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Summary: An important element of the wise use of water-related ecosystem ser-

vices provided by El Yunque National Forest, located in the Luquillo Mountains in

northeastern Puerto Rico, is the facilitation of a clear understanding about the

composition of land cover and its relation to water resources at different scales of

analysis, management, and decision making. In this study we present the results of

a site-specific analysis that identify and quantify the land cover of the watersheds of

the main rivers that have their headwaters in El Yunque National Forest and relate

land-cover data to three water-quality parameters. Based on the results, we iden-

tify watersheds where opportunities are present to engage in immediate actions to

sustain water-related ecosystem services.To promote and facilitate knowledge and

understanding about land-cover dynamics, watershed-related processes, and wa-

ter conditions, we present our findings and analyses in a way that can be communi-

cated to a broad range of stakeholders, highlighting the implications of land cover

to ecosystem processes and water resources.
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Introduction

The northeastern region of the Caribbean island of Puerto Rico is dominated by views of

the Luquillo Mountains. Most of the landscape of the Luquillo Mountains is composed of

El Yunque National Forest (El Yunque)—conterminous with the Luquillo Experimental

Forest—the largest protected area in Puerto Rico which contains the forested headwaters

of rivers that are the main sources of water for the region (Ortiz-Zayas et al., 2010; Harris

et al., 2012). Recently, the El Yunque Hydrology, Environment, Life and Policy initiative

(Ortiz Zayas & Scatena, 2004) and a study about El Yunque’s ecosystem services

(López-Marrero & Hermansen-Báez, 2011a) stated the importance of identifying key

issues and opportunities to promote actions that support the water-related ecosystem



services provided by El Yunque. More specifically, they stressed the need for landscape

assessments that can provide information for a broad audience about the relationships

between land cover, land-cover changes, and the effects of diverse land covers upon the

water resources provided by El Yunque. Such type of information can be used as a

starting point to exchange information, promote learning, and initiate collaborative

projects whose actions move forward conservation, wise use, and the management of El

Yunque water resources and the lands that sustain them.

To promote and facilitate knowledge and understanding about land-cover

dynamics, water-related processes and water conditions, we present the results of a

site-specific analysis that presents land-cover information of the watersheds with their

headwaters in El Yunque. More specifically, we identify and quantify the land cover of

the watersheds that have their headwaters in El Yunque, both at the watershed level and at

a five-metre buffer zone along main channels (i.e., the riparian zone), compare and

analyze land-cover composition within and between watersheds (both at the watershed

and riparian zone levels), relate land-cover data and basic water-quality parameters, and

identify watersheds where opportunities are present to engage in immediate actions to

sustain water-related ecosystem services. Findings of our analyses are presented in a way

that can be communicated to a broad range of stakeholders, highlighting the implications

of human activities and land management to ecosystem processes and water resources.

Water and land-cover dynamics: an overview

Different land-cover types have a variety of effects on water resources and water-related

processes; they can contribute to decreased water quality, create unsafe living conditions

(e.g., occurrence of floods and landslides), and negatively affect aquatic fauna,which in

turn alters recreation and consumption potential of water resources (Table 1). These in-

teractions of land-cover types and water resources occur at different spatial scales, in-

cluding the watershed and riparian zone levels. A watershed is the unit within a landscape

that collects, moves, and drains precipitation and surface flows toward a body of water or

water course (e.g., stream, river, lake). Thus, a watershed delineates or defines the land

that contributes drainage and water flow; therefore it is often defined as the catchment

area to a particular body of water.Within watersheds or catchment areas, the riparian

zones are the part of the land that is immediately most adjacent to a body of freshwater.

Usually riparian zones tend to be corridors in the landscape that demark or outline where

the land ends and where the flowing water or bodies of freshwater begin. In a nested hier-

archy, the riparian zone of a body of water is contained within, and is affected by, that

body of water’s catchment area or watershed.

The areal extent of land defined by a watershed controls water recharge capacity,

affects water conditions, and is the unit ultimately linked to efficient management and

conservation of the resources contained therein (Hunsaker & Levine, 1995; Cid &

Pouyat, 2013). It is well known, for instance, that watersheds with exposed or bare soils

and urban/built-up areas deliver large quantities of sediments, develop erosion gullies,

and create increased peak flow conditions that lead to increased flash floods (Thorm et

al., 2001; Ramos-Scharrón & MacDonald, 2007; Cashman et al., 2010). The impervious

surfaces and roads associated with urban/built-up land deliver additional sediments that
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would otherwise have settled and accumulated in watersheds and riparian zones with

vegetated land cover (Thorm et al., 2001). In the case of forest cover, this cover type

decreases the amount and speed of overland water flow, promoting infiltration and soil

water recharge, which contributes to the maintenance of high water quality and recharge.
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TABLE 1: Examples of effects of different land covers
on water resources and ecosystem processes

Land cover Effects on water resources and ecosystem processes Source

Forest Closed-canopy forests intercept almost half of incident

rainfall and buffer changes in rain pH. The eventual slow

release of intercepted rain decreases erosion and

maximizes recharge of surface and subsurface water

reservoirs. Low water temperatures and highest dissolved

oxygen values are retained.Land use that converts to

non-forest covers in tropical lowlands alters climate and

water resources in adjacent mountain ecosystems.

Heartsill Scalley et al.,

2007; Lawton et al., 2001

Shrub Early successional shrubby vegetation offers similar

benefits to closed-canopy forests, but with decreased

interception, retention, and recharge capacity compared to

forest cover with more layers of vegetation. Shrubland has

a middle range of water temperatures and dissolved oxygen

values in relation to pasture and forest.

Heartsill Scalley & Aide,

2003

Wetland Forested and non-forested wetlands can intercept and retain

high amounts of water in their surface and subsurface soils.

They serve as water reservoirs, dissipate water flow energy,

and retain particles in their saturated soils.

Lugo et al., 1990

Pasture
Pasture and grasses, including agricultural lands, do not

intercept and retain much rainfall, and contribute to

overland flows and increases in water temperature.

Conversion of forest to pastures in adjacent coastal plains

also contributes altered rainfall regimes in mountain

systems.

van der Molen et al.,

2011; Ray et al., 2006;

Beaulac & Reckhow,

1982

Urban/

built-up
Land with impervious surfaces has no water-holding

capacity; therefore it is more prone to flash flood events.

Urban/built-up land contributes to increases in water

temperature and low dissolved oxygen values. Increased

temperature impacts of land-cover and land-use changes in

tropical islands under conditions of global climate change

alters local climate and affects water-related resources.

Comarazamy et al . ,

2013; Thorm et al., 2001;

Beaulac & Reckhow,

1982

Bare

ground

Exposed or bare soils are highly erodible and have limited

water-holding capacity. They are most prone to form

erosion gullies and landslides, and they contribute to

increases in water temperature and decreases in water

quality.

Ramos-Scharrón &

MacDonald, 2007



In addition, the contribution of plant materials such as leaves, woody debris, fruits, and

flowers into streams surrounded with forest cover are important resources for the aquatic

organisms that depend mainly on these terrestrially produced sources of energy

(Tabacchi et al., 1998; Cross et al., 2008). Changes in land cover such as forest conver-

sion to bare soil and paved surfaces are drastic modifiers of natural peak flows and

sediment pulses (Figure 1). When vegetated land cover is changed to impervious

surfaces, overland water flow increases. Consequently, soil water-holding and recharge

capacity is decreased with impervious surfaces, leading to decreased water availability

during non-storm flow conditions.

Another aspect of land-cover change is landscape fragmentation.When land-cover

types within a landscape are represented by relatively small and disconnected patches or

extents of land, the distribution and configuration of land cover can override the influence

and characteristics of the land-cover type. Fragmented patches of forest within water-

sheds and riparian areas will, for example, have a different influence on water conditions

than large extents of unfragmented forest or vegetated land cover. Changes in watershed

and riparian zone land cover, along with fragmentation, affect the physical structure and

ecosystem processes of river systems, particularly headwaters (Hunsaker & Levine,

1995; Heartsill Scalley & Aide, 2003; Gomi et al., 2002). Fragmented riparian forest

cover over stream channels, for example, affects water temperature regimes and vegeta-

tion inputs to stream systems. Riparian forest cover fragmentation consequently alters

ecosystem processing and habitat quality for migrating stream fauna by increasing water

temperatures and decreasing the contributions of terrestrial vegetation to the stream and

river systems (Sedell et al., 1990; Kikkert et al., 2009; Lorion & Kennedy, 2009). Due to

the cumulative and connected nature of hydrologic systems, alterations in land cover and

disconnection occurring in headwater catchments are reflected downstream and
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FIGURE 1: Schematic of duration and amount of water discharge in relation to

catchment (watershed) and land cover (adapted from Beaulac & Reckhow, 1982)



upstream at watershed scales (Allan, 2004; Freeman et al., 2007; McCluney et al., 2014;

Pringle,1997; 2001).

Changes in watershed land cover influence water-related processes and functions

of the riparian zones. Changes from forest to agriculture, to pasture, or to urban/built-up

areas at the watershed level increase water and sediment inputs and change their delivery

dynamics into riparian zones. These changes in land cover alter the capacity of riparian

zones to act as sinks and filters for terrestrial areas of the surrounding waterbodies. In

addition, land-cover change in the watersheds may occur in the actual riparian zones,

which would then directly modify the physical conditions and channel structures of

streams and rivers. Vegetated riparian zones filter materials that may reach the water

channel through overland flow paths, accumulate sediments and particles, and also slow

the velocity of water flowing into the channel. At the same time, the forested or otherwise

vegetated riparian zones serve as local-scale controls on water temperature by providing

shade. Shaded stream channels have low water temperatures,which are associated with

high oxygen-retention capacity of the water; these conditions in turn increase a river

system’s ability to sustain aquatic life, which is important for recreation and subsistence

fisheries. Moreover, land-cover condition in watersheds and riparian areas has an imme-

diate impact on inputs of materials, sediments loads, and peak flows, while ultimately

affecting general water conditions and associated freshwater resources.

These apparently simple contributions of vegetated land cover to shade, physical

structure, aquatic fauna food sources, and sediment loads make all the difference to the

maintenance of water resources. The quality of freshwater resources and their ecosys-

tems services, which are essential to human well-being, are consequently linked to

land-cover changes at the watershed and riparian zone scales.

Study area

The study area is located in northeastern Puerto Rico and includes seven of the eight wa-

tersheds that have their headwaters in El Yunque: those of the Río Espíritu Santo, Río

Mameyes, Río Sabana, Río Pitahaya, Río Fajardo, Río Santiago, and Río Blanco (Figure

2). Although the Río Grande de Loíza has a small fraction of its headwater tributaries

originating in El Yunque, most of its headwaters are outside the study area. Therefore, for

the purposes of this study, the Río Grande de Loíza was not included, as it merits its own

independent analysis.

The area of the seven watersheds covers 30,870ha in total. These watersheds occur

in five of the eight municipalities in eastern Puerto Rico that have a portion of El Yunque

within their territorial boundaries.The watersheds of the Sabana and Pitahaya rivers

occur within the territorial boundaries of the municipality of Luquillo, the watersheds of

the Santiago and Blanco rivers are located within the boundaries of Naguabo, and the

watershed of the Espíritu Santo River is located within the boundaries of Río Grande.

Two watersheds—those of the Mameyes and Fajardo rivers—occur within the bound-

aries of multiple municipalities. In the case of the Río Mameyes watershed, it is located in

the municipalities of Río Grande and Luquillo. The watershed of the Río Fajardo occurs

within the boundaries of two municipalities: Fajardo and Ceiba (Figure 2).
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El Yunque is located in the Luquillo Mountains and spans an elevation range from

the foothills to 1,075m above sea level. Mean air temperature ranges from as high as 27ºC

at the base of the mountains to as low as 17ºC at the peaks (Harris et al., 2012). Mean rain-

fall is approximately 3,879mm per year, ranging from 1,500mm per year in coastal areas

to more than 5,000mm per year at the highest peaks (García-Martinó et al., 1996). Periods

without rain in the Luquillo Mountains occur in a scale of days and weeks, with the driest

periods occurring January to March (Heartsill Scalley et al., 2007). Rainfall in this region

consists of a high frequency of low-intensity showers, with periodic high-intensity events

(Holwerda et al., 2006). The seasonal rainfall trends recently observed in the study area

are similar to those of the Caribbean region with drier periods having further decreased
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FIGURE 2: Study area in northeastern Puerto Rico

(colour figure available on the article’s digital version)



precipitation and wetter periods having more high-intensity rainfall events (Taylor et al.,

2012).

The rivers that drain El Yunque have steep gradients with boulder and bedrock

channels (Ahmad et al., 1993). The combination of a high rainfall regime with steep and

abrupt elevation changes is conducive to flash floods, landslides, and high overland flow

events (Ortiz Zayas & Scatena, 2004; Larsen et al., 1999). In landscapes such as these,

decreases in vegetated or forested land cover and increases in denuded and impermeable

land cover exacerbate storm flows and flash floods (Pringle & Scatena, 1999; Roa-García

et al., 2011).The main soil types in the study area are coarse textured soil derived from

quartz-diorite and a highly weathered and finely textured soil originating from

volcaniclastic sediments of andesitic composition (Renken et al., 2002; Huffacker,

2002).

The streams and rivers of El Yunque have been determined to be among the

cleanest on the island, and water conditions (such as quality for consumption) have been

described as high (Santos-Román et al., 2003). The rivers of El Yunque are the main

water supply for more than 20 percent of the island’s population (Scatena & Johnson,

2001). Even though the region around El Yunque is the wettest in Puerto Rico, current

water demands from the population in the surrounding municipalities are not being met.

Intermittent or minimal water delivery services are a common occurrence in the rural

mountain areas, due, in part, to limitations of the water delivery systems (Minnigh &

Ramírez Toro, 2001; Minnigh et al., 2005). Waterflow in the river systems of the study

area have high diversion rates for residential, recreational, and tourism industry uses.

When diversion rates are consistently high and do not account for seasonal fluctuations,

these can compromise the needs of the environment and the ecosystem services they

provide. It was calculated that the mean daily percentage of water from El Yunque’s river

systems that is diverted in the region before reaching the ocean has increased from 54

percent in the 1990s to 70 percent in 2004 (Naumann, 1994; Crook et al., 2007).

In terms of population dynamics, a relatively high rate of population growth had

characterized the northeastern region of Puerto Rico. Between 2000 and 2010, for

example, rates of population change were higher for the region composed of the eight

municipalities that contain El Yunque than for the whole island of Puerto Rico (JPPR,

2015). Compared to the island as a whole, which had negative population growth (-2.2

percent), the region experienced a population increase of 3.5 percent. In the region, only

two municipalities had population decreases, while the remaining six experienced

increases (Table 2).The municipalities of Naguabo and Las Piedras had the highest

increase (approximately 12 percent), followed by Juncos and Canóvanas with about a 10

percent increase each.

The northeastern region of Puerto Rico has experienced a high degree of

urban/built-up expansion during the last decades (Ramos-González, 2001;

López-Marrero, 2003; Lugo et al., 2004; Ramos-Scharrón et al., 2015). Table 2 shows in

the eight municipalities that have a portion of El Yunque lands within their boundaries,

urban/built-up areas increased by 21 percent between 1998 and 2010 (López-Marrero &

Hermansen-Báez, 2011b). Rates of urban/built-up expansion were, in fact, higher than
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rates of population change for similar time periods. Natural resources (e.g., beaches,

mangroves, forests, streams, rivers) have served as focal points not only for local urban-

ization and private housing, but for tourism and associated activities, particularly in the

municipalities of Río Grande, Luquillo, and Fajardo where land use devoted to these

activities also has increased during past decades. Also, the relatively close proximity of

some municipalities to San Juan, Puerto Rico’s capital (approximately 45km), and road

infrastructure that has been built during the last decade make it easier for people to live in

these municipalities and commute to work in the San Juan metropolitan area. High rates

of urban/built-up expansion and an influx in population bring a high demand for water for

domestic, recreational, tourism, and commercial consumption.

Methods

Development and analysis of land-cover data

Land-cover data were created by the on-screen digitization of 0.3m resolution aerial pho-

tographs taken in 2010. The digitization was conducted at a (screen) scale of 1:8,000, us-

ing a minimum mapping unit of 2,500m2. Seven land-cover categories were used for the

classification of the aerial photographs (Table 3). Land-cover data were calculated at the

watershed level by delineating the catchment areas of selected United States Geological

Survey [USGS] gauging stations representing the seven major river systems that have

their headwaters in El Yunque, and for a five-metre buffer zone (what we refer to as the

riparian zone) for stream or river channels identified as perennial on topographic maps at

a 1:20,000 scale. For this study, a boundary around perennial channels of five metres in

width was chosen because this is currently the space that should remain vegetated and

protected for public access according to the Puerto Rico Water Law (Law 136 of 1976).
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TABLE 2: Total population and urban/built-up
land cover for each municipality

Municipality

Total population* Urban/built-up **

2000 2010 % change
Area (ha)

2010

% change

1998-2010

Canóvanas 43,335 47,648 10 281.8 31

Ceiba 18,004 13,631 -24.3 52.2 8

Fajardo 40,712 36,993 -9.1 113.8 10

Juncos 36,452 40,290 10.5 250.6 36

Las Piedras 34,485 38,675 12.2 184.6 23

Luquillo 19,817 20,068 1.3 87.4 17

Naguabo 23,753 26,720 12.5 113.4 20

Río Grande 52,362 54,304 3.7 251.0 21

Region 268,920 278,329 3.5 1,334.8 21

SOURCES NOTES: * JPPR, 2015 ** López-Marrero & Hermansen-Báez, 2011b



Land-cover data were developed and analyzed using the Geographic Information System

Software ArcMap 10.0 (ESRI, 2010).

The extent of three protected areas (El Yunque National Forest, the Río Espíritu

Santo Natural Reserve, and the Humacao Pterocarpus Natural Reserve) was used to iden-

tify the extent of protected and non-protected areas within the watersheds. This allowed

us to compare and analyze the status of protected and non-protected forest among water-

sheds and in riparian zones. In addition, urban/built-up land-cover data from 1998

(López-Marrero & Hermansen-Báez, 2001b) were used to calculate urban/built-up land

cover for each watershed. These data were compared to the urban land-cover data from

2010 to calculate urban increase at the watershed level. These two pieces of information,

protected and non-protected forest and urban/built-up expansion, are presented and

discussed in terms of potential implications regarding water-related ecosystem services.

Selection of water-quality parameter data

Water condition was defined by three parameters: temperature; specific conductance;

and dissolved oxygen. These parameters were selected because of their common use in

water-quality studies and their robust interpretation (http://water.usgs.gov/edu/dictio-

nary.html). In addition, temperature, specific conductance, and dissolved oxygen are

widely applicable to the measurement of water conditions for fauna habitat, ecosystem

function, and recreational uses (Scatena, 2002; Swanson et al., 2002).These parameters

are also consistently measured in most of the gauging stations within the study area. A de-

scription of these parameters along with examples of potential effects on human activities

and ecosystems are presented in Table 4.

The data for the water-quality parameters were obtained from nine gauging stations

of the USGS National Water Information System Web database distributed within the

study area (http://nwis.waterdata.usgs.gov/usa/nwis/qwdata) (Figure 2). The data were

selected to include all dates from 2006 to 2010, for a total of 56 observations of the three
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TABLE 3: Descriptions of land-cover categories
used in aerial photograph classification

Land-cover

category

Description

Forest Open and closed-canopy forest (>80% tree cover)

Shrub Early successional shrubby vegetation (>80% vegetation cover)

Wetland Forested and non-forested wetlands (>80% vegetation cover)

Pasture Active and non-active pasture and grasses, which can include agricultural lands

(up to 20% tree cover, shrubs, or isolated housing)

Urban/built-up Impervious surface (>80% cover), including low- and high-density built-up land

Bare ground Exposed soil

Water Water bodies



parameters in the nine gauging stations. All of the data used were coded as satisfactory

results by the USGS data-quality indicator code.

Analysis of land-cover and water-quality data

Nine USGS water-quality stations were identified within the watersheds of the study area

(Figure 2). For each of the nine stations, a catchment area was delimited following drain-

age and contour lines to define its sub-watershed. Within each sub-watershed, a

five-metre buffer zone was also delimited (i.e., the riparian zone).The percentage of each

land-cover category was determined for each sub-watershed and its riparian zones. The

water-quality parameters from the individual USGS stations and their associated percent-

ages of land cover were used to conduct Pearson correlation analyses using SAS Version

9.4. The correlation analyses were conducted at both spatial scales: the sub-watershed

and the riparian zone. Correlation analyses provide a simple way of displaying the rela-

tionships between river and stream conditions with their associated land cover, and thus

are considered an effective first step in transmitting information and engaging efficient

communication for management of watershed resources (Gergel et al., 2002).Wa-

ter-quality parameter data for all three variables had normal distributions, and therefore

no transformations were conducted.

Results

Land-cover composition

Forest was the most abundant land-cover type in the study area as a whole, covering 60.7

percent (Figure 3). Pasture was the second most dominant land-cover type (28.1 percent),

followed by urban/built-up (5.9 percent) and shrubs (4.0 percent). The remaining

land-cover categories consisted of less than 1.5 percent in total.
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TABLE 4: Water-quality parameters used to relate to land-cover categories
in watersheds of the Luquillo Mountains, Puerto Rico

Parameter Interpretation Examples of affected activities

and processes*

Temperature

(°C)

High stream water temperatures can cause

changes in fauna abundance and

composition as the oxygen retention ability

of water decreases.

Decreases attractiveness for fishing,

wading, swimming, passive

recreation; also affects aquatic fauna.

Specific

conductance

(µS/cm, 25°C)

High values of conductance indicate high

concentration of dissolved solids resulting

from seasonal stream flow changes,

erosion, agricultural run-off, or industrial

inputs that alter water chemistry.

Decreased recreat ion and

consumption potential; may affect

taste and odor.

Dissolved

oxygen

(O2mg/L)

Low values of dissolved oxygen in stream

water affect ecosystem processes and the

ability to sustain aquatic fauna.

Diminished ability to sustain aquatic

fauna; alters stream ecosystem,

fishing, and passive recreation.

NOTE: * Adapted from Dissmeyer (2002) and water.usgs.gov/edu.



The composition of land cover was proportionally the same among the watersheds,

with forest occupying the greatest amount of area, followed by pasture, urban/built-up,

and shrubs. Only in one watershed, Pitahaya, was the extent of shrub cover slightly

greater than urban/built-up cover. The Espíritu Santo and Fajardo watersheds had the

most extensive forest cover (5,096ha and 3,537ha, respectively), while the Pitahaya and

Santiago watersheds had the least (755ha and 791ha, respectively). In terms of percent-

ages, however, the Mameyes and Sabana watersheds had the highest percentage of their

land in forest cover (76.5 percent and 71.4 percent, respectively) (Table 5). Regarding

pasture, this type of cover was most extensive in the Blanco and Fajardo watersheds

(2,475ha and 2,213ha, respectively), but the Santiago watershed had the highest

percentage of pasture cover (45 percent of its land). In terms of urban/built-up land cover,

the Fajardo watershed had the most extensive cover (550ha), followed by the Espíritu

Santo watershed (389ha). The Sabana watershed, however, had the highest percentage of

urban/built-up cover (8.8 percent), followed by the Pitahaya and Fajardo watersheds

(with 8 percent each).
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FIGURE 3: Land cover within the watersheds in 2010

(colour figure available on the article’s digital version)



Riparian land-cover patterns were similar to those observed at the watershed scale,

with the greatest percentage in forest cover, followed by pasture (Table 6).The exception

was that the percentage of shrub land cover was greater than that of urban/built-up cover

in riparian areas, the opposite of what was observed at the watershed scale (Table 5).The

Sabana watershed had the greatest percentage of riparian zones in forest cover (84.4

percent) and the least amount of pasture (11.7 percent). In contrast, the Santiago water-

shed had the least amount of riparian zones in forest cover (33.8 percent) and the greatest

amount of pasture (58.7 percent). Of all the watersheds in the study, the Pitahaya had the

greatest percentage of urban/built-up cover and wetland cover in riparian zones.

Approximately 33 percent of the entire study area is under protection status; the

remaining 67 percent is non-protected. Most of the protected lands in the study area are

those of El Yunque National Forest (97.5 percent); the remaining 2.5 percent belong to

two natural reserves, the Río Espíritu Santo Natural Reserve and the Humacao

Pterocarpus Natural Reserve. Protection status varied among watersheds (Table 7, Figure

4). The Río Espíritu Santo watershed had the most extensive protected area (3,616ha),

while the Río Mameyes watershed had the highest percentage of land under protection

(52.7 percent). The Río Santiago watershed had the least area of protected lands (221ha),

whereas the Río Pitahaya watershed had the smallest percentage of protection (10.6

percent).

The Espíritu Santo and Mameyes watersheds had the most extensive forest cover

under protection (3,496ha and 2,115ha, respectively). These two watersheds also had the

highest percentage of forest cover under protection, with approximately 69 percent of

their total forest cover (Table 7, Figure 4). The Pitahaya and Santiago watersheds had the

least forest area and percentage of their forest cover under protection (22.9 percent and

27.9 percent of protected forest, respectively).

Urban/built-up land cover increased by 227ha between 1998 and 2010 in the total

area of the seven watersheds, which represents a 14.2 percent increase. Rates of
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TABLE 5: Total area and percentage of land covers for each watershed, 2010

Watershed
Total

area

(ha)

Land-cover category (% cover)

Forest Shrub Wetland Pasture Urban/

built-up

Bare

ground

Water

Espíritu

Santo
7,501 67.9 3.5 0.8 21.9 5.2 0.6 0.2

Mameyes 4,022 76.5 2.3 0 17.4 3.5 0.1 0.2

Sabana 1,878 71.4 3.4 0.2 15.8 8.8 0.2 0.1

Pitahaya 1,634 46.2 10.3 0.9 34.3 8.1 0.2 0.1

Fajardo 6,775 52.2 5.8 0 32.7 8.1 0.6 0.6

Santiago 1,765 44.8 3.6 0.3 44.5 6.5 0.4 0

Blanco 7,295 56.6 2.8 0.5 34.1 4.5 1.1 0.3



urban/built-up land-cover increase varied among the watersheds (Table 7). The Sabana

and Blanco watersheds had the highest percentage of increase in urban/built-up area

(30.6 and 20.4 percent, respectively), whereas the Fajardo watershed had the lowest

increase (5.9 percent).

Water-quality trends and relationships with land cover

Independent of land cover, the values for water temperature (r = 0.48, P = 0.0002) and

specific conductivity (r = 0.57, P < 0.0001) tended to increase throughout the observed

period. There was also a negative trend in dissolved oxygen values (r = -0.39, P = 0.003)

throughout the five-year period.

All water-quality parameters were significantly correlated to various land-cover

categories (Table 8). For the sub-watershed scale, the percentage of area in forest cover

was negatively correlated to water temperature and specific conductance, while posi-

tively correlated to dissolved oxygen values. That is, temperature and specific

conductance were lower, and dissolved oxygen higher, when a greater percentage of the

watersheds were in forest cover, which is the desirable condition for high water-quality

sites.

The land-cover categories of shrub, pasture, bare ground, and urban/built-up were

all positively correlated to water temperatures. Higher values of water temperatures were

observed to occur in all non-forest land covers (shrub, pasture, bare ground, and

urban/built-up).These are land covers that do not form canopies over riparian areas and

thus yield higher values for water temperatures. The percentages of the area in pasture,

bare ground, and urban/built-up cover were also positively correlated to water specific

conductance, and negatively correlated to dissolved oxygen. The strongest correlations

(higher correlation coefficients) were observed between increased urban/built-up cover
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TABLE 6: Total area and percentage of land covers in five-meter
riparian zones for each watershed, 2010

Watershed Total

area

(ha)

Land-cover category (% cover)

Forest Shrub Wetland Pasture Urban/

built-up

Bare

ground
Water

Espíritu

Santo
104 61.9 4.0 1.4 26.4 2.4 0.1 3.9

Mameyes 60 71.7 1.9 0 20.9 2.7 0 2.8

Sabana 26 84.4 1.3 0 11.7 1.9 0 0.7

Pitahaya 29 42.6 7.8 5.8 37.4 5.7 0.5 0.3

Fajardo 100 48.1 10.2 0 38.7 1.5 0 1.4

Santiago 27 33.8 4.5 0.2 58.7 2.0 0.8 0

Blanco 97 50.4 3.0 0.3 43.2 2.2 0.9 0
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TABLE 7: Percent of area protected, forest cover, protected forest, urban/built-up
cover, and urban/built-up change for each watershed

Watershed
% Protected

area

% Forest

(2010)

% Protected

forest (2010)

% Urban/

built-up (2010)

% Urban/built-up

change (1998 to 2010)

Espíritu Santo 48.2 67.9 68.6 5.2 15.8

Mameyes 52.7 76.5 68.7 3.5 11

Sabana 41.6 71.4 58.1 8.8 30.6

Pitahaya 10.6 46.2 22.9 8.1 17.9

Fajardo 16.9 52.2 32.3 8.1 5.9

Santiago 12.5 44.8 27.9 6.5 14.3

Blanco 30.7 56.6 50.8 4.5 20.4

TABLE 8: Pearson correlation coefficient (r) and significance level (P)
for sub-watershed and riparian zones: land-cover vs water-quality parameters

Water-quality parameter

Temperature Conductivity Dissolved oxygen

Watershed level r P r P r P

Forest -0.48 0.000 -0.39 0.003 0.34 0.01

Shrub 0.33 0.012 NS NS

Pasture 0.43 0.001 0.34 0.01 -0.32 0.02

Bare ground 0.38 0.004 0.54 <0.000 -0.66 <0.000

Urban/built-up 0.55 <0.000 0.61 <0.000 -0.36 0.01

Riparian zone

Forest -0.40 0.002 -0.32 0.015 0.31 0.021

Shrub 0.26 0.055 NS NS

Pasture 0.41 0.002 0.37 0.005 -0.35 0.008

Bare ground - - - - - -

Urban/built-up 0.45 <0.000 0.61 <0.000 -0.24 0.07

NOTES: n=56

non-significant values denoted as NS

no data denoted by -



and higher water temperature and specific conductance, and between bare ground and

specific conductance and decreased dissolved oxygen (Table 8).

Following the same patterns as the sub-watershed scale, riparian zones with a

greater percentage of forest land cover were negatively correlated to water temperatures

and specific conductance, while positively correlated to dissolved oxygen. As the

percentage of urban/built-up cover of riparian areas increased, so did water temperature

and specific conductance, while dissolved oxygen values decreased (Table 8). In riparian

zones, the strongest correlations were between increased urban/built-up cover and higher

water temperature and specific conductance. Increased pasture land cover in riparian

areas had the strongest negative correlation to dissolved oxygen values.

Discussion

The analysis demonstrated a relationship between water conditions and land-cover com-

position. The relationships were more evident regarding urban/built-up and forest land

covers. In the study area, both at the watershed and riparian scales, an increase in the per-
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FIGURE 4: Situation of each watershed in terms of forest cover, urban/built-up

lands, and protection status (colour figure available on the article’s digital version)



centage of urban/built-up land cover meant an increase in water temperatures and specific

conductance, both undesirable water conditions for various uses and services. A greater

percentage of forest cover, in contrast, was associated with desirable water-quality condi-

tions as identified by low water temperature, low specific conductance, and high dis-

solved oxygen values. These are suitable conditions for ecosystem processes,

consumption of resources, fishing, and recreation. Consequently, the combination of for-

est and urban/built-up land-cover dynamics along with the protection of certain areas at

the watershed level in the study area has implications for water-related ecosystem ser-

vices. The current situation of each watershed in terms of these variables is summarized

in Figure 4 and Table 7; some implications of these conditions are discussed next.

Urban/built-up land cover occupied less than 10 percent of the total study area.

Even at this relatively low percentage, urban/built-up values were clearly related to low

water-quality parameters. Between 1998 and 2010, moreover, all watersheds had an

increase in the percentage of urban/built-up land, with four of the watersheds having

increases of more than 15 percent. The distribution of urban/built-up land cover generally

occurred in the foothills, lowlands, and coastal valleys of the watersheds, a situation that

can disrupt landscape and hydrological connectivity (i.e., from mountainous to coastal

areas), increase forest fragmentation, and influence processes that can negatively affect

water conditions, use, and consumption. Hydrological and ecological connectivity is

necessary between the headwaters and the downstream coastal waters of a river system.

These connections contribute to the function of river systems by allowing the exchange of

mass, energy, and organisms within a watershed system (Pringle, 1997; Nadeau & Rains,

2007). Interactions between river channels and floodplains, such as flood waters and

sediment movement events, are affected by urban/built-up infrastructure in the lowland

coastal valleys, which in turn also interrupts and diminishes the preserving effects of the

protected forested headwaters on water quality.

In terms of forested lands, the percentage of forest cover, protected area, and

protected forest varied considerably in the studied watersheds (Figure 4, Table 7).

Although the percentage of forest cover was relatively high in all watersheds (>44.8

percent), the percentage of protected forest had more variation, in some cases being less

than 25 percent of the forested areas. In fact, protection status also varied considerably,

with some watersheds having about 50 percent of their area under protection and others

with less than 15 percent of areas protected. Protected areas with vegetated cover

contribute to sustain water-related ecosystem services in the region.While the establish-

ment of protected areas is an often-used mechanism for the support of forest ecosystem

services in Puerto Rico (including the study area), sometimes the passive status of protec-

tion designation does not guarantee the provision of ecosystem services, in this case,

those provided by the forests within and around El Yunque. Different stakeholders, for

instance, have pointed out that human activity in forested areas within and around El

Yunque—including inadequate waste disposal, forest overuse, species introductions and

removals, and the use of all-terrain vehicles—can affect the delivery of water-related

ecosystem services specifically, and forest ecosystem services more generally

(López-Marrero & Hermansen-Báez, 2011a). Consequently, the establishment of
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protected areas should be accompanied by other mechanisms to ensure the conservation

and wise use of forests and their ecosystem services.

In addition to the establishment of protected areas as a mechanism for the conserva-

tion and wise use of forests and their ecosystem services, other mechanisms can be

explored to promote the same. The conservation of privately owned lands—specifically

landowner incentives for forest conservation—is one mechanism that El Yunque’s

administration has identified as having the potential to maintain and increase forest cover

around El Yunque (López-Marrero & Meyn, 2010). For this type of initiative to be imple-

mented and to succeed in the study area, there is a need to provide information about

existing conservation programmes and associated types of incentives. Moreover, some

obstacles need to be overcome, including, for example, the lack of confidence and

distrust that owners have in governmental agencies and institutions associated with these

types of programmes, and resolving land tenure issues and joint inheritances that inhibit

participating in these programmes even if landowners are willing to do so

(López-Marrero & Meyn, 2010).

Land-use planning and regional land-use regulations are mechanisms that have

been used in the study area as conservation tools to protect forested areas and guide

different land-use development, particularly urban expansion around El Yunque

National Forest (Lugo et al., 2000; Lugo et al., 2004). In 1983, a regional zoning regula-

tion was implemented by the Puerto Rico Planning Board for the eight municipalities that

have El Yunque lands within their boundaries. The main objective of the regulation was

to limit urban expansion around El Yunque and minimize its effects on the forest. Today,

and according to the Autonomous Municipalities Act (Law 81 of 1991), each munici-

pality should develop and implement a land-use plan. Of the eight municipalities that

contain El Yunque, three have developed their autonomous land-use plans, while the

remaining five are in the process of developing them. Despite the existence of this mecha-

nism (at the regional and municipality levels), different studies have shown the expansion

of urban/built-up land cover in zoning districts where urban uses were not intended

(López-Marrero & Hermansen-Báez, 2011c; Lugo et al., 2004). Due to poor enforce-

ment, variations, and exemptions granted from land-use regulations, high percentages of

the urban expansion that have occurred over the past 25 years (over 70 percent) occurred

in non-urban zoning districts, such as agricultural and forest zones. Consequently, the

implementation of land-use plans and regulations is, however, critical; their development

alone is insufficient.

An additional factor that has to be considered, specifically as related to land-use

planning at the municipal level, is the mismatch between political boundaries (such as

those delimiting different municipalities) and natural boundaries (such as those delim-

iting watersheds). The extension of the terrain of a watershed area into different political

units often precludes the development of effective land-use planning (Kingsford et al.,

1998). For example, the communication of announcements of land-use plans and public

hearings on infrastructure development and zonation changes are usually conducted at

the scale of communities, wards, and municipalities. There is no requirement to share this

information throughout the natural-resource containing unit, such as the watershed,
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where implementation of the proposed plans will have their effects. A planning focus

from the perspective of watersheds as management units needs to be developed to ensure

provision of water-related ecosystem services. For the benefit of water-related resources

and ecosystems, both management and regulation actions must be defined at the scale of

the watershed and should include all constituents and stakeholders as defined by the

watershed (Kingsford et al., 1998). In the study area, two watersheds, the one for the Río

Fajardo and the other for the Río Mameyes, occur within the boundaries of two munici-

palities, a situation that complicates land-use planning and implementation. Due to the

potential problems that can arise because of the mismatches between scales and units of

management, the development and implementation of comprehensive, integrated, and

updated land-use assessments and plans have been identified as priority actions for

ensuring the continued provision of El Yunque’s ecosystem services, including those

related to water (López-Marrero & Hermansen-Báez, 2011a).

Current landscape composition presents both management opportunities and limi-

tations to sustaining water-related ecosystem services. Watersheds with extensive

mountainous forest cover, high percentages of forests under protection, low amounts of

urban/built-up cover, and low increases of urban/built-up areas have the most suitable

conditions for water quality and water-related ecosystem services (Table 1, Table 4). In

the study area, the Río Mameyes and the Río Espíritu Santo watersheds have such charac-

teristics; they are among the ones with the most extensive forest cover (and the highest

percentages of land in forest cover), the highest amounts and percentages of forest cover

under protection status, and the lowest percentages of urban/built-up land and

urban/built-up land-cover expansion (Figure 4, Table 7). In the study area, the Río

Mameyes is the only remaining river that does not contain a dam for water extraction and

therefore is an important component of the sustained free-flowing dynamics of the

migrating aquatic fauna of El Yunque, while also contributing to regional species habitat

(March et al., 2003; Pringle, 1997; 2001). In spite of its high amount and percentage of

forest land cover and protection status, the Río Mameyes riparian zone had the second

largest percentage of urban/built-up area. Riparian zones with high amounts of

urban/built-up land cover may contribute to decrease the quality of water ecosystem

services and require continuous management actions, such as the control of run-off, sedi-

ments, and the maintenance of built-up infrastructure. In this case, promoting actions that

limit the negative effects of urban/built-up land cover in the riparian zones and empha-

sizing the importance of forest and other vegetated covers in these zones would

complement the conditions at the watershed level. In addition, concentrating

urban/built-up infrastructure of urban areas in the lowland and coastal regions contrib-

utes to effective watershed management (Cashman et al., 2010). Actions like these can be

taken at different levels (e.g., municipality, community), but they are also possible at

other levels, such as the individual, private land owner, level.

There are other watersheds that do not have the optimum conditions for water

resources, yet they present opportunities for improving conditions to sustain

water-related ecosystem services; for example, the watersheds of the Pitahaya and

Blanco rivers. The Pitahaya watershed is among the ones with the least amount of forest
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cover, the smallest percentage of forest cover, and the lowest amount of protected forest

area (Figure 4, Table 7). At the same time, it is among the watersheds whose percentage of

urban/built-up land cover (both at the watershed and the riparian zone levels) and

urban/built-up expansion are the highest. The Pitahaya watershed also contains large

expanses of unprotected land (pastures, shrubs, forest) along main regional roads, which

if unchecked, could lead to poorly planned land-cover changes to built-up/urban cover

(Gould et al., 2008; Trejo-Torres et al., 2014). If no actions are taken in this watershed,

decreased water conditions due to potential increases in sedimentation, run-off, water

temperature, and decreased dissolved oxygen would lead to a loss of water-related

ecosystem services and to the potential negative effects to the near shore environments

and local fisheries associated with the Pitahaya River ecosystem. Despite these poten-

tially unfavourable conditions for water quality and water-related ecosystem services,

there are opportunities for protection designation in the coastal areas of these watersheds.

For the Pitahaya and Sabana watersheds, protection in the coastal sections will be favour-

able for water condition and also favour coastal-mountain connectivity; which in turn

supports other ecosystem processes. The proposed North East Corridor Reserve and the

Greater North East Region Protected Area, if designated and effectively implemented,

would provide protection from unplanned urban/built-up expansion in the northern

coastal regions of the study area (DNER, 2010; GELAPR, 2013).

The Río Blanco watershed has both suitable and unsuitable conditions to support

water-related ecosystem services. After the Río Espíritu Santo watershed, it is the water-

shed with the second most abundant amount of forest cover and half of these forests are

under protection status. These are desirable conditions for water-related ecosystem

services. In terms of urban/built-up land cover, however, the watershed is among those

with the highest amounts of urban/built-up areas and it has the second highest percentage

change in urban/built-up increase between 1998 and 2010. The southern part of El

Yunque, where the Río Blanco watershed is located, is not as urbanized as areas north and

northeast of the forest (López-Marrero & Hermansen-Báez, 2011b), thus presenting an

opportunity to proactively plan for projects that can protect El Yunque and its

water-related services. For example, forest corridors can be maintained across the

landscape—from the mountains to the coast—while vegetated land cover is still

connected and open space is available. Such projects should to be developed and imple-

mented considering the inputs of different stakeholders to be an effective component of

water-related ecosystem services management.

Concluding Remarks

The purpose of the landscape assessment presented in this study was quantifying

land-cover composition at the watershed and riparian-zone levels, and correlating this in-

formation to water-quality parameters. The analysis showed a relationship between

land-cover composition and water condition, especially regarding urban/built-up cover

and forest land cover. Providing information to different stakeholders about land-cover

composition and its implications in terms of water conditions is a first step to start a dia-

logue to develop initiatives and actions to support water-related ecosystem services. This
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type of information is also valuable for the development of adaptable management prac-

tices that integrate urban/built-up and forest land within watersheds (Antrop et al., 2013).

Such information needs to be accessible and effectively transferred to a wide range of

stakeholders, and it needs to include different units or scales of actions and stakeholder

involvement (e.g., individual level, riparian zone, community level, watershed level, mu-

nicipal level). Stressing the importance of different land covers on water condition—spe-

cifically, the role of land with vegetated cover—along with the associated benefits of

maintaining and increasing forested and other vegetated land covers in order to sustain

water-related ecosystem services in the short and long terms needs to be an integral aspect

of information communication initiatives in both urban and rural areas.

Different factors should be taken into consideration when developing mechanisms,

management practices, and actions to support water conditions and water-related

ecosystem services in the study area. The scales at which management and actions take

place are important, particularly where there are mismatches between the political units

of management and the scale at which ecosystem processes occur. Political units of action

and management (such as municipalities) should work actively on the integration of

natural landscapes units (such as watersheds) for the conservation of water-related

ecosystem services (Schimdt, 2013). For stakeholders within municipalities, for

instance, actions can start at the scale of stream and river sections, followed by riparian

zones, and then scaling up to entire watersheds. Here, it is important to stress the comple-

mentary benefit of management actions at different scales. Developing and effectively

implementing comprehensive land-use plans that take into consideration ecosystem

services as an integral part of the plans is also crucial. Additionally, promoting adaptive

and participatory management is important. Exchanging information, promoting

learning and active participation, and initiating collaborative projects and actions are

fundamental to sustaining water resources and their ecosystem services, especially

outside of officially designated protected areas (Pahl-Wostl et al., 2008; Cid & Pouyat,

2013).These efforts certainly need the inclusion and effective participation and collabo-

ration of different stakeholders in the study area, and the need to promote actions and

management in forested areas and urban areas all the way to the coast. The watersheds’

land-cover conditions, associated water-quality, and the recommendations provided to

maintain and enhance water-related ecosystem services apply to the studied watersheds

specifically but also to other watersheds in the Caribbean region and beyond.

Acknowledgements

We thank Frank H. Wadsworth, Ariel E. Lugo, Eileen Helmer (USDA Forest Service, International

Institute of Tropical Forestry), Pedro Ríos (USDA Forest Service, El Yunque National Forest),

Carlos Ramos-Scharrón (The University of Texas at Austin), and anonymous reviewers for the re-

view of the manuscript. Editorial assistance was provided by Christine Sweeney. All research at the

International Institute of Tropical Forestry, USDA Forest Service, is done in collaboration with the

University of Puerto Rico. Part of the research conducted by the second author and presented in this

article was done in collaboration with the Centers for Urban and Interface Forestry,USDA Forest

Service Southern Research Station (Cooperative agreement #SRS 07-CA-1130150-068).

62 Caribbean Geography 2014 v19



References

Ahmad, R., Scatena, F. N. & A. Gupta (1993) ‘Morphology and sedimentation in Carib-

bean montane streams: examples from Jamaica and Puerto Rico’, Sedimentary

Geology, 85(1), 157-169.

Allan, J. D. (2004) ‘Landscapes and riverscapes: the influence of land use on stream

ecosystems’, Annual Review of Ecology, Evolution and Systematics, 35, 257-284.

Antrop, M., Brandt, J., Ramos, I. L., Padoa-Schioppa, E., Porter, J., Van Eetvelde, V. &

T. Pinto-Correia (2013) ‘How landscape ecology can promote the development of

sustainable landscapes in Europe: The role of the European Association for

Landscape Ecology (IALE Europe) in the 21st century’, Landscape Ecology, 28,

1641-1647.

Beaulac, M. N. & K. H. Reckhow (1982) ‘An examination of land use nutrient export

relationships’, Journal of American Water Resources Association, 18(6),

1013-1024.

Cashman, A., Nurse, L. & C. John (2010) ‘Climate change in the Caribbean: the water

management implications’, Journal of Environment & Development, 19 (1), 42-67.

Cid, C. R. & R. V. Pouyat (2013) ‘Making ecology relevant to decision making: the

human-centered, place-based approach’, Frontiers in Ecology and the Environment,

11(8), 447-448.

Comarazamy, D. E., González, J. E., Luvall, J. C., Rickman, D. L. & R. D. Bornstein

(2013) ‘Climate impacts of land-cover and land-use changes in tropical islands

under conditions of global climate change’, Journal of Climate, 26(5), 1535-1550.

Crook, K. E., Scatena, F. N. & C.M. Pringle (2007) Water withdrawn from the Luquillo

Experimental Forest, 2004, General Technical Report IITF-GTR-34, San Juan,

Puerto Rico: USDA Forest Service, International Institute of Tropical Forestry.

Cross, W. F., Covich, A. P., Crowl, T. A., Benstead, J. P. & A. Ramírez (2008)

‘Secondary production, longevity and resource consumption rates of freshwater

shrimps in two tropical streams with contrasting geomorphology and food web

structure’, Freshwater Biology, 53 (12), 2504-2519.

Department of Natural and Environmental Resources [DNER] (2010) ‘Documentode

designación de la Gran Reserva Natural del Corredor Ecológico del Noreste’,

Department of Natural and Environmental Resources of the Commonwealth of

Puerto Rico [http://www.drna.gobierno.pr/dd-grn-cen.pdf/view], Accessed March

16 2015.

Dissmeyer, G.E. (ed) (2002) Drinking Water from Forests and Grasslands, A Synthesis

of the Scientific Literature, Southern Research Station General Technical Report

SRS-39, Asheville, North Carolina: USDA Forest Service.

ESRI (2010) ArcMap 10.0, Redlands, California: ESRI Inc.

Freeman, M. C., Pringle, C. M. & C. R. Jackson (2007) ‘Hydrologic connectivity and the

contribution of stream headwaters to ecological integrity at regional scales’, JAWRA

[Journal of the American Water Resources Association], 43(1), 5-14.

Land Management in Puerto Rico 63



García-Martino, A. R., Warner, G. S., Scatena, F. N. & D. L. Civco (1996) ‘Rainfall,

runoff and elevation relationships in the Luquillo Mountains of Puerto Rico’,

Caribbean Journal of Science, 32, 413-424.

GELAPR (2013) ‘Ley núm. 8 del 13 de abril de 2013 para enmendar la ley núm. 126 del

2012, ley de la Reserva Natural del CorredorEcológico del Noreste’, Gobierno del

Estado Libre Asociado de Puerto Rico, San Juan,

[http://www.lexjuris.com/lexlex/Leyes2013/lexl2013008.htm], Accessed March

16 2015.

Gergel, S. E., Turner, M. G., Miller, J.R., Melack, J. M. & E. H. Stanley (2002) ‘Land-

scape indicators of human impacts to riverine systems’, Aquatic Sciences, 64(2),

118-128.

Gomi, T., Sidle, R.C. & J.S. Richardson (2002) ‘Understanding processes and down-

stream linkages of headwater systems’, BioScience, 52(10), 905-916.

Gould, W.A., Alarcón, C., Fevold, B., Jiménez, M.E., Martinuzzi S., Potts G., Quiñones

M., Solórzano M. & E. Ventosa (2008) The Puerto Rico Gap Analysis Project.

Volume 1: Land cover, vertebrate species distributions, and land stewardship,

General Technical Report IITF-GTR-39, USDA Forest Service.

Harris, N., Lugo, A.E., Brown, S. & T. Heartsill Scalley (eds) (2012) Luquillo

Experimental Forest: Research History and Opportunities, Experimental Forests

and Ranges EFR-1, Washington, DC: USDA Forest Service.

Heartsill Scalley, T. & T.M. Aide (2003) ‘Riparian vegetation and stream condition in a

tropical agriculture-secondary forest mosaic’, Ecological Applications, 13,

225-234.

Heartsill Scalley, T., Scatena, F. N., Estrada, C., McDowell, W. H. & A.E. Lugo (2007)

‘Disturbance and long-term patterns of rainfall and throughfall nutrient fluxes in a

subtropical wet forest in Puerto Rico’, Journal of Hydrology, 333, 472-485.

Holwerda, F., Burkard, R., Eugster, W., Scatena, F. N., Meesters, A. G. C. A. & L.A.

Bruijnzeel (2006) ‘Estimating fog deposition at a Puerto Rican elfin cloud forest site:

comparison of the water budget and eddy covariance methods’, Hydrological Pro-

cesses, 20(13), 2669-2692.

Huffaker, L. (2002) Soil Survey of Caribbean National Forest and Luquillo

Experimental Forest, Commonwealth of Puerto Rico, Washington, DC: USDA

Natural Resources Conservation Service.

Hunsaker, C. T. & D.A. Levine (1995) ‘Hierarchical approaches to the study of water

quality in rivers’, BioScience, 45(3), 193-203.

Junta de Planificación de Puerto Rico [JPPR] – Oficina del Censo (2015) ‘Serie histórica

de datos censales’, [http://www.censo.pr.gov/], Accessed 18 February 2015.

Kikkert, D. A., Crowl, T. A. & A.P. Covich (2009)‘Upstream migration of

amphidromous shrimps in the Luquillo Experimental Forest, Puerto Rico: temporal

patterns and environmental cues’, Journal of the North American Benthological

Society, 28(1), 233-246.

Kingsford, R. T., Boulton, A. J. & J.T. Puckridge (1998) ‘Challenges in managing

dryland rivers crossing political boundaries: lessons from Cooper Creek and the

64 Caribbean Geography 2014 v19



Paroo River, central Australia’, Aquatic Conservation: Marine and Freshwater

Ecosystems, 8(3), 361-378.

Larsen, M. C., Torres Sánchez A. J. & I. M. Concepción (1999) ‘Slopewash, surface

runoff and fine-litter transport in forest and landslide scars in humid-tropical

steeplands, Luquillo Experimental Forest, Puerto Rico’, Earth Surface Processes

Landforms, 24, 481-502.

Lawton, R. O., Nair, U. S., Pielke Sr., R. A. & R.M. Welch (2001) ‘Climatic impact of

tropical lowland deforestation on nearby montane cloud forests’, Science,

294(5542), 584-587.

López-Marrero, T. (2003) ‘The study of land cover change in a Caribbean landscape:

What has happened in Puerto Rico during the last two decades?’, Caribbean Studies,

31(2), 5-36.

López-Marrero, T. & L.A. Hermansen-Báez (2011a) Participatory Listing, Ranking, and

Scoring Ecosystem Services and Drivers of Change, Gainesville, Florida: USDA

Forest Service, Southern Research Station.

López-Marrero, T. & L.A. Hermansen-Báez (2011b) Expansion of Urban Land Cover

around El Yunque National Forest, Gainesville, Florida, USDA Forest Service,

Southern Research Station.

López-Marrero, T. & L.A. Hermansen-Báez (2011c) Urbanization Trends and Zoning

around El Yunque National Forest, Gainesville, Florida, USDA Forest Service,

Southern Research Station.

López-Marrero, T. & M. Meyn (2010) ‘Landowners’ incentives for forest conservation

around El Yunque National Forest’, Laband, D.N. (ed) Proceedings, Emerging Is-

sues III Along Urban-Rural Interfaces: Linking Science and Society, Atlanta,

Georgia, 61-66.

Lorion, C. M. & B.P. Kennedy (2009) ‘Relationships between deforestation, riparian

forest buffers and benthic macroinvertebrates in neotropical headwater streams’,

Freshwater Biology, 54(1), 165-180.

Lugo, A. E., Brinson, M. & S. Brown (eds) (1990) Forested Wetlands, New York:

Elsevier.

Lugo, A. E., López-Marrero, T., Ramos-González, O. M. & L. Vélez (2004)

Urbanización de los terrenos en la Periferia de El Yunque, General Technical

Report WO-66, Washington, DC: USDA Forest Service.

Lugo, A. E., López-Marrero, T. & O. Ramos (2000) Zonificación de terrenos en la

Periferia de El Yunque, General Technical Report IITF-16, San Juan: USDA Forest

Service.

McCluney, K.E., Poff, N.L., Palmer, M.A., Thorp, J. H., Poole, G.C., Williams, B.S.,

Williams, M.R. & J. S. Baron (2014) ‘Riverine macrosystems ecology: sensitivity,

resistance, and resilience of whole river basins with human alterations’, Frontiers in

Ecology and the Environment, 12(1), 48-58.

March, J. G., Benstead, J. P., Pringle, C. M. & F.N. Scatena (2003) ‘Damming tropical is-

land streams: problems, solutions, and alternatives’, BioScience, 53(11), 1069-1078.

Land Management in Puerto Rico 65



Minnigh, H. A. & G. I. Ramírez Toro (2001) ‘Valuing water in rural Puerto Rico’,

Proceedings of American Water Resources Association, AWRA/IWLRI -

Universi ty of Dundee, Internat ional Special ty Conference,

[http://www.awra.org/proceedings/dundee01/Documents/MinnighandToro.pdf],

Accessed January 15, 2015.

Minnigh, H. A., Rivera, R., Torres, J. & J. Campos (2005) Empowering the overlooked:

providing decision-making skills and tools for small potable water systems in Puerto

Rico, Proceedings of the Water Environment Federation, 2005(12), 3759-3773.

Mowbray, A. (2010) ‘HELP Helps Luquillo improve water conservation’, El Bosque

Pluvial, The El Yunque National Forest Newsletter, 4(1), 3.

Nadeau, T. L. & M. C. Rains (2007) ‘Hydrological connectivity between headwater

streams and downstream waters: how science can inform policy’, JAWRA [Journal

of the American Water Resources Association], 43(1), 118-133.

Naumann M. (1994) A Water Use Budget for the Caribbean National Forest of Puerto

Rico, Thesis, European Postgraduate Programme in Environmental Management,

Universitat Trier, Germany.

Ortíz-Zayas, J. R. & F.N. Scatena (2004) ‘Integrated water resources management in the

Luquillo mountains, Puerto Rico: an evolving process’, Journal of Water Resources

Development, 20, 387-398.

Ortiz-Zayas, J.R., Terrasa-Soler, J.J. & L. Urbina (2010) ‘Historic Water Resources

Development in the Rio Fajardo Basin, Puerto Rico, and Potential Hydrologic

Implications of Recent Changes in River Management’, Watersheds: Management,

Restoration and Enviromental Impact, 1-30.

Pahl-Wostl, C., Tabara, D., Bouwen, R., Craps, M., Dewulf, A., Mostert, E., D. Ridder &

T. Taillieu (2008) ‘The importance of social learning and culture for sustainable

water management’, Ecological Economics, 64(3), 484-495.

Pringle, C. M. (2001) ‘Hydrologic connectivity and the management of biological

reserves: a global perspective’, Ecological Applications, 11(4), 981-998.

Pringle, C. M. (1997) ‘Exploring how disturbance is transmitted upstream: going against

the flow’, Journal of the North American Benthological Society, 16(2), 425-438.

Pringle, C. M. & F.N. Scatena (1999) ‘Freshwater resource development: case studies

from Puerto Rico and Costa Rica’, Managed ecosystems: the Mesoamerican

experience, 114-121.

Ramos-Scharrón, C. E. & L. H. MacDonald (2007) ‘Measurement and prediction of

natural and anthropogenic sediment sources, St John, U.S. Virgin Islands’, Catena,

71, 250-266.

Ramos-Scharrón, C.E., Torres-Pulliza, D. & E. A. Hernández-Delgado (2015) ‘Water-

shed-and island wide-scale land cover changes in Puerto Rico (1930s–2004) and

their potential effects on coral reef ecosystems’, Science of the Total Environ-

ment, 506, 241-251.

Ramos-González, O. (2001) ‘Assessing vegetation and land cover changes in north-

eastern Puerto Rico: 1978-1995’, Caribbean Journal of Science, 37(1-2), 95-106.

66 Caribbean Geography 2014 v19



Ray, D. K., Nair, U. S., Lawton, R. O., Welch, R. M. & R.A. Pielke (2006) ‘Impact of land

use on Costa Rican tropical montane cloud forests: Sensitivity of orographic cloud

formation to deforestation in the plains’, Journal of Geophysical Research: Atmo-

spheres (1984–2012), 108, 1-13.

Renken, R., Ward, W.C., Gill, I.P., Gómez-Gómez, F. & J. Rodríguez-Martínez (2002)

Geology and Hydrogeology of the Caribbean Islands Aquifer System of the Com-

monwealth of Puerto Rico and the U.S. Virgin Islands, USGS Professional Paper

1419, San Juan, Puerto Rico: US Geological Survey.

Roa-García, M. C., Brown, S., Schreier, H. & L. M. Lavkulich (2011) ‘The role of land

use and soils in regulating water flow in small headwater catchments of the Andes’,

Water Resources Research, 47(5).

Santos-Román, D. M., Warner, G. S. & F. N. Scatena (2003) ‘Multivariate analysis of

water quality and physical characteristics of selected watersheds in Puerto Rico’,

Journal of the American Water Works Association, 39, 829-839.

Scatena, F. N. & S. L. Johnson (2001) Instream-flow analysis for the Luquillo Experi-

mental Forest, Puerto Rico: Methods and Analysis, General Technical Report

IITF-GTR-11, Rio Piedras, Puerto Rico: USDA Forest Service, International Insti-

tute of Tropical Forestry.

Scatena, F. N. (2002) ‘Drinking water quality’, in Dissmeyer, G.E. (ed) Drinking Water

from Forests and Grasslands, A Synthesis of the Scientific Literature, General Tech-

nical Report SRS-39, Asheville, North Carolina, USDA Forest Service, Southern

Research Station, 7-25.

Schmidt, J. J. (2013) ‘Integrating water management in the Anthropocene’, Society &

Natural Resources, 26(1), 105-112.

Sedell, J. R., Reeves, G. H., Hauer, F. R., Stanford, J. A. & C.P. Hawkins (1990) ‘Role of

refugia in recovery from disturbances: modern fragmented and disconnected river

systems’, Environmental Management, 14 (5), 711-724.

Swanson, F.J., Scantena, F.N., Fenn, G.E., Verry, E.S. & J. A. Lynch (2002) ‘Watershed

processes: fluxes of water, dissolved constituents, sediment’, in Dissmeyer, G. E.

(ed) Drinking Water from Forests and Grasslands, A Synthesis of the Scientific Lit-

erature, General Technical Report SRS-39, USDA Forest Service, Southern

Research Station, 26-41.

Tabacchi, E., Correll, D. L., Hauer, R., Pinay, G., Planty Tabacchi, A. M. & R. C.

Wissmar (1998) ‘Development, maintenance and role of riparian vegetation in the

river landscape’, Freshwater biology, 40(3), 497-516.

Taylor, M. A., Stephenson, T. S., Chen, A. A. & K.A. Stephenson (2012)‘Climate change

and the Caribbean: Review and response’, Caribbean Studies, 40(2),169-200.

Thom, R. M., Borde, A. B., Richter, K. O. & L. F. Hibler (2001) ‘Influence of

urbanization on ecological processes in wetlands’, in Wigmosta, M.S. & S. J. Burges

(eds) Land Use and Watersheds: Human Influence on Hydrology and Geomor-

phology in Urban and Forest Areas, Washington, D. C.: American Geophysical

Union.

Land Management in Puerto Rico 67



Trejo-Torres, J. C., Caraballo-Ortiz, M. A., Vives-Heyliger, M. A., Torres-Santana, C.

W., Cetzal-Ix, W., Mercado-Díaz, J. A. & T. A. Carlo (2014) ‘Rediscovery of

Eugenia fajardensis (Myrtaceae), a rare tree from the Puerto Rican Bank’,

Phytotaxa, 191(1), 154-164.

USGS [United States Geological Survey] (2011) ‘USGS Water Data for the Nation’,

[http://waterdata.usgs.gov/nwis/], Accessed 19 January 2011.

USGS (2011) ‘The USGS Water Science School’, [http://water.usgs.gov/edu], Accessed

19 January 2011.

USGS (2011) ‘Water Science Glossary of Terms’, [http://water.usgs.gov/edu/dictio-

nary.html], Accessed 19 January 2011.

USGS(2011)‘Water Qual i ty Samples for the Nation’ ,

[http://nwis.waterdata.usgs.gov/usa/nwis/qwdata], Accessed 19 January 2011.

van der Molen, M. K., Vugts, H. F., Bruijnzeel, L. A., Scatena, F. N., Pielke, R. A. & L. J.

M. Kroon (2011) ‘Meso-scale climate change due to lowland deforestation in the

maritime tropics’, in Bruijnzeel, L. A., Scatena, F. N. & L. S. Hamilton (eds.) Trop-

ical montane cloud forests: science for conservation and management, Cambridge:

University Press, 527-537.

68 Caribbean Geography 2014 v19


