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Abstract 

Land use/land cover (LULC) change is a global phenomenon that greatly impacts the extent 

of forest cover, particularly in tropical countries which face increasing pressures related to 

agriculture, production of timber and non-timber materials, urbanization, and other anthropogenic 

drivers. There is a need for research focused on post-agricultural societies in tropical urbanizing 

landscapes to assess LULC change where forest regeneration is occurring due to both passive and 

active management strategies. The Caribbean archipelago of Puerto Rico is an ideal place to 

explore such change. It has experienced drastic changes in forest cover over the course of the past 

century, in response to changing socio-economic and conservation trends.  This study analyzes 

decadal changes in forest land use (as a proxy for LULC) in Puerto Rico from 1990 to 2020 at the 

island scale to accomplish the following objectives: 1) explore temporal trends in forest loss and 

gain; 2) calculate transition probabilities between land use categories; 3) analyze the spatial 

distribution of forest loss and gain;  and 4) examine spatial autocorrelation of changes in forest 

loss/gain at the block group scale in relation to select social variables. The analyses were conducted 

using land use data derived from 30 m x 30 m Landsat imagery and obtained from the Landscape 

Change Monitoring System (LCMS), together with social data representing population density and 

forestry/agricultural occupation density at the census block scale. Trends in forest loss/gain, 

transition probabilities, spatial clustering, and geographically weighted regression analyses 

(GWR) were performed using ArcGIS Pro software and spatial analysis tools.   

 

The results showed that forest land use in Puerto Rico during the study period remained 

relatively constant, representing approximately 62%-64% of total area. This result was higher than 

the various estimates provided by previous studies that analyzed data within similar time frames 

and calculated a low of 32% forest area (1990) and a high of 57% (2003). This difference between 

the estimates is due to differences in classification methods and forest definitions between LCMS 

and other approaches. Results show that forest represents the largest fraction among the land use 

classes and represents the lowest percentage of overall (30-year) loss of 1.4%. Prominent forest 

losses were observed in coastal peri-urban areas adjacent to major cities and interior mountainous 

areas in eastern central Puerto Rico. Among the decadal intervals evaluated, the period 1990-2000 

was marked by a dominant forest loss equivalent to about 520.9 km2, while the dominant period 
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of forest gain was 2000-2010 and equivalent to 443.7 km2. The results also show that Forest land 

use is the most resilient to change and therefore the most stable among the land use classes. This 

stability is evidenced by a probability of 86% (30-year) of remaining forest. The relatively small 

areas of Forest that did change tended to convert to Developed and Rangeland or Pasture. 

Additionally, areas classified as Developed, Rangeland or Pasture, and Agriculture also converted 

to Forest. The observed expansion of Forest in urban areas is likely due attributed to increases in 

tree canopy cover rather than actual land conversion, thus indicating that urban forests are a key 

contributor to overall forest cover. 

 

At the census block group scale, significant clusters of forest loss were found in many 

coastal areas and the expanding peri-urban areas around urban centers. Significant clusters of 

forest gain were in mountainous areas, eastern central Puerto Rico, and select certain coastal areas. 

Our analyses using GWR models revealed the presence of several spatially-variable relationships 

between Forest loss and gain with population density and to a lesser extent forest/agricultural 

occupation density. The strength of these relationships varied from weak to strong and in sign 

(positive vs negative) across geographical space and from one decadal interval to the next. 

Population density had a stronger influence on forest losses in densely urbanized areas. The focus 

on census block groups provided an innovative way to assess LULC changes in Puerto Rico but 

was also limiting in the variables for which data were available at that scale. The results of this 

study are useful to understand at the landscape scale the long-term effects of land use change and 

socio-economic factors on forest-related gains and losses in an urbanizing tropical environment 

and their implications for ecosystem function and the provision of services. Future research should 

include other relevant variables like road density and precipitation, and other socio-economic data 

which could also have very large influences on LULC change. 

 

Keywords: tropical forest, long-term forest trends, landscape change, cluster analysis, census block 

groups, transition probability, geographically-weighted regression 
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Introduction 

The earth has an estimated forest area of about 4.06 billion ha, or 31% of total land area 

(Keenan et al., 2015). This equates to approximately 0.52 ha per person (Morales-Hidalgo et al., 

2015). However, forests are not distributed equitably among the peoples of the world or 

geographically (Heynen et al., 2006). The tropical zone has the largest proportion of the world's 

forests, about 45%, followed by the boreal, temperate and subtropical zones (Payn et al., 2015). 

Tropical forests broadly encompass woody vegetation types ranging from primary to secondary 

forests and have immense carbon sequestration rates (Banda et al., 2006; Poorter et al., 2016). 

Located almost entirely in the less developed regions of the world, they are an important resource, 

both from the point of view of production and conservation (Rannikko, 1999). Because of their 

economic and environmental importance, tropical forests are continuously monitored at different 

national, regional, and global levels of planning, monitoring, and management (Melo et al., 2013). 

Due to increasing pressures on forest lands for timber and non-timber based forest products, 

clearing for agriculture, and urbanization, land use and land cover change (LULC) has become 

particularly intense in developing tropical countries (Momo et al., 2018; Wright, 2010). This has 

raised concerns about their resilience to disturbance and capacity to continue supporting human 

communities (Poorter et al., 2016). 

 

Exploring changes in LULC can provide insight into ecosystem processes that affect 

biological communities, including humans (Tran et al., 2017). For example, urbanization 

transforms natural land surfaces to include covers such as buildings and roads, fragmenting the 

ecosystems of urban landscapes and affecting the livability of cities (Benton-Short & Short, 2013; 

Long et al., 2014). This can lead to increases in urban heat islands (Kardinal Jusuf et al., 2007) as 

well as urban flooding (Huong & Pathirana, 2013), both of which are anticipated to have 

exacerbated impacts on society due to climate change (Hans-Otto Pörtner et al., 2022; Rodríguez-

Caballero et al., 2022). These can also affect biomass, carbon pools, and the provision of regulating 

ecosystem services such as carbon sequestration (Chave et al., 2014) and have unprecedented 

consequences for biodiversity (Lambin et al., 2001; Ramachandran et al., 2018; Titeux et al., 

2016). Many forms of LULC change are likewise associated with increases in food and fiber 

production, resource efficiency, wealth, and well-being (Geist et al., 2006; Lambin et al., 2006; 

Ramankutty et al., 2006). Agriculture has spread to savannas, steppes, and forests in all regions of 
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the world to meet the demand for food and fiber, in some cases causing desertification (Mazoyer 

& Roudart, 2006; Tappan et al., 2004). Thus, changes in LULC can both result in increased 

production of resources for human societies and also augment the vulnerability of places and 

people to climatic, economic, or socio-political disturbances (Lorencová et al., 2013; Minale & 

Belete, 2017; Nottage & New Zealand Climate Change Centre, 2010). 

 

Understanding the patterns, causes and consequences of LULC change has been an 

important research topic in recent decades (Ozsahin et al., 2018; Turner et al., 1996). Human 

activity is a driving force affecting spatial and temporal changes in land use (Prăvălie et al., 2020). 

Land use changes are associated with agricultural expansion/intensification, urbanization, 

deforestation, and conversion of forests to agricultural and urban land (Laurance et al., 2014; 

Mailafiya, 2015). Consequently, forest lands are identified as one of the globally threatened 

ecosystems (Camacho-Valdez et al., 2014). Indeed, in the tropics, forest lands are converted for 

the benefit of urban expansion, as well as the extraction of wood for furniture and charcoal (Beven 

& Cloke, 2012; Pauleus & Aide, 2020; Shukla & Mintz, 1982). For example, in Sri Lanka, forest 

cover represented about 42.5% of the total land area but approximately 19% of the forest has been 

converted during the last 30 years, primarily to cropland (Vijitharan et al., 2022). A case study in 

Haiti showed an estimated reduction in forest cover from 26.5% in 2000 to 21.3% by 2015. These 

forest losses are mainly due to land transition to mixed agriculture/pasture, which has largely 

occurred on private lands surrounding several national parks and protected areas. In addition, forest 

losses have increased in Haiti due to wood extraction for charcoal production as a source of income 

(Pauleus & Aide, 2020). More permanent land transitions away from forest occur in response to 

the processes of urban expansion (Güneralp et al., 2020) which includes the construction of roads, 

building, and related infrastructure as has been reported in tropical forests of Malaysia  

(Nourqolipour et al., 2016).  

 

In contrast, other tropical regions have experienced forest growth in recent years, due to 

changing socio-economic pressures on natural resources. Panama, for example, has largely 

experienced a significant forest transition over the past 20 years, its total forest cover averaging 

61% of land area, with an annual increase of 0.36%. This increase is due to agricultural 

abandonment and conversion of crops or pastures to tree plantations, some of which is actively 
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promoted via tax incentives (Wright & Samaniego, 2008). In addition, rural-urban migration 

creates opportunities for new forests to regenerate spontaneously or with active regeneration on 

marginal and abandoned agricultural land. For example, in Argentina in the Misiones province, 

new forests have regenerated as plantations mainly on land owned by large corporations.  Logging 

in this area has also decreased in protected areas, due to government restrictions, and together these 

practices have contributed to the extension of forest cover (Wilson et al., 2017). Moreover, in 

Guanacaste province, Costa Rica, widespread deforestation that reduced forest cover to 23.6% by 

1975 was followed by a period of very low rates of deforestation and an increase in forest cover 

to 47.9% by 2005. This reversion is attributed to the decline of the cattle industry and a high decline 

in agricultural employment, urbanization, in combination with retention policies including creation 

of protected areas, payments for the ecosystem services, and restrictions on timber extraction and 

forest clearing and encouraged tree plantations (Wilson et al., 2017). Thus, tropical forest 

transitions occur through both natural and assisted reforestation activities that passively or actively 

support regeneration, thereby helping to increase forest cover (Sloan et al., 2019; Wilson et al., 

2017). 

In the Caribbean archipelago of Puerto Rico, drastic changes in land use and land cover 

have occurred in the 500+ years since European colonization. It is estimated that in the 16th century 

most of Puerto Rico’s land area was forested (Birdsey & Weaver, 1987), with more than 

7,000,000,000 cubic feet of wood (Wadsworth, 1950). However, by the beginning of the 19th 

century, the cutting of trees and the development of non-forest lands reduced the extent of forests 

to 587,000 ha (Birdsey & Weaver, 1982, 1987; Wadsworth, 1950). Cultivation of coffee in the late 

19th century further reduced forest land to 187,000 ha (Birdsey & Weaver, 1987). By the early 20th 

century there were 81,000 ha of forest, representing approximately 9% of land area (Birdsey & 

Weaver, 1987, Gill, 1931), and it is estimated that forest cover dropped to as low as 6% by the late 

1930s (Koenig, 1953; Wadsworth, 1950).  

Since that time, and over the past 80 years, Puerto Rico has transitioned from an 

agricultural-based economy toward industrialization, accompanied by widespread agricultural 

abandonment, urban expansion and more recently the development of a service-based economy 

(Eileen Helmer et al., 2002; Martinuzzi et al., 2007a; Pascarella et al., 2000). Post-WWII 

industrialization led to migration to cities (Grau et al., 2003a) and urban development, often via 
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the conversion of agricultural land (Del Mar López et al., 2001; Thomlinson et al., 1996). For 

example, falling market prices for coffee led farmers to abandon their coffee plantations and 

between 1959 and 1974 the total area used for agricultural (e.g., sugarcane, tobacco, and coffee) 

declined from around 285,000 ha to 139,000 ha (Rudel et al., 2000). The rapid reduction in 

agricultural sparked an equally rapid forest recovery across the island (Gould et al., 2020; Grau et 

al., 2003; Turner et al., 1996). In addition, in recent decades, some governmental and non-

governmental organizations have been involved in initiatives to establish nature reserves and 

promote forest conservation (Rivera-Collazo, 2015). Between 1959 and 1980, the percent of forest 

land increased from 13 to 34% of total area (Rudel et al., 2000). A further increase was also 

observed between 1980 and 1985 when forest cover grew from 279,000 ha to 300,000 ha (Birdsey 

& Weaver, 1982, 1987). By 2003, forest cover in Puerto Rico had expanded to an area of 

approximately 505,993 ha (Brandeis et al., 2007).  Forest area decreased slightly to 474,469 ha 

about a decade later in 2014 (Marcano-Vega, 2017). A recent study by Brandeis and Marcano-

Vega (2021) estimated the forest cover was 467,320 ha for the year 2019.  

Concurrent changes in the extent and distribution of vegetation cover have also been 

observed in Puerto Rico’s urban areas. In the city of San Juan, Ramos-González (2014) found an 

overall value of 42% green cover based on 2002 satellite imagery, 26% of which were trees, with 

larger blocks of forest in the southern part of the city than in the denser northern sector where 

development is concentrated. While vegetation cover in middle- and upper-class suburban 

neighborhoods of San Juan was observed to increase between 1960 and 2010, lower income 

neighborhoods experienced an overall loss of vegetation during the same time period (Ramos-

Santiago et al., 2014). Thus, changes in LULC do not occur uniformly. Recent challenges, 

including a prolonged economic recession and two major hurricanes in 2017 (Irma and María), 

have contributed to an ongoing population decline throughout Puerto Rico that influences long-

term land-use patterns (Santos-Lozada et al., 2020). At present, forest cover exceeds 50% of the 

total land area (Gould et al., 2020). As demographic trends continue to shift in Puerto Rico, it is 

important to understand the effects of these changes on forest cover, as gains or losses in 

population and urban development trends can directly influence the extent of forest resources, with 

consequences for biomass, and the provision of many ecosystem services related to carbon, water, 

and other functional processes (Brandeis et al., 2006; Liao et al., 2019; Lugo, 2008).  
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1- Research objectives 

 

This investigation sought to understand the geographic patterns and implications of LULC 

associated with forest cover in the Caribbean archipelago of Puerto Rico over a recent thirty (30) 

year period and interpret those patterns in the context of related LULC work and general socio-

economic trends that overlap with the study period. The primary goal  of this project was to analyze 

decadal changes in forest LULC from 1990 to 2020 at the island scale and accomplish the 

following objectives: 1) explore temporal trends in forest loss and gain; 2) calculate transition 

probabilities between LULC categories; 3) analyze the spatial distribution of forest loss and gain; 

and 4) examine spatial autocorrelation of changes in forest loss/gain at the block group scale in 

relation to select social variables.  

 

2- Research Questions and hypotheses 

 

In the context of indirect and direct drivers related to changing climatic patterns and socio-

economic activities that can affect forest cover in Puerto Rico, we formulated the following 

research questions: 

1) How has forest LULC changed in PR at decadal intervals from 1990-2020 in terms of 

total land area and representative percentages, and how well do the results align with other forest 

LULC studies using distinct datasets? 

2) What are the important transition trends and probabilities among the categories of 

LULC? 

3) What are the spatial patterns of forest losses and gains, as clustered across the landscape 

at the block group scale? 

4) What is the spatial relationship between clusters of forest loss and gain and concurrent 

social variables? 

 

3- Hypotheses 

In this study, we expect to observe directional changes in forest cover during the study 

period and that changes will not be spatially uniform across Puerto Rico but rather there is 
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variability in forest gains and losses that fluctuate at decadal intervals and are concentrated 

geographically in different areas in relation to social variables. Specifically, we propose the 

following hypotheses: 

1) Island-wide forest LULC has increased from 1990 to 2020.  

2) Forest is the most stable LULC during the study period, and the probability of non-forest 

LULC categories changing to forest is greater than that of forest changing to non-forest LULC 

classes. 

3) Percent forest LULC losses and gains are clustered non-uniformally throughout Puerto 

Rico at the block group scale. 

4) Forest loss and gain vary spatially in relation to social variables that describe human 

population and natural resource-related occupations at the census block group scale. 

 

4- Intellectual merit of this study 

 

LULC changes in tropical countries have experienced great fluctuations during the last 30 

years and continue to be influenced by the increase and decrease in population growth associated 

with socio-environmental factors. Research in the subtropical region of Guangxi China 

demonstrated that long-term forest change trends are important for detecting and assessing 

ecosystem production and services provided by forests (Hu et al., 2019). South American countries 

such as Brazil, Argentina, and Paraguay also have an extensive long-term experience where land 

use changes in the Paraná Atlantic Forest ecoregion have been attributed through grazing or 

livestock, to the cultivation of soybeans and cotton leading to the increase of protected areas and 

are also a major source of regional biodiversity (Mohebalian et al., 2022). Similarly, Caribbean 

countries such as Haiti have also presented a declined in forest over the past 40 years, including 

Forest des Pins, an important area for carbon storage (Pauleus & Aide, 2020). Yet there remains a 

need for study in post-agricultural societies in tropical urbanizing landscapes such as Puerto Rico 

to assess LULC change where forest regeneration is occurring due to both passive and active 

management strategies. This includes the patterns of forest LULC change, the long-term effects of 
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socio-environmental drivers of LULC change dynamics, and the implications for ecosystem 

processes and provision of services. 

 

This work builds on previous assessments of land cover and forest extent in Puerto Rico 

using a recently produced, long-term dataset derived from Landsat satellite imagery that spans a 

30-year period. The research provides an unprecedented opportunity to study island-wide changes 

in forest cover using medium-resolution, remotely sensed LULC data that spans multiple decades. 

In addition to exploring temporal trends in forest cover across several decades, we examine the 

spatial configuration of forest gain and loss and their relation to social variables that may be driving 

those patterns. While significant prior work has been done looking at landscape scale changes in 

forest change across Puerto Rico (Foster et al., 1999; López-Marrero et al., 2019; Lugo & Helmer, 

2004; Wang et al., 2017), to our knowledge there have not yet been spatial analyses examining the 

patterns and clustering of such change at the island scale nor the relation of forest cover loss and 

gain to census data aggregated at the scale of census block groups.  

 

In this study we will obtain robust information about forest extent, distribution, clustering 

patterns and transitional trends through time, and interpret those data in the context of other island-

wide studies of forest cover and contemporary socio-economic trends. Other lines of research have 

used administrative boundaries to analyze geographic trends in both ecological and socio-

economic phenomena. For example, one study conducted in Tainan, the fourth largest city in 

Taiwan, highlighted the clustered impact of urban land use change on the environment at the 

district scale in protected coastal areas to the east and south of the city center (Kuo & Tsou, 2017). 

Another study conducted in 37 cities in the United States linked the distribution of  HOLC (ethnic 

classification/segregation) levels to city-wide forest cover, including socio-economic factors such 

as poverty; the results showed that low-income urban areas and areas where racial minorities live 

have less tree cover compared to wealthier communities (Locke, 2020; Locke & Grove, 2016). 

Furthermore, Meléndez-Ackerman et al. (2016) examined patterns of vegetation at the household 

scale in San Juan, PR, and observed that socio-demographic profiles of residents and watershed-

scale characteristics are related with vegetation patterns within urban yards. Strong relationships 

have also been observed between development patterns and conserved forest lands. For example,  

Castro-Prieto et al. (2017) reported that lands around protected areas in Puerto Rico are extremely 
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vulnerable to residential development despite declining human population, although there is 

considerable spatial variation in housing and population near each individual protected area. 

Taking a similar approach to this study of LULC change in Puerto Rico, analysis at the 

demographic unit of census block groups can help identify significant spatial clusters of forest 

gains and loss and link them to relevant socio-demographic phenomena that can subsequently be 

quantified, analyzed and used to develop probabilistic models at the island scale. It can also help 

inform strategies and policies to mitigate or amplify the causes and consequences of such change 

in different parts of the island in the future. 

Furthermore, anticipated changes in climate for the Caribbean region include an increase 

in the frequency and severity of extreme atmospheric events, as well as reduced annual 

precipitation (Reyer et al., 2017). Therefore, understanding long-term trends in forest cover across 

Puerto Rico can provide insight into potential landscape-scale changes in forest productivity and 

ecosystem services under future climate scenarios (Gould et al., 2020; Saatchi et al., 2011; 

Vihervaara et al., 2013). Understanding how forest lands change over time concerning 

demographic and climate drivers is an important part of addressing sustainability issues in tropical 

environments and developing appropriate measures to maintain social-ecological resilience.  

 

Methodology 

1- Study area 

The study area for this project encompasses the archipelago of Puerto Rico (18.22◦ N and 

66.59◦ W), the smallest of the Greater Antilles islands which is located in the eastern Caribbean. 

Total land area is approximately 8950 km2 including the main island and several smaller islands 

and cays (Wang et al., 2017). The island has a tropical marine climate with an annual average 

temperature ranging from 21.1 to 26.7 ◦C and a rainy season from April to November (Wang et 

al., 2017). The island includes rocks and sediments of volcanic origin, but current geological 

evidence suggests the most recent active volcanism dates back 30 million years (Gould et al., 2020; 

Wang et al., 2017). Parts of the island contain uplifted carbonate sediments that developed during 

a period when much of the current island was submarine, with recent uplift (5 mya) resulting in 

the current configuration of mountains and narrow coastal plains (Hobbs et al., 2013; Vihervaara 
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et al., 2013). Precipitation on the island varies greatly depending on altitude, distance from the 

ocean, and wind direction, with the prevailing trade winds blowing from the northeast, and 

precipitation values generally ranging from 2 to 5 m per year (Gould et al., 2020; Martinuzzi et 

al., 2007). However, a topographic rain shadow effect results in less than 1000 mm annually in the 

southwest leeward side. As a result, a very heterogeneous landscape was formed with abrupt 

changes in climate and vegetation over short geographic distances. Moist tropical forests dominate 

in the northern part of the island and central cordillera, while dry forest is prominent in the south. 

Differences in precipitation and temperature across the island result in six distinct subtropical life 

zones (Ewel & Whitmore, 1973), categorized into (dry, moist, rain, wet, rain forest lower montane, 

wet forest lower montane; Fig 1) (Brown & Lugo, 1982; Gould et al., 2006). 

 

Figure 1: Location of the study area and ecological life zones of Puerto Rico, following (Ewel & 

Whitmore, 1973).  

The human population is estimated at around 3.1 million, with a population density of 344 

people per km2 (García et al., 2021). Most of the population is concentrated in coastal areas around 

several highly developed urban centers, the largest of which is the San Juan metropolitan area. The 

dominance of human communities directly affects the vegetative land cover of Puerto Rico. Post-

agricultural land abandonment beginning in the 1950s and continuing to the present has been 
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concentrated in rugged mountainous areas where agriculture was difficult to sustain due to steep 

slopes and severe soil erosion (Weaver & Gillespie, 1992). According to Forest Inventory and 

Analysis (FIA) surveys conducted in Puerto Rico by the USDA Forest Service, Puerto Rico’s 

proportion of forest cover was 54.7% in 2010 (Gray et al., 2012; Housman et al., 2022). The forests 

were found to have over 1.6 billion trees over 2.5 cm in diameter, 10.6 million m2 of basal area, 

and 36.6 million Mg of sequestered carbon (Brandeis & Turner, 2013). 

2- LULC and census spatial datasets  

There are several large-scale, publicly accessible databases available for use in examining 

the status and trends in forest cover. For this project, the primary data source was curated LULC 

data from the USDA Forest Service’s Landscape Change Monitoring System (LCMS) 

(https://data.fs.usda.gov/geodata/rastergateway/LCMS/index.php) (Housman et al., 2022). LCMS 

uses Google Earth Engine (GEE) under a corporate agreement between the USFS and Google for 

all remote sensing raster data acquisition and processing (Gorelick et al., 2017). GEE is a parallel 

computing environment that provides access to many publicly available Earth observation datasets 

(Housman et al., 2022). LCMS incorporates 30 m x 30 m Landsat satellite pixel imagery and 

classifies values to produce annual maps depicting land cover, land use, and change (vegetation 

loss and vegetation gain) from 1985 to 2020. Additionally, LCMS uses Scikit-Learn for sample 

design, selection of model predictor variables, and model validation. Models are calibrated using 

the TimeSync attribution tool, a web-based application that allows users to view a time series of 

Landsat images, as well as high-resolution images available in Google Earth Pro and other 

auxiliary data to assign the annual land cover, land use, and process of change to each training 

point location (Cohen et al., 2010). Model outputs for the Puerto Rico and US Virgin Islands 

(PRUSVI) region include calibration data from 2000-2020, due to a lack of available Landsat 

imagery over the entire region prior to 2000 (Housman et al., 2022). All supervised classifications 

for LCMS use the random forest modeling method (Breiman, 2001). Random forest randomly 

selects a subset of predictor variables and training sites across many classifications and regression 

trees. Each of the many trees predicts a class, which is then aggregated and used to determine the 

final modeled class. LCMS uses the GEE instance of random forests called "smileRandomForest" 

for all classifications. The local processing used for the selection of variables and the validation of 

the card uses the sklearn.ensemble. RandomForestClassifier method (Housman et al., 2022). 

https://data.fs.usda.gov/geodata/rastergateway/LCMS/index.php


Landscape-scale analysis of changes in forest land use/land cover across Puerto Rico, 1990-2020 
. 

 

13 
 

We used LCMS data from the PRUSVI dataset for the period 1990-2020. Three 10-year 

intervals from 1990 to 2020 (1990-2000; 2000-2010; 2010-2020) and the entire 30-year period 

(1990-2020) were considered. The LCMS land use datasets include six categories (agriculture, 

developed, forest, non-forest wetland, rangeland or pasture, and others; Table 1), while the land 

cover datasets include 14 categories, broken down into various types of woody and herbaceous 

vegetation. Both LCMS land use and land cover datasets include non-classified data as well, 

representing pixels that do not have a cloud or cloud shadow free value for a given year (Fig 2).  

Land use classes 

1. Agriculture 

2. Developed 

3. Forest 

4. Non-Forest Wetland 

5. Rangeland or Pasture 

6. Others (includes lands which are 

perennially covered with water, salt flats 

and other undeclared classes. Water 

includes rivers, streams, canals, ponds, 

lakes, reservoirs, bays, or oceans. This 

assumes permanent water (which can be 

in some state of flux due to ephemeral 

changes brought on by climate or 

anthropogenic) 

Land cover classes 

1. Trees 

2. Shrubs & Trees Mix 

3. Grass/Forb/Herb & Trees Mix 

4. Barren & Trees Mix 

5. Shrubs 

6. Grass/Forb/ & Shrubs Mix 

7. Barren & Shrubs Mix 

8. Grass/Forb/Herb 

9. Barren & Grass/Forb/Herb Mix 

10. Barren or impervious 

11. Snow or ice 

12. Water 

 

Table 1: Land use and Land cover classes for PRUSVI from LCMS. See (Housman et al., 2022) 

for additional descriptions of classes. 

 

Figure 2: Land use classification of Puerto Rico for 2020 LCMS. 
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Given that LCMS data products were only released in 2022 and have not been extensively 

validated against other published LULC datasets, we acquired additional forest data from the 

Hansen Global Forest Change dataset v1.9, which is available for download at 

https://glad.earthengine.app/view/global-forest-change. The Hansen data are derived from time 

series of Landsat images of 1 arc-second per pixel, or about 30 m spatial resolution, and can be 

used for characterizing global forest change from 2000 to 2021. Among the available datasets, 

Percent Tree Cover was available for the year 2000 only, and this dataset was included as a 

reference against which to compare outputs derived from the LCMS for that same year.  

Socio-economic variables can also influence LULC patterns over time. Census block group 

boundaries were downloaded from the US Census Bureau (https://data.census.gov/) for the year 

2020 (Fig 3). The dataset contains 2515 block group units. 

 

Figure 3: 2020 Census block groups for Puerto Rico. 

We extracted population and occupation data available at the block group level from the 

US Census Bureau (https://data.census.gov/) for the end year of the three decadal time intervals 

(i.e., 2000, 2010, and 2020). The population data were obtained from American Community 

Survey tables, H002 (2000), P2 (2010) and P2 (2020). The occupation data represented a subset 

specific to agricultural, forestry, and farmland practices, which the US Census Bureau considers 

to be the primary activities where people/professionals/organizations occupy one or more parcels 

of land for the purpose of productive use. These data were obtained from American Community 

Survey tables P049 (2000), C24030 (2010), and C24030 (2020). We used these variables because 

https://glad.earthengine.app/view/global-forest-change
https://data.census.gov/
https://data.census.gov/
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LULC change has been linked in tropical developing countries with socioeconomic and 

demographic factors related to agricultural activities (Grau et al., 2003), and they therefore may 

have a direct or indirect relationship with changes in forest cover. Furthermore, both variables 

were available for the full 30-year study period, facilitating analysis of their relationship with 

LULC over time. To normalize for differences area at the block group scale, we converted these 

data variables to data to population density, and occupation density. 

 

3- Spatio-temporal analysis of LULC change. 

We used LCMS data from the PRUSVI dataset for the period 1990-2020, and extracted 

land areas that pertain to Puerto Rico. To analyze LULC change over time, we followed the 

methods outlined by Hu et al. (2019). Annual datasets of land use were downloaded from the 

LCMS data viewer for the years 1990, 2000, 2010, and 2020 (https://apps.fs.usda.gov/lcms-

viewer/) and  imported in a GIS using ArcGIS Pro software (version 10.3). Then we removed 

pixels with no data (identified within the LCMS dataset as unclassified pixels due to clouds and 

lack of data). We also removed pixels that were unclassified in the previous year and became 

classified in subsequent years. The number of unclassified pixels represented < 1% of the available 

for any given year and excluding them did not have a meaningful effect on the analyses; we found 

our Kappa statistic results to be very similar to those of the LCMS Kappa statistic. Thus, the final 

dataset included only the pixels for which land use was assigned for all four focal years (1990, 

2000, 2010, 2020), and this dataset was used for all subsequent analyses (Figure 4).  

 

Figure 4: Map of corrected land use classification for 2020 after removal of unclassified pixels. 

https://apps.fs.usda.gov/lcms-viewer/
https://apps.fs.usda.gov/lcms-viewer/
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We exclusively used the LCMS land use datasets as a proxy for LULC, because they 

specifically include a ‘forest’ category, which allowed for consistent comparison throughout the 

island and across the focal years. In the LCMS context, ‘forest’ is defined as “land that is planted 

or naturally vegetated and which contains (or is likely to contain) 10% or greater tree cover at 

some time during a near-term successional sequence. This may include deciduous, evergreen, 

and/or mixed categories of natural forest, forest plantations, and woody wetlands.” This definition 

is derived from and similar to the FIA definition of ’forest’ cover, but differs in that it is based on 

a standard Landsat pixel size of 30 m x30 m whereas FIA has a minimum area of 1 acre (Housman 

et al., 2022). The number of pixels associated with each land use category was summed for 1990, 

2000, 2010, and 2020. Using spatial analysis and spatial statistics tools in ArcGIS Pro, we 

calculated for each focal year the total area (km2) and percentage cover for forest land use and the 

other five land use categories. Previous work in the region by Pauleus & Aide (2020) used the 

Hansen Global Forest Change dataset to validate the estimation of forest cover in Haiti. Following 

their methodology, we used Hansen data to calculate forest cover in Puerto Rico and compare the 

outputs with our LCMS forest cover results for the year 2000.  

Next, we used the Compute Change Raster tool to calculate the area (km2) and the percent 

of each land use category (LCMS dataset only) that changed to forest, as well as forest that changed 

to other categories of land use. We followed the formula from Banerjee et al. (2020) to calculate 

the net percent change in forest area and other land use categories per period in terms of absolute 

and net gains and losses:  

A = (I – F) / F × 100 

where A = net percentage of change, F= first date, and I = reference date. 

Excel spreadsheets were used to calculate absolute and net land use gains and losses 

between focal years, as well as to generate tables and graphs. 

3.1 Transition trends and probabilities of LULC 

 

Using the outputs of the absolute gains and losses for each land use , we built a transition 

matrix according to methods described by Pontius et al. (2001). Then, following Iacono et al. 
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(2016), we calculated the transition possibilities (TPs) for each land use type, as described by 

Markov chain models to provide the important stability and transition among land use categories. 

The expression of the TPs matrix can be described using the following equation: 

 

Equation 1: transition probability 

where P represents the transition probability of the system from state i at time t to state j at 

later time t+1, and m, n represent the number of land use types (Iacono et al., 2016). 

3.2 Cluster Analysis of forest losses and gains 

Among the methods of spatial autocorrelation analyses, there are two crucial methods 

(Pravitasari et al., 2019; Zhang et al., 2008). The first concerns Global Moran's I. It is used to 

analyze the overall spatial autocorrelation among data values. In general, the larger the absolute 

value of Moran's I, the stronger a spatial autocorrelation, and the larger the absolute value of 

normalized Moran's I, the more significant a spatial pattern (Niu et al., 2018; Pravitasari et al., 

2019). At the global level, the value of Moran's I must be in the interval [-1, 1] in order to predict 

the existence and the significance of spatial autocorrelation (Hu et al., 2019; Niu et al., 2018; 

Pravitasari et al., 2019). This autocorrelation could be positive if the value of Moran's I is greater 

than 0, and negative if the value of Moran's I is less than 0 (Hu et al., 2019; Pravitasari et al., 2019). 

The Global Moran's I tool in ArcGIS Pro is generally used to provide spatial autocorrelation 

analysis and Moran's I value. These methods have been widely used in landscape-scale ecological 

and social research. For example, Fu et al. (2014) used Moran’s I to study the spatial variation of  

carbon density within leaf litter of forested  in the forest ecosystems, and Fu et al. (2011) also 

examined the spatial variation of nutrients such as soil phosphorus. In northeastern Thailand, 

Suwanlee & Som-ard (2020) utilized Moran’s I to examine the effect of spatial interaction on 

population density patterns as related to the provision of social services in 20 provinces. In our 

study we used Global Moran’s I tool in ArcGIS Pro to measure the degree of spatial autocorrelation 
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of percent change in Forest loss and gain throughout the entire study area. For the 

conceptualization of spatial relationships, we selected the option of contiguity edges only. 

 However, Global Moran’s I does not provide detail at the spatial scale the geographic 

regions where the autocorrelations are concentrated (i.e., clustered) and/or dispersed. It also does 

not provide spatial diagrams relating to the spatial map of clusters and see for the case of use of 

census block group. This scale is an integral part of our spatial analysis.  

This can be accomplished using the second method, Anselin Local Moran's I, which is used 

to identify the presence of spatial clusters and outliers (Overmars et al., 2003; Zhang et al., 2008). 

It is therefore useful in studying spatial patterns of environmental variables, such as comparing 

significant spatial patterns among different variables or of the same variable (Overmars et al., 

2003; Zhang et al., 2008). This method takes into consideration the spatial scale and shows the 

areas or geographic regions where clustering is statistically significant and grouped together (Niu 

et al., 2018; Overmars et al., 2003; Zhang et al., 2008). The result of Local Moran's I provides 

spatial clusters indicated as HH (cluster of high values), LL (cluster of low values), HL (outlier in 

which a high value is surrounded primarily by low values), LH (outlier in which a low value is 

surrounded primarily by high values), as well as values that are not significantly clustered 

(Overmars et al., 2003; Zhang et al., 2008). Many studies have used this method. Juknelienė & 

Mozgeris (2015) used Local Moran’s I to examine the spatial variation in the distribution of forest 

cover change as related to agricultural land use suitability in Lithuanian municipalities over a 63-

year period . Zhang et al. (2008) also examined the identification of pollution hotspots using lead 

concentrations in urban soils in the city of Galway in Ireland using Local Moran’s I. Thus, these 

studies demonstrate the utility of such analysis tools for identifying regions or geographic areas 

where data are spatially clustered. In a similar manner, in addition to Global Moran’s I we used 

the Local Moran's I tool in ArcGIS Pro to assess for the presence of significant clustering of the 

percent forest gain and loss at the block group scale for each time interval, as well as to identify 

the geographical regions where they are grouped. 
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4- Statistical analyses with social variables 

 

We carried out preliminary tests to evaluate the statistical strength of the association 

between percent forest loss and gain and social variables that we hypothesized were related. For 

the explanatory variables we chose two social variables for which data were readily available at 

the block group scale for the focal years and which represented demographic characteristics of 

human communities that can influence LULC patterns: 1) population density and 2) occupation 

density of individuals who work in agricultural and natural resource fields. Case studies such as 

that of Cartagena-Colón et al. (2022) have analyzed the effects of population density factors on 

LULC change at Jobos Bay in the municipality of Guayama in Puerto Rico between 1990 and 

2010. López Marrero (2003) for her part studied the effects of population density on LULC change 

in the eastern portion of the Puerto Rico between 1977 and 1995 with the aim of explaining the 

evolution of land use linked to human factors. Other previous works have also analyzed the factors 

of population density and occupation on LULC change at several spatial scales (Gould et al., 2020; 

Grau et al., 2003; Martinuzzi et al., 2018; Parés-Ramos et al., 2008). These studies have shown 

that changes in forest cover (losses or gains) are particularly linked to demographic factors such 

as population density and occupation. However, most of these studies have assessed these 

interactions at the municipal or regional level; few studies have assessed these dynamics at the 

census block group spatial scale for the entire island of Puerto Rico. 

 

In ArcGIS Pro we conducted some preliminary analyses to examine the relationships 

between forest loss and gain and the explanatory variables at the block group scale for each focal 

year using Ordinary Least Square (OLS) models and Geographically Weighted Regression (GWR) 

models. OLS is useful to describe the significant relationship between one or more independent 

quantitative variables and a dependent variable in order to predict the effects of a phenomenon 

depending on the external factors (Lechner et al., 2016; Ou et al., 2015). The output value of R2 

indicates overall model fit and provides a measure of how much of the variation of the dependent 

variable is explained by the independent variables of the model (Gallo & Owen, 1998; Minasny & 

McBratney, 2007). On the other hand, GWR is also useful for predictive purposes and identifying 

the nature of the relationships between several explanatory variables and one or more explained 

variables (Mohammadinia et al., 2019; Shaker & Ehlinger, 2014; Windle et al., 2010). Like OLS, 
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it provides the R2 value which indicates the significant degree of the relationship and  fit of the 

model (Maimaitijiang et al., 2015; Mohammadinia et al., 2019; Shaker & Ehlinger, 2014). One 

important difference, however, is that GWR  also assesses if there are  meaningful spatial 

relationships among explanatory and dependent variables by taking into account cartographic 

aspects of the data that may vary across regions (Shaker & Ehlinger, 2014; Wu & Zhang, 2013). 

Previous studies have also used GWR to evaluate for spatial pattern. (Shaker & Ehlinger, 2014) 

examined the spatial dependence as a measure of aquatic ecological status at two basin scales in 

southern Wisconsin. Wu and Zhang (2013) used GWR to analyze the probability of occurrence of 

orographic cloud cover in the Luquillo Experimental Forest in northeastern Puerto Rico, 

considering variables such as slope, aspect, and the difference between elevation and lifting 

condensation level. Another study by Chen et al. (2016) utilized GWR to study the impact of land 

use and population density on surface water quality in the Wen-Rui Tang River watershed in East 

China. The authors compared the outputs of both OLS and GWR models and found that GWR 

provided a much higher R2 and demonstrated better prediction accuracy, while the OLS models 

neglected spatial features (Chen et al., 2016). Similarly, a study by Zhu et al. (2020) also used both 

OLS and GWR models, finding that GWR has greater ability to show the spatial relationships 

between variables and make accurate predictions.  

 

Based on this prior literature, and considering the results of the preliminary tests that we 

performed using both models which indicated a higher R2 value for GWR compared to OLS, we 

selected GWR as the model to use for studying spatial relationships with Forest loss and gain. We 

relied on the method provided by Fotheringham et al. (2017) using the GWR tool in ArcGIS Pro 

to provide the relational model between the dependent variable (percent forest loss and gain) and 

the social predictors (population density and agricultural/forest occupation density). For the GWR 

models we first explored the relationship using logistic data in which the values of percent forest 

loss and gain were converted into a binary format of 0 and 1, where 0 represents absence of 

loss/gain and 1 represents presence loss/gain. Subsequently we explored the relationship using a 

continuous (Gaussian) GWR model. Between these two different models, the R2 values  of the 

continuous GWR model were greater than those of the logistic model, and moreover, the AIC 

value  was lower. Prior work by Pineda Jaimes et al. (2010) also reported the robustness and 

superior performance of the Gaussian GWR model. Thus, we proceeded with the Gaussian GWR 
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model for our analyses. The GWR model generates the global and local values of R2. The global 

model analyzes the spatial relationships between the explanatory variables together with the 

dependent variables by taking into account the set of all variables at the census block scale across 

the landscape to produce the R2 values. On the other hand, the local model analyzes spatial 

relationships by considering each explanatory variable separately at each point of a landscape. 

Thus, the local R2values are generated by taking into account each of the variables separately for 

each block group and its geographical characteristics. This is also interesting in the case of our 

study. We assessed the relative strength of the relationships between Forest loss and gain and the 

two explanatory social variables at the block group scale for the different time periods based on 

the R2
adj value of the different models. The GWR also allows for generating maps of the spatially 

explicit raster surfaces of coefficient values that help visualize regional variation in the strength of 

the relationship between each of the explanatory variables and dependent variable separately. 

These surfaces are generated independently for each location in the study area by establishing a 

fixed neighborhood around each raster cell. Distance based weights are calculated from the center 

of the raster cell to all the input features falling within the neighborhood (bandwidth). These 

weights are used to calculate a unique regression equation for that raster cell and create coefficient 

raster surfaces for the model intercept and each explanatory variable. The coefficients vary from 

raster cell to raster cell because the distance-based weights change, and potentially different input 

features will fall within the neighborhood(bandwidth) (https://pro.arcgis.com/en/pro-

app/latest/tool-reference/spatialstatistics/how-geographicallyweightedregression-works.htm) 

(Sisman & Aydinoglu, 2022). In addition, the raster coefficients generated by the GWR model 

make it possible to see the regions where the relationships with the predictors taken separately are 

negative and positive. 

 

The results of the analyses were summarized in tables and maps using Excel, and ArcGIS 

Pro software to show the spatial distribution of forest gain and loss, categories of land use change, 

and spatial clusters at the block group level. The results have been interpreted in the context of 

related LULC work regarding forest cover and general socio-economic trends in Puerto Rico that 

overlap with the study period. 

 

 

https://pro.arcgis.com/en/pro-app/latest/tool-reference/spatialstatistics/how-geographicallyweightedregression-works.htm
https://pro.arcgis.com/en/pro-app/latest/tool-reference/spatialstatistics/how-geographicallyweightedregression-works.htm
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Results 

1- Summary of land use classes from 1990 to 2020 

 

The LCMS land use data used in this study ranged temporally from 1990 to 2020 and 

encompassed an area of 8,941 km2. Three classes, Forest, Developed, and Rangeland or Pasture 

consistently accounted for greater than 95% of the total area throughout the 30-year period. The 

Forest class represented the largest fraction. There were 5,710.7 km2 (64.1% of total area) of Forest 

in 1990, a low of 5,581.1 km2 (62.7%) in 2000, a high of 5,729.5 km2 (64.3%) in 2010, and then 

5,628.5 km2 (63.3%) in 2020. The Developed class ranged from a minimum of 1,509.2 km2 (16.9% 

of total area) in 2010 to a high of 1,656.7 km2 (18.6%) in 1990. Rangeland or Pasture exhibited a 

minimum value of 1,204.4 km2 (13.5% of total area) in 1990 and maximum of 1,449.7 km2 (16.3%) 

in 2000 (Table 2; Figure 5). At the same time, our calculations using the Hansen global forest 

dataset resulted in 6,917.8 km2 of Tree cover for Puerto Rico, close to 76% of total land area.  

Thus, the estimated forest area for 2000 using the Hansen dataset was about 13% more than the 

area derived from the LCMS dataset. 

 

 

 

 

 



23 
 

 

 
1990  2000  2010  2020  

Land Use 
Area (km2) (%) Area (km2) (%) Area (km2) (%) 

Area 

(km2) 
(%) 

Agriculture 72.2 0.8% 78.9 0.9% 56.3 0.6% 70.6 0.8% 

Developed 1656.7 18.6% 1573.8 17.7% 1509.2 16.9% 1536.6 17.3% 

Forest 5710.7 64.1% 5581.1 62.7% 5729.5 64.3% 5628.5 63.3% 

Non-Forest Wetland 188.4 2.1% 166.8 1.9% 137.8 1.5% 125.2 1.4% 

 Other        72.3 0.8% 75.2 0.8% 74.3 0.8% 79.6 0.9% 

Rangeland or Pasture 1204.4 13.5% 1432.5 16.1% 1401.6 15.7% 1449.7 16.3% 

Table 2: Area (km2) and percent of total land area (italics) of LCMS-derived land use for Puerto Rico from 1990 to 2020. Percent 

totals do not sum to 100% due to rounding. 

 
Figure 5: Bar graph summarizing LCMS-derived land use area (km2) per class from 1990 to 2020. 
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2- Land use change trends from 1990 to 2020 

 

The land use classes experienced within-class changes in area during the study period, with 

some classes showing generally increasing trends, others showing decreasing trends, and others 

oscillating between increases and decreases in area (Figure 6). Looking more closely at decadal 

variability within individual land-use classes, Forest showed relatively minor changes from decade 

to decade, with a maximum 10-year loss of 129.7 km2 (-2. 3% change) from 1990 to 2000, and a 

maximum annual gain of 148 km2 (2.7% change) between 2000 and 2010 (Table 3; Figure 6). For 

the entire 30-year period there was a slight overall Forest loss of 82.2 km2 (1.4% change). 

 

The Developed and Other classes showed slightly larger relative changes in area. Between 

1990-2020 Developed had an overall loss of 120.1 km2 (7.2% change) and only exhibited a small 

gain during the 2010-2020 interval of 27.4 km2 (1.8% change). Other, which includes lands 

perennially covered in water, salt flats, and undeclared classes, increased by a total of 7.3 km2 

(10.1%) during the 30-year period, and only showed a slight decrease of -0.9 km2 (1.2% change) 

during the 2000-2010 interval (Table 3; Figure 6). 

 

Rangeland or Pasture showed much greater variability in area gains. There was an overall 

total increase of 245.3 km2 (20.4% change) during the entire 30-year period, most of which 

occurred during the 1990-2000 interval. There were much smaller losses and gains in this class 

between 2000-2010 (-30.9 km2, 2.2% change) and 2010-2020 (48.1 km2, 3.4% change), 

respectively (Table 3; Figure 6) for each of them. Non-Forest Wetland showed losses during each 

time interval and throughout the study period, as well as the largest relative percentage reduction 

of all land use classes, losing 63.2 km2 (33.6% change) between 1990-2020 (Table 3; Figure 6).
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  1990-2000   2000-2010  
2010-2020 

  

1990-2020 

  

Land Use ∆ Area (km2) ∆ % ∆ Area (km2) ∆ % ∆ Area (km2) ∆ % ∆ Area (km2) ∆ % 

Agriculture 6.6 9.2% -22.6 -28.6% 14.3 25.4% -1.7 -2.3% 

Developed -82.9 -5.0% -64.6 -4.1% 27.4 1.8% -120.1 -7.2% 

Forest -129.7 -2.3% 148.4 2.7% -101.0 -1.8% -82.2 -1.4% 

Non-Forest Wetland -21.6 -11.5% -29.0 -17.4% -12.6 -9.2% -63.2 -33.6% 

Other    2.9 4.0% -0.9 -1.2% 5.3 7.1% 7.3 10.1% 

Rangeland or Pasture 228.2 18.9% -30.9 -2.2% 48.1 3.4% 245.3 20.4% 

Table 3: Change in area (km2) and percent change (italics) of each land use category per decadal interval and from 1990 to 2020. 

 
Figure 6: Bar graph showing net changes in area (km2) per land use class for each decadal interval and from 1990-2020. 
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3- Change trends in Forest land use area from 1990 to 2020. 

 

With respect to Forest land use specifically, this class experienced both an expansion of 

area (gain) and conversion to other categories (loss). For each of the 10-year intervals, the 

observed changes from and to Forest varied in absolute and proportional terms, but there were 

several important trends. Overall, Developed and Rangeland or Pasture were most frequently 

converted to Forest throughout the study period, accounting for greater than 90% of the observed 

change regardless of the decade. Depending on the decade, conversion values from Developed to 

Forest ranged from 108.1 km2 (30.5% of decadal change) in 2010-2020 to 194.1 km2 (49.6% of 

decadal change) in 1990-2000, with a 30-year change value of 331.8 km2 (46.9% of change). 

Conversion from Rangeland or Pasture to Forest ranged from 159.8 km2 (40.8% of decadal 

change) to 256.0 km2 (57.7% of decadal change) and a 30-year change value of 318.3 km2 (45.1% 

of change) (Table 4). Rangeland or Pasture showed the greatest proportional change to Forest for 

a single 10-year interval (61.9% in 2000-2010). Smaller absolute and proportional changes to 

Forest occurred from Agriculture, Non-Forest Wetland, and Other land uses, with change values 

of approximately 1-5% for all three classes. The greatest total absolute change occurred during 

2000-2010, with a total of 443.4 km2 converted to Forest (Table 4). 

 

The conversion was not unidirectional, however. We also observed that Forest was most 

often converted to Developed and Rangeland or Pasture throughout the study period, again 

accounting for over 90% of the observed change in all three-time intervals (Table 4). Depending 

on the decade, Forest to Developed conversion values ranged from 92.3 km2 (31.2% of decadal 

change) in 2000-2010 to 187.6 km2 (36.0% of decadal change) in 1990-2000 with an overall 30-

year change value of 257.5 km2 (32.7% of change), while the conversion from Forest to Rangeland 

or Pasture ranged from 178.8 km2 (60.6% of decadal change) in 2000-2010 to 281.3 km2 (61.7% 

of decadal change) in 2010-2020, and a 30-year change value of 455.7 km2 (57.8% of change). 

Forest showed the greatest proportional change to Rangeland or Pasture for a single 10-year 

interval (61.7% in 2010-2020). Similar to conversion to Forest, smaller absolute and proportional 

changes were observed from Forest to Agriculture, Non-Forest Wetland, and Other land uses, with 

change values of approximately 2-6% for all three classes. The great total absolute change occurred 

during 1990-2000, with a total of 521.1 km2 converted from Forest to other land uses (Table 4). 
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Table 4: Area (km2) and proportional percent changed (italics) from individual land use classes to and from Forest for each decadal 

interval and from 1990 to 2020. Percent change doesn’t sum to 100 due to rounding errors. 

 ∆ to Forest ∆ from Forest 

 1990-2000 2000-2010 2010-2020 1990-2020 1990-2000 2000-2010 2010-2020 1990-2020 

Land Use 

∆ 

Area 

(km2) 

∆ % 

∆ 

Area 

(km2) 

∆ % 

∆ 

Area 

(km2) 

∆ % 

∆ 

Area 

(km2) 

∆ % 

∆ 

Area 

(km2) 

∆ % 

∆ 

Area 

(km2) 

∆ % 

∆ 

Area 

(km2) 

∆ % 

∆ 

Area 

(km2) 

∆ % 

Agriculture 
8.1 2.1 8.6 1.9 3.5 0.9 9.7 1.4 14.1 2.7 5.9 2.0 8.8 1.9 15.9 2.0 

Developed 
194.1 49.6 149.8 33.8 108.1 30.5 331.8 46.9 187.6 36.0 92.3 31.2 122.8 26.9 257.5 32.7 

Non-Forest 

Wetland 
20.2 5.2 22.3 5.0 18.2 5.1 33.1 1.6 30.2 5.8 13.7 4.6 19.4 4.3 28.2 3.6 

Other 
6.8 1.8 6.7 1.5 5.4 1.5 11.0 1.6 9.7 1.9 4.6 1.6 9.7 2.1 17.1 2.2 

Rangeland 

or Pasture 
159.8 40.8 256 57.7 219.6 61.9 318.3 45.1 279.5 53.6 178.8 60.6 281.3 61.7 455.8 57.8 
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Looking at conversion to and from Forest in aggregate, there were overall Forest losses 

between 1990-2000, 2010-2020 and the entire period 1990-2020. The greatest loss for a single 10-

year interval occurred between 1990-2000, representing about a 33% difference between loss 

relative to gain. In contrast, only the period 2000-2010 showed overall forest gain, with 

approximately 50% more forest gained than lost during that decade (Table 5; Figure 7). 

 

Forest area (km2) 1990-2000 2000-2010 2010-2020 1990-2020 

Loss 520.9 295.3 455.7 788.7 

Gain 391.3 443.7 354.7 706.5 

Table 5: Changes (loss / gain) in Forest area (km2) for each decadal interval and from 1990 to 

2020. 

 
Figure 7: Bar graph summarizing change in Forest area loss / gain (km2) for each decadal interval 

and from 1990 to 2020. 
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4- Transition Matrix and Transition Probabilities 

 

The transition matrix for each time interval was calculated to take stock of the gains and 

losses of the land use classes. The main diagonal of the matrix represents unchanged areas of 

LULC classes from one to another including the most important transitions between classes. For 

its part, the probability of transition, which is derived from the transition matrix, was also 

calculated to detect classes that exhibit a high degree of persistence of a land use class and 

resistance to change over time.  The results of the transition matrix showed that land uses classes 

such as Developed, Forest, and Rangeland or Pasture had the greatest absolute changes across the 

three decadal intervals (1990-2000; 2000-2010; 2010-2020) and the entire 30-year period (1990-

2020) (Tables 6 and 7). Regarding transition probabilities, however, Forest land use was the most 

stable among the classes, showing a consistent probability of remaining forest during the three 

decadal intervals (consistently >90%) and during the entire 30-year period (about 86%) (Tables 8 

and 9). In contrast, Agriculture consistently showed transition probabilities below 50% for all 

decadal intervals (i.e., relatively low resistance to change), and the lowest 30-year stability value 

of just 21%. Non-Forest Wetland also had a relatively lower resistance to change as compared to 

Forest, Developed, Rangeland or Pasture, and Other land uses classes.
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Transition Matrix 

1990-2000 Agriculture Developed Forest Non-Forest Wetland Other Rangeland or Pasture Gross Loss 

Agriculture 34.3 7.7 8.1 0.9 0.3 21.1 38 

Developed 9.8 1277.1 194.1 6.9 1.6 167.2 379.6 

Forest 14.1 187.6 5189.8 30.2 9.7 279.5 521 

Non-Forest Wetland 2.2 10 20.2 123.8 4.3 28 64.6 

Other 0.2 4.9 6.8 0.8 58.9 0.7 13.4 

Rangeland or Pasture 18.3 85.5 159.8 4.3 0.5 936 268.4 

Gross Gains 44.6 296.7 391.3 43 16.3 496.6 1288.5 

    

 
Transition Matrix    

 2000-2010 Agriculture Developed Forest Non-Forest Wetland Other Rangeland or Pasture Gross Loss 

Agriculture 29.9 11.8 8.6 0.9 0.3 27.2 48.9 

Developed 6.8 1297.8 149.8 4.9 1.7 112.8 275.9 

Forest 5.9 92.3 5285.8 13.7 4.6 178.8 295.3 

Non-Forest Wetland 0.8 4.6 22.3 107.8 2.2 29.2 58.9 

Other 0.2 2.1 6.7 0.8 65.1 0.3 10.1 

Rangeland or Pasture 12.6 100.6 256 9.7 0.4 1053.2 379.3 

Gross Gains 26.3 211.4 443.7 30 9.2 348.4 1069 

Table 6: Transition matrix (km2) of land use types for the period 1990-2000 and 2000-2010. 
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Transition Matrix 

 2010-2020 Agriculture Developed Forest Non-Forest Wetland Other Rangeland or Pasture Gross Loss 

Agriculture 25.5 10.2 3.5 0.4 0.2 16.4 30.8 

Developed 8.8 1275.5 108.1 3.2 1.9 107.6 233.7 

Forest 8.8 122.8 5273.8 19.4 9.7 281.3 455.7 

Non-Forest Wetland 0.7 3.8 18.2 86.6 2.3 26.2 51.2 

Other 0.3 2.4 5.4 0.7 64.8 0.8 9.5 

Rangeland or Pasture 26.6 121.9 219.6 14.9 0.6 1017.4 384.2 

Gross Gains 45.1 261.1 354.7 38.6 14.8 432.3 1165.1 

    Transition Matrix    

1990-2020 Agriculture Developed Forest Non-Forest Wetland Other Rangeland or Pasture Gross Loss 

Agriculture 15.4 15.4 9.7 0.9 0.3 30.6 56.8 

Developed 12.2 1078.7 331.8 6.6 2.3 221.8 578 

Forest 15.9 257.5 4922.1 28.2 17.1 455.8 788.7 

Non-Forest Wetland 1.8 12 33.1 84.2 7.2 49.9 104.2 

Other 0.2 6.8 11 0.9 51.9 1.5 20.4 

Rangeland or Pasture 25.1 165.2 318.3 4.6 0.8 689.9 514.4 

Gross Gains 55.2 457.9 706.5 40.9 27.7 759.7 2066.4 

Table 7: Transition matrix (km2) of land use types for the period 2010-2020 and 1990-2020. 
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                        Transition Probability   

1990-2000 Agriculture Developed Forest Non-Forest Wetland Other 
Rangeland or 

Pasture 

Agriculture 47.4 10.7 11.1 1.2 0.3 29.2 

Developed 0.6 77.1 11.7 0.4 0.1 10.1 

Forest 0.2 3.3 90.9 0.5 0.2 4.9 

Non-Forest 

Wetland 
1.2 5.3 10.7 65.7 2.3 14.9 

Other 0.3 6.7 9.5 1.1 81.4 0.9 

Rangeland or 

Pasture 
1.5 7.1 13.3 0.4 0 77.7 

      Transition Probability     

 2000-2010 Agriculture Developed Forest Non-Forest Wetland Other 
Rangeland or 

Pasture 

Agriculture 38 14.9 11 1.2 0.4 34.5 

Developed 0.4 82.5 9.5 0.3 0.1 7.2 

Forest 0.1 1.7 94.7 0.2 0.1 3.2 

Non-Forest 

Wetland 
0.4 2.7 13.4 64.6 1.3 17.5 

Other 0.2 2.8 8.9 1.1 86.6 0.4 

Rangeland or 

Pasture 
0.9 7 17.9 0.7 0 73.5 

Table 8: Transition probabilities of land use categories for the period 1990-2000 and 2000-2010. 
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    Transition Probability   

 2010-2020 Agriculture Developed Forest Non-Forest Wetland Other Rangeland or Pasture 

Agriculture 45.3 18.1 6.2 0.7 0.4 29.2 

Developed 0.6 84.5 7.2 0.2 0.1 7.1 

Forest 0.2 2.1 92.0 0.3 0.2 4.9 

Non-Forest Wetland 0.5 2.7 13.2 62.8 1.7 19 

Other 0.4 3.2 7.2 0.9 87.2 1 

Rangeland or Pasture 1.9 8.7 15.7 1.1 0 72.6 

          Transition Probability   

 1990-2020 Agriculture Developed Forest Non-Forest Wetland Other Rangeland or Pasture 

Agriculture 21.3 21.3 13.4 1.1 0.4 42.4 

Developed 0.7 65.1 20 0.4 0.1 13.4 

Forest 0.3 4.5 86.2 0.5 0.3 8 

Non-Forest Wetland 0.9 6.4 17.6 44.7 3.8 26.5 

Other 0.3 9.4 15.2 1.2 71.8 2 

Rangeland or Pasture 2.1 13.7 26.4 0.4 0.1 57.3 

Table 9: Transition probabilities of land use categories for the period 2010-2020 and 1990-2020
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5- Spatial distribution of Forest loss and gain 

 

Figure 8 shows spatial distribution maps of forest area loss and gain for the three focal 

decades and the entire study period. The red pixels represent areas with loss of Forest land use, 

i.e., change of Forest into other land use classes. The green pixels refer to the gain of forest area, 

i.e., the change of other land use classes to Forest. Forest losses and gains appear to be both 

spatially variable (non-uniformly distributed across the island) and temporally variable (the 

distribution gain and forest loss as represented by the pixels changes from one decade to the next). 

Also, while forest loss and gain can be observed in both coastal and interior areas, there is an 

overall dominance of Forest loss in coastal areas in the proximity of major urban areas and Forest 

gain in interior mountainous areas. Notably, many areas where there is neither Forest loss nor 

gain overlap spatially with protected areas that are conserved from land use change, such as El 

Yunque National Forest, the northern karst belt, and several national parks in the Central 

Cordillera (Figures 8 and 9). 
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Figure 8: Spatial distribution of forest change (loss/gain) for each decadal interval and for the entire period 1990-2020. 
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Figure 9: Spatial distribution of forest change (loss/gain) within the protected areas for the entire period 1990-2020. 

1990-2020 
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6- Spatial distribution of change in land use types (loss/gain) 

 

Figures 9 and 10 show the spatial distribution of change in all land use types (including 

Forest) in terms of loss and gain. As presented earlier, Forest, Developed and Rangeland or Pasture 

are the three major dominant classes most affected by land use conversion in terms of both losses 

and gains for the three decadal intervals (1990-2000; 2000-2010; 2010-2020) and for the entire 

period 1990-2020. Similar to the distribution of Forest loss and gain, changes in land use type are 

spatially and temporally variable across the island.  

 

The most dominant losses of Developed are in less urbanized and interior mountain areas 

in east-central Puerto Rico and in and around select urban centers, and range in total area from 

233.7 km2 to 379.6 km2 for the three decadal intervals and 578 km2 for the entire period (Table 

10). The most dominant losses of Forest are also in densely populated peri-urban areas adjacent to 

urban centers, particularly in the coastal plains, and range in total area from 295.3 km2 to 520.9 

km2 for the three decadal intervals and 788.7 km2 for the entire period. The most dominant losses 

of Rangeland or Pasture are also in northern and southern coastal areas and range in total area from 

268.4 km2 to 384.2 km2 for the three decadal intervals and 514.4 km2 for the entire period. 

 

Conversely, the most dominant gains of Developed are found either in urban areas or in 

adjacent peri-urban areas, particularly along the north coast. These gains range in total area from 

211.4 km2 to 296.7 km2 for the three decadal intervals and 457.9 km2 for the entire period (Table 

10).  Similarly, the most dominant areas of Forest gain are found in mountainous areas in east 

central Puerto Rico, often areas farther far from major urban centers, and in select coastal locations 

such as along the east coast. Forest gains range in total area from 354.7 km2 to 443.7 km2 for the 

three decadal intervals and 706.4 km2 for the entire period. Finally, the most dominant gains of 

Rangeland or Pasture are found in certain coastal areas, most prominently in the south, and range 

in total area from 348.4 km2 to 496.6 km2 for the three decadal intervals and 759.7 km2 for the 

entire period. 
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Figure 10: Spatial distribution of land use types (loss/gain) for the periods 1990-2000 and 2000-2010.                                      

Loss 1990-2000 

Gain 1990-2000 

Loss 2000-2010 

Gain 2000-2010 



39 
 

                                                                                   

                                                                                                                                 
Figure 11: Spatial distribution of land use types (loss/gain) for the periods 2010-2020 and 1990-2020. 
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7- Spatial autocorrelation and cluster analysis of Forest losses and gains 

 

The outputs of the Global Moran’s I analysis indicated the presence of significant patterns 

of spatial autocorrelation among percent change in both Forest losses and gains throughout Puerto 

Rico (Table 11). The values of Global Moran's I are positive, with p-values less than 0.05 for the 

three-decade intervals and for the entire period. Subsequent cluster analysis (Anselin Local 

Moran’s I) at the scale of the census block group revealed where statistically significant 

concentrations of losses and gains are located. Results varied considerably from one time period 

to the next, but some general patterns are visible. For the interval 1990-2000 there are HH 

significantly high clusters of percent Forest loss in many coastal areas, particularly in peri-urban 

areas and municipalities adjacent to (but not directly within) major metropolitan centers like San 

Juan, Ponce, and Mayagüez and in east-central Puerto Rico, while several LL (significantly low) 

clusters of Forest loss are concentrated closer to those same cities (Figure 11). For 2000-2010 and 

2010-2020 HH clusters of Forest loss appear more prominently in the Central Cordillera and 

western Puerto Rico. There are also small patches where either clusters of high Forest loss are 

surrounded by areas of low loss or low Forest loss is surround by high loss, and their spatial 

distribution is quite variable depending on the time interval.  

 

 Gross Loss                    Gross Gain 

Land Use  
1990-

2000 

2000-

2010 

2010-

2020 

1990-

2020 

1990-

2000 2000-2010 

2010-

2020 

1990-

2020 

Agriculture 37.9 48.9 30.8 56.8 44.6 26.3 45.1 55.2 

Developed 379.6 275.9 233.7 578.0 296.7 211.4 261.1 457.9 

Forest 520.9 295.3 455.7 788.7 391.3 443.7 354.7 706.4 

Non-Forest 

Wetland 
64.6 58.9 51.2 104.2 43.0 30.0 38.6 40.9 

Other 13.4 10.1 9.5 20.4 16.3 9.2 14.8 27.7 

Rangeland or 

Pasture 
268.4 379.3 384.2 514.4 496.6 348.4 432.3 759.7 

Table 10: Gross loss and gain in total area (km2) per land use type for each decadal interval and 

the entire period. 
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As for clusters of percent forest gain, there was again much spatial and temporal variability. 

Significantly high clusters (HH) were found in the Central Cordillera and select coastal areas, 

though not typically those associated with major urban areas like San Juan, Ponce or Mayagüez 

but rather smaller urban centers such as Fajardo and Guayama (Figures 11 and 12). Many 

significantly low (LL) clusters of forest gain were found in or adjacent to major urban areas and a 

few mountainous areas in central Puerto Rico. The distribution of small patches of high Forest 

gain surrounded by low gain and likewise low Forest gain surrounded by high gain varied 

considerably throughout the 30-year period. 

 

Global Moran’s I Percent Forest loss Percent Forest gain 

1990-2000 Ivalue = 0.84 

Pvalue = 0.00 

Ivalue = 0.88 

Pvalue = 0.00 

2000-2010 Ivalue = 0.32 

Pvalue = 0.00 

Ivalue = 0.0.43 

Pvalue = 0.00 

2010-2020 Ivalue = 0.32 

Pvalue = 0.00 

Ivalue = 0.34 

Pvalue = 0.00 

1990-2020 Ivalue = 0.34 

Pvalue = 0.00 

Ivalue = 0.47 

Pvalue = 0.00 

Table 11: I and p-values of Global Moran’s I of percent forest loss and gain between decadal 

intervals. 
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Figure 12: Spatially-significant clusters of percent forest loss and gain for the periods 1990-2000 and 2000-2010. 
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Figure 13: Spatially-significant clusters of percent forest loss and gain for the periods 2010-2020 and 1990-2020. 
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8- Statistical analysis of social variables with GWR model 

 

The results of the continuous (Gaussian) GWR model revealed the presence of several 

spatial relationships between Forest gain and loss and the social predictor variables we evaluated 

(population density and forest/agricultural occupation density), and these relationships varied from 

one time period to the next. For both Forest loss and gain, the strongest relationship for the global 

models was observed for the period 1990-2000: the forest gain model had an R2
adj value of 0.62, 

while the Forest loss model had an R2
adj of 0.74, indicating moderate to strong positive correlations, 

respectively (Table 12). For 2000-2010 and 2010-2020, as well as for the entire period of 1990-

2020, the global model relationships were less robust, with weak-to-moderate correlations being 

observed for Forest loss (R2
adj ranging from 0.26 to 0.45) and weak associations with Forest gain 

(R2
adj ranging from 0.22 to 0.25). The results of the local models which examined spatial 

relationships between individual predictor variables and Forest loss and gain at the scale of 

individual block groups showed weak correlations for all time periods. R-squared values for 

population density ranged between 0.08 (1990-2000) and 0.24 (2010-2020) for the Forest loss 

model, and between 0.04 (1990-2000) and 0.12 (2000-2010) for the Forest gain model. R-squared 

values for forest/agricultural occupation density were effectively zero for both Forest loss and gain 

local models for all time periods (Table 12). 

 

The GWR outputs also included maps of the spatially explicit raster surfaces of coefficient 

values that exhibit regional variation in the strength of the relationship (positive or negative) 

between forest loss and gain and each of the explanatory variables separately. These surfaces show 

that the nature of the relationships varied considerably in both time and space. There were weak 

to moderate coefficient values for population density as related to Forest loss in several coastal 

urban areas, which varied with the different time periods. These include Humacao (1990-2000), 

Aguadilla (2010-2020; 1990-2020), and Yauco (1990-2020). Several inland areas along the central 

cordillera also had showed weak to moderate positive coefficient values for the relationship 

between Forest loss and population density at different time periods. There are also moderate to 

strong negative coefficient values between population density and Forest loss around Fajardo 

(1990-2000), Caguas (2000-2010), much of the central cordillera (2010-2020) and Arecibo (1990-

2020) (Figures 13 and 14). Regarding Forest gain, we observed moderate to strong positive 

coefficient values in coastal areas near Fajardo and Guayama (1990-2000), Mayagüez (2000-2010; 
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1990-2020), the southwestern coast of PR including Cabo Rojo and surrounding areas (2000-

2010), and near Yauco and parts of the central cordillera (2010-2020) (Figures 13 and 14). There 

were moderate to strong negative coefficient values between population density and Forest gain 

around Humacao (1990-2000), Cayey (2010-2020; 1990-2020) and Yauco (2000-2010), and 

Aguadilla (2010-2020). 

 

As for forest/agricultural occupation density, although the results of the regression models 

showed that the variable occupation density did not explain any of the variance in the forest loss 

and gain at the block group scale, there is still regional variation in the occupation density variable 

and its relationship to Forest loss and gain. Weak to moderate positive coefficient values with 

Forest loss were observed around Yauco (1990-2000), Aguadilla (2000-2010), Mayagüez (2010-

2020) and Arecibo (2010-2020; 1990-2020), while weak to moderate negative relationships were 

observed around Humacao (1990-2000), Caguas (2000-2010), and Ponce (2010-2020; 1990-2020) 

(Figures 15 and 16). Weak to strong positive coefficient values for occupation and Forest gain 

were observed in the areas of Humacao (1990-2000), Fajardo (2010-2020), Caguas (2000-2010) 

and Guayama (1990-2020), while weak to moderate negative relationships were observed around 

Humacao (2000-2010), Arecibo and Cayey (2010-2020) and Aguadilla (1990-2020) (Figures 15 

and 16). Coefficient values for Forest loss and occupation in inland areas along the central 

cordillera varied in both sign and magnitude from one time period to the next.  
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GWR 

Continuous 

(Gaussian) 

Model 

Percent Forest loss vs 

(Population density + 

Occupation density) 

Percent Forest gain vs 

(Population density + 

Occupation density) 

1990-2000 R2
global=0.76 

AdjR2=0.74 

R2
local Popdensity=0.08 

R2
local Occupdensity=0.01 

R2
global=0.64 

AdjR2=0.62 

R2
local Popdensity=0.04 

R2
local Occupdensity=0 

2000-2010 R2
global=0.30 

AdjR2=0.26 

R2
local Popdensity=0.1 

R2
local Occupdensity=0 

R2
global=0.27 

AdjR2=0.23 

R2
local Popdensity=0.12 

R2
local Occupdensity=0 

2010-2020 R2
global=0.50 

AdjR2=0.45 

R2
local Popdensity=0.24 

R2
local Occupdensity=0 

R2
global=0.30 

AdjR2=0.25 

R2
local Popdensity=0.05 

R2
local Occupdensity=0 

1990-2020 R2
global=0.40 

AdjR2=0.34 

R2
local Popdensity=0.13 

R2
local Occupdensity=0 

R2
global=0.27 

AdjR2=0.22 

R2
local Popdensity=0.08 

R2
local Occupdensity=0 

Table 12: R2 and R2
adj values of GWR relationship between population density and 

forest/agricultural occupation density and Forest loss and gain for the three decadal intervals and 

the entire period 1990-2020. 
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Figure 14: Raster coefficient rasters of spatial relationship between percent forest loss and population density for the three decadal 

intervals and the entire period 1990-2020. 
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Figure 15: Raster coefficient rasters of spatial relationship between percent forest gain and population density for the three decadal 

intervals and the entire period 1990-2020. 
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Figure 16: Raster coefficient rasters of spatial relationship between percent forest loss and occupation density for the three decadal 

intervals and the entire period 1990-2020. 
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Figure 17: Raster coefficient rasters of spatial relationship between percent forest gain and occupation density for the three decadal 

intervals and the entire period 1990-2020. 
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Discussion 

1- Forest trends in Puerto Rico 

 

Our analyses revealed that Forest land use, as derived from the LCMS data, was relatively 

constant, remaining between 62% and 64% during the 30-year study period. This was surprising 

to us because we had anticipated larger proportional increases in forested area (Hypothesis 1). 

Previous studies of forest cover in Puerto Rico using data collected at different times during the 

same decades have reported greater variability. Franco et al. (1997) estimated forest cover of about 

287,000 ha in 1990, representing 32% of total area, much less than the value of 64% that we 

calculated for that year. Another study by Kennaway and Helmer (2007) analyzed land cover 

change from 1991 to 2000 based on Landsat image classification and reported that forest cover 

expanded during that period from 385,219 ha to 389,552 ha, representing approximately a 1% 

increase to a total of approximately 45% of the land area. Again, these values differ considerably 

from the total and percent of forest land use we calculated for 1990 and 2000 (Table 2; Figure 5). 

Wang et al. (2017), for their part, estimated the land cover of Puerto Rico for the year 2000 using 

Landsat TM/ETM+ products data and PALSAR, with different window sizes of 0.75 km × 0.75 

km, 1.5 km × 1.5 km, and 3 km × 3 km and found a total forest area of 399,400 ha (45%), similar 

to the value reported by Kennaway & Helmer (2007). In contrast, the 2003 FIA analysis for Puerto 

Rico estimated forest area of 505,993 ha, representing 57% of the total land area  (Brandeis et al., 

2007). This value is much more comparable to the 62% of Forest land use we calculated with 

LCMS for the year 2000.  

 

Another FIA estimate that incorporated aerial photograph interpretation and classified 

satellite imagery data concluded that forest cover was about 54.7% for the year 2010 (Brandeis & 

Turner, 2013). The most recent island-wide FIA data available is from 2019, with forest covering 

467,320 ha (52.7%) of the total area (Brandeis and Marcano-Vega, 2021). Furthermore, a study 

conducted by  Yuan et al. (2017) using Landsat Paths 4-5 data at 30 m spatial resolution estimated 

that Puerto Rico's forest cover for the year 2014 was 405,000 ha (45.7%). Lastly, the reference 

analysis we conducted using the Hansen global dataset (Hansen et al., 2013) for the year 2000 

resulted in total Forest cover of around 76%, which is considerably higher than the value derived 

from the LCMS dataset in this study. 
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The principal reasons for these marked differences in estimates of forested land is the 

variability in sampling area as well as the sampling approach. For example, the Franco et al. (1997) 

study of 1990 forest cover mentioned above was conducted by the USDA Southern Forest 

Inventory and Analysis Research (SOFIA) Work Unit that used a slightly smaller total area 

estimate for Puerto Rico (8,900 km2 vs 8,940 km2 in our study). During the 1990 survey, the FIA 

used a square sampling grid with lines spaced 3 km apartwhich only included mainland PR. 

Subsequent FIA surveys after 1990 have included mainland PR, Vieques, Culebra and Mona and 

have used a hexagonal sampling grid with a sampling point every 67 ha for forest area estimation. 

Furthermore, the FIA protocol defines Forest as areas of at least 0.4 ha that have a least 10% 

canopy of living plants, and requires that roadside, streamside, and shelterbelt strips of trees must 

be at least 36 m wide to qualify as forest land. The Landsat study by Kennaway and Helmer used 

an even higher minimum cover of 25% woody vegetation (including trees or trees plus shrubs). In 

contrast, the LCMS defined forest as land that is planted or naturally vegetated, and which contains 

(or is likely to contain) 10% or greater tree cover within a 30 m x 30 m pixel and may include 

deciduous, evergreen and/or mixed categories of natural forest, forest plantations, and woody 

wetlands (Housman et al., 2022). Thus, the FIA approach and Kennaway and Helmer’s study were 

more conversative in their definition of forest than LCMS, which helps account for many of the 

differences in estimated forest area compared to our study. Furthermore, the FIA methodology 

includes ground-truthing to validate the results while LCMS uses a remote approach to validate 

land use models using group training points. This reveals some of the potential trade-offs in data 

quality between using satellite imagery vs field sampling. 

 

As for the Hansen dataset, forest is defined as all vegetation taller than 5 m in height with 

>25% canopy that includes all plantation (trees, palm, and coconut tree). This can include large 

shrubs as well, which in the LCMS are often associated with the Rangeland or Pasture land use 

class, and that may help explain the observed difference in Forest area between the two datasets. 

Despite the observed differences, there are general similarities in the spatial patterns between the 

LCMS and Hansen data, which helps validate the results for the methods we used. Additional 

analysis is required to determine if the results from the LCMS data are reliable. All in all, there is 

not always a consensus when defining forests and estimating forest LULC in reports and the 

literature due to the difference in the images used, classification methods, spatial resolution, study 
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scales and methods of validation. It is therefore important to make comparisons using data derived 

from consistent methods. The results of this study also highlight the need for harmonization 

regarding the definition of forest to facilitate better comparison among landscape scale analyses. 

Such efforts are being explored by a network of national forest inventory experts who have 

outlined a consistent and coherent approach for monitoring trends in forest cover and 

implementing sustainable management as specified in the document National Forest Inventories 

of Latin America and the Caribbean (National Forest Inventories of Latin America and the 

Caribbean, 2022). 

 

2- Spatiotemporal patterns of land use change  

 

Our results revealed that during the first (1990-2000) and third (2010-2020) decadal 

intervals and the entire 30-year period there were greater overall losses in forest area relative to 

forest gains, and only during the second period (2000-2010) did forest total forest gains exceed 

losses. During each decade the land use category to which most Forest area transitioned was 

Rangeland or Pasture, and the second most common transition category was Developed. In the 

opposite direction, Rangeland or Pasture pixels exhibited the greatest transition to Forest during 

the latter two decades of the study. Interestingly, however, it was Developed land that experienced 

the greatest relative transition to Forest during the first decade and for the entire period of study. 

 

Previous studies in Puerto Rico have focused on natural disturbances such as hurricanes 

(Hall et al., 2020), ecological impacts (Grau et al., 2003) and landslides (Wang et al., 2017) in 

relation to changes in forest cover. Others have looked at intense agriculture (Parés-Ramos et al., 

2008) and  population dynamics (Martinuzzi et al., 2007). Likewise, socio-economic drivers 

processes are contributory factors to the change in land use over longer time periods and have 

become highly influential (Álvarez Martínez et al., 2011). Despite a decline in the urban population 

of Puerto Rico over the last thirty years due to the effects of economic recession and hurricanes 

(Santos-Lozada et al., 2020), the development model of the last seventy years has been focused on 

an architecture of large urban centers, peri-urban agglomerations, industrial areas, isolated 

residential complexes, ports, and airports (Martinuzzi et al., 2007). This expansion of  

infrastructure, coupled with inefficient urban planning, has generated an ongoing dependence on 
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land that is likely responsible, at least in part, for the conversion of Forest to Developed that we 

observed (Martinuzzi et al., 2007). According to our results, more forest loss occurs in coastal 

areas, in the south, east, and in municipalities adjacent to core urban areas such as San Juan, 

Arecibo and Caguas which also coincide with areas of suburban expansion in recent decades 

(Parés-Ramos et al., 2008). Even if the population has experienced a decline during the three 

decades analyzed, the need for land for commercial and residential development is considerable, 

as illustrated by the high population density estimate of 438 people/km2 (US Census Bureau, 

2000). Thus, urbanization disproportionately affects forest cover around urban centers, particularly 

in low-lying coastal areas. 

 

On the other hand, the observed expansion of Forest in urban areas can likely be attributed 

to increases in tree canopy cover rather than actual land conversion. In other words, developed 

areas did not suddenly become undeveloped; rather, pixels that were previously dominated by non-

woody vegetation or development eventually exceeded the minimum LCMS threshold of 10% tree 

cover to be classified as forest. This conclusion is supported by prior land cover analyses that have 

documented the importance of urban tree cover in Puerto Rico. For example, the San Juan 

metropolitan area was estimated to have about 26% tree coverage in 2002 (Ramos-González, 

2014) and Martinuzzi et al. (2018) found that most  urbanized neighborhoods in San Juan had at 

least 10% tree canopy cover. Furthermore, urban tree inventory work conducted by Brandeis et al. 

(2014) reported relative increases in percent tree cover for commercial/industrial, institutional, and 

residential areas of the San Juan Bay Estuary Watershed between 2001 and 2011.  Notably, we did 

not analyze changes in forest land use directly around the years prior to and after Hurricane Maria 

in 2017 and consequently our results do not specifically address the effects of the storm on changes 

in tree cover. Prior analysis by Feng et al. (2018) using pre- and post-Maria Landsat data found a 

dramatic island-wide reduction in green leaf canopy cover immediately following the storm. 

Likewise, Melendez-Ackerman et al. (2018) reported immediate post-storm decreases in tree area 

cover of approximately 25%, 6%, and 4% for the metropolitan areas of San Juan, Ponce and 

Mayagüez, respectively. Additional research is necessary to determine if similar results can be 

observed using the LCMS datasets. 
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The results of the transition and probability matrices also support Hypothesis 2. They 

showed that for each of the decadal intervals Forest land use was more stable than other land use 

categories and had a probability of more than 90% remaining as forested. Furthermore, the 

probability of non-forest classes changing to forested area was greater than that of forest changing 

to non-forest classes. Many areas of Agriculture, Developed and Rangeland or Pasture were 

converted during the study period to Forest land as well, with between 6-18% probability of 

conversion per each of these land use types, depending on the time period. Indeed, agricultural 

land becomes forest in most cases due to abandonment of agricultural practices (Parés-Ramos et 

al., 2008) and this has resulted in net reforestation across the island, consistent with previous 

studies that examined forest transitions in Puerto Rico since the 1950s (Brandeis et al., 2009; Geist 

et al., 2006; Helmer et al., 2008). Our findings also highlight that Forest pixels tend to appear in 

small, fragmented patches within surrounding Agricultural, Developed, and Rangeland or pasture 

matrix rather than large contiguous patches. Additional quantitative analysis is required to describe 

the size and distribution of such patches. Previous work by Lugo and Helmer (2004) has also 

underscored the highly fragmented nature of emerging forest patches on abandoned agricultural 

land in Puerto Rico. It is also worth noting that Non-Forest Wetland was one of the least stable 

land use types during the study period. This may reflect ongoing trends of urbanization and 

development in coastal areas which constrain wetlands in Puerto Rico (Yu et al., 2019). 

 

3- Cluster analysis of percent forest loss/gain  

 

We also examined the significant cluster of percentage forest gain/loss using Anselin Local 

Moran's I at the block group level, which provided the basis for the existence of heterogeneously-

distributed Forest land use loss and gain clusters. This finding is in alignment with Hypothesis 3. 

Prior studies have initiated cluster analyses to assess physiogenomic properties and infer 

population structure and ancestry in the Puerto Rican population (Ruaño et al., 2009), physical 

characteristics trends of watersheds (Santos-Román et al., 2003), and the chemical and 

microphysical properties of dust particles from Africa (Reid, 2003), yet to date there have not been 

previous analyses that examined geographic clustering of forest gains/losses at the scale of census 

block groups in Puerto Rico. In that regard, our study provides a novel examination of the 

relationship between LULC and socio-demographic census data. 
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Clustering was observed around several urban areas during each of the decadal intervals, 

and the overall 30-year period. Many of the places where concentrations of forest loss were 

significantly high were in coastal areas and the expanding peri-urban areas around major urban 

centers and in the smaller urban centers that developed over time such as, Humacao, Arecibo and 

Barceloneta, among others. Moreover, these geographical regions with high clustering of forest 

loss and in particular the greater metropolitan area of San Juan are marked by periods of high urban 

growth rates (7% from 1991 to 2000; (Martinuzzi et al., 2007) and high population density 

approaching almost 1,000 people/km2 (Martinuzzi et al., 2007).  In addition, sprawling 

construction outside of urban centers and along major connecting routes between major cities and 

in peri-urban settlements results in large areas of land consumption (Martinuzzi et al., 2007). Parés-

Ramos et al. (2008) noted that population decline increased dramatically in urban centers of 90% 

of the municipalities in Puerto Rico between 1990 and 2000, and indeed the places where forest 

loss was significantly low were in certain core urban centers such as Ponce, San Juan, and 

Mayagüez. At the same time, this was accompanied by the construction of over 200,000 new 

housing units in suburban and exurban barrios outside of urban cores, especially in coastal areas, 

more than double the rate of population growth for the same period.  Thus, the spatially clustering 

we observed tracks with concurrent patterns of land use development throughout the study period.  

 

The places where Forest gain was significantly high were in the mountainous areas, in 

eastern central Puerto Rico, and certain coastal areas such as around Fajardo and surrounding areas. 

As previously mentioned, other studies argue that forest gains are linked to the abandonment of 

agriculture as the driving forest of conversion to forest. Indeed, most of these areas where we 

observed forest gains were previously agricultural lands that have been abandoned over the past 

50 years and have been in the process of forest regeneration (Aide et al., 2000). Other reasons for 

forest gain include population decline and migration. Wang et al. (2017) reported that the rate of 

forest cover loss was reduced by 42% in 2000–2010 compared to 1991–2000, which is largely 

attributable to agricultural land abandonment rural-to-urban migration. Furthermore, Wang et al. 

(2017) also observed clusters of reforestation in the eastern central part of the island during 2000-

2010, speculating that some of this gain might be attributable to forest regrowth following 

Hurricane Georges. Notably, there were many areas in Puerto Rico that did not experience Forest 
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loss or gain but rather remained stable as forested area throughout the study period. These include 

several large intact blocks of conserved land where human activities have been limited such as the 

Luquillo Mountains, the largest remaining tract of forested area on the island (Zimmerman et al., 

2021) and several national parks in the Central Cordillera. While Forest land within protected areas 

remained stable, changes in Forest land use were observed in areas adjacent to protected areas. 

Although we did not quantify the magnitude of these changes, previous research by Castro-Prieto 

et al. (2017) for the period 2000-2010 has shown that such lands are vulnerable to the impacts of 

residential development. Further study is needed to better understand the spatial patterns of forest 

fragmentation in Puerto Rico across longer time periods and in relation to changing socio-

demographic variables. 

 

 

4- Spatial relationship between Forest loss/gain and social predictors 

 

Our results of statistical analyses using the GWR model globally showed spatially variable 

relationships between percent Forest loss and gain and social predictors, as anticipated in 

Hypothesis 4. We observed areas where the raster coefficients of the predictor variables were 

positive, that is to say areas where the explanatory power of those variables was high, as well as 

areas where the raster coefficients were negative. The strength of these relationships varied 

spatially from one decadal interval to the next. Nevertheless, we found that the correlation between 

population density and percent forest loss and gain was consistently stronger than that between 

forest/agricultural occupation density and forest loss and gain. Other studies in Puerto Rico have 

found that population densities are related to deforestation (Thomlinson et al., 1996; Yackulic et 

al., 2011) which aligns with our results. For example, former agricultural areas in the municipality 

of Luquillo urbanized rapidly during the 1970s and 1980s, resulting in a loss of forested areas 

(Grau et al., 2003). Martinuzzi et al. (2018) also showed strong relationships between patterns of 

vegetation cover and socioeconomic (e.g., population density, building age, detached homes) and 

environmental variables (e.g., topography) in the San Juan Metropolitan area. Similar case studies 

in Mexico  have also shown that forest loss is strongly correlated partly with population density 

and especially in urbanized and densely populated cities (Pineda Jaimes et al., 2010). Therefore, 



Landscape-scale analysis of changes in forest land use/land cover across Puerto Rico, 1990-2020 
. 

 

58 
 

throughout our study period, population density is one of the dominant factors acting on the 

conversion to and from Forest land use. 

 

The fact that we did not observe a robust relationship with occupation does not necessarily 

signal that it is not an important driver of land use change. It may be difficult to link occupation 

with Forest loss and gain at the block group scale because people in forestry and agricultural 

occupations do not necessarily work in immediate proximity to where they live. By using block 

groups as our focal unit to examine clustering, we were also limited in choosing variables included 

in the census for all four focal years (1990, 2000, 2010, 2020).  In addition, the census occupation 

density data used as one of the explanatory variables integrates several sectors such as forestry and 

agriculture and has very low values in some blocks groups, which can make the correlation weak 

or absent in some places. It may be that the census block group is not the best scale at which to 

observe spatial relationships with forestry and agricultural occupations and Forest loss and gain. 

Recent research about the impact of Hurricane Maria on food security in Puerto Rico examined 

variables such as farm size and farm production based on the municipality where farmers reported 

their farming operations (Rodríguez-Cruz et al., 2022). There may also be other socio-economic 

and environmental factors driving spatial patterns of forests throughout Puerto Rico, including 

income, road density, farm density, development policies, topography, soil type, precipitation, and 

landslide density, among others. Further research is needed to examine the individual and 

interacting relationships among these variables and LULC change and the scales at which they 

manifest themselves. 
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Conclusion 

This study used LCMS data classified from medium resolution Landsat optical images to 

evaluate changes in forest area in Puerto Rico over three decadal intervals within a 30-year period 

from 1990-2020. We found that Forest land use varied only slightly between approximately 62-

64% of total land area and was remarkably stable during the study period. We had anticipated 

greater proportional increases in forested area as have been observed over similar spans of time in 

previous decades. There were relatively small areas of Forest that converted from or to Developed, 

Rangeland or Pasture, and Agriculture and these tended to occur in small patches. In urban areas, 

Forest gain was probably due to growth of tree canopy cover. The extent of area classified as Forest 

was higher than previously found using other methods. This is likely due to differences in 

classification methods and forest definitions. We also examined patterns of autocorrelation of 

forest loss and gain at the census block group scale and found clusters of loss associated with 

coastal and suburban areas adjacent to core urban centers, and gain in rural mountainous areas, 

notably in the eastern central part of the island and in select coastal areas. We also found social 

factors such as population density to be related to changes in forest cover both in terms of loss or 

gain. Our analysis was limited to only two social factors due to their availability at the census 

block group scales. We did not integrate other socio-economic variables due to unavailability and 

quality of data over time and at the scale of census block groups in our case study. Nevertheless, 

the results of this study are useful to understand at the landscape scale the long-term effects of land 

use change and socio-economic factors on forest-related gains and losses in an urbanizing tropical 

setting and their implications for ecosystem function and the provision of services. In addition, 

they can help inform policies and programs to address the drivers of forest loss and improve 

existing forest conservation practices. Future research with higher resolution of demographic and 

additional socio-economic and environmental data can provide more nuanced results and identify 

additional factors associated with forest LULC change.  

 

 

 

 



Landscape-scale analysis of changes in forest land use/land cover across Puerto Rico, 1990-2020 
. 

 

60 
 

References     

Aide, T. M., Zimmerman, J. K., Pascarella, J. B., Rivera, L., & Marcano-Vega, H. (2000). Forest 

Regeneration in a Chronosequence of Tropical Abandoned Pastures: Implications for 

Restoration Ecology. Restoration Ecology, 8(4), 328–338. https://doi.org/10.1046/j.1526-

100x.2000.80048.x 

Álvarez Martínez, J.-M., Suárez-Seoane, S., & De Luis Calabuig, E. (2011). Modelling the risk 

of land cover change from environmental and socio-economic drivers in heterogeneous 

and changing landscapes: The role of uncertainty. Landscape and Urban Planning, 

101(2), 108–119. https://doi.org/10.1016/j.landurbplan.2011.01.009 

Banda, T., Schwartz, M. W., & Caro, T. (2006). Woody vegetation structure and composition 

along a protection gradient in a miombo ecosystem of western Tanzania. Forest Ecology 

and Management, 230(1–3), 179–185. https://doi.org/10.1016/j.foreco.2006.04.032 

Banerjee, S., Kauranne, T., & Mikkila, M. (2020). Land Use Change and Wildlife 

Conservation—Case Analysis of LULC Change of Pench-Satpuda Wildlife Corridor in 

Madhya Pradesh, India. Sustainability, 12(12), 4902. https://doi.org/10.3390/su12124902 

Benton-Short, L., & Short, J. R. (2013). Cities and Nature (0 ed.). Routledge. 

https://doi.org/10.4324/9780203103500 

Beven, K. J., & Cloke, H. L. (2012). Comment on “Hyperresolution global land surface 

modeling: Meeting a grand challenge for monitoring Earth’s terrestrial water” by Eric F. 

Wood et al.: COMMENTARY. Water Resources Research, 48(1). 

https://doi.org/10.1029/2011WR010982 

Birdsey, R. A., & Weaver, P. L. (1982). The forest resources of Puerto Rico. New Orleans, 

Louisiana: US Department of Agriculture, Forest Service, Southern Forest Experiment 

Station. https://www.srs.fs.usda.gov/pubs/rb/rb_so085.pdf? 

Birdsey, R. A., & Weaver, P. L. (1987). Forest area trends in Puerto Rico. US Department of 

Agriculture, Forest Service, Southern Forest Experiment Station., 5. 

Brandeis, T. J., Delaney, M., Parresol, B. R., & Royer, L. (2006). Development of equations for 

predicting Puerto Rican subtropical dry forest biomass and volume. Forest Ecology and 

Management, 233(1), 133–142. https://doi.org/10.1016/j.foreco.2006.06.012 

Brandeis, T. J., Escobedo, F. J., Staudhammer, C., Nowak, D. J., & Zipperer, W. C. (2014). San 

Juan Bay Estuary watershed urban forest inventory. United States Department of 



Landscape-scale analysis of changes in forest land use/land cover across Puerto Rico, 1990-2020 
. 

 

61 
 

Agriculture, Forest Service, Southern Research Station. 

https://www.srs.fs.usda.gov/pubs/gtr/gtr_srs190.pdf 

Brandeis, T. J., Helmer, E. H., Marcano-Vega, H., & Lugo, A. E. (2009). Climate shapes the 

novel plant communities that form after deforestation in Puerto Rico and the U.S. Virgin 

Islands. Forest Ecology and Management, 258(7), 1704–1718. 

https://doi.org/10.1016/j.foreco.2009.07.030 

Brandeis, T. J., Helmer, E. H., & Oswalt, S. N. (2007). The status of Puerto Rico’s forests, 2003 

(SRS-RB-119; p. SRS-RB-119). U.S. Department of Agriculture, Forest Service, 

Southern Research Station. https://doi.org/10.2737/SRS-RB-119 

Brandeis, T. J., & Turner, J. A. (2013). Puerto Rico’s forests, 2009 (SRS-RB-191; p. SRS-RB-

191). U.S. Department of Agriculture, Forest Service, Southern Research Station. 

https://doi.org/10.2737/SRS-RB-191 

Breiman, L. (2001). Random Forests. Machine Learning, 45(1), 5–32. 

https://doi.org/10.1023/A:1010933404324 

Brown, S., & Lugo, A. E. (1982). The Storage and Production of Organic Matter in Tropical 

Forests and Their Role in the Global Carbon Cycle. Biotropica, 14(3), 161. 

https://doi.org/10.2307/2388024 

Camacho-Valdez, V., Ruiz-Luna, A., Ghermandi, A., Berlanga-Robles, C. A., & Nunes, P. A. L. 

D. (2014). Effects of Land Use Changes on the Ecosystem Service Values of Coastal 

Wetlands. Environmental Management, 54(4), 852–864. https://doi.org/10.1007/s00267-

014-0332-9 

Cartagena-Colón, M., Mattei, H., & Wang, C. (2022). Dasymetric Mapping of Population Using 

Land Cover Data in JBNERR, Puerto Rico during 1990–2010. Land, 11(12), 2301. 

https://doi.org/10.3390/land11122301 

Castro-Prieto, J., Martinuzzi, S., Radeloff, V. C., Helmers, D. P., Quiñones, M., & Gould, W. A. 

(2017). Declining human population but increasing residential development around 

protected areas in Puerto Rico. Biological Conservation, 209, 473–481. 

https://doi.org/10.1016/j.biocon.2017.02.037 

Chave, J., Réjou-Méchain, M., Búrquez, A., Chidumayo, E., Colgan, M. S., Delitti, W. B. C., 

Duque, A., Eid, T., Fearnside, P. M., Goodman, R. C., Henry, M., Martínez-Yrízar, A., 

Mugasha, W. A., Muller-Landau, H. C., Mencuccini, M., Nelson, B. W., Ngomanda, A., 



Landscape-scale analysis of changes in forest land use/land cover across Puerto Rico, 1990-2020 
. 

 

62 
 

Nogueira, E. M., Ortiz-Malavassi, E., … Vieilledent, G. (2014). Improved allometric 

models to estimate the aboveground biomass of tropical trees. Global Change Biology, 

20(10), 3177–3190. https://doi.org/10.1111/gcb.12629 

Chen, Q., Mei, K., Dahlgren, R. A., Wang, T., Gong, J., & Zhang, M. (2016). Impacts of land 

use and population density on seasonal surface water quality using a modified 

geographically weighted regression. Science of The Total Environment, 572, 450–466. 

https://doi.org/10.1016/j.scitotenv.2016.08.052 

Cohen, W. B., Yang, Z., & Kennedy, R. (2010). Detecting trends in forest disturbance and 

recovery using yearly Landsat time series: 2. TimeSync — Tools for calibration and 

validation. Remote Sensing of Environment, 114(12), 2911–2924. 

https://doi.org/10.1016/j.rse.2010.07.010 

Del Mar López, T., Aide, T. M., & Thomlinson, J. R. (2001). Urban Expansion and the Loss of 

Prime Agricultural Lands in Puerto Rico. AMBIO: A Journal of the Human Environment, 

30(1), 49–54. https://doi.org/10.1579/0044-7447-30.1.49 

Eileen Helmer, Olga Ramos, T. DEL M. LÓPEZ, Maya Quinones, & W. DIAZ. (2002). 

Mapping the Forest Type and Land Cover of Puerto Rico, a Component of the Caribbean 

Biodiversity Hotspot. Caribbean Journal of Science, 38, 3–4, 165–183. 

Ewel, & Whitmore. (1973). The Ecological Life Zones of Puerto Rico and the U.S. Virgin 

Islands. USDA Forest Service, Institute of Tropical Forestry, Research Paper ITF-018. 

https://www.fs.usda.gov/research/treesearch/5551 

Feng, Y., Negron-Juarez, R. I., Patricola, C. M., Collins, W. D., Uriarte, M., Hall, J. S., Clinton, 

N., & Chambers, J. Q. (2018). Rapid remote sensing assessment of impacts from 

Hurricane Maria on forests of Puerto Rico [Preprint]. PeerJ Preprints. 

https://doi.org/10.7287/peerj.preprints.26597v1 

Foster, D. R., Fluet, M., & Boose, E. R. (1999). HUMAN OR NATURAL DISTURBANCE: 

LANDSCAPE-SCALE DYNAMICS OF THE TROPICAL FORESTS OF PUERTO 

RICO. Ecological Applications, 9(2), 555–572. https://doi.org/10.1890/1051-

0761(1999)009[0555:HONDLS]2.0.CO;2 

Fotheringham, A. S., Yang, W., & Kang, W. (2017). Multiscale Geographically Weighted 

Regression (MGWR). Annals of the American Association of Geographers, 107(6), 

1247–1265. https://doi.org/10.1080/24694452.2017.1352480 



Landscape-scale analysis of changes in forest land use/land cover across Puerto Rico, 1990-2020 
. 

 

63 
 

Franco, P. A., Weaver, P. L., & Eggen-McIntosh, S. (1997). Forest resources of Puerto Rico 

(SRS-RB-22; p. SRS-RB-22). U.S. Department of Agriculture, Forest Service, Southern 

Research Station. https://doi.org/10.2737/SRS-RB-22 

Fu, W. J., Jiang, P. K., Zhou, G. M., & Zhao, K. L. (2014). Using Moran’s I and GIS to study the 

spatial pattern of forest litter carbon density in a subtropical region of southeastern China. 

Biogeosciences, 11(8), 2401–2409. https://doi.org/10.5194/bg-11-2401-2014 

Fu, W., Zhao, K., Zhang, C., & Tunney, H. (2011). Using Moran’s I and geostatistics to identify 

spatial patterns of soil nutrients in two different long‐term phosphorus‐application plots. 

Journal of Plant Nutrition and Soil Science, 174(5), 785–798. 

https://doi.org/10.1002/jpln.201000422 

Gallo, K. P., & Owen, T. W. (1998). Assessment of urban heat Islands: A multi‐sensor 

perspective for the Dallas‐Ft. worth, USA region. Geocarto International, 13(4), 35–41. 

https://doi.org/10.1080/10106049809354662 

García, C., Rivera, F. I., Garcia, M. A., Burgos, G., & Aranda, M. P. (2021). Contextualizing the 

COVID-19 Era in Puerto Rico: Compounding Disasters and Parallel Pandemics. The 

Journals of Gerontology: Series B, 76(7), e263–e267. 

https://doi.org/10.1093/geronb/gbaa186 

Geist, H., McConnell, W., Lambin, E. F., Moran, E., Alves, D., & Rudel, T. (2006). Causes and 

Trajectories of Land-Use/Cover Change. In E. F. Lambin & H. Geist (Eds.), Land-Use 

and Land-Cover Change (pp. 41–70). Springer Berlin Heidelberg. 

https://doi.org/10.1007/3-540-32202-7_3 

Gorelick, N., Hancher, M., Dixon, M., Ilyushchenko, S., Thau, D., & Moore, R. (2017). Google 

Earth Engine: Planetary-scale geospatial analysis for everyone. Remote Sensing of 

Environment, 202, 18–27. https://doi.org/10.1016/j.rse.2017.06.031 

Gould, W. A., Castro-Prieto, J., & Álvarez-Berríos, N. L. (2020). Climate Change and 

Biodiversity Conservation in the Caribbean Islands. In Encyclopedia of the World’s 

Biomes (pp. 114–125). Elsevier. https://doi.org/10.1016/B978-0-12-409548-9.12091-3 

Gould, W. A., González, G., & Carrero Rivera, G. (2006). Structure and composition of 

vegetation along an elevational gradient in Puerto Rico. Journal of Vegetation Science, 

17(5), 653–664. https://doi.org/10.1111/j.1654-1103.2006.tb02489.x 



Landscape-scale analysis of changes in forest land use/land cover across Puerto Rico, 1990-2020 
. 

 

64 
 

Grau, H. R., Aide, T. M., Zimmerman, J. K., Thomlinson, J. R., Helmer, E., & Zou, X. (2003a). 

The Ecological Consequences of Socioeconomic and Land-Use Changes in 

Postagriculture Puerto Rico. BioScience, 53(12), 1159. https://doi.org/10.1641/0006-

3568(2003)053[1159:TECOSA]2.0.CO;2 

Grau, H. R., Aide, T. M., Zimmerman, J. K., Thomlinson, J. R., Helmer, E., & Zou, X. (2003b). 

The Ecological Consequences of Socioeconomic and Land-Use Changes in 

Postagriculture Puerto Rico. BioScience, 53(12), 1159. https://doi.org/10.1641/0006-

3568(2003)053[1159:TECOSA]2.0.CO;2 

Gray, A., Brandeis, T., Shaw, J., McWilliams, W., & Miles, P. (2012). Forest Inventory and 

Analysis Database of the United States of America (FIA). Biodiversity & Ecology, 4, 

225–231. https://doi.org/10.7809/b-e.00079 

Güneralp, B., Reba, M., Hales, B. U., Wentz, E. A., & Seto, K. C. (2020). Trends in urban land 

expansion, density, and land transitions from 1970 to 2010: A global synthesis. 

Environmental Research Letters, 15(4), 044015. https://doi.org/10.1088/1748-

9326/ab6669 

Hall, J., Muscarella, R., Quebbeman, A., Arellano, G., Thompson, J., Zimmerman, J. K., & 

Uriarte, M. (2020). Hurricane-Induced Rainfall is a Stronger Predictor of Tropical Forest 

Damage in Puerto Rico Than Maximum Wind Speeds. Scientific Reports, 10(1), 4318. 

https://doi.org/10.1038/s41598-020-61164-2 

Hansen, M. C., Potapov, P. V., Moore, R., Hancher, M., Turubanova, S. A., Tyukavina, A., 

Thau, D., Stehman, S. V., Goetz, S. J., Loveland, T. R., Kommareddy, A., Egorov, A., 

Chini, L., Justice, C. O., & Townshend, J. R. G. (2013). High-Resolution Global Maps of 

21st-Century Forest Cover Change. Science, 342(6160), 850–853. 

https://doi.org/10.1126/science.1244693 

Hans-Otto Pörtner, Bardhyl Rama, E. P., & Melinda M.B. Tignor. (2022). Climate Change 2022: 

Impacts, Adaptation and Vulnerability." IPCC Sixth Assessment Report (2022). 

https://doi.org/DOI:10.1017/9781009325844 

Helmer, E. H., Brandeis, T. J., Lugo, A. E., & Kennaway, T. (2008). Factors influencing spatial 

pattern in tropical forest clearance and stand age: Implications for carbon storage and 

species diversity: TROPICAL FOREST AGE AND LAND DEVELOPMENT. Journal 



Landscape-scale analysis of changes in forest land use/land cover across Puerto Rico, 1990-2020 
. 

 

65 
 

of Geophysical Research: Biogeosciences, 113(G2), n/a-n/a. 

https://doi.org/10.1029/2007JG000568 

Heynen, N., Perkins, H. A., & Roy, P. (2006). The Political Ecology of Uneven Urban Green 

Space: The Impact of Political Economy on Race and Ethnicity in Producing 

Environmental Inequality in Milwaukee. Urban Affairs Review, 42(1), 3–25. 

https://doi.org/10.1177/1078087406290729 

Hobbs, R. J., Higgs, E. S., & Hall, C. M. (Eds.). (2013). Novel Ecosystems: Intervening in the 

New Ecological World Order (1st ed.). Wiley. https://doi.org/10.1002/9781118354186 

Housman, Leah Campbell, Josh Heyer, Wendy Goetz, Mark Finco, Kevin Megown, & Nathan 

Pugh. (2022). US Forest Service Landscape Change  Monitoring System Method.FIA. 

Geospatial Technology and Applications Center (GTAC), Version: 2020.6. 

https://data.fs.usda.gov/geodata/rastergateway/LCMS/index.php 

Hu, Y., Batunacun, Zhen, L., & Zhuang, D. (2019a). Assessment of Land-Use and Land-Cover 

Change in Guangxi, China. Scientific Reports, 9(1), 2189. 

https://doi.org/10.1038/s41598-019-38487-w 

Hu, Y., Batunacun, Zhen, L., & Zhuang, D. (2019b). Assessment of Land-Use and Land-Cover 

Change in Guangxi, China. Scientific Reports, 9(1), 2189. 

https://doi.org/10.1038/s41598-019-38487-w 

Huong, H. T. L., & Pathirana, A. (2013). Urbanization and climate change impacts on future 

urban flooding in Can Tho city, Vietnam. Hydrology and Earth System Sciences, 17(1), 

379–394. https://doi.org/10.5194/hess-17-379-2013 

Iacono, Michael and Levinson, David and El-Geneidy, Ahmed and Wasfi, & Rania. (2016). A 

Markov Chain Model of Land Use Change. TeMA Journal of Land Use, Mobility and 

Environmen, 8(3), 263–276. 

Juknelienė, D., & Mozgeris, G. (2015). The spatial pattern of forest cover changes in Lithuania 

during the second half of the twentieth century. Žemės Ūkio Mokslai, 22(4). 

https://doi.org/10.6001/zemesukiomokslai.v22i4.3215 

Kardinal Jusuf, S., Wong, N. H., Hagen, E., Anggoro, R., & Hong, Y. (2007). The influence of 

land use on the urban heat island in Singapore. Habitat International, 31(2), 232–242. 

https://doi.org/10.1016/j.habitatint.2007.02.006 



Landscape-scale analysis of changes in forest land use/land cover across Puerto Rico, 1990-2020 
. 

 

66 
 

Keenan, R. J., Reams, G. A., Achard, F., de Freitas, J. V., Grainger, A., & Lindquist, E. (2015). 

Dynamics of global forest area: Results from the FAO Global Forest Resources 

Assessment 2015. Forest Ecology and Management, 352, 9–20. 

https://doi.org/10.1016/j.foreco.2015.06.014 

Kennaway, T., & Helmer, E. H. (2007). The Forest Types and Ages Cleared for Land 

Development in Puerto Rico. GIScience & Remote Sensing, 44(4), 356–382. 

https://doi.org/10.2747/1548-1603.44.4.356 

Koenig, N. (1953). A comprehensive agricultural program for Puerto Rico. Washington, DC: 

U.S. Department of Agriculture and Commonwealth of Puerto Rico., 290. 

Kuo, H.-F., & Tsou, K.-W. (2017). Modeling and Simulation of the Future Impacts of Urban 

Land Use Change on the Natural Environment by SLEUTH and Cluster Analysis. 

Sustainability, 10(2), 72. https://doi.org/10.3390/su10010072 

Lambin, E. F., Geist, H., & Rindfuss, R. R. (2006). Introduction: Local Processes with Global 

Impacts. In E. F. Lambin & H. Geist (Eds.), Land-Use and Land-Cover Change (pp. 1–

8). Springer Berlin Heidelberg. https://doi.org/10.1007/3-540-32202-7_1 

Lambin, E. F., Turner, B. L., Geist, H. J., Agbola, S. B., Angelsen, A., Bruce, J. W., Coomes, O. 

T., Dirzo, R., Fischer, G., Folke, C., George, P. S., Homewood, K., Imbernon, J., 

Leemans, R., Li, X., Moran, E. F., Mortimore, M., Ramakrishnan, P. S., Richards, J. F., 

… Xu, J. (2001). The causes of land-use and land-cover change: Moving beyond the 

myths. Global Environmental Change, 11(4), 261–269. https://doi.org/10.1016/S0959-

3780(01)00007-3 

Laurance, W. F., Sayer, J., & Cassman, K. G. (2014). Agricultural expansion and its impacts on 

tropical nature. Trends in Ecology & Evolution, 29(2), 107–116. 

https://doi.org/10.1016/j.tree.2013.12.001 

Lechner, M., Rodriguez-Planas, N., & Fernández Kranz, D. (2016). Difference-in-difference 

estimation by FE and OLS when there is panel non-response. Journal of Applied 

Statistics, 43(11), 2044–2052. https://doi.org/10.1080/02664763.2015.1126240 

Liao, Z., He, B., Quan, X., van Dijk, A. I. J. M., Qiu, S., & Yin, C. (2019). Biomass estimation 

in dense tropical forest using multiple information from single-baseline P-band PolInSAR 

data. Remote Sensing of Environment, 221, 489–507. 

https://doi.org/10.1016/j.rse.2018.11.027 



Landscape-scale analysis of changes in forest land use/land cover across Puerto Rico, 1990-2020 
. 

 

67 
 

Locke, D. H. (2020). Residential housing segregation and urban tree canopy in 37 US Cities; 

data in support of Locke et al 2021 in npj Urban Sustainability [Data set]. Environmental 

Data Initiative. 

https://doi.org/10.6073/PASTA/4CCBC7087959DC2A25063E589DEE7718 

Locke, D. H., & Grove, J. M. (2016). Doing the Hard Work Where it’s Easiest? Examining the 

Relationships Between Urban Greening Programs and Social and Ecological 

Characteristics. Applied Spatial Analysis and Policy, 9(1), 77–96. 

https://doi.org/10.1007/s12061-014-9131-1 

Long, H., Liu, Y., Hou, X., Li, T., & Li, Y. (2014). Effects of land use transitions due to rapid 

urbanization on ecosystem services: Implications for urban planning in the new 

developing area of China. Habitat International, 44, 536–544. 

https://doi.org/10.1016/j.habitatint.2014.10.011 

López Marrero, T. del M. (2003). The Study of Land Cover Change in a Caribbean Landscape: 

What Has Happened in Eastern Puerto Rico during the Last Two Decades? Caribbean 

Studies, Vol. 31, 5-36 (32 pages). 

López-Marrero, T., Heartsill-Scalley, T., Rivera-López, C. F., Escalera-García, I. A., & 

Echevarría-Ramos, M. (2019). Broadening Our Understanding of Hurricanes and Forests 

on the Caribbean Island of Puerto Rico: Where and What Should We Study Now? 

Forests, 10(9), 710. https://doi.org/10.3390/f10090710 

Lorencová, E., Frélichová, J., Nelson, E., & Vačkář, D. (2013). Past and future impacts of land 

use and climate change on agricultural ecosystem services in the Czech Republic. Land 

Use Policy, 33, 183–194. https://doi.org/10.1016/j.landusepol.2012.12.012 

Lugo, A. E. (2008). Visible and invisible effects of hurricanes on forest ecosystems: An 

international review. Austral Ecology, 33(4), 368–398. https://doi.org/10.1111/j.1442-

9993.2008.01894.x 

Lugo, A. E., & Helmer, E. (2004). Emerging forests on abandoned land: Puerto Rico’s new 

forests. Forest Ecology and Management, 190(2–3), 145–161. 

https://doi.org/10.1016/j.foreco.2003.09.012 

Mailafiya, D. M. (2015). Agrobiodiversity for Biological Pest Control in Sub-Saharan Africa. In 

E. Lichtfouse (Ed.), Sustainable Agriculture Reviews (Vol. 18, pp. 107–143). Springer 

International Publishing. https://doi.org/10.1007/978-3-319-21629-4_4 



Landscape-scale analysis of changes in forest land use/land cover across Puerto Rico, 1990-2020 
. 

 

68 
 

Maimaitijiang, M., Ghulam, A., Sandoval, J. S. O., & Maimaitiyiming, M. (2015). Drivers of 

land cover and land use changes in St. Louis metropolitan area over the past 40 years 

characterized by remote sensing and census population data. International Journal of 

Applied Earth Observation and Geoinformation, 35, 161–174. 

https://doi.org/10.1016/j.jag.2014.08.020 

Marcano-Vega, H. (2017). Forests of Puerto Rico, 2014. Resource Update FS–121. Asheville, 

NC: U.S. Department of Agriculture Forest Service, Southern Research Station, 4. 

Martinuzzi, S., Gould, W. A., & Ramos González, O. M. (2007a). Land development, land use, 

and urban sprawl in Puerto Rico integrating remote sensing and population census data. 

Landscape and Urban Planning, 79(3–4), 288–297. 

https://doi.org/10.1016/j.landurbplan.2006.02.014 

Martinuzzi, S., Gould, W. A., & Ramos González, O. M. (2007b). Land development, land use, 

and urban sprawl in Puerto Rico integrating remote sensing and population census data. 

Landscape and Urban Planning, 79(3–4), 288–297. 

https://doi.org/10.1016/j.landurbplan.2006.02.014 

Martinuzzi, S., Ramos‐González, O. M., Muñoz‐Erickson, T. A., Locke, D. H., Lugo, A. E., & 

Radeloff, V. C. (2018). Vegetation cover in relation to socioeconomic factors in a 

tropical city assessed from sub‐meter resolution imagery. Ecological Applications, 28(3), 

681–693. https://doi.org/10.1002/eap.1673 

Mazoyer, M., & Roudart, L. (2006). A history of world agriculture: From the neolithic age to the 

current crisis. Monthly Review Press. 

Meléndez-Ackerman, E., Nytch, C., Santiago-Acevedo, L., Verdejo-Ortiz, J., Santiago-

Bartolomei, R., Ramos-Santiago, L., & Muñoz-Erickson, T. (2016). Synthesis of 

Household Yard Area Dynamics in the City of San Juan Using Multi-Scalar Social-

Ecological Perspectives. Sustainability, 8(5), 481. https://doi.org/10.3390/su8050481 

Melendez-Ackerman, E., Trujillo, A., Nytch, C., & Ramsey, M. (2018). Ecological vulnerability 

of urban green infrastructure to Hurricanes Irma and Maria in Puerto Rico. 

https://www.researchgate.net/publication/327235826 

Melo, F. P. L., Pinto, S. R. R., Brancalion, P. H. S., Castro, P. S., Rodrigues, R. R., Aronson, J., 

& Tabarelli, M. (2013). Priority setting for scaling-up tropical forest restoration projects: 



Landscape-scale analysis of changes in forest land use/land cover across Puerto Rico, 1990-2020 
. 

 

69 
 

Early lessons from the Atlantic Forest Restoration Pact. Environmental Science & Policy, 

33, 395–404. https://doi.org/10.1016/j.envsci.2013.07.013 

Minale, A. S., & Belete, W. (2017). Land Use Distribution and Change in Lake Tana Sub Basin. 

In K. Stave, G. Goshu, & S. Aynalem (Eds.), Social and Ecological System Dynamics 

(pp. 357–373). Springer International Publishing. https://doi.org/10.1007/978-3-319-

45755-0_22 

Minasny, B., & McBratney, A. B. (2007). Spatial prediction of soil properties using EBLUP with 

the Matérn covariance function. Geoderma, 140(4), 324–336. 

https://doi.org/10.1016/j.geoderma.2007.04.028 

Mohammadinia, A., Saeidian, B., Pradhan, B., & Ghaemi, Z. (2019). Prediction mapping of 

human leptospirosis using ANN, GWR, SVM and GLM approaches. BMC Infectious 

Diseases, 19(1), 971. https://doi.org/10.1186/s12879-019-4580-4 

Mohebalian, P. M., Lopez, L. N., Tischner, A. B., & Aguilar, F. X. (2022). Deforestation in 

South America’s tri-national Paraná Atlantic Forest: Trends and associational factors. 

Forest Policy and Economics, 137, 102697. https://doi.org/10.1016/j.forpol.2022.102697 

Momo, M. C. S., Njouonkou, A. L., Temgoua, L. F., Zangmene, R. D., Taffo, J. B. W., & 

Ntoupka, M. (2018). Land-Use/Land-Cover Change and Anthropogenic Causes Around 

Koupa Matapit Gallery Forest, West-Cameroon. Journal of Geography and Geology, 

10(2), 56. https://doi.org/10.5539/jgg.v10n2p56 

Morales-Hidalgo, D., Oswalt, S. N., & Somanathan, E. (2015). Status and trends in global 

primary forest, protected areas, and areas designated for conservation of biodiversity 

from the Global Forest Resources Assessment 2015. Forest Ecology and Management, 

352, 68–77. https://doi.org/10.1016/j.foreco.2015.06.011 

National Forest Inventories of Latin America and the Caribbean. (2022). FAO. 

https://doi.org/10.4060/cb7791en 

Niu, L., Luo, W., Jiang, M., & Lu, N. (2018). Land-Use Degree and Spatial Autocorrelation 

Analysis in Kunming City Based on Big Data. 2018 International Conference on 

Intelligent Transportation, Big Data & Smart City (ICITBS), 97–100. 

https://doi.org/10.1109/ICITBS.2018.00033 

Nottage, R. A. C., & New Zealand Climate Change Centre (Eds.). (2010). Climate change 

adaptation in New Zealand: Future scenarios and some sectoral perspectives ; [... papers 



Landscape-scale analysis of changes in forest land use/land cover across Puerto Rico, 1990-2020 
. 

 

70 
 

based on presentations delivered at the Conference “Climate Change Adaptation - 

Managing the Unavoidable”, held in Wellington, New Zealand, in May 2009]. New 

Zealand Climate Change Centre. 

Nourqolipour, R., Shariff, A. R. B. M., Balasundram, S. K., Ahmad, N. B., Sood, A. M., & 

Buyong, T. (2016). Predicting the Effects of Urban Development on Land Transition and 

Spatial Patterns of Land Use in Western Peninsular Malaysia. Applied Spatial Analysis 

and Policy, 9(1), 1–19. https://doi.org/10.1007/s12061-014-9128-9 

Ou, J., Liu, X., Li, X., Li, M., & Li, W. (2015). Evaluation of NPP-VIIRS Nighttime Light Data 

for Mapping Global Fossil Fuel Combustion CO2 Emissions: A Comparison with 

DMSP-OLS Nighttime Light Data. PLOS ONE, 10(9), e0138310. 

https://doi.org/10.1371/journal.pone.0138310 

Overmars, K. P., de Koning, G. H. J., & Veldkamp, A. (2003). Spatial autocorrelation in multi-

scale land use models. Ecological Modelling, 164(2–3), 257–270. 

https://doi.org/10.1016/S0304-3800(03)00070-X 

Ozsahin, E., Duru, U., & Eroglu, I. (2018). Land Use and Land Cover Changes (LULCC), a Key 

to Understand Soil Erosion Intensities in the Maritsa Basin. Water, 10(3), 335. 

https://doi.org/10.3390/w10030335 

Parés-Ramos, I. K., William A. Gould, & T. Mitchell Aide. (2008). Agricultural Abandonment, 

Suburban Growth, and Forest Expansion in Puerto Rico between 1991 and 2000. Ecology 

and Society, Vol. 13, No. 2, 19 pages. 

Pascarella, J. B., Aide, T. M., Serrano, M. I., & Zimmerman, J. K. (2000). Land-Use History and 

Forest Regeneration in the Cayey Mountains, Puerto Rico. Ecosystems, 3(3), 217–228. 

https://doi.org/10.1007/s100210000021 

Pauleus, O., & Aide, T. M. (2020). Haiti has more forest than previously reported: Land change 

2000–2015. PeerJ, 8, e9919. https://doi.org/10.7717/peerj.9919 

Payn, T., Carnus, J.-M., Freer-Smith, P., Kimberley, M., Kollert, W., Liu, S., Orazio, C., 

Rodriguez, L., Silva, L. N., & Wingfield, M. J. (2015). Changes in planted forests and 

future global implications. Forest Ecology and Management, 352, 57–67. 

https://doi.org/10.1016/j.foreco.2015.06.021 



Landscape-scale analysis of changes in forest land use/land cover across Puerto Rico, 1990-2020 
. 

 

71 
 

Peter L. Weaver, & Andrew J. R. Gillespie. (1992). Tree Biomass Equations for the Forests of 

the Luquillo Mountains, Puerto Rico. Commonwealth Forestry Association(JSTOR), 71, 

35–39. 

Pineda Jaimes, N. B., Bosque Sendra, J., Gómez Delgado, M., & Franco Plata, R. (2010). 

Exploring the driving forces behind deforestation in the state of Mexico (Mexico) using 

geographically weighted regression. Applied Geography, 30(4), 576–591. 

https://doi.org/10.1016/j.apgeog.2010.05.004 

Pontius, R. G., Cornell, J. D., & Hall, C. A. S. (2001). Modeling the spatial pattern of land-use 

change with GEOMOD2: Application and validation for Costa Rica. Agriculture, 

Ecosystems & Environment, 85(1–3), 191–203. https://doi.org/10.1016/S0167-

8809(01)00183-9 

Poorter, L., Bongers, F., Aide, T. M., Almeyda Zambrano, A. M., Balvanera, P., Becknell, J. M., 

Boukili, V., Brancalion, P. H. S., Broadbent, E. N., Chazdon, R. L., Craven, D., de 

Almeida-Cortez, J. S., Cabral, G. A. L., de Jong, B. H. J., Denslow, J. S., Dent, D. H., 

DeWalt, S. J., Dupuy, J. M., Durán, S. M., … Rozendaal, D. M. A. (2016). Biomass 

resilience of Neotropical secondary forests. Nature, 530(7589), 211–214. 

https://doi.org/10.1038/nature16512 

Prăvălie, R., Patriche, C., Tişcovschi, A., Dumitraşcu, M., Săvulescu, I., Sîrodoev, I., & Bandoc, 

G. (2020). Recent spatio-temporal changes of land sensitivity to degradation in Romania 

due to climate change and human activities: An approach based on multiple 

environmental quality indicators. Ecological Indicators, 118, 106755. 

https://doi.org/10.1016/j.ecolind.2020.106755 

Pravitasari, A. E., Suhada, A., Mulya, S. P., Rustiadi, E., Murtadho, A., Wulandari, S., & 

Widodo, C. E. (2019). Land use/cover changes and spatial distribution pattern of rice 

field decreasing trend in Serang Regency, Banten Province. IOP Conference Series: 

Earth and Environmental Science, 399(1), 012033. https://doi.org/10.1088/1755-

1315/399/1/012033 

Ramachandran, R. M., Roy, P. S., Chakravarthi, V., Sanjay, J., & Joshi, P. K. (2018). Long-term 

land use and land cover changes (1920–2015) in Eastern Ghats, India: Pattern of 

dynamics and challenges in plant species conservation. Ecological Indicators, 85, 21–36. 

https://doi.org/10.1016/j.ecolind.2017.10.012 



Landscape-scale analysis of changes in forest land use/land cover across Puerto Rico, 1990-2020 
. 

 

72 
 

Ramankutty, N., Graumlich, L., Achard, F., Alves, D., Chhabra, A., DeFries, R. S., Foley, J. A., 

Geist, H., Houghton, R. A., Goldewijk, K. K., Lambin, E. F., Millington, A., Rasmussen, 

K., Reid, R. S., & Turner, B. L. (2006). Global Land-Cover Change: Recent Progress, 

Remaining Challenges. In E. F. Lambin & H. Geist (Eds.), Land-Use and Land-Cover 

Change (pp. 9–39). Springer Berlin Heidelberg. https://doi.org/10.1007/3-540-32202-7_2 

Ramos-González, O. M. (2014). The green areas of San Juan, Puerto Rico. Ecology and Society, 

19(3), art21. https://doi.org/10.5751/ES-06598-190321 

Ramos-Santiago, L. E., Villanueva-Cubero, L., Santiago-Acevedo, L. E., & Rodriguez-

Melendez, Y. N. (2014). Green area loss in San Juan&#8217;s inner-ring suburban 

neighborhoods: A multidisciplinary approach to analyzing green/gray area dynamics. 

Ecology and Society, 19(2), art4. https://doi.org/10.5751/ES-06219-190204 

Rannikko, P. (1999). Combining Social and Ecological Sustainability in the Nordic Forest 

Periphery. Sociologia Ruralis, 39(3), 394–410. https://doi.org/10.1111/1467-9523.00115 

Reid, E. A. (2003). Characterization of African dust transported to Puerto Rico by individual 

particle and size segregated bulk analysis. Journal of Geophysical Research, 108(D19), 

8591. https://doi.org/10.1029/2002JD002935 

Reyer, C. P. O., Adams, S., Albrecht, T., Baarsch, F., Boit, A., Canales Trujillo, N., Cartsburg, 

M., Coumou, D., Eden, A., Fernandes, E., Langerwisch, F., Marcus, R., Mengel, M., 

Mira-Salama, D., Perette, M., Pereznieto, P., Rammig, A., Reinhardt, J., Robinson, A., … 

Thonicke, K. (2017). Climate change impacts in Latin America and the Caribbean and 

their implications for development. Regional Environmental Change, 17(6), 1601–1621. 

https://doi.org/10.1007/s10113-015-0854-6 

Rivera-Collazo, I. C. (2015). Por el camino verde: Long-term tropical socioecosystem dynamics 

and the Anthropocene as seen from Puerto Rico. The Holocene, 25(10), 1604–1611. 

https://doi.org/10.1177/0959683615588373 

Rodríguez-Caballero, E., Reyes, A., Kratz, A., Caesar, J., Guirado, E., Schmiedel, U., Escribano, 

P., Fiedler, S., & Weber, B. (2022). Effects of climate change and land use intensification 

on regional biological soil crust cover and composition in southern Africa. Geoderma, 

406, 115508. https://doi.org/10.1016/j.geoderma.2021.115508 

Rodríguez-Cruz, L. A., Álvarez-Berríos, N., & Niles, M. T. (2022). Social-ecological 

interactions in a disaster context: Puerto Rican farmer households’ food security after 



Landscape-scale analysis of changes in forest land use/land cover across Puerto Rico, 1990-2020 
. 

 

73 
 

Hurricane Maria. Environmental Research Letters, 17(4), 044057. 

https://doi.org/10.1088/1748-9326/ac6004 

Ruaño, G., Duconge, J., Windemuth, A., Cadilla, C. L., Kocherla, M., Villagra, D., Renta, J., 

Holford, T., & Santiago-Borrero, P. J. (2009). Physiogenomic analysis of the Puerto 

Rican population. Pharmacogenomics, 10(4), 565–577. https://doi.org/10.2217/pgs.09.5 

Rudel, T. K., Perez-Lugo, M., & Zichal, H. (2000). When Fields Revert to Forest: Development 

and Spontaneous Reforestation in Post-War Puerto Rico. The Professional Geographer, 

52(3), 386–397. https://doi.org/10.1111/0033-0124.00233 

Saatchi, S. S., Harris, N. L., Brown, S., Lefsky, M., Mitchard, E. T. A., Salas, W., Zutta, B. R., 

Buermann, W., Lewis, S. L., Hagen, S., Petrova, S., White, L., Silman, M., & Morel, A. 

(2011). Benchmark map of forest carbon stocks in tropical regions across three 

continents. Proceedings of the National Academy of Sciences, 108(24), 9899–9904. 

https://doi.org/10.1073/pnas.1019576108 

Santos-Lozada, A. R., Kaneshiro, M., McCarter, C., & Marazzi-Santiago, M. (2020). Puerto 

Rico exodus: Long-term economic headwinds prove stronger than Hurricane Maria. 

Population and Environment, 42(1), 43–56. https://doi.org/10.1007/s11111-020-00355-5 

Santos-Román, D. M., Warner, G. S., & Scatena, F. (2003). MULTIVARIATE ANALYSIS OF 

WATER QUALITY AND PHYSICAL CHARACTERISTICS OF SELECTED 

WATERSHEDS IN PUERTO RICO. Journal of the American Water Resources 

Association, 39(4), 829–839. https://doi.org/10.1111/j.1752-1688.2003.tb04408.x 

Shaker, R. R., & Ehlinger, T. J. (2014). Exploring Non-Linear Relationships between Landscape 

and Aquatic Ecological Condition in Southern Wisconsin: A GWR and ANN Approach. 

International Journal of Applied Geospatial Research, 5(4), 1–20. 

https://doi.org/10.4018/ijagr.2014100101 

Shukla, J., & Mintz, Y. (1982). Influence of Land-Surface Evapotranspiration on the Earth’s 

Climate. Science, 215(4539), 1498–1501. https://doi.org/10.1126/science.215.4539.1498 

Sisman, S., & Aydinoglu, A. C. (2022). A modelling approach with geographically weighted 

regression methods for determining geographic variation and influencing factors in 

housing price: A case in Istanbul. Land Use Policy, 119, 106183. 

https://doi.org/10.1016/j.landusepol.2022.106183 



Landscape-scale analysis of changes in forest land use/land cover across Puerto Rico, 1990-2020 
. 

 

74 
 

Sloan, S., Meyfroidt, P., Rudel, T. K., Bongers, F., & Chazdon, R. (2019). The forest 

transformation: Planted tree cover and regional dynamics of tree gains and losses. Global 

Environmental Change, 59, 101988. https://doi.org/10.1016/j.gloenvcha.2019.101988 

Suwanlee, S. R., & Som-ard, J. (2020). Spatial Interaction Effect of Population Density Patterns 

in Sub-Districts of Northeastern Thailand. ISPRS International Journal of Geo-

Information, 9(9), 556. https://doi.org/10.3390/ijgi9090556 

Tappan, G. G., Sall, M., Wood, E. C., & Cushing, M. (2004). Ecoregions and land cover trends 

in Senegal. Journal of Arid Environments, 59(3), 427–462. 

https://doi.org/10.1016/j.jaridenv.2004.03.018 

Thomlinson, J. R., Serrano, M. I., del M. Lopez, T., Aide, T. M., & Zimmerman, J. K. (1996). 

Land-Use Dynamics in a Post-Agricultural Puerto Rican Landscape (1936-1988). 

Biotropica, 28(4), 525. https://doi.org/10.2307/2389094 

Titeux, N., Henle, K., Mihoub, J.-B., Regos, A., Geijzendorffer, I. R., Cramer, W., Verburg, P. 

H., & Brotons, L. (2016). Biodiversity scenarios neglect future land-use changes. Global 

Change Biology, 22(7), 2505–2515. https://doi.org/10.1111/gcb.13272 

Tran, D. X., Pla, F., Latorre-Carmona, P., Myint, S. W., Caetano, M., & Kieu, H. V. (2017). 

Characterizing the relationship between land use land cover change and land surface 

temperature. ISPRS Journal of Photogrammetry and Remote Sensing, 124, 119–132. 

https://doi.org/10.1016/j.isprsjprs.2017.01.001 

Turner, M. G., Wear, D. N., & Flamm, R. O. (1996). Land Ownership and Land-Cover Change 

in the Southern Appalachian Highlands and the Olympic Peninsula. Ecological 

Applications, 6(4), 1150–1172. https://doi.org/10.2307/2269599 

Vihervaara, P., D’Amato, D., Forsius, M., Angelstam, P., Baessler, C., Balvanera, P., Boldgiv, 

B., Bourgeron, P., Dick, J., Kanka, R., Klotz, S., Maass, M., Melecis, V., Petřík, P., 

Shibata, H., Tang, J., Thompson, J., & Zacharias, S. (2013). Using long-term ecosystem 

service and biodiversity data to study the impacts and adaptation options in response to 

climate change: Insights from the global ILTER sites network. Current Opinion in 

Environmental Sustainability, 5(1), 53–66. https://doi.org/10.1016/j.cosust.2012.11.002 

Vijitharan, S., Sasaki, N., Venkatappa, M., Tripathi, N. K., Abe, I., & Tsusaka, T. W. (2022). 

Assessment of Forest Cover Changes in Vavuniya District, Sri Lanka: Implications for 



Landscape-scale analysis of changes in forest land use/land cover across Puerto Rico, 1990-2020 
. 

 

75 
 

the Establishment of Subnational Forest Reference Emission Level. Land, 11(7), 1061. 

https://doi.org/10.3390/land11071061 

Wadsworth, F. H. (1950). Notes on the climax forests of Puerto Rico and their destruction and 

conservation prior to 1900. Caribbean Forester, 11, 38–56. 

Wang, C., Yu, M., & Gao, Q. (2017). Continued Reforestation and Urban Expansion in the New 

Century of a Tropical Island in the Caribbean. Remote Sensing, 9(7), 731. 

https://doi.org/10.3390/rs9070731 

Wilson, S. J., Schelhas, J., Grau, R., Nanni, A. S., & Sloan, S. (2017). Forest ecosystem-service 

transitions: The ecological dimensions of the forest transition. Ecology and Society, 

22(4), art38. https://doi.org/10.5751/ES-09615-220438 

Windle, M. J. S., Rose, G. A., Devillers, R., & Fortin, M.-J. (2010). Exploring spatial non-

stationarity of fisheries survey data using geographically weighted regression (GWR): An 

example from the Northwest Atlantic. ICES Journal of Marine Science, 67(1), 145–154. 

https://doi.org/10.1093/icesjms/fsp224 

Wright, S. J. (2010). The future of tropical forests: Future tropical forests. Annals of the New 

York Academy of Sciences, 1195(1), 1–27. https://doi.org/10.1111/j.1749-

6632.2010.05455.x 

Wright, S. J., & Samaniego, M. J. (2008). Historical, Demographic, and Economic Correlates of 

Land-Use Change in the Republic of Panama. Ecology and Society, 13(2), art17. 

https://doi.org/10.5751/ES-02459-130217 

Wu, W., & Zhang, L. (2013). Comparison of spatial and non-spatial logistic regression models 

for modeling the occurrence of cloud cover in north-eastern Puerto Rico. Applied 

Geography, 37, 52–62. https://doi.org/10.1016/j.apgeog.2012.10.012 

Yackulic, C. B., Fagan, M., Jain, M., Jina, A., Lim, Y., Marlier, M., Muscarella, R., Adame, P., 

DeFries, R., & Uriarte, M. (2011). Biophysical and Socioeconomic Factors Associated 

with Forest Transitions at Multiple Spatial and Temporal Scales. Ecology and Society, 

16(3), art15. https://doi.org/10.5751/ES-04275-160315 

Yu, M., Rivera-Ocasio, E., Heartsill-Scalley, T., Davila-Casanova, D., Rios-López, N., & Gao, 

Q. (2019). Landscape-Level Consequences of Rising Sea-Level on Coastal Wetlands: 

Saltwater Intrusion Drives Displacement and Mortality in the Twenty-First Century. 

Wetlands, 39(6), 1343–1355. https://doi.org/10.1007/s13157-019-01138-x 



Landscape-scale analysis of changes in forest land use/land cover across Puerto Rico, 1990-2020 
. 

 

76 
 

Yuan, F., Lopez, J. J., Arnold, S., Brand, A., Klein, J., Schmidt, M., Moseman, E., & Michels-

Boyce, M. (2017). Forestation in Puerto Rico, 1970s to Present. Journal of Geography 

and Geology, 9(3), 30. https://doi.org/10.5539/jgg.v9n3p30 

Zhang, C., Luo, L., Xu, W., & Ledwith, V. (2008). Use of local Moran’s I and GIS to identify 

pollution hotspots of Pb in urban soils of Galway, Ireland. Science of The Total 

Environment, 398(1–3), 212–221. https://doi.org/10.1016/j.scitotenv.2008.03.011 

Zhu, C., Zhang, X., Zhou, M., He, S., Gan, M., Yang, L., & Wang, K. (2020). Impacts of 

urbanization and landscape pattern on habitat quality using OLS and GWR models in 

Hangzhou, China. Ecological Indicators, 117, 106654. 

https://doi.org/10.1016/j.ecolind.2020.106654 

Zimmerman, J. K., Rojas-Sandoval, J., & Shiels, A. B. (2021). Invasive Species in Puerto Rico: 

The View From El Yunque. Frontiers in Ecology and Evolution, 9, 640121. 

https://doi.org/10.3389/fevo.2021.640121 

 

 


