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Mangroves are fragmented habitats thriving in human-dominated coastalscapes
worldwide. They provide refuge to threatened plant species, such as the Neotropical
Piñuelo Mangrove (formerly the monotypic Pelliciera genus, recently split into two
species: P. rhizophorae and P. benthamii). However, little is known about the relationship
between urbanization and the spatial configuration of mangrove habitat and how it
would drive ecological and evolutionary changes in the small populations of Pelliciera
spp. We used open data (e.g., land cover, mangrove cover) for 107 locations of
Pelliciera spp. in Colombia (extant populations) to assess coastalscape structure
and urbanization. We described coastalscape composition dynamics (for 2000 and
2010) and mangrove habitat configuration along a human-domination gradient, using
landscape metrics. We computed an urban index to compare urbanization intensity
among the study areas along the Caribbean coast and compared coastalscape
structure and mangrove spatial metrics between basins (Caribbean and Pacific). The
proportion of artificial surfaces was greater in the Caribbean than in the Pacific, but
no temporal difference was found. The Caribbean basin exhibited a greater Urban
Index, particularly in Cartagena and Urabá. Mangrove fragmentation was also greater
in the Caribbean and it was influenced by the degree of urbanization. Mangrove area
and core area were smaller in the Caribbean than in the Pacific, while cohesion was
significantly lower in Cartagena than in other urban areas of the Caribbean. We propose
a conceptual eco-evolutionary framework for linking mangrove patch reduction and
isolation to demographic variables of Pelliciera spp. Edge effects are expected to affect
birth and mortality rates in small patches. Small patches and small effective populations
are expected to be more sensitive to novel biotic interactions, extreme weather, and
gradual climate change. Isolation will also influence both emigration and immigration
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rates of propagules. We propose: (1) Assessing the conservation status of the two
species, (2) setting monitoring programs of their populations of Pelliciera spp. and their
surrounding coastalscapes (particularly in the Caribbean, (3) declaring protected areas,
in wild and urban settings, to reduce mangrove fragmentation and urbanization.

Keywords: Pelliciera rhizophorae, urban mangroves, Colombia, coastalscape composition, habitat configuration
metrics, Piñuelo Mangrove, Pelliciera benthamii

INTRODUCTION

Mangrove tree species are threatened by anthropogenic drivers
operating at the landscape level (Polidoro et al., 2010), promoting
cascading effects mediated by eco-evolutionary dynamics that are
poorly understood. Mangroves, as habitats for vulnerable plant
species, have been cleared or degraded during many decades
due to residential and commercial development, expansion of
agricultural frontiers and aquaculture districts (Friess et al., 2019;
Goldberg et al., 2020). For instance, between 2000 and 2016,
human activity was the primary driver of mangrove area loss,
with a 47% due to commodities such as rice, shrimp, and oil palm
cultivation (Goldberg et al., 2020). In addition, natural hazards
such as coastal erosion, extreme atmospheric and oceanographic
events, and sea level rise are further threats to mangrove fringes
worldwide, responsible for 38% of loss between 2000 and 2016
(Goldberg et al., 2020). Despite the fact that only 3% of mangrove
loss was due to conversion to human settlements, it is still an
important driver at local scales, particularly in geographic areas
of accelerated urban expansion (Branoff, 2017; Tuholske et al.,
2017; Goldberg et al., 2020).

These anthropogenic and natural pressures are more critical
for a dozen of true-mangrove species and mangrove associates
listed as threatened by the International Union for the
Conservation of Nature (hereafter, IUCN). Their conservation
status is assessed based on population size, quantitative analysis
of probability of extinction and/or geographic range (extent of
occurrence and/or area of occupancy), among other variables
(IUCN, 2012). In addition, coastal wetland deterioration and
loss are determinant processes for the fate of endangered species
because they depend on habitat stability, a result of interacting
anthropogenic and natural threats, under the current sea level
rise rates (Kirwan and Megonigal, 2013). In mangroves, the
remaining small patches in many regions are more prone to
disappear due to deforestation (Bryan-Brown et al., 2020) while
those located in the proximity to populated areas and paved
roads experience greater anthropogenic edge effects (e.g., Blanco-
Libreros and Estrada-Urrea, 2015; Blanco-Libreros et al., 2016;
Zamprogno et al., 2016; Branoff, 2017; Hayashi et al., 2019),
similar to the reported for tropical terrestrial forests (Laurance
et al., 2002, 2011; Taubert et al., 2018; Hansen et al., 2020).

Global mangrove species diversity is divided into two realms,
the Atlantic East Pacific (AEP) and the Indo-West Pacific (IWP)
(Duke et al., 1998). All families of the AEP are represented
in the IWP, but Tetrameristaceae (formerly Pellicieraceae) only
occurs in the AEP, where the highest proportion of threatened
mangrove species is found (Duke et al., 1998; Polidoro et al., 2010;
Saenger et al., 2019). Pelliciera Planch. & Triana (Magnoliophyta:

Tetrameristaceae) is the only mangrove genus endemic to the
Neotropics and it was formerly recognized as a monotypic
genus. It was solely represented by P. rhizophorae Planch. &
Triana, but a substantial amount of evidence (Castillo-Cárdenas
et al., 2005, 2012, 2015a,b, 2016) suggested morphological
and genetic differences among P. rhizophorae populations,
particularly at both sides of the Panama Isthmus. In 2020, two
independent publications suggested a redefined P. rhizophorae
and proposed a new species: P. benthamii (Planch. & Triana)
Cornejo (Cornejo and Bonifaz, 2020), and P. benthamii (Planch.
& Triana) Duke (2020). However, both publications likely refer
to different entities. It is now clear that what it was known
before as a single species are two species (and probably some
intermediates or hybrids) that will require further basic biology
and ecology studies, conservation status assessments, and active
conservation programs.

P. rhizophorae was listed as Vulnerable [B2ab (iii)] by the
IUCN, due to its reduced range and isolated populations, its
estimated area of occupancy between 500 and 2,000 km2, and
the decline of the mangrove area and the quality of the habitat
in its range of occurrence (Ellison et al., 2010). But its recent
split into P. rhizophorae and P. benthamii likely make them more
threatened than previously thought. According to Duke (2020),
P. rhizophorae is the most widely distributed, occurring mainly
along the American Pacific coast, with small populations in the
Caribbean coast of Central America (Jimenez, 1984; Ellison et al.,
2010; Duke, 2020). In contrast, P. benthamii only occurs on
the Panamanian Pacific and the Colombian Caribbean (Duke,
2020). Ellison et al. (2010) suggested that the majority of Pelliciera
populations are not found in protected areas, and the situation
is likely worse for each species considered separately. They
recommended continued monitoring and research, to better
assess the conservation status of these rare mangrove. However,
given the complex logistics required to research in wild and
isolated areas within the geographical range, and due to the
limited funding to set long-term monitoring programs, it is
necessary to provide alternatives to monitor the conservation
status of Pelliciera spp. and other endangered mangrove plant
species elsewhere.

One alternative, to update assessments of conservation status
of Pelliciera spp. and other threatened species, is the use of
spatial proxies such as landscape metrics (Fernandes et al., 2011;
Millán-Aguilar et al., 2019). Several studies have shown the
relationship between landscape structure (assessed by landscape
metrics), and the diversity, status and/or density of a particular
taxon (Uuemaa et al., 2009). These metrics seem to be a cost-
effective solution to identify potentially threatened habitats (Hale
et al., 2004) and to identify geographical disparities between
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loss and fragmentation, even in mangrove ecosystems (Taubert
et al., 2018; Bryan-Brown et al., 2020). Besides, the anthromes,
the biomes built or modified by humans, can give a global
classification of drivers of habitat change (i.e., dense human
settlements, croplands, used forests, rangelands) at the coastalscape
level (Ellis and Ramankutty, 2008).

Northern South America, with coasts on both the Pacific
Ocean and the Caribbean Sea, provides a unique opportunity to
study the effect of human activities on the coastalscape structure
and dynamics, and consequently on mangrove habitats. The
Pacific coast of Colombia stands almost continuously covered
with extensive mangroves (194,880 ha) and non-tidal wetlands,
while the Caribbean coast (with almost 90,170 ha of mangroves)
has witnessed a dramatic clearing and transformation of
mangroves and coastal dry forests at expense of high-density
settlements and extensive agricultural and pastoral areas since
1800s (Etter et al., 2008; Blanco et al., 2012; López-Angarita
et al., 2016; Mejía-Rentería et al., 2018; Urrego et al., 2018;
official mangrove extent data for 2011 in Blanco-Libreros and
Álvarez-León, 2019). Global mapping efforts have pointed to the
importance of the extensive wilderness areas along the Pacific
coast as blue carbon hotspots, while selected extensive deltas
along the Caribbean seemly remain as important areas for wildlife
conservation and ecosystem services (Aldana-Domínguez et al.,
2017; Hamilton and Friess, 2018; Simard et al., 2019; Sandoval-
Londoño et al., 2020).

The Antilles have been a model to understand urban sprawl
and its consequences on mangroves, but little is known about
coastal cities in South America (Martinuzzi et al., 2009; Branoff
and Martinuzzi, 2020). Cartagena, in the central Caribbean, is the
largest city in Colombian Caribbean and it has experienced great
transformation since the Spanish invasion ca. 1502 (Etter and van
Wyngaarden, 2000; Etter et al., 2008). In fact, Cartagena surpasses
the numbers of inhabitants of most cities in the Antilles, except
Santo Domingo and La Habana. To the south of Cartagena, there
are various towns that show a gradient of urban size (in area and
population) (i.e., from Tolú and Coveñas in Morrosquillo Gulf
to Necoclí and Turbo in Urabá Gulf). This gradient provides an
opportunity for studying marine urban ecology, in the context of
small towns and medium-sized cities, where even less research
has been done. These areas are important because they have
a greater perimeter/area ratio, then higher interface with other
ecosystems, such as mangroves (Aguayo et al., 2007).

Urbanization processes in Northern South America likely
have significant impacts on biodiversity-rich areas that are not
fully understood. Cities are areas where rapid eco-evolutionary
dynamics on animal and plant populations are driven by
anthropogenic processes (e.g., habitat loss and fragmentation;
Liu et al., 2016; Dubois and Cheptou, 2017; Alberti et al., 2020).
Humans in cities are driving ecological and micro-evolutionary
changes that alter biodiversity and ecosystem function in
different timescales (Alberti, 2015; Alberti et al., 2020). For
instance, change rates of survival or reproductive success have
resulted in altered genetic frequencies within populations or even
in species shifts in communities (Hermansen et al., 2015; Alberti
et al., 2017). Urbanization also promotes expansion of existing
species or colonization by new species through the processes

of niche alteration and niche construction (Numbere, 2018).
As a result of the new species assemblage, novel community-
level interactions may emerge thus promoting further changes in
species composition and ecosystem function.

Thus, cities are areas where populations, communities, and
ecosystems are experiencing turning points, but less information
is available for the marine realm of cities located in the Tropics.
For these reasons, the objectives of this study were as follows:
(1) Describe coastalscape composition (i.e., land cover classes)
dynamics within the geographic range of Pelliciera spp. in
northern South America, (2) describe the urbanization intensity
along the human domination gradient in the Caribbean, (3)
compare mangrove habitat configuration (i.e., area, shape and
aggregation of mangrove patches) among urban intensities, and
(4) set a conceptual framework linking coastalscape structure
in urban and peri-urban settings with potential drivers of eco-
evolutionary dynamics of Pelliciera spp.

RESULTS

We analyzed 107 coastalscapes in Colombia, 82 in the Pacific
basin and 25 in the Caribbean basin (Figure 1), using only
extant populations despite the extensive fossil record. We defined
coastalscapes as circular buffers (500 m, 1 km, and 5 km in radius)
point-centered on records of Pelliciera rhizophorae Tr&Pl in the
literature. However, due to the difficulty of knowing the identity
of the Pelliciera species, all the records were taken as genus
records. The Pelliciera coastalscapes were evenly distributed
along all the Pacific basin but they were restricted to three
regions in the Caribbean basin: Urabá Gulf, Morrosquillo Gulf,
and two neighboring embayments Barbacoas and Cartagena (the
two later will be named as Cartagena hereafter). Coastalscapes
were predominantly natural, forested or wild along the Pacific
coast (likely P. rhizophorae distribution range), but they exhibited
different degrees of human domination within the three regions
in the Caribbean coast (likely the P. benthamii distribution range,
except Urabá Gulf).

Coastalscape Composition
We defined the composition of the coastalscape as the proportion
of land cover classes (i.e., artificial surfaces, agricultural areas,
forest and seminatural areas, wetlands, and water bodies)
inside the circular buffers. We conducted a Permutational
Analysis of Variance (PERMANOVA hereafter) to compare
coastalscape composition of Pelliciera spp. between periods and
basins, and between periods and Caribbean regions (Cartagena,
Morrosquillo, and Urabá). We used two different land cover
layers, comprising the first decade of the 21st century: 2000–2002,
and 2010–2012. These layers represent the official benchmark for
recent land cover dynamics, also matching the timeframe of most
of the Pelliciera spp. records used in this analysis.

Comparison Between Basins
The PERMANOVA showed that coastalscape composition was
significantly different between the Caribbean and Pacific basins
in northern South America (P ≤ 0.01; Supplementary Figure 1
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FIGURE 1 | Study area in Northern South America. On the left panel, the records of Pelliciera spp. in Colombia. In the right and central panel, the detail of Pelliciera
spp. coastalscapes in the Caribbean are shown as dissolved circular buffers of 5 km radius. In addition, the degree of transformation is detailed (natural or
transformed) and the roads are shown in white. For the Cartagena region, the areas with the least impact due to urbanization (Canal del Dique area of influence), with
medium impact (Barú peninsula) and with high impact (the city of Cartagena itself) are shown. The map was made in QGIS Desktop 3.10.7 with data from IDEAM,
Instituto Alexander von Humboldt, IGAC, INVEMAR, and Ministerio de Ambiente y Desarrollo Sostenible (2017) and OpenStreetMap contributors, 2020.

and Supplementary Table 2), but it was not between periods
nested within basins. Moreover, multivariate dispersion
was also significantly different between basins (F = 33.67;
df1:1; df2:184; P(perm): ≤ 0.01). The proportion of artificial
surfaces in the coastalscape was greater for the Caribbean
(mean ± SD: 0.172 ± 0.324) than for the Pacific (0.033 ± 0.130).
For agricultural areas, there were slight differences between
Caribbean (0.064 ± 0.122) and Pacific basins (0.090 ± 0.181).
But the proportion of forest and seminatural areas was
greater for the Pacific (0.766 ± 0.221) than for the Caribbean
(0.610± 0.352).

Comparison Among Caribbean Regions
According to PERMANOVA, there were significant differences
in coastalscape composition among Caribbean regions (P ≤ 0.01;
Figure 2 and Table 1) but not between years nested within
regions. Furthermore, there was no homogeneity in the
multivariate dispersion between Caribbean regions (P ≤ 0.01),
as assessed by PERMDISP. The proportion of artificial surfaces
was greater for the coastalscapes in Cartagena (x = 0.3;
Median = 0.06; s = 0.39), followed by Urabá (x = 0.01; Med. = 0;
s = 0.02). The coastalscapes of Pelliciera spp. in Morrosquillo
did not exhibit artificial surfaces. The coastalscapes in Caribbean
regions exhibited a reduced proportion of agricultural surfaces

[Cartagena (x = 0.01; Med = 0; s = 0.02); Urabá (x = 0; Med = 0;
s = 0); Morrosquillo (x = 0.03; Med = 0; s = 0.05)]. Coastalscapes
in Urabá and Morrosquillo exhibited greater proportion of forest
(Urabá: x = 0.92, Med = 0.92, s = 0.05; Morrosquillo: x = 0.85,
Med = 0.92, s = 0.19) compared to the coastalscapes in Cartagena
(x = 0.01; Med = 0; s = 0.02).

Urban Index
The extent of urban areas was remarkable in some coastalscapes
within each of the three Caribbean regions (see Figure 1
and Supplementary Figure 2). A Local Urban Index (LUI)
was computed to indicate an absolute difference among
Caribbean regions (Table 2). As expected, Cartagena scored
the highest LUI (most urban), due to the greatest road length,
transformed area, and artificial surface per square kilometer.
Contrary to the expected, Morrosquillo was the least urbanized
region, at least within the coastalscapes of Pelliciera spp.
In Morrosquillo, occurrences were only reported within or
near marine protected areas (Cispatá Bay Regional District
of Integrated Management and Boca de Guacamaya Natural
Regional Park) but mangroves also occur in the proximity of two
small populated centers (Tolú and Coveñas). Low urbanization
was expected within the coastalscapes in Urabá, however, the
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FIGURE 2 | Biplot of principal components analysis (PCA) for the coastalscapes composition of Pelliciera spp. in the three Caribbean regions. Arrows indicate
direction of increasing value for each land cover variable.

TABLE 1 | Results of PERMANOVA analyses testing for the effects of Region (Cartagena, Morrosquillo and Urabá) and year (2000 and 2010) on coastalscape
composition of Pelliciera spp. in the Caribbean coast of Colombia.

Distance Spearman-rank correlation Bray-Curtis

Source d.f SS MS Pseudo-F P(perm) d.f SS MS Pseudo-F P(perm)

Region 2 1.7137 0.85684 2.6779 0.065 2 12019 6009.4 2.6406 0.0112

Year (Region) 3 0.32522 0.10841 0.33881 0.8345 3 3490.7 1163.6 0.51128 0.9235

Residual 36 11.519 0.31997 36 81928 2275.8

Total 41 13558 41 97438

Comparisons t P (perm) Comparisons t P (perm)

Urabá-Cartagena 1.6723 0.0939 Urabá-Cartagena 1.8919 0.0137

Urabá-Morrosquillo 1.2535 0.2969 Urabá-Morrosquillo 1.6851 0.0404

Cartagena-Morrosquillo 1.6745 0.0848 Cartagena-Morrosquillo 1.2743 0.157

The results of pairwise PERMANOVA analyses testing for differences in the coastalscape composition in the Caribbean regions are also shown. The left panel shows the
results for Spearman -rank correlation distances and the right panel for Bray-Curtis distances. Significant results are highlighted in bold.

presence of Pelliciera spp. in the vicinity of Turbo, a high-
density populated center with a highly compact urbanization,
offsets the wild coastalscape observed in the Atrato River Delta
where additional presences were recorded (see Supplementary
Figure 2). Therefore, the LUI was greater in Urabá than
in Morrosquillo.

Prior to the analysis, we visually defined areas of maximum
and minimum urban extent within each region of the Caribbean.
The LUI was consistent with the preliminary classification
of minimum and maximum urban extent, except in the
Barú Peninsula, where low urbanization rather than high was
observed. It was probably because only two small towns are
present, and secondary roads are almost absent, while there is
only a two-lane primary road connecting the area to Cartagena
(boat transportation has been historically prevalent).

We also calculated a General Urban Index that describes
the coastalscapes according to theoretical maximums and
minimums of anthropogenic land covers in the coastalscape. It
classified Cartagena, and Turbo as Highly Urban. Highly compact

areas in the seaside within these cities may be comparable
to other heavily urbanized areas in the Caribbean region.
Coastalscapes in Morrosquillo were classified as Moderately
Urban or Not Urban.

Mangrove Habitat Configuration
Comparison Between Basins
For the coastalscapes of 5-km radius, the Mann-Whitney-
Wilcoxon tests indicated that median patch area (AREA_MN)
was greater for the Pacific than for the Caribbean (Medians = 70
and 15.2 ha, respectively; U = 612, p < 0.01). The total area
of mangroves (CA) was greater for the Pacific than for the
Caribbean basin (Medians = 2034 and 502 ha, respectively;
U = 676, p < 0.05). The core area (CPLAND) with a 100-
m edge was greater for the Pacific than for the Caribbean
(Medians = 46.7 and 35.8%, respectively; U = 685, p < 0.05).
We also found differences in PAFRAC (U = 1027, p < 0.05),
being slightly greater in the Caribbean than in the Pacific
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(Medians: 1.38 and 1.36, respectively), indicating more irregular
shapes in the Caribbean (see Supplementary Table 5 for
details). At 5 km radius, COHESION was not homoscedastic,
and the Mann-Whitney-Wilcoxon tests indicated no significant
differences between the Pacific and the Caribbean neither for
COHESION, nor for CPLAND (500-m edge) and ENN_MN.
For the coastalscapes of 500 m and 1 km in radius, the Mann-
Whitney-Wilcoxon test indicated that there were no significant
differences between basins for AREA_MN, CA, COHESION,
CPLAND (with a 100-m edge) and ENN_MN.

Comparison Among Caribbean Regions
For the coastalscapes of 5-km radius, the Kruskal-Wallis test
showed significant differences among regions in the Caribbean
in terms of COHESION (Chi square = 6.05, df = 2, p ≤ 0.05),
and CPLAND with a 100-m edge (Chi square = 7.29,
df = 2, p < 0.05) (see Figure 3 to inspect the boxplots of
the metrics significantly different among regions). Pair-wise
comparisons showed significant differences between Cartagena
and Morrosquillo in terms of both COHESION (Observed
difference = 11.12; Critical difference = 10.84) and CPLAND
(100-m edge) (observed = 11.97; critical = 10.84). No significant
differences were found for AREA_MN, CA, ENN_MN and
PAFRAC at this spatial scale (see Table 3 for details). CPLAND
(500 m edge) did not meet the assumptions of the test
and we did not run pair-wise comparisons. No significant
differences were found among the three regions for any metric
at smaller spatial scales.

DISCUSSION

Coastalscape in the Anthropocene:
Human Domination and Urbanization
This study reports the gradient in human-domination along the
coasts of northern South America. Our results support previous
studies indicating that the Pacific coast of Colombia remains
dominated by forested biomes with low extents of agricultural
and pastoral lands (Etter et al., 2008; Sánchez-Cuervo et al., 2012).
On the contrary, the Caribbean coastalscapes were dominated
by extensive rangelands (despite shrimp aquaculture was also
observed in the proximity to Cartagena, a pattern consistent
with previous national-scale studies; Larsson et al., 1994; Etter
et al., 2008; Sánchez-Cuervo et al., 2012). These findings are
also consistent with the reports using the anthrome framework
(Ellis and Ramankutty, 2008) and the human footprint index for
Colombia (Correa-Ayram et al., 2020).

The lack of significant temporal variability in coastalscape
composition in the study area suggests a reduction in the
deforestation rates and, in cases, an increase in afforestation
rates, as observed in Latin America during the first decade of
the 21st century (Sánchez-Cuervo et al., 2012; Graesser et al.,
2015). Specifically, mangrove deforestation rates worldwide have
been slower since the 2000s (Friess et al., 2019; Goldberg
et al., 2020). The lack of temporal variation in coastalscape
composition may also suggest the reach of an advanced stage
in the deforestation cycle where prime lands for agriculture and
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TABLE 3 | Kruskal-Wallis test results comparing coastalscape configuration metrics among the three Caribbean regions (Urabá, Cartagena and Morrosquillo).

Metric/scale 500 m radius 1 km radius 5 km radius

X2 p-value X2 p-value X2 p-value

AREA_MN 3.20 0.202 1.89 0.388 5.37 0.0683

CA 3.99 0.136 3.79 0.15 5.81 0.0547

COHESION 3.80 0.15 0.841 0.657 6.05 0.0485

CPLAND 100 m 4.08 0.13 4.24 0.12 7.29 0.0261

CPLAND 500 m – – 0.496 0.78 6.19 0.0452

ENN_MN 5.14 0.0764 1.80 0.406 2.92 0.232

PAFRAC – – – – 2.07 0.355

The Chi-squared (X2) statistic and the p-value are included for the three scales assessed. Significant results are highlighted in bold.

FIGURE 3 | Boxplots for mangrove configuration metrics on the three Caribbean regions (Urabá, Morrosquillo, or Cartagena). The color code follows the anthromes
(Ellis et al., 2010). Each panel shows significantly different metrics between regions: (A) Patch Cohesion Index. (B) Mangrove area. (C) Core Area Percentage of
Mangrove in the coastalscape with an edge of 500 m. (D) Core Area Percentage of Mangrove in the coastalscape with an edge of 100 m. The coastalscapes are
defined as circular buffers of 5 km radius.

other types of exploitation have been already transformed and
monopolized (Meyfroidt and Lambin, 2011). Besides, further
stages in the economic development of different countries in
Latin American and the Caribbean, have implied conversion of
former agricultural areas into urban and suburban areas, but not
a reduction in forest cover (e.g., Grau et al., 2003; López-Marrero
et al., 2012).

A significant landmark of the Anthropocene in northern
South America is the urban development in various spots along
the Caribbean coast. While high scores of local and general
urban indices were found in Cartagena and Urabá, additional
urban settlements are present within the distribution range
of Pelliciera spp., according to the present study. Moreover, if an
urban index would be computed for the entire mangrove habitat
regardless of the presence of vulnerable species, a south-north
gradient would be also evident. On the contrary, there was no
urbanization gradient along the Pacific and only two major port
cities are found (Buenaventura and Tumaco) but immersed in

coastalscapes dominated by forested lands (agriculture to a lower
extent) consistent with previous reports (López-Angarita et al.,
2018; Fagua et al., 2019). While the low degree of urbanization
in the Pacific is an exception of the generality in the Tropics,
the compact urbanization in Turbo (Urabá) and Cartagena is
more alike to the wider Caribbean. Turbo is the typical case
of a small and compact commercial port city that experienced
rapid population growth between 1980 and 2000s (like others
in the Antilles; Parés-Ramos et al., 2008; López-Marrero et al.,
2012). Cartagena is a typical example of a coastal metropolis
experiencing rapid urban sprawl into neighbor rural areas,
similar to the observed elsewhere in the Caribbean, Brazil, West
Africa, and Southeast Asia (Martinuzzi et al., 2009; Nfotabong-
Atheull et al., 2013; Friess et al., 2019). Morrosquillo is an
example of low density and dispersed urban development (Tolú
and Coveñas) found in tourism districts in the Antilles and the
Caribbean basin of Central America and Mexico (e.g., Hirales-
Cota et al., 2010; Díaz-Gallegos et al., 2011).
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Therefore, the spatial template offered by urbanization
in the Caribbean basin of South America provides an
opportunity for studying the ecological and evolutionary
consequences of urbanization on mangrove ecosystems. Despite
the biogeographic differences between the Pacific and the
Caribbean basins, it would be interesting to study the ecological
consequences of specific forms of human domination on the
coastalscapes. We recommend focal studies on urban and
peri-urban mangroves (e.g., Buenaventura and Tumaco) and
coastalscape analyses in the South Pacific where rapid landscape
transformation occurred in coastal watersheds since the 2000s
as the consequence of armed conflicts and proliferation of
illicit cash crops (Quintero-Angel et al., 2021). Finally, we also
recommend the use of innovative remote sensing techniques such
as city lights and LIDAR for high-resolution analyses of urban
sprawl into coastal wetland areas, particularly in Cartagena. The
suburbanization and compaction processes in Cartagena seem
to be similar to those of large cities in the northern Andes and
the Caribbean, where the application of such techniques has
been instrumental for improving scientific understanding, nature
conservation, and urban planning (Parés-Ramos et al., 2013;
Álvarez-Berríos et al., 2013; Martinuzzi et al., 2018; Branoff and
Martinuzzi, 2020).

Mangroves as Fragmented Habitats in
the Anthropocene
Mangrove configuration, at 5-km radius coastalscapes, was
different between basins. The Caribbean exhibited higher
fragmentation with a greater fractal dimension of patches
and lower median patch size, mangrove area, and core area,
as previously reported for terrestrial forests and mangroves
worldwide (Taubert et al., 2018; Bryan-Brown et al., 2020). The
differences in mangrove configuration related to the degree of
human domination in the coastalscapes and could represent
differences in the rates and drivers of deforestation in peripheral
areas (as in Etter et al., 2006). A greater mangrove area reflects
the wild condition of the Pacific coastalscapes and their low
deforestation rates (Hamilton and Friess, 2018; López-Angarita
et al., 2018; Mejía-Rentería et al., 2018; Simard et al., 2019).
Therefore, this study suggests that urbanization translates into a
patchy configuration of the remaining mangrove areas.

However, we still need to better understand the patterns
derived from the fragmentation process through multi-temporal
analyses and high-resolution mapping efforts, which are urgently
needed. These efforts would benefit from employing open-access
satellite imagery, cloud-computing (e.g., Bhargava et al., 2020),
or the available open access multitemporal global layers (e.g.,
Thomas et al., 2017; Bunting et al., 2018; Bryan-Brown et al.,
2020; Richards et al., 2020). Efforts must concentrate around
protected, urban and peri-urban areas, as well as on to assess the
effectiveness of conservation efforts and to identify threats and
deforestation hotspots.

In the Caribbean, the urban intensity was related to higher
fragmentation, a pattern previously reported by Blanco-Libreros
and Estrada-Urrea (2015) in the Urabá Gulf. The loss rate related
to proximity to an urban center and patch density, while patch

density and mean patch area were related to human disturbance
(Blanco-Libreros and Estrada-Urrea, 2015). Increased patch
density, due to trampling and logging, also promoted species
shifts at the community level (Blanco et al., 2012; Blanco-Libreros
and Estrada-Urrea, 2015). Small-scale deforestation and logging
have been reported in the proximity of human settlements in
many rural and peri-urban locations world-wide (e.g., Blanco
et al., 2012; Nfotabong-Atheull et al., 2013; Palacios and Cantera,
2017; Scales and Friess, 2019). Thus, we recommend field surveys
of Pelliciera spp. in different areas along the distribution range,
but particularly comparing areas of maximum and minimum
urbanization, for understanding the effects of patch geometry
and mangrove habitat configuration on demographic variables.
We also recommend using the protected versus non-protected
contrast to achieve this objective and to further understand the
ecological service of habitat provision to these and other species
of plants and animals relative to patch size. Finally, we need
to better understand why differences in mangrove configuration
were not observed at smaller spatial scales.

Potential Effects of Coastalscape
Structure on Eco-Evolutionary Dynamics
Mangroves are the most threatened ecosystems across tropical
coastalscapes, with the highest urban population density per
habitat area, and this trend will seemingly continue until 2050
(McDonald et al., 2013). Urbanization has the potential to
alter the quantity, quality, and spatio-temporal arrangement of
resources for mangrove plant species and populations, similarly
to the observed in other systems (Parris, 2016; Dubois and
Cheptou, 2017). A main consequence of the urbanization
process is the simultaneous decrease in habitat amount and
the increase in habitat fragmentation over time (Liu et al.,
2016). Fragmentation usually provides a better descriptor of trait
variation than urbanization per se (Dubois and Cheptou, 2017).
The main direct effects of fragmentation are the creation of
smaller patches and the increased isolation of patches (sensu
Wilcove et al., 1986).

In small forest patches, there is less habitat and resources,
while more area is susceptible to edge effects, thus supporting
smaller populations than large patches (Gascon et al., 2000;
Laurance et al., 2002; Hobbs and Yates, 2003). In addition, small
mangrove populations are more vulnerable to local extinction
caused by environmental and demographic stochastic events and
are less likely to be rescued if they are very isolated in areas of
high cyclonic activity, such as the Caribbean region (Krauss and
Osland, 2020). Besides, increased fragmentation can reduce the
survival rate of seedlings, the production, and quality of fruits,
and pollinator abundance, even in naturally-patchy habitats such
as mangroves and in species such as Pelliciera spp. interacting
with winged pollinators (birds, moths, and/or bats; Hermansen
et al., 2014, 2017; Duke, 2020). This can result in reduced
gene diversity and higher genetic structure in mangrove plant
species (Arnaud-Haond et al., 2006). In addition, small Pelliciera
populations in the Caribbean (presumably P. benthamii) have low
intrapopulation genetic diversity and they are probably affected
by genetic drift, inbreeding, and bottlenecks (Castillo-Cárdenas
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et al., 2012). Genetic drift can reduce the ability of populations
to cope with novel environments and small populations can also
experience fitness reductions as population size declines (Allee
effects; Gilpin and Soule, 1986; Keller and Waller, 2002). Fitness
reductions from drift, inbreeding depression, and Allee effects
can reduce population size, creating a dangerous feedback loop
(Young et al., 1996; Cheptou and Avendaño, 2006; Cheptou et al.,
2017).

We propose that mangrove patch shrinking and isolation,
due to fragmentation, will interact with environmental changes
thus contributing to lower effective population size, affecting
birth and death rates, as well as immigration and emigration, for
northern South America. The different pathways of interaction
are illustrated in our theoretical framework shown in Figure 4.
The conceptual framework is partly based on Hobbs and Yates
(2003), Parris (2016), and Cheptou et al. (2017), and in a review
of the literature on urban mangroves (see Supplementary Table 6
for details). In our study, we used Mean Patch Size (AREA_MN)
and Patch Cohesion Index (COHESION) as spatial proxies of
decreased patch size and increased patch isolation, respectively.
We used Core Area Percentage of Landscape (CPLAND),
Mangrove (Class) Area (CA), and Perimeter-Area Fractal
Dimension (PAFRAC) as proxies of greater area susceptible to
edge effects. We propose that Pelliciera spp. populations in the
Caribbean (particularly the recently reported P. benthamii) are
at greater risk of extinction due to their low genetic diversity
(Castillo-Cárdenas et al., 2012), the small number of propagules
that survive each year (Dangremond, 2015), and the high amount
of area susceptible to edge effects (smaller total mangrove area,
smaller core area, and more irregular patches when compared to
the coastalscapes along the Pacific). For populations in Cartagena,
we predict the highest susceptibility induced by the smallest core
area (related to edge effects) observed across the study area, and
their location in the limit of the distribution range (likely having
lower gene flow; Eckert et al., 2008; Castillo-Cárdenas et al.,
2012).

Recommendations for Conservation
• Create monitoring programs for the populations of

P. rhizophorae and P. benthamii, primarily in protected
areas (e.g., The Sanctuary of Fauna and Flora "El Corchal
del Mono Hernández” in southern Cartagena) and in urban
and peri-urban areas (e.g., Cartagena and Turbo in the
Caribbean, and Tumaco and Buenaventura in the Pacific).
• Include a genetic perspective in mangrove conservation

and restoration programs. If fragmentation induces the
evolution of life-history trait changes, restoration efforts
would benefit from appropriate source populations (i.e.,
locally adapted, and high dispersive capacity; Cheptou et al.,
2017). It is also important to enrich local genetic diversity by
artificial propagule translocation, as suggested by Castillo-
Cárdenas et al. (2012). However, it is crucial to avoid mixing
the genetic material of P. rhizophorae and P. benthamii in
restoration efforts, particularly in non-sympatric patches,
since the hybrid intermediates are less viable and likely
infertile (Duke, 2020).

• Include a landscape perspective in mangrove conservation
and restoration programs. Pelliciera spp. would benefit from
increasing the size of the existing mangrove patches as they
would be exposed to narrow edge effects, and they could
potentially support larger populations. It is also important
to maximize the area-perimeter ratio of protected patches,
to further reduce edge effects (e.g., leaving a natural buffer
zone to avoid sharp edges). Creating a network of spatially-
continuous protected (or restored) areas would maintain or
rebuild connectivity among adjacent populations.
• Elevate regional protected areas with occurrence of

Pelliciera spp. to national-level protection categories. While
some coastalscapes of Pelliciera spp. in the Caribbean are
inside regional protected areas, they are administered by
departmental environmental agencies (e.g., Cispatá and
Guacamaya in Morrosquillo Gulf). In Colombia, regional
protected areas (mixed-use) seem to be ineffective to
reduce deforestation rates due to poor law enforcement,
but collective lands and national protected areas (strict-use)
have been reported to be more effective (López-Angarita
et al., 2018; Bonilla-Mejía and Higuera-Mendieta, 2019).
• Declare new protected areas, particularly in the wilderness

forests Atrato River Delta in Urabá and in the urban areas
of Turbo and Cartagena. The Atrato River Delta exhibits
the longest mangrove coastline where discrete populations
of Pelliciera spp. (likely P. rhizophorae) thrive seemingly
isolated from others along the Caribbean coasts of Colombia
and Panamá. Other populations within the Urabá Gulf in
urban and rural settings also need urgent protection from
illegal logging and mangrove clearing (Blanco-Libreros
et al., 2016). P. benthamii is known to occur in less than
15 sites and it likely occurs in Cartagena’s urban mangroves
(Duke, 2020), therefore setting urban conservation schemes
may reduce the local extinction risk by combining private,
government, and citizen efforts.
• Finally, we urge the IUCN Mangrove Specialist Group

and the Colombian Ministry of Environment to assess the
conservation status and risk of extinction of P. rhizophorae
and P. benthamii. It is urgent to implement a management
plan for the species, particularly in Colombia. Moreover,
it is important to evaluate how Pelliciera spp. would be
affected by regional climate change, invasions by exotic
species, and the occurrence of multiple human disturbances
within the entire geographical range of distribution. Species
distribution modeling and population genetics studies are
urgently needed for the only neotropical endemic mangrove
genus before this eco-evolutionary unique is locally or
regionally lost.

MATERIALS AND METHODS

Study Location
The study area covered the Pacific and Caribbean coasts of
Colombia (1◦23′29.4′′N – 12◦27′30.2′′N, 71◦07′18.6′′W –
79◦00′31.8′′W), the area of distribution of Pelliciera spp.
(Planchon and Triana Silva, 1863) in northern South
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FIGURE 4 | A conceptual framework of urban eco-evolutionary dynamics in the coastalscape of Pelliciera spp. and other endangered mangrove species in urban
environments. *Influx and outflux of propagules.

America (Figure 1). Presence records of Pelliciera spp. were
collected from the Colombian National Mangrove Assessment
(HELIO_SP.CO v1; Blanco-Libreros and Álvarez-León, 2018),

the Global Biodiversity Information Facility (GBIF.org, 2020),
technical reports, regional experts, and scientific papers (For a
detailed description of the occurrence data used and sources,
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see Supplementary Table 1). The presence records were
georeferenced using QGIS Desktop 3.10.7. Only one record
per square kilometer was chosen randomly to reduce spatial
autocorrelation. A total of 107 records of Pelliciera spp. were
compiled: 82 in the Pacific and 25 in the Caribbean.

Since the Caribbean basin exhibits a greater human-
domination in the coastalscapes (Álvarez-León and Polanía-
Vorenberg, 1996; Álvarez-León, 2003), the occurrences of
Pelliciera spp. were pooled into three Caribbean regions (Urabá
Gulf, Morrosquillo Gulf and two bays in the vicinity of Cartagena
City). Within the three regions of the Caribbean, areas of
maximum and minimum urban extension were defined to
quantitatively evaluate urbanization as a driver of mangrove
change, as proposed by Branoff (2020).

Coastalscape Composition and
Dynamics
The composition of the coastalscapes was calculated using
National Land Cover maps (Scale 1:100,000) for two different
periods 2000–2002 and 2010–2012 (IDEAM, 2010b, 2014;
available in http://www.siac.gov.co/catalogo-de-mapas). These
vector layers are based on the Corine Land Cover Methodology
adapted for Colombia and they included five land cover classes:
(1) artificial surfaces (including ponds for marine and continental
aquaculture), (2) agricultural areas, (3) forest and seminatural
areas, (4) wetlands and (5) water bodies.

The coastalscapes were defined as circular buffers of 1 km
radius, centered on the presence points of the species. The land
cover layers were rasterized using a pixel size of 60 m × 60 m.
R 4.0.2 (R Core Team, 2020) and the landscapemetrics package
(Hesselbarth et al., 2019) were used to calculate the absolute and
relative extent (CA and PLAND) of Forest and seminatural areas
as proxies of potential habitat for Pelliciera spp., and Artificial
surfaces and Agricultural areas as proxies of anthropogenic
drivers of loss and degradation. The wetlands category was not
used as a proxy of potential habitat for Pelliciera spp. because
the floristic composition of wetlands comprises Pleustophyta,
Rizophyta, and Haptophyta but not true mangrove plant species,
according to the layer authors (IDEAM, 2010a).

A PERMANOVA (Anderson, 2001; McArdle and Anderson,
2001) was performed to test for differences in the composition of
the Pelliciera coastalscapes between basins (the Caribbean versus
Pacific) or among Caribbean regions (Urabá, Morrosquillo, and
Cartagena). In addition, years (2000 versus 2010) were nested
within basins or regions, respectively. Pairwise comparisons were
employed when significant differences were detected. PERMDISP
was used to detect differences in multivariate dispersions
among groups. Bray-Curtis similarity index and Spearman rank
correlation were used as proximity metrics, and the analysis was
conducted in PERMANOVA+ for PRIMER v7 (Anderson et al.,
2008; Clarke and Gorley, 2015).

Quantifying Urbanization
Spatial datasets used for quantification of urban variables and the
urban indexes are described in the Supplementary Table 3. All
spatial analyses were performed in QGIS Desktop 3.10.7 using

Group Stats plugin (QGIS Development Team, 2020; Szostok
et al., 2020). The urban index proposed by Branoff (2020) was
used to calculate a Local Urban Index (LUI) and a General Urban
Index (GUI) for the three regions in the Caribbean (Cartagena,
Morrosquillo and Urabá), and in the areas of maximum and
minimum urban extent within each one. The urban indices are a
representation of the relative intensity of urbanization, in which
100 is the most urbanized site and 1 is the least urbanized site.
The index was calculated using the following equation:

Urban Index =
∑n

i =0 Yi
n

where n is the number of variables used in the index and
Yi represents the variables normalized to a range of 0 to 100
through the following equation in which Y and X represent the
normalized and raw values, respectively:

Y = 100 ×
(X − Xmin)

(Xmax − Xmin)

For the LUI, we included road density, percentage of transformed
land cover and artificial surfaces in the coastalscapes. The
variables were normalized according to the distribution of the
data. For the GUI, we excluded road density, and the variables
were normalized according to an ideal distribution with a
maximum of 100 and a minimum of 0. We expected to have a
measurement of urbanization allowing comparison in the degree
of urbanization of the Pelliciera spp. coastalscapes in our study
area, with those in other urbanized coastalscapes within the range
of occurrence. The regions were also classified into categories
based on their quartiles of the urban index. For the LUI, the
“Most Urban” sites were those with an urban index greater than
the third quartile, “Urban” sites were those in the interquartile
range and the “Least Urban” sites were those with an urban
index lower than the first quartile. For the GUI, the “Highly
Urban” sites were those with an urban index greater than the
third quartile (more than 75), “Urban” sites were those in the
interquartile range (between 25 and 75) and the “Hardly urban
or Non-urban” sites were those with an urban index lower than
the first quartile (less than 25).

Habitat Configuration of Pelliciera spp.
The coastalscapes were defined as circular buffers of 500-m, 1-
km, or 5-km radius to assess mangrove habitat configuration for
Pelliciera spp. A pixel size of 35 × 35 m was used to calculate
fragmentation metrics at the mangrove class, using the national
mangrove layer. This layer was mapped from 2005 to 2009,
with scales ranging from 1: 10,000 to 1: 50,000 (INVEMAR,
2009; available in https://gis.invemar.org.co/arcgis/rest/services/
SIGMA/MANGLARES_COLOMBIA/MapServer).

All spatial and statistical analyses were conducted using R
version 4.0.2 (R Core Team, 2020) using rgeos, rgdal, raster and
landscapemetrics (Hesselbarth et al., 2019; Bivand and Rundel,
2020; Robert, 2020). PAFRAC, ENN_MN and AREA_MN were
calculated, following Bryan-Brown et al. (2020), using Queen’s
case contiguity when needed. CA, COHESION and CPLAND
(with edges of 100 m and 500 m) were also calculated. Differences
in configuration between Pacific and Caribbean basins were
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explored through Mann-Whitney test with wilcox.test function
in R. In testing differences between Most Urban, Urban, and
Least urban sites in the Caribbean, defined by the Local Urban
Index, the Kruskal-Wallis rank sum test was used through
the kruskal.test function of base R. The subsequent post-hoc
differences were identified through Multiple Comparison Test
After Kruskal-Wallis by the kruskalmc function of pgirmess
package (Giraudoux, 2018).
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