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Abstract

:

While protected areas (PAs) are an important conservation strategy to protect vulnerable ecosystems and species, recent analyses question their effectiveness in curbing deforestation and maintaining landscape connectivity. The spatial arrangement of forests inside and outside of PAs may affect ecosystem functioning and wildlife movement. The Osa Peninsula—and Costa Rica in general—are unique conservation case studies due to their high biodiversity, extensive PA network, environmental policies, and payment for ecosystem services (PES) programs. This study explores the relationship between forest management initiatives—specifically PAs, the 1996 Forest Law, and PES—and forest cover and landscape metrics in the Osa Conservation Area (ACOSA). The Google Earth Engine API was used to process Surface Reflectance Tier 1 Landsat 5 Thematic Mapper and Landsat 8 Operational Land Imager data for 1987, 1998, and 2019, years with relatively cloud-free satellite imagery. Land use/land cover (LULC) maps were generated with the pixel-based random forest machine learning algorithm, and Normalized Difference Vegetation Index (NDVI), Enhanced Vegetation Index (EVI), and functional landscape metrics were calculated. The LULC maps are the first to track land use change, from 1987 to 2019 and the first to separately classify mature and secondary forest in the region, and have already proven useful for conservation efforts. The results suggest that forest cover, NDVI, EVI, and structural connectivity increased from 1987 to 2019 across the study area, both within and surrounding the PAs, suggesting minimal deforestation encroachment and local leakage. These changes may have contributed to the increasing vertebrate abundance observed in the region. PAs, especially national parks with stricter conservation regulations, displayed the highest forest cover and connectivity. Forest cover increased in properties receiving PES payments. Following the Forest Law’s 1996 deforestation ban, both forest conversion and reforestation rates decreased, suggesting the law curbed deforestation but did not drive reforestation across the region. Connectivity outside of PAs slightly declined following the adoption of the law, so the subsequent forest growth likely occurred in mostly previously unforested areas. Forest expansion alone does not ensure connectivity. We highlight the importance of developing policies, PES programs, and monitoring systems that emphasize conserving and restoring large, connected forest patches for biodiversity conservation and landscape resilience. Resumen: Aunque las áreas protegidas (APs) son una importante estrategia de conservación para proteger ecosistemas y especies vulnerables, algunos análisis recientes cuestionan su eficacia para frenar la deforestación y mantener la conectividad del paisaje. La distribución espacial de los bosques dentro y fuera de las AP puede afectar el funcionamiento de los ecosistemas y los movimientos de la fauna. La Península de Osa–y Costa Rica en general–constituyen casos de estudio únicos de conservación debido a su elevada biodiversidad, su extensa red de AP, sus políticas medioambientales y sus programas de Pago por Servicios Ambientales (PSA). Este estudio explora la relación entre APs, la Ley Forestal de 1996, PSA, cobertura y métricas del paisaje en el Área de Conservación Osa (ACOSA). Se utilizó la plataforma Google Earth Engine API para procesar datos de Reflectancia Superficial Tier 1 Landsat 5 Thematic Mapper y Landsat 8 Operational Land Imager para 1987, 1998 y 2019, años con imágenes satelitales relativamente libres de nubes. Se generaron mapas de uso del suelo con el algoritmo de aprendizaje automático basado en pixeles Random Forest, y se calcularon el índice de vegetación de diferencia normalizada (NDVI), el índice de vegetación mejorado (EVI) y las métricas de paisaje funcionales. Estos mapas, los primeros en clasificar por separado los bosques maduros y secundarios de la región, han demostrado su utilidad para los esfuerzos de conservación. Los resultados sugieren que la cobertura forestal, el NDVI, el EVI y la conectividad estructural aumentaron entre 1987 y 2019 en toda la región de estudio, tanto dentro de las AP como en sus alrededores, lo que sugiere una expansión mínima de la deforestación dentro y fuera de las AP. Estos cambios pueden haber contribuido al aumento de la abundancia de vertebrados observado en la región. Las AP, especialmente los parques nacionales con regulaciones de conservación más estrictas, mostraron la mayor cobertura forestal y conectividad. La cobertura forestal aumentó en aquellas propiedades que recibieron PSA. Tras la prohibición de la deforestación por la Ley Forestal de 1996, disminuyeron tanto las tasas de conversión forestal como las de reforestación, lo que sugiere que la ley frenó la deforestación, pero no impulsó la reforestación. La conectividad fuera de las AP disminuyó ligeramente tras la entrada en vigor de la ley, lo que sugiere que el crecimiento forestal posterior se produjo en zonas que antes no estaban forestadas. Por lo tanto, la expansión forestal por sí sola no garantiza la conectividad. Resaltamos la importancia de desarrollar políticas, programas PSA y sistemas de monitoreo que hagan hincapié en la conservación y restauración de grandes zonas forestales conectadas para apuntalar la conservación de la biodiversidad y la resiliencia del paisaje.
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1. Introduction


National parks and other protected areas (PAs) serve as a crucial conservation strategy, safeguarding vulnerable ecosystems and species from threats such as deforestation, overhunting, selective logging, invasive species, mining, and road establishment [1]. Globally, the expanse of protected land has approximately doubled since the 1992 Earth Summit in Rio de Janeiro, Brazil, now encompassing 14.7% of the Earth’s terrestrial surface [2]. While this figure approaches the 17% target set by the Aichi Convention on Biological Diversity for 2020, it falls significantly short of the more ambitious goal to conserve 30% of the planet’s land and oceans by 2030 [1,2,3].



Recent analyses raise doubts about the effectiveness of PAs to conserve forest cover and biodiversity [2,4,5]. One-third of protected land globally is under intense human pressure, and 70% of countries have over 50% of their protected land under ongoing intense human pressure [2]. A recent analysis encompassing more than 18,000 terrestrial protected areas globally indicates that many PAs are not effective in eliminating deforestation—forest habitat loss through conversion of forest to other land uses—and only reduce deforestation rates by an average of 41% [5]. Laurance et al. (2012) found that only half of the PAs analyzed have been effective in conserving biodiversity over the past 20–30 years [4]. Thus, an estimated half of tropical forest reserves have seen deforestation encroachment and decreases in taxonomic and functional diversity due to habitat disruption, hunting, and the exploitation of forest products [4].



A key approach to effectively conserving PAs is to protect ecosystems outside and around officially designated PAs to buffer human pressures from entering PAs and facilitate ecosystem connectivity in structure and function [6]. Tropical PAs have been shown to mirror their surrounding areas; environmental changes immediately outside of PAs, such as deforestation, overhunting, and selective logging, can have almost as large of an impact on the effectiveness of PAs to conserve biodiversity as activities within the PAs [4,7]. Moreover, PAs can lead to deforestation leakage by displacing degradative activities from protected land onto adjacent land, thus accelerating degradation in surrounding areas [7]. Forty-six percent of PAs experience deforestation leakage [7]. In addition to impacting the efficacy of PAs, conservation of land outside of PAs is important to facilitate larger intact ecosystems, ecosystem connectivity, larger viable biodiversity populations, and genetic exchange [4,8]. As such, a diverse array of initiatives has been implemented globally with the goal of conserving land outside of PAs, including biological corridors, forest conservation laws, agroforestry projects, and payment for ecosystem services (PES) schemes [9,10].



Although approximately 40% of the Earth’s terrestrial ecosystems are intact, just 9.7% of the terrestrial PA system can be considered to have structural connectivity [11]. Connectivity, the degree to which forested areas are linked, is important due to its role in supporting ecological processes, such as wildlife movement and dispersal, plant distribution, animal foraging and interaction, and genetic exchange, as well as boosting ecosystem resilience to climate change [8,12,13]. While many analyses focus on changes in forest cover, the spatial arrangement of forest cover and changes to the arrangement are not usually part of forest monitoring efforts [14,15].



It has been widely posited that increased forest cover leads to improved structural connectivity by offering continuous habitat and decreasing isolated forest patches [13,16,17]. However, emerging evidence suggests that this relationship may not be as linear, necessitating further examination [14,18,19,20]. The intricacies of the landscape matrix, including variations in the original landscape composition, human activities, geographic variables, and topography, may imply that an increase in forest cover does not necessarily enhance connectivity [14,20]. Landscape metrics derived from satellite images can be used to depict landscape patterns, patch dynamics, and linkages with ecosystem processes. Complicated landscape processes, such as relationships between forest cover and connectivity, deforestation encroachment, local leakage, and forest transitional processes, can be elucidated through geospatial analysis [21].



Costa Rica has been recognized globally as a leader in conservation and climate change mitigation [22,23]. While Costa Rica was once Central America’s fastest deforesting country, with just 24.4% forest cover in 1985, nearly 60% of the country is forest and almost 30% of the country’s land now comprises Pas [9,24,25]. Costa Rica’s 1996 Forest Law 7575 established a deforestation ban, with special protection of riparian forest buffers [10]. The law also created the pioneering PES program and the National Forestry Financing Fund (FONAFIFO) to implement it [22]. The Osa Peninsula, and the corresponding Osa Conservation Area (ACOSA) on the south Pacific coast of Costa Rica, is a biodiversity hotspot with high rates of endemism; home to two national parks, a forestry reserve, a national wetland, and a biological corridor connecting the PAs. The local economy is driven by ecotourism and agriculture, and there is a strong environmental ethic in the region [26,27]. However, the Osa Peninsula experienced deforestation and forest fragmentation driven by agricultural expansion and urbanization in the mid- to late 20th century [21,28]. This all makes the region an ideal case study to use remotely sensed time series data and landscape metrics to assess the relationship between policy, PAs, and land use/land cover (LULC).



This study addresses the question: What is the relationship between Costa Rican forest management policy—especially PAs, the 1996 Forest Law, and PES—and LULC and landscape dynamics in ACOSA? We address this question by analyzing LULC, remotely sensed vegetation indices, and forest landscape metrics in ACOSA in 1987, 1998, and 2019. These results of this study allow us to evaluate whether ACOSA experiences similar deforestation and local leakage as other tropical regions, to understand whether the Forest Law may have impacted forest cover in the region, and how forest landscape connectivity has changed in relation to changes in forest cover. We hypothesized that (a) forest cover and landscape connectivity were higher inside PAs than outside, (b) forest cover and landscape connectivity increased in both PAs and non-PAs across the study period, especially after the 1996 Forest Law was passed, and (c) areas receiving PES income increased in forest cover. This project establishes the first LULC maps of the ACOSA region between 1987—2019 and the first maps to separately classify mature and secondary forest in the region.




2. Materials and Methods


2.1. Study Area


The Osa Peninsula is known for its high biodiversity and contains the largest remaining tract of lowland wet forest in Pacific Mesoamerica [29,30]. The peninsula’s vegetation consists mostly of tropical wet forest and includes premontane wet and tropical moist forest types [31]. Its elevation ranges from sea level to 745 m above sea level, and the mean annual precipitation is 5500 mm, with the majority of the precipitation falling during the wet season (May–November) [32,33]. The Golfo Dulce separates the Osa Peninsula from mainland Costa Rica (Figure 1).



The Osa Conservation Area (ACOSA), one of 11 conservation areas in the National System of Conservation Areas, encompasses the Osa Peninsula and extends onto mainland southwestern Costa Rica. This study spans the majority of ACOSA (delimited by the Térraba River on the northwest and the Inter-American highway on the north with a 1.6 km buffer) in order to compare the unique Osa Peninsula with adjacent mainland Costa Rica and to include more PAs (Figure 1). The study area encompasses 273,900 ha, approximately 5.4% of the land area of Costa Rica. The PAs within the study region are Corcovado National Park (47,945 ha) on the Osa Peninsula; Piedras Blancas National Park (14,020 ha), across the Golfo Dulce on mainland Costa Rica; the Golfo Dulce Forestry Reserve (61,702 ha), extending from the peninsula onto mainland Costa Rica; and the Térraba Sierpe National Wetland (22,208 ha), just north of the peninsula (Figure 1). In Costa Rica, extractive activities are prohibited in NPs, with controlled recreational and educational use permitted; whereas forestry reserves and national wetlands allow sustainable resource management governed by specific technical regulations [34].



As the region is rural, the human population is largely dispersed. The main economic activities are cattle ranching, oil palm production, ecotourism, and artisanal fishing. Consequently, in the 20th century, the Osa Peninsula underwent deforestation for cattle pastures, urbanization, oil palm cultivation, and other agricultural land uses [21,28] (Figure 2). This degradation affects Osa’s habitat connectivity, endemic and endangered species, freshwater wildlife, and coastal marine ecosystems [35,36,37].




2.2. LULC Map Creation


Remotely sensed satellite technology allows for information to be frequently, consistently, and objectively collected without field effort. It can be extremely useful for large and remote locations, like the ACOSA. Satellite imagery can be assessed quickly on a landscape scale, providing a means for frequent data collection, without the need to visit remote sites, travel between plots, and spend hours collecting field data, while minimizing human error and health and safety risks.



Optical remote sensing methods are low-cost and highly effective in assessing landscape change over time. We used the Google Earth Engine (GEE) API to collect and process Surface Reflectance Tier 1 Landsat 5 Thematic Mapper (TM) and Landsat 8 Operational Land Imager (OLI) data for 1987, 1998, and 2019. These sensors are both common and authoritative, providing multi-spectral, atmospherically corrected, orthorectified, surface reflectance, and bottom of atmosphere-derived data. The Landsat 5 TM was used for 1987 and 1998, while Landsat 8 OLI was used for January—March 2019. Cloud cover can be a major limiting factor for optical sensors, especially in tropical wet forests like those on the Osa Peninsula [38]. Therefore, these years were selected due to the availability of relatively cloud-free satellite imagery. Bands 1, 2, 3, and 4 were collected from the Landsat 5 TM, covering visible blue (450–520 nm), visible green (520–600 nm), visible red (630–690 nm), and near-infrared (760–900 nm), which lies just outside the visible spectrum, and can be used to observe surface features that may be difficult or impossible to see in the visible spectrum alone. Bands 2,3,4, and 5 from the Landsat 8 OLI cover blue (450–510 nm), green (530–590 nm), red (640–670 nm), and near-infrared (850–880 nm). These bands’ unique reflectance properties make them very useful for assessing plant condition and distribution. Collectively, these bands were used to investigate historical trends in vegetation across the two satellite sensors.



To harmonize differences between the Landsat missions, we employed the algorithm derived by Roy et al. (2016) [39]. Since the study area is in a tropical region with frequent cloud cover [38], we used the quality assurance band (pixel_qa) to remove clouds and cloud shadows from the imagery. Data gaps resulting from the cloud masking process were filled in by taking the greenest value for each pixel in a year-long image collection.



To develop LULC maps of the study region, we ran a supervised, pixel-based random forest machine learning algorithm using an 80/20 split for training and validating ground truth data polygons. Training data were collected based on landscape trends in spatial patterns and distributions as seen by the naked eye and by spectral signatures. Remote sensing uses the interactions between electromagnetic radiation (light) and a surface to make inferences about a landscape. Surfaces or objects can either absorb, reflect, or transmit radiation. Surfaces uniquely reflect light based on several factors like size, color, or even chemical composition. These unique reflectance patterns are detectable by satellite sensors and transcribed into spectral signatures. A surface’s individual signature allows for the differentiation of one land class from another.



A random forest classification is intrinsically suited for multiple classes, where it uses multiple decision trees that are trained using small variations of the same training data. When classifying an image, the majority vote of these trained trees decides on the output class. The resulting output is a categorical LULC raster.



The LULC maps classified palm plantations, mangroves, water, grasslands and pastures, urban areas and exposed soils, mature forests, secondary forests, wetlands, and teak and gmelina plantations as the dominant LULC classes in the region (Figure 2). It was assumed that new mature forest could not be generated during the 32-year study period. If a pixel was not forest on the 1987 or 1998 map, but was forest in a subsequent map, it was classified as secondary forest.



Additionally, publicly available high-resolution imagery from ESRI’s living atlas platform (50 cm resolution) was used to identify smaller landscape features (e.g., teak and gmelina plantations). By combining these two types of imagery together, it was possible to generate an accurate LULC model that also incorporates smaller landscape features. Further national databases were integrated into the LULC model such as PAs and surface water networks. The LULC maps were created using ArcGIS Pro 2.7., ArcMap 10.8.1, and Google Earth Engine.




2.3. NDVI and EVI Map Creation


To evaluate vegetation distribution and health over time, we calculated a Normalized Difference Vegetation Index (NDVI) and Enhanced Vegetation Index (EVI) [40,41]. NDVI is a graphical indicator that assesses plant health and composition through reflectance patterns using the red and near infrared (NIR) bands. The EVI is determined using similar methods to the NDVI, but it uses additional bands to help discern differences within densely vegetated areas by correcting for atmospheric conditions and canopy background signal [41,42]. The greenest pixel function we used employs NDVI to capture plants at their greenest point, maximizing differences in LULC classes. After applying quality assurance and the greenest pixel function to each year of interest, bands 3 and 4 from Landsat 5 and bands 4 and 5 from Landsat 8 were used to calculate the NDVI (Equation (1)). Bands 1, 3, and 4 from Landsat 5 and bands 2, 4, and 5 from Landsat 8 were used to calculate the EVI (Equation (2)). Furthermore, we also compared these vegetation indices to the EVI2 (Equation (3)) [42]. NDVI and EVI data visualization were executed in Python 3.7.10.


  NDVI =    NIR    −    Red    NIR +    Red     



(1)






  EVI = 2.5 ×    NIR    −    Red    NIR + 6 ×    Red  − 7.5 × B l u e + 1    



(2)






  EVI 2 = 2.5 ×    NIR    −    Red    NIR + 2.4 ×    Red  + 1    



(3)








2.4. LULC Map Validation


The 2019 LULC maps were validated by ground truth data collection and satellite imagery at 743 points with coverage across the study region. Through field expeditions across the study region, LULC classifications were collected at 364 points. Additionally, LULC classifications at 379 points were manually identified by experts in the region using Bing high-resolution aerial imagery in QGIS macOS-3.8.1-1. Points were selected randomly, ensuring coverage across the study area and that at least 50 validation points were collected for each LULC class. To calculate the producer’s and user’s accuracy, LULC was extracted from the 2019 LULC maps and compared with the validation data at each of the 743 points. To determine accuracy, a confusion matrix was set up to output a kappa coefficient, which measured the extent of agreement between ground-truthed data and machine learning-generated data (Equation (4)) [43].


  k =    P o  −  P e    1 −  P e     



(4)








2.5. LULC Data Analysis


The LULC data were analyzed over the domain by extracting the area covered by each LULC class for the three years analyzed using the r_report tool from GRASS GIS (7.8.0). We conducted this analysis separately over 14 regions in the study area. The Osa Peninsula was delineated from the tip to the narrowest part of the neck. PAs (Corcovado National Park, Golfo Dulce Forest Reserve, Piedras Blancas National Park, and Terraba Sierpe National Wetland) and farms receiving PES payments from FONAFIFO in contracts from 2011 were analyzed. Furthermore, the analysis regions included 15-m-wide buffers on either side of rivers (protected by the 1996 Costa Rican Forest Law), separated by whether the buffer was inside of a PA. Main roads were buffered 700 m, as the effects of roads can be seen up to at least 350 m into the forest interior [44]. LULC was extracted in 500 m buffers around large towns and small towns/communities. Large towns are main towns with defined major roads, and small towns/communities have irregularly distributed houses along roads with or without churches and schools. In addition to assessing LULC change in these areas, we analyzed the contribution of each LULC class to the change in other LULC classes. Following Algeet-Abarquero et al. (2015) [45], we plotted the data in stacked column charts to compare LULC change between two specific years.




2.6. Landscape Metrics Analysis


Landscape patterns are linked to ecological processes and these patterns can be characterized using landscape metrics quantifying a number of patch features such as number, size, shape, configuration, and distribution within landscapes. Landscape metrics quantify structural trends and changes, which can offer insights into habitat loss and fragmentation dynamics as well as impacts on habitat quality. Although some have argued that the patch–mosaic model of landscapes, defined as a mosaic of discrete patches, ignores inherent gradients in natural landscapes over broad scales [46,47,48], landscape metrics were deemed an appropriate method in this study because it aims to provide descriptive statistics of changes at regional scale. Ecological systems can be conceptualized as hierarchical mosaics of interacting patches that differ in characteristics and represent dynamic, functional units within a landscape. The patch-based spatial modeling approach to examining spatial patterns and their link to ecological processes in landscapes holds advantages over grid-based modeling due to the ability to consider dynamic and overlapping interactions between patches [49].



The many landscape metrics that can be used for analysis can be broken into five broad categories: number, area, and edge metrics; subdivision or core metrics; shape metrics; contrast metrics; and aggregation metrics [12,50,51]. Number, area, and edge metrics describe basic characteristics of patches, including the number and the size of patches in a landscape. The amount of edge habitat created by the configuration of forest patch boundaries is also an important characteristic, especially for animal species requiring both forest cover and open spaces for foraging. Core areas refer to the interior portion of a forest patch that is inside a set distance from the edge of the patch to account for edge effects. In this study, “core” is defined as the area inside 60 m of the forest edge, which is two Landsat pixels from the forest patch edge and allows pixels classified as forest to be identified as core forest pixels if they are surrounded on all sides by forest [52]. Shape metrics characterize the geometric complexity of patches, ranging from simple and compact to complex and irregular. The shape of forest patches greatly influences the amount of core area available to species requiring larger home territories or area to ensure diversity of species. Contrast metrics describe the degree of difference between adjacent patches. Aggregation metrics look at the level of cohesion in a landscape and connectivity of like patches, while subdivision metrics look at the interspersion of patch types. Aggregation metrics can be used to measure forest clumping and potential corridors between forest patches. The relative values of these metrics were compared over time and between areas.



In this study, landscape metrics were computed for forest patches to assess changes in forest areas and structural connectivity over time. We evaluated the impact of PAs and the 1996 Forest Law by comparing the relative values of metrics between PAs and non-PAs, as well as before and after the 1996 law. Patch-based land cover classes derived from satellite image classifications were input to FRAGSTATS v4.2.1, a freely available software developed by McGarigal and Marks (1995) [12]. FRAGSTATS required some data pre-processing of the classification LULC rasters using ArcGIS 10.8 to renumber NoData pixels to transform rasters from Geographic coordinates based on the WGS 1984 datum to the UTM Zone 17N ground coordinate system based on NAD 1983. The resulting outputs in TIFF format were input to Fragstats 4.2.1 for landscape metric calculations using an edge depth of 2 pixels, or 60 m. Patch, class, and landscape-level metrics were produced for forest areas for 1987, 1998, and 2019 in the csv file format.



In conjunction with FRAGSTATS, landscapemetrics by Hesselbarth et al. (2019) was explored and tested as an additional tool for analysis in RStudio 2022.07.1+554 and R version 4.1.3 (2022-03-10) [53]. This open-source R package is based on the raster package by Hijmans et al. (2019) and it includes FRAGSTATS-style metrics of Kupfer (2012) and McGarigal et al. (2012) [47,54,55]. The landscapemetrics package offers several advantages, including the ability to operate in multiple operating systems, open-source accessibility, and time-efficient calculations of a variety of useful metrics.





3. Results


3.1. Overall LULC in the Study Area


Forest was the dominant LULC class in the overall study region and the Osa Peninsula in all time periods analyzed, and grassland is the second most frequent class (Figure 3, Table 1 and Table 2). The Osa Peninsula and the broader ACOSA region experienced increases in forest cover 1987–2019. ACOSA forest cover increased from 59.8% to 65.5% 1987–2019, a 9.4% increase in overall forest cover and a 23.6% increase in secondary forest cover (Table 1). Natural (mature forest, secondary forest, wetland, mangrove, and water) area increased 10.4% in the region. On the Osa Peninsula, forest cover increased from 77.8% in 1987 to 84.8% in 2019, a 9.0% increase in forest cover (Table 2). The Osa Peninsula experienced an 8.2% increase in natural area and a 25.2% increase in secondary forest cover 1987–2019. Only 25.47% of the forest in the ACOSA region and 38.51% of the forest in the Osa Peninsula remains mature forest, as of 2019 (Table 1 and Table 2).



The region experienced very little conversion of forest to other land uses, with greater forest conversion from 1987 to 1998 than from 1998 to 2019. From 1987 to 1998, forest conversion to anthropogenic land uses in the Osa Peninsula averaged 0.50% per year, while from 1998 to 2019, forest conversion averaged 0.21% per year. The majority of forest conversion in ACOSA occurred in the northern portion of the study area, especially along the Inter-American Highway (Figure 4). From 1987 to 1998, reforestation in the Osa Peninsula averaged 0.47% per year, while from 1998 to 2019, reforestation averaged 0.17% per year (Table 2). The ACOSA region overall saw slightly more forest conversion than the Osa Peninsula, with the dominant conversion to grassland and oil palm. Restored areas were scattered across the study region, especially outside of NPs (Figure 4).



In ACOSA, 73% of grassland was converted to other classes, especially to oil palm plantations and forests, with the majority of the grassland loss occurring between 1998 and 2019 (Figure 5A,B and Figure 6A–C). Most urban/exposed land (84%) was converted to palm plantations, grassland, forests, and teak/gmelina. More than one-third of the palm plantation area in 1987 was converted to forest by 2019 (37%). About 10% of the forested area was converted to other classes (e.g., grassland, wetland, and palm plantations); reported forest conversion to wetland could be due to misclassification. The Osa Peninsula experienced similar LULC transitions to ACOSA (Figure 6D–F), but a larger fraction (67%) of palm area was converted to forest on the Osa Peninsula, and less urban/exposed area was converted to palm plantations on the Osa Peninsula compared to ACOSA.




3.2. LULC Changes in PAs


PAs were more forested than non-PAs, with over 80% of PA area forested and less than 50% of non-PA area forested (Figure 5C,D). Forest cover increased in both PAs and non-PAs throughout the study period. In the non-PAs, palm plantations increased from 3.9% in 1987 to 14.3% in 2019, and teak/gmelina plantation area also increased from a negligible contribution in 1987 to 2.1% in 2019. Forest cover increased in each PA, with the largest increases in Piedras Blancas and the Golfo Dulce Forest Reserve (Figure 5E–H). In Piedras Blancas, the majority of the land that was covered by palm plantations, grassland, and urban/exposed in 1987 was converted to forest by 2019 (Figure 6I). More grassland, urban/exposed land, and palm plantations transitioned to forest during the 1987–1998 period (Figure 6G) than the 1998–2019 period (Figure 6H), and more forest transitioned to grassland during the 1987–1998 period than the 1998–2019 period. In both Corcovado (Figure 6J) and the Golfo Dulce Forest Reserve (Figure 6K), a large fraction of palm plantations, grassland, and urban/exposed land area transitioned to forest by 2019. On the other hand, some forest in the Golfo Dulce Forest Reserve was degraded to other classes (e.g., grassland, palm plantation, urban/expose, and teak/gmelina). In Terraba-Sierpe (Figure 6L), some regeneration of forest from palm plantation, grassland, and urban/exposed land was observed between 1987 and 2019.




3.3. LULC Changes in Riparian Zones, Roadsides, Towns, and PES Farms


Riparian zones in the PAs had higher forest cover than those in non-PAs (Figure 5I,J). Riparian zones in the non-PAs had more grasslands and palm plantations, and grasslands and urban/exposed land converted to palm plantations. Roadsides experienced increases in forest cover, palm plantations, and teak/gmelina plantations (a 13.40% increase forest cover, 9.62% in palm plantations, and 3.36% in teak/gmelina) and decreases in grassland and urban/exposed area (an 18.25% decrease in grassland and 8.37% in urban/exposed land) (Figure 5K). A grassland decrease was observed in both large towns and communities/small towns, though the contributors to this decrease are different in small and main towns (Figure A1). In communities/small towns, grassland transitioned to palm plantations while, in the main towns, grassland was converted to urban/exposed.



As expected, the LULC over FONAFIFO farms was dominated by forests and this increased during the study period (Figure 5L and Figure 6M). Although the total increase in forest cover within FONAFIFO farms was relatively small (575 ha), the increase was driven by palm plantations, mangrove, grassland, and urban/exposed land transitioning to forest (Figure 5L and Figure 6M). From 1987 to 2019, the majority of land covered by palm plantations (65 of 84 ha, 77%), grassland (270 of 430 ha, 63%), and urban/exposed (177 of 241 ha, 73%) converted to forest.




3.4. LULC Accuracy


The overall producer’s accuracy for the LULC maps based on 743 validation points was 76.99% when secondary forest and mature forest were considered two separate classes (Table A1). Overall producer’s accuracy was 90.44% when the two forest classes were combined into a single forest class, with a 99.28% accuracy for the combined forest class, indicating that forest was almost never confused for another class (Table A2). The accuracy of secondary forest and mature forest individually was 65.18% and 62.05%, respectively (Table A1). Almost all of this confusion is due to misidentification as the other forest class (Table A3 and Table A4). The other classes with the highest rates of confusion were grassland (68.18%) and palm plantations (78.08%). Both grassland and palm plantations were most frequently misclassified as secondary forest (Table A3 and Table A4). Misclassification of teak, gmelina, and palm plantations could be because young plantations and mature plantations look very different, so there could be confusion in classifying them as the same class. Mangrove, water, and wetland had over 90% accuracy. Cohen’s kappa was 0.55 when both forest classes were separated and 0.49 when both forest classes were combined, lending to a substantial and moderate level of agreement, respectively, between the trained machine learning model and the ground truth data.




3.5. NDVI and EVI Change


Both the NDVI and EVI show a relative increase in vegetation throughout the study region (Figure 7, Figure 8, and Figure A2, Figure A3, Figure A4, Figure A5, Figure A6). All PAs show the vegetation index trending upwards when comparing 1987, 1998, and 2019 consecutively, with the largest increase occurring during the latter time period. This trend is consistent across PAs and non-PAs (Figure 7 and Figure A6). Comparing these time series shows that trends for the NDVI, EVI, and EVI2 show similar patterns with NDVI consistently being higher (Figure 8). Previous studies have suggested that the EVI may be a more appropriate metric in densely vegetated with high humidity and rainfall in the rainy season, such as ACOSA [41,42,56]. It is imperative to note that these vegetation increases do not directly correlate with reforestation in all cases. For example, some areas experienced transitions from classes with less vegetation (i.e., urban/exposed or grassland) to palm or teak plantations.




3.6. Landscape Metrics


The results of the forest patch landscape metric computation generally indicate an increase in larger, more regularly shaped, and more connected forest patches over time (Figure 9). The Forest Class area generally increased in all categories at a steady rate over the 32-year period, with higher values in PAs than non-PAs (Figure 9A). The Number of Patches shows that the number of forest patches decreased between 1987 and 2019 in both PAs and non-PAs (Figure 9B). There were 83% more forest patches in non-PAs and ACOSA than PAs in 1987, indicating a more fragmented and discontinuous forest in unprotected areas. The same was true in 1998 (77% more forest patches) and 2019 (87% more patches). Forest Patch Density, another measure of connected and intact forests, decreased from 1987 to 1998 in all areas (Figure 9C). There was a slight increase in patch density from 1998 to 2019 in the more fragmented landscapes of non-PAs, ACOSA and the entire Osa Peninsula, while patch density continued to decrease in PAs. The Aggregation Index values increased for all areas over the three dates, except for a decrease in non-PAs between 1998 and 2019 (Figure 9D). Higher values of the Aggregation Index indicate a higher quantity of pixels sharing the most possible edges. The Edge Density (measured in m/ha) decreased in all areas in all time periods except a small increase in non-PAs from 1998 to 2019 (Figure 9E). PAs, especially Piedras Blancas and the Golf Dulce Forest Reserve, saw the largest decrease in Edge Density. The Core Area Percentage of Landscape increased in all areas in both time periods (Figure 9F). Non-PAs had much lower values of percent core areas and a smaller increase than PAs.



The Landscape Shape Index measures the average complexity of forest patch shapes within a landscape where the least complex shape is a circle (lower values are less complex). PAs had much lower values (3–23) than non-PAs (49–56) in 1987 (Figure 9G). The Landscape Shape Index decreased in all areas in both time periods, except for an increase between 1998 and 2019 in non-PAs. The Landscape Division Index metric measures how divided or connected a landscape is (lower values indicate more connected). Non-PAs had higher values than PAs, indicating a more divided and less connected landscape outside of PAs (Figure 9H). PAs decreased over time (from 0.5 to 0.4) while non-PAs stayed constant (above 0.99 for all three dates).





4. Discussion


While numerous tropical regions are undergoing net deforestation [15,57], our findings indicate that the Osa Conservation Area (ACOSA) has experienced a rise in forest cover, NDVI, EVI, and structural connectivity over the past several decades. The Osa Peninsula saw a 25.2% augmentation in secondary forest cover, predominantly regenerating on former grassland and urban/exposed lands. As of 2019, 85.5% of the Osa Peninsula is forested, with less than half constituting mature forest. The region likely has sufficient forest cover to effectively provide habitat to conserve a wide array of biodiversity. Across the tropics, studies have suggested regional forest cover threshold values of ~30–40% for the effective biodiversity conservation of most generalist species [58]. In some ecosystems, such as the Amazon, values of up to 85% are suggested [3]; Osa’s forest cover meets both of these thresholds.



Forest cover exhibited an increase both prior to and following the enactment of the 1996 Forest Law, implying that the majority of the deforestation in the region transpired before the late 1980s [21,28]. The conversion of forest to anthropogenic land use occurred at a slightly reduced rate subsequent to the law’s implementation compared to the period preceding it on the Osa Peninsula. The observed increase in forest cover coupled with low rates of deforestation both within and outside of PAs suggest minimal local leakage, limited deforestation encroachment, and that conservation mechanisms external to PAs may be effective. Additionally, the increases in the NDVI and EVI across the region are suggestive of forests maturing, higher productivity, and more sequestered carbon [59,60]. Since similar trends in NDVI/EVI and LULC were found, these indices could be useful in determining forest in rural regions where local LULC change maps are not available.



Forest landscape connectivity increased across the ACOSA throughout the study period, potentially increasing the landscape’s ability to support biodiversity. Both PAs and non-PAs saw an increase in landscape connectivity metrics before the Forest Law was implemented. This finding suggests that much of the forest that regenerated during this time was coalescent to and connecting existing forest patches and that deforestation removed many isolated forest patches. After the Forest Law was implemented, landscape connectivity continued to increase in PAs but slightly decreased in non-PAs, despite increases in forest cover during the time period in both PAs and non-PAs. This result suggests that much of the forest regeneration in non-PAs after the law was in new areas and made existing forest patches more irregularly shaped.



To our knowledge, this project generated the first LULC maps of the ACOSA region for the period 1987–2019. Additionally, these are the first maps in the region to separately classify mature and secondary forest, making the maps particularly useful for conservation interventions targeted toward mature forest fragments, since mature forest loss rates are highly correlated with smaller fragment size [15]. The 2019 LULC map in particular may be useful for research and conservation initiatives targeting species of conservation concern, such as the endemic Black-checked Ant-Tanager (Habia atrimaxillaris), found predominantly in secondary forest, and the critically endangered Pleodendron costaricense tree, found in mature forest patches [35,61,62]. These resources are already proving useful for conservation and research initiatives being implemented within the region [61,62].



In the following discussion, we describe the relationship between LULC, connectivity, PAs, and the Forest Law. We begin by discussing LULC trends: contextualizing Osa’s LULC dynamics within its land use transition and globalization process, comparing forest cover trends inside and outside of PAs, and exploring deforestation and reforestation in relation to the Forest Law. Then, we discuss forest connectivity both inside and outside of PAs and in relation to the Forest Law. Subsequently, we discuss LULC trends in relation to specific areas (farms receiving PES, riparian zones, and roads) and conclude with study limitations and opportunities for future research.



4.1. LULC Dynamics Reflect Osa’s Globalization Process


The observed increases in forest cover in the ACOSA and the Osa Peninsula over both study periods are likely linked to LULC transitions in the region, as local communities transition from primary economic activities (such as farming and logging) to secondary and tertiary activities (such as ecotourism and conservation) [26,27]. The trends in LULC in the region are typified by transitions from grassland to forest, urban/exposed surfaces to forest, and grassland to palm. Many of the changes in agricultural land area in the region reflect national and international economic and agricultural trends, suggesting that the Osa Peninsula’s agricultural land use transition is a reflection of its complex globalization process [9]. ACOSA’s drop in grassland between 1998 and 2019 is likely due to a lagged land use transition in response to the international beef price drop [63]. The region saw an increase in oil palm plantations, especially 1998–2019, which is consistent with global increases in oil palm demand and production [64]. Vijay et al. (2016) found that in Southeast Asia and South America, 45% and 31%, respectively, of sampled oil palm plantations were planted on land that was forest in 1989 [65]. Costa Rica, however, had one of the lowest deforestation rates for oil palm plantations, with an estimated 0% of oil palm planted on areas deforested since 1989 [65]. This is likely in part due to the Forest Law that banned deforestation and thus forest clearing for oil palm plantation establishment. Non-native teak trees also increased in the region, but are often harvested young, minimizing their potential carbon sequestration benefits [66]. The region has also experienced an increase in human population size and urbanization. In general, these results indicate that while the Osa Peninsula has substantial conservation and ecotourism benefits, it is still affected by global agriculture, economic, and consumption patterns.




4.2. Forest Cover Increased in PAs, Indicating Almost No Encroachment, which Is Rare in the Tropics


Forest cover increased in all studied PAs, and the PAs experienced very little conversion of forest to anthropogenic uses over the study period. NPs, which are the PAs with the strictest conservation restrictions in the region, had higher forest cover and less forest conversion than other PA types. Corcovado NP, founded in 1975 (prior to this study period), saw relatively stable forest cover and almost no deforestation or encroachment of anthropogenic land uses. Piedras Blancas NP, in the region of ACOSA on mainland Costa Rica, saw the largest increase in forest cover of all PAs in the study area, likely because it was created during the study period (established in 1991). PB saw a large increase in forest cover over the time period immediately around when it was created (1987–1998). Between 1998 and 2019, almost all forest cover in PB remained and new forest continued to regenerate on abandoned agricultural land. The GDFR saw higher forest conversion to other classes (grassland, palm, and teak/gmelina) than other PAs, likely due to its lower protection status. In the Terraba-Sierpe National Wetland, wetland cover increased and mangrove decreased between 1998 and 2019, which could be an indicator that the aggressive negra forra (Acrostichum aureum) fern replacing mangrove in some areas after mangrove forest deforestation [67]. PAs across the tropics tend to have better health where on-the-ground conservation management interventions have increased [4], which could be a contributing factor to Corcovado and Piedras Blancas’ low forest encroachment.



The observed low levels of deforestation and increased forest cover within ACOSA’s PAs stand in contrast to many other PAs across the tropics, which have faced deforestation, encroachment from agriculture, and declining reserve health [2,4,68]. For example, Geldmann et al. (2019) found that cropland increased more in PAs across the globe than in matched areas outside of PAs, a trend that was not observed in ACOSA’s NPs [68]. Costa Rica appears to exhibit a unique correlation between protected status and forest cover compared to other tropical countries. Hansen et al. (2020) found that Costa Rica was one of the tropical countries with the lowest proportional forest loss in PAs (<1%) [15]. Prior research conducted throughout Costa Rica, which employed causal inference techniques to adjust for the non-random placement of PAs, determined that the protected status led to a reduction in deforestation and an increase in reforestation [69,70,71]. Consequently, it is plausible that the observed trends in forest cover within ACOSA’s PAs may be at least partially attributed to the enforcement of their protected status.




4.3. Forest Cover Also Increased Outside of PAs, Suggesting Minimal Local Deforestation Leakage from PAs


Forest cover outside of reserves is one of the most important predictors of reserve health [4]. Studies have found decreases in forest cover outside of PAs, with Laurence et al. (2012) noting that 85% of reserves experienced decreases in surrounding forest cover and just 2% of reserves gained surrounding forest cover [4]. Contrastingly, in ACOSA, both PAs and the surrounding non-PAs saw forest cover increase and very little forest conversion from 1987 to 2019, suggesting there has been minimal deforestation leakage from the PAs. The PAs saw a 7.3% increase in forest cover over 1987 cover, and the non-PAs saw a 12.4% increase in forest cover. As this is a descriptive and not causal study, it is not possible to assess additionality from the creation of the PAs. It is possible that the creation of PAs led to an increase in conservation outside of PAs, which is unique given that tropical PAs tend to have high deforestation rates in surrounding areas [2,5,15]. The strong ecotourism economy, conservation ethic, and environmental policy in Costa Rica overall, and particularly in the Osa Peninsula, which is partially driven by its proximity to Corcovado, may facilitate agricultural abandonment in favor of tourism and other forest conservation and restoration on private land [9,27,45]. Given the importance of forest cover outside of the PAs to help preserve ecosystem health, ACOSA’s increasing forest cover outside of the PAs may improve biodiversity inside the PAs [4]. Lessons learned from ACOSA’s relative success in conserving forests inside and outside of the PAs could be used to help develop PA buffer zone protection strategies, legal frameworks, monitoring schemes, and sustainable livelihoods in Costa Rica and across the tropics.




4.4. Both Forest Conversion and Restoration Rates Decreased after 1996 Forest Law


The Osa Peninsula saw lower rates of forest conversion to anthropogenic land uses and lower rates of restoration after the 1996 Forest Law. It is possible that the Forest Law’s deforestation ban successfully contributed to decreased forest conversion, but it likely did not facilitate an increase in restoration across the region, highlighting the importance of future policies to incentivize large-scale restoration and sustainability [9]. A study in northern Costa Rica similarly found that mature forest loss decreased and forest cover slightly increased after the 1996 ban on forest clearing, but reforestation rates also decreased due to cropland expansion [72].




4.5. Connectivity Increased across the Region, with PAs Having Higher Connectivity Than Non-PAs


Landscape metrics indicate that connectivity increased in the region overall, which may have increased the region’s ability to support wildlife populations. Forest Area, Aggregation, and Core Area increased across the region, and Patch Number and Density, Edge Density, and the Landscape Shape Index decreased, suggesting that forest patches tended to be larger, rounder, less curvy, and more aggregated with more core area in 2019 than 1987. Consequently, the larger forest patches with less edge effect may have increased ACOSA’s ability to support a higher diversity of plants and wildlife since they can provide habitat for species that prefer forest edges and interiors, as well as support connectivity for mobile and terrestrial wildlife [14,16,73,74,75]. Additionally, Reid et al. (2018) noted that in southern Costa Rica, larger secondary forest patches exhibited greater longevity compared to smaller ones [76]. Given the observed increase in forest patch size in the Osa Peninsula, it is plausible that they may persist longer, potentially leading to a further reduction in deforestation rates in the future.



A recent study from the region found that Osa’s landscape has become more conducive to sustaining vertebrate communities compared with data from the early 1990’s and that many species’ populations are recovering [77]. The increase in vertebrate abundance from the 1990’s to 2018 aligns with the increasing forest cover and structural connectivity in the region we found over a similar time period. This finding suggests that functional connectivity may have increased in the region in addition to forest cover and structural connectivity, supporting vertebrate populations and other wildlife.



Landscape metrics also indicate that PAs, especially those with higher restrictions (i.e., NPs), had higher structural connectivity than non-PAs. Landscape Shape Index, Landscape Division Index, Patch Density, and Number of Patches are lower in PAs than non-PAs (with lower values generally in NPs than the forest reserve), and the Aggregation Index and Core Area Percent of Landscape are higher in PAs than non-PAs (with higher values generally in NPs than in forest reserves). Additionally, the Osa Peninsula also had higher connectivity than the ACOSA region overall, likely because the Osa Peninsula has higher forest cover and the oldest and largest NP (Corcovado). These metrics may indicate that forest protection through PAs has resulted in less fragmented and complex (i.e., edges are less convoluted) forest patches that are more clumped and in improved connectivity between patches. Consequently, PAs may better facilitate critical habitat requirements for both organisms and ecological processes than non-PAs, especially species that prefer forest interiors [12,75,78]. In areas outside of PAs where restoring and conserving forests may conflict with other management objectives (i.e., agricultural production or urbanization), matrices that also help support connectivity (i.e., teak/gmelina, palm, or agroforestry plantations over cattle pasture) may be preferentially selected [6,79].




4.6. Non-PAs Saw Increasing Forest Cover yet Slightly Decreasing Connectivity 1998–2019


Landscape metrics indicate that PAs saw increasing connectivity throughout the study period. Conversely, landscape metrics indicate that non-PAs experienced a similarly large increase in connectivity before the 1996 Forest Law, and then a small decrease in connectivity after the law’s implementation, despite an increase in forest class area across in the whole study period. Both PAs and non-PAs saw a decrease in the Number of Patches, Patch Density, Edge Density, and Landscape Shape Index and an increase in the Aggregation Index from 1987 to 1998. However, from 1998 to 2019, these trends continued in the PAs but many reversed in non-PAs. These metrics suggest that after the Forest Law was implemented, forests in non-PAs were divided into more small patches, had a larger edge effect, patch edges were more convoluted, and forest patches were less aggregate—factors that are generally detrimental to ecosystem functioning [8,13,80].



Given that forest cover and connectivity are often positively correlated [16,17], it might be expected that connectivity would increase throughout the study period in both study areas since forest cover increases. The increase in connectivity metrics throughout the study period in PAs suggests that new forests generated in PAs were coalescent to and connecting existing forest fragments (Figure 4). Deforestation in PAs is likely centered around smaller and more isolated forest fragments, which have been found to be more likely to vanish than larger fragments, likely also contributing to the increased connectivity [73]. Non-PAs likely experienced similar phenomena between 1987 and 1998, since connectivity and forest cover also increased in non-PAs in that time frame. While forest cover also increased in non-PAs between 1998 and 2019, the decrease in connectivity metrics 1998–2019 suggest that much of the regenerated forest created new, small patches and irregular patch shapes. Moreover, deforestation during this time period, although minimal, likely facilitated fragmentation. This finding suggests that the Forest Law, ecotourism, pastureland abandonment due to the international beef price drop, and other factors that were prevalent between 1998 and 2019 may have incentivized forest regeneration in new areas that did not already have intact forest, while in the 1987–1998 period, forests in the non-PAs dominantly regenerated adjacent to areas that were already forested.



These findings highlight the importance of analyzing connectivity metrics, as increasing forest cover does not necessarily indicate increasing connectivity (Figure 4). Considering the importance of connectivity and intact forest patches for biodiversity and ecosystem services, targeted spatial planning, policies, and PES systems could focus on encouraging forest regeneration adjacent to and connecting intact forest patches, especially in non-PAs and PAs with lower protection statuses (ex. forest reserves). One initiative aiming to promote connectivity by conserving and restoring non-PAs is Costa Rica’s extensive network of 44 biological corridors, extending 38% of the nation’s land [74]. The efficacy of the corridors to improve connectivity is mixed [74]. More comprehensive master planning and ecological restoration initiatives are needed.




4.7. Forest Cover Increased in Properties Receiving Payments for Ecosystem Services


Areas receiving PES from FONAFIFO saw an increase in forest cover and decrease in grassland, urban areas, and oil palm (Figure 6M). These findings suggest that PES may have played a role in facilitating the conservation of natural LULC in these areas. Recent studies in other areas of Costa Rica have also found PES to be effective at decreasing deforestation and increasing reforestation and that the LULC changes remained intact after payment ended [81,82,83,84]. It is important to note that areas analyzed receiving PES from FONAFIFO had higher forest cover than the region on average prior to the establishment of FONAFIFO, so it is possible that farms participating in the program are self-selecting for those already engaging with forest conservation, restoration, or agricultural abandonment. Other studies in Costa Rica that used matching methods to account for the non-random distribution of farms participating in PES still found that PES had a positive conservation impact, suggesting that PES in ACOSA likely also contributed to additionality [82,83]. While PES may lead to conservation and other benefits, access to these programs is not equitable; landowners that participate in national PES initiatives tend to have higher incomes and larger properties than those who do not participate, which could be due to the costs and organizational capabilities needed to register for FONAFIFO payments [81]. Tailoring local PES programs to address the specific needs of individual communities may enhance their efficacy, by better including lower-income individuals who own smaller, sparsely forested farms, thereby augmenting both inclusivity and additionality [81].




4.8. Riparian Zones Had Low Forest Cover but Saw Larger Increases over the Study Period


Riparian zones are both highly desirable for agriculture and human settlement as well as environmentally important for aquatic and terrestrial ecosystems [37,84]. Even narrow riparian forest buffers can have a large impact on water quality [84]. Consequently, riparian forests receive special protection in the Costa Rican Forestry and Water Laws. However, deforestation rates have been found to be higher near rivers in other regions [85]. We found that riparian zones on the Osa Peninsula had less forest cover than the region on average, even where rivers passed through PAs, due to high riparian deforestation prior to the study period. While the overall percentage of forest cover was lower, riparian zones saw a higher percent increase in forest cover than the region as a whole (both riparian zones in PAs and not) from 1987 to 2019. Little deforestation occurred in riparian zones, aligning with the finding of Reid et al. (2018) that secondary forest patches persisted longer if they were close to rivers, potentially due to the Costa Rican Forestry and Water Laws [76]. Many riparian zones that had previously been deforested for grassland converted to other agricultural classes (oil palm and teak/gmelina) during the study period. While the Forestry and Water Laws prohibit riparian deforestation, they do not explicitly provide a legal incentive for riparian reforestation. These policies could be improved by encouraging reforestation and working with producers on watershed-level riparian conservation efforts.




4.9. Roadsides Saw the Largest Increase in Forest Cover


In many regions, most deforestation is found near roads, with almost 95% of Amazonian deforestation occurring within 5.5 km of roads or 1 km of rivers [85]. Forest gaps due to roads can lead to landscape fragmentation and edge effects [86]. In the Osa region, roadsides saw the largest increase in forest cover of all types of areas analyzed. While roadsides had slightly less forest cover than non-PAs in 1987, they increased forest cover more than non-PAs over the course of the study period. Roads saw a 33.28% increase in forest cover in 2019 over 1987, while non-PAs overall saw a 12.40% increase. The increasing forest cover along roads is driven by grassland–forest and urban/exposed–forest land use transitions. Teak/gmelina and palm plantations were also found to increase along roadsides, likely due to agricultural shifts in the region toward these plantations. While forest cover increased near roads overall, land along the Inter-American highway saw high concentrations of deforestation during both study periods (Figure 4), suggesting highways may have a more negative impact on forest cover than smaller paved and gravel roads. It is also important to note that roads can have many other negative impacts on tropical ecosystems beyond deforestation, including roadkill, transportation of miners and hunters, chemical and nutrient pollution, barriers to wildlife movement, and exotic species invasions [86]. In addition to continuing to increase forest cover near roads, efforts should be made to reduce the negative impacts of roads [86]. Additionally, towns and communities have more developed areas around them than the whole region on average, especially “main towns”, likely a consequence of the increasing human population in the region.




4.10. Study Limitations and Further Research


This paper analyzes LULC for three years over the time period 1987–2019. Due to the low spatial resolution of satellite imagery prior to the mid-1980s, no images were included prior to this date. The highest deforestation rates in the region were seen prior to 1987 [21,28], so it is likely that the study region had lower forest cover prior to the study period. It is also possible that nonlinear LULC trends occurred between 1987 and 1998 and between 1998 and 2019. Although we detected small rates (0.23% annual average) of mature forest loss throughout the time period, we cannot be certain as to whether this small number relates to misclassification limits, represents ongoing minor degradation of mature forest to secondary, or simply natural turnover rates (dieback) of mature forest areas over time. No matter which, the rates of loss are low. Future studies could include a higher temporal resolution, such as annual LULC maps, as well as higher spatial resolution imagery from private satellites such as Planet, especially in focal study areas.



It is important to note that leafy agricultural LULC classes, such as teak/gmelina or oil palm, could be confused with native vegetation when relying on NDVI/EVI metrics. Since it is possible to lose nuance when attempting to use NDVI/EVI maps as a proxy for LULC maps, LULC maps can be valuable tools when available.



It is difficult to establish causal links between LULC changes in this study and any individual management intervention, given that the establishment of PAs, PES, the Forest Law, increase in ecotourism, economic market shifts, and environmental ethic changes all occurred around the same time period and, in some cases, prior to the beginning of our time series of LULC maps [21,27,63]. Regardless of the specific causal mechanism, the suite of approaches that Costa Rica is taking seems to be increasing forest cover; the Osa Peninsula and Costa Rica more broadly have managed to increase their forest cover in recent decades, and biodiversity is responding to the increased habitat integrity and continuity [25,36,77]. Furthermore, the absence of causal inference techniques in the present analysis precludes the precise determination of the treatment effects of PAs, PES, the Forest Law, and other factors. Prior research conducted in Costa Rica, which employed matching techniques, has established that PAs and PES contribute to reductions in deforestation and increases in reforestation [70,71,72,82,83]. Given that our analysis of LULC trends aligns with these findings, it can be postulated that a causal investigation utilizing the maps and data generated in this project would likely corroborate that PAs and PES reduce deforestation while promoting reforestation.





5. Conclusions


In contrast to many tropical regions, the Osa Peninsula and the ACOSA region have demonstrated a notable increase in forest cover and connectivity both within and outside of PAs over the past three decades, indicative of minimal deforestation encroachment and local leakage. The increasing forest cover and connectivity and decreasing agricultural land area may have contributed to the increasing vertebrate abundance observed in the region over a similar period. Forest cover also increased in farms receiving PES payments from FONAFIFO. The 1996 Forest Law, which imposed a deforestation ban, may have contributed to reduced rates of forest conversion to anthropogenic land uses in the region. The Forest Law likely did not facilitate an increase in reforestation across the region outside of areas getting PES payments, underscoring the need for policies that actively encourage large-scale restoration and inclusivity. Interestingly, the law may have facilitated a shift in the location of forest restoration outside of PAs, leading to the emergence of new forest patches in areas previously devoid of forest cover. This finding suggests that an increase in forest cover does not invariably correlate with an enhancement in landscape connectivity, as evidenced by a small decrease in connectivity outside of PAs from 1998 to 2019, despite an overall increase in forested area. The spatial arrangement of the increasing forest cover may influence the ecosystem’s capacity to support biodiversity populations and resilience to climate change and other perturbations. To ensure the provision of habitats and to facilitate wildlife movement across the broader landscape, there is a need for strategic policies, PES programs, and monitoring systems that prioritize the conservation and restoration of large, interconnected forest patches both within and outside PAs.
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Table A1. LULC map accuracy validation by LULC class.






Table A1. LULC map accuracy validation by LULC class.





	LULC Class
	Quantity
	Accurate Count
	Producer’s Accuracy





	Palm
	73
	57
	78.08%



	Mangrove
	87
	80
	91.95%



	Water
	56
	52
	92.86%



	Grassland
	66
	45
	68.18%



	Exposed/urban
	50
	41
	82.00%



	Mature forest
	112
	73
	65.18%



	Secondary forest
	166
	103
	62.05%



	Wetland
	67
	65
	97.01%



	Teak/gmelina
	66
	56
	84.85%



	Grand Total
	743
	572
	76.99%










 





Table A2. LULC map accuracy validation by land use class, with mature and secondary forest combined.
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	LULC Class
	Quantity
	Accurate Count
	Producer’s Accuracy





	Palm
	73
	57
	78.08%



	Mangrove
	87
	80
	91.95%



	Water
	56
	52
	92.86%



	Grassland
	66
	45
	68.18%



	Exposed/urban
	50
	41
	82.00%



	Forest
	278
	276
	99.28%



	Wetland
	67
	65
	97.01%



	Teak/gmelina
	66
	56
	84.85%



	Grand Total
	743
	672
	90.44%










 





Table A3. Confusion matrix and user’s and producer’s accuracy, with mature and secondary forest separately. Gray cells indicate points that were correctly classified based on ground truth points. Orange cells highlight frequent misclassifications.
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LULC MAP (PREDICTED)




	

	

	
Palm

	
Mangrove

	
Water

	
Grassland

	
Exposed/Urban

	
Old Growth Forest

	
Secondary Forest

	
Wetland

	
Teak/Gmelina

	
SUM

	
PRODUCER’S ACCURACY






	
VERIFICATION POINTS (ACTUAL)

	
Palm

	
57

	
0

	
0

	
1

	
2

	
1

	
12

	
0

	
0

	
73

	
78.08%




	
Mangrove

	
0

	
80

	
4

	
0

	
0

	
0

	
1

	
2

	
0

	
87

	
91.95%




	
Water

	
1

	
1

	
52

	
0

	
0

	
0

	
1

	
1

	
0

	
56

	
92.86%




	
Grassland

	
4

	
0

	
0

	
45

	
2

	
0

	
15

	
0

	
0

	
66

	
68.18%




	
Exposed/urban

	
0

	
0

	
0

	
9

	
41

	
0

	
0

	
0

	
0

	
50

	
82.00%




	
Old growth forest

	
0

	
0

	
0

	
0

	
0

	
73

	
39

	
0

	
0

	
112

	
65.18%




	
Secondary forest

	
1

	
0

	
0

	
0

	
1

	
61

	
103

	
0

	
0

	
166

	
62.05%




	
Wetland

	
0

	
1

	
0

	
0

	
0

	
0

	
1

	
65

	
0

	
67

	
97.01%




	
Teak/gmelina

	
4

	
0

	
0

	
1

	
0

	
0

	
5

	
0

	
56

	
66

	
84.85%




	
SUM

	
67

	
82

	
56

	
56

	
46

	
135

	
177

	
68

	
56

	




	
USER’S ACCURACY

	
85.07%

	
97.56%

	
92.86%

	
80.36%

	
89.13%

	
54.07%

	
58.19%

	
95.59%

	
100.00%











 





Table A4. Confusion matrix and user’s and producer’s accuracy, with mature and secondary forest combined. Gray cells indicate points that were correctly classified based on ground truth points. Orange cells highlight frequent misclassifications.






Table A4. Confusion matrix and user’s and producer’s accuracy, with mature and secondary forest combined. Gray cells indicate points that were correctly classified based on ground truth points. Orange cells highlight frequent misclassifications.





	

	

	
LULC MAP (PREDICTED)




	

	

	
Palm

	
Mangrove

	
Water

	
Grassland

	
Exposed/Urban

	
Forest

	
Wetland

	
Teak/gmelina

	
SUM

	
PRODUCER’S ACCURACY






	
VERIFICATION POINTS (ACTUAL)

	
Palm

	
57

	
0

	
0

	
1

	
2

	
13

	
0

	
0

	
73

	
78.08%




	
Mangrove

	
0

	
80

	
4

	
0

	
0

	
1

	
2

	
0

	
87

	
91.95%




	
Water

	
1

	
1

	
52

	
0

	
0

	
1

	
1

	
0

	
56

	
92.86%




	
Grassland

	
4

	
0

	
0

	
45

	
2

	
15

	
0

	
0

	
66

	
68.18%




	
Exposed/urban

	
0

	
0

	
0

	
9

	
41

	
0

	
0

	
0

	
50

	
82.00%




	
Forest

	
0

	
0

	
0

	
0

	
0

	
276

	
0

	
0

	
276

	
100.00%




	
Wetland

	
0

	
1

	
0

	
0

	
0

	
1

	
65

	
0

	
67

	
97.01%




	
Teak/gmelina

	
4

	
0

	
0

	
1

	
0

	
5

	
0

	
56

	
66

	
84.85%




	
SUM

	
66

	
82

	
56

	
56

	
45

	
312

	
68

	
56

	




	
USER’S ACCURACY

	
86.36%

	
97.56%

	
92.86%

	
80.36%

	
91.11%

	
88.46%

	
95.59%

	
100.00%











[image: Remotesensing 16 01088 g0a1] 





Figure A1. LULC breakdown in buffer around (a) small towns, and (b) main towns. 
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Figure A2. EVI for 1987, 1998, and 2019 for the entire study region. 
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Figure A3. EVI showing change from 1987 to 2019 (left) and 1998 to 2019 (right). 
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Figure A4. NDVI for 1987, 1998, and 2019 for the entire study area. 
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Figure A5. NDVI changes for 1987 to 2019 (left) and 1998 to 2019 (right). 
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Figure A6. EVI2 trends in PAs and the study region overall. 
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Figure 1. Protected areas, biological corridors, rivers, main roads, large towns, and communities/small towns in the study area. The white rectangle in the bottom left indicates the location of the study area within Costa Rica. 
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Figure 2. Dominant LULC in the Osa region, including (A) oil palm plantation, (B) mangrove, (C) water, (D) cattle pasture, (E) urban/exposed, (F) mature forest, (G) secondary forest, (H) wetland, (I) teak/gmelina plantation. 
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Figure 3. LULC maps for the study region in 1987, 1998, and 2019. 
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Figure 4. Forest cover change and connectivity. Left panel: Forest cover change in the study region between the LULC maps created for 1987, 1998, and 2019. Light pink indicates areas that were forest in 1987 and were not forest by 1998, and dark maroon indicates areas that were forest in 1998 and were not forest by 2019. Lime green indicates areas that were not forest in 1987 and were forest by 1998, and forest green indicates areas that were not forest in 1998 and were forest by 2019. Light mint green indicates areas that were forested in the 1987, 1998, and 2019 maps. Light yellow indicates other classes. Black lines indicate protected area boundaries. Bold black letters denote the locations of the example areas from the right figure. Right panel: Examples of the impact restoration and deforestation may cause on connectivity, noting that both restoration and deforestation may increase and decrease connectivity. Example A shows an area where restored land increases forest connectivity by increasing forest patch size and connecting forest patches. Example B shows an area where restored land leads to a decrease in net forest connectivity by creating new, small, and irregularly shaped forest patches. Example C shows an area where deforestation has a net increase in forest connectivity by removing small, isolated forest patches. Example D shows an area where deforestation decreases forest connectivity by separating forest patches and increasing edge density. 
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Figure 5. Percentage of area comprising each LULC class in (A) study area within ACOSA, (B) the Osa Peninsula, (C) protected areas across the region, (D) non-protected areas across the region, (E) the Corcovado National Park, (F) the Golfo Dulce Forest Reserve, (G) the Piedras Blancas National Park, and (H) the Terraba Sierpe National Wetland, (I) 15 m wide riparian buffer zones passing through protected areas, (J) 5 m wide riparian buffer zones that do not pass through protected areas, (K) 700 m wide buffers around main roads, and (L) farms receiving FONAFIFO payments. 
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Figure 6. LULC transitions by class. The x axis shows LULC classes at the first year in the time range, while the colors inside each column show LULC classes at the final year of the time range. Therefore, total column height is the total area (in ha) covered by a given LULC class in the initial year (x axis) and the colors in each column demonstrate the contribution of different LULC classes over the same area, but in the final year. The panels show LULC transitions in (A) ACOSA from 1987 to 1998, (B) ACOSA from 1998 to 2019, (C) ACOSA over the whole study period, 1987–2019, (D) the Osa Peninsula from 1987 to 1998, (E) the Osa Peninsula from 1998 to 2019, (F) the Osa Peninsula over the whole study period from 1987 to 2019, (G) the Piedras Blancas from1987 to 1998, (H) the Piedras Blancas from 1998 to 2019, (I) the Piedras Blancas from 1987 to 2019, (J) Corcovado from 1987 to 2019, (K) the Golfo Dulce Forest Reserve from 1987 to 2019, (L) Terraba-Sierpe from 1987 to 2019, (M) farms receiving FONAFIFO PES payments from1987 to 2019. 
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Figure 7. NDVI values for individual conservation areas (the Corcovado National Park (CNP), the Golfo Dulce Forest Reserve (GDFR), Piedras Blancas National Park (PBNP), and Terraba-Sierpe National Wetland (TSW)), the Osa Peninsula (OSA Pen.), and the entire study area (ACOSA) in 1987, 1998, and 2019 (left) and for EVI (right). 
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Figure 8. NDVI, EVI, and EVI2 from 1984 to 2020, averaged over the entire study region. 
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Figure 9. Results of forest patch landscape metric computation. Graphs indicate changes in the particular metric over the three dates of LULC maps, 1987 in red, 1998 in gold and 2019 in blue. The metrics are grouped from left to right by the smallest units to largest units: individual conservation areas (the Corcovado National Park (CNP), the Golfo Dulce Forest Reserve (GDFR), and the Piedras Blancas National Park (PBNP)), protected and unprotected areas (Prot. and Unprot.), the Osa Peninsula (OSA Pen.), and, finally, the entire study area (ACOSA). Landscape metrics for the Forest Class Area (A), Number of Patches (B), Patch Density (C), Aggregation Index (D), Edge Density (E), Core Area Percent of Landscape (F), Landscape Shape Index (G), and Landscape Division Index (H). 
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Table 1. LULC percentages for the ACOSA study region for 1987, 1998, and 2019. Natural is an aggregation of mature forest, secondary forest, wetland, mangrove, and water classes.
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	Palm Plantation
	Mangrove
	Water
	Grassland
	Exposed Soil/Urban
	Mature Forest
	Secondary Forest
	Wetland
	Teak/Gmelina
	Natural





	1987
	2.48%
	5.19%
	4.17%
	16.93%
	9.16%
	27.47%
	32.34%
	2.23%
	0.02%
	71.40%



	1998
	3.78%
	5.3%
	4.28%
	17.37%
	1.37%
	26.26%
	36.90%
	4.07%
	0.66%
	76.81%



	2019
	8.16%
	4.34%
	4.48%
	8.61%
	3.16%
	25.47%
	39.98%
	4.55%
	1.27%
	78.82%










 





Table 2. LULC percentages for the Osa Peninsula for 1987, 1998, and 2019. Natural is an aggregation of mature forest, secondary forest, wetland, mangrove, and water classes.
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	Palm Plantation
	Mangrove
	Water
	Grassland
	Exposed Soil/Urban
	Mature Forest
	Secondary Forest
	Wetland
	Teak/Gmelina
	Natural





	1987
	1.07%
	1.42%
	0.41%
	11.83%
	6.68%
	40.84%
	36.97%
	0.73%
	0.04%
	80.37%



	1998
	1.05%
	1.29%
	0.38%
	12.58%
	0.66%
	39.36%
	42.51%
	1.5%
	0.67%
	85.04%



	2019
	2.37%
	0.69%
	0.54%
	7.43%
	1.86%
	38.51%
	46.27%
	0.96%
	1.36%
	86.97%
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