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Abstract: The close-to-Nature management method of interplanting broad-leaved trees after thinning
of monoculture plantations is an important mixed species restoration model to improve the ecological
service and functions effectively as well as to reduce the productivity decline of the multi-generation
continuous planting of monoculture. Thus, the selection of tree species for establishing mixed forest
and its ecological adaptability are the key issues. In this study, we conducted thinning experiment
in an 11-year-old Chinese fir plantation with retention density of 900 trees/ha, 1200 trees/ha and
1875 trees/ha, and then underplanted four broad-leaved species, Schima superba, Phoebe bournei,
Tsoongiodendron odorum and Michelia macclurei. After three years, we analyzed the growth rate and
leaf functional traits of the broad-leaved species and their correlations with stand characteristics.
The results showed that growth rate of seedlings of the four broad-leaved species were significantly
different (p < 0.05) among different tree density levels and species. Low tree density favored seedling
growth compared with high tree density and seedlings of T. odorum and S. superba performed best.
However, leaf functional traits varied significantly (p < 0.01) among species only, and T. odorum had
the largest specific leaf area, the smallest leaf mass per unit area, the smallest leaf tissue density,
relatively large leaf thickness, and relatively small dry matter content. The leaf C content varied
significantly among tree density levels and species; leaf N content varied significantly among species
only; and leaf p content varied among tree density levels only. Correlation analyses between growth
characters and leaf functional traits showed that height growth was significantly correlated with leaf
N content (r = 0.686; p = 0.041) and with C:N ratio (r = −0.682; p = 0.043). Root collar diameter growth
was significantly correlated with specific leaf area (r = 0.820; p = 0.007), leaf N content (r = 0.685;
p = 0.042), leaf thickness (r = −0.706; p = 0.034) and leaf mass per unit area (r = −0.812; p = 0.008).
Thus, leaf functional traits possibly predict diameter growth better than height growth. As a whole,
growth rate and leaf functional traits could be used as a guide for selection of species for under
planting in thinned pure monoculture plantations to establish conifer-broadleaved mixed forests.
Based on growth rate and leaf functional traits, T. odorum appeared to be suitable for planting under
low tree density stands where the degree of shading is low.

Keywords: Cunninghamia lanceolata; mixed-species forest; leaf nutrient content; specific leaf area;
stand attributes
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1. Introduction

Restoration of mixed species forests has gained increasing recognition as a strategy
to spread the risks associated with predicated climate changes that will alter precipitation
regimes and a rise in air temperature in the next hundred years and provision of several
ecosystem services [1]. The close-to-nature management method of under planting broad-
leaved trees after thinning of the middle-aged monoculture plantation is opined to be an
important mixed-species forest restoration model to effectively improve the ecological
services and reduce the productivity decline of the multi-generation continuous planting
of monoculture plantation. Reasonable thinning plays a vital role in forest management
as it improves the growing space of the forest canopy and the supply of nutrients and
groundwater for individual trees, thus resulting in increased production of the forests [2,3].
This management model also promotes nutrient cycling, and improves soil fertility and
the diversity of soil microorganisms through diversified litter fall [4]. In recent years,
forest management in China has shown that planting broad-leaved tree species in the
understory of coniferous forests to create a mixed coniferous–broad-leaved multi-layered
forest structure is an effective production and management model to promote the vicious
cycle of the artificial forest establishment [5,6]. Using existing growth models, mixed
forests are shown to be more suitable for certain sites and climatic conditions [7] and
may circumvent the down sides of monocultures, such as decline of forest production
through successive plantation of monocultures on the same place and decline of soil
nutrient availability [8].

Under the close-to-Nature management model, choosing the broad-leaved trees suit-
able for under planting at an appropriate thinning retention density is a key issue. Thus,
an efficient approach to species selection for establishment of mixed-species forest is nec-
essary, and trait-based approach could be one option to achieve success in restoration of
mixed-species forests by converting monoculture plantations, such as pure plantation of
Chinese fir, into mixed species stands by under planting appropriate broad-leaved species.
Species differ in many functional traits that drive changes in photosynthetic rates, biomass
allocation, and tissue turnover. Plant functional traits is a series of core plant attributes
about the life cycle of the plant body [9], which can reflect the adaptations of plants to envi-
ronmental change and trade-offs, and thus can better link environmental drivers and plant
responses to ecosystem structure and functioning [10]. A suite of plant functional traits has
been suggested to be of significance importance in understanding plant regeneration and
performance [11–13]. Among plant functional traits, leaf traits (specific leaf area, leaf mass
per unit area, leaf dry matter content, leaf density, and leaf thickness) denotes trade-off
between strategic allocations to construction costs [14], photosynthetic rate, and leaf life
spans [15,16]. Leaves have the largest contact area with the external environment and
are most sensitive to environmental changes. They are also the main organ of plants for
photosynthesis and material production; thus directly affect the basic functions of plants
and best reflect the adaptability of plants [7]. For instance, physiological performance,
especially photosynthetic rate (Pn) and stomatal conductance (Gs), increases with higher
specific leaf weight, higher contents of chlorophyll and nitrogen, and thicker leaves that
help capturing more light that will convert light energy into chemical energy [17,18].

Leaf morphological traits are also good indicators of plant acclimation potential and
adaptation to light conditions (light demanding versus shade tolerant). Shade tolerant
species have high specific leaf area (SLA) whereas light-demanding species are character-
ized by a low SLA and nitrogen concentration, which in turn lead to high photosynthesis,
respiration, and conductance rates [16]. Thus, SLA is a good indicator of the trade-off
between resource capture [8]. It also links plant carbon (C) and water cycles, and can
reflect changes in leaf photosynthetic capacity and nitrogen (N) content [19]. Leaf dry
matter content (LDMC) is a predictor of the ability of plant leaves to capture and use light
resources under shading conditions, thereby optimizing photosynthetic efficiency under
low light availability [20], and increases growth rate and C assimilation [21]. Leaf tissue
density reflects the carrying capacity and defense capability of plants against biological
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factors, and it is closely interrelated to the leaf growth rate [22]. Leaf mass per unit area
has also been shown to be associated with shading; i.e., reduction in leaf mass per unit
area with increasing shading [23]. Thus, leaf mass per unit area could be considered a
species-specific estimate of long-term light conditions. Leaf N and phosphorus (P) contents,
and leaf thickness (LT) are also important indicators of leaf functional traits, as they are
closely related to SLA and LDMC [24]. The amount of N and P contents in plants reflect
nutrient uptake, utilization efficiency and adaptation to the environmental stress. Higher
N contents are associated with higher leaf area index values, extended photosynthesis du-
ration and greater nutrient uptake [25]. Phosphorus influences photosynthetic assimilation
and biomass production in plants [25]. Studies have also shown that plants growing under
shading conditions will have increased leaf N content and allocate more N to increase
chlorophyll content to prevent photo-damage and enhance light use efficiency and keep
normal photosynthetic function [26].

Currently, converting Chinese fir monoculture plantations into conifer-broadleaved
forest is actively pursued in southern China through planting of one kind of broad-leaved
species in different tree densities of Chinese fir plantations or growing several kinds of
broad-leaved species planted in different places in the same tree density of Chinese fir
plantations. However, there is a lack of comparative experiments on simultaneous under
planting of multiple broad-leaved tree species in Chinese fir plantations under different
thinning retention densities. In addition, the selection of broadleaved species is not based
on scientific evidence. Here we hypothesized that (1) the planted species differ in growth
rate in response to tree density of Chinese fir plantations; (2) leaf functional traits vary
among species in response to tree density; (3) there is a relationship between growth rate
and leaf functional traits; and (4) leaf functional traits could be good predictor of growth
of broadleaved species planted under different tree density levels. Therefore, we set up
an experiment involving under planting of four broad-leaved tree species, Schima superba
Gardner & Champ., Phoebe bournei (Hemsl.) Yen C.Yang, Tsoongiodendron odorum Chun
and Michelia macclurei Dandy, in Chinese fir plantations with three tree density levels (900,
1200 and 1850 trees/ha). We recorded annually seedling height and root collar diameter
for three consecutive years and five leaf morphological traits (leaf thickness, specific leaf
area, leaf mass per unit area, leaf dry matter content and leaf tissue density) and three
leaf biochemical traits (carbon. Nitrogen and phosphorus contents) and their ratio (C:N,
C:P and N:P). The main objective of this study was to identify species suitable for under
planting in different tree density levels of Chinese fir monoculture plantations based on
growth rate and leaf functional traits. Specifically, we compared growth rate of seedlings of
the broad-leaved species under different tree density levels, examined variations in leaf
functional traits among species under different tree density levels and related the functional
traits with growth rate.

2. Materials and Methods
2.1. Study Site

The study site is located at 26◦50′ N, 117◦54′ E in Shunchang State-owned Forest
Farm, Fujian Province, which is a low hilly branch of the Wuyi Mountain. It belongs
to the mid-subtropical maritime monsoon climate zone–the central production area of
Chinese fir. The average annual temperature is 18.5 ◦C, the average annual precipitation
is 1880.2 mm, and the frost-free period is 280 d. The stand site index is 22, the altitude
is 300–800 m, and the average slope is 31◦. The soil is mainly mountain red soil, with
uniformly low phosphorus content across the 0–40 cm soil depth. The soil physical and
chemical properties of the stands are given in Table 1.
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Table 1. Soil physical and chemical properties and stand characteristics of Chinese fir stands
(mean ± SE, n = 3).

Soil Depth (cm) Soil Physico-Chemical Properties and
Stand Characteristics

Tree Density/ha
1875 1200 900

0–10

soil bulk density (g/cm3) 1.14 ± 0.12 1.1 ± 0.09 1.2 ± 0.09
maximum water holding capacity (%) 514.6 ± 100.2 494.8 ± 77.0 433.9 ± 26.7
Minimum water holding capacity (%) 421.7 ± 64.9 409.2 ± 59.9 389.1 ± 15.5

total porosity (%) 57.4 ± 6.3 53.7 ± 4.3 51.7 ± 0.9
Carbon content 23.2 ± 3.1 29.2 ± 5.6 27.2 ± 9.5

Nitrogen content 1.1 ± 0.1 1.3 ± 0.2 1.4 ± 0.5
Phosphorus content 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0

10–20

soil bulk density (g/cm3) 1.23 ± 0.12 1.19 ± 0.03 1.28 ± 0.11
maximum water holding capacity (%) 411.7 ± 58.8 435.3 ± 39.4 388.3 ± 49.5
Minimum water holding capacity (%) 353.0 ± 39.9 372.4 ± 36.8 341.1 ± 47.0

total porosity (%) 49.8 ± 2.8 51.8 ± 3.1 49.3 ± 2.1
Carbon content 18.3 ±3.4 18.7 ±6.2 18.5 ± 9.6

Nitrogen content 0.9 ± 0.1 0.8 ± 0.1 0.8 ± 0.2
Phosphorus content 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0

20–40

soil bulk density (g/cm3) 1.38 ± 0.03 1.34 ± 0.05 1.36 ± 0.04
maximum water holding capacity (%) 329.4 ± 15.6 332.4 ± 36.4 345.2 ± 17.3
Minimum water holding capacity (%) 289.7 ± 0.2 297.5 ± 23.7 295.4 ± 14.9

total porosity (%) 45.4 ± 1.7 44.4 ± 3.6 46.8 ± 1.0
Carbon content (g/kg) 11.4 ± 1.8 10.1 ± 1.7 15.4 ± 5.5

Nitrogen content (g/kg) 0.6 ± 0.1 0.5 ± 0.1 0.7 ± 0.2
Phosphorus content (g/kg) 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0

Stand characteristics

Leaf area index 2.36 ± 0.15 2.58 ± 0.70 2.01 ± 0.65
Non-intercepted scattering 0.17 ± 0.02 0.17 ± 0.09 0.24 ± 0.11

In 2017, a thinning experiment was conducted in middle-aged Chinese fir plantations
that were established 11 years ago, and the tree density was adjusted from 1850 trees/ha
(no thinning) to 900 trees/ha and 1200 trees/ha. After thinning, three 20 × 20 m standard
plots were set up under each tree density treatment, and each density treatment was
repeated three times, yielding a total of nine plots. Container-grown seedlings of four
broad-leaved trees of two-year-old; S. superba, P. bournei, T. odorum and M. macclurei, were
planted in each sample plot. In each plot, nine individuals of each species were planted,
and a total of 36 broad-leaved trees in a plot were randomly distributed in the plantations.
The species were chosen based on their economic and conservation values. S. superba is
the main evergreen broad-leaved forest tree species in the subtropical region of China
that can be used as a forest fire line tree and has high ecological value [19]. P. bournei is
an endemic evergreen tree in China, which is the national second-level protected species.
The timber, which is extremely precious, has some features, such as fragrance, beautiful
texture, and more bright spots or golden threads on the section [21]. M. macclurei is a
broad-leaved evergreen tree species, which is fast growing and best adaptable, and it is
an excellent fire-resistant tree species [22]. T. odorum is a rare and endangered secondary
protected species in China. It is also one of the precious native tree species advocated by
Fujian Province, China [24]. They all have the advantages of straight trunks and dense
crowns, so they are excellent timber tree species and ornamental tree species. In addition,
these four tree species have some degree of shade-tolerance, and hence are well suited for
planting in the understory environments.

2.2. Measurements of Growth and Leaf Functional Traits

From April to May each year, the height and root collar diameter of seedlings of
broad-leaved species were measured. In September 2020, five leaves of each broad-leaved
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tree in the sample plots were collected, and a total of 45 leaves were measured for each tree
species in the sample plot. The leaf area (LA) was determined by scanning the leaves with
a flatbed scanner and analyzing the images using area measurement software (Image J,
National Institutes of Health, Bethesda, MD, USA). After weighing leaf saturated fresh
mass, all leaf samples were oven-dried at 80 ◦C for 72 h to constant mass and weighed for
their dry mass. The specific leaf area (SLA) was calculated for each leaf as the ratio of leaf
area to leaf dry mass. Leaf mass per unit area (LMA) was computed as the ratio of leaf dry
weight to leaf area. Leaf dry matter content (LDMC) was computed as the ratio of leaf dry
mass to leaf saturated fresh mass. Leaf tissue density (LTD) was calculated for each leaf as
the ratio of leaf dry weight to leaf volume [25,26]. LAI-2200C canopy analyzer (LI-COR
Biosciences Ltd., Cambridge, UK) was used to measure leaf area index and non-intercepted
scattering of the sample site. The leaf area index was 2.36, 2.58 and 2.01 for stands with
1850, 1200 and 900 trees/ha, respectively; and the non-intercepted scattering was 0.17 for
stands with 1850 and 1200 trees/ha and 0.24 for the stand with 900 trees/ha (Table 1).

Leaf C, N and P contents were determined on dried leaf samples. All leaves from
the same species at the same treatment were mixed into a single sample and grounded to
0.149 mm for chemical determination. Leaf C and N content were analyzed using Vario Max
carbon and nitrogen element analyzer (Elementar, Frankfurt, Germany). Total leaf P content
were measured by a molybdate/stannous chloride method after HNO3-H2O2 digestion by
ETHOS UP microwave digestion apparatus (Milestone, Milan, Italy). All nutrient analyses
were replicated three times.

2.3. Data Analysis

Annual height and root collar diameter growth of planted seedlings were computed as
the difference in 2018 and 2020 measurements divided by the time difference. To examine
the effect of different tree density levels and trees species on growth rate and leaf functional
traits, we conducted two-way analysis of variance (ANOVA), and significant differences
were evaluated at p < 0.05 level. When significance was observed, the Duncan post hoc test
was used to conduct multiple comparisons among treatments. All data were expressed
as the mean ± standard error (SE). Redundancy analysis (RDA) was used to examine the
relationships between stand characteristics and growth and leaf functional traits. Prior
to RDA, we conducted detrended canonical analysis (DCA) to see if RDA analysis is
applicable. As the lengths of gradient was 1.291 which is shorter than 3.0, RDA was
applicable. Finally, Pearson correlation analysis was used to test if leaf functional traits
had predictive ability of seedling growth. Analysis of variance and correlation analyses
were performed using the SPSS 22.0 software (SPSS, Chicago, IL, USA) while RDA was
performed using Canoco (Version 5, Microcomputer Power, Ithaca, NY, USA).

3. Results
3.1. Growth Rate and Leaf Functional Traits

Annual growth rate in root collar diameter showed significant variation among differ-
ent tree density levels whereas significant difference in annual height growth was observed
both among tree density levels and species, but no interaction effects was observed (Table 2).
Both height and root collar diameter growth was higher in low tree density stand than high
tree density stand. Among species, height growth was higher for T. odorum and S. superba
than P. bournei. On the contrary, leaf functional traits varied significantly among species but
not among tree density levels and no significant interaction effects were observed (Table 3).
Leaf thickness was low for S. superba followed by P. bournei compared with T. odorum and
M. macclurei. Specific leaf area was higher while leaf mass per unit area was lower for T.
odorum than other species. Leaf dry matter content was high for P. bournei, followed by S.
superba and the least was for T. odorum and M. macclurei. Leaf tissue density was higher for
S. superba and P. bournei than T. odorum.
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Table 2. Annual growth rate of seedlings of four broad-leaved trees species underplanted in Chinese
fir plantations with different tree density levels (Mean ± SE). Means followed by different lower
case letters are different among tree density levels and those followed by upper case letters are
significantly different among species.

Tree Density/ha Height (cm) Diameter (cm) Species Height (cm) Diameter (cm)

900 36.9 ± 7.0 b 48.1 ± 7.0 b T. odorum 31.0 ± 6.4 B 35.7 ± 6.9 A
1200 27.3 ± 3.0 b 35.7 ± 3.0 ab S. superba 32.2 ± 6.1 B 44.3 ± 7.5 A
1875 13.9 ± 1.1 a 23.8 ± 1.0 a P. bournei 18.0 ± 4.0 A 26.7 ± 3.0 A

p-value <0.001 0.002 M. macclurei 22.9 ± 3.7 AB 36.8 ± 4.0 A
p-value 0.035 0.115

Table 3. Leaf functional traits of four broad-leaved trees species underplanted in Chinese fir plan-
tations with different tree density (Mean ± SE). Means followed by different lower case letters are
different among tree density levels and those followed by upper case letters are significantly different
among species.

Tree Density/ha LT/mm SLA/cm2·g−1 LMA/g·(cm2)−1 LDMC/g·g−1 LTD/g·(cm3)−1

900 0.17 ± 0.01 a 169.3 ± 12.3 a 0.006 ± 0.0004 a 0.42 ± 0.04 a 0.040 ± 0.005 a
1200 0.16 ± 0.01 a 172.8 ± 11.8 a 0.006 ± 0.0004 a 0.39 ± 0.03 a 0.042 ± 0.004 a
1875 0.14 ± 0.01 a 199.9 ± 17.9 a 0.005 ± 0.0003 a 0.43 ± 0.03 a 0.044 ± 0.001 a

p-value 0.299 0.163 0.052 0.144 0.809

Species LT/mm SLA/cm2·g−1 LMA/g·(cm2)−1 LDMC/g·g−1 LTD/g·(cm3)−1

T. odorum 0.19 ± 0.01 B 225.5 ± 6.9 B 0.005 ± 0.0001 A 0.35 ± 0.02 A 0.024 ± 0.001 A
S. superba 0.12 ± 0.01 A 151.9 ± 6.0 A 0.007 ± 0.0003 B 0.41 ± 0.01 B 0.059 ± 0.006 C
P. bournei 0.14 ± 0.02 AB 171.4 ± 26.4 AB 0.007 ± 0.0005 B 0.58 ± 0.02 C 0.050 ± 0.006 BC

M. macclurei 0.18 ± 0.01 B 174.0 ± 7.8 AB 0.006 ± 0.0002 B 0.31 ± 0.01 A 0.034 ± 0.002 AB
p-value 0.008 0.007 <0.001 <0.001 <0.001

LT = leaf thickness, SLA = specific leaf area, LMA = leaf mass per unit area; LDMC = leaf dry matter content; and
LTD = leaf tissue density.

The C, N and P contents of four broad-leaved species that were planted under Chinese
fir stands differing in tree density are given in Table 4. The leaf C content varied significantly
among tree density levels and species. It was higher in seedlings grown under both low
and intermediate tree density than high tree density while S. superba and P. bournei had
higher leaf C content than T. odorum. Leaf N content varied significantly among species
only, while leaf P content varied among tree density levels only. T. odorum had higher N
content than the other species and seedlings grown under high tree density had higher leaf
P content than seedlings grown in low and intermediate tree density. The C:N ratio varied
significantly among species only whereas the C:P and N:P ratio varied significantly among
both species and tree density levels. The C:N ratio was lowest for T. odorum compared
to other species; the C:P ratio was lowest for T. odorum and P. bournei; and the N:P ratio
was lowest for P. bournei compared to other species. Seedlings grown under high tree
density had lower C:P and N:P ratios than those grown under both low and intermediate
tree density.
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Table 4. C, N and P contents of four broad-leaved tree species underplanted in Chinese fir planta-
tions with different tree density (Mean ± SE). Means followed by different lower case letters are
different among tree density levels and those followed by upper case letters are significantly different
among species.

Tree
Density/ha C/g·kg−1 N/g·kg−1 P/g·kg−1 C:N C:P N:P

900 472.7 ± 3.3 b 22.7 ± 1.2 a 0.56 ± 0.03 a 21.4 ± 1.1 a 878.0 ± 50.2 b 41.7 ± 2.6 b
1200 473.5 ± 2.6 b 23.2 ± 1.2 a 0.56 ± 0.03 a 21.0 ± 1.1 a 870.8 ± 49.8 b 41.6 ± 1.4 b
1875 467.2 ± 4.6 a 22.6 ± 0.8 a 0.67 ± 0.04 b 21.9 ± 0.8 a 688.5 ± 32.6 a 33.6 ± 1.8 a

p-value 0.006 0.801 0.037 0.85 0.004 0.001
Species C (g/kg) N (g/kg) P (g/kg) C:N C:P N:P

T. odorum 453.9 ± 3.2 A 28.2 ± 0.9 B 0.66 ± 0.04 A 16.2 ± 0.5 A 709.7 ± 45.7 A 43.7 ± 2.6 B
S. superba 477.4 ± 1.1 C 20.8 ± 0.6 A 0.57 ± 0.06 A 23.1 ± 0.6 B 891.7 ± 73.5 B 38.8 ± 3.1 AB
P. bournei 482.7 ± 1.5 C 20.8 ± 0.5 A 0.64 ± 0.03 A 23.3 ± 0.6 B 770.5 ± 38.0 A 33.1 ± 1.3 A

M. macclurei 470.8 ± 1.4 B 21.7 ± 0.8 A 0.52 ± 0.04 A 22.0 ± 0.8 B 877.8 ± 56.2 B 40.3 ± 1.7 B
p-value <0.001 <0.001 0.077 <0.001 0.032 0.003

3.2. Relationship between Stand Characteristics, Seedling Growth, and Leaf Functional Traits

Redundancy analysis was performed to examine the relationship between stand
characteristics (tree density, leaf area index and non-intercepted scattering) and growth
and leaf functional traits of four broad-leaved tree species (Figure 1). The results showed
that except height growth of M. macclurei, height and root collar diameter growth rates
of the species were significantly negatively correlated with tree density of Chinese fir
planation. There was negative correlations between the specific leaf area, leaf C and N
contents, C:P and N:P ratios of T. odorum and tree density. Specific leaf area and leaf
P content was positively correlated with leaf area index, but negatively correlated with
non-intercepted scattering. For S. superba, tree density was positively correlated with leaf
tissue density and C:N ratio while negatively correlated with leaf N content, and N:P
ratio. Similarly, leaf thickness and leaf dry matter content showed positive correlation with
non-intercepted scattering.

For P. bournei, non-intercepted scattering was positively correlated with leaf dry matter
content, leaf tissue density, C content, C:P and N:P ratios; tree density was positively
correlated with N content and specific leaf area. Leaf area index was positively correlated
with P content. On the contrary, tree density was negatively correlated with leaf thickness,
leaf mass per unit area and C:N ratio. The leaf tissue density of M. macclurei showed
positive correlation with tree density, but tree density was negatively correlated with leaf
thickness, C content, C:P and N: P ratios. Leaf tissue density and non-intercepted scattering
had a positive correlation, and leaf N and P contents had positive correlation with leaf
area index.

3.3. Correlations between Growth Characters and Leaf Functional Traits

Correlation analyses between growth characters and leaf functional traits were per-
formed to examine whether the traits have prediction importance on seedling growth.
The analysis showed that height growth was significantly positively correlated with leaf
N content (r = 0.686; p = 0.041) but significantly negatively correlated with C:N ratio
(r = −0.682; p = 0.043). Root collar diameter growth was significantly positively correlated
with specific leaf area (r = 0.820; p = 0.007) and leaf N content (r = 0.685; p = 0.042), but sig-
nificantly negatively correlated with leaf thickness (r = −0.706; p = 0.034) and leaf mass per
unit area (r = −0.812; p = 0.008). The rest of the traits did not correlate significantly with
height and diameter growth.
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ing had a positive correlation, and leaf N and P contents had positive correlation with leaf 
area index. 

3.3. Correlations between Growth Characters and Leaf Functional Traits 
Correlation analyses between growth characters and leaf functional traits were per-

formed to examine whether the traits have prediction importance on seedling growth. The 
analysis showed that height growth was significantly positively correlated with leaf N 
content (r = 0.686; p = 0.041) but significantly negatively correlated with C:N ratio (r = 
−0.682; p = 0.043). Root collar diameter growth was significantly positively correlated with 

Figure 1. The RDA analysis of growth, leaf functional traits and C, N, P stoichiometry and environ-
mental factors. Where LAI, DEN and DIFN stand for leaf area index, tree density and non-intercepted
scattering, respectively. HTG, GDG, SLA, LTD, LT, LMA, LDMC represent height growth, ground
diameter growth, specific leaf area, leaf tissue density, leaf thickness, leaf mass per unit area, leaf dry
matter content.

4. Discussion

Tree growth generally differs as a function of species, age, tree density, and site quality.
Particularly, tree density influences tree growth as well as the structure and function of
the forest ecosystem [27]. In this study, low tree density significantly increased the root
collar diameter and height growth (Table 2). The increased tree growth with low tree
density can be associated with reduced competition for growing resources, such as light,
water and nutrients [28–31], which in turn influences crown size, photosynthetic rate
and hormonal growth regulations [32]. Obviously a large number of trees in a high tree
density stand compete for the same amount of belowground resources (nutrients and water)
compared to low tree density stand [33]. Our results are consistent with previous studies
that demonstrated a decrease in diameter growth with increasing tree density [34–36].
Our study also showed that height growth was generally higher in low and intermediate
tree density than high tree density stand, with marked variation among species. T. odorum
and S. superba seedlings grew faster in height than the other two species. Generally,
the relation between tree density and height growth varies among sites, tree species and
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stand growth. Previous studies have shown greater height growth in intermediate tree
density than high tree density stand [37,38], which are in line with our results.

Tree density had no significant effect on leaf functional traits but significant inter-
species variation was observed in leaf functional traits (Table 3). As all species planted
in this study show some degree of shade tolerance [21,22,24,39], the effect of tree density
appeared to be insignificant. Among the four-broadleaved species underplanted in Chinese
fir stands, T. odorum had the largest leaf thickness and specific leaf area, but the smallest
leaf mass per unit area, the smallest leaf tissue density, and the lowest dry matter content.
Previous studies have shown that shade tolerant species have high SLA but lower leaf dry
matter content (LDMC), which are predictors of the ability of plant leaves to capture and
use light resources under shading conditions, thereby optimizing photosynthetic efficiency
under low light availability [16,20,40,41]. Leaf tissue density relates to defense capability of
plants against herbivores, and it is closely interrelated to the leaf growth rate [21]. Thus, T.
odorum has better shade tolerance than the other species and likely susceptible to attack by
herbivores under shade conditions. It has also been shown that specific leaf area and leaf
dry matter content are negatively correlated [42]. This suggests that increased specific leaf
area allows the species to absorb light that reach the understory efficiently, and hence have
a better survival and growth. This is further evidenced in the present study where height
growth of T. odorum was significantly higher than the other species. Leaf mass per unit area
is the inverse ratio of specific leaf area, and its size is affected by leaf thickness and leaf
tissue density. If a plant has larger leaf mass per unit area, it would mean that it has more
dry matter accumulation per unit leaf area, and has stronger ability to tolerate low light
environments. Previous studies have shown that the reduction in leaf mass per unit area
with increasing shading could be considered as species-specific estimate of long-term light
conditions [23]. As a whole, except for the leaf thickness of P. bournei, the other functional
traits are opposite to those of T. odorum. This suggests that the under planting environment
in the Chinese fir planation is most suitable for the growth of T. odorum and the least suitable
for the growth of P. bournei.

Both tree density and species influenced the C, N, and P contents (Table 4). Low and
intermediate tree density resulted in higher leaf C content, C:P and N:P ratios than high tree
density while the latter resulted in higher leaf P content. This difference could be related to
belowground resource availability for increased uptake and better light availability that
drives increased photosynthesis rate. Among species, T. odorum has the lowest leaf C
content but the highest leaf N content, whereas S. superba and P. bournei had the highest leaf
C content but the lowest N content. Shade-tolerant species, such as S. superba, have higher
non-structural carbohydrate accumulation and C pool than shade-intolerant plants [39],
mainly because their photosynthetic machinery is more efficient in the low light condition
and store more C than shade-intolerant species. In addition, species growing under low
light condition will have increased leaf N content and allocate more N to photosynthetic
pigments, such as T. odorum. N is essential macro-element for plant growth and develop-
ment, and involves in a number of metabolic processes. For instance, species use more
N resources to synthesize light-trapping proteins (such as chlorophyll) under low light
intensity [43]. Carbon is the main ingredient of carbohydrates, and it is the basis for growth,
reproduction and structure of trees [44,45]; whereas P is the key component in the synthesis
of genetic material [46]. The differences in leaf C and N contents among species could also
be explained by the differences in growth rate among species. For instance, T. odorum grew
faster in height than the other species; and this in turn requires consumption of a large
amount of carbon to maintain the fast growth than accumulation in the leaf. The C:N ratio
was the largest for S. superba and P. bournei; and C:P ratio was the largest for S. superba
and M. macclurei, and the N:P ratio was the largest for T. odorum and M. macclurei. Thus, T.
odorum has low N and P use efficiency while the other three species have better N and P
use efficiency. It should be noted that the C: N and C:P ratios of plant leaves can reflect the
utilization efficiency of N and P by plants [47,48], while N:P ratio reflects the restriction of
N and P on plant growth and development [42].
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Our findings showed significant correlations between stand characteristics and growth
and functional traits (Figure 1). Tree density is the most important environmental condition
that differs in this experiment, which has a greater impact on the growth of the four broad-
leaved trees. The RDA results showed that height and root collar diameter growth of
underplanted broad-leaved species, except height growth of M. macclurei, were negatively
correlated with tree density. This indicates that nutrient availability in the stand with low
tree density is adequate, and the competition between individuals is small, thus the growth
rate is faster. The specific leaf area of T. odorum and tree density was negatively correlated,
and the specific leaf area of S. superba, P. bournei, and M. macclurei were positively correlated
with tree density. The large specific leaf area represents sufficient plant resource acquisition
efficiency. Therefore, in stands with low tree density, T. odorum acquires more resources,
while in the high tree density stand, the competitiveness of T. odorum was reduced. The leaf
tissue density of S. superba, P. bournei, and M. macclurei were also positively correlated with
tree density, while the leaf tissue density of T. odorum and tree density had not obvious
correlation. Leaf tissue density represents the defense of the plant to biotic stresses; thus
the defense ability of S. superba, P. bournei, and M. macclurei increases following an increase
in tree density (excessive shading), where pathogens and herbivores are commonplace in
moist and dense understory.

The leaf area index is another stand characteristic, which is the sum of the area of a
single leaf of a plant per unit of surface area [49]. Non-intercepted scattering is also a key
stand attribute that is not obscured by plant leaves [50]. These two stand characteristics
reflect the light environment of the sites, and reflects the adaptation of plants to different
light conditions. The non-intercepted scattering and leaf area index did not significantly
affect the leaf functional traits of S. superba, suggesting that this species is shade tolerant
as reported previously [51]. The height growth of M. macclurei had a positive correlation
with non-intercepted scattering, suggesting that M. macclurei grows better in sufficiently
light-rich environment. The content of P of T. odorum and the leaf area index was positively
correlated; the C:P of the leaves of P. bournei was positively correlated with leaf area index;
the C:N of the leaves of M. macclurei was positively correlated with the non-intercepted
scattering; and the contents of N and P of leaves of M. macclurei were positively correlated
with leaf area index. These results indicate that light has a greater impact on the utilization
of N and P by the plants. The P utilization rate of T. odorum and M. macclurei are low in
the condition of insufficient light, and the utilization of N by M. macclurei increases with
increasing light level; thus, these two broad-leaved species are suitable for under planting
in an environment with sufficient light availability. On the contrary, the P use efficiency of
P. bournei is improved when the light availability is relatively weak; thus P. bournei is more
shade-tolerant than other tree species [52].

The predictive ability of leaf functional traits for growth was examined by correlation
analysis. We found that some leaf functional traits possibly predict diameter growth
better than height growth. We observed that root collar diameter growth was significantly
positively correlated with specific leaf area and leaf N content, but significantly negatively
correlated with leaf thickness and leaf mass per unit area. It has been shown that low light
induces carbohydrate deficiency, leading to slow growth [53,54]. As a result, plants store
non-structural carbohydrates (NSCs), soluble sugar and starch content to enhance survival
and growth under low light intensity [6,7,25,39]. Once the plant is exposed to low light
intensity, the NSCs decreases, as the plants use their energy stores for growth and a decrease
in C fixation [55]. Previous studies have shown that functional traits are weak predictors
of juvenile tree growth at a global scale but are good predictor at local level [15,16,56],
In a study made on 24 species and 14 plant functional traits, it was found that nine traits
were good predictors across all species [15]. Similarly, high leaf mass per area was found
to be associated with root collar diameter growth under drought condition [57]. These
studies supports our results that some leaf functional traits (e.g., specific leaf area and leaf
N content) predicted root collar diameter of the studied species.
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5. Conclusions

Annual growth rate and leaf functional traits of four broadleaved species (T. odorum, M.
macclurei, P. bournei and S. superba) planted under different tree density levels of Chinese fir
plantations were analyzed. The results demonstrated that growth rate and leaf functional
traits could be used as a guide for selection of appropriate species for under- planting
in thinned pure monoculture plantations to establish conifer-broadleaved mixed forests.
This is because a low to intermediate tree density lowers the degree of shading and thus
favors the growth of all under planted species; particularly T. odorum seedlings. Specific
leaf area and leaf N content predicts well root collar diameter growth of the species.
Based on its better growth performance and high specific leaf area, T. odorum seedlings
are suitable for planting under low tree density of Chinese fire plantation to established
mixed-species forests followed by M. macclurei seedlings while P. bournei and S. superba are
more appropriate for planting under dense stands as they tolerate shading. As a whole,
our findings provide valuable insights about the role of leaf functional traits in evaluating
species suitable for establishment of mixed species forest. Thus, forest managers should
consider growth rate when selecting species for under planting to establish mix-species
forest and specific leaf area could be used as a guide to evaluate suitable species.
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