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ABSTRACT.-TO~~~ aboveground live tree biomass in Puerto Rican lower montane wet, subtropical wet, 
subtropical moist and subtropical dry forests was estimated using data from two forest inventories and 
published regression equations. Multiple potentially-applicable published biomass models existed for some 
forested life zones, and their estimates tended to diverge with increasing tree diameter at breast height. 
Inventoried forests showed structural characteristics typical of secondary tropical forests and stand suc- 
cessional trends of increasing stem density from initial reversion to young closed forest, followed by a 
decrease in stem density and gradual increase in basal area and biomass as the stands developed. Stems with 
D,, < 10 cm contributed 9.9-50.9% of total aboveground biomass. When present, 50-90+ cm DBH trees greatly 
increased aboveground biomass values on individual plots, but these effects subsided when averaged over 
the forested landscape. Inherent variability in large-tree form combined with equations that extrapolate 
beyond the range of sampled trees impedes accurate aboveground biomass estimation for larger trees. 
Application of equations developed in areas that most closely match potential study sites should improve 
overall estimation accuracy of all forest stands, however, locally developed biomass equations are lacking for 
subtropical dry and perhaps subtropical moist forest life zones in Puerto Rico. 

K ~ ~ ~ o ~ ~ ~ . - - B i o r n a s s ,  forest inventory, Puerto Rico, Rio Grande de Arecibo 

Following extensive deforestation (Wads- 
worth 1950), Puerto Rico's secondary for- 
ests developed into a unique combination 
of native Caribbean tree species and tree 
species introduced from tropical areas 
around the world (Lugo and Helmer 2004). 
Assessing the health and function of these 
new forest ecosystems requires a long-term 
inventory and monitoring effort. Estimat- 
ing carbon fixed by and stored in tropical 
forest ecosystems provides insight into lo- 
cal and global biogeochemical cycles 
(Brown and Lugo 1982; Brown and Lugo 
1990; Dixon et al. 1994; Grau et al. 2004; 
Phillips et al. 1998), so while past forest in- 
ventories in Puerto Rico focused on wood 
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volume and tree basal area (Birdsey and 
Weaver 1982; Franco et al. 1997), current 
inventories require accurate assessments of 
biomass and carbon. However, studies in 
other tropical forests have shown that un- 
certain biomass estimates complicate the 
quantification of forest carbon storage and 
fluxes (Brown et al. 1995; Houghton et al. 
2000; Houghton et al. 2001; Nascimento 
and Laurance 2002). Regression equations 
used to estimate individual tree biomass 
have been cited as a source of significant 
error, particularly for larger trees (Over- 
man et al. 1994; Clark and Clark 2000; 
Keller et al. 2001; Chave et al. 2004). 

Derivation of regression equations 
through destructive sampling allows re- 
searchers to model live tree aboveground 
biomass (AGB) as a function of one or more 
standing tree dimensions such as tree stem 
diameter at breast height (DDH at 1.37 m) 
and tree height (H,) (Parresol 1999). Large- 



oped from data that included sapling-sized 
trees. 

Crews located FIA plots with GPS units. 
A Geographic Information System (GIs) 
was used to assign Holdridge ecological 
life zones and parent material stratum from 
plot geographic coordinates. The FIA data 
set used in this study consists of 7 plots in 
the lower montane rain/wet forest with 315 
trees, 72 plots in subtropical wet forest with 
2,128 trees, 136 plots in subtropical moist 
forest with 3,640 trees, and 24 plots in the 
subtropical dry forest with 532 trees, for a 
total of 6,615 trees. An additional 38 plots 
categorized as recent reversions back to for- 
est (< 10% forest tree canopy coverage) 
with 312 trees were separated from the 
main analyses because the goal was to first 
quantify AGB in more developed forests. 
Reversion plots were used in a separate 
analysis examining AGB changes over the 
course of stand development. 

The second data set comes from a forest 
inventory of the upper reaches of the Rio 
Grande de Arecibo watershed (RGA). After 
subtracting non-sampled areas such as 
water bodies, landslides, alluvial deposits, 
agriculture and urban/developed area, 
RGA has an area of 27,300 ha. It was inven- 
toried in the summer 2003 by students 
of the University of Puerto Rico, Recinto 
Mayagiiez using a stratified random de- 
sign. Details on the inventory design are 
available in Suarez-Rozo (2004). The num- 
ber of plots was proportional to the area of 
each stratum and the number of days avail- 
able to carry out field work. A total of 4,469 
trees with DBH 2 10.0 cm were measured in 
91, 0.1 ha square plots that were stratified 
by Holdridge ecological life zone and geo- 
logical parent material. Total area for each 
forest type and parent material stratum 
was derived from 2001 Landsat imagery 
and GIs coverages (Suarez-Rozo 2004). The 
RGA inventory data used for this analysis 
gave 4 plots in lower montane wet forest 
with 234 trees, 47 plots in subtropical wet 
forest with 2,119 trees, and 8 plots in sub- 
tropical moist forest with 427 trees. 

Although standing dead trees were tal- 
lied in both inventories, only live trees were 
included in the AGB estimates. Shrubs and 
woody vines were not included in either 

inventory, so their biomass is not included 
in the estimates of AGB. Mangroves and 
other forest types of lesser extent that occur 
on Puerto Rico were not addressed by this 
study because the data sets used did not 
provide a sufficient number of samples. 

Biolizass models 

We estimated individual tree AGB in ki- 
lograms (oven dry weight) for both data 
sets by applying the published regression 
equations by life zone (Table 1 ). All models 
estimate individual tree total AGB (woody 
plus foliage biomass). When authors pro- 
vided more than one model, the models 
that used both D,, and H, tree measure- 
ments were chosen over those models that 
used DB, alone because height potentially 
improves estimation precision (Brown 
2002). Details on each life zone's models 
follow. 

Lower montane rainlwet forest equations.- 
Species typical of the palo colorado forest 
type (Cyrilla racemzflora L., Ocotea spathulata 
Mez., Microplzolis clzrysophylloides Pierre and 
Micropholis garciniaefolia Pierre), elfin forest 
type (Ez~gmia borinquensis Britton, Tabebuia 
rigida Urban, Weinmannia pinnata L. and 
Calycogonium squamulosum Cogn.) and the 
palm brake forest type (dominated by 
Prestoea mo~~tana (Graham) Nichols.) are 
found in the lower montane forest life 
zones of Puerto Rico (Ewe1 and Whitmore 
1973). Weaver and Gillespie (1992) devel- 
oped regression equations for determining 
total aboveground woody biomass and to- 
tal AGB (woody plus foliage biomass) in 
oven-dry kg/tree using D,, and DBH 2 ~ ,  

as the predictors for the lower montane 
rain and wet forest (elfin and palo colorado 
forest types) in the Caribbean National For- 
est. Trees in their data set ranged from 0.3- 
45.7 cm in diameter, and 1.3-20.7 meters in 
height. Fifty-six trees with DBH < 5 cm and 
29 trees with DBH 2 5 cm from 45 species 
were destructively sampled. 

The equation that estimated total bio- 
mass from DBH 'H, for elfin forest was used 
for lower montane rain forest, and the simi- 
lar equation for palo colorado forest was 
used for lower montane wet forest (Table 1). 
However, there was only one plot in both 
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scale biornass estimates can be made for 
forested areas by applying these equations 
to individual trees in the forest inventory 
sample (Birdsey 1992; Brown 1997; Smith 
et al. 2004). Ideally, regression equations 
that estimate AGB would be available for 
each individual tree species over its entire 
range of potential sizes and growth forms. 
Work done in temperate forests approaches 
but still has not reached this ideal (See Cost 
and McClure 1982 for an example). In any 
case, this approach is not currently practi- 
cal for diverse tropical forests, such as those 
of Puerto Rico where an island-wide forest 
survey might encounter up to 659 tree spe- 
cies (Little et al. 1974; Francis and Liogier 
1991). Creating regression equations for 
species groupings rather than individual 
species (Whittaker and Marks 1975; Nelson 
et al. 1999; Brown 2002), or individual 
equations for only the dominant species 
(Scatena et al. 1993; Nelson et al. 1999) are 
accepted compromise solutions that most 
of the forestry and forest ecology studies 
in tropical forests use, including those in 
Puerto Rico. A representative sample of 
trees from within a geographic area, life 
zone, forest type, or combination of these 
factors, is used to develop a single regres- 
sion equation. Applying this approach 
more broadly, Brown et al. (1989) and 
Brown (1997) presented different models 
for estimating tropical forest biomass glo- 
bally using tropical forest data sets from 
several countries. 

Research in Puerto Rico has provided lo- 
cally-developed regression equations that 
estimate AGB in oven-dry kilograms by us- 
ing individual tree diameter at 1.37 m 
(DBH) and total height (H,) measurements. 
For some forest types, more than one equa- 
tion is potentially available for estimating 
AGB. Equations are generally grouped ac- 
cording to Holdridge life zone, specifically 
subtropical lower montane rain, subtropi- 
cal lower montane wet, subtropical wet, 
subtropical moist, and subtropical dry for- 
est (Ewe1 and Whitmore 1973). 

The objectives of this study are to (1) re- 
view the literature for AGB regression 
equations applicable to the subtropical 
lower montane rain / wet, subtropical wet, 
subtropical moist and subtropical dry for- 

ested life zones in Puerto Rico, (2) describe 
the structure of the inventoried forests in 
terms of stem density and basal area, and 
provide individual tree and per hectare 
AGB estimates calculated by applying ex- 
isting models to data from two forest in- 
ventories, by life zone and soil parent ma- 
terials, (3) compare estimates made for life 
zones with multiple available AGB equa- 
tions, (4) assess AGB at different forest 
successional stages, and (5) evaluate the in- 
fluence of small (D,, < l0cm) and large 
(D,, > 50-90cm) tree density and distribu- 
tion on final average AGB estimates. 

MATERIALS AND METHODS 

Forest insentory data sets 

Data from two Puerto Rican forest inven- 
tories were used to make AGB estimates; 
the island-wide USDA Forest Service, For- 
est Inventory and Analysis (FIA) forest sur- 
vey, and the University of Puerto Rico's 
"NASA.-University Research Center, 
Tropical Center for Earth and Space Stud- 
ies, Atmospheric Carbon Sequestration in 
Tropical Watersheds" survey of the of the 
upper reaches of the watershed of the KO 
Grande de Arecibo (RGA). 

The island-wide FIA forest inventory of 
2001-2003 used a systematic sample (for de- 
tails on the inventory design see Brandeis 
2003) which sampled all forest types and 
ownership categories across the 890,000 ha 
island, thus avoiding plot selection bias 
(Brown and Lugo 1992; Houghton et al. 
2001; Phillips et al. 2002). Forest was de- 
fined using the FIA program definitions: at 
least 10% tree canopy coverage and a mini- 
mum area of 0.4 ha, or be at least 37 m wide 
if a strip. The sample unit consisted of a 
cluster of four subplots each with a 7.3 m 
radius. All trees with D,, 2 12.5 cm within 
the subplots were measured. All saplings 
with DBH 2 2.5 cm were measured within 
2.1 m radius microplots nested within each 
subplot. For buttressed trees, DBH was 
taken above the b~lttress and measurement 
height noted. All stems with DBH 2 2.5 cm 
were included in the AGB estimates even 
though not all the equations used for esti- 
mating biomass in this study were devel- 




































