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Abstract
1.	 How the dramatic vertical environmental gradients in closed canopy forests 

shape intraspecific variation in the functional traits of tree species and their 
ecological strategies is not well understood. In an Asian subtropical forest, we 
tested the hypothesis that, because species’ maximum height and shade toler-
ance determine the lifetime environmental variation of a tree, they should be 
correlated with the magnitude of intraspecific variation in leaf traits and how 
strongly it depends on tree size.

2.	 We collected data on three vertical environmental variables, tree size and four 
leaf traits of 3,880 trees of 24 species in a subtropical forest. Air temperature 
and relative humidity displayed linear, and insolation displayed nonlinear, vari-
ation with height above-ground. Intraspecific trait variation (ITV) varied signifi-
cantly among species, for all but one understorey tree species, and also varied 
with tree size for at least one trait. Many trait-size relationships were nonlinear 
with inflection points near the height where insolation dramatically increased. 
While ITV did not correlate with species’ maximum height nor shade tolerance, 
the amount of ITV explained by size (SDTV) and the rate of change in trait ex-
pression with size did.

3.	 Greater ITV is thought to be associated with greater environmental heteroge-
neity, and yet strong evidence supporting this has not always been found. Our 
findings shed new light on how trait plasticity is phenotypically integrated with 
tree species’ ecological strategy by pointing to the importance of accounting for 
tree size, since SDTV, rather than ITV, was associated with strategy variation in 
maximum height and shade tolerance.

4.	 Our study improves understanding of tree size's effect on leaf trait expression, 
and implies that SDTV is not only a key mechanism promoting interspecific vari-
ation in tree stature, contributing to species coexistence via vertical niche parti-
tioning, but is also likely to influence the effects of climate change on forests by 
constraining tree responses to vertical environmental gradients.
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1  |  INTRODUC TION

A hallmark of closed canopy forests in tropical and subtropical regions 
is a large degree of interspecific variation in tree species’ ecological 
strategies with respect to the asymptotic height that a species achieves 
(maximum height) and how much light species require for regeneration 
(shade tolerance; Cai et al., 2005; King, 1990; Kohyama et al., 2003; 
Quevedo-Rojas et  al.,  2018; Rozendaal et  al.,  2006; Thomas & 
Bazzaz, 1999). Both of these dimensions of ecological strategy have 
been linked to species coexistence through partitioning of vertical and 
horizontal niches, demonstrating their importance for understanding 
forest diversity maintenance (Grubb,  1977; Kohyama et  al.,  2003). 
Numerous studies have shown that species varying in maximum 
height and shade tolerance differ in average functional trait values, 
and these comparisons of interspecific trait variation are evidence 
of phenotypically integrated trait syndromes (King,  1990; Kohyama 
et al., 2003; Thomas, 1996; Thomas & Bazzaz, 1999). However, less 
is known about the role that intraspecific trait variation (ITV) plays in 
defining these ecological strategies. ITV can arise from genetic, size-
related, environmental and ontogenetic effects and their interactions 
(Ehlers et al., 2016; Russo & Kitajima, 2016). Spatially or temporally 
variable environments select for phenotypic plasticity (environment-
dependent phenotypic expression; Bradshaw, 1965; Scheiner, 1993; 
Schlichting,  1986; Sultan,  2000), and so greater environmental het-
erogeneity should be associated with greater ITV (Popma et al., 1992; 
Rozendaal et al., 2006).

Another hallmark of closed canopy forests is dramatic verti-
cal variation in environmental conditions, particularly insolation 
(Kenzo et  al.,  2015; Yoda,  1974). Although relatively few studies 
have quantified these vertical gradients (Kenzo et al., 2015; Sendal 
& Reich, 2013), they are generally characterized by declining inso-
lation and exposure, producing substantially different conditions 
at the top canopy, midstory and understorey of the forest pro-
file. Compared to the understorey, the canopy is characterized by 
higher temperature and light availability and lower humidity (Kenzo 
et al., 2015; Sanches et al., 2010; Sendal & Reich, 2013; Yoda, 1974). 
Tree height largely dictates the canopy position at which leaves are 
displayed, and given the strong vertical environmental gradients 
in forests, leaf trait expression should vary with tree size in a way 
that maximizes photosynthetic carbon assimilation under the given 
environmental condition (He & Yan, 2018; Martin & Thomas, 2013; 
Thomas,  2010). Shaded understorey leaves of small-sized trees 
tend to maximize absorption of light and are therefore often larger 
and thinner and have higher SLA and lower content of dry matter 
(LDMC; He & Yan, 2018; Martin & Thomas, 2013; Thomas, 2010). In 
contrast, sun-exposed leaves of larger trees that reach the canopy 
tend to have contrasting trait values that allow tolerance of heat, 
exposure and other conditions that exacerbate water loss, while 
maximizing photosynthesis under conditions of high insolation 
(He & Yan, 2018; Martin & Thomas, 2013; Sendall & Reich, 2013; 
Thomas, 2010).

Long-lived, sessile species like trees experience a range of envi-
ronmental conditions during the course of their lifetimes, and the 

magnitude of environmental heterogeneity experienced should de-
pend on their ecological strategy, especially maximum height and shade 
tolerance (Cai et al., 2005; Popma et al., 1992; Rozendaal et al., 2006). 
We therefore would expect the magnitude of ITV and, specifically, 
size-dependent ITV also to depend on species’ ecological strategy. 
Tree species with taller maximum heights should have greater ITV than 
shorter-statured species that spend their entire lives in the shaded 
understorey. Generally occupying multiple forest strata during their 
lifetime, trees of species with tall maximum heights experience sub-
stantial environmental heterogeneity, and even at a single timepoint, 
individuals at lower stratum have leaves experiencing different condi-
tions compared to those exposing leaves at the very top of the crown. 
Compared to light-demanding species, shade-tolerant species reach-
ing the canopy should have greater ITV, since they establish as seed-
lings in the shaded understorey and grow through a large extent of the 
forest profile to reach reproductive size (Popma et al., 1992; Rozendaal 
et al., 2006; Quevedo-Rojas et al., 2018). Since light-demanding spe-
cies generally do not germinate in shade (Grubb, 1977; Tiansawat & 
Dalling, 2013), their local microenvironment changes less through on-
togeny (Denslow, 1980; Popma et al., 1992; Whitmore, 1984), which 
may limit selection for trait plasticity.

In this study, we tested the hypothesis that, because the 
range of environmental conditions experienced by a tree during 
its lifetime in closed canopy forest depends on species’ maximum 
height and shade tolerance, these dimensions of tree species’ 
ecological strategy should be correlated with the magnitude of 
intraspecific variation in leaf traits and how strongly leaf trait 
variation depends on tree size (Figure  1). Although trait-size 
relationships and intraspecific trait variation with respective 
to ecological strategies have both been explored (Rozendaal 
et al., 2006; Sendall & Reich, 2013), to our knowledge, there have 
been no forest-wide studies published before our study examin-
ing intraspecific size-dependent variation in leaf traits with re-
spect to ecological strategies. Using a canopy crane to access 
all strata of a subtropical forest in China (Dinghushan Nature 
Preserve), we collected data on vertical gradients in insolation 
and air temperature and relative humidity from the forest floor 
to the top of the canopy and on four functional traits (leaf lamina 
area and thickness, SLA, LDMC) of 23,280 leaves at the tops of 
3,880 trees, ranging in size from saplings 1 cm in trunk diame-
ter to adults and from 1.0 to 27.1 m tall, for 24 species differing 
in maximum height and shade tolerance. We predicted that (P1) 
there would be strong vertical variation in environmental condi-
tions, and that (P2) the magnitude of intraspecific variation in leaf 
traits and its dependence on tree size (height and trunk diameter) 
would differ among species, and (P3) depend on species’ maxi-
mum height and shade tolerance. To evaluate P1, we fit models 
describing variation in environmental conditions as a function of 
the height above the ground. We quantified species and trait-
specific estimates of total intraspecific variation (ITV) based on 
the coefficients of variation and of size-dependent trait variation 
(SDTV) derived from models describing trait variation as a func-
tion of tree diameter and height. For each trait, we evaluated P2 
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and P3 by quantifying variation in ITV and SDTV as a function of 
species’ maximum height and shade tolerance.

2  |  MATERIAL S AND METHODS

2.1  |  Study site

Our study was conducted in Dinghushan (DHS) Nature Reserve 
(112°30′39″–112°33′41″E, 23°09′21″–23°11′30″N), Guangdong 
province, China. The DNS nature reserve was established in 1956. 
Since then the area has been protected. This region is characterized 
by a south-subtropical monsoon climate, with a mean annual tempera-
ture of 20.9°C and mean annual precipitation of 1,929  mm. The cli-
max vegetation for nature reserve is subtropical monsoon evergreen 
broadleaved forest. We did not need permission for fieldwork and 
established a 20 ha plot in 2005 in the nature reserve. The forest en-
compassed in the 20-ha plot has been protected by monks of a temple 

nearby for over 400 years. Therefore, the plot was considered in late 
successional stage (Ye et al., 2008).

In 2014, a 60-m tower crane with a rotating 60-m long jib was 
erected in DHS and a 120 × 120 m forest dynamic plot was established, 
with the tower crane at its centre (hereafter, crane plot). There were 
no records of the land use history of the area encompassing the crane 
plot. Species composition, mean top canopy height of the crane plot 
was similar to the 20-ha plot in the same nature reserve. The maximum 
diameter in the crane plot was similar to the maximum diameter ob-
served within the same area in the 20-ha plot. We therefore consider 
the forests in the crane plot to be in the same (late successional) stage 
as the 20-ha plot. All individuals of woody species with diameters at 
breast height (DBH) ≥1.0 cm were tagged, and identified to species, and 
DBH and location were measured within the plot. In 2017, the crane 
plot was recensused. The heights of all living trees in the plot (4,140 
individuals of 120 species, ranging in DBH from 1 to 71.0 cm and in 
height from 1 to 27.1 m) were measured using the tower crane. In the 
following analysis, we focused on 24 species with at least 30 observa-
tions in order to obtain robust estimates of trait variation with size and 
species’ shade tolerance based on neighbourhood models. Sample sizes 
for these 24 species ranged from 33 to 440, with a mean of 159.625. All 
statistical analyses were conducted using R 3.4.2 (R Core Team, 2017).

2.2  |  Vertical environmental gradients

In August 2018, we measured PPFD (μmol m−2 s−1) with Quantum sen-
sors (LI-COR LI-190R) and air temperature (°C) and relative humidity 
(%) with thermohydro sensors (SHT15, Sensirion, Switzerland) attached 
to 11 tall trees haphazardly selected from four tree species, enabling 
sampling of the full vertical gradient in this forest in the plot. At each 
location, all three variables were simultaneously measured at two to five 
different heights (3.3–22.4 m), for a total of 39 measurement points. 
PPFD, air temperature and relative humidity were recorded once every 
hour for 24 days. Measurements were logged (Unism UWS100-BW da-
talogger) every hour from 8 August to 31 August 2018. The total daily 
(24 hr) PPFD and the daily (7:00–19:00) average values of air tempera-
ture and relative humidity were used for analyses (Figure S1).

2.3  |  Trait measurements

Leaf traits were samples for every tree in the plot with DBH ≥1.0 cm 
except for 337 trees that had too few leaves in their crowns. We 
selected the upper and outer-most branches of each tree and ran-
domly collected from them at least 10 healthy, mature and fully ex-
panded leaves. We measured leaf area (LA, cm2), leaf thickness (LT, 
mm), SLA (cm2/g) and LDMC (%) for six leaves each stem using the 
same protocol of Cornelissen et al. (2003). The averaged trait values 
for the six leaves of an individual were used as the trait values for 
that individual. Leaflets were measured in aggregate for compound-
leaved species. All trait measurements were conducted by the same 
person (YL; see Appendix S1 for the details of trait measurements).

F I G U R E  1  A conceptual diagram for the hypothesis of 
the prediction of this study. Spatially or temporally variable 
environments select for phenotypic plasticity, and so greater 
environmental heterogeneity should be associated with greater 
intraspecific trait variation. As shown in the diagram, species with 
tall maximum heights and shade tolerance species that reach the 
canopy experience substantially larger vertical environmental 
heterogeneity compared with shorter-statured and light-demanding 
species. Tree height largely dictates the canopy position at which 
leaves are displayed, and given the strong vertical environmental 
gradients in forests, leaf trait expression should vary with tree size in 
a way that maximizes photosynthetic carbon assimilation under the 
given environmental condition. Because species’ maximum height 
and shade tolerance determine the lifetime vertical environmental 
variation of a tree, they should be correlated with the magnitude of 
intraspecific variation in leaf traits (ITV) and how strongly it depends 
on tree size (SDTV)
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2.4  |  Vertical environmental variation (P1)

To quantify the relationship between environmental variables with 
height above-ground, we fit linear mixed effect models for tempera-
ture, relative humidity and PPFD with height as a fixed effect and 
location within the crane plot as a random intercept. The models 
were as follows;

where Eij and hij are the environmental condition and height for ver-
tical position j at location i, respectively; li is the effect for location i; 
eij is the error term, following a normal distribution; and a and b are 
parameters. We compared models with linear only (Equation 1) ver-
sus quadratic and linear terms for height, and evaluated whether the 
quadratic term improved the fit using a likelihood ratio test. Models 
were fit using the lme4 package (Bates et al., 2011). We calculated the 
variances explained by the final model, and by the fixed and the ran-
dom effects individually to evaluate the goodness-of-fit (Nakagawa & 
Schielzeth, 2013).

2.5  |  Magnitude of total intraspecific variation and 
size-dependent variation of leaf traits (P2)

To describe ITV, we calculated a coefficient of variation (CV) for each 
trait for each of the 24 species (Martin et al., 2017). To quantify how 
trait expression varied with tree size, we fit models of trait values as a 
function of tree height or DBH separately for each of the 24 species 
and for each trait using ordinary least squares regression, following 
previous studies (Sendall & Reich, 2013). LA, LT, DBH and height were 
log transformed to reduce skewness before regression. For each spe-
cies ⨯ trait combination, we fit a total of five models: (a) the null model, 
with only the intercept, (b) a model with a linear height predictor (H 
model), (c) a model with a linear DBH model (D model), (d) a model 
with linear and quadratic height predictors (H2 model) and (e) a model 
with linear and quadratic DBH predictors (D2 model). Of these five 
models, the one with the lowest Akaike's information criterion (AIC; 
Sakamoto et  al.,  1986) was selected as the most supported model, 
but we summarized results for DBH models and height models sepa-
rately. If the most supported model was not the null model, we tested 
whether it was significantly better than the null model using an F test. 
We considered a trait to vary significantly with size (significant SDTV) 
for a species ⨯ trait combination when the best model was significantly 
better than the null model.

The adjusted R-squared value (R2
a
) and slope of the most-

supported trait-height and trait-DBH models are measures of the 
strength and magnitude of SDTV respectively. When a quadratic 
model provided the best fit, we used the slope at 75th percentile of 
the size distribution as the magnitude of SDTV for that species. This 
size was chosen because the slope at a relatively larger size for the 
species is an estimate of the change of trait values at the transition 

from when light is more to less limiting for the species. We chose not 
to use the maximum slope as an estimate of the magnitude of SDTV 
for these species because we sought a more ecologically relevant 
estimate of the upper level of trait plasticity for the species.

2.6  |  Relationship between intraspecific and 
size-dependent trait variation and species’ ecological 
strategy (P3)

We used maximum height and shade tolerance to define spe-
cies’ ecological strategies because of their importance for spe-
cies adaptation to variation in light availability, distribution and 
coexistence (Hurt & Pacala, 1995; Kohyama, 1992, 1993). We col-
lected maximum height information for all species from the flora 
of China (http://frps.eflora.cn/) but we used the recorded maxi-
mum height of a species in the crane plot instead if the latter was 
larger than the former. We estimated a shade tolerance index as 
survival probability at 1 cm DBH under high crowding condition, 
which was defined as the 97.5th percentile of the distribution of 
crowding due to taller neighbours within 15 m for all individuals 
in a community (Bin et al., 2019; Kohyama, 1992, 1993; Kohyama 
et al., 2003; Appendix S1). For each trait, we tested whether spe-
cies’ ITV (trait CV) and species’ strength and magnitude of SDTV 
varied significantly with species’ maximum height and shade tol-
erance as explanatory variables in separate models. Visual inspec-
tion of scatter plots showed nonlinearities, and so we selected 
among models with linear or linear and quadratic terms, based 
on AIC. Parameters were estimated using ordinary least squares 
regression.

3  |  RESULTS

3.1  |  Vertical environmental variation (P1)

Temperature and PPFD increased, whereas relative humidity de-
creased, with height in the forest (Figure 2a,c,e). A quadratic model 
provided a significantly improved fit for PPFD (χ2 = 8.340, df = 1, 
p = 0.004), but not for temperature (χ2 = 1.786, df = 1, p = 0.181), 
nor relative humidity (χ2 = 1.557, df = 1, p = 0.212). Total daily PPFD 
was very flat at 3–10 m but then rapidly increased (Figure 2c). The 
models for temperature, total daily PPFD and relative humidity ex-
plained 78.1%, 63.8% and 17.6% of the total variation, respectively, 
and a good proportion of variance was explained by the fixed effect 
of height: 69.2%, 52.4% and 17.6% of the total variation in tempera-
ture, total daily PPFD and relative humidity (random effect explained 
less than 0.1% for relative humidity) respectively. As a result, strong 
correlations were detected between the observed temperature, 
total daily PPFD and their fitted values based on height and loca-
tion (Figure 2b,d), whereas the correlation for relative humidity was 
relatively weaker (Figure 2f).

(1)Eij = a + bhij + li + eij,

http://frps.eflora.cn/
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3.2  |  Total intraspecific and size-dependent leaf 
trait variation (P2)

For 23 of the 24 species (all except Aidia canthioides), at least one 
trait showed a significant relationship with either height or DBH 
(Tables S1 and S2), and of all 96 trait ⨯ species combinations, 64.6% 
(62) and 65.5% (63) varied significantly with height and DBH respec-
tively (Table  S1). For each species, traits that varied significantly 
with respect to height also varied significantly with respect to DBH 
(89.4%, Figure 3; Table S1).

Which of the five models tested was the most supported var-
ied among species and traits (Table 1; Tables S2 and S3; Figure 3). 
Of the 96 species  ⨯  trait combinations, for 36 of them, either 
model D or D2 was the most supported, whereas for 30 either H 
or H2 was the most supported model (Table 1; Tables S2 and S3). 
For 36 species ⨯ trait combinations, a linear model (model D or H) 
was the most supported, whereas for 30 a nonlinear model was 
most supported (model D2 or H2; Table 1; Table S2). For nonlin-
ear trait-size relationships, the size at the inflection point, which 
represents the size at which the trait-size slope changes sign, was 
often small, 2.3 m to 6.0 m in height and 1.6 cm to 4.9 cm in di-
ameter (Figure  3). The corresponding heights for these DBH at 

the inflection points, based on the best-fit species-specific height-
DBH models obtained from the crane plot data (Appendix  S1), 
ranged from 1.7 to 6.5 m.

3.3  |  Relationship between intraspecific and 
size-dependent trait variation and species’ ecological 
strategy (P3)

There were no significant relationships between ITV, as measured 
by the trait CV across all trees of a species, and ecological strategies 
for LA, LT and LDMC (Figure 4). ITV of SLA increased with species’ 
maximum height (Figure 4e), but did not vary significantly with the 
shade tolerance index (Figure 4f).

In contrast to ITV, the strength of SDTV (as measured by the 
model's R2

a
 value) increased significantly with maximum height for 

all four traits (Figure 5a,c,e,g), but for the shade tolerance index, 
the relationship was concave for LA, decreasing for LDMC and 
non-significant for LT and SLA (Figure  5b,d,f,h). The magnitude 
of SDTV (the slope of the trait-size relationship) was significantly 
related to species’ maximum height for all traits (Figure 6a,c,e,g). 
While the direction of the relationship differed among traits, this 

F I G U R E  2  Vertical variation in three 
environmental variables in a subtropical 
forest. Air temperature (a), relative 
humidity (c) and photosynthetic photon 
flux density (PPFD) (e) were measured 
using sensors at multiple heights accessed 
using a tower crane. The corresponding 
panels in the right column (b, d, f) show 
the correlation between the observed and 
the fitted values based on a mixed effects 
model with height as a fixed effect, and 
location as a random effect (see Materials 
and Methods for details). The curves in 
panels (a), (c) and (e) represent only the 
fixed effects of the fitted models
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only depended on whether the trait value increased (LT, LDMC) 
or decreased (LA, SLA) with tree size (Figure 3). Thus, regardless 
of whether the SDTV-maximum height relationship was positive 
(LT and LDMC; Figure 6c,g) or negative (LA and SLA; Figure 6a,e), 
the magnitude of SDTV always increased with species’ maximum 
height, because relationships diverged from zero as species’ stat-
ure increased. In contrast, the relationships between the magni-
tude of SDTV and species’ shade tolerance approached towards 
zero as the shade tolerance index increased for SLA and LDMC 
(Figure 6f,h), but not statistically significant for LT (Figure 6d) and 
concave for LA (Figure  6b). For SLA and LDMC, shade-tolerant 

species had smaller magnitudes of SDTV, but for LA, the least 
and most shade-tolerant species displayed reduced magnitude of 
SDTV, as the slope converged towards zero at the extremes of the 
shade tolerance index (Figure 6).

4  |  DISCUSSION

ITV shapes plant species’ habitat (Quevedo-Rojas et  al.,  2018; 
Rozendaal et  al.,  2006) and geographic distributions (Pollock 
et  al.,  2012; Reich,  2014) and is often considered to be related 

F I G U R E  3  Trait variation with respect to height (a–d) or DBH (e–h) for broadleaved tree species showing significant relationships with 
size (height or DBH) in a subtropical forest. The predicted relationships for both the better height and DBH models for the trait are shown 
for each species with significant size-dependent variation for that trait, with one curve per species (Table S3 reports the most supported 
model and parameter estimates for each species, Figures S2–S25 showed the scatter plots and the corresponding curves of the best-fit 
models of all four traits for the 24 species). Line type indicates the shade tolerance index of each species (range: 0.4–1.0): dot-dash for 
highly shade-tolerant species (shade tolerance index ≥0.9), solid for moderately shade-tolerant species (0.7 ≤ shade tolerance index < 0.9), 
and dashed for light-demanding species (shade tolerance ≤ 0.7). Line colour scales with the maximum height of a species, with the colour 
gradient from dark purple, through blue and green, to yellow, representing shorter to taller maximum tree height
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to the amount of environmental variation an individual is ex-
pected to experience during its lifetime (Cai et al., 2005; Popma 
et al., 1992; Quevedo-Rojas et al., 2018; Rozendaal et al., 2006). 
However, differences in ITV among plant species and its relation-
ships with individual size, environmental variation and ecological 
strategy are still not well understood, despite their importance for 
predicting species’ responses to global change (Heilmeier, 2019; Li 
et al., 2015). Our study shed new light on these relationships in a 
closed canopy, subtropical forest, in which we found that strong 
vertical variation in environmental factors was coordinated with 
intraspecific leaf trait variation. The 24 tree species in our study 
differed dramatically in ITV and SDTV of four leaf traits, and this 
variation was related to two important dimensions of species’ 
ecological strategy, shade tolerance and maximum height. Shade-
tolerant tree species that eventually reach the canopy experience 
a wide range of light environments, whereas shorter-statured 
shade-tolerant species live their entire lives in the more shaded 
understorey. Accordingly, we found tree species’ maximum height 
to be a stronger correlate of both ITV and the strength and mag-
nitude of SDTV than was species’ shade tolerance, for a greater 
number of leaf traits. Moreover, the magnitude of SDTV was non-
linearly related to the shade tolerance index, with low or mod-
erately shade-tolerant species having the greatest magnitude of 
SDTV, consistent with the ability of these species to survive in a 
relatively wider range of light environments. Together, our find-
ings suggest that tree species experiencing greater magnitudes of 
environmental variation, either temporally as they grow in height 
during their lifetimes or spatially when species occupy broad eco-
logical niches, have greater magnitude of SDTV. As vertical niche 
partitioning can facilitate species coexistence (Kohyama,  1992, 
1993), SDTV may help maintain tree species diversity in this sub-
tropical forest.

4.1  |  Vertical environmental variation (P1)

Dramatic vertical variation in microenvironmental conditions is a 
hallmark of closed canopy forests, but has been quantified in de-
tail for relatively few sites globally (e.g. Kenzo et al., 2015; Russo 

et al., 2012; Sendal & Reich, 2013; Yoda, 1974), and for even fewer 
has the corresponding vertical variation in traits been examined 
(Kenzo et  al.,  2015; Sendal & Reich,  2013), as we have here. In 
this subtropical forest in China, we found dramatic nonlinear verti-
cal gradients in a range of environmental conditions affecting leaf 
structure and function. Our environmental data were collected for 
a relatively short time, similar to other studies (Kenzo et al., 2015; 
Sendall & Reich, 2013), as it is challenging to deploy sensors high 
above-ground for long periods of time. We consider the relation-
ships we quantified between environmental variables and height 
above-ground to be representative, as the presence of tree cover 
is the predominant factor affecting the vertical variation that we 
sought to characterize, and also to capture the vertical environ-
mental gradients affecting within-species variation in leaf func-
tional traits. Our findings reinforce the importance of vertical 
environmental variation in natural closed canopy forests for de-
scribing species’ partitioning of vertical niches (Davies et al., 1998; 
King, 1990; Kohyama et al., 2003), in managed forests for ensuring 
sufficient vertical heterogeneity to maintain diversity and ecosys-
tem services (Felipe-Lucia et al., 2018), and for predicting species’ 
dynamic responses to climate change (Harwood et al., 2014).

4.2  |  Intraspecific and size-dependent trait 
variation (P2)

Similar to previous studies (He & Yan, 2018; Martin & Thomas, 2013; 
Sendal & Reich, 2013; Thomas, 2010), nearly all (23 of 24) of the spe-
cies in our study exhibited significant trait variation with tree size, 
implying that plasticity in leaf traits is important for acclimating to 
environmental variation (Lilles et al., 2014).

The observed size-dependent variation of traits within species has 
been attributed to variation in access to light and water by leaves as 
trees grow during ontogenetic development (Lilles et al., 2014; Sendall 
& Reich, 2013). However, in our study, diameter was the better pre-
dictor of leaf trait variation for more species ×trait combinations than 
was tree height, suggesting that other factors beyond vertical envi-
ronmental gradients influence leaf trait expression. Thus, ITV might 
have some biological basis uniquely related to size, in addition to that 

TA B L E  1  A summary of the results for comparing models of size-dependent trait variation (SDTV) of leaf functional traits for a total of 
24 tree species in a subtropical forest. The numbers in the cells are the number of species for which each of the four size models that we 
tested was the most supported model and was significantly better than the null model. D: a model with a linear tree diameter predictor; D2: 
a model with both a linear and a quadratic tree diameter predictor; H: a model with a linear tree height predictor; H2: a model with both a 
linear and a quadratic tree height predictor. If the best supported model was significantly better than the null model, we considered the trait 
for that species to be significantly size dependent. The total number of species (24) subtracted by the total number with significant size-
dependent variation for each trait was the number of cases in which trait variation was not size dependent

SDTV model Leaf area (LA) Leaf lamina thickness (LT) SLA Leaf dry matter content (LDMC)

D 3 4 7 8

D2 4 5 3 2

H 2 4 4 4

H2 6 5 4 1

Total 15 18 18 15
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driven by height-related variation in environmental conditions (Rijkers 
et al., 2000). In principle, it should be possible to partition the variation 
in leaf traits owing uniquely to size versus environmental variation, and 
their effects could be disentangled using manipulative experiments in 
controlled environments, although it is challenging to do so for large-
statured, long-lived trees. Focusing on individuals of different heights 
covering a range of light regimes can also be informative, provided 
light-demanding species and shade-tolerant species can be found 
both in gaps and under closed canopy (Rijkers et al., 2000).

Our study found about one third of species displayed nonlinear 
trait variation with size for several leaf traits. This nonlinearity may 
be explained by the nonlinear relationship of PPFD with height. We 
found that for nonlinear trait relationships, the height of the inflec-
tion point was often close to the point where PPFD began to in-
crease more sharply, possibly implying light availability as a cause 
of the change of trait response to size, as has been found in some 
temperate forests (Coble &Cavaleri, 2014). In this forest, there was 
no apparent increase in PPFD from the forest floor to about 10 m 

above-ground, but above 10 m, PPFD increased rapidly. Interestingly, 
most of the shrubs in this forest have maximum heights <10  m 
(http://frps.eflora.cn/). We propose that woody species may either 
specialize in the understorey as shrubs or treelets with maximum 
heights near 10 m or occupy both understorey and higher canopy 
strata during their lifetimes with a shift in functional traits enabling 
acclimation to the sudden increase in light availability in this forest. 
Thus, our findings suggest that nonlinear vertical variation in light 
availability is a principal driver for the nonlinearity in trait-size rela-
tionships and evolutionary differentiation in tree stature.

4.3  |  Relationship between intraspecific and 
size-dependent trait variation and species’ ecological 
strategy (P3)

Comparison of SDTV across species of contrasting life-history strat-
egies could improve our understanding of the evolutionary causes 

F I G U R E  4  The intraspecific trait 
variation as measured by the coefficient 
of variation (CV) for leaf area (a, b), 
leaf thickness (c, d), SLA (e, f) and leaf 
dry matter content (g, h), in relation to 
life-history strategies represented by 
maximum height (a, c, e, g) and shade 
tolerance (b, d, f, h), for 24 broadleaved 
tree species in a subtropical forest. Black 
curves represent the prediction, and grey 
areas denote the 95% confidence interval 
for the regression curve. Larger values on 
the shade tolerance axis indicate greater 
shade tolerance

http://frps.eflora.cn/
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and consequences of ontogenetic changes in tree functional biol-
ogy (Thomas & Bazzaz, 1999). We found species to differ in size and 
size-related environmental variation for a given size or under spe-
cific environmental conditions, and at least some of this interspecific 
variation could be explained by species’ ecological strategy. Without 
consideration of height or DBH, we found that only for SLA was ITV 
significantly related to maximum height, a finding that is consistent 
with a study in lowland tropical moist forest in Bolivia, where in-
traspecific variation of very few traits correlated with maximum tree 
height or the difference in crown exposure between juvenile and 
adults (Rozendaal et al., 2006). However, a novel finding of our study 
is that when tree size is accounted for, ITV strongly correlates with 
maximum height and shade tolerance. In contrast to ITV, we found 
that the part of trait variation explained by tree size (R2

a
 of the trait-

size models) and the magnitude of trait variation with size (slope) was 
significantly related to species’ maximum tree height and shade tol-
erance for all four leaf traits quantified in our study. This difference 
suggests that size-related ITV is more related to ecological strategy 

as measured by maximum height and shade tolerance than is ITV, 
which encompasses spatial and genotypic variation in addition to 
vertical variation in trait expression. This result begs the question of 
what other factors may explain the large percentage of unexplained 
ITV in these leaf traits. We propose that, aside from genotypic vari-
ation, below-ground factors such as spatially varying soil nutrient 
and water availability (Gotsch et al., 2010), interactions with micro-
organisms, such as mycorrhiza (Kilpeläinen et al., 2019), and endoge-
nous factors, such as water potential in the leaf (Gotsch et al., 2010), 
be taken into consideration.

Maximum height, as related to vertical environmental gradients, 
has been shown to affect plant demographic and physiological per-
formance (Cai et  al.,  2005; King,  1990; Kohyama et  al.,  2003; Liu 
et al., 2019; Thomas, 1996; Thomas & Bazaaz, 1999), as well as allo-
metric relationships (Davies et al., 1998; King, 1990; Thomas, 1996). 
This covariation is not simply due to plastic, height-driven environ-
mental conditions, but also plants’ adaptative variation for trait ex-
pression with size or ontogeny (Cai et al., 2005; King, 1990; Kohyama 

F I G U R E  5  The strength (R2
a
) of the 

most supported model of the size-
dependent trait variation (SDTV) for 
leaf area (a, b), leaf thickness (c, d), SLA 
(e, f) and leaf dry matter content (g, h) 
with respect to maximum height (a, c, e, 
g) and shade tolerance (b, d, f, h) for 24 
broadleaved tree species in a subtropical 
forest. Larger values of the index of 
shade tolerance indicate greater shade 
tolerance. Filled points denote species 
for which the best model included at 
least one coefficient (not including the 
intercept) that was statistically different 
from zero, whereas unfilled points 
denote species with no coefficient (not 
including the intercept) different from 
zero. The grey ribbon represents the 95% 
confidence intervals on the prediction for 
statistically significant relationships
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et al., 2003; Liu et al., 2019; Thomas, 1996; Thomas & Bazaaz, 1999). 
In this study, maximum height explained a larger proportion of size-
related trait variation than shade tolerance did, and trait expression 
changed more rapidly with height for larger than smaller-statured 
species. These results, especially the latter, indicate that taller spe-
cies undergo faster functional adjustment with changing environ-
mental conditions or during ontogeny than shorter species do. This 
result was in line with a previous study that found photosynthetic 
traits of taller species responded considerably when transferred 
to high light condition, but shrubs did not (Cai et  al.,  2005). Our 
study suggests that a key part of the ecological strategy of taller 
species may be greater ontogenetic phenotypic plasticity. They ap-
pear to be more capable than shorter species of adjusting not only 
photosynthesis-related rates that can change within hours or days 
(Cai et al., 2005), but also less plastic morphological traits as they 
grow, enabling acclimation to vertical size-related environmental 
gradients for optimal functioning.

The interspecific variation in size-dependent leaf trait expression 
correlated with species’ maximum height that we found may contrib-
ute to vertical niche partitioning. While vertical niche partitioning 
with respect to allometry has been well-studied (Davies et al., 1998; 
King,  1990; Kohyama,  1992, 1993; Kohyama et  al.,  2003), less is 
known about the role that size-dependent leaf trait expression plays 
in vertical niche partitioning of species with different shade toler-
ance and maximum height. Maximum height is an ecological strat-
egy specifically related to vertical environmental gradients, whereas 
shade tolerance is more related to horizontal environmental gradi-
ents and gap dynamics. Kohyama (1992, 1993) showed that tree spe-
cies with overlapping size distributions can coexist along a vertical 
gradient of light owing to differences in maximum height, provided 
that species’ maximum height trades off with recruitment rate. Our 
study suggests not only that leaf trait plasticity enables trees to 
grow through dramatic vertical environmental gradients throughout 
their lifetimes to achieve tall maximum heights, but also implies that 

F I G U R E  6  The magnitude (the slope) 
of size-dependent trait variation (SDTV) 
with respect to maximum height (a, c, e, g) 
and shade tolerance (b, d, f, h) for leaf area 
(a, b), leaf thickness (c, d), SLA (e, f) and 
leaf dry matter content (g, h) with shade 
tolerance (a, c, e, g) and maximum height 
(b, d, f, h) for 24 broadleaved tree species 
in a subtropical forest. Larger values of 
the index of shade tolerance indicate 
greater shade tolerance. Filled and unfilled 
points denote species with significant and 
non-significant SDTVs respectively
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this plasticity contributes indirectly to facilitate tree species coexis-
tence in closed canopy forests.

Compared with maximum tree height, shade tolerance was less 
related to trait variation with respect to size. Shade tolerance is ex-
pected to associate with the amount of light variation experienced 
during the tree's lifetime and therefore should be correlated with 
trait variation (Quevedo-Rojas et al., 2018; Rozendaal et al., 2006). 
However, in contrast to our P3, we found no significant relation-
ship between ITV and the shade tolerance index. A complication 
is that there is covariation between shade tolerance and maximum 
height (Davies et al., 1998) because in closed canopy forests, short 
species must be shade tolerant, and for taller species, shade tol-
erance changes through ontogeny (Kunstler et  al.,  2009; Sendall 
et  al.,  2015), making it hard to decouple the effects of these two 
dimensions of ecological strategy on size-related trait variation. The 
relationship between shade tolerance and the magnitude of ITV 
was also inconsistent in other studies. For example, short-lived pi-
oneers and shade-tolerant species had low intraspecific variation in 
LT, but long-lived pioneers, which were usually very tall, had high 
intraspecific variation in LT and in chlorophyll: nitrogen ratio; yet in-
traspecific variation in SLA was low for short-lived pioneers, but high 
for shade-tolerant species (Rozendaal et al., 2006). In experimental 
studies, shade-tolerant species had low intraspecific variation in 
photosynthetic traits (Quevedo-Rojas et al., 2018). In another study, 
taller shade-tolerant species had larger ITV than shorter shade-
tolerant species and light-demanding species (Popma et al., 1992). 
These results are consistent with our findings, which indicate that 
shade tolerance interacts with maximum height to shape ITV and 
SDTV in relation to the magnitude of lifetime environmental varia-
tion experienced by tree species.

5  |  CONCLUSIONS

While it is recognized that greater trait plasticity is often asso-
ciated with environmental heterogeneity, few studies, and none 
in subtropical forests, have examined the implications of this for 
tree species’ maximum height and shade tolerance, two dimen-
sions of ecological strategy that affect diversity in closed canopy 
forests, while also quantifying vertical gradients in environmen-
tal variables. Our study moves beyond characterizing differences 
between leaves of juveniles versus adults or sun versus shade 
leaves, as it modelled continuous variation in leaf trait expression 
in relation to tree size and height. This approach enabled us to use 
parameters of these relationships to quantify the magnitude and 
strength of size-related variation in leaf trait expression, which has 
not been done previously. Moreover, our novel finding that SDTV 
correlated more strongly with tree species’ maximum height and 
shade tolerance than did overall ITV points to the overwhelming 
importance of tree size and its vertical environmental correlates 
on leaf trait expression and may explain why some previous stud-
ies failed to find strong relationships between these dimensions 
of ecological strategy and the magnitude of intraspecific leaf trait 

variation. Previous studies also used categorical definitions of 
shade tolerance (Quevedo-Rojas et al., 2018; Rijkers et al., 2000; 
Rozendaal et  al.,  2006), whereas our model-based definition al-
lowed species’ shade tolerance to be quantified continuously, 
which provides more power to detect significant relationships 
with ITV. Nonetheless, our study points to SDTV as a key com-
ponent of a coordinated strategy enabling tall maximum height, 
but not necessarily shade tolerance. Our study's insights reveal 
a fuller picture of the dominant controls on intraspecific leaf trait 
expression, how this variation shapes species’ ecological strate-
gies, and how it may constrain forest responses to the increasing 
environmental heterogeneity being caused by climate change. To 
the extent that ITV enables trees to respond adaptively to climate 
change, then species with greater standing genotypic variation or 
capacity for phenotypic plasticity in traits should be favoured in 
the forests of the future, particularly if spatial and temporal envi-
ronmental variation increases with climate change.
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