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ABSTRACT 

 
Tropical forest ecosystems, especially young secondary-rapid growing 

forests, naturally or artificially developed, have great potential for long term 
carbon sequestration and storage. This ecosystem function helps to reduce the 
continuous CO2 emissions to the atmosphere. The objective of this investigation 
is to generate a base line that will serve as basis to estimate above-ground 
biomass and carbon fluxes of forest lands in the Rio Grande de Arecibo 
watershed. Biomass and carbon contents in above-ground vegetation were 
estimated from forest inventory data taken in the summer, 2003 in the Rio 
Grande de Arecibo watershed (RGA). The data collected also allowed for 
structural and species composition analyses of the vegetation. A Geographic 
Information System using land use, geology and ecological life zone maps of the 
study area, was developed and used as the basis for stratified random sampling 
of forests lands in the study area. Above-ground biomass was calculated from 
prediction equations developed for tropical forests as a function of life zones and 
rock formation types.   

 
Mean above-ground biomass for the RGA was estimated to be 72.8 

Ton/ha, and it varies from 69.0 to 88.3 Ton/ha, depending on life zone. These 
estimates correspond mostly to early secondary forests, with crown closure 
between 50 and 80%. Statistical analyses showed no significant differences in 
above-ground biomass content when taking into account rock formation types 
within a life zone, or among volcanic, plutonic or limestone rock formations. 
However, a slight, but important difference was detected at the 5% level of 
significance in above-ground biomass content between life zones (wet, moist and 
wet lower montane forests).  
 

A total of 81 trees species were found in the RGA watershed with 
Importance Value Indices (I.V.I.) ranging from 0.5 to 16.23. Dominant species are 
Guarea guidonia, Cecropia schereberiana, Inga vera, Prestoea montana, 
Dendropanax arboreus, Didymopanax morototoni, and Syzygium jambos, 
accounting for 50.1% of the I.V.I value and almost 54.6% of the basal area. Dead 
standing trees accounted for almost 8% of the total I.V.I. value and third ranking 
position, indicating a large proportion of snags in the forest. The I.V.I. curves of 
each life zone are fairly steep with long tails, reflecting high dominance of few 
species, especially in wet lower montane forests where Prestoea montana has 
an I.V.I. value of 31.54. 
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RESUMEN 
 
Los bosques tropicales, especialmente los bosques secundarios de rÆpido 

crecimiento establecidos natural o artificialmente, poseen un gran potencial para 
capturar, fijar y almacenar carbono a largo plazo. Esta función del ecosistema 
boscoso ayuda a mitigar las emisiones continuas de CO2 a la atmósfera. Se 
estimó la acumulación de biomasa y carbono en la ve getación aØrea de las 
Æreas boscosas de la cuenca del Rio Grande de Arecibo (RGA) a partir de datos 
del inventario forestal realizado en el verano del 2003. AdemÆs de los estimados 
de biomasa, se realizó el anÆlisis estructural de la vegetación y de composición 
de especies. Como estrategia para el inventario forestal se desarrolló un 
Sistema de Información GeogrÆfico utilizando mapas de uso de la tierra, 
geología y zonas de vida, el cual sirvió como base para desarrollar el muestreo 
estratificado al azar. El estimado de biomasa aØrea se obtuvo a partir de 
ecuaciones desarrolladas para bosques tropicales segœn las zonas de vida y tipo 
de material parental.  

 
El estimado de biomasa promedio para la RGA fue de 72.8 Ton/ha, y 

fluctuó 69.0 y 88.3 Ton/ha, dependiendo de la zona de vida. Estos valores 
corresponden en su mayoría a bosques secundarios tempranos con 50 a 80% 
de cerramiento del dosel. El resultado de los anÆlisis estadísticos no arrojó 
diferencias significativas en la acumulación de bio masa entre las diferentes 
formaciones rocosas (volcÆnica, plutónica o roca caliza). Sin embargo, una 
diferencia significativa al 5% de nivel de significancia se encontró en la 
acumulación de biomasa aØrea entre las tres zonas de vida (hœmeda, muy 
hœmeda y muy hœmeda montano bajo).  
 

Un total de 81 especies fueron encontradas en la cuenca RGA, con 
valores de Indice de Valor de Importancia (I.V.I.) entre 0.05 y 16.23. Las 
especies dominantes son Guarea guidonia, Cecropia schereberiana, Inga vera, 
Prestoea montana, Dendropanax arboreus, Didymopanax morototoni y 
Syzygium jambos, las cuales representan en conjunto un 50.1% del valor del 
I.V.I., y un 54.6% del Ærea basal total. Los Ærboles muertos representan casi un 
8% del I.V.I. total y ocupan la tercera posición en  tØrminos de abundancia y 
dominancia absoluta y relativa, lo cual indica que hay una alta proporción de 
Ærboles muertos en estos bosques. Las curvas de I.V.I. para cada zona de vida 
presentan pendientes fuertes, lo cual refleja la dominancia de pocas especies en 
el bosque. Esto ocurre particularmente en los bosques muy hœmedo montano 
bajo, donde Prestoea montana tiene un valor de I.V.I. de 31.54. 
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Glossary 

 
• Basal area: cross-sectional area of a stem estimated at 1.30 m from the 

base of the tree. 

 

• Biomass: refers to the total amount of living matter present at a given time 

in a biological system, usually expressed as dry weight per unit area 

(biomass density). For the purpose of this thesis work, biomass will be 

related to above-ground biomass of trees greater than 10 cm DBH. The 

equations used to predict above-ground biomass in this investigation 

incorporate all plant parts, including trunk, branches, limbs, leaves, and 

roots. 

 

• DBH: diameter of a tree measured at 1.30 m above the ground. 

 

• Carbon credits: awarded to companies or countries and allow CO2 

emissions above levels permitted in international treaties, in exchange for 

a proportional carbon sink established within the country�s boundary 

(Silver, W.L., et al., 2000). 

 

• Net Primary Production: is the part of the energy fixed by plants that goes 

into growth and reproduction, as opposed to Gross Primary Production 

which includes the energy used in the process for cellular respiration of 

plants (National Academy Press, 1982).  

 

• Primary Forests: frequently perceived as undisturbed forest in a late stage 

of succession or at a climax stage. 

 

• Secondary forest: forests regenerating largely through natural processes 

after significant human disturbance of the original forest at a single point in 

time or over an extended period and displaying a major difference in forest 

structure and/or canopy species composition with respect to nearby 

primary forests on similar sites. 
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1. INTRODUCTION 

 
Most forest lands within the Rio Grande de Arecibo (RGA) watershed in 

Puerto Rico developed after land use changes in the 1950�s and 1960�s, when 

coffee plantations and other agricultural activities declined and the land reverted 

to secondary forests. Forest ecosystems within this particular watershed have 

also been influenced by three major hurricanes in recent years: Hugo on 

September 18, 1989, Hortense on September 10, 1996, and Georges on 

September 22, 1998. In addition, human intervention has affected forest 

development and successional patterns, resulting in great variability in the 

structural and compositional characteristics, litter accumulation patterns and soil 

chemistry of these forest ecosystems (Popper et al. 1999; Helmer et al. 2002). At 

present, forest land is the dominant land use in the RGA watershed closing at 

Lago Dos Bocas, with almost 65% of the total watershed area covered by forests 

at various degrees of development and variability in terms of species composition 

and vegetation structure. This region holds a special importance from the 

ecological point of view, as well as for soil, water, and biodiversity conservation. 

Most recently the watershed supplies potable water to the greater population of 

San Juan, the capital city, through a system of reservoirs and water channels 

built since the 1950�s. 

 

Since the adoption of the Kyoto protocol in December of 1997 (United 

Nations, 1992), governments and people of tropical countries have considered 

forest resources, especially young secondary rapid-growing forests, naturally or 

artificially developed, as having great potential for long term carbon sequestration 

and storage. These ecosystems, above and below-ground, could act as net sinks 

for the continuous CO2 emissions to the atmosphere and could be exchanged in 

international markets as carbon credits (Wisniewski and Lugo, 1992), if properly 

managed (Silver et al. 2000a).  
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To determine the extent to which tropical secondary forests can act as 

CO2 sinks requires reliable and accurate estimates of their biomass and biomass 

change over time (Brown, 1997). These estimates will help refine the total carbon 

budget (above and below ground) of the region under study, as well as of the 

island as a whole.  

 

Above-ground biomass1 estimates can be obtained from data from 

traditional forest inventories or by means of satellite imagery analysis and GIS 

systems (Brown, 1997). Regardless of the process involved, it is clear that a 

sound sampling procedure for forest inventory and adequate data processing 

afterwards will lead to reliable estimates of biomass and carbon storage, as well 

as to other structural parameters such as basal area and volume. In addition, 

data from forest inventories allow, through numerical and statistical analyses, to 

compute other structural and species compositional characteristics such as 

relative density, importance value indices, diameter class distributions, etc. 

 

With this in mind, this thesis work provides estimates of the total above-

ground biomass and carbon content present within the forest lands of the RGA 

watershed according to climatic-ecological life zones and rock formation types 

present within the study area. These estimates are based on biomass estimation 

which is considered to be composed of approximately 50% carbon (Odum, 1971 

and Brown et al. 2001).  Also, structural and species compositional analyses of 

the forests are crucial objectives to this investigation, and will allow us to gain 

insights as to how these ecosystems have evolved through time, from previous 

agricultural practices or other type of land use. This work will generate the 

starting point for a long ecological research study through satellite image analysis 

to compare land use and historical land use changes over periods of time as well 

as to associate above-ground biomass values to satellite imagery, as indicators 

of the state and change of biomass and its implications on the carbon budget. 

                                            
1 For definition of terms, see Glossary. 
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2. OBJECTIVES 

 
The general objective of this study is to generate a base line for the study 

of above-ground biomass and carbon fluxes of forest lands in the Rio Grande de 

Arecibo watershed.  

 

The specific objectives of the study are:  

 

1. Estimate above-ground biomass and carbon content as a function of 

ecological life zones (Ewel and Whitmore, 1973), and rock formation types 

(Briggs, et al. 1965). 

 

2. Discern significant differences among above-ground biomass estimates in 

different ecological life zones and rock formations.   

 

3. Develop the structural and species composition analyses of forest vegetation 

from the forest inventory carried out.  
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3. LITERATURE REVIEW 

 
Burning of fossil fuels puts in circulation about 6.3 – 0.4 Pg (1 Pg = 1015 g) 

of carbon per year, of which 3.2 – 0.1 Pg/year accumulates in the atmosphere 

(Post et al. 2004)2. The difference must be sequestered by ocean and terrestrial 

biota, so that significant climatic changes such as global warming are 

ameliorated in the long run. The net ocean and land carbon flux represents 

values of -1.7– 0.5 and -1.4– 0.7, respectively3 (Post et al. 2004). The global 

carbon cycle has not yet been balanced up to date due to the dynamics and 

influences of other biogeochemical and hydrological cycles on the carbon cycle, 

and the many sources and sinks present around the world (Figure 3.1).  

 

 

Figure 3.1. Natural sources and sinks of CO2 

                                            
2  Positive values represent carbon fluxes to the atmosphere (Post et al. 2004). 
3 Negative values represent carbon removal from the atmosphere. Error estimates denote 
uncertainties (– standard deviations) and not interannual variability, which is much larger 
(Prentice et al. 2001, cited by Post et al. 2004). 
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It is well known that tropical forests play an important role in the global 

carbon cycle because they store approximately 46% of the world living terrestrial 

carbon pool and 11% of the world soil carbon pool (Brown and Lugo, 1982). On 

the other hand, it has been estimated that approximately 1.6 – 0.5 Pg of C are 

lost to the atmosphere annually from the conversion of tropical forests to other 

uses (Brown et al. 1996).  

 

Atmospheric CO2 is sequestered by the forests as it is incorporated in the 

above-ground vegetation, forest litter, and soil organic matter. The biological 

processes involved in carbon sequestration are plant growth, photosynthesis, 

plant and soil respiration, death of plants, litter production, decomposition, and 

the formation of stable organic matter in the soil and forest floor. Anthropogenic 

and natural disturbances (harvesting, fire, hurricanes, and winds) and their 

degree of severity also affect the carbon budget and sequestration (Harmon, 

2001). To judge the effectiveness of a particular ecosystem to act as a sink of 

atmospheric carbon at any moment of its successional process, one must 

consider all the C pools present as well as the temporal and spatial scales under 

which results are to be analyzed and presented, within a given unit of analysis 

(Harmon, 2001). Thus, a net carbon balance can be looked at from the 

perspective of an individual plant (or parts of a plant), a collection of plants (a 

forest stand), or at a regional basis (one or more ecosystems), and depends 

strictly on the C pools considered at each level, and the degree of resolution 

accepted for a particular analysis. 

 

Current literature on the subject reports that 52 to 104 Pg of C could be 

sequestered during a 50 year period through reforestation and afforestation 

globally, with approximately 70% occurring in tropical latitudes (Winjum et al. 

1992). In humid secondary forests of tropical latitudes, the aboveground carbon 

pools frequently exceed 100 Mg ha-1 after 50 years. However, most of the 

capacity to sequester and store carbon aboveground and in the soils occurs 
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more rapidly and efficiently during the first 20 years of ecosystem development 

(Brown and Lugo, 1992). After this period, biomass continues to accumulate, but 

at slower rate, until it reaches a maximum, and then it levels off to eventually 

decline. Thus, the greatest carbon sequestration potential (assuming there are 

no excessive losses due to high ecosystem respiration rates-including plants and 

soils, or due to fires or high organic matter decomposition rates) occurs during 

early ecosystem development when the forest can maintain its vigor and a 

positive rate of biomass accretion. This condition can be further capitalized 

through sound forest management practices that maintain healthy and vigorous 

ecosystem growth and development. 

 

The relative distribution of carbon in soils and plants (including all plant 

parts: roots, stems, branches, twigs and leaves) as well as forest debris and 

dead wood versus carbon accumulated in soils has not been to date thoroughly 

documented. It is generally believed that carbon accumulates at higher rates 

aboveground than belowground, but the total amount of carbon stored in the soils 

is higher than in vegetation. As reported by Lal (2001) the main global C pools 

include oceanic (38,000 Pg), geologic (5,000 Pg), soil (2,300 Pg to 1 m deep) 

atmospheric (760 Pg), and biotic (550 Pg). Some of the belowground pools have 

slower turnover rates, making soils a better option for long term storage of 

carbon (Silver et al. 2000b).  

 

Land use and management practices significantly affect biomass 

accumulation (and thus carbon sequestration and storage) over time. Growing 

wood land and forest plantations are more efficient at this task than lands under 

agricultural or pasture use (Silver et al. 2000a). Furthermore, the greatest 

biomass accumulation in forest land is achieved when previous land use was 

agriculture and some degree of soil fertility has been gained, which is the case 

for many areas of the Rio Grande de Arecibo watershed. In forest plantations, 

biomass as well as carbon accumulation occur faster than in natural stands, 
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since species had been selected to increment wood  volume and biomass at a 

rapid rate (fast growing species). Climate, forest composition, structure and soil 

texture and fertility also influence the rate of biomass accumulation and carbon 

sequestration. For example, mature, natural forests in moist life zones growing in 

clay soils tend to have greater aboveground carbon pools than wet or dry forests 

(Silver et al. 2000b), and tend to have greater biomass accumulation earlier and 

higher biomass at maturity than forests in other life zones (Brown and Lugo, 

1982).  

 

In soils, carbon accumulation is greater in places where land clearing had 

been performed but not developed, and on pasture lands (Silver et al. 2000a). In 

addition, soil carbon tends to accumulate in greater quantities in wet or rain life 

zones than dry ones due to a more efficient net primary production, which in turn 

is dependent on nutrient recycling and the cation exchange capacity associated 

with the organic matter present in the soils.  Also, water in excess of field 

capacity in the soil may naturally increase the soil carbon content because of 

reduced decomposition rates as the soil redox status shifts towards anaerobic 

conditions. About 58% of the soil organic matter is composed of carbon (Silver et 

al. 2000b).  

 

Biomass accumulation in tropical secondary forests occurs at a rapid rate, 

generally serving as net sinks for CO2. Not only they perform this task well, but 

other benefits such as reducing soil erosion and nutrient leaching, water 

conservation, amelioration of microclimatic conditions and provision for wildlife 

habitat, are derived as they develop into mature forests. This type of forests have 

been reported to accumulate biomass at a rate up to 6.2 Mg ha-1 year-1 during 

the first 20 years of succession, and at an average rate of 2.9 Mg ha-1 year-1 over 

the first 80 years after establishment. With regard to the net rates of carbon 

sequestration in above-ground biomass, this type of forest can accumulate up to 

5 Mg C ha-1  year-1 during the first 10 to 15 years after establishment, and on the 



 

 

8 

average this value has been estimated to be 2 to 3.5 Mg C ha-1 year-1.  In forest 

plantations with similar edaphic and climatic conditions, carbon accumulation 

varies between 0.8 to 15 Mg C ha-1 year-1 during the first 25 years after 

establishment. Both natural stands and forest plantations act as important sinks 

of CO2 during early development, and could continue to do so with silvicultural 

practices that allow forests to maintain positive growth and biomass 

accumulation. For soils in tropical forests, the carbon accumulation rate is 

approximately 1.3 Mg C ha-1 year-1 for the first 20 years, and later, it accumulates 

on the average at a rate of 0.20 Mg C ha-1 year-1 during the next 80 years. At 

these rates, the total soil carbon accumulation in tropical forests during the first 

20 years has been reported to reach 26 Mg ha-1 (Silver et al. 2000a).  

 

From these values of carbon and biomass accumulation and storage in 

tropical secondary-rapid growing forests (above and below ground) it can be 

concluded that most likely these ecosystems can and will continue to act as net 

sinks of atmospheric carbon, and that research should advance towards 

establishing the best forest carbon sequestration systems and management 

practices that could serve as the basis for setting a viable carbon sequestration 

policy. Wisniewski et al. (1992), in the proceedings of a workshop on the natural 

sinks of CO2 in February, 1993, in San Juan, Puerto Rico, concluded that natural 

ecosystems in a recovery stage (such as the one of the Rio Grande de Arecibo 

watershed), through natural succession or forest plantations, have great potential 

for carbon sequestration with little investment. Also, once these ecosystems are 

established or made bigger, improved management practices should be 

implemented to promote biomass accumulation and CO2 sequestration. Such 

practices include protecting lands from degradation, applying sound silvicultural 

techniques (such as adequate species selection in forest plantations, promoting 

natural regeneration in natural ecosystems, and thinning to maintain positive 

growth and biomass accretion, among others), minimizing deforestation and 

permitting natural ecosystems to grow and become an important part of land 

planning strategies for local communities and for society in general.  
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As for biomass estimates, there has been accumulated research and 

forest inventories conducted in tropical regions that seek to estimate biomass 

and other forests compositional and structural parameters. Of particular 

application in relation to biomass (and volume) estimation in the Caribbean and 

other tropical regions are the investigations performed by Ovington and Olson 

(1970), Birdsey and Weaver (1982), Brown and Lugo (1984), Lugo et al. (1988), 

Brown et al. (1989), Weaver and Gillespie (1992), Lugo (1992b), Scatena et al. 

(1993), Weaver (1994), Brown (1997), Francis (2000) and Brandeis (2003). The 

overall objectives of these investigations were to develop, apply and/or validate 

equations for biomass estimation of tropical forests, including saplings, young 

and mature trees in natural stands or plantations growing in different edaphic, 

climatic and geographic conditions around the tropical world. Also, these 

publications describe different methods of forest sampling, forest measurements 

and statistical analysis according to the inventory�s general objective. Table 3.1 

presents chronologically a summary of the research work developed by each of 

the authors mentioned above. 

 

Also of relevant application to this thesis work are the technical guides 

developed by the Winrock International Institute for Agricultural Development 

(MacDiken,1997), the Forest Inventory and Analysis of the Southern Research 

Station � Field Procedures for Puerto Rico and the Virgin Islands (USDA - Forest 

Service, 2002) and the procedures developed by Fundación Solar de Guatemala 

(Marques, 2000). All of these provide standards, methods and procedures to 

collect data and conduct consistent and reliable forest inventories for several 

objectives, including volume, biomass and carbon inventories in tropical 

countries. Some of the techniques developed by these researchers and foresters 

were used to carry out the forest inventory conducted in this research work. 



 

 

Table 3.1 Research summary about volume and biomass estimation in tropical forests 

 

Author�s Name Year Research Topic Main Aspects Included / Conclusions 
Ovington and 
Olson 

1970 Biomass estimation and 
nutrient inventory in El Verde 
lower montane rain forest, 
Puerto Rico. 

� Biomass estimation was based on sample weighing and analysis 
of over a 100 trees. Three separate regressions were developed 
using the following predictors:  

- Logarithm of height for palms. 
- DBH for small trees (DBH at 1.37 m). 
- DBH and height jointly for major trees and shrubs.   
 

� Estimates of biomass averaged 324.92, 209.19, and 269.28 
Ton/ha, for the Radiation Center, the South Control Center, and 
the North Control Center, respectively.  

 
� A separate equation was developed for Prestoea montana, using 

total height as biomass predictor. 
Birdsey and 
Weaver  

1982 Application of Smalian formula 
for calculation of tree volume 
from DBH and height 
measurements. 
 
Above-ground biomass 
estimation. 

� Merchantable tree volumes (presented in ft3 of green wood) 
available by forest type and species is calculated using Smalian 
formula. This approach gave good estimates of merchantable 
stem volume for forests where local volume tables and equations 
are still lacking.  

 
� Above ground biomass for stems and large branches was 

estimated by multiplying the merchantable volume estimate by an 
expansion factor.  

Brown and Lugo 1984 Biomass densities and total 
biomass of tropical forests were 
estimated for corresponding 
stand tables and according to 
forest types/climatic conditions.  

� Total biomass for the tropics was estimated at 205 x 109 tons, and 
weighted biomass densities for undisturbed closed and open 
broadleaf forests were 176 and 61 Ton/ha, respectively.  

 
� The importance of disturbed vs. undisturbed, plus closed and 

open forests is evident in biomass calculations, and for the same 
area, the differences could be significant. 



 

 

Table 3.1 (Continued) 

 

Author�s Name Year Research Topic Main Aspects Included / Conclusions 
Lugo, Brown and 
Chapman 

1988 Evaluation of species 
adaptability and potential yields 
in different environments for 
seven tropical tree plantation 
species.  

� Description of growth and yield functions, according to site 
quality, life zone, species, age and climatic conditions. Linear 
and geometric models were analyzed for each species.  

� Stem wood biomass and mean annual biomass increment 
varied with species, plantation age and climate. 

Brown, Gillespie 
and Lugo 

1989 General biomass regression 
equations were developed from 
data sets collected in many 
tropical forests. 

� Development of general regression equations that predict 
above-ground biomass from individual tree measurements (DBH 
and total height) for wet and moist tropical forest types. 
Regressions were based on data sets from Costa Rica, New 
Guinea and Puerto Rico, and used 168 trees for moist forests 
(R2 = 0.97) and 69 trees for wet forests (R2 = 0.90). Diameter 
ranges were from 5 to 130 cm. 

 
� Total above-ground biomass varies significantly with geographic 

location, forest type and structure, and degree of disturbance. 
Because of this, given local stand tables, the regression 
equations could be applied to the population represented by the 
stand tables. If the information available is only commercial 
biomass, one may use an expansion factor based on quadratic 
stand diameter. When commercial volume is available, average 
stand wood densities can be used to convert to commercial 
biomass, then, one can use the expansion factor to obtain total 
above-ground biomass.  

Weaver and 
Gillespie 

1992 Tree biomass equations for the 
Tabonuco forests of the 
Luquillo mountains, Puerto 
Rico. 

� Above-ground woody biomass and total above-ground biomass 
(leafy + woody) regression equations for subtropical wet forest 
(Tabonuco forest type in the Caribbean National Forest) were 
developed based on 29 trees, and DBH and total height as 
biomass predictors. Diameter and height ranges from 0.3 to 
45.7 cm, and 1.3 to 20.7 m, respectively. R2 = 0.79.  



 

 

Table 3.1 (Continued) 

 

Author�s Name Year Research Topic Main Aspects Included / Conclusions 
Lugo 1992(b) A comparison of tropical tree 

plantations with secondary 
forests of similar age in the 
Luquillo Experimental forest. 

� Paired comparisons between forest plantations of Pinus 
caribaea and Swietenia macrophylla and secondary forest 
stands of similar age and growing under same edaphic and 
climatic conditions were performed in terms of productivity, 
nutrient cycling and species diversity. 

� Above-ground biomass was estimated using allometric 
equations presented by Ovington and Olson (1970) for 
dicotyledonous trees, and Frangi and Lugo (1985) for palms. In 
all four sites, leaf, stem, branch, and total above-ground 
biomass was greater in plantations than that in paired 
secondary forests. Understory biomass in plantations 
accumulated at a higher rate than did understory in paired 
secondary forests.  

Scatena, Silver,  
Siccama, 
Johnson and 
Sanchez 

1993 Biomass and nutrient content of 
the Luquillo experimental 
Forest in Puerto Rico were 
estimated for two conditions: 
before and after Hurricane 
Hugo.  

� Total above-ground biomass regression equations were 
developed for subtropical wet forests of the Luquillo Mountains 
(Bisley Exp. Watershed), based on 62 trees, and DBH and total 
height as biomass predictors. Diameter ranges were from 2.5 to 
57 cm. R2 = 0.947. 

� With data supplemented by Ovington and Olson (1970), 
regression equations from 101 trees of 37 species were also 
developed for the Tabonuco forest type. Regression equations 
were developed for 23 species, 2 genera and 2 groupings of 
structurally similar species. A separate equation was developed 
for Prestoea montana, using total height as the predictor of 
biomass.  

� A comparison of biomass estimates and nutrient content was 
done previous and after the passage of hurricane Hugo in Sep., 
1989. Results indicate that standing biomass was reduced from 
226 to 113 Ton/ha, and nutrient content was reduced 45 to 48%. 



 

 

Table 3.1 (Continued) 

 

Author�s Name Year Research Topic Main Aspects Included / Conclusions 
Weaver 1994 The only equation for 

subtropical moist forest 
developed in the Caribbean 
region. 

� Separate and combined biomass regression equations were 
derived from DBH and height measurements for subtropical 
moist forest life zone developed in the Caribbean (Puerto Rico 
and the U.S. Virgin Islands). Thirteen trees from Puerto Rico�s 
Cambalache Commonwealth Forest and 7 from Cinnamon Bay, 
St. John, U.S. Virgin Islands, ranging from 6 to 40.5 cm DBH 
were used a samples. (R2 = 0.94 for the combined equation). 

Brown 1997 General regression equations 
that predict above-ground 
biomass for dry, moist, and wet 
life zones.  

� Equations for individual tree biomass estimates (kg) for dry, 
moist and wet life zones were developed from a data base that 
includes 371 trees from many species harvested from forests 
from the three tropical regions, with DBH ranging from 5 to 148 
cm.  

� Equation for moist forest was based on 170 trees with diameter 
ranges from 5 to 148 cm (R2= 0.97), and that for wet forests was 
based on 169 trees with diameter ranges from 4 to 112 cm (R2= 
0.92). Only DBH or basal area was used as biomass predictors.   

� Methods for estimating biomass density from existing data are 
presented. Also, primary data and field measurements needed 
for biomass estimation are presented. Finally, a methodology for 
biomass estimation through GIS modeling is presented.  

 
Francis 2000 Estimation of biomass and 

carbon content of 20 species of 
saplings in Puerto Rico 
secondary forests. 

� Allometric equations for total dry weight based on specific 
gravity, stem length, and diameter measured at 5, 30 and 75 cm 
were developed for each tree species, using simple linear and 
multiple regression techniques. 

� Prediction models were developed for all species together, 
obtaining best adjustment with simple linear regression (R2 = 
0.95). 

 



 

 

 

Table 3.1 (Continued) 

 

Author�s Name Year Research Topic Main Aspects Included / Conclusions 
Brandeis 2003 Comparison were made of 

above-ground woody biomass 
estimates developed using 
local equations, and estimates 
produced by published general 
equations developed from a 
composite of data sets from 
several countries (Brown, 1997 
and Brown et al. 1989). 
 

� Above-ground biomass estimates from the local equations 
(based on present forest inventory data in Puerto Rico) and 
general equations that incorporate tree height as well as tree 
diameter (DBH) were consistently lower and closer to published 
above-ground biomass estimates, than estimates from general 
equations that only used DBH.   

 
� Estimating above-ground biomass from inventory data will 

require locally developed equations or general equations that 
take into account tree height, due to the influence of hurricanes 
to the structure of Caribbean island forests. 

 
� Biomass equations for dry, moist and wet forests based on 

individual trees and on a per hectare basis were compared 
using ANOVA procedures.  

 
� The differences between protected public forests and private 

forests are seen when basal areas are examined. For public 
protected forests, estimates of basal area are about 22.52-28.02 
m2/ha, while basal area calculated outside of public forests 
varies between 13.8 and 15.1 m2/ha. This range of basal areas 
further demonstrates the variability in the island�s forests, and 
varying land use histories is probably one of the major causes of 
this variability. 
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From the research exposed above one can conclude the following: 

 

• There are volume and biomass equations available for Caribbean tropical 

forests based on individual tree measurements (DBH and total height, or only 

DBH). These equations are available for local forests such as the ones 

developed by Weaver (1994), Weaver and Gillespie (1992), or Scatena et al. 

(1993), and for tropical forests in general, such as the ones developed by 

Brown et al. (1989) and Brown (1997) from data sets collected in many 

tropical regions of the world. These equations generally are presented for dry, 

moist and wet forest types. The best estimates of these parameters are 

obtained from equations that obtained high R2 values and were developed for 

similar diameters and height ranges.  

 

• The great variability encountered within tropical forests with respect to basal 

area, volume, and biomass predictions comes from different intrinsic 

environmental conditions such as climate, soil type and parent material, but 

even more important considerations are land use, management practices, 

and the degree of past and future disturbances and protection of the forest.  
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4. OVERVIEW OF THE STUDY AREA 

 
The Rio Grande de Arecibo watershed is located in the central area of 

Puerto Rico, about 80 km west of San Juan. The watershed is confined within 

latitudes 18°11� and 18°20� N and longitudes 66°32�  and 66°46� W. Total 

watershed area up to the closing point at Lago Dos Bocas is 43,713.2 ha, point 

up to which the study area was defined. It covers parts of the Utuado, Jayuya, 

Adjuntas, and Ciales municipalities, and its estimated population is 173,721, 

according to the 2000 Census (U.S. Census Bureau, 2000 and ESRI, 2000). 

Elevation within the watershed fluctuates from 110 to 1338 m, the latter being the 

highest peak of the island, located at the south-eastern corner of the watershed 

(Cerro Punta). The terrain in the watershed is mountainous, characterized by 

strongly dissected uplands, with 85% of the watershed having slopes greater 

than 40%. Forest lands in the RGA watershed mostly have early and 

intermediate secondary forests, and some late secondary forests. These forests 

lands are public, federal or privately owned.  

 

 

 

Historically, the majority of this area has been farmed, but much of it has 

recently reverted to secondary forests. Significant land uses of the watershed 

are: Forest Land (64.4%), classified as mixed forest lands (areas stocked with 

deciduous, semi deciduous or evergreen trees with crown closure percentage of 

10% or more, capable of producing timber or other wood products, and exert an 

influence in climate and/or water regime); Range Land, classified as herbaceous 

rangeland (17%); Agricultural Land classified as croplands, confined feeding 

operations and orchards, groves, and nurseries (8.2%); Urban or Built-Up Land, 

classified as commercial, recreational and public use, industrial, and residential 

high and low density (7.7%); Barren Land classified as bare soil, landfills, stripe 

mines, quarries and gravel pits, and transitional land (1.16%); and Water Bodies 

4.1 Land Use  



 

 

17 

classified as lakes and reservoirs, and streams and channels (CSA Group � 

unpubl. data, 2000). Exceptional natural value areas within the watershed are 

parts of Bosque Rio Abajo in Utuado, Bosque Guilarte and Bosque del Pueblo in 

Adjuntas, and Bosque Tres Picachos in Jayuya, and the unprotected forest lands 

of the Utuado and Adjuntas mine zones. Figure 4.1 shows the location and 

watershed delineation closing at the dam site of Lake Dos Bocas.  

 

Figure 4.1. Rio Grande de Arecibo watershed at Lake Dos Bocas 

 

 

 

Ecological life zones are identified by using a triangular matrix whose axes 

represent mean biotemperature, precipitation and potential evapotranspiration 

ratio. Mean biotemperature is defined as the mean air temperature modified by 

substituting zero for values outside the range of 0 to 30°C (Ewel and Whitmore, 

1973). Therefore, life zones are primarily climatic divisions that define conditions 

for ecosystem functioning. Each life zone can be further subdivided into 

associations to account for local environmental influences such as moisture 

4.2 Ecological Life Zones 
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conditions. They also take into account the altitudinal belts and latitudinal regions 

(National Academy Press, 1982).  

 

Within the study area, and only accounting for forest lands of the RGA, 

subtropical wet forests (wf-S) predominate (77.3%), with some subtropical moist 

forests (mf-S) (14.5%) and wet forest lower montane (wf-LM) (8.2%), according 

to the Holdridge (1967) and Ewel and Whitmore (1973) life zone classification 

system. According to this classification, wet forests receive from 2000 to 4000 

mm of annual precipitation, have between 18 to 24°C  of mean annual 

biotemperature, and have a potential evapotranspiration ratio between 0.25 and 

0.5. For moist forests, these values vary from 1000 to 2000 for annual 

precipitation, from 18 to 24°C for mean annual biot emperature, and from 0.5 to 1 

potential evapotranspiration ratio. Finally for wet lower montane forests, these 

values are the same as for wet forests, except the mean biotemperature, which 

varies between 12 and 24°C (Ewel and Whitmore, 1973 ). In the RGA mean 

annual biotemperature is 22°C and annual precipitat ion varies from 1,500 to 

2,500 mm. 

 

 

 

 

Soils of the watershed are developed from cretaceous volcanic rocks and 

tertiary volcanic and plutonic rocks, although there are small portions of the 

watershed that are developed from tertiary limestone and on more recent, 

quaternary alluvial deposits (Beinroth, et al. 1996). The most extensive soils 

within the watershed are Inceptisols (35.6%) (Dystrudepts, Eutrodepts, 

Endoaquepts), and Ultisols (33.6%) (Haplohumults, Hapludukts, Paleudults, 

Kandiudults). Less extensive soils are Oxisols (14.5%) (Hapludox, Kandiudox), 

Mollisols (1.9%) (Haprendolls, Hapludolls), Alfisols (3.01%) (Hapludalfs), 

Vertisols (0.07) (Dystraquerts), and Entisols (0.35%) (Udifluvents Hydraquents, 

4.3 Soils 
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Urdothents). The non-soil areas of the watershed (urban, industrial, water bodies, 

exposed, and mines, among others) comprise a total of 9.4% of the total area. 

The soils of the watershed comprise 7 soil orders, 12 suborders, and 16 great 

groups. There are 35 soil series subdivided in 82 soil mapping units based on 

slope and level of erosion (Acevedo, 1982). The northern part of the 

municipalities of Ciales and Utuado overlay a limestone aquifer that is part of the 

north coastal limestone aquifer system, one of the most productive sources of 

ground water in Puerto Rico (Lugo et al. 2001).  
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5. METHODOLOGY 

 

 
 

 

A stratified random sampling procedure was developed for the forest 

inventory, with the support of a geographic information system (GIS) developed 

using ARCVIEW 8.2 platform (ESRI, 1999) and ARCGIS. Tools such as ArcMap, 

ArcTool Box, Arc-Catalogue and X-Tools were used to support the GIS 

procedures. The methodology applied allowed random location of forest 

sampling plots in a stratified manner, proportionally to the area of each stratum 

encountered within the watershed. The following sections describe in detail the 

methodology used to construct the geographic information system that served as 

the basis for stratified and random plot location, and field sampling. 

5.1.1 Sources of Information 

 
          The GIS developed for the purpose of forest inventory sought to integrate 

relevant sources of information about environmental conditions that induce forest 

development and biomass accumulation in these topographically complex 

ecosystems. Our first goal was to map portions of the watershed covered by 

forests. Figure 5.1 shows the first layer of information of the GIS system. It 

consists of a Land Use Map of the study area developed in 2000 for the 

Autoridad de Acueductos y Alcantarillados de Puerto Rico (CSA Group � unpubl. 

data, 2000). This map used the classification system of the USGS Geological 

Survey (Anderson et al. 1976), and according to it, forest lands within the 

watershed cover 27,898 ha, or 64.4% of the total watershed area. This coverage 

has 1,779 polygons.  

5.1 Forest Inventory � Sampling Procedure  
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                Figure 5.1. Land use of the Rio Grande de Arecibo watershed up to 

Lake Dos Bocas and study area (Adapted from CSA Group, 2000). 
                  

Ecological Life Zones 

 

           Tropical forests� above-ground biomass reportedly varies significantly with 

geographic location, life zone, forest type and degree of disturbance (Brown, et 

al. 1989). Since ecological life zone is an important component of biomass 

prediction, a digital version of the map: �The Ecological Life Zones of Puerto Rico 

and the U.S. Virgin Islands� (Scale 1:250.000) developed by Ewel and Whitmore 

(1973) was included as a separate layer into the GIS. Table 5.1 and Figure 5.2 

show a summary of the ecological life zones within the study area.  
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Table 5.1. Ecological life zones in the RGA watershed. 
 

Ecological Life Zone Area 

(ha) 

  % # of polygons  

Subtropical Wet Forest (wf-S) 21,572 77.3 1 

Subtropical Moist Forest (mf-S) 4,052 14.5 1 

Lower Montane Wet Forest (wf-LM) 2,274 8.2 5 

Total: 27,898 100 7 

 

 

 

Figure 5.2. Ecological life zones within the study area. 
 

Soils and Geology  

 

Another main source of variation that could explain forest development is 

the soil type. Within the watershed, there are 35 soil series, mostly represented 

by three Ultisols (Humatas, Los Guineos and Maragüez) and two series of 


