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substantial changes in regulation of RGR as communities 
transition from saplings to large trees.
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Introduction

Tree growth plays a key role in tropical forests because it 
forms the basis of many ecosystem processes (Clark et al. 
2001; Enquist et al. 2007). Without a proper understanding 
of the determinants of tree growth, our understanding of 
forest dynamics and ecosystem function is limited. Deter-
minants of tree growth are complex and related to many 
environmental factors, including topography (Tsujino et al. 
2006), water availability (Condit et al. 1995) and nutrient 
limitation (Fisher et al. 2013; Santiago et al. 2012; Wright 
et al. 2011). However, species-based factors, especially 
the intrinsic growth capacities and functional traits of spe-
cies, also regulate tree growth (Martínez-Vilalta et al. 2010; 
Poorter et al. 2008; Sterck et al. 2011). There is additional 
evidence that species’ traits or environmental factors may 
shift in importance in different ontogenetic stages. Recent 
work in tropical forests illustrates that interspecific trait–
growth rate relationships tend to be stronger for small trees 
than for large trees (McMahon et al. 2011; Poorter et al. 
2008; Wright et al. 2010), whereas environment–growth 
relationships tend to be stronger for large trees than for 
small trees (Webb and Peart 2000). Weaker relationships 
between growth and environmental factors in small trees 
compared to large trees suggest that seedling communities 
often contain species that are not well suited to a site. Thus 
in tropical forests, seedlings appear to suffer high mortality 
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rates leading to a “habitat filtering” process that results in 
increasing relationships between growth and environmen-
tal factors in large trees (Webb and Peart 2000). We tested 
the relative effects of trait and environment on growth for 
saplings and trees of 57 subtropical tree species in the Din-
ghushan forest dynamics plot in Southern China, to deter-
mine which plant and environmental factors govern growth 
and how this changes with ontogeny.

Numerous studies have documented tropical tree growth 
in response to environmental factors. There is abundant evi-
dence indicating that light is a major environmental factor 
that determines tree growth, biomass allocation and func-
tional traits (Kohyama 1987; Kohyama and Grubb 1994; 
Delagrange et al. 2004). In fact, functional and growth 
traits change depending on light availability and ontogeny, 
and the changes are not necessarily coordinated among 
traits, making it difficult to distinguish the effects of traits 
on growth with respect to this extremely heterogeneous 
environmental factor. Beyond light, belowground resources 
are thought to be major limiting environmental factors 
for growth because tropical forests have climates that are 
favorable for plant growth. However, heterogeneous envi-
ronments can result in differential water and nutrient avail-
ability, even at small (<1 m) scales (Bellingham and Tanner 
2000). Variation in nutrient availability and soil properties 
is directly related to plant performance (Ehrenfeld et al. 
2005) and important nutrient cycling processes related to 
plant performance are known to vary along environmental 
gradients (Santiago et al. 2005; Vitousek 2004). Growth 
and mortality rates of trees are correlated with soil proper-
ties across different soil types (Palmiotto et al. 2004; Russo 
et al. 2005), and under experimental nutrient addition (San-
tiago et al. 2012; Wright et al. 2011). Furthermore, altitude 
and convexity play important roles in controlling species 
richness and composition due to effects on water availabil-
ity and other soil properties (Harms et al. 2001; Legendre 
et al. 2009). Additionally, topography often drives the spa-
tial variation in water availability at local scales (Comita 
and Engelbrecht 2009), with water-demanding species 
preferentially associated with the slopes due to greater 
water availability (Harms et al. 2001). Thus, many of the 
environmental factors controlling tropical tree growth are 
associated with well-characterized measures of below-
ground resource availability.

Other determinants of plant growth include species-spe-
cific life history characteristics and growth capacities which 
are usually represented by functional traits, the relatively 
simple-to-measure phenotypic attributes of species that 
describe more complex physiological performance (Poorter 
et al. 2008; Violle et al. 2007). Although the idea of trait-
based community ecology is not new (Grime 1977), only 
recently have ecologists agreed on suites of traits that reflect 
axes of ecological strategy variation (Westoby et al. 2002). 

Some of the leading dimensions that have emerged include 
suites of traits related to the leaf economics spectrum (Reich 
et al. 1997; Wright et al. 2004), maximum plant height (Fal-
ster and Westoby 2005; Santiago and Wright 2007; Westoby 
et al. 2002), tissue density, water transport capacity and 
drought resistance in woody stems (Martínez-Vilalta et al. 
2002; Pockman and Sperry 2000; Santiago et al. 2004b) 
and seed size and reproductive output (Moles et al. 2005; 
Westoby et al. 2002). Thus complex physiological, struc-
tural and life history attributes can be represented by sim-
pler functional traits for comparison of many species.

We evaluated the degree to which growth of saplings and 
trees is related to plant functional traits versus soil topogra-
phy and fertility for 57 subtropical tree species. Our main 
questions were:

1. Which functional traits and environmental factors are 
related to the growth of subtropical tree species in Din-
ghushan, China?

2. How do relationships between growth, functional traits 
and environmental factors vary among plant ontoge-
netic stages?

3. Is there evidence for habitat filtering between sapling 
and tree stages?

 Because the plant traits and environmental factors that 
we measured are well-established regulators of plant per-
formance, we hypothesized that all of them had the poten-
tial to influence growth. We also hypothesized that relation-
ships between growth and plant traits would be stronger for 
saplings than trees, but that relationships between growth 
and environmental factors would be stronger for trees than 
saplings, consistent with habitat filtering.

Materials and methods

Study site and census data

We conducted this study in the Center for Tropical Forest 
Science 20-ha Dinghushan (DHS) forest dynamics plot 
located within the Dinghushan Natural Reserve (1,155-
ha), Guangdong Province, China (23°09′21″–23°11′30″N, 
112°30′39″–112°33′41″E). The mean annual temperature 
and precipitation are 20.9 °C and 1,927 mm, respectively, 
and mean relative humidity is 85 %. The altitude of the 
plot ranges from 230 to 470 m, and the landform is highly 
complex, with steep slopes. The soil is composed mainly of 
lateritic red and mountain yellow brown soil. The forest at 
the site has been conserved for >400 years by monks at the 
Buddhist Temple near the site. The only anthropogenic dis-
turbance to the site since then has been several small graves 
dug within flat areas of the plot >100 years ago.



1317Oecologia (2014) 175:1315–1324 

1 3

All stems within the 20-ha plot with a diameter at breast 
height (DBH) ≥1 cm were measured, mapped, and tagged 
when the plot was established in 2004–2005 (Ye et al. 
2008). A total of 178 species and 61,125 individuals were 
recorded in the second census in 2010. We divided indi-
viduals into two ontogenetic stages based on DBH, which 
included saplings (1–5 cm; 44,709 individuals) and large 
trees (10–50 cm; 10,641 individuals). To limit sapling anal-
yses to sterile individuals, we excluded trees with DBH >5 
and <10 cm (Wright et al. 2010). Relative growth rate of 
stem diameter (RGR; cm cm−1 year−1) was calculated as 
(log(DBHt)−log(DBHo))/t, where DBHo and DBHt repre-
sent DBH at the first and last census, respectively (Poorter 
et al. 2008). Calculations of RGR were done only for spe-
cies that had at least 20 individuals in each size class dur-
ing the initial census (Poorter et al. 2008; Shen et al. 2013), 
resulting in 57 and 29 species for saplings and large trees, 
respectively.

Functional traits

We measured seven functional traits associated with plant 
physiological performance to distinguish phenotypic attrib-
utes among species based on the standardized methods of 
Cornelissen et al. (2003). Leaves were collected from the 
six smallest and six largest individuals of each species. Leaf 
chlorophyll concentration (Chl; g m−2) was evaluated as 
the average of three points on each leaf by a portable chlo-
rophyll meter (SPAD 502, Plus Chlorophyll Meter; Konica 
Minolta, USA), based on an established relationship with 
total chlorophyll (Loh et al. 2002). Leaf size (S; cm2) was 
determined using a scanner (CanoScan LiDE 700F), and 
image processing software (ImageJ version 1.43u; National 
Institute of Mental Health, Bethesda, MD). Leaf lamina 
thickness (T; mm) was measured twice on each side of the 
main vein at the widest part of each leaf using a microm-
eter and avoiding large secondary veins. After weighing 
for fresh mass, leaves were placed in an oven at 60 °C for 
at least 72 h, and then re-weighed to determine dry mass. 
Specific leaf area (SLA; cm2 g−1) was determined by divid-
ing S by oven-dried mass. Leaf dry matter content (LDMC; 
g g−1) was expressed as the ratio of leaf dry mass to leaf 
fresh mass.

Wood samples from outside of the plot were collected 
from six randomly chosen individuals of each species. 
An increment borer was used to extract a 1-cm-diameter 
core at ~1.5-m height on the main stem for trees larger 
than 6 cm DBH, but for smaller trees and shrubs, we col-
lected 10-cm-long, 1-cm-diameter stem segments from 
terminal branches. Wood sample volume was quantified 
using water displacement (Cornelissen et al. 2003), and 
dry mass was determined after at least 96 h at 60 °C. 

Wood density (ρ; g cm−3) was calculated as the ratio of 
dry mass to fresh volume. The maximum height (Hmax; 
m) normally obtained by each study species was obtained 
from the Flora of China (http://frps.plantphoto.cn). All 
functional traits of saplings and mature trees were aver-
aged, resulting in one mean value of each trait for each 
species.

Soil environment

Topographical indices of habitat were measured as quad-
rat altitude (m), convexity (m), slope angle (°) and slope 
aspect (°). Altitude was measured in each 20 × 20-m 
quadrat within the 20-ha plot using an Electronic Total 
Station and averaging values from the four corners of 
each quadrat (Legendre et al. 2009). Convexity of each 
20 × 20-m quadrat was calculated as the altitude of the 
focal plot minus the mean altitude of the eight 20 × 20-m 
quadrats around each focal plot. For the edge quadrat, 
convexity was the altitude of the center point minus the 
mean of its four corners. Slope angle is defined as the 
mean angular deviation from the horizontal of each of 
the four triangular planes formed by connecting three of 
the corners of each 20 × 20-m quadrat. Slope aspect is 
defined as the compass direction in which a slope faces 
(Legendre et al. 2009).

Soil-based indices of habitat were determined by sam-
pling soils in a 30-m grid of points. Each alternate grid 
point was paired with two additional sample points at 2, 
5, or 15 m in a random compass direction from the grid 
to capture fine-scale variation in soil properties for a total 
of 710 samples (Lin et al. 2013). At each point, we col-
lected 500 g topsoil (0–10 cm depth) and analyzed eight 
soil properties: total N (TN; mg g−1), available N (AN; 
mg g−1), total P (TP; mg g−1), available P (AP; mg g−1), 
total K (TK; mg g−1), available K (AK; mg g−1), organic 
matter (OM; mg g−1) and soil pH. Soil values for each 
20 × 20-m quadrat were calculated using kriging methods. 
Each individual tree was assigned the soil environmental 
variables of its 20 × 20-m quadrat, with means calculated 
for saplings and large trees of each species.

Data analysis

All variables were checked for normality and transformed 
logarithmically when required (Table 1). Pearson correla-
tion analysis was used to test for the association between 
pairs of functional traits, and relationships between 
functional traits, environmental factors and RGR. To 
test whether different ontogenetic stages showed similar 
functional trait-RGR or environment-RGR relationships, 
we used analysis of covariance (ANCOVA) with RGR as 

http://frps.plantphoto.cn
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the dependent variable, functional traits or soil environ-
mental factors as covariates, and ontogenetic stage as a 
grouping factor. A significant ontogenetic stage × covari-
ate interaction would indicate that the slope of the func-
tional trait–RGR or environment–RGR relationship dif-
fers among ontogenetic stages. When the interaction 
was insignificant, the analysis was repeated without the 
insignificant interaction term to determine whether the 
intercept of the functional trait–RGR or environment–
RGR relationship differed among ontogenetic stages 
(Poorter et al. 2008). ANCOVA was conducted using 
the HH package in R (2.13.2, 2011). Stepwise multiple 
regressions including all variables were performed to 
evaluate relationships between RGR and combinations 
of functional traits and environmental factors. In order to 
determine the relative importance of each functional trait 
and environmental factor in different ontogenetic stages 
in the final regression models, we decomposed R2 using 

hierarchical partitioning (Chevan and Sutherland 1991; 
Gromping 2006; Mac Nally 2002) in the relaimpo pack-
age in R (2.13.2, 2011).

To test for effects of habitat filtering, three indices of 
functional diversity (functional richness, functional even-
ness, and functional dispersion) were calculated for all 
traits except Hmax, which was not measured on site. Func-
tional richness was defined as the volume of trait space 
occupied by species in the community (Mason et al. 2005; 
Villeger et al. 2008), estimated by calculating the con-
vex hull volume, a construct from computational geom-
etry (Cornwell et al. 2006). Functional evenness quanti-
fies regularity of the distribution of abundance in the 
volume of trait space (Mason et al. 2005; Villeger et al. 
2008). Functional dispersion quantifies the mean distance 
of individual species to the centroid of all species in the 
community (Laliberte and Legendre 2010). Functional 
evenness ranges from 0 to 1, a high value denotes more 
regularity in the distribution of abundance in the volume 
of functional trait space (Carreno-Rocabado et al. 2012). 
Functional evenness and dispersion are independent from 
species richness, which allows comparison of quadrats 
and ontogenetic stages with different species richness 
without bias, and their independence from functional rich-
ness allows for testing of differences in functional even-
ness or dispersion with different functional richness val-
ues (Laliberte and Legendre 2010; Villeger et al. 2008). 
Co-occurring species tend to be functionally convergent 
under strong environmental filtering (Chalmandrier et al. 
2013; Cornwell et al. 2006; Spasojevic and Suding 2012). 
We expected that functional similarity would increase 
from saplings to large trees. Functional diversity was cal-
culated for the 92 most dominant species, which make 
up 95.5 % of the cumulative community basal area in the 
DHS plot.

Results

Relationships between functional traits and RGR

Functional trait–RGR relationships for saplings differed 
from those of large trees. In saplings, S and Hmax had sig-
nificant positive relationships with RGR (Table 1; Fig. 1), 
but ρ was significantly negatively correlated with RGR. 
In large trees, none of the relationships between RGR and 
functional traits were significant.

Relationships between environment and RGR

Relationships between environment and RGR depended 
on ontogenetic stage. In saplings, RGR showed a 

Table 1  Pearson correlation coefficients for relationships between 
relative growth rates (RGR) and topographical and soil characteris-
tics, and functional traits for saplings (1 cm ≤ diameter ≤ 5 cm) and 
large trees (10 cm ≤ diameter ≤ 50 cm) from a 20-ha forest dynamics 
plot in Dinghushan, China

Functional traits included are leaf chlorophyll concentration (Chl), leaf 
size (S), leaf dry matter content (LDMC), specific leaf area (SLA), 
leaf thickness (T), maximum height (Hmax) and wood density (ρ)

Alt, Altitude; Asp, slope aspect; Con, convexity; Slo, slope angle; pH, 
soil pH; OM, organic matter; TK, total K; AK, available K; TP, total 
P; AP, available P; TN, total N; AN, available N

* P < 0.05, ** P < 0.01, *** P < 0.001

Model Saplings Large trees

Functional traits log(RGR)-Chl 0.003 0.32

log(RGR)-log(S) 0.48*** 0.20

log(RGR)-LDMC 0.07 −0.09

log(RGR)-log(SLA) 0.22 0.18

log(RGR)-log(T) −0.16 −0.13

log(RGR)-log(Hmax) 0.38** 0.30

log(RGR)-ρ −0.49*** −0.27

Topography log(RGR)-Alt −0.20 −0.06

log(RGR)-Asp 0.14 0.63***

log(RGR)-Con −0.40** 0.15

log(RGR)-Slo 0.14 0.30

Soil log(RGR)-pH −0.20 −0.26

log(RGR)-OM 0.10 0.45*

log(RGR)-TK 0.37** 0.26

log(RGR)-AK 0.28* 0.40*

log(RGR)-TP −0.12 −0.39*

log(RGR)-AP 0.28* 0.35

log(RGR)-TN 0.24 0.40*

log(RGR)-AN 0.25 0.40*
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negative relationship with convexity (Table 1; Fig. 1), 
and had positive relationships with TK, AK and AP 
(Table 1; Fig. 2). For large trees, positive relationships 

were observed between RGR and slope aspect, OM, AK, 
TN and AN, whereas RGR was negatively correlated 
with TP.

Table 2  Stepwise multiple 
regressions relating RGR, 
functional traits and 
environments for saplings 
(1 cm ≤ diameter ≤ 5 cm) 
and large trees 
(10 cm ≤ diameter ≤ 50 cm) 
from a 20-ha forest dynamics 
plot in Dinghushan, China

b, Regression slopes; See 
Table 1 for other abbreviations

* P < 0.05, ** P < 0.01, 
*** P < 0.001

Saplings Large trees

Variable b P Variable b P

Functional traits Chl 0.01 * Chl 0.03 ***

log(S) 0.30 ** log(S) 0.24 ***

LDMC 2.50 ** log(T) −0.54 ***

ρ −1.75 ** log(Hmax) 0.04 *

– – – ρ −1.19 ***

Topography – – – Alt 0.01 **

– – – Asp 0.01 **

– – – Con 0.17 ***

– – – Slo −0.05 *

Soil pH −16.67 *** pH 17.83 ***

TK 4.39 *** TO −0.09 **

AP −22.33 * TK 2.56 *

TN −0.04 * TP −2.21 ***

– – – TN 0.07 ***

– – – AN −3.40 ***

R2 0.55 0.95

Fig. 1  Relative growth rate (RGR) versus functional traits and topog-
raphy with ontogenetic stage as a covariate for subtropical tree spe-
cies growing in the 20-ha forest dynamics plot in Dinghushan, China. 
Solid circles indicate large trees (10 ≤ diameter ≤ 50), whereas hol-
low circles indicate saplings (1 ≤ diameter ≤ 5). Significant interac-
tion was found with convexity (Con; P < 0.05), but intercepts differed 

significantly for all of the relationships. Significant relationships 
are shown by solid lines, and insignificant relationships are shown 
by dashed lines. Chl, Leaf chlorophyll concentration; S, leaf size; 
LDMC, leaf dry matter content; SLA, specific leaf area; T, leaf thick-
ness; Hmax, maximum height; Alt, altitude; Asp, slope aspect; Slo, 
slope angle. *P < 0.05, **P < 0.01, ***P < 0.001
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Univariate regressions and ANCOVA

The only significant interaction with ontogenetic stage as 
a covariate was found with convexity (Fig. 1), which had a 
negative relationship with RGR in saplings and a positive 
relationship with RGR in large trees. For other functional 
traits and environmental factors, analyses were performed 
again without the insignificant ontogenetic stage-covariate 
interactions, and ANCOVA showed that intercepts differed 
significantly among ontogenetic stages for all of the rela-
tionships (Figs. 1, 2).

Determinants of RGR and relative importance of functional 
traits and environment

The results of stepwise multiple regressions showed 
that significant variables in the two final models varied 
(Table 2). Only functional traits and soil properties, but not 
topographical factors, were significant in the final model 
for saplings. The model for large trees accounted for a 
larger proportion of variability (R2 = 0.95) in RGR than the 
model for saplings (R2 = 0.55).

When we decomposed the R2 of the three models to 
find the best predictors of RGR, they were ρ for saplings 
(27.88 % of total R2) and slope aspect for large trees 
(16.96 % of total R2; Fig. 3). Functional traits were bet-
ter predictors of RGR than soil environment for saplings 
(60.44 % of total R2), but this was not the case for large 
trees (33.55 % of total R2; Fig. 3). Environmental factors 
contributed 66.45 % of total R2 to the model of large trees, 
indicating an ontogenetic shift in factors related to RGR.

All indices of functional diversity showed evidence 
of increasing functional similarity as tree communities 
develop from saplings to large trees, consistent with habitat 

filtering. Functional richness was greater in saplings than 
in large trees for all six analyzed traits (P < 0.001; Fig. 4a). 
Functional evenness was greater in large trees than in sap-
lings for four out of six traits (Fig. 4b). Functional disper-
sion significantly decreased from saplings to large trees for 
all traits except for T (Fig. 4c). All indices of functional 

Fig. 2  RGR versus soil with ontogenetic stage as a covariate for 
subtropical tree species growing in the 20-ha forest dynamics plot 
in Dinghushan, China. Solid circles indicate large trees (10 ≤ diam-
eter ≤ 50), whereas hollow circles indicate saplings (1 ≤ diam-
eter ≤ 5). No significant difference of slopes were observed, but 

intercepts differed significantly for all of the relationships. Significant 
relationships are shown by solid lines, and insignificant relationships 
were shown by dashed lines. See Fig. 1 for abbreviations. *P < 0.05, 
**P < 0.01, ***P < 0.001

Fig. 3  Relative importance of each regressor in the final stepwise 
multiple regression models for a saplings (1 cm ≤ diameter ≤ 5 cm) 
and b large trees (10 cm ≤ diameter ≤ 50 cm), from the 20-ha for-
est dynamics plot in Dinghushan, China. R2 and the proportion of 
R2 contributed by functional traits (FT) and environments (Env) are 
shown. See Fig. 1 for other abbreviations
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diversity were significantly different when all traits were 
combined. Functional richness was significantly greater 
in saplings than large trees (P < 0.001), functional even-
ness was significantly greater in large trees than saplings 
(P < 0.001), and functional dispersion was significantly 
greater in saplings than large trees (P < 0.001).

Discussion

We evaluated the relative importance of functional traits 
and environment on tree growth, and sought to determine 

whether the influence of these factors on growth changed 
with ontogeny in subtropical tree species. Our results 
showed that different functional traits and environmen-
tal factors were important growth predictors in different 
stages, with sapling RGR more related to functional traits 
than soil environment, and large-tree RGR more related to 
soil environment than functional traits. We also measured 
decreasing functional diversity and functional dispersion, 
as well as increasing functional evenness as these tree 
communities transition from saplings to large trees. These 
results are consistent with the idea that large trees in tropi-
cal forest show greater associations between growth and 
environment than saplings because they have undergone a 
habitat filtering process that has eliminated individuals that 
were able to germinate in a site but were not well suited 
to local site conditions (Cornwell et al. 2006; Kraft et al. 
2008; Webb and Peart 2000). This process is analogous to 
stabilizing selection at local scales and appears to result 
in communities of large trees that are more specialized to 
local site conditions than saplings, thus providing a mecha-
nism for the observed ontogenetic variation in the factors 
that regulate RGR.

Our results showing that trait–RGR relationships were 
stronger for saplings than for large trees are consistent with 
previous reports (Hérault et al. 2011; Poorter et al. 2008; 
Wright et al. 2010). Traits such as ρ and Hmax were good 
predictors of RGR for saplings, likely because these traits 
integrate trade-offs between species with fast growth, low 
tissue density and high mortality rates, and species that 
have opposite traits (Alvarez-Clare and Kitajima 2007; 
Falster and Westoby 2005; Wright et al. 2010). Values 
for ρ also incorporate information on hydraulic strategies 
because tropical tree species with low as ρ tend to have 
higher rates stem hydraulic conductivity than high as ρ 
species (Santiago et al. 2004a), yet incorporating explicit 
measurements of hydraulic traits into analyses of commu-
nity structure are likely to illuminate new aspects of ecolog-
ical strategies. We also noted that S was important for RGR 
in saplings, consistent with the notion that light interception 
plays a much more important role in the growth of saplings 
than larger trees because thin and large leaves, in which 
biomass is spread across a greater surface area than in thick 
leaves, is advantageous for supporting higher growth rates 
(Lusk et al. 2008; Santiago and Wright 2007). These data 
also suggest that most individuals in the Dinghushan for-
est occur in the mid-canopy, sub-canopy or understory and 
relatively few individuals occur in full sunlight. The result 
that large-tree RGR was not strongly predicted by func-
tional traits is likely due to lesser trait variation in large-
tree communities than among saplings, indicated by dif-
ferences in functional richness, evenness and dispersion 
among ontogenetic stages. Because we used the same mean 
trait value for each species to evaluate relationships with 

Fig. 4  Difference of indices of functional diversity (functional rich-
ness, evenness and dispersion) between saplings (1 ≤ diameter ≤ 5) 
and large trees (10 ≤ diameter ≤ 50) for single traits. NS, Not signifi-
cant; see Fig. 1 for other abbreviations
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growth, our differences with ontogeny demonstrate a nar-
rowing of the existing physiological strategies in each sub-
plot as the cohort matures, rather than reflecting the well-
known convergence of trait values with increasing tree size 
(Delagrange et al. 2004). Overall, our plant functional trait 
analysis represents at least three axes of ecological strategy 
variation, including the leaf economics spectrum (SLA, 
LDMC, T, Chl), (Hmax ρ), and S (Westoby 1998; Westoby 
et al. 2002; Wright et al. 2004). Including other axes of 
ecological strategy variation, such as the seed size-output 
trade-off (Moles et al. 2005; Westoby et al. 2002), is likely 
to increase the resolution of trait-growth relationships.

RGRs of saplings and large trees were associated with 
distinct indices of fertility. For example, in single-variable 
correlation analysis, sapling RGR was enhanced with TK, 
AK and AP, whereas large-tree RGR was enhanced by OM, 
AK, TN and AN. These results are consistent with multiple 
nutrient limitations, in which several elements interact or 
otherwise co-limit plant responses to alleviation of nutri-
ent limitation (Bloom et al. 1985; Rubio et al. 2003). These 
results are also consistent with reports that trees in differ-
ent growth stages can show contrasting growth responses to 
elemental availability. In lowland tropical forest in Panama, 
seedlings, saplings and poles increase growth rates when 
N and K limitations are alleviated by experimental nutri-
ent addition, whereas large trees only respond to P addition 
(Santiago et al. 2012; Wright et al. 2011). Enhanced sup-
plies of N, P or K all have the potential to enhance growth 
because of their positive effects on photosynthetic produc-
tivity and activation of key enzymes necessary for efficient 
growth (Evans 1989; Pasquini and Santiago 2012). How-
ever, increased growth in large trees, but not in saplings, in 
response to environmental N availability suggests that the 
importance of N for carboxylation capacity increases with 
the elevated light availability of large trees. Interestingly, 
soil TP was inversely related with growth in large trees. 
Yet, AP was negatively correlated with soil pH (r = −0.69; 
P < 0.001) and TP (r = −0.59; P < 0.001), suggesting that 
the negative effects of soil pH and TP are the result of sec-
ondary correlation with AP. Soil pH is critical for P avail-
ability because precipitation occurs in specific pH ranges 
(Lambers et al. 2008). Furthermore, AP can be negatively 
correlated with indices of unavailable soil P because fac-
tors such as poor litter quality can constrain available P 
during nutrient cycling in tropical soils (Santiago et al. 
2005). Although we are comparing environment–RGR rela-
tionships among individuals that vary greatly in size using 
soil and topographical measurements that also vary across 
unknown scales, our results generate compelling hypoth-
eses for linking soil environment to growth in subtropical 
tree species.

One striking result of this work is that in stepwise 
regression, topographic factors were related to RGR of 

large trees, but not saplings. This finding suggests that 
saplings are somewhat buffered from major landforms 
in terms of growth regulation. The single-factor negative 
correlation between convexity and sapling RGR is likely 
associated with greater moisture and nutrient accumula-
tion in local lows. Convexity reflects the contrast in altitude 
between a focal quadrat and surrounding quadrats, where 
very high convexity may indicate a hilltop and very low 
convexity may indicate bottomlands or a local hollow. In 
saplings, low RGR at high convexity is probably associ-
ated with greater exposure to wind and weather, as well as 
greater run-off of water (Garciaoliva et al. 1995), whereas 
high RGR at low convexity is likely driven by soil factors. 
Thus, differences in how seedlings are buffered from topo-
graphical effects by closed-canopy forest conditions, and 
how large trees are exposed to the environment above the 
canopy also contribute to ontogenetic variation in the fac-
tors that control RGR.

Overall, our data indicate that variation in the factors 
that control RGR with ontogenetic stage is critical for inter-
preting and predicting growth patterns in tropical forests. 
Different functional traits and environmental factors had 
important effects on tree growth in different ontogenetic 
stages, indicating that trees have different growth strategies 
in different ontogenetic stages. However, traits and biomass 
allocation might change across ontogenetic stages and light 
gradients (Kohyama 1987, 1991; Kohyama and Grubb 
1994; Delagrange et al. 2004), but this interaction is dif-
ficult to quantify in tropical forests. Incorporating ontoge-
netic stage into trait measurements, and including light 
effects, is likely to provide more information about RGR 
in future studies. We also found evidence of habitat filter-
ing based on shifts in functional diversity, evenness and 
dispersion, as well as stronger relationships between RGR 
and environment in large trees than in saplings. Appar-
ently sapling communities are considerably more random 
in their composition than large-tree communities. The find-
ings are consistent with previous studies in the DHS plot, 
which have demonstrated species coexistence mechanisms 
through spatial distributions of tree species (Li et al. 2009), 
intraspecific density-dependent mortality (Shen et al. 2013) 
and phylogenetic mechanisms (Pei et al. 2011). These find-
ings also set the stage for future studies that will address 
how the seedling community is filtered into a large-tree 
community that reflects local habitat requirements, and 
which critical factors influence the pace of species filtering 
and promote species coexistence in diverse tropical forests.
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