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Abstract: The notable absence of juvenile Pseudolarix amabilis trees in forest understories suggests
their vulnerability to ecological niche competition, leading to limited survival prospects. This study
examines the key factors limiting the growth of P. amabilis seedlings by investigating the effects of five
ecological factors: light intensity, rainfall, groundwater level, soil type, and type of fertilization, on the
growth of one-year-old P. amabilis seedlings. Our results demonstrate that increasing the light intensity
promotes plant growth by augmenting the leaf count, leaf biomass, plant height, stem biomass, root
biomass, and total biomass. Further analysis reveals that increased light intensity influences biomass
allocation, reducing the specific leaf area and leaf-stem biomass ratio, and favoring root and stem
growth over leaf investment. Rainfall, groundwater level, fertilization type, and rhizosphere soil
type primarily influence root growth by impacting the soil’s physicochemical properties. Specifically,
rising groundwater levels lower the soil temperature and increase the soil moisture, total potassium
content, and soil pH, leading to reductions in root biomass, plant height, net height increment, leaf
number, and total biomass. When groundwater levels reach 21 cm and 28 cm, submerging the surface
soil layer, root biomass decreases by 1.6 g/plant (—51.6%) and 2.3 g/plant (—74.2%), respectively.
Further analysis reveals a gradual decrease in the root—shoot ratio above the 14 cm groundwater
level, while the specific leaf area and leaf-stem biomass ratio remains unaffected, indicating stronger
belowground root stress compared to aboveground stem and leaf components. The results highlight
light intensity as the key ecological factor determining the growth of P. amabilis seedlings. These
findings underscore the importance of considering light intensity in the management of natural
stands, the cultivation of artificial forests, and the nursery cultivation of endangered P. amabilis.

Keywords: golden larch; relict species; seedling growth; biomass distribution; water use efficiency

1. Introduction

The capacity of seedlings to mature into full-grown trees plays a crucial role in shaping
a species’s ecological niche within an ecosystem, thereby exerting a direct influence on the
trajectory of community succession [1,2]. The process of seedlings transitioning into adult
plants necessitates adaptation to the continuously evolving ecological environment, where
a myriad of both biotic and abiotic factors exerts short-term influences on seedling growth
processes [3,4]. Additionally, these factors have enduring effects on the spatial distribution
patterns of these seedlings [5].

In both natural forests and cultivated woodlands, the distinctive conditions of light
and nutrient availability in the forest understory play a determining role in the growth,
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survival, and competition of seedlings, thereby steering the processes of forest regeneration
and succession [5,6]. Previous studies have shown that modifications in canopy openings
can influence the light conditions for seedlings [7,8]. Concurrently, variations in soil
moisture dynamics resulting from throughfall and soil water evaporation [9], along with
the decomposition of deceased trees, can alter soil nutrient availability [10]. These factors
influence seedling interactions with other plants [11], affecting growth and shaping post-
disturbance forest regeneration and succession processes [12]. Understanding the growth
and survival of plant seedlings amidst varying inorganic environmental factors like light,
water, and nutrients, along with considering inter-individual interactions, is crucial for
predicting forest recovery potential [13,14].

Pseudolarix amabilis (Nelson) Rehder, widely recognized as the golden larch, is a
renowned ancient plant often referred to as a “living fossil”. Climatic fluctuations, particu-
larly the onset of the Pleistocene glaciations, led to the extinction of P. amabilis populations
in various regions, with surviving remnants confined to scattered areas in the middle and
lower reaches of the Yangtze River in China [15]. Following the latest criteria established by
the International Union for Conservation of Nature and the standards outlined in the China
Plant Red Data Book, P. amabilis has been designated as a vulnerable species and is recognized
as a second-level protected plant in China [16], with the core range being situated from
24. 43° N to 33.35° N and 106.41° E to 123.42° E [17]. Due to the sporadic distribution
and scarcity of P. amabilis individuals, their intermittent fruiting, and the urgent necessity
for conservation measures, P. amabilis faces pressing challenges [18]. In its natural habitat,
P. amabilis primarily reproduces through seed propagation. Field observations reveal the
emergence of numerous seedlings around mature mother trees. However, conspicuously
absent is the sapling layer within the community, a pattern similarly observed in natural
P. amabilis forests in Changxing, Zhejiang [19]. Recent research indicates that P. amabilis
seedlings contend with a disadvantageous position in competition with other plants [18].
Plant seedling competition typically manifests as competition for aboveground light; be-
lowground resources, including water and nutrients; and the ensuing interactions, such as
mycorrhizal symbiosis, allelopathy, and predation [20-22]. These abiotic and biotic factors
influencing the growth of P. amabilis seedlings may play a pivotal role in determining their
success in natural populations and afforestation endeavors, including in fengshui forests.
Nonetheless, research in this field is still in its early stages [18].

It is widely accepted that seedlings in an understory environment experience varying
levels of shading, leading to reduced light availability that can potentially hinder photo-
synthesis and impede plant growth [23]. However, the degree of light reduction depends
on the inherent sensitivity of each plant species to shading [24]. Pseudolarix amabilis, being
a deciduous tree, is likely categorized as light-demanding and shade-intolerant, suggesting
that its seedlings may necessitate full sunlight for successful self-renewal. Nonetheless,
previous research based on physiological indicators of P. amabilis seedlings has suggested
that moderate shading can enhance their growth, while both full sunlight and heavy shad-
ing have adverse effects [25]. However, the representativeness of single photosynthetic
indicators may be limited, underscoring the need for additional experimental data for
validation. Furthermore, variations in leaf characteristics and resource allocation strategies
among plant species influence their ability to access aboveground resources (e.g., light and
carbon dioxide) and belowground resources (e.g., nutrients and water) [26].

Earlier research has found that Pseudolarix amabilis seedlings are sensitive to drought
and water scarcity, leading to significant mortality; similarly, in horticultural maintenance,
waterlogging should be avoided [27]. Nevertheless, the mechanisms underpinning its
sensitivity to both drought and waterlogging remain uncertain. Furthermore, the plant
seedlings are exceptionally responsive to moisture conditions, and there is a paucity of
quantitative studies regarding the impact of water availability on the growth of P. amabilis
seedlings, particularly concerning multi-gradient water effects. In forest ecosystems, plant
growth is frequently influenced by water availability, which is influenced by both top-down
rainfall input and bottom-up subirrigation [28]. Therefore, it is necessary to investigate the
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impacts of multi-gradient simulated rainfall and bottom-up subirrigation on the growth of
P. amabilis seedlings. However, there is limited research in this area.

The application of fertilizers can significantly influence plant growth by modifying
the physical, chemical, and biological attributes of the soil. Although inorganic fertilizers
can initially enhance nutrient availability and stimulate short-term plant growth [29],
prolonged use may lead to nutrient leaching, soil acidification, and compaction [30-32].
Conversely, organic fertilizers offer a comprehensive and prolonged nutrient supply for
both plants and microorganisms, thereby enhancing soil aeration [33]. However, they
exhibit slower nutrient release kinetics compared to their inorganic counterparts. For
example, cattle primarily consume high-fiber forage, resulting in excreta rich in plant
fibers, which can alleviate soil compaction [34]. Nevertheless, organic fertilizers may not
be as effective as rapeseed cake, a byproduct of oilseed crop oil extraction, renowned for
its high protein content and nutrient richness [35]. Prior research has delineated diverse
strategies employed by plants in nutrient absorption, allocation, and utilization, indicating
their adaptation to resource variability [14,26]. Field observations reveal a phenomenon
where numerous P. amabilis seedlings emerge, yet only a few successfully surmount growth
limitations to develop into young P. amabilis trees. This phenomenon may be attributed to
soil nutrient availability and physicochemical properties within the growth environment
of P. amabilis seedlings [33]. Nevertheless, limited research addresses these inquiries,
underscoring the need for further investigation via gradient experiments.

A substantial body of research attests to the establishment of a close symbiotic rela-
tionship between higher plants and specific fungi known as mycorrhiza [36,37]. These
mycorrhizal associations manifest in diverse types, with the most prevalent being arbuscu-
lar mycorrhizae (AM) and ectomycorrhiza (ECM) [37,38]. Nonetheless, be it AM or ECM,
under carbon-restricted conditions during plant growth, for instance, low light levels or
high-fertility circumstances during seedling stages, mycorrhizal associations may adopt a
parasitic role, resulting in compromised plant growth [39]. Hence, mycorrhizal associations
can be understood as a dynamic equilibrium between parasitic and mutualistic states,
regulated rigorously by both partners. P. amabilis, a species stemming from the ancient and
diverse pine family, has traditionally been assumed to form specific mycorrhizal associ-
ations, positively impacting its viability and post-transplantation growth. Nevertheless,
these qualitative speculations still await empirical substantiation, and the specific types of
symbiotic fungi that may be involved remain elusive.

In this investigation, our focus was directed towards the primary ecological factors
that exert substantial influence on the growth of P. amabilis seedlings: namely, light intensity,
soil water availability, and soil nutrient availability. The ultimate objective of our findings
is to provide a scientifically grounded foundation for the preservation and cultivation of
P. amabilis seedlings.

2. Materials and Methods
2.1. Experimental Materials and Treatments

The study began in April 2021 and ended in October of the same year, conducted
in a greenhouse affiliated with Jiangxi Agricultural University, located in Nanchang City,
Jiangxi Province, China (115°49'31” E, 28°45'41" N). The site features a subtropical moist
monsoon climate, with an average annual precipitation of approximately 1600 mm and an
air temperature of 17.9 °C [40]. Our research entailed the deliberate selection of one-year-
old P. amabilis seedlings. A six-month controlled cultivation trial was conducted indoors
using potted seedlings to replicate a range of environmental conditions. A controlled-
environment greenhouse, with a light intensity of 1014.9 + 44.8 umol m~2s71 at midday,
was utilized to maintain precise control over the rainfall, temperature, and light conditions
in our study.

The soil employed in this study was obtained from nearby weathered or partially
weathered yellow loam. The fundamental physicochemical properties of the soil were as
follows: pH 5.86, total nitrogen content 0.78 g/kg, total phosphorus content 0.82 g/kg, total
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potassium content 16.19 g/kg, ammonium nitrogen content 0.32 mg/kg, nitrate nitrogen
content 0.055 mg/kg, and inorganic nitrogen content 0.375 mg/kg. This particular variety
of yellow loam displayed approximately 50% porosity and featured relatively limited root
systems, pathogens, and insect eggs, while demonstrating moderate water and nutrient
retention properties. The gathered soil was subjected to high-temperature exposure and
sieving (2 mm) to ensure uniformity. In the soil mixing process, a 0.05%-0.1% potassium
permanganate solution was applied for disinfection. The soil was then transferred to the
pots, and both the pots and the soil surface were sterilized through spraying them with a
potassium permanganate solution. After a 48 h settling period, the sterilization process
was completed, enabling the transplantation of one-year-old P. amabilis seedlings. A total
of 150 P. amabilis seedlings were meticulously selected from a nursery, established through
self-seeding (comprising 50 experimental pots, each hosting 3 seedlings). The average plant
injtial height and initial ground diameter were recorded as 13.26 and 1.45 cm, respectively.
Each experimental pot (the “inner pot” mentioned below), with a volume of approximately
0.017 cm?, had a cylindrical shape with a diameter of 27 cm and a height of 30 cm. The
soil column depth was maintained at 28 cm. The bare-root transplantation process was
executed meticulously, leaving no residual soil in the pots. Following transplantation, the
pots were extensively watered until turbid water overflowed from the bottom, ensuring
adequate root irrigation. Subsequently, watering was conducted on a weekly basis with a
uniform and moderate water volume (1.65 L/week). In the case of any seedling mortality,
prompt replacement with seedlings of comparable sizes was executed. Once all seedlings
had reached a stable growth stage, typically around 30 days, an orthogonal experimental
design was implemented.

The experimental design followed an orthogonal approach, specifically based on the
Lys5(5) orthogonal array (Table 1). The experiment entailed the manipulation of five envi-
ronmental factors: water addition (A, in mm), groundwater level (B, in cm), rthizosphere soil
type (C), fertilizer type (D), and light intensity (E). A total of 50 subplots were established,
comprising 25 experimental units (pots) arranged in accordance with the Lys (5%) orthogonal
array, with each experimental configuration being replicated twice. For effective manage-
ment, the orthogonal array was systematically sorted, and the fifth column (corresponding
to the light intensity factor E) was arranged in ascending order to ensure the grouping
of treatments with identical light intensities (Table 2). The spacing between pots within
each zone was fixed at 20 cm, and the separation between adjacent zones was consistently
maintained at 100 cm.

Table 1. Ly5(5°) orthogonal factors and level assignments.

Treatment Wa.t?r Groundwater . . P . .
Level Addition Level Rhizosphere Soil Type (C) Fertilizer Type (D) Light Intensity (E, %)
(A, mm) (B, cm)
1 800 0 Control (sterilized river sand) Control (sterilized river sand) 100% natural light
2 1200 7 Pseudolarix armandii rhizosphere soil Well-rotted cow manure 75% natural light
3 1600 14 Pinus massoniana rhizosphere soil Well-rotted rapeseed cake 28% natural light
4 2000 21 Cinnamomum camphora rhizosphere soil Compound fertilizer 15% natural light
5 2400 28 Mixed forest rhizosphere soil Urea 8.5% natural light

The water addition treatment A mimicked the natural rainfall input by applying the
local annual average rainfall of 1600 mm/a as the control for both the drought (800 mm/a
and 1200 mm/a) and wet treatments (2000 mm/a and 2400 mm/a), constituting five
gradients of the water addition factor. This method ensured the precise control of water
distribution. Based on local data spanning 2011 to 2020, the rainfall distribution followed a
seasonal pattern, with spring (February to April), summer (May to July), autumn (August
to October), and winter (November to January) contributing approximately 30%, 45%, 15%,
and 10% of the total annual precipitation, respectively. Monthly targeted rainfall amounts
were equally divided into four portions and applied weekly.
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Table 2. Orthogonal test of the treatment of each pot.
Order A B C D E Vacant Column Treatment
1 1 1 1 1 1 1 A1B1C1D1E;
2 2 3 2 3 1 4 AyB3CyD3E
3 3 5 3 5 1 2 A3B5C3D5E;
4 4 2 4 2 1 5 A4ByCyDyE,
5 5 4 5 4 1 3 A5B4Cs5D4Eq
6 1 2 2 5 2 3 A1B,CyD5E,
7 2 4 3 2 2 1 AyB4C3DyE,
8 3 1 4 4 2 4 A3B1C4DyE,
9 4 3 5 1 2 2 A4B;C5D1E;
10 5 5 1 3 2 5 A5B5C1D3E;
11 1 3 3 4 3 5 A1B3C3D4E;
12 2 5 4 1 3 3 AyB5C4D1Ej
13 3 2 5 3 3 1 A3B,C5D3E;
14 4 4 1 5 3 4 A4B4C1DsE;
15 5 1 2 2 3 2 A5B1CyDyE;
16 1 4 4 3 4 2 A1B4C4D3Ey
17 2 1 5 5 4 5 AyB1C5Ds5E,
18 3 3 1 2 4 3 A3B3;C1DyE,
19 4 5 2 4 4 1 AyB5CyD4Ey
20 5 2 3 1 4 4 A5ByC3D1Ey
21 1 5 5 2 5 4 A1B5C5DE5
22 2 2 1 4 5 2 AyByC1Dy4E5
23 3 4 2 1 5 5 A3B4CyD4E5
24 4 1 3 3 5 3 A4B1C3D3E5
25 5 3 4 5 5 1 A5B3C4DsE5

Note: The assignments in this table are derived from Table 1, and the different numbers represent different levels
of processing for the same factor.

The “B” treatment simulated the bottom-up subirrigation effects, with the soil depth
in the planting pot being set at 28 cm as the maximum groundwater level, divided into
five gradients: 0 cm, 7 cm, 14 cm, 21 cm, and 28 cm from the bottom of the pot. To achieve
these treatments, a larger pot (referred to as the outer pot) was placed around the pot
containing the P. amabilis seedlings (referred to as the inner pot). The inner pot featured
a 0.5 cm diameter hole at the bottom to facilitate water percolation, connecting it with
the impermeable outer pot. Throughout the experiment, the researchers adjusted the
groundwater level using the law of connected vessels by controlling the groundwater level
in the outer pot.

The “C” treatment consisted of five levels: a control (sterilized river sand), rhizosphere
soil of Pinus massoniana (a coniferous species), rhizosphere soil of Cinnamomum camphora
(a broad-leaved species), rthizosphere soil of a mixed coniferous and broad-leaved forest,
and rhizosphere soil of P. amabilis. Rhizosphere soil, characterized by the presence of white
mycelium, was collected by gently shaking off soil particles randomly adhered to the root
system. Once the survival of the transplanted P. amabilis seedlings was confirmed, the
collected 500 g of soil was promptly applied to the surface soil.

The “D” treatment comprised five levels: a control (5 g sterilized river sand), sterilized
and well-rotted cow manure (20 g), sterilized and well-rotted rapeseed cake (20 g), com-
pound fertilizer (5 g) with a “17:17:17” ratio (total nutrients N + P,Os5 + K,O 2 51%), and
urea (5 g). All fertilizer treatments were evenly divided into two applications, applied to
the soil surface on 1 June and 1 July in the evening. To prevent nutrient loss, the fertilizers
were thoroughly mixed with the surface soil and covered with a thin layer of soil. However,
to avoid root burn, the urea and compound fertilizers were not directly applied to the roots
of the P. amabilis seedlings.

The “E” treatment employed varying shading net densities to control the light intensity reach-
ing the leaf surface. The five levels encompassed 100% natural light (1021.8 + 58.8 pmol m~2s~1),
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75% natural light (752.4 + 28.8 umol m~2s~1), 28% natural light (281.4 + 14.6 umol m s~ 1),
15% natural light (149.6 + 9.4 pmol m~2s71), and 8.5% natural light (85.6 £ 3.5 pmol m~2s71).

2.2. Experimental Methods
2.2.1. Determination of Morphological Characteristics of P. amabilis Seedlings

The experiment encompassed 25 distinct treatment combinations, with each pot con-
taining three robust and notably homogeneous one-year-old P. amabilis seedlings. Each
treatment was duplicated (Table 2). After the transplanted seedlings attained had achieved
stability in growth, we examined various morphological traits of the P. amabilis seedlings,
encompassing plant height (H, cm), ground diameter (GD, mm), and leaf count (LC). H was
measured using a steel tape measure, and the GD was determined using digital calipers.
To calculate the net height increment (NH) of the plant, we subtracted the original height
from the current height (H) of the plant.

Measurements were conducted on a monthly basis, spanning from May to September,
with each measurement being taken around the middle of the respective month. Each pot
was evaluated by measuring three seedlings, and the average values were employed to
evaluate the growth status.

2.2.2. Determination of Biomass in P. amabilis Seedlings

In early October, we harvested both the aboveground and belowground sections of
the P. amabilis seedlings. The aboveground components were clipped close to the soil
surface using scissors, while the belowground parts were meticulously excavated using a
small shovel to safeguard the integrity of the root system. Labeled samples were sealed
in self-sealing bags and temporarily stored at —20 °C. In the laboratory, the leaves were
further isolated from the stem, and the LC was documented. The envelopes underwent a
drying process in an oven set at 70 °C for 48 h until reaching a constant weight.

The final weight, including stem biomass (SB, g), leaf biomass (LB, g), aboveground
biomass (AB, g), root biomass (RB, g), and total biomass (TB, g), was determined and
recorded as the dry weight. The respective indices were calculated using the raw experi-
mental data and the following formulas:

AB(g) =SB +LB 1
TB (g) =SB + LB + RB )

2.2.3. Determination of Soil Physical and Chemical Properties

In order to track changes in the soil nutrient levels, surface soil samples (0-10 cm)
were collected from the pots at the conclusion of the experiment. These soil samples were
meticulously sealed within self-sealing bags and subsequently transported to the laboratory.
Following the removal of stones and debris using a 2 mm sieve, the soil samples were
stored at —20 °C. The soil temperature and soil water content at 10 cm depth were recorded
simultaneously in the field using a portable soil temperature and humidity recorder (JM624
digital thermometer), and the soil pH was measured using a pH meter with a water-to-soil
ratio of 5:1 (FE20-FiveEasy). Nitrate nitrogen (NO3~-N) levels in the soil were assessed
using the dual-wavelength colorimetric method. Ammonium nitrogen (NH4"-N) was
extracted from the soil using the indophenol blue colorimetric method (GENESYS 150).
Soil total nitrogen (STN, g kg~ ') was analyzed using the Kjeldahl digestion procedure [41].
Soil total phosphorus (STP, g kg~!) was determined through alkaline digestion followed
by molybdate colorimetric measurements [42]. Soil total potassium (STK) was measured
using the NaOH fusion method (NY/T87-1988). STN, STP, and STK were measured with a
flow injection auto-analyzer (FIA, Lachat Instruments, Milwaukee, WI, USA).

2.3. Statistical Analysis

For the orthogonal experiment, an analysis of variance (ANOVA) was applied to
evaluate significant differences among the various combinations of factor levels. Data
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normality was examined with the K-test, and distinctions between different levels of
the same factor were determined using the least significant difference (LSD) method.
Subsequently, a structural equation model (SEM) was constructed to identify the key
factors influencing the total biomass of the P. amabilis seedlings and assess their individual
impacts. Graphical representations and curve fitting were realized using SigmaPlot 12.5.
The analysis of inter-group differences was carried out using SPSS 21.0 and AMOS 21.0
(SPSS 21.0 for Windows, SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Effects of Light Intensity on Soil Physicochemical Properties, Aboveground Morphological
Parameters, and Biomass

The shading treatments exerted a significant influence on the light intensity, soil
temperature, and soil water content of the P. amabilis seedlings. Comparative analysis with
the 100% natural light treatment revealed that the 75% natural light, 28% natural light,
15% natural light, and 8.5% natural light treatments resulted in proportional reductions of
26.4%, 72.5%, 85.4%, and 91.6% in the light intensity received by the P. amabilis seedlings.
Additionally, the soil temperature exhibited decreases of 0.7 °C, 1.0 °C, 1.2 °C, and 1.4 °C,
respectively, while the soil water content increased by 2.0%, 1.6%, 1.4%, and 1.7% (v/v%)
(p < 0.05, Figure 1A-C). In terms of the soil total potassium content, under the 100%
natural light treatment, the soil potassium content was significantly lower compared to the
other four light intensities, with no significant differences being observed among the soil
potassium contents under the four light intensities (p < 0.05, Figure 1D).

The effects of different light intensities on the GD, H, NH, and LC of P. amabilis
seedlings were found to be statistically significant (p < 0.01, Table 3), with a clear trend of
all four indicators increasing as the light intensity increased (p < 0.05, Table 4). In terms
of the GD, the P. amabilis seedlings exhibited their lowest values under the 8.5% and 15%
natural light treatments (1.7 mm and 1.8 mm, respectively), and their highest value under
the 100% natural light treatment (2.8 mm), while the GD under the 28% and 75% natural
light treatments (2.4 mm and 2.3 mm, respectively) fell between these extremes, with
significant differences being observed between each pair, except for the GD under the 28%
and 75% natural light treatments, where the difference was not significant (Table 4). The H
and NH displayed similar patterns of variation with changing light intensity, except for the
H and NH values under the 28% natural light treatment, which did not significantly differ
from those under the 75% natural light treatment (Table 4). As for the LC, the values under
100% and 28% natural light were significantly higher than those under the 75%, 15%, and
8.5% natural light treatments (p < 0.05, Table 4).

The influence of varying the light intensity on the biomass of the P. amabilis seedlings
exhibited a significant relationship (p < 0.01, Table 3). With an escalating light intensity,
there was a gradual augmentation in the biomass of the stems, leaves, roots, and whole
plants, culminating in peak values under the 100% natural light treatment (0.9 g/plant,
0.6 g/plant, 4.1 g/plant, and 5.9 g/plant, respectively). When compared to the biomass
value observed under the 100% natural light treatment, the SB values under the 75%, 28%,
15%, and 8.5% natural light treatments accounted for 55.6%, 66.7%, 33.4%, and 22.2%,
respectively. Similarly, the RB values under the latter four treatments constituted 50.1%,
52.2%, 20.2%, and 16.8% under the 100% natural light treatment, respectively. The total
biomass values under the 75%, 28%, 15%, and 8.5% natural light treatments amounted to
53.1%, 59.6%, 26.8%, and 23.7% of the total biomass under the 100% natural light treatment
(Tables 3 and 4, Figure 2A,B). However, with the increasing light intensity, no significant
differences were observed in the specific leaf area (p > 0.05, Figure 2C) and leaf-stem ratio
from the 8.5% natural light treatment to the 100% natural light treatment of P. amabilis
seedlings (p < 0.05, Figure 2D), whereas the root-shoot ratio progressively increased with
the increasing light intensity (p < 0.05, Figure 2E).



Forests 2024, 15, 684 8 of 20

8
8
8

Sl (B) e g |©
= g 2
DA 3) £ gr
PN ® - a £
E i H a5 a S18
2 o 2 %28 b | 8 a a ab
= 3 2 g ab b
a & § 8 3w
o 3 2 24 5
o @ = 216
& 3 3
[}
o 26 20 15
0 P oS REY T R R
Light intensity (%) Light intensity (%) Light intensity (%) Light intensity (%)
50 10 10
35 1(E) (F) (G) (H)

3
©
©

Soil temperature (C)
- N N
(3] o (3]
L L L
Soll water content (viv%)
-
3 B
Soll pH value
N a
L L L
Soll pH value
N a

w
o
1

a bc ab bec ¢ p a
b b b
6/ 2 bpb b

8
]

c bc b ab 2

[} [} [}
S Q.S S O
S L& S &S ooty
e -
Water addition (mm/year) Water addition (mmiyear) Water addition (mm/year) Rhizosphere soil type
30 50 10 20
U} () (K) - (L)
o ;\: 40 8 g19
23, S 3
e b = 3 p 2 E
£ c c| 230 86| ¢ ¢ ¢ 218
& 28 o x k] a @ a g
a o o o b
E Q 20 = 4 217
g ] a K]
35 27 2 k-
» 3 10 2 =16
@ &
26 [ [ 15
S AN P S A NN P S AN P S AND P
Groundwater level {cm) Groundwater level (cm) Groundwater level (cm) Groundwater level (cm)
5 5 20 10
(M) s [N — (0) (P)
B = 2
x4 54 5 19 8
- ] E @
c 2 a
(T 83 218 g6 »
e o 2 a a > d ¢ c
] 2 k| a x
= < aba , a o b b o
52 8271 . a7 54
-] g E] 7
= K 2
o1 =1 3 16 2
7 3 -
[+] 4 [+] 4 15 < [+] y
(Pt o (Pt 9@ (P o 0% o °
o S o S oo S o s
g o co% o o 0 P o O 0P
« Gd) « Gd) « 6“0 «
[ [ [ [
Fertilizer type Fertilizer type Fertilizer type Fertilizer type

Figure 1. The responses of P. amabilis to various environmental factors were investigated. These
factors comprised photosynthetic photon flux density (PPFD) (A), soil temperature (B), soil water
content (C), and soil total potassium (D) under different light intensities. Additionally, responses
to soil temperature (E), soil water content (F), and soil pH (G) were examined under various water
addition treatments. Furthermore, the response to soil pH (H) was analyzed concerning rhizosphere
soil type, and evaluations were made on responses to soil temperature (I), soil water content (J), soil
pH (K), and soil total potassium (L) under different groundwater levels. Lastly, responses to soil total
nitrogen (M), soil total phosphorus (N), soil total potassium (O), and soil pH (P) were investigated in
relation to fertilizer type. Significant differences among treatment levels were denoted by different
letters above the columns (one-way ANOVA, p < 0.05).
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Table 3. ANOVA of the effects of changes in light intensity, water addition, groundwater level,
fertilization type, and rhizosphere soil type on the growth of P. amabilis seedlings.

F-Value/Treatments

Indexes Light Intensity = Water Addition = Groundwater Fertilizer =~ Rhizosphere
(%) (mm) Level (cm) Type Soil Type
Physical and chemical indexes
PPFD 323.69 *** 1.14ns 3.50 ** 2.92* 2.00 ns
Soil temperature 23.46 *** 4.65** 23.01 *** 0.73 ns 5.19 **
Soil water content 3.98 % 4.59 ** 409.21 *** 0.95ns 8.22 **
Soil pH value 6.72 *** 6.19 ** 28.94 *** 65.92 *** 6.05 **
Soil total nitrogen 0.58 ns 5.23 ** 25.95 *** 117.05 *** 11.70 ***
Soil total phosphorus 4.23** 3.19* 26.23 *** 48.98 *** 12.63 ***
Soil total potassium 7.71 %% 3.14* 16.86 *** 45.32 *** 10.34 ***
Soil NO3~-N 5.33 ** 0.86 ns 18.53 *** 32.14 *** 5.58 **
Soil NH4*-N 1.74 ns 0.58 ns 1.53 ns 0.37 ns 0.31ns
Morphology indexes
Ground diameter (GD) 30.84 *** 1.04 ns 3.38* 1.22 ns 3.06 *
Height (H) 4.65** 2.90* 1.46 ns 1.31ns 2.80*
Net height increment (NH) 2.92* 3.35* 1.38 ns 1.45ns 0.72ns
Leaf count (LC) 4.42 % 5.82 ** 1.98 ns 4.64** 4.00 *
Biomass indexes
Root biomass (RB) 25.33 *** 2151 11.02 *** 6.95 *** 5.90 **
Stem biomass (SB) 22.24 *** 3.66* 1.156 ns 1.11ns 1.64 ns
Leaf biomass (LB) 4.05*% 293 * 1.53 ns 3.05% 3.22%
Root-shoot ratio 21.84 *** 3.97* 16.16 *** 9.52 *** 18.17 ***
Total biomass (TB) 22.59 *** 241* 8.08 ** 5.61 ** 4.48 **

Note: Numbers are the F-values. Stars indicate the level of significance (ns p > 0.1, * p<0.1,*p<0.05 *p<0.01,
***p <0.001).

Table 4. Responses of the aboveground variables of P. amabilis to light intensity, water addition,
groundwater level, fertilization type, and rhizosphere soil type.

Aboveground Variables of P. amabilis

Iizlsr}i):];llsee of TE::;L ent G.mund Height Net Height Stem Biomass Leaf Count Leaf Biomass
Diameter Increment
(GD, mm) (H, cm) (NH, cm) (SB, ) (LO) (LB, g)
8.5 174+0.1°¢ 172+ 03¢ 7.74+04° 02400¢ 110.6 + 10.6? 04+0Pb
Light 15 18+01¢ 16.8 £04°¢ 8.1+08P 03+00¢ 97.7 + 84b 04+0P
intensity 28 24+01° 19.8+ 052 940743 0.6+£0.0° 145.7 + 14.12 06+012
(%) 75 23+01° 17.6 £ 0.7 b¢ 9.6+1.32 05+01° 110 £ 12.5P 04+01°
100 (control) 284012 208 +0.6° 10.7 £ 0.82 094012 156.7 £ 25.12 064012
800 234022 19.9 +0.82 974072 05+01"° 95.8+13.1¢ 04+01¢
Water 1200 224022 17.7 + 152 87+ 123 06+012 158.7 +26.12 06+012
addition 1600 224012 195+ 0.72 10.6 +0.82 0.5+ 0.1 120.8 + 11.7be 0.5 4 0.1 abe
(mm) 2000 214022 183+ 123 9.1+0.72 05+0.12 1402 £ 7.1 05+0.12
2400 224012 16.7 £ 0.6 71+05P 04+00° 105.1 +11.1¢ 0.4 +0.1be
0 (control) 234022 194+112 994112 054012 136.3 £ 1292 064012
Groundwater 7 244012 197 £1.12 99+1.02 064012 129.7 £13.02 054012
level 14 234022 181+1.12 924092 06+012 135.1 + 2692 05+012
(cm) 21 21+01°% 179+122 834062 054012 1054 £9.72 044002
28 2+02P 1714072 78+0.72 044012 114.2 £15.02 044012
River sand (control) 234022 182+ 092 814052 054012 1419 +£11.82 05400
Fertilizer Urea 21+012 193 +12¢2 102 +1.02 044012 83.8+9.7b 03401P
type Compound fertilizer 224022 185+ 0.82 93+1.02 04+01° 122.5 4 12.8 @b 0.5+ 0.12
Cow manure 224022 170+ 132 83+072 054012 128.1+13.02 054012
Rapeseed cake 234022 193 +1.0° 93+1.0° 06+012 1444 + 2522 06+012
River sand (control) 24+02° 19.0+1.02 8.6+0.72 05+0.12 126.3 + 8.8 2P 05+0.02
Rhizosph P. massoniana 20+0.1P 16.8 £ 1.0 814072 0.5+ 0.0 1043 +11.9° 04+01°
o°p ete C. h 224022 191+ 112 94+1.12 05+0.12 135.5 + 185 2P 0.6+012
soil type .camp ora . . . . . . . .
Mixed forest 2240272 175+ 1.02 9.1+07°2 04+01° 1045+ 10.1° 04+00°
P. armandii 224022 19.7 +1.12b 99+1.1°2 0.6+0.1°2 150.0 +£24.92 0.6+0.1°

Note: All values represent the means =+ standard error (1 = 10) of five replicate plots for each light intensity level,
water addition level, groundwater level, fertilization type, and rhizosphere soil type. Different letters indicate
significant differences among the levels of the five treatments (one-way ANOVA, p < 0.05). The aboveground
variables of P. amabilis include the ground diameter (GD), height (H), net height increment (NH), stem biomass
(SB), leaf count (LC), and leaf biomass (LB).
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Figure 2. The responses of P. amabilis to various environmental factors were investigated in this study.
These factors encompassed changes in light intensity, water addition, groundwater level, fertilizer
type, and rhizosphere soil type. Specifically, the study examined the responses of root biomass
(AF,K,P,U), total biomass (B,G,L,Q,V), specific leaf area (C,H,M,R,W), leaf-stem ratio (D,I,N,S,X),
and root-shoot ratio (E,J,O,T,Y). The bars represent the means (+SE) of ten replicate plots, and
significant differences among the levels of each treatment are indicated by different letters above the
columns (one-way ANOVA, p < 0.05).
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3.2. Impacts of Different Water Addition and Groundwater Levels on Soil Physicochemical
Properties, Aboveground Morphological Parameters, and Biomass

Our results demonstrate that increasing rainfall correlates with a significant decline
in soil temperature (Figure 1E). In contrast, under a water addition rate of 1200 mm/a,
the soil water content reached its maximum level (Figure 1F). Conversely, an elevation
in the groundwater level was associated with a notable decrease in soil temperature
(p < 0.05, Figure 1I) and an increase in the soil water content (p < 0.01, Figure 1J). The
assessment of soil pH unveiled a substantial upward trend with escalating water addition
and groundwater levels, particularly when the groundwater level exceeded 14 cm (p < 0.05,
Figure 1G,K). At a groundwater level of 0 cm, the soil potassium content was minimal, at
16.98 g/kg. However, at groundwater levels of 7 cm, 14 cm, 21 cm, and 28 ¢cm, there were
increases, measuring 0.24 g/kg, 0.32 g/kg, 0.29 g/kg, and 0.23 g/kg, respectively, albeit
without significant differences among them (p < 0.05, Figure 1L).

The analysis of variance identified a significant influence of water availability on the
H, NH, LC and all biomass indexes of P. amabilis seedlings (p < 0.1, Table 3). The drought
treatment (800 mm/year) resulted in an increase in the H and NH (p < 0.01, as outlined
in Tables 3 and 4). Regarding the LC, aboveground biomass (including LB and SB), RB,
and TB of P. amabilis, the highest values were observed under the mild drought treat-
ment (1200 mm/a). The most effective waterlogging treatment (2400 mm/year) markedly
suppressed all indicators, encompassing the H, NH, LC, LB, SB, RB, and TB. Conversely,
water addition treatments exhibited no notable impact on the GD (p < 0.01, Tables 3 and 4,
Figure 2FG).

Different groundwater levels significantly influenced the soil temperature, soil water
content, pH, soil total potassium content, GD, RB, TB, and root-shoot ratio, while having
no significant effect on the H, NH, LB, LC, and SB (p < 0.01, Table 3). A rise in the
groundwater level correlated with a progressive increase in the soil moisture content
(p < 0.01, Figure 1]). Simultaneously, the soil pH gradually rose within the depth range of
14-28 cm (p < 0.01, Figure 1K). In the 0-14 cm depth range, the soil temperature decreased
with rising groundwater levels, stabilizing as the groundwater level further increased
(p < 0.01, Figure 1I). However, the GD, RB, TB, and root-shoot ratio show relatively high
but nonsignificant values within the 0-14 cm groundwater level range. Following this,
as the groundwater level rose, these indicators gradually declined within the 14-28 cm
range (p < 0.01, Table 4, Figure 2K,L,O). However, the variations in the specific leaf area and
leaf-stem ratio in response to different watering treatments (Figure 2H,I) and the influence
of the groundwater level on the leaf-stem ratio were not substantial (Figure 2M,N).

3.3. Impacts of Different Fertilizer Types and Rhizosphere Soil Types on Soil Physicochemical
Properties, Aboveground Morphological Parameters, and Biomass

Both fertilization and rhizosphere soil amendments significantly impacted the soil
properties, specifically influencing the soil total nitrogen, total phosphorus, total potassium,
nitrate nitrogen, and soil pH (p < 0.05, Table 3), while exhibiting no notable effects on the
surface soil temperature, soil water content, and soil ammonium nitrogen (p > 0.05, Table 3).

Regarding nutrient availability, different fertilizer types substantially increased the
soil total nitrogen, total phosphorus, total potassium, and nitrate nitrogen content (p < 0.05,
Table 3). In comparison to the control treatment, urea, compound fertilizer, cow manure,
and rapeseed cake organic fertilizer additions raised the soil total nitrogen content by
1.0g/kg, 0.5 g/kg, 0.4 g/kg, and 0.5 g/kg, respectively, with the most significant increase
being observed for the urea treatment at 71.4% (p < 0.05, Table 3, Figure 1M). The total
phosphorus content in the soil was highest in the treatments with compound fertilizer
and rapeseed cake organic fertilizer, followed by the urea and cow manure additions
(Figure 1N). The soil’s total potassium content was highest in the treatments with the
compound fertilizer, rapeseed cake organic fertilizer, and cow manure organic fertilizer,
with increases of 195.9%, 186.7%, and 106.1%, respectively. However, the addition of
urea had no significant effect on the soil total potassium content compared to the control
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treatment (Figure 10). Only the cow manure fertilization treatment exhibited a higher soil
pH compared to the control treatment. In contrast, the application of urea, compound
fertilizer, and rapeseed cake organic fertilizer caused decreases in the soil pH by 1.1, 0.8,
and 0.9 units, respectively (Figure 1P, Table S1).

In relation to fertilizer types, significant effects were observed on various seedling
parameters, including the LC, RB, LB, and TB, although not on the GD, H, NH, and SB
(p <0.01, Tables 3 and 4). Compound fertilizer notably decreased RB and TB levels, but had
no significant impact on the LC and LB. Conversely, urea addition significantly lowered
the LC, RB, LB, and TB. Cow dung and rapeseed cake fertilizer additions, in comparison to
the control, did not notably influence the LC, RB, LB, and TB. Notably, the rapeseed cake
fertilizer consistently increased these indicators, warranting attention (p < 0.05, Table 4,
Figure 2PQ).

Furthermore, when examining resource allocation strategies, various fertilizer treat-
ments had no effect on the specific leaf area of P. amabilis seedlings (Figure 2R). However,
the application of urea fertilizer significantly reduced both the leaf-stem ratio and root-
shoot ratio (Figure 2S,T). Additionally, the compound fertilizer and cow manure organic
fertilizer treatments significantly decreased the root—-shoot ratio (Figure 2T).

The inclusion of rhizosphere soil had noteworthy implications for the soil temperature,
soil water content, soil pH value, and soil nutrient availability (p < 0.05, Table 3). All
rhizosphere soils increased the soil water content, total nitrogen, total phosphorus, and
total potassium, while reducing the soil temperature and pH value (p < 0.05, Tables 3 and S1,
Figure 1H). Pinus massoniana rhizosphere soil showed the highest encouraging effect on the
soil total nitrogen and total phosphorus, whereas P. massoniana rhizosphere soil had the
least encouraging effect. Cinnamomum camphora and the mixed forest rhizosphere soil had
intermediate encouraging effects. Furthermore, the encouraging effects of the C. camphora
and mixed forest rhizosphere soils on the total nitrogen and total phosphorus did not
significantly differ (p < 0.05, Table S1).

The influence of varying the rhizosphere soil type on the aboveground morphological
parameters (GD, H, and LC) and biomass (RB, LB, and TB) of P. amabilis seedlings was
statistically significant, with no significant effects being observed for the NH and SB
(Table 3). P. massoniana decreased the GD and H, whereas P. amabilis increased them; the
other rhizosphere soils showed no significant impact on these parameters (Table 4). The LC
and LB exhibited minimal changes compared to the control across all four other rhizosphere
soils. However, in the presence of P. massoniana and the mixed forest rhizosphere soil, the
LC and LB were suppressed, whereas P. amabilis promoted their abundance. Consequently,
LC and LB levels were significantly higher under the P. amabilis rhizosphere soil treatment
compared to P. massoniana and the mixed forest soil. Additionally, the LC under C. camphora
did not significantly differ from other rhizosphere soil types, while the LB under C. camphora
was comparable to that under P. massoniana but significantly higher than the other three
rhizosphere soil types (Table 4). Regarding the TB, this was significantly lower under the
P. massoniana rhizosphere soil treatment compared to the other four rhizosphere soil types,
with no significant differences being observed among these four soil types. (Figure 2V).
Regarding the RB, the P. massoniana rhizosphere soil treatment significantly suppressed
the RB, whereas P. amabilis significantly enhanced the RB. However, the effects of the
C. camphora and mixed forest rhizosphere soils on the RB were not statistically significant
(p < 0.05, Table 4, Figure 2U).

Nevertheless, in terms of resource allocation strategies, the specific leaf area of P. ama-
bilis seedlings significantly increased with the addition of P. massoniana rhizosphere soil,
whereas other types of rhizosphere soils did not show a significant difference compared
to the control (Figure 2W). Under the P. massoniana rhizosphere soil treatment, the root-to-
shoot ratio was significantly lower compared to the other four rhizosphere soil treatments.
In contrast, the root-to-shoot ratio under the mixed forest rhizosphere soil treatment ex-
hibited a significantly higher value than the other four treatments. Notably, statistical
significance in the root-to-shoot ratio differences was absent only among the control (1.66),
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C. camphora (1.78), and P. amabilis (1.87) rhizosphere soil treatments, with values falling
between those of the P. massoniana (1.15) and mixed forest (2.61) treatments (Figure 2Y).
However, the addition of rhizosphere soil did not have a significant impact on the leaf-stem
ratio (Figure 2X).

3.4. Path Analysis of Ecological Factors Influencing P. amabilis Seedlings

To understand how ecological factors influence biomass distribution in various organs
of P. amabilis seedlings, we conducted a structural equation modeling (SEM) analysis
(Figure 3). Light intensity consistently had positive effects (Figure 4A), directly impacting
the available light resources and subsequently influencing biomass accumulation in both
the aboveground and belowground parts. Additionally, light intensity influenced the
soil temperature by regulating seedling photosynthesis, thereby affecting various growth
indicators (Figures 3 and 4A).

Light Water Groundwater Fertilizer Rhizosphere
intensity addition level type soil type
A <l 036 I o5, T o2
0.98 P -0.18 \\‘ - &4; - 093 0.21 o i -
2 ’f‘\ 2 ““‘ 2
el s N-0.19 ‘SWe 2030 [ 006 RS0

0.16

RB

r2=0.82

0.22

R?=0.55, p=0.58, 3x%/df=0.92, Bootstrap p=0.80, RMSEA=0.08

Figure 3. Structural equation model (SEM) demonstrating the pathways of changes in light intensity,
water addition, groundwater level, fertilizer type, and rhizosphere soil type affecting the physico-
chemical properties (LI, light intensity; ST, soil temperature; SWC, soil water content; pH, soil pH;
STK, soil total potassium), morphology indexes (H, height; NH, net height increment; GD, ground
diameter; LC, leaf count), and biomass (SB, stem biomass; LB, leaf biomass; RB, root biomass) residues
of P. amabilis seedlings. Square boxes indicate variables included in the model. The direct and indirect
associations of factors with the TB (total biomass) are shown. Results of model fitting: R2 =0.55,
p=0.58, x2/df =0.92, Bootstrap p = 0.80, RMSEA = 0.08, n = 50 (a high Bootstrap p-value associated
with an x? test and RMSEA < 0.08 indicates a good fit of the model to the data, with no significant
difference). The width of the arrows is proportional to the potential causal effects between variables,
and standardized path coefficients are indicated by the numbers adjacent to each box. Paths with
significant positive effects (p < 0.05) are depicted as black solid lines, and significant negative effects
(v < 0.05) are shown as black dotted lines, while insignificant paths are omitted. The r? values (in red)
associated with response variables indicate the proportion of variation explained by relationships
with other variables. The standardized path coefficients are represented by values associated with
solid arrows.

The analysis revealed direct impacts of water addition on the soil temperature, pH,
aboveground biomass accumulation, and seedling morphological indicators. Among these
factors, only the soil pH showed a positive effect, while the others had negative effects
(Figure 4B). The groundwater level emerged as a key determinant, positively correlating
with the soil water content. It also directly influenced the soil temperature, pH, and
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total potassium content, ultimately inhibiting root biomass accumulation and negatively
impacting the overall biomass of P. amabilis seedlings (Figures 3 and 4C).

The fertilizer type influenced the soil temperature to some extent and significantly
affected both the readily available and total nutrient content in the soil. Notably, the most
pronounced effect manifested as a negative impact on the soil pH, while no significant
effect was observed on biomass allocation to different plant parts or the overall biomass
(Figure 4D). The rhizosphere soil type exhibited a positive correlation solely with the
soil pH, exerting varying degrees of inhibitory effects on the aboveground biomass, root
biomass, and total biomass of the seedlings (Figure 4E).
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Figure 4. Partitioning of the standardized total effects of light intensity (A), water addition (B),
groundwater level (C), fertilizer type (D), and rhizosphere soil type (E) on total biomass of P. amabilis
seedlings via photosynthetic photon flux density (PPFD), soil temperature, soil water content, soil
total potassium, soil pH, aboveground biomass (including leaf count, leaf biomass, ground diameter,
net height increment, height, stem biomass), and, root biomass. Total biomass is the standardized
total effect of treatment. The values for standardized effects were derived from the SEM analysis in
Figure 3.

In summary, light intensity had a significant positive effect on the biomass accumula-
tion of aboveground photosynthetic organs and root biomass in P. amabilis seedlings. Water
addition directly influenced the aboveground growth of the seedlings, while indirectly af-
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fecting root biomass accumulation. The groundwater level primarily impacted the biomass
of the root systems, resulting in an overall effect on the biomass of the P. amabilis seedlings.

4. Discussion
4.1. P. amabilis Seedling Growth in Response to Light Intensity

Our analysis indicated a progressive decline in the growth performance of P. amabilis
seedlings with increasing shading intensity. These results underscore the significant role
of light conditions as a primary ecological factor influencing both the aboveground and
belowground growth of P. amabilis seedlings, supporting the earlier hypothesis of their
preference for light. Our discovery partially supports the conclusions of a previous study
by Zhang and Wang [25]. This study suggests that the growth of P. amabilis seedlings
is not inhibited when shaded by 30% to 50%, but only significantly suppressed under
95% shaded conditions. It was observed that when exposed to mild shading conditions,
P. amabilis seedlings demonstrated the capacity to adapt to reduced light intensity through
intrinsic self-regulatory mechanisms. However, when the shading intensity exceeded the
species’s adaptive threshold, it resulted in notable changes in leaf chlorophyll compo-
sition, peroxidase activity, soluble protein content, and proline content. However, this
assessment was based on a short-term (60-day) single-time evaluation of physiological
indicators. This research enhances our understanding of the response patterns of P. am-
abilis seedlings to varying light intensities within the range of natural light conditions
(746.3~895.5 pmol m—2s~1) [25].

Extensive research has explored the influence of light intensity on seedling growth and
biomass accumulation [6,43]. For example, a study on Carpinus betulus seedlings reported
markedly higher aboveground, belowground, and total biomass values, along with an in-
creased root-shoot ratio, under high-light conditions [44]. In contrast, the seedling biomass
of Changium smyrnioides and Anthriscus sylvestri reached its maximum under moderate light
intensity [45]. Comparable light responses have been observed in other pine species, includ-
ing P. massoniana seedlings under a 30% shading treatment [46] and Chinese larch seedlings
under varying thinning intensities [47]. These responses primarily involve longer needles
and a larger leaf area, alongside lower rates of photosynthesis, transpiration, and stomatal
conductance. Additionally, there is an increase in the photosynthetic pigment content.

Pseudolarix amabilis belongs to the photophilic plant group, characterized by a high
demand for light input. In our study, where we considered the late-season biomass of
P. amabilis seedlings as the dependent variable, we observed an increase in photosynthetic
biomass accumulation in response to higher light intensities. This increase was evident
in terms of the GD, H, NH, LC, and aboveground biomass. Moreover, photosynthetic
products were redistributed to facilitate growth in the root system, resulting in an overall
increase in the biomass of the P. amabilis seedlings. In alignment with the findings of
Zhou [6], our study reveals a substantial enhancement in the aboveground, belowground,
and total biomass of P. amabilis seedlings, accompanied by an increase in their root-shoot
ratio, in response to increasing light intensities.

These results indicate that light intensity plays a pivotal role in influencing the growth
of P. amabilis during the juvenile life stage [48]. Optimal growth conditions are achieved
when P. amabilis is exposed to natural light within its suitable distribution range.

Resource allocation patterns confirm that even slight shading hampers seedling growth
by decreasing the light intensity. Consequently, shaded treatments result in reduced
biomass across all plant components, including the whole plant and root-stem-leaf seg-
ments, accompanied by a decline in the root-shoot ratio. The preference for allocating
resources aboveground becomes notably prominent when P. amabilis seedlings adapt to
low-light conditions.

In low-light conditions, the P. amabilis seedlings exhibited a higher leaf-stem ratio and
specific leaf area, suggesting a prioritized allocation of photosynthetic products to leaves,
stems, and roots. This finding is consistent with previous research [49]. These findings
imply that P. amabilis seedlings, along with other coniferous species and organisms, may
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prioritize the nearest resources when facing ecological constraints or stress. Moreover, as
stress increases, this response may shift to allow the plants to prioritize resources in order
from nearest to farthest. It is important to note that these observations apply specifically to
the rapid growth stage of P. amabilis seedlings and require further research to be confirmed
and given broader relevance. However, if this principle becomes a general rule, it could
offer valuable insights into ecological factors. This could enhance our understanding of the
cumulative impact of shading treatments on P. amabilis seedling growth, complementing
traditional ecological theories.

It is worth noting that this study lacks high-frequency data tracking the photosynthetic
physiological indicators of P. amabilis seedling growth throughout an entire growth season.
Consequently, it cannot provide a comprehensive explanation for the disparities observed
in comparison to the findings of Zhang and Wang [25]. Therefore, future research endeavors
that focus on high-frequency measurements of photosynthetic physiological indicators
will contribute to a more detailed understanding of how P. amabilis seedlings respond to
varying light intensities.

4.2. P. amabilis Seedling Growth in Response to Water Heterogeneity

The results of both the water addition and groundwater level treatments reveal a clear
response in the P. amabilis seedlings, highlighting their tolerance to drought but intolerance
to waterlogging during the seedling stage. Our study emphasizes the importance of a
waterlogging depth of around 14 cm below the soil surface as a critical threshold for
supporting normal seedling growth.

Prior descriptive studies on the initial introduction and afforestation of P. amabilis have
indicated its unsuitability for cultivation in waterlogged environments [45,50]. However,
these claims lack robust validation, particularly due to the absence of the experimental
research data covering diverse water-gradient conditions needed to address this scientific
inquiry. In our study, we simulated rainfall by applying water from above the soil surface,
contrasting with continuous bottom-up waterlogging treatment. This distinction led to
varied effects on the P. amabilis seedlings.

Despite experiencing drought stress with an annual rainfall of 800mm, the seedlings
did not show the ability to stimulate growth in their stems, leaves, and roots, but rather
increased their root-shoot ratio. This adaptive strategy involves reallocating resources
to underground root growth, improving water absorption and enhancing drought toler-
ance [51,52]. In our study, intense continuous waterlogging hindered root growth, affecting
the overall growth of the P. amabilis seedlings due to oxygen depletion. This aligns with
research indicating the rapid depletion of oxygen by soil microorganisms and roots under
waterlogging stress [50]. Consequently, anaerobic fermentation for ATP synthesis becomes
inefficient, leading to a depletion of carbohydrate reserves. This depletion results in hy-
poxia, malnutrition, compromised membrane integrity, and the infiltration of phytotoxic
compounds from the waterlogged soil. These cumulative effects can ultimately lead to
reduced biomass or crop failure [50,53]. Our research shows that despite the increased soil
nutrient content, the soil was not able to counteract the limitations of waterlogging stress
and elevated pH on the P. amabilis seedlings’ root growth. This study suggests that the
14 cm groundwater threshold for the normal growth of P. amabilis seedlings may not be
highly applicable due to limitations posed by their root system depth, making it challenging
to implement in cultivation practices.

4.3. P. amabilis Seedling Growth in Response to the Fertilizer Type

Fertilization significantly affects soil nutrient availability, yet its impact on the growth
of P. amabilis seedlings appears to be insignificant, suggesting that soil nutrient conditions
may not be the primary limiting factor. Generally, conventional soils within the refor-
estation range of P. amabilis provide adequate support for its growth. However, a more
detailed comparative analysis revealed noteworthy variations in the growth performance of
P. amabilis seedlings when urea and rapeseed cake fertilizers were applied. Notably, while
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urea exhibited a pronounced inhibitory trend during the cultivation of P. amabilis seedlings,
the opposite effect was observed with rapeseed cake fertilizer. In general, both chemi-
cal and organic fertilizers can supply essential plant growth elements such as nitrogen,
phosphorus, and potassium [33,34]. Proper fertilizer application in nutrient-deficient soils
typically results in increased seedling biomass [54], improved photosynthetic efficiency [44],
and an enhanced accumulation of osmoregulatory substances, thereby boosting drought
resistance [55].

It is important to note that, although our study revealed significant effects of both
chemical and organic fertilizers on the soil nutrient availability, soil nutrient conditions may
not be the primary ecological factor limiting the growth of P. amabilis seedlings. However,
it is worth acknowledging that the introduction of nutrients into the rhizosphere soil in
our study was an unavoidable limitation, albeit relatively minor in comparison to the
added fertilizers. Consequently, additional fertilizer application is often unnecessary, and if
required, organic fertilizers should be prioritized, with cautious consideration being given
to the use of chemical fertilizers, particularly urea.

4.4. P. amabilis Seedling Growth in Response to the Type of Added Rhizosphere Soil

Out of the five types of added rhizosphere soil, it was only the seedlings cultivated
in P. amabilis rhizosphere soil that exhibited increased biomass. Conversely, the treatment
involving the addition of P. massoniana rhizosphere soil showed certain inhibitory effects,
while the other rhizosphere soil types had no significant impact on the growth of the
P. amabilis seedlings. These results align with earlier investigations [56], which suggested
that transplanting with native soil enhances the survival rate and growth of P. amabilis
seedlings. In contrast, our structural equation modeling analysis revealed that rhizosphere
soil addition can influence the growth of P. amabilis seedlings by modulating the soil pH
and nutrient conditions. These results differ from the observations of Qian et al. [27], who
reported that topsoil from P. massoniana forests promoted the growth of P. amabilis in terms
of survival rate and biomass. This disparity between the studies may be attributed to the
absence of specific fungi capable of forming ectomycorrhizal associations with P. amabilis in
the P. massoniana rhizosphere soil. On the other hand, the addition of topsoil from P. masso-
niana forests, while lacking specific fungi for P. amabilis, may provide favorable nutrient
conditions in the topsoil, potentially explaining its growth-promoting effects. However,
it is important to acknowledge a limitation of our study, specifically the lack of direct
observations of specific fungi associated with P. amabilis. This limitation primarily stems
from the absence of isolation and identification of these specific fungi in the laboratory.

5. Conclusions and Future Perspectives

We found that light intensity is the key ecological factor affecting P. amabilis seedling
growth. To optimize growth, we recommend avoiding shaded conditions, keeping the
groundwater levels below 14 cm, encouraging moderate drought conditions, applying
well-rotted rapeseed cake organic fertilizer as needed, and incorporating rhizosphere soil
during transplantation. In summary, this study offers practical recommendations for on-site
protection to mitigate declining population numbers, address population isolation, and
alleviate potential habitat loss within wild P. amabilis populations. Mitigation measures
may include thinning to reduce the population density, selectively thinning coexisting
tree species’ canopies to alleviate competition, improving understory light conditions, and
facilitating seedling growth to ensure population continuity.

The influence of light, soil moisture, and nutrients on P. amabilis growth is mainly
seen through interspecific competition. Subsequent research should focus on native habitat
competition dynamics. These findings can aid in implementing ex situ conservation
for surviving populations and provide standardized approaches for artificial planting,
especially considering potential habitat loss.
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