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Abstract: Vertical stratification in trees may respond to selective pressures to enhance light inter-

ception and utilization; therefore, the vertical functional variation in leaf traits may indicate niche 

partitioning within forests. In this study, vertical variations in leaf and crown structure traits of 

seven common tree species were analysed with respect to differences between species in different 

height groups, within the same height range, in the same species across tree height, and different 

parts of the individual tree crown to reveal coexistence mechanisms in subtropical forest tree spe-

cies. There were multiple levels of trait variation in the vertical dimension, validating the existence 

of vertical niche differentiation in subtropical forest species. The functional trait differences arose 

among different height groups, among species co-occurring within the same height range, in the 

same species across tree height, and among different parts of the individual tree crown. Variation 

in comparative advantages, which was characterised by those traits between species across different 

height ranges, was also one of the manifestations of niche differentiation in the vertical dimension. 

Moreover, contrasting results between lower height ranges and higher ranges in the relationship 

between species’ differences in functional traits and species’ difference of abundance were found, 

further confirming that there was obvious vertical niche separation in the community. This study 

emphasised the importance of vertical variation in species’ performances in elucidating the mecha-

nisms of tree species coexistence in subtropical forests. 
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1. Introduction 

The mechanisms of species coexistence have long been a research hotspot in commu-

nity ecology. Classical ecological theory states that stable coexistence between competing 

species requires them to occupy different niches. Competing species will diverge, leading 

to a reduction in niche overlap. However, high levels of species diversity in tropical and 

sub-tropical forests cannot always be explained by variations in species’ characteristics, 

indicating that there may be niche differences between plants that have been overlooked 

[1]. Coincidentally, characteristics related to patterns of aboveground vertical variation in 

species’ performances have been less frequently explored. Although several researchers 

have proposed that functional trait variation in the vertical dimension can help elucidate 

the mechanisms underlying species coexistence in communities [2–5], more research is 

needed to explore the significance of aboveground vertical differentiation to achieve a 

deeper understanding of community assembly rules. The vertical variation of key plant 

traits in response to limited resources should be especially considered. 

Leaf functional traits play an important role in leaf and plant functioning and are 

associated with species’ strategies of resource acquisition and use [6,7]. Photosynthetic 
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traits and related traits are key features, and their variation is important for the study of 

species coexistence [8]. Shade tolerance is one of the most important traits for understand-

ing community assembly and forest dynamics [9]. The rate of leaf dark respiration (Rd) is 

supposed to be a good estimator of the shade tolerance of tree species [10]. Chlorophyll 

(Chl) fluorescence acts as an indicator of energy conversion of photosynthetic organisms 

and has been a powerful tool to study photosynthesis performance [11]. The maximum 

relative electron transport rate (rETRmax), initial slope (α), photoinhibition coefficient (β), 

and half saturating irradiance (Ik) are Chl fluorescence parameters derived from rapid 

light curves (RLCs; relative electron transport rate versus photosynthetic photon flux den-

sity (PPFD) curve), which reflect the expressed intrinsic capacity of photosynthesis [12]. 

rETRmax determines the photosynthetic capacity, while α reflects the light utilisation effi-

ciency of the leaf. Assessments of Ik represent the tolerance of the leaf to high light [13]. 

Leaf dry mass (LDM) is the basic calculation index that represents the physiological activ-

ities of plant leaves and an important reference variable to study the competition pattern 

of forest plant species [7]. Leaf area (LA) reflects the ability of leaves to capture light and 

perform photosynthesis and is also related to the energy and water balance of leaves [14]. 

The specific leaf area (SLA) is associated with the leaf economic spectrum and the meta-

bolic and growth rates of the species [7]. Leaf dry matter content (LDMC) is correlated 

with the average density of the leaf tissue, potential RGR, and water balance of the leaf 

[15]. Leaf thickness (LT) is associated with photosynthesis and growth rate [16]. 

Tree crown architecture characteristics are important for the exploitation of the ver-

tical height resource gradient. The crown depth (Dc) of a tree has been associated with the 

capability for capture and utilisation of light since a deeper crown largely means that the 

crown covers a more complex light environment and consequently has a higher variability 

of traits in the vertical dimension, and vice versa. Crown breadth (Bc) and crown volume 

(Vc) can reflect the pattern of competition for space between a tree and its neighbours. Bc 

and Vc are also closely related to the total number of leaves in a tree and thereby the pho-

tosynthetic capacity of the tree, which in turn affects the growth level and competition 

status of the tree in the stand [17,18]. 

In a vertically well-developed, mature forest, species tend to develop different 

heights, which is an important manifestation of the spatial segregation of tree crowns 

along the vertical gradient of resource availability. Species with different heights should 

be characterised by different survival strategies, and variations in key traits should be 

found in the vertical direction of the community [19,20]. Moreover, photosynthetic per-

formance plasticity within an individual crown in the vertical dimension is also believed 

to allow species to diverge along the vertical gradient of light availability within the can-

opy and contribute to a stable coexistence among neighbours [3,20]. 

The divergence of comparative advantages between species pairs in different vertical 

spaces may be an important factor that leads to complementary resource utilisation and 

subsequently enhanced species coexistence. One species might be found to exhibit supe-

rior performance within a specific vertical range, producing a relative advantage over 

other species, while it might be average or even inferior in performance to other species 

within another vertical range. Furthermore, intuitive and persuasive evidence to verify 

the existence of vertical niche differentiation is that species with different strategies prefer 

different vertical spaces, which was revealed by differences in abundance across different 

height ranges [21]. Numerous studies have found that the density of tree species differs 

across environmental gradients [22–24]. Nevertheless, few studies have examined the role 

of vertical variation in the ability to utilise resources in the context of promoting plant 

coexistence. 

To explore the patterns of species coexistence and enrich niche differentiation theory, 

we aimed to confirm the vertical niche differentiation of tree species in a natural subtrop-

ical forest by detecting variation in important leaf traits and crown structure characteris-

tics within the vertical structure of trees. To this end, we examined vertical variation: 
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1. Between height groups (lower height group (LG), middle height group (MG), and 

higher height group (HG)) and within the same height range (shrub canopy (1.4–4 

m), sub-shrub canopy (4–6.8 m), lower canopy (6.8–11.3 m), middle canopy (11.3–

17.4 m), and upper canopy (17.4–27.1 m)) of different species; 

2. In the same species across tree height; 

3. At different parts of the tree crown (lower part (LP), middle part (MP), and upper 

part (UP)). 

We also present the result of variation in different parts of the tree crown in the five 

height ranges and in each target species. The differences in traits and abundance of species 

across the five height ranges were also investigated to determine if there was complemen-

tarity among plants in the vertical dimension and if the existence of niche differentiation 

between species along the vertical gradient was substantiated. 

2. Materials and Methods 

2.1. Study Site 

The study was conducted at a vertical plot in the DHS Biosphere Reserve (112°30′39″–

112°33′41″ E, 23 09′21″–23°11′30″ N), which is in Zhaoqing City, Guangdong Province, 

China. The study area features a typical monsoonal climate with an annual average tem-

perature of 20.9 °C. The annual average relative humidity is 80.3%, and the annual average 

precipitation is 1972 mm. The vertical plot covers an area of 1.44 ha (120 × 120 m), centred 

on a 60 m high canopy crane with a 60 m long arm (Figure 1). The 4140 individual plants 

in the plot that were greater than 1 cm in diameter at breast height comprised 121 woody 

species, belonging to 50 families and 84 genera. The mean height of trees in the forest was 

about 5.88 m. The vertical structure of the forest was stratified into five height ranges: 

shrub canopy (1.4–4 m), sub-shrub canopy (4–6.8 m), lower canopy (6.8–11.3 m), middle 

canopy (11.3–17.4 m), and upper canopy (17.4–27.1 m). These categories were established 

according to the results of optimum tree height clustering and correspond to the tradi-

tionally defined vertical levels of the forest community. Furthermore, the vertical struc-

ture of the canopy of each tree was stratified into three equal parts (from bottom to top: 

LP, MP, and UP). 

 

Figure 1. The vertical plot in the study, which centred on a 60 m high canopy crane with a 60 m long 

arm. 

2.2. Functional Trait Measurement 
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Data on three families (Fagaceae, Lauraceae, and Theaceae), including seven species 

(Castanopsis chinensis (Cach), Castanopsis fissa (Cafi), Cryptocarya concinna (Crco), Crypto-

carya chinensis (Crch), Machilus breviflora (Mabr), Machilus chinensis (Mach), and Schima su-

perba (Scsu)), were collected to explore the vertical variation in traits of plants in the study 

plot (Table 1). As important dominant families in the forest, Fagaceae, Lauraceae, and 

Theaceae were also the only three families distributed in all five height ranges, with an 

abundance >10 in each height range, and were among the top 10 largest families in the 

community (Figures A1 and A2). To fully explore the variation among plants in the verti-

cal dimension, we chose Fagaceae, Lauraceae, and Theaceae as target families. In our 

study plot, S. superba was the only species in the Theaceae family, and Ca. chinensis and 

Ca. fissa were the only species in the Fagaceae family. Cryptocarya chinensis, Cr. concinna, 

M. breviflora, and M. chinensis were 4 of the 12 species in the Lauraceae family in the study 

plot but accounted for 92.98% of all individuals in the family (Table 1). Since the other 

eight species in the Lauraceae family were extremely rare (≤13) in the study plot, we ex-

cluded them from the study. Furthermore, the seven target species are relatively common, 

and some are important common species in the community (Table A1), which contributed 

to their suitability as target species in this study. 

Table 1. Information of families, abbreviation and position within the canopy in the study plot of 

each target species. 

Species List Families Abbreviation Position within the Canopy 

Castanopsis chinensis Fagaceae Cach Relatively evenly distributed throughout the five canopy levels 

Castanopsis fissa Fagaceae Cafi Mainly in the shrub and sub-shrub canopies 

Cryptocarya concinna Lauraceae Crco Mainly in the shrub and sub-shrub canopies 

Cryptocarya chinensis Lauraceae Crch Mainly in the shrub and sub-shrub canopies 

Machilus breviflora Lauraceae Mabr Relatively evenly distributed throughout the five canopy levels 

Machilus chinensis Lauraceae Mach Mainly in the shrub canopy 

Schima superba Theaceae Scsu Mainly in the middle and upper canopies 

The five height ranges were shrub canopy (1.4–4 m); sub-shrub canopy (4–6.8 m); lower canopy 

(6.8–11.3 m); middle canopy (11.3–17.4 m); upper canopy (17.4–27.1 m). 

The seven target species are evergreen tree species. Castanopsis fissa is a pioneer fast-

growing species. Schima superba, Ca. chinensis and M. chinensis are also described as helio-

phytes. M. breviflora, Cr. chinensis, and Cr. concinna are mesophytes, which are considered 

more adapted to low light environments. In our study plot, Schima superba grew largely 

in the middle and upper canopies. Machilus breviflora and Ca. chinensis were relatively 

evenly distributed throughout the five canopy levels. Machilus chinensis was mainly dis-

tributed in the shrub canopy. Castanopsis fissa, Cr. concinna, and Cr. chinensis were most 

often found in the shrub and sub-shrub canopies (Table 1, Figure A3). 

The leaf respiration (Rd) and Chl fluorescence parameters (β, α, rETRmax, Ik) were 

measured in July and August 2019, the growing season of the subtropical forest. Samples 

were collected between 09:00 and 16:00 on a sunny day using a lopper where the height 

was ≤3 m and a canopy crane where the height was >3 m. Ten individuals were randomly 

sampled for each target species as far as possible, taking practical considerations into ac-

count, since at least a 1.5 × 1.5 m canopy gap (or horizontal space with relatively sparse 

branches and leaves) was needed for the crane to descend into the canopy interior. 

One healthy branch with at least three healthy, current-season-growth leaves was cut 

as a sample branch for each part of the tree crown, for each target stem. Several samples 

were lacking due to a shortage of eligible leaves or a lack of accessibility (Table A2). Sam-

ple branches were inserted in water as soon as they were cut from the trees to maintain 

the cut below the surface, and these branches were then immediately pruned obliquely 

below the water surface. The seven target species were separated into three different 

height groups according to their tree height and distribution in different height ranges 

(Table A2 and Figure A3). Machilus chinensis and Ca. fissa were classified into LG species, 
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Cr. concinna and Cr. chinensis were categorised as MG species, and S. superba, M. breviflora, 

and Ca. chinensis were considered HG species. 

Three healthy, current-season growth leaves from each sample branch were selected 

to measure Chl fluorescence parameters. RLCs were recorded for fluorescence using the 

PAM-2500 Chl fluorescence analyzer (Walz GmbH, Effeltrich, Germany) with the pre-in-

stalled software routine for light curve plotting to obtain the sequence for 0–3000 μmol 

m−2 s−1 PPFD for each target leaf. The intensity of the actinic light was automatically in-

creased every 30 s in eight steps. RLCs were fitted according to the statistical models pro-

posed by Platt et al. [25]. With rETR fitted vs. PPFD, the cardinal points were determined: 

rETRmax (μmol electrons m−2 s−1), α, β, and Ik (μmol m−2 s−1). Ik was calculated as follows: 

𝐼𝑘 =
𝑟𝐸𝑇𝑅𝑚𝑎𝑥

𝛼
, (1) 

The same three leaves were used to measure Rd after the measurement of Chl fluo-

rescence traits. 

Rd (μmol m−2 s−1) was measured for each target leaf three times using a portable pho-

tosynthetic system (LI-6400; LI-COR, Lincoln, NE, USA). The CO2 concentration in the 

sample room was set to 400 mmol m−2 s−1 by the CO2 control module (6400-01 CO2 Mixer; 

LI-COR, Lincoln, NE, USA). Leaf temperature was set to 25 °C, and relative humidity was 

set to 75–85%. Rd is defined as the photosynthesis rate when no light resource is available; 

therefore, the PPFD was set to 0 mmol m−2 s−1 with a red–blue light resource module (6400-

02B LED Light Source; LI-COR, Lincoln, NE, USA). Before each measurement, 2–3 min 

was allocated for the target leaf to reach a stable photosynthetic state. Each target leaf was 

adapted in a darkroom for at least 120 min immediately before Rd was measured. In this 

study, only Rd and Chl fluorescence traits were assessed to examine vertical variation at 

different parts of the tree crown. 

Dc, Bc, Vc, LA, SLA, LDMC, and LT were measured from September to October 2014. 

These traits were measured for each individual of the seven target species. We only se-

lected data from the tree used to measure Rd and Chl fluorescence parameters in 2019. Six 

healthy, intact, and mature leaves were randomly chosen in each sample individual for 

measuring LA, SLA, LDMC, and LT. The measuring method was based on the standard 

method used in Cornelissen et al. [14]. Each sample lamina (without petiole) was scanned 

(by CanoScan LiDE 700F, Beijing, China), and then LA (cm2) was measured by ImageJ 

(ImageJ 1.43u National Institute of Mental Health, Bethesda, MD, USA). LT (mm) was 

measured with a micrometre, avoiding the main and large secondary vein. Leaves were 

then oven-dried at 60 °C for at least 72 h, and their dry weight (mg) was determined. The 

fresh weight (g) of leaves was measured before measuring dry weight. From these meas-

urements, values of SLA (cm2 g−1) and LDMC (mg g−1) were calculated. Tree height (m), 

height to crown base (m), and Bc (m) were measured by tapeline, with the help of the crane 

for measuring high trees. Dc (m) was the difference between tree height and height to the 

crown of each tree. The estimation formula used for Vc (m3) was as follows: 

𝑉𝑐 = 𝜋 (
𝐵𝑐

2
)
2

× 𝐷𝑐, (2) 

2.3. Statistical Analyses 

We first assessed if the target functional traits and tree height are related to phylog-

eny with Blomberg’s K and found that there was no significant phylogenetic signal in all 

of the traits in the seven target species in our study (Table 2). Then, tree height and trait 

differences among species height groups were tested by one-way analysis of variance 

(ANOVA). ANOVA was also used to test the interspecific variability of each trait and 

intra-specific variability across the tree height and part of the tree crown of each trait. 

Moreover, species differences in traits in the five different height ranges were tested by 

ANOVA. Differences in traits among different parts of tree crown for all target species, 
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among different parts of the tree crown within each species, and among different parts of 

the tree crown within five different height ranges were also tested by ANOVA. Then, 

Tukey’s test was used to determine which pairs differed if there was a significant differ-

ence found in ANOVA. The relationship between tree height and functional traits was 

tested using Spearman’s rank correlation test. The Spearman’s rank correlation test was 

used to assess associations between species’ differences in functional traits and differences 

of abundance in the five height ranges. The difference in functional traits was expressed 

as the difference between the values of traits between target species. The difference in 

abundance was the difference in abundance between target species in the specific height 

range. A total of 70 target trees were involved, with 600 leaves samples for Rd data meas-

urement and 591 leaves samples for Chl fluorescence parameter measurement in this 

study. For the other traits, 402 samples involving 67 individuals were measured (Tables 

S1–S4 in Supplementary materials). All analyses were implemented using R software [26]. 

Table 2. The abbreviation, units, the interspecific variability, phylogenetic signal, and the p-values 

of Blomberg’s K of functional traits. 

Trait Abbreviation Units 
Interspecific 

Variability 
K p 

The rate of leaf dark respiration Rd μmol m−2 s−1 *** 0.03  0.86  

Leaf dry mass LDM mg *** 0.09  0.43  

Leaf area LA cm2 *** 0.07  0.60  

Specific leaf area SLA cm2 g−1 *** 0.03  0.85  

Photoinhibition coefficient of RLCs β - *** 0.09  0.36  

Initial slope of RLCs α - *** 0.04  0.73  

Maximum relative electron transport rate rETRmax μmol electrons m−2 s−1 ** 0.11  0.31  

Half saturating irradiance Ik μmol m−2 s−1 NS 0.11  0.36  

Leaf dry matter content LDMC mg g−1 *** 0.04  0.75  

Leaf thickness LT mm *** 0.03  0.84  

Crown depth Dc m *** 0.03  0.65  

Crown breadth Bc m *** 0.03  0.78  

Crown volume Vc m3 ** 0.03  0.74  

RLCs: Relative electron transport rate versus photosynthetic photon flux density curve. K: 

Blomberg’s K values. p: p-values of Blomberg’s K. One-way analysis of variance was used to test 

interspecific variability of each trait. *** p < 0.001; ** p < 0.01; NS for no significant different. 

3. Results 

Functional traits showed significant differences between species height groups (Ta-

ble A3, Figures 2–4). The Rd, LDM, LA, SLA, and β of LG species was significantly higher 

than that of species in HG (Figures 2a,b and 3a–c). The Rd, SLA, and β of MG species was 

significantly higher than that of HG species (Figures 2a,b and 3c). The LDM, LA, and SLA 

of LG species was significantly higher than that of MG species (Figure 3a–c). The α, 

rETRmax, Ik, LDMC, LT, Dc, Bc, and Vc of LG species was lower than that of species in HG 

(Figures 2c–e, 3d,e and 4). The rETRmax, Ik, LDMC, LT, Dc, Bc, and Vc of MG species was 

lower than that of HG species (Figures 2d,e, 3d,e and 4). The LT of LG species was lower 

than that of MG species (Figure 3e). Tree height showed significant differences in each 

combination of height groups (p < 0.05). Rd, LDM, LA, SLA, and β were negatively related 

to tree height, while rETRmax, Ik, LDMC, LT, Dc, Bc, and Vc were positively related to tree 

height (p < 0.05). 
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).

 

Figure 2. Photosynthetic trait differences among height groups. Differences in each trait were 

checked using the Tukey test at a 95% family−wise confidence level. HG refers to the higher height 

group, comprising Machilus breviflora, Schima superba, and Castanopsis chinensis; MG refers to the 

middle height group, comprising Cryptocarya concinna and Cr. chinensis; LG refers to the lower 

height group, comprising Ca. fissa and M. chinensis. Black box represents HG, grey box represents 

MG and white box represents LG in each subfigure. Rd: the rate of leaf dark respiration; β: photoin-

hibition coefficient of relative electron transport rate versus photosynthetic photon flux density 

curve (RLCs); α: initial slope of RLCs; rETRmax: maximum relative electron transport rate; Ik: half 

saturating irradiance. *** p < 0.001; ** p < 0.01; * p < 0.05; NS for not significant difference. 



Forests 2022, 13, 1548 8 of 21 
 

 

 

Figure 3. Leaf functional trait differences among height groups. Differences in each trait were 

checked using the Tukey test at a 95% family−wise confidence level. HG refers to the higher height 

group, comprising Machilus breviflora, Schima superba, and Castanopsis chinensis; MG refers to the 

middle height group, comprising Cryptocarya concinna and Cr. chinensis; LG refers to the lower 

height group, comprising Ca. fissa and M. chinensis. Black box represents HG, grey box represents 

MG and white box represents LG in each subfigure. LDM: leaf dry mass; LA: leaf area; SLA: specific 

leaf area; LDMC: leaf dry matter content; LT: leaf thickness. *** p < 0.001; ** p < 0.01; NS for not 

significant difference. 

 

Figure 4. Canopy trait differences among height groups. Differences in each trait were checked us-

ing the Tukey test at a 95% family−wise confidence level. HG refers to the higher height group, 

comprising Machilus breviflora, Schima superba, and Castanopsis chinensis; MG refers to the middle 

height group, comprising Cryptocarya concinna and Cr. chinensis; LG refers to the lower height group, 
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comprising Ca. fissa and M. chinensis. Black box represents HG, grey box represents MG and white 

box represents LG in each subfigure. Dc: crown depth; Bc: crown breadth; Vc: crown volume. *** p < 

0.001; NS for not significant difference. 

For species pairs co-existing in the same height range, species differences in traits 

were not consistent across different height ranges (Tables A3 and A4). For instance, the 

SLA and Dc of Cr. chinensis was only lower than that of Ca. fissa in the shrub canopy, and 

the LT of Cr. chinensis was higher than that of Ca. fissa in the shrub and sub-shrub canopies 

but not in the lower canopy. The LT of Cr. concinna was higher than that of Ca. fissa in the 

sub-shrub canopy but not in the other height ranges. Cryptocarya concinna had a signifi-

cantly lower β than Cr. chinensis in the lower canopy. Machilus breviflora had a lower Rd 

and LDM than Ca. chinensis in the upper canopy. The LDM and LT of S. superba was only 

lower than that of Ca. chinensis in the upper canopy. Schima superba had a significantly 

higher Rd, LDM, LA, and α than that of M. breviflora in the upper canopy but not in the 

middle canopy. The β of M. breviflora was significantly lower than that of Cr. chinensis in 

the lower canopy. Machilus chinensis only had a higher SLA and lower LT than Cr. chinensis 

in the shrub canopy (Table A4). 

Intra-specific variabilities across tree height were found in our study (Table A5). 

There were intra-specific variations in at least one trait for each species. Castanopsis fissa, 

Cr. chinensis and M. chinensis showed intra-specific variations in relative more traits. 

Species differences in rETRmax, Ik, LDMC, LT, Dc, Bc, and Vc were positively related 

with differences in species abundance in higher height ranges (mainly in the middle and 

upper canopies) but inversely associated with differences in abundance in lower ranges 

(in the shrub and sub-shrub canopies) (Table 3). Species differences in SLA and β showed 

a positive correlation with species differences in abundance in lower height ranges and a 

negative correlation with species differences in abundance in higher ranges. Species dif-

ferences in Rd were positively correlated with species differences in abundance in the 

shrub and sub-shrub canopies. 

Table 3. Correlation between species differences in functional traits and species differences of abun-

dance in the five different height ranges. Spearman’s rank correlation test was used to assess the 

relationship. 

Trait Shrub Sub-Shrub Lower Middle Upper 

Rd 0.77 *** 0.63 ** 0.14  −0.32  −0.39  

LDM 0.12  0.12  −0.10  0.07  0.01  

LA 0.36  0.21  −0.14  −0.11  −0.18  

SLA 0.76 *** 0.49 * −0.15  −0.76 *** −0.77 *** 

β 0.72 *** 0.57 ** −0.29  −0.37  −0.45 * 

α 0.13  0.38  0.17  0.15  0.10  

rETRmax −0.82 *** −0.61 ** 0.44 * 0.90 *** 0.92 *** 

Ik −0.85 *** −0.71 *** 0.45 * 0.84 *** 0.89 *** 

LDMC −0.63 ** −0.35  0.12  0.65 ** 0.63 ** 

LT −0.69 *** −0.47 * −0.04  0.63 ** 0.63 ** 

Dc −0.72 *** −0.41  0.33  0.83 *** 0.83 *** 

Bc −0.72 *** −0.39  0.41  0.80 *** 0.81 *** 

Vc −0.84 *** −0.58 ** 0.45 * 0.81 *** 0.87 *** 

The five height ranges were: shrub canopy (1.4–4 m); sub-shrub canopy (4–6.8 m); lower canopy 

(6.8–11.3 m); middle canopy (11.3–17.4 m); upper canopy (17.4–27.1 m). Rd: the rate of leaf dark 

respiration; LDM: leaf dry mass; LA: leaf area; SLA: specific leaf area; β: photoinhibition coefficient 

of relative electron transport rate versus photosynthetic photon flux density curve (RLCs); α: initial 

slope of RLCs; rETRmax: maximum relative electron transport rate; Ik: half saturating irradiance; 

LDMC: leaf dry matter content; LT: leaf thickness; Dc: crown depth; Bc: crown breadth; Vc: crown 

volume. *** p < 0.001; ** p < 0.01; * p < 0.05. 
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The results regarding different parts of the tree crown for all species are shown in 

Table A6 and Figure 5. The β of LP was significantly higher than that of MP (Figure 5b), 

while rETRmax showed the opposite trend (Figure 5d). The Rd and β of LP was higher than 

that of UP (Figure 5a,b), but rETRmax and Ik showed the opposite trend (Figure 5d,e). The 

Rd of MP was higher than that of UP (Figure 5a), but rETRmax and Ik showed the opposite 

trend (Figure 5d,e). 

 

Figure 5. Differences in functional traits among different parts of the tree crown. Differences in each 

functional trait were checked using a Tukey test at a 95% family−wise confidence level. LP repre-

sents the lower part of tree crown; MP represents the middle part of tree crown; UP represents the 

upper part of tree crown. Black box represents UP, grey box represents MP and white box represents 

LP in each subfigure. Rd: the rate of leaf dark respiration; β: photoinhibition coefficient of relative 

electron transport rate versus photosynthetic photon flux density curve (RLCs); α: initial slope of 

RLCs; rETRmax: maximum relative electron transport rate; Ik: half saturating irradiance. *** p < 0.001; 

** p < 0.01; * p < 0.05; NS for not significant difference. 

With respect to individual species, significant differences of Rd between different 

parts of the tree crown were found in Ca. chinensis, Cr. Concinna, and S. superba (Table A6). 

Differences in rETRmax were observed in Ca. chinensis and S. superba. Differences in β were 

found in Ca. chinensis and M. chinensis. The difference in α was found in M. breviflora, 

while differences in Ik were found in Ca. chinensis (Table A6). 

For each height range scenario, a difference in Rd between parts of the tree crown 

appeared in the sub-shrub, middle, and upper canopies of the forest. Differences in β were 

observed in the lower and middle canopies. Differences in rETRmax were found in the 

shrub, middle, and upper canopies. Differences in Ik were found in the shrub and upper 

canopies (Table A7). Intraspecific variabilities of photosynthetic traits were found among 

different parts of crown in all target species except Ca. fissa and Cr. Chinensis (Table A8). 
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4. Discussion 

The main results of the present study support the hypothesis that there is vertical 

niche differentiation among tree species in subtropical forests. Significant differences in 

functional traits between different height groups (Table A3, Figure 2) confirmed the exist-

ence of niche differentiation in the vertical dimension of the forest. In the present study, 

the Rd of HG species was found to be significantly lower than that of LG and MG species 

(Figure 2a), demonstrating that there was significant vertical variation in shade tolerance 

among the species in these groups, as Rd is often used as a reliable surrogate measuring 

tree species’ shade tolerance [10]. Species occupying the top layer of the forest canopy 

tended to be less shade tolerant compared to species at lower strata, which was consistent 

with previous studies [5,23]). The conclusion was further confirmed by the result that Rd 

was negatively related to tree height in the present study. Species gain competitive ad-

vantages through prior access to light by being taller than their neighbours, which re-

quires more investment in non-productive structures and physiological activity that sus-

tains essential consumption [27], also resulting in a lower Rd. 

The species in the lower height group had a higher LDM, LA, SLA, and β than those 

in the higher group, but a lower α, rETRmax, Ik, LDMC, LT, Dc, Bc, and Vc (Figures 2–4). The 

relationship between these traits and tree height supported these results. This confirmed 

that leaves were larger in species occupying habitats with low light. Larger leaves are 

conducive for adapting to low-light conditions by increasing light interception. Moreover, 

the pattern that low-light species have larger leaves and high-light species have smaller 

leaves satisfied the demand for increasing the efficiency of water utilisation, which was 

the ratio of CO2 uptake to water loss, ensuring the leaf energy and water balance in each 

light environment [14,28]. As a mass-based area of the leaf, SLA was more sensitive to 

showing differences between different height groups (Figure 3c). Numerous studies have 

found that SLA decreases from the bottom of the canopy to its top [29–31]. These varia-

tions are considered either an adaptation to a varying light environment, allowing the 

optimisation of carbon gains, or as a result of increased leaf water stress [32]. Moreover, 

species at higher height ranges had thicker and denser leaves, regardless of the leaf area 

(Figure 3e,d), which may also contribute to resisting low water availability and maintain-

ing a higher modulus of elasticity and greater resistance to cell wall collapse under ex-

treme water deficit conditions [33]. 

Leaves in HG species had a higher intrinsic capacity of photosynthesis, capacity of 

high-light tolerance, photochemical reaction initiation rate, and light utilisation efficiency 

than in MG and LG species (Figure 2c–e). These results were consistent with previous 

studies [34,35]. In contrast to our expectation, the β of HG species was lower than that of 

LG and MG, demonstrating that HG species were more likely to decrease their photosyn-

thetic potential when light intensity exceeded their saturation point than those at a lower 

height. One possible explanation for this paradox could be that in different light intensity 

ranges, the effect of the same amount of light intensity increases in the two groups of 

plants was not equal. Photoinhibition occurred at a higher light intensity level in HG spe-

cies than in the other groups of species (Figure 2e), and the light intensity that triggered 

photoinhibition in HG species was closer to the threshold for the plant to cease physio-

logical activities. An increase in excess light of one unit in the high-light range is more 

potentially harmful to plants than that in the low-light range, and it will inevitably cause 

more intense adverse factors to the HG species. As a result, HG species have evolved more 

rapid responses to adapt to excess light and to protect plant tissues (or have simply suf-

fered damage due to exposure to excess high light), resulting in a rapid decline in photo-

synthetic function. 

HG species tend to have a larger crown size than LG and MG species, either in crown 

depth, breadth, or crown volume (Figure 4). It is quite conceivable that tall trees have a 

larger respiration load, and they could compensate for this by making larger and deeper 

crowns with a larger amount of photosynthesising leaf area. Compared to a larger LA and 

SLA in shorter species, a larger tree crown in HG species is likely an alternative to ensure 
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sufficient area to capture enough light energy since the size of the tree crown is closely 

related to the total number of leaves on a tree [17,18]. The photosynthetic capacity of the 

tree in HG and, consequently, the growth level and competition status of the tree in the 

stand can be ensured. 

For species pairs in which tree crowns coexist in the same height range, trait differ-

ences between them were not consistent across different height groups (Tables A3 and 

A4). Some significant differences in traits between species were only found in particular 

height ranges, even though those species grew together in multiple height ranges. For 

example, significant differences in SLA and Dc between Cr. chinensis and Ca. fissa were 

found only in the shrub canopy, while no significant difference between these species was 

found in the sub-shrub and lower canopies, although the crowns of both species were 

present in the shrub, sub-shrub, and lower canopies. Significant differences in Rd, LDM, 

LA, and α between S. superba and M. breviflora were only shown in the upper canopy, 

although the crowns of both species occurred in the middle and upper canopies (Table 

A4). These results demonstrated that some species performed better or worse than their 

competitors in specific height ranges in certain abilities, while showing no significant dif-

ference from their competitors in other height ranges, thereby demonstrating that there 

was variation in comparative advantages between species across different height ranges. 

For example, Ca. fissa was superior in terms of enlarging the light-capturing area by in-

creasing the area of each blade per mass and the total light-exposed area of the crown in 

the vertical dimension, which manifested as a larger SLA and Dc, than Cr. chinensis in the 

shrub canopy. However, the SLA and Dc between the two species were not different in 

the sub-shrub and lower canopies, which generally had a higher light level than the shrub 

canopy. This suggested that Ca. fissa was more adaptive to a relative low-light environ-

ment and more competitive at a lower height range than Cr. chinensis. Although it has 

rarely been considered as the object of research regarding niche segregation, this kind of 

variation is an important factor that leads to complementary resource use, subsequently 

enhancing species coexistence. It also suggests that an imprecise or even misleading con-

clusion might be proposed without considering the vertical variation when comparing 

species differences. 

Trait differences were also found in the same species across tree height (Table A5). 

At least one trait was found with intra-specific variability for each species. It is under-

standable that as trees grow taller, the life history of species varies, and the environment 

to which they respond changes, and with that comes variation in traits. The results that 

Rd, LDM, LA, SLA, and β were negatively related to tree height while rETRmax, Ik, LDMC, 

LT, Dc, Bc, and Vc were positively related to tree height show the general trend of trait 

variation of all species as tree height varies. For certain species, however, it varies accord-

ing to the ecological strategies of the species. For instance, intra-specific variances of 

crown breadth were not found in Ca. chinensis, Ca. fissa, Cr. concinna, and M. breviflora in 

the study. It is interesting that there were more traits that showed intra-specific variations 

in Ca. fissa, Cr. chinensis, and M. chinensis, which were all mainly distributed in the shrub 

and sub-shrub canopy in our study plot. This can be coupled with the fact that traits with 

intra-specific variability of these species were closely related to the acquisition of light 

resources. This may, therefore, hint at strong intraspecific competition for light resources 

in these species in the low-light environment. On the other hand, intraspecific variabilities 

of traits were also shown among different parts of crown (Table A8), indicating that the 

vertical structure of a tree also contributes to the vertical niche differentiation of the plant. 

Contrasting results between lower height ranges and higher ranges in the relation-

ship between species’ differences in functional traits and species difference of abundance 

(Table 3) demonstrated that there was obvious vertical niche separation between species 

in the community. Species with a stronger shade tolerance, leaf light-capturing efficiency, 

and a lower leaf photosynthetic capability, high-light tolerance, leaf dry matter content, 

leaf thickness, and crown size were more abundant in lower height ranges, and vice versa. 
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Variations in functional traits were also found in different positions within the crown 

of each tree in the vertical dimension (Table A6). Shade tolerance in the top part of the tree 

was lower than that in the interior overall (Figure 5a). This result revealed that the top 

layer of the crown featured a weaker ability to endure a low-light environment. Mean-

while, the UP had greater capacity to handle high-light conditions (Figure 5e) and a higher 

photosynthetic potential (Figure 5d). Leaves in LP had a higher β than those of MP and 

UP, demonstrating a smaller rate of decline in the photosynthetic capacity when the light 

intensity exceeded its saturation point, which might be due to the increase by the same 

unit of light in the relatively lower light range being less destructive. Consistent with pre-

vious research [36,37], our results confirmed that photosynthetic performance in different 

parts of the crown differed across the vertical dimension. 

A more detailed analysis showed that Ca. chinensis and S. superba were more respon-

sible for functional trait variations between parts of the tree crown in all species scenarios 

since most of the differences in shade tolerance and photosynthetic capacity between parts 

of the tree crown were found in these species (Tables A6 and A8). In the study plot, S. 

superba, and Ca. chinensis were common species, as the 4th and 17th most abundant of all 

species, respectively. The vertical variation in shade tolerance and photosynthetic poten-

tial within an individual crown may have contributed to the dominance of these species 

in the light-limited community. In each height range scenario, variations in photosyn-

thetic characteristics mostly occurred in the middle and upper canopies of the forest (Ta-

ble A7). Differences in traits among parts of the tree crown preformed differently across 

height ranges, indicating that a change in perspective is required when interpreting niche 

differentiation patterns between species, and changes in canopy height layer should be 

considered. 

5. Conclusions 

Our results confirmed that there were vertical differences in important functional 

traits, not only between species in different height groups but also between species co-

occurring within a height range, and in the same species across tree height, which lends 

support to the existence of niche differentiation in the vertical dimension among subtrop-

ical forest species. Moreover, variation in comparative advantages between species across 

different height ranges was also one of the manifestations of vertical niche differentiation 

between species. Contrasting results between lower height ranges and higher ranges in 

the relationship between species’ differences in functional traits and species difference of 

abundance further confirmed that there was vertical niche separation between species in 

the community. Differentiation in photosynthetic characteristics also arose among parts 

of individual tree crowns, confirming that the vertical structure of a tree also provided a 

source of variation in species performance and can contribute to the occupancy of a spe-

cies in a light-limited community. Therefore, vertical variation in species performance, 

especially for studies involving different layers of the forest canopy, should not be over-

looked while exploring the mechanisms underlying tree species coexistence in forest com-

munities. The vertical structure of the forest supplies more potential information than ex-

pected. 
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ranges. 
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Appendix A 

 

Figure A1. Proportion of different families in the study plot. Lauraceae was the largest family, while 

the Theaceae was the 6th and Fagaceae was the 10th largest family in the community. Target species 

Cryptocarya chinensis, Cr. concinna, Machilus breviflora, and M. chinensis are members of the Lauraceae 

family; Schima superba belongs to the Theaceae family; Castanopsis chinensis and Ca. fissa are members 

of the Fagaceae family. 
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Figure A2. Abundance of each family among the top 10 largest families in different height ranges. 

Only Lauraceae, Theaceae, and Fagaceae were distributed in all five height ranges, with an abun-

dance >10 in each height range, among the top 10 largest families in the community. The abundance 

of Lauraceae was 326, 166, 62, 22, and 21 in shrub, sub-shrub, lower, middle, and upper canopies, 

respectively. The abundance of Theaceae was 13, 26, 55, 101, and 111, respectively, and the abun-

dance of Fagaceae was 44, 51, 24, 32, and 17, respectively. The five height ranges were shrub canopy 

(1.4–4 m); sub-shrub canopy (4–6.8 m); lower canopy (6.8–11.3 m); middle canopy (11.3–17.4 m); 

upper canopy (17.4–27.1 m). 



Forests 2022, 13, 1548 16 of 21 
 

 

 

Figure A3. Proportion of each target species in different height ranges. The five height ranges were 

shrub canopy (1.4–4 m); sub-shrub canopy (4–6.8 m); lower canopy (6.8–11.3 m); middle canopy 

(11.3–17.4 m); upper canopy (17.4–27.1 m). 
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Table A1. Abundance of the seven target species. 

Species Abundance Proportion (%) Ranking 

Machilus chinensis 25 0.55 28 

Cryptocarya chinensis 61 1.34 21 

Machilus breviflora 72 1.58 19 

Castanopsis chinensis 88 1.93 17 

Castanopsis fissa 91 2.00 16 

Schima superba 355 7.81 4 

Cryptocarya concinna 426 9.37 1 

Abundance: the abundance of each species in the study plot; Proportion (%): the abundance ratio of 

each species compared to all individuals in the community; Ranking: the position of the species in 

the rank of abundance size of all species (from the most abundant to the rarest species) in the study 

plot. 

Table A2. Tree height and sample number of the seven target species. 

Species Height (m) n 

Castanopsis chinensis 15.82 ± 5.03 88 

Machilus breviflora 18.49 ± 7.07 85 

Schima superba 19.66 ± 2.22 81 

Cryptocarya chinensis 5.27 ± 3.17 89 

Cryptocarya concinna 6.27 ± 2.10 88 

Castanopsis fissa 4.29 ± 1.96 81 

Machilus chinensis 3.91 ± 3.46 88 

Height (m): the mean tree height of species; n: the number of samples. 

Table A3. The results of one-way analysis of variance (ANOVA) of functional trait differences 

among height groups, and results of ANOVA of species differences in functional traits in five dif-

ferent height ranges. 

Traits Among Height Groups  
Species Differences in Five Height Ranges 

Shrub Sub-Shrub Lower Middle Upper 

Rd *** NS NS NS NS *** 

LDM *** *** *** *** NS *** 

LA *** *** *** *** NS * 

SLA *** ** NS NS NS NS 

β *** NS NS * NS NS 

α * NS NS NS NS * 

rETRmax *** NS NS NS NS NS 

Ik ** NS NS NS NS NS 

LDMC *** NS NS NS NS NS 

LT *** *** ** NS * *** 

Dc *** ** NS NS NS NS 

Bc *** NS NS NS NS NS 

Vc *** NS NS NS NS NS 

The five height ranges were shrub canopy (1.4–4 m); sub-shrub canopy (4–6.8 m); lower canopy 

(6.8–11.3 m); middle canopy (11.3–17.4 m); upper canopy (17.4–27.1 m). Rd: the rate of leaf dark 

respiration; LDM: leaf dry mass; LA: leaf area; SLA: specific leaf area; β: photoinhibition coefficient 

of relative electron transport rate versus photosynthetic photon flux density curve (RLCs); α: initial 

slope of RLCs; rETRmax: maximum relative electron transport rate; Ik: half saturating irradiance; 

LDMC: leaf dry matter content; LT: leaf thickness; Dc: crown depth; Bc: crown breadth; Vc: crown 

volume. *** p < 0.001; ** p < 0.01; * p < 0.05; NS for not significant difference.  
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Table A4. Species differences in functional traits in the five different height ranges. Species differ-

ences in each functional trait were checked using a Tukey test at a 95% family-wise confidence level. 

Species pairs refer to the pairs of species used for comparison in each height range. 

Species Pairs Height Range Rd LDM LA SLA β α LT Dc 

Crch-Cafi Shrub  -0.06  −0.93 *** −146.32 *** −5.13 ** 1.05 × 10−3 −6.60 × 10−4 0.07 *** −1.45 ** 

Crco-Cafi Shrub  −0.18  −1.00 *** −153.43 *** −3.42  - - 0.04  −1.20 

Mach-Cafi Shrub  −0.28  −0.95 *** −144.56 *** −1.37  −6.94 × 10−4 −8.88 × 10−4 0.02  −1.37 ** 

Crco-Crch Shrub  −0.13  −0.07  −7.12  1.71  - - −0.03  0.25 

Mach-Crch Shrub  −0.23  −0.02  1.76  3.76 ** −1.75 × 10−3 −2.28 × 10−4 −0.05 *** 0.08 

Mach-Crco Shrub  −0.10  0.05  8.88  2.05  - - −0.02  −0.17 

Crch-Cafi Sub-shrub  0.05  −1.24 *** −172.57 *** −2.39  −7.41 × 10−4 −0.01  0.06 ** −0.30 

Crco-Cafi Sub-shrub  −0.08  −1.34 *** −184.5 2*** −2.20  −8.84 × 10−4 0.06  0.03 * 0.89 

Crco-Crch Sub-shrub  −0.13  −0.10  −11.95  0.19  −1.43 × 10−4 0.07  −0.02  1.19 

Crch-Cafi Lower  0.53  −0.65 ** −86.78 *** −3.95  1.07 × 10−3 −0.06  0.03  1.00 

Crco-Cafi Lower  0.45  −0.74 *** −94.47 *** −0.79  −1.15 × 10−3 −3.28 × 10−3 0.02  −0.60 

Mabr-Cafi Lower  0.20  −0.71 ** −89.90 *** 0.15  −1.68 × 10−3 4.01 × 10−3 1.67 × 10−3 −3.00 

Crco-Crch Lower  −0.08  −0.09  −7.69  3.16  −2.21 × 10−3 * 0.06  −8.75 × 10−3 −1.60 

Mabr-Crch Lower  −0.34  −0.07  −3.12  4.10  −2.75 × 10−3 * 0.07  −0.03  −4.00 

Mabr-Crco Lower  −0.26  0.03  4.57  0.94  −5.31 × 10−4 7.29 × 10−3 −0.02  −2.40 

Crch-Cach Middle  0.78  −0.08  −0.72  3.83  8.99 × 10−4 −9.64 × 10−3 −0.08 * −0.65 

Mabr-Cach Middle  −0.05  −0.17  −6.94  6.86  −9.79 × 10−4 −0.04  −0.07 * −2.90 

Mach-Cach Middle  0.73  −0.02  4.54  3.41  1.22 × 10−3 −0.01  −0.07 * 0.35 

Scsu-Cach Middle  0.44  −0.06  −3.08  0.88  1.42 × 10−3 −0.07  −0.06  2.05 

Mabr-Crch Middle  −0.82  −0.09  −6.22  3.04  −1.88 × 10−3 −0.03  8.33 × 10−3 −2.25 

Mach-Crch Middle  −0.05  0.06  5.26  −0.41  3.23 × 10−4 −2.30 × 10−3 5.00 × 10−3 1.00 

Scsu-Crch Middle  −0.33  0.02  −2.36  −2.94  5.23 × 10−4 −0.06  0.01  2.70 

Mach-Mabr Middle  0.77  0.15  11.48  −3.45  2.20 × 10−3 0.03  −3.33 × 10−3 3.25 

Scsu-Mabr Middle  0.49  0.11  3.86  −5.98  2.40 × 10−3 −0.02  5.00 × 10−3 4.95 

Scsu-Mach Middle  −0.28  −0.04  −7.63  −2.53  2.00 × 10−4 −0.05  8.33 × 10−3 1.70 

Mabr-Cach Upper  −0.51 * −0.18 *** −10.84  1.64  −1.90 × 10−3 −0.03  −0.04 ** −2.51 

Scsu-Cach Upper  0.10  −0.08 * −0.41  3.00  −1.47 × 10−3 −9.06 × 10−5 −0.06 *** −2.27 

Scsu-Mabr Upper  0.61 *** 0.10 ** 10.43 * 1.36  4.22 × 10−4 0.03 * −0.01 0.24  

Castanopsis chinensis is represented by Cach; Ca. fissa is represented by Cafi; Cryptocarya concinna is 

represented by Crco; Cr. chinensis is represented by Crch; Machilus breviflora is represented by Mabr; 

M. chinensis is represented by Mach; Schima superba is represented by Scsu. The five height ranges 

were: shrub canopy (1.4–4 m); sub-shrub canopy (4–6.8 m); lower canopy (6.8–11.3 m); middle can-

opy (11.3–17.4 m); upper canopy (17.4–27.1 m). Rd: the rate of leaf dark respiration; LDM: leaf dry 

mass; LA: leaf area; SLA: specific leaf area; β: photoinhibition coefficient of relative electron 

transport rate versus photosynthetic photon flux density curve (RLCs); α: initial slope of RLCs; 

rETRmax: maximum relative electron transport rate; Ik: half saturating irradiance; LDMC: leaf dry 

matter content; LT: leaf thickness; Dc: crown depth; Bc: crown breadth; Vc: crown volume. The results 

of rETRmax, Ik, LDMC, Bc, and Vc were not shown in the table, as the results involving these four traits 

were not significant. There was one sample tree of Cr. Concinna in the shrub canopy, and the data 

of chlorophyll fluorescence traits (β, α, rETRmax, Ik) of this species were missing. Therefore, the com-

paring results of these traits between Cr. Concinna and other species in the shrub canopy were miss-

ing in the table. *** p < 0.001; ** p < 0.01; * p < 0.05. 
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Table A5. The results of one-way analysis of variance (ANOVA) of intra-specific variability of func-

tional traits across tree height of each trait. 

Traits Cach Cafi Crch Crco Mabr Mach Scsu 

Rd NS ** NS NS NS NS NS 

LDM NS NS NS NS NS * NS 

LA NS NS NS NS NS NS NS 

SLA NS ** ** NS NS * NS 

β NS NS NS NS NS NS *** 

α NS NS NS NS * NS NS 

rETRmax NS NS * NS NS NS NS 

Ik NS NS NS * NS NS NS 

LDMC NS NS ** NS NS NS NS 

LT NS *** NS NS NS * NS 

Dc ** ** *** NS * *** NS 

Bc NS NS *** NS NS *** * 

Vc NS ** *** NS NS *** * 

Rd: the rate of leaf dark respiration; LDM: leaf dry mass; LA: leaf area; SLA: specific leaf area; β: 

photoinhibition coefficient of relative electron transport rate versus photosynthetic photon flux den-

sity curve (RLCs); α: initial slope of RLCs; rETRmax: maximum relative electron transport rate; Ik: half 

saturating irradiance; LDMC: leaf dry matter content; LT: leaf thickness; Dc: crown depth; Bc: crown 

breadth; Vc: crown volume. Castanopsis chinensis is represented by Cach; Ca. fissa is represented by 

Cafi; Cryptocarya concinna is represented by Crco; Cr. chinensis is represented by Crch; Machilus brevi-

flora is represented by Mabr; M. chinensis is represented by Mach; Schima superba is represented by 

Scsu. *** p < 0.001; ** p < 0.01; * p < 0.05; NS for not significant difference. 

Table A6. The results of one-way analysis of variance (ANOVA) of functional trait differences 

among different parts of the tree crown in all species and within each species. 

Traits All Species 
Within Each Species 

Cach Cafi Crch Crco Mabr Mach Scsu 

Rd *** *** NS NS * NS NS *** 

β ** *** NS NS NS NS * NS 

α NS NS NS NS NS * NS NS 

rETRmax *** *** NS NS NS NS NS * 

Ik *** *** NS NS NS NS NS NS 

Rd: the rate of leaf dark respiration; β: photoinhibition coefficient of relative electron transport rate 

versus photosynthetic photon flux density curve (RLCs); α: initial slope of RLCs; rETRmax: maximum 

relative electron transport rate; Ik: half saturating irradiance. Castanopsis chinensis is represented by 

Cach; Ca. fissa is represented by Cafi; Cryptocarya concinna is represented by Crco; Cr. chinensis is 

represented by Crch; Machilus breviflora is represented by Mabr; M. chinensis is represented by Mach; 

Schima superba is represented by Scsu. *** p < 0.001; ** p < 0.01; * p < 0.05; NS for not significant 

different. 

Table A7. The results of one-way analysis of variance (ANOVA) of functional trait differences be-

tween different parts of the tree canopy within five different height ranges. 

Traits Shrub Sub-Shrub Lower Middle Upper 

Rd NS * NS ** ** 

β NS NS ** ** NS 

α NS NS NS NS NS 

rETRmax * NS NS * *** 

Ik * NS NS NS * 

The five height ranges were shrub canopy (1.4–4 m); sub-shrub canopy (4–6.8 m); lower canopy 

(6.8–11.3 m); middle canopy (11.3–17.4 m); upper canopy (17.4–27.1 m). Rd: the rate of leaf dark 

respiration; β: photoinhibition coefficient of relative electron transport rate versus photosynthetic 

photon flux density curve (RLCs); α: initial slope of RLCs; rETRmax: maximum relative electron 

transport rate; Ik: half saturating irradiance. *** p < 0.001; ** p < 0.01; * p < 0.05; NS for not significant 

difference. 
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Table A8. The results of one-way analysis of variance (ANOVA) of intra-specific variability of func-

tional traits among different crown part of each trait. 

Traits Cach Cafi Crch Crco Mabr Mach Scsu 

Rd *** NS NS * NS NS *** 

β *** NS NS NS NS * NS 

α NS NS NS NS * NS NS 

rETRmax *** NS NS NS NS NS * 

Ik *** NS NS NS NS NS NS 

Rd: the rate of leaf dark respiration; β: photoinhibition coefficient of relative electron transport rate 

versus photosynthetic photon flux density curve (RLCs); α: initial slope of RLCs; rETRmax: maximum 

relative electron transport rate; Ik: half saturating irradiance. Castanopsis chinensis is represented by 

Cach; Ca. fissa is represented by Cafi; Cryptocarya concinna is represented by Crco; Cr. chinensis is 

represented by Crch; Machilus breviflora is represented by Mabr; M. chinensis is represented by Mach; 

Schima superba is represented by Scsu. *** p < 0.001; * p < 0.05; NS for not significant difference. 
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