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ABSTRACT KEYWORDS

The Corchal “El Mono Hernandez” Fauna and Flora Sanctuary is a Landscape ecology; natural
protected area located in northern Colombia and is home to the forest; natural reserves;
Pterocarpus officinalis forest. In this area, however, this forest cover is remote sensing; sustainable;
declining due to natural causes associated with a change in the  Maximum likelihood
hydrosedimentological dynamics. Multitemporal assessment was per-

formed to quantify the forest loss. Landsat images from the years 1986,

1998, 2003, 2013, and 2018 were downloaded and a supervised classi-

fication was performed using four cover classes: “Pterocarpus officina-

lis," "other vegetation,” “waterbody,” and “bare land.” The results

showed that the vegetation cover of Pterocarpus officinalis forest had

an initial extent of 865.26 ha in 1986; for the 1986-1998 period, the

reduction was 60.30 ha; for the 1998-2003 period, it was 399.15 ha;

and for the 2003-2013 period, it was 78.30 ha. Contrary to previous

periods, in the 2013-2018 period, 79.65 ha of forest was recovered. In

conclusion, Pterocarpus officinalis forest lost approximately 50% of its

cover during the 1986-2018 period. This information is of great impor-

tance for government and management entities for decision-making

in the conservation and restoration of this forest.

Introduction

Protected areas are zones designated for the conservation of species and ecosystems and
have been established as a strategy to prevent deforestation and biodiversity loss (Branquart
et al., 2008; James et al., 1999; Leberger et al., 2020). Currently, there are more than 200,000
protected areas, covering 16.64% of terrestrial ecosystems (UNEP-WCMC & IUC, 2021),
which provide important social and ecosystem services, and constituting a key strategy for
the preservation and conservation of global forest cover (Geldmann et al., 2015; Pimm et al.,
2014).

However, forests inside protected areas are susceptible to a variety of threats, such as
agriculture, logging, fires, and even mismanagement, which cause habitat loss and frag-
mentation resulting in ecological degradation of the protected forest (Bufivalovd et al., 2021;
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Dolman, 2000; Hooper et al., 2012). It has been reported that more than one-third of
protected areas worldwide have experience disturbance, losing 3% of their forest cover in
protected areas during the 2001-2012 period (Jones et al., 2018; Wade et al., 2020).
Although the principal disturbances of protected areas are linked to anthropogenic activ-
ities (Dolman, 2000; Hooper et al., 2012), patterns of change in forest vegetation inside
protected areas could be associated due to natural causes (e.g., natural disasters and climate
change; Boutin et al., 2009; Desrochers et al., 2012; Tews et al., 2004).

In Corchal “El Mono Herndndez” Fauna and Flora Sanctuary (FFS), a protected area of
Colombia, the forest cover of the species Pterocarpus officinalis (Figure 1) is declining due to
natural causes. This loss is a concern because it threatens the existence of the homogeneous
Pterocarpus officinalis forest area in the Colombian Caribbean (Guzmdn Pena et al., 2019;
Parques Nacionales Naturales de Colombia, 2017b). This forest is part of the coastal swamp
forest ecosystem, integrating the Dique Channel ecoregion, a zone influenced by the fresh-
water runoft from the Dique Channel, a man-made extension of the Magdalena River.

The Corchal “El Mono Hernandez” FFS receives massive sediments from the Dique
Channel. A large amount of sediments are transported to this protected area (Busnelli &
Schuurman, 2020), affecting the freshwater inflow in Corchal “El Mono Hernéndez” FES
(Guzman Pena et al., 2019; Parques Nacionales Naturales de Colombia, 2017b). Therefore,
the estuarine waters of this swamp ecosystem have been disturbed and the water salinity has
increased (Guzman Pena et al., 2019). The cover forest of Pterocarpus officinalis is declining
as this tree has a low salinity tolerance (Colon-Rivera et al., 2014; Eusse & Aide, 1999a;
Rivera-Ocasio et al., 2007; Saint-Etienne et al., 2006). This cover loss is against the
conservation goals of this protected area due to importance of the ecological value of this
forest that is the habitat of native fauna (Aguilar-Cano et al., 2016; Cano, 2008; Ministério
de Medio Ambiente, 2002; Parques Nacionales, 2017.

Figure 1. a) Pterocarpus officinalis tree in the Corchal “El Mono Herndndez” FFS. b) A dead individual of
Pterocarpus officinalis within the Corchal “El Mono Herndndez” FFS protected area.
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Moreover, the access and transportation within this area is a challenge, for its remote
location and the flooded and swampy terrain, making in situ monitoring activities difficult
(Parques Nacionales Naturales de Colombia, 2017b). Faced with this scenario, it is neces-
sary to implement strategies that contribute to the study and monitoring of this protected
area. Using Landsat images together with geographic information systems (GIS) represents
an important alternative to assess the Pterocarpus officinalis forest cover loss (Fisher et al.,
2021; Southworth et al., 2018). These images are widely used to assess spatiotemporal
changes in protected areas due to their temporal resolution and data availability (Da
Ponte et al., 2017; Southworth et al., 2018; Wiens et al., 2009; Willis, 2015).

The spectral data in satellite images allows to calculate vegetation index such as the
Normalized Difference Vegetation Index (NDVI), which is used for measuring vegetation
greenness and forest health, detecting changes, and analyzing fragmentation. Also, this
index has been used in change vegetation studies to assess protected areas disturbances
(Islam et al., 2021; Khatancharoen et al., 2021; Shaharum et al., 2018; Sieber et al., 2013).
Therefore, this study uses the above tools in the Corchal “El Mono Herndandez” FFS to
analyze the Pterocarpus officinalis forest cover changes and to quantify the area of loss.

Materials and methods
Study area

The Corchal “El Mono Hernandez” FES is a protected area in the Colombian Caribbean; 67% of
the territory is distributed in the Department of Sucre, and the remaining 33% is in the
Department of Bolivar (Figure 2). This protected area was established in 2002, with the purpose
of conserving the genetic resources of flora and fauna of Colombia. The sanctuary’s main

Honda A@
N

Escuadra
Swamp

Caribbean Sea

Bolivar

Corchal “El Mono Hernandez” Fauna
and Flora Sanctuary

Figure 2. Location of the Corchal “El Mono Herndndez” Fauna and Flora Sanctuary in the Colombian
Caribbean.
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objective is the conservation of the mangrove forests and Pterocarpus officinalis of the lower
Dique Channel Delta, as well as alluvial and fluviomarine plains, marshes, swamps, and wetlands;
and the associated fauna (Cano, 2008; Ministério de Medio Ambiente, 2002). The sanctuary has
approximately 3870 hectares and is characterized by a flooded ecosystem, so swamp vegetation is
the main flora in Corchal “El Mono Hernandez” FFS. The mangrove species that can be found in
this area belong to Rhizophora mangle (red mangrove), Avicennia germinans (black mangrove),
Laguncularia racemosa (white mangrove), Conocarpus erectus (button mangrove), and Pelliciera
rhizophorae (tea mangrove), and the species Acrostichum aureum (golden leather fern,
Matatigre). Additionally, this protected area has the only homogeneous forest of Pterocarpus
officinalis (corchal tree) in the Colombian Caribbean and is the representative species of the
sanctuary, which took its name after the corchal tree (Sinchez Herrera, 2018). On the other hand,
the sanctuary has 57 hectares of fluviomarine plains, 312 hectares of swamps, and 28 hectares of
fresh and brackish water channels (Banco Franke Ante, 2016; De la Republica, 2006).

In this area of freshwater swamp forest, the climate is semiarid tropical with an average
rainfall of 1100 mm/year, which usually occurs from April to November, with an intermediate
dry period occurring in June and July (Gamba Cubides et al., 2006). The sanctuary is located
on a deltaic system from which its tributaries derive from, contributing to the formation of
channels and water distribution in the area. The landscape is also shaped by channel flood-
plains formed by sediments deposition from Correa, Rico, Burro, and Portobelo channels.
Also, the coastal floodplains influence in the estuarine systems where the mangrove forest is
located (Martinez Insignares, 2011). Within the sanctuary, there are five main swamps called
Pablo, Tronconera, Bajitos, Morelos, and Escuadra. On the other hand, this zone is character-
ized by fauna typical of estuarine environments. There are 153 species of birds and different
mammals, such as Procyon cf. cancrivorus (crab-eating raccoon), Hydrochoerus hydrochaeris
(capybara), Alouatta seniculus (red howler monkey), saguinus sp. (tamarin), and Cuniculus
paca (spotted paca), among others (Aguilar-Cano et al., 2016; Parques Nacionales, 2017).

Field survey

A field reconnaissance of the Corchal “El Mono Hernandez” FFS area was carried out in
June 2018, to examine the condition of vegetation, including the five (5) species of
mangroves and the species Pterocarpus officinalis.

During the years 2018 (August 24 and October 14) and 2019 (March 16 and June 4),
ground points were obtained from the field and used as references for landscape types and
spatial locations. Also, these reference points were collected with the aim to be used as
training and validation data. The ground points were recorded with Global Position System
(GPS) (Waypoint) Garmin Etrex 20x handheld receiver (www.garmin.com.co/eTrex-20x).
Since the sanctuary has accessibility issues, flights with drones were conducted to record
vegetation cover. The flights were carried out with drones DJI Phantom 3 pro (www.dji.
com/phantom-3-pro) and DJI Phantom 4 (www.dji.com/phantom-4).

Satellite Images

Landsat satellite images available from https://landsat.usgs.gov were downloaded. Landsat 5-TM
scenes for 1986 and 1998, Landsat 7-ETM+ for 2003 and Landsat 8-OLI for 2013 and 2018 were
downloaded. All Landsat images had a spatial resolution of 30 m (Table 1) and the cloud cover
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was not to exceed 22% (Sieber et al., 2013). Images from Landsat 7-ETM+ collected after May 31,
2003, were avoided due to these images have data gaps, as the Scan Line Corrector (SLC) failed.
These images were then preprocessed in the ENVI 5.3 program (www.13harrisgeospatial.com) to
remove clouds and shadows. In addition, radiometrically correction was performed to convert
the digital number (DN) to surface radiance (Knorn et al., 2012).

The atmospheric correction of the Landsat images was performed using FLAASH, which
incorporates the MODTRANG radiative transfer code to estimate surface radiance values. The
FLAASH algorithm requires ancillary data such as atmospheric conditions, date acquisition,
scene location, sensor location, and elevation data. These auxiliary data are used as input data
to convert surface radiance to surface reflectance (Jensen, 2015; Schowengerdt, 2012).

Classification and change detection assessment

To detect changes in landscape cover, a supervised classification was performed. Maximum
likelihood was chosen as the classification algorithm that is typically used in cover vegetation
studies (Ghebrezgabher et al., 2016; Ghobadi et al., 2014; Strahler, 1980). This algorithm assigns
pixels to the classes that have the highest probability. To establish the training data, bibliographic
and cartographic information available for the area was used. Also, the reference points that
were taken from field were used as input data for classification algorithm. These reference points
were chosen considering the mobility and access conditions during the field survey. Then image
pixels were assigned to the following cover classes: waterbody, bare land, Pterocarpus officinalis,
and other vegetation. Regarding this latter class, other vegetation class includes all vegetation
that is not Pterocarpus officinalis, such as mangrove forests, flooded grasslands, tall graminoid
vegetation, Typha domingensis, and Acrostichum aureum (PNNC, 2006).

Confusion matrix, also known as the error matrix was created with the reference points,
which were obtained from field, Google Earth images, maps of the area and aerial images, which
were taken using DJI Phantom 3 pro and DJI Phantom 4 drone (Tiberiu Paul Banu et al., 2016).
Next, overall accuracy of the classification was verified, which was calculated by summing the
number of pixels correctly classified and dividing by the total number of pixels. Likewise, the
Kappa index, «, the user’s accuracy and the producer’s accuracy were determined (Da Ponte et
al., 2017). Finally, vegetation cover maps were created using ArcMap 10.6 software (https://
desktop.arcgis.com). The changes detected were estimated by the difference in existing covers
between 1986, 1998, 2003, 2013, and 2018. Also, NDVI maps were generated to assess the
vegetation changes operating the near-infrared (NIR) and red bands (Eq. 1). NDVI value ranges
from -1 to 1 where negatives values represent non-vegetated land areas and positive values
represent a healthy vegetation cover area (Pettorelli et al., 2005; Shilong et al., 2003; Willis, 2015).

NIR — Red

NDVI = ——— 1
NIR + Red v

Table 1. Specifications of the satellite imagery used.

Sensor Scene ID Spatial resolution (m) year Path/Row Acquisition date
™ LT50090531986075XXX04 30 1986 009/053 1986-03-16
™ LT50090531998076CPE0O 30 1998 009/053 1998-03-17
ETM+ LE70090532003066EDC00 30 2003 009/053 2003-03-07
oLl LC80090532013091LGN0O2 30 2013 009/053 2013-04-01

OLI LC80090532018099LGN0OO 30 2018 009/053 2018-04-09
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Table 2. Fragmentation metrics (McGarigal, 2015).

Metric Description Equation
Number of patches Number of patches (n) of the cover or class i NP = n; Eq. 2
Patch density Number of patches of the class i, divided by the total landscape PD =% x 100 Eq. 3
area (A)
Mean patch size Sum of the areas of the patches (a) of class i divided by the MPS — S Eq. 4
number of patches oo
Largest patch index Percentage occupied by the largest patch LPI = fzex % 100 Eq. 5
Total edge Total edge length (e) of the class i TE=Y e Eq. 6
Edge density Sum of the lengths of edges divided by the total landscape area D — e Eq.7
A
Total core area Sum of core areas (¢;) of each patch TCA=>"¢ Eq. 8
Mean core area Sum of core areas of each patch of class i, divided by the number COREvy — >a Eq. 9
; MN =
of patches of class i n
Mean Euclidean Equivalent to the distance of the patch to its nearest neighbor of ENNuw — L Eq. 10
nearest-neighbor the same type or class (h), divided by the number of patches. MN =",
distance

Shannon Evenness Landscape heterogeneity index. Where P; is the proportion of ~ SHDI = 3" P; x In(P;) Eq. 11
class occupied by class i

Fragmentation and landscape metrics

Fragmentation can be measured through various landscape metrics indices that represent or
describe the forest structure. The landscape metrics used in this study were: number of
patches, patch density, nearest neighbor and proximity indices, among others (Table 2).
This metrics indices were calculated using equations 2-11 and the free software
FRAGSTATS 4.2 (Da Ponte et al.,, 2017). In ArcGIS, the vector layers were converted to
GeoTIFF raster, which is a file format recognized by FRAGSTATS 4.2. A 100 m edge depth
was set, and 8-neighbor pixel connectivity was used to perform the landscape structure
analysis (Couvillion, 2005; De Figueiredo, 2020; Margret, 2009; Mulatu, 2013).
Additionally, the annual rate of forest cover change was determined by Eq. 12:
1 A2

x In— 12
h—t nAl (12)

r =

where A; and A, correspond to the areas of forest cover at time ¢ and t, (Puyravaud,
2003), respectively.

Results
Classification and change detection

The cover maps for the years 1986, 1998, 2003, 2013, and 2018 were obtained by supervised
classification using the maximum likelihood algorithm (Figure 3). Four classes were
defined: waterbodies, bare land, Pterocarpus officinalis forest, and other vegetation. The
latter class presented the largest area in each of the years evaluated, followed by the class
Pterocarpus officinalis. The overall accuracy obtained was 98.69%, 99.95%, 99.67%, 99.06%,
and 99.78% for 1986, 1998, 2003, 2013, and 2018, respectively. In 1986 and 2013, the Kappa
index was 0.98, while in 1998, 2003, and 2018, this value was 0.99. Likewise, the user’s and
producer’s accuracy values were between 0.89 and 1 (Table 3).

1: Pterocarpus officinalis, 2: Other vegetation cover, 3: Waterbody, 4: Bare land,w;:
proportion of area, UA: user’s accuracy, PA; producer’s accuracy.
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The changes detection analysis showed a decrease in the extent of the Pterocarpus
officinalis forest during the period 1986-1998, with a loss of 60.30 ha. Specifically,
244.26 ha was converted to another type of vegetation cover during this period. Likewise,
the class other vegetation presented a loss of 265.86 ha, and its main transition was to bare
land, which means an increase of 332.37 ha of bare land areas in this period. With respect to
waterbodies, there was a small decrease of 6.21 ha.

During the 1998-2003 period, the area covered by Pterocarpus officinalis forest was
considerably reduced, with a loss of 399.15 ha. This represents a reduction of 49.58%. A
total of 423.63 ha of Pterocarpus officinalis was converted to other vegetation, which is why
this class showed an increase of 545.94 ha, equivalent to an increase of 24.15%. Another
considerable change occurred in the transition of 272.52 ha from bare land to other

T
75°3010"W

IO”J’O”N

Year 1986

10°00°N
10°0'0'N

75°30'0W

10°00'N

75°300W 75°330"W 75°30'0"W

Cover Classes

I Waterbodies

I Bare land

O Pterocarpus officinalis
l Other vegetation

75°330"W 75°3010"W

Figure 3. Cover map of the Corchal “El Mono Herndndez” FFS for the years 1986, 1998, 2003, 2013 and
2018.
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Table 3. User and producer accuracy values obtained for each of the classes evaluated.
Years

1986 1998 2003 2013 2018

| w; UA PA w; UA  PA w; UA PA w; UA PA w; UA PA

Class 1 022 099 099 0.20 1 1 0.10 1 0.96 0.08 1 089 0.10 0.99 0.99
2 064 1 099 057 098 1 071 099 099 071 097 1 0.71 1 0.99
3 009 1 1 0.09 1 0.99 0.09 1 1 0.07 1 1 0.09 1 1
4 005 099 1 014 099 093 0.10 0.99 1 0.13 1 095 0.10 0.99 1

vegetation class, in contrast to waterbodies, whose increase was 4.59 ha, being the class
presenting the smallest change.

For the period 2003-2013, the main change was evident in the areas classified as bare
land, which increased by 35.73%, followed by Pterocarpus officinalis forest cover, which
continued to decrease to 327.51 ha, signifying a reduction of 19.30%. In contrast to the
previous period (1998-2003), the other vegetation class remained relatively stable between
2003 and 2013. However, this period also showed the greatest reduction in the water body
class within the protected area. Finally, for 2018, the forest cover of Pterocarpus officinalis
presented an area of 407.16 ha, which represents an increase of 24.32% compared to the
cover existing in 2013. Specifically, 79.65 ha of forest was recovered for 2018. Likewise, the
other vegetation class gained 152.64 ha, while bare land shrank by 259.02 ha. Therefore,
during this period, there was a growth of the existing vegetation of the sanctuary, both as
forested area, as well as shrub vegetation and grassland (Table 4).

Landscape metrics and fragmentation analysis

Of the landscape metrics analyzed (Figure 4 and Figure 5), number of patches (NP) and
mean patch size (MPS) indicated the presence of fragmentation. During 2003, there was an
increase in NP, while in 2013, the number decreased to 13 and then increased to 23 in 2018
(Figure 5). This same pattern occurred with patch density (PD) because density depends on
the number of existing patches in the landscape. PD values were highest from 1986 to 2003
compared to those recorded during 2013 and 2018, which indicates a higher fragmentation
rate during the first 17 years compared to the most recent period (Figure 4a). Regarding
MPS values, in 1986 it was 14.42 ha, going to 15.48 in 1998, to 6.15 in 2003, to 25.19 in 2013
and to 16.96 in 2018. The higher number of patches in 2003 indicates fragmentation as a
result of the loss in cover recorded in that year. Additionally, the increase in NP and the
decrease in MPS in this year also indicate fragmentation (Figure 5).

Discussion

One of the main objectives of the Corchal “El Mono Hernandez” FFS is conserving the
Pterocarpus officinalis forest. For this reason, it is of great interest to detect and quantify the
changes in cover. During 1986, the initial area was 865.26 ha, of which 6.97% was lost by
1998 at an annual rate of 0.60%; likewise, for 1998-2003, there was a 49.59% loss of
Pterocarpus officinalis forest at an annual rate of 13.70%. During the 2003-2013 period,
78.3 ha was lost at an annual rate of 2.14%, contrary to what happened in the 2013-2018
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Table 4. Extent of area obtained for each of the classes mapped through the supervised classification
for each of the years studied.

Area (ha)
Year Other vegetation cover Pterocarpus officinalis Bare land Waterbody
1986 2526.48 865.26 202.14 358.83
1998 2260.62 804.96 534.51 352.62
2003 2806.56 405.81 383.04 357.21
2013 2808.99 327.51 520.02 296.1
2018 2961.63 407.16 261 322.83

period, in which 79.65 ha was gained at an annual rate of 4.35%. This indicates that the
greatest loss occurred between 1998 and 2003 when forest cover was reduced by approxi-
mately half and at a higher rate.

The 2013 results were compared with the cover information of the Dique Channel
System Restoration project (Consorcio Dique & Fondo Adaptacion, 2016), finding simila-
rities in the areas of Pterocarpus officinalis identified for this year, which were 324.88 ha
compared to the 327.51 ha identified in this study. Within this restoration project, loss of
Pterocarpus officinalis was also identified in the vicinity of the Pablo swamp during the 80's
and 90’s, as well as increasing trend of Pterocarpus officinalis cover along Correa channel.
The above confirms and validates the classification obtained in this research.

On the other hand, the largest decrease in Pterocarpus officinalis cover occurred in the
northeastern area of the sanctuary near Rico channel, where forest and vegetation conver-
sion have been more dynamic, which is reflected in the normalized difference vegetation
index (NDVT) variations (Figure 6), whose map of change for the period 2013-2018 shows a
considerable decrease in the index in an area containing Pterocarpus officinalis. This
decrease in NDVI is due to mortality, which was recorded photographically in surveys
carried out in 2018 (Figure 7). The above shows the validity of the data estimated and
obtained in this report through remote sensing products with those observed in the in situ
survey.

The Pterocarpus officinalis forest located near Rico channel is one of the main patches of
the sanctuary. However, due to sedimentation and obstruction of the channels, the fresh-
water inflow has decreased, which has caused an increase in the salinity of water, and
therefore the increase in the mortality rate of adult trees, given that the survival of this
species depends on the exchange of fresh and salt water (Coldn-Rivera et al., 2014; Lambs et
al., 2015). When salinity increases, it affects the production of flowers and leaves (Eusse &
Aide, 1999D), as well as the growth of roots and their symbiotic associations, reducing the
colonies of mycorrhizal-arbuscular fungi (Colén-Rivera et al., 2014; Fougnies et al., 2007;
Saint-Etienne et al., 2006).

The waters that flow through the Correa channel and Rico channel derive from the Dique
Channel, which is an artificial channel created in 1650 that has undergone various inter-
ventions and rectifications with the aim of improving its navigability. However, along with
these interventions was a greater sediment and transport of approximately 10 million tons/
day (Mejia Monterroza, 2015). This large contribution of sediment has caused a decrease of
freshwater inflow to swamps and the channels associated with the Dique Channel ecoregion
(Ordénez, 2009; Roa et al., 2007). Thus, these hydrological and hydrosedimentological
changes have affected the survival of the Pterocarpus officinalis forest, which are of great
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interest for environmental and forest science, given that they fix atmospheric nitrogen
(Galiana et al., 2019) and help protect marine ecosystems by trapping and filtering harmful
sediments (Bacon, 1990). According to Cintron (1983) and Rivera-Ocasio (2007), the
species Pterocarpus officinalis helps control coastal and riparian erosion, in addition to
providing refuge for different animal species. Therefore, this species has a significant value
for coastal ecosystems and biodiversity conservation; however, this forest is affected by the

pressures described above.
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Figure 5. Trend in the number of patches (NP) and mean patch size (MPS) during the period 1986-2018.
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Figure 6. Normalized Difference Vegetation Index (NDVI) map, for the years 1986, 1998, 2003, 2013 and
2018 in the protected area Corchal “El Mono Herndndez” FFS. NDVI < 0 represents non-vegetated areas;
NDVI = 1 represents healthy vegetation.

The constant loss of Pterocarpus officinalis cover over time has been considerable, and
most of the area converted to other vegetation cover, which include swampy vegetation
capable of resisting higher levels of salinity (Consorcio Dique & Fondo Adaptacion, 2016).
However, the identification and quantification of this information warrants a more detailed
study to understand the processes of ecological succession presented in the area under
study. In addition, the need arises to know if this expanding flora includes species native to
the sanctuary or invasive species. However, it is presumed that there is increase in the
species Acrostichum aureum in the protected area due to its notorious presence in field
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Figure 7. Photographic evidence of Pterocarpus officinalis mortality recorded with a drone in the area of
lower NDVI.

surveys and its constant presence in aerial imagery, in which this species was captured in
conjunction with Pterocarpus officinalis and even in areas where mortality has occurred in
this forest. This could indicate the colonization of this species; for this reason, a more
exhaustive investigation should be proposed to determine the distribution and abundance
of this native species within the flora and fauna sanctuary.

On the other hand, during the period 2013-2018, the Pterocarpus officinalis cover class
gained area, perhaps associated with the conservation actions carried out within the protected
area, which have focused on the rehabilitation of the water flows in the main channels (Parques
Nacionales Naturales de Colombia & El Fondo de Patrimonio Natural). However, it is
necessary to continue monitoring the cover of these forests given their high vulnerability to
avoid large losses, such as those that occurred in Puerto Rico, where the Pterocarpus officinalis
forest was reduced to only 5 ha (Cintron, 1983) or cases such as the one that occurred in the
Colombian protected area, Via Parque Isla de Salamanca, where 5930 ha of mangrove forests
were impacted by the construction of the Barranquilla-Ciénaga highway, which interrupted the
connectivity of hydrological flows of the delta-lagoon system (PNNC 2017a).

Therefore, it is necessary to implement effective conservation measures to stop and
mitigate their mortality, including restoration projects, monitoring systems and regulation
of fresh and saltwater exchange, control of sediment transit and saltwater intrusion, in
addition to systems for adapting to climate change and sea level rise. Currently, the Dique
macroproject is being developed, which includes the reopening of the flow of Rico channel,
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an action that could aid in the ecological restoration of the sanctuary and according to the
updated Watershed Land Use and Management Plan (POMCA) for Dique Channel, these
territories would become marine biotope restoration areas run by the Macroproject
(POMCA Canal del Dique, 2018). It is worth noting the importance of this research,
since it contributes to the understanding of the landscape changes in this protected area,
generating quantitative information of great importance for government and management
entities for decision-making in the conservation and restoration of this ecosystem. Also,
these findings add new data to the literature on Pterocarpus officinalis forest cover since
there are a few existing publications related to this forest.

Conclusion

Cover maps for the years 1986, 1998, 2003, 2013, and 2018 were obtained using Landsat
images and a supervised classification applying the maximum likelihood algorithm, pre-
senting high values of accuracy. The Pterocarpus officinalis cover was identified and
classified, which had an initial area of 865.26 ha in 1986; however, by 2018, this cover was
reduced by approximately 50%. It should be noted that during the period 2013-2018, the
forest recovered 79.65 ha at a rate of 4.35%. This recovery may be due to the restoration and
conservation actions implemented in the protected area. Additionally, through landscape
and class metrics, it was possible to estimate the presence of fragmentation during the
period 1986-2003; however, during 2013 and 2018, this fragmentation was less because the
most isolated patches were lost, leaving the largest strips of forest around Rico channel and
Correa channel. This decrease in fragmentation may also be associated with the gain in
cover during the last period 2013-2018.
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