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Abstract: Chinese fir (Cunninghamia lanceolata (Lamb) Hook) is a commercially valuable timber species
that is widely planted in southern China and accounts for 6.1% of the global plantation forests. However,
appropriate planting density that ensures high plantation productivity is largely unexplored in this
species. The aim of the study was to examine tree growth, biomass production, and its allocation
among different organs in relation to initial planting density, and to examine whether planting density
has an impact on root development. Mortality, diameter at breast height and tree-height of all trees
were determined and measured in wider (2.36 × 2.36 m), intermediate (1.83 × 1.83 m) and narrow
(1.44 × 1.44 m) spacing with stand density of 1450 trees ha−1, 2460 trees ha−1 and 3950 trees ha−1,
respectively. In each stand, three plots of 20 × 20 m at a distance of 500 m were delineated as the
sampling unit. Biomass was determined by destructive sampling of trees in each stand and developing
allometric equations. Root morphological traits and their spatial distribution were also determined
by carefully excavating the root systems. The results showed an increase in diameter of trees with
decreasing stand density while tree height was independent of stand density. Biomass production of
individual trees was significantly (p < 0.05) less in high-density stand (32.35± 2.98 kg tree−1) compared
to low-density stand (44.72 ± 4.96 kg tree−1) and intermediate-density stand (61.35 ± 4.78 kg tree−1)
while stand biomass production differed significantly in the order of intermediate (67.63 ± 5.14 t ha−1)
> high (57.08 ± 3.13 t ha−1) > low (27.39 ± 3.42 t ha−1) stand density. Both average root length and
root volume were significantly (p < 0.05) lower in the high-density stand than stands with low and
intermediate density. Analysis of spatial distribution of root systems revealed no overlap between roots
of neighboring trees in the competition zone in low-density stand, a subtle overlap in the intermediate
density stand and larger overlap in the high-density stand. It can be concluded that better growth
and biomass production in intermediate density stand could be explained by better root structural
development coupled with minimal competition with understory vegetation and between trees; thus
intermediate stand density can be optimal for sustaining long-term productivity and may reduce the
management cost in the early phase of the plantation.
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1. Introduction

Chinese fir (Cunninghamia lanceolata (Lamb) Hook) is a typical evergreen sub-tropical conifer with
high timber yield, excellent timber quality, and fast growth [1,2]. In addition to its economic importance
for timber production, Chinese fir plantations provide important ecological functions, including carbon
sequestration, soil and water conservation and climate regulation [3]. Chinese fir is the third most
commonly planted species in plantation forests worldwide [4]. Currently, its plantations cover a total
area of 11 million ha, accounting for 24% of all plantation forests in China and 6% worldwide [5,6].
Recently, the plantation area of Chinese fir has been enlarged to meet the increasing wood consumption
accompanying the booming economy. Most plantations have been established on the same site after
clear-cutting [7], resulting in a productivity decline in subsequent rotations [8]. The decline in yield
and productivity is often associated with poor soil fertility under continuous planting [9–11], low
photosynthetic efficiency and traditional management practices such as shorter harvesting cycles
(15–17 years), successive rotations on same site and clear-cutting [12,13]. Thus, serious concerns have
been raised among forest managers and researchers about the long-term productivity of Chinese fir
plantations [14], particularly the influence of the harvesting practices (clear-cutting) and current short
rotation regime [14,15].

Planting density has significant effects on the available growing resources of each individual
tree and crown characteristics, thereby affecting wood volume growth or biomass increment and
wood quality [16–18]. Usually, high planting density seriously affects management due to ecological,
silvicultural and economic implications [19,20]. Among trees the intensity and timing of resource
competition is determined by the stand density which directly affects the tree diameter and forest
productivity [21,22]. Since plant competition alters the growth and productivity, thus, understanding
the relationship between stand density and biomass of particular tree components such as stem,
branches, leaves, bark and roots growth would help to quantify stand development and to estimate
biomass production [23–25]. There have been many studies on plant competition, e.g., [23,26–29],
because it is a fundamental process affecting stand development [27]. Most previous studies focused
on biomass production of C. lanceolata plantations in relation to age and provenances [30–32], while
effects of planting density on growth and biomass production have not been studied. Investigation of
Chinese fir stands with varying initial density was done in a simulation study mainly in connection
with competition for nutrients and photosynthetic rate [12]. As biomass production is one of the
components of forest ecosystem productivity [13], an understanding of the effect of initial density on
biomass production is paramount to ensure sustainable production of intensively managed Chinese
fir plantations.

Planting density, among others, also influences root structural development [33], with low density
expected to favor better root growth than high density. Thus, initial planting density is a factor of
crucial importance as it determines the extent of competition for below-ground resources [34], which
in turn is reflected in the growth and biomass production of planted trees. However, there is no study
available about root structural development in connection with initial planting density in Chinese
fir. Improved understanding of root distribution in relation to initial planting density, will provide
scientific evidence to explain the divergence in growth and biomass production associated with initial
planting density of Chinese fir plantations.

The objectives of this paper were (i) to quantify and compare tree growth, biomass production
and its allocation among different organs in relation to initial planting density, and (ii) to examine
whether planting density has an impact on root morphological traits and their spatial distribution. We
hypothesized that (1) growth and biomass production are higher for Chinese fir stand with intermediate
density than low or high density due to less competition from higher understory vegetation and trees,
respectively; (2) root morphological traits are higher in low and intermediate planting density than
high planting density due to better growing space; and (3) root morphological traits are lower in the
root zone facing competition than the root zone not facing competition with neighboring trees.
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2. Materials and Methods

2.1. Study Site

The study was carried out in Chinese fir monoculture stands (three stands per stand density
level) established with varying initial density in Xinkou Experimental Forest Farm in Sanming City,
Fujian Province, South China (Figure 1). The study area is located between 26◦10′ N and 117◦ 27′ E
with an elevation range of 205 to 500 m above sea level. The climate is characterized as typical
mid-subtropical monsoon with mean annual rainfall of 1612 mm and mean annual temperature of
19 ◦C; mean monthly maximum temperature recorded was 28.8 ◦C in July while mean monthly
minimum was 10.4 ◦C in January (Figure 2). Mean annual relative humidity was 82% (data from the
on-site meteorological station). The soils are acidic and classified as Silty Oxisol according to USDA
soil taxonomy [35], and developed on parent sandstone. The understory vegetation was composed of
herbs and shrubs (e.g., Maesa japonica Moritzi ex Zoll., Woodwardia japonica (L.f.) Sm., Callicarpa kochiana
Makino, Selaginella moellendorffii Hieron., Ilex pubescens Hook. & Arn., and Alpinia japonica Miq.). The
stands were established in 2007 from seedlings after clear-cutting and burning the harvest residuals at
an elevation of about 210 m a.s.l. The stands were established with wider spacing (2.36 × 2.36 m with
stand density of 1450 trees ha−1), intermediate spacing (1.83 × 1.83 m with stand density of 2460 trees
ha−1) and narrow spacing (1.44 × 1.44 m with stand density of 3950 trees ha−1). Weeding was done
twice in the first 3 years and then once every year thereafter.
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Figure 1. Location of the study area, Xinkou forest plantations, Sanming City, Fujian, China.
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Figure 2. Average monthly precipitation and temperature of the study area in 2017.

2.2. Determination of Biomass Production

In each stand with a specific planting density category, three plots of 20 × 20 m at a distance of
500 m were delineated, and diameter at breast height of trees (DBH) and total tree height growth of
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all trees were measured. Based on the average height and average diameter, six 10-year old trees per
stand were selected and biomass was determined by destructive sampling and developing allometric
equations. All destructive sampling was done outside but near the plot to protect the experimental
plots. The sample trees were felled and branches, needles, dead needles, dead branches, and fruits
were collected. The bark of each stem was stripped to determine the ratio of bark and stem wood.
All roots were excavated by digging up to 100 cm in depth. For determining the maximum rooting
depth, a combination of manual and mechanical excavation method was used. Fresh weight of all tree
components (stem, branches, needles, senescence branches, senescence needles, fruits, bark and roots)
was measured immediately in the field. Representative samples of all tree components were obtained
for dry weight measurement. Dry weight was determined after oven-drying at 80 ◦C until constant
weight in the lab.

2.3. Spatial Distribution of Root Morphological Traits

To get insights into root competition between trees, the spatial distribution of root morphological
traits was examined in each stand. For this purpose, we chose two categories of trees: average tree
and neighboring tree. The average tree was one that had a DBH and height equal to the average
stand diameter and height, while neighboring tree was one that was nearest to the average tree but
with exactly the same planting distance. For both average and neighbor trees, we chose those trees
which faced competition among each other on one side while facing no or minimal competition on the
other side (i.e., no trees were found on this side). In total, 18 trees (6 trees × 3 initial densities) were
carefully excavated outside the experimental plots in random plantation but close to each plot. Root
samples were collected separately from both sides of trees (i.e., from sides of the trees facing each other
(competition zone) and sides of the trees not facing each other (non-competition zone)) and brought
to the lab at the College of Forestry, Fujian Agriculture and Forestry University. All collected roots
were cleaned carefully with distilled water to remove the soil and quickly dried with filter papers. The
root system was immediately scanned with the WinRhizos scanner (Regent Instruments Inc., Quebec,
Canada), and total root length, total surface area, average diameter, and the average volume of roots
were quantitatively analyzed. The fine (< 2 mm in diameter) and coarse (> 2 mm in diameter) roots
and the stump root (the main root) biomass were also determined after oven-drying to constant weight
at 80 ◦C. Horizontal distribution of the root system was measured using a grid system. A thin and
flexible wire was used to record the angle of penetration by bending it into the interior angle and
then this was measured using a protractor. Drawings were mounted and photographed using a fixed
camera at a fixed distance. A top view of the root system in each density was also photographed.

2.4. Data Analysis

Allometric equations for estimating biomass of living organs were developed by regressing the
dry weight on tree height and DBH as follows:

Wi = a (D2 H)b

To estimate the biomass of senescence organs the following allometric equation was used:

Wi = a (D2 H) + b

where Wi is the dry weight (kg) of a tree component (e.g., branches, needles, bark, stem wood), H is
the tree height (m) of each sample tree, D is DBH (cm), and a and b are the regression constants. To
calculate the stand biomass, the estimated biomass of each organ per tree was summed up while the
total stand biomass was obtained by summing each tree organ’s biomass in the same plot [30].

One-way analysis of variance (ANOVA) was performed to determine overall effects of stand
density on tree growth, mortality (based on counts), biomass of individual trees and at stand level
as well as root morphological traits. Two-way ANOVA was performed to determine the effects of
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planting density and roots in the competition zone and those in the non-competition zone on root
morphological traits. Results were declared statistically significant if p < 0.05, and means that exhibited
significant differences were compared using Tukey’s significance test. All statistical analyses were
performed using the SPSS Statistical Package (SPSS 17.0, Chicago, IL, USA).

3. Results

3.1. Tree Growth and Biomass Production

There were significant differences in mortality rate (F = 13.34; p = 0.01) and mean diameter
(F = 13.11; p = 0.005) of trees in relation to initial planting density, but not for total tree height (F = 0.83;
p = 0.48). The mortality rate was higher for stands with high density (annual mortality rate = 1.3%)
than stands with low (0.86% annual mortality rate) and intermediate density (1.0% annual mortality);
the mean diameter of trees was higher in stands with low and intermediate density than stands with
high density while the mean tree height was similar across all levels of initial stand density (Figure 3).
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Figure 3. Mean diameter, average height and mortality (dead plants) of Chinese fir tree plantation
stands with low (D1), intermediate (D2) and high (D3) initial stand density. Values are mean ± SE,
and bars with the same letter(s) for each treatment are not significantly different at the 0.05 level
of probability.

The allometric equation for estimating living biomass of tree components was satisfactory with
R 2 > 0.80 (Table 1). However, the allometric model for estimating dead organs was poor (R2 < 0.5;
Table 1). Thus, the biomass of dead organs was excluded in the final estimation of above-ground
biomass. The relationship between aboveground biomass and diameter at 10–11 m tree height revealed
the stand density effect on estimated biomass (Figure 4). As a whole, the allometric model was good
enough to estimate the biomass of the standing trees.

At individual tree level, there was a significant difference (p < 0.05) in biomass of tree components,
except branch biomass and fine root biomass (Table 2). Larger biomass of needles, bark, stem, stump
root and coarse roots was recorded for trees in intermediate density stand than either the low or high
density stand. The above-ground biomass was the largest in intermediate density stand followed by the
low density stand and the smallest being in high density stand. The below-ground biomass was larger
in a stand with intermediate density than a stand with high density although intermediate density
and low density stands didn’t differ statistically in below-ground biomass. Stem wood represented
the highest biomass of any category of tree which was 35.43 kg/tree > 24.84 kg/tree > 17.19 kg/tree
in intermediate, low and high density stands, respectively; moreover, different organs’ biomass was
in the order of stem > roots > needles > bark > branches and dead branches. As a whole, the total
biomass of individual trees was the largest in intermediate density stand followed by the low density
stand and the smallest being for the high density stand.

At stand level, the biomass of all tree components varied significantly (p < 0.05) with respect to
initial planting density. Total stand biomass production was higher in intermediate and low density
than high density stands. In intermediate density stand, total biomass production was 67.63 t ha−1

while in high and low density stands it was 57.08 t ha−1 and 27.39 t ha−1, respectively. In terms of
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below-ground biomass, there was no significant difference between intermediate density and high
density stands but both were significantly different to low density stand. Above-ground biomass
and total biomass were also larger in stands with high and intermediate density than in a stand with
low density. Stem wood represented the highest percentage of category of stand biomass, accounting
for 60.1%, 57.7% and 53.2% in low, intermediate and high density stands, respectively. Biomass of
live branches was higher in high than intermediate and low density stands. Live needles biomass
was recorded in the order of 6.74 t ha−1 in intermediate, 5.90 t ha−1 in high and 2.52 t ha−1 in low
density stands, respectively. Branch biomass was larger in stands with high density than stands with
intermediate and low density, whereas biomass of other tree components was larger in stands with
high and intermediate density levels than the stand with low density (Table 2).

Table 1. Allometric equations for estimating biomass of different tree components of Chinese fir planted
at different initial stand density levels (D = DBH, H = height).

Stand Density Tree Components Biomass Equations R2

Low Live Branches W = 0.0087 (D2H)0.556 0.972
Live Needles W = 0.0021 (D2H)1.324 0.911

Bark W = 0.0986 (D2H)0.425 0.836
Stem W = 0.0242 (D2H)0.983 0.879
Roots W = 0.0049 (D2H)0.793 0.982

Dead Branches W = 0.0025 (D2H) − 0.003 0.297
Dead Needles W = 0.0004 (D2H) + 1.552 0.301

Intermediate Live Branches W = 0.0652 (D2H)0.513 0.923
Live Needles W = 0.0263 (D2H)0.303 0.897

Bark W = 0.0269 (D2H)0.331 0.898
Stem W = 0.0496 (D2H)0.918 0.995
Roots W = 0.0846 (D2H)0.035 0.932

Dead Branches W = 0.0026 (D2H) + 7.208 0.347
Dead Needles W = 0.0024 (D2H) + 6.551 0.350

High Live Branches W = 0.015 (D2H)0.192 0.896
Live Needles W = 0.019 (D2H)0.179 0.938

Bark W = 0.1442 (D2H)0.487 0.997
Stem W = 1.4003 (D2H)0.450 0.915
Roots W = 0.0916 (D2H)0.013 0.996

Dead Branches W = 0.0015 (D2H) + 0.678 0.463
Dead Needles W = 0.0009 (D2H) + 0.384 0.368
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Table 2. Effect of initial planting density on individual tree and stand level biomass production of Chinese fir; where D1, D2 and D3 are low, intermediate and high
density stands. Values are mean ± SE, and means followed by different letter(s) across the row are significantly different (p < 0.05).

Tree Components Individual Tree Biomass (kg tree−1) Stand Level Biomass (t ha−1)

D1 D2 D3 D1 D2 D3

Branches 2.55 ± 0.28 A 2.59 ± 0.30 A 2.53 ± 0.31 A 1.68 ± 0.31 b 2.85 ± 0.33 b 4.47 ± 0.56 a
Needles 3.82 ± 0.49 B 6.11 ± 0.44 A 3.34 ± 0.29 B 2.52 ± 0.46 b 6.74 ± 0.49 a 5.90 ± 0.51 a

Dead branches 0.76 ± 0.22 AB 1.07 ± 0.59 A 0.39 ± 0.23 B 0.04 ± 0.01 b 1.34 ± 0.32 a 0.94 ± 0.19 a
Dead needles 1.22 ± 0.26 B 1.89 ± 0.31 A 0.79 ± 0.18 C 0.02 ± 0.05 c 1.93 ± 0.35 a 1.14 ± 0.21 b

Bark 3.15 ± 0.25 AB 4.38 ± 0.34 A 2.29 ± 0.16 B 2.08 ± 0.30 b 4.83 ± 0.38 a 4.05 ± 0.28 a
Stem wood 24.84 ± 2.51 B 35.43 ± 2.32 A 17.19 ± 1.67 C 16.43 ± 1.66 b 39.05 ± 2.66 a 30.32 ± 1.19 a
Total agb * 36.34 ± 3.75 B 51.48 ± 3.99 A 26.53 ± 2.66 C 22.73 ± 2.74 b 56.74 ± 4.51 a 46.82 ± 2.94 a
Stump root 6.78 ± 1.0 AB 8.19 ± 0.61 A 5.10 ± 0.22 B 7.48 ± 0.66 b 9.03 ± 0.21 a 8.99 ± 0.39 a
Coarse root 1.38 ± 0.19 A 1.47 ± 0.23 A 0.57 ± 0.08 B 0.03 ± 0.01 b 1.63 ± 0.37 a 1.01 ± 0.15 a

Fine root 0.22 ± 0.02 A 0.21 ± 0.04 A 0.15 ± 0.02 A 0.15 ± 0.01 b 0.23 ± 0.05 a 0.26 ± 0.04 a
Total bgb ** 8.38 ± 1.21 AB 9.87 ± 0.88 A 5.82 ± 0.31 B 7.66 ± 0.68 b 10.89 ± 0.63 a 10.26 ± 0.19 a

Total biomass 44.72 ± 4.96 B 61.35 ± 4.78 A 32.35 ± 2.98 C 27.39 ± 3.42 b 67.63 ± 4.14 a 57.08 ± 3.13 a

* agb = above ground biomass; ** bgb = Below ground biomass.
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3.2. Root Morphological Traits and Their Spatial Distribution

Among examined root morphological traits, significant differences were detected in average root
length (F = 4.55; p = 0.012), root surface area (F = 9.66; p = 0.010), mean root diameter (F = 4.51; p = 0.013)
and root volume (F = 8.15; p = 0.001) with respect to initial planting density. The average root length
significantly decreased with increasing stand density while root surface area was significantly higher
in intermediate density compared to high density stand but similar with low density stand. Mean root
diameter was significantly higher in intermediate density stand than low and high density while root
volume was significantly higher in stands with intermediate density than stands with high density but
similar with low density stand (Figure 5).
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Figure 5. Root morphological traits of Chinese fir trees planted in low (D1), intermediate (D2) and high
(D3) initial stand density. Values are mean ± SE, and bars with the same letter(s) for each treatment are
not significantly different at the 0.05 level of probability.

With regard to spatial distribution of root morphological traits, significant differences were
detected in average root length (p = 0.026 for planting density and p = 0.004 for root zones) and average
root surface area (p = 0.023 for planting density and p = 0.015 for root zones) among levels of planting
density and root zones of average and neighboring trees. Significant differences were also detected in
average root volume (p = 0.038) and coarse root biomass (p = 0.04) with respect to planting density
only. Neither average root diameter nor fine root biomass showed significant differences. There were
no significant interaction effects of planting density and root zones. Average root length, root surface
area, root volume, and coarse root biomass were lower in the high density stand than in intermediate
density stand, however, the low and intermediate density stands had similar values (Figure 6).
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Figure 6. Distribution of root morphological traits of average and neighboring trees in competition and
non-competition zones in the studied Chinese fir plantation. AT-FC and AT-WOC represent part of the
root system of average trees (AT) in competition (FC) and non-competition (WOC) zones, respectively,
and NT-FC and NT-WOC represent part of the root system of neighboring trees (NT) in competition
and non-competition zones, respectively. CRB and FRB stand for coarse root biomass and fine root
biomass, respectively.

The average root length was significantly lower for the root of neighboring trees in competition
zone and non-competition zones than for roots of average trees in both competition and
non-competition zones. Root surface area was larger for roots of average trees irrespective of the
root zone than roots of neighboring trees that didn’t face competition whereas root surface area was
statistically similar between roots of average trees and neighboring trees in the competition zone. The
top view of the root structure also depicted no overlap between roots of average and neighboring trees
in the competition zone in low density stand, a subtle overlap in the intermediate density stand and
larger overlap in the high density stand (Figure 7).
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4. Discussion

In any plantation program, the choice of appropriate planting density and genotype is an
important first step as these determine management practices and cost during planting and in the
early phase after planting [36,37]. Tree growth is generally a function of age, tree spacing, and site
quality. Particularly, planting density plays a vital role in the growth of trees and also influences the
function and structure of the forest ecosystem [38]. In this study, planting density influenced the tree
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diameter (DBH) and mortality rate but not tree height (Figure 3). Tree mortality occurred in all stands;
however, it was higher in the high density stand as high density often leads to a relatively long period
of severe competition. This can be explained by the fact that increasing number of trees in high density
stand exploits the same amount of below-ground available resources (nutrients and water) by a higher
number of trees than in low-density stand [39]. The mortality in intermediate and low-density stands
was most likely due to storms as the dead trees were snapped. Density-dependent mortality begins
when tree competition becomes more intense, which can decrease plant density [23].

The DBH in this study showed a significant response to initial planting spacing, and DBH
decreased with increased planting density, in line with previous studies [16,40,41] where high initial
planting density slowed the DBH growth. In a study by [23], a reduction in stem DBH with increasing
stand density in Eucalyptus urophylla stands was established. Our study is also consistent with
other stand density experiments on DBH decrease, for instance in E. pellita and E. camaldulensis
plantations [42], E. nitens plantation [43], and E. pilularis and E. cloeziana plantations [44]. The decreased
tree growth with high planting density can be due to competition over growing resources such as
light, water and nutrients [44–47], which in turn affects crown size, synthesis of carbohydrates and
hormonal growth regulators [12].

The effect of stand density on height growth of Chinese fir stands was, however, not as noticeable
as the effect on DBH, which is in line with other studies [16,46,48]. The relationship between plant
height and density differs with site, tree species and stand growth. Few studies reported that tree
height is insensitive to planting density in young stands [49,50], while some studies mentioned that
plant height increases with increasing stand density [51–53], moreover, some reported greater height
growth in intermediate density compared to low and high densities [54,55]. Our results provide
credence to the hypothesis that tree height growth remains unaffected by increasing planting density
within a certain range of planting density but might be significantly modified by site quality and
genotype [56].

Stem volume is a function of tree diameter and height, hence these are important indicators of
tree biomass [56]. The results in the present study showed that initial planting density had a significant
effect on biomass production of Chinese fir plantations at individual tree and stand levels (Table 2).
At individual tree level, tree biomass was larger in intermediate density stand as compared to low
and high density stands. While competition between trees accounted for biomass reduction in high
density stand, competition with understory vegetation would be the likely cause of biomass reduction
in the low density stand. We observed an abundant growth of shrubs and herbs in the understory of
low density stand compared to the other stands during the inventory. In poplar plantations, a high
diversity of understory vegetation was also observed in wider planting density [16]. At plantation
stand level, biomass production increases with increasing stand density due to the biomass of the
extra trees compensating for the decrease in the size of individuals [57]. Stem wood biomass, which
contributes much to the total biomass, was higher in intermediate density stand than low density
stands, which is consistent with other studies [41,58,59]. Reduction in the stem wood of individual
trees in high density can be explained by the fact that decreasing growing space can intensify the
competition for water and nutrients, which could significantly affect the stem wood and large branches
biomass. Biomass of live branches and needles was higher in the high density stand than low density
stand in contrast to previous findings [43] which stated that when the spacing between trees decreased
the branch and foliage biomass decreases to compensate for the stem wood. The discrepancies might
be related to the type of species studied; i.e., broadleaved versus coniferous species; and the response
could be species-specific.

Initial planting density strongly affects the root development; particularly average root length
and root volume were significantly higher in low and intermediate density stands than high density
stands (Figure 5). Root morphological traits are drastically affected by tree density as root length
increased and spread evenly in low density stands due to the large growth space [60] and minimal
competition for growing space [61]. This can be further evidenced in the present study from the spatial
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distribution of root morphological traits of average and neighboring trees (Figure 6) and the top view
of the root development of the average tree and the competing tree where there was a large overlap
of roots in the competition zone (Figure 7). The distribution of roots differed in the soil in different
planting spacing [62] and it has a direct effect on the plant’s ability to extract nutrients and water from
the soil [63]. As individual trees grow, competition for below-ground resources is more intense in high
density stand than in the low and intermediate density stands, thus the roots among individual trees
overlap with each other which in turn affects tree growth more than in the low density stand [64]. In
wider plantation, the roots deeply penetrate into the soil because of more growth space while in narrow
spacing they seem to penetrate into shallow soil surface for the root-available resources [65]. Our
results are consistent with previous studies, which demonstrated that root length and root biomass
increases as planting density decreases [66,67]. In our study, the average root diameter is independent
of tree density and spacing, which is in line with a previous study that demonstrated that average
root diameter is insensitive to stand density [68]. This might be a trade-off between carbon cost and
increased production of bigger and longer roots. Consequently, the plant must allocate resources either
to produce bigger or longer roots for optimal nutrient uptake. As a whole, better growth and biomass
production in intermediate density stand could be attributed to better root structural development
coupled with the minimal competition with understory vegetation and between trees compared to low
and high density stands, respectively.

5. Conclusions

The study assessed the variation in growth, biomass production and root development in relation
to initial planting density of Chinese fir plantations. The diameter of trees was significantly higher
in stands with low and intermediate density than stands with high density. Biomass production of
individual trees was significantly higher in stands with intermediate density than in stands with low or
high density. Stand Biomass production generally increased with increasing stand density but tended
to be higher in stands with intermediate density. With regard to root morphological traits, average
root length and root volume were significantly higher in stands with low and intermediate density,
respectively. The spatial distribution of the root system suggests lack of or minimal competition
between trees in stands with low and intermediate density. This result will assist in justifying
recommendations on stand density for maximum production, but further research on silvicultural
management techniques and economic analysis is needed to verify the strategies which are more
appropriate for the intensive management of Chinese fir plantations.
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