS ONE | https://doi.org/10.1371/journal.pone.0211324 February 1, 2019 21/25


https://doi.org/10.1016/j.agrformet.2015.07.006
https://doi.org/10.1016/j.agrformet.2015.07.006
https://doi.org/10.1038/nature10717
http://www.ncbi.nlm.nih.gov/pubmed/22258611
https://doi.org/10.1111/j.1526-100X.2011.00772.x
http://dx.doi.org/10.1016/j.foreco.2012.05.008
https://doi.org/10.1016/j.biocon.2009.02.021
http://sociobosque.ambiente.gob.ec/files/Folletomapa-parte1.pdf
http://sociobosque.ambiente.gob.ec/files/Folletomapa-parte1.pdf
http://www.nature.com/ngeo/journal/v3/n3/suppinfo/ngeo756_S1.html
https://doi.org/10.1016/j.rse.2009.08.016
https://doi.org/10.1016/j.biocon.2013.12.018
https://doi.org/10.1016/j.biocon.2013.12.018
http://dx.doi.org/10.1016/j.foreco.2011.11.046
http://dx.doi.org/10.1016/j.foreco.2011.11.046
https://doi.org/10.1890/ES13-00207.1
https://doi.org/10.1890/ES13-00207.1
https://doi.org/10.1029/1999gl006091
https://doi.org/10.1029/1999gl006091
https://doi.org/10.1016/j.jag.2014.08.001
https://doi.org/10.1016/j.jag.2014.08.001
https://doi.org/10.1111/2041-210X.13057
https://doi.org/10.1111/2041-210X.13057
https://doi.org/10.1126/science.1229931
http://www.ncbi.nlm.nih.gov/pubmed/23329036
https://doi.org/10.1371/journal.pone.0211324

®PLOS | one

Land cover change in the Choc6-Darien global ecoregion of South America

40.

M.

42.
43.
44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

Pettorelli N, Safi K, Turner W. Satellite remote sensing, biodiversity research and conservation of the
future. Philos Trans R Soc Biol Sci. 6-9 CARLTON HOUSE TERRACE, LONDON SW1Y 5AG,
ENGLAND: ROYAL SOC; 2014;369. https://doi.org/10.1098/rstb.2013.0190 PMID: 24733945

Gregory-Wodzicki KM. Uplift history of the Central and Northern Andes: A review. Geol Soc Am Bull.
2000; 112: 1091-1105. https://doi.org/10.1130/0016-7606(2000)112<1091:UHOTCA>2.0.CO;2

Breiman L. Random forests. Mach Learn. 2001; 45: 5-32. https://doi.org/10.1023/A:1010933404324
Liaw A, Wiener M. Package ‘randomForest.’ r-project.org; 2015.

Matsuki K, Kuperman V, Van Dyke JA. The Random Forests statistical technique: An examination of
its value for the study of reading. Sci Stud Read. 4 PARK SQUARE, MILTON PARK, ABINGDON
OX14 4RN, OXFORDSHIRE, ENGLAND: ROUTLEDGE JOURNALS, TAYLOR & FRANCIS LTD;
2016; 20: 20—-33. https://doi.org/10.1080/10888438.2015.1107073 PMID: 26770056

Cutler DR, Edwards TC, Beard KH, Cutler A, Hess KT. Random forests for classification in ecology.
Ecology. 2007; 88: 2783—-2792. https://doi.org/10.1890/07-0539.1 PMID: 18051647

Etter A, McAlpine C, Possingham H. Historical Patterns and Drivers of Landscape Change in Colom-
bia Since 1500: A Regionalized Spatial Approach. Ann Assoc Am Geogr. 2008; 98: 2—23. https://doi.
0rg/10.1080/00045600701733911

Rangel O. La vegetacion del choc6 biogeografico de colombia y zonas cordilleranas aledafias—sint-
esis. In: Range O, editor. Colombia Diversidad Bidtica IV. Bogota D.C., Colombia: Universidad Nacio-
nal de Colombia; 2011. pp. 769-815.

Lowry JH Jr., Ramsey RD, Stoner LL, Kirby J, Schulz K. An Ecological Framework for Evaluating Map
Errors Using Fuzzy Sets. Photogramm Eng Remote Sensing. 2008; 74: 1509—-1519.

Etter A, McAlpine C, Pullar D, Possingham HP. Modelling the conversion of Colombian lowland eco-
systems since 1940: Drivers, patterns and rates. J Environ Manage. 2006; 79: 74-87. https://doi.org/
10.1016/j.jenvman.2005.05.017 PMID: 16171932

Leyva P. La agricultura del litoral Pacifico. Colombia Pacifico. Bogota DC, Colombia: Banco de la
Republica; 1993.

Castiblanco C, Moreno A, Etter A. Impact of policies and subsidies in agribusiness: The case of oil
palm and biofuels in Colombia. Energy Econ. 2015; 49: 676-686. https://doi.org/10.1016/j.eneco.
2015.02.025

FEDEPALMA. Guia ambiental para el subsector de la agroindustria de la palma de aceite. [Internet].
Bogota DC, Colombia: FEDEPALMA; 2011. Available: http://www.ambientalex.info/guias/
Guiambagrpalaceco.pdf

Mingorance F, Minelli F, Du H. El cultivo de la palma africana en el Chocé Legalidad Ambiental, Terri-
torial y Derechos Humanos [Internet]. Bogota DC, Colombia: Human Right-Programa Suizo para la
promocién de la paz en Colombia; 2004. Available: http://www.acnur.org/t3/uploads/media/COI_
1937.pdf

IDEAM. Leyenda nacional de coberturas de la tierra. Bogota D.C., Colombia: IDEAM; 2010.

Huete AR, Justice C, Leeuwen W van. MODIS vegetation index (MOD 13) algorithm theoretical basis
document. Tucson, Arizona, US: University of Arizona and University of Virginia; 1999.

LiZ, Li X, Wei D, Xu X, Wang H. An assessment of correlation on MODIS-NDVI and EVI with natural
vegetation coverage in Northern Hebei Province, China. Procedia Environ Sci. 2010; 2: 964—-969.
https://doi.org/10.1016/j.proenv.2010.10.108

Wardlow BD, Egbert SL. A comparison of MODIS 250-m EVI and NDVI data for crop mapping: a case
study for southwest Kansas. Int J Remote Sens. 4 PARK SQUARE, MILTON PARK, ABINGDON
0OX14 4RN, OXON, ENGLAND: TAYLOR & FRANCIS LTD; 2010; 31: 805-830. https://doi.org/10.
1080/01431160902897858

Wardlow BD, Egbert SL, Kastens JH. Analysis of time-series MODIS 250 m vegetation index data for
crop classification in the US Central Great Plains. Remote Sens Environ. 360 PARK AVE SOUTH,
NEW YORK, NY 10010-1710 USA: ELSEVIER SCIENCE INC; 2007; 108: 290—-310. https://doi.org/
10.1016/j.rse.2006.11.021

Breunig FM, Galvao LS, dos Santos JR, Gitelson AA, de Moura YM, Teles TS, et al. Spectral anisot-
ropy of subtropical deciduous forest using MISR and MODIS data acquired under large seasonal vari-
ation in solar zenith angle. Int J Appl Earth Obs Geoinf. 2015; 35: 294—-304. https://doi.org/10.1016/].
jag.2014.09.017

Hird JN, McDermid GJ. Noise reduction of NDVI time series: An empirical comparison of selected
techniques. Remote Sens Environ. 2009; 113: 248-258. http://dx.doi.org/10.1016/j.rse.2008.09.003

Eastman JR. Terrset Manual. Worcester, Massachusetts, US: Clark University; 2015.

PLOS ONE | https://doi.org/10.1371/journal.pone.0211324 February 1, 2019 22/25


https://doi.org/10.1098/rstb.2013.0190
http://www.ncbi.nlm.nih.gov/pubmed/24733945
https://doi.org/10.1130/0016-7606(2000)112<1091:UHOTCA>2.0.CO;2
https://doi.org/10.1023/A:1010933404324
http://r-project.org
https://doi.org/10.1080/10888438.2015.1107073
http://www.ncbi.nlm.nih.gov/pubmed/26770056
https://doi.org/10.1890/07-0539.1
http://www.ncbi.nlm.nih.gov/pubmed/18051647
https://doi.org/10.1080/00045600701733911
https://doi.org/10.1080/00045600701733911
https://doi.org/10.1016/j.jenvman.2005.05.017
https://doi.org/10.1016/j.jenvman.2005.05.017
http://www.ncbi.nlm.nih.gov/pubmed/16171932
https://doi.org/10.1016/j.eneco.2015.02.025
https://doi.org/10.1016/j.eneco.2015.02.025
http://www.ambientalex.info/guias/Guiambagrpalaceco.pdf
http://www.ambientalex.info/guias/Guiambagrpalaceco.pdf
http://www.acnur.org/t3/uploads/media/COI_1937.pdf
http://www.acnur.org/t3/uploads/media/COI_1937.pdf
https://doi.org/10.1016/j.proenv.2010.10.108
https://doi.org/10.1080/01431160902897858
https://doi.org/10.1080/01431160902897858
https://doi.org/10.1016/j.rse.2006.11.021
https://doi.org/10.1016/j.rse.2006.11.021
https://doi.org/10.1016/j.jag.2014.09.017
https://doi.org/10.1016/j.jag.2014.09.017
http://dx.doi.org/10.1016/j.rse.2008.09.003
https://doi.org/10.1371/journal.pone.0211324

®PLOS | one

Land cover change in the Choc6-Darien global ecoregion of South America

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

LiL, Solana C, Canters F, Kervyn M. Mapping lava flows from satellite remote sensing imagery
through random forest classification. J Volcanol Geotherm Res. 2017; http://dx.doi.org/10.1016/j.
jvolgeores.2017.07.014

Varga K, Szilard S, Gergely S, Gyorgy D, Béla T. Improved land cover mapping using aerial photo-
graphs and satellite images. Open Geosciences. 2014. https://doi.org/10.1515/geo-2015-0002

Fagua JC, Cabrera E, Gonzalez VH. The effect of highly variable topography on the spatial distribution
of Aniba perutilis (Lauraceae) in the Colombian Andes. Rev Biol Trop. 2013; 61: 301-309. PMID:
23894983

Rangel O. Hidrologia. In: Rangel O, editor. Colombia diversidad biética IX. Bogota D.C., Colombia:
Universidad Nacional de Colombia; 2010. pp. 35-56.

Brown CG, Sarabandi K, Pierce LE. Validation of the Shuttle Radar Topography Mission height data.
IEEE Trans Geosci Remote Sens. 2005; 43: 1707—1715. https://doi.org/10.1109/TGRS.2005.851789

Kellndorfer J, Walker W, Pierce L, Dobson C, Fites JA, Hunsaker C, et al. Vegetation height estimation
from Shuttle Radar Topography Mission and National Elevation Datasets. Remote Sens Environ.
2004; 93: 339-358. http://dx.doi.org/10.1016/j.rse.2004.07.017

O’Loughlin FE, Paiva RCD, Durand M, Alsdorf DE, Bates PD. A multi-sensor approach towards a
global vegetation corrected SRTM DEM product. Remote Sens Environ. 2016; 182: 49-59. http://dx.
doi.org/10.1016/j.rse.2016.04.018

Tanase MA, Ismail |, Lowell K, Karyanto O, Santoro M. Detecting and Quantifying Forest Change: The
Potential of Existing C- and X-Band Radar Datasets. Jiang M, editor. PLoS One. San Francisco, CA
USA: Public Library of Science; 2015; 10: €0131079. https://doi.org/10.1371/journal.pone.0131079
PMID: 26111047

Simard M, Zhang K, Rivera-Monroy VH, Ross MS, Ruiz PL, Castafieda-Moya E, et al. Mapping Height
and Biomass of Mangrove Forests in Everglades National Park with SRTM Elevation Data. Photo-
gramm Eng Remote Sens. 2006; 72.

Freema AE, Frescino TS, Moisen GG. ModelMap: an R Package for Model Creation and Map Produc-
tion. r-project.org; 2016.

Witten JG, Hastie D, Tibshirani R. An Introduction to Statistical Learning: with Applications in R. New
York, US.: Springer; 2013.

Fielding AH, Bell JF. A review of methods for the assessment of prediction errors in conservation pres-
ence/absence models. Environ Conserv. 1997; 24: 38—49. https://doi.org/10.1017/
s0376892997000088

Mellor A, Boukir S, Haywood A, Jones S. Exploring issues of training data imbalance and mislabelling
on random forest performance for large area land cover classification using the ensemble margin.
Isprs J Photogramm Remote Sens. 2015; 105: 155—168. https://doi.org/10.1016/j.isprsjprs.2015.03.
014

Helmer EH, Ruzycki TS, Benner J, Voggesser SM, Scobie BP, Park C, et al. Detailed maps of tropical
forest types are within reach: Forest tree communities for Trinidad and Tobago mapped with multisea-
son Landsat and multiseason fine-resolution imagery. For Ecol Manage. PO BOX 211, 1000 AE
AMSTERDAM, NETHERLANDS: ELSEVIER SCIENCE BV; 2012; 279: 147—166. https://doi.org/10.
1016/j.foreco.2012.05.016

Lieberman D, Lieberman M, Hartshorn G, Peralta R. growth rates and age-size relationship of tropical
wet forest trees in Costa Rica. J Trop Ecol. 1985; 1: 97—-109.

Saldarriaga JG, West DC, Tharp ML, Uhl C. Long-Term Chronosequence of Forest Succession in the
Upper Rio Negro of Colombia and Venezuela. J Ecol. [Wiley, British Ecological Society]; 1988; 76:
938-958.

Brown S, Lugo AE. Tropical secondary forests. J Trop Ecol. 1990; 6: 1-32. https://doi.org/10.1017/
S0266467400003989

Guariguata MR, Ostertag R. Neotropical secondary forest succession: changes in structural and func-
tional characteristics. For Ecol Manage. PO BOX 211, 1000 AE AMSTERDAM, NETHERLANDS:
ELSEVIER SCIENCE BV; 2001; 148: 185-206. https://doi.org/10.1016/S0378-1127(00)00535-1

Schlawin J, Zahawi RA. ‘Nucleating’ succession in recovering neotropical wet forests: The legacy of
remnant trees. J Veg Sci. COMMERCE PLACE, 350 MAIN ST, MALDEN 02148, MA USA: WILEY-
BLACKWELL PUBLISHING, INC; 2008; 19: 485-U7. https://doi.org/10.3170/2008-8-18387

Rudel TK, Coomes OT, Moran E, Achard F, Angelsen A, Xu JC, et al. Forest transitions: towards a
global understanding of land use change. Glob Environ Chang Policy Dimens. THE BOULEVARD,
LANGFORD LANE, KIDLINGTON, OXFORD OX5 1GB, OXON, ENGLAND: ELSEVIER SCI LTD;
2005; 15: 23-31. https://doi.org/10.1016/j.gloenvcha.2004.11.001

PLOS ONE | https://doi.org/10.1371/journal.pone.0211324 February 1, 2019 23/25


http://dx.doi.org/10.1016/j.jvolgeores.2017.07.014
http://dx.doi.org/10.1016/j.jvolgeores.2017.07.014
https://doi.org/10.1515/geo-2015-0002
http://www.ncbi.nlm.nih.gov/pubmed/23894983
https://doi.org/10.1109/TGRS.2005.851789
http://dx.doi.org/10.1016/j.rse.2004.07.017
http://dx.doi.org/10.1016/j.rse.2016.04.018
http://dx.doi.org/10.1016/j.rse.2016.04.018
https://doi.org/10.1371/journal.pone.0131079
http://www.ncbi.nlm.nih.gov/pubmed/26111047
http://r-project.org
https://doi.org/10.1017/s0376892997000088
https://doi.org/10.1017/s0376892997000088
https://doi.org/10.1016/j.isprsjprs.2015.03.014
https://doi.org/10.1016/j.isprsjprs.2015.03.014
https://doi.org/10.1016/j.foreco.2012.05.016
https://doi.org/10.1016/j.foreco.2012.05.016
https://doi.org/10.1017/S0266467400003989
https://doi.org/10.1017/S0266467400003989
https://doi.org/10.1016/S0378-1127(00)00535-1
https://doi.org/10.3170/2008-8-18387
https://doi.org/10.1016/j.gloenvcha.2004.11.001
https://doi.org/10.1371/journal.pone.0211324

®PLOS | one

Land cover change in the Choc6-Darien global ecoregion of South America

82.

83.

84.

85.

86.
87.

88.

89.

90.

91.

92,

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Geist HJ, Lambin EF. What Drives Tropical Deforestation? A meta-analysis of proximate and underly-
ing causes of deforestation based on subnational case study evidence—(LUCC Report Series; 4). Lou-
vain, Belgium: LUCC International Project Office; 2001.

Geist HJ, Lambin EF. Proximate causes and underlying driving forces of tropical deforestation. Biosci-
ence. 1444 EYE ST, NW, STE 200, WASHINGTON, DC 20005 USA: AMER INST BIOLOGICAL SCl;
2002; 52: 143—-150. https://doi.org/10.1641/0006-3568(2002)052{[}0143:PCAUDF]2.0.CO;2

Buitrago D. Evolucién de la economia colombiana en el periodo 2002—2010. Bogota DC, Colombia;
2013.

Marrugo V. Crecimiento econémico y desarrollo humano en colombia (2000-2010). Rev Econ del
caribe. 2013; 11: 127-143.

Minsalud M de la PC. Producto interno bruto e inflacion en Colombia. Bogota DC, Colombia; 2011.

BCE BC de E. La Economia Ecuatoriana Luego de 10 Afios de Dolarizacién. Quito, Ecuador: Banco
Central de Ecuador; 2010.

Aide TM, Grau HR. Globalization, Migration, and Latin American Ecosystems. Science (80-). Ameri-
can Association for the Advancement of Science; 2004; 305: 1915-1916. https://doi.org/10.1126/
science.1103179 PMID: 15448256

Meyerson FAB, Merino L, Durand J. Migration and Environment in the Context of Globalization. Front
Ecol Environ. Ecological Society of America; 2007; 5: 182—190.

Finagro F para el F del SA. Perspectiva del sector agropecuario Colombiano [Internet]. Bogota DC,
Colombia: Finagro; 2014. Available: https://www.finagro.com.co/sites/default/files/2014_09_09_
perspectivas_agropecuarias.pdf

ProEcuador | de promocion de exportaciones e inversiones de E. Perfil Sectorial de Agroindustria
para el Inversionista. Quito, Ecuador; 2014.

Fisher E. Panama: Un andlisis econdmico de la coyuntura reciente. Investig y Pensam Critico. 2015;
3: 47-66.

WBG WBG. World Bank Open Data [Internet]. 2017. Available: http://data.worldbank.org/

Hosonuma N, Herold M, De Sy V, De Fries RS, Brockhaus M, Verchot L, et al. An assessment of
deforestation and forest degradation drivers in developing countries. Environ Res Lett. 2012;7. https://
doi.org/10.1088/1748-9326/7/4/044009

Gibbs HK, Ruesch AS, Achard F, Clayton MK, Holmgren P, Ramankutty N, et al. Tropical forests were
the primary sources of new agricultural land in the 1980s and 1990s. Proc Natl Acad Sci. 2010; 107:
16732—-16737. https://doi.org/10.1073/pnas.0910275107 PMID: 20807750

Castillo MJ. Analisis de la Productividad y Competitividad de la Ganaderia de Carne en el Litoral Ecua-
toriano (Resultados de Consultoria para RIMISP—Parte |). Serie Documentos de Trabajo N° 144
Grupo de Trabajo: Desarrollo Con Cohesidn Territorial Programa: Impactos a Gran Escala. Santigo,
Chile:. Centro latinoamericano para el desarrollo rural; 2014. p. 71.

INER | de ER de la U de A. Magdalena Medio Desarrollo regional: una tarea comun universidad-
region. Medellin, Colombia: Direccién de Regionalizacion Universidad de Antioquia; 2003.

MAG MDAYG. Informe sobre recursos zoogeneticos Ecuador. Quito, Ecuador: MINISTERIO DE
AGRICULTURA'Y GANADERIA; 2003.

PNUD P de las NU para el D. Diagndstico Socioecondmico del Magdalena Medio. In: Desarrollo P de
las NU para el, editor. Estrategia Territorial para la Gestién Equitativa y Sostenible del Sector Hidro-
carburos. Bogota DC, Colombia; 2014. p. 189.

IGAC IGAC. Suelos y tierras de Colombia. Bogota DC, Colombia: Instituto Geografico Agustin
Codazzi; 2015.

Flérez CG, Mosquera J, Canal A. Conflictos del territorio y restitucion de tierras en colombia. Rev Inst
Altos Estud Eur. 2012; 7-21.

Arguelles L. Estrategia Institucional para la Prevencién y Control de la Tala llegal en los Bosques del
Darién en Panama. Panama: WWF; 2010.

PEC M de C de la PE y competitividad. Agendas para la transformacion productiva territorial: Provin-
cia de Manabi. Quito, Ecuador: Ministerio de Coordinacion de la Produccion Empleo y competitividad;
2011.

PEC M de C de la PE y competitividad. Agendas para la transformacion productiva territorial: Provin-
cia de Santo Domingo. Quito, Ecuador: Ministerio de Coordinacion de la Produccion Empleo y compe-
titividad; 2011.

Goebertus J. Palma de aceite y desplazamiento forzado en Zona Bananera: “trayectorias” entre recur-
sos naturales y conflicto. Colomb Int. 2008; 67: 152—175.

PLOS ONE | https://doi.org/10.1371/journal.pone.0211324 February 1, 2019 24/25


https://doi.org/10.1641/0006-3568(2002)052{[}0143:PCAUDF]2.0.CO;2
https://doi.org/10.1126/science.1103179
https://doi.org/10.1126/science.1103179
http://www.ncbi.nlm.nih.gov/pubmed/15448256
https://www.finagro.com.co/sites/default/files/2014_09_09_perspectivas_agropecuarias.pdf
https://www.finagro.com.co/sites/default/files/2014_09_09_perspectivas_agropecuarias.pdf
http://data.worldbank.org/
https://doi.org/10.1088/1748-9326/7/4/044009
https://doi.org/10.1088/1748-9326/7/4/044009
https://doi.org/10.1073/pnas.0910275107
http://www.ncbi.nlm.nih.gov/pubmed/20807750
https://doi.org/10.1371/journal.pone.0211324

®PLOS | one

Land cover change in the Choc6-Darien global ecoregion of South America

106.

107.

108.
109.

110.

111.

112,

113.

114.

115.
116.

117.

118.

119.

120.

Montafio N. La palma africana en el pacifico colombiano: su ilegalidad, consecuencias y violacion de
derechos territoriales. Rev Luna Azul. 2008; 27: 113—126.

Sabogal C. Andlisis espacial de la correlacion entre cultivo de palma de aceite y desplazamiento for-
zado en Colombia. Cuad Econ. 2013; 32: 683—-718.

FEDEPALMA FN de cultivadores de palma de aceite. CID palmero [Internet]. 2017.

Potter LM. La industria del aceite de palma en Ecuador: ;,un buen negocio para los pequefios agricul-
tores? Eutopia. 2011; 1: 39-54.

Mosquera RR. Pasado, presente y futuro de la mineria en el Choco. Boletin la Soc geogréafica Colomb.
1978; 111: 1-3.

Zapata V. Antioquia, Boyaca y Choco: Principales Departamentos Exportadores de Minerales Dife-
rentes a Hidrocarburos. Un Andlisis Econdmico Regional. Rev Econ Adm. 2013; 10: 135-155.

UNODC UNO on D and C. Monitoreo de Cultivos de Coca 2014. Bogota D.C., Colombia: United
Nations Office on Drugs and Crime; 2015.

FAO F and AO of the UN. Global Forest Resources Assessment 2010 [Internet]. Rome, Italy: Food
and Agriculture Organization of the United Nations; 2010. Available: http://www.fao.org/docrep/013/
i1757e/i1757e.pdf

Norden N, Angarita HA, Bongers F, Martinez-Ramos M, la Cerda |, van Breugel M, et al. Successional
dynamics in Neotropical forests are as uncertain as they are predictable. Proc Natl Acad Sci U S A.
2101 CONSTITUTION AVE NW, WASHINGTON, DC 20418 USA: NATL ACAD SCIENCES; 2015;
112: 8013-8018. https://doi.org/10.1073/pnas. 1500403112 PMID: 26080411

IDEAM. Monitoreo y seguimiento al fendmeno de la deforestacion en colombia [Internet]. 2017.

Phillips JF, Duque AJ, Cabrera K., Yepes AP, Navarrete DA, M.C. G, et al. Estimacion de las reservas
potenciales de carbono almacenadas en la biomasa aérea en bosques naturales de Colombia.
Bogota D.C., Colombia: Instituto de Hidrologia, Meteorologia y Estudios Ambientales-IDEAM; 2011.

Didan K. MOD13Q1 MODIS/Terra Vegetation Indices 16-Day L3 Global 250m SIN Grid V006. In:
NASA EOSDIS Land Processes DAAC. 2017.

Didan K, Alfredo H. MODIS Vegetation Index Product Series Collection 5 Change Summary. NASA—
The University of Arizona; 2006.

Ackerman SA, Strabala KI, Menzel WP, Frey RA, Moeller CC, Gumley LE. Discriminating clear sky
from clouds with MODIS. J Geophys Res Atmos. 1998; 103: 32141-32157. https://doi.org/10.1029/
1998JD200032

Lyapustin Al, Wang Y, Laszlo I, Hilker T, G.Hall F, Sellers PJ, et al. Multi-angle implementation of
atmospheric correction for MODIS (MAIAC): 3. Atmospheric correction. Remote Sens Environ. 2012;
127: 385-393. http://dx.doi.org/10.1016/j.rse.2012.09.002

PLOS ONE | https://doi.org/10.1371/journal.pone.0211324 February 1, 2019 25/25


http://www.fao.org/docrep/013/i1757e/i1757e.pdf
http://www.fao.org/docrep/013/i1757e/i1757e.pdf
https://doi.org/10.1073/pnas.1500403112
http://www.ncbi.nlm.nih.gov/pubmed/26080411
https://doi.org/10.1029/1998JD200032
https://doi.org/10.1029/1998JD200032
http://dx.doi.org/10.1016/j.rse.2012.09.002
https://doi.org/10.1371/journal.pone.0211324

