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1  |  INTRODUC TION

Tropical forests constitute a significant component of the global 
carbon cycle and are recognized as hotspots of both terrestrial bio-
diversity and anthropogenic pressure (Malhi et al., 2021; Sullivan 
et al., 2020). These ecosystems are vital in mitigating climate 

change due to their capacity to act as carbon sinks by seques-
tering atmospheric CO2 as living biomass (Baccini et al., 2012). 
Accurate quantification of aboveground biomass (AGB) in trop-
ical forests is, therefore, critical to establish baselines and quan-
tify changes in the global carbon cycle (Herold et al., 2019; Ledo 
et al., 2016).
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Abstract
Tropical forests play a major role in the global carbon cycle but their diversity and 
structural complexity challenge our ability to accurately estimate carbon stocks and 
dynamics. Palms, in particular, are prominent components of many tropical forests 
that have unique anatomical, physiological, and allometric differences from dicot trees, 
which impede accurate estimates of their aboveground biomass (AGB) and population 
dynamics. We focused on improving height estimates and, ultimately, AGB estimates 
for a highly abundant palm in Puerto Rico, Prestoea acuminata. Based on field measure-
ments of 1003 individuals, we found a strong relationship between stem height and 
diameter. We also found some evidence that height–diameter allometry of P. acumi-
nata is mediated by various sources of environmental heterogeneity including slope 
and neighborhood crowding. We then examined variability in AGB estimates derived 
from three models developed to estimate palm AGB. Finally, we applied our novel 
height:diameter allometric model to hindcast dynamics of P. acuminata in the Luquillo 
Forest	Dynamics	Plot	during	a	27-	year	period	(1989–2016)	of	post-	hurricane	recovery.	
Overall, our study provides improved estimates of AGB in wet forests of Puerto Rico 
and will facilitate novel insights to the dynamics of palms in tropical forests.
Abstract in Spanish is available with online material.
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Emergent technologies in remote sensing are facilitating in-
creasingly rapid and accurate biomass assessments of tropical for-
ests. Nevertheless, the accuracy of these approaches depend on 
field- based measurements for validation, which presents several 
challenges	(Duncanson	et	al.,	2019; Herold et al., 2019). First, di-
rect measurement of AGB requires destructive harvesting, drying, 
and weighing of entire (large) plants (Clark & Kellner, 2012). As a 
result, AGB estimates for trees are typically derived from allome-
tric equations that use nondestructive measurements of stem di-
ameter	(D),	height	(H),	and	wood	density	(WD)	to	predict	biomass	
(Burt et al., 2020;	 Duncanson	 et	 al.,	2019; Zuleta et al., 2022). 
Second, accurate measurement of height—a critical input of many 
AGB models—is challenging and time consuming, especially in 
dense tropical forests (Larjavaara & Muller- Landau, 2013). As a 
result, allometric sub- models that predict height from measured 
diameter are often components of models that estimate AGB 
(Burt et al., 2020; Chave et al., 2004; Ledo et al., 2016; Molto 
et al., 2013).

Although	 strong	 height:diameter	 (H:D)	 relationships	 exist	
for many trees due to coupled primary and secondary growth 
(Niklas, 2004), these relationships can vary across species and en-
vironmental conditions (Chave et al., 2014; Feldpausch et al., 2011, 
e.g., Avalos et al., 2019). However, arborescent palms, which are 
highly	 abundant	 members	 of	 many	 Neotropical	 forests	 (Dalagnol	
et al., 2022; Hastie et al., 2022; Muscarella et al., 2020; ter Steege 
et al., 2013),	 do	 not	 necessarily	 exhibit	 strong	 H:D	 relationships.	
More precisely, palms—as monocots—do not undergo “true” sec-
ondary growth; instead, they increase in diameter through a process 
described as “sustained primary growth,” which involves the enlarge-
ment of parenchyma cells throughout the stem with lignification and 
increased thickness of cell walls (Tomlinson, 1990). As a result, palms 
achieve tall heights without producing secondary xylem by “over-
building” their stems at early ontogeny in order to facilitate future 
growth (Avalos et al., 2019, 2022; Niklas, 1992; Tomlinson, 1990). 
Some palms also produce fibers with thick cell walls as a mecha-
nism for attaining considerable heights without secondary growth. 
For some palm species, therefore, these growth mechanisms can 
decouple height and diameter associations, which can reduce accu-
racy of AGB estimates in tropical forests where palms account for a 
substantial proportion of stems (Goodman et al., 2013; Muscarella 
et al., 2020).

Even	in	cases	where	strong	H:D	relationships	can	be	established,	
variation in environmental conditions can affect allometric scaling 
through patterns of resource availability or effects on the local com-
petitive environment (Avalos et al., 2019; Feldpausch et al., 2011; 
Weiner, 2004). For example, trees growing on steeper and drier 
slopes had shorter stems for a given diameter in a wet evergreen 
monsoon	forest	in	India	(Antin	et	al.,	2013). Trees in French Guiana's 
rainforest were more slender on hilltops than in bottomlands, likely 
as a result of variation in local stand density and competition for light 
(Ferry et al., 2010). For palms, Avalos et al. (2019) showed variation of 
H:D	allometry	for	palms	from	different	forest	strata	and	geographic	

locations, but the underlying causes for this variation are unclear. 
A	better	understanding	of	H:D	relationships	for	palms,	including	po-
tential influences of environmental heterogeneity, would improve 
estimates of tropical forest biomass and enhance understanding of 
the factors that mediate palm growth, population dynamics, and re-
sponses to disturbance.

We	developed	a	novel	H:D	allometric	equation	for	an	abundant	
palm on the island of Puerto Rico, Prestoea acuminata (R. Graham) 
Nichols. Our core motivation is that the existing AGB model for this 
species (Frangi & Lugo, 1985) requires stem height as an input, which 
is	rarely	measured.	We	apply	our	novel	H:D	allometric	model	in	con-
junction with existing AGB models to hindcast AGB dynamics in the 
Luquillo	Forest	Dynamics	Plot	over	 a	27-	year	period	 (1989–2016),	
spanning a period of hurricane recovery. We address the following 
questions:

1.	Does	P. acuminata	exhibit	a	height–diameter	(H:D)	relationship	
and, if so, what is the best model to fit this relationship?

While the lack of true secondary growth in palms can decou-
ple diameter and height, sustained primary growth can lead to 
significant	H:D	relationships	 for	some	species	 (Avalos	et	al.,	2019; 
Goodman et al., 2013). Based on field measurements of diameter 
and height, we compared a suite of models to predict stem height 
from stem diameter for P. acuminata.

2.	How	does	environmental	heterogeneity	mediate	H:D	allome-
try of P. acuminata?

We	quantified	the	slenderness	ratio	of	each	palm	(H/D)	to	test	
how allometry of P. acuminata varies with elevation, slope, and 
neighborhood crowding (reflecting the competitive light environ-
ment). We predicted that palms would be less slender at higher el-
evations due to wetter conditions and more exposure to wind. We 
also expected palms on steeper slopes to be less slender if slope 
serves as a proxy for water availability; steeper slopes are associated 
with drier soils which could select for more stout palms. Finally, we 
predicted that palms growing in more crowded areas would be more 
slender due to greater competition for light.

3. How variable are palm aboveground biomass (AGB) estimates 
based on available models?

We evaluated the variability of estimated AGB for P. acuminata 
using three models of palm AGB: a species-  and site- specific model 
(Frangi & Lugo, 1985)	coupled	with	our	newly	developed	H:D	model,	
and two family- level models for palms developed by Goodman 
et al. (2013) and Avalos et al. (2022).

4. How has AGB of P. acuminata changed during a 27- year period 
following a major hurricane?

To further understand palm and forest dynamics after major 
hurricane	 disturbance,	 we	 used	 our	 novel	 H:D	model	 to	 hindcast	
palm	 AGB	 for	 the	 Luquillo	 Forest	 Dynamics	 Plot	 over	 a	 27-	year	
period (1989–2016), following the Category 4 hurricane Hugo in 
1989. Because hurricanes tend to impose higher levels of damage 
on non- palm trees compared to palms (Uriarte et al., 2019, Zhang 
et al., 2022a, 2022b, Uriarte et al., 2023), we expected an increase in 
palm relative abundance and AGB over this period.
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2  |  METHODS

2.1  |  Study site and focal species

We used new and existing data from the 16- ha Luquillo Forest 
Dynamics	Plot	 (LFDP)	 and	 its	 immediate	 surroundings,	 situated	 in	
northeastern	Puerto	Rico.	The	LFDP	ranges	in	elevation	from	337	to	
425 m,	has	a	slope	ranging	from	3%	to	65%,	and	receives	an	average	
annual	 precipitation	 of	 ca.	 3500 mm yr−1 (Thompson et al., 2002). 
The	LFDP	has	been	exposed	to	various	natural	and	anthropogenic	
disturbances which, in combination with variation in soil types and 
terrain, has generated a highly heterogeneous physical environment 
(Thompson et al., 2002; Zimmerman et al., 2021). Approximately 
every	5 years	since	1990,	all	free-	standing	woody	plants	in	the	LFDP	
with	a	diameter	at	breast	height	(DBH)	≥1 cm	are	measured,	identi-
fied, mapped, and tagged (notably, measurements of plant height are 
not	included	in	the	LFDP	census	protocol).

Prestoea acuminata (var. montana; Sierra palm) is a medium- size 
arborescent palm widespread and abundant in wet forests of Puerto 
Rico and, by far, the most abundant and widespread palm species 
in	Puerto	Rico,	 including	 in	 the	LFDP	 (Miller	&	Lugo,	2009). Many 
forests of Puerto Rico are dominated by P. acuminata; in 2016, for 
example, P. acuminata	accounted	for	22%	of	the	total	stems	and	23%	
of	 the	 total	 basal	 area	 in	 the	 LFDP.	P. acuminata can be found on 
steep slopes and alongside streams and waterlogged soil on moun-
tain floodplains (Frangi & Lugo, 1998, Lugo & Frangi, 2016).

We	used	data	from	the	six	LFDP	censuses	available	at	the	time	
of our study (i.e., those completed in 1990, 1994, 2000, 2005, 2011, 
and	2016),	accessed	with	the	EDIutils	R	package	(Smith,	2022). This 
time series spans a period immediately following a major hurricane 
(Hugo in 1989) and including several less severe hurricanes (e.g., 
Georges	 in	 1998,	 Irene	 in	 2011)	 but	 preceding	 a	major	 hurricane	
(Maria) that decimated the island in 2017. Additionally, we mea-
sured	the	diameter	and	height	of	a	subset	of	palms	inside	the	LFDP	
(n = 882),	 as	well	 as	 a	 haphazard	 sample	 of	 121	 palms	 in	 the	 area	
immediately	adjacent	to	the	LFDP,	in	January	2020	(total	N = 1003	
palms). For each palm, we measured stem height from the ground 
to the base of the crown (Hbc; height of the youngest internode), 
diameter	at	130 cm	aboveground	(D130), and basal diameter (DB; just 
above the top of the roots) (Figure S1). For palms with Hbc ≤2 m,	we	
measured height with a measuring tape, for palms between 2 and 

5 m	tall,	we	used	a	calibrated	extension	pole,	and	for	palms	>5 m,	we	
used	a	Nikon	forestry	Pro	II	rangefinder.

2.2  |  Height–diameter allometry

To address Q1, we compared a suite of allometric equations (Table 1) 
to find the best fit model that predicts P. acuminata Hbc as a function 
of	D130, following previous studies (e.g., Ledo et al., 2016). We fit 
models 1–3 and 5–6 using the lm function and Model 4 using the nls 
function	in	R	v4.1.3	(R	Development	Core	Team,	2020), and Model 
7	using	the	BIOMASS	R	package	(Réjou-	Méchain	et	al.,	2017). We 
used cross- validation to assess model performance by splitting the 
data	into	training	and	validation	sets	of	63%	and	37%,	respectively	
(Xu & Goodacre, 2018). Across 100 bootstrap iterations, we calcu-
lated the median and standard deviation of root mean square error 
(RMSE), residual standard error (RSE), and R2. We also calculated 
the	Akaike	Information	Criterion	(AIC)	with	the	full	dataset	and	con-
sidered the model(s) with ΔAIC	<2 as the best model(s) (Johnson 
& Omland, 2004).	We	adjusted	AIC	values	 for	models	with	 a	 log-	
transformed	 response	 variable	 as:	 AICadj = AIC + −2	 ∑log{y(n) + 1}	
(Akaike, 1978). We do not provide R2 for the power law or Weibull 
models, because this metric is inappropriate for non- linear models 
(KvaLseth, 1983).	Models	with	lower	AIC,	RMSE,	RSE	and	higher	R2 
performed	better;	we	selected	the	‘best’	model	based	on	lowest	AIC	
and consideration of other evaluation statistics. We used the same 
approach to compare models of DB and Hbc. For all models that pre-
dicted log(Hbc), we used the “logbtcf” function from the FSA R pack-
age (Ogle et al., 2023) to compute a correction factor as defined by 
Sprugel (1983) to correct for bias introduced by log- transformation.

2.3  |  Environmental heterogeneity and its effects 
on palm allometry

To investigate the influence of environmental heterogeneity on palm 
allometry (Q2), we first computed the slenderness ratio (Hbc:D130 
ratio)	for	each	palm.	For	palms	inside	the	LFDP,	we	used	the	LFDP	
census	data	to	determine	elevation	(m)	and	slope	(%)	in	their	imme-
diate area (Thompson et al., 2002; Zimmerman, 2018). We excluded 
palms	outside	the	LFDP	from	this	analysis.	To	assess	how	local	biotic	

Model Functional form

1. Linear Hbc = a + b × D

2. Log- linear Hbc = a + b × ln(D)

3. Log–log ln
(

Hbc

)

= a + b × ln(D)

4. Power law Hbc = a + Db

5.	Log–log	quadratic	I	(single	term) ln
(

Hbc

)

= a + b × ln(D)
2

6.	Log–log	quadratic	II	(two	term) ln
(

Hbc

)

= a + b × ln(D) + c × ln(D)
2

7. Weibull
Hbc = a ×

(

1 − exp
(

−

(

D

b

)c))

Note: The parameters a, b, and c are model coefficients.

TA B L E  1 The	suite	of	allometric	models	
used to mathematically describe height 
at the base of the crown (Hbc; m) as a 
function of diameter (D130 or DB; cm).
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conditions influence palm allometry, we computed a neighborhood 
crowding	index	(NCI)	based	on	the	density	and	size	of	trees	in	a	20 m	
radius surrounding each focal palm, following Uriarte et al. (2004). 
Specifically,	we	 computed	NCI	 as	 the	 sum	of	 the	 ratio	of	DBH	of	
each j neighboring tree divided by its distance from the i focal tree:

To minimize edge effects, we excluded palms located <20 m	
from	 the	 LFDP	boundary,	 leaving	 726	 palms	 for	 this	 analysis.	We	
then used multivariate regression to relate slenderness ratio with 
elevation	(m),	slope	(%),	and	log-	transformed	NCI.

2.4  |  Biomass model comparison and AGB 
hindcasting

We used three palm- specific models to assess the magnitude of vari-
ation of their AGB estimates (Q3). We first used these models for 
individual AGB estimates of our 1003 sampled palms and then for 
palm	AGB	in	the	LFDP	during	each	census.	As	a	baseline	for	compari-
son, we used the species-  and site- specific AGB model developed 
by Frangi and Lugo (1985), which was parameterized by regressing 
measured AGB and height of harvested P. acuminata individuals from 
a	nearby	site	with	similar	conditions	as	the	LFDP.	This	model	takes	
the form:

For our 1003 sampled palms, we used our measured height data 
(Hbc)	with	this	model.	When	applying	this	model	to	the	LFDP	census	
data, we first estimated Hbc based on field measured D130 and our 
best fit Hbc:D130 model. We estimated upper and lower bounds for 
total	palm	AGB	in	each	census	based	on	the	95%	confidence	inter-
vals of Hbc predicted by our Hbc:D130 model.

We compared estimates of palm AGB based on Equation 2 with 
estimates from a ‘family- wise’ AGB model of Goodman et al. (2013), 
developed with data from eight Amazonian palm species (not includ-
ing P. acuminata). The Goodman et al. (2013) model takes the form:

We selected this particular model for comparison because it is 
based	on	measured	D130 and does not require information on height. 
Note, however, that Goodman et al. (2013) also provide a family- 
wise model that includes terms for stem height and dry mass frac-
tion which provided a better fit to their data.

Finally, we also compared palm AGB estimates from a “family- 
wise” model of aboveground carbon from Avalos et al. (2022). This 
model was parameterized for eight Costa Rican palm species and 
takes the form:

Note that Equation 4 predicts aboveground carbon (not biomass) 
so we used a conversion factor of 2 to convert to dry biomass, fol-
lowing Avalos et al. (2022). Additionally, predictions of AGB were 
multiplied by a correction factor of 1.4 to compensate for introduced 
bias due to log- transformation (see Avalos et al., 2022).

To address Q4, we used estimates for total palm AGB in the 
LFDP	as	described	 above	but	we	only	 included	palms	 that	 had	 a	
diameter	measured	at	between	1	and	1.6 m	above	 the	ground	as	
our	H:D	model	was	fit	with	D130 values. To express palm AGB as 
a	fraction	of	total	tree	AGB	in	the	LFDP,	we	used	the	BIOMASS	R	
package	(Réjou-	Méchain	et	al.,	2017) to estimate AGB for all non- 
palm trees.

3  |  RESULTS

3.1  |  H:D allometry

The palms we measured ranged in D130	from	6.4	to	21.9 cm,	which	
corresponds	well	to	the	overall	range	of	variation	for	palm	DBH	in	
the	LFDP	(Figure S2).	The	best	 fit	model	 (i.e.,	 lowest	AIC)	was	the	
log–log quadratic with a single term (Table 2, Model 5):

Other evaluation statistics of this model were better or compa-
rable to the other models (Table 2). All linear models were signifi-
cant (p <.001) based on F- tests. Although F- tests are not valid for 
non- linear models, all coefficients in these models were statistically 
significant and their confidence intervals did not overlap zero. Model 
comparison metrics show that log- transformation of both Hbc and 
D130 resulted in better fit models, consistent with previous studies 
that rejected linear, log- linear, and parametric models (Feldpausch 
et al., 2011). Unsurprisingly, linear and log- linear models tended to 
underestimate height and predict negative height estimates for small 
individuals, whereas the simple log- model underestimated height for 
taller palms (Figure 1a).

A detailed summary of fitted Hbc:DB models is presented in 
Table 2.	 The	 log–log	 quadratic	 model	 II	 (two-	term;	 Model	 6b	 in	
Table 2) provided the best fit (Figure 1b):

This model explained slightly more variation (R2 = 0.57	vs.	0.55)	
and, more importantly, could be used to fit shorter palms than mod-
els	based	on	D130.

3.2  |  Allometry and environmental heterogeneity

Our analysis of the slenderness ratio (Hbc:D130) of P. acuminata re-
vealed weak but statistically significant associations with slope and 

(1)NCIi =
∑j

i=1, i≠j

DBHj

distij

(2)ÂGB = 4.5 + 7.7 × Hbc

(3)ln
(

ÂGB
)

= − 3.3488 + 2.7483 × ln
(

D130

)

(4)ln
(

ÂGC
)

= − 4.77 + 2.82 × ln
(

D130

)

(5)Ĥbc = 1.068344∗exp
(

− 1.26 + 0.40 × ln
(

D130

)2
)

(6)Ĥbc = 1.065064∗exp
(

6.207 − 4.937 x ln
(

DB

)

+ 1.052 × ln
(

DB

)2
)
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neighborhood	crowding	 (NCI),	but	not	elevation	 (Table 3; F = 6.48,	
p < .001).	Specifically,	palms	in	steeper	terrain	and	in	more	crowded	
conditions	 (greater	 NCI)	 tended	 to	 be	 less	 slender	 (Figure 2). 
Although these effects were statistically significant, the model ex-
plains little of the total variation in the dataset (R2 = 0.03),	indicating	
overall weak associations between palm allometry and the gradients 
in our dataset (Table 3).

3.3  |  Influence of model selection on 
biomass estimates

Compared to the baseline model of Frangi and Lugo (1985), the 
Goodman et al. (2013) model tended to overestimate AGB of indi-
vidual	palms	by	an	average	of	2.42 kg	(±16.41 sd) while the Avalos 
et al. (2022) model tended to underestimate AGB of individual palms 
by	an	average	of	5.00 kg	 (±14.95 sd) (Figure 3). Summed across all 
palms in our dataset, the value of total palm AGB estimated with 
the Goodman et al. (2013)	model	was	9.3%	higher	than	the	baseline	
estimate whereas the estimate from the Avalos et al. (2022) model 
was	10.6%	lower	than	the	baseline.

For	 estimated	 palm	AGB	 in	 the	 LFDP,	 the	 range	 between	 the	
upper	 and	 lower	 bounds	 (based	 on	 95%	 confidence	 intervals	 of	

height	 from	our	H:D	model)	corresponded	 to	~6%	of	 the	 total	es-
timated palm AGB based on the baseline Frangi and Lugo (1985) 
model (see error bars in Figure 4). Estimates of palm AGB from the 
Goodman et al. (2013)	model	were	17%–23%	higher	than	the	base-
line,	depending	on	the	census.	 In	contrast,	the	Avalos	et	al.	 (2022) 
model estimates were similar to the baseline, with values varying ca. 
3%	from	the	baseline	and	lying	within	the	upper	and	lower	bounds	
of the baseline model.

3.4  |  Biomass dynamics

Relative abundance of P. acuminata followed a steadily increasing 
trend	 in	 the	 LFDP	 during	 the	 period	 covered	 by	 our	 study,	 rising	
from	4.6%	of	total	stems	in	1990	to	22.0%	in	2016	(Figure 5). Until 
the 2000 census, P. acuminata was the fifth most prevalent species 
while in the census of 2005 it ranked second and during the last two 
censuses (2011 and 2016), it was the most abundant species in the 
LFDP.	Accordingly,	the	relative	basal	area	of	P. acuminata increased 
from	13.4%	in	1990	to	22.5%	in	2016.	These	patterns	were	mirrored	
by an upward trend in P. acuminata AGB estimates (Mg/ha) through-
out	the	censuses.	Total	estimated	palm	AGB	in	the	LFDP	increased	
by	81%	over	the	study	period,	from	15.0 Mg/ha	in	1990	to	27.2 Mg/

F I G U R E  1 Fitted	(a)	Hbc:D130 and (b) Hbc:DB allometric models for P. acuminata. Each point represents an individual palm and each line 
a	fitted	allometric	model.	The	applicable	range	is	1.30 m ≤ Hbc ≤ 14.75 m	and	(a)	6.4 cm ≤ D130 ≤ 21.9 cm,	(b)	is	9.7 cm ≤ DB ≤ 48.2 cm.	The	best	
fitted	model	in	(a)	is	the	Log–log	quadratic	I	(single	term;	Model	5	from	Table 2)	and	in	(b)	is	the	Log–log	quadratic	II	(two-	term;	Model	6	from	
Table 3).
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TA B L E  3 Goodness-	of-	fit	statistics	and	estimated	coefficients	(with	p- values) for multiple linear regression between slenderness ratio 
(Hbc:D130) and environmental conditions for P. acuminata (N = 726)	in	the	Luquillo	Forest	Dynamics	Plot,	Puerto	Rico.

Model R2 RSE Intercept Elevation Slope NCI

SR ~ Elevation	+	Slope + log10(NCI) 0.03 14.0 37.3 (<0.001) 0.66 (0.22) −1.07	(0.04) −1.85	(<0.001)

Note: Coefficients are based on a model fitted with covariates centered on their mean and scaled to unit standard deviation (overall model statistics: 
F = 6.48,	p- value <.001).
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    |  7 of 12CHATZOPOULOS et al.

ha in 2016 (Figure 4).	 In	1989,	we	estimated	 that	P. acuminata ac-
counted for ~5%	of	total	AGB	in	the	LFDP;	a	value	that	nearly	dou-
bled by 2016 (Figure 5).

4  |  DISCUSSION

We aimed to improve height estimates—as a major component for 
predicting biomass and forest dynamics—for a highly abundant palm 
in Puerto Rico. Specifically, we established a new site-  and species- 
specific model to predict stem height from diameter for P. acuminata, 
which can be used to more accurately estimate biomass dynamics. 
The effects of environmental heterogeneity on allometry were weak 
in our dataset but we found some evidence that palm slenderness 
is influenced by slope and neighborhood crowding. Besides helping 
to improve biomass estimates, this finding may also shed light on 
factors influencing palm growth. Overall, our study demonstrates 
the utility of developing allometric relationships for individual palm 
species to improve understanding of forest dynamics, especially in 
areas like Puerto Rico, where palms are highly abundant.

4.1  |  H:D allometric models

The log–log quadratic version of the ordinary least square (OLS) 
model with a single term provided the best fit for the Hbc:D130 
whereas the log–log quadratic with two terms proved best fit for 
the Hbc:DB relationship. Significant H:D relationships are convenient 
for facilitating biomass estimates but may also shed light on growth 
mechanisms for this species. Notably, the Hbc:D130 scaling expo-
nent, slope of logarithmic OLS model (Table 2, Model 3) found for 
P. acuminata (b = 2.018)	 is	very	similar	to	that	of	a	congeneric	spe-
cies in Costa Rica, Prestoea decurrens (b = 2.18)	(Avalos	et	al.,	2019). 
These concordant results suggest the potential for phylogenetic 

conservatism	in	H:D	scaling	relationships,	which	could	support	the	
use of more general models (e.g., genus- level) when species- specific 
models are not available (e.g., the model of aboveground carbon de-
veloped for P. decurrens by Avalos et al. (2022)). Overall, future work 
evaluating the phylogenetic signal of allometric relationships may 
prove useful for developing and selecting models used in biomass 
estimations, and for understanding variation in palm growth mecha-
nisms across species.

Although less commonly measured in field inventories, basal 
diameter (DB) provided a slightly better prediction of stem height 
(R2 = 0.57	 compared	 to	 0.55	 for	D130) in our dataset (Equation 6). 
Many field protocols either exclude standing palms <1.3 m	 tall	 in	
part because D130 cannot be measured or they measure diameter at 
different	heights	 (including	 the	current	LFDP	protocol).	For	exam-
ple, in our dataset, Hbc: D130 models are trained with palms of height 
greater	than	1.3 m	while	Hbc:DB	with	palms	0.4 ≤ Hbc. However, basal 
diameter can be relatively easily measured and used to predict 
height (and, ultimately, biomass) of shorter palms, thereby offering 
a more comprehensive census and stand- level estimate of biomass 
than possible with D130. Overall, we advocate that field inventories 
in	 sites	where	palms	are	abundant	 (e.g.,	 the	LFDP)	consider	 incor-
porating methodological accommodations to account for the mor-
phological diversity of palms (e.g., consider measuring palm basal 
diameter,	perhaps	in	addition	to	D130).

4.2  |  Environmental heterogeneity and 
palm allometry

We evaluated how environmental conditions mediate palm allom-
etry by assessing relationships between elevation, terrain slope, 
and	neighborhood	crowding	(NCI)	on	the	slenderness	ratio	of	palms	
in	the	LFDP.	Previous	work	has	shown	that	abundance	of	P. acumi-
nata can depend on edaphic conditions such as soil properties and 

F I G U R E  2 Variation	of	palm	slenderness	ratio	(height/diameter)	across	gradients	of	(a)	elevation,	(b)	slope,	and	(c)	the	neighborhood	
crowding	index	(NCI).	Each	point	represents	an	individual	palm;	lines	show	predicted	relationships	based	on	multiple	OLS	regression,	shaded	
areas	show	95%	confidence	intervals.	Solid	(dashed)	lines	represent	statistically	significant	(nonsignificant)	slopes.	Details	of	regression	fits	
are provided in Table 3.
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groundwater access, with higher abundance observed in higher el-
evation mountain floodplain forests and soil with higher concentra-
tion of Ca and Mg (Frangi & Lugo, 1998; Johnston, 1992). The effects 
of such factors on allometry have, however, not been addressed.

Although the effect was weak, palms growing in relatively flat 
areas tended to reach somewhat taller heights for a given diame-
ter (i.e., more slender) compared to palms growing on steep slopes. 
We interpret these differences in the context of water availability. 

F I G U R E  3 Comparison	of	estimated	
AGB based on different models for 
sampled individuals of P. acuminata in 
the Luquillo Experimental Forest, Puerto 
Rico.	Density	plots	show	distribution	of	
estimated AGB across all 1003 individual 
palms measured in our study based on the 
‘baseline’ model of Frangi and Lugo (1985) 
using measured stem height, the family- 
wise model of Goodman et al. (2013) 
(based on stem diameter only), and the 
family- wise model of Avalos et al. (2022) 
(based on stem diameter only). Boxplots 
summarize the distributions; boxes show 
the 25th percentiles, medians, and 75th 
percentiles; horizontal bars show the 
interquartile	range × 1.5;	datapoints	
beyond these bars are outliers.
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F I G U R E  4 Comparison	of	estimated	
AGB of P. acuminata using three 
alternative models for the Luquillo 
Forest	Dynamics	Plot,	Puerto	Rico.	
Purple (leftmost) bars reflect estimates 
based on the site-  and species- specific 
model for P. acuminata AGB from Frangi 
and Lugo (1985) and the H:D130 model 
developed in this study. Error bars reflect 
the upper and lower bounds based on the 
upper	and	lower	95%	confidence	intervals	
of our H:D130 model. Green (center) bars 
reflect estimates based on the family- 
wise model from Goodman et al. (2013), 
considering D130 only. Yellow (rightmost) 
bars reflect estimates based on the family- 
wise model from Avalos et al. (2022), 
again considering D130	only.	Values	shown	
on	top	of	bars	indicate	the	%	difference	of	
estimates compared to the baseline Frangi 
and Lugo (1985) model.
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    |  9 of 12CHATZOPOULOS et al.

Specifically, steep slopes tend to have thin and rocky soils with lower 
water- holding capacity compared with flat areas, which tend to have 
deeper soils with larger water reserves (e.g., Antin et al., 2013). 
Lower water (and potentially nutrient) availability on steep slopes 
may	 select	 for	 relatively	 short	 and	 stout	 palms.	 It	 is	 also	 possible	
that greater exposure to hurricanes on steep slopes may select for 
stouter palms compared to flatter areas, which are often more pro-
tected from hurricanes (unless the flat area is on a ridge).

We also observed that palms growing in less crowded neigh-
borhoods	 (lower	NCI)	 tended	 to	be	 slightly	 taller	 for	a	given	stem	
diameter. As with slope, the association was weak but we interpret 
this result as a potential signal of rapid vertical growth following gap 
openings and consequent increased light availability. As discussed 
above, palms first increase in diameter and later in height, which 
leads to an understory rich in short palms, which then grow rapidly 
in height when a disturbance (e.g., canopy gaps or hurricanes) allows 
light to penetrate the understory. P. acuminata is a mid- successional 
species and its growth is highly regulated by light availability thus 
can make the most out of an open environment such that it can in-
crease stem height rapidly when light is available (Weaver, 2010).

In	 contrast,	we	 did	 not	 find	 a	 statistically	 significant	 effect	 of	
elevation on palm allometry. We note, however, that the range of 

elevation	 covered	 in	our	 study	was	 limited	 (359–417 m)	 compared	
to the elevational range of P. acuminata in Puerto Rico, which spans 
from	60	to	1000 m	above	sea	level	(Miller	&	Lugo,	2009). Any poten-
tial effect of elevation on palm allometry may thus be more apparent 
across a broader range of elevation, which would capture greater dif-
ferences in exposure to wind disturbance and precipitation. Overall, 
although the effect of environmental heterogeneity on palm allome-
try was weak, our study is consistent with some previous work (e.g., 
Duncanson	 et	 al.,	 2015) suggesting value in considering environ-
mental effects when developing allometric models for species that 
span broad gradients. Future work may benefit from investigating 
allometric variation across broader environmental gradients or using 
longitudinal studies, which could be more appropriate for measuring 
the development of slenderness ratio over time.

4.3  |  Palm AGB model comparison

To	date,	quantifying	palm	AGB	stocks	and	dynamics	 for	 the	LFDP	
has been challenged by the requirement of height as an input to 
the existing site-  and species- specific AGB model of Frangi and 
Lugo (1985). We therefore focused on parameterizing a model to 

F I G U R E  5 Changes	in	(a,	d)	stem	density,	(b,	e)	basal	area,	and	(c,	f)	estimated	aboveground	biomass	(AGB)	for	all	stems	in	the	Luquillo	
Forest	Dynamics	plot	during	1989–2016.	Upper	panels	show	absolute	changes	in	total	values	(all	stems)	and	values	for	P. acuminata only. 
Lower panels show changes in the proportion of P. acuminata for these metrics.
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estimate height from stem diameter. Compared to our local “base-
line” (i.e., the Frangi and Lugo (1985) model with measured height 
values), the palm family model of Goodman et al. (2013) tended to 
overestimate AGB. Critically, the Goodman et al. (2013) model was 
fitted with Amazonian palm species (some of which did not display a 
linear	H:D	relationship),	not	including	P. acuminata, and under differ-
ent climatic and environmental conditions. On the other hand, Frangi 
and Lugo's (1985) model was built specifically for P. acuminata and 
was parameterized with palms harvested from the Luquillo moun-
tains. The Avalos et al. (2022) family- wise model (also based on a set 
of seven Neotropical palm species, not including P. acuminata but in-
cluding a congeneric species, P. decurrens) tended to underestimate 
AGB for our measured palms compared to the baseline. However, 
this model provided similar estimates as the baseline model for the 
LFDP	census	data.	The	discrepancy	between	models	for	our	differ-
ent	 datasets	 (i.e.,	 our	 field	measured	 palms	 and	 the	 LFDP	 census	
data) is likely due, in part, to the different size distributions palms 
in	the	field	data	versus	the	LFDP	census	data	(i.e.,	a	higher	relative	
proportion of large D130	palms	 in	the	LFDP	census	data	compared	
to our field measured dataset). The discrepancy of AGB estimates 
among candidate models overall may emerge from (1) different 
size distributions of palms used to parameterize each model (e.g., 
the Goodman et al. (2013) model is parameterized for H > 3 m	and	
6 ≤ D130 ≤ 40 cm;	this	information	is	not	provided	for	the	Frangi	and	
Lugo (1985) model), and (2) each model is parameterized for differ-
ent species, in different locations, and thus also encapsulates dif-
ferent environmental gradients. For future work on this species in 
Puerto Rico, we recommend using the Frangi and Lugo (1985) model 
in conjunction with either measured height or height estimated from 
our best fit model (Equation 5). Overall, we encourage the use of 
models parameterized with individuals from the same region that 
best represent local environmental variation.

4.4  |  Palm dynamics

By integrating our new Hbc:D130 model, we provide novel estimates 
of	 palm	 AGB	 dynamics	 in	 the	 LFDP	 during	 the	 1989–2016	 study	
period.	 In	particular,	 after	 the	passage	of	hurricane	Hugo	 in	1989,	
palm AGB, relative abundance and relative basal area reached a 
plateau	 22 years	 after	 and	 then	 exhibited	 a	 small	 decrease.	 Since	
the	2016	census,	 three	catastrophic	hurricanes,	 Irma	and	Maria	 in	
2017,	 and	Fiona	 in	2022,	have	 impacted	 the	LFDP	but	 the	extent	
of these effects are not captured by our data. Uriarte et al. (2019), 
however, specifically examined the impact of Hurricane Maria and 
indicated that the steam breakage for P. acuminata	was	only	5%,	a	
far lower rate compared to non- palm trees, which experienced a 
29%	breakage.	Moreover,	Uriarte	et	al.	 (2023) showed that, at the 
landscape scale, P. acuminata density was positively associated with 
past hurricane exposure. These findings suggest high resistance 
and resilience of palms to hurricanes (Canham et al., 2010; Frangi 
& Lugo, 1991). Our results are consistent with future scenarios that 
predict an increase of palm AGB due to hurricane intensification and 

low hurricane- induced palm mortality (Zhang et al., 2022a, 2022b). 
Continued monitoring will provide insights to the long- term trajec-
tory of palms in this forest, especially under a changing environment 
with intensified hurricane events.

5  |  CONCLUSIONS

Improving	 the	 accuracy	 of	 biomass	 estimates	 in	 tropical	 forests	 is	
critical for understanding the global carbon balance. Our study high-
lights the importance of developing palm- specific allometric models 
for tropical forest sites, such as the Luquillo Forest, where palms are 
abundant and constitute a major portion of total AGB. More gener-
ally, palms are abundant members of many tropical forests, especially 
in	 the	Neotropics,	 reaching	 upward	 of	 60%	 relative	 basal	 area	 and	
sometimes forming dense monoculture stands with major contribu-
tions	 for	 carbon	 storage	 (Dalagnol	 et	 al.,	2022; Hastie et al., 2022; 
Muscarella et al., 2020; Ter Steege et al., 2013). Although palms are 
monocots that lack true secondary growth, they exhibit sustained pri-
mary growth which can lead to coupled height–diameter relationships. 
Consequently, for at least some palm species, allometric models can be 
utilized to nondestructively estimate biomass from typical field- based 
measurements of stem diameter. Further work to develop species-  
and site- specific allometric models for palms that take into account 
a greater range of environmental heterogeneity, will be an important 
step to better understand tropical forest dynamics in response to dis-
turbance, and to improve biomass estimates in tropical forests.
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v2.0. 0].	Users	are	encouraged	to	refer	to	the	README	file	for	com-
prehensive instructions on replicating the analysis and results.
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