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Abstract: Stand density directly affects the distribution of ecological factors such as light, heat,
and water in forest communities and changes the diversity and structure of undergrowth species,
thereby affecting soil health. Fine roots can provide water and nutrients to plants rapidly in the fierce
competition of soil resources, so as to get rid of environmental factors. This study examined the
fine-root responses of the Populus tomentosa clone S86 to three stand densities (plant × row spacing:
2 × 2 m, 4 × 3 m, 4 × 5 m). We measured the biomass, morphology, and nitrogen content of lower-
(1–3 order) and higher-order (>3 order) fine roots, and analyzed soil chemical properties in 10–30 cm.
The soil from the density (2× 2 m) stands showed lower soil organic matter content, available nitrogen,
available phosphorous, and available potassium than others. Obviously, lower and higher-order fine
roots were different: biomass of the >3 order accounted for 77–87% of the total biomass, 1–3-order
fine-root diameter around 0.28–0.38 mm, while >3-order fine root were 1.28–1.69 mm; the length
of 1–3-order fine root was longer than the >3 order, and root length density, specific root length,
and nutrient content between the 1–3 and >3 orders were different. At 2 × 2 m, 1–3-order fine-root
biomass was the highest, 132.5 g/m3, and the 1–3-order fine-root length, diameter, surface, root length
density was also the highest; at the same time, the 1–3-order fine-root total nitrogen and organic
matter content was also the highest, while the >3 order was highest under 4 × 3 m or 4 × 5 m.
The findings of this study show that stand density affected the available nutrient content of the soil.
When soil resources were poor, the biomass, morphology, and chemical content of fine roots were
adjusted to increase the nutrient absorption rate, particularly in the lower-order roots.

Keywords: fine-root order; fine-root nutrient; fine-root morphology; soil nutrient

1. Introduction

Nutrients are essential to tree growth and development [1]. Fine roots play an important role
in the cycling of water, nutrients, and carbon in terrestrial ecosystems [2]. Trees increase nutrient
absorption from soil by increasing the number of fine roots [3,4], typically considered to be those that
are 0–1 or 0–2 mm in diameter [2,5,6]. However, the exact mechanism of nutrient uptake, including how
fine-root positioning in the soil influences function, is a neglected area of study [7]. Previous research
suggests that individual roots should be divided into different orders based on distance away from
the plant; thus, distal roots are first-order, originating from second-order (more proximal) roots [2,8],
and so on. This categorization is useful for an examination of linkages between fine-root structure and
function. For example, specific root length and root nitrogen concentration decrease with increasing
root order, suggesting that physiology is relevant to root nitrogen [3,9]. Lower, first-, and second-order
roots primarily absorb soil nutrients and water, while third- to fifth-order fine-root transport and
store these resources [10–12]; hereafter, fine-root categories are referred to using Arabic numerals.
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For instance, a dissection of fine roots from Phellodendron amurense revealed that 1–3-order (first- to
third-order) roots exhibited physiological characteristics related to absorption, whereas 4–5-order
(fourth- and fifth-order) roots contained continuous phellem tissue indicative of functions related to
conduction [13,14].

Both genetic [8,15,16] and environmental (e.g., soil characteristics) factors [17–20] influence
fine-root behavior. Fine-root architecture, morphology, and chemistry can shift to maximize uptake in
response to temporal and spatial resource fluctuations [21,22]. Under poor soil conditions, for example,
fine-root biomass increased over a larger area [20,23] or decreased [24,25]. Furthermore, some studies
have reported increases in specific root length, presumably to assimilate more nutrients [26–30],
although other observations of reduced [31] or unchanged [24] indicate the need for more detailed
research [32]. Regardless, root length is especially important for absorbing relatively immobile
nutrients [33]. The correlation was not significant for diameter with either mass or length response to
fertilization [34].

While trees can adjust leaf phenotype in response to environmental change [22], the fine-root
phenotype appears to be more plastic. Some studies have demonstrated variation in fine-root biomass,
morphology, and architecture under differing stand densities, which is a major environmental factor in
forest communities [35,36]. While the mechanisms for these morphological changes to fine roots are
unclear, we know that stand density directly affects the distribution of light, heat, moisture, and other
ecological factors in forest communities, resulting in changes to undergrowth species diversity
and structure [27,37,38]. Moreover, soil nutrient content is directly proportional to density [39,40].
Thus, all of these variables may interact to influence fine-root plasticity.

When strategically integrated into agroecosystems, fast-growing hybrid poplar plantations are
a major source of biomass, wood/pulp production, and ecosystem services (e.g., phytoremediation,
habitat creation, soil stabilization, hydrological control, and disturbance regulation) [41–44].
Populus tomentosa is ideal for research on fine-root responses to stand density. These trees have
horizontal slanting roots [45] with a high proportion of fine roots distributed in the topsoil, and soil
nutrient content is an important influencing factor for fine-root distribution [1]. Therefore, we studied
P. tomentosa under three stand densities. We obtained samples to measure the biomass, morphology,
and nutrient content of fine roots, and examined how these variables respond to changing soil resources.
We hypothesized that (1) different densities alter available soil nutrients in soil depths of 10–30 cm,
(2) fine roots adjust their biomass, morphology, and chemistry in response to different soil nutrients,
(3) low-order fine roots are more sensitive to soil nutrient levels than high-order roots, and (4) low-
and high-order roots differ significantly in biomass, morphology, and nutrient content.

2. Materials and Methods

2.1. Study Site

The study took place in the Huayang Forest Tree Nursery, located in the heart of Huabei Great
Plains (36◦50′–37◦47′ N, 113◦52′–115◦49′ E), a flat, alluvial region that experiences a warm-temperate,
continental, semi-arid monsoon climate. Elevation ranges from 30 to 50 m. Monthly mean temperatures
are −2.5 ◦C in January and 27.0 ◦C in July. Average total annual precipitation is approximately
497.7 mm, with 70% of rainfall occurring between July and September. Annual sunshine duration is
estimated to be 2575 h, and there are approximately 198 frost-free days, these meteorological conditions
come from 50 years (1960–2010) data of Weixian meteorological stations.

As a key plantation for hybrid poplar breeding and large-scale timber production designated
by the National Forestry Bureau of China, 26.7 ha of poplar stands were established in spring
2007. These stands began as dormant 2-year-old bare-rooted stem cutting, originating from stem
cuttings from four P. tomentosa hybrid clones: P. tomentosa 1316, P. tomentosa B331, P. tomentosa BT17,
and P. tomentosa S86 (♀P. tomentosa × P. bolleana, ♂P. alba × P. glandulosa). The stands contained seven
density levels (2 × 2 m, 2 × 3 m, 3 × 3 m, 4 × 3 m, 4 × 4 m, 4 × 5 m, and 4 × 6 m). The average stem
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height and base diameter of cuttings were 5.8 m and 6.1 cm, respectively. The experimental soil had
a sandy loam texture. Table 1 shows basic physical and chemical properties of the soil [46]. The data
was from the average values of four layers (0–20 cm, 20–40 cm, 40–60 cm, and 60–100 cm), that we
have dug 500 pits in the experimental site in 2007, and each pit has four layers. Table 2 shows the mean
stand properties under three densities.

Table 1. Soil physical and chemical properties at the experimental site.

Organic Matter Total
N

Available
P

Available
K pH

Bulk
Density

Total
Porosity

Field
Capacity

g/kg g/kg mg/kg mg/kg g/cm3 % %

8.6 ± 0.13 0.6 ± 0.09 8.1 ± 0.11 90 ± 0.08 8.6 ± 0.12 1.4 ± 0.11 47 ± 0.09 26 ± 0.12

Note: Total N represent total nitrogen; Available P represents available phosphorous, and Available K represents
available potassium. The data was from the average values of four layers (0–20 cm, 20–40 cm, 40–60 cm,
and 60–100 cm). We dug 500 pits at the experimental site in 2007, and each pit had four layers.

Table 2. Mean stand properties under three densities.

Stand Density T1 T2 T3

Basal area (m2) 132 288 360
Mean DBH (cm) 12.4 ± 0.31 18.1 ± 0.24 16.4 ± 0.13

Mean Dominant Height (m) 14.6 ± 0.25 16.6 ± 0.12 17.6 ± 0.35

Note: The mean DBH was measured with a diameter at breast height of 1.3 m, with an accuracy of 0.01 cm; the height
was measured with an altimeter, with an accuracy of 0.1 m. DBH represents diameter at breast height. The data was
measured in July 2016.

2.2. Experimental Design

The experimental design was a single factor completely randomized design. The factor was
P. tomentosa S86 planting density, with three levels (line × row: 2 × 2 m [T1], 4 × 3 m [T2],
and 4 × 5 m [T3]; respective areas: 132 m2 (20 plants), 288 m2 (14 plants), and 360 m2 (10 plants).
Every level contained three replicates, resulting in nine plots. Each plot was longer on the north–south
side and wider on the east–west side, ensuring a more even distribution of light per tree. Tree row
direction is along the north–south axis. Two rows of trees were planted for protection at a density of
4 × 3 m.

2.3. Data Collection

Annual growth stages in P. tomentosa can be divided into six phases: germination, spring vegetative,
spring capped, summer vegetative, overwintering preparation, and dormancy. Maximum root growth
occurs during the summer vegetative phase [47]. After examining the distribution of roots, we found
fine roots distributed more at a 10–30 cm level, and we then selected five standard trees from each plot
in July 2016. A shovel was used to remove a 20 × 20 cm soil block (sampling at each tree spacing and
distance direction) at approximately 80 cm distance from each selected tree, the block was separated into
10–30 cm segments, yielding 90 samples. These root-containing segments were carefully extracted and
immediately placed on a white bag to remove soil and loose organic matter. Within several minutes to
a few hours, samples were transported to the lab and frozen. Ninety soil samples (without roots) were
collected using the quartet method and bagged.

2.4. Fine Root Analysis

Soil particles and fine roots were washed with gauze and dipped in cooled deionized water.
Roots were categorized into different orders. The first group contained 1–3-order (0.28–0.38 mm) roots
and higher orders (>3; 1.28–1.69 mm) were placed in a second group; the former group contained more
subcategories because the first-order fine roots of P. tomentosa are very complex. Samples from both
groups were scanned to obtain images for analysis of root diameter, length, surface area, and volume
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in WinRHIZO (Pro2005c) (Shijiazhuang, Heibei, China). Roots were then wrapped in filter paper,
heated for 10–30 min at 85 ◦C, and dried at 65–70 ◦C to a constant weight.

The fine root were ground and then were sieved (2 mm) in preparation for nutrient analysis
(total nitrogen, total phosphorus, and total potassium) using H2SO4–H2O2 digestion and then N (total
nitrogen), P (total phosphorus), K (total potassium) concentrations were measured using a Kjeldahl
nitrogen meter (Hangzhou, Zhejiang, China), a vanadium molybdenum yellow colorimetric method,
and a flame photometric method, respectively [48]; C (organic carbon) concentrations were measured
using a Carlo Erba NA 1500 NC elemental analyzer (Elantech, Lakewood, NJ, USA).

2.5. Soil Analysis

Soil samples were air-dried, ground, and then sieved (2 mm) for measuring available N (an alkali
solution diffusion method), P (an NaHCO3 extraction method), and K (an NH4OAc extraction
method). Soil organic matter was sieved (0.25 mm) and measured using a heat of dilution method [48].
Hydrolysis nitrogen is abbreviated by available N, available phosphorous is abbreviated by available
P, available potassium is abbreviated by available K, and soil organic carbon is abbreviated by SOC.

2.6.Data Analyses

Fine-root morphological variables collected included specific root length (SRL, m/g), root length
density (RLD, m/m3), and root C:N, calculated as follows: SRL = fine-root length/fine-root dry mass,
RLD = fine-root length/volume of soil block, and C:N = fine-root C content/fine-root N content.

Means and standard deviations of variables per plot were calculated in Excel 2010. Three one-way
ANOVAs (in SPSS 20.0, Shanghai, China) were used to determine (1) significant differences between the
two fine-root groups in soil nutrient content, (2) significant differences across differing stand densities
in total fine-root biomass, morphology, and nutrient content, and (3) significant index differences
between the two fine-root groups. Duncan’s multiple comparison tests were employed to separate the
means when the main effect of the ANOVA was significant.

3. Results

3.1. Differences in Soil Available Nutrients

Soil organic matter varied from 6.33 ± 0.23 g/kg to 9.90 ± 0.37 g/kg and available N varied
from 23.9 ± 0.61 mg/g to 32.65 ± 0.52 mg/g; both exhibited the following density-related pattern:
T2 > T3 > T1 (Figure 1a,b). Available P and K peaked at T3 (Figure 1c,d). The ANOVA results indicated
that density exerted a significant effect on soil available nutrients, except available P.
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Figure 1. Soil effective nutrient content in three stand densities of Populus tomentosa S86. Data are
the soil mean effective nutrient content ± standard deviation. Letters represent differences between
densities (α = 0.05). T1 represents the density of 2 × 2 m, T2 represents the density of 4 × 3 m,
T3 represents the density 4 × 5 m (line × row spacing). And (a–d) describe the contents of soil
organic matter, alkali-hydrolyzed nitrogen, available phosphorus and available potassium under three
planting densities, respectively.

3.2. Responses of Fine-Root Biomass

Fine-root biomass significantly differed across the three density levels and between the two
root order groups (1–3-order and >3-order roots). Total and >3-order group biomass peaked at T2
(Figure 2), which was significantly higher than at other density levels, and soil available nutrients
(organic matter and N) were higher at this density (Figure 1). Interestingly, the biomass of the 1–3-order
group increased significantly with increasing density. Biomass of the >3-order group accounted for
77–87% of the total biomass (Figure 3). Thus, P. tomentosa fine roots exhibit differential growth at
different stand densities.
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Figure 2. Fine root biomass in three stand densities of Populus tomentosa S86.
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Figure 3. Fine-root biomass ratio in three stand densities of Populus tomentosa S86. Data are the fine-root
mean biomass ± standard deviation. Capital letters represent significant differences between the
1–3-order group and the >3-order group under the same density (α = 0.05); lower letters represent
differences in the same group between different densities. T1 represents the density of 2 × 2 m,
T2 represents the density of 4 × 3 m, T3 represents the density 4 × 5 m (line × row spacing); different
groups were the 1–3-order group and >3-order group.

3.3. Differences in Fine-Root Morphology

Fine-root morphology differed across density levels, with numerous 1–3-order fine roots branching
and proliferating at T1. No such complexity occurred at T2 and T3.

We observed that fine-root length, surface area, RLD, and SRL were significantly higher in the
1–3-order group than in the >3-order group (Figure 4). In contrast, fine-root diameter and volume
were significantly higher in the >3-order group than in the 1–3-order group. Finer diameter, longer
root length, and greater SRL all indicate stronger absorption capacity, suggesting that the 1–3-order
roots can be logically grouped together.

Total root length, surface area, and RLD of all fine roots, 1–3-order roots, and >3-order roots
were highest at T1 density, while total diameter, volume, and SRL were highest under T3 (Figure 4).
However, SRL was lowest under T2, possibly because of increased soil resources and biomass at
that density.

Within the 1–3-order group, the greatest fine-root length, diameter, surface area, and RLD were
observed at T1; in the >3-order group, the greatest fine-root length, surface area, and volume were
observed at T2 (Figure 4). These results suggest that the >3-order group responded less strongly to
density variation than the 1–3-order group.
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Figure 4. Fine-root morphology for two groups of roots and all roots combined in three stand densities
of Populus tomentosa S86. Data are the fine-root morphology ± standard deviation. Letters represent
differences between densities (α = 0.05). T1 represents the density of 2 × 2 m, T2 represents the density
of 4 × 3 m, T3 represents the density 4 × 5 m (line × row spacing), different groups were the 1–3-order
group and the >3-order group. The root length, surface, and volume per 0.008 m3. SRL represent
specific root length, m/g; RLD represent root length density, m/m3. (a–f) describe the root length,
diameter, surface, volume, RLD and SRL under three planting densities.

3.4. Differences in Fine-Root Nutrient Content

In the >3-order roots, organic C (464.27–534.93 g/kg) and total K (3.87–3.97 g/kg) were higher than
in the 1–3-order roots. However, the latter group had significantly higher total N (25.29–31.98 g/kg)
and total P (2.30–2.53 g/kg) than the former group. The C:N ratio was significantly higher in the
>3-order roots than in the 1–3-order group, possibly due to the nitrogen of the 1–3-order group was
higher (Figure 5).

Generally, across all fine roots (total, 1–3 order, and >3 order), T1 density resulted in higher
nutrient content (except K), but there was no difference between T2 and T3 (Figure 5). Mean organic C
in all fine roots ranged from 438.83 to 495.33 g/kg, increasing as density increased. Average N content
ranged from 23.59 to 26.02 g/kg; T1 fine roots had significantly higher N than roots under the other
two density levels. Moreover, the total fine-root N of 1–3-order increased as density increased, but
N in >3-order roots showed the opposite response. Although soil organic matter was relatively low
under T1 (Figure 5), fine-root organic C was highest at this density. This pattern may be the result of
fierce competition for limited resources, leading to more C being invested into fine roots.

Total P content in fine roots (total) varied from 2.13 to 2.33 g/kg. Total P from all fine roots was
significantly higher under T3 than under the other two densities. Total fine-root K ranged from 3.80 to
3.83 g/kg, and density had no significant effect on this variable.

The C:N ratio in all fine roots ranged from 18.05 to 19.08 and exhibited the following
density-related pattern: T1 (19.08) > T3(18.60) > T2(18.05) (Figure 5). However, density did not
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significantly affect total fine-root C:N. When fine roots were examined by group, we observed that the
1–3-order roots had significantly lower C:N under T2, whereas >3-order roots had significantly higher
C:N under T1.
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Figure 5. Total and group fine-root nutrients in three stand densities of Populus tomentosa S86. Data are
the fine-root mean nutrient content ± standard deviation. Letters represent significant differences
between densities (α = 0.05). T1 represents the density of 2 × 2 m, T2 represents the density of 4 × 3 m,
T3 represents the density 4× 5 m (line× row spacing). And (a–e) describe the contents of total nitrogen,
organic carbon, total phosphorus, total potassium and carbon-nitrogen ratio under three planting
densities, respectively; different groups were: 1–3-order roots and >3-order roots.

4. Discussion and Conclusions

4.1. Defining Fine Roots

Populus tomentosa has relatively more fibrous roots than other trees (such as Platycladus orientalis,
Fraxinus mandshurica, Larix olszensis, Cunninghamia lanceolata) [35,49,50], necessitating a division into
the 1–3-order and >3-order groups for analysis. Here, we demonstrated that the two groups are
different from their morphology and nutrient content. Previous research indicated that first-, second-,
and third-order fine roots do not differ in diameter or length, but SRL changed significantly between
third- and fourth-order fine roots [51]. Additionally, an anatomical analysis of fine roots (≤2 mm)
revealed that they can be split into at least two groups: non-lignified absorption roots (1–3 mm) and
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more lignified roots with no absorption capacity (>4 mm) [11,52]. At the same time, they suggested
that the fine root should be split into two distinct classes or pools: absorptive fine roots and transport
fine roots [2]. Together, these results suggest that existing methods of categorizing fine roots have
ecological validity.

Fine root categories also differ strongly in their response to soil resource availability [8].
At a density of 2 × 2 m, the 1–3-order group would show more adaptation in their morphology
(Figure 5) and nutrient content than the >3-order group (Figure 5). The mechanism of this plasticity
may be an increase in the number of cortical cells for the 1–3-order group, which, when affected
by the external environment, would show obvious changes [53–55]. Similarly, research on sugar
maple roots has shown that roots <0.5 mm in diameter have more N [9] and a higher respiration rate
(by 2.4–3.4 times) than thicker roots [9].

4.2. Morphological Characteristics of 1–3-Order and >3-Order Fine Roots

Variation in morphology was noted across the two fine-root groups; biomass, diameter,
and volume were lower in the 1–3-order group, but root length, surface area, SRL, and RLD were
higher than the >3-order fine roots. Likewise, previous research has demonstrated that, as root order
increases, root length, diameter, and biomass also increase, while SRL decreases [56–58]. In contrast,
a separate study demonstrated that fine-root biomass did not increase with root order [59]. While these
studies differ in terms of the tree species examined and the exact response of root morphological
characteristics [56], all of them indicate that the majority of fine-root biomass was in senior branch
roots. Variations between studies may also be due to methodological difficulties in isolating fine roots
from soil without damage, increasing the likelihood of estimation errors.

Our study also showed that low-order fine roots had significantly higher total N than higher-order
roots. Similarly, first-order roots in Populus balsamifera had the highest N content, a characteristic closely
related to respiration rate [9]. This outcome is possibly attributable to the large amount of secondary
tissue in the fourth- and fifth-orders roots; these tissues generally have lower physiological activity
and do not require high N investment [11]. However, the 1–3-order group contained significantly less
organic matter than the >3-order group—in line with previous results [60]—a pattern that may be due
to the shorter life span and rapid turnover of lower-order roots [61]. Finally, the >3-order roots had
significantly higher C:N than the 1–3-order roots, probably as a result of the low N content. The value
of the C:N ratio indicates that, when organic matter input is low (i.e., ~1 g), low-order roots require
more maintenance from the tree.

4.3. Variation in Fine Root Traits under Differing Stand Density

In this study, three different soil environments were constructed by varying stand density,
and this variation significantly affected soil available nutrients (Figure 1). The effects of stand
density on fine-root biomass have been extensively studied, but the results are inconsistent. Various
studies have found increasing, decreasing, or nonlinear trends in fine-root biomass as stand density
increases [35,62–64]; this inconsistency may be a factor of density-related changes to soil nutrient
content. Notably, biomass in the 1–3-order group decreased with decreasing density, possibly because
soil resources are relatively abundant at lower densities (4 × 3 m), so more absorptive roots were not
necessary for nutrient uptake. Furthermore, the 1–3-order group had greater surface area and volume
at high densities (2 × 2 m, where soil resources were lower), suggesting that fine roots stretch as far
as possible to increase contact with soil under low nutrient conditions, thereby elevating resource
absorption [61].

However, an experiment using Drew nutrient solution sand cultures showed that, under high
ammonium, nitrate, and phosphorus concentrations, total root length increased significantly, as did
first- and second-order root growth [32]. These opposing findings may be attributable to the fact
that a nutrient concentration gradient was not directly measured in this study; instead, we primarily
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examined the effects of density, which influences nutrient content and affects competition between
fine roots, an aspect that the previous study did not consider.

Specific root length is the ratio of fine-root length and biomass; thus, it is closely related to
physiological activity. Specifically, absorption capacity in fine roots is higher with greater SRL [65],
an adaptive response that allows the tree to invest less in biomass, but absorb more nutrients. In this
study, SRL was higher under densities of 2× 2 m and 4× 5 m, possibly because of poorer soil resources
that require fine-root extension to increase nutrient absorption at relatively low cost.

We also found that when SOC, available N, available P, and available K were high (i.e., in the
soil of the 4 × 3 m stand), only total P content of the fine roots increased. Other studies on wheat
and grass also showed that fine-root N content did not increase, even under N-rich conditions [66].
An experimental study similarly demonstrated that increasing N in soil did not increase N content
in fine roots [9]. These results may be due to the fact that fine-root nutrient content has a threshold
value that is not representative of soil nutrient content. Instead, aboveground parts may contain the
remaining nutrients.

Forest mycorrhiza can affect the distribution of carbon and the rate of nutrient absorption [67,68].
Although it has been reported that Populus tomentosa and ectomycorrhizal (sclerodermataceae) form
the mycorrhizae, which significantly increase the root biomass of poplar [69], but also improve the
host tree’s general conditions and stress tolerance [70]. However, the current study was carried out in
an artificial forest and there was no mycorrhizal formation.

Despite the strengths of this study, there are some notable limitations. First, variations in soil
moisture and temperature may influence fine-root distribution, but examining these factors was
beyond the current scope [19,71–73]. Second, forest mycorrhiza can affect C distribution and nutrient
absorption rates; indeed, a previous study found that mycorrhizae significantly increased P. tomentosa
root biomass. As this work was performed in artificial forests, however, mycorrhizal effects were
not examined. Thus, further research accounting for soil moisture, temperature, and mycorrhizal
presence is recommended to validate fine-root characteristics in response to soil resource variation
under differing stand densities.

Plants exhibit high phenotypic plasticity in response to environmental factors. Although the
aboveground parts can exhibit differences in size, growth rate, and dry matter distribution even
within the same plant [12], variation in tree density can affect growth and biomass partitioning [74,75].
Hyatt et al. found that increased density resulted in higher ratios of stem to leaf biomass in Abution [76].
While Al Afast et al. did not observe significant correlations between fine-root traits and above-ground
biomass in Populus [77]. This study showed that soil nutrient content is lowest at high stand density
(2 × 2 m), causing fine roots to change drastically in terms of biomass, morphology, and nutrient
content. The fine-root biomass of 4 × 3 m increased by over 30% at 2 × 2 m, and the fine-root biomass
of 4 × 5 m was 35%, 146.28% less than at 4 × 3 m and 2 × 2 m. The stand volume of 4 × 3 m
(86.80 m3/hm2) decreased by over 28% at 2 × 2 m (120.60 m3/hm2), and the fine-root biomass of
4 × 5 m (64.75 m3/hm2) was 25%, 46% less than at 4 × 3 m and 2 × 2 m. In the future, we will carry
out the effect of density on aboveground biomass, so as to compare with the underground fine roots.
This study suggests that the management of dense forests should include fertilization or thinning to
improve soil nutrient content and therefore forest productivity.
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