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1. Abstract
La Amistad International Peace Park in the Talamanca Mountains and Corcovado National Park on the Osa Peninsula in Costa Rica are home to two isolated jaguar (Panthera onca) populations. As agricultural and urban land uses have expanded in Costa Rica, jaguar home ranges have been reduced by 40 percent. NASA DEVELOP collaborated with the Arizona Center for Nature Conservation – Phoenix Zoo and Osa Conservation to design optimal corridors between these two protected areas to reconnect isolated populations. This project used Landsat 5 Thematic Mapper (TM) and Landsat 8 Operational Land Imager (OLI) to assess trends in land use and land cover (LULC) from 1987 to 2019. From these analyses in conjunction with elevation data from Terra Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) and vector data of roads and urban centers, we forecasted LULC to 2030 using the TerrSet Land Change Modeler. These data were then used to identify forecasted human-jaguar conflict risk areas, created by urban and agricultural expansion. A compilation of these inputs informed a suitability assessment that was used in Linkage Mapper to model wildlife corridors. The results from Linkage Mapper highlighted a potential corridor through the Buenos Aires Canton of the study area. Our partners will use these findings for monitoring and educational outreach efforts and the implementation of a jaguar corridor.
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2. Introduction

2.1 [bookmark: _Toc334198721]Background Information
Costa Rica only accounts for thirty-four thousandths of a percent of the total landmass on Earth, however, this tropical country in Central America is considered one of the most biologically diverse regions of the world as it contains five percent of all living species (Sánchez-Azofeifa, Rivard, Calvo, & Moorthy, 2002). Because of extreme elevational changes between the Caribbean and Pacific coasts and the resulting microclimates, the southern Puntarenas province houses a vast number of ecosystems and abundant biodiversity. These various ecosystems are at risk, especially in mountainous regions, because of tropical deforestation, the leading cause of biodiversity decline worldwide (Sánchez-Azofeifa et al., 2002). From the early 1940s to 1986, forest cover in Costa Rica decreased by 21 percent, one of the highest deforestation rates in the world (Zahawi, Duran, & Kormann, 2015) due to the rapid establishment and expansion of agricultural production. In the 1990s, the Costa Rican government saw a shift towards conservation and restoration efforts, eventually becoming a leading country in environmental policies with the passing of Forest Law 7575 which established the first Payment for Ecosystem Services (PES) program on a national scale. 

A vital part of these efforts was the establishment of protected lands and national parks, which cover 25 percent of the total land in Costa Rica (Embassy of Costa Rica in Washington D.C., n.d.). Corcovado National Park on the Osa Peninsula is the only protected region of tropical wet forest on the Pacific slopes of Central America (Figure 1) (Sánchez-Azofeifa, Daily, Pfaff, & Busch, 2003). To the northeast of the Osa Peninsula, in the Talamanca Mountains, is the largest block of natural forest in Central America: La Amistad International Peace Park, a United Nations Educational, Scientific and Cultural Organization (UNESCO) World Heritage Site (Figure 1) (UNESCO World Heritage Centre, 2019). Between these two parks resides Piedras Blancas National Park (Figure 1). The convenient geographic location of Piedras Blancas makes it an ecological stepping stone for conducive wildlife movement between parks (The Osa and Golfito Initiative, 2015).

These protected lands are crucial to the survival and long-term sustainability of many species, including the jaguar (Panthera onca). As apex predators, jaguars help maintain ecosystem balance within these national parks by controlling herbivore populations (Estes et al., 2011). However, deforestation and habitat fragmentation outside of park boundaries have turned Corcovado and La Amistad into ecological islands, constricting wildlife movement (Sánchez-Azofeifa et al., 2002). This isolation has led to jaguar population decline and an increased likelihood of inbreeding (Thompson & Velilla, 2017). Overall, jaguar populations were estimated to have declined by 20 to 25 percent between 2002 and 2015 (Quigley et al., 2017). Consequently, the jaguar was placed on the near-threatened species list by the International Union for Conservation of Nature (IUCN) and is currently listed as endangered throughout Costa Rica (Quigley et al., 2017).
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Figure 1. The study area in the Southern Puntarenas Province of
Costa Rica within the Buenos Aires, Osa, Golfito, Coto Brus, and Corredores Districts

Jaguars require large territories of dense vegetation and adjacent water sources with a home range up to 40 square kilometers (Hatten, Averill-Murray, & Van Pelt, 2003). A reduction in prey species because of diminished habitats and fragmented landscapes forces jaguars outside of their normal ranges (Gese, Terletzky, Cavalcanti & Neale, 2018), increasing the likelihood of human-jaguar and jaguar-livestock conflicts (Quigley et al., 2017). Jaguars are often mistakenly blamed for killing livestock in nearby agricultural areas, making them vulnerable to retaliatory hunting (Steinberg, 2016). These scenarios can be avoided through the expansion and reconnection of jaguar habitats with wildlife corridors (Sánchez-Azofeifa et al., 2002). 

Wildlife corridors link protected areas, acting as habitat continuation, therefore maximizing gene flow (Sanchez-Azofeifa et al., 2002). Economic incentives for local landowners (Rosas-Rosas & Valdez, 2010), as well as clear policies geared towards the use of protected areas (Steinberg, 2016), can be useful in determining areas for corridor establishment between isolated regions. The proposed Talamanca-Osa corridor will help target areas for reforestation, PES and educational efforts in surrounding communities. The first iteration of this project investigated changes in vegetation type and abundance using Landsat 8 data. Differences in Normalized Difference Vegetation Index (NDVI) and Enhanced Vegetation Index (EVI) between 1987 and 2019 were used to show a net total increase in vegetation cover across our study area (Figure 1). Land use and land cover (LULC) classifications from 2013 to 2019 were also used to display changes in landscape structure. 

2.2 Project Partners & Objectives
The 2019 summer NASA DEVELOP Talamanca-Osa Ecological Forecasting II team partnered with the Arizona Center for Nature Conservation – Phoenix Zoo and Osa Conservation, two non-profit organizations that share a common goal of protecting biodiversity and ecosystem health in the southern Puntarenas province of Costa Rica. The Arizona Center for Nature Conservation focuses on jaguar preservation via field monitoring methods and educational outreach as well as by promoting wildlife-friendly agriculture. Osa Conservation has worked in the Osa Peninsula region since 2003, protecting the area through ecosystem monitoring, habitat restoration and protection and community outreach, including the addition of the Healthy Rivers program, an initiative that focuses on restoring riparian areas which are core habitats for jaguars (Quigley et al., 2017).

This project classified LULC for 1987 through 2019 and forecasted to 2030. This, in addition to regional geographic data, was then used to create a human-jaguar risk assessment map. The forecasted LULC map, in conjunction with expert opinions and other collected datasets, were used to model optimal corridors. Using these results internally, Osa Conservation and the Arizona Center for Nature Conservation can design and establish a jaguar corridor between La Amistad and Corcovado.

[bookmark: _Toc334198726]3. Methodology

3.1 Data Acquisition 
Our team used Google Earth Engine (GEE) API to collect and process Surface Reflectance Tier 1 Landsat 5 data for 1987 and 1997. With last term’s 2019 LULC map, processed with Surface Reflectance Tier 1 Landsat 8 data, we used high temporal (daily) and spatial resolution (3-meter) PlanetScope imagery to analyze critical regions in more detail. Collectively, these datasets were used to investigate historical trends in LULC (Figure 2). Topographic information from the Japan Aerospace Exploration Agency (JAXA) Global ALOS 3D World Model was used in GEE to improve LULC classification accuracy. 

The regional data for boundaries, protected lands, roads, rivers and population distribution were downloaded using the 2008 and 2014 Digital Atlas of Costa Rica. We also acquired population count per square kilometer from the Socioeconomic Data and Applications Center (SEDAC) and shapefiles containing point data for human settlements from an open data website called MapCruzin. These data were used in conjunction with historical LULC and the Digital Elevation Model acquired from Terra Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) to forecast LULC to 2030 and assess human-jaguar conflict areas.
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		Figure 2. An overview of the project methodology 

3.2 Data Processing
Using Google Earth Engine, Landsat 5 Tier 1 bands 1, 3 and 4 were selected for 1987 and 1997. Specific wavelengths for these bands are specified in Appendix A. Since the study area is in a tropical region with frequent cloud cover, 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. The greenest pixel function we used employs NDVI to capture plants at their greenest point, maximizing differences in land cover classes. 

This preprocessing technique for LULC classifications was adopted from the Talamanca-Osa I team and additionally involved the calculation of Normalized Difference Built Index (NDBI), Normalized Difference Moisture Index (NDMI), Normalized Difference Water Index (NDWI), Tasseled Cap Brightness (TCB), Tasseled Cap Greenness (TCG), Tasseled Cap Wetness (TCW) and Gray-Level Co-occurrence Matrix (GLCM). The equations for these calculations can be found in Appendix B. Elevational cutoffs were created based on the JAXA ALOS Model to better classify locations of land cover (See Appendix C).

[bookmark: _Hlk14345766]3.3 Data Analysis
We identified vital land cover classes and assessed jaguar habitat suitability, by creating LULC maps for 1987 through 1997 with bands B1 through B5 and B7 from Landsat 5. To further differentiate between vegetation types, we utilized calculated parameters (NDVI, EVI, NDBI, NDMI, NDWI, TCB, TCG, TCW and GLCM) in conjunction with elevation, slope and aspect data from JAXA. We also trained our algorithm with collected ground truth data points or those provided by our partners and verified these using PlanetScope to identify parameter values for each class. We concluded an 80/20 split for training and validating, respectively, and applied the Random Forest 100 decision algorithm (Breiman, 2001) to ingest class-specific data needed to classify land use across the study area. To determine accuracy, a confusion matrix was set up to output a kappa coefficient. We further increased classification accuracy by conducting elevational cut-offs for particular classes, as some land cover types were restricted to a certain range (Appendix C). In addition to our historical LULC classifications, we forecasted LULC to the year 2030.  

We used ClarkLab’s geospatial modeler, TerrSet Land Change Modeler (LCM) to forecast LULC changes to 2030. The LCM is a vertical application integrated within the TerrSet software that allows users to detect changes across a landscape and forecast land uses. It includes a number of tools that allow for data preparation, modeling and model accuracy validation. Data preparation included the specification of earlier and later land cover images. We selected composite images from 1987 and 1997, after which the LCM calculated a set of summary statistics using a change analysis that showed the extent that each land cover type changed from 1987 to 1997.
Next, we used the LCM to create transition potentials (Appendix D) for each land cover type that showed the potential of each type to change from one to another between 1987 and 1997. To accurately calculate these transitions, we input elevation, slope, and distance-from-roads and distance-from-cities (urban centers) as sub-model variables into the LCM because they were known to affect land cover changes in our study area. We specified the Multi-Layer Perceptron (MLP) neural network for our transition potential analysis because it is capable of modeling multiple transitions simultaneously. The MLP creates a random collection of pixels that have experienced transitions and another set of cells for each pixel that could have experienced transitions but did not go through them. We used three transitions (grassland/pasture to exposed soil/urban, grassland/pasture to palm plantation and secondary forest to grassland/pasture) in our analyses, resulting in the neural network receiving a total of six classes, three that transitioned and three that persisted. The MLP also includes a collection of neurons that have various weights which are automatically adjusted to improve accuracy with each run. Working towards an accuracy of 75 to 80 which is considered feasible, we used the final transition potential map to forecast to 2030.
We used this projected 2030 LULC map as an input for our Human-Jaguar Conflict Risk Assessment, along with several other analyses of collected datasets (Figure 3), including elevational data from Terra ASTER, population counts, cities and roads. With data collected from MapCruzin, we created a bivariate risk layer, weighted based on size and proximity to roads and human settlements. Using population count data from 2000, 2010 and projected to the year 2020, collected by SEDAC, we analyzed population change and projected growth to 2030. After consulting with experts from our partner organizations and conducting a literature review, we classified and assigned risk values and weights for each raster input to determine areas where jaguars and humans are at a greater risk of conflict (Appendix E). Risk was calculated on a scale of one to five, with five being the highest risk of jaguar conflict with humans.
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Figure 3. Reclassified input raster layers used for Human-Jaguar Conflict Risk Assessment

For the corridor modeling and connectivity analyses, we utilized a resistance surface that represents the difficulty experienced by a jaguar moving through the study region as the primary input. The resistance raster was created using inputs including LULC, elevation, slope, and distance to roads, human settlements and rivers. Resistance values were assigned (Appendix F) to each layer on a scale of zero to ten, with ten being the highest energetic cost, or highest level of difficulty, for a jaguar to move through that specific cell. We assigned each raster layer a weight of influence (Appendix F) within the model and used the raster calculator tool in ArcMap to create an overall resistance surface. The resulting resistance surface (Figure 4) served as an input to Linkage Mapper, an Esri ArcGIS extension that utilizes a least-cost approach to locate pathways between habitat cores.
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Figure 4. Reclassified input raster layers used for resistance layer needed for Linkage Mapper

[bookmark: _Toc334198730]4. Results & Discussion

[bookmark: _Toc334198734]4.1 Analysis of Results
4.1.1 Analysis of LULC Results
LULC time series maps for 1987, 1997 and 2019 (Figure 5) were used to analyze trends in vegetation cover. We forecasted to 2019 with the 1987 and 1997 LULC maps for comparison with the actual 2019 LULC map that was created in the previous term (Figure 6). Comparatively, the forecasted 2019 map was 65.2 percent accurate. In an attempt to increase accuracy, we combined the three classes that are classified as closed canopy and less than 100 years old: natural palm, melina and teak and secondary forest. By doing so, this increased our 2019 forecasted accuracy by 1.3 percent. Given this, we can assume an accuracy of approximately 66.5 percent for our forecasted 2030 result.
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Figure 5. LULC maps for 1987, 1997, 2019, 2030 - merged natural palm and melina and teak
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Figure 6. Actual LULC from 2019 vs. Projected LULC map for 2019 based on 1987 and 1997 LULC maps

Since pineapple plantations did not start developing in our study area until the late 2000’s, our overall accuracy was constrained by TerrSet’s computation capacity. In TerrSet, you cannot forecast a class that is non-existent in the historical inputs (in this case 1987 and 1997). Therefore, our forecasted 2019 LULC classification did not include pineapple. Additionally, TerrSet is limited because the software cannot forecast a class that is present in one input (2019) but not the other (1987), like pineapple. To counteract this, we reclassified pineapple as palm plantation since they shared the same resistance value of ten (highest resistance to jaguar movement) for forecasting to 2030. Upon reclassification in our 2030 map (Figure 5), we found that despite grouping, pineapple was not influenced by forecasting and the total area for pineapple in 2030 was the same as it was in 2019. Because we were unable to forecast pineapple, our first corridor model (Appendix G) was biased, showing a least-cost path that goes directly through patches of primary and secondary forest in between the pineapple plantations. Based on discussion and input from our partners, we manually reclassified raster cells where we predicted pineapple would grow, which allowed us to model a more accurate corridor that would completely avoid areas of pineapple plantations (Figure 7).

From 1987 to 1997, palm plantations and exposed soil/urban decreased by 1.31 percent and 3.63 percent respectively, while grassland/pasture increased by 8.40 percent (Table 1). African oil palms are replanted every 25 to 30 years. In preparation for planting, non-productive stands are cleared and left fallow or are plowed for the sewing of a legume cover crop to fix Nitrogen in the soil (Hashim, Muhamad, Chan, Choo, & Mohd Basri, 2010). As 1997 could have been a replanting year, this would account for the observed decrease in African oil palm and exposed soil and an increase in grasslands (planted legumes) occurring around the Inter-American Highway, which aligns with 2012 through 2019 trends in palm plantation expansion. Consequently, primary forest also decreased from 1987 to 1997 by 6.08 percent. This reduction could be accounted to the clearing of lands for palm plantations before environmental policies like Forest Law 7575 of 1996 were enacted.
Table 1 
Percent changes in LULC in southern Costa Rica from 1987 through 2030
	
	Percent Change

	LULC Class
	1987 to 1997
	1997 to 2019
	1987 to 2019
	2019 to 2030

	Palm Plantation
	-1.31
	6.55
	5.24
	3.66

	Mangrove
	-0.42
	0.37
	-0.05
	0.00

	Water
	0.03
	0.06
	0.09
	-0.09

	Grassland/Pasture
	8.40
	-3.80
	4.59
	0.59

	Exposed Soil /Urban
	-3.63
	0.47
	-3.16
	-0.02

	Primary Forest
	-6.08
	8.65
	2.56
	0.04

	Secondary Forest
	2.70
	-10.88
	-8.18
	-4.25

	Wetland
	0.46
	0.12
	0.58
	-0.01

	Melina/Teak
	0.55
	-1.02
	-0.47
	Null

	Natural Palm
	0.74
	-1.06
	-0.33
	Null

	Coffee
	-1.42
	0.28
	-1.14
	0.00

	Páramos
	0.00
	0.00
	0.00
	0.00

	Pineapple
	Null
	0.26
	0.26
	0.08


Values greater than 3 have been bolded for emphasis

From 1997 to 2019, secondary forests increased in protected areas while secondary and old growth forests declined outside of these areas with a staggering total decrease of 10.88 percent across the study area (Table 1). This particularly occurred in the southeastern portion of our study area where exposed soil, urbanization, and palm plantations rapidly expanded (Figure 5). African oil palm plantations have continued to develop along the Inter-American Highway, with an overall increase of 6.55 percent. Contrastingly, primary forest increased by 8.65 percent from 1997 to 2019 (Table 1), mainly occurring in protected areas as a potential result of Forest Law 7575 of 1996. 
Results from TerrSet showed an overall significant transition of forested areas to grassland. A recent study by Ospina, Rusch, Pezo, Casanoves, & Sinclair (2012) showing an increase in grassland and pasture areas in Costa Rica further verifies our findings. While it is important to quantify rates and patterns of land use changes, it is equally beneficial to understand the environmental impacts of these changes. Land conversion from forests and other natural vegetation to pastoral lands alter the physical, biological and chemical properties of the surrounding soil leading to reductions in the composition of soil carbon (Ospina et al., 2012). It is therefore important for future studies to consider policies that control land use conversions to grassland in the study area.
From 2019 to 2030, it is predicted with a confidence of 67 percent that primary forests will remain relatively constant, while secondary forests will decline by 4.25 percent and be replaced with oil palm plantations, increasing by 3.66 percent (Table 1), specifically on the northern gulf line of the Osa Peninsula. 
4.1.2 Human-Jaguar Conflict Risk Assessment 
From the data processed and analyses conducted for the human-jaguar conflict risk assessment, our results indicated that areas closest to roads and human settlements were at a higher risk for human-jaguar conflict. This result is corroborated by the findings of Gonzalez-Gallina, Hidalgo-Mihart, & Castelazo-Calva (2018), which confirmed how roads negatively affect wildlife populations by decreasing habitat amount and quality, and fragmenting populations into smaller subpopulations that are more vulnerable to extinction. On a scale of one to five, with five being the highest risk for human-jaguar conflict, our results indicated that a significant portion (66.10 percent) of the study area has a moderate risk (three) of conflict while 20.43 percent has a moderately low risk (two). Areas ranked as high risk (four) and very high risk (five), were 13.04 percent and 0.03 percent of the study area respectively. Low risk (one) areas only made up 0.40 percent of the study area.

4.1.3 Analysis of Jaguar Corridor Model Results
The resistance raster informed the corridor model within Linkage Mapper and resulted in two potential least-cost paths (Figure 7), one connecting Corcovado directly to La Amistad and another linking Corcovado to La Amistad by way of Piedras Blancas. These results were expected, as we predicted the model to create a least-cost path that would run through the Buenos Aires canton (Appendix G) to avoid moving closer to palm plantations and larger settlements on the eastern side of the study area. The modeled corridor runs through areas containing pineapple plantations, which is not an ideal habitat for jaguars, but they are more likely to prefer these areas as a temporary space for movement as opposed to those with higher densities of humans and vehicular traffic. Based on the modeled least-cost path, Pinchpoint Mapper, an additional tool within Linkage Mapper, utilized Circuitscape to run a connectivity analysis. This tool is capable of mapping the flow of current through a resistance raster by injecting 1 Amp of current into the model and allowing it to flow through the linkages. This analysis provided us with multiple diffuse pathways to connect the habitat network instead of one single least-cost path. Shades of magenta indicate the highest levels of current that are allowed through the resistance layer and indicate a more optimal corridor that has the lowest resistance to movement for jaguars through the landscape. Pale yellow and green indicate areas of medium and high resistance and are therefore not optimal for facilitating jaguar movement.
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Figure 7. Modeled Corridor from Linkage Mapper after manual reclassification of pineapple

4.2 Future Work
[bookmark: _Toc334198735]A 62 percent forecasted accuracy rate highlights the inadequacies in using historical data. Hence, a project that combines recent LULC changes with historical maps, could significantly improve the accuracy of results. When using TerrSet LCM the resulting calculations are based off an assumption that future changes occur at the same rate as changes between the two historical dates. Therefore, future studies that include maps with significant changes would improve forecasting accuracy. Legend categories must be identical in both historical land cover dates in order to project accurately. Therefore, any categories that exist in an earlier date but not in a later one, or vice versa, cannot be included. 

Another parameter that would be useful to include in the human-jaguar risk assessment and in the modeling of the jaguar corridor, would be the consideration of jaguar prey species. Prey availability is the biggest driver of jaguar presence, and by including a prey distribution map as an input for the raster calculator, the overall accuracy of the human-jaguar risk assessment map and the resistance raster for Linkage Mapper would significantly improve. However, this cannot be done solely based on NASA Earth observations and would require extensive ground surveys, research about the habitats and behaviors of prey species and the expansion of the Osa-wide camera trap network into the northern region of the study area. 

In addition, future work could incorporate the use of FRAGSTATS, a computer software program that allows for the development of landscape metrics and other methods to quantify landscape patterns. This would be very useful in identifying patterns and relationships between land cover types and the forest fragments that act as habitats for jaguars. As FRAGSTATS quantifies both the composition and configuration of landscapes, it has the unique ability to not only treat the quantitative description of spatial patterns as end products but also link them to specific effects of ecological processes. Hence, future studies that combine results of FRAGSTATS with Linkage Mapper in ArcGIS, will provide a more accurate analysis of the relationship between the structure and composition of the landscape, and ecological processes such as predator-prey dynamics and reproduction.

5. Conclusions
[bookmark: _Toc334198736]Forecasted results in TerrSet are significantly influenced by transition potential variables. Therefore, it was important to identify the most important variable inputs for forecasting in our methodology. Our study focused on the transition from secondary forest to grassland and other land use cover types because secondary forests are more susceptible to conversions as a result of intensifying agricultural activities and growing human populations in our study area. In other locations, secondary forest transitions might not be as significant, and therefore, caution and justification are required in the selection of transition variables in TerrSet. It is also noteworthy to mention that while it is typical for model accuracy to improve given a higher number of input variables, TerrSet produces more accurate results with the inclusion of fewer variables. Hence, future studies that use TerrSet as a forecasting tool should consider the effect of the type of transition variables selected and the need to identify the most significant variables.
The region between Piedras Blancas and La Amistad National Parks, a crucial development area for the corridor, experienced a decrease in vegetation and an increase in habitat fragmentation between 1987 and 2019. Here, grasslands and pastures and coffee slowly replaced forest cover. Palm plantations rapidly expanded in the southeastern region, flanking the Inter-American Highway. This trend in palm expansion is predicted to continue from 2019 to 2030, highlighting the need for conservation in the Osa region.  However, the majority of changes are predicted to occur along the northern gulf line of the Osa Peninsula where secondary forests will be replaced with African oil palm plantations, while other land classes will remain relatively constant. 
This predicted increase in agricultural lands, specifically African oil palm, will continue to fragment landscapes outside of protected areas, limiting jaguar movement and increasing the likelihood of human-jaguar conflict. The impacts of roads and human settlements were clearly evident in our human-jaguar conflict risk map as high-risk areas were closest to urban cities and major roads. As human development continues to expand and people increasingly rely on cars for transportation, there is an increased risk associated with the development of large road networks as roads and human settlements can shift jaguar population demographics via road mortality. Hence, it is important for local and international stakeholders to be attentive to road configuration and the role that roads and urban cities play in jaguar habitat fragmentation.
Linkage Mapper was effective in identifying a least-cost path connecting Corcovado, La Amistad and Piedras Blancas National Park to rejoin the two isolated jaguar populations based on environmental and human-use factors. This is important for the persistence of healthy jaguar populations as jaguars are provided with safe routes that support commutation across their home ranges, ensuring genetic diversity among Costa Rican jaguar populations. Identifying corridors that aid in jaguar movement in Costa Rica will also aid in the prevention of human-jaguar conflicts and encourage coexistence especially between local ranchers and jaguars.
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[bookmark: _Toc334198737]7. Glossary
Biodiversity – the variety of native species in a concentrated area
Circuitscape – open-source software that utilizes circuit theory to model current flow and levels of resistance   
Confusion Matrix – a table used to define the accuracy of a classification model on a set of data for which the true values are known
Corridor – refers to the least-cost corridor, the most efficient pathway to connect core areas of habitat
Earth observations – satellites and sensors that collect information about the Earth’s physical, chemical and
biological systems over space and time
Enhanced Vegetation Index (EVI) – atmospheric and ground surface distortion corrected measurement of vegetation density and health to differentiate heavily vegetated areas 
Google Earth Engine (GEE) – cloud-based platform for planetary-scale environmental data analysis
Gray-Level Co-Occurrence Matrix (GLCM) – characterizes the texture of an image by calculating how often pairs of pixels with specific values, and in a specified spatial relationship, occur in an image
Ground truth data – data collected in a location to verify image analysis
Habitat – the natural home of a species
Habitat fragmentation – division of a continuous habitat by disturbances that limits movement between these smaller parts
International Union for Conservation of Nature (IUCN) – works to provide public, private and non-governmental organizations with knowledge and tools to enable human progress, economic development and nature conservation to take place together
Kappa Coefficient – a robust statistic that is used to measure the inter-rater agreement or accuracy of categorical or qualitative datasets
Land Change Modeler (LCM) – an extension of Clark Labs’ TerrSet software that allows for rapid analysis of land cover change, empirical modeling of relationships to explanatory variables and simulation of future land change scenarios
Land cover – the physical material found on the surface of the earth, which includes vegetation and urban features
Landsat 5 Thematic Mapper (TM) – low Earth orbit satellite and sensor launched on March 1, 1984, to collect imagery of the surface of Earth. Jointly managed by U.S. Geological Survey and National Aeronautics and Space Administration
Landsat 8 Operational Land Imager (OLI) – satellite and sensor launched on February 11, 2013, to continue acquisition of earth observation and imagery collection after previous Landsat satellites decommissioned
Land use – the management of natural resources and modification of the environment to fit a specified role
Land use and land cover (LULC) – refers to our maps showing classifications of both land use and land cover in Costa Rica
Least-cost path analysis – utilizes remote sensing data to determine the path across space that is the lowest possible travel cost for wildlife as they navigate between core habitat areas
Multi-layer perceptron (MLP) – an artificial neural network with multiple layers that are embedded within the LCM and includes supervised learning techniques that train various models. It involves combining pixels from input datasets to create a multivariate function that has the capability of predicting the potential of one variable to undergo a transition based on the values of each of the other variables included
Normalized Difference Built Index (NDBI) – an index that calculates large values for likely urban and built-up areas
Normalized Difference Moisture Index (NDMI) – an index calculated to measure leaf moisture content removing internal structure and dry matter distortions
Normalized Difference Vegetation Index (NDVI) – a measurement of vegetation density and health
Normalized Difference Water Index (NDWI) – an index calculated to measure water content
Payment for Ecosystem Services (PES) – provides monetary incentives to farmers and landowners in exchange for providing an ecological service
PlanetScope – a constellation of satellites that provide high spatial resolution data and daily coverage
Random Forest – a machine learning method that is used for classification, regression and other tasks. Random forest constructs several decision trees during training and then outputs the classification or mean prediction regression of the individual trees
Remote sensing – imagery of the earth obtained through satellite or aircraft scans for information and analysis
Resistance values – values assigned to represent opposition to a flow of movement, in correspondence to different landscape features 
Resistance surface – raster map that indicates the ease and difficulty of movement for a species across a given landscape
Riparian zone – land that borders rivers and other types of surface water
Tasseled Cap – an orthogonal index based on Brightness (TCB), Greenness (TCG) and wetness (TCW) designed to analyze and map vegetation and urban development changes detected by various satellite sensor systems
Terra Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) – satellite and sensor launched by NASA on December 18th, 1999 to provide global data on the state of the atmosphere, land and oceans
Training data – points or polygons used to familiarize the classifier of what a class should be in terms of the band and indices values
Transition potentials – a set of explanatory variables used to model the potential of a study area to experience specific changes
United Nations Educational, Scientific and Cultural Organization (UNESCO) – an agency of the United Nations that works to establish peace and security between nations by promoting international collaboration in education, science and culture 
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9. Appendices

Appendix A.
Table A1
Surface reflectance bands and wavelengths used to calculate NDVI and EVI
	
Surface Reflectance
	Landsat 5 TM
	Landsat 8 OLI

	
	Band
	Wavelength (μm)
	Band 
	Wavelength (μm)

	Blue
	1
	0.45 - 0.52
	2
	0.452 - 0.512

	Red
	3
	0.63 - 0.69
	4
	0.636 - 0.673

	NIR
	4
	0.77 - 0.90
	5
	0.851 - 0.879




Appendix B.

Normalized Difference Built Index (NDBI)

				     	      (B1)

Normalized Difference Moisture Index (NDMI)

					      (B2)

Normalized Difference Water Index (NDWI)

					      (B3)


Tasseled Cap Brightness (TCB)
					      
(B4)

Tasseled Cap Greenness (TCG)
				      (B5)

Tasseled Cap Wetness (TCW)
					 							     (B6)

















Appendix C.
Table C1
Partner and literature sources for elevation cut offs for land use and land cover classification
	Class
	Elevation Restrictions in Code
	Elevation Range from Literature
	Partner Source
	Literature Source

	Grassland/Pasture
	Less than 2000m
	~1500 m
	Dr. Jan Schipper
	Holl & Quiros-Nietzen 1999

	Páramos
	Greater than 2000m
	3100 to 3300 m
	Dr. Jan Schipper
	Kappelle & Horn 2016

	Coffee
	Greater than 870m
	1000 to 1300 m
	Dr. Jan Schipper
	Avelino et al. 2005

	Mangrove
	Less than 500m
	less than 200 m
	Jiménez, J. A. 2016
	Jiménez, J. A. 2016

	Melina/Teak on the Osa Peninsula
	Less than 120m
	N/A
	Hilary Brumberg
	N/A

	Wetland
	Less than 500m
	less than 200 m
	Jiménez, J. A. 2016
	Jiménez, J. A. 2016
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Figure D1. Transition Potential Maps used for TerrSet to map change from Grassland/Pasture to Exposed Soil/Urban
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Figure D2. Transition Potential Maps used for TerrSet to map change from Grassland/Pasture to Palm Plantation 
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Figure D3. Transition Potential Maps used for TerrSet to map change from Secondary Forest to Grassland/Pasture 

Appendix E.

Table E1
Suitability values assigned for land use and land cover type used for the human-jaguar conflict risk map
	Land Cover Type
	Suitability Value (1-5, 5 being most suitable for jaguars)

	Pineapple
	1

	Palm Plantation
	2

	Mangrove
	3

	Water
	2

	Grassland/Pasture
	3

	Exposed Soil/Urban
	1

	Primary Forests
	5

	Secondary Forests
	5

	Wetland
	4

	Coffee
	4

	Páramos
	1





Table E2
Suitability values assigned for elevation used for the human-jaguar conflict risk map
	Elevation (meters)
	Suitability Value (1-5, 5 being most suitable)

	0-500
	5

	500-1000
	4

	1000-2000
	3

	2000-3000
	2

	>3000
	1




Table E3
Suitability values assigned for slope used for the human-jaguar conflict risk map
	Slope (degrees)
	Suitability Value (1-5, 5 being most suitable)

	0-15
	5

	15-30
	4

	30-45
	3

	45-60
	2

	>60
	1













Table E4
Risk values assigned for human population count used for the human-jaguar conflict risk map
	Population (humans/sq. km)
	Risk Value (1-5, 5 being the highest risk of conflict with humans)

	0
	1

	0-5
	1

	5-10
	2

	10-15
	2

	15-25
	3

	25-50
	4

	50-75
	4

	75-100
	5

	100-125
	5

	>125
	5



Table E5 and E6
Risk values assigned for the bivariate key created for human settlements used for the human-jaguar conflict risk map
	Type of City
	Buffer Size (km)
	Risk Value (1-3, 3 being the highest risk of conflict with humans)

	Hamlet
	.5km
	1

	Village
	2km
	2

	Town/Suburb
	3km
	3


	Distance to Settlements (km)
	Risk Value (1-3, 3 being the highest risk of conflict with humans)

	<2km
	3

	2-8km
	2

	8-16km
	1

	>16km
	0











Table E7
Combined values from the bivariate key assigned risks created for human settlements used for the human-jaguar conflict risk map
	Bivariate Key Values (based on distance and size of settlement)
	Risk Value (1-5, 5 being the highest risk of conflict with humans)

	0
	1

	1
	1

	2
	2

	3
	3

	4
	4

	5
	5

	6
	5














Table E8 
Risk values assigned for the bivariate key created for roads used for the human-jaguar conflict risk map
	Type of Road
	Buffer Size (km)
	Risk Value (1-3, 3 being the highest risk of conflict with humans)

	Bridleway/Footway/Path
	.1km
	0

	Unclassified/Road/Track/Service
	.5km
	1

	Tertiary/Residential
	1km
	2

	Trunk/Primary/Secondary
	2km
	3




Table E9
Risk values assigned for the bivariate key created for roads used for the human-jaguar conflict risk map continued
	Distance to Road (km)
	Risk Value (1-5, 5 being the highest risk of conflict with humans)

	<2km
	3

	2-8km
	2

	8-16km
	1

	>16km
	0












Table E10
Combined values from the bivariate key assigned risks created for roads used for the human-jaguar conflict risk map
	Bivariate Key Values (based on distance and size of road)
	Risk Value (1-5, 5 being the highest risk of conflict with humans)

	0
	1

	1
	1

	2
	2

	3
	3

	4
	4

	5
	5

	6
	5













Table E11 
Weights of Influence assigned to each raster layer to be used in the raster calculator tool in ArcMap
	Layer Name
	Weight of Influence (%, must add to 100)

	Slope
	10

	Elevation
	10

	LULC
	30

	Population
	10

	Cities
	20

	Roads
	20













Appendix F.
Table F1 
Resistance values assigned for land use and land cover type used for resistance raster input for Linkage Mapper
	Land Cover Type
	Resistance Value (1-10, 10 being the highest resistance to movement of jaguars)

	Pineapple
	10

	Palm Plantation
	6

	Mangrove
	5

	Water
	9

	Grassland/Pasture
	5

	Exposed Soil/Urban
	10

	Primary Forests
	0

	Secondary Forests
	1

	Wetland
	3

	Coffee
	4

	Páramos
	10



Table F2
Resistance values assigned for elevation used for resistance raster input for Linkage Mapper
	Elevation (meters)
	Resistance Value (1-10, 10 being the highest resistance to movement of jaguars)

	0-500
	0

	500-1000
	0

	1000-2000
	2

	2000-3000
	6

	>3000
	10



Table F3
Resistance values assigned for slope used for resistance raster input for Linkage Mapper
	Slope (degrees)
	Resistance Value (1-10, 10 being the highest resistance to movement of jaguars)

	0-15
	0

	15-30
	2

	30-45
	5

	45-60
	7

	>60
	10














Table F4
Resistance values assigned for human population count used for resistance raster input for Linkage Mapper
	Distance to River (km)
	Resistance Value (1-10, 10 being the highest resistance to movement of jaguars)

	0-.5km
	0

	.5-1km
	1

	1-2km
	2

	2-4km
	3

	4-8km
	4

	8-16km
	5

	16-32km
	5



Table F5 
Resistance values assigned for the bivariate key created for resistance raster input for Linkage Mapper
	Bivariate Key Values (based on distance and size of settlement)
	Resistance Value (1-10, 10 being the highest resistance to movement of jaguars)

	0
	0

	1
	2

	2
	4

	3
	6

	4
	8

	5
	10

	6
	10














Table F6
Risk values assigned for the bivariate key created for roads used for resistance raster input for Linkage Mapper
	Bivariate Key Values (based on distance and size of settlement)
	Resistance Value (1-10, 10 being the highest resistance to movement of jaguars)

	0
	0

	1
	2

	2
	4

	3
	6

	4
	8

	5
	10

	6
	10













Table F7
Weights of Influence assigned to each raster layer to be used in the raster calculator tool in ArcMap
	Layer Name
	Weight of Influence (%, must add to 100)

	Slope
	5

	Elevation
	5

	LULC
	40

	Distance to Rivers
	10

	Cities
	20

	Roads
	20
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Figure G1. First corridor model without forecasted pineapple in 2030 LULC map
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Figure H1. Map showing Cantones (a political subdivision of Costa Rica) in the study area
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