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• Premise of the study: Wood specific gravity (WSG) mediates an interspecific trade-off between growth and mortality and is a
key measure for estimating carbon stocks. Most studies use species mean values to represent WSG, despite variation at different levels of biological organization. We examined sources of variation in WSG across four nested scales (segments within
cores, cores within trees, trees within species, and species), compared the pattern of radial variation in WSG among species differing in growth strategies, and investigated the effect of WSG radial variation on aboveground biomass estimates.
• Methods: We took two perpendicular cores from six individuals each of 20 tropical tree species representing a broad range of
mean WSGs and growth–mortality strategies in a lowland tropical moist forest in Panama. Cores were divided into 1-cm segments,
and WSG was determined for each segment.
• Key results: The bulk of the total variance in WSG was dominated by interspecies variation (88%), whereas variation due to
measurement error, segments within cores, and cores within trees (8%) was minimal. Radial variation in WSG, defined as
change in WSG with increasing distance from the pith, was significant in 17 of the 20 species and included significant monotonic increases in 6 species and nonmonotonic patterns in 11 species. Radial variation in WSG resulted in a small but significant
bias in aboveground biomass estimates.
• Conclusions: Radial variation in WSG is related to a species’ growth strategy and, though minimal compared with interspecific
variation in WSG, can cause a downward bias when not incorporated into aboveground biomass estimates.
Key words: aboveground biomass; growth–mortality trade-off; Panama; wood density.

Trees in closed-canopy forests exhibit a trade-off between
growth and mortality rates (Pacala et al., 1996; Gilbert et al., 2006;
Poorter et al., 2008; Wright et al., 2010). At one extreme, lightdemanding species are characterized by rapid growth rates under
favorable light conditions but high mortality rates when shaded. At
the other extreme, shade-tolerant species are characterized by slow
growth and low mortality rates under all light conditions. Wood
specific gravity (WSG), a unitless ratio of wood density to the density of water (Williamson and Wiemann, 2010b), is well correlated
with this growth–mortality trade-off (Wright et al., 2010). Low
WSG reduces wood construction costs, enabling rapid growth rates
in light-demanding species, whereas high WSG increases physical
strength and pest resistance, enabling low mortality rates at the
price of greater construction costs and slower growth rates in shadetolerant species (van Gelder et al., 2006; Chave et al., 2009).
Wood specific gravity can vary radially from pith to bark within
individual trees (Wiemann and Williamson, 1988, 1989; Woodcock
and Shier, 2002; Nock et al., 2009; Hietz et al., 2013). This radial
variation can be understood by considering how trees grow. As
cambial activity adds new wood toward the outer edge of the tree,

wood corresponding to younger, earlier ontogenetic stages remains
closer to the pith. Radial variation may reflect changing environmental conditions as well as changing demands placed on wood as
trees age and/or increase in size. Radial variation in WSG estimated as the slope of WSG regressed on distance from pith is
typically strongly correlated with tree age and not tree size, suggesting ontogenetic control of radial variation in WSG (Rueda
and Williamson, 1992; De Castro et al., 1993; Nock et al., 2009;
Williamson and Wiemann, 2010a, 2011; Williamson et al., 2012).
Radial variation in WSG may also be associated with the growth–
mortality trade-off (Woodcock and Shier, 2002). The growth–
mortality trade-off defines a species’ lifestyle or growth strategy,
and radial variation in WSG can facilitate growth strategies through
flexible responses to changing conditions and demands through ontogeny. Particularly for species on the fast-growth, high-mortality
end of the growth–mortality spectrum, radial variation in WSG allows faster growth at juvenile stages such that plants can capitalize
on light gaps and then construct the denser wood needed to withstand wind and other stressors at later and taller stages.
Four patterns of radial variation in WSG have been described in
the literature. Radial increases from pith to bark result in a lowdensity core surrounded by a high-density exterior (Panshin and
De Zeeuw, 1980; Wiemann and Williamson, 2012). This maximizes strength by placing the strongest material on the outside
(Niklas, 1997). Strength is also gained via an increased crosssectional area. By contrast, radial decreases from pith to bark result
in a high-density core surrounded by a low-density exterior
(Panshin and De Zeeuw, 1980). Strength is gained mainly by an increased cross-sectional area (Larjavaara and Muller-Landau, 2010).
The two remaining patterns of radial variation in WSG are nonlinear. One nonlinear pattern may involve an initial high WSG,
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followed by a decline, and then a steady increase to a constant or
slowly increasing WSG (Gartner, 1995). The second nonlinear pattern involves an initial low WSG near the pith, followed by an increase, and then a leveling off or decline in rate of increase in WSG
(Gartner, 1995). The strongest documented radial gradients in WSG
are increases from pith to bark among light-demanding tree species of wet tropical forests (Wiemann and Williamson, 1988, 1989;
Woodcock and Shier, 2002; Williamson and Wiemann, 2010a).
In addition to the potential fitness benefits for individual plants,
radial variation in WSG has ecosystem-level consequences. Wood
specific gravity, together with stem size, determines the amount of
carbon sequestered in woody tissue (Fearnside, 1997; Chave et al.,
2009). Wood specific gravity varies from about 0.08 to 1.39 among
tree species (Zanne et al., 2009), which means that species differ
17-fold in the amount of carbon they store at the same size. To accurately assess carbon pools and fluxes, it is important to understand the sources of WSG variation. This is especially pertinent for
tropical forests because they harbor a huge diversity of tree species
and are an important storehouse for carbon.
Most studies of radial gradients in WSG have focused on commercially important species or fast-growing pioneer species
(Lachenbruch et al., 2011), while maximizing sampling replication
across and within species. For the present study, we selected 20 canopy tree species from a wet tropical forest on Barro Colorado Island,
Panama, including representatives of the full spectrum of growth and
mortality rates (fast-growth, high-mortality to slow-growth, lowmortality species), as well as the full range of average WSG (low to
high WSG species) for this site, and included replicate samples for
each individual. Our goal was to quantify variation in WSG and
address the following questions. (1) What is the contribution to overall variation in WSG of variation among segments within cores,
among cores within individuals, among conspecific individuals, and
among species? (2) What is the contribution to overall variation in
radial gradients in WSG of variation among cores within individuals,
among conspecific individuals, and among species? (3) What is the
pattern of radial variation in WSG for each species? (4) Does
radial variation in WSG vary among species with different growth–
mortality strategies and/or different initial WSG values? (5) Does
radial variation in WSG affect estimates of aboveground carbon
storage?
MATERIALS AND METHODS
Study site—The Barro Colorado Nature Monument, Panama, supports
59 km2 of tropical moist forest in the Holdridge Life Zone System. Annual rainfall averages 2600 mm, with 10% falling during a 4-mo dry season, and annual
temperature averages 27°C (Leigh, 1999).
Species positions on the growth–mortality trade-off—Relative growth and
mortality rates were determined for saplings (1 cm ≤ diameter at breast height
TABLE 1.

[Vol. 101

[DBH] ≤ 5 cm) in a previous study for six censuses between 1982 and 2005 of the
50-ha Forest Dynamics Plot located on Barro Colorado Island (9°09′17′′N,
79°50′53′′W) in the Barro Colorado Nature Monument (Wright et al., 2010).
Relative growth rates under favorable conditions equaled 95th-percentile relative
growth rates (RGR95; for definitions of variables, see Table 1). Mortality rates
under unfavorable conditions equaled mortality rates of the 25% of individuals
with the slowest relative growth rates in the previous census interval (MRT25).
Using the function “princomp” in the “stats” package in R, we performed a principal component analysis on RGR95 and MRT25 and extracted species scores
along the first component axis, to form the variable RGR.MRTSAP.
Species regeneration in gaps—To further describe the species, we extracted the
total number of recruits and the number located in low-canopy sites or recent treefall gaps in the 50-ha plot for 15 of our 20 species from Wright et al. (2003). We
used a binomial test to compare these numbers with the proportion of the 50-ha plot
characterized by a low canopy (0.127) obtained from Welden et al. (1991).
Wood specific gravity—We selected 20 species that were widely distributed
across the RGR.MRTSAP axis. We collected two cores from six adult individuals
(minimum DBH = 20.5 cm) of each of these species (240 total cores) from
forests >100 yrs old located on the Gigante (9°07′54′′N, 79°50′28′′W) and
Buena Vista (9°11′12′′N, 79°50′32′′W) peninsulas in the Barro Colorado Nature Monument between 14 July and 12 August, 2010. We determined DBH for
each individual, and a 5-mm-diameter increment borer was used to extract two
horizontal cores perpendicular to one another and from pith to bark. Cores were
sealed in plastic straws, transported on ice to the nearby laboratory on Barro
Colorado Island, and divided into 1-cm segments. For each 1-cm segment, fresh
volume was measured with the water-displacement method, and dry mass was
determined after drying to constant mass at 100°C in a convection oven. Wood
specific gravity was calculated as dry mass divided by fresh volume divided by
the density of water (ρWATER = 1 g/cm3; Williamson and Wiemann, 2010b), and
distance to pith was recorded for each segment.
Analyses—Variance component analysis was used to evaluate the contribution of variation in WSG among segments within cores, cores within individuals, conspecific individuals, and species to overall variation in WSG (our
question 1; see above). A random-effects model with three nested levels of random effects (species/individuals/cores) was used to estimate the proportion of
variation in WSG associated with species, individuals, and cores. The residual
variation included variation associated with segments plus measurement error.
We used two metrics to quantify radial variation in WSG for each core. (1) Radial change (RO-I) equaled WSGO minus WSGI, where WSGI is mean WSG for the
three 1-cm segments nearest the pith (inner wood) and WSGO is mean WSG for the
three 1-cm segments nearest the bark (outer wood), following Wiemann and
Williamson (1989). RO-I captures the difference between inner and outer wood.
(2) Radial variance (RVAR) equaled the variance of WSG for 1-cm segments from
each core. RVAR quantifies variation in WSG along a core, but not radial gradients.
A second variance component analysis evaluated the contributions of variation
among cores within individuals, conspecific individuals within species, and species to
variation in RO-I and RVAR (our question 2). A random-effects model with two nested
levels of random effects (species/individuals) was used to estimate the proportion of
variation in radial gradient metrics associated with species and individuals. The residual variation included variation associated with cores plus measurement error.
We used linear mixed-effects models to evaluate the pattern of radial variation
in WSG for each species (our question 3). The fixed effect of radial position was
quantified as distance to the pith (radial distance) for each segment. Because cores
varied in length, radial distance was scaled to unit length by dividing each radial

Variables referred to in main text and their meanings.

Variable
RGR95
MRT25
RGR.MRTSAP
RO-I
RVAR
WSG
WSGA
WSGI
WSGMEAN
WSGO

Meaning
95th percentile of the relative growth rate of saplings
Mortality rate of the 25% of saplings with the lowest relative growth rates in the previous census interval
Linear combination of RGR95 and MRT25 for saplings, obtained as extracted scores from the first axis of a principal component analysis
Radial change, defined as WSGO minus WSGI
Radial variance, defined as the variance of WSG for 1-cm segments from each core
Wood specific gravity
Area weighted average WSG
Average WSG for the three 1-cm segments near the pith
Average WSG over all segments for a species
Average WSG for the three 1-cm segments near the bark
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distance value by the length of the core to obtain proportional radial distance. The
random effect incorporated the nested nature of the WSG data with segments
nested within cores and cores nested within individuals for each species (random
= ~1|individual/core). Linear mixed models are appropriate for nested data because they unambiguously model correlations among observations from the same
unit (i.e., core and individual) by incorporating random effects in addition to the
fixed effects (i.e., proportional radial distance) of interest. We evaluated mean,
linear, and quadratic models, respectively, as follows:
WSG ~ β0

(Eq. 1)

WSG ~ β0 + β1 radial distance
WSG ~ β0 + β1 radial distance + β2 radial

(Eq. 2)
distance2

(Eq. 3)

where β0, β1, and β2 are fitted coefficients.
We used Akaike’s Information Criterion corrected for small sample sizes
(AICc), which penalizes models with additional parameters, to select the best-fit
model (Burnham and Anderson, 2002). We followed the general rule of thumb
that differences in AICc (ΔAICc) ≤ 2 indicate no significant difference between
models and, thus, the simpler model with fewer parameters is preferred. Larger
ΔAICc values indicate that the model with the minimum AICc value had the
best fit, with ΔAICc >10 providing overwhelming evidence for the model with
the minimum AICc value. We used the “lme” function in the “nlme” package in
R to perform these analyses (Pinheiro et al., 2009) and the “aictab” function in
the “AICcmodavg” package to obtain ΔAICc values (Mazerolle, 2013).
When the mean (Eq. 1) or the linear (Eq. 2) model provided the best fit for a
species, the pattern of radial variation was unequivocal. When the quadratic
model (Eq. 3) provided the best fit, we next determined whether the inflection
point at which the WSG–radial distance slope = 0 (critical radial distance) fell
within the range of possible values of proportional radial distance (0 to 1). Setting the derivative of Eq. 3 equal to zero and rearranging,
critical radial distance = −β1

2 ⋅ β2

(Eq. 4)

We then calculated a 95% confidence interval (CI) for critical radial distance
by parametric bootstrapping, which generates a random sample from a known
distribution that best approximates the data and calculates the test statistic of interest (critical radial distance). We used the “rmvnorm” function in the “mvtnorm” package in R (Genz et al., 2012), with inputs β1, β2, and their variances and
covariance estimated by the quadratic regression model, to implement the parametric bootstrap. The lower and upper confidence limits were extracted at the
0.025 and 0.975 quantiles of the bootstrapped distribution of critical radial
distance values. Finally, we compared observed critical radial distances and their

3

95% CIs with the range of possible proportional radial distance values, which is
0 to 1. We concluded that the radial gradient is curvilinear if the 95% CI fell entirely within the observed range (CILOWER > 0 and CIUPPER < 1), monotonically
increasing (β1 > 0) or decreasing (β1 < 0) if the 95% CI fell entirely outside the
observed range (CIUPPER < 0 or CILOWER > 1), or uncertain if the 95% CI fell partially outside the observed range (CILOWER < 0 or CIUPPER > 1).
To determine whether radial variation in WSG varies with species positions on
the growth–mortality trade-off (RGR.MRTSAP) or with initial, juvenile WSG (WSGI)
(our question 4), we grouped the tree species into three categories based on the form
of the WSG–radial distance relationships. We then carried out a linear discriminant
analysis using the lda function in the MASS package in R (Venables and Ripley,
2002). Linear discriminant analysis tests the extent to which a set of quantitative
descriptors (predictors) can explain an independently predetermined grouping that
forms the qualitative response variable (Legendre and Legendre, 2012). The response variable was the form of the WSG–radial distance relationship, and the quantitative descriptors were WSGI and RGR.MRTSAP. To test for the overall significance
of the linear discriminant model, we used Wilks’s lambda to compare differences in
RGR.MRTSAP and WSGI among the predefined groups of the WSG–radial distance
relationship. Wilks’s lambda tests whether groups differ significantly in the position
of their centroids, producing values ranging from near 0 (maximum dispersion of
group centroids) to 1 (no dispersion among groups; Legendre and Legendre, 2012).
Lastly, we explored the effect of radial variation in WSG on aboveground
biomass (our question 5). Aboveground biomass is estimated as the product of
WSG and tree volume (Chave et al., 2005). For a fixed volume, relative values of
WSG determine relative values of aboveground biomass. Thus, we compared
mean WSG (WSGMEAN) calculated as the average WSG over all segments for a
species with area weighted mean WSG (WSGA) calculated as follows:
WSG A =

1

S × radial distance 2max

1

³

×

(Eq. 5)

n
2 × S × radial distance × WSG

radial distance = 0

n represents the best-fit relationship between WSG and radial diswhere WSG
tance provided by Eq. 1, 2, or 3. Muller-Landau (2004) explains Eq. 5, and
Williamson and Wiemann (2010b) apply it to linear radial gradients. A paired
t-test was used to compare WSGMEAN and WSGA.
All analyses were conducted in R version 2.15.1 (R Core Team, 2012).

RESULTS
We collected 240 cores from 120 individuals of 20 species,
19 genera, and 12 families (Table 2). WSGMEAN varied 3.4-fold,

TABLE 2.

Description of the 20 tropical forest canopy species, including family, mean diameter at breast height (DBH, in centimeters, with range in
parentheses) of sampled trees, and, for 15 species, the proportion of recruits located in tree-fall gaps. These proportions were significantly greater than
the proportion of the forest in recent tree fall gaps (0.127) for 14 of the 15 species (P values).

Species
Apeiba membranacea
Astronium graveolens
Calophyllum longifolium
Cordia bicolor
Guazuma ulmifolia
Inga marginata
Jacaranda copaia
Lacmellea panamensis
Luehea seemannii
Platypodium elegans
Poulsenia armata
Prioria copaifera
Simarouba amara
Spondias radlkoferi
Tabebuia guayacan
Tabebuia rosea
Tachigali versicolor
Triplaris cumingiana
Virola sebifera
Zanthoxylum ekmanii
a

From Wright et al. (2003).

Family

DBH

Malvaceae
Anacardaceae
Clusiaceae
Boraginaceae
Malvaceae
Fabaceae
Bignoniaceae
Apocynaceae
Malvaceae
Fabaceae
Moraceae
Fabaceae
Simaroubaceae
Anacardiaceae
Bignoniaceae
Bignoniaceae
Fabaceae
Polygonaceae
Myristicaceae
Rutaceae

42.3 (34.3–51.1)
28.0 (21.5–34.2)
37.9 (21.0–58.0)
29.6 (26.0–37.1)
31.2 (23.0–44.8)
40.2 (25.6–52.2)
35.3 (24.5–41.6)
33.1 (28.5–37.0)
49.6 (34.8–68.0)
28.9 (21.0–37.1)
29.4 (21.0–46.4)
37.1 (25.0–58.8)
33.8 (25.0–43.2)
34.1 (28.8–40.2)
23.8 (20.5–29.0)
32.9 (29.2–48.5)
29.6 (23.0–37.7)
28.2 (25.2–31.0)
30.1 (27.3–33.7)
28.8 (23.0–34.9)

Proportion of recruits in gaps (P) a
0.381 (<0.01)
0.271 (<0.01)
0.714 (<0.01)
0.389 (<0.01)
0.879 (<0.01)
0.745 (<0.01)
0.542 (<0.01)
0.208 (<0.01)
0.207 (<0.01)
0.291 (<0.01)
0.507 (<0.01)
0.286 (>0.05)
0.262 (<0.01)
0.218 (<0.01)
0.726 (<0.01)
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from 0.260 for Poulsenia armata to 0.883 for Tabebuia guayacan. With the exception of T. guayacan, recruitment was significantly positively associated with recent tree-fall gaps for 14
of the 15 species for which data were available (Table 2).
Variance partitioning of WSG (question 1)—Variation among
species, among conspecific individuals, and between cores within
individuals accounted for 88%, 4%, and 1% of variation in WSG,
respectively. Variation among segments within cores plus unknown measurement error accounted for the remaining 7% of
variation in WSG.
Variance partitioning of radial variation in WSG (question 2)—
Interspecific variation accounted for 32% and 21% of variation
in RO-I and RVAR, respectively. Variation among conspecific individuals accounted for 18% and 28%, respectively. Variation
between cores within individuals plus unknown measurement
error accounted for 50% and 51% of variation in RO-I and RVAR,
respectively (for species average values of RO-I and RVAR, see
Supplemental Data with the online version of this article, Appendix S1).
Radial trends (question 3)— The radial gradient in WSG
was best fit by the linear regression model for five species, all
of which showed significant linear increases (Fig. 1B, C, F, G,
N; Table 3; see Supplemental Data with the online version of
this article, Appendix S2). The radial gradient in WSG was best
fit by the quadratic regression model for 12 species (Table 3 and
Appendix S2). Of these 12 species, 8 were certainly nonmonotonic, involving an initial decrease and then an increase in WSG
as radial distance increased (U-shaped; Fig. 1E, H, I, J, K, L, O,
Q); 1 was certainly monotonically increasing (Fig. 1D), because
the 95% CI for critical radial distance was entirely above the
largest possible value of 1; and 3 had uncertain radial gradients
(Fig. 1A, M, S), because the 95% CI for critical radial distance
extended beyond the range of possible values. The three uncertain radial gradients appeared to be increasing from a low asymptotic value of WSG near the pith (Fig. 1A) or toward a high
asymptotic value near the bark (Fig. 1M, S). The final three species (Fig. 1P, R, T) had no significant relationship between
WSG and distance to the pith (Table 3).
Radial trends and the growth–mortality trade-off (question
4)— Species’ positions on the growth–mortality trade-off were
defined by a linear combination of RGR95 and MRT25 using
principal component analyses for saplings. The two component
axes had eigenvalues of 1.5 and 0.5. The first component axis
explained a substantial (77%) proportion of interspecific variation in growth and mortality rates. We therefore used this first
component axis to summarize interspecific variation in the
growth–mortality trade-off. Species’ positions along this axis
equaled their extracted factor scores (RGR.MRTSAP).
We excluded the three species with uncertain radial gradients
and grouped the 17 remaining species into three categories
based on the form of the WSG–radial distance relationship.

5

Group I was composed of six species with monotonic increasing WSG–radial distance relationships. Group II was composed
of eight species with U-shaped WSG–radial distance relationships. Group III was composed of three species with insignificant WSG–radial distance relationships. The linear discriminant
analysis was significant (Wilks’s lambda = 0.221, P < 0.001)
and produced two discriminant functions. The first discriminant
function achieved 93.5% separation, and the second achieved
6.5% separation. Groups I (increasing WSG–radial distance relationship) and III (insignificant WSG–radial distance relationship) were clearly separated by the first discriminant function,
whereas group II (U-shaped WSG–radial distance relationship)
occupied an intermediate position, overlapping with groups I
and III (Fig. 2). The absolute values of the loadings on both
discriminant functions were largest for WSGI (loadings on first
and second linear discriminant function = 11.1 and −3.15, respectively) and smallest for RGR.MRTSAP (0.02 and −0.85, respectively). The first discriminant function represents a contrast
between RGR.MRTSAP (r = −0.45; P = 0.069) and average
WSGI (r = 0.99; P < 0.001).
Effect of radial variation in WSG on aboveground biomass
estimates (question 5)— WSGMEAN estimates were significantly
lower than WSGA estimates (paired t = −4.31, df = 19, P <
0.001; Table 4).
DISCUSSION
In a hierarchical partitioning of variation in WSG performed for 20 moist tropical forest species chosen to include
a wide range of growth and mortality rates, most variation
(88%) occurred among species. The only other study to partition variation in WSG focused on intraspecific and interspecific sources of variation for 32 temperate Australian woody
species and also reported substantial (57–82%) variation among
species (Onoda et al., 2010). The contributions of different
sources of variation in functional traits at nested ecological
scales have also been determined for leaf traits and promoted as
a basis for prioritizing research efforts (Messier et al., 2010;
Auger and Shipley, 2013). Most of the variation in WSG can
be captured at the interspecific level when resources have to be
prioritized.
Radial variation in WSG is not necessarily uniform within
a tree. A partitioning of variance showed that ~50% of the
variance in two metrics of radial variation in WSG, RO-I and
RVAR, occurred between cores within individuals (or was due
to measurement error). Tree growth is frequently asymmetrical around the trunk because trees exhibit different extents
of eccentricity (Williamson and Wiemann, 2011). Thus, differences in the pattern of radial variation between two cores
within a tree imply that tree responses to local environmental conditions such as mechanical perturbations due to wind
vary across the stem (Niklas, 1992; Pruyn et al., 2000; West,
2009).

←

Fig. 1. Line-plots of wood specific gravity (WSG) on distance from pith scaled by core length (proportional radial distance) for 20 tree species from
the Barro Colorado Nature Monument, Panama. Panels are ordered from smallest to largest by average species WSG. Each grey line connects WSG for
contiguous 1-cm segments from a single core. Thick black lines represent best-fit linear or quadratic regression models. From pith to bark, WSG increased
monotonically for six species (panels B, C, D, F, G, N), decreased initially but subsequently increased for eight species (U-shaped; panels E, H, I, J, K, L,
O, Q), and was uncertain for three species (panels A, M, S). The relationship between WSG and proportional radial distance was insignificant for the three
remaining species (panels P, R, T).
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TABLE 3.

Analyses of radial variation in wood specific gravity (WSG). The best-fit model (M = mean, L = linear, Q = quadratic), parameter estimates for
the best-fit model, the critical radial distance or inflection point for species with best-fit quadratic models, and the form of the WSG–radial distance
relationship (I = increasing, N = no radial change, U = U-shaped, and O = uncertain nonlinear pattern). The mixed-effects models included random
effects for individual and core and were fit using restricted maximum likelihood (REML). The fixed effect, radial distance, was scaled to unit length
by dividing by the length of the core.

Species
A. membranacea
A. graveolens
C. longifolium
C. bicolor
G. ulmifolia
I. marginata
J. copaia
L. panamensis
L. seemannii
P. elegans
P. armata
P. copaifera
S. amara
S. radlkoferi
T. guayacan
T. rosea
T. versicolor
T. cumingiana
V. sebifera
Z. ekmanii

Best-fit model

β0 (95% CI)

β1 (95% CI)

L
Q
Q
L
Q
Q
Q
Q
M
M
Q
Q
L
L
M
Q
Q
L
Q
Q

0.27 (0.21, 0.33)
0.83 (0.79, 0.86)
0.53 (0.49, 0.58)
0.36 (0.34, 0.39)
0.53 (0.49, 0.58)
0.69 (0.66, 0.71)
0.41 (0.37, 0.45)
0.51 (0.48, 0.54)
0.66 (0.65, 0.67)
0.75 (0.71, 0.79)
0.26 (0.22, 0.29)
0.55 (0.52, 0.59)
0.41 (0.39, 0.42)
0.28 (0.27, 0.30)
0.89 (0.87, 0.90)
0.52 (0.46, 0.58)
0.60 (0.56, 0.64)
0.50 (0.45, 0.54)
0.48 (0.46, 0.50)
0.27 (0.24, 0.31)

0.06 (0.03, 0.08)
0.19 (0.06, 0.32)
−0.09 (−0.15, −0.03)
0.15 (0.14, 0.17)
−0.13 (−0.23, −0.03)
−0.11 (−0.18, −0.04)
−0.08 (−0.14, −0.02)
−0.08 (−0.13, −0.03)

0.66 (0.53, 1.12)
0.38 (0.20, 0.45)

0.12 (0.03, 0.21)
0.18 (0.12, 0.25)
0.14 (0.09, 0.19)
0.16 (0.11, 0.20)

0.57 (0.45, 0.73)
0.29 (0.16, 0.37)
0.28 (0.11, 0.36)
0.25 (0.14, 0.32)

−0.09 (−0.19, 0.02)
−0.19 (−0.27, −0.11)
0.04 (0.03, 0.05)
0.17 (0.15, 0.18)

0.11 (0.02, 0.20)
0.18 (0.11, 0.25)

0.38 (−0.10, 0.49)
0.52 (0.32, 0.81)

0.15 (0.07, 0.23)
−0.12 (−0.23, −0.02)
0.17 (0.14, 0.20)
−0.11 (−0.18, −0.04)
0.29 (0.20, 0.37)

−0.09 (−0.16, −0.02)
0.14 (0.05, 0.24)

0.86 (0.69, 1.65)
0.43 (0.14, 0.52)

0.15 (0.08, 0.21)
−0.09 (−0.17, −0.01)

0.37 (0.25, 0.44)
1.57 (1.07, 5.22)

TABLE 4.

Comparison of mean WSG (WSGMEAN) calculated as the
average WSG over all segments for a species, with area-weighted
mean WSG (WSGA) and the percentage difference between the two
estimates. WSGMEAN and WSGA are significantly different (paired
t = −4.31, df = 19, P < 0.001).

A. membranacea
A. graveolens
C. longifolium
C. bicolor
G. ulmifolia
I. marginata
J. copaia
L. panamensis
L. seemannii
P. elegans
P. armata
P. copaifera
S. amara
S. radlkoferi
T. guayacan
T. rosea
T. versicolor
T. cumingiana
V. sebifera
Z. ekmanii

Critical radial distance
(95% CI)

−0.14 (−0.27, −0.02)
0.12 (0.06, 0.17)

Radial trends— Although minimal compared with interspecific variation in WSG, variation among segments within
cores was significantly related to the radial position, or distance to the pith or center of the tree, in 17 of the 20 study
species (Fig. 1). From pith to bark, the significant radial gradients in WSG were monotonically increasing in six species
with mean WSG ranging from low to intermediate (0.298–
0.580), decreasing near the pith and then increasing closer to
the bark (U-shaped) in eight species, and uncertain although

Species

β2 (95% CI)

WSGMEAN

WSGA

Difference (%)

0.298
0.876
0.524
0.443
0.494
0.698
0.418
0.524
0.660
0.750
0.260
0.520
0.433
0.372
0.883
0.565
0.583
0.580
0.474
0.396

0.310
0.881
0.534
0.465
0.502
0.706
0.426
0.535
0.660
0.746
0.256
0.518
0.437
0.395
0.885
0.575
0.590
0.607
0.479
0.419

3.92
0.53
1.78
4.70
1.53
1.19
1.92
2.05
0.02
−0.47
−1.64
−0.43
0.98
5.75
0.17
1.79
1.15
4.51
1.10
5.50

WSG–radial distance
relationship
I
O
U
I
U
U
U
U
N
N
O
U
I
I
N
O
U
I
U
I

nonlinear in the final three species. This result corroborates
reports from other studies on tropical forest trees that radial
increases are more common than decreases and that low WSG
is not a mandatory requirement for radial increases to occur
(Wiemann and Williamson, 1989; Woodcock and Shier, 2002;
Hietz et al., 2013).
The significant nonlinear, U-shaped pattern of radial variation in WSG found for eight species suggests that nonlinear
radial gradients in WSG are quite common in tropical forest
trees (Williamson et al., 2012). Nonlinear patterns of radial
change in WSG have previously been described for many soft
pines and softwoods of the Cupressaceae and for some hardwoods (e.g., Populus tremuloides; Zobel and van Buijtenen,
1989). Fujimoto and Koga (2010) used a mixed-effects quadratic regression model to show that WSG changes as a function of increasing age in a nonlinear pattern, similar to the
U-shaped pattern in our study, in Japanese larch (Larix kaempferi). The first description of a nonlinear radial gradient in WSG
for a tropical tree was given by Williamson et al. (2012) for
Schizolobium parahyba, a Neotropical pioneer that starts out
with low initial WSG (0.15–0.20) that increases at an increasing rate with distance from the pith. Nevertheless, because earlier studies did not evaluate the prevalence of nonlinear gradients
in WSG among tropical species, we do not know how widespread nonlinear radial gradients in WSG might be in tropical
forest trees.
Ecological interpretation of radial changes in WSG—
Woodcock and Shier (2002) assumed that radial changes in WSG
reflect shifts in resource allocation associated with changing
structural requirements experienced by forest trees as they grow
from the shaded understory into the sunlit canopy. Woodcock
and Shier (2002) hypothesized that species that require the high
light levels found in forest gaps to regenerate produce light
wood to enable rapid growth as saplings in gaps and then gradually switch to denser wood as they reach the canopy and face
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the stresses imposed by wind and their increasing size. This is
consistent with our six species that show continuous increases
in WSG (Fig. 1B, C, D, F, G, N). With the exception of Simarouba amara, these six species are among the most lightdemanding species in the Barro Colorado Island forest. The first
discriminant function returned by the linear discriminant analysis separated the six species with increasing radial gradients
(Fig. 2). The high loading of WSGI (or WSG near the pith) on
this first discriminant function confirms that species starting out
with low WSG have a higher potential to gradually switch investment from wood of low to high construction cost through
the course of their ontogeny. Thus, the strategy of radially increasing WSG may be important to tropical pioneers that invest
in rapid height increase but need structural reinforcement on
reaching the canopy with greater wind exposure (Putz et al.,
1983; Woodcock and Shier, 2002).

Fig. 2. Histograms of the first linear discriminant function values for
three groups of species (n = 17) based on the form of the WSG–radial distance relationship. This first discriminant function explained 93.5% of the
differences among the three groups of species and was driven by a negative
contrast between the linear combination of relative growth rates and mortality rates for saplings (RGR.MRTSAP) and the average WSG near the pith
(WSGI). Species with “increasing WSG–radial distance relationship” are,
with one exception, on the negative side of the first linear discriminant
function, with large RGR.MRTSAP and low WSGI. Species with “insignificant WSG–radial distance relationship” are exclusively on the positive side
of the axis, with small RGR.MRTSAP and large WSGI. Species with “Ushaped WSG–radial distance relationship” are clustered around zero values with intermediate RGR.MRTSAP and WSGI.
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Woodcock and Shier (2002) also hypothesized that shadetolerant species produce dense wood initially to protect against
pests and falling objects as saplings in the understory and then
gradually switch to lighter wood as they reach the canopy. In this
case, the switch to lighter wood increases strength by increasing cross-sectional area (Woodcock and Shier, 2002; Larjavaara
and Muller-Landau, 2010). Woodcock and Shier (2002) did not
anticipate (but see Gartner, 1995) the U-shaped pattern of radial
variation in WSG that characterizes 40% of our study species
(Fig. 1).
These U-shaped patterns are difficult to reconcile with the
framework provided by Woodcock and Shier (2002), which assumes that saplings produce light wood when exposed to high
light levels and dense wood when exposed to low light levels.
In a U-shaped pattern of radial variation, wood is relatively
dense at the smallest and largest tree sizes and relatively light at
intermediate tree sizes (Fig. 1E, H, I, J, K, L, O, Q). Most tree
species have significantly greater numbers of recruits in gaps
than expected by chance on Barro Colorado Island (Table 2;
Welden et al., 1991; Wright et al., 2003). Yet many of these
same species produce relatively dense wood as saplings and
lighter wood at intermediate sizes.
For this reason, we believe that the inverse relationships
between light levels and sapling wood density assumed by
Woodcock and Shier (2002) may not hold for some of these
species. Other alternatives are equally plausible. Many species
have recruitment biased to gaps but are unable to grow rapidly
enough to reach the canopy before gap closure (Wright et al.,
2003). These species may allocate the enhanced resources
available while gap conditions prevail to build the high-density
wood necessary to survive the low-light, understory conditions
that will almost inevitably follow. After gap closure, these species may produce relatively low-density wood simply because
fewer resources are available. Additional analyses are necessary
to evaluate how growth rates actually change ontogenetically to
evaluate this and other equally plausible alternatives.
Two of the three species that lacked significant radial gradients provide an interesting exception to the strong trend for
significant radial gradients. Luehea seemannii (Fig. 1P) and
Platypodium elegans (Fig. 1R) are the two most strongly buttressed species in our sample and are among the most strongly
buttressed trees in central Panama. This suggests that buttresses
might replace radial changes in WSG to facilitate tree responses
to environmental and ontogenetic variation.
Radial variation in WSG and aboveground biomass estimates—
Radial variation in WSG can cause discrepancies in estimates
of carbon sequestration. Our simple comparison of WSGMEAN
and WSGA showed that WSGMEAN values were significantly lower
than WSGA values that account for radial variation in WSG.
Although these discrepancies in WSG estimates were modest,
varying from 0.02% to 5.75% among species, they were consistent in direction for 17 of 20 species, and largest for species
with significant radial increases (group I species; Table 3). Failing to account for radial gradients will bias aboveground biomass estimates downward (Nogueira et al., 2007; Nock et al.,
2009; Williamson and Wiemann, 2010a).
Conclusion—Radial variation in WSG is related to a species’
growth strategy. Light-wooded, fast-growing, high-mortality
species are characterized by radial increases in WSG, whereas
slow-growing, low-mortality species show a range of radial patterns. Nonlinear, U-shaped radial changes in WSG characterized
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40% of our study species. Additional studies of ontogenetic
changes in light availability and radial growth rates are needed
to understand the ecological causes of these unexpected Ushaped radial gradients in WSG in tropical trees. Additionally,
radial variation in WSG is not necessarily uniform within a tree,
which suggests that it is also involved in responses to extrinsic
forces that vary across the growing stem. Finally, radial variation in WSG is small compared with interspecific variation in
WSG; however, the omission of radial variation in WSG from
estimates of aboveground biomass is likely to bias those estimates downward modestly.
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