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ABSTRACT 

Habitat loss due to land use and land cover change (LUCC) has been identified as the main 

cause of global environmental change, responsible for biodiversity decline and the 

deterioration of ecological processes. Habitat loss and fragmentation have been driven by 

processes of LUCC such as deforestation, agricultural expansion and intensification, 

urbanization, and globalization. The objective of this research was to determine the effects 

of LUCC on the process of habitat loss and the patterns of fragmentation in the surrounding 

landscape of the Pacuare Reserve (PR) in the Caribbean lowlands of Costa Rica. The PR is 

a protected area of 800 ha surrounded by an agricultural landscape with a history of over 150 

years of bananas monocultures. Landsat satellite images from 1978 to 2020 were used to 

conduct a temporal analysis of LUCC around the PR. Patterns of change were explored using 

landscape metrics from the land classification images. To explore potential connectivity 

routes, the least cost path analysis was used to connect the PR to other protected areas. 

Overall, forest cover decreased in the study area at a rate of -4.8% per year during the period 

of 1992-1997. In the year 2001 it reached its lowest cover and then increased at a mean 

annual rate of 1.6%. A mean overall accuracy of 92% was obtained for the land classification 

process. A clear fragmentation process was observed, as shown by a decreased in forest 

mean patch area and largest patch index and by the increase in patch density. Although forest 

cover increased in the last decade, fragmentation metrics suggest this recover happened in a 

spatially scattered manner, due to agricultural land abandonment. Connectivity maps showed 

the importance of forest fragments and of the already established biological corridors for the 

movement of species to and from the PR, however it also evidenced the lack of connectivity 

between the coastal forest fragments and further inside the country located protected areas, 

as well as the need to promote reforestation projects, particularly between fragments of the 

corridors identified. 

Keywords: biological corridor, connectivity conservation, habitat fragmentation, land cover 

classification, Matina. 
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RESUMEN 

La pérdida de hábitat debido al cambio de cobertura del suelo (CCS) ha sido 

identificada como la principal causa del cambio ambiental global, responsable del declive 

de la biodiversidad y el deterioro de procesos ecológicos. En las regiones tropicales, la 

pérdida y fragmentación del hábitat ha sido impulsada por procesos de CCS como la 

deforestación, la expansión e intensificación agrícola, la urbanización y la globalización. El 

objetivo de esta investigación fue determinar los efectos del CCS sobre el proceso de pérdida 

de hábitat y los patrones de fragmentación en el paisaje circundante de la Reserva Pacuare 

(RP) en las tierras bajas del Caribe de Costa Rica. La RP es un área protegida de 800 ha 

rodeada de un paisaje agrícola con una historia de más de 150 años de monocultivos de 

banano. Se utilizaron imágenes de satélite Landsat de 1978 a 2020 para realizar un análisis 

temporal de CCS alrededor de la RP. Se exploraron patrones de cambio utilizando métricas 

de paisaje y se trazaron nuevas rutas de conectividad desde la RP a otras áreas protegidas 

utilizando el análisis de ruta de menor costo. En general, la cobertura forestal disminuyó en 

el área de estudio a una tasa del -4,8% anual durante el período 1992-1997. En el año 2001 

alcanzó su cobertura más baja y luego aumentó a una tasa media anual del 1,6%. Se obtuvo 

una precisión general media del 92% para el proceso de clasificación de cobertura del suelo. 

Se observó un claro proceso de fragmentación, como lo demuestra la disminución en el área 

promedio de parches de la cobertura forestal y en el índice de parches más grande y por el 

aumento en la densidad de parches. Si bien la cobertura forestal aumentó en la última década, 

las métricas de fragmentación sugieren que esta recuperación ocurrió de manera 

espacialmente dispersa, debido al abandono de tierras agrícolas. Los mapas de conectividad 

mostraron la importancia que tienen corredores biológicos ya establecidos en el movimiento 

de especies hacia y desde el RP, sin embargo, también se evidencio la falta de conectividad 

de este remanente forestal con otras áreas protegidas del interior de la matriz y la necesidad 

de promover proyectos de reforestación, particularmente entre fragmentos de bosque dentro 

de los corredores identificados. 

Palabras clave: corredor biológico, conservación de la conectividad, fragmentación del 

hábitat, clasificación de la cobertura de suelo, Matina. 
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1. INTRODUCTION 

In 2000, Eugene Strörmer and Nobel laureate Paul Crutzen coined the term 

“Anthropocene” to describe a new geological epoch on planet Earth (Crutzen, 2002; Crutzen 

and Stoermer, 2000). The Anthropocene or “Age of Humans” is a time marked by 

anthropogenic activities as being the primary geological force of environmental change on 

a global scale. It also means that evidence of the human species existence will be recorded 

in the stratigraphic record of Earth in the future (Laurance, 2019).  

Despite the debate on a specific starting date, whether it is the design of James Watt´s 

steam machine two centuries ago, or the Great Acceleration period in the 1950´s, the 

Anthropocene has unofficially been accepted as the new geological epoch by large part of 

the scientific community and outside of it. Currently, the International Commission on 

Stratigraphy is still gathering evidence to officially declare its start, thus ending a 11,000 

years long period of unusual climate stability known as the Holocene (Crutzen, 2002; 

Crutzen and Stoermer, 2000; Johnson et al., 2017; Laurance, 2019; Malhi et al., 2014; 

Rockström et al., 2009; Steffen et al., 2011, 2007; Zalasiewicz et al., 2015). 

The scale and magnitude of the impacts of human activities during the Anthropocene 

had long been noticed and measured (Rockström et al., 2009; Steffen et al., 2011). Countless 

warnings have been released about the negative effects on ecosystems and for the need of a 

radical change in the resource’s extraction model and in the consumption patterns of 

ecosystem´s goods and services in modern societies (Chazdon, 2014a; Vitousek et al., 1997). 

International organizations and individuals have claimed for a halt in the emissions of 

greenhouse gases (GHG), for sustainable forest resources extraction and land use, to stop 

degradation of soils and biodiversity loss, demanding social justice and equality, a 

sustainable water usage and a responsible use of agrochemicals in industrialized agriculture, 

among others (Carson, 1962; Gitay et al., 2002; Hardin, 1968; IPCC, 2005; MEA, 2005; 

Metz et al., 2000). 

Based on the contributions of numerous scientists, the Intergovernmental Science-

Policy Platform on Biodiversity and Ecosystem (IPBES, 2019) warned about the destruction 

of natural habitat, both terrestrial and marine. The IPBES report stated out the negative 

effects of habitat loss and indicated that land cover changes are the primary driver of global 

environmental change, responsible for global biodiversity decline and deterioration of 
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ecological processes that sustain the Earth System (Butchart et al., 2010; Foley et al., 2005; 

IPBES, 2019; Rockström et al., 2009; Vitousek et al., 1997). Moreover, ecosystem services, 

the contribution that ecosystems make for human well-being, are also negatively affected 

from ecosystem degradation derived from land use changes (Haines-Young and Potschin, 

2018; Rodríguez et al., 2006). 

1.1. Landscape Ecology 

To assessment ecosystem degradation at landscape level, landscape ecology came 

into place. When the access of aerial photographs offered a novel perspective to plant 

ecologists, biogeographer Carl Troll introduced for the first time the concept of landscape 

ecology in 1939 (González, 2012; Troll, 1939). Over the time, several authors had offered 

their own definitions, and they all seem to have in common two characteristics. First, 

landscape ecology deals with the spatial arrangement of the different components in a 

landscape and their influence in ecological processes. Second, the spatial extent in landscape 

ecology is generally much larger than in traditional ecological studies (Turner et al., 2001; 

Turner, 1989).  

The landscape is defined as a spatially heterogeneous area, a mosaic of different 

elements both natural and anthropogenic. The spatial and temporal scales of a landscape, as 

well as its structure and function, depend on the focal organisms or ecological processes of 

interest. Similarly, the heterogeneity of a landscape reflects the interactions between 

geomorphological phenomena, ecosystem functioning and, human activities (Forman and 

Godron, 1981; Turner et al., 2001). 

Several reasons inspired the development of landscape ecology as a multidisciplinary 

and extremely relevant science in a wide array of areas such as of biodiversity conservation, 

ecosystem management, land use and urban planning, among others. For instance, the need 

to approach environmental problems from a broader more integrated perspective, such as 

watershed and protected area management, and the intrinsic issues of misinterpretation when 

upscaling findings to a broader scale in ecological studies, are subjects for landscape ecology 

studies (Arroyo-Rodríguez et al., 2019; Collinge and Forman, 2009; Haila, 2002; Kupfer, 

1995). Furthermore, the development of remote sensing technologies (such as satellite 

imagery) and improved computational power have been key elements to help advance and 
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promote landscape ecology as a significant field in the last decades (Sanchez-Azofeifa et al., 

2017; Turner et al., 2001; Turner, 1989). 

1.1.1. Patch, Matrix, and Corridor 

The landscape as a heterogeneous mosaic comprises different ecosystems and 

anthropogenically modified components. These elements range from forest, rangelands, 

water bodies, grasslands to croplands, infrastructure, and bare soil, among others. Each of 

these categories may have a more specific classification depending on the research interest. 

The cover type that dominates the landscape is defined as the matrix, and thus describes the 

landscape nature (Clark, 2010; Congedo, 2016). For instance, when fields of agricultural 

crops or pastures dominate, the landscape has an agricultural matrix or an urban matrix, in a 

city context for example. If forest cover dominates, the landscape has a natural matrix, and 

so on (Forman, 1995; Forman and Godron, 1981).  

Embedded in the matrix other cover types are spatially distributed in the form of 

patches or fragments. Patches are homogeneous areas of the same cover type, created by 

various mechanisms like natural or anthropogenic disturbances, habitat regeneration, and 

urbanization. (Clark, 2010; Forman and Godron, 1981). Some ecosystems are patchy by 

nature, like some deserts, or savannas (Vásquez-Méndez et al., 2010; Wiens, 1976). In 

tropical forest, for example, patchiness occurs naturally when gaps are created by trees 

falling during storms, fires, floods, or volcanic eruptions, thus forming a mosaic of old 

growth forest and secondary growth patches through natural succession (Chazdon, 2014b, 

2003). 

As human activities continue growing and expanding, natural habitats shrink and 

fragment in patches scattered through the landscape, surrounded by a human dominated 

matrix, generally unsuitable for biodiversity. The patches vary in size, shape, age of 

formation, and degree of isolation. These characteristics, as well as the attributes of the 

surrounding matrix, influence the ecological interactions at the individual, population, 

community, and ecosystem level (Fahrig, 2003; Forman and Godron, 1981; Haddad et al., 

2015; Laurance et al., 2018).  

During the process of patch formation, or fragmentation, edges are created. An edge 

is the space of the habitat fragment in contact with and influenced by the matrix and the 
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environmental conditions in this area are contrastingly different from the interior of the forest 

fragment, having tremendous impacts on ecological and abiotic processes at multiple scales, 

and is known as the edge effect (Harris, 1988; Murcia, 1995). Such edge effects have been 

observed to occur from a few meters to hundreds of meters from forest edge, and they vary 

greatly depending on the surrounding matrix, habitat type, time since creation, abiotic 

conditions, among others.  

Pressures at forest edges impact both positively and negatively species richness and 

abundance. For instance, generalist species might benefit from the heterogeneity of 

ecosystem structure on forest edges than interior adapted specialist species. In contrast, 

abundance of forest dependent species decreases with smaller core areas (Bender et al., 1998; 

Benítez-Malvido and Martínez-Ramos, 2003; Camargo and Kapos, 1995; Campbell et al., 

2018; Harris, 1988; Sizer and Tanner, 1999). 

The area of the fragment where edge effects are no longer perceived is defined as 

fragment core area and for some species is a critical space for their survival (Forman and 

Godron, 1981; Laurance et al., 2011; Turner, 1989). The shape of the fragment maintains 

close relationship to the amount of core area at the interior of fragments. Regular and square 

patches contain greater core area than irregular oddly shaped patches, even when the total 

area is equal (Farina, 1998). Similarly, the spatial distribution of the patches in the landscape 

and the distance between them determine their degree of isolation, an attribute that govern 

the capacity of organisms to migrate from these patches or colonize new habitats (Forman 

and Godron, 1981; Turner, 1989). Furthermore, the size-species richness relationship, the 

effects of patch size in the number of species and abundance it can host, is probably one of 

the best studied associations in landscape ecology (Collinge and Forman, 2009; Turner, 

1989). The ecological effects of patch size and shape, edge effect, core area and spatial 

distribution on biodiversity are explored in detail later in this review (Section 1.2). 

Finally, as a counter measure to patch isolation, is possible to connect habitat patches 

through corridors. Whereas a patch functions as a reproductive, feeding and shelter space 

for species, corridors were conceived as essentially a narrow and long patch that serve 

primarily as a moving space for species between two habitat patches (Arroyo-Rodríguez et 

al., 2019; Beier and Noss, 1998; Forman and Godron, 1981). This idea has been applied to 

the development and planning of conservation strategies since the 1970´s, and the concept 

has evolved to incorporate and consider the continually increasing human dominated matrix 
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surrounding natural habitats. It has been used as a sustainability tool to help bring together 

the interest of biodiversity conservation and human well-being (Bennett, 2004; Canet-

Desanti, 2007; Huxel and Hastings, 1999; Mitchell et al., 2013), and is discussed later in 

detail (Section 1.3). 

1.1.2. Theoretical Background on Landscape Ecology 

In 1967, MacArthur and Wilson hypothesized in their Island Biogeography Theory 

(IBT) that in a patchy system such as islands in the ocean, the number of species is the result 

of a dynamic equilibrium between the extinction and immigration rates, and these are a 

function of island size and distance to the mainland (MacArthur and Wilson, 1967). In 

conclusion, they found that large islands near mainland should support a higher amount of 

species and larger population sizes than smaller islands distant from the mainland. Almost 

immediately, this theory was applied to “islands” of habitat in fragmented terrestrial 

landscapes and stimulated the generation of hypotheses and empirical research based on the 

IBT (Arroyo-Rodríguez et al., 2019; Collinge and Forman, 2009; Fahrig, 2019, 2017; Haila, 

2002; MacArthur and Wilson, 1967). 

Building on the IBT, Brown and Kodric-Brown (1977) suggested that colonization 

of distant islands was harder that in the near islands and that immigration into the last would 

be favored. This meant that not only size, but isolation had an influence in the extinction rate 

and species richness on the islands. They called this the rescue effect, because the high 

immigration rates could rescue otherwise dwindling populations before they reached a 

critical small size (Brown and Kodric-Brown, 1977). The rescue effect could improve not 

only population size but also genetic variability (Arroyo-Rodríguez et al., 2019; Collinge 

and Forman, 2009; Levins, 1969).  

In terrestrial ecosystems, the IBT meant that any mechanism reducing the isolation 

of habitat patches should improve the immigration and colonization rates. Hence, the 

concept of corridor, a strip of habitat linking two habitat patches, was presented by Diamond 

(1975) as a tool in the design of biological reserves to reduce habitat isolation, enhance the 

rescue effect and improve colonization rates (Arroyo-Rodríguez et al., 2019; Collinge and 

Forman, 2009; Diamond, 1975). Because the ocean is significantly different from the matrix 

in terrestrial ecosystems, it soon became clear that its heterogeneity and the interaction with 

habitat fragments posed additional effects on the species and population dynamics (Boesing 
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et al., 2018; Collinge and Forman, 2009; Gascon et al., 1999; Haila, 2002; Watling et al., 

2011). 

Almost immediately after the release of the IBT (MacArthur and Wilson, 1967), 

Levin (1969) published his Metapopulation theory. A metapopulation, a “population of 

populations”, is a group of populations of the same species isolated in space but connected 

by migration events. Similarly to IBT, the metapopulation theory explored the presence or 

absence of a species population in a habitat patch and their dispersal dynamics (Levins, 

1969). Unlike IBT, Levin´s metapopulation was focused on single species dynamics within 

a network of habitat patches, whereas MacArthur and Wilson were concerned with the 

modelling of the dynamics of species richness on habitat islands or patches (Hanski, 2016).  

Because the persistence of a metapopulation depends on the balance between rates 

of extinction and rates of colonization, the rescue effect was also seen in the metapopulation 

theory in the form of the source-sink concept. A source patch has a growth rate that allows 

individuals to migrate, whereas a sink patch has negative growth rates and their population 

is usually sustained by immigration from source patches. Colonization of empty patches or 

immigration to sink patches could fail if these patches become extremely isolated (Arroyo-

Rodríguez et al., 2019; Collinge and Forman, 2009; Hanski, 2016; Levins, 1969).  

As in IBT, the metapopulation approach considered the matrix as an unsuitable 

environment surrounding habitat patches, and as such, it oversimplified the complexity of 

heterogeneous landscapes. Either appropriate or not, these two approaches had served as the 

theoretical foundations for the study and understanding of fragmented landscapes over the 

last five decades, though not without criticism (Arroyo-Rodríguez et al., 2019; Collinge and 

Forman, 2009; Fahrig, 2019, 2017; Haila, 2002; Hanski, 2016). Several authors have 

reviewed the historical evolution of the multiple theories and methods developed over the 

last decades on landscape ecology (Arroyo-Rodríguez et al., 2019; Fahrig, 2019; Haila, 

2002; Kupfer, 1995). 

1.1.3. Landscape Composition and Configuration 

Landscape heterogeneity is measured by composition and spatial configuration. 

Landscape composition refers to the different types and amounts of each cover type. For 

example, percentage of forest cover, number of cover classes or total crop area, are all 
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measures of composition in a landscape. Landscape configuration on the other hand, 

involves the spatial arrangement of each cover class such as number of patches, their mean 

size, the mean distance among patches, morphology, among others (Arroyo-Rodríguez et 

al., 2019; Lausch et al., 2015; Tischendorf and Fahrig, 2000). 

1.1.4. Habitat Loss and Fragmentation 

The disruption of landscape connectedness, or fragmentation, as redefined by Fahrig 

(2003), is the process of transforming a portion of habitat into smaller patches isolated from 

each other and embedded in a human-dominated matrix. Fahrig (2003) also identifies four 

processes occurring during habitat fragmentation: reduction of habitat amount, increase in 

number of patches of habitat, a decrease in the size of habitat patches and an increase in 

patch isolation. Fragmentation per se does not necessarily imply habitat loss in terms of 

reduced area, although habitat fragmentation into smaller, more disperse patches does 

changes the properties of the landscape, and reduces the movement of organisms, having 

negative impacts on species richness and abundance (Fahrig, 2019; Haddad et al., 2015; 

Laurance et al., 2018). Increasing interest in fragmentation research has also explored the 

effects on ecosystem functions (Mitchell et al., 2015; Ng et al., 2013). 

1.2. Fragmentation Effects on Biodiversity: An Ongoing Debate 

Extensive literature has explored the effects of land cover change, habitat loss and 

fragmentation on biodiversity, ecological processes and ecosystem services, with differing 

results (Aguilar et al., 2006; Eigenbrod, 2016; Fahrig, 2017, 2003; Fischer and Lindenmayer, 

2007; Foley et al., 2005; Haddad et al., 2015; Mitchell et al., 2013). Furthermore, changes 

in landscape structure not only interacts linearly, but different stages of land cover change 

and spatial patterns of conversion have differential, nonlinear effects on biodiversity and 

ecosystem services (Bender et al., 1998; Chaplin-Kramer et al., 2015). 

1.2.1. The Evidence 

In a meta-analysis of 89 plant species, Aguilar et al. (2006) found an overall 

reproductive impairment effect in fragmented habitats by limited pollination, explained by 

the degree of dependence plants have on their pollinators. Moreover, Metzger (1997), found 

that tree species richness and evenness in a tropical forest in Brazil, were strongly affected 
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by the spatial arrangement of habitat patches and the configuration of the surrounding 

matrix, and not so much by the area and degree of isolation of the patches. These ecological 

indicators were positively related to the presence of biological corridors and stepping stones 

in the landscape, a well-known relationship that has been found also in studies of 

invertebrates, non-avian vertebrates and other plant species (Beier and Noss, 1998; Gilbert-

Norton et al., 2010). 

Using high resolution images, a long-term global experiment on fragmentation 

revealed that most remnant forest fragments are less than 10 ha in area and half of them are 

within 500 m to forest edges (Haddad et al., 2015). A reduction in habitat area means 

negative effects on species richness, nutrient retention, and community composition; 

whereas an increased edge effect changes the physical conditions of the environment 

affecting succession dynamics, for example by promoting the colonization of early 

successional species compared to old grow species. In addition, increasing edge effect by 

fragmenting large areas of forest are associated with dryer, fire prone conditions, increasing 

the frequency of wildfires in ecosystems not adapted to this disturbance (Cochrane and 

Laurance, 2002; Rodríguez-Zumbado, 2018), while promoting the extend of other 

anthropogenic activities such as logging, hunting, construction of roads and other 

infrastructure, thus creating a positive feedback on fragmentation (Cochrane, 2009, 2003, 

2001). 

The Biological Dynamics of Forest Fragments Project (BDFFP) in the Central 

Amazonian forest in Brazil is one of the world’s largest, long term habitat fragmentation 

experiments. Multiple studies here have shown that patch size reduction from fragmentation 

caused declines in species richness in groups like primates (Boyle and Smith, 2010), bats 

(Rocha, 2017), palms (Scariot, 1999), understory insectivorous birds (Stratford and Stouffer, 

1999) and tree seedlings (Benítez-Malvido and Martínez-Ramos, 2003). They also found 

that for all these groups, smaller patches lost species richness faster than larger patches (see 

Laurance et al., 2018 and references therein). 

Edge effects in BDFFP fragments were found to impact a multiple of biological 

processes, group of organisms and varying spatial scales (Laurance et al., 2018, 2002). Shade 

tolerant species showed lower germination rates in forest fragments due to increased light 

penetration, creating hotter and drier conditions in forest edges compared to continuous 

forest (Bruna, 1999; Uriarte et al., 2010). Edge effects ranged from a few meters, by 
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promoting the recruitment of pioneer, even exotic species adapted to altered environments 

(Sizer and Tanner, 1999), to hundreds of meter from forest edges where high tree mortality 

and damage to individuals was observed (Laurance et al., 2000a). Reduced abundance 

attributed to the creation of forest edges was observed for organisms like understory birds, 

bats, bees, beetles, ants, butterflies, wasps, and flies (Laurance et al., 2018). 

1.2.2. Challenging the Status Quo 

While it is true that the effects of fragmentation on biodiversity conservation have 

proven detrimental, the current debate asks for more empirical evidence, partly because of a 

high degree of complexity in spatial and temporal scales and dynamics of the fragmentation 

process (Fahrig, 2019; Fletcher et al., 2018b, 2018a; Haddad et al., 2015). Fahrig (2017) 

states that, when considering habitat amount, meaning more fragmented landscapes but 

equal amount of habitat, there is no strong ecological evidence that increased fragmentation 

per se has a negative effect on biodiversity, a contrasting finding to a long time notion 

(Fahrig, 2019; Laurance et al., 2000b). In her review, Fahrig (2017) found that 76% of the 

significant ecological responses to fragmentation were positive. At first, this findings seem 

counterintuitive and, as Fletcher et al. (2018a) pointed out, could be drawn from biased 

evidence of modified habitat arrangement effects on biodiversity, ultimately stating that the 

conclusions on Fahrig (2017) are not to be used by decision makers and conservation 

planners. 

Considering the clear evidence of fragmentation´s effects on biodiversity and 

ecological processes, how can findings by Fahrig (2017) be judged and what are the 

implications for landscape management? One argument holds solid to support Fahrig´s 

(2017) claims. Research on fragmentation is usually done at the patch scale, and results are 

then extrapolated to the landscape scale (Laurance et al., 2002). The problem is, Fahrig 

considers, that habitat fragmentation is a landscape process, and once a habitat is broken 

apart into several, smaller patches, the term fragmentation cannot be used for the remaining 

patches. Moreover, fragmentation is commonly used as a measure of habitat loss, however, 

fragmentation of habitat does not necessarily mean a reduction in habitat amount and vice 

versa (Fahrig, 2003; Fahrig et al., 2019).  

Although Fletcher et al. (2018a) criticized Fahrig´s (2017) review methods, such as 

search terms, criteria for selection, and the fact that prior to Fahrig´s publication, there are 
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no literature challenging the idea of fragmentation being detrimental to biodiversity, one 

questions arises: What are some possible explanations for the positive effects of 

fragmentation on biodiversity? Fahrig et al. (2017; 2019) presents a list of possible 

hypotheses to explain positive effects of fragmentation on ecological parameters, gathered 

from authors explanations in the discussion section of each paper reviewed. For example, an 

increased number of smaller patches closer to each other facilitates encounter rates of 

patches by organisms, and the positive effect of edge density facilitates the movement of 

edge species, thus improving fragmentation caused functional connectivity (Bell and 

Donnelly, 2006; Tischendorf and Fahrig, 2000). Likewise, fragmented landscapes provide a 

high diversity of habitat and resources, thus creating favorable conditions for a wide array 

of species (Dunning et al., 1992).  

The heterogeneity of habitats is partly attributed to the so-called positive edge effect, 

considering forest edges to be highly diverse in structural complexity. According to authors 

in Fahrig´s (2017) review, fragmentation has a positive effect on biodiversity by promoting 

the predator-prey and host-parasitoid relationships, by reducing intra and interspecific 

competition, and by reducing the probability of extinction by spreading the risk to several 

patches or local populations and not just one. Moreover, habitat fragmentation can have a 

landscape complementation effect, in other words, fragmentation provides access to 

different resources to species that require different habitat types (Arroyo-Rodríguez et al., 

2017a; Bender et al., 1998). A combination and synergistic effects of all the previous 

elements presented above might be occurring to result in counterintuitive positive effects of 

fragmentation on biodiversity. 

In conclusion, most evidence, particularly from long-term experiments focusing on 

entire forest fragments, points into the direction that fragmentation-induced habitat loss leads 

to a decline of biodiversity levels LAURANCE. Thus, for conservation purposes, it is 

essential to counteract biodiversity loss and thereby habitat loss by reducing fragmentation. 

The concern about extrapolating findings from the patch scale to the landscape without 

considering scale effects of the fragmentation patterns is important. Although IBT postulated 

that, for conservation and management efforts, larger patches of remaining habitat are more 

valuable than smaller patches, the evidence described above could point into the direction 

that also small forest fragments are essential for conservation. By focusing conservation 

efforts to protect and maintain large patches of habitat, we might have underestimated the 
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conservation value of small, scattered patches throughout the landscape that could be proven 

valuable in maintaining healthy populations of even endangered species or supporting vital 

ecosystems processes that provide services for human populations as well (Bell and 

Donnelly, 2006; Fahrig, 2019; Fahrig et al., 2019). 

1.3. Connectivity Conservation 

1.3.1. Structural and Functional Connectivity 

In landscape ecology, connectivity is defined as the degree to which a landscape 

allows for the movement of organisms, materials, and energy (Crooks and Sanjayan, 2006; 

Taylor et al., 1993; Weins, 2006). It can be conceptualized from a structural (landscape 

ecology) or a functional (metapopulations dynamics) perspective (Arroyo-Rodríguez et al., 

2019; Fischer and Lindenmayer, 2007). Structural connectivity refers to the composition and 

spatial arrangement of different elements in a landscape (e.g. cover types), whereas 

functional connectivity considers the behavior and movement of individuals, species and 

ecological processes in relation to the landscape structure (Crooks and Sanjayan, 2006; 

Forman, 1995; Taylor et al., 1993). 

In addition, three different approaches in connectivity research can be found: habitat 

connectivity is the connectedness of patches of habitat for a given species or group of 

species. The connectedness of vegetation cover within a landscape refers to landscape 

connectivity, a more structural approach; and finally, ecological connectivity is the 

connectedness of ecosystem processes at different scales, such as nutrient and energy fluxes 

(Crooks and Sanjayan, 2006; Lambin et al., 2003; Taylor et al., 1993). The later definition 

will be used for the purpose of this study. 

1.3.2. Promoting Connectivity 

As explained earlier, the formulation of the IBT (MacArthur and Wilson, 1967) and 

the metapopulation theory (Levins, 1969), served as the basis for the consequent 

development of landscape ecology theories and hypothesis. It was rapidly acknowledged 

that species richness and abundance were negatively impacted from patch isolation, 

therefore increasing connectivity among habitat fragments was and still is a major concern 

when developing conservation strategies (Taylor et al., 1993; Weins, 2006). 
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The process of habitat loss and fragmentation usually creates relatively large isolated 

patches of habitat that serve as the last refuge for rare, endemic, migratory, or endangered 

species. However, the potential for long term persistence of populations are usually unknown 

and could lead to local extinctions if patch size or degree of connectivity are not sufficient 

(Brown and Kodric-Brown, 1977; Crooks et al., 2017; Haila, 2002; Stratford and Stouffer, 

1999). The concern for their demographic and genetic viability required the design of 

methods to connect habitat fragments and facilitate the movement of individuals and their 

genetic material (Collinge and Forman, 2009; Diamond, 1975; Metzger, 1997; Taylor et al., 

1993).  

Corridors have proven to be effective for the movement and dispersal of plants, 

nonavian vertebrates, small invertebrates (Gilbert-Norton et al., 2010), understory birds 

(Martensen et al., 2008), spider monkeys (Arroyo-Rodríguez et al., 2017b). On a broader 

scale, by controlling important patterns and rates of the biotic and abiotic flows, connectivity 

directly affects the supply of ecosystem services, such as pest regulation, seed dispersal, and 

pollination (Mitchell et al., 2013).  

Increasing evidence suggests that landscape matrix is not a just hostile environment 

inaccessible to biodiversity and that other habitat types in the matrix can be important 

elements of ecological dynamics in heterogeneous landscapes (Watling et al., 2011). In 

tropical landscapes, the interaction between forest fragments and corridors with the matrix 

has shown that some species can persist in a forest-matrix equilibrium, however this is 

dependent and strongly determined by matrix quality (Arroyo-Rodríguez et al., 2017b; 

Boesing et al., 2018; Gascon et al., 1999). 

Amid the evidence, there is some controversy on the use of biological corridors and 

skeptics have suggested potential disadvantages (Crooks and Sanjayan, 2006). Corridors 

could facilitate the spread of invasive, pest species, infectious diseases, wildfires, and other 

disturbances. Additionally, corridors could function as ecological tramps by attracting 

species to healthy looking but unsuitable habitat and increase exposure to humans, predators, 

pollution, competitors, and other negative edge effects (Beier and Noss, 1998; Bennett, 

2004; Crooks and Sanjayan, 2006). Finally, the elevated costs associated with the design, 

purchase, implementation and management of biological corridors is another argument 

against the use of scarce conservation funds in biological corridors that could be of better 
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use in other more effective strategies, such as the protection of large forest fragments (Beier 

and Noss, 1998; Crooks and Sanjayan, 2006). 

Simple and narrow strips of habitat connecting forest fragments are not the main and 

only strategy for improving landscape connectivity. Fragmented tropical landscapes are no 

longer considered binary mosaics of habitat and non-habitat covers, but a complex 

intertwined and dynamic combination of natural habitats and anthropogenic activities, in 

what is known as Human Modified Tropical Landscapes (HMTLs) (Arroyo-Rodríguez et 

al., 2017a). Thus, corridors in tropical regions have evolved to consider other land cover 

types, the importance of the landscape matrix, as well as temporal dynamics such as forest 

recovery around forest fragments, and are at the core of conservation strategies (Bennett, 

2004; Canet-Desanti, 2007; Canet-Desanti et al., 2012; SINAC, 2008).  

1.4. Land Use and Land Cover Change in the Tropics 

Unprecedented impacts of human activities, their magnitude, spatial scales, and rates, 

are closely related to the use of land resources, and require a systemic approach of study, 

thus involving human and social sciences to evaluate changes in land cover produced by 

land uses (Turner et al., 2007, 1994). Land cover is a physical land type such as forest, 

pastures, built or open water, whereas land use details how people are using the land, such 

as protected or managed forest, different types of crops or cattle ranches (Lambin et al., 

2002). Land cover can be modified, e.g. from primary forest to logged forest, or it can be 

converted such as deforestation of forest to pastures. Yet a third human interference in land 

cover is maintenance, when a land use is kept with the help of human intervention, such as 

irrigation or drainage systems, terraces or prevented natural succession (Turner et al., 1994). 

1.4.1. Drivers of Change  

Changes in landscape structure and configuration are driven by a process identified 

as land use and land cover change, i.e. the transformation or modification of one cover type 

to another (Geist and Lambin, 2001), herein defined as land use cover change (LUCC). 

Deforestation for example is the removal of forest cover to give space to agricultural or 

urbanized cover and is a proximate result of policies and social drivers of LUCC in tropical 

ecosystems. The underlying drivers and causes need to be identified to understand, at the 

local level, what is pushing the decline in forest cover (Figure 1). 
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There are no dominant factors that explain what drives deforestation as an important 

element of LUCC in tropical regions. It has been shown that the reduction of cover in tropical 

forest is determined by a complex combination of what Geist & Lambin (2006) called 

proximate causes and underlying driving forces that vary in geographical and historical 

contexts (Figure 1). Public and individual decisions on LUCC respond to changing 

opportunities and policies at the national, regional, and global scale. At the proximate level, 

different methods of agricultural expansion, wood harvesting and urban growth are 

responsible for the decision-making process of LUCC (Geist and Lambin, 2001; Lambin et 

al., 2003, 2002). 

In tropical regions, important causes of habitat loss and fragmentation have been 

identified, i.e. deforestation, agricultural intensification, urbanization and, as a unifying 

factor, globalization (Lambin et al., 2002; Malhi et al., 2014). Tropical deforestation for 

example, is partly driven by population growth and agricultural changes, yet more complex 

factors need to be considered, such as shifting cultivators, new economic opportunities, and 

social and institutional changes pushed by national policies that move human activities to 

new frontiers. Recently, more studies have incorporated efforts in understanding the 

 

Figure 1. Proximate and underlying causes of LCC in tropical landscapes (Adapted from Geist and 

Lambin, 2006). 
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underlying causes of local landowner socio-economic drivers of land cover change and the 

implications for ecological connectivity at the landscape level (Allen and Padgett-Vásquez, 

2017; Huber-Sannwald et al., 2012; Morteo-Montiel, 2016; Ribeiro et al., 2013)  

Drivers and patterns of land transformation are site, time and context-specific, even 

in regions with similar conditions. In a socio-ecological study in Costa Rica, Allen & 

Padgett-Vásquez (2017) found that forest cover increase in a 28 years period responded to 

global shifts in agricultural policies that translated to domestic laws, discouraging farming 

and allowing secondary growth, while moving people to an emerging and promising tourism 

industry. However, these social changes brought along new challenges to sustainability, such 

as land abandonment and loss of traditional agricultural practices along generations, 

increased drug use in touristic places and vulnerability of local communities to volatile 

markets, once they sold their land (Allen and Padgett-Vásquez, 2017). 

In the Corredor Biológico Pájaro Campana, there was an increase in forest cover 

motivated by the tourism industry (Allen and Padgett-Vásquez, 2017), but similar policies 

were not effective in reducing deforestation and fragmentation early in the same period for 

the same life zone (Sanchez-Azofeifa et al., 2001). In a county in Veracruz, México, for 

example, patterns of LUCC in terms of forest recovery and loss have being found to be 

linked to local socio-economic variables, such as ownership of the land, small scale 

agriculture, and government assistantship (Morteo-Montiel, 2016). However, in a tropical 

watershed in San Luis Potosí, main drivers of LUCC were identified from the international 

to the local level, producing complex responses at the household level. As in Costa Rica, 

neoliberal policies weaken government agricultural aids, pushing people to abandon their 

land, sell it or shift to other agricultural systems (Ribeiro et al., 2013; Viales, 2013a). 

1.5. Quantify Land Cover Changes 

1.5.1. Remote Sensing 

Earth images captured from satellites are known as remote sensed imagery and are 

available since 1972 with the launch of Landsat-1, the first of the NASA´s Landsat series of 

Earth observation satellites (Williams et al., 2006). Ever since, remote sensed imagery has 

increasingly been used to monitor and improve our understanding of Earth´s environmental 

systems, in processes such as deforestation, carbon stocks and fluxes, habitat degradation, 
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habitat suitability, species diversity and populations, quantification of land cover changes 

and invasive species (Boyle et al., 2014).  

Sensors on board of satellites capture information on the Earth surface by measuring 

the electromagnetic radiation from the reflectance of different materials like plants, water, 

soil, or concrete. A passive sensor uses solar energy as the source of the measured energy in 

the visible, near infrared (IR), shortwave IR and thermal IR wave lengths from the 

electromagnetic spectrum (e.g. Landsat program), whereas active sensors, such as radar 

sensors, emit their own energy and capture energy in the microwave spectrum. The 

information is stored in specific ranges of radiation called bands and converted to digital 

images, one for each band, known as multispectral (4 - 12 bands) or hyperspectral (12 to 

100+ bands) images. Each material differs in its reflectance as a function of wavelength, 

known as spectral signature, and it is used for material classification. (Congedo, 2016; 

Richards, 1991; Richards and Jia, 1999; Sanchez-Azofeifa et al., 2017). 

Satellite imagery products have diversified to a wide spectrum of sensors that vary 

in their spatial, temporal, and spectral resolution, geographic coverage, degree of cloud 

cover, regulations, and costs (Boyle et al., 2014). This variability means that their application 

in conservation is selective. For example, access to satellite imagery data is not equal for all 

regions of the Earth, with tropical areas having the least coverage available and elevated 

costs for to high-resolution data further reduces its access (Boyle et al., 2014; Sanchez-

Azofeifa et al., 2017). Landsat imagery, however, have remained access free and its wide 

temporal coverage represents one the most valuable scientific assets available for 

multitemporal studies of land cover change (Williams et al., 2006). 

1.5.2. Land Cover Classification 

Using multispectral images (several bands), different land cover classes can be 

identified, quantified, and monitor over time. Land cover classification provides information 

about land cover in a territory that can be used for a wide range of applications such as 

understanding ecological processes (dispersion, migration, pollination), environmental 

monitoring such as deforestation, mitigation of hazards, territorial planning, urban 

development, etc. (Foody, 2002). Satellite images can be classified using a Geographic 

Information System (GIS), through a variety of tools available in the market, both free access 

software and costly options (Congedo, 2016; Eastman, 2016; ESRI, 2019). 
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Two types of classification can be performed, the unsupervised classification 

depends on an algorithm, where the program decides, based on similarity of pixel numbers 

which cover assigned to a pixel. The unsupervised classification is done an algorithm 

categorizing pixels based on similarity of their spectral signatures. On the other hand, the 

supervised classification requires the creation of reference land cover classes; the 

classification algorithms compare each pixel to the reference classes and classifies each pixel 

in the class with similar spectral signature. Land cover classification requires an accuracy 

assessment of the resulting maps to identify and measure errors (Congalton, 1991; Congedo, 

2016; Olofsson et al., 2014). A ground truth allows for a more detailed analysis and lower 

level of uncertainty and error and consist in collecting random GPS point from the study 

area and calculate the overall accuracy of the maps (Banko, 1998; Congedo, 2016; Richards 

and Jia, 1999). 

1.5.3. Landscape metrics 

Numerous metrics have been developed to measure landscape composition (identity 

and characteristics of landscape elements), configuration (spatial arrangement of landscape 

elements), and connectivity (the ease with which organisms move through the landscape). 

Landscape metrics are used to describe habitat loss and fragmentation at different spatial 

scales from patches to full landscapes. Two categories of landscape metrics are defined: 

those to quantify composition of the landscape associated with the variety and abundance of 

patch types, for example, the proportion of each class cover in relation to the entire landscape 

or diversity indices. Additionally, there are metrics of spatial configuration, related to the 

distribution, arrangement, orientation, and position of landscape elements of class type. 

These can be given at the patch, class, or landscape level. Examples of configuration metrics 

are patch area and edge, core area, aggregation, isolation, among others (McGarigal, 2015; 

Turner et al., 2001).  

1.6. Conservation in Costa Rica 

It has been shown that more educated, middle-to-high income urban residents tend 

to be more concerned about environmental quality than poorer, uneducated rural residents 

(van Liere and Dunlap, 1980). In the 1970 and 1980 decades, Costa Rica still relied heavily 

on coffee production, primarily on the central valley, and bananas in the Caribbean region 

(Viales Hurtado and Montero Mora, 2010). Hence, Costa Rica was essentially a rural 
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population, and most of the people hardly finished elementary school. However, a strong 

governmental investment in education meant that environmental topics were present in 

public education as early as 1977, and ever since, these themes crosscut all areas of the 

curriculum. Moreover, thanks to a stable and peaceful political and social atmosphere, 

international non-governmental organizations (ONGs) and private partners contributed to 

the promotion of conservation strategies in the country (Blum, 2008).  

1.6.1. Conservation Policies and Legislation 

Once a highly deforested country, Costa Rica is currently recognized worldwide for 

its conservation efforts and successful cases of sustainable development, such as the payment 

for ecosystem services (PES), a land preservation scheme that promotes the maintenance of 

forest or other ecosystems that provide key services and benefits to human populations 

(Locatelli et al., 2014; Wu, 2013a; Wunder, 2005). Although these strategies spread to other 

tropical regions in the world, their persistence rely heavily on changing and volatile 

circumstances usually linked to global markets, and eventually create new challenging 

conditions that jeopardize sustainability efforts (Agrawal and Lemos, 2007; Pagiola et al., 

2005). 

Costa Rica´s examples of success in sustainability could be attributed, partially, to a 

high degree of public participation (Durán, 2010; Jodoin et al., 2015). An overall country 

wide environmental awareness grew in the costarican society from the early 1970´s and is 

currently part of this society´s “trademark” (Durán, 2010; Lanthier and Olivier, 1999). 

Accordingly, this environmental concern gave rise to environmental policies, legislation and 

translated to institutional action to become one of the world’s leading countries in 

biodiversity conservation, sustainability, and climate change mitigation. A growing and 

profitable tourism industry also helped sensitize the public on the importance of nature 

protection and to understand their own dependence on healthy ecosystems (Allen and 

Padgett-Vásquez, 2017; Blum, 2008; Durán, 2010; WRI, 2003).  

Fundamental laws and commitments related to biodiversity conservation and the use 

of natural resources were made by the country as early as 1955, with the creation of the 

National Institute of Tourism and the National System of Protected Areas, the Forestry Law  

in 1969, the law for the creation of the National Parks Service and the Maritime-Terrestrial 

Zone Law, both in 1977, the law on Biodiversity in 1998, among many others 
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(CONAGEBIO and SINAC, 2015). At the international level, Costa Rica is guarantor of 

several biodiversity and natural resources protection treaties such as the UN Convention on 

Biological Diversity, the UN Convention to Combat Desertification, the Convention on 

International Trade in Endangered Species of Wild Fauna and Flora, the Ramsar Convention 

on Wetlands, the Convention for the Protection of Flora and Fauna and the Scenic Beauties 

of America, the Convention for the Conservation of Biodiversity and the Protection of 

Priority Wilderness Areas in Central America and the Regional Convention on Climate 

Change (Durán, 2010; SINAC, 2018a). 

With the creation of the National System of Conservation Areas (Sistema Nacional 

de Áreas de Conservación, SINAC) in 1998, the country consolidates its conservation efforts 

into a new model of participative and decentralized administration. SINAC divides the 

country into eleven conservation areas as regional offices to deal with topics such as forestry, 

wildlife, watershed management and protected areas, all of which were dispersed into 

several institutions until then (Durán, 2010). It would become the main institutional actor in 

the organization of state, private and society´s interest for sustainable resources 

management. 

As a response to the rapid habitat loss and fragmentation, remnants of forest patches 

were declared protected areas. In some cases, these patches were the last representatives for 

some unique ecosystems about to disappear from the country, in other cases, protected areas 

were created as a respond to communities interest´s to preserve biotic, geological, or 

historical features of their land (Durán, 2010). However, protected areas became isolated 

forest fragments in unsuitable areas for human activities such as steep hills, volcanic tops, 

flooded swamps, etc. (Bennett, 2004). Forest fragments are commonly surrounded by an 

anthropogenic matrix and are not hermetic to the effects of human activities (Gascon et al., 

1999; Watling et al., 2011), therefore, it was required to encourage a healthy relationship 

between communities and neighboring forested areas, while increasing ecological 

connectivity in the landscape (Bennett, 2004; Durán, 2010). 

Through this historic evolution in conservation strategies, Biological Corridors (BC) 

emerged as a land management approach that would contribute to the sustainable socio-

economic development of the society while preserving natural resources (Canet-Desanti, 

2007). The establishment of the Mesoamerican Biological Corridor (MBC) in 1999 served 

as the country´s first experience with BC as a land use planning tool. The MBC is a regional 
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conservation initiative to maintain and restore connectivity between protected areas from the 

south of México to Panama, while also promoting the sustainable development of the 

communities.  

The MBC also focused on building capacities, procedures, and norms for the 

establishment of a national program of biological corridors (CBM-CR, 2002; Durán, 2010). 

As a result, in May 2006, the National Program of Biological Corridors (NPBC) is created 

to support conservation through landscape connectivity and sustainable development of local 

communities, primarily in private lands (Durán, 2010; SINAC, 2018a). The NPBC works at 

the national level, at the regional level in conservation areas and in local committees for each 

biological corridor (SINAC, 2018a). 

In 1955, the first national park was created around two volcano tops (Irazú and 

Turrialba), and ever since, the country has managed to create 145 protected areas in 9 

different management categories, both state and private, which represents around 26.5% of 

its terrestrial land (Figure 2) (SINAC, 2019, 2018a). Around 54.5% of all protected areas are 

national parks and national wildlife refuges restricted to biodiversity conservation, scientific 

research, and tourism (SINAC, 2014).  

Under other management categories, some degree of resource use is allowed, 

depending on its objectives (SINAC, 2014). Furthermore, 44 BC have been established to 

cover 33.1% on the land area in the country (Figure 2) (SINAC, 2018a). However, not all of 

them have been officialized nor they are completely functional because of an absence of 

strategic planning and financial support, despite a strong commitment from local committees 

(Canet-Desanti et al., 2012). 

Regardless environmental awareness and conservation efforts, Costa Rica 

experienced a pattern of heavy deforestation during the 1970´s attributed to the increasing 

demand of pasture lands for cattle production, having achieved the highest deforestation 

rates in the world. This process, however, was stronger in the west part of the country where 

predominantly tropical dry forest occurs. Currently, a trend of forest recovery is being 

observed, however, socio economic drivers act at a local scale, thus these dynamics should 

be observed more closely (Sanchez-Azofeifa, 2015; Sanchez-Azofeifa et al., 2001). 
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1.6.2. The Caribbean / Atlantic Region in Costa Rica 

The Atlantic region in Costa Rica has a unique past that ought to be considered to 

understand the process of land cover change in the last few decades: the role of the railroad 

construction and the establishment of large banana plantations owned by transnational 

companies. At the end of the 1800´s, the Atlantic region was considered an unpopulated, 

unproductive land that needed to be stimulated. In this process, a long relationship between 

governments and foreign investors started and gave rise to the United Fruit Company 

(UFCo), or as the locals named it, “Mamita Yunai”, a large fruit export transnational 

conglomerate (Duncan, 1970; Viales, 2013b). 

As part of the new agrarian policies, large areas of the tropical forest in the Caribbean 

region were offered to the UFCo as incentives to build the railroad to connect the capital city 

of San José with the port city of Limón and stimulate international trade to and from the 

region. Over 300,000 ha of tropical forest were gifted just to Minor Keit, in charge of the 

 

Figure 2. Location of all Biological Corridors and Wild Protected Areas (WPA) in Costa Rica as of 

2020 (SINAC, 2019, 2014). Projection CRTM05 and Datum WGS 1984 (Ortiz-Malavasi, 2014). 

Service Layer Sources: Esri, GEBCO, NOAA, National Geographic, Garmin, HERE, Geonames.org. 
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construction of the railroad, in the earlies 1900´s (Viales, 2013b). At the same time, great 

numbers of workers were brought in from the Caribbean islands to work in the construction 

of the railroad and later were hired in the banana plantations created along the tracks, giving 

rise to the first settlements in places such as Matina, Batán, Siquirres and others (Bucheli, 

2008; Duncan, 1970; Viales, 2013b). 

From 1870 to 1950, the UFCo decided upon and shaped the landscape in the Atlantic 

region, as well as the lives of the people (Duncan, 1970)  until its end in the 1950´s. Persistent 

diseases in the banana crops such as the funguses called “Mal de Panamá” or the “Sigatoca”, 

and social upraise from the workers demanding better working conditions drove the 

company to decide it was no longer profitable to produce in the Caribbean region and moved 

to the Pacific side and to other countries in Central America (Bucheli, 2008; Chomsky, 1995; 

Viales, 2013b). This triggered two tendencies, on one hand, abandonment of the banana 

plantations allowed forest recovery, although they remained privately owned. On the other 

hand, seeking to encourage agricultural activities, the government started a new system of 

land allocation, giving land tenure to those willing to work the land, and thus diversifying 

the crops in the region and increasing human population, primarily in the area along the 

railroad. This also encouraged increase wood extraction during the 1960´s (Viales, 2013b). 

Local economy in the North Caribbean region remains largely rural and agrarian. The 

main crop is still banana; around 10% of the global market and 85% of the national 

production is generated in the region. More than 62% is produced in the counties of Matina, 

Siquirres and Pococí. Small and medium farmers harvest diversified crops and subsistence 

agriculture. Finally, the Limón-Moín port handles over 80% of the national volume of 

international commerce (Russo and Ureña, 2005). The recent construction of a larger port in 

Moín has brought both hope and concern, a promising economic impulse so needed for the 

region can also represent increased pressures over the fragile ecosystems. 

1.7. JUSTIFICATION 

To understand the previously described landscape dynamics and the implications for 

biodiversity conservation, it is paramount to consider the landscape as part of a broader more 

complex system, namely the social-ecological system. Derived from the resilience theory 

and sustainability research, the socio-ecological system is a highly dynamic, coupled 

biophysical and social system, closely linked and interdependent. The limits that humans 
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have created between anthropogenic activities and ecological processes are no longer 

obvious, but in addition these two systems are related through complex feedback loops (Ellis, 

2008; Lambin and Meyfroidt, 2010; Renaud, 2013; Wu, 2013b). 

The process of land transformation is one of the key drivers of global environmental 

change and understanding landscape patterns of change and local factors pushing these 

changes at the local level will contribute to the formulation of sustainability measures. 

Mapping the effects of land cover transformation on patterns of habitat fragmentation and 

habitat loss will assist in improving ecological connectivity in a region still lacking scientific 

and political efforts such as the Caribbean region. Ultimately, the design of a site-specific 

landscape configuration will be the result of having met biodiversity and social needs. 

The proposed research seeks to contribute to identify where and how does LUCC 

have influenced patterns of habitat fragmentation and connectivity around a protected area 

and to generate technical evidence to support management and the decision-making process. 

It is expected to observe habitat loss and fragmentation in the first decades that respond to 

global and national policies followed by a later forest recovery resulting from conservation 

efforts at the national and local levels. Moreover, landscape connectivity in the area is 

expected be low because of the focus on protection of large forest fragments and the loss of 

small fragments within the agricultural matrix. 
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2. OBJECTIVES 

2.1. General Objective 

To evaluate the ecological connectivity in the surrounding landscape of the Pacuare 

Reserve in the Caribbean lowlands of Costa Rica.  

2.2. Specific Objectives 

To analyze the spatial and temporal dynamics of land cover changes during the last 

four decades. 

To examine patterns of landscape composition and configuration.  

To model the landscape ecological connectivity of the Pacuare Reserve with 

neighboring protected areas. 
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3. MATERIALS AND METHODS 

3.1. Study Site 

The Pacuare Reserve (PR) is a state-private protected area of 800 ha, located in the 

alluvial plains of the Caribbean slope of Costa Rica, in the county of Matina, Limón 

Province. It is located along the coast between the city of Limón and the Tortuguero National 

Park (10° 10' 06.0" N and 83° 14' 03.3" W) (Figure 3). The PR was created by the state in 

1973 as the Matina Pacuare Forest Reserve, bought in 1990 and renamed Pacuare Reserve 

by private owners. Since 1994 its main activity is the monitoring and conservation of the 

fourth world’s largest nesting population of Leatherback sea turtle (Dermochelys coriacea) 

(Rivas et al., 2016). The PR provides research facilities for the study of leatherbacks and 

educational programs along with Ecology Project International (EPI), a United States based 

environmental education non-governmental organization, among others. 

The landscape around the PR is mostly a flat terrain that receives heavy rainfall from 

the Caribbean Sea, with a mean annual precipitation of 3574.9 mm (range 145.3 - 440.6 mm 

per month) and mean annual temperature of 26 °C (range 21 - 31 °C). The mean altitude in 

the study area is 101.6 m.a.s.l. (range 1 - 1198 m.a.s.l). On average, it rains 201 days per 

year, being July and December the wetter months. On the other hand, there is a slight 

decrease in precipitation during March and September, but overall, there is not a clear dry 

season in this area (Villalobos and Rojas, 2016). According to the Köppen classification, 

climate type is Af, Equatorial fully humid (Kottek et al., 2006), and according to Holdridge´s 

life zones (1967), this region corresponds to a Very Humid Tropical Rainforest transition to 

Basal. Dominant in this region are young Inceptisol soils characterized by a shallow B layer, 

however within the PR there are predominantly Entisol soils and to lesser extent Histosol 

soils (Ortiz-Malavasi, 2014).  

3.2. Landscape Boundary 

The designated area of interest is a polygon of 164,620 ha, that corresponds to a 

buffer area of 30 km radio surrounding the PR (Figure 3). This polygon is defined here as 

the influence area of the PR and was selected to include important forested areas neighboring 

the PR. fully or partially. These areas are known as Wild Protected Areas (WPA) and include 

the Tortuguero and the Barbilla National Parks, the Forest Reserve Río Pacuare, the Cariari 
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National Wetland, The Río Banano Protective Zone and the Wildlife Reserve Limoncito. In 

total, 15,066.3 ha within the polygon are under a WPA scheme, which corresponds to a 9% 

of the total study area. Moreover, the Moín-Tortuguero, Cordillera a Cordillera, Volcánica 

Central-Talamanca and the Colorado-Tortuguero biological corridors are partially or fully 

included within the landscape, comprising a total area of 41,158.4 ha or 25% of the study 

area (Table 1).  

The study area is part of the Tortuguero lowlands phytogeographical unit, a national 

classification based on floristic patterns (Zamora, 2008). Currently, throughout the 

landscape are scattered forest fragments of varying sizes embedded in an agricultural matrix 

dominated by banana and pineapple plantations. Some pastures and small towns are also 

found in the landscape, as well as the largest city of the region, the port city of Limón with 

approximate 60,000 habitants (INEC, 2011) (Figure 3).  

 

Figure 3. Location of the Pacuare Reserve, neighboring protected areas, biological corridors, and 

nearest human settlements. The 30 km buffer area around the reserve is shown as the influence area 

and is defined as the surrounding landscape of the PR. Projection CRTM05 and Datum WGS 1984 

(Ortiz-Malavasi, 2014). Service Layer Sources: Esri, GEBCO, NOAA, National Geographic, 

Garmin, HERE, Geonames.org. 
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3.3. Land Cover Change  

3.3.1. Remote Sensing Data 

A land cover classification process was done using satellite images to produce a 

spatial-temporal analysis of LUCC in the surrounding landscape of PR (Figure 3) from the 

year 1978 to 2020. Satellite images were obtained from the United States Geological Service 

(USGS, https://glovis.usgs.gov/) and were selected on a basis of quality, reduced cloud 

cover, and temporal availability. The starting year was chosen consequently with the 

incorporation of conservation policies and environmental legislation in Costa Rica. It has 

been observed that these policies had fashioned a tendency to increase forest cover at the 

national level (Sanchez-Azofeifa, 2015; Sanchez-Azofeifa et al., 2001; Stan and Sanchez-

Azofeifa, 2019).  

Table 1. Protected areas and biological corridors partially or fully included in the Pacuare 

Reserve influence area, Limón, Costa Rica. 

Category Name Created Owned Area (ha) 

Forest Reserve 
Pacuare-

Matina 
1973 State/Private 497.0 

National Park 
Tortuguero 1970 State 

76,732.6 

(26,455.8 are 

terrestrial) 

National Park Barbilla 1982 State 11,913  

Forest Reserve 
Río Pacuare 1985 State 13,178.8 

Protective Zone Río Banano 1990 State 9,187.0 

National Wildlife Refuge Limoncito 1990 
State and 

Private 
1,098.0 

National Wetland 
Cariari 1994 State 778.8 

Biological Corridor 
Colorado-

Tortuguero 
1999 Private 35,898.8 

Biological Corridor 
Moín-

Tortuguero 
NA Private 13,667.7 

Biological Corridor 
Cordillera a 

Cordillera 
NA Private 13,897.8 

Biological Corridor 

Volcánica 

Central- 

Talamanca 

2003 Private 90,732.8 
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Because some years required two images to complete the entire study area, a total of 

13 Landsat images were used for the years 1978, 1986, 1992, 1997, 2001, 2015 and 2020. 

Although several trials were performed, it was not possible to produce appropriate images 

for the years between 2001 and 2015 due to the Landsat 7 Scan Line Corrector failure in 

2003 that generated gaps in the images. It was judged that, even after filling in the gaps, the 

scenes from 2004 and 2009 would not produce an accurate land cover classification for the 

scale and purposes of this study and thus, they were discarded (Chen et al., 2011; USGS, 

2020). 

Likewise, no quality images from the Landsat 5 TM sensor were available for this 

period either, due mainly to large cloud clovers. All Landsat images were obtained with a 

L1TP correction level (Precision Terrain), that were calibrated radiometrically and 

orthorectified through ground control points and corrected for relief displacement using 

digital elevation model data (U.S. Geological Survey, 2018; USGS, 2019). Details for each 

image are shown in Table 2. 
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3.3.2. Pre-processing of Images 

A land cover supervised classification for each year was done with the 

Semiautomatic Classification Plug-in (SCP) in QGIS (Congedo, 2016; QGIS.org, 2020). As 

a first step, the pre-processing of the images included an atmospheric DOS (Dark Object 

Subtraction) correction incorporated in the SCP. The DOS corrects for atmospheric 

scattering by subtracting the lowest reflectance value to each pixel (Chavez, 1996; Congedo, 

2016). Following atmospheric correction, the spectral bands of each satellite image, 

composed of 4 up to 12 bands, were stacked to create multi-band images and clipped to the 

study area (Figure 3). Subsequently, for the years that required more than one satellite image 

due to the position of the satellite, a mosaicking process was conducted to create one single 

Table 2. Details for the thirteen satellite images used in the land cover classification process for 

the period of 1978 to 2020 in the surrounding landscape of the Pacuare Reserve in Limón, Costa 

Rica. 

Year Satellite Date taken 

Pixel 

size (m) Datum 

Original 

Projection Path Row 

Processing 

Level 

1978 
Landsat 

3 MSS 
1978-12-26 60 WGS84 UTM_Zone_17N 15 53 L1TP 

1986 
Landsat 

5 MSS 

1986-02-15 60 WGS84 UTM_Zone_17N 14 53 L1TP 

1986-02-06 60 WGS84 UTM_Zone_16N 15 53 L1TP 

1992 
Landsat 

4 MSS 

1992-05-14 60 WGS84 UTM_Zone_17N 14 53 L1TP 

1992-09-10 60 WGS84 UTM_Zone_16N 15 53 L1TP 

1997 
Landsat 

5 TM 

1997-12-14 30 WGS84 UTM_Zone_17N 14 53 L1TP 

1997-12-21 30 WGS84 UTM_Zone_16N 15 53 L1TP 

2001 
Landsat 

7 ETM+ 

2001-06-15 30 WGS84 UTM_Zone_16N 14 53 L1TP 

2001-12-01 30 WGS84 UTM_Zone_17N 15 53 L1TP 

2015 
Landsat 

8 OLI 

2015-12-16 30 WGS84 UTM_Zone_17N 14 53 L1TP 

2015-10-04 30 WGS84 UTM_Zone_16N 15 53 L1TP 

2020 
Landsat 

8 OLI 

2019-12-27 30 WGS84 UTM_Zone_17N 14 53 L1TP 

2020-02-04 30 WGS84 UTM_Zone_16N 15 53 L1TP 
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tile that completely covered the study area. Finally, all images were re-projected to the 

CRTM05 Projection, the official system for Costa Rica, and all were resampled to a 30 m 

cell size as the minimum mapping unit (MMU) using the nearest neighbor technique (Figure 

4). 

3.3.3. Land Cover Classification 

Two land cover classes were created: Forest and Non-forest. Forest cover is defined 

here as all land cover that included woody vegetation, such as native forest, primary and 

secondary forest, planted forest and timber plantations. Non-forest cover includes primarily 

agricultural covers such as extensive monoculture fields of bananas and, to a lesser extent, 

pineapple plantations. It also included pastures, infrastructure such as cities, towns, and 

roads, as well as water bodies such as rivers and lakes. For all years, two other categories 

were created to account for clouds and its shadows, except for the image from 1978, where 

no clouds were observed. On average, clouds covered 4.08% of the study landscape (± 

3.09%) in the images used, while shadows covered 2.1% (± 0.6%). Two large clouds covered 

8.9 and 6.7% of the study are during the years 1992 and 1997, respectively (Figure 7). 

 

Figure 4. Workflow of the land classification process in the SCP of QGIS (Congedo, 2016), for 

the period of 1978 to 2020 in the surrounding landscape of the PR in Limón, Costa Rica. 
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On average, 60 regions of interest (ROIs) per land cover class were used, while 10 

ROIs each were used for clouds and shadows categories. ROIs are user selected training 

areas in the form of polygons, drawn in homogenous areas of the image that belong to a 

cover class, and were used to produce the spectral signature for each class, which are in turn 

read by the program to classify each pixel into the closest category based on an algorithm. 

The Region Growing Algorithm was used to allow ROIs to grow based on a spectral 

similarity of 0.05 µm, to a minimum size of 60 pixels and to a maximum of 500 pixels 

(Congedo, 2016). For this study, the land cover classifications were done using the Minimum 

Distance classification algorithm. This algorithm calculates the Euclidean distance between 

the spectral signature of each pixel and the mean reference spectral signature for each land 

cover class and classifies the pixel in the class of the nearest mean. The classification process 

was done with the SCP plugin in QGIS (Congedo, 2016)  (Figure 4). 

3.3.4. Accuracy Assessment of Land Cover Classifications  

Each classified image was subdued to an accuracy test to measure the error resulted 

from the land classification process and thus, the reliability of the classifications (Congalton, 

1991). First, the Accuracy Assessment Points tool was used to randomly select, on average, 

604 pixels from the classified images and obtain the class values from the land classification, 

this was called the classified data layer. A stratified sampling design was used to obtain a 

greater amount of points for those classes which cover a greater area of the landscape and 

fewer points for those classes that cover less area. To calculate the adequate total number of 

sampling points for each class type, the following equation was used (Congedo, 2016; 

Olofsson et al., 2014; Stehman and Foody, 2019): 

𝑁 = (∑(𝑊𝑖 − 𝑆𝑖) 𝑆𝑜⁄

𝑖=1

)

2

 

where Wi is the area proportion of landscape for class i, Si is the standard deviation 

of stratum i and So is the expected standard deviation of the overall accuracy. Total number 

of points used for each class are detailed in Table 5 of the Results section. For this study, it 

was assumed an expected standard deviation of the overall accuracy of 0.1, whereas a 

standard deviation of 0.2, 0.3, 0.4 and 0.5 were used for Forest, Non-forest, Clouds and 

Shade classes, respectively, assuming that classes with smaller area cover produced bigger 

error (Congedo, 2016; Olofsson et al., 2014, 2013).  
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Once the classified data layer was obtained, it was matched to the reference images, 

named the reference data layer. For this study, Google Earth™ images for each year were 

used as reference layers, as well as other higher resolutions satellite images obtained from 

the USGS database (Banko, 1998; Congalton, 1991). Ideally, a ground verification for the 

last period evaluated is recommended, in this case 2020. This ground truth is obtained by 

field sampling in the study area through GPS points, however, due to major restrictions from 

the COVID-19 pandemic worldwide, it was not possible to obtain field samplings for this 

study.  

Finally, a confusion matrix was created to compare the values of the classified data 

to the corrected values from the reference data and to calculate User´s Accuracy (UA), also 

referred to as error of commission, and Producer´s Accuracy or error of omission (PA). 

User´s accuracy measures Type 1 error, that is the percentage of pixels classified in one class 

but that actually belonged to a different class and is a measure of the reliability of the map, 

whereas Producer´s accuracy measures Type 2 error, when the classification failed to 

classify a pixel in to its right class (Banko, 1998; Olaya, 2011). 

From the confusion matrix the Overall Accuracy (OA) was also obtained by dividing 

the number of pixels correctly classified by the total number of pixels evaluated, and finally, 

the Cohen´s Kappa agreement coefficient was computed from the matrix. The Kappa 

coefficient, although criticized by its adjustment to the random allocation agreement 

(Brennan and Prediger, 1981; Foody, 2002; Olofsson et al., 2014), is an index of the overall 

agreement of the matrix widely used in the assessment of land cover maps. It measures the 

proportion of agreement, after removing chance agreements from considerations (Banko, 

1998; Cohen, 1960; Pontius et al., 2001). This analysis was performed in ArcMap 10.4.1. 

3.3.5. Dynamics of Land Cover Change 

For each date, a map of land cover was created from the classified images and the 

total area per class per year was calculated; gains and losses in cover area were also 

computed for each cover class for the 1978 to 2020 period. Furthermore, a map of changes 

was created to show spatially where the transitions from one cover class to another took 

place. Additionally, the persistence of each land cover throughout the study period was also 

obtained. The Land Change Modeler from TerrSet 18.31 was used to perform these analyses 

and maps were edited using ArcMap 10.4.1 (ESRI, 2019). 
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The annual percentage rate of change was calculated for the Forest cover class for 

each transition period, following Puyravaud´s Standarized rate (2003): 

𝑟 = (100 (𝑡2 − 𝑡1)
⁄ ) × ln (

𝐴2
𝐴1
⁄ ) 

where A1 and A2 are the area of forest cover at time t1 and t2, respectively and r is 

percentage. Puyravaud´s r has been used as a standard measure of forest cover rate of change 

that is more accurate for biological studies than the FAO´s (1995)  annual rate of forest 

change (Calvo-Obando, 2009; Hesping, 2020; Navarro-Garro et al., 2017; Newton and 

Figure, 2007; Puyravaud, 2003). 

3.4. Landscape Configuration 

3.4.1. Landscape Metrics 

To examine patterns of habitat fragmentation and processes of habitat loss, a 

landscape analysis was carried by calculating landscape metrics in Fragstats 4.1 (McGarigal 

et al., 2012). Such metrics measure landscape composition and configuration and provide 

information on the spatial arrangement and distribution of forest patches along the landscape 

and allowed the comparison of metrics throughout the study period. 

Each of the seven classified images were used as input in Fragstats 4.1 as GEOTIFF 

files using a background value of 0, a cell size of 30 m and the 8-cell Neighbor rule to 

delineate patches (McGarigal, 2015). Five metrics at the class level and four metrics at the 

patch level were calculated for two land cover types: Forest and Non-forest. Clouds and 

Shadows were excluded from this analysis because they were irrelevant for the purposes of 

this study and they do not correspond to a cover type. To calculate edge and core area 

metrics, a 100 m theoretical value of edge effect was used. Table 3 summarizes and describes 

the landscape metrics calculated. 

3.4.2. Data Analysis 

A Spearman Rank Correlation analysis was performed for each landscape metric to 

reveal possible trends in the change of these metrics through time. The Spearman correlation 

was preferred to a Pearson correlation due to non-normality of the data and the small sample 

size (n=7).  The correlation coefficient was obtained to illustrate whether the metrics increase 
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(positive correlation) or decrease (negative correlation) over time. Statistical significance 

was set to α = 0.05. The analysis was done with the stats package from the R Software 

(R_Core_Team, 2020). 

Table 3. Definition of landscape metrics calculated from land cover classified images for the period 

1978 to 2020 in the surrounding landscape of the Pacuare Reserve in Limón, Costa Rica 

(McGarigal, 2015). 

Scale Metric Description Unit 

Class 

Percentage of 

Landscape 

(PLAND) 

PLAND is the percentage of the landscape that 

corresponds to a class. It is a measure of landscape 

composition useful when comparing landscapes 

through time. 

Percent 

 
Patch Density 

(PD) 

PD of a corresponding class type divided by total 

landscape area. 

Number 

per 100 

hectares 

 
Edge Density 

(ED) 

ED is the total edge length for a class type, divided 

by the total landscape area. 

Meters per 

hectare 

 
Total Core Area 

(TCA) 

Sum of the core areas of each patch for a class 

type. 
Hectares 

 
Aggregation 

Index (AI) 

AI calculates the frequency with which different 

pairs of patches of a certain class appear side by 

side on an adjacency map. AI equals 0 when a 

patch is totally disaggregated and increases to 100 

when a class is maximally aggregated into a single 

compact patch. 

Percent 

 
Largest Patch 

Index (LPI) 

LPI is the percentage of the landscape 

corresponding to the largest patch of a class type. 

It is a measure of dominance. 

Percent 

Patch 
Mean Patch Area 

(AREA_MN) 

The mean area of the patches is calculated for a 

class type. 
Hectares 

 

Mean Shape 

Index 

(SHAPE_MN) 

A measure of patch shape complexity, shape index 

equals patch perimeter divided by the square root 

of patch area, adjusted by a constant for a square 

standard. When the patch is a square, the index 

equals 1, and increases with shape irregularity 

None 

 

Euclidean 

Nearest Neighbor 

(ENN) 

ENN measures the mean Euclidean distance of 

patches to their nearest neighbor of the same type. 
Meters 
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3.5. Connectivity Paths 

The least cost path analysis (LCP) was used to model suitable paths of connectivity 

between the PR and already established protected areas and patches of habitat in the 

landscape that serve as stepping stones, through the path that presents the least resistance, 

considering the movement of organisms and previously established landscape attributes 

(Adriaensen et al., 2003; Driezen et al., 2007). In other words, the least cost path is “…the 

minimum travel distance for species to cross through the landscape with the lowest exposure 

to unsuitable habitat…” (Guzmán Wolfhard and Raedig, 2019, p. 161). 

The LCP method is commonly used in studies of landscape connectivity and in the 

design of biological corridors (Correa et al., 2016). To build the model, the first step was to 

create a resistance layer, considering biophysical and socio-economic elements of the 

landscape. The resistance layer was then used to calculate the accumulated cost distance 

from each cell of the landscape to a source point and finally, to model the paths with the 

least resistance from the PR, as a source point, to other protected areas found in the 

landscape, functioning as destination points (Figure 5) (Calvo-Obando, 2009; Céspedes, 

2006; Zeller et al., 2012). 

 

Figure 5. Workflow of the least cost path analysis used to model the ecological connectivity in the 

surrounding landscape of the PR in Limón, Costa Rica. 
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3.5.1. Landscape Elements 

For this study, six landscape elements were used to build a resistance layer: roads, 

rivers, towns, land cover from the year 2020, presence of protected areas and, as a socio-

economic element of the landscape, the Global Human Modification of Terrestrial Systems 

data set (gHM) (Kennedy et al., 2020). Because the different data sets had their own metrics, 

all attributes were rescaled to a resistance measure of 0 to 1 for standardization purposes, 

where 0 represents no resistance and 1 represent complete restriction to the movement of 

organisms. 

Feature layers for roads, rivers, protected areas, and towns were obtained from the 

Atlas of Costa Rica database (Ortiz-Malavasi, 2014). Each layer was clipped to the study 

area and converted to a raster format with a spatial resolution of 100 m, for a MMU of 1 ha. 

It was established that a distance-dependent relationship would better to determine the level 

of influence these landscape elements have on species movements, therefore, for this study 

a categorical resistance scale was not applied  (Calvo-Obando, 2009; Céspedes, 2006; Zeller 

et al., 2012). Instead, resistance values in a continue scale were assigned per cell according 

to the proximity to rivers, roads, protected areas, and towns. The distance function from the 

R package raster (Hijmans, 2020) was used to calculate the distance of NoData cells to the 

closest cell with a value, thus creating a continuous resistance surface for these four layers. 

All layers were rescaled from 0 to 1 using a linear function with the Rescale by Function 

tool in ArcMap 10.4.1. 

Roads act as barriers to the movement of some organisms and represent one of the 

first disturbances that later promote heavier fragmentation processes, hence roads were 

assigned a resistance value of 1 (highest value of resistance). Cells nearest to roads were 

assigned a value close to 1 and cells farther away from roads were assigned a value close to 

0 (the lowest value of resistance) using the Rescale by Function tool. Likewise, rivers are 

known to function like longitudinal connector routes (Segurado et al., 2013), hence cells 

close to rivers where assigned a value close to 0, whereas cells with the greater distance to 

rivers where assigned a value of 1. Rivers per se were assigned an intermediate value of 0.5 

since rivers might also act as barriers for some organisms depending on their size. 

The presence of a protected area in the landscape was considered to reduce the 

resistance to the movement of organisms, thus cells nearby protected areas were assigned a 
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value close to 0 and cells farther away from roads were assigned a value close to 1. Cells on 

the actual protected areas were assigned a value of 0, considering that forest is the dominant 

cover in these areas and means a relative safety for organisms’ movement. Alternatively, 

human settlements are considered interruptions to the ecological connectivity in a landscape 

and have an influence not only in their location but also its surroundings due to the human 

activities, therefore, the proximity to towns scaled from 1 or values close to 1 for cells in and 

around towns and decreased to 0 for cells with the greater distance to towns. 

Land cover is an attribute that heavily influence the resistance to organisms 

movement throughout the landscape and is a common attribute used in ecological least cost 

analysis (Adriaensen et al., 2003; Calvo-Obando, 2009; Céspedes, 2006; Chacón, 2016; 

Driezen et al., 2007; Zeller et al., 2012) (Ortiz-Malavasi, 2014). For this analysis, the 2020 

land cover classification produced in the previous section (Land Cover Change) was used to 

assign resistance values. However, prior to its incorporation to the analysis, it was necessary 

to resample the layer from 30 m to 100 m spatial resolution to meet the MMU 

standardization. A value of 0 was assigned to Forest cover, whereas a value 1 was assigned 

to Non-forest cover. Although the non-forest cover in this landscape corresponds mostly to 

agricultural fields that could allow some degree of movement, it was established that only 

either one value was possible, thus it was assumed to be a restrictive surface. Clouds and 

Shadows categories were removed from this analysis as they do not contribute to the 

resistance calculation. 

The gHM data set was used to account for human impacts on the landscape. It is a 

worldwide compilation of 13 direct and indirect indicators of anthropogenic stressors from 

five categories (Human settlement, Agriculture, Transportation, Mining and energy 

production, and Electrical infrastructure), designed to be incorporated in conservation 

strategies and mitigation plans at the landscape level (Kennedy et al., 2020, 2019). It 

measures the degree of landscape modification on terrestrial systems from 2000 to 2016, 

with a median year of 2016. 

The gHM works in a scale from 0 for no modification, to 1 for high modification, 

therefore it was assumed that low modification values represent low resistance to movement 

and high modification meant high resistance and thus, it was not required to rescale the data 

set. However, the gHM data set has a spatial resolution of 1 km2 cell size and consequently, 

to be used in the model, the dataset was first transformed to the CRTM05 projection system 
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and resampled to 1 ha cell size by means of the bilinear technique that uses the average value 

of the surrounding four pixels to calculate the value of each pixel. Finally, it was clipped to 

the study area. 

3.5.2. The Resistance Layer 

The multi-criteria resistance layer or cost layer was built by merging the six elements 

previously described into a single raster layer through a weighted sum function. By assigning 

each element a value of importance depending on its relative influence on the movement of 

organisms. The weight of each element was established according to a literature review of 

least cost analysis in tropical ecosystems. Several scenarios with different weights were 

tested, and no clear differences were obtained for the paths, thus it was decided to assign 

equal weights to the elements, except for the proximity to protected areas that was assign a 

lower value since land cover is mostly forest cover, already incorporated in the land use 

attribute (Table 4).  

It was assumed that in protected areas, cover was predominantly forest, thus this layer 

was assigned a lower value to not overestimate the importance of this criteria. A summary 

of each element and its weight is found in Table 4. For the purpose of this study, it was 

assumed that 1) protected forest areas host a large amount of species with restricted 

Table 4. Descriptions, weights, and sources of six landscape attributes used to create the surface layer 

in the least cost path model of ecological connectivity in the surrounding landscape of the Pacuare 

Reserve in Limón, Costa Rica. 

Attribute Description Weight Source 

Land Cover 
Forest and Non-forest cover for the 

year 2020. 
0.18 

Created as part of the Land 

Cover Change analysis. 

Protected Areas 
Raster of six protected areas within 

the study area. 
0.10 

Atlas of Costa Rica (Ortiz-

Malavasi, 2014) 

Towns 
Small towns and cities located 

within the study area. 
0.18 

Atlas of Costa Rica (Ortiz-

Malavasi, 2014) 

Roads Road network within the study area. 0. 18 
Atlas of Costa Rica (Ortiz-

Malavasi, 2014) 

Rivers 
River network within the study 

area. 
0.18 

Atlas of Costa Rica (Ortiz-

Malavasi, 2014) 

gHM 
Global Human Modification on 

Terrestrial systems data set. 
0.18 (Kennedy et al., 2020, 2019) 
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movements by human activities and 2) non-forest cover represent an unsuitable habitat and, 

thus is avoided by organisms in their movements. 

3.5.3. Modeling of Ecological Connectivity 

To obtain the least-cost paths of connectivity for the PR, first the Cost Distance 

function was run using the resistance layer, and a source layer as inputs. This function 

calculates the least accumulative cost distance from each cell to the source cell along the 

resistance layer and creates a back-link layer that identifies the direction of the least 

accumulative cost path. The source layer can be a cell, a patch, or a set of patches from which 

the modeling will start. In this study, a point in the center of the PR polygon was selected as 

the source cell. Only the start cell had a value and all other cells had NoData values.  

Finally, the Cost Path function was run to calculate the least-cost path from the PR 

to the neighboring protected areas. The least accumulative cost distance layer, and a 

destination layer were required as inputs. The destination layer can be a cell or group of 

cells, a patch, or a set of patches to which the modeling will end. In this study, a point in the 

center of the polygons of each of the five protected areas surrounding the PR was selected 

as the destination cells. Only the destination cells had values and all other cells had NoData 

values (Figure 5). A 2 km buffer area was constructed around the LCPs to characterize the 

connectivity path in terms of forest cover and to facilitate visualization. 
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4. RESULTS 

4.1. Land Cover Change 

The accuracy assessment showed a mean overall accuracy of 92% and a kappa index 

of agreement of 0.85 for the entire land use classification process. The highest overall 

accuracy was obtained in the 2001 classification (95%, kappa = 0.9) and the lowest in the 

2015 classification (89%, kappa = 0.8). On average, Producer´s and User´s accuracy was 

above 90% for all classes throughout the study period, except for Non-forest Producer´s 

accuracy in the 1992 period, where it dropped to 78%, as well as Shadows Producer´s 

accuracy in the year 1992 (71%) (Table 5). 

During the 42 years period analyzed in this study, the net outcome was a decrease of 

approximate 44,682 ha of forest cover, that amounts to a 27.4% of the study landscape. 

Initially in 1978, forest cover comprised 74.7% of the landscape (122,914 ha), it reached its 

lowest point in 2001 when it covered 44.8% of the landscape (73,787.6 ha), and then slightly 

increased to 47.5% (78,231 ha) in 2020 (Figures 6 and 8). A total of 55,104 ha of forest 

cover were lost, and 10,412 ha were gained from 1978 to 2020 (Figure 7).  

Non-forest cover showed an inverse pattern of change. It covered a 25.3% of the 

study area in 1978 (41,704 ha) and increased to its highest cover of 52.9% of the landscape 

(87,181 ha) in 2001. As of 2020, non-forest cover decreased to 46.5% of the landscape 

Table 5. Accuracy assessment results showing Producer´s (PA), User´s (UA) and Overall Accuracy 

(OA), and Kappa hat index of agreement for each classification image obtained from the land cover 

classification during the period 1978 to 2020 in the surrounding landscape of the Pacuare Reserve in 

Limón, Costa Rica. N = sample size, F = Forest, NF = Non-forest, C = Clouds and S = Shadows. 

Year N 
PA UA 

OA Kappa 
F NF C S F NF C S 

1978 508 0.983 0.842 - - 0.939 0.953 - - 0.943 0.856 

1986 560 0.992 0.834 0.923 1.000 0.931 0.972 1.000 0.923 0.940 0.870 

1992 654 0.997 0.782 1.000 0.714 0.877 0.994 0.983 1.000 0.920 0.877 

1997 560 0.902 0.943 0.872 1.000 0.957 0.869 0.895 1.000 0.918 0.857 

2001 667 0.927 0.979 0.833 0.909 0.973 0.929 1.000 1.000 0.951 0.910 

2015 652 0.917 0.863 0.947 0.882 0.879 0.900 0.947 1.000 0.893 0.805 

2020 684 0.888 0.892 1.000 1.000 0.899 0.886 1.000 0.900 0.896 0.813 

Mean 612 0.944 0.877 0.929 0.918 0.922 0.929 0.971 0.971 0.923 0.855 
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(76,786 ha) (Figures 6 and 8). In total, non-forest cover was reduced by 12,480 ha, and 

47,294 ha were gained during the entire study period (Figure 7). 

 

 

 

Figure 6. Class area change for two land cover types during the period 1978 to 2020 in the 

surrounding landscape of the PR in Limón, Costa Rica. 

 

 

Figure 7. Gains and losses for Forest and Non-forest cover types during the period 1978 to 2020 in 

the surrounding landscape of the Pacuare Reserve, Limón, Costa Rica. 
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During the 1978-2001 period, forest cover decreased at an average annual rate of -

2.5%. The highest annual rate of change was observed during the period 1992-1997 (-4.8%). 

After this period, forest cover increased at mean annual recovery rate of 1.0 %, for the period 

2001-2015. However, during the 2015-2020 period, forest cover again decreased at annual 

rate of change of -1.8% (Figure 9). Non-forest cover initially showed a low annual rate of 

change (0.2%), however during the period 1992-1997 it increased to 8.9% and 6.4% for the 

 

Figure 8. Land cover change for Forest and Non-forest cover types during the period 1978 to 2020 

in the surrounding landscape of the Pacuare Reserve, Limón, Costa Rica. Also included are clouds 

and shadows present in the satellite images used in the land use classification process. Projection 

CRTM05 and Datum WGS 1984. 
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period 1997-2001, it then decreased to -1.7% for the period 2001-2015 and finally increased 

to an annual rate of change of 1.5% (Figure 9). 

The persistence analysis revealed that 67,757 ha of forest cover persisted as such 

from 1978 to 2020, whereas non-forest cover showed a persistence of 29,136 ha during this 

period. Forest cover persisted mainly in the areas along the coast and in the southwest portion 

of the landscape, corresponding to hilly areas of the Talamanca Range. On the other hand, 

forest loss occurred primarily in the center of the study area, which corresponds to flat 

terrains where it was converted in large fragments to non-forest cover (shown as 

deforestation in Figure 10), but also in small focal points at the interior of large forest 

fragments, including protected areas. During the entire study period, forest recovery was 

observed to occur in small and scattered patches throughout the landscape or associated to 

rivers (Figure 10). 

 

Figure 9. Annual percentage rate of change for Forest and Non-forest cover during the period 1978 

to 2020 in the surrounding landscape of Pacuare Reserve in Limón, Costa Rica. 
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4.2. Landscape Configuration 

Several trends were observed for the landscape metrics during the study period. The 

portion of the landscape corresponding to forest cover showed a negative trend over time 

(p<0.05; Table 6). Contrarily, non-forest cover portion of the landscape showed a positive 

trend over time (p<0.05). The total core area for forest cover showed a negative trend over 

time, decreasing from 82,247 ha in 1978 to 15,236 ha in 2001 (p<0.05); in the later years it 

slightly increased to 25,143 ha in 2020. Total core area for non-forest cover did not show a 

clear trend over time (p>0.05), with an average of 13,625 ha throughout the study period and 

ranged from a maximum of 26,769 ha in 2001 and finally it decreased to 21,470 ha in 2020 

(Figure 11). 

Patch density increased notoriously from 1978 to 2001 for both forest (from 0.3 to 

10 patches/100 ha) and non-forest cover (from 0.9 to 12 patches/100 ha). By 2015, it 

decreased to 4.3 and 4.2 patches/100 ha for forest and non-forest cover, respectively. For 

 

Figure 10. Forest cover loss and forest recovery from 1978 to 2020 in the surrounding landscape of 

the Pacuare Reserve in Limón, Costa Rica. Projection CRTM05 and Datum WGS 1984. Service 

Layer Sources: Esri, GEBCO, NOAA, National Geographic, Garmin, HERE, Geonames.org. 
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both non-forest and forest cover, an overall positive trend was observed (p<0.05; Table 6; 

Figure 11). By 2020, patch density was at 8.3 and 8.7 patches/100 ha for forest and non-

forest cover, respectively.  

A similar behavior was observed for edge density, which increased from 17 to 103 

m/ha for forest cover and from 17 to 99 m/ha for non-forest cover from 1978 to 2001. In 

2020, edge density slightly decreased to 92.5 and 92.0 m/ha for forest and non-forest cover, 

respectively. For both forest and non-forest, the positive trend was statistically significant 

(p<0.05). Finally, the aggregation index showed a significant negative trend for forest cover 

(p<0.05), but it was not significant for non-forest cover (p>0.05; Table 6). This index 

decreased from 96.4 in 1978 to 82.3 in 2015 for forest cover. By 2020, it increased to 85.3. 

Similarly, but with more variation, the aggregation index declined from 89.4 in 1978 to 85.3 

in 2020 for non-forest cover (Figure 11).  
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Figure 11. Fragmentation metrics at the class level for forest (green) and non-forest (yellow) land 

cover types for the period 1978 to 2020 in the surrounding landscape of the Pacuare Reserve in 

Limón, Costa Rica. Spearman rank correlation are shown for each metric and cover type. Dashed 

lines represent a statistically significant correlation at p<0.05**. 
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Mean patch area of forest cover showed a negative trend over time (p<0.05) and 

decreased at a rate of 2.8 ha per year. It shrunk drastically from 127 ha in 1978 to 4 ha in 

2001. By the year 2020 mean patch area slightly rose to 6 ha. Non-forest cover showed a 

slight but significant sustained decrease in mean patch area over the study period, from 14 

ha in 1978 to 5 ha in 2020 (p<0.05; Table 6; Figure 12). Additionally, no relationship was 

observed in mean patch shape with time for forest cover, with a mean value of 1.27 (SD ± 

0.02) (p>0.05) Similarly, mean patch shape of non-forest cover decreased from 1,32 in 1978 

to 1,21 in 2020, with greater variation throughout this period and thus, no significant 

correlation was observed (p>0.05) (Figure 12).  

 

Figure 12. Fragmentation metrics at the patch level for forest (green) and non-forest (yellow) land 

cover types for the period 1978 to 2020 in the surrounding landscape of the Pacuare Reserve in 

Limón, Costa Rica. Spearman rank correlation coefficients are shown for each metric and cover 

type. Dashed lines represent a significant correlation at *p<0.10 and **p<0.05. 
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The Euclidean nearest neighbor metric showed a significant negative correlation with 

time for both forest and non-forest covers (p<0.10 and p<0.05, respectively). This metric 

decreased from 110 m in 1978 to 77.5 m in 2020 for forest cover, whereas for non-forest 

cover it decreased from 145.5 m to 79.3 m in the same period (Figure 12, Table 6). Moreover, 

at the beginning of the study period, the largest patch index for forest cover was 36.5%, by 

the year 1997, it decreased dramatically to 6.0% and then increased to 16.2% by the year 

2020, however no significant correlation with time was observed (p>0.05). Contrastingly, 

the largest patch index for non-forest cover in 1978 was 3.15% and increased drastically to 

46.7% in 2001. By the year 2020 it decreased to 36.3%. A significant positive trend was 

observed (p<0.05; Table 6) (Figure 12).  

Forest cover in 2020 was distributed in a few large and multiple small patches. From 

the total forest cover, 59.3 % corresponded to two large fragments (>10,000),  located south 

from of the study landscape, 22.3 % are three medium size forest fragments (between 1,000 

Table 6. Spearman rank correlation coefficients (ρ) and significance values for nine fragmentation 

metrics for forest and non-forest cover types in relation to time, during the period 1978 to 2020 in the 

surrounding landscape of the Pacuare Reserve in Limón, Costa Rica. P-values in bold letters means 

statistical significance (p<0.05**, p<0.10*). 

Metric Class S ρ p-value 

PLAND 
Forest 102 -0.82 0.03** 

Non-forest 6 0.89 0.01** 

TCA  
Forest 102 -0.82 0.03** 

Non-forest 32 0.42 0.35 

ED  
Forest 6 0.89 0.01** 

Non-forest 6 0.89 0.01** 

PD  
Forest 6 0.89 0.01** 

Non-forest 6 0.89 0.01** 

AI 
Forest 104 -0.85 0.02** 

Non-forest 86 -0.53 0.23 

AREA_MN  
Forest 104 -0.86 0.02** 

Non-forest 102 -0.82 0.03** 

SHAPE_MN  
Forest 80 -0.43 0.35 

Non-forest 94 -0.68 0.109 

LPI  
Forest 88 -0.57 0.2 

Non-forest 8 0.86 0.02** 

ENN 
Forest 96 -0.71 0.08* 

Non-forest 104 -0.85 0.02** 
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and 10,000 ha), remaining along the coastal area, whereas 5.9 % of forest cover are 19 

fragments of smaller size (between 100 and 1,000 ha). The remaining 12.6 % of forest cover 

are the remaining 13,630 small scattered fragments (<100) (Figure 13). 

4.3. Landscape Connectivity 

The resistance layers showed higher resistance values accumulated at the interior of 

the study area, with a mean distance to roads across the landscape of 1,167.4 m that ranged 

from 0 to 10,632.0 m. Distance to rivers ranged from 0 to 5,953.9 m, with a mean distance 

of 1,139.3 m. Large areas of greater distance to rivers were found in the center and the lower 

parts of the landscape. A total of 162 towns were found spread within the entire study area, 

with a mean distance of 2,409.5 m and ranged from 0 to 14,598.6 m.  

Distance to protected areas ranged from 0 to 16,983.8 m, with a mean of 6,206.9 m. 

Moreover, greater distances to protected areas were found along the interior of the landscape. 

 

Figure 13. Forest cover patch size for the year 2020 in the surrounding landscape of the Pacuare 

Reserve in Limón, Costa Rica. Projection CRTM05 and Datum WGS 1984. Service Layer Sources: 

Esri, GEBCO, NOAA, National Geographic, Garmin, HERE, Geonames.org. 
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The gHM ranged from 0.07 to 0.87 and a mean value of 0.35 was observed. The greater 

values were observed in a broad stretch along the interior of the landscape, whereas lower 

values were observed at the margins. Figure 14 shows the resistance surfaces of the six 

attributes used, standardized on a scale from 0 to 1. Figure 15 shows the resistance surface 

map after compiling all six attributes. 

Five potential paths of ecological connectivity modeled from the resistance layer 

were created for the PR. A network of 115.2 km connects to neighboring protected areas, of 

which 54.7 km were within an already established biological corridor (47 %) and 94.7 km 

run through forest cover (82%). The buffer network of 2 km around the paths covers an area 

of 38,441 ha of which 24,590 ha correspond to forest cover (64 %). 

 

Figure 14. Resistance surface layers for six landscape attributes used for the least cost analysis in 

the surrounding landscape of the Pacuare Reserve in Limón, Costa Rica. A) Road network, B) river 

network, C) human settlements, D) proximity to protected areas, E) land cover in 2020 and F) the 

gHM data set. Projection CRTM05 and Datum WGS 1984. 
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Three of the five routes followed the coastline, while the other two were drawn 

inland. To connect the PR to the Cariari National Wetland, a path of 15.4 km was obtained 

along the coast covering an area of 5,473 ha of which 3,975 ha are forest covered (72 %). 

Likewise, a connectivity path of 27.8 km to the Tortuguero National Park was obtained 

totaling 10,214.5 ha of which 7,750 ha correspond to forest cover (76 %) (Figure 16 and 

Figure 17).  

To connect the Limoncito Wildlife Reserve to the PR, a path of 33.7 km was obtained 

along the coastline, covering an area of 10,231 ha where forest covers 6,929.9 ha (68%). To 

the Río Banano Protective Zone, the least cost path modeled a path that initially runs along 

the coast for approximately 14.7 km and then turns inland, for a total path of 35.5 km from 

the PR. The 2 km buffer area covers 12,630.3 ha, covering 9,369 ha (74%). Finally, from 

the PR to the Río Pacuare Forest Reserve and the Barbilla National Park, a path of 28.9 km 

 

Figure 15. Cost surface showing resistance values and least cost paths (LCPs) from the Pacuare 

Reserve to five destinations within the PR landscape. Destinations are as follows: 1. Cariari National 

Wetland, 2. Tortuguero National Park, 3. Río Pacuare Forest Reserve and Barbilla National Park, 4. 

Río Banano Protective Zone and 5. Limoncito Wildlife Reserve. Projection CRTM05 and Datum WGS 

1984. 
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was obtained, where the buffer area totals 12,382 ha, of which 6,185.8 ha are covered by 

forest (50 %) (Figure 16 and Figure 17). 

5. DISCUSION 

The results demonstrated a clear process of habitat loss along with a fragmentation 

pattern in the landscape surrounding the Pacuare Reserve during the last four decades. 

Although habitat amount could be recovering in the last years (increase in forest cover), the 

landscape configuration produced by this recovery might not be suitable for hosting and 

supporting viable populations of forest dependent species. Moreover, it was shown that this 

process had a tipping point in the period of 2001 to 2015 where trends in most landscape 

metrics indicating fragmentation were reverted. 

 

Figure 16. Potential ecological connectivity paths from the Pacuare Reserve to five protected areas 

within the influence area, modeled with the least cost path analysis. A 2 km buffer around the least 

cost paths (LCPs) were created to facilitate visualization. Wild protected areas (WPA) are as follow: 

1. Cariari National Wetland, 2. Tortuguero National Park, 3. Río Pacuare Forest Reserve and Barbilla 

National Park, 4. Río Banano Protective Zone and 5. Limoncito Wildlife Reserve. Projection CRTM05 

and Datum WGS 1984. 
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Furthermore, the ecological connectivity model showed the importance of the 

protection of the forest area along the north Caribbean coast, where established biological 

corridors and protected areas seem to serve as the primary, and possible the only routes of 

ecological connectivity from and to the PR to support its biodiversity and ecological 

functioning. Additionally, the connectivity model showed that a new connectivity route 

should be considered to link the PR with important inland forest patches such as the Río 

Pacuare Forest Reserve and the Barbilla National Park. The proposal of a new biological 

corridor for this path should be considered.  

Special considerations must be made when interpreting these results regarding the 

spatial resolution of remote sensed imagery, which were the basis of this study. To cover a 

broader temporal scale of four decades analyzed in this study, satellite images from different 

sensors and different spatial resolutions were necessary. Thus, spatial resolution was 

 

Figure 17. Forest cover inside potential ecological connectivity paths from the Pacuare Reserve to 

five protected areas within the influence area, modeled with the leas cost path analysis. A 2 km buffer 

around the least cost paths (LCPs) were created to facilitate visualization. Wild protected areas (WPA) 

are as follow: 1. Cariari National Wetland, 2. Tortuguero National Park, 3. Río Pacuare Forest 

Reserve and Barbilla National Park, 4. Río Banano Protective Zone and 5. Limoncito Wildlife Reserve. 

Projection CRTM05 and Datum WGS 1984. 
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diminished to explore landscape dynamics in a greater temporal resolution, since Landsat 1 

images of 60 m resolution (rescaled to 30 m) are the oldest freely available (Boyle et al., 

2014; Sanchez-Azofeifa et al., 2017).  

It is likely that by using lower resolution images, important elements in the landscape 

were missed, especially in the early images from less powerful sensors with lower resolution. 

Higher resolution satellite imagery improves the accuracy in forest cover monitoring and 

conservation by better detecting small and narrow forest patches and steppingstones that 

could serve as connecting elements (Boyle et al., 2014). However, elevated costs and 

reduced availability of higher resolution data sets for medium scale areas (164 km2 in our 

study area), substantially reduces the options for conservation initiatives and with scare 

financial resources.  

The accuracy assessment gave high correspondence values, though the impossibility 

of performing a ground truth in the study area due to the COVID-19 pandemic could have 

affected the results from the land cover classification images and the landscape metrics 

derived from them, meaning the error could have been reduced (Olofsson et al., 2014). 

Moreover, cloud presence in the images, even though low on average, affected the results 

by acting as noise and hinder the characterization and quantification of land cover 

underneath, especially in the 1992 and 1997 images. Additionally, the improved spatial 

resolution with each new sensor affects the calculation of landscape metrics. Higher 

resolution images allow for better detection of smaller landscape elements. It is possible to 

assume that a certain percentage of variation in landscape metrics over time is attributed to 

the better quality of images gather by better equipped satellites. 

Despite its limitations, Landsat imagery have proven to be a powerful and useful tool 

in monitoring land use changes (Sanchez-Azofeifa et al., 2017, 2001) and its use in this study 

provided a historical perspective of the land use change in the PR landscape for the last four 

decades, showing a clear reduction in forest cover that coincides with other studies in the 

region and that will be discussed in the next section. At the same time, landscape metrics 

derived from the classification images showed a clear picture of the trends in the 

fragmentation process and produce patterns that are essential to considered when developing 

conservation strategies and planning land use policies. 
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Regarding the modeling of landscape connectivity through the LCP analysis, it is 

important to mention the use of the gHM database. This database was used in this study as 

proxy of socioeconomic landscape attributes due to a lack of more detailed information to 

match the scale of the study. Land tenure and socioeconomic indicators for the study region 

(such as income and education level) gathered by the National Institute for Statistics and 

Census (Instituto Nacional de Estadística y Censo; INEC), are supposed to be open access 

and public information and were sought for this study, however, when requested for this 

research, INEC charged more than $700, which were not available at the time. The reason 

for this elevated cost, as appointed by the authorities, was a pre-processing spatialization of 

the data for the specified region of interest. Furthermore, the COVID-19 pandemic made it 

impossible to plan visits to local governmental agencies in the study region to gather such 

information. 

When developing the resistance layer for the LCP analysis, each attribute is weighted 

based on its importance to the research objective. Expert criterion is usually used to assign 

weights to each attribute and even prioritize them from a list (Céspedes, 2006). 

Complementary to this expert criterion, literature review is also used to support the 

weighting decision (Chacón, 2016). Once again, because restricted access to the study site 

due to the COVID-19 sanitary regulations, it was not possible to interview local experts from 

the region and a planned workshop with local stakeholders was not performed, thus we rely 

solely on information from the literature to prioritize criteria.  

Several models were tested with different combinations of attribute weights; 

however, no clear differences were observed in the paths modeled. Thus, it was decided to 

assign equal weights. The actual configuration and composition of the landscape is such that 

land use in the form of forest cover was probably the most important attribute for modeling 

connectivity paths, hence no variation between the different models were observed. 

Additionally, at the interior of the landscape, the presence of road network, towns, an 

agricultural matrix with little forest cover and a high value of the human modified landscape 

index (gHM, Kennedy et al., 2019), reduces the chances of producing connectivity paths. 

5.1. Land Cover Change 

In Costa Rica, the boom in the global beef market in the 1970´s was an economic 

driver that drove the government to give incentives for landowners to cut down forest, 
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increasing deforestation rates nationwide (Geist and Lambin, 2006; Nygren, 1995; Sanchez-

Azofeifa et al., 2001). After the market failure in cattle production and the progress in 

conservation efforts in the country, forest cover started to increase in Costa Rica during the 

1980´s (Durán, 2010; Nygren, 1995; Sanchez-Azofeifa et al., 2001; Stan and Sanchez-

Azofeifa, 2019; Viales, 2013b). However, in the study area, and possibly in the northeast 

Caribbean region, the deforestation process seems to have continued and intensified for at 

least two more decades, and the forest recovery process started later than the national trend, 

as was shown in this study with forest cover consistently decreasing until the 2001-2015 

period.  

Sanchez-Azofeifa et al. (2001)  found that, by 1991, forest cover in the Limón 

province was 60% (63% in our study area), annual deforestation rates were among the 

highest in the country (4.7% in our study area) and pastureland grew at a rate of 9% between 

1973 and 1984 just in the Limón province (Sanchez-Azofeifa, 2000). Moreover, the area 

analyzed in this study is within the Tortuguero lowlands phytogeographic unit, where it was 

reported that forest loss accounted for more than 50% of the forest cover lost at the national 

level from 1997 to 2000 (Calvo-Obando, 2009; SINAC, 2014).  

Noticeably, bananas have been the most important crop in the region for over two 

centuries and its dynamics clearly influenced the process of land use change. After the UFCo 

abandoned the Caribbean region in the 1950´s, secondary growth took over large areas of 

former plantations. However, new national and international companies rapidly took over 

the old banana fields and continue to produce until today (Russo and Ureña, 2005; Viales, 

2013b). It is possible to argue that because of the historical land allocation system from the 

late 1800´s to the middle 1900´s, the land ownership in the Atlantic region was, and is still 

controlled by large private owners (Viales, 2013c).  

In 1967, a law was passed to encourage banana production in the country, the 

National Plan for Banana Development (Plan Nacional de Fomento Bananero) (Montero and 

Viales, 2013). It gave economic incentives and technical assistance to banana producers and 

later created the National Chamber of Banana Growers to organize and protect local 

interests. This resulted in an increase in banana plantations, from to 13,332 ha in 1967 to 

26,920 ha in 1973. Favored by these neoliberal policies, banana growers continued to 

accelerate land cover changes in unprotected forest areas during the 1980 and 1990´s (Loría 

and Umaña, 2015; Montero and Viales, 2013).  
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In 1978, yet a second National Plan for Banana Development was implemented and 

increased banana crops to a maximum of more than 53,000 ha by 1994. Due to decline in 

banana prices due to worldwide over production, the area of banana plantations decreased 

to 42,000 ha in 2003 because of the abandonment of the less productive farms (Montero and 

Viales, 2013; Russo and Ureña, 2005). Yields in banana production however have increased 

mainly because of improvements in the production process, but no increases in crop area had 

been observed(Russo and Ureña, 2005). As of 2014, banana crops covered 43,013 ha in the 

Limón Province, of which 92% are farms larger than 100 ha (INEC, 2014). This regional 

trend could help explain partly the local dynamics in forest cover change in our study site 

and coincides precisely with the loss of forest cover observed from 1978 to 2001. 

The implementation of other agrarian policies encouraged agricultural production 

and deforestation by giving land tenure to peasants willing to cut down forest (Montero and 

Viales, 2013; Nygren, 1995), and could also help explain the deforestation rates in our study 

area. Land reclamation of abandoned banana fields was probably an easier task for those 

interested in a farm, however, nutrient depleted and eroded soils from the old banana fields 

are not as productive as nutrient rich soils in newly cleared forest. Furthermore, the 

possibility to generate income and obtain construction materials from wood harvest of large 

trees possibly drove farmers to cut down old growth forest. This could explain the smaller 

deforestation foci observed at the interior of large forest fragments and protected areas. 

The forest cover increase observed in the study area from 2001 to 2015, could be 

explained by other political decisions that came in to play at the national and local levels. 

Environmental concern from the rapid loss in forest cover in the 1970´s led to the creation 

of several protected areas in the Caribbean region, aimed specifically to halt deforestation 

and maintain key ecosystem services (Durán, 2010; Montero and Viales, 2013). Forest cover 

loss, chemical poisoning of rivers and lagoons from heavy pesticide use and other 

environmental issues associated to banana production, caused great pressure from 

environmental groups at the national and international level. This led the organization of 

banana growers to implement more sustainable solutions, the most popular one being tree 

planting. Multiple reforestation projects at various scales have been the main activity from 

this sector over the last few decades (Rodríguez-Zumbado, 2014). 

With the introduction of PES schemes in 1996, incentives for the conservation of 

forested lands seem to have reduced the pressure on forest cover in the study area, 
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specifically for species richness protection (Locatelli et al., 2014). However, in some cases, 

this scheme has proven to benefit mostly owners of large properties, because the payments 

are only profitable with a certain minimum amount of land or because criteria for 

participation could exclude small holders (Pagiola et al., 2005). On the other hand, the 

establishment of four biological corridors in the region could have given local communities 

the tools to organize and suggest their own measures of sustainable use of forest resources, 

as well as rising environmental awareness, allowing them to apply for PES incentives over 

large forested areas as a collective rather than as individuals with small properties. 

Forest recovery observed in our study area suggest a disperse pattern of small patches 

of forest recovering along rivers and close to protected areas. This suggests that riverbank 

reforestation and random natural succession in abandoned lands are the main mechanisms 

driving this recovery (Barrientos, 2013). Additionally, environmental legislation such as the 

Forest Law, restricted the types of extraction a farmer could do in its own property and 

limited those possible in state owned forested lands. In general terms, the process of forest 

recovery in tropical landscapes happens through land abandonment after the productive 

activity is no longer viable and the speed of recovery depends largely on the previous activity 

and proximity to a reference forest (Chazdon, 2014b; Holl et al., 2003).  

The dynamics of forest cover change observed in this study illustrates that forces 

such as international markets, national policies and local economies and institutions underly 

forest cover dynamics and are not evident directly in the maps. These drivers translate into 

proximate activities such as the expansion of the agricultural frontier, wood extraction, and 

infrastructure extension that ultimately leads to the reduction of forest cover and habitat 

degradation (Geist and Lambin, 2001). 

5.2. Landscape Configuration 

The landscape metrics showed a clear pattern of forest fragmentation along with a 

significant and progressive habitat loss. Forest cover during the studied period was 

significantly reduced to a greater number (increased patch density) of smaller (decreased 

mean patch area) and more isolated patches (decreased aggregation index), which is, by 

definition, fragmentation per se (Fahrig, 2003). The removal of forest fragments located at 

the interior of the matrix in the study area have configured the landscape in a way that large 

forest fragments remained only at the margins.  



 

59 

An ambiguous trend identified in fragmentation studies is that with increasing forest 

habitat loss, patches are closer to each other, increasing landscape connectivity (Tischendorf 

and Fahrig, 2000). This paradox was detected by the decreased mean Euclidean distance to 

the nearest neighbor observed over time for forest and non-forest covers and the increase in 

the largest patch index of forest cover to 21% by 2015, after having fallen to 6% in 1997. 

Forests are confined to few relatively large fragments because, historically, conservation 

efforts and financial support are directed to protect these spaces, while progressively loosing 

smaller unprotected fragments and reducing landscape structural connectivity (Fahrig, 2020, 

2019, 2017; Fahrig et al., 2019). 

Forest fragments also showed smaller core area over time and greater exposure to 

edge effects (increase in edge density), an expected result from reduced patch area and 

increased patch density (Fischer and Lindenmayer, 2007). Exposure to edges are one of the 

most extensively studied phenomena of the fragmentation process (Ries et al., 2017, 2004), 

however, the extent and the consequences of edge effects have proven to be strongly 

dependent on species and to vary in direction (positive or negative) with spatial scale for 

biotic and abiotic processes (Camargo and Kapos, 1995; Harper et al., 2005; Harris, 1988; 

Laurance and Yensen, 1991; Murcia, 1995; Sizer and Tanner, 1999). Edge effects also vary 

with time since fragmentation. Immediate impacts after fragmentation include drastic 

changes of the abiotic conditions to more dynamic rates of water, light, wind, and nutrient 

fluxes. Over time, secondary succession seals the edges and reduces microclimatic stress at 

the interior of forest fragments (Laurance et al., 2018).  

Increase exposure to edges could weaken the ecological integrity of the remaining 

forest fragments. Post-fragmentation threats in forest edges are mayor drivers of local 

population extinctions due to chronic disturbances like fauna and flora extraction, more 

frequent fires, land intensive labor and domestic animals that incursion into the forest to 

forage or hunt, such as cattle, dogs and cats (Arroyo-Rodríguez et al., 2019; Cochrane and 

Laurance, 2002; Laurance et al., 2018). Protected areas, including medium to large size 

forest fragments are exposed to abiotic stresses from the contrasting environmental 

conditions of pasture lands in the matrix up to several kilometer from the edges (Laurance, 

2004; Laurance et al., 2000a; Ries et al., 2017). The increase levels of edge density in our 

study could also suggest that forest fragments are exposed to multiple edges, further 

escalating the negative impact on the fragments. 



 

60 

Contrastingly, fragmentation also produces positive effects on biodiversity from 

increased habitat heterogeneity and the tropical moist forest in our study area could benefit 

from the newly created landscape heterogeneity of the fragmentation process (Fahrig, 2017). 

Generalist species might prefer the structural complexity associated with the forest-matrix 

interface, as increased abundance has been observed in groups such as pioneer plants (Sizer 

and Tanner, 1999), lianas (Campbell et al., 2018), frugivorous birds and bats and light-

seeking butterflies (Laurance et al., 2018).  

The surrounding matrix in the region, although not characterized in study, is 

dominated by banana plantations and to a lesser extent, cattle pastures (Montero and Viales, 

2013; Sanchez-Azofeifa, 2000). Nonetheless, small patches in the matrix could serve as 

steppingstones (connectivity elements) to be used by some species when moving through 

the landscape. Arroyo et al. (2017b) found that spider monkeys (Ateles greoffroyi) used 

secondary vegetation, vegetation corridors along rivers, live fences and even isolated trees 

as feeding and traveling resources when moving through the matrix. León et al. (2006) also 

found that live fences provided structural connectivity to the landscape, even though they 

accounted for a small fraction of the forest cover. Our study area could provide such 

function, as illustrated by patch size distribution that showed fragments no greater that 10 to 

100 ha embedded within the matrix (Figure 13). To understand these mechanisms however, 

it is required a much finer scale of study. 

The heterogeneity of the matrix can also provide complementary and supplementary 

resources and banana plantations might offer some degree of structural cover for some 

species to use it (Matlock et al., 2002; Roth et al., 1994). These incursions, however, increase 

changes of human-fauna interactions such as hunting, capture, and exposure to new 

predators like dogs or cats. Ingestion of sulfur exposed leaves from chemicals used in banana 

and pineapple production might be related to a recent shift in hair pigmentation of howler 

monkeys (Alouatta palliata) living in forests surrounding plantations, with unknown health 

effects (Galván et al., 2019). This suggests that future research in the region should focus on 

characterizing matrix heterogeneity and matrix-forest interactions in both animal and plant 

communities. 

Because of the traditional approach, large forest fragments in the study site 

corresponded to protected areas created several decades ago, while small to medium size 

patches were virtually depleted from the agricultural matrix. The fragments were 
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unprotected private land that did not received attention by conservation practitioners and 

could have provided structural and functional connectivity to the landscape, acting as a 

network of small forest patches of considerable conservation value to some species (Bell and 

Donnelly, 2006; Fahrig et al., 2019; Wintle et al., 2019).  

The current debate about fragmentation effects on biodiversity, even though 

substantial evidence on biodiversity-decreasing impacts is well documented, has led some 

authors to suggest that focusing on avoiding fragmentation and preserving large forest 

fragments might not be suitable any more (Arroyo-Rodríguez et al., 2017b; Fahrig, 2019, 

2017). Habitat loss, regardless of landscape configuration (fragmentation per se), was a 

major threat to primates (Galán-Acedo et al., 2019) and a stronger predictor of avian species 

richness at the landscape level (de Camargo et al., 2018). The conservation value of large 

forest fragments is unquestionable, however, the associated political, social, and financial 

costs and the challenges to create and maintain new protected areas require improved land 

management strategies which should include small forest fragments.  

Whether preserving one single large habitat fragment is more effective than 

preserving several small fragments of the total same area, has being a fundamental question 

following IBT ideas (Diamond, 1975; Fahrig, 2020). Large forest fragments hosts a greater 

amount of species and are necessary for large mammals with extensive habitat ranges, 

whereas several small patches contribute to habitat heterogeneity and increase chances of 

individuals finding habitat in the matrix, thus reducing the risk of local extinctions from 

stochastic events (Arroyo-Rodríguez et al., 2019; Fahrig, 2020). Protected areas in the study 

region are likely acting as large source habitat fragments that support migration driven 

persistence of local populations to surrounding smaller patches. Whether the biological 

community in the PR is being sustained in this matter should be an interesting line for future 

research. 

The observed trend of landscape simplification and reduced connectivity (increased 

patch isolation) in our study area, is a response of the elimination of forest fragments from 

within the matrix and confines species to move in fewer or even a single patch, thus 

restricting migratory movements and reducing gene flows between populations, especially 

for matrix-avoiding species (Laurance et al., 2000b). The landscape configuration shows a 

large number of small patches combined with a few large patches. This arrangement could 

potentially benefit biodiversity from habitat heterogeneity and intermediate levels of habitat 
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amount. However, it also places a great pressure on the protected areas to act as sources of 

individuals for migration dynamics to smaller sink patches  

5.3. Landscape Connectivity 

Connectivity is the degree to which a landscape allows or impedes the movement of 

organisms, energy, or materials between habitat patches (Taylor et al., 1993). The LCP 

analysis showed that the PR has a strong potential for structural connectivity to the 

Tortuguero National Park, the Cariari National Wetland, the Limoncito Wildlife Reserve 

and even to the Río Banano Protective Zone. To connect the PR to the Barbilla National 

Park and Río Pacuare Forest Reserve, greater efforts are required, since low structural 

connectivity and higher resistance values were observed in this area. 

The connectivity maps showed that nearly half of the modeled paths run through 

already established biological corridors in this area, including the Colorado Tortuguero BC, 

Moín Tortuguero BC, and the Cordillera Cordillera BC. Forest cover in the buffer areas 

around the connectivity paths was above 70%, this translate to a high degree of structural 

connectivity, which is expected to allow the movement of organisms, genetic material and 

facilitate ecological processes (Turner et al., 2001). Consequently, Calvo (2009) found that 

by 2005, the Moín Tortuguero, the Colorado Tortuguero and the Cordillera Cordillera BCs 

showed medium to high of structural connectivity and high levels of functional connectivity. 

The connectivity paths from the PR to the Río Pacuare Forest Reserve and the 

Barbilla National Park showed that the reduced forest cover and the lack of protective 

management schemes might hinder the movement of organisms through an area where the 

highest resistance values and lowest values of forest cover were observed. The importance 

of a potential management strategy to connect these two forest fragments lies in the fact that 

the Río Pacuare Forest Reserve and the Barbilla National Park are both connected to the 

Volcánica Central Talamanca BC, which is also connected to other protected areas, 

potentially creating an important altitudinal network of connectivity with the PR, an 

significant feature of biological corridors against climate change effects (Brenes-Pérez, 

2009; Imbach et al., 2013).  

The potential benefits of being in a BC for the connectivity of the PR would depend 

on the degree to which this administrative and conservation units are functional. Canet-

Desanti et al. (2009) evaluated the BCs in Costa Rica and found that by 2009, only 24 were 
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officialized, and the Moín Tortuguero BC and the Cordillera Cordillera BC were not on that 

list. Moreover, information available to this date suggest that these BCs have not been 

officialized. A non-official BC means there is not an organized local committee and no 

efforts are being done to manage this area as single conservation unit. This also means that 

probably some local stakeholders are not aware that they live and work in a biological 

corridor. 

According to Canet-Desanti (2007), a BC in Costa Rica is officialized when four 

criteria are met: develop a technical profile for the BC, create a map of its limits, provide 

information about the local committee and finally submit the information for evaluation and 

receive the certification and officialization from the NPBC and SINAC. Two of the four BCs 

involved in providing connectivity to the PR are officialized, the Volcánica Central 

Talamanca and the Colorado Tortuguero. For the Moín Tortuguero and the Cordillera 

Cordillera BCs, it was not possible to find official information. Considering the strategic 

importance of these two BCs to the structural connectivity of the PR, it seems urgent the 

need for organized work between local communities, private sector, and conservation 

agencies in this area with the aim to officialize these BCs. Furthermore, the experience 

gathered by local committees of the officialized BCs could serve as a starting point for a 

future program to put in practice such efforts. 

Brenes-Pérez (2009) evaluated land use and cover changes in the Volcánica Central 

Talamanca BC and found that forest cover area was kept stable (around 40%) from 1986 to 

2015, maintaining intermediate levels of structural connectivity. Furthermore, Canet-

Desanti (2009) showed that the local committee in this BC has managed to achieve a high 

degree of organization, with representation from the different social segments. Furthermore, 

efforts have been done to characterize the biodiversity within the BC, including endangered 

or protected species. However, the BC still requires the development of a strategic plan, 

concentrate on financial support, and identify threats to biodiversity and future challenges 

from climate change (Canet-Desanti, 2009). Similarly, the Colorado Tortuguero BC local 

committee is well established and activities are well documented, Moreover, the BC 

developed an extensive technical profile (Acevedo-Mairena, 2013) that covered some of the 

deficiencies observed in an evaluation of management efficiency (Canet-Desanti, 2009). 

The Río Banano watershed, the Moín Tortuguero BC and the PR have been identified 

as important connectivity sites for jaguars (Panthera onca) and were designated as priority 
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conservation areas for this species (SINAC, 2018b), and sightings of individuals in the PR 

are not rare (personal observations). Moreover, along this area jaguars have been reported to 

interact with humans often with negative outcomes for jaguars (SINAC, 2018b). These 

animals predate on cattle and are later chased and killed by angry owners. These findings 

suggest that this species is moving between forest fragments, making use of the BCs and 

forest patches in the landscape, including the PR.  

The importance of BCs as a conservation strategy is that incorporates the interests of 

local people with the implicit value of biodiversity to human wellbeing. As an example, 

jaguars in the study area play the role of flag species by awakening an emotional response 

on people to participate in its conservation, and function as an umbrella species because of 

its large habitat requirements that assure habitat for many other species (SINAC, 2018b). 

However, for local people dealing with economic losses from cattle predation, it is likely not 

easy to connect with felids. Working with cattle owners, Amit and Jacobson (2018) found a 

set of conservation strategies to deal with human-felids conflicts. This include green labeling 

for community products, payment for the ecosystem service of biodiversity, mechanisms for 

improved dialogue, citizen technical assistance, and financial alternatives, all requiring a 

high degree of community participation and organization (Amit and Jacobson, 2018).  

Similarly, Canet-Desanti (2007), identified several factors that facilitate the 

establishment of a BC. Among others, the willingness of local communities to participate 

when they perceive a benefit and the presence of a leading organization. Building the 

organizational basis to create a BC is a critical stage where many initiatives fail to succeed. 

Other factors are the existence of rare, endemic, or endangered species or ecosystems, and 

previous experience on conservation efforts. Moreover, successful cases of BC in Costa Rica 

include the cooperation between local associations, ONG´s and the government. Probably 

one of the best examples of successful creation and management of a BC in Costa Rica is 

the San Juan La Selva BC, focused on protecting and restoring the habitat for the endangered 

Green Macaw (Ara ambiguus) (Chassot and Monge-Arias, 2012). 

Considering the above mentioned, it is plausible to suggest that the PR has the 

potential to lead this process of organization, to gather local stakeholders and encourage the 

officialization, implementation and successful management of critical connectivity routes 

such as the Moín Tortuguero and the Cordillera Cordillera BCs.  The PR and EPI have played 

an important role in shaping the environmental awareness in the region thanks to three 
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decades of work in conservation and two decades of environmental education and 

sensibilization (Pankratz, 2000).  

In recent years, the PR is expanding its touristic and scientific offers to include forest 

resources and visitor are encouraged to participate in different programs as part of the 

conservation experience. This include a new monitoring program of felids, mainly jaguars, 

and its preys using camera traps. Also, birdwatching tours are offered, with the nesting 

colony of the elusive Agami Heron (Agami agami). The reserve also hosts three species of 

monkeys (out of four found in Costa Rica), the white-faced monkey (Cebus imitator), howler 

monkey (Alouatta palliata) and spider monkey (Ateles geoffroyi), and their populations are 

being studied in ethological studies. These species can act as a flag species and 

understanding their movements through the landscape could highlight the importance of 

protecting and improving habitat connectivity in the region. 

Despite the positive impacts the PR, EPI and other environmental organizations have 

had in biodiversity conservation, local communities in the region struggle to achieve 

productive levels of organization and get involved in these efforts. Gutiérrez-Montes (2008) 

develop a diagnostic of three human populations from our study area based on the 

community capitals framework. Batán, Matina, and Pacuare, a small settlement of 32 people 

and the closest to the PR. These three locations are probably the most influential for the PR 

in terms of work labor, logistical support, and potential human threats. In Matina and Batán 

there is a lack of local organizations focused on environmental protection, and there is a 

weak cultural identity. People do not associate themselves with sea turtles beyond the 

consumption of eggs and meat. Moreover, people from these locations do not rely on local 

institutions and do not know of environmental programs implemented by the local 

government. Overall, people are concern with insecurity, drugs related problems, family 

violence and low income, relying mostly in the banana plantations for jobs (Gutiérrez-

Montes, 2008). 

Specifically, in the coastal community of Pacuare which is located a few kilometers 

from the PR, Gutiérrez-Montes (2008) found that local people identified the natural 

surroundings as their biggest asset and fishing as the main food source, but relate themselves 

poorly to the turtle conservation work in the area, claiming that tourism derived from it could 

eventually be a potential income source for their families. However, they claim they do not 

have the required infrastructure to receive tourism and that they have not received technical 
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or educational trainings from the government nor ONG´s. Coupled with the isolation, this 

community lacks social cohesion and capacity of association that limits their ability to draw 

financial support for themselves and for the community as a hole (Gutiérrez-Montes, 2008). 

Considering the social economic limitations of the communities in the study area, it 

is possible to argue that organizing a local committee for the creation of a BC corridor is not 

in people’s priorities list. Although Gutiérrez-Montes (2008)´s study only involved three 

communities, two of them are the largest of the Matina county, which has some of the lowest 

socio-economic development indicator in the country. Similarly, the conditions of the 

Pacuare community can also reflect the reality of other isolated coastal communities in the 

region, suggesting that the isolation is not only physical but also social. It seems that 

conservation programs in this area have failed to involve local communities and share their 

work, beyond their need for work labor. 

5.4. Conclusions and Recommendations 

Remote sensed data was a crucial input for the development of this study. The 

temporal scale because of the interest to explore the land use dynamics of the last four 

decades in the Caribbean region possibly restricted the potential sources and quality of the 

information available. Moreover, the accessibility of satellite images was drastically reduced 

by the amount of cloud cover present in the study area. Nevertheless, Landsat images 

provided a clear picture of landscape composition and structure around the PR that allowed 

the identification of potential threats from habitat loss and fragmentation, but also important 

opportunities for future efforts. 

Deforestation and forest recovery dynamics in the study area were slightly different 

from national trends reported in the literature. This highlights the importance of downscaling 

land cover change studies to the specific area of interest and not relying solely on reported 

values from larger areas. Similarly, socio-economic and political history at the local level 

are fundamental to understand what droves changes in land use in the past and what drives 

them now. This study suggests that decades after the end of the UFCo, land allocation 

schemes could still benefit large property owners interested in productive activities that 

promote deforestation.  

Using the results of the broader temporal description of land cover changes and 

landscape configuration obtained in this study, future research could use higher resolution 
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images to create a more detailed land cover map, and incorporate not only land covers but 

also more specific land uses such as different crops, eroded areas, forest successional stages 

and types, etc. On a finer scale, this could help monitor micro-fragmentation in protected 

areas and identify forest fragments and connectivity structures available for the movement 

of individuals from local populations in the PR. 

The trends observed in the landscape around the PR suggest that the remaining forest 

cover is being isolated from the productive lands. On one hand, this reduces the chances of 

negative human interactions and permits the conservation of ecological integrity in protected 

areas, but on the other hand, the intensification of agriculture in productive lands could 

increase soil erosion, agrochemical use and genetically modified organisms that spill over to 

forest fragments. Moreover, enhanced productivity might reduce product prices, promoting 

agricultural expansion to forested areas. The debate is to whether integrate productive lands 

with native ecosystems (land sharing) or to isolate productive lands from native ecosystems 

(land sparing) (Arroyo-Rodríguez et al., 2019). 

Biodiversity monitoring programs in the PR should expand to study migration, 

demographic and dispersal patterns of local populations of flora and fauna to understand to 

what extent are individuals moving through the reserve and the degree of genetic exchange 

with other populations. This will allow to test if structural connectivity observed in studies 

such as this translates to functional connectivity and make species use the BCs provided.  

The LCP analysis showed the critical importance that the Moín Tortuguero and the 

Cordillera Cordillera BC have on providing structural connectivity to the PR. Moreover, the 

fact that these corridors have yet to shape an administrative entity to start the process of 

officialization is somewhat worrying, because it means they are only on paper, but also an 

opportunity for the PR to lead the process. Bringing together other conservation programs, 

local associations and the government could serve as an opportunity to also promote social 

cohesion and identity for a region affected by historical poverty and abandonment.  

Large private stakeholders such as the banana conglomerates represent potential 

sources for financial support in potential conservation programs. However, it is still 

necessary to revisit legislation to guarantee that forest regulations are being met by this 

companies. For instance, the LCP analysis showed that the path to connect the PR with the 

large forest patch of the Río Pacuare Forest Reserve and the Barbilla National Park, could 
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follow the Madre de Dios river. Forest cover in a buffer area around this river might be a 

first step in bringing connectivity to this agricultural landscape dominated by banana 

plantations and restoration efforts should focus on this. Eventually, the creation of a new 

biological corridor in this area could be considered ¿The Pacuare Biological Corridor? 

Defined by Wu (2013b), landscape sustainability is “the capacity of a landscape to 

consistently provide long-term, landscape specific ecosystem services essential for 

maintaining and improving human well-being in a regional context and despite 

environmental and socio-cultural changes”. This definition implies the need to recognize the 

importance of biodiversity supported ecosystem processes that provides benefits to humans, 

as well as local socio-economic trends of land cover change. This will depend on people’s 

capacity to create new forms of governance that allows them to make use of their natural 

resources and to secure their livelihoods while assuring the continuity of key ecological 

processes (Agrawal & Lemos, 2007).  

Biological corridors in Costa Rica have proven to be a fundamental land management 

strategy that brings together biodiversity conservation and social wellbeing. The 

officialization of the BCs identified in this study as key to the connectivity of the PR, should 

be considered a priority, if local populations of species inhabiting its forest are to be 

maintained over time, allowing for sufficient movement and thus a healthy genetic flow. 

Moreover, the integration of local communities into the process could help identify their 

needs and concerns, but also their potential and what they could offer to conservation 

programs. The PR-EPI conservation agency should seriously consider leading such project. 

Costa Rica has proven to have a strong legal framework for biodiversity conservation 

from which successful conservation strategies have emerged. Additionally, people in Costa 

Rica have demonstrated over and over their environmental awareness and willingness to 

preserve its ecosystems. To maintain the remaining forest in the future decades, it will be 

essential to make use of the existing legal foundations, and to fulfill both the country´s 

international commitments to conservation and the provision of sustainable solutions for its 

people, based on scientific evidence. 
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