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Tree functional traits and their link to patterns of growth and demography are central to informing trait-based analyses of 
forest communities, and mechanistic models of forest dynamics. However, few data are available on how functional traits in 
trees vary through ontogeny, particularly in tropical species; and less is known about how patterns of size-dependent 
changes in traits may differ across species of contrasting life-history strategies. Here we describe size-dependent variation 
in seven leaf functional traits and four wood chemical traits, in two Dominican rainforest tree species (Dacryodes excelsa 
Vahl. and Miconia mirabilis (Aubl.) L.O. Williams), ranging from small saplings to the largest canopy trees. With one exception, 
all traits showed pronounced variation with tree size (diameter at breast height, DBH). Leaf mass per area (LMA), thickness 
and tissue density increased monotonically with DBH in both species. Leaf area, leaf nitrogen (N) and carbon (C) : nitrogen 
(N) ratios also varied significantly with DBH; however, these patterns were unimodal, with peak trait values preceding the 
DBH at reproductive onset in both species. Size-dependent changes in leaf structural traits (LMA and leaf thickness) were 
generally similar in both species, while traits associated with leaf-level investment in C gain (leaf area, leaf C : N ratio) showed 
contrasting ontogenetic trends between species. Wood starch concentration varied with DBH in both species, also showing 
unimodal patterns with peaks preceding size at reproductive onset. Wood C concentration increased linearly with DBH in 
both species, though significantly only in M. mirabilis. Size-dependent patterns in wood chemical traits were similar between 
both species. Our data demonstrate pronounced variation in functional traits through tree ontogeny, probably due to a com-
bination of environmental factors and shifts in resource allocation. Such ontogenetic variation is comparable in magnitude 
with interspecific variation, and so should be accounted for in trait-based studies of forest dynamics, structure and function.

Keywords: carbon, functional traits, leaf economics, non-structural carbohydrates, size-dependence, tree ontogeny, 
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Introduction

In recent years, ecologists have made significant progress in 
understanding how species functional traits influence forest 
community structure and ecosystem function. Particular atten-
tion has been given to morphological and physiological traits of 
leaf and wood tissues, particularly traits associated with the 
‘leaf economics spectrum’ (Wright et al. 2004) and wood den-
sity (Chave et  al. 2009). These traits have specifically been 
linked to patterns in tree demography (e.g., Poorter et  al. 
2008, Wright et  al. 2010), tree community assembly (e.g., 

Kraft et al. 2008), tree species distributions (e.g., Diaz et al. 
2004, Baltzer and Thomas 2010), decomposition rates (e.g., 
Weedon et al. 2009), carbon (C) dynamics (e.g., Baker et al. 
2004) and forest recovery following disturbance (e.g., Curran 
et al. 2008). Understanding how leaf and wood traits contrib-
ute to these patterns and processes is becoming more tracta-
ble, due to the availability of large trait datasets (e.g., Kattge 
et  al. 2011), standardized methodologies for trait collection 
(e.g., Cornelissen et  al. 2003) and comparative analytical 
methods for understanding trait evolution (e.g., Harvey and 
Pagel 1991).
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Using functional traits as proxies for species life-history 
strategies has been particularly appealing for tropical forest 
ecologists, as the presence of hundreds of co-occurring tree 
species makes collection of site- and species-specific growth 
and mortality data a difficult or even insurmountable task 
(Wright et  al. 2003, Herault et  al. 2011). At the same time, 
there is uncertainty over how well individual leaf or wood traits 
or suites of traits predict vital rates of tropical tree species 
(sensu Wright et al. 2003) across all ontogenetic stages. For 
example, studies in multiple forest sites have found that spe-
cific leaf area (SLA, or its inverse leaf mass per area, LMA) is 
correlated with growth, mortality and shade tolerance of tropi-
cal seedlings or saplings (e.g., Poorter and Bongers 2006, 
Baltzer and Thomas 2007); however, when larger tree sizes 
are analysed, these relationships becomes notably weaker 
(Poorter et al. 2008) or non-existent (Wright et al. 2010).

There are several possible explanations for a decoupling of 
traits from tree performance measures through tree ontogeny. 
First, it is likely that some traits become less important deter-
minants of growth as trees develop (Herault et al. 2011). For 
example, while growth rate may be strongly related to SLA in 
saplings, growth in larger trees is likely to be more strongly 
related to total leaf number (Poorter et al. 2009), or leaf and 
branch extension patterns that determine leaf display efficiency 
(Sterck and Bongers 2001). A second explanation for non-
significant trait–demography relationships is that ‘soft traits’ 
(i.e., SLA, LMA) are not as tightly linked to tree growth and 
mortality (either biologically or statistically) as ‘hard traits’ such 
as photosynthetic capacity and dark respiration rates (Wright 
et  al. 2010). A third potential explanation is that weak trait–
demography relationships are due to size-dependent variation 
in functional traits. If traits vary strongly with tree size, it would 
not be surprising that trait values collected on smaller stems do 
not correlate with growth rates of large canopy trees (Poorter 
et al. 2008, Wright et al. 2010). However, while some studies 
have acknowledged that ontogenetic variation in traits is impor-
tant in predicting long-term forest dynamics (Niinemets 2006), 
we know surprisingly little about how leaf or wood chemical 
traits vary with size in tropical trees.

With few exceptions, our understanding of ontogenetic vari-
ation in leaf traits comes from comparisons of saplings or 
seedlings with large canopy trees (e.g., Thomas and Bazzaz 
1999, Ishida et al. 2005, Wright et al. 2010), or from studies 
quantifying traits over a truncated range of tree sizes (Rijkers 
et al. 2000, Coopman et al. 2008, 2011, Sendall and Reich 
2013). Some authors have quantified leaf trait variation as a 
function of tree height (H) using datasets pooled across 
species (Kenzo et al. 2006, 2012, Cavaleri et al. 2010), but 
this approach has important limitations. Methodologically, 
using H as a measure of tree size may not capture complete 
ontogenetic trends in trait change for species exhibiting 
asymptotic H–diameter allometry (Thomas 1996a, 2010). 

From a comparative biology perspective, species-pooled analy-
ses are likely to obscure differences in patterns of ontogenetic 
trait change among species of contrasting life-history strate-
gies. Tree species differing in life-history strategy may show 
different size-dependent patterns of trait change due to: 
(i)  differences in size-dependent changes in light exposure 
(Poorter et al. 2005); (ii) variation in leaf plastic responses to 
changing light availability (Rozendaal et al. 2006); and/or (iii) 
differences in size at reproductive onset that may affect size-
dependent patterns in leaf traits (Thomas and Ickes 1995, 
Thomas 2010). Quantifying size-dependent patterns of trait 
change across species of contrasting life-history strategies 
could inform an understanding of the evolutionary causes and 
consequences of ontogenetic changes in tree functional biol-
ogy (cf. Thomas and Bazzaz 1999).

The few studies documenting species-specific trait variation 
across complete diameter continua convey very different con-
clusions: not only do different traits show different ontogenetic 
patterns (i.e., linear vs. non-linear), but different traits also vary 
in response to multiple biotic or abiotic cues. For example, in 
three temperate deciduous species, Thomas (2010) found that 
leaf structural traits (LMA, leaf tissue density, leaf thickness) 
showed linear allometric increases with tree size. However, 
traits associated with C gain (photosynthetic rates, stomatal 
conductance, leaf nitrogen (N) and leaf area) all showed uni-
modal or ‘hump-shaped’ patterns, with trait maxima preceding 
or near reproductive size thresholds. This pattern is generally 
consistent with declines late in ontogeny being driven at least 
in part by reproductive allocation effects (Thomas 2011). 
Unimodal relationships between leaf size and tree size have 
also been found in several tropical tree species (Alvarez-Buylla 
and Martinez-Ramos 1992, Thomas and Ickes 1995). However, 
because so few species-specific data documenting size-
dependent variation in leaf traits of tropical trees exist, it is 
unclear if (i) larger suites of traits show different size-
dependent patterns of change or (ii) patterns of trait variation 
differ across trees from different successional guilds.

In tropical trees, we also have few data or theories as to how 
wood chemical traits may vary as a function of tree size. 
Available data on size-dependent variation in wood chemistry is 
primarily based on comparisons of seedlings or saplings and 
canopy trees (Martin et  al. 2013), or studies documenting 
within-stem variation (i.e., variation occurring from pith to bark; 
e.g., Hoch et al. 2003, Wurth et al. 2005, Lamlom and Savidge 
2006). One wood trait likely to show size-dependent variation 
is the concentration of non-structural carbohydrates (NSCs, 
referring to starches and simple sugars). As a species-level trait, 
at least in saplings, NSC concentration is an important correlate 
of life-history strategies in trees (Kobe 1997, Poorter and 
Kitajima 2007) but is also regarded as a proxy for tree C status: 
NSC accumulation suggests that assimilated C exceeds require-
ments for growth (i.e., C storage), while NSC depletion suggests 
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a C deficit (Körner 2003). In tropical trees, this view has been 
supported by studies finding significant reductions in NSC con-
centrations occurring in concert with seasonal leaf flushing 
(Newell et al. 2002, Wurth et al. 2005). Analogously, it can be 
hypothesized that NSC pools in tropical evergreen trees will 
show ‘hump-shaped’ patterns with respect to tree size: accu-
mulation of C stores prior to reproductive onset, followed by 
NSC decline post-reproduction as C is allocated to fruits and 
flowers. Studies to date of deciduous tropical or temperate spe-
cies have not found evidence for any size-related decline in 
NSCs in large trees (Bullock 1992, Körner 2003, Genet et al. 
2010); however, seasonal fluctuations in NSCs due to leaf phe-
nology are strongly pronounced in deciduous species (Körner 
2003), increasing uncertainty in patterns (Sala et al. 2011). The 
limited data on tropical and temperate species also have pooled 
trees from a range of sizes (e.g., trees with DBH >10 cm in 
Bullock 1992), and may therefore mask continuous size-depen-
dent variation in NSCs (Sala and Hoch 2009, Sala et al. 2011). 
Wood C concentration (%C on a mass basis) may also vary 
ontogenetically and have important implications for forest C 
accounting (Lamlom and Savidge 2006, Martin et al. 2013), but 
to our knowledge no data are available on patterns across a 
wide range of tree sizes in any tropical species.

In the present study, we quantify variation in leaf and wood 
traits in two evergreen neotropical tree species, across a wide 
range of tree sizes. Our study was designed to address the fol-
lowing questions: (i) What are the patterns of size-dependent 
variation in leaf and wood chemical traits in tropical trees? (ii) 
Do patterns of size-dependent trait change differ among spe-
cies of contrasting life-history strategies? (iii) Do traits related 
to carbon economy, specifically leaf N and wood NSC concen-
trations, show a peak at intermediate tree sizes? (iv) Are any 
observed peaks in leaf or wood chemical traits related to size at 
reproductive onset?

Materials and methods

Study site and species

Our study was conducted in Dominica, Lesser Antilles (15°25′N, 
61°20′W), a small island situated between the islands of 
Guadeloupe to the north and Martinique to the south. Sampling 
was conducted in tropical rainforest in Morne Trois Pitons 
(MTP) National Park (650 m above sea level (a.s.l.)). Forests in 
MTP receive an average annual rainfall of ~4400 mm, with a 
wet period occurring between June and October, and a less-wet 
period from November through May (Nicolson et al. 1991). The 
rainforest canopy in MTP reaches ~30–35 m, and is dominated 
by Dacryodes excelsa Vahl. (Burseraceae), Amanoa caribaea 
Krug & Urb. (Euphorbiaceae), Sloanea caribaea Krug & Urb. ex 
Duss and Sloanea dentata L. (Elaeocarpaceae) (Nicolson et al. 
1991).

Within MTP, we chose two of the most common rainforest 
tree species for study: Miconia mirabilis (Aubl.) L.O. Williams 
(Melastomataceae), a short-lived, light-demanding pioneer 
species, and D. excelsa, a canopy-dominant, long-lived late-
successional species. Miconia mirabilis is a common, strict for-
est-gap colonizer in MTP whose presence and abundance is 
positively correlated with hurricane damage, owing to high 
light requirements for survival (Nicolson et al. 1991). Dacryodes 
excelsa is qualitatively classified as a shade-tolerant and late-
successional species (Nicolson et al. 1991).

In May of 2010, we selected 57 D. excelsa and 65 M. mira-
bilis individuals across a range of tree sizes (0.56–91.3 cm 
DBH and 0.56–32.7 cm DBH, respectively) for collection and 
analysis of leaf and wood chemical traits, and whole-tree mea-
surements. All sample trees were selected within MTP, and 
were a minimum distance of 10 m from one another. Although 
we did not use a strict randomization procedure, trees were 
selected so as to spatially intersperse individuals of differing 
size. To ensure that elevational gradients in functional traits did 
not confound analysis of size-dependent patterns (e.g., Hoch 
et  al. 2002), we restricted all study trees to those located 
within MTP at approximately the same elevation (~650 m 
a.s.l.). We also excluded trees showing visible signs of crown 
(major branch falls, highly pronounced crown asymmetries or 
defoliation) or bole damage (open stem wounds) owing to hur-
ricane winds, or those showing signs of dieback due to physi-
ological stress.

Functional trait sampling

For leaf traits, we collected three individual leaves per tree that 
were fully developed and free of herbivore damage or heavy 
epiphyll cover, and taken from the upper- and outermost 
branches (Cornelissen et al. 2003). Leaves from trees ≤12 m 
in H were collected using a telescoping pole pruner. For trees 
>12 m H, a tree climber was employed to collect leaves; for all 
trees accessible only via tree climbing, once the climber was 
situated in the crown, the telescoping pole pruner was then 
hoisted into the canopy to ensure collection of the upper- and 
outermost branches of all trees in our dataset.

For each leaf, we measured the leaf area of fresh leaves (cm2) 
using digital photographs analysed in ImageJ software (Abramoff 
et al. 2004). Leaf lamina thickness (mm) for fresh leaves was 
determined using a low-force micrometer (No. 227-101, Mitutoyo 
Co., Mississauga, Canada), calculated as the mean value of three 
replicate measurements taken across the lamina while avoiding 
major veins. Following these measurements, all leaves were 
oven-dried at 60 °C to constant mass and weighed. We then 
calculated the LMA as leaf dry mass/area (g m−2) and computed 
leaf tissue density (g cm−3) as LMA/leaf thickness.

Following leaf morphology measurements, leaves were 
transported to the University of Toronto, Canada where they 
were analysed for leaf N and C concentration (both on a mass/

1340  Martin and Thomas
D

ow
nloaded from

 https://academ
ic.oup.com

/treephys/article/33/12/1338/1663220 by guest on 19 April 2024



Tree Physiology Online at http://www.treephys.oxfordjournals.org

mass basis) using an ECS4010 CHNS elemental analyser 
(Costech Analytical Technologies, Inc., Valencia, CA, USA), 
which was calibrated between each sample run using an ethyl-
enediaminetetraacetic acid standard. In total, leaf morphologi-
cal and chemical traits were taken on 57 D. excelsa and 65 M. 
mirabilis trees, with one minor exception: leaf thickness and 
tissue density were not measured for one M. mirabilis tree due 
to an unusually high density of major veins.

To assess size-dependent changes in wood chemistry, we 
focused on the outermost 6 cm of trunk wood. This was done 
in order to: (i) focus on the tree tissue that is least seasonally 
variable with respect to NSC concentrations (Hoch et al. 2003, 
Wurth et al. 2005); and (ii) ensure our analysis captures size-
dependent variation in NSCs within the portion of xylem that is 
most active in NSC transport (Newell et al. 2002, Genet et al. 
2010) and maintains the highest NSC concentrations within-
stem cross sections (Barbaroux and Breda 2002, Newell et al. 
2002, Hoch et al. 2003, Wurth et al. 2005). Utilizing the out-
ermost 6 cm also ensures that our analysis of size-dependent 
variation in wood C focuses explicitly on newly formed wood, 
and is therefore not confounded with potential radial variation 
in wood C (e.g., Lamlom and Savidge 2006).

We collected wood samples from a large subset of sampled 
trees of each species, including 48 D. excelsa and 49 M. mira-
bilis. For smaller stems (≤5 cm DBH), we clipped the main 
stem and collected the woody tissue at 50–130 cm aboveg-
round. For trees >5 cm DBH, we collected wood cores at 
breast height (1.3 m aboveground) using a 5.15 mm increment 
borer. Once collected, all samples were oven-dried to constant 
mass at 110 °C. After drying, we used utility knives to pare 
away the outer edges of samples that may have been contami-
nated by the surface of the core borer, and removed all bark 
and pith from smaller samples. We then measured and removed 
the outermost 6 cm of sapwood, and pulverized each sample 
into a homogeneous powder using a Wiley mill (no. 40 mesh).

Following sample preparation, analysis of wood C concentra-
tion (% C mass/mass basis—not accounting for volatile C, 
Martin and Thomas 2011) was performed on a portion of the 
powdered core with the same elemental analyser used for leaf 
analysis. We then used 10 mg of each powdered sample for 
analysis of NSC concentration by analysing simple sugars (glu-
cose, fructose and sucrose) and starch separately. Sugar con-
centration was determined using the phenol–sulfuric acid 
method. Starch and other complex sugars were then extracted 
from the pellet of wood remaining with 1 ml of 10 N NaOH in a 
boiling bath for 5 min. Following extraction, supernatants were 
neutralized with 1 ml of 10 M H3PO4, and each sample was 
centrifuged for 2 min at 10,000g. Starch in the supernatant was 
then hydrolysed to glucose for 12 h at room temperature with 
amyloglucosidase (ab83393, Abcam, Cambridge, MA, USA), 
and the carbohydrate concentration in glucose equivalents for 
the hydrolysed starch samples was determined colorimetrically 

at 570 nm. For starch and sugar analyses, values are presented 
on a percentage dry mass basis, and are the means of two rep-
licate measurements per sample.

Reproductive surveys and whole-tree measurements

For each tree in our dataset we measured the DBH, H, repro-
ductive status and crown exposure. We measured H to the 
nearest meter using a laser rangefinder (Laser Technology, 
Inc., Centennial, CO, USA), as the mean of five measurements 
from tree base to the uppermost crown. To ensure consistency, 
all tree height measurements were taken by a single observer 
(A.R.M.) and trees in which the uppermost reaches of the 
crown were not visible were excluded from the dataset. 
Reproductive status was quantified as a binary response 
(reproductive (1) or non-reproductive (0)), determined by two 
independent observers (A.R.M. and E.S. Stedman) who exten-
sively searched tree crowns to determine the presence/
absence of reproductive structures (i.e., fruits, flowers or 
pedicels).

Crown exposure for each tree was measured as a semi-
quantitative assessment following Clark and Clark (1992) as 
modified by Thomas (2010). All crown exposure assess-
ments were made by a single observer (A.R.M.). To provide 
adequate sample sizes for size at reproductive onset (Scrit) 
and maximum tree height (Hmax), we supplemented our data-
set with identical whole-tree measurements (i.e., DBH, H, 
reproductive status, crown exposure) on additional D. 
excelsa and M. mirabilis trees. All additional trees surveyed 
were randomly sampled within MTP, and provided sample 
sizes of 161 M. mirabilis and 171 D. excelsa used for Scrit and 
Hmax estimates (Table 1).

Analysis of reproductive size thresholds and Hmax

To estimate species-specific Scrit, we used a modified logistic 
regression model with binomial error distributions, fit using 
maximum likelihood methods. Our methods follow Thomas 
(1996b), whereby the probability of a tree being reproductive 
(Prep) was estimated as a function of DBH such that

	
P

e
e

a b

a brep

DBH

DBH= +
+

+

ln

ln1
,
�

(1)

where e is the base of the natural logarithm, and both a and b 
are fitted constants. The inflection point of this function then 
represents a statistical estimate of Scrit calculated as

	 S eb b b a
crit .= − − + −1 1 1[ln(( )/( )) ]

� (2)

We then estimated Hmax following Thomas (1996a) based on 
the non-linear allometric equation

	 H H e a b= − −
max

( )( ),1 DBH
� (3)
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where Hmax is the asymptotic maximum tree height, and a and b 
are fitted constants (Thomas 1996a). Preliminary analysis sug-
gested that the DBH–H relationships for M. mirabilis was non-
asymptotic (data not shown), indicating that Eq. (3) may 
overestimate Hmax. Therefore, we also calculated the Hmax as the 
mean observed H of the three largest trees by the DBH from 
our expanded whole-tree measurement dataset (Hmax-obs).

Analysis of size-dependent variation in traits

Preliminary analyses suggested that size-dependent trait 
variation was well described by an allometric relationship of 
the form Y = aDBHb, where Y represents a given trait, DBH 
represents tree diameter, and both a and b are fitted con-
stants. Therefore, all analyses of size–trait relationships were 
based on log–log transformed data to improve normality and 
reduce heteroscedasticity. Analyses followed a two-step 
procedure: we first tested for significant non-linearity in pat-
terns of trait variation as a function of DBH, by pooling both 
species’ data for a given trait and testing for a significant 
second-order polynomial term (DBH2) in a linear regression 
model of the form

	

log (log ) (log )

( ) ( log ),

Y = + +
+ + ×
β β β
β β
0 1 2

2

3 4

DBH DBH

sp sp DBH
�

(4)

where Y represents a given trait, β0 represents the intercept, β1 
and β2 are the regression model coefficients for DBH and 
DBH2, respectively, β3 is a coefficient for species (‘sp’) coded 
as a binary ‘dummy variable’ and β4 is a coefficient for a 
species-by-DBH interaction.

We used results of pooled analysis to inform species-specific 
analysis: where β2 in Eq. (4) was significant, a linear model 
including a second-order polynomial term was used to describe 
patterns of size-dependent trait variation in D. excelsa and M. 
mirabilis individually as

	 log (log ) (log ),Y = + +β β β0 1 2
2DBH DBH � (5)

where model terms and coefficients are as in Eq. (4). When β2 
was not significant in pooled analysis, traits for each species 
were analysed with linear regression models of the form

	 log (log ),Y = +β β0 1 DBH � (6)

where model terms and coefficients are as in Eq. (4). Analyses 
were also performed with H as a measure of size in Eqs 
(4–6). Since DBH was generally a stronger predictor of onto-
genetic changes (Data S1 available as Supplementary Data at 
Tree Physiology Online), we do not discuss these results at 
length.

For all non-linear trait–DBH relationships, 95% confidence 
limits for tree DBH corresponding to trait peaks were calcu-
lated by bootstrapping the polynomial regression of the log–
log transformed data, with 1000 bootstrap samples used. For 
this analysis, the reciprocals of traits showing ‘U-shaped pat-
terns’ were analysed. As a final analysis step, we tested for the 
effects of DBH and light exposure on traits simultaneously, by 
including DBH and DBH2 (as determined above) and crown 
exposure as explanatory variables in a multiple regression 
model. All statistical analyses were conducted using R v. 2.10.1 
(R Foundation for Statistical Computing, Vienna, Austria).

Results

Size at reproductive onset and Hmax

Both species showed size-dependent patterns of reproduction 
consistent with a threshold, where b in Eq. (1) was >1 (Thomas 
1996b; Table 1). Estimated Scrit for D. excelsa was 18.2 cm 
(95% CI = 11.2–30.0 cm), and that for M. mirabilis was 12.2 cm 
(95% CI = 8.1–18.5 cm; Table 1). Relationships between DBH 
and H in D. excelsa were consistent with an asymptotic pattern, 
with Hmax and Hmax-obs being comparable with overlapping confi-
dence limits (Table 1; see Figure S1 available as Supplementary 
Data at Tree Physiology Online). Specifically Hmax for D. excelsa 
was estimated as 31.0 ± 2.0 m (95% CI), while Hmax-obs was 
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Table 1. ​ Parameters for whole-tree trait analysis of two Dominican tree species. Sample sizes and estimates of size at reproductive onset  
(Scrit (cm)) and maximum tree height (Hmax, Hmax-obs (m)) for D. excelsa and M. mirabilis. Parameters a and b for reproductive onset and maximum 
tree height estimates are as in Eqs. (2) and (3), respectively.

Trait Parameter D. excelsa M. mirabilis

ntotal 171 161
nrep 39 91

Reproductive onset Scrit (95% CI) 18.2 (11.2, 30.0) 12.2 (8.1, 18.5)
a (95% CI) −16.76 (−26.23, −10.69) −11.37 (−16.71, −7.72)
b (95% CI) 10.57 (6.84, 16.3) 12.21 (8.51, 17.66)

Maximum tree height Hmax (±SE) 31.0 ± 2.0 35.0 ± 14.7
a (±SE) −0.075 ± 0.005 −0.064 ± 0.021
b (±SE) 0.736 ± 0.038 0.726 ± 0.092
Hmax-obs (±SE) 30.1 ± 6.4 21.8 ± 2.5 D
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30.1 m, but displayed much wider 95% confidence limits 
(±6.4 m; Table 1; see Figure S1 available as Supplementary 
Data at Tree Physiology Online). Conversely, M. mirabilis did not 
show asymptotic patterns in its DBH–H relationship, whereby H 
tended to increase monotonically through the range of mea-
sured DBH; this led to drastically different maximum heights for 
M. mirabilis depending on whether it was estimated (through 
Eq. (3)) or measured. Specifically, Hmax estimates were very 
high with wide confidence limits (35.0 ± 14.7 m, 95% CI), while 
Hmax-obs yielded an estimate of 21.8 ± 2.5 m (95% CI), which 
was ~30% lower than Hmax (Table 1; see Figure S1 available as 
Supplementary Data at Tree Physiology Online).

Leaf traits

In the pooled analysis, LMA, leaf thickness and leaf tissue den-
sity all increased monotonically with tree size (Table 2), with 
linear allometric models explaining 89.7 and 81.9% of the 
variation in LMA for D. excelsa and M. mirabilis, respectively 
(Figure 1). Similarly, leaf thickness and leaf tissue density were 
both well explained by linear allometric models (P < 0.0001, adj. 
r2 = 0.533–0.842 in all cases; Table 2; Figure 1; Data S2 avail-
able as Supplementary Data at Tree Physiology Online). In 
comparing size-dependent patterns between D. excelsa and 
M. mirabilis, pooled analysis of leaf structural traits only found 
significant differences in the slope of the DBH–leaf tissue den-
sity relationship (slope = 0.064 and 0.139 for D. excelsa and 
M.  mirabilis, respectively, species-by-size interaction term 
P = 0.001; Table 2; Data S2 available as Supplementary Data at 
Tree Physiology Online). The slopes of the DBH–LMA (0.238 
and 0.272 for D. excelsa and M. mirabilis, respectively) and the 
DBH–thickness relationships (0.175 and 0.137 for D. excelsa 
and M. mirabilis, respectively) were not statistically different 
between the two species (Table 2; Data S2 available as 
Supplementary Data at Tree Physiology Online).

Pooled analyses of leaf chemical traits (N, C and C : N) and 
leaf size (area per leaf) found that all four of these traits 

showed deviations from linear allometry with tree size, as indi-
cated by highly significant second-order polynomial terms in 
the species-pooled analysis (P ≤ 0.0002; Table 2). In D. 
excelsa, quadratic models were highly significant (P < 0.0001) 
and explained a high proportion of the variance in leaf area 
(adj. r2 = 0.693), leaf N (adj. r2 = 0.557) and leaf C : N (adj. 
r2 = 0.506; Figures 2 and 3; Data S2 available as Supplementary 
Data at Tree Physiology Online). Area per leaf and leaf N con-
centrations showed pronounced unimodal or ‘hump-shaped 
patterns’, while leaf C : N ratio showed a pronounced ‘U-shaped’ 
pattern (Figures 2 and 3). In D. excelsa, leaf C concentration 
was also well explained by a quadratic model (P < 0.0001), but 
the relationship was weaker (adj. r2 = 0.291) and the unimo-
dality less pronounced (Figure 3).

Miconia mirabilis leaf area and chemical traits all varied sig-
nificantly as a function of tree size, with patterns well explained 
by quadratic models (Table 2). Leaf area was significantly 
related to tree size (adj. r2 = 0.589; P < 0.0001), as was leaf N 
(adj. r2 = 0.187; P = 0.001), leaf C (adj. r2 = 0.21; P = 0.0003) 
and leaf C : N (adj. r2 = 0.374; P < 0.0001; Figures 2 and 3; 
Data S2 available as Supplementary Data at Tree Physiology 
Online). However, in M. mirabilis, these traits did not show pro-
nounced unimodal patterns, and instead generally declined 
(leaf area, leaf N) or increased (leaf C, leaf C : N) monotoni-
cally with tree size (Figures 2 and 3).

Size-dependent patterns in leaf area, leaf C and leaf C : N 
ratios differed significantly between species, with D. excelsa 
showing much more pronounced unimodal patterns in these 
traits when compared with M. mirabilis (Figures 2 and 3; Table 
2). While size-dependent patterns in leaf N did not differ statis-
tically between species, there were pronounced qualitative dif-
ferences in DBH–leaf N patterns (Figures 2 and 3; Table 2).

Wood chemical traits

In pooled analysis, wood C concentration (% mass basis) var-
ied significantly as a function of tree size, with patterns being 

Size-dependent changes in functional traits  1343

Table 2. ​ Sample sizes and results (P values) from species-pooled analysis of size-dependent changes in 11 leaf and wood traits, in two Dominican 
tree species (D. excelsa and M. mirabilis). Significant terms in the regression analysis (P < 0.05) are in bold, and all results are based on analysis 
of log–log transformed values.

Trait N DBH DBH2 Species Species × DBH

LMA (g m−2) 122 <0.0001 0.2869 0.6414 0.1773
Leaf thickness (µm) 121 <0.0001 0.9834 <0.0001 0.1857
Leaf tissue density (g cm−3) 121 <0.0001 0.1535 <0.0001 0.0012
Leaf area (cm2) 122 <0.0001 <0.0001 <0.0001 <0.0001
Leaf N (% dry mass) 122 <0.0001 <0.0001 <0.0001 0.3096
Leaf C (% dry mass) 122 0.0158 0.0002 <0.0001 0.0001
Leaf C: N ratio 122 <0.0001 <0.0001 <0.0001 0.0106
Wood C (% dry mass) 97 0.0089 0.8757 0.1314 0.4608
Starch (% dry mass) 97 0.1164 0.0008 0.5944 0.2298
Sugar (% dry mass) 97 0.0222 0.0256 0.0001 0.3795
Sugar: starch ratio 97 0.0066 0.0014 <0.0001 0.2182
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Figure 1. ​ Leaf structural traits as a function of tree size (DBH) for D. excelsa (left panels) and M. mirabilis (right panels). Leaf structural traits 
include LMA (upper panels), leaf thickness (middle panels) and leaf tissue density (lower panels). Open and closed circles represent non-
reproductive and reproductive individuals, respectively. Trend lines represent leaf structural trait–DBH relationships based on regression analysis 
performed on log–log transformed data. Adjusted r2 values, sample sizes (in brackets) and P values are given for species-specific model fits for 
each trait (see Data S2 available as Supplementary Data at Tree Physiology Online for model parameters).
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well described by a linear model (Table 2, Figure 4). Increases 
in wood C with DBH in D. excelsa were weak and not statisti-
cally significant (P = 0.128; adj. r2 = 0.029). However, in 
M.  mirabilis, wood C increased significantly with tree size 
(P = 0.002; adj. r2 = 0.165; Figure 4). Patterns of size-
dependent changes in wood C concentration did not differ sig-
nificantly between species (Figure 4, Table 2).

Size-dependent variation in wood starch concentration was 
well explained by a quadratic model in the pooled analysis 
(Table 2), with size-dependent patterns not differing signifi-
cantly between species (Figure 5, Table 2). When analysed 
individually, starch concentration was significantly related to 
DBH in both D. excelsa (P = 0.024; adj. r2 = 0.115) and M. 
mirabilis (P = 0.026; adj. r2 = 0.109; Figure 5; Data S2 available 
as Supplementary Data at Tree Physiology Online). Patterns of 
size-dependent variation in starch concentrations were uni-
modal in both species, with modelled and observed peak 
starch concentration occurring at intermediate tree sizes 
(Figure 5). Analysis of size-dependent variation in sugar con-
centration also indicated a significant second-order polynomial 
term in the pooled analysis (Table 2). At the species level, 
sugar concentration varied significantly with size only in D. 
excelsa (P = 0.009; adj. r2 = 0.155), showing a pronounced 
‘U-shaped’ pattern with minimum concentrations occurring at 
intermediate tree sizes; sugar concentration was unrelated to 
tree size in M. mirabilis (P = 0.728, adj. r2 = 0; Figure 5). 
Sugar : starch ratios were unrelated to tree size in M. mirabilis 

(P = 0.389; adj. r2 = 0), but varied significantly with tree size in 
D. excelsa (P = 0.0003; adj. r2 = 0.27), showing a pronounced 
‘U-shaped’ pattern with the lowest sugar concentration relative 
to starch occurring at intermediate tree sizes (Figure 5; Data 
S2 available as Supplementary Data at Tree Physiology Online).

Location of peak trait values

With one exception (leaf C concentration in M. mirabilis), in all 
traits that showed significant second-order polynomial terms 
(Table 2), the estimated maximum values (or minimum in the 
case of C : N ratios and sugar concentration, and sugar : starch 
ratio in D. excelsa) occurred prior to the size at reproductive 
onset (Figure 6). In M. mirabilis, leaf N, the reciprocal of leaf 
C : N ratio and leaf area peaked in the smallest tree sizes 
(~0.56 cm DBH), while peak starch concentration was 
observed in trees that were slightly larger (4.6 cm DBH) but 
still below the lower 95% confidence bound for reproduction 
(Figure 6).

In D. excelsa, all traits showing a significant second-order 
polynomial term peaked or showed minimum values (in the 
case of leaf C : N, sugar concentration and sugar : starch ratios) 
prior to reproductive onset (18.2 cm DBH; Figure 6). 
Specifically, peak leaf area occurred at 4.5 cm DBH, leaf N 
peaked at 3.5 cm DBH and leaf C : N was lowest at 3.9 cm 
DBH. Maximum values for leaf C concentration occurred in 
smaller trees that were 1.6 cm DBH. Maximum starch concen-
tration was detected in larger trees (6.6 cm DBH), as was 
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Figure 2. ​ Leaf area as a function of tree size (DBH) for D. excelsa and M. mirabilis. Open and close circles represent non-reproductive and repro-
ductive individuals, respectively. Trend lines indicate leaf area–DBH relationships based on regression analysis performed on log–log transformed 
data. Adjusted r2 values, sample sizes (in brackets) and P values are given for species-specific model fits for each trait (see Data S2 available as 
Supplementary Data at Tree Physiology Online for model parameters).
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Figure 3. ​ Leaf chemical traits as a function of tree size (DBH) for D. excelsa (left panels) and M. mirabilis (right panels). Leaf chemical traits include 
leaf N concentration (upper panels), leaf C concentration (middle panels) and leaf C : N ratio (lower panels). Open and closed circles represent 
non-reproductive and reproductive individuals, respectively. Trend lines represent leaf chemical trait–DBH relationships based on regression analy-
sis performed on log–log transformed data. Adjusted r2 values, sample sizes (in brackets) and P values are given for species-specific model fits for 
each trait (see Data S2 available as Supplementary Data at Tree Physiology Online for model parameters).
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minimum sugar concentration and sugar : starch ratios (6.9 cm 
DBH for both traits); upper confidence bounds for peak starch 
and minimum sugar concentrations narrowly overlapped lower 
confidence bounds for reproductive onset (Figure 6).

Influence of crown exposure

The effect of tree size on trait variation was largely robust 
when controlling for crown exposure. Only three leaf traits in D. 
excelsa (LMA, thickness, leaf area) varied significantly as a 
function of crown exposure while holding tree size constant 
(Table 3). All other leaf and wood traits in D. excelsa, and all 
traits in M. mirabilis did not vary with crown exposure when 
controlling for tree size (Table 3). Conversely, virtually all traits 
initially found to vary with tree size also varied with DBH when 
controlling for crown exposure (Table 3). When controlling for 
crown exposure, the influence of DBH in driving trait variation 
was non-significant in three traits in M. mirabilis (leaf area, leaf 
N, wood C), and only leaf C in D. excelsa (Table 3).

Discussion

Essentially all leaf and wood functional traits examined showed 
pronounced trends with tree size (DBH) in both species. Also, 
with only four minor exceptions of weak relationships (where 
differences in adj. r2 ≤ 0.012), size-dependent patterns were 
more strongly predicted by DBH than tree H (Data S1 available 
as Supplementary Data at Tree Physiology Online). Traits 

reflecting investment in leaf structure (LMA, leaf thickness, leaf 
tissue density) showed a strong positive allometric relationship 
to tree size, with patterns being largely similar between spe-
cies (Figure 1, Table 2); this positive relationship also persisted 
when crown exposure was included as a covariate (Table 3). In 
contrast, leaf traits associated with C-gain, including leaf size 
and leaf C : N ratios, differed considerably between species, 
most notably showing ‘hump-shaped’ patterns with a peak at 
intermediate tree sizes in the late-successional species D. 
excelsa. These patterns are remarkably similar to those 
observed in mid- to late-successional temperate species 
(Thomas 2010, Sendall and Reich 2013), and are consistent 
with available data on ontogenetic trends in leaf size in tropical 
trees (Alvarez-Buylla and Martinez-Ramos 1992, Thomas and 
Ickes 1995). Our findings extend this body of work to indicate 
that certain wood functional traits show similar patterns: spe-
cifically, wood C concentration increased monotonically with 
tree size, whereas wood starch concentration reached a maxi-
mum at intermediate tree sizes. Similar to leaf structural traits, 
patterns of size-dependent changes in wood chemical traits 
did not differ between species of contrasting life-history 
strategies.

Patterns and causes of ontogenetic trait variation

Size-dependent trends in leaf structural traits (LMA, leaf thick-
ness, leaf tissue density) have often been explained as an accli-
mation response to light availability (reviewed by Lusk et  al. 
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Figure 4. ​ Wood C concentration as a function of tree size (DBH) for D. excelsa and M. mirabilis. Open and closed circles represent non-reproduc-
tive and reproductive individuals, respectively. A solid trend line indicates a significant wood C–DBH relationship, and dashed line represents a 
non-significant relationship, based on regression analysis performed on log–log transformed data. Adjusted r2 values, sample sizes (in brackets) 
and P values are given for species-specific model fits for each trait (see Data S2 available as Supplementary Data at Tree Physiology Online for 
model parameters).
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Figure 5. ​ Size-dependent changes in NSC concentration for D. excelsa (left panels) and M. mirabilis (right panels). Traits include wood starch 
concentration (upper panels), wood sugar concentration (middle panels) and wood sugar: starch ratio (lower panels). Open circles represent non-
reproductive individuals and filled circles represent reproductive individuals. Solid trend lines indicate significant NSC trait–DBH relationships and 
dashed lines represent non-significant relationships (P ≥ 0.389), based on regression analysis performed on log–log transformed data. Adjusted 
r2 values, sample sizes (in brackets) and P values are given for species-specific model fits for each trait (see Data S2 available as Supplementary 
Data at Tree Physiology Online for model parameters).

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article/33/12/1338/1663220 by guest on 19 April 2024



Tree Physiology Online at http://www.treephys.oxfordjournals.org

2008), though studies also point to tree size as an independent 
driver of variation in these traits (e.g., Niinemets and Kull 1995, 
Thomas 2010). For example, studies on Norway spruce (Picea 
abies) have found that leaf thickness varies in response to light 
availability, leaf tissue density tracks closely with tree size, and 
LMA covaries with both light availability and size (Niinemets 
and Kull 1995, Niinemets 1997). It is challenging to disentangle 
the relative influences of size vs. light in driving ontogenetic 
changes in functional traits, particularly in field studies such as 
ours that include large trees where light levels are categorically 
estimated. In our study, leaf structural traits all varied signifi-
cantly with tree size when crown exposure was included as a 
covariate (Table 3), a finding consistent with several previous 
studies on temperate and tropical hardwood species (e.g., 
Poorter et al. 1995, Rijkers et al. 2000, Cavaleri et al. 2010, 
Thomas 2010, Sendall and Reich 2013). Collectively, these 
results indicate that leaf structural traits respond to factors 
associated with tree size, but independent of light. Previous 
studies have pointed to increasing hydraulic path length as an 
important size-related factor driving monotonic increases in leaf 
structural traits through ontogeny (Rijkers et al. 2000, Poorter 
et  al. 2005, Cavaleri et  al. 2010). Invoking this single causal 
mechanism experienced by all trees as they grow larger is par-
ticularly appealing, considering that patterns of size-dependent 
change in leaf structural traits are generally similar (i.e., mono-
tonically increasing) among species of contrasting life-history 
strategies (Figure 1; Thomas 2010) and across plant functional 
types (Cavaleri et al. 2010). However, prior research also points 
to additional factors that could be responsible for size-
dependent changes in traits associated with leaf-level C gain. 
Specifically, declines in leaf N and photosynthetic capacity with 
size among large canopy trees include increased mechanical 

perturbation due to herbivory and/or wind exposure (Patankar 
et  al. 2011), and increased reproductive allocation (Thomas 
2010, 2011). These factors cannot, however, explain the 
increase in leaf size, leaf N and related traits seen early in tree 
development observed in the present and related studies 
(Ishida et al. 2005, Kenzo et al. 2006, 2012, Coopman et al. 
2008,  2011).

In terms of ultimate evolutionary causation, it has been 
hypothesized that due to predictable vertical gradients in light 
and a high ‘costs of acclimation’, mid- and late-successional 
tree species have evolved a deterministic developmental pro-
gram in which seedling leaves show shade-plant traits, but pro-
gressively exhibit sun-plant traits with increasing tree size 
(Thomas 2010). Such a pattern is not expected in the case of 
extreme early-successional species (such as M. mirabilis) 
where regeneration predictably occurs under high light condi-
tions similar to those experienced by adult trees. In the present 
study, we found differences between the late-successional D. 
excelsa compared with the early-successional M. mirabilis that 
are broadly consistent with this hypothesis. In D. excelsa, leaf 
area, leaf N and C : N ratios showed a distinct increasing phase 
(decreasing in C : N), followed by a declining trend (increasing 
in C : N) that begins prior to reproductive onset (Figures 2, 3 
and 6). In contrast, M. mirabilis showed monotonic declines in 
leaf area and leaf N, and a monotonic increase in leaf C : N; 
patterns that occur in concert with a smaller size threshold for 
reproduction (Table 1; Figures 2, 3 and 6).

Our data on NSC concentrations (Figure 5) closely parallel 
patterns observed for leaf size and leaf N, and suggest that 
resource source–sink dynamics associated with reproduction 
influence the pools of C stored in trees. Hump-shaped patterns 
in wood starch concentration, with peaks approximating size at 
reproductive onset (Figures 5 and 6), are consistent with the 
expectation that reproductive allocation acts as a C sink in 
trees. This finding corroborates studies that have found that 
tree reproduction is to some degree reliant on NSCs stored in 
main stems or other woody tissues (Stephenson et al. 1989, 
Newell 1991, Miyazaki et al. 2002, Ichie et al. 2005). However, 
other studies have not found this pattern (Körner 2003, Hoch 
2005, Genet et al. 2010, Sala et al. 2011), and there is also 
recent evidence that nutrients in woody tissues (i.e., N and P) 
are more important in limiting tree reproductive output (Sala 
et al. 2012). Differences across studies could well be attribut-
able to species differences in limiting factors, and in the site(s) 
of storage of labile C and nutrients.

Although size-dependent patterns for wood C were gener-
ally ‘noisy’ and only significant in M. mirabilis, we also observed 
an increasing trend in wood C concentration with size in both 
species (Figure 4). This pattern is consistent with previous 
observations of increasing wood C concentration from pith to 
bark in large Acer saccharum Marsh. individuals (Lamlom and 
Savidge 2006). However, because our analysis focused on 
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Figure 6. ​ Location of trait peaks relative to size at reproductive onset 
for D. excelsa (upper panel, filled circles) and M. mirabilis (lower panel, 
filled triangles). Trait peaks were calculated from equations based on 
regression analysis of log–log transformed data (Table 3, Figures 2, 3  
and 5). Error bars represent 95% confidence limits determined 
through bootstrapping for reproductive size thresholds (Table 1) and 
location of peaks for traits showing unimodal patterns.
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only newly formed wood, our results suggest that size-depen-
dent increases in wood C are due to tree size, rather than 
ambient environmental conditions (cf. Lamlom and Savidge 
2006). We speculate that our results may be explained in part 
by greater formation of tension wood in larger trees, in 
response to increasing wind- or crown-loading in larger indi-
viduals (O’Brien et  al. 1995, Du and Yamamoto 2007). In 
Dominica high wind loading seems likely to be especially 
important in driving size-dependent changes in wood C: winds 
of 9.5 m s−1 have been documented in MTP (Smith et al. 2009), 
leading to highly dynamic canopies and reduced tree height 
(Martin et al. 2011; S.C. Thomas, unpublished data).

Implications of high ontogenetic variation in functional traits

Our data point to the importance of accounting for ontogenetic 
variation in trait-based studies of forest community assembly. 
Comparative studies often implicitly assume that species’ trait 
values are size-invariant (Cornwell et  al. 2006, Ackerly and 
Cornwell 2007, Kraft et al. 2008), or that intraspecific variation 

is manifest as trait plasticity among comparably sized 
conspecifics (Clark et al. 2003, Lichstein et al. 2007, Kraft and 
Ackerley 2009). Both assumptions imply that interspecific trait 
variation is more pronounced (and hence important to take into 
account) than size-dependent variation. If this were the case, 
species identity should explain the majority of trait variation in 
our pooled trait dataset, when tree size is included as a model 
covariate (i.e., Table 2, Eq. (4)). For D. excelsa and M. mirabilis, 
this should be particularly marked since they were chosen to 
represent opposing ends of the shade tolerance/leaf economics 
spectrum. However, in our dataset species identity explains 0% 
of the variation in LMA while DBH explains 85.9%. In the case 
of leaf N, species identity does explain 48.8% of the variation in 
leaf N, but DBH explains an additional 23.8%; for leaf size, spe-
cies explains 6.4% of the variation while tree size explains 
38.0%. Although more data are clearly needed, these results 
suggest that accounting for size-dependent trait variation is 
essential to understanding niche-based processes structuring 
tree communities (Kraft et al. 2008, Kraft and Ackerly 2010).
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Table 3. ​ Parameter estimates and results (P values) from multiple regression analysis of trait variation as a function of tree size (DBH) and crown 
exposure, in D. excelsa and M. mirabilis. Second-order polynomial terms were included in the analysis of traits exhibiting significant DBH2 in the-
species-pooled analysis (see Table 2). Significant terms (P < 0.05) are in bold.

Variable Term D. excelsa M. mirabilis

Parameter P-value Parameter P-value

LMA (g m−2) DBH 0.161 <0.001 0.251 <0.001
Exposure 0.087 0.015 0.024 0.597

Leaf thickness (µm) DBH 0.074 0.012 0.105 0.016
Exposure 0.113 <0.001 0.037 0.407

Leaf tissue density (g cm−3) DBH 0.086 0.001 0.153 <0.001
Exposure −0.026 0.337 −0.015 0.711

Leaf area (cm2) DBH 0.538 <0.001 −0.015 0.885
DBH2 −0.152 <0.001 −0.057 0.117
Exposure −0.118 <0.001 −0.138 0.141

Leaf N (% dry mass) DBH 0.088 0.002 −0.062 0.101
DBH2 −0.025 0.001 0.021 0.109
Exposure −0.042 0.216 −0.043 0.204

Leaf C (% dry mass) DBH 0.007 0.502 0.031 0.015
DBH2 −0.003 0.227 −0.004 0.326
Exposure −0.007 0.558 −0.005 0.662

Leaf C : N DBH −0.0674 0.024 0.101 0.032
DBH2 0.01847 0.007 −0.033 0.019
Exposure 0.0324 0.2426 0.043 0.147

Wood C (% dry mass) DBH 0.002 0.871 0.012 0.078
Exposure 0.005 0.704 −0.003 0.672

Starch (% dry mass) DBH 0.117 0.056 0.192 0.022
DBH2 −0.022 0.112 −0.063 0.011
Exposure −0.039 0.492 0.002 0.968

Sugar (% dry mass) DBH −0.192 0.1031 −0.2444 0.433
DBH2 0.0835 0.0028 0.0012 0.99
Exposure −0.157 0.1589 0.3035 0.128

Sugar : starch ratio DBH −0.309 0.0171 −0.4352 0.167
DBH2 0.1056 0.0006 0.0644 0.483
Exposure −0.1177 0.3255 0.3008 0.132

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article/33/12/1338/1663220 by guest on 19 April 2024



Tree Physiology Online at http://www.treephys.oxfordjournals.org

Differences in intraspecific size-dependent patterns of trait 
change may also influence our understanding of the generality 
of leaf trait syndromes and/or trait correlations. The ‘leaf eco-
nomics spectrum’ (LES) of Wright et  al. (2004) describes a 
suite of leaf functional traits (including leaf N and LMA) that 
form distinctive linear tradeoffs. Studies have shown very 
strong evidence that LES relationships are robust across large 
numbers of species (e.g., Reich et al. 1999, Wright et al. 2004), 
but studies to date have not accounted for size-dependent trait 
variation. Our data, and related work (Thomas 2010, Sendall 
and Reich 2013), suggest that leaf economics tradeoffs may 
deviate from a linear relationship during ontogeny. For example 
LMA and leaf N are negatively related when compared across 
large groups of species (Wright et al. 2004). However, in D. 
excelsa LMA and leaf N show contrasting linear and hump-
shaped patterns with size, respectively, implying that a nega-
tive linear relationship may not describe how these traits are 
correlated over the whole course of ontogeny (Figures 2 and 
4, respectively). Similarly, in three temperate deciduous spe-
cies, Thomas (2010) found LMA increased linearly with size, 
while two other LES traits (leaf N and mass-based leaf photo-
synthetic capacity) showed pronounced unimodal patterns.

Our data on size-dependent changes in wood C (Figure 4) are 
perhaps of greatest relevance to forest C accounting protocols. 
Currently, the Intergovernmental Panel on Climate Change (IPCC 
2006) suggests wood in small tropical trees (<10 cm DBH) con-
tain 46% C, while larger tropical trees (≥10 cm DBH) contain 
49% C, but these values are not based on empirical studies pro-
viding explicit size comparisons within species (Hughes et  al. 
2000). When averaged across the same size categories, our data 
agree with their overall assumption of increasing wood C with 
size, but our differences are much smaller than 3%. In D. excelsa, 
larger trees (<10 cm DBH) averaged 51.4% wood C (±0.3 SE), 
while small trees (≥10 cm DBH) averaged 50.4% wood C (±2.0 
SE). Similarly, in M. mirabilis smaller trees averaged 50.8% wood 
C (±0.3 SE), while larger trees averaged 51.5% wood C (±0.2 
SE). However, the generality of these patterns is uncertain, given 
that we have found pronounced decreases in wood C concentra-
tion in comparisons of saplings and canopy trees in some 
Panamanian species (Martin et al. 2013).

Conclusion

To our knowledge, this study is the first to quantify species-
specific leaf and wood functional trait variation across the 
entire spectrum of sizes in any tropical tree species. We found 
that all but one trait varied strongly with tree size (DBH) in 
both species, following predictable linear and non-linear pat-
terns. Moreover, although patterns of size-dependent variation 
are quantitatively different among traits and between species 
that differ in life-history strategy, similarities across broad 
forest types are compelling (cf. Thomas 2010). Further efforts 

to quantify size-dependent variation in traits across full size 
spectrums for greater numbers of species would contribute 
significantly to our understanding of the functional ecology 
and comparative biology of tropical and temperate trees.

Supplementary data

Supplementary data for this article are available at Tree 
Physiology Online.
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