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Abstract

Globally, the increasing land changes (i.e., urbanization and agricultural
practices) in the coastal areas have exacerbated the anthropogenic stress on coastal
ecosystems. Human activities on coasts often induce sediments and stressors that degrade
the quality of coastal waters throughout the watershed soil erosion process. Specifically,
estimates of population size and distribution are also important in allocating resources
and managing land cover, and land uses to reduce the erosion impact on coastal areas.
Understanding and tackling the impact of human settlements on coastal ecosystems
requires interdisciplinary long-term research at a regional and local scale. However,
according to land use and land cover profile, precise population data is not always

available and needs to be prepared locally.

On the south coast of Puerto Rico, the Jobos Bay National Estuarine Research
Reserve has been facing land changes in its watershed since the 1970s, particularly in
agriculture activities and urban growth. The Jobos Bay Watershed (JBW) is historically
considered an agricultural watershed, even when urban development began in the last
four decades. Thus, population and housing estimates were needed to analyze the people
residing within the reserve as part of the urban growth analysis and agricultural land
conversion. This study assessed the potential impacts of land changes in the estuarine
ecosystem thru soil erosion analysis by quantifying land cover changes from 1970 to
2010. Therefore, this work aims to develop a study to link changes in human population
and housing units' distribution, and land changes to soil erosion rates to give insights into
how these terrestrial processes at a local watershed scale may affect the estuarine waters

quality of IBNERR.

Xiv



Our study suggests that even when the housing settlements and population
increased within the JBW, the housing units' densities declined in urban and forest areas
from 1990 to 2000. Although it is difficult to explain how housing units reduce their
distribution and density, for JBNERR, one reason for this diminution is spatial resolution
forest growth. Pasture/grassland increased its population density and the housing unit
density from 1990 to 2000. Still, it decreased from 2000 to 2010, contrary in urban areas.
In this effort, our methods and results showed that urbanization and sprawl occur mostly
from pasture and were continually increasing for the entire study period and in areas
closer to the coastal line. Nevertheless, reforestation trends also have a high potential to
continue because forest recovery occurred at 44.7% between 1991 and 2000 and 42.4%

between 2000 and 2010, especially in the upper east area of JBW.

Respectively to these land changes, the predicted soil erosion rate decreased in
cultivated lands between 1977 and 2010. This study illustrated spatiotemporal changes in
soil erosion rates based on the Revised Universal Soil Loss Equation (RUSLE) and Hot
Spot Analysis. The annual average soil loss was estimated to be 9.8 ton/haly in 1977,
increasing to 16.0 ton/ha/y in 1991, 11.5 ton/hal/y in 2000, and decreasing to 8.7 ton/haly
in 2010. The spatiotemporal distribution of soil erosion exposure showed that from 1977
to 2010, more than 40% of the watershed had slight soil loss, around 10% was slight to
moderate, more than 13% was moderate, around 5% was moderate and around 11% was
very highly exposed. The potential soil erosion risk and severity increase from the mid-
upper Northeast to the lowlands reaches of the Jobos Bay Watershed. As evidence from

1977 to 2010, hot spots analysis related to soil loss confirmed that pasture/grass in steep
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areas is more vulnerable to soil loss. Cultivated land placed very close to the coast is also

susceptible to soil erosion.

This study revealed that the assessment of population and housing distribution
linked to land changes provides an insight into the soil erosion process due to economic
shift and cultivated land conversion in JBNERR. This finding gives a great base for
further research integrating local knowledge from the communities in JBW to track soil
erosion related to cultivated land activities in the area and come up with

recommendations related to the soil conservation policy.
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Introduction

Estuarine environments are the main critical interfaces between land and sea
receiving most of the drainage waters coming from land through the fluvial network and
also intermittently shallow marine waters through tidal and wave processes (Osei-
Twumasi & Falconer, 2014; Traini et al., 2008). Physical alteration of habitats also
creates persistent and serious environmental problems, such as large-scale modifications
of coastal watersheds (e.g. deforestation and construction, marsh diking and
impoundment, bulk-heading and lagoon formation) and estuarine basins (e.g. dredging
and dredged material disposal, channel and inlet stabilization, and harbor and marina

development), which adversely affect estuarine organisms (Kennish, 2002).

Environmental problems encountered in estuarine environments invariably stem
from overpopulation and uncontrolled development in coastal watersheds, as well as
human activities in the estuarine embayment themselves (Kennish, 2002). The nature of
estuaries, where fresh and marine water ecosystems converge with increasing
concentrations of urban development, a fragile balance exists between the needs of
coastal cities and communities, and the health of aquatic ecosystems (Lipp et al., 2001).
Carter et al. (1973) describe a "short-circuiting™ effect of man-made canals that
effectively decouples natural estuarine ecological processes from their normal input
pathways by shunting overland freshwater drainage directly from the uplands to the

estuary.

Coastal urbanization is expanding disproportionally to human population growth
(Fabricius, 2005). In just forty years (1970 — 2010) coastal shoreline counties added 125

persons/mi?, coastal watersheds counties added 99 persons/mi? and the United States of
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North America as a whole added 36 persons/mi? (NOAA, 2013). Regardless of how the
coast is defined, it is substantially more densely populated than the U.S. as a whole, and
the population density in coastal areas will continue to increase (NOAA, 2013).
Accelerated population growth and development in the coastal zone, accompanied by
increasing urbanization and industrialization, are closely coupled to these anthropogenic
impacts, which have compromised the ecological integrity of many estuaries (Kennish,

2002).

Then, land use / land cover (e.g., urban development, industrial, agriculture)
changes, and anthropogenic activities may lead to introduce pollutants to estuary waters.
For example, agriculture affects 60% of impaired river miles and in estuaries affects 34%
of impaired acres, the third largest source behind the urban run-off and municipal point
sources (Parry, 1998). Even relatively small changes in the type of land cover could have
major effects on rates of soil erosion. For example, if only 5% of the watershed with the
highest erosion rates (bare soil, agriculture on steep slopes) is transformed into closed-
canopy forests, erosion in the watershed will decrease by 20% (Grau et al., 2003).
Detailed analysis revealed a number of general features including positive relationships
of erosion rate with slope and annual precipitation, and a significant effect of land use,
with agricultural lands yielding the highest erosion rates, and forest and shrublands
yielding the lowest (Garcia-Ruiz et al., 2015). Erosion rates are controlled by rainfall
intensity, soil erodibility, slope, land cover, and management practices (Grau et al.,
2003). Parts of the stressors that degrade the water quality are erosion and sedimentation
accelerated by land-use change, which can alter soil water chemistry with flow-on effects

for aquatic ecosystems (Quinn & Stroud, 2002).
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Likewise in Puerto Rico the consequences of land clearing and modification, first
for agriculture and later for urban development, has increased watershed sediment and
nutrient yield, thereby increasing sediment and nutrient discharge to the shelf, which has
likely contributed to the widespread degradation of ecosystems that surround the island
(Larsen & Webb, 2009; Warne et al., 2005). The effects of river-derived sediment and
nutrient discharge on the coral reefs as part of coastal ecosystems are especially apparent
in nearshore areas of the north, southwest, and west coasts (Larsen & Webb, 2009). The
results of Ryan, Walsh, Corbett, & Winter (2008) study, suggest that modern local
terrestrial sediment accumulation approximately doubled the one from the early 20th
century, and the cause for this change cannot be unequivocally established, land-use
change in the watershed (i.e., coastal development) is hypothesized to play a role in

Puerto Rico.

In the coastal plains on Puerto Rico, much of the original flora has been removed
to make room for coastal agriculture (especially sugarcane during the 1800s) and
development (Garcia-Quijano, Poggie, Pitchon, & Del Pozo, 2015). According to Lal
(2001), the type of land use and its management are mainly influenced by social,
economic, and policy causes, and by consequence influence the soil erosion rates and the
severity of soil degradation. To emphasize, in Puerto Rico, 124,187 ha (306,873 acres),

or 14% as well-suited to mechanized agriculture, with slopes under 10% and this land is

mainly located in the coastal plains and interior valleys, with the largest patches located

in the northwest and south of the island (Gould, Wadsworth, Quifiones, Fain, & Alvarez-

Berrios, 2017). Gould et al., (2017) noted the most important impact from agriculture in

Puerto Rico:
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The coastal and interior plains of Puerto Rico encompass 240,000 ha (27% of all
land). Of these, 142,292 ha (16%) are classified by the Puerto Rico Department
of Agriculture as agricultural reserves, and 98,247 ha (11% of all land) are
developed. Within the agricultural reserves, 21,774 ha (15%) are wetlands, and
16,072 ha (11%) are currently forested.

In the case study area of Jobos Bay, located in the south eastern of Puerto Rico,
elements of a physical and biological nature exert influences to create and maintain the
dynamics of estuarine ecosystems such as an ecological unit sculpted by natural and
anthropic factors, located in the southeastern shore of Puerto Rico (Laboy-Nieves, 2009).
All the land adjacent to Jobos Bay National Estuarine Research Reserve (JBNERR) has
been impacted by human activities and has suffered modifications in the hydrology,
nutrient dynamics, and impediment of the establishment of mangrove species and
associated communities in the past three decades (Laboy et al., 2008). Land use at the
watershed has gone through changes in growth in urban development and corresponding
conversion of agricultural lands to commercial or residential areas, changes in irrigation
methods, and the establishment of new industries that can potentially affect the
ecosystems (PRWRERI, 2013). These changes or causes (e.g. poverty and illiteracy,
political instability, and high demographic pressure), influence the rate of soil erosion
which determines the severity of soil degradation (Lal, 2001). Therefore, in terms of land
changes and anthropogenic activities, tackling the above-mentioned challenges and
drifting the effects requires a great effort to know where intensity changes were shown,
how changes occurred and why changes occurred. This is also key to recognize how soil
erosion is responding to land changes and reach better soil conservation policy and soil
practices in JBNERR. Since soil erosion is the response of the combination of climatic

and physical factors, as well as the influence of the topographic factor and land use/land

XXi



cover changes (LULCC) aspects, where LULCC might be in part a consequence of
human activities.

In this sense, a soil erosion model for JBNERR can be extended to determining soil
erosion rates (in units of mass per area and time) under a large range of climatic conditions
and land uses, and involving various measurement methods (Garcia-Ruiz et al., 2015). One
of the most relevant extensions of erosion and sedimentation analysis is that it can be
attached to the watershed unit analysis. Although, data collection is harder for detailed
models, by using the GIS extension Revised Universal Soil Loss Equation (RUSLE)

erosion rates was calculated.

To analyze and correlate the human settlements distribution to land changes over
time 1990 — 2010, the integration of the land cover classification with the Census Blocks
were applied to identify the densely populated land and the housing units by means of
ArcGIS 10.6.1. The Dasymetric mapping methods is the method used to analyze this
relationship. Mapping the distributions of human land uses provides critical information
for managing landscapes to sustain their biodiversity and the structure and function of
their ecosystems (Helmer, Ramos, Ldpez, Quinones, and Diaz, 2002). This method is a
geospatial technigue that uses information such as land cover classes as ancillary data,
and the Digital Elevation Model (DEM) for slope analysis to have a more accurately
distributed population data by areal interpolation, that have been assigned to

predetermined boundaries (Zandbergen & Ignizio, 2010).

To our knowledge, little research has been done to quantitatively investigate the
different and demographic dynamics and biophysical drivers on LULCC and estimate the

soil erosion rates over JBNERR area. For better understanding the impact of land
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use/land cover change in estuarine ecosystems, we assessed the performance of available
erodibility factors through investigating the role of rainfall erosivity (R), topographic
factor (LS) soil erodibility (K), and Cover Management (C) on soil erosion in JBNERR

from 1991 to 2000 (Figure 1).

Figure 1.

Conceptual Research framework

Soil
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Soil

Dynamics
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population LULC

distribution

Topography
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The aim of this work was to develop an analysis to link changes in human
population and housing units’ distribution, LULCC to soil erosion rates and, describe and
give insights about how these terrestrial processes are affected by soil conservation
policies and how may affect estuarine waters quality in JBNERR. In sum, the inputs to
the analysis are land use and land cover (1977 — 2010), decennial censuses (1990 —

2010), and the results of soil erosion thru the Revised Universal Soil Loss Equation
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(RUSLE) (). RUSLE contemplates Daily Rainfall from 1970 — 2015, Soil Properties
profile, Topographic analysis, and Conservation of soil (if any), and Agricultural

practices in JBNERR.

Figure 2.

Database assessment framework
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Source: Flowchart adapted from Paroissien, J. B., Darboux, F., Couturier, A., Devillers,
B., Mouillot, F., Raclot, D., & Le Bissonnais, Y. (2015). A method for modeling the
effects of climate and land use changes on erosion and sustainability of soil in a
Mediterranean watershed (Languedoc, France). Journal of Environmental Management,
150 (May), 57-68. https://doi.org/10.1016/j.jenvman.2014.10.034 (Paroissien et al.,
2015).
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Thesis Composition

The dissertation is composed of three chapters. First, there is an introduction to
estuarine ecosystems and how they interact with the terrestrial ecosystems, how estuarine
are influenced by anthropogenic activities taking place in its closest watershed. Hence
this dissertation seeks to understand the impact of land change and the role of different
driving factors (i.e., elevation, slope, soil, rainfall, population density, agriculture, and
urban development) working on the LULCC in estuarine ecosystems, to accomplish this
goal LULCC, erosion rates, and population distribution at JBNERR from 1977 to 2010
were analyzed. To understand the impact of changes in LULC, particularly agriculture

and urban development, the following is structure is presented.

The Chapter Il presents a study of how the patterns of land use/land cover depend
on human population distribution. By integrating the land cover images derived from
objective two and the census blocks, the Intelligent Dasymetric Mapping (IDM) method
was applied to identify the densely populated land. The research questions proposed an
integrated approach to the watershed management that considers human settlements in
areas are built and configured by modifying and/or transforming the land. However,
urban development might be characterized as land conversion that is sometimes
overestimated or not necessarily follows the population growth rates (Gibson et al.,
2014). Using Geographic Information Systems (GIS) was possible to manage and
associate information on LULCC and population censuses, by testing the following
hypotheses that population density increased from 1990 to 2000, and decreased from
2000 to 2010, which in turn influence LULCC at JBNERR responding to the population

trends in Puerto Rico. In Puerto Rico the total population began to decrease after 2000 in
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more than 5% because of the poor performance of the Puerto Rican economy for example

lack of jobs opportunities (Abel & Deitz, 2014).

Chapter 111 presents impact of the patterns of land use/land cover changes,
particularly on cultivated lands and urban development. In this chapter was based on
determine and analyze LULC maps to quantify the changes rates and magnitudes
between different LULC classes for the period of 1977 — 2010 to then analyze LULC
with urban development and agricultural activities in the watershed. Jobos Bay
watershed, still having conflicts in harmonize land use and resource protection, which
evolved from sugarcane agriculture to increasingly urban and industrial use in the late
1970’s. This changing pattern is raising water quality and quantity concerns which, in
turn, could imperil the Reserve’s sustainability as a pristine estuarine habitat, a key
criterion for National Estuarine Research Reserve (NERRS) (Laboy et al., 2008). It was
important to apply a multi-temporal study to detect land changes between two or more
reference dates and give insights to plan the appropriate measures to prevent its soil
degradation and ensure its best conservation. A Transition Matrix was performed to test
the hypotheses that agriculture pattern has been changed because economy has been
shifted after 1990 and converted mainly into pasture and urban development whereas
forest recovery has mainly occurred in the upper and steepest areas gained from

previously pasture/grass land after 1991.

Finally, Chapter IV presents the impact of how the patterns of land use/land cover
changes (caused by human settlement distribution, agriculture, and urban development)
and climate promote changes of erosion rates from 1977 — 2010 in JBNERR. In Chapter

IV the erosion rates were calculated by using the Revised Universal Soil Loss Equation

XXVi



(RUSLE) to identify and describe how erosion rates relate to changes in land use from
1977 to 2010 and human population settlements in the Jobos Bay watershed. This
question leads the use of different datasets to comply the following focal question: (1)
how soil erosion was influences by rainfall or topography or LULC over the period of
1977 — 2010 in JBW. The LULC mapping methodology was explored, and the following
hypothesis were tested: agricultural land is expected to be related to higher soil erosion
and conversion from pasture to forest will result in land less prone to erosive forces in
JBW. Particularly, the upper and steeper areas are more prone to erode because of climate
variables and the less steep and downhill areas are more prone to erode because of
agriculture activities and urban development. Lastly, Chapter V presents the concluding

remarks and recommendations for future research projects.
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Chapter One. Dasymetric Mapping of Population and Housing Density Using Land
Cover Data in JBNERR, Puerto Rico during 1990 — 2010



Abstract

Accurate and precise spatial population data are critical to allocating resources for
socioeconomic development and the environmental management decision-making
process of any country. However, such data are not always available and need to be
prepared. JBNERR is a natural research reserve cover for two municipalities in the
southeast of Puerto Rico, threatened by anthropogenic activities. Thus, population and
housing estimates are needed to analyze the population residing within the reserve as part
of the urban growth analysis. This study proposed a multi-class dasymetric mapping to
estimate the housing units and population within JBNERR. The population increased by
19.48% with a growth rate of 0.97%, adding 5,583 new residents from 1990 to 2010. The
housing units' estimates revealed that JBNERR watershed experienced an increase of
50.72%, corresponding to a growth rate of 2.54% by adding 5,076 new residents from
1990 to 2010. The highest maximum density corresponds to urban development with
254.8 + 12.3 persons/900 m? in 1990, 71.2 + 7.1 persons/900 m? in 2000, and 94.0 + 4.8
persons/900 m? in 2010. The housing unit density, the highest maximum density
corresponds to urban development with 80.3 + 4.4 houses/900 m? in 1990, 21.2 + 2.5
houses/900 m?in 2000, and 46.5 + 2.1 houses/900 m? in 2010. Even when the residential
development and population increased within the Jobos watershed, the housing units'
densities decline in urban areas from 1990 to 2000 but increases from 2000 to 2010. In
pasture/grass as open areas increased its population maximum density and the housing
unit density from 1990 to 2000 but decreased from 2000 to 2010 contrary to urban areas.

In this effort, our methods and results help to assess areas of major vulnerability for urban



growth since housing development is a critical concern because indirectly threatens

ecological and recreational impacts in JBNERR.

Introduction
Accurate and precise spatial population data are critical to assign resources and

services for the country's socioeconomic development and environmental management
decision-making process. However, such data are not always available and need to be
prepared. Specifically, estimates of population size and distribution are vital for
socioeconomic planning and management decisions such as allocating food and medical
supplies and transportation to analyze and address political, environmental issues, land
uses, and regional development (Deng, 2013; Su et al., 2010). The size and distribution of
the population, as well as housing units, are often key determinants for resource
allocation to establish political boundaries, to monitor the impact of public policies, and
to estimate the need for schools, roads, parks, public transportation, etc., for state and
local governments (Smith et al., 2002). Considering these wide-reaching impacts, there is
a growing demand for fine-resolution and spatially explicit social data that can be used to
document how the pattern and extent of the population and housing density changes over
time (D. G. Brown et al., 2005). In this context, detailed and contemporary datasets
accurately describing the distribution of residential population in the region are required
for measuring the impacts of population growth, monitoring changes, supporting
environmental and health applications, and planning interventions (Sorichetta et al.,

2015).

Censuses are commonly used as the major source for population distribution

information (Su et al., 2010). The U.S. Decennial Census data comprises three spatial



aggregation levels based on administrative units and the total population counts (census
tract, block group, and block) (Jia & Gaughan, 2016). A census is conducted every ten
years at any geographical scale across most of countries (Briggs et al., 2007). The
decennial censuses in the United States benefit from bringing aggregate data at finer
geographic units such as the census tract or census block. However, even detailed data
may be recorded for each person in a census, and privacy concerns prevent these data
from being released (Su et al., 2010). To satisfy this demand, researchers are increasingly
turning to remotely sensed data and other geospatial data sets to refine the process of

producing high-resolution estimates of population density (Stevens et al., 2015).

New methodologies are needed to estimate human population and housing unit
distributions more accurately (Deng, 2013; Jeremy Mennis & Hultgren, 2006; Stevens et
al., 2015). One concern regarding the census data is that are often only available for
administrative units with arbitrary boundaries that convey a wrong impression of
homogeneous population density leading to analytical and cartographic problems, and the
spatial patterns of population distribution within the aggregated units may be lost or
distorted (Fisher & Langford, 1996; Weichselbaum & Papathoma, 2005). The spatial
heterogeneity in population distribution exists between natural environments and regional
developments (Su et al., 2010). To that land cover provides a useful indicator of where
people live as a basis for detailed population mapping. However, it still suffers from a
major limitation: how to derive weights for each land cover class or parcel that reflects its

population density (Briggs et al., 2007).

Thus, land use and land cover (LULC) change is a key mediator of population-

environment interactions. Demographic variables figure prominently among the driving



forces investigated and in which efforts are made to investigate the causal mechanism by
which human population changes affect land use environment outcomes (National
Research Council, 2005). The population and housing data (e.g., census data) is widely
used as an indicator of urban devolvement in LULC change research, demographic
factors including population growth, density, and housing growth are known to be
important influences on LULC change (Entwisle & Stern, 2005) thru anthropogenic
activities. For example, the population totals in a small area are closely related to the
number of housing units in that area (Deng, 2013). Housing development has been

occurring at unprecedented rates globally, and in the United States (Syphard et al., 2009).

On the other hand, the Latin America and the Caribbean region is one of the most
urbanized regions globally, with a total population of around 630 million that is expected
to increase by 25% by 2050 (Sorichetta et al., 2015). Though, housing development is
growing substantially even when the population size declines and the average household
size is declining in the United States (Liu et al., 2003). However, integrating geospatial
technology (through GIS) and population census data helps understand how people use

and develop the lands (Martinuzzi et al., 2007).

Dasymetric mapping has improved traditional choropleth maps by increasing the
spatial variation and accuracy in which data is mapped to a surface. The dasymetric
method is a well-known method in assist population interpolation (Wu et al., 2005).
Wright, (1936) popularized it out of a concern that choropleth maps do not give a valid
representation of population distribution within enumeration units (Wu et al., 2005).
Choropleth maps have limited utility for detailed spatial analysis of socioeconomic data,

where human populations are concentrated in relatively few towns and cities, found at



lower elevations, and along major river corridors (Holloway et al., 1997). Using satellite
remotely sensed imagery to identify settled areas per land cover class, dasymetric
mapping can produce an accurate representation (Langford & Unwin, 1994) as a method

to estimate population and housing distributions integrating census data and LULC data.

In dasymetric representation, it is assumed that the entire population for each
census unit (e.g., ward, block, track) is concentrated within the area as occupied on the
classified image (Langford & Unwin, 1994). Dasymetric mapping may therefore be used
to generate a surface model that provides a more accurate representation of population
within rural block groups or even census block, as well as in urban block groups that
contain parks, cemeteries, and other features that may control the within- block group
distribution of population (Mennis, 2003). Mennis (2003) also pointed out that census
block groups in urban areas may be relatively small and of homogeneous population
density, while block groups in rural areas are typically much larger and have a much
more heterogeneous population distribution. In this context, the fundamental census units
block groups, blocks, or tracts are larger in rural areas than in urban areas increasing the

heterogeneity in rural areas.

In sum, Dasymetric mapping refers to a process of disaggregating spatial data to a
finer unit of analysis, using additional or "ancillary"” data to help refine locations of
population or other phenomena (Mennis, 2003). The combination of dasymetric
refinement with areal interpolation has been demonstrated as a promising way to improve
the precision and accuracy of small area population estimates for temporal analysis
(Zoraghein et al., 2016). Dasymetric techniques have recently been examined to refine

areal interpolation over multiple periods (Zoraghein et al., 2016). This method, known as



Intelligent Dasymetric Mapping (IDM), is used to assess population growth by land cover
classes or land use types over time. Figure 3 shows three types of dasymetric mapping
which are the total number of people aggregated by census delineated unit (a); binary
(populated versus unpopulated) with populations evenly distributed within the inhabited
land use (b); and multi-class weighted that represents an urban 3-class method (Pefia,
2012; Sleeter & Gould, 2007). The IDM outcome is a raster representation of population

per pixel (Sleeter & Gould, 2007).

Figure 3

Three population distribution techniques for Dasymetric Mapping

A 200 people

89 1

Note. Diagram showing three fundamental approaches to mapping population
distribution. A, Total number of people, aggregated by census delineated unit; B,
represents inhabited (red) verses uninhabited (green) with populations evenly distributed
within the inhabited land use; and C, represents an urban 3-class method, where
populations are distributed in high (red), medium (pink), and low (yellow) population
class based on LULC-class code and areal weighting.

Source: Sleeter, R., & Gould, M. D. (2007). Geographic information system software to
remodel population data using dasymetric-mapping methods. Reston, VA. Retrieved
from http://purl.access.gpo.gov/GPO/LPS106635.



The IDM method implemented as a Geographic Information System (GIS)
extension facilitates the technique's parameterization and returns a set of statistics that
summarize the quality of the resulting dasymetric map (Jeremy Mennis & Hultgren,
2006). The main objective of this extension is to automate the process of taking
population data from census enumeration units and transferring the data values to
overlaying homogenous zones while (1) maintaining volume preserving properties and
(2) using an empirical sampling method for determining relative densities for each
homogenous zone (Sleeter & Gould, 2007). The ancillary data can be percent
imperviousness, roads, nighttime lights and land cover/land use data (Jeremy Mennis,
2003, 2009, 2016; Jeremy Mennis & Hultgren, 2006; Mitsova et al., 2012; Schroeder,
2017). LULC data is the most frequently used as ancillary data. Overall, total population,
total housing units, and land area obtained at the geographic census units are part of IDM
inputs by using the land cover images as ancillary data. Besides, using ancillary data,
visual interpretation, and expert knowledge of the area through GIS further refines the

land cover classification results (Shalaby & Tateishi, 2007).

Housing development and population growth in rural areas have major
implications for the region's ecology and forest management practice (Hammer et al.,
2004). Asides, data on housing development and population growth can thus be
enormously useful in understanding the effects of landscape change and formulating
policies to guide future growth (Hammer et al., 2004). This supports why LULC data are
commonly used to estimates population and housing distribution. Hence, population data
are tied to primary residence and underestimate development in rural areas, especially

those affected by significant seasonal and recreational use (Hansen, 2005). Furthermore,



there are important land-use changes at or beyond the urban fringe, including conversion
of land in agriculture and forest, which are not well represented in traditional definitions
of urbanization (Hansen, 2005). In particular, the agricultural history can focus more
explicitly on the history of specific types of agriculture (i.e., cropped vs. pasture) and the
demographic history can focus more explicitly on the density of housing units, which
more closely relates to landscape changes of interest to ecologists (Hammer et al., 2004;

Hansen, 2005; Radeloff et al., 2000).

In this sense, Puerto Rico has served as an interesting land cover transformation
and demographic change for many scientists. Dramatic land changes on the Caribbean
island of Puerto Rico during the last 70 years, as its economy shifted from agriculture to
industry and services (Kennaway & Helmer, 2007). However, more information is
needed about how the LULC data impact the housing units and population density within
a natural reserve area or small rural areas, as is Jobos Bay National Estuarine Research
Reserve (JBNERR) in Puerto Rico. JBNERR is an important area for its local economy,
with fishing and tourism being the most common region activity. To illustrate, Pozuelo is
the best-known fishing community in Guayama and is located on a peninsula that extends
to the sea from Jobos Bay (Garcia-Quijano et al., 2013). Also, the bay has social, cultural,
and economic importance for the livelihoods of residents of neighboring coastal

communities (Garcia-Quijano et al., 2013).

To know the population and housing distribution is relevant because as the coastal
population increases over the next two decades, anthropogenic impacts on estuaries are
likely to increase unless effective management strategies are formulated (Kennish,

2002b). Even after being designated as a National Reserve, JBNERR is still threatened by



land use changes, such as urban development and industrial and agricultural activities.
Land use in the JBNERR watershed has undergone changes in growing urban
development and the corresponding conversion of agricultural land into commercial or
residential areas, changes in irrigation methods, and new industries that can affect
ecosystems (PRWRERI, 2013). This study aimed to 1) estimate the housing units and
population within JBNERR using the land cover land use data as ancillary data, and 2) to
estimate the population density and housing units' density thru the dasymetric mapping
method. JBNERR is an ideal area to apply dasymetric mapping because this interpolation
method outperformed for small study areas, temporal analysis of small-area demographic
data commonly relying on areal interpolation methods create temporally consistent and
compatible areal units (Zoraghein et al., 2016). The target zone boundaries would also
necessarily change over time, and such an approach can also work in cases where the

spatial ancillary data vary over time (Mennis, 2016).

The study area and the land cover data as an ancillary source in the mapping
process are described in the following sections. Three decennial censuses, 1990, 2000
and 2010 and its variable (total population and total housing units) were used to outline
the dasymetric mapping procedure and explain the tested intelligent dasymetric mapping
methods. Finally, to assess the map errors in the mapping analysis, the Root Mean Square
Error (RMSE), and the Mean Absolute Error (MAE) are presented in this chapter. The
error assessment is critical since the most troubling issue for this particular project is that
certain regions, such as industrial complexes, that are sparsely populated (in terms of

residence) may be classified as high urbanization due to their dense road networks and
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large areas of impervious surface, the spectral signature of which in T.M. imagery may

resemble residential and commercial areas (Mennis, 2003).

Methodology
This paper applies the IDM methodology proposed by Mennis & Hultgren, 2006

since they emphasize that IDM is not restricted to use with U.S. Census data or even
population data, but it can be applied to the estimation of any spatially aggregated count
data like housing units. This method is demonstrated by dasymetric mapping for the total
population and total housing units derived from the U.S. Census Bureau 1990, 2000, and
2010 at block level geographic level. The chosen study area is appropriate because it
contained various LULC classes and covered several major landforms, including the
coastal plain. Therefore, these classes' different population patterns are expected due to
the large area lands classified as forest, pasture, and cultivated lands but small land

extension as urban development.

Study area
The study area of JBNERR covers 137.3 km? where encompasses parts of

Guayama and Salinas, two municipalities in Southern Puerto Rico (Figure 4). The land
area of JBW contain the 38.9 % of both Guayama and Salinas total area. JBNERR is
designated as part of the NOAA - National Estuarine Research Reserves System since
1981, serving as a living laboratory for scientists, communities, and other professionals
from different academic backgrounds to conduct research. This reserve is protected and
managed by the Puerto Rico Department of Natural Resources and the Environment and
collaborates with universities in Puerto Rico and the United States, with input from local
community organizations. The JBNERR is also known as Jobos Bay; its watershed

belongs to the Rio Coamo watershed and is divided into four sub-watersheds: Rio Nigua,
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Rio Seco, Quebrada Aguas Verdes, Rio Seco West, and East. Jobos Bay watershed is
considered an agricultural watershed because of the high cropland activity close to the

coastal plain.

Figure 4

Study area JBNERR watershed delimitation.

66°18'W 66°16'W 66°14'W 66°12'W 66°10'W 66°8"W

- 18°2'N 18°2'N

-4 180N 18°0'N |

= 17°58'N 17°58'N

- 17°56'N 17°56'N

66°18'W B86°16'W 66°14'W 66°12'W 66°10'W 66°8"W
T T T T T L]
Subwatersheds of JENERR N
Coastal Watersheds East of Rio Nigua mouth 0 25 5 Kilometers
I Coastal Watersheds West and East of Rio Seco mouth IS ) : : ' ‘ w E
- Quebrada Aguas Verdes at mouth u\?au[[:c—eh S. Geological Survey (USGS)

, B3
I Rio Seco at mouth National Hydrology Dataset USGS

Databases
Dasymetric mapping can be considered a type of areal interpolation (Mennis,

2015). Dasymetric mapping methods is the geospatial technique that uses land cover
classes as ancillary data to calculate accurately distribute count data through areal
interpolation that have been assigned to predetermined boundaries (Zandbergen &
Ignizio, 2010). The census block selection is to provide count data as a set of geographic
units that cover JBNERR. The census block is the smallest geographic unit bounded by
visible features, such as streets, roads, streams, and railroad tracks, and by nonvisible

boundaries, such as selected property lines and city, township, school district, and county
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boundaries in which population data is collected (United States Census Bureau 2018). In
this study the total population and the total housing units per census blocks are the count
data selected to apply the IDM method. According to the US Census Bureau (2018), the
housing unit is defined as a house, an apartment, a mobile home or trailer, a group of
rooms, or a single room occupied as separate living quarters, or if vacant, intended for
occupancy as separate living quarters. It is important to point out that the housing unit
statistics also exclude group quarters (such as dormitories and rooming houses), transient
accommodations (such as transient hotels, motels, and tourist courts), moved or relocated
buildings, and housing units created in an existing residential or non-residential structure.
Units in assisted living facilities are housing units, however, units in nursing homes are

not considered to be housing units.

Land cover has been the most widely used type of ancillary data for dasymetric
mapping (Eicher & Brewer, 2001a; Holt et al., 2004; Jeremy Mennis, 2003; Jeremy
Mennis & Hultgren, 2006; Zandbergen & Ignizio, 2010). The idea of using ancillary data
in the spatial interpolation of population data originates with the work of John Wright
(1936), who used USGS quadrangle maps to eliminate uninhabited areas and recalculate
and adjust population densities for the populated areas (Mitsova et al., 2012). It is
important to note that there is no "best/one-fits-all" scenario, and the ancillary data
chosen should correspond to the spatial scale and particular research applications

(Mitsova et al., 2012).

To test the dasymetric mapping performance for JBNERR, the ancillary data used
for this study area are classified land-cover data set as raster format created by the USDA

Forest Service for 1991, and 2000 and another classified land-cover raster made by the
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NOAA-CCAP for 2010 to calculate the population and residential densities (Figure 5).
The LULC raster's for IBNERR are reclassified with five land-cover classes following
the classification system made by Kennaway and Helmer (2007) for Puerto Rico. The
land cover classes are identified as forest, cultivated lands, pasture/grass, urban
development, and non-forest (Figure 6). Using these population and housing and land
cover data, a map series was generated using IDM, areal weighting, and the multi-class
dasymetric mapping technique. This assumes the population density within each
dasymetric zone is uniform, but since these zones are typically much smaller than the
source areas, the result is a more accurate estimate of the population in the target areas
compared to the estimate based on areal weighting without ancillary data (Zandbergen &

Ignizio, 2010).

Figure 5

Census data analysis to create a dasymetric map.
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Figure 6
Land use/cover maps based on the classification system made by Kennaway and Helmer

(2007) by year, 1991, 2000 and 2010.
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Dasymetric Mapping Statistical Approach
The original spatial units that contain the data are referred to as the source zones

and the spatial units to which the data are to be transformed are referred to as the target
zones (Mennis, 2016). In dasymetric mapping, the target zones are created from the
source zones overlay with some ancillary spatial data layer, such that the target zones
nest perfectly within the source zones (Mennis, 2016). Intelligent dasymetric mapping
takes input count data mapped to a set of source zones and a categorical ancillary data
set. It redistributes the data to a set of target zones formed from the source's intersection
and ancillary zones (Mennis & Hultgren, 2006). Data are redistributed based on a
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combination of areal weighting and ancillary classes' relative densities (Mennis, 2003).
Thus, consider the population and the housing units in the block unit. The source zone s
and ancillary data are zone z, where z is associated with ancillary class c. Then the target
zone t is the area where s and z overlap. The estimated count for a given target zone is

calculated as:

Equation 1. Target Zone Estimation

o A D,

e (ztes(Atﬁc))
Where ¥ is the estimated count of the target zone, y; is the count of the source zone, D, is
the estimated density of ancillary class c, A, refers only to the areas of target zones
associated with ancillary classes inhabited, i.e., for which the analyst has not enforced a
data density of zero. The D, refers only to the densities of ancillary classes that are
populated. This method can employ three sampling options, the containment method,
centroid method, and the percent cover method. In this research, the sampling method
chosen is centroid method because guarantees a high sample rate, as each source zone
centroid falls within an ancillary class zone, but it is vulnerable to outliers (Mennis &
Hultgren, 2006). After a sample of source zones has been selected as representative of a

particular ancillary class, D, may be calculated as:

Equation 2. Estimated density of ancillary class

D~ — Zgl:lys
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Where m is the number of sampled source zones associated with ancillary class ¢ and, A,
is the area of the source zone. In the case where one or more ancillary classes are
assigned a data density of zero by the researcher, the term A, in Equation 1 refers only to
the areas of target zones associated with ancillary classes populated, i.e., for which a data
density of zero has not been enforced by the analyst (Mennis & Hultgren, 2006).
Additionally, the term D, in Equation 2 refers only to the densities of ancillary classes
that are inhabited. In addition, the term Ag Equation 2 is replaced by the area of the

source zone occupied by inhabited ancillary classes.

However, the possibility that a particular ancillary class may go unsampled can
occur using the percent cover sampling method. In this case, the unsampled class's
density is estimated using "refined" areal weighting (Mennis & Hultgren, 2006). They
exposed that first, the count assigned to each target zone associated with an unsampled
class is estimated based on the previously estimated densities of the other ancillary
classes that occupy that target zone's host source zone. For example, consider a source
zone that overlaps multiple ancillary zones. Some ancillary zones are associated with an
ancillary class that has gone unsampled (denoted ancillary class u and whose density
estimate is unknown. The other ancillary zones are associated with an ancillary class
whose density estimate is known (denoted ancillary class k). It was derived from
sampling or a preset density value assigned by the researcher. Then the count of a target

zone associated with u is calculated as:
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Equation 3. Target Zone Estimation Associated with u

Veaw) = (J’s— Z (5kAt<k))> (Atm) / Z At(u))

t(k)es t(u)es

Where 3, is the estimated count of the target zone associated with u, D, is the
estimated density of k, A;)is the area of the target zone associated with k, and A, is
the area of the target zone associated with u. Note that ¥, is a temporary estimate, used

only to estimate the ancillary class's density whose density estimate is unknown; it is not

the final estimated count for that target zone. Once the value of ¥, is found, the

estimated density of ancillary class u can be calculated using the formula:

Equation 4. Estimated density of u

p p
D, = Z Ve / Z At

t(uw)=1 t(uw)=1

Where D,, is the estimated density of u, and p is the number of target zones in the entire

data set associated with w.

In the next session, the IDM computational steps are discussed. This method is
implemented as a geographic information system (GIS) extension that facilitates the
parameterization of the technique and returns a set of statistics that summarize the quality

of the resulting Dasymetric (raster) map (Mennis & Hultgren, 2006).

Intelligent Dasymetric Mapping Computational Steps
IDM takes input count data mapped to a set of source zones and a categorical

ancillary data set and redistributes the data to a group of target zones formed from the

18



intersection of the source and ancillary zones (Mennis & Hultgren, 2006). In this study,
the total population and the total housing units were redistributed based on a combination
of areal weighting and the relative densities of LULC classes as an ancillary class. A
Visual Basic performed the IDM method for Applications (VBA) script encoded within
the ArcGIS software as a package, known as Intelligent Dasymetric Mapping (IDM)
Toolbox developed by Torrin Hultgren. The IDM process of this tool integrates the

equations discussed by Mennis and Hultgren (2006).

The script prompts a series of dialog boxes to put the census blocks' layers as the
source zone and the LULC raster as the ancillary data as the first step. The first three
steps prepare the data to further calculations and dasymetric mapping creation. The first
step essentially converts the census blocks polygon feature class to an integer raster,
population raster or raster housing units. This process was completed overlay operations
in ArcGIS. The overlay operation can select only those polygons in one layer that fall
completely within polygons of another layer as one parametrization option and is used to
support containment sampling, where the script loops through a series of selection
functions that identify those source polygons that are wholly contained within polygons
or grid cell of each ancillary class (Mennis & Hultgren, 2006). Another spatial selection
parameterization option supports centroid sampling, in which script loops through a
series of selection functions that identify those source polygons whose centroids fall
within each ancillary class, essentially a point-in-polygon search (though the analytical

geometry is handled internally by the software) (Mennis & Hultgren, 2006).

The second step combines the population or housing enumeration units' raster and

the LULC ancillary raster to create another raster corresponding to the population or
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housing data and the ancillary class. This raster will have a column in its attribute table
that serves as an indicator value for each combination of population units and ancillary
classes. A standalone table is created to redistribute the population or the housing units
within each source unit according to the ancillary classes. The calculations done on a

standalone table in the next steps are more predictable than do the math directly on the

raster value attribute table.

The third step creates a separate table containing preset density values for all the
unique LULC classes in the ancillary dataset. Once the table is created, it is manually
filled with preset density values, and the LULC classes should be preset to zero because
they are considered uninhabited and removed from the table. The LULC class removed
from the preset table is the non-forest class because this land cover class consider
emergent wetland, salt or mud flats, tidally flooded evergreen dwarf-shrubland and forb
vegetation, water bodies, bare soil, coastal sand and rock which implies the uninhabited
class. Even when estimating the population density fraction for more than one inhabited
class is not a trivial matter from the onset of dasymetric mapping, researchers have been
challenged to identify, test, and assess various methods of partitioning the available

population counts into population density fractions (Mitsova et al., 2012).

The population of each block group was distributed to each grid cell in the
population surface based on two factors: (1) the relative difference in population densities
among the three urbanization classes; and (2) the percentage of total area of each block
occupied by each of the LULC classes. Factor one concerns that a grid cell with a high
urbanization class has a higher population density than a grid cell with a low or non-

urban urbanization class (as derived from empirical measurement, described below)
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(Mennis, 2003). Thus, the high-urbanization grid cell should receive a greater share of the
total population assigned to a block or block group than a low or non-urban urbanization

grid cell in the same block or block group (Mennis, 2003).

The fourth step was where the script generates two tables with the dasymetric
calculations. For each LULC ancillary class, the representative population density was
calculated by using areal weight for the selected housing or population units. For each
ancillary class, the preliminary population estimate was calculated by multiplying the
relative population or housing density (sampled or preset) by the area of each output unit
(an output unit is a row in the table, representing a unique combination of population unit
and ancillary class). In the first table named Sampling Summary Table that contains
statistics for the source housing or population units regarded as representative of each
LULC ancillary class. The second table is the Final Summary Table, including the
statistics for the final density values. The second table presents a secondary population
estimate by multiplying all relative population or housing densities (sampled or preset) by

each output unit's area.

Though, to ensures that the original value of the source units was preserved in the
transformation to the target units the pycnophylactic integrity or property proposed by
(Tobler, 1979) or the volume preserving requirement explained by (Lam, 1983) should be
implemented. This means that when the population count of a source zone was
disaggregated and summed back into the source zone, the total should equal that of the
original value (Qiu et al., 2012). Subsequently, in this step, to maintain pycnophylactic

integrity for each population unit, find the sum of the secondary population estimates and
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calculate a distribution ratio that was the output unit secondary population estimate

divided by the total estimated population for the specified population unit.

The final step creates the final floating-point population density raster by joining
the calculated population density with the combined population and ancillary raster
created in step two. When the IDM script finished, it returns a dasymetric raster layer
with a data count and density estimates for the target zones. This population surface
simultaneously describes the number of persons stored within each grid cell and

population density (persons/900 m?, the area of each grid cell) (Mennis, 2003).

Error Assessment
The root mean squared error (RMSE) to quantify the error introduced by different

areal interpolation methods was used by Fisher and Langford (1995). They concluded
that area-weighting performed poorly compared with intelligent models that utilized
ancillary data and that better accuracy was achieved as the number of target zones
declines (Qiu et al., 2012). Meanwhile, Mennis (2015) applied dasymetric mapping
principles to spatiotemporal interpolation, indicating that the accuracy of estimates was
significantly improved. Therefore, it is important to assess the accuracy of this method
because high estimation errors were discovered in fast-growing subregions, in areas that
were more fully developed for both the source and target periods, and in rural settings
where land-cover data is known to underestimate developed residential land (Zoraghein
et al., 2016). Several assessment error measures can be considered based on the
difference between the observed count data and the estimated data in the dataset to assess
the housing units' accuracy and population estimation models derived from the census

blocks. The most common error assessments used are mean absolute error (MAE), root
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mean square error (RMSE), and the adjusted percent error (P.E.) (Eicher & Brewer,

2001b; Jeremy Mennis & Hultgren, 2006; Mitsova et al., 2012; Qiu et al., 2012).

The accuracy of the derived population surface was estimated using RMSE and
MAE to know the number of misplaced persons either overestimate or underestimate.
The root mean square error (RMSE) is a measure of statistical error calculated as the
square root of the sum of squared errors, where the error is the difference between an
estimate and the actual value; if the mean error is zero, it also equals the standard

deviation of the error (Titus, J.G et al., 2009).

Equation 5 Root Mean Square Error

n

n (P, — E;)?
RMSE = \/Zl_l( - )

Where P; is the observed population in areal unit i, E; is the estimated population for the
same areal unit, and n is the number of observations. RMSE has the disadvantage of
producing large estimation errors for blocks with large population counts (Qiu et al.,
2010). Fisher and Langford (1995) noted that if the population of the blocks varies
greatly, the blocks with high populations tend to have large estimation errors and
therefore will heavily affect the RMSE measure, while blocks with low people tend to
have small estimation errors and less influence on the RMSE measure. Thus, Means and
medians were used in preference to root mean square averages because of the latter's lack

of robustness to the distorting influence of a few extreme outlying values (Harvey, 2002).

To avoid the possibility of accuracy overestimation due to canceling out of

negative and positive errors, the Mean Absolute Error (MAE) was calculated. An average
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of the absolute values is an indicator of overall accuracy, including
variability/consistency and bias (Harvey, 2002). MAE is a measure of precision
calculating the numeric variation between the predicted value and the 'true’ value

indicating how close the estimated values to the actual values (Deng, 2013).

Equation 6. Mean Absolute Error

n
1
MAE = —Z D, — vy,
-y 1Iyl il
1=

Where y; is the estimated population count in block i, y; is the actual population count in

block i, and n is the total number of census blocks.

Results
Population and Housing Units Estimates General Findings
Table 1 provides a summary of the population and housing unit growth for

JBNERR and Guayama and Salinas municipalities. JBNERR has an estimated population

of 28,667 in 1990, 32,489 in 2000, and 34,250 inhabitants in 2010 (Table 1,

Figure 7). These population estimates range between 41.0% and 44.9% of the
population of both municipalities, Guayama and Salinas, from 1990 and 2010,
respectively (Table 1). The study area's population growth rate increased by 1.33% from
the 1990s to 2000 but increased slightly from 2000 — 2010 by 0.54%. The number of new
residents increased from one decade to the next, adding 3,822 and 1,761 new residents in
each period from 1990 — 2000, and 2000 — 2010, respectively. The study site presents
from 1990 to 2000, and 2000 to 2010 the population increased double the population

increased in each municipality. While Guayama increased 6.5% and Salinas increased
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9.8% from 1990 to 2000. Similarly, from 2000 to 2010, JBNERR increased 5.42%, while

Guayama increased by 2.39%, and Salinas decreased by 0.11%.

A comparable trend is related to the housing unit estimates, which range from
42.4%, 42.9%, and 43.7% of both municipalities' housing units respectively to 1990,
2000, and 2010. JBNERR has an estimated housing unit of 10,007 in 1990, 12,116 in
2000, and 15,083 in 2010 (Table 1 and Figure 7). These housing units' estimates range
between 42.4% and 43.7% of the municipalities’ population. Specifically, the number of
new housing units increased from one decade to the next, 21.08% (2,109 new houses)
from 1990 to 2000, and 24.49% (2,967 new houses) from 2000 — 2010. However, the
increase in housing in the study area from 1990 - 2000 compares with the rise in
Guayama at 20.40%, whereas in Salinas, it was 18.80%. The contrary happened from
2000 to 2010, where the increase in housing units is similar with the Salinas trends in

24.87% but Guayama increase in 20.42%.

Table 1
Total population and housing units' comparison between the study area and Guayama and

Salinas municipalities.

JBNERR
POP HU
Census Total* A% Growth Rate  Total* A% Growth Rate
1990 28,667 - - 10,007
2000 32,489 13.33 1.33 12,116  21.08 2.11
2010 34,250 5.42 0.54 15,083 24.49 2.45
Guayama
POP HU
Census Total A% Growth Rate Total A% Growth Rate
1990 41,588 13,595
2000 44,301 6.52 0.65 16,368  20.40 2.04
2010 45,362 2.39 0.24 19,711  20.42 2.04
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Salinas

POP HU
Census Total A% Growth Rate Total A% Growth Rate
1990 28,335 9,997
2000 31,113 9.80 0.98 11,876  18.80 1.88
2010 31,078 (0.11) (0.01) 14,830 24.87 2.49

Figure 7

Population and housing units counts in the study area and Guayama and Salinas

municipalities.
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Overall, a review of census data for twenty years revealed that the JBNERR
watershed population increased from 1990 to 2010. The population increased by 19.48%
with a growth rate of 0.97%, adding 5,583 new residents from 1990 to 2010. Similar
trends were found for housing unit estimates for the whole study period. The housing
units increased from one decade to the other by adding 5,076 new housing, corresponding
to an increment of 50.72% at a growth rate of 2.54% in twenty years. In JBNERR, it is

important to point out that the number of census blocks increased from one decennial
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census to the other, respectively, to 829 blocks in 1990, 1,118 in 2000, and 1,551 blocks

in 2010.

Intelligent Dasymetric Mapping Error Assessment
The density of the population and housing units was redistributed to 30 by 30

meters cell-size scale by each decennial census. This research indicated that 1990 and
2000 censuses had a root mean squared error (RMSE) of misplaced persons of 2.85
persons/m? and 3.01 persons/m?, respectively. Meanwhile, for 2010 the RMSE was
96.52, indicating that the overestimation or underestimation of people is around 96
persons per block in this census. Related to housing units, the error assessment presented
a better estimation fit done by the IDM method. Particularly, in 1990 the RMSE was very
close to 0, with 0.83 houses that might be misplaced per block. While 2000 and 2010, the
RMSE were 1.09 and 1.10, respectively, indicating a good housing estimation done by
the IDM method. According to previous studies in rural blocks, as is the case of
JBNERR, relatively large rural blocks tend to be overestimated, while small urban blocks
tend to be underestimated (Eicher & Brewer, 2001b; Harvey, 2002; Jeremy Mennis &

Hultgren, 2006).

Table 2

Error Assessment of IDM method (meter unit).

Source data 1990 2000 2010
RMSE MAE RMSE MAE RMSE MAE

POP 2.85 0.10 3.01 0.11 96.52 33.21

HU 0.83 0.03 1.09 0.04 1.10 0.05
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Regarding the MAE, the population estimation with this approach is 0.10 in 1990,
0.11 in 2000, and 33.21 in 2010, illustrating that the population in 2010 is overestimated,
particularly the blocks with larger geographical areas (e.g., blocks in the forest or pasture
cover classes). The MAE for the housing units estimate was 0.03 in 1990, 0.04 in 2000,
and 0.05 in 2010, showing the same situation in population estimates. To sum up, it is
reasonable to expect that higher accuracy of predicted values at the administrative unit
level results in a higher accuracy of the final gridded population distribution datasets
(Stevens et al., 2015). Another explanation is that as far as the missing blocks, these
might be very small. If they are small enough, there might be no pixels in the LULC
raster with centroids in that block, and therefore no centroids in the final population or
housing density raster. Nevertheless, in this study, most of these blocks had 0 population

or a very small population.

In other words, the sum of the estimated population of the dasymetric zones that
compose a single original choropleth zone should equal the original encoded population
of that choropleth zone (J Mennis, 2009). Because the available census data are fine, the
dasymetric mapping approach for the final end-user product will still have high accuracy
as the census counts "anchor" the end-user product predictions to observed values at a
smaller spatial scale (Stevens et al., 2015). This "anchor" effect minimizes the bias
introduced by the "Ecological Fallacy" by redistributing population data within each
census unit to predicted population density; estimates are guaranteed to at least be

accurate when aggregated back to the census unit level (Stevens et al., 2015).
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Dasymetric Population Mapping
Population estimates, and population density attributes were assigned to each

LULC class within each census block using weighted aerial interpolation.

Figure 8 shows the suitability of dasymetric mapping to map population density
compared to choropleth mapping more accurately. The visual comparison indicates that
dasymetric mapping provided a better representation of population density's spatial
orientation, particularly in outlying census blocks that encompass much-uninhabited land.
Indeed, the use of LULC images as ancillary data was performed positively because these
data have a direct interpretation as population density estimates over 30m x 30m of land.
This supplied means of modeling population density as a continuous surface (Langford &

Unwin, 1994).

29



Figure 8

Visual comparison of the choropleth and the dasymetric map of population density for

JBNERR, Census blocks.
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Table 3 provides the general results of the aerial interpolation for each land cover class

for each year. Results indicate the population estimates increased steadily for urban

development over the period.
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Table 3 shows that the urban development class has the highest population,
estimated 26,321 inhabitants in 1990, 29,167 in 2000, and 33,161 inhabitants in 2010. In
every census urban development represented 90% or higher from the total population in
the study area. They were followed by pasture/grass with 1,069, 2,561, and 853
inhabitants in 1990, 2000, and 2010. Forest ranked the third place with more population
and followed with 959, 514 and 236 inhabitants. The less populated land cover classes
were cultivated lands and non-forest with 292 and 26 persons in 1990, 22 and 225
persons in 2000, and 0 and 0 persons in 2010 were estimated respectively to these two
land cover classes. Comparing the aerial interpolation of the population for each census
provides further insight into the type of urban growth throughout JBNERR. Also, the
results show that the population estimates in cultivated lands decreased from one census

to the other. Contrary occurred to forest land cover.

In terms of population density, we found that the highest maximum density
corresponds to urban development with 254.8 + 12.3 persons/900 m? in 1990, 71.2 + 7.1
persons/900 m?in 2000, and 94.0 + 4.8 persons/900 m? in 2010. Followed by forest 22.0
+ 1.9 persons/900 m?in 1990, by pasture with 20.8 + 1.4 persons/900 m? in 2000, and 7.9
+ 0.5 persons/900 m?in 2010. However, the population density in forest were
significantly decreasing from one census to the other. While the population density

increased from 1990 to 2000 but decreased in 2010 in pasture lands.
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Table 3

Dasymetric Mapping Population Statistics Summary in JBNERR by Census blocks level.

1990
Land cover Freque New P ¢ Mean de. (I;/Iax dStd.
classes ncy Pop. ercen density ensi-densidensi

age ty ty ty
Forest 231 959 3.35 0309 0000 2203 1.876
Cultivated 188 292 1.02 0033 0990 558 o236
Lands
Pasture/Grass 519 1,069 3.73 0.107 0.000 13.86 0.770
Urban 616 26321  91.82 4425 0000 254.7 12.32
development 6 5
Non-Forest 137 26 0.09 0.011 0.000 0.35 0.037

28.667 100

2000
Forest 409 514 1.58 0085  0.000 9.000 0.644
Cultivated 115 22 0.07 0001  0.000 0088 0.009
Lands
Pasture/Grass 836 2561  7.88 0259  0.000 20(')81 1.362
Urban 927 29167  89.78 3725 0000 ‘21 7068
development 2
Non-Forest 181 225 069 0178  0.000 15491 1.206

32489 100

2010
Forest 803 236 0.69 0.008  0.000 1.364 0.066
Cultivated 157 0 0.00 0.000 0000 0.000 0.000
Lands
Pasture/Grass 747 853 2.49 0.054 0.000 7.938 0.479
Urban 1305 33161  96.65 2001 0000 2400 ,.g7
development 0
Non-Forest 195 0 0.00 0.000  0.000 0000 0.000
Totals 34,250 100

Note. Frequency is the number of output units (census blocks) that correspond to this

ancillary class. New Pop is the total dasymetrically calculated population for this
ancillary class. New Population is the population resulted from the IDM method.

The IDM tool's output provided a population density raster layer for each

decennial census (Figure 9). The dasymetric map of population densities for IBNERR
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depicted areas with higher population densities within the watershed. These generally
correspond to small urban areas, especially in new higher-density housing (Holt et al.,
2004). Hence, the lowest population densities were found in the north and northeast of
the watershed, while the highest population densities are along the east boundary and
close to the coast. Similarly, it was observed that in the range of 4 to more than 12
persons per pixel were intensifying from 1990 to 2010. It was also observed that in areas
where the IDM estimated zero population per pixel (grey color) in 1990, those areas
presented 2.0 persons per pixel like the northeast in 2000 and 2010. These two
observations show that population were sparsely redistribute according to the land cover

areas and in other parts the population were intensified.

33



Figure 9

Dasymetric Map of Population Density in JBNERR
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Dasymetric Housing Units Mapping

The IDM tool's output provided a housing density raster layer for each decennial

census (Figure 10). The housing estimates and housing density attributes were assigned
to each land cover class within each census block using weighted aerial interpolation,
equally to population estimates and population density. The figure shows the visual
comparison clearly between dasymetric mapping representation of the spatial orientation
of population density, particularly in outlying census blocks that encompass much-
uninhabited land. Since the dasymetric map using LULC images as ancillary data

performed positively better than choropleth maps.
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Figure 10

Visual comparison of the choropleth and the dasymetric map of housing unit density for

JBNERR, Census blocks.
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Table 4Table 4 lists the dasymetric housing densities per land cover class for
each census in JBNERR. Results indicate that the housing units' estimates increased
gradually for urban development over time, the same as the population estimates. The
urban development class has the highest housing units estimated at 9,132 in 1990, 10,931
in 2000, and 14,460 houses in 2010. Like population estimates, the housing units'
estimates presented the same trends per land cover classes. Pasture/Grass followed them
with 432, 897, and 431 houses in 1990, 2000, and 2010. Forest rated third place with
more housing units and followed with 306, 216, and 192 houses. The less populated land
cover classes were cultivated lands, and non-forest with 123 and 15 in 1990, 9 and 63
persons in 2000, and 0 and 0 houses in 2010 were estimated respectively to these two

land cover classes.
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Table 4

Dasymetric Mapping Housing units Statistics Summary in JBNERR by Census blocks

level.

1990

Land cover New Mean Min Max Std
Frequency Percentage . . i )
classes H.U. density  density density  density
Forest 231 306 3.06 0.098 0 6.32 0.567
Cultivated 188 123 1.23 0.012 0 1.05 0.088
Lands
Pasture/Grass 519 432 431 0.042 0 471 0.276
ik 616 9,132 91.26 1.555 0 80.30 4.429
development
Non-Forest 137 15 0.15 0.008 0 0.37 0.043
10,007 100

2000
Forest 409 216 178 0032 0000  3.000 0.229
A 115 9 0.07 0000 0000  0.016 0.002
Lands
Pasture/Grass 836 897 7.41 0091 0000 6.864 0.462
Urban 927 10,931 90.22 1.429 0000 21211 2.496
development
Non-Forest 181 63 0.52 0048 0000 3777 0.289

12116 100

2010
Forest 803 192 1.27 0006 0000  1.033 0.045
Cultivated 157 0 0.00 0000 0000 0000  0.000
Lands
Pasture/Grass 747 431 2.86 0.023 0.000 3.935 0.188
Urban 1305 14,460 95.87 0.987 0000 465500  2.060
development
Non-Forest 195 0 0.00 0000  0.000  0.000 0.000
Totals 15,083 100

Note. Frequency is the number of output units (census blocks) that correspond to this
ancillary class. New HU is the total dasymetrically calculated housing units for this
ancillary class.

Generally, results indicate that much of the population resides in urban
developments, those areas that are contributing most to population and housing units'

growth. Respecting to housing unit density, the highest maximum density corresponds to

37



urban development with 80.3 + 4.4 houses/900 m? in 1990, 21.2 + 2.5 houses/900 m?in
2000, and 46.5 + 2.1 houses/900 m? in 2010. Followed by forest 6.3 + 0.6 houses/900 m?
in 1990, by pasture with 6.9 + 0.5 houses/900 m? and 3.9 + 0.2 houses/900 m?in 2000
and 2010, respectively. Therefore, both the housing unit and the population density as a
continuous surface serve as a predictor variable to further analysis. Even when the
dasymetric approach calculated conservative estimates of housing change, the population
data are compared over time. The initial and final populations' distributions are often
independent because people are dynamic and migrate (Syphard et al., 2009). Houses
remain in place over time, and their final distribution depends on their initial distribution;

thus the dasymetric approach was slightly more complex (Syphard et al., 2009).

Figure 11 presents the dasymetric map for housing units and provides more
precision in differentiating areas of higher and lower housing density within the
watershed. Likewise, the lowest housing densities are found at the north and northeast of
the watershed to the population density dasymetric map. The highest population densities
are along the east boundary and close to the coast. Also, it is observed that in the range of
4 to more than 12 houses per pixel were intensifying from 1990 to 2010 in the east.
Besides, it is also observed that in areas where the IDM estimate zero population per

pixel (grey color) in 1990, those areas present 2.0 persons per pixel in 2000 and 2010.
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Figure 11

Dasymetric Map of Housing units Density in JBNERR.
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Table 5

Estimated population and housing units and LULC classes changes, 1990 to 2010

Pixels Population Housing unit
LULC class A1% A2% A1% A2% A1% A2
Forest 77.06 96.33 -46.40 -54.09 -29.41 -11.11
Cultivated Lands -38.83  36.52 -92.47  -100.00 -92.68  -100.00
Pasture/Grass 61.08 -10.65 139.57 -66.69 93.52 -48.44
Urban development  50.49 40.78 10.81 13.69 19.70 32.28
Non-Forest 32.12 7.73 765.38  -100.00 320.00 -100.00

Note. A1 is the net change from 1990 to 2000, and A2 is the net change from 2000 and
2010.

Discussion
JBNERR watershed can be defined as a rural agricultural small area of 137 km?

with population and housing units located within census blocks with a population density
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of ranges from 209, 237 to 250 people per km?, from 1990 to 2010. While housing
density ranges from 73, 88 to 110 housing units per km? from 1990 to 2010. This
compares to previous studies where the average population density in Jobos Bay is
maintained at a comparatively low 234 people/km? by large areas of open space among
communities in 2000 (Whitall et al., 2011). Recent studies revealed that population
density is closely related to residential area or dwelling area thus, much previous research
for population estimation was based on housing or dwelling units using high spatial

resolution images (Li & Lu, 2016).

For example, Castro-Prieto et al. (2017) demonstrated that lands around protected
areas in Puerto Rico like JBNERR are extremely vulnerable to development and that
residential development can continue to grow despite the human population declines.
More than 500 housing units have been constructed from 2000 to 2010 in the Jobos bay
watershed area (Laboy et al., 2008). Supported by our findings, even when the residential
development increased within the Jobos watershed, the housing units' densities decline in
urban areas from 1990 to 2000 the censuses. According to our findings, the housing unit's
density, where the maximum housing density decreased in urban areas from 1990
(80.3 + 4.4 houses/m?) to 2000 (21.2 + 2.5 persons/m?) and increased to 46.5 + 2.1
houses/m? in 2010. According to Syphard et al. (2009), widespread housing density
decline is unrealistic, except for cases of, for example, natural disasters, the effects of
which tend to be limited in space or time (e.g., wildfires and hurricanes are almost always
followed by rebuilding). This chapter does not analyze how the land change trends and
major environmental events like hurricane disturbance interact to determine the structure

and composition of population and housing unit density.
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Future work is recommended to explore how environmental events like hurricanes
and land changes impact the population and housing density in JBNERR. For example, in
Puerto Rico, from 1991 to 2000, the island faced the following hurricanes: Hurricane
Marilyn in 1995, Hurricane Hortense in 1996, and Hurricane Georges in 1998 (Metro
Puerto Rico, 2017). From 2000 to 2010, hurricanes Frances in 2004, and Earl in 2010.
Meanwhile, Lee and Leigh (2005) disclosed that recent analyses have shown that the only
places where sustained, substantial loss of housing occurs are in areas that are
decentralizing because of widespread property abandonment at the center of large urban
areas in the U.S. Similarly occurred in Puerto Rico because of an economic shift from
agriculture to the industry that pulled a migration from rural to urban areas increasing the
demand of new housing outside from the existing urban areas, industrial facilities and

roads at the beginning of the century (Lopez Marrero, 2003).

Another explanation for housing density decline is likely due to the increase in
spatial resolution of the census blocks combined with the assumption that housing data
were homogeneously distributed within the source and target zones (Syphard et al.,
2009). For example, some of the 2000 block boundaries may have been updated to
delineate small neighborhoods located within large, sparsely populated areas (Syphard et
al., 2009). Thus, when a large polygon with low housing density in 1990 was split into
two polygons in 2000, one of the 2000 polygons would be comparatively densely
populated with houses, whether there was any change in houses on the ground, while the
other would have no houses in the area that was formerly represented as populated with
low-density housing (Syphard et al., 2009). A simple solution to verify is doing an

overlay of the 1990 and 2000 boundaries in the second polygon. Therefore, it would
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show a false decline in housing density (when in reality, it was probably undeveloped in
both 1990 and 2000) (Syphard et al., 2009). Therefore, it will continue to be important
for scientists to understand where and how housing growth is occurring so that land-use
planners and conservation biologists can work together to plan for change on a regional
scale and can aggregate larger areas protected from development, there will be more

potential for effective land conservation and stewardship (Lenth et al., 2006).

All methods involved some trade-off level, including analytical difficulty, data
resolution, magnitude, or bias in the direction of change (Syphard et al., 2009). Analysts
need to recognize that housing density change estimates are sensitive to the method of
interpolation and to choose between the trade-offs following their specific objectives and
research questions (Syphard et al., 2009). The quality of the interpolation estimates relies
heavily on (1) how to source zone, and target zone boundaries are defined, (2) the LULC
classification accuracy, (3) the degree of generalization in the interpolation process, and

(4) the characteristics of the partitioned surface (Lam, 1983).

For its part, population maximum density decreased in urban areas from 254.8 £
12.3 persons/m?to 71.2 + 7.1 persons/m? and increased to 94.0 + 4.8 persons/m?in 2010.
During this decade, in Salinas, only Barrio Aguirre, located within the Jobos watershed,
reflected an increase in its population by 15.5% (Junta de Planificacién de Puerto Rico,
2019). Even when Aguirre experienced a population gain, the Salinas municipality
experienced a population loss from 2000 to 2010. This population loss in the Salinas
neighborhood represents a trend that has been experienced in most of the urban centers of
the municipalities of Puerto Rico (Junta de Planificacion de Puerto Rico, 2019). This

phenomenon of emigration, as studied in previous research from urban centers in Salinas,
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occurs due to various factors, among which are: (1) the development of new residential
developments; (2) the housing shortage in urban centers; (3) the deterioration and
abandonment of existing residences; (4) the scarcity of parking spaces; (5) traffic
congestion; and (6) the loss from commercial, service, educational, and other job-

generating activities (Junta de Planificacién de Puerto Rico, 2019).

For its part in Guayama, where to the west is JBNERR, the area industrial area,
and the floodplain area of the Guamani River and the Caribbean Sea to the south (Junta
de Planificacion de Puerto Rico, 2020), experienced population growth from 2000 to
2010. To illustrate, the Jobos barrio, located within the Jobos watershed, also presented
an increase in population of 7.53% and its housing units by 17.8% from 2000 to 2010
(U.S. Census Bureau, 2012). Nonetheless, these new areas might affect a small
proportion of the landscape compared to areas where houses remain or are becoming
more numerous (Syphard et al., 2009), like the not new residential areas, Jobos and
Aguirre barrios, or neighborhoods in the JBNERR watershed. Pasture/grass as open
spaces increased its population maximum density and the housing unit density from 1990
to 2000 but decreased from 2000 to 2010, contrary to urban areas in our study area. This
means that pasture areas became urbanized as urban sprawl with dispersed and density in

population and housing development over the study period.

However, according to Census 2020, total population in Puerto Rico decreased
11.8% from 2010 to 2020 (U.S. Census Bureau, 2020). All the municipalities of
Puerto Rico reflected loss of their resident population with percentage changes ranging
from -0.1% to 29.0% (Red State Data Center de Puerto Rico (SDC-PR), 2021). To that

Guayama and Salinas experienced a population decreased around 5 and 10 percent. In
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terms of the Housing Units in Puerto Rico the percent of change is negative in 2.4% (U.S.
Census Bureau, 2020). Only 15 out of 78 municipalities experience an increase in its total
housing units from 2010 to 2020. From the remaining 62 municipalities that experiences
a decrease in its total housing units, Guayama and Salinas are categorized as those
municipalities with the most noticeable decrease in 6.0% and 6.1%, respectively. As
mentioned before, this does not mean that there is no new residential development
occurring in those municipalities, this reduction might be explained by the habitable
housing losses due to the passage of hurricanes during the decade, for example Hurricane

Maria and Hurricane Irma in 2020.

Therefore, even when the total population and total housing units are not yet
available by at the barrio levels in the Decennial Census 2020, we can make inferences
by using the 5 years Puerto Rico Community Survey estimates for 2020. According to the
5 years Puerto Rico Community Survey population estimates five of six barrios loss
population in Salinas, including Aguirre. Likewise, in Guayama nine of ten barrios loss
population, including Jobos barrio (US Census Bureau, 2022). Then, it is expected to see
a population decreased within Jobos Bay Watershed because Guayama is the seventh
municipality with the highest population loss with 9.7% between 2010 and 2020 (Red
State Data Center de Puerto Rico (SDC-PR), 2021). Likewise, Salinas ranked nineteenth
with a negative population change of 5.9% (Red State Data Center de Puerto Rico (SDC-
PR), 2021). To that it is highly recommended to analyze the sociodemographic
characteristics and housing type and vacancy status to have a better understanding on

anthropogenic activities taking place in the study area.
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The sociodemographic and housing type and vacancy status should help to a
better understanding on anthropogenic activities taking place in the study area. In this
sense, even when at an island wide scale, urbanization may reinforce forest expansion, at
a local scale, in areas adjacent to the most intensively urbanized areas, an opposite pattern
emerged: Low-density residential use invades forest (Grau et al., 2003). In addition,
urban expansions occur over the most productive agricultural areas, a process that greatly
reduces the island’s capacity to re-adapt to an economy less dependent on external food
sources (Grau et al., 2003). JBNERR is considered not only a research reserve due to its
ecological richness, but its watershed also has soils of high agricultural value. Likewise,

JBNERR is being threating by urban development because of its high landscape value.

Consequently, before 2015 deforestation, landfilling and illegal construction (in
the community of Las Mareas and Camino del Indio), some with sanitary discharges
directly into the sea, continued for another 34 years, until in 2015 the former Secretary of
Natural and Environmental Resources and today regional director of the Federal Agency
for Environmental Protection (EPA), filed a cease and desist order, which imposed
hundreds of thousands of dollars in fines and mitigation actions on three individuals for
non-compliance with various environmental laws (Rodriguez-Velazquez & Sosa-Pascual,
2022, Figure 12). They denounce the construction of houses with pools and docks in the
Estuarine Reserve in Salinas, causing the destruction of mangroves, as well as the
development of illegal homes that even have legal power energy and water supply
services (Telemundo Puerto Rico, 2022). As well, in the 2018 Annual Report of the
United States National Oceanic and Atmospheric Administration (NOAA), the DNRA

has even been pointed out in its negligence by the federal authorities, it is specified that
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the agency failed to comply with the protection of the area, allowing the illegal invasion
of the land and the construction of summer homes (Noticias Salinas, 2022). They also
pointed out that they were not complying with everything related to navigation and
fishing in the area (Noticias Salinas, 2022). At least 29 illegal houses were constructed
and an area for trailer houses or camper is also found in Camino del Indio (Pérez, 2022,
Figure 13 and Figure 14.). The ongoing investigation of illegally built homes in the
Puerto Rico's second-largest estuary, where more than 3,600 trees were clear-cut,
according to authorities, has led to public hearings and the launch of a criminal
investigation by the island's Department of Justice while drawing attention to other
similar cases (Coto & Los Angeles Times, 2022). Thus, physical alteration of habitats
also creates persistent and serious environmental problems, such as large-scale
modifications of coastal watersheds (e.g., deforestation and construction) and estuarine
basins (e.g., dredging and dredged material disposal, channel and inlet stabilization, and
harbor and marina development), which adversely affect estuarine organisms (Kennish,
2002). During the last 200 years, human activities in Puerto Rico have had negative and

positive impacts on the mangroves (Martinuzzi et al., 2009).
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Figure 12

Recursos Naturales sabia de las irregularidades en Bahia de Jobos en Salinas.

January 2017

October 2021

Source: Noticias Salinas, March 24, 2022.
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Figure 13

DRNA sabe del desastre ambiental en la Reserva Jobos de Salinas desde el 2019.

. o .
Note. Casas rodantes / Trailer homes. Source: Redaccion, March 24, 2022.

Figure 14
Vivienda en construccion en la Reserva Nacional de Investigacion Estuarina de la Bahia
de Jobos en Salinas (Puerto Rico). Date: May 3, 2022. By Carlos Giusti / Associated

Press.

Source: Carlos Giusti, Associated Press, May 3, 2022.

48



The environmental consequences of the mangrove deforestation for urban
development is manifested by an array of damaging cascading changes in ecosystem
structure and function (Kennish, 2016) such as flooding due to tides, part of the most
productive ecosystems in the world because is a refuge for fish and invertebrate species,
reduce the effects of hurricanes and tsunamis, serve to clean the waters that flow from the
rivers before reaching marine waters, and has great relevance in the terrestrial fauna
(Kennish, 2002b). According to Martinuzzi et al. (2009) the future of the mangroves in
Puerto Rico depends on human decisions, and on the legal and social attitude aimed to
conserve them argued based on their study of 200 years of conversion and recovery of
Puerto Rican mangroves. Although the law protects the mangroves anywhere they occur,
this approach has not prevented negative effects of human decisions and activities related
to mangroves and coastal ecosystems in general (Martinuzzi et al., 2009). In addition, it
seems that the Law Num. 33 known as the Ley de Mitigacién, Adaptacion y Resiliencia
al Cambio Climatico de Puerto Rico (Puerto Rico Climate Change Mitigation, Adaptation
and Resilience Act) establish states that coastal planning must be implemented to address
rising seas while directing new development away from shoreline is not being consider to
grant urban development permits, increasing in 29% by 2021 (Centro de Periodismo
Investigativo, 2022, Figure 15). From forty four (44) coastal municipalities, Guayama
and Salinas has 293 and 183 of building permits that have been approved between 2015

and 2021, respectively (Centro de Periodismo Investigativo, 2022, Figure 16).
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Figure 15

Concesion de permisos de construccion en el litoral.
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Note. Cantidad de permisos de construccién aprobados por la Oficina de Gerencia de

Permisos para el desarrollo de proyectos en los pueblos costeros de Puerto Rico entre
2015y 2021.

Source: Oficina de Gerencia y Presupuesto. Graph created by Gabriela Carrasquillo
Pifieiro, 2022.
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Figure 16

Zonas con mas construcciones costeras.
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Note. Numero de permisos de construccion que se han aprobado para cada uno de los 44
pueblos costeros entre 2015 y 2021.

Source: Oficina de Gerencia y Presupuesto. Graph created by Gabriela Carrasquillo
Pifeiro, 2022.
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In sum, this chapter contribute to the advancement of knowledge on how
population densities have been increasing along the urban expansion in JBW, and to the
comprehensive on the critique umbral among housing distribution, human population,
land uses and land changes when forest mangroves has been cut due to illegal urban
development. In short, the JBW will continue facing anthropogenic threats and the
solutions to mitigate and stop new construction on the coast relies on the partnership

between local communities and the academic community.

Conclusion
This research provides a new approach to map population density distribution in

JBNERR at a 30m? cell size scale, based on the established relationship between
population density and LULC data. This approach was applied for the first time in

JBNERR and provided the potential to update population density using LULC data. The
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estimates derived from LULC classification by applying the IDM provide a timely
resource for measuring several concerns in the study area 1) population growth impacts,
2) housing development closer to natural reserve boundaries, and 3) urban sprawl trends.
According to our results, urban development in JBNERR presented that the maximum
population density decreased from ~ 255 to ~71 persons/900m? during 1990 — 2000 and
increased into 94 persons/900m?in 2010. The same trend was shown for housing density,
decreasing from ~80 to ~21 hu/900m? from 1990 to 2000 and increasing by ~47

hu/900m? in the urban developments.

On the contrary, the results for population and housing estimates and densities in
forest land cover in JBNERR. The population estimate decreased from one census to the
other, 959 residents in 1990 to 236 residents in 2010. The population density in this land
cover also decreased from ~22 to ~1 persons/900m? from 1990 to 2010. In the same way,
in Figure 4, the forest was the land cover with significant increase during the same
period, which might affect the density calculations because major areas are considered to
calculate how many inhabitants or houses are found per land cover class. Moreover, both
trends for population and housing in urban areas are mainly located at the border,
particularly the west boundary, and closer to the coast of the study area. Housing
programs need to be integrated with land use and urban planning policies. From an
environmental and ecological perspective, concerns arose in JBNERR related to habitat

loss and degradation in its watershed.

According to Estudios Técnicos Inc., (2017), habitat loss and degradation occur in
the reserve and its watershed as a result of nutrient inputs to surface and ground water,

cutting and filling of mangroves, and land use impacts such as sedimentation from
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development and groundwater withdrawal to support agriculture and communities. In this
effort, our methods and results help to assess areas of major vulnerability for urban
growth since housing development is a critical concern because it indirectly threatens
ecological and recreational impacts in JBNERR. In Puerto Rico, the absence of this
integration through the decades leading to a very negative urban sprawl situation on the
one hand and, on the other, to siting of affordable housing projects away from urban
centers and job locations (Estudios Tecnicos Inc, 2014). In addition, an economy shifted
from agriculture to an industrial economy, particularly in a land closer to the coasts,
leaving space for forest recovery, population migration from the most rural areas to urban
areas are some of the explanations to our results (Lépez Marrero, 2003; C. Wang et al.,
2016, 2017). Thus, the housing units' estimates decreased from 1990 to 2010 in the forest
cover area and the housing unit density, which declined from ~6 in 1990, ~3 in 2000, and
~1 housing units/900m?. It is more difficult to explain how housing units reduce their
distribution and density; for JBNERR, one reason to explain this diminution is spatial

resolution forest growth.

Furthermore, many planning decisions in JBNEER may impact the local
development and the conservation of the reserve. The local community knowledge of
JBNERR serves as an important information source to integrate with the dasymetric
method to help planners, geographers, and every stakeholder who seek to link population
and housing distribution and its density with other environmental aspects like agriculture
and recreation. Especially after 2010, for Puerto Rico, the population declined over the
next decade due to economic conditions and emigration (SDC-PR, 2021). In turn, a

population decline in JBNERR will be expected. Therefore, much of the existing
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infrastructure is underused as population declines and future conversion from permeable
to impermeable surfaces may relate to the reduced cost of building on existing open space
vs. redeveloping the urban area, desired ambiance of non-urban settings for development,

proximity to existing development, or other reasons (Gould et al., 2017).
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Chapter Two. Understanding Land Changes in Jobos Bay Watershed, Puerto Rico during
1977-2010: Urban Expansion and Agriculture Conversion
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Abstract
In 1981, Jobos Bay on the south coast of Puerto Rico was designated as a

National Estuarine Research Reserve (JBNERR). However, increasing land changes (i.e.,
urbanization and agricultural practices) in the nearest watershed of JBNERR has
exacerbated the anthropogenic stress on local coastal ecosystems. To quantify land cover
changes and to assess the potential impacts of land changes in the estuarine ecosystem,
we applied the methodology of Pontius et al. (2004) to detect the landscape
transformation in the tropical watershed of JBNERR in terms of four land cover
categories for 1977, 1991, 2000, and 2010. We derived the land cover transition matrix to
show each transition's magnitude and the amount of gain and loss in each land cover
class. The results showed that urbanization and sprawl occur mostly from pasture and
were continually increasing for the entire study period. Specifically, the highest urban
expansion was found from 2000 and 2010 (46.7%), in 1977 to 1991 (25.2%), and around
18% between 1991 and 2000. Nevertheless, land change trends of reforestation also have
a high potential to continue because forest recovery occurred at 44.7% during 1991 and
2000 and 42.4% between 2000 and 2010. In sum, this research provides an insight into
the understanding of urban growth and cultivated lands reduction, which support the

prediction, assessment, tracking of land changes related to the conservation policy.

Introduction
Land use/land cover change (LULCC) is one of the most critical components and

driving factors of global climate and environmental change (Grau et al., 2003; Han et al.,
2015; Turner et al., 1995). The terms ‘land use’ and 'land cover' are often used
interchangeably (Rawat & Kumar, 2015), but each term has its definition. Land cover

considers the attributes of the earth's land surface and immediate subsurface, including
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biota, soil, topography, surface and groundwater, and human structures (Lambin et al.,
2003). On the other hand, land use refers to the functional dimension corresponding to
the description of the socioeconomic purposes (e.g., areas used for residential, industrial
or commercial, farming or forestry, recreational or conservation purposes, etc.) which
links to land cover (European Communities, 2001; Turner et al., 1995). Land cover
changes is often a result of land-use change, climate change, and vegetation succession.
However, used together, the phrase Land Use / Land Cover refers to Land change science
that has emerged as a fundamental component of global environmental change and
sustainability research (Turner, Lambin, & Reenberg, 2007). Timely and accurate change
detection of land provides a better understanding of relationships and interactions
between the human and natural environment and provides insights for better management

and resource use (Lu et al., 2004).

Nonetheless, despite the societal need to thoroughly understand the land change in
our rapidly changing world, there is a surprising lack of LULC data produced with
sufficient accuracy, consistency, and spatiotemporal coverage (Clark et al., 2012). Better
data alone are insufficient for improved models and projections of land-use and land-
cover change (Lambin et al., 2001). Proper change detection research should provide the
following information: (1) area change and change rate; (2) spatial distribution of
changed types; (3) change trajectories for land-cover kinds; and (4) accuracy assessment
of change detection results (Lu et al., 2004). Remote sensing and geographic information
science capabilities to map and monitor land change emerged as tools to measure the
spatial and temporal patterns at different geographic scales (Alo & Pontius, 2008).

Geographical Information Systems (GIS) are the systematic introduction of additional
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disciplinary spatial and statistical data to inventory the environment, observation of
change and constituent processes, and prediction based on current practices and
management plans (Ramachandra & Kumar, 2004). GIS also has proved to be a useful
tool in many change detection applications and has become an essential tool to improve
change detection accuracy (Lu et al., 2004). A common method about land changes
metrics is the use of a land use/cover transition matrix, which provides a cross-tabulation
matrix used to quantify and analyzed the trends and causes for those changes, including
socioeconomic factors and agricultural policies (P6cas et al., 2011; Zhang et al., 2017).
LULC transitions can be detected by statistical evaluation by comparing different

temporal pattern maps (Zhang et al., 2017).

The tropical islands of Puerto Rico have been used as a land cover transformation
model for many scientists interested in land cover change (Arce-Nazario, 2016). For
example, the land cover change and land fragmentation has significantly altered the
watershed hydrology (Gao & Yu, 2017). It was found that much of the original flora in
most of the coastal plains has been removed to make room for coastal agriculture
(especially sugarcane during the 1800s) and development (C. G. Garcia-Quijano et al.,
2015). Another study of the potential effect of land-use changes on water quality at
watershed-scales are essential to minimizing water pollution (Yuan et al., 2015) and
make better decisions on environmental resources management. This study aimed to
detect LULCC and to identify the trajectory of cultivated land changes with regard to the
state and local economy and the environmental conservation of the tropical estuary at

Jobos Bay National Estuarine Research Reserve (JBNERR) in Puerto Rico.
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During the last three decades, all the land around JBNERR has been impacted by
human activities, and has experienced modifications in hydrology, nutrient dynamics, and
impediment of establishing mangrove species and associated communities (Laboy et al.,
2008). These changes are part of the dramatic land changes on the Caribbean island of
Puerto Rico during the last 70 years, as economy shifted from agriculture to industry and
services (Kennaway & Helmer, 2007). The increasing industrial and commercial growth
in the watershed has been recognized as a concern to Jobos Bay's ecosystem health
(Whitall et al., 2011). Therefore, the land changing pattern in JBNERR aroused concerns
for water quality and quantity, which could imperil the reserve's sustainability as a
pristine estuarine habitat, a key criterion for National Estuarine Research Reserve System
(NERRS) (Laboy, Capellla, Robles, & Gonzélez, 2008). Therefore, three specific
objectives of this study were to (1) analyze the spatial and temporal dynamics of land
change patterns from 1977 to 2010; (2) to quantify land cover changes thru Land Cover
Transition Matrix; and (3) illustrate the trajectory of agriculture change and the driving

factors.

Methodology

Study Area
JBNERR is in the southeast of Puerto Rico. It is the second widest estuary in the

island, only surpassed by the San Juan Bay estuary. NOAA designated the JBNERR as a
National Estuarine Research Reserve in the 1980s (Figure 17). Estuarine environments
are the transitional zones between rivers and sea, receiving most of the drainage waters
from the land through the fluvial network and are important ecosystems where oceans
and rivers contribute to specific biodiversity (Osei-Twumasi & Falconer, 2014;

Ratnayake et al., 2005). They are important water bodies for human food sources and
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recreational activities (Ratnayake et al., 2005). Then, the watershed land-use changes
(e.g., urban development, industrial, agriculture) and anthropogenic activities may lead to

introduce pollutants to estuary waters.

The Jobos Bay watershed (JBW) covers 137.3 km? (34,000-acres) of the southern
coastal plain, and two perennial rivers, Rio Nigua to the west and Rio Guamani to the
east form the stream network (Whitall et al., 2011). JBNERR belongs to the Rio Coamo
watershed and is divided into four sub-watersheds: Rio Nigua, Rio Seco, Quebrada
Aguas Verdes, and Rio Seco. Every sub-watershed has a unique set of surface water
drainage and land cover, and land use conditions. Moreover, the Canal de Patillas
(Patillas'channel) and Canal de Guamani (Guamani's channel) was built primarily for
irrigation of agriculture. Consequently, the JBNERR watershed does not contain one
single river network that accumulates surface water flow throughout the basin (Estudios
Técnicos Inc., 2017). This watershed includes various distinct pathways by which surface
waters are contributed to Jobos Bay, which provides for perennial stream discharges,
intermittent stream discharges that join and flow directly into the bay, and diffuse

overland runoff (Estudios Técnicos Inc., 2017; Whitall et al., 2011).
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Figure 17

JBNERR watershed delimitation.
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This paper applies Pontius et al. (2004) methodology to derive and analyze the
transition matrix and detect strong land transformation signals in JBW based on four land
cover maps of 1977, 1991, 2000, and 2010. The transition matrix reveals the magnitude
of each transition and the amount of gain and loss in each land cover type. The land uses
at the watershed have gone through urban development and conversion of agricultural
lands to commercial or residential areas. Changes in irrigation methods and the growing
industries tend to impact the ecosystems (PRWRERI, 2013). According to Zitello et al.
(2008), cultivated lands in JBNERR comprise 11% of the total land cover, and the bay
area also hosts two electric power generation plants, a petroleum refinery, and several
major chemical and pharmaceutical facilities. Contaminants from the industries,

agriculture pesticides and herbicides, household sewage, and illegal or conflictive
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recreational practices may potentially threaten the ecosystems (Estudios Técnicos Inc.,

2017; Laboy et al., 2008; Zitello et al., 2008).

Databases
This study used classified images provided by the USDA Forest Service and

NOAA Office for Coastal Management. The classified images have been classified as
analyzing the Landsat TM+ satellite images with 30 by 30 meters high resolution from
1977, 1991, and 2000 to detect the spatial distribution created by Gould et al. 2007 and
Helmer and Kennaway 2007. The classification system applied for 1977 was a time series
that include a digitized paper maps of land cover in 1977 based on photo interpretation,
but the quantitative information on the accuracy of the maps for 1977 is not available
(Kennaway & Helmer, 2007). The data from 1977 was co-registered to the Landsat
image mosaic from about the year 2000, and then converted to raster format with a pixel
size of 30 meters (Kennaway & Helmer, 2007). The other two maps are of forest type and
land cover and are based on decision regression tree classification of Landsat image
mosaics dated 1991 and 2000 (Helmer & Ruefenacht, 2005; Kennaway & Helmer, 2007).
Another image classified by the NOAA Office for Coastal Management (NOAA/OCM)
was considered in the study, respectively, to the year 2010. However, the NOAA/OCM
created a 30-meter land cover map from the 2-meter product by performing a majority
focal analysis and incorporating the percent impervious values following the C-CAP 30
meter class definitions (High Intensity Developed > 79% impervious, Medium Intensity
Developed > 49% impervious, and Low Intensity Developed > 19% impervious) (NOAA

Office for Coastal Management (NOAA/OCM), 2009, 2017).
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This study mostly seeks to analyze the cultivated land reduction into coastal areas
to pasture, and afforestation has been the common forms of transitions in JBNERR. In
this sense, the sequence periods of 1977, 1991, 2000, and 2010 were selected with at least
ten years span between one data image to the other because it represents an economic
shift in Puerto Rico from agriculture to industry activities. For this study, a
reclassification process was done to LULC maps to calculate the transition matrix. The
five land cover maps were reclassified, followed by the classification system made by
Kennaway and Helmer (2007) for Puerto Rico. The LULC maps for JBNERR were
prepared with five land-cover classes named Forest, Cultivated lands, Pasture/Grass,

Urban development, and Non-Forest.

Conventional Transition Matrix
Map comparison is a fundamental procedure in geographical analysis (Kuzera &

Pontius, 2008). Transition matrices have often been used in landscape ecology and GIS
studies of land use to estimate the rate of change (Takada et al., 2010). The land
transition matrix comes from system analysis seeking the quantitative description of the
system state and state transition, and it is the most common approach used to compare
maps of different sources, as it provides detailed "from-to"” change class information
(Teferi et al., 2013; Zhang et al., 2017). Thus, an analysis of multi-temporal LULCC
through enhanced transition matrix and spatial statistical modeling improved the
identification, quantification, and understanding of determinants of most systematic

transitions in an area (Teferi et al., 2013).

Land changes analysis was obtained from maps of times one and two, examining

the changes with a transition matrix to identify the most important transitions and
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investigate the processes generating the shifts (Pontius, Shusas, & Mceachern, 2004).
This method disaggregates the process of LULCC in the different resulting land covers so
that the response is not the total change in land use/cover, but rather an approximation to
the surface converted, for example, from forest to a different land use/cover (Torres-Rojo
etal., 2016). In conventional land cover transition models, the probability P;; for a land
cover change from i to j is exemplified by the following illustration (Osaragi & Aoki,

2006, Figure 18):

Figure 18

Illustration of the geometric union operation combines the information of two land-cover
maps into a transition map and how the transition matrices are obtained from this map.

i J
6 2
4 4

(Unit areas)

_I_

Land use at time f, Land use at time ¢, Transition map Transition matrix T,

Source: Miller-Hansen, F., Cardoso, M. F., Dalla-Nora, E. L., Donges, J. F., Heitzig, J.,
Kurths, J., & Thonicke, K. (2017). A matrix clustering method to explore patterns of
land-cover transitions in satellite-derived maps of the Brazilian Amazon. Nonlin.
Processes Geophys, 24, 113-123. https://doi.org/10.5194/npg-24-113-2017.

In this study, Pontius' methodology (2004) was used to compute the transition
matrix and net changes for the Jobos Bay watershed at 30 meters resolution. The

conventional cross-tabulation matrix or transition matrix follows (Table 6).
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Table 6

Land use/cover transition matrix for comparing two maps from different points in time.

Time2 Total
L L time Loss
LULC L1 Lo Ls Ln 1
class 4 5 (Pi+)
L1 Pu P : . P1n P+ Ppl+ )
11
L P21 P2 : . P2n P+ P; )
. 22
E L3 Pa1 P2
Ll Pa1 P22
Ls Ps1 P22 .
Ln Pnl Pn2 . . Pnn Pn+ PPn+ )
nn
Total time 2
(P+i) P+1 P+2 P+n
. P+1 - P+2 - P+3 - P+n -
Gain P11 P2 P33 ' ' Pnn

Source: Illustration adapted from Zhang, B., Zhang, Q., Feng, C., Feng, Q., & Zhang, S.
(2017). Understanding land use and land cover dynamics from 1976 to 2014 in Yellow
River Delta. Land, 6(1), 1-20. https://doi.org/10.3390/1and6010020

Where the rows display the classes of time one, and the columns show the classes
of time two (Robert G Pontius et al., 2004). Pi+ denotes the proportion of the landscape in
class i in time one, which is the sum over all j of Pj;. The notation P-j represents the
proportion of the landscape in class j in time two, which is the sum over all i of Pj;. The
notation Pjj denotes the proportion of the landscape that experiences a transition from
class i to class j, and J is the total number of classes (Alo & Pontius, 2008; Pontius et al.,
2004). Unchanged areas occupy the diagonal of the matrix while changed areas are
represented in the off-diagonal elements of the matrix (Bhatta, 2010), indicating a
transition from category i to a different category j (Teferi et al., 2013). Hence the

diagonal entries indicate no change, then Pj; denotes the proportion of the landscape that
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shows unchanged land class j (Pontius et al., 2004). The N is the number of grid cells in

the maps.

Gross gains, gross losses, and net changes
The land cover change rate reflects the severity of land cover change in the study

area in a given time (Liping et al., 2018). The diagonal data in the transition matrix is
useful to calculate the gains and losses (Table 6). The gains are the differences between
the land area from time two and the unchanged area per land cover class (P+i — Pii). The
losses are the differences between totals in time one and the unchanged land area per land
cover class (Pi+ — Pii). The "net change™ is the difference between the total in time two
and time one per land cover class (P+i- Pi+). An essential contribution of these
calculations is that a class-by-class paired comparison between the totals from time one
and the totals from time two allows scientists to see how the two maps relate to the

quantity of each land class (Pontius & Cheuk, 2006).

Land use Land Cover Annual Rate of Change
The annual rate of change is calculated by comparing the area under a land cover

class in the same region at two different times (FAO, 1995; Puyravaud, 2003). The
annual rate of change for each land cover class was calculated using the following

equation proposed by Puyravaud (2003).

- (=) (%)
Y A VN

Where r is the change for each class per year, A, and A, are the class area in time t, and

time t,, respectively, for the period being evaluated, and t is the number of years
spanning that period (Batar et al., 2017). The proposed equation is commonly used to
analyze forest land changes (Batar et al., 2017; Tripathi et al., 2020) because r is more
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meaningful to biologists and gives higher values when the deforestation is high

(Puyravaud, 2003).

Results
Land use Land Cover classification analysis
The LULC reclassification maps of 1977, 1991, 2000, and 2010 (Figure 19)

indicated the visible land transformation involving significant changes of cultivated lands
and an increase in a forest, pasture/grass, and urban development land. A detailed
observation emphasizes that landscape change is relevant, with a significant decrease in

the agriculture areas from 1977 to 1991 and 1991 to 2000.

Figure 19
Land use/cover maps based on image classifications by year: (a) 1977; (b) 1991; (c)

2000; (d) 2010.

(b) 1991

(d) 2010
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According to the reclassification results, the statistics profile represents the
increases and decreases in different per land cover classes from 1977 to 2010 (Table 7
and Figure 20). In 1977, forest areas covered 52.1 km?, ranking first with 38.1%. Forest
was constantly the dominant land cover in the watershed's upper area, including 38.1% in
1977 and 45.4% in 2010. The significant increase in forest areas in 2000 and 2010 arose
because of a considerable transformation from pasture/grass to the forest. Cultivated
lands were mostly dominant in 1977 in sugarcane fields by covering 31.6%, second only
to the forest. Cultivated lands considerably decreased to 8.3% in 2000 but then slightly
increased to 9.6% in 2010. Meanwhile, the pasture/grass encompassed 17.8% of the

Jobos watershed, ranking third of the total area in 1977.

In 2010 pasture/grass ranked second, covering 25.4% of the basin. However, in
1991 and 2000, pasture/grass ranked first, occupying 47.5% and 46.1%, respectively, of
the total land area. Despite the pasture/grass declined from 46.1% in 2000 to 25.4% in
2010 due to primarily forest recovery, gains reverse this land cover class during other
periods. Urban development land gradually increased during the 33 years from 1977 to
2010, which is characteristic of the urbanization process in Puerto Rico during that time.
In 1977, the urban development areas represented 6.5% of the total area, ranking the
fourth within the watershed. During the other periods, urban development increased up to
19.2 km? or 14.0% in 2010. The non-forest areas decreased during the 33 years from
6.0% (8.2 km?) in 1977 to 5.5% (7.5 km?) in 2010. These results compare with a previous
study in JIBNERR, where vegetated lands cover 70% of the landscape with grassland,
forest, and scrub/shrub, accounting for 42%, 15%, and 13%, respectively to 2008

(Whitall et al., 2011).
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Table 7

Land cover statistics profile from 1977 to 2010.

1977 1991 2000 2010
LULC classes Area Area Area Area
km) * km) * km) P kmy P
Forest 521 381 209 219 436 319 621 454
Cultivated Lands 433 316 255 187 113 83 132 96
Pasture 243 178 650 475 630 461 348 254
Urban Development 8.9 6.5 11.1 8.1 13.1 9.6 19.2 140
**Non Forest 82 60 52 38 57 42 75 55
Totals 136.8 100.0 1368 100.0 136.8 100.0 136.8 100.0

Note. *Square kilometers values extracted from ArcGIS Summarize of Land Cover
shapefile polygons.

**Barren lands and Water bodies are consolidated into Non Forest class.

Source data from the Landsat TM+ satellite images, US Department of Agriculture
(USDA) and US Geological Survey (USGS).

Figure 20

Percentage of land cover classes distribution within JBNERR watershed, 1977 - 2010.
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Land changes trends
This section presents the net change expressed as net change percentages, gross

gain, gross loss, and the unchanged land area results by each land cover class and three-
time periods. Figure 21 shows the net change percentage of each land class per period.
The transitions were that forest increased 45.7% in the periods of 1991-2000 and 42.4%
in 2000-2010 and decreased 42.5% in the first period 1977-1991. Urban development
kept increasing from 1977 to 2010, but the third period, 2000 — 2010, presented a more
considerable increase of 46.7%. In 1977-1991, pasture/grass land almost tripled the size
with a total net change of 167.3%. Contrary to the period 2000-2010, that pasture
decreased by 44.7%, reducing its total land area three times. Regarding cultivated land, a
noticeable decrease of 41.0% and 55.5% to the periods 1977-1991 and 1991-2000

respectively but increased 16.2% in 2000-2010.
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Figure 21

LULC net change percentage from 1977 to 2010.
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Note. **Non Forest include Barren lands and Water bodies are consolidated into Non
Forest class.

Land changes trends

This section presents the net change, net change percentages, gross gain, gross
loss, the unchanged land area, and the percentage of the annual rate of change results by
each land cover class (Table 8). For better comprehension of the land changes, this
section was discussed per period, 1977 — 1991, 1991 — 2000, and 2000 — 2010.

Land changes 1977 - 1991
The most significant negative net changes of 22.1 km? and 17.8 km? respectively

to the forest and cultivated land with a negative annual change rate of 3.88% and 3.70%
were noticed in the first period. During this period, forest land decreased by 42.5%, with
a gross loss of 29.5 km?. The cultivated land area had a gross loss and gross gain rate of
20.8 km? and 3.0 km?, respectively, showing a noticeable decrease of 41.0% in 14 years.

Another significant net change of 40.7 km? in pasture/grassland was found, which almost
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tripled its area extension to 65.0km?, and its gross gain was 47.1 km?, with an increase of
167.3%. Whitall et al. (2011) explained these land cover trends indicating that land use
and land cover in the Jobos watershed has evolved from predominantly sugarcane
cultivation in the early 1900s to increasingly urban and industrial use in the late 1970s.
Besides our results compared to Puerto Rico land changes, a 64% decrease in agricultural
lands of about 1,190 km? is the most substantial land-cover change on the island between
1977 and 1991 (Helmer, 2004). In sum, in Puerto Rico, the urban areas increased around
32% and 7.2%, from 1977 and 1991, and from 1991 to 2000, respectively (Helmer, 2004;

Helmer & Ruefenacht, 2005).

Land changes 1991 - 2000
The forest and urban development areas increased by 13.7km? (45.7%) and

2.0km? (17.9%), respectively, indicating a gain gross of 19.7km? and 3.1km?. The
positive annual change rate of 4.27% and 1.85%, respectively, to the forest and urban
development. However, the cultivated lands decreased by 55.5%, and its gross loss was
15.3km?, being the second-highest gross loss, followed by pasture. Our findings compare
with the land changes trend in Puerto Rico, where urban areas increased 32% in 1977 -
1991 and 7.2% in 1991 - 2000 (Helmer, 2004; Helmer & Ruefenacht, 2005). While
pasture and urban areas were displacing cultivated lands in JBNERR, Forest was
displacing Pasture areas. Forest (18.9km2) gross gain was significantly greater than the
net gain of cultivated lands (1.1km?). Therefore, the negative net change of cultivated
lands in JBNERR between 1991 and 2000 (14.2km?) was significantly smaller than the
Pasture net change (2.0 km?). The principal finding from this change analysis for 1991-
2000 is that Forest net change has greatly increased (13.7km?) while urban development

net change has increased very fragmented as urban sprawl (2.0km?). According to our
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land changes results during this period in JBNERR compare to the land changes in the
island, as a result of an economic shift, intensively cultivated lands have transitioned to
hay or intermittently grazed pasture, and if left uynmanaged, regenerate to the forest

(Kennaway and Helmer, 2007).

Land changes 2000 - 2010
From 2000 to 2010, the net changes in Forest land presented a significant increase

of 42.4% (18.5 km?). Forest and urban areas have the highest gross gain with 25.3 km?
and 10.7 km?, respectively, while pasture land has a major gross loss of 34.9 km?. The
pasture areas decreased by 28.2 km? (44.7%), putting this land cover change with the
highest reduction in the entire study period. The cultivated lands increased by 16.2%
(1.8km?), ranking the fourth land class with a noticeable increase, and its gross gain is
4.4km?. Meanwhile, urban areas listed second, increasing at 46.7% (6.1km?). In terms of
the annual rate of change, forest annually increased by 3.60%, urban areas by 3.91%,
cultivated lands by 1.51%, but pasture annually decreased by 5.76%. In Puerto Rico
during 2000 — 2010, the net change rates of forest were positive (C. Wang et al., 2017),
comparable to our results in the last two periods. Besides, our results align with Wang,
Yu, & Gao, (2017) land changes trends result for Puerto Rico, where Herbaceous
agriculture/pasture has a net loss (624.4 km2, 21.7%) in this period, giving rise mostly to
the expansions of forests (311.5 kma, 7.8%) and woodland (197.3 km2, 18.7%) during

2000 - 2010.
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Table 8

Statistical table of the land cover dynamic changes in JBNERR from 1977 to 2010.

1977 - 1991
r
Are:;\ No Gross  Gross Are? Net o (%
Class (km?) h . (km?) h A%
1977 change  Loss Gain 1991 change per year)
Forest 52.1 22.6 29.5 7.4 29.9 (22.1) -42.5% -3.88
Cultivated Lands 43.3 22.5 20.8 3.0 255 (17.8)  -41.0% -3.70
Pasture 24.3 17.9 6.4 47.1 65.0 40.7 1?,/1'3 7.28
Urban 8.9 48 40 63 111 22 2520 02
Development
**Non Forest 8.2 2.6 5.6 2.6 5.2 (3.0) -36.8% -3.23
Total 136.8 70.4 66.4 66.4 136.8 - - -
1991 - 2000
r
Area No Gross Gross  Area Net o (% per
Class 1991 change  Loss Gain 2000  change A% year)
Forest 29.9 23.9 6.0 19.7 43.6 13.7 45.7% 4.27
Cultivated Lands 25.5 10.2 15.3 1.1 11.3 (14.2)  -55.5% -8.61
Pasture 65.0 441 20.9 18.9 63.0 (2.0) -3.1% -0.35
Urban 11.1 76 35 55 131 20  179% %
Development
Non Forest 5.2 2.6 2.6 3.1 5.7 0.5 9.6% 1.02
Total 136.8 88.5 48.2 48.2 136.8 - - -
2000 - 2010
r
Area No Gross Gross  Area Net o (% per
Class 2000 change  Loss Gain 2010  change A% year)
Forest 43.6 36.8 6.8 25.3 62.1 18.5 42.4% 3.60
Cultivated Lands 11.3 8.8 2.5 4.4 13.2 1.8 16.2% 151
Pasture 63.0 28.1 34.9 6.7 34.8 (28.2) -44.7% -5.76
Urban 13.1 86 45 107 192 61  467% N
Development
Non Forest 5.7 3.0 2.7 4.5 7.5 1.8 31.0% 2.74

Total 136.8 85.3 51.5 51.5 136.8 - - -

Note. *Square kilometers values extracted from ArcGIS Summarize of Land Cover
shapefile polygons.

**Non Forest include Wetland, Barren lands and Water bodies are consolidated into Non
Forest class.

Source data from the Landsat TM+ satellite images, US Department of Agriculture
(USDA), and US Geological Survey (USGS).
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Land Cover Transition Matrix Analysis
Land Cover Transition Matrix gives the ability to quantify, identify and compare

land cover change rates and provide insights on how land changes depend on agricultural
activities and urban development JBNERR, and how this compared with Puerto Rico.
The use of Landsat images for assessing human imprints on the land indicative, such as
population settlements patterns; land clearing for the cultivation of crops, and a host of
other land transformations that have necessary population-environment signatures and
cause and consequence implications for examining land use and land cover dynamics
(Walsh, Rindfuss, Prasartkul, Entwisle, & Chamratrithirong, 2005). The Transition
Matrix is the table where the rows signify the land cover status in time one, while the
columns of the table represent the land cover status in the latest time or time two. We can
also refer to the transferring-out situation of land cover change in the rows in time one

and the transferring-in in the final state or time two (Liping et al., 2018).

Transition Matrix 1977 - 1991
Table 9 is the matrix for 1977 — 1991, shows cultivated land presented the largest

unchanged area of 22.6 km? compared to the rest of land cover classes. However,
cultivated land transferred 17.4 km? into pasture land, being the most significant land
transfer related to other land classes. Forest ranked second with the highest unchanged
land area, 22.6 km?. The forest transfers out are 25.4 km? into the pasture, being the most
critical forest land transfer related to other land classes. In sum, pasture had the most
significant expansion from the forest and cultivated lands. An explanation to our findings
is that almost the entire coastal plain of Jobos Bay was under sugarcane cultivation until
the sugarcane market's demise during the 1960s (Whitall et al., 2011; Zitello et al., 2008).

These land change trends were expected because, from Spanish Colonial times up to the
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1970s, the Jobos Bay watershed was primarily used for agricultural production (Laboy et
al., 2008), and after 1991 sugarcane lands were abandoned. Besides, close to the
JBNERR watershed, the Central Aguirre sugar mill was located. The sugarcane fields
extended throughout the South Coastal Plain with other plantations, coconut plantations
bordering the shoreline (Laboy et al., 2008). Similarly to these results, in Puerto Rico, the
agricultural lands decrease 64% having the most considerable land cover change to
pasture (~ 480 km?), forest (~ 330 km?), and urban/developed lands (~ 73 km?) on the

island between 1977 and 1991 (Helmer, 2004).

Table 9

Transition matrix for 1977 - 1991 (km?).

1991 Total

Forest Cultivated Lands Pasture Urban Develop Non Forest €2

LULC Class 1977
Forest 22.6 1.0 254 15 14 52.0
Cultivated Lands 1.4 22.5 17.4 1.6 04 433

~ Pasture 2.1 14 17.9 2.6 0.4 24.3
S Urban Development 0.5 0.5 2.6 4.8 04 8.9
Non Forest 34 0.1 15 0.6 2.6 8.3
Total area 1991 29.9 25.5 64.9 111 53 136.8

Note. Matrix cell values derived from ArcGIS Geometry calculations for 1977 and 1991
Land Cover shapefiles at 30-meters cell size.
*Square kilometers values extracted from ArcGIS Summarize of Land Cover shapefile

polygons.
**Non Forest include Barren lands and Water bodies are consolidated into Non Forest

class.
Source data from the Landsat TM+ satellite images, US Department of Agriculture
(USDA), and US Geological Survey (USGS).

Transition Matrix 1991 - 2000
During the period from 1991 to 2000 (Table 10), cultivated lands continue to

decline, and the significant changes were 11.6 km? was converted to pasture, 2.1 km?

were transferred out to the forest, and 1.5km? became urban areas. Forest land increase
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mostly by transferring in 15.9 km? from pasture and 2.1 km? from cultivated lands. The
urban areas slightly expanded 2.6 km? from previous pasture lands. At the same time,
pasture lands transferred in 11.6km? from cultivated lands. Even in Puerto Rico, land
cover changes from 1991 to 2000 were mostly featured with urban expansion and loss of
sugarcane, pineapple, and other lowland agriculture to pasture (Kennaway & Helmer,
2007). Likewise, in the Jobos watershed, 43.1 km? of pasture remains unchanged and is
the land class with the highest area of unchanged land during this period. Also, 23.9km?
of unchanged forest and 10.2km? of cultivated land remain unchanged. Our findings are
similar to Puerto Rico for 1991 and 2000; herbaceous agriculture transitioned to pasture,
hay, or inactive agriculture, pasture reverted to the forest or underwent land development

(Helmer, 2004; Kennaway & Helmer, 2007).

Table 10

Transition matrix for 1991 - 2000 (km?).

2000 Total

LULC Class Forest Cultivated Lands Pasture Urban Develop Non Forest fggal
Forest 23.9 0.1 4.0 0.5 1.6 30.0
Cultivated Lands 2.1 10.2 11.6 15 0.1 25.5

5! Pasture 15.9 0.9 44.1 2.7 1.0 64.6
& Urban Development 0.6 0.1 2.6 7.6 0.4 11.3
Non Forest 11 0.0 0.7 0.8 2.6 5.3
Total area 2000 43.6 11.3 62.9 13.2 5.7 136.8

Note. Matrix cell values derived from ArcGIS Geometry calculations for 1991 and 2000
Land Cover shapefiles at 30-meters cell size.

*Square kilometers values extracted from ArcGIS Summarize of Land Cover shapefile
polygons.

** Non Forest include Barren lands and Water bodies are consolidated into Non Forest
class.

Source data from the Landsat TM+ satellite images, US Department of Agriculture
(USDA) and US Geological Survey (USGS).
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Transition Matrix 2000 - 2010
From 2000 to 2010, the most significant change was found in a forest, increasing

from transferring 20.5 km? from pasture, and it also had the largest unchanged territorial
extension (Table 11). The cultivated lands transferred out 1.0 km? into a pasture, 0.6 km?
into Forest, and in 0.9 km? into urban areas. Cultivated lands slightly increased from 11.3
km? in 2000 to 13.2 km? in 2010 as 4.2 km? was transferred from pasture. Pasture ranked
second with 28.1 km? unchanged land area, and cultivated land ranked third with 8.8km?
that remained. It is essential to highlight that, according to Whitall et al. (2008), pasturage
is also considered a principal agricultural use in the Jobos Bay watershed. Forest also had
36.8 km? remaining unchanged. Consequently, the urban areas increased from 13.3 km?
in 2000 to 19.1 km? and mainly transferred in 8.2 km? from pasture. In JBNERR, during
these years, more than 500 housing units, the golf course, hotel, Villas Complex, and the
AES coal energy generating plant have been constructed as part of the urban and
economic development (Laboy et al., 2008). As a result, in JBNERR, with the end of the
sugarcane era in 1994 (Whitall et al., 2011), the remaining vestiges of sugarcane lands
are steadily being supplanted by fruit and vegetable cultivation (Laboy et al., 2008) in

minor land area extension during this period.
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Table 11

Transition matrix for 2000 - 2010 (km?).

2010 Total

Forest Cultivated Lands Pasture Urban Develop Non Forest area

LULC Class 2000
Forest 36.8 0.1 3.2 0.9 26 437
Cultivated Lands 0.6 8.8 1.0 0.9 00 113

8 Pasture 20.5 4.2 28.1 8.2 16 625
&  Urban Development 2.1 0.1 2.3 8.6 0.3 133
Non Forest 1.7 0.0 0.4 0.6 3.0 5.7
Total area 2010 61.8 13.2 34.9 19.1 75 136.5

Note. Matrix cell values derived from ArcGIS Geometry calculations for 2000 and 2007
Land Cover shapefiles at 30-meters cell size.
*Square kilometers values extracted from ArcGIS Summarize of Land Cover shapefile

polygons.
**Non Forest including Barren lands and Water bodies are consolidated into Non Forest

class.
Source data from the Landsat TM+ satellite images, US Department of Agriculture
(USDA), and US Geological Survey (USGS).

Overall, our results discerned that those forests experienced great recovery, and
cultivated lands mainly shifted to pasture because of the economic shift from agriculture.
It should be highlighted that even when forest decreased from 1977 to 1991, the
magnitude of that decreased might be overestimate by the classification system of 1977.
However, forest was increasing during the last 20 years of our period, from 1991 to 2010.
At the same time, urban expansion increased in the Jobos watershed. According to Wang,
Yu, and Gao (2017), urban areas continued to expand by converting herbaceous cover,
even when both land cover classes dominate regions of lower slopes, such as coastal
areas. Forests regenerating largely through natural processes after total abandonment of
alternative land use (plantations, agriculture, pasture, etc.) on formerly forested lands
(Chokkalingam & De Jong, 2001). Depending on the nature of alternate land use prior to
abandonment, numerous subtypes can be further distinguished, e.g., post-agriculture,

post-ranching, etc. (Chokkalingam & De Jong, 2001). These results explained that forest

79



recovery is the biggest asset for JBW since land sparing drives the abandonment of low-

yield pastures that enhance the recovery of secondary forests (F. A. Edwards et al., 2021).

The most agricultural transformation occurred between 1977 and 1991 and
between 1991 and 2000 in our study area. In JBW, pasture land uses mostly abandoned
sugar cane fields and supports man-modified vegetation characterized by a complete
grass cover and sparsely distributed tall trees with flattened spreading crowns (Zitello et
al., 2008). This land transformation trend compared to the Caribbean island of Puerto
Rico, where the forest, urban/built-up, and pasture lands have replaced most formerly
cultivated lands (Kennaway & Helmer, 2007). In particular, a previous study found a
correlation between forest cover and the agricultural cover of -0.50, indicating the

reforestation was mostly from pasture and abandoned agriculture (Gao & Yu, 2017).

In addition, the Caribbean island of Puerto Rico was one of the few tropical sites
in the world where reforestation is occurring at a higher rate than deforestation after
1940, and by 1980 forests had recovered because cropland and pasture were abandoned
on eroded hillsides in the mountainous regions (Birdsey & Weaver, 1987). According to
Dietz (1986), the economic changes after World War Il dramatically decreased the
pressure of human activities on local forests during the 1940s. The governments of
Puerto Rico and the United States promoted a major shift in the island's economic base
from agriculture to industry (Dietz, 1986). This economic shift is considered a land
change driver. Specifically, that led to the abandonment of agricultural lands across the
island and the extensive recovery of secondary forests (Birdsey & Weaver, 1987).
However, previous studies in tropical (Buschbacher, 1986) suggest that forest recovery

will be much slower in abandoned pastures by economic causes when compared with
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regeneration following natural disturbances (e.g., treefalls and hurricanes). Some of the
factors that may contribute to the prolonged recovery of pastures are lack of forest tree
propagules because of the inhibition of tree establishment, high levels of seed and
seedling predation, degraded soils or competition with established grasses and
herbaceous species (Aide et al., 1995; Aide & Cavelier, 1994). Reviews of forest
recovery following slash and burn agriculture or shifting agriculture result as secondary
forest (Brown & Lugo, 1990). In fact, secondary forests are fast growing ecosystems

whose species life cycles coincide with those of human land uses (Brown & Lugo, 1990).

Discussion
The municipalities where the JBW is located is considered an important site for

agriculture in Puerto Rico (Gould et al., 2017). Even the historic prevalence of agriculture
in the JBW, existing land cover indicates an ecosystem in a natural state (Whitall et al.,
2011). As of 1995, most of the land area falling within the Jobos Bay Special Planning
Area (SPA) was still devoted to agriculture (Laboy et al., 2008). In that matter,
agriculture and urban growth along the coast invade estuarine habitat and increase the
direct discharge of untreated wastewater from local communities with no water treatment
facilities (Laboy et al., 2008). From our knowledge, the most recent study presents that
during 2002 and 2012, JBNERR watershed shows the following land-use changes:
agriculture decreased by 17.3%, forested land increased by 227.1%, grassland/scrub-
shrub increased by 12.9%, urban residential increased by 15.3% (low density), 16.3%

(medium density), and 6.5% (high density) (PRWRERI, 2013).

In contrast, our land changes results from 2000 to 2010 show the not following

land changes: agriculture increased by 16.2%, forest increased by 42.4%,
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pasture/grassland decreased by 8.5%, total urban development increased by 5.5%. Our
results are different from the study of PRWRERI (2013). The difference might be
explained because they used IKONOS images and digital aerial photography from 2002
and 2012 (PRWRERI, 2013). The classification scheme doesn't meet the need of the
NERRS, where the main focus is the detailed inventory of coastal habitat and landscape
features (PRWRERI, 2013). However, both studies present an increase in forested lands
and an increased in urban development in ten years. Even when our results reinforce
these observations from previous studies in JBNERR, we decided to compare our
findings trends with Guanica Bay watershed (GBW), San Juan Bay watershed (SIBW),

and the general land changes trends in Puerto Rico similar time (Table 12).

Guénica Bay is a major estuary on the southwest coast of Puerto Rico (Whitall et
al., 2013) and receives water directly only by the Rio Loco (Viqueira, 2018). The
historical agricultural land use (sugarcane farming) has given way to several land uses,
including coffee farming in the mountains, small urban areas, and forest (Whitall et al.,
2013). Like JBW, the Guéanica Bay watershed (GBW) experienced human alteration of its
hydrology via irrigation and drainage, causing concerns related to land-based sources of
pollution (Whitall et al., 2013). In 2004 the current GBW land use was 48% forested,
43% agriculture, and 9% urban, totaling approximately 57,000 acres (230.7 km?) (Center
for Watershed Protection, 2008). In 2000, the LULC in JBW was different from GBW
because the forest was 31.9%, agriculture cover was 8.3%, while urban areas were very
similar with 9.6% coverage within 137 km?. According to the literature, even when JBW
still an important agriculture site, sugarcane fields were abandoned and transitioned to

pasture after 1993. These land changes enhance anthropogenic threats to the bay (Apeti et
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al., 2012; Estudios Tecnicos Inc., 2017; Laboy-Nieves, 2009; Laboy et al., 2008; Whitall
etal., 2011). Thus, the Management Plan for the Jobos Bay National Estuarine Research
Reserve, 2010 to 2015, pursues to strengthen the protection and management of the
JBNERR to advance estuarine conservation, research, and education opportunities
(DNER, 2010). Likewise, the Implementation of the GBW Management Plan seeks to
outline a comprehensive set of actions and an overall management strategy for improving
and protecting the watershed from nonpoint sources of pollution derived from land-use
alterations and residential, commercial, and agricultural uses (Viqueira, 2018). In sum,
both sites are considered well-suited to mechanized agriculture with under 10 percent
slope, and also to non-mechanized agriculture on moderate slopes between 2.02 — 4.05
km? (Gould et al., 2017). Besides, the municipalities where the JBW and GBW are
located are considered as Prime farmland if irrigated by the Natural Resource
Conservation Service (NRCS) (Gould et al., 2017). A Prime farmland, as defined by the
US Department of Agriculture, is a land that has the best combination of physical and
chemical characteristics for producing food, feed, forage, fiber, and oilseed crops and is
available for these uses (USDA-NRCS, n.d.). It could be cultivated land, pastureland,
forestland, or another land, but it is not urban or built-up land or water areas (USDA-
NRCS, n.d.). In this sense, some areas have been losing some prime farmland to

industrial and urban uses, like the recent land-use trend (USDA-NRCS, n.d.).

The San Juan Bay Estuary is the biggest on the island, located in the north of
Puerto Rico. The San Juan Bay watershed (SJIBW) encompassed parts of eight
municipalities: San Juan, Bayamdn, Catafio, Toa Baja, Guaynabo, Carolina, Loiza, and

Trujillo Alto, making it the most populated estuary of Puerto Rico (Govender &
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Thomlinson, 2010). The study of Govender and Thomlinson (2010) compared land
changes between the SIBW and JBW from 1936 to 2002. They found that from 1936,
1971/1977, and 2002 for both studies sites drastic changes to LULC where 100 % loss of
agriculture and 182 % increase in urban development and 77 % loss in agriculture and
650 % increase in urban development for San Juan Bay Estuary and Jobos Bay Estuary,
respectively (Govender & Thomlinson, 2010). In another study from 2011, the average
ground cover within SIBW, excluding larger bodies of water considered census waters,
10.6 percent of the ground was covered in duff/mulch, 20.7 percent in herbaceous plants
(excluding grass), 15.9 percent in grass (both maintained and unmaintained), 8.2 percent
in water, 17.0 percent with buildings, and 27.6 percent with impervious (for example,
cement or tar) and other surfaces (Brandeis et al., 2014), cultivated lands were not
detected or not studied. In 2013, the SIBW has fifty-five percent of the watershed
covered by urban areas or gray infrastructure, such as roads, residential units, and
commercial buildings (51.5% high-density urban areas and 3.6% low-density urban
areas), 20% are green areas (10.7% woods and 9.4% grass and pasture), and 23.2% are
wetlands (Gould et al., 2008; Méndez-L4azaro et al., 2018), any cultivated lands were not
detected or not studied. Comparing the different studies' land changes results for SIBW
to ours results in JBW, the land changes trends are similar from 1977 to 2000 where
agriculture decreased as observed by Govender and Thomlinson (2010) 1936 to 2002.
While in SIBW, urban areas are greater than 50% according to the land-use history
between 1999 and 2003 (Gould et al., 2008; Méndez-Lazaro et al., 2018), which is
greater than urban cover in JBW, 9.6% in 2000, and 14.0% in 2010. Consequently, the

end of the agriculture era in the SJBW and the changes made to irrigation techniques in
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the cultivated lands in JBW resulted in changes to the hydrological conditions within
both estuaries (Yogani & Thomlinson, 2010). Changes in irrigations systems for
cultivated lands might have a considerable impact increasing surface runoff, which has
significant on- and off-site impacts (e.g., depletion of soil moisture and increased soil
erosion and sediment de- position in downstream areas) (Berihun et al., 2019). Thus,
population growth associated with changing farming practices (e.g., irrigation systems)

were the major drivers for LULC changes (Berihun et al., 2019), as is the case of JBW.

Our results highlight is more aligned to urban sprawl development, which leads
the urban development in Puerto Rico, contrary to the case of SJBW that seems to
densify existent urban areas. Uncontrolled development has led to a high degree of
sprawl in 40% of Puerto Rico, with cities and towns poorly populated and surrounded by
large sprawl areas (Martinuzzi et al., 2007). A 64% decrease in agricultural lands of
about 1,190 km? is the largest land-cover change on the Puerto Rico island between
1977-78 and 1991-92 (Helmer, 2004). Analyses showed that in 1977, 11.3% of
Puerto Rico was classified as urban, but after 17 years (1994), urban areas had increased
by 27.4%, and urban growth on soils suitable for agriculture had increased by 41.6% (T.

Del Mar Lopez et al., 2001).

Other agricultural lands change to pasture ~ 480 km?, forest ~ 330 km?, and
urban/developed lands ~ 73 km? from 1977 to 1991 (Helmer, 2004). Although the
pasture/grass area increases overall as agricultural lands change to pasture, about 680 km?
revert to the forest from 1977 to 1991 (Helmer, 2004). The largest extents of land
development occur on pasture/grass lands over 150 km?, forested land ~95 km? and

agricultural lands ~73 km? from 1977 to 1991 (Helmer, 2004). Like our results, the
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biggest land change in JBNERR was reducing cultivated land coverage from 1977 to

2000, decreasing 73.79% (20.3km?).

Other studies reported 953.42 km? of developed lands in Puerto Rico for 2000 to
2003, equivalent to 11% of the island (Gould et al., 2008; Martinuzzi et al., 2007). In
2003, 53% of Puerto Rico was covered by predominantly woody vegetation, 35% is
grassland or herbaceous agriculture, 11% is developed land, and water and barrens each
cover about 1% (Gould et al., 2008). In JBW, in 2000, developed lands cover 9.6%, and
it is mainly covered by pasture in 46%, and forest 32% in 2000. From 2000 to 2010 in
Puerto Rico, the next ten years span, herbaceous agriculture/pasture was mainly changed
into woodland, forests, and urban land (Wang et al., 2017). Woodland was mostly
transformed into forest and herbaceous agriculture/pasture (Wang et al., 2017). Our
results highlight that the most significant change was found in the growth forest because
the pasture changed around 21 km? into the forest. It also had the largest unchanged
territorial extension. At the same time, urban areas increased 6 km? and mostly have
transferred in 8.2 km? from pasture from 2000 to 2010. Similarly, in Puerto Rico, the

urban land also increases 26% in total area (Wang et al., 2017).
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Table 12

Primary Literature on LULCC in Guéanica Bay watershed, San Juan Bay Estuary, and in

Puerto Rico Reviewed.

- Stud .
Study Findings Perioyd Site
Center for The current land use is 48% forested, Guanica
Watershed 43% agriculture, and 9% urban, totaling 2004 Ba
. . y
Protection, approximately 57,000 acres as CWP watershed
(2008) delineated the watershed.
Historically, sugar cane, coffee, tobacco,
and sustenance crops were grown in Guanica
D. Whitall et Lajas Valley. Agricultural production 2004 Bay
al., (2013) has declined since the 1950s due to a
e . watershed
shift in government policy that moves
towards the small industry.
Protect the Guanica Bay watershed from
Viqueira nonpoint sources of pollution derived Guénica
(2018) from Ian_d-use alteratl_ons, and _ 2010 Bay
residential, commercial, and agricultural Watershed
uses
W. Gould et The watershed has 55% as urban areas
al., (2008) or gray infrastructure, 11% woods, 9.4% San Juan
Méndez- grass and pasture, and 23% are wetlands, 2013 Bay
Lazaroetal.,,  according to the Landsat 8 images for Estuary
(2018) 2013.
Overall, there seemed to be a pattern of
increasing tree cover from 2001 to 2011
in the developed land uses, particularly
in vacant land.
Brandeis et al Despite being heavily urbanized and San Juan
" densely populated, the watershed 2001 - 2011 Bay
(2014) o : g
maintains a relatively large, contiguous Estuary
mangrove forest centered on the Pifiones
Commonwealth Forest that provides
valuable ecosystem services to the
adjoining city.
From 1936 to 2002, in both study areas, San Juan
Govender & agriculture significantly decreases, 1936, Bay
Thomlinson, especially from 1977 to 2002, while 1971/1977, Estuary
(2010) urban development increased. Still, and 2002 JBNERi?

forest cover increased only at JBNERR
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Study

Period Site

Study Findings

according to the aerial photos from 1936
and 1971, and IKONOS image for 2002.
Due to the rapid changes in the area is
recommended to keep updating the

PRWRERI, detailed land use/habitat inventory of the

(2013) watershed regularly, especially in the 2002 - 2012 JBNERR
lower part of the watershed (south of
Highway 53).

Results show that 53% of Puerto Rico is
covered by predominantly woody
vegetation, 35% is grassland or

W. Gould et herbaceous agriculture, 11% is

al., (2008) developed land, and water and barrens
each cover about 1% according to the
2003 land cover map of Puerto Rico
(Gould et al., 2008).

2003 Puerto Rico

A 64% decrease in agricultural lands of
E. H. Helmer,  about 119,000 hectares is the largest 1977/78 —
(2004) land-cover change on the island between 1991/92
1977-78 and 1991-92.

Puerto Rico

Herbaceous agriculture/pasture was

mainly changed into woodland, forests,

and urban land. Woodland was mainly

changed into the forest and herbaceous 2000 - 2010 Puerto Rico
agriculture/pasture. The urban land also

obtained an increase of 26% in total

area.

Wang et al.
(2017)

On the other hand, despite our analysis not strictly designed to identify the land
change drivers in JBW, several aspects like economic development and land use policy in
Puerto Rico promote land changes or new developments. Tax-related benefits, warm
weather conditions throughout the year, and tropical beaches are some of the factors that
make Puerto Rico an ideal retirement destination for US citizens (Castro-Prieto et al.,
2017). Programs like "Impulso a la Vivienda" Act 152, the American Recovery and
Reinvestment Act of 2009, and the USDA Rural Housing Service, and the identification

of public lands for affordable housing development to low and moderate-income

88



households are a priority in the Puerto Rico State Housing Plan for fiscal years 2014-
2018 (Castro-Prieto et al., 2017; Estudios Tecnicos Inc, 2014). Coastal areas in semi-
urban or semi-rural settings may be surrounded by: developments of (main and) second
homes and Tourist facilities, such as hotels or camping areas (Estudios Técnicos Inc.,
2014). A limited amount of temporary or permanent housing; plots located in front of the
coast subdivided into rural areas; or farms used for agricultural production (Estudios

Técnicos Inc., 2014).

On its part, the Puerto Rico Planning Board has regulations codes known as
Reglamento Conjunto for the Evaluation and Issuance of Permits Related to the
Development, Land Use and Business Operation (Junta de Planificacién de Puerto Rico,
2019, 2020). The Reglamento Conjunto is used to ensure that new developments are
made according to current building codes and construction permits (Junta de
Planificacion de Puerto Rico, 2020). According to the Plan Conjunto, established that a

Developable Land or Usable Land for Development is:

Land that is available for development, excluding terrain that is subject to
easements, including rights of way, land owned by public agencies, land that is
subject to easements of conservation or other restrictive agreements that prohibit
development, floodplains, lands that are under the elevation of the base flood and
lands with slopes exceeding twenty-five percent (25%).

In Puerto Rico, the coastal areas, as JBNERR, are more vulnerable to LULC
changes. The coastal management issues and goals related to land use impacts such as
sedimentation from urban development and groundwater withdrawal to support
agriculture and communities are connected to habitat loss and degradation in the study

area (Estudios Técnicos Inc., 2017).

89



Conclusion
The land change trends in the JBNERR watershed showed forest recovery and

cultivated land conversion despite the significant importance as an agricultural watershed
and as a natural reserve. The forest growth occurred as secondary forest from previous
pasture land in the study area. According to previous studies, secondary forest cover has
increased in many tropical regions due to socioeconomic changes and abandonment of
agricultural land and pastures (Flynn et al., 2010; Hecht & Saatchi, 2007; Rudel et al.,
2000). In the Jobos Bay watershed, the cultivated lands mostly decreased in the first two
periods, 1977 — 1991 and 1991 — 2000, while urban areas were increasing as part of an
economic shift in Puerto Rico. However, many factors are involved in land change
processes. The explanations rely not only on socioeconomic activities but also on the

environmental factors that play an important role, especially in forest recovery.

Even when this study does not analyze how the land change trends and major
environmental events like hurricane disturbance interact to determine the structure and
composition of forests, it is recognized as part of the global driver of land changes.
Future work is recommended to explore how hurricanes and land-use history impact
forest recovery and the land in transitions due to the abandonment of agricultural land
and pastures. The most extensive form of a major disturbance in the forests is JBNERR.
In Puerto Rico, from 1991 to 2000, the island faced the following hurricanes: Hurricane
Marilyn in 1995, Hurricane Hortense in 1996, and Hurricane Georges in 1998 (Metro de
Puerto Rico, 2017). From 2000 to 2010, Hurricanes Frances in 2004, and Earl in 2010.
After 2010, the major hurricanes were Hurricane Irma and Hurricane Maria, both in
2017. However, the secondary forests increase even if trees are severely damaged, as

occurs during storms or logging, because many species can resprout (Chazdon, 2003).

90



Equally, studies on the effects of land-use history and hurricane disturbance on forest
structure, composition, and recovery require long- term data sets, which span a broad
range of land-use histories, since the space-for-time substitution do not necessarily
predict the rate of change in forest dynamics (Chazdon et al., 2007; Flynn et al., 2010; E.

A. Johnson & Miyanishi, 2008).

Lastly, even the great extension of vegetated lands may lead to the inaccurate
conclusion that the JBW is a relatively pristine system (Whitall et al., 2011). Recognizing
that the current land change models are hampered by limited knowledge of the historical
precedence for events (Runfola & Pontius, 2013). This research provides an insight into
the understanding of urban sprawl and cultivated lands conversion in JBNERR. The
socioeconomic causes to land changes Puerto Rico is a consequence of the political and
economic decisions have determined throughout the history of Puerto Rican land use for
agriculture, livestock and urban sprawl (Salazar-Ortiz & Cuevas, 2017). It is
hypothesized that these changes affected the hydrology of the area, resulting in increased
salinity, providing the right niche for the development of current mangrove (Salazar-Ortiz
& Cuevas, 2017). For this reason, the results obtained from this study have practical and
useful relevance for experts and practitioners who are responsible for forest, agriculture,
and water management in JBNERR. The methods applied in the study can be adapted and
replicated because this will enable them to identify areas susceptible to urban
development and agriculture activities. Likewise, our findings can support the prediction,
assessment, tracking of land changes related to the conservation policy. Conservation
opportunities exist where agriculture or pasture land has reverted to the forest in various

successional stages (Kennaway & Helmer, 2007).
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Chapter Three. Soil Erodibility, Rainfall Erosivity, and Land-Use effects in the Tropical
Estuary of Jobos Bay National Estuarine Research Reserve (JBNERR), Puerto Rico
during 1977-2010.
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Abstract
Jobos Bay National Estuarine Research Reserve (JBNERR), located on the

southern coast of Puerto Rico, includes extensive drylands in the uplands and semi-
enclosed coastal lowlands isolated from the ocean by barrier reefs and mangrove growth.
However, increasing land changes (i.e., urbanization and agricultural practices) in the
watershed of JBNERR has exacerbated the anthropogenic stress on local coastal
ecosystems (Apeti et al., 2012; Estudios Técnicos Inc., 2017; Laboy-Nieves, 2009; Laboy
et al., 2008; Whitall et al., 2011). Sedimentation from terrestrial soil erosion not only
degrades ecosystem health, but also affects coastal water quality. Yet accurate estimation
of soil erosion rates for JBNERR remains a knowledge gap. This study illustrated
spatiotemporal changes of soil erosion rates based on the Revised Universal Soil Loss
Equation (RUSLE). The annual average soil loss was estimated to be 9.8 ton/haly in
1977, increasing to 16.0 ton/haly in 1991, 11.5 ton/haly in 2000, and decreasing to 8.7
ton/haly in 2010. The dramatic increase from 1977 to 1991 was caused by a noticeable
increase in grazing in the upper and steeper areas. The spatiotemporal distribution of soil
erosion exposure showed that from 1977 to 2010, more than 40% of the watershed had
slight soil loss, around 10% was slight to moderate, more than 13% was moderate,
around 5% was moderate and around 11% was very highly exposed. The highest soil loss
areas correlate with cover management and topographic factors. The potential soil
erosion risk and severity increase from the mid-upper Northeast to the lowlands reaches
of the Jobos Bay Watershed. As evidence from 1977 to 2010, hot spots analysis related to
soil loss confirmed that pasture/grass in steep areas are more vulnerable to soil loss, and
cultivated land placed very close to the coast is also vulnerable to soil erosion. This

analysis revealed that the assessment of soil erosion provides an insight into the
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understanding of economic shift and cultivated land conversion in JBNERR, which can

support the prediction and tracking of cultivated land changes related to the conservation
policy.

Introduction
Soil erosion is a major environmental concern globally, particularly in tropical

and subtropical regions (De Mello et al., 2015). Soil erosion arises from agricultural
intensification, land degradation, and other anthropogenic activities (Ganasri & Ramesh,
2016). It is considered the second most important environmental problem after population
growth (Jahun et al., 2015). Soil erosion is how topsoil on the soil surface is carried away
from the land by water or wind and transported to other surfaces (Jahun et al., 2015).
Erosion can be caused by wind (wind erosion), rainfall (rainfall erosion), or runoff
(runoff erosion) (Aksoy & Kavvas, 2005). These processes are accentuated and driven by
soil disturbance (by tillage, vehicular traffic), lack of ground cover (bare fallow, residue
removal, or burning), and harsh climate (high rainfall intensity and wind velocity) (Saha,
2003). The effect of soil processes is modified by the biophysical environment
comprising soil, climate, terrain, and ground cover, through interaction between them,
and influenced by economic, social, and political causes (Ganasri & Ramesh, 2016; Lal,
2001). The sum of these factors and causes result in land degradation. Then the
biophysical factors are soil erodibility, climate (e.g., rainfall erosivity), topographic factor
(terrain properties), and the physical factors are land cover and land use (e.g., cropland

practices and conservation support against soil erosion).

The factors that make a soil susceptible to erosion and the causes of soil erosion

make the soil have higher or lower erosion rates. The susceptibility of soil to erosion and
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the magnitude of soil erosion resulting in soil degradation. Average soil erosion rates
under natural, non-cropped conditions have been less than 2 Mg ha yr (Nearing et al.,
2017). On-site rates of erosion of lands under cultivation over large cropland areas, such
as in the United States, have been documented as 6 Mg ha* yr* or more (Nearing et al.,
2017). A large proportion of soil erosion in the US occurs on the cropland, and the
magnitude of sheet and rill erosion on US cropland where the sheet and rill erosion were
1.55 billion Mg/year in 1982, 1.36 billion Mg/year in 1987, and 1.09 billion Mg/year in
1992 (Lal, 1998). Runoff erosion can happen in non-concentrated flow (sheet erosion), in

rills (rill erosion), or gullies (gully erosion) (Aksoy & Kavvas, 2005).

On the other hand, relatively small changes in the type of land cover could have
major effects on rates of soil erosion, for example, if only the 5% of the watershed with
the highest erosion rates (bare soil, agriculture on steep slopes) is transformed into
closed-canopy forests, erosion in the watershed will decrease by 20% (Grau et al., 2003).
Detailed analysis revealed several general features, including positive relationships of
erosion rate with slope and annual precipitation and a significant effect of land use.
Agricultural lands yield the highest erosion rates, and forest and shrublands yield the
lowest (Garcia-Ruiz et al., 2015). It was concluded that erosion rates are controlled by
rainfall intensity, soil erodibility, slope, land cover, and management practices (Grau et
al., 2003). Then, the Revised Universal Loss Equation (RUSLE) is the best available
practical erosion prediction model that can be easily applied at the local or regional level
(Ganasri & Ramesh, 2016). The disadvantage of RUSLE is that it does not have the
capability for routing sediment through channels; hence its application is limited to small

areas (Ganasri & Ramesh, 2016).
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Therefore, the need for simple and localized methods to evaluate the influences of
land changes and climate on soil loss, this paper analyzes the spatial and temporal
distribution of rainfall erosivity, land use/land cover (LULC) impact on soil loss by
RUSLE in the watershed of Jobos Bay National Estuarine Research Reserve (JBNERR).
Jobos Bay Watershed (JBW) has been facing increased anthropogenic stress such as
inappropriate land use management that may strongly impact the terrestrial aquatic
ecosystems in its watershed. Even after being designated a National Reserve, JBNERR is
still threatened by coastal land-use changes such as urban development, industry, and
agricultural activities in the watershed. However, little information is available on how
the LULC changes were distributed in JBNERR to detect areas that are more prone to
erode despite anthropogenic threats and stressors. Furthermore, the performance of
available erodibility factors by investigating the role of rainfall erosivity (R), topographic
factor (LS), and soil erodibility (K) on soil erosion in JBNERR from 1977 to 2015 will be

assessed.

Methodology
The erosion rates' objective using the RUSLE will be analyzed to identify and describe

how erosion rates relate to land changes from 1977 to 2010. The hypothesis regarding
this question will be tested by comparing the integrated RUSLE result with any

individual factor.

Study area
The JBW covers 137.3 km? (34,000-acres) of the southern coastal plain (Whitall

etal., 2011). JBNERR is the second widest estuary in Puerto Rico, only surpassed by the
San Juan Bay estuary, and it was designated a National Estuarine Research Reserve by

NOAA in the 1980s. The watershed belongs to the Rio Coamo watershed and is divided
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into four subwatersheds: Rio Nigua, Rio Seco, Quebrada Aguas Verdes, Rio Seco West,
and East (Figure 22). However, Rio Seco is the only river system that discharges into the
bay. In addition, the Canal de Patillas (Patillas'channel) and Canal de Guamani

(Guamani's channel) are the primary irrigation system for agriculture in this area.

Figure 22

JBNERR watershed delimitation.
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RUSLE
In 1997, the RUSLE updated the information on data required after the 1978

release, incorporated several process-based erosion models, and remains to be a
regression equation (Renard et al., 1997). The major modification is the R factor, which
includes rainfall and runoff erosivity (snowmelt when applying). The general method to

apply the RUSLE estimates each factor in the model based on the literature. Previous
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researchers have developed several techniques for assessing these factors, ranging from
the use of climate data, soil and geological maps, remotely sensed satellite images,
empirical formulas, and digital elevation model (DEM) obtained from various sources
(Jahun et al., 2015). The RUSLE model and its factors are described in

Equation 7.

Equation 7. Revised Universal Soil Loss Equation (RUSLE)

A=R+«K+«L*xS*xCx*P

Where;

A = In tons per acre per year but, other units can be selected.

R = Rainfall and Runoff factor. Is the number of rainfall erosion index units plus a factor

for runoff from applied water where runoff is significant.

K = Soil erodibility factor. Is the soil loss rate per erosion index for a specific soil as
measured on a unit plot, defined as 72.6 ft. length of uniform 9% slope continuously in

clean-tilled fallow.

L = Slope length factor. Is the ratio for soil loss from the field slope to that form 72.6ft

length, under identical conditions.

S = Steepness factor. Is the ratio of soil loss from the field slope gradient to that form a

9% slope, under otherwise identical conditions.

C = Cover and management factor. Is the ratio of soil loss from an area with specified

cover and management to that from an identical area in continuous tilled fallow.
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P = Support Practice factor. Is the ratio of soil loss with a support practice like
contouring, strip cropping, or terracing to that with straight-row farming up and down the

slope.

The average annual soil loss rate generated by the RUSLE was classified into six (7) soil
erosion risk categories: slight, slight to moderate, moderate, moderate to high, high, and
very high, (Aouichaty et al., 2021; Carlos Rogério de Mello et al., 2016a; de Oliveira et

al., 2014; Mohammed et al., 2020).

Rainfall erosivity factor (R)
After calculating the rainfall erosivity factor, the rainfall data should be prepared

by analyzing the missing values according to the data covered in each station (Table 13).
Missing values occur when no data value is collected for a variable. Several facts can
cause missing values. For example, the data gathering is incorrectly done, data entry
mistakes, and instrument failures. The missing data understanding is crucial to decide

how to work with imputation or deletion effectively.

Generally, working missing values through imputation is a well-known problem
but somewhat difficult to approach. However, the R programming language is dedicated
to statistical computing, and R packages broadly cover the imputation methods. In R a
comparison of different methods for univariate time series imputation found that zoo and
forecast packages were the most effective methods for dealing with missing data (Moritz
et al., 2015). The function calculates the mean, median, or mode over all the non-NA
values and replaces all NAs with this value (Moritz & Bartz-Beielstein, 2017). A
disadvantage of mean imputation is that it reduces variance in the dataset. Even when the

code na_mean is considered a simple imputation, in this case, the mean is the best

99



performing method because the southeast of Puerto Rico does not present a strong
seasonality. Otherwise, for time series with strong seasonality, na_kalman and na_seadec,
na_seasplit performs best (Moritz & Bartz-Beielstein, 2017). This chapter replaced

missing values with overall mean values (Multiannual mean).

Rainfall erosivity factor predictions have been useful for land use planning in
agricultural areas related to soil erosion risk assessment, crucial at the regional scale (De
Mello et al., 2015). This factor reflects the effect of rainfall intensity on soil erosion and
requires detailed, continuous precipitation data for its calculation (Wischmeier & Smith,
1978). The intensity and kinetic energy of the rainfall events characterize the rainfall
erosivity (De Mello et al., 2016a). The kinetic energy of a given amount of rain depends
on the sizes and terminal velocities of the raindrops, which are related to rainfall intensity
(Wischmer & Smith, 1978). However, the estimation of the R factor poses a challenge in
data-poor areas or in situations where climate stations are extremely sparse (Jahun et al.,
2015). Therefore, the modified R Factor was calculated using the formula developed by
Arnoldus (1980) but following the principle of Wischmeier & Smith (1978). The data
used were the average monthly (p) and the average annual precipitation (P) (Renard &

Freimund, 1994). The equation for rainfall factor (R) in metric units MJ*mm/ha*h is:

Equation 8. Modified R Factor

R =1.735x* 10(1-5*108(2pz/p)—0-8188)

Where p is the average monthly precipitation, and P is the average annual

precipitation.
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For study areas where the stations are sparse, or the data is not available to calculate the
Elso, then the Modified Fournier Index can be used (Equation 9). This index provides a
rapid way of approximating the rainfall factor value; although a minimum number of
stations still need to be processed more elaborately, the precision seems adequate
(Arnoldus, 1980). Previous studies considering the rainfall data availability limitations
used the Arnoldous (1980) modified equation that includes this index to calculate the
rainfall erosivity factor (Ghosal & Das Bhattacharya, 2020; Ozsahin et al., 2018;
Prasannakumar et al., 2012, Renard & Freimund, 1994, Sharma et al., 2011; Vijith et al.,
2017). In Puerto Rico this rainfall erosivity approach was used for Rio Grande de Afiasco
watershed (Anaya & Colon, 2014 and Rojas-Gonzalez, 2008), and Guadiana watershed

(Del Mar Lopez, Aide, & Scatena, 1998).

Equation 9. Modified Fournier Index

212 2
Modified Fournier Index (mm units) = log“? p /P

This index was applied to calculate Factor R for the three stations in JBNERR.
The Aguirre station is the only station within the watershed, and the two other stations are
located near the watershed (Table 13). Therefore, the annual and monthly precipitation
were recovered from these three stations in the study area for the 1970 — 2015 period for
46 years of rainfall data. In addition, before estimating the Factor R, it was important to
establish the rainfall time intervals to evaluate the effect of the record length on the

Factor R estimation.
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Table 13

Description of the rainfall stations.

Station Latitude Longitude Elevation (m) Status Data cover
Aguirre 17.9555  -66.2222 7.6 Active 89%
Guayama 2 E 17.9783  -66.0874 21.9 Active 94%
Jajome Alto 18.0716  -66.1427 719.3 Active 99%

The rainfall time intervals were established in our study related to the LULC
images used in Factor C (Table 14). These LULC images correspond to 1977, 1991,
2000, and 2010. Thus, the rainfall period was selected close to each image year.
According to Hernando & Romana (2016), their results confirmed that record length
increased both precision and accuracy of the estimates when time intervals up to ten years
or five years were considered, but slight improvement was obtained beyond that. A
record length of 10 years seemed adequate to estimate the R-factor globally (Hernando &
Romana, 2016). The rainfall time intervals range between 7 and 15 years and should be
adequate to estimate the Factor R with the Modified Fournier Index. This index

outperformed other Factor R estimators (Hernando & Romana, 2016).

Table 14

Description of rainfall stations time selected in this study.

LULC data Rainfall period covered Rainfall time interval
1977 1970 - 1984 15 years
1991 1985 - 1999 15 years
2000 2000 - 2009 10 years
2010 2010 - 2015 6 years

However, soil losses are frequently due to a few severe storms characterized by
high intensity and large total rainfall amount (Ferro et al., 1999). Even when global soil
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erosion modeling results suggest that water erosion is a common phenomenon under all
climatic conditions across all observed continents (Borrelli et al., 2020). However, the
distribution of the spatial soil erosion patterns suggests that soil erosion seems to threaten
areas of large continents. The distribution of the spatial soil erosion patterns suggests that
soil erosion seems to threaten areas of large- scale reclamation such as major agricultural
sectors, especially if it patterns suggests that soil erosion seems to threaten areas of large
scale reclamation such as major agricultural sectors, especially if it occurs in conjunction
with concentrated intense rainfall events (Borrelli et al., 2020). Wischmeier and Smith
(1978) omitted rains of less than 12.7 mm (0.5 in) of total rainfall in erosion index
computations unless as much as 6.4 mm (0.25 in) of rain fell in 15 minutes (Xie et al.,
2002). Likewise, less than 12 mm (0.5 inches) rain showers are omitted as insignificant
unless they include a 15-minute intensity of at least 25 mm/h (Wischmeier & Smith,
1978). The threshold value of the rainfall amount recommended here is very similar to
the value of 12.7 mm used by Wischmeier and Smith (1958). The threshold value of 12.7
mm total rainfall suggested by Wischmeier and Smith (1978) is often used in making
isoerodent maps in many countries (Elsenbeer et al., 1993; Kenneth G Renard &
Freimund, 1994; Yu & Rosewell, 1996). However, the criterion of 63.5 and 25 mm/h
maximum intensity has also been used as a threshold by other researchers (Ferro et al.,

1991; Xie et al., 2002).

Nonetheless, several authors have suggested using the 90th or 95th percentile as
extreme rainfall indexes (Haylock & Nicholls, 2000; Salinger & Griffiths, 2001;
Vallebona et al., 2015). According to (Suppiah & Hennessy, 1998), heavy rainfall is

defined as the 90th and 95th percentiles of daily rainfall in each half-year. Because of
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90th percentile would be focusing on the top five to ten annual events, which contributed
around 30-40% of the total rainfall (Haylock & Nicholls, 2000). Hence, we worked with
only daily rainfall since the information about the short-time downpour is unknown. We
examined the days with large rainfall choosing the 90th percentiles of the daily rainfall
dataset as a threshold exceeded or equaled by the top 10% of events suggested by
previous studies to tackle the short time rainfall exceeding that threshold in those days.
The percentiles were computed using non-missing daily rainfall (mm) (Salinger &
Griffiths, 2001). The percentile 90" to our stations was 5.3mm in Aguirre, 8.6 mm in
Guayama 2E, and 13.7 mm in Jajome Alto for 1970 — 2015 (Figure 23). Once the rainfall

threshold was set, the rainfall erosivity factor was calculated for each station and period.
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Figure 23

Percentile 90 for precipitation for Aguirre, Guayama, and Jajome Alto stations JBW

during 1970 - 2015.
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Another process was applied to mapping this factor for JBW. In June 2014, the
Department of Commerce (DOC), National Oceanic and Atmospheric Administration
(NOAA), National Ocean Service (NOS), Office for Coastal Management (OCM)
published the R Factor for the United States watersheds, including Puerto Rico, as part of
its territories. The R factor was derived from isoerodent maps in the Runoff Estimates for

Small Rural Watersheds for around the fifty states (Fletcher et al., 1977) and was updated
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on April 2, 2021. The isoerodent plotted on a map of the Island of Puerto Rico were
digitized, then values between these (isoerodent) lines were obtained by linear interpolation
(Fletcher et al., 1977). The final R-Factor data are in raster GeoTiff format at 30-meter
resolution in UTM, Zone 20, GRS80, NAD83 (DOC, NOAA, NOS, 2020). The range of
dates used was 30 minutes of rainfall from 1965 to 1975. The R Values are the Mean
Annual Rainfall Kinetic Energy Times the 30-Minute Rainfall Intensity Divided by 100
following the method proposed by the Agricultural Research Service (Fletcher et al.,
1977). A conversion unit is needed in NOAA, their Factor R was converted into the

MJ*mm/ha*h*y. Multiplying by 17.02 as the report suggested by Foster et al. (1981).

Equation 10. Annual erosivity conversion factor equation

o hundreds of foot * tonf * inch
Annual erosivity,R = x17.02
acre * hour x year

_ megajoule x millimeter  M] *x mm

hectare * hour * year = hax*h*y

The interpolation process Inverse Distance Weighting (IDW) was needed to use
remote rainfall stations and rainfall data and apply the Spatial Analyst Tools in GIS. The
IDW interpolation assumes that the climatic value at an unsampled point is a distance-
weighting average of the climatic values at nearby sampling points (Angulo-Martinez et
al., 2009). In other words, for this method, the influence of a known data point is inversely
related to the distance from the unknown location that is being estimated because the
nearby values contribute more to the interpolated values than distant observations
(Hernandez et al., 2016). Therefore, in terms of how well the Factor R was predicted, the

IDW method gives the best spatially Factor R prediction, followed by the kriging method
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(Abdulkareem et al.,, 2019; Angulo-Martinez et al., 2009; Ozsahin et al., 2018;

Prasannakumar et al., 2012).

After applying the IDW process, a ratio was multiplied to this R-factor as a
correction factor between our and the NOAA results. Using the same rainfall period 1965

to 1975, the ratio was developed as:

Equation 11. Annual erosivity correction factor

XR
Ratio = —2244

Rour result

For this study, the resulting ratio was 41.66 MJ*mm/ha*h*y. This ratio was multiplied to
get an approximate R-Factor estimate in the latest period's 1977 - 2015. This ratio was
determined after regressing the R-Factor by NOAA to our R-Factor. The coefficient of
multiple correlations (R?) was 0.9986, and the adjusted R? was 0.9971 for the rainfall
period 1965 — 1975, given the regression equation of y = 0.9619x — 6525.6. This
indicates that our model explains 99% of the variation within the data when regressed to
R-Factor from NOAA. Therefore, the conversion factor should be appropriate to estimate

the annual rainfall erosivity factor.

Soil Erodibility Factor (K)
Some soils erode more readily than others, even when other factors are the same

(Wischmer & Smith, 1978). Soil erodibility is the susceptibility of soil to an agent of
erosion determined by inherent soil properties, e.g., texture, structure, soil organic matter
content, clay minerals, exchangeable cations, and water retention and transmission
properties (Saha, 2003). The soil composition and distribution of its properties impact

how the sediment will be transported. Water infiltration determines the runoff rate given
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a particular rainfall intensity (Ganasri & Ramesh, 2016; Wischmeier & Smith, 1978). The
soil properties considered are the particle size (% clay, % sand, % silt), percent organic
matter, soil structure (granular, coarse, or blocky), and soil permeability (Ganasri &
Ramesh, 2016; Wischmeier & Smith, 1978). For example, the properties related to soil
erosion, when the percent of very fine sand and silt particles is greater than 70%, the soil
permeability is slow to moderate because of the fine granular and more compact soil
structure (Figure 24). Many agricultural soils have fine granular topsoil and moderate

permeability (Wischmeier & Smith, 1978).

However, the K factor is difficult to assess. For example, soil with a high natural
erodibility factor may show little evidence of actual erosion under gentle rainfall when it
occurs on short and gentle slopes or when the best possible management is practiced

(Wischmer & Smith, 1978).

Figure 24

Soil erodibility nomograph.
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Note. The nomograph determines the erodibility of soils (K).
Source: Wischmeier, W. H., & Smith, D. D. (1978). Predicting rainfall erosion losses: a
guide to conservation planning. US Department of Agriculture Handbook No. 537.
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Before calculating the Factor K, the soil data for Jobos watershed at the USDA
National Resources Conservation Service (NRCS) — Web Soil Survey website were
examined. The spatial soil data and its report were downloaded from the Soil Survey
Staff, Natural Resources Conservation Service (2019). The K Factor by the Soil
Erodibility Nomograph was estimated through the following experimental equation

developed by Wischmeier & Smith (1978). The equation follows:
Equation 12. Soil Erodibility Nomograph Equation

100K = 2.1M** %« 107%(12 — OM) + 3.25(S — 2) + 2.5(P — 3)
Equation 13. K Factor Equation

2.1M1% x 1074(12 — OM) + 3.25(S — 2) + 2.5(P — 3)
K= 100

Where:

M = (% silt + %fine sand) x (100 — %clay)

OM = % of organic matter

S = soil structure code which (1) is very fine granular, (2) is fine granular, (3) is med or

coarse granular, and (4) is blocky, platy, or massive.

P = permeability code in which (1) is rapid (> 150 mm/hr.), (2) is moderate to rapid (50-
150 mm/hr.), (3) is moderate (15-50 mm/hr.), (4) is slow to moderate (5-15 mm/hr.), (5)
is slow (1-5 mm/hr.), and (6) very slow (< 1 mm/hr.). The profile permeability classes are

based on the profile's lowest saturated hydraulic conductivity (ksat).
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Soil Types in IBNERR
The soil type data availability is assembled from other sources, such as research

information, production records, and field experiences (USDA-NRCS, 2019). For
example, data on crop yields under defined levels of management are assembled from
farm records and field or plot experiments on the same kinds of soil (USDA-NRCS,
2019). For JBW, the soil type data were collected, organized, and available online by the
Natural Resources Conservation Services of the United States Department of Agriculture

(USDA — NRCS).

In JBW, the top five soil types are DrF-Descalabrado-Rock, Tidal Swamp,
Descalabrado and Guayama Soils, Poncena clay, Paso Seco clay. The soil DrF—
Descalabrado-Rock land complex at 40 to 60 percent slopes has a major extension with
11% coverage of the study area (Table 15). Tidal Swamp (Ts) and Descalabrado and
Guayama (DgF2) soils at 20 to 60 percent slopes have 7.5% and 7.0% of JBNERR area
extension. Meanwhile, Poncena clay (Po) and Paso Seco clay (PIB) at 0 to 5 percent
slopes have both 6.5% extension area. Other soil types have significant extension area:
6.3% Guamani silty clay loam (Gm), 6.4% Fraternidad clay, 0 to 2 percent slopes (FrA)

and 3.6% Cartagena clay (Ce).
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Table 15

Soil type description in JBNERR.

Soil Unit . . AOI Percent
Symbol Soil Unit Name Surface Texture Km? of AOI
Ad Aguadilla loamy sand Loamy sand 0.66 0.5%
Amelia gravelly clay
AmB loam, 2 to 5 percent IGraveIIy clay 4.55 3.3%
oam
slopes
Amelia gravelly clay Gravellv cla
AmC2 loam, 5 to 12 percent | yclay 3.80 2.8%
oam
slopes, eroded
An Arenales sandy loam Sandy loam 1.36 1.0%
Ar Arenales sandy loam, o joam 022  02%
gravelly substratum
CbF Caguabo clay loam, 20 .0 yoa 0.27 0.2%
to 60 percent slopes
Ce Cartagena clay Clay 4.95 3.6%
Cf Catano loamy sand, 0 to Loamy sand 0.16 0.1%
2 percent slopes
CIB Coamo clay loam, 2105 . joam 2.60 1.9%
percent slopes
Cm Coastal beaches Sand 0.24 0.2%
Cn Cobbly alluvial land - 0.88 0.6%
DeE2 ~ Daguaoclay, 201040 ). 0.14  0.1%
percent slopes, eroded
Descalabrado clay loam,
DeE2 5 to 12 percent slopes, Clay loam 0.93 0.7%
eroded
Descalabrado clay loam,
DeE2 20 to 40 percent slopes,  Clay loam 4.17 3.0%
eroded
Descalabrado and
DgF2 Guayama soils, 20to 60  Clay loam 9.64 7.0%
percent slopes, eroded
Descalabrado-Rock land
DrF complex, 40 to 60 Clay loam 15.03 11.0%
percent slopes
ErA Fraternidad clay, O to 2 Clay 8.79 6.4%
percent slopes
FrB Fraternidad clay, 2 to 5 Clay 0.72 0.5%

percent slopes
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Soil Unit . . AOI Percent
Symbol Soil Unit Name Surface Texture Km? of AOI
Gm Guamani silty clay loam  Silty clay loam 8.57 6.3%
JaB Jacana clay, 2 to 5 Clay 115  0.8%
percent slopes
Jacy ~ Jacanaclay,5to12 Clay 209  2.2%
percent slopes, eroded
MrB Meros sand, 1o 6 Sand 138 10%
percent slopes
Naranjito silty clay
NaF loam, 40 to 60 percent Silty clay loam 0.02 0.0%
slopes
NOoTcom o Digital Data i 227 L7%
Available
NOTPUB Not Public Information - 0.03 0.0%
PIB Paso Seco clay,0to 5 Clay 8.91 6.5%
percent slopes
Po Poncena clay Clay 8.93 6.5%
Pozo Blanco clay loam,
Prc2 5 to 12 percent slopes, Clay loam 1.01 0.7%
eroded
Rs Rock land Unweathered 878  6.4%
bedrock
Sm Saltwater marsh Variable 0.00 0.0%
Tf Tidal flats Variable 4.10 3.0%
Ts Tidal swamp Variable 10.23 7.5%
Vayas silty clay . 0
Ve frequently flooded Silty clay 3.65 2.7%
Vives silty clay loam, . 0
Vs high bottom Silty clay loam 7.72 5.6%
VB Vives clay, 210 7 Clay 706 5.2%
percent slopes
W Water - 0.46 0.3%
Total 136.83  100.0%

Note. AOI is the Area of Interest.

For JBW, the soils containing less than 70 percent silt and very fine sand,

according to the nomograph (Figure 24), were considered to estimate the erodibility. The

study area showed in terms of the soil type composition, DrF and DgF2 have the same

composition, 30.2% sand, 32.3% silt, 37.5% clay and, 4% organic matter (Figure 25 and
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Table 16). Po soil has 23.3% sand, 29.2% silt, 47.5% clay and, 7.5% organic matter. PIB
and FrA soils have the same profile, 17.1% sand, 27.9% silt, 55% clay and, 3% organic
matter. Overall, Po has the biggest organic matter content. Gm soil has 20.0 % sand, 49%
silt, 31% clay and, 3% organic matter. Ce soil has 23.3% sand, 29.2% silt 47.5% clay
and, 3.5% organic matter. According to Djuwansah and Mulyono (2018), the high
erodibility level from one place to another is due to the condition of the soil texture with
a small percentage of clay. In addition, particles such as silt and very fine sand are
resistant to erosion because of soil cohesion, and soil sensitive to erosion has the lowest
percentage of clay aggregates (Djuwansah & Mulyono, 2018). Another aspect to consider
is soil organic matter, where the soil organic matter and clay contents are recognized as
the principal factors that influence soil erodibility (B. Wang, Zheng, & Rémkens, 2013).
The soil organic matter had an important impact on soil erodibility because the region
with the highest amount of Soil Organic Matter (SOM) was roughly provided with the
lowest K-value, high mean SOM indicated relatively low soil erodibility values (less than

0.0300) as presented in Wang et al., (2016).
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Figure 25

Soil Type in JBNERR watershed.
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Soil type description is of relevance to help explain how the erodibility factor
behaves and the land cover classes in the study area. The erodibility factor decreased as
the geometric mean particle diameter (dg) increased due to the dominance of coarse-
textured material, reflecting higher infiltration rates (sandy soils) or as dg decreased,
reflecting the structural stability of soils due to higher clay content and clay-associated
organic and inorganic binding agents as well as greater infiltration rates (B. Wang,
Zheng, & Romkens, 2013). In sum, Wang et al. (2013) found that soil organic matter and

clay contents are the key factors that influence soil erodibility.
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Table 16

Physic properties of soil types in JBNERR.

Soil unit
symbol

Soil unit
name

%

Sand
(0.05-

2.00
mm)

% Silt
(0.002-
0.05
mm)

% %
Clay Org
(< (<
0.002 0.002
mm) mm)

Rating
Soil
Structure
(0-12
inches)

Ksat
Rating
code
(um/sec)

Ad

Aguadilla
loamy sand

83.5

9

7.5 2

1.00

2.00

AmB

Amelia
gravelly clay
loam, 2t0 5
percent slopes

30.2

32.3

37.5 4

1.00

3.00

AmC?2

Amelia
gravelly clay
loam, 5to 12
percent
slopes, eroded

30.2

32.3

37.5 4

1.00

3.00

An

Arenales
sandy loam

66

31

1.00

2.00

Ar

Arenales
sandy loam,
gravelly
substratum

66

31

1.00

2.00

CbF

Caguabo clay
loam, 20 to
60 percent
slopes

35

34

31 2

1.00

3.00

Ce

Cartagena
clay

23.3

29.2

47.5 3.5

1.00

4.00

Cf

Catano loamy
sand, 0 to 2
percent slopes

83

1.00

2.00

CiB

Coamo clay
loam, 2t0 5
percent slopes

42

30

28 4.5

1.00

3.00

Cm

Coastal
beaches

97.9

1.6

0.5 0.05

1.00

2.00

Cn

Cobbly
alluvial land

DcE2

Daguao clay,
20 to 40

17.1

27.9

55 2

1.00

4.00
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Soil unit
symbol

Soil unit
name

%
Sand
(0.05-
2.00
mm)

% Silt
(0.002-
0.05
mm)

% %
Clay Org
(< (<
0.002 0.002
mm) mm)

Rating
Soil
Structure
(0-12
inches)

Ksat
Rating
code
(um/sec)

percent
slopes, eroded

DeC2

Descalabrado
clay loam, 5
to 12 percent
slopes, eroded

30.2

32.3

37.5 4

1.00

3.00

DeE2

Descalabrado
clay loam, 20
to 40 percent

slopes, eroded

30.2

32.3

37.5 4

1.00

3.00

DgF2

Descalabrado
and Guayama
soils, 20 to 60
percent

slopes, eroded

30.7

32.8

37.5 4

1.00

3.00

DrF

Descalabrado-
Rock land
complex, 40
to 60 percent
slopes

30.2

32.3

37.5 4

1.00

3.00

FrA

Fraternidad
clay,0to 2
percent slopes

17.1

27.9

55 3

4.00

FrB

Fraternidad
clay,2to5
percent slopes

17.1

27.9

55 3

1.00

4.00

Gm

Guamani silty
clay loam

20

49

31 3

1.00

3.00

JaB

Jacana clay, 2
to 5 percent
slopes

23.3

29.2

47.5 4

1.00

3.00

JaC?2

Jacana clay, 5
to 12 percent
slopes, eroded

23.3

29.2

47.5 4

1.00

3.00

MrB

Meros sand, 1
to 6 percent
slopes

96.5

1.5

2 0.75

1.00

2.00
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%

%

%

Rating

% Silt . Ksat
Soil unit  Soil unit Sand ) ngp. Clay  Org - Soill o ping
symbol  name (0.05- %4 5 (< (<~ Structure . 4
2.00 rﬁm) 0.002 0.002 (0-12 (um/sec)
mm) mm) mm) inches)
Naranjito silty
NaF  dlayloamd0 oo 45a a5 25 1.00 3.00
to 60 percent
slopes
No Digital
NOTCOM Data
Available
NOTPUB NotPubI_ic
Information
Paso Seco
PIB clay,0to 5 17.1 27.9 55 3 1.00 4.00
percent slopes
Po Poncena clay 23.3 29.2 47.5 7.5 1.00 4.00
Pozo Blanco
prcp  clvloamS o a50 335 315 75 100 3.00
to 12 percent
slopes, eroded
Rs Rock land 2.00
sm Salt water 45
marsh
Tf Tidal flats 4.5
Ts Tidal swamp
Vayas silty
Ve :E'ay’ 55 47 475 3 1.00 4.00
requently
flooded
Vives silty
Vs clay loam, 7.6 54.9 37.5 3 1.00 3.00
high bottom
Vives clay, 2
VvB to 7 percent 28.1 29.4 42.5 3 1.00 4.00
slopes
W Water

Source: Soil Survey Staff, Natural Resources Conservation Service, United States

Department of Agriculture. Web Soil Survey. Available online at the following

link: https://websoilsurvey.sc.egov.usda.gov/.

Topographic Factor (LS)
The topographical factors are slope length (L) and slope steepness (S). The slope

length is defined as the distance from the source of runoff to the point where deposition

117


https://websoilsurvey.sc.egov.usda.gov/?referrer=Citation.htm-HomeLink1

begins, or runoff enters a well-defined channel that may be part of a drainage network or
a constructed channel (Wischmeier & Smith, 1978). Combined with the slope steepness
factor (S), the LS factor attempts to quantify the effect of topographical characteristics on
soil loss (Renschler et al., 1999). However, slope steepness has a greater impact on soil
loss than slope length (Ganasri & Ramesh, 2016). Slope gradients ranging from about 1%
to 25% slope steepness are included in determining the relationship between slope and
soil loss (Ganasri & Ramesh, 2016; Laflen & Flanagan, 2013; Wischmer, & Smith,
1978). The impact of slope and aspect would play a major role in runoff mechanism; the
more the slope, the more the runoff, and thus infiltration reduces (Ganasri & Ramesh,
2016). Runoff, including surface and subsurface draining flows, is generated when daily
rainfall exceeds the field capacity of a calculated average penetrable soil depth,

redistributed to and possibly reabsorbed in downslope (Gao et al., 2007).

Generalized LS factor values for simple slopes can be used with the RUSLE, the
RUSLE computer program calculates more location-specific values, including values for
complex (nonuniform) slopes (Weil & Brady, 2017). To generate Factor L and Factor S
for JBBW, the Digital Elevation Model (DEM) with five (5) meters of spatial resolution
will be used. CZO Dataset develops the DEM to the Coastal Zone of Puerto Rico,

LiDAR (2016) USACE NCMP Topobathy Lidar used as a base to estimate Factor LS and
to create the Slope map for JBNERR (NOAA Office for Coastal Management
(NOAA/OCM), 2009, 2017). Factor L and the Slope map will be created using the

following equations developed by Desmet and Govers (1996).
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Equation 14. Slope Length factor Equation

[$J+DﬂMHﬂ—Awmﬂ
Lij= = mpmzaz13)m

Where:

Equation 15. Length exponent of the LS-factor

_ F
T 1FF
Equation 16. Parameter F in Factor L
sin ,8/
0.0896

F =
3(sin B)%8 + 0.56

B = slope in degrees with the coordinates (i, J). The expression should be in radians. The

degrees must be multiplied by 0.01745 to convert to radians.

A = is the flow accumulation at the pixel level.

D = is the grid cell size (m).

X = shape coefficient (x = 1 for pixel systems).

In sum, to calculate these factors, it is important to convert the slope from grades
to radians because the radians are a unit of the angle where 1° = 0.01745 radians. The Sin
function indicates the slope angle where slope steepness is up to 21%. Then the Flow
Direction and the Flow Accumulation calculations are needed to calculate Factor L

because this involves the points where deposition occurs.
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Flow Direction and Flow Accumulation
Flow Direction returned a raster with values from 1 through 255. Most of the cells

have the standard values of 1, 2, 4, 8, 16, etc.; however, there is at least one entry for
every other number from 1 to 255 (Esri, 2019b; Esri Community, 2012). Flow
accumulation operation performs a cumulative count of the number of pixels that
naturally drain into outlets. That can be used to find the drainage pattern (Esri, 2019). In
GIS, the Flow Accumulation raster and the Flow Direction raster will be created thru
Spatial Analyst Tool with Hydrology functions regarding Flow Direction or Flow

Accumulation rasters are shown in Figure 26 and Figure 27:

Figure 26

Flow Direction in JBW.
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Figure 27

Flow Accumulation in JBW.
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McCool et al. (1987) derived two relationships for moderate slopes (s <9%) and steeper

slopes (s > 9%), which is represented by the factor S in the RUSLE equation:
Equation 17. Steepness Factor
When tanp; ; < 0.09 THEN S = 10.8sinp; ; + 0.03
When tanp; ; = 0.09 THEN S = 16.8sinf; ; — 0.5

Modified LS Factor
The modified equation for computation of the LS factor in finite difference form

in a grid cell representing a hillslope segment was derived by Desmet and Govers (1996).
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LS factor was calculated by considering the flow accumulation and slope in degrees as an
input (Ganasri & Ramesh, 2016). Therefore, the topographic factor is computed using the
equation of Moore and Burch, and this technique requires flow accumulation and slope

steepness (Jahun, Ibrahim, Dlamini, and Musa, 2015):

Equation 18. Topographical factor

cell size)o'4 (sinslope)l'3
*

LS = (Flow Accumulation * 5213 0.0896

Where:
LS = Topographical factor or slope length and steepness factor.

Cover management factor (C)
The cover management factor (C) corresponds to soil loss under specific cropping

conditions related to that occurring in bare soil (Wischmeier & Smith, 1978). The C
values can vary from 0 for very well-protected soils to 1.5 for finely tilled, ridged
surfaces that produce much runoff, leaving it susceptible to rill erosion (Simms et al.,
2003). This ratio C will approach 1.0 where there is little soil cover (e.g., a bare seedbed
in the spring or freshly grated bare soil on a construction site) (Weil & Brady, 2017). It
will be low (e.g., < 0.10) where large amounts of plant residues are left on the land or in
areas of dense perennial vegetation (Weil & Brady, 2017). However, the C factor values
do not accurately represent vegetation variation, particularly in large areas, resulting in
mistaken soil loss estimates (Asis & Omasa, 2007). Conditions where soil loss varies
little with slope length, tend to have relatively low C-factor values: less than 0.15, if not

where soil loss varies greatly with slope length typically have high C-factor values
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(Renard, Foster, Weesies, McCool, 1996), which is the case of JBW. Factors C and P are

dimensionless.

The C factor was estimated assuming that abundant vegetation cover results in
less soil loss and the corresponding higher losses result from less vegetation cover (Jahun
et al., 2015). Therefore, since C factor values are not available for the croplands at JBW.
However, according with the literature the C values factors utilized by Bonilla et al.,
2010; Del Mar Loépez et al., 1998; M. & Jamal, 1999; Medeiros et al., 2016; Morgan,
2005; Ozsoy & Aksoy, 2015; Ramos-Scharrén et al., 2015a were used. Since, the
mentioned literature presents different C values for forest, sugarcane crop, plantains
crops, and pasture land applied in similar conditions as JBW. The values were averaged
by each LULC class seeking a confident value for JBW. This recommendations was
made by Morgan, (2005) and de Carvalho et al., (2014) when C factor values where
determined for the crop rotations and management practices found in the USA, for other
countries, a detailed information for calculating the C factor in this way does not always
exist and it may be more appropriate to use average annual values. Related to urban
development the C value used by Del Mar Lépez et al., (1998) was selected because that
study was done for a watershed in Puerto Rico with similar conditions as JBW. The same
reasoning was applying choosing the C values for bare land and non-forest classes. First,
the C factor was assigned to different land-use patterns using the values given in

Table 17.
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Table 17

RUSLE's Cover factor (C) values were used to evaluate the potential impacts of land-use

change in surface runoff and erosion.

Cover
. Cover factor . factor
LULC class *Description Information Source value
range for
JBW
Ramos-Scharrén et al.,
0.0001 (2015)
0.0001 Medeiros et al., (2016)
Forest Woods 0.01 Beskow et al., (2009) 0.0027
0.002-0.3 Ozsoy & Aksoy, (2015)
0.001 Morgan, (2005)
0.003 Ochoa et al., (2016)
Ramos-Scharron et al.,
Mainly 0.35-0.55 (2015)
Sugarcane in 0.056 Armour et al., (2009) 0.2921
1977 and 0.3066 Medeiros et al., (2016) '
1991. 0.13-0.40 Morgan, (2005)
0.252 Ochoa et al., (2016)
Crapland 0.05 Del Mar Lopez et al., (1998)
Mainly 0.056 Armour et al., (2009)
Plantain crop 0.346 Almas and Jamal, 1999 0.1642
in 2000 and 0.1318 Medeiros et al., (2016) '
2010. 0.1t0 0.5 Ozsoy & Aksoy, (2015)
0.05-0.10 Morgan, (2005)
0.032 Del Mar Ldpez et al, 1998
Pasture, hay, 0.016 Armour et al., (2009)
or inactive 0.061 Medeiros et al., (2016)
Pasture/Grass agriculture 0.09 Ozsoy et al. 20,12 0.1304
(e.0., 0.003-0.45 Ramos-Scharroén et al.,
abandoned (2015)
sugarcane). 0.10-0.36  Ozsoy & Aksoy, (2015)
0.062 Ochoa et al., (2016)
Del Mar Lopez et al., (1998)
. *Less dense urban -
Urban Built up area 0.02 (Scattered buildings within 0.02
areas of pasture or forest)
Emergent Bonilla et al., (2010);
Non-Forest wetlagds, 0 Ganasri & Rar(nesh, )(2016) 0
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Cover

Cover factor factor
LULC class *Description Information Source value
range for
JBW
coastal sand,
and rocks,
water
permanent.
. Morgan, (2005);
Bare land Areas with no 1 Wischmeier & Smith, 1

vegetation (1978)

Note. *For more details about LULC classes description consult the Kennaway &
Helmer, (2007)

However, Bare land was considered as Non-Forest land according to the
Kennaway & Helmer (2007) classification land methods. Hence, bare land is viewed as
an erosion reference because erosion was greatest in areas of bare soil (Almagro et al.,
2019; Aouichaty et al., 2021; Del Mar Lépez et al., 1998; Wischmeier & Smith, 1978).
Therefore, bare land was left as another land cover class for this chapter. In general bare
soil or barren land is described as transitional areas for construction, land fill, gravel pit
or barren natural land including exposed sediments, rocks, river banks, gravel, etc.

(Ramos-Scharron et al., 2015).

Conservation support practice factor (P)
The conservation practice support factor (P) represents how surface conditions

such as contouring, tillage marks, or terracing influence erosion—deposition processes
when surface runoff occurs (Renschler et al., 1999). Broadly applied soil conservation
practices, particularly conservation tillage and no-till cropping, have effectively reduced
erosion rates (Nearing et al., 2017). However, agricultural policies or economic
incentives generally induce land-use changes or even agricultural crop rotation changes,

resulting in different erosional behavior of cultivated soil (Renschler et al., 1999).
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Therefore, factor P does not consider improved tillage practices such as no-till and other
conservation tillage systems, sod-based crop rotations, fertility treatments, and crop-
residue management. Instead, such erosion-control practices are considered in the C
factor (Renard, Foster, Weesies, McCool, 1996). The estimation of this factor is
conditioned by Contouring, Slope-Length, Contour Listing, Controlled-Row Grade Ridge
Planting, Contoured-Residue Strips, Contour Stripcropping, or Terracing. However,
when terraces are not maintained and overtopping is frequent, P = 1 and the slope length
is the field slope length (Wischmeier & Smith, 1978). For areas with no support practice,

the P factor is set to 1.0 (Simms et al., 2003).

Hot Spot Analysis
Lastly, an erosion rates differences between 1977 - 1991, 1991 - 2000, 2000 —

2010, and 1977 - 2010 hotspot analysis was performed using Getis-Ord-Gi statistic. This
analysis seeks to determine the distribution soil loss occurrence based on historical
hotspot data during a 46-year period. The Getis-Ord-Gi statistics is available as a spatial
analysis tool in ArcGIS software. The input data was converted into point feature hotspot
data based on the difference between periods described above. The tool then determines
statistically significant spatial clusters of high values (known as hotspots), low values
(called coldspots) and non- significant areas (Mora et al., 2019, Table 18). The G statistic
can vary between 0.0 and 1.0 (Abdulhafedh, 2017). The statistical significance of the
local autocorrelation between each point and its neighbors is assessed by the z-score test
and the p-value (Abdulhafedh, 2017). Furthermore, the hotspot and coldspot areas are

classified into 90%, 95% and 99% probability occurrence areas (Prasetyo et al., 2016).
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The Getis-Ord Gi statistic measures the intensity of clustering of high or low
values in a bin relative to its neighboring bins in the data (Getis & Ord, 1992). When a
bin’s sum was different than expected, and that difference was too large to be the result
of random chance, a statistically significant Z-scores (standard deviations) was the result
(Kowe et al., 2019). A Z-score above 1.96 or below —1.96 meant that there was a
statistically significant hot spot or a statistically significant cold spot at a significance
level of p < 0.05 (95% confidence interval) (Kowe et al., 2019). A Z-score near zero

indicates no apparent spatial clustering (Kowe et al., 2019).

Table 18

Hot spot analysis (Getis-Ord Gi*) Statistical Criteria.

Category Z-score P-value (probability) (%)
Cold Spot <—2.58 p <0.01(99)

Cold Spot <—-1.96 p <0.05 (95)

Cold Spot <—1.65 p <0.10 (90)

Not Significant - -

Hot Spot >+ 1.65 p <0.10 (90)

Hot Spot >+ 1.96 p <0.05 (95)

Hot Spot >+ 2.58 p <0.01(99)

According to Abdulhafedh, (2017) the standard formula that ArcGIS uses for

Getis-Ord Gi statistic can be given as:

Equation 19. Getis-Ord Gi

n ~F \'n
_ WijX — X Yo Wij

Gf = ——
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Where x; is the value of variable x at location i; x; is the value of variable x at location j;
w;; are the elements of the weights matrix; and n is the number of observations. The

values of j may equal i (Getis & Ord, 1992).

Results
Precipitation trends and Rainfall erosivity factor (R) during 1970 - 2015
According to the land extent of JBW, there is no significant spatial variability of

the rainfall, even when the precipitation average was over 12.7mm in each rainfall station
when compared by the four rainfall periods. However, as noticed in Figure 23 in the
previous section, total annual maximum rainfall of around 300mm in Aguirre and around
500mm for both Guayama 2E and Jajome Alto stations were registered, averaging
22.8mm, 26.3, and 34.9mm, respectively. While previous research of Quifiones (2012)
has focused on the importance of surface runoff as a source of freshwater to JBNERR,
compared to groundwater discharges from the local aquifer, these results demonstrate
rainfall exceeded 508 mm in three (3) instances, total monthly rainfall in Aguirre (1985,
1990, and 2003). That study provides insight into how rainfall events above 12.7mm
enhance soil loss in JBW. Even when our results did not perfectly fit, these rainfall values
compared to the historically found in this study period between 1970 and 2015, through
the 90th percentile. However, a seasonal rainfall analysis was performed to identify the
wettest months where soil erosion is expected to be higher. According to Ewel &
Whitmore, (1973) and Zitello et al., (2008), Jobos Bay’s has dry climate and relatively
low seasonal rainfall, and surface runoff usually only occurs during the wettest months of

the year, September through November.
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The average monthly and annual rainfall results are shown in Table 19 and Figure
28. The months of May and October were the two peaks of mean monthly precipitation in
1970 — 1984, 1985 — 1999, and 2010 — 2015. The mean monthly precipitation ranges
around 24 mm and 39 mm in May, and 21 mm and 49 mm in October for these periods.
Meanwhile, September and November were the monthly precipitation peaks in 2000 -
2009, ranging between 31 mm and 52 mm in September, and 25 mm and 67 mm in
November (Table 19). Consequently, December to April can be considered the five
months of dry or low rainfall season because it is less than 30.0 mm mean monthly
(Figure 28). Basically, this results aligned with Whitall et al., (2011); and Zitello et al.,
(2008), the wettest months are September to November in JBW. Although May and
October exhibit different rainfall patterns, the results suggest that per millimeter (mm) of
rain, these months show a higher erosivity than the rest of the months. Hence, from
December until April can be considered the five months of low rainfall, and it can be
inferred that the lowest erosivity per mm of rain occurs during these months in JBW.
Interestingly, rainfall patterns are important to determine the harvest time and rotation in
agriculture. To illustrate, the cane harvest period, known as “la zafra,” is a sugar
harvesting and grinding , carried out mostly by temporary workers on a subcontract basis,
depending on the area, the harvest takes place during the dry season (Wesseling et al.,
2018). In Puerto Rico the summer period (July to September) is known as death time or
“tiempo muerto” saw the labourers digging and cleaning drainage ditches, cane planting,
weeding and cutting trees for new canefields (Ayala, 1994; Giusti-Cordero, 1996). As
noted, in the example in sugarcane crops the dry season is time to harvest while the wet

season is the time to dig, clean and plant. From August to November, only the colonia's
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migrant labourers and agregados (tenant labourers) were hired (Giusti-Cordero, 1996).
Then in November and December there was almost no work in the canefields: that was
the heart of the dead time or the "winter" - "the invierno or invernazo, as we called it"

(Giusti-Cordero, 1996).

Figure 28 The average annual rainfall ranged from 23.43 mm — 33.21 mm from
1970 to 1984, 22.44mm — 32.63mm from 1985 to 1999, 22.14mm — 39.72mm in 2000 —
2009, and from 23.21mm — 33.85 mm in 2010 — 2015 (Table 19). In general, the rainfall
averages range from 22 mm to 40 mm being the Aguirre and Jajome Alto stations the less
and higher average annual rainfall from 1970 — 2015. These results were expected, taking
into consideration the watershed topographic profile. The Rio Seco (at the mouth) in the
Northeast is the steepest area of the watershed, where Jajome station is closer to this area
and where the most rainfall amount was registered during 1970 — 2015. However, rainfall
is a dynamic triggering factor for soil loss and (might) present high spatial and temporal
variability (Stefanidis et al., 2021), especially for agriculture activities. Thus, the effect of
climate change on soil loss was evaluated through the monthly and annual precipitation

condition performance for the historical frame 1970 to 2015.
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Table 19

Annual and monthly precipitation means.

. Month MAP
Station
01 02 03 04 05 06 07 08 09 10 11 12 (mm)
1970 - 1984
Aguirre 15. 16. 13. 19. 20. 20. 22. 23. 27. 33. 25. 13. 234+
4 0 5 0 8 6 5 4 5 3 4 9 26.2
Guayama  16. 23. 21. 18. 22. 22. 20. 26. 35 35 31. 20. 269+
2E 4 2 0 8 6 9 8 7 4 2 1 0 28.7
Jajomealto 22, 23. 22. 30. 30. 33. 30. 38 34 42. 36. 29. 332%
4 4 5 0 3 3 7 0 1 3 6 6 30.2
1985 - 1999
Aguirre 15. 12. 14. 11. 25. 17. 16. 25. 28. 31. 25. 18. 224+
2 2 2 9 6 6 2 8 5 2 3 7 26.6
Guayama  19. 20. 15. 19. 25. 16. 24. 23. 31. 29. 27. 21. 246+
2E 0 2 4 8 2 7 6 9 3 2 0 1 24.8
Jajomealto 48. 24. 22. 30. 33. 29. 27. 32. 33. 45 34, 25. 326+
4 2 6 6 6 0 2 9 7 2 2 5 34.1
2000 - 2009
Aguirre 12. 28. 17. 18. 24. 16. 22. 17. 31. 22. 25. 15, 22.1%
3 9 8 7 3 7 4 5 3 7 5 7 27.6
Guayama  16. 15. 28. 23. 29. 22. 23. 27. 39. 30. 32. 23. 277+
2E 9 6 3 5 8 6 1 0 5 3 9 3 34.3
Jajomealto 26. 19. 29. 32. 39. 30. 30. 44. 52. 40. 67. 34. 397+
5 3 2 2 3 6 7 0 7 8 7 1 37.6
2010 — 2015
Aguirre 17. 10. 37. 16. 24. 20. 20. 34, 15 21. 20. 12. 232%
8 9 1 8 7 9 3 5 4 6 7 0 24.9
Guayama 17. 15, 15, 19. 27. 25. 28. 31. 28 24. 27. 16. 26.1+
2E 9 1 8 9 8 5 3 4 7 2 7 0 20.7
Jajomealto 22. 26. 23. 22. 37. 31. 36. 44, 33. 49. 29. 22. 339
3 7 2 9 7 8 5 7 9 7 7 8 28.3

Note. MAP is the Mean Annual Precipitation in millimeter (mm) units and its standard

deviation.

The months of May and October were the two peaks of mean monthly
precipitation in 1970 — 1984, 1985 — 1999, and 2010 — 2015. The mean monthly

precipitation ranges around 24 mm and 39 mm in May, and 21 mm and 49 mm in

October for these periods. Meanwhile, September and November were the monthly

precipitation peaks in 2000 - 2009, ranging between 31 mm and 52 mm in September,

and 25 mm and 67 mm in November (Table 19). Consequently, December to April can
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be considered the five months of dry or low rainfall season because it is less than 30.0
mm mean monthly (Figure 28). Basically, this results aligned with Whitall et al., (2011);
and Zitello et al., (2008), the wettest months are September to November in JBW.
Although May and October exhibit different rainfall patterns, the results suggest that per
millimeter (mm) of rain, these months show a higher erosivity than the rest of the
months. Hence, from December until April can be considered the five months of low
rainfall, and it can be inferred that the lowest erosivity per mm of rain occurs during these
months in JBW. Interestingly, rainfall patterns are important to determine the harvest
time and rotation in agriculture. To illustrate, the cane harvest period, known as “la
zafra,” is a sugar harvesting and grinding , carried out mostly by temporary workers on a
subcontract basis, depending on the area, the harvest takes place during the dry season
(Wesseling et al., 2018). In Puerto Rico the summer period (July to September) is known
as death time or “tiempo muerto” saw the labourers digging and cleaning drainage
ditches, cane planting, weeding and cutting trees for new canefields (Ayala, 1994; Giusti-
Cordero, 1996). As noted, in the example in sugarcane crops the dry season is time to
harvest while the wet season is the time to dig, clean and plant. From August to
November, only the colonia's migrant labourers and agregados (tenant labourers) were
hired (Giusti-Cordero, 1996). Then in November and December there was almost no
work in the canefields: that was the heart of the dead time or the "winter" - "the invierno

or invernazo, as we called it" (Giusti-Cordero, 1996).
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Figure 28

Average monthly rainfall at climatic stations for Jobos Bay during 1970 - 2015.
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In terms of the erosivity factor, a weak spatial variation of R was observed, which
was provided from three stations for 45 years. The spatiotemporal changes of the R-
Factor are shown in Figure 29. The spatial variation of R significantly increases from the
upper Northeast to the low-down northwest direction. During 1970 to 1984 rainfall
period, R-Factor varied from 7,863.4 to 8,237.6 MJ*mm/ha*h. From 1985 — 1999, R
factor range from 7,834.8 to 8,281.4 MJ*mm/ha*h. While from 2000 — 2009, R factor
ranged from 7,939.3 to 8,408.3 MJ*mm/ha*h, and from 7,884.7 to 8,260.7 MJ*mm/ha*h
during 2010 to 2015 rainfall period (Figure 29). Even when the highest erosivity factor
were registered during 2000 to 2009 did not present a different erosivity factor pattern
from the other rainfall periods. This spatial distribution is consistent with that of the
rainfall pattern of JBW previously described and showed a clear distinction between the

upper areas (with high R value) and the coastal areas (with low R value).
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Certainly, a topographic influence was shown in the rainfall factor where the
steepest areas are located near the Jajome station with the highest average annual rainfall
and in the coastal areas is located near the rainfall Aguirre and Guayama stations with
lowest average annual rainfall in JBW. This is explained by part of JBW’s physical
characteristics that are attributed to the presence of two of Puerto Rico’s Central Interior
Mountain Ranges to the north, La Cordillera Central and La Sierra de Cayey (Whitall et
al., 2011). Hence, climate and erosion are linked to water movement into and through the
soil, soil-water balance, and slope hydrology as well as the rainfalls events are an
important influence on the rate of most erosion processes and are projected to increase in
extreme rainfalls, which will play a critical role (Basher, Douglas, Elliott, Hughes, Jones,
Mclvor, Page, Rosser, & Tait, 2012). Literature shows that the erosive power of
precipitation affects slope stability; the greater the increases of precipitation amount, the
greater the soil loss (Basher et al., 2012). In this sense, much attention should be given to
topography characteristics, and soils are usually relatively constant in the timescales of
interest, whereas rainfall erosivity and vegetation vary greatly (Yin et al., 2015). The

combination of all these factors was discussed later in the chapter.
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Figure 29

Rainfall Erosivity Factor in JBNERR

Rainfall period:
1985 - 1999

Rainfall period:
1970 - 1984

MJ*mm/ha*h [ 7.931.11 - 7.964.38 [ 8.004.00-8.143.04

MJ*mm/ha*h [ 7,957.33 - 7,901.07 [l 8.095 ,134.90

[17.863.40- 7,894 22 [ 7.991.08 - 8,023.36 [N 8,134.91 - 8,177 .46 [ 1783476-7.856.20 [ 7.964.30- 5,002.01 [N 514305 - 8,200
[ 7.894.23-7,925.03 [ 8.623.37 - 8,057.12 | 8.177.47 - 8,237.63 [ 7866.30- 7,800.57 [l 6.002.92 - 8,045.70 [N 8.200.85 - 8.281.41
[ 7,925.04 - 7,957.32 [Hlll 8.057.13 - 8,005.27 [ 7.899.58 - 7,931 10 |l 8,046.71 - 8,093.99

Rainfall period:
2010 - 2015

Rainfall period:
2000 - 2009

MJ*mm/hath [ s.057.04 - 810118 829726 - 8.285.06 MJ*mm/ha*h [ 7.979.07- 801208 [ 5114775 - 8,154.55
[ ] 793033707785 I 5.101.17 - 5,143.46 [l 5:285.07 - 833655 [ ]788ee8-791565 I s012.99- 8,045.42 [ 5.154.56 - 8.198.79
[ J7erroe-801657 [ 8.143.47 -8.189 43 [ 336 56 - 8.408 27 [ J7otses-704662 | 504543507757 [ 5.198.50 -8,26073
[ s1e.56 - 5.057.05 [ 6.189.44 -8,237.25 [ 7.048.03- 7.979.00 [ 507785 -8.14.74

Sources

Climate data:

NOAA-Global Histerical Climatology Network Daily 0 5 10 Kilometers w E
Watershed Boundary: | X |

WRD - U.S. Geological Survey

Soil Erodibility Factor (K)
The k values thru nomograph were calculated for each soil type by integrating soil

analysis values in JBW and generalized through the soil map (Table 20). K-values ranges
between 0.003 to 0.042 t*h/MJ*mm). Note that JBW has low K values. The K factor in
Sl units normally varies from near zero to about 0.1 (Weil & Brady, 2017), and highest k
value was 0. 042 t*h/MJ*mm. Then, soils with high water infiltration rates commonly
have K values of 0.025 or below, while more easily eroded soils with low infiltration

rates have K factors of 0.04 or higher (Weil & Brady, 2017).

The lowest value of the factor K found at the southeast coast of JBW is 0.003.

The soil type with the lowest k-value was Meros sand, whose surface texture is sand.
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Sandy soils have low K values due to high infiltration rates and reduced runoff, and
because sediment eroded from these soils is not easily transported (Ganasri & Ramesh,
2016). In JBW, sand and loamy sand were the surface texture of soil with the lowest
Factor K values ranges 0.003 and 0.007 t*h/MJ*mm respectively. The K values of 0.003
and 0.007 are associated with low erodibility and having higher permeability according to

the soil erodibility nomograph and the literature (Table 20).

Conversely, the highest value of the factor K is 0.042 t*h/MJ*mm found at the
east and west of the watershed identified with the darker color in Figure 30. The k value
of 0.042 t*h/MJ*mm is associated with less water infiltration and higher erodibility
according to (Weil & Brady, 2017; Figure 30). The soil type with the highest k-value was
Guamani (Gm), with a surface texture of silty clay loam. Silt loam soils have moderate to
high K values as the soil particles are moderately to easily detachable, infiltration is
moderate to low producing moderate to high runoff, and the sediment is moderately to
easily transport (Ganasri & Ramesh, 2016). While silt soils have the high K values as
these soils crust readily, producing high runoff rates and quantities (Ganasri & Ramesh,

2016).

Overall, the surface texture with the greatest Factor K values ranges from 0.037
and 0.042 t*h/MJ*mm, are silty clay loam, then followed by the textures of sandy loam
(0.032 t*h/MJ*mm) and clay loam (ranges from 0.026 and 0.032 t*h/MJ*mm). In
general, clay soils have lower K values because they are more resistant to detachment
compared to silt and silt loam soils. Since permeability measures the rate at which water

percolates through the soil as a function of texture, structure, and composition. Therefore,

136



in JBW the higher values of the K factor are associated with the soils having moderate

permeability and low to moderate erodibility in JBW.

Table 20

Soil types and Erodibility Factor for JBNERR.

Soil unit Factor K
Soil unit name Surface Texture (t*h/MJ*mm
symbol )
Ad Aguadilla loamy sand Loamy sand 0.007
AmMB Amelia gravelly clay loam, 2 to 5 Gravelly clay loam 0.020
percent slopes
AMC2 Amelia gravelly clay loam, 5 to 12 Gravelly clay loam 0.020
percent slopes, eroded
An Arenales sandy loam Sandy loam 0.032
Ar Arenales sandy loam, gravelly Sandy loam 0.032
substratum
CbE Caguabo clay loam, 20 to 60 Clay loam 0.026
percent slopes
Ce Cartagena clay Clay 0.026
Cf Catano loamy sand, 0 to 2 percent Loamy sand 0.007
slopes
CIB Coamo clay loam, 2 to 5 percent Clay loam 0.032
slopes
Cm Coastal beaches Sand 0.007
Cn Cobbly alluvial land -
DCE? Daguao clay, 20 to 40 percent Clay 0.020
slopes, eroded
DeC?2 Descalabrado clay loam, 5 to 12 Clay loam 0.032
percent slopes, eroded
DeE? Descalabrado clay loam, 20 to 40 Clay loam 0.032
percent slopes, eroded
Descalabrado and Guayama soils,
DgF2 20 to 60 percent slopes, eroded Clay loam 0.032
Descalabrado-Rock land complex,
Dr 40 to 60 percent slopes Clay loam 0.032
ErA Fraternidad clay, 0 to 2 percent Clay 0.022
slopes
FrB Fraternidad clay, 2 to 5 percent Clay 0.022
slopes
Gm Guamani silty clay loam Silty clay loam 0.042
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Factor K

Soil unit Soil unit name Surface Texture (t*h/MJ*mm
symbol )
JaB Jacana clay, 2 to 5 percent slopes  Clay 0.020
JaC2 Jacana clay, 5 to 12 percent slopes, Clay 0.020
eroded
MrB Meros sand, 1 to 6 percent slopes  Sand 0.003
NaE Naranjito silty clay loam, 40 to 60 Silty clay loam 0.037
percent slopes
NOTCOM No Digital Data Available -
NOTPUB Not Public Information -
PIB Paso Seco clay, 0 to 5 percent Clay 0.026
slopes
Po Poncena clay Clay 0.022
PrC2 Pozo Blanco clay loam, 5 to 12 Clay loam 0.026
percent slopes, eroded
Rs Rock land Unweathered bedrock
Sm Saltwater marsh Variable
Tf Tidal flats Variable
Ts Tidal swamp Variable
Vayas silty clay, frequently .
Vc flooded Silty clay 0.037
Vs Vives silty clay loam, high bottom  Silty clay loam 0.037
VvB Vives clay, 2 to 7 percent slopes Clay 0.032
W Water -
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Figure 30

Erodibility Factor through Nomograph.
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In sum, in JBW, most of the K-values range are explained due to its different
topographies and a unique soil property. Even if the estimated values could be considered
in error and the predicted soil loss may be far from exact, they are the best available data
for at least assessing the erosion potential or relative erosion rates from different
conditions (such as cover management or crop) or soils (Renard & Freimund, 1994). Soil
erodibility is a key parameter for evaluating soil's susceptibility to erosion and is essential

for erosion prediction and conservation planning (Wang, Zheng, Ro"mkens, et al., 2013).

Topographic Factor (LS)
Important terrain characteristics influencing the mechanism of soil erosion are

slope, length, aspect, and shape (Ganasri & Ramesh, 2016). Figure 31 illustrates the slope

139



length factor in JBW. The slope length range is between 0.34 — 612.42 meters long in this

watershed. However, the shortest slope length is the most predominant compared to the

longest slopes. The shortest slopes are found at the upper northwest of JBW. In Figure

31, a major concentration of this factor ranges between < 0.04 meters and 1.2 meters

long. The length and steepness factors significantly influence the soil erosion processes

(Aouichaty et al., 2021). The longer the slope, the greater the opportunity for

accumulation and concentration of the runoff water (Weil & Brady, 2017).

Figure 31

Slope Length factor (Factor L) in JBW.
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However, the effects of slope steepness have a greater impact on soil loss than

slope length (Ganasri & Ramesh, 2016). Figure 32 illustrates the Steepness Factor (Factor

S) in radians (a dimensionless Sl unit for measuring angles). The slope was derived from
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the Digital Elevation Model (DEM) with five (5) meters of spatial resolution. In JBW, the
factor S ranges between 0.03 — 15.017 radians. The slopes with the greatest steepness and
the shortest slope length are located at the upper northwest at the JBW. Nonetheless, the
combination of Factor S and Factor L show the effect of the topographic factor on soil
loss in JBW. Meanwhile, the longest and less steep slopes are located from the mid
watershed zone thru the coast, especially at the southwest, where the cultivated lands are
situated in JBW. According to Weil & Brady (2017), most sites cultivated to row crops
have moderate rill to interrill erosion ratios, and on sites where this ratio is low, such as
rangelands, more of the soil movement occurs by interrill erosion. On these sites, slope
steepness (%) has a relatively greater influence on erosion, while the slope length has a

relatively smaller influence (Weil & Brady, 2017).
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Figure 32

Steepness Factor (Factor S).
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In terms of the unitless Factor LS, from the analysis, it was observed that the
value of topographic factor (Factor LS) increases in a range of 0.03 — 1,920.23 as the
flow accumulation and slope increase. This factor incorporated the flux of convergence
impacts, which considered the runoff contribution from upstream to the downstream cells
(de Mello et al., 2016b). In JBW, the Factor LS are concentrated between 0.03 flatter
zones and 15.89 steeper zones (Figure 33). In JBW, the topographic factor shows that
erosion-reducing effects of shortening slopes or reducing slope gradients are accounted
for through the LS factor (Wischmeier & Smith, 1978). Similar results were also reported
by Jahun et al. (2015). The combined effects of slope length and slope steepness give a

good estimation of soil erosion rate. In this study area, the topography of this agricultural
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watershed mostly favored more erosion at the upper northeast, but LULC should play an

important role regarding the risk intensity and vulnerability of soil loss.

Figure 33

Factor LS for JBW.
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Land changes and Cover management factor (C)
The LULC reclassification maps of 1977, 1991, 2000, and 2010 are shown in

Figure 34. LULC maps indicated a visible land transformation involving significant
changes in cultivated lands and increased forest, pasture/grass, and urban development
land. Therefore, a detailed land changes analysis was performed in chapter two for the
forest, cultivated land, pasture/grass, urban development, and non-forest land classes.
Land changes analysis was crucial to understand how soil loss might be accentuated
through time, especially with cultivated land changes located at the lower and coastal

regions in JBW. Hence vegetation cover that sustains the soil is one of the main factors
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determining the land's response to rain events. In addition, vegetation intercepts raindrops

and protects soils against the erosive action of water.

In agriculture, a significant decrease from 1977 to 1991 and 1991 to 2000 was
identified as an increase between 2000 and 2010. According to the reclassification
results, the forest was constantly the dominant land cover in the watershed's upper area in
1977 and 2010. Cultivated lands were mostly dominant in 1977 in sugar cane fields. In
the meantime, the pasture/grass ranked third of the total area in 1977 and second place in
2010. However, in 1991 and 2000, pasture/grass ranked first. The urban development
land gradually increased during the 33 years from 1977 to 2010, which is characteristic of
the urbanization process in Puerto Rico during that time. Bare land remained, but its

extension area is the smaller LULC class in JBW.
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Figure 34
Land use/cover maps based on image classifications by year: (a) 1977; (b) 1991; (c)

2000; and (d) 2010.
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Table 21 shows the area covered by each LULC class with Factor C values each
year. The highest percentage of LULC class from 1977 to 2010 ranges from 38.1% to
45.4%, forest with a Factor C value of 0.003. Forest increased 45.7% in 1991-2000 and
42.4% in 2000-2010 but markedly decreased 42.5% in the first period 1977-1991. Factor
C represents the vegetation effectiveness as a protective cover for the soil against the
impact energy of raindrops and the force of the runoff. Thus, it is expected that Forest has
the lowest Factor C value after the non-forest class. Hence Non-Forest includes

permanent water bodies; it is established that zero is the Factor C value.
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Factor C for cultivated lands must be assigned based on the agricultural practices
of the area. Nonetheless, previous studies in tropical areas and Puerto Rico used different
Factor C value and averaged of 0.292 for Sugarcane crops and 0.164 for Plantains crops.
Therefore, these Factor C values were set to sugarcane crops that were taking place in
1977 and 1991, and mainly plantains crop in 2000 and 2010 in JBW. Cultivated land
decreased in JBW from 1977 to 2000, increased by 2010, and is still in the LULC class,
which should be considered an indicator of poor soil protection. In effect, cultivated land
decreased 41.0% and 55.5% to 1977-1991 and 1991-2000 respectively, and increased
16.2% in 2000-2010. These results suggest the possibility of high soil loss closer to the
estuarine waters. Indistinctly cultivated lands decreased from 1977 to 2000 because it
comprises a significant area extension in JBW. Factor C values for pasture are lower than
cultivated lands, which might be explained because the grass is dense and runoff is very

slow (about the slowest under any vegetative condition) (NRCS, 2002).

Furthermore, these results compare to Fu et al. (2006), where Factor C values for
other LULC such as pasture and forest are generally lower than those for croplands with
some exceptions, such as bare lands. Pasture areas acquire great importance because they
significantly increased from 1977 to 2000, mainly due to abandoned agricultural areas.
Specifically, from 1977 to 1991, pasture/grass nearly tripled in size with a net change of
167.3%. Contrary to 2000 to 2010, that pasture decreased by 44.7%, reducing its total
land area three times. Bare lands, showed the highest Factor C value as theoretically
assigned. Bare land covering between 1.1% and 1.4% remained stable from 1977 to
2010. By definition, C = 1 under standard fallow conditions, and as the surface cover is

added to the soil, the C factor value approaches zero (Kelsey & Johnson, 2015). For
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example, a C factor of 0.20 signifies that 20% of the amount of erosion will occur

compared to continuous fallow conditions (Kelsey & Johnson, 2015).

Table 21

LULC percentage distribution and Factor C values.

1977 1991 2000 2010
LULC Factor C  Area Area Area Area
classes ) ® @y ® wmy ® my %
Forest 0.0027 521 38.1 299 219 436 319 621 454
*Cultivated 0.2921;
Lands 0.1642 43.3 317 255 186 113 83 132 96
Pasture/Grass 0.1304 243 178 650 475 63.0 46.1 348 254
Urban Development 0.02 89 65 111 81 131 96 192 140
**Non-Forest 0 6.8 49 3.4 2.5 3.8 2.8 5.6 4.1
Bare land 1 15 1.1 1.9 1.4 2.0 1.4 1.9 1.4
Total - 136.8 100 136.8 100 136.8 100 136.8 100

Note. *Factor C value of 0.40 was set to 1977 and 1991, and 0.346 for 2000 and 2010.
**Emergent Wetland, coastal and rock, and permanent water bodies are consolidated into
non-forest class.

Source data from the Landsat TM+ satellite images, US Department of Agriculture
(USDA), and US Geological Survey (USGS).

Figures 35, shows the spatial Cover Management Factor (C) distribution for 1977,
1991, 2000, and 2010. Cultivated lands were located at the lower areas, pasture was
found mainly at the center area, while forest was predominant at the upper of JBW. As
shown and described above, the higher the vegetation the lower Factor C value.
According to Laboy et al. (2008), banana and plantain farms exist north of Mar Negro,
outside JBNERR boundaries, extending toward plantain farms outside of the reserve
boundaries, extending toward the higher, cooler mountain areas, and Pasturage is also a
principal agricultural use. The end of the sugarcane cultivation era was 1994. After 1994,

land-use change from monoculture to multi-culture also affected water delivery needs for
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the new crops (Laboy et al., 2008). The results of Mohammed et al. (2021) proposed that
changes in the inclination and LULC showed that soil erosion was larger on steeper
slopes, and varied according to the rain amount. In this case as occurred in JBW, where
the erosion processes are maximized by the steep slopes present in the higher sectors of
the JBW, but the presence of Forest is abundant. In sum, the land cover having the higher
C-factor value (low vegetation cover) subjected to the high rate of erosion. (Maury et al.,

2019).

Figure 35
Cover Management Factor (C) maps based on Land cover and Land use reclassified

images by year: (a) 1977; (b) 1991; (c) 2000; and (d) 2010.
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Conservation support practice factor (P)
For JBW, a value of 1 was set as the value for Factor P and thus occupied 100%

of the watersheds, as set by previous studies in various watersheds in Puerto Rico,

including JBW (Tania Del Mar Lopez et al., 1998; Williams et al., 2011).

RUSLE
To estimate the annual average soil loss rate for the JBW in 1977, 1991, 2000,

and 2010, the raster grids representing the RUSLE parameters were analyzed in GIS
(Table 22). Overall, the annual average soil loss without for JBW was estimated to be 9.8
ton/haly in 1977, 16.0 ton/ha/y in 1991, 11.5 ton/haly in 2000 and, 8.7 ton/ha/y in 2010.
Figure 36 offers a better appreciation of average annual soil loss about the calculation

differences, trends, and magnitudes in JBW.

Table 22

The annual average soil loss rate for 1977, 1991, 2000, and 2010

Average Soil Loss Rate

Year Standard Deviation Minimum Maximum
(ton/halyear)

1977 9.76 18.56 0 100

1991 16.07 27.99 0 100

2000 11.53 24.03 0 100

2010 8.72 21.44 0 100

Figure 36 shows the average soil loss in 1977, 1991, 2000, and 2010. The average
soil loss was significantly greater in 1991 than in 1977, 2000, and 2010. Between 1977
and 1991, the average soil loss was 6.3 ton/ha/y greater 1991. In 1991, pasture grass
represented 47.5% of JBW, remaining less forest extension area than in 1977 even when
cultivated areas significantly decreased during the period. In addition, pasture/grass lands

were in the middle watershed area, where the slopes are steep compared with the area
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closer to the coast. Between 1991 to 2000, the average soil loss was 4.5 ton/haly greater
1991. However, between 2000 and 2010, the average soil loss was 2.8 ton/haly less in
2010. These results allow looking at the LULC influence on the soil loss process in JBW
for 1977, 1991, 2000, and 2010. Even when cultivated lands were significantly greater in
1977 than in any other period, forest cover was also greater in 2010 compared to 1977.
However, major attention should be given to pasture/grass areas because forest plays an
important role in reducing erosion. However, pasture/grass combined with topographic
factors seems to enhance soil loss, although cultivated land decreased during the study
period. Considering that the rainfall erosivity factor did not present significant
spatiotemporal changes; the erodibility and topographical factors remain consistent
through time. Therefore, the cover management factor seems to be the main soil loss

driver in JBW.

Figure 36

The annual average soil loss rate for 1977, 1991, 2000, and 2010.
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Table 23Table 23 and Figure 37 presents the average annual soil loss rate
obtained for 1977, 1991, 2000, and 2010. The distribution of soil erosion risk classes
showed that more than 40% of the watershed has slight soil loss, around 10% is slight to
moderate, more than 13% was moderate, around 5% was moderate to high, and around
11% was very high from 1977 to 2010. However, in 1991 the soil erosion risk from
moderate to very high was 45.6% (62.1 km?), greater than 1977 with 39.9% (54.5 km?),
2000 with 29.2% (39.8 km?), and in 2010 with 20.9% (28.4 km?). The highest soil loss
values correlate with cover management and topographic factors. For example, the
biggest Forest area cover was found in LULC 2010 raster with 45.4% and where the
biggest slight soil erosion risk was found with 70.3% from the study period. The same
results are illustrated in 1991 where the biggest area cover was pasture with 47.5% (65.0
km?) and resulting with smallest slight soil loss with 43.0% compared with 1977, 2000

and 2010.

On the other hand, moderate soil erosion risk increased from 1977 to 1991,
decreased from 1991 to 2010. Very High soil erosion risk resulted in 8.3% in 1977,
15.7% in 1991, 11.5% in 2000, and 8.8% in 2010, respectively. Special attention is
pointed out in 1991 where high and very high erosion risk summed 19.9 %, while in 1977
was 14.1%, in 2000 it was 14.5%, and 10.9% in 2010. The very high soil erosion risk
increased from 1977 to 1991 and decreased in 2000 and 2010 because forest area
increased, cultivated lands decreased and changed from sugarcane to plantains, papaya,
and other products. Previous found that Sugarcane crops worsens the soil loss more than

plantains crops giving a major C value to sugarcane (Armour et al., 2009; Medeiros et al.,
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2016; Morgan, 2005). Meanwhile, Pasture/Grass significantly increased from 1977 to

1991 and 2000 but decreased 20.7% between 2000 and 2010.

Table 23

Average annual soil loss rate by erosion type classifications for 1977, 1991, 2000, and

2010.
Soil Loss
(ton/halyr) 1977 1991 2000 2010
Type of erosion km> % km? % km?> % km*> %
Slight (0 - 2.5) 721 529 586 430 79.6 584 958 70.3
Slight to Moderate (2.5 - 5) 97 71 156 115 169 124 121 89
Moderate (5 - 10) 22.7 16.7 260 19.1 155 114 106 7.8
Moderate to High (10 - 15) 126 92 91 66 46 34 30 22
High (15 - 25) 78 58 57 42 41 30 28 21
Very high (25 - 100) 114 83 214 157 156 115 120 8.8
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Figure 37

Soil erosion risk class by year in JBW.
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Figure 38 presents the spatial average annual soil loss rate and severity map of the
Jobos Bay Watershed for conditions in 1977, 1991, 2000, and 2010. Overall, potential
soil erosion risk and severity increase from the mid-upper Northeast to the lower reaches
of the JBW catchment. Also, the very upper northeast area presented a minimal soil loss
risk for the complete study period. However, surface erosion can vary spatially due to
rainfall variability, topographic and morphological changes, soil types and characteristics,

and human-induced disturbances (Farhan et al., 2013).

However, the spatial distribution showed that in 1977 the upper Northeast was the
biggest area with slight to moderate soil erosion risk, while high and very high classes
were found in the same area in 1991 and 2000 and decreased in 2010. This might be

explained with Pasture/Grass in the upper areas of the watershed was greater in 1991 and
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2000 than in 2010. Factor C values are greater for pasture/grass than forest, the slopes are
steeper in this area, and rainfall activity was greater near the upper area compared with
the lower watershed. In contrast, Forest recovery grew in areas classified as pasture/grass
in 1991 and 2000. The soil erosion risk classification changed from very high to mainly
slight or moderate to high. The less steep area of the watershed is located at the coast

with slight, slight to moderate, and moderate to high potential soil erosion.

Nevertheless, special attention is given to the soil erosion risk at the lower area of
JBW due to the cultivated lands located in this area. The soil erosion risk values
associated with cultivated lands range from Moderate to Moderate to High, and High
from 1977 to 2010. Very small areas were classified as high erosion risk in the Cultivated
Lands class in 2000 and 2010. These findings can be mostly explained due to the gentle

slopes that are related to slight to moderate potential soil loss in JBW.
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Figure 38

Average annual soil loss rate and severity map of the Jobos Bay Watershed for conditions

in 1977, 1991, 2000, and 2010.

1977 i 1991

2000 2010

Soil Loss N

ton/haly [ 10 - 15, Moderate to High

[ ]o-25, slight B 15 - 25, High

[]25-5, slight to Moderate [l 25 - 100, Very High 0 25 5 Kilometers W'¢ .
[15- 10, Moderate [ R .

Hot Spot Analysis
Figure 39 illustrates the hotspots occurrence between 1977 and 2010 in JBW. The

significant hot spots and cold spots of erosion rate differences are indicated with
statistical confidence levels ranging from 90% (p < 0.10), 95% (p < 0.05), and 99% (p <
0.01). A high Z-score and small p-value indicate a significant hot spot (Kowe et al.,
2019). On the other hand, a low negative Z-score and a small p-value indicate a

significant cold spot (Kowe et al., 2019).
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High positive Z-score values above 1.96 are mainly concentrated in the area
classified as pasture/grass in JBW between 1977 — 1991, 1991 — 2000, and 2000 — 2010
with a 99% confidence level. The accumulated frequency of hotspots in the watershed
was mainly found in the upper -Northeast between 1977 and 1991 due to the pasture land
cover classified in 1991. As a result, the soil erosion risk was higher in 1991 compared to
1977. However, between 1991 and 2000, statistically significant cold spots had negative
Z-scores (< — 1.65 and < — 2.58) that were taking place due to forest recovery. On the
other hand, both periods presented a significant few hot spot from 90% - 99% of
confidence closer to the coast in the middle of the watershed. It is explained because of
the topographic factor. In other words, it is the steepest area compared with the rest of the
coast. Between 2000 and 2010, a significant cold spot was dominant in the upper
Northeast because forests continued to recover. The significant hot spot remained in the
mid-watershed, where pasture/grass is the predominant land cover. Pasture is more prone
to erosion than forest, whereas it has steep slopes. During this time, a hot spot was also

identified in cultivated lands at the west of the study area.

From 1977 to 2010, hot spots related to soil loss confirmed that pasture/grass in
steep areas are more vulnerable to soil loss, and cultivated land placed very close to the
coast is also vulnerable to soil erosion. Since no previous research recorded high
frequencies of soil loss hotspots in JBW during this period or before, this study showed a
relationship between the topographic, cover management factors and the erosion hot spot
distribution. In areas where Getis-Ord Gi* values are significantly different from the
surroundings, they are considered neither hot spots nor cold spots identified as

insignificant in the hot spot analysis because they are non-vegetation (Kowe et al., 2019).
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Figure 39
Hot Spot occurrence corresponded to different statistical confidence (99%, 95%, and

90%) between 1977 and 2010 in JBW.

1977 - 1991 1991 - 2000

2000 - 2010 1977 - 2010

Hot Spot Analysis N
Getis-Ord Gi* - Not Significant
«  Cold Spot - 99% Confidence Hot Spot - 90% Confidence w E
+ Cold Spot - 95% Confidence «  Hot Spot - 95% Confidence 0 25  5Kiometers
Cold Spot - 90% Confidence +  Hot Spot - 99% Confidence — s
Discussion

The RUSLE is one of the most recognized erosion prediction models worldwide.
The temporal and spatial patterns of soil erosion, rainfall erosivity, and land-use change
from 1977 to 2010 were analyzed. However, the accuracy of RUSLE estimation depends
on each factor's availability and quality of data. Therefore, the performance of available
erodibility estimators thru RUSLE investigating the role of modified rainfall erosivity
(R), soil erodibility (K), topographic factor (LS), and Cover Management Factor (C) on

soil erosion in JBNERR were assessed.
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The Factor R in RUSLE should be calculated using a maximum rainfall thirty
minutes intensity (l3o), but only mean daily rainfall data were available for JBW from
1970 to 2015. Thus, this study used the Modified Rainfall Erosivity equation proposed by
(Arnoldus, 1980) based on mean of monthly and annual precipitation. Another overcome
limitation for Factor R calculations were the spatial distributions of the climatic stations
over JBW. Only one station is located within the watershed and two climatic stations
closest were conditioned by the data collection periods available to fulfill the research
objectives. Nevertheless, a spatial IDW interpolation were performed given that the range
of the average annual precipitation from these climatic stations were relatively small to
lead discrepancies between interpolated and measured values. However, great validation
resulted from the spatial regression analysis performed with the Factor R published by
the Department of Commerce Department (DOC), NOAA, National Ocean Service
(NOS), (2020). The model explained 99% of the variation within the data when regressed
to R-Factor from NOAA.. Therefore, the conversion factor was appropriate to estimate the

annual rainfall erosivity factor.

The estimated R range from 7,834.8 to 8,408.3 MJ*mm/ha*h during 1970 to
2015. The highest R values represented an increase between 1970 and 2015. The R
highest values between 1970 — 1984 was 8,237.63, between 1985 and 1999 was 8,281.41,
between 2000 and 2009 was 8,408.27, and between 2010 and 2015 was 8,260.73
MJI*mm*ha **h~*y~1. However, the highest R-factor value was found between 2000 and
2009 because during this period more rainfall was registered compared to the other
periods. The spatial variation of R increases following the Northeast to Northwest

direction where the Rio Seco at the mouth is located, the steepest area of the watershed.
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In addition, the station closest to the coast, Aguirre at 7.6 meters of elevation, represents
the less rainfall erosivity resulting. In contrast, Guayama 2E station located at 21.9 meters
of elevation ranked second, but Jajome station at 719.3 meters of elevation, the R-Factor,
had the highest erosivity rainfall in every period. Nevertheless, a weak spatial variation of
R was observed, which was provided from three stations for 45 years. In this sense, even
when the Factor R was correct and the rainfall stations are located at different elevations,
the spatial interpolation performed on precipitation data did not consider the topography
of JBW. Even though data from this study does not reflect a significant rainfall variation
among the three stations in 45 years, it does not mean that rainfall events in the 90th

percentile cannot influence the soil erosion process.

The erodibility factor (K) is limited to the current data availability from the US
Department of Agriculture, Natural Resources Conservation Service with the Soil Survey
Staff to JBW as well as to Puerto Rico. The soil properties are associated with soils
having low to moderate erodibility and low to moderate permeability in JBW. Overall,
the surface texture with the greatest Factor K values is silty clay loam, then followed by
the textures of sandy loam and clay loam. Since clay soils are unyielding to erode and
sandy soils present higher permeability at which water percolates through the soil as a

function of texture, structure, and composition allows to prevent soil loss.

The topographic factor was analyzed using the Digital Elevation Model (DEM)
for Puerto Rico. This means that the Factor LS results were supported by the DEM
accuracy and the cell size. In this study the best elevation source used was DEM has five
(5) meters spatial resolution. From the topographic factor map, the slopes with the

greatest steepness and the shortest slope length are located at the upper northwest at the
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JBW. Because of the influence of different topographies, the flow accumulation and flow
direction give insights into where deposition and where the soil erosion occurs. This LS-
factor is concentrated between 0.03 the flatter zones and 1,920.23 the steeper zones,
showing that erosion-reducing effects of shortening slopes or reducing slope gradients are
accounted for through the LS factor as described by Wischmeier & Smith, (1978).
Similar results were also reported by Jahun et al. (2015). The results also indicate that
extended areas of steep slopes are prone to very high erosion than smaller extents,
showing less proneness to erosion. But erosion rates are controlled by rainfall intensity,
soil erodibility, slope, land cover, and management practices (Grau et al., 2003). In this
sense, LULC considered on Factor C revealed important information to reject or accept

that the steeper areas are more prone to erode.

The Cover Management Factor showed logical results after applying the averaged
C values for each land-cover class, with a trend of increasing erosion with low
vegetation. Considering that factor C is intended to reflect the effect of cropping and
management practices on erosion rates, it is the most often used factor to compare the
relative impacts of management options on conservation plans (Ndolo-Goy, 2015). As a
result, the higher the vegetation the lower Factor C value, then greater Factor C values
were set to cultivated lands class. Cultivated lands was located at the lower areas, pasture
was found mainly at the center area, while forest was predominant at upper of JBW.
These results suggest the possibility of higher soil loss closer to the estuarine waters
because cultivated lands extension is very close to the coast. Since poor agriculture
practices on cultivated lands are globally considered one of the major causes of land

degradation, enhancing soil and threating coastal waters with inland pollutant (Harding et
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al., 2014). Even though cultivated lands decreased from 1977 to 2000, they continue to be
a significant extension of the area in JBW. According to Vijith et al. (2017) results the
interpretation of distribution zones of high soil loss and vulnerability of terrain to erosion

indicate that current land use practices are most influential in the RUSLE equation.

The forest is mainly found where the slopes are steeper, and rainfall activity was
also greater near the upper. However, forest had the lowest Factor C value impacting the
soil erosion risk classification. In sum, soil erosion is driven mainly by Factor C and is
affected considerably by the Topographic Factor (LS) in JBW. Although, a Factor C
limitation relies on the classification method accuracy used to derive the LULC rasters
for JBW and if a refined classification methods are used to derive these LULC rasters, the
annual average soil loss predicted in this study might be different. For example, it is
hypothesized that if a refined classification method is applied for 1977 a higher soil loss
rate should be expected because it has the biggest cultivated land area when compared
with 1991, 2000 and 2010 LULC classes in JBW. Our results compare with Sharma et al.
(2011) results where the transition of other LULC categories to cropland was most
detrimental, while the forest was the most effective barrier to soil loss in an agricultural

watershed in the tropical climate.

The implementation of soil and vegetation management (e.g., contour planting,
no-till farming, and vegetative buffer strips) can reduce erosion by up to 99% (Labriere et
al., 2015). In JBW, forest recovery from previous pasture as secondary forests would still
be assets for conservation because in many instances, secondary forests provide
conditions that help improve soil and water quality or which conserve genetic material,

nutrients, moisture and/or soil organic matter (Brown & Lugo, 1990). Therefore,
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considerable applied research on erosion control techniques has been done in the US and
elsewhere. It can be grouped into two broad categories: (1) soil management techniques
that improve infiltration rate, and (2) runoff management techniques that permit safe
management/removal of surplus runoff (Lal, 1998). Also, Abdulkareem et al. (2019) to
(1) proper protection and maintenance of previously installed temporary control measures
when carrying out land clearing and grading, (2) during land clearing, smaller areas
should be cleared and graded at a time giving emphasis on the potential erodibility of the
soil in the location as well as the time it will take to stabilize the area upon completion of
grading, (3) the dry season should be targeted as the best period for land clearing as well
as soil cultivation and conservation practices should be employed instantly after land
clearing, and (4) cleared vegetation and debris should never be deposited nor dumped in

water bodies among other soil conservations and soil erosion control strategies.

Therefore, after calculating the different erosion factors, the estimated average
annual soil loss ranges from 9.76 in 1977 to 8.72 in 2010 ton/haly being the year 2010 the
smallest average soil loss rate. These results compared with partially urbanized (Coral
Bay) and an undisturbed (Lameshur) coastal watershed in St. John, US Virgin Islands
(USVI), where only 8.4 metric tons of soil loss from the Coral Bay watershed, and only
2.1 metric tons of soil loss for Lameshur Bay were modeled by RUSLE (Gudino-
Elizondo et al., 2019). Gudino-Elizondo et al., (2019) that rural urbanization has
important effects on stream flow composition and sediment yield in dry-tropical coastal
watersheds because the human influence can be related to deforestation activities and the

dissolutions of urban-derived materials such as industrial paint, asphalts, among others
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construction materials. Hence, it is important to discuss RUSLE spatial variation of soil

loss per year over JBW.

The predicted soil erosion rate variability from 1977 to 1991 in areas where
pasture significantly increased in the upper and steeper areas. These results suggest that
JBW has a slight to moderate potential soil loss in areas closer to the coast. This
compares to the results of Williams et al., (2011), where JBW presented a higher
erosivity potential that may cause more soil to be detached on steeper slopes and facilitate
its transport from the watershed area. Similarly, these results are consistent with those
obtained from other tropical watersheds of similar environmental characteristics
investigated in Puerto Rico using the RUSLE model (Lépez et al., 1998; Santiago, 2014;
Williams et al., 2011). In the study was of Lopez et al., (1998), the median rate of soil
erosion in polygons of different land uses decreased in the following pattern: bare soil >
open canopy forest > agriculture > pastures > less dense urban > closed-canopy forest >

dense urban in Guadiana watershed.

In contrast, the study of Millward & Mersey (1999), the soil erosion rate
estimated by RUSLE in tropical mountain watershed in Mexico presented extreme rate
(~100 t/haly) during the wet season. Panagos et al. (2015) produced a soil erosion map
for entire countries of the European Union and it was noted that the estimated soil loss
rate varies from 0 to over 50 t/ha/y based on the terrain, vegetation and rainfall conditions
existing in each country. Basically, tropical wet and dry climate is prevailing between 5°
and 20° latitudes and receives less rainfall (Ghosal & Das Bhattacharya, 2020). Mainly in
this type of climatic zone, rainfall occurs in a particular (i.e. single) season but the rest of

the seasons becomes dry (Ghosal & Das Bhattacharya, 2020). The Erosion Vulnerability
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Index (EV1) in the tropics showed a high risk categories occur throughout most of
Southeast Asia, along the northern Andes, in the Caribbean and through most of Central
America due to Agriculture, Grazing, Mining, and Development Risk Factors (Browning

& Sawyer, 2021).

The comparison with soil erosion rates estimated in JBW and other parts of the
world indicates the differential influence of various parameters on the rate of soil loss.
Vijith et al. (2017) argues that it has been found that tropical regions which undergo
severe terrain modifications in connection with plantation activities and timber logging
become more vulnerable to erosion and can become hot spots for sediment production.
Morgan (2005) argues that 10 ton/h/y is an appropriate boundary measure of soil loss
over which agriculturists should be concerned. This categorization (slight to very high) is
consistent with the model's role as a conservation management tool, where relative
comparisons among land areas are more critical than assessing the absolute soil loss in a
particular cell (Millward & Mersey, 1999). Other studies argues that although that a soil
loss of 1 ton/y or less is considered tolerable soil erosion rate and in tropical areas the rate
of soil formation is generally slow, a soil loss greater than 1 ton/h/y is regarded as

irreversible soil erosion (Abdulkareem et al., 2019; Khosrokhani & Pradhan, 2014).

This study presented an increase of the area having slight annual soil erosion risk
(< 2.5 ton/h/y) from 52.9% in 1977 to 70.3% in 2010. While areas having with high soil
erosion risk (15 — 25 ton/h/y) decreased from 5.8% in 1977 to 2.1% in 2010. However,
areas detected as very high soil erosion risk remained similar from 8.3% in 1977 to 8.8%
in 2010. But special attention should point out in 1991 and 2000 where high and very

high erosion risk summed 19.9 % and 14.5% and 10.9% in 2010. However, previous
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studies found that sugarcane crops worsens the soil loss more than plantains crops giving
a major C value to sugarcane (Armour et al., 2009; Medeiros et al., 2016; Morgan, 2005).
In JBW sugarcane were taking place in 1991 and after 1993 the abandoned cultivated
lands might affect the soil erosion until 2000 due to a lack of soil conservation practices.
Vijith et al. (2017) argues that close examination of the spatial pattern of soil erosion
vulnerable zone shows clustering particularly for the very high and critical soil erosion
zones with some clusters being linear. Clustering of high and critical soil erosion zones is
more common in the lower parts of the basin than the upper regions (Vijith et al., 2017),

contrary to JBW.

Few recent studies analyze the results of soil loss by ordinal categories. However,
a hot spot analysis by Getis-Ord Gi* is owing to the importance of LULC and the
topographic factor influence on soil erosion process. The findings of hot spot analysis
indicate and support the strong tendency for homogeneous areas such as forest and
pasture to be spatially clustered. The results also suggest that areas with high soil loss risk
are presented with the highest-level confidence hot spot and vice versa. This hot spot
analysis helps understand where the areas are vulnerable to eroding spatially. Some
studies suggest that Hot Spot Analysis by Getis-Ord Gi* promotes future work that could
address the dynamics associated with gradual land transformations, such as urbanization,
land cover changes, land degradation, and landscape fragmentation analysis
(Abdulhafedh, 2017; Kowe et al., 2019; Mora et al., 2019). The most important result
from the hot spot analysis is that there is no temporal either spatial consistency or that is
because LULC classes areas where not consistent through the time. Thus, JBW as a

tropical watershed naturally have a high risk to erosion, which is exacerbated by land use
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change as argued by Browning and Sawyer, (2021). Tropical watersheds naturally have a
high risk to erosion, which is exacerbated by land use change (Browning & Sawyer,
2021). As well as the tropical regions are prone to high erosion rates due to their
consistently warm climate and prevalent rainfall both seasonally (higher latitudes) and
year-round (near the equator) (Browning & Sawyer, 2021; Harding et al., 2014). For
example, in terms of erosion and sediment transport the landscape is in a quasi-steady
state from frequent disturbance by landslides or that the response to large disturbances
like hurricanes as found in at Rio Icacos at the east of Puerto Rico (Shanley et al., 2011).
Rio Icacos is a relatively pristine forested watershed with such a low channel gradient
(Shanley et al., 2011), contrary to JBW which is a relative agricultural watershed.
Therefore, this approach is essential to appreciate the model's predictive capabilities and

identify where areas should be prioritized to implement best management practices.

Conclusion
This study used a GIS-based classic RUSLE model supported with Hot Spot

Analysis by Getis-Ord Gi* statistic to map erosion hotspot areas in JBW. By analyzing
soil erosion rates and soil loss risk in JBW in the past forty-six years, this study has
shown how the cover management and topographic factors can, directly and indirectly,
provides an insight into the cultivated land conversion. Furthermore, since cultivated
lands presented moderate soil erosion risk, future pressure to expand agriculture within
JBW might accentuate the rate of soil erosion. Based on this conclusion, future work on
predicting and tracking cultivated land changes related to water and soil conservation
should consider the soil type pattern and land use adjustment at the regional scale of soil
conservation. Further research is needed for a more in-depth assessment and analysis to

understand the relationship between soil erosion in upland areas and sedimentation in
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Jobos Bay Estuary when extreme rainfall events occur (e.g., hurricanes, tropical storms).
To that a sensitivity analysis about the Cover Management Factor (C factor), run the
RUSLE model one standard deviation above the mean and one standard deviation below
the mean are approaches to enhance the empirical model soil loss results. In addition,
another recommendation is to summarize the RUSLE model for different regions and/or
for LULC classes to have a more precise spatiotemporal soil loss appreciation. A deeper
understanding will lead to employing conservation practices in the watershed and
understanding the relationship between soil loss and its adjacent aquatic ecosystems'

impact.
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Concluding Remarks
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Jobos Bay National Estuarine Research Reserve impacted by human activities,
population increased from 1990 to 2010, land changes as growth in urban development
because of conversion of cultivated lands to commercial or residential areas, and the
preexistence industrial activities can potentially affect the soil erosion process in JBW.
Since soil erosion is the response of the combination of climatic and physical factors, as
well as the influence of the topographic factor and LULCC aspects, where LULCC is a
consequence of human activities. This research has addressed several issues related to the
accuracy and efficiency of dasymetric mapping methods, LULCC analysis throughout
Transition Matrix methods, and on the Revised Universal Soil Loss Erosion equation

model using pre-classified raster land cover dataset.

In Chapter I, | compared the performances of the IDM estimation model using the
U.S. Census Bureau 1990, 2000, and 2010 census blocks population and housing count
data and areas of the LULC classes in 1991, 2000, and 2010 respectively. In JBW the
population and housing density value of each land cover were obtained in the three-class
method. The IDM has shown to be a robust and effective method for enhancing areal
interpolation and population mapping as reported in this chapter and other research
(Fisher & Langford, 1995; Fisher & Langford, 1996b), but demands additional efforts
based on geographic standardization. The IDM must further enhance its performance by
overcoming its geographic delimitation differences when two or more censuses are used
and facilitating comparison analysis. Then, it should recognize that there is a chance of
inaccuracy in the census enumeration units, including errors in the satellite imagery
process, or the population counts process might not be exact, impacting the performance

of the proposed methods. Future research should address a common situation researchers
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face using census data discrepancies in the boundaries of reporting units from a previous

decennial census to another.

On the other hand, the accuracy of this method depends on how well the LULC
data were classified. In this sense, our study could not delimit population and housing
counts by residential land cover class because the land data classification was pre-
classified as urban areas (including commercial, industrial, and residential areas). Thus a
correct identification of residential areas in the satellite image should enhance the IDM
mapping results. Another limitation to consider is using Land cover data with residential
areas classification. If areas that are not residential are classified as residential, it will
lower the mean population housing density of all residential areas contained within the
source unit. To that, it is highly recommended to integrate land use data and validate the
land uses in the field if possible. This recommendation will avoid the population and
housing distribution from being placed in areas where it should not be present.

Otherwise, higher accuracy in LULC classification is a desirable goal.

On the other hand, it is assumed that population densities are uniform among
pixels of the same LULC class within each source unit, in this research, census block. As
a result, abrupt changes of population density can be found at borders of source zones and
those between different land use land cover (Kim, 2009). Therefore, the contrast of
population density between two adjacent pixels with different land use land cover classes
is mistakenly exaggerated (Kim, 2009). Two adjacent residential pixels may have much
different population density values if those pixels fall into different source units because
the binary dasymetric method does not account for the neighborhood effect (Kim, 2009).

For example, one of the communities in JBW, Barrio Aguirre, is a residential area that
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also contained a power energy plant and the Department of Natural Resources and
Environment (DRNA, in Spanish), thus the population and even the housing densities

cannot be uniform within the geographic (source) unit.

Moreover, IDM is considered one of the best methods used to generate a surface
model that provides a more accurate representation of population. The accuracy in this
study ranges from the MAE results, showed that population in 2010 was overestimated,
particularly the blocks with larger geographical areas (e.g., blocks in the forest or pasture
cover classes). Meanwhile, in 1990 and 2000 the population estimates were accurately
calculated and distributed in the census blocks using the LULC re-classified images. The
MAE for the housing units estimate was 0.03 in 1990, 0.04 in 2000, and 0.05 in 2010,
showing the same situation in population estimates. Hence, a geographic unit
standardization based on 2010 are recommended to make comparisons and further trends
can be analyzed by integrating the Census 2020 population and housing data. According
to Census 2020, total population decreased in Puerto Rico from 2010 to 2020. It is
expected to see a population decreased within Jobos Bay Watershed Guayama is the fifth
municipality with the highest population loss with 19.3% between 2010 and 2020. To
that, it is highly recommended to analyze the sociodemographic characteristics and
housing vacancy status to have a better understanding on anthropogenic activities taking
place in the study area. Even more importantly investigate how the local community
knowledge enriched the IDM results using LULC data as ancillary data. Consequently, a
profound understanding on the sociodemographic and economic factors involved in land

change processes is desired.
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The LULC change explanations rely not only on socioeconomic activities but also
on the environmental factors that play an important role, especially in forest recovery.
The LULC at JBW has gone through changes like in urban development and
corresponding conversion of agricultural lands to commercial, industrial, or residential
areas as seen in Chapter 3. The land change trends in the watershed showed forest
recovery and cultivated land conversion despite the significant importance as an
agricultural watershed and as a natural reserve. The forest growth occurred as secondary
forest from previous pastureland in the area. According to previous studies, secondary
forest cover has increased in many tropical regions due to socioeconomic changes and
abandonment of agricultural land and pastures (Flynn et al., 2010; Hecht & Saatchi,
2007; Rudel et al., 2000). The cultivated lands mostly decreased in the first two periods,
1977 — 1991 and 1991 — 2000, while urban areas were increasing as part of an economic
shift in Puerto Rico.

Even when this study did not analyze how the land change trends and major
environmental events like hurricane disturbance interact to determine the structure and
composition of forests, it is recognized as part of the global driver of land changes.
Future work is recommended to explore how hurricanes and land-use history impact
forest recovery and the land in transitions due to the abandonment of agricultural land
and pastures. In Puerto Rico, from 1991 to 2000, the island faced the following
hurricanes: Hurricane Marilyn in 1995, Hurricane Hortense in 1996, and Hurricane
Georges in 1998 (Metro de Puerto Rico, 2017). From 2000 to 2010, Hurricanes Frances
in 2004, and Earl in 2010. After 2010, the major hurricanes were Hurricane Irma and

Hurricane Maria, both in 2017. However, the secondary forests increase even if trees are
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severely damaged, as occurs during storms or logging, because many species can resprout
(Chazdon, 2003). Equally, studies on the effects of land-use history and hurricane
disturbance on forest structure, composition, and recovery require long- term data sets,
which span a broad range of land-use histories, since the space-for-time substitution do
not necessarily predict the rate of change in forest dynamics (Chazdon et al., 2007; Flynn
et al., 2010; Johnson & Miyanishi, 2008).

The most extensive form of major disturbance in JBNERR is the forest. At an
islandwide scale, urbanization may reinforce forest expansion, because migration into
urban areas is the main driver of land abandonment and subsequent forest regeneration
(Grau et al., 2003). At a local scale, however, particularly in areas adjacent to the most
intensively urbanized areas, an opposite pattern emerges: Low-density residential use
invades forest (Grau et al., 2003). In addition, urban expansions occur over the most
productive agricultural areas, a process that greatly reduces the island’s capacity to re-
adapt to an economy less dependent on external food sources (Grau et al., 2003).

This chapter has demonstrated the complexity of land changes analysis, to
understand the demographics trends and further soil erosion risk at JBW. To support the
observations made by Whitall et al., (2011), that even the great extension of vegetated
lands may lead to the inaccurate conclusion that the JBW is a relatively pristine system.
Recognizing that the current land change models are hampered by limited knowledge of
the historical precedence for events (Runfola & Pontius, 2013). There are limitations to
considered in future work regarding the classification systems for satellite images. This
study used Landsat TM classified images. Even when the advantages of using classified

land-cover images bring reducing the data volume, increasing computational efficiency,
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strengthening representation of watersheds, and being able to employ data products in
different scales (Wang, 2009). Additionally, land cover classification is also greatly
facilitated by field work and supporting information such as other project results,
research studies, soil surveys, crop information, topographic information, digital
elevation models, or other land cover information or imagery (Lopez & Frohn, 2018).
That means that the classification of land can be urban development, roads, water, forest,
wetland, or bare land, was based on the prior investigator interests. Thus, it is
recommended to apply or develop a LULC unsupervised or supervised classification
system that specifically supports study objectives and to be compatible among different
maps for specific time. The benefit of the LULC classification is construct history trends
and changes by photographs or images of hydrological, vegetational, soil condition, or
human activity data can be interpreted effectively (Lopez & Frohn, 2018). Therefore, in
terms of land changes and demographics results, tackling the above-mentioned
challenges and drifting the effects requires a great effort to know where intensity changes
were shown, how changes occurred and why changes occurred. This was key to
recognizing how soil erosion was responding to land changes in JBW.

In this sense Chapter 4 presents a soil erosion model in JBW for 1977, 1991,
2000, and 2010 through the Revised Soil Loss Equation (RUSLE) model. RUSLE was
extended to determine soil erosion rates (in units of mass per area and time) under a large
range of daily rainfall (1970 — 2015) and LULC data. Soil erosion is the response of the
combination of climatic and physical factors, as well as the influence of the topographic
factor and LULC changes, where LULC change might be in part a consequence of human

activities. There is a significant contribution of this chapter because little research has
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been done to quantitatively investigate the different demographic dynamics and
biophysical drivers on LULCC and estimate the soil erosion rates over JBNERR area.

In JBW the predicted soil erosion rate variability from 1977 to 1991 in areas
where pasture significantly increased in the upper and steeper areas. These results suggest
that JBW has a slight to moderate potential soil loss in areas closer to the coast. JBW
presented a higher soil loss risk on steeper slopes that cause more soil to be detached and
facilitate its transports from the watershed area. However, the steepest area in the
watershed was classified as forest, thus the mid-watershed area was mainly pasture and
that area is steeper where cultivated lands are located. These results were consistent with
those obtained from other tropical watersheds of similar environmental characteristics
investigated in Puerto Rico using the RUSLE model (Lépez et al., 1998; Santiago, 2014;
Williams et al., 2011). The study of (Ldpez et al. (1998) found that the median soil
erosion rates varied among the seven land uses decreasing in the following descending
pattern: bare soil, open canopy forest, agriculture, pastures, less dense urban, closed-
canopy forest, dense urban in Guadiana watershed.

Nonetheless, few recent studies analyze the results of soil loss through a hot spot
analysis by Getis-Ord Gi*. This approach owing to the importance of LULC, and the
topographic factor influence on soil erosion process and supports the strong tendency for
homogeneous areas such as forest and pasture to be spatially clustered. The results also
suggest that areas with high soil loss risk revealed by the RUSLE model are presented
with the highest-level confidence hot spot and vice versa. Thus, the hot spot analysis
helped to understand where the areas are more susceptible to spatially erode. Since some

studies suggest that Hot Spot Analysis by Getis-Ord Gi* promotes future work associated
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with land changes such as urbanization, land degradation due to high erosion rates
(Abdulhafedh, 2017; Kowe et al., 2019; Mora et al., 2019) because this approach is
essential to appreciate the model's predictive capabilities and identify where areas should

be prioritized to implement best soil conservations and management practices.

Based on the argument that major anthropogenic drivers of erosion are land use
and potentially climate change is occurring, both in a more intense precipitation and
changes in air temperature (Borrelli et al., 2020; O’Neal et al., 2005; Yang et al., 2003).
In addition, more in-depth assessment and analysis will be required to better understand
the relationship between soil erosion in upland areas and how the estuary may be
impacted when extreme rainfall events occur (e.g., hurricanes, tropical storms) (Williams
etal., 2011). Thus, increases in soil erosion due to climate change are mainly induced by
precipitation increase. Potential increases in rainfall erosivity may have the greatest
impact by exacerbating effects of desertification, and poor land use practices on runoff

and erosion (Edwards et al., 2019).

In terms of the global mean, changes in soil erosion in the 2090s are projected to
increase by about 9% due to climate and about 5% due to land use (Belay & Mengistu,
2021; Yang et al., 2003). When the combined effect of LULC and climate change
considered, the average annual soil loss rate was increased by 13.2% and 15.7% under
different climate scenarios, respectively, which is much higher than the individual effects
of LULC and climate change (Belay & Mengistu, 2021). In an urban setting, managers
use different Best Management Practices (BMPs) to reduce and/or filter pollutants from
stormwater runoff (Johnson et al., 2022). In agricultural areas, multiple practices are

generally used together in conservation practice systems to conserve natural resources
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and to abate pollutant losses from the landscape (Johnson et al., 2022). In forested areas,
BMPs typically focus on reducing runoff and pollutant loads associated with silvicultural

activities (Johnson et al., 2022).

Therefore, an increase in soil loss due to climate changes can affect the
watershed’s local ecosystems and can cause hydrological changes in streams originating
from the watershed (Belay & Mengistu, 2021). Besides projections showing the
complexity that soil erosion increases in the densest population areas due to land-use
changes, also climate change induces a different pattern of erosion change (Yang et al.,
2003). Because climate change is, expected on water quality and water temperatures,
where both are likely to increase. In many areas of the US, changes in nonpoint loading
of nutrients, sediment, and other pollutants from upland sources to water bodies will vary

across locations and are closely linked to changes in precipitation (Johnson et al., 2022).

In Puerto Rico a climate change projection of 100-year (2000-2100) and a
hydrologic analysis focused on the driest and wettest months of the year (i.e., February
and September, respectively) in Puerto Rico (Harmsen et al., 2009). The results from this
study are consistent with other studies which indicate that the rainy season will become
wetter and the dry season will become drier in the tropical zones (Harmsen et al., 2009).
The precipitation deficit during the dry season and relative crop yield reduction for a
generic crop under climate change conditions, the agricultural sector’s demand for water
will increase because of the low soil moisture, which may lead to conflicts in water use
(Harmsen et al., 2009). Relative crop yield reduction decreased during September and
was associated with increasing precipitation excess (Harmsen et al., 2009). Hence,

rainfall and soil properties are important generators of geologic soil erosion, human
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activities can accelerate this natural process, by increasing soil loss from an area
(Williams et al., 2011). At the global scale, changes in land surface properties associated
with changes in vegetation can have impacts on continental and global atmospheric
circulation, with possible large impacts on regional and continental climate (Verburg et
al., 2011). Climate change will exacerbate the existing soil erosion problem and would
need for vigorous proper conservation policies and investments to mitigate the negative
impacts of climate change on soil loss (Belay & Mengistu, 2021). Understanding the
potential impacts of projected climate change on soil erosion is critical for developing
forward-looking, sustainable land management practices for these high-value coastal

ecosystems (Edwards et al., 2019).

Hence, predicting the impact of future climate and LULC changes on soil erosion
is very important to design appropriate land use planning and adaptation and mitigation
measures under local and regional scales (Belay & Mengistu, 2021). This research project
can be used as an educational instrument for the Puerto Rican community’s education
initiatives in JBW as well as the coastal managers use LULC data and maps to better
understand the impacts of a natural phenomenon and human uses of the land. Maps and
models can help managers assess urban growth and model water quality issues (NOAA,
2015). The results demostrate areas of high susceptibility to soil loss in response to
climate and land changes providing quantitative outputs of expected housing units and
human population distribution and densities, LULCC and soil erosion rates. Then it is
recommended to continue to forest conservation in steeper upper and lowland coastal
areas is key to decrease soil loss rates in any agricultural watershed preventing that major

sedimentation loads and terrestrial pollutants reaches the estuaries. Forests reduce storm
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runoff due to high rates of canopy interception (of precipitation) coupled with higher
infiltration rates, and roots' stabilizing effects make the soil less vulnerable to erode
(Johnson et al., 2022). On the other hand, in a landscape, systems of practices can reduce
local and downstream pollution deliver where many practices function via physical,
chemical, and biological processes that are dependent on weather and climate (Johnson et
al., 2022). Similarly, selection of appropriate herbaceous species to maintain a healthy,

vigorous ground cover will be effective in reducing surface erosion (Basher et al., 2012).

Therefore, the analyses applied in this research serve as tools to explore the
complexity of social-ecological systems by integrating knowledge, theories, and
approaches from different disciplines to evaluate possible scenarios developed with data
mediate demographics. Likewise, the analyses provided knowledge advancement about
tropical estuarine ecosystem and a new perspective to the Environmental Sciences
research field with broad relevance to human impacts on coastal ecosystems. The
research contributed to determining the magnitude of human population dynamics and
land changes on soil loss and provided a baseline for assessing future actions by
implementing sustainable land management practices and human uses of the landscape in
JBNERR. In addition, it contributed to understanding the impact of land use in estuarine
ecosystems and the effect they could have in a climate change scenario and contributed

significantly to the advancement of coastal management.
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