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Abstract: Through this study, the most suitable fertilization ratio, amount and frequency
were determined, providing a scientific reference for further fertilization management for
Magnolia wufengensis (Magnoliaceae) seedlings. Fertilization is an important cultivation and
management measure to maintain forest seedling health and rapid growth. However, improper
fertilization can also have unexpected effects: inhibiting seedling growth, increasing the cost of
production and contaminating the environment. Thus, to explore the most suitable fertilization
treatment for Magnolia wufengensis growth, one-year-old Magnolia wufengensis seedlings and the
orthogonal design method were used in this study. Three different fertilization frequencies were
used combined with 9 NPK ratios. The growth index, chlorophyll content, nutrient content in
tissues, nutrient transport efficiency, nutrient uptake, and soil properties were analyzed. Fertilization
can increase chlorophyll content, promoting the vegetative growth and biomass accumulation of
Magnolia wufengensis. Fertilization reduced the proportion of root biomass to whole plant biomass,
resulting in an increase in stem biomass with little effect on leaf biomass. Additionally, fertilization
also increased the proportion of N in roots, P in stems and K in leaves. Under fertilization, the K
transport efficiency was higher than that of N and P. Furthermore, there was a positive correlation
between the nutrient use efficiencies of N and K. Overall, the effects of six fertilizer applications were
much better than those of four and eight fertilizer applications on the promotion of vegetative growth,
biomass and nutrient accumulation, nutrient uptake and transport efficiency. The results showed
that six fertilizer applications with an NPK ratio of 3:2:1 as follows: N application at 480 mg/plant,
P application at 320 mg/plant, and K application at 160 mg/plant was the most suitable fertilization
method for plant growth.

Keywords: Magnolia wufengensis; fertilization ratio and frequency; vegetative growth; biomass
accumulation; nutrient accumulation; nutrient uptake

1. Introduction

Magnolia wufengensis (Magnoliaceae) is a new species of subgenus Magnolia, genus Magnolia
with great ornamental value that was discovered by Luyi Ma, Luorong Wang, et al. in 2004 [1]. Itis a
type of hysteranthous deciduous tree with a completely red perianth (inside and outside) and flap of a
single color that can be used in urban landscaping and mountain forestation with broad application
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and popularization prospects [2]. Additionally, it also has diverse variants because of its different
shapes and numbers of petals [3]. Due to the variety and originality of its intrinsic morphology,
M. wufengensis has become an indispensable material for the study of the origin, evolution, distribution
and phylogeny of Magnolia and even Magnoliaceae. It has a narrow distributing range, with only
2000 strains in the wild community. More seriously, fragmented habitation makes it much more
difficult for M. wufengensis to renew under natural conditions, leaving it in a critically endangered
state. Thus, it is necessary to plant more seedlings to rescue this precious species.

Seedling growth requires careful management, and fertilization is important for sowing seedlings
of forestry crops and ensuring healthy growth. Among the 16 necessary nutrients, nitrogen (N),
phosphorus (P), and potassium (K) are heavily needed for plant growth. Because of their limited
supply in soil, these nutrients are frequently replenished in production and thus are called the “three
essentials of fertilizer” [4-7]. The contribution of nitrogen to plant growth is 40%-50%, N is an
important component of proteins, nucleic acids, chlorophyll and some growth hormones in plants, and
has an important effect on photosynthetic rate [8-10]. P is an indispensable element in the synthesis of
nuclear proteins, lecithin, etc., and can also promote cell division and energy transport and accelerate
both aerial and underground growth [11-14]. K is considered a ‘quality factor” in plant production
because it is closely related to plant development and metabolism. Although K is not a component
of organic compounds, it can accelerate photosynthesis, influence production quality and participate
in plant resistance mechanisms; the growth and development of plants will be repressed under K
deficiency [15-18]. However, excessive fertilization will not only reduce fertilizer use efficiency, thereby
increasing the cost of production, but also lead to soil and water pollution and increased plant pests
and diseases [11,19-22]. The environmental problems caused by excessive fertilization have aroused
increasing public attention. Thus a more scientific fertilization pattern that is not only good to plants
but also harmless to environment is urgently needed.

According to the need to improve plant quality and environmental pollution, from an
ecological point of view, appropriately balanced fertilization can be formulated to significantly
promote plant growth without causing environmental pollution. Meanwhile, a reasonable ratio
can also relatively reduce the amount of various fertilizers [23-25]. In the application of balanced
fertilization, each balanced fertilization model has unique characteristics suiting for a specific area (soil
environment), plant species, and fertilizer type. Through evaluation of the adaptability of the widely
used balanced fertilization model in Europe, no one model has been found to be suitable in all plants,
fertilizers and areas [26,27]. Therefore, it is necessary to explore an optimal NPK fertilization ratio for
M. wufengensis.

Worldwide, fertilizer application is the main source for plants to absorb N, P, and K,
but unfortunately, fertilizer cannot be effectively utilized in a soil-plant system at rates rarely exceeding
50% [28]. Generally, utilization of inorganic fertilizer on grassland is considered to be 80%-100%,
however, it is usually as low as 60%—65% in practice [29,30], which means that up to 40% of fertilizer is
wasted. Raun and Johnson (1999) [31] calculated that 67% of unutilized N fertilizers have an annual loss
of $15.9 billion (assumed fertilizer-soil balance) and that a 1% increase in N fertilizer utilization results
in a global savings of $234 million [19]. In the plant growing season, split fertilization is an effective
way to reduce the loss of fertilizers and increase utilization [28,32,33]. In maize, compared with
applying all N fertilizer at one time, separating fertilizer application into different development stages
can promote N absorption (168 vs. 192 kg ha~1!), increasing the grain yield (10.5 vs. 11.2 Mg ha~!) [34].
Similar effects have also been found in other experiments, in which split application of N fertilizer
could increase N use efficiency (from 58% to 71%) and reduce N loss (2.6%-5.5% vs. 0.4%-1%) [35].
However, there have also been studies showing that split fertilizer application had no effect on plant
growth [36,37]. Thus far, the effect of split fertilization on M. wufengensis is unclear.

This study was designed to explore the effects of different fertilization frequencies and ratios on
the growth and nutrient uptake of M. wufengensis. One-year-old M. wufengensis seedlings and the
orthogonal design method were used. The growth response of M. wufengensis seedlings to different
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NPK ratios under three fertilization times was analyzed. In addition, N, P, and K status in three
different plant organs (leaves, stems, and roots), the nutrient uptake and transport efficiency and
soil properties were also analyzed. The most suitable fertilization ratio, amount and frequency for
M. wufengensis were determined by principal component analysis, providing theoretical basis for the
establishment of NPK fertilizer management system with synchronous nutrient supply in root layer
and M. wufengensis seedlings growth demand.

2. Materials and Methods

2.1. Experimental Field

The experiment was conducted in a greenhouse of the silviculture test station of Beijing Forestry
University. The geographical coordinates of the station are 40°3/54” N and 116°05'45” E; this area
has temperate humid monsoon climate zone with hot, variabe rainy summers and dry cold winters.
The average annual temperature is 12.5 °C with an accumulating temperature of 4200 °C, and the
number of annual sunshine hours is 2662 h. The average annual rainfall is 628.9 mm, and the rainfall
from June to August is 465.1 mm, accounting for 70% of the annual rainfall. The rainfall from December
to February accounts for only 1% of the annual rainfall. Drip irrigation system for irrigation (irrigation
when soil water content is less than 85% of saturated water). The entire experiment was conducted in
the greenhouse (day: 16 h of 22 °C; night: 8 h of 18 °C; 80% relative humidity; 90 W m~2 light intensity).

2.2. Materials

One-year-old M. wufengensis seedlings were provided by Wufeng Bo Ling Magnolia wufengensis
Technology Development Co., Ltd., were planted in test ground in May 2016. The seedlings were
basically the same size with an average height of 7.6 cm and a root collar diameter of 2.64 mm.
The substrate was cinnamon soil from the test ground, its physicochemical properties are shown in
Table 1. The containers were plastic pots with a central width of 21 cm and a height of 24 cm.

Table 1. Physical and chemical properties of cinnamon soil. BD for Bulk density; FC for field capacity;
OM for organic matter; TN for total N; AP for available P; AK for available K; ST for soil texture.

BD FC PH oM TN AP AK Sand Silt  Clay
(grem™3) (%) gkg™) (gkg™) (gkg™H (gkg™H (%) %) (%)

1.61 16.9 7.86 19.23 0.37 0.47 4.08 62.51 36.89  0.60 loam

ST

2.3. Experimental Design

2.3.1. Effects of Different NPK Ratios on the Seedling Growth of M. wufengensis

To supply the actual nutrients needed for M. wufengensis seedling growth, the nutrients supplied
by the soil were considered, and the effects of fertilizer combinations were studied. The seedling
height, root collar diameter, biomass, NPK content, chlorophyll content, and soil physicochemical
properties were monitored in the potted experiments. Through physical and chemical analyses,
the most suitable fertilizer ratio and amount that can be used as a special fertilizer for M. wufengensis
seedlings were determined.

Tests were conducted with a three-factor and three-level (L9 (3%)) orthogonal design method.
N fertilizers were set at three levels: 160 mg plant~! (A1), 320 mg plant ! (A2), and 480 mg plant~! (A3);
P fertilizers were set at three levels: 80 mg plant~! (B1), 160 mg plant~! (B2), and 320 mg plant ! (B3);
and K fertilizers were set at three levels: 80 mg plant~! (C1), 160 mg plant~! (C2), and 320 mg plant !
(C3). Taking the treatment without fertilization as a control (CK), there were 10 treatments in total, and
each treatment contained 15 seedlings. The chemicals used were CO(NHy4)2, NHyHyPO,, KH, POy,
and KCl. Before being injected directly into the pot with a 50-ml syringe, the fertilizers were dissolved
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in water (concentration: CO(NH,4),—1.2 mg ml~!, NH,H,PO,—0.8 mg ml~1, KCl—0.8 mg ml~ ).
The final fertilization details of the treatments are shown in Table 2.

Table 2. Fertilization treatments.

Treatment N (mg-Plant™!) P (mg-Plant™!) K (mg-Plant™")

A1B1C1 160 80 80
A1B2C2 160 160 160
A1B3C3 160 320 320
A2B1C2 320 80 160
A2B2C3 320 160 320
A2B3C1 320 320 80
A3B1C3 480 80 320
A3B2C1 480 160 80
A3B3C2 480 320 160
CK 0 0 0

2.3.2. Effects of Fertilization Frequencies on M. wufengensis Seedling Growth

Under unchanged total fertilizer application, fertilization frequency may affect the absorption
and utilization of fertilizers. In this experiment, based on the experimental design of different
NPK ratios, three different fertilizer application frequencies (four applications, six applications, and
eight applications) were designed under nine different fertilization treatments (different NPK ratios).
Including the CK groups, there were 28 fertilization treatments in total. There were 15 seedlings in
every treatment, totaling 420 seedlings overall. The amount of fertilizer applied at each application was
the average of the total fertilization according to the design of this study. Fertilization was applied from
the beginning of June to the end of September at four applications (every 30 days), six applications
(every 20 days), and eight applications (every 15 days). After analysis of growth (height, root collar
diameter, biomass, NPK content, chlorophyll content, etc.) and soil properties, the most appropriate
fertilizer application frequency was determined.

2.4. Methods to Measure Physiological Parameters

2.4.1. Height and Root Collar Diameter of Seedlings

Because the seedlings were planted in May and considering the growth period and consistency of
measurement, measurements of height (H) and root collar diameter (D) were performed on the sixth
day of each month in June, July, August, and September. Seedling height was measured with a steel
tape with an accuracy of 0.01 cm; the root collar diameter was measured with an electronic digital
caliper with an accuracy of 0.01 mm.

2.4.2. Determination of Chlorophyll Ccontent

Seedling leaves from different treatments were collected on the sixth day of each month in June,
July, August, and September and then brought to the laboratory in a cold box. Each sample contained
2-3 leaves. Fresh leaves were cut into small pieces of approximately 2 mm and well mixed. A sample
of 0.200 g was weighed and transferred to a 25-ml test tube, to which 80% acetone was added to
volume. The test tube was inverted several times to ensure that all leaves were washed with the
acetone solution. The test tube was covered with foil to block daylight and then was incubated at
room temperature until the leaves turned completely white. The extracted liquid was filtered, and
absorbance was measured at wavelengths of 663 mm and 645 mm. The amounts of chlorophyll a,
chlorophyll b, and total chlorophyll were calculated (Equations (1)—(3)) [38].

Chlorophyll a: Ca =12.72 x A663 — 2.59 x A645, (1)

Chlorophyll b: Cb =22.88 x A645 — 4.67 x A663, )
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Total chlorophyll: CT = Ca + Cb, (©)]

2.4.3. Determination of Biomass

In mid-November, M. wufengensis seedlings were harvested to measure biomass (five seedlings
per treatment). The seedlings were cleaned with water and divided into three parts: roots, stems,
and leaves. Then, they were fixed at 105 °C for 30 minutes and dried at 80 °C until the sample weight
did not change anymore. The dry weight of each sample was measured (accurate to 0.001 g).

2.4.4. Determination of N, P, and K

Samples of different tissues were dried and sieved through 60 mesh (<0.25 mm) after being
crushed. Samples of 0.200 g were weighed and then digested with sulfuric acid-hydrogen peroxide
digestion method. Total N and P were measured using an AA3 continuous flow analyzer (SEAL,
Norderstedt, Germany). Total K was measured by a flame photometer (FP6400, Shanghai, China).
Each treatment sample was measured three times.

2.5. Data Processing and Analysis

2.5.1. Calculation of Nutrient Parameters

Nutrient transport efficiency = (Ana — ANb)/ANDb x 100%, (4)
Nutrient uptake efficiency = (Nf — Nc)/Nc x 100%, 5)

ANa: Accumulation of nutrients content after fertilization (all tissues, g); ANb: Accumulation of
nutrients content before fertilization (all tissues, g); Nf: Nutrient uptake content of fertilizer-treated
plants (all tissues, g); Nc: Nutrient uptake content of control plants (all tissues, g); see equations (4)—(5).

2.5.2. Vector Analysis

Vector analysis is a technique that allows for simultaneous comparison of plant growth, nutrient
concentration, and nutrient content in an integrated graphic format. In vector analysis, nutrient
concentration is plotted as a function of plant weight (leaf, stem, root) and nutrient content, thereby
allowing nutrient composition and plant biomass to be examined in a single diagram in which nutrient
content (x), nutrient concentration (y), and biomass (z) satisfy the function: x = f (y,z). The vector
analysis was adapted from Haase and Rose (1995) [39] and Imo and Timmer (1997) [40].

2.5.3. Seedling Quality Index (QI)

QI = Tm/(Hr + Sr), (6)

Tm: Total biomass of seedling (g); Hr: Seedling height (cm)/seedling root collar diameter (mm);
Sr: Stem biomass (g)/root biomass (g); see equation (6).

2.5.4. Data analysis

The Shapiro-Wilk and Levene tests showed that the data conformed to the normal distribution and
had equal variance. Excel 2010 and SPSS 22.0 (Chicago, IL, USA) statistical software programs were
used for the statistical analysis. A factorial analysis of variance (ANOVA) and the Duncan test were
performed to analyze the variance and for multiple comparisons (a = 0.05). Plots were constructed
with Origin 9.2 (Systat Software, Inc., Washington, St, USA) software programs.
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3. Results

3.1. Effects of Different Fertilization Ratios and Frequencies on Seedling Height Growth

The mixed model for M. wufengensis showed differences in seedling height values among the
fertilizer ratio, application frequency, time, and their interactions (Table 3). Table 4 shows the effects
of different fertilizer application frequencies and ratios on height growth of M. wufengensis seedlings.
Seedling height here was measured after the last fertilizer application. Seedling heights in the
treatments (except for in the A1B3C3 treatment with eight fertilizer applications) was significantly
higher than that in the CK. In the treatments with four fertilizer applications, heights increased by
20.8% to 99.8% compared to the CK. Among the nine treatments, seedling height in A2B1C2 was the
highest (68.42 cm) and was 34.18 cm higher than that in the CK. In the treatments with six fertilizer
applications, heights increased by 45.2% to 102.5% compared to that in the CK. Among the nine
treatments, seedling height in A3B3C2 was the highest, at 69.34 cm, which was 35.1 cm higher than that
in the CK. In treatments with eight fertilizer applications (excluding the A1B3C3 treatment), heights
increased by 42.9% to 95.5% compared to that in the CK. Among the nine treatments, seedling height
in the A3B1C3 treatment was the highest, at 66.94 cm, which was 32.70 cm higher than that in the CK.
The average seedling height in the treatments with four, six, and eight fertilizer applications was 54.92,
60.14, and 56.44 cm, respectively. In addition, combined with the increased height relative to that of the
CK, the performance of the treatment with six fertilizer applications was relatively better. Among the
treatments with six fertilizer applications, the highest seedling height was found in A3B3C2 (69.34 cm),
followed by A2B1C2 (67.60 cm) and A3B2C1 (63.10 cm).

Table 3. The p values of the main effects of Fertilizer ratio (F), Application frequency (A), Time (T)
and their interactions on seedling height, root collar diameter, and chlorophyll of M. wufengensis
(Magnoliaceae) seedlings.

Degree of Root Collar

Source of Variation Freedom Height Diameter Chlorophyll
Fertilizer ratio (F) 9 <0.001 <0.05 <0.001
Application frequency (A) 2 0.087 0.058 <0.001
Time (T) 3 <0.001 <0.001 <0.001
Fx A 18 <0.05 <0.05 <0.001
FxT 27 <0.001 <0.05 <0.001
AxT 6 0.933 0.288 <0.001
FxAxT 54 0.995 0.459 <0.001

Table 4. Effects of different fertilization ratios and application frequencies on seedling height.

Treatments 4 Applications 6 Applications 8 Applications
A1B1C1 48.10 £ 1.7985Bb 61.22 4+ 1.4316Abc 58.52 + 3.0447 Aab
A1B2C2 41.36 + 1.4511Bc 52.12 + 0.9281Ad 52.82 £ 3.5309Abc
A1B3C3 50.34 £ 2.7899Ab 49.70 +£ 3.6003Ad 37.26 + 1.6238Bd
A2B1C2 68.42 + 1.4302Aa 67.60 & 2.5977Aab 66.84 £ 3.0336Aa
A2B2C3 47.98 + 2.6299Bb 61.40 & 1.0569Abc 52.44 4+ 2.9115Bbc
A2B3C1 54.74 £+ 1.7299Ab 55.52 + 2.2739Acd 62.60 £ 3.6212Aa
A3B1C3 62.50 £ 1.1983Aa 61.30 £ 2.5108Abc 66.94 + 2.4281Aa
A3B2C1 54.70 £ 2.0594Bb 63.10 £+ 1.1261Aab 61.62 + 2.7838Aa
A3B3C2 66.18 & 3.4773Aa 69.34 + 2.4817Aa 48.94 + 1.3692Bc

CK 34.24 + 2.4667Ad 34.24 + 2.4667 Ae 34.24 +2.4667Ad

Note: Different small letters in different treatments indicate significant differences in different fertilization ratios;
different capital letters indicate significant differences among different frequencies of the fertilization ratios (p = 0.05).

As shownin Figure 1, in treatments with the three kinds of fertilizer application frequencies, except
for the individual treatments, seedling height growth generally increased first and then decreased.
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From June to July, seedlings were in the initial growth stage, and from July to August, they reached
peak growth with a decelerating growth rate from August to September. In contrast, CK seedling height
growth maintained downward. Seedling height growth in the A1B1C1 treatment with four fertilizer
applications decreased first and then increased. In the treatments with eight fertilizer applications,
height growth in the A2B1C2 treatment continued to increase, whereas a downward trend was
observed in the A1B3C3 treatment. In the treatments with four, six, and eight fertilizer applications,
during the initial period of fertilization (from June to July), seedling height growth ranged from 9.11 to
19.66 cm, 13.96 to 17.27 cm, and 10.4 to 17.31 cm, respectively. During the middle period of fertilization
(July to August), seedling height growth ranged from 10.94 to 22.57 cm, 15.46 to 24.38 cm and 12.34 to
26.95 cm, respectively. At the end of fertilization (August-September), seedling height growth ranged
from 7.55 to 15.36 cm, 4.34 to 18.55 cm, and 4.76 to 21.14 cm, respectively. In treatments with all three
fertilizer application frequencies, the maximum seedling height growth occurred during the middle
period of fertilization. Among the treatments with four fertilizer applications, the seedling growth
in A2B1C2 was the highest, at 22.57 cm; among the treatments with six fertilizer applications, that in
A3B2C1 was the highest, at 24.38 cm; and among the treatments with eight fertilizer applications,
that in A2B2C3 was the highest, at 26.95 cm.

== ATB1CT —C— ATB202 —— A TB303 —C— AZBIC2 —(0— A2B203
29,1 o HTAZBICI —X— AIBICI —<—A3E2C] SEAIBICT - CK

8 Applications

19.4

bt
9
1

=
=
1

17.4 4

8.7

Seedling height growth (cm/month)

0.0

16.6 -

8.3 4

0.0 T T T
Jun-Jul Jul-Aug Aug-Sep

Time

Figure 1. Dynamic changes in seedling height growth under different fertilization ratios
and frequencies.

3.2. Effects of Different Fertilization Ratios and Frequencies on Seedling Root Collar Diameter

The mixed model for M. wufengensis showed differences in root collar diameter values among
the fertilizer ratio, application frequency, time and their interactions (Table 3). Table 5 shows the
effects of different fertilization ratios and frequencies on root collar diameter growth of M. wufengensis
seedlings. Seedling root collar diameter here was measured after the last fertilization. According to
Table 5, in the treatments with four fertilizer applications, except for in the A1B2C2 treatment, root
collar diameters was significantly higher (16.7%-40.6% higher) than that in the CK. Among these
treatments, the A3B1C3 treatment had the largest root collar diameter of 10.786 mm, which was 3.112
mm higher than that of the CK. In the treatments with 6 fertilizer applications, root collar diameters
were significantly higher (23.0%-52.1% higher) than that in the CK. Among these treatments, the
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A3B2C1 treatment had the largest root collar diameter of 11.672 mm, which was 3.98 mm higher than
that of the CK. In the treatments with 8 fertilizer applications, except for in the A1B3C3 treatment, root
collar diameters were significantly higher (17.3%-56.5% higher) than that in the CK. Among these
treatments, the A2B2C3 treatment had the largest root collar diameter of 12.012 mm, which was 4.938
mm higher than that in the CK. The average seedling root collar diameter in the treatments with four,
six, and eight fertilizer applications was 9.922, 10.257, and 10.177 mm, respectively. In addition, the

differences among different frequencies of the fertilization ratios were not significant.

Table 5. Effects of different fertilization ratios and frequencies on root collar diameter.

Treatments 4 Applications 6 Applications 8 Applications
A1B1C1 9.750 £ 0.3677Aa 9.440 £ 0.4802Ab 10.008 + 0.5918Abc
A1B2C2 8.952 £ 0.6038Bab 10.614 £ 0.2990Aab 11.190 £ 0.6157Aab
A1B3C3 10.632 £ 0.7294Aa 9.754 + 0.7879Ab 9.000 £ 0.5486Acd
A2B1C2 10.096 £ 0.6715Aa 10.784 £ 0.4578Aab 9.640 + 0.4816Abc
A2B2C3 9.914 £ 0.5593Ba 9.996 + 0.3668Bab 12.012 £ 0.8459Aa
A2B3C1 10.152 £ 0.7193Aa 11.126 £ 0.5824Aab 11.048 £ 0.6771Aab
A3B1C3 10.786 + 0.4820Aa 10.374 £ 0.6372Aab 9.454 + 0.2535Abcd
A3B2C1 10.744 £ 0.7254Aa 11.672 £+ 0.3132Aa 10.980 + 0.7005Aab
A3B3C2 10.518 £ 0.6523Aa 11.138 4 0.5604Aab  10.768 + 0.5180Aabc

CK 7.674 + 0.5501Ab 7.674 £+ 0.5501Ac 7.674 + 0.5501Ad

Note: Different small letters in different treatments indicate significant differences in different fertilization ratios;
different capital letters indicate significant differences among different frequencies of the fertilization ratios (p = 0.05).

As shown in Figure 2, in treatments with the three kinds of fertilizer application frequencies,
seedling root collar diameter growth generally decreased first and then increased; this trend was
opposite to that of seedling height growth. However, seedling root collar diameter growth in the
CK did not change significantly (p > 0.05), except for an initial decreasing trend. In the treatments
with four fertilizer applications, except for an increasing trend in the A1B3C3, A1B2C2, and A3B1C3
treatments, root collar diameter decreased first and then increased. During the early growth stage,
from June to July, root collar diameter growth ranged from 1.423 to 2.875 mm; from July to August, root
collar diameter growth decreased significantly (p < 0.05), ranging from 1.428 to 2.320 mm. However,
from August to September, the root collar diameter growth significantly (p < 0.05) increased again,
ranging from 1.481 to 2.995 mm, which was higher than that in the early growth stage (from June
to July). The maximum root collar diameter growth appeared in the A3B2C1 treatment, with a root
collar diameter of 2.995 mm. In the treatments with six fertilizer applications, the same phenomenon
occurred: except for the continuously increasing root collar diameter growth in the A1B1C1, A2B1C2,
A3B1C3, and A3B2Cl1 treatments, root collar diameter generally decreased first and then increased.
The root collar diameter growth from June to July, July to August, and August to September was
1.695 to 2.730 mm, 1.428 to 2.378 mm, and 1.481 to 3.586 mm, respectively. The maximum growth was
3.586 mm in the A3B1C3 treatment. In the treatments with eight fertilizer applications, the dynamic
variation in root collar diameter growth was not very clear compared with that in the treatments with
four and six fertilizer applications. Root collar diameter growth in the A1B1C1, A1B3C3, A1B2C2,
and A2B2C3 treatments first decreased and then increased, while the root collar diameter growth in
the A2B3C1, A3B2C1, A2B1C2, and A3B3C2 treatments first increased and then decreased. Root collar
diameter growth in the A3B1C3 treatment decreased.
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Figure 2. Dynamic changes in seedling root collar diameter growth under different fertilization ratios
and frequencies.

3.3. Effects of Different Fertilization Ratios and Frequencies on the Chlorophyll Content in Seedling Leaves

The mixed model for M. wufengensis showed significant differences in chlorophyll content
among the fertilizer ratio, application frequency, time and their interactions (Table 3). The vast
majority of plant growth depends on photosynthesis, and chlorophyll is a key substance for
photosynthesis; thus, chlorophyll content can quickly and accurately reflect plant growth status.
As shown in Figure 3, chlorophyll content changes were not very consistent, indicating that there
were different effects on the chlorophyll content in seedling leaves under different fertilization ratios
and frequencies. The chlorophyll content in the CK was basically unchanged after an initial decrease.
In the treatments with four and six fertilizer applications, the chlorophyll content in the A2B3C1,
A3B1C3, A3B2C1, and A3B3C2 treatments showed a trend of “moderate increase, sharp decrease”.
The chlorophyll contents in leaves from the A1B2C2 and A2B1C2 treatments showed a trend of
“decrease-increase-decrease” trend. Unlike in those treatments, the chlorophyll content in leaves
from the A1B1C1, A1B3C3, and A2B2C3 treatments consistently decreased. In the treatments with
eight fertilizer applications, the chlorophyll content in the A1B1C1, A1B2C2, and A1B3C3 treatments
decreased, while that in the other treatments increased first and then decreased. At the beginning
of July, except in the A1B2C2 (17.94 mg gfl) treatment with four fertilizer applications, the A3B2C1
(16.38 mg g !) treatment with six fertilizer applications, and the A1BIC1 (16.25 mg g~!) and
A3B3C2 (14.94 mg-g~!) treatments with eight fertilizer applications, the chlorophyll content was
not significantly (p > 0.05) different from that in the CK. As the seedlings grew, the chlorophyll content
in the treatments in which the chlorophyll content was significantly (p < 0.05) higher than that in the
CK (8.33 mg g~ !) increased, and the differences became increasingly significant (p < 0.05). By the
end of October, although the chlorophyll content in the treatments in which the initial chlorophyll
content was higher than that in the CK decreased, it was still greater than that during the early growth
period. Furthermore, the chlorophyll content in the A1B2C2 treatment with four fertilizer applications,
the A2B2C3 treatment with six fertilizer applications and the A3B3C2 and A2B3C1 treatments with
eight fertilizer applications was significantly (p < 0.05) higher than that in the CK throughout the whole
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growth process and was maintained at a high level, which indicated that these treatments may be the
optimal fertilization combinations for M. wufengensis.

—<[— AIBICT —C— AIB2C2 —4— AIBICI —C— A2RIC2 —C— AZR2C3
—¥r— AZRICT —X— AIBICI —£— AIRZCT =2 AIBIC2 =F—CK

8 Applications

14.2

7.1

0.0 5

19.0 4

Chlorophyll content (mg-g-1)

9.5
0.0 4
16.4
8.2 4
0.0 T T T T
July August September October
Time

Figure 3. Dynamic changes in the seedling chlorophyll content under different fertilization ratios
and frequencies.

3.4. Effects of Different Fertilization Ratios and Frequencies on Seedling Bbiomass

3.4.1. Effects on Seedling Root Biomass

The mixed model for M. wufengensis showed differences in total and stem biomass values
among the fertilizer ratio, application frequency and their interactions, but for root and leaf biomass,
only showed a significant difference between fertilization ratio (Table 6). As shown in Table 7, except in
the A1B3C3 and A3B3C2 treatments with eight fertilizer applications, the proportion of root biomass
to whole plant biomass decreased. Among the treatments with four fertilizer applications, the root
biomass in the A2B3C1, A3B1C3, A3B2C1, and A3B3C2 treatments was significantly higher than
that in the CK, and that in the A3B2C1 treatment was the highest, being 131.8% higher than that in
the CK. The root biomass in the A3B2C1 treatment constituted the highest proportion of the whole
plant biomass in all nine fertilization treatments, reaching 52.3%. In treatments with six fertilizer
applications, except in the A1B1C1, A1B3C3, A2B1C2, and A2B2C3 treatments, the root biomass was
significantly higher than that in the CK, and the root biomass in A3B3C2 (16.33 g plant~!) was the
highest, being 141.2% higher than that in the CK. However, the A1B2C2 treatment had the highest
proportion of root biomass to whole plant biomass, reaching 48.4%. In the treatments with eight
fertilizer applications, except for the A1B1C1, A1B2C2, and A2B1C2 treatments, the root biomass was
significantly higher than that in the CK. Among these treatments, although the root biomass in the
A3B3C3 (17.04 g plant 1) treatment was the highest (151.7% higher than that in the CK), the proportion
of root biomass to whole plant biomass was not the highest (52.3%), which occurred in the A1B3C3
treatment (57.3%). In summary, a higher root biomass did not mean a higher proportion of root
biomass to whole plant biomass. From the perspective of fertilization frequency, under a constant total
amount of fertilization, fertilization frequency will affect the proportion of root biomass to whole plant
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biomass, and that in treatments with six fertilizer applications will be lower than that in treatments

with four and eight fertilizer applications.

Table 6. The p values of the main effects of Fertilizer ratio (F), Application frequency (A) and their

interactions on total biomass, root biomass, stem biomass and leaf biomass of M. wufengensis seedlings.

‘. Degree of Total Root Stem .
Source of Variation . . . Leaf Biomass
Freedom Biomass Biomass Biomass
Fertilizer ratio (F) 9 <0.001 <0.001 <0.001 <0.001
Application frequency (A) 2 0.784 0.322 0.110 0.596
Fx A 18 <0.05 0.167 <0.05 0.333
Table 7. Effects of different fertilization ratios and frequencies on root biomass.
4 Applications 6 Applications 8 Applications
Treatments Root Biomass Percentage Root Biomass Percentage Root Biomass Percentage
(¢-Plant—1) of Total (g-Plant~1) of Total (g-Plant~1) of Total
8 Plants Plants Plants
AlB1C1 9.79 + 1.06Acde 50.2% 8.26 £ 0.66Acd 44.0% 7.95 £ 0.68Acd 42.5%
A1B2C2 8.71 &+ 0.30Ade 47.3% 11.38 + 1.44Abc 48.4% 10.37 £+ 1.16Abcd 49.9%
A1B3C3 9.12 £+ 0.94Ade 44.4% 9.68 + 1.27Abcd 47.5% 11.57 + 1.59Abc 57.3%
A2B1C2 10.24 + 0.81Abcde 44.8% 10.07 £ 1.73Abcd 41.7% 10.15 + 0.58Abcd 43.0%
A2B2C3 10.40 + 2.03Abcde 48.8% 10.09 + 1.03Abcd 45.9% 13.30 + 1.01Aab 48.3%
A2B3C1 12.46 + 1.78 Aabcd 47.0% 12.23 + 1.64Abc 44.1% 13.89 + 1.48Aab 47.3%
A3B1C3 14.02 + 1.53ABab 48.6% 11.64 + 1.51Cbc 47.8% 17.04 + 1.49Aa 52.3%
A3B2C1 15.69 + 1.07Aa 52.3% 13.05 + 1.38Aab 45.8% 14.10 + 1.48Aab 49.9%
A3B3C2 13.48 + 1.03Aabc 45.3% 16.33 + 1.28Aa 48.0% 12.35 + 1.82Ab 55.0%
CK 6.77 £ 0.79Ae 54.2% 6.77 £ 0.79Ad 54.2% 6.77 £ 0.79Ad 54.2%

Note: Different small letters in different treatments indicate significant differences in different fertilization ratios;
different capital letters indicate significant differences among different frequencies of the fertilization ratios (p = 0.05).

3.4.2. Effects on Seedling Stem Biomass

As shown in Table 8, different fertilization ratios and frequencies not only significantly increased

stem biomass but also increased the proportion of stem biomass to whole plant biomass. Among
the treatments with four, six, and eight fertilizer applications, the treatments with the highest stem
biomass were A3B3C2, A3B3C2, and A2B3C1, whose values were 206.5, 244.3, and 207.4% higher than
that in the CK, respectively. However, the highest proportion of stem biomass to whole plant biomass
occurred in the A2B1C2 treatment, which indicated that stem biomass did not positively correlate

with its proportion to whole plant biomass. Moreover, fertilization frequency also had influence on

stem biomass proportion to whole plant biomass, and the proportion of stem biomass to whole plant
biomass in the treatments with six fertilizer applications was relatively high.

Table 8. Effects of different fertilization ratios and frequencies on stem biomass.

4 Applications 6 Applications 8 Applications
pp 19% pp
Treatments Stem Biomass Percentage Stem Biomass Percentage Stem Biomass Percentage
(¢-Plant—1) of Total (¢-Plant—1) of Total (¢-Plant=1) of Total
g Plants g Plants 8 Plants
A1BIC1 5.82 + 0.60Ab 29.9% 6.36 + 0.25Ac 33.9% 6.50 £ 0.37Abc 34.8%
A1B2C2 5.42 + 0.34Ab 29.5% 7.79 + 1.39Abc 33.1% 6.76 £ 0.51Ab 32.5%
A1B3C3 6.62 £+ 0.67Ab 32.2% 6.21 £+ 0.88Ac 30.5% 5.00 £+ 0.31Ac 24.8%
A2B1C2 8.38 £ 0.49Aa 36.7% 9.66 £+ 0.65Aab 40.0% 8.78 + 0.72Aa 37.2%
A2B2C3 6.70 + 0.56Bb 31.5% 7.38 £+ 0.24ABbc 33.6% 8.40 £ 0.52Aa 30.5%
A2B3C1 8.58 £+ 0.53Aa 32.3% 8.98 + 1.28Aab 32.4% 9.50 £+ 0.44Aa 32.4%
A3B1C3 8.56 £+ 0.50Aa 29.6% 7.42 £ 0.80Abc 30.4% 9.24 + 0.59Aa 28.4%
A3B2C1 9.24 + 0.59Aa 30.8% 9.88 £ 0.41Aab 34.7% 9.24 £ 0.77Aa 32.7%
A3B3C2 947 + 0.64Aa 31.8% 10.64 £ 0.71Aa 31.3% 6.04 £ 0.61Bbc 26.9%
CK 3.09 + 0.33Ac 24.7% 3.09 £+ 0.33Ad 24.7% 3.09 + 0.33Ad 24.7%

Note: Different small letters in different treatments indicate significant differences in different fertilization ratios;
different capital letters indicate significant differences among different frequencies of the fertilization ratios (p = 0.05).



Forests 2019, 10, 65 12 of 29

3.4.3. Effects on Seedling Leaf Biomass

The effects of different fertilization ratios and frequencies on leaf biomass are shown in Table 9.
Among the treatments with four fertilizer applications, leaf biomass significantly increased in the
A2B3C1, A3B1C3, and A3B3C2 treatments, and the highest leaf biomass was in the A3B3C2 treatment,
at 158.9% higher than that in the CK; however, the highest proportion of leaf biomass to whole plant
biomass was in the A1B3C3 treatment (23.4%). Among the treatments with six fertilizer applications,
the leaf biomass in the A2B3C1, A3B1C3, A3B2C1, and A3B3C2 treatments was significantly higher
than that in the CK, and that in the A3B3C2 treatment was the highest, at 168.4% higher than that
in the CK. However, the A2B3C1 treatment had the highest proportion of leaf biomass to whole
plant biomass, which reached 23.6%. In the treatments with 8 fertilizer applications, except in the
A1B1C1, A1B2C2, A1B3C3, and A3B3C2 treatments, the leaf biomass was significantly higher than
that in the CK, and the A3B1C3 treatment had the greatest change, with a leaf biomass 140.3% higher
than that in the CK. Furthermore, the highest proportion of leaf biomass to whole plant biomass was
in the A1B1C1 treatment. In general, fertilization significantly increased leaf biomass, but a higher
leaf biomass did not mean a higher proportion of leaf biomass to whole plant biomass. In addition,
fertilization frequency also had a significant influence on leaf biomass and its proportion to whole
plants biomass, and the proportion of leaf biomass to whole plant biomass in the treatments with six
fertilizer applications was relatively high.

Table 9. Effects of different fertilization ratios and frequencies on leaf biomass.

4 Applications 6 Applications 8 Applications
Treatments Leaf Biomass Percentage Leaf Biomass Percentage Leaf Biomass Percentage
(g-Plant—1) of Total (¢-Plant=1) of Total (¢-Plant—1) of Total
& Plants 8 Plants & Plants
A1B1C1 3.87 £ 0.42Abc 19.9% 4.16 £ 0.49Acd 22.2% 4.24 £+ 0.42Abcd 22.7%
A1B2C2 4.27 + 0.41Abc 23.2% 4.35 £ 0.59Acd 18.5% 3.67 £ 0.56 Acd 17.6%
A1B3C3 4.82 £ 0.32Aabc 23.4% 4.51 £ 0.77Abcd 22.1% 3.61 £ 0.37Acd 17.9%
A2B1C2 4.22 4+ 0.93Abc 18.5% 4.39 £ 0.91Acd 18.2% 4.69 £ 0.63Aabc 19.8%
A2B2C3 4.19 £ 0.38Bbc 19.7% 4.49 + 0.61ABbcd 20.5% 5.83 & 0.43Aab 21.2%
A2B3C1 5.49 + 0.41Aab 20.7% 6.54 + 0.45Aab 23.6% 5.95 £ 0.58 Aab 20.3%
A3B1C3 6.29 £ 1.15Aab 21.8% 5.31 £ 0.65Aabc 21.8% 6.32 £ 0.82Aa 19.4%
A3B2C1 5.08 £ 0.51Aabc 16.9% 5.55 £ 0.79Aabc 19.5% 4.93 £ 0.93Aabc 17.4%
A3B3C2 6.81 £ 1.48Aa 22.9% 7.06 £ 0.50Aa 20.8% 4.07 £ 0.47Abcd 18.1%
CK 2.63 £ 0.60Ac 21.1% 2.63 £+ 0.60Ad 21.1% 2.63 £ 0.60Ad 21.1%

Note: Different small letters in different treatments indicate significant differences in different fertilization ratios;
different capital letters indicate significant differences among different frequencies of the fertilization ratios (p = 0.05).

3.4.4. Effects on Whole Seedling Biomass

Table 10 shows that fertilization could significantly increase the biomass of whole seedlings.
In the treatments with four, six, and eight fertilizer applications, the whole plant biomass increased
by 47.2%-141.6%, 50.2%-172.2%, and 49.6%-160.8%, respectively, compared to that in the CK.
The maximum plant biomass in treatments with four, six, and eight fertilizer applications was found in
the A3B2C1, A3B3C2, and A3B1C3 treatments, respectively. Comprehensive analyses of root biomass
(Table 7), stem biomass (Table 8) and leaf biomass (Table 9) demonstrated that biomass in M. wufengensis
seedlings generally ranked as root biomass > stem biomass > leaf biomass. However, in proportion to
whole plant biomass, after fertilization, the root biomass decreased, resulting in an increase in stem
biomass with little effect on leaf biomass. We can conclude that fertilization mainly affects root and
stem growth in M. wufengensis seedlings, promoting stem development and growth.



Forests 2019, 10, 65

Table 10. Effects of different fertilization ratios and frequencies on whole plant biomass.

13 of 29

Treatments 4 Applications 6 Applications 8 Applications
A1B1C1 19.48 £ 1.90Ad 18.78 £ 0.68Acd 18.70 &+ 1.35Ad
A1B2C2 18.40 £ 0.63Ad 23.53 £ 2.30Abc 20.80 £ 1.73Ad
A1B3C3 20.56 &+ 1.62Acd 20.40 = 2.46Ac 20.18 + 1.85Ad
A2B1C2 22.85 + 1.71Abcd 24.12 + 3.08Abc 23.63 £ 1.31Abcd
A2B2C3 21.30 &+ 1.92Bcd 21.96 + 1.44Bbc 27.53 + 1.74Aabc
A2B3C1 26.52 £ 2.59Aabc 27.74 £ 2.63Aab 29.34 + 1.98Aab
A3B1C3 28.87 £ 2.83Aab 24.37 £ 2.65Abc 32.60 £ 2.79Aa
A3B2C1 30.02 + 2.00Aa 28.49 + 2.08Aab 28.27 + 2.89Aabc
A3B3C2 29.77 + 2.54ABa 34.03 £ 2.31Aa 22.46 + 2.85Bcd

CK 12.50 £ 1.49Ae 12.50 + 1.49Ad 12.50 £+ 1.49Ae

Note: Different small letters in different treatments indicate significant differences in different fertilization ratios;
different capital letters indicate significant differences among different frequencies of the fertilization ratios (p = 0.05).

3.5. Effects of Different Fertilization Ratios and Frequencies on Nutrient Satus in Seedling Tissues

3.5.1. Nitrogen Status in Different Vegetative Tissues

Figures 4 and 5 show the effects of different NPK ratios and fertilization frequencies on the N
distribution in various seedling tissues. Although fertilization contributed to N accumulation in
seedlings, contrasting trends in N concentration of different tissues were apparent. The highest content
of N in the stem. N deficiency associated with increase in dry mass, N content, and N concentration
was observed in the root (Figure 4). In contrast, marked dilution of N associated with increase in
growth and N content but declining N concentration was observed in both stem and leaf (Figure 4).
Except in the A1B3C3 treatment with four fertilizer applications, the A1B2C2 and A1B3C3 treatments
with six fertilizer applications, and the A1B3C3, A2B3C1, and A3B1C3 treatments with eight fertilizer
applications, the N concentration was significantly higher than that in the CK (16.789 g kg !, Figure 5).
Among the treatments with four, six, and eight fertilizer applications, the treatments with the highest
N concentration were A2B3C1, A3B1C3, and A2B1C2, whose values were 18.2, 20.4, and 28.3% higher
than that in the CK, respectively. Figure 5 also shows that the N concentration in the roots increased
after fertilization and accounted for the highest proportion in plants, followed by that in the leaves,
while the stem N concentration was the lowest. Under the three kinds of fertilization frequencies,
N concentration in the roots ranged from 35.1%—43.2%, 34.9%—42.1%, and 34.4%—43.8%, respectively,
which were higher than that in the CK (31.7%); N accumulation in the leaves ranged from 29.9%-38.9%,
29.8%-36.9%, and 27.9%-35.1%, respectively, which were lower than that in the CK (40.4%); and N
concentration in the stems ranged from 25.3%—-28.2%, 25.1%—-35.3%, and 23.6%-33.8%, respectively.
Except for in the A1B3C3 (28.2%) treatment with four fertilizer applications; the A3B3C2 (35.3%) and
A3B1C3 (28.3%) treatments with six fertilizer applications; and the A1B3C3 (33.8%), A3B1C3 (32.6%),
A2B3C1 (30.3%), and A3B3C2 (28.8%) treatments with eight fertilizer applications, N concentration
was lower than that in the CK (27.9%). In summary, under these three fertilization frequencies,
N concentration in roots significantly increased; in contrast, N concentration in leaves decreased.
In addition, N accumulation in stems decreased with decreasing fertilization frequency; therefore,
fertilization mainly increased the N concentration in roots.
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four fertilizer applications on the left, six fertilizer applications in the middle, and eight fertilizer

applications on the right).

3.5.2. Phosphorus Status in Different Vegetative Tissues

Overall, all fertilization treatments could promote P uptake, and the highest content of P in the
stem (Figure 6). P deficiency associated with increase in dry mass, P content, and P concentration was

mainly observed in the stem (Figure 6). In contrast, marked dilution of P associated with increase
in growth and P content but declining P concentration was mainly observed in both root and leaf
(Figure 6). Among the treatments with four fertilizer applications, only the A1B3C3 treatment had a P
concentration significantly higher than that in the CK (3.059 g kg !, Figure 7); the P concentration in
the other treatments were not significantly different from that in the CK, at 87.5%-102.0% of that in
the CK. In the treatments with six fertilizer applications, except in the A3B3C2, A2B2C3, and A3B2C1
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treatments, the P concentration was significantly higher (2.4%-20.6% higher) than that in the CK.
Among these treatments, the A1B3C3 and A1B2C2 treatments had much higher P concentration,
at3.69 g kg ! and 3.40 g kg~ !, respectively. In the treatments with 8 fertilizer applications, except in the
A2B1C2 (3.31 gkg~!), A1B2C2 (3.35 g kg 1), and A1B3C3 (3.92 g kg~ !) treatments, the P concentration
was lower (4.5%-12.2% lower) than that in the CK. These findings suggested the fertilization frequency
of six fertilizer applications may have contributed to P accumulation in plants. At the same time, the P
concentration in the roots was higher overall and accounted for the highest proportion of P in the whole
plant, followed by the stems and leaves (Figure 7). In the treatments with four, six, and eight fertilizer
applications, P concentration in the roots ranged from 41.9%-55.7%, 40.6%-54.2%, and 40.5%-51.1%,
respectively. Except in the A1B3C3 (51.7%) and A2B2C3 (55.7%) treatments with four fertilizer
applications; the A1B3C3 (54.2%) and A2B1C2 (50.4%) treatments with six fertilizer applications;
and the A2B3C1 (51.2%), A2B1C2 (51.1%), and A1B3C3 (51.0%) treatments with eight fertilizer
applications, the P concentration was lower than that in the CK (50.3%). P concentration in stems
ranged from 27.8% to 41.3%, 26.4% to 38.6%, and 29.6% to 42.9%, respectively. Except in the A1B2C2,
A2B2C3, A2B1C2, and A1B3C3 treatments with four fertilizer applications; the A1B3C3 (26.4%),
A1B2C2 (26.9%), A2B1C2 (28.4%) and A1B1C1 (29.6%) treatments with six fertilizer applications; and
the A1B1C1 (29.2%), A1B2C2 (30.0), and A2B2C3 (30.5%) treatments with eight fertilizer applications,
the P concentration was higher than that in the CK (31.6%). P concentration in leaves was 13.8%-22.2%,
15.7%-31.4%, and 16.3%—23.8%, respectively. Except in the A3B3C2 (13.8%), A2B2C3 (15.8%), and
A3B1C3 (17.8%) treatments with four fertilizer applications and the A3B1C3 (15.7%) and A3B3C2
(17.5%) treatments with six fertilizer applications, the P concentration was higher than that in the CK
(18.1%). However, among the treatments with eight fertilizer applications, the P concentration in only
three treatments, including A1B1C1 (23.8%), A1B2C2 (21.5%), and A2B2C3 (20.1%), was higher than
that in the CK. In summary, although P concentration was highest in the roots under the three different
fertilization frequencies, compared to the P concentration in roots of the CK, it decreased. In addition,
P concentration in stems increased, and P concentration in leaves was the lowest, even decreasing.
Therefore, fertilization mainly promoted P accumulation in stems.
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3.5.3. Potassium Status in Different Vegetative Tissues

Overall, K absorption in plants could be promoted through fertilization (Figure 8). The highest
content of K in the leaf. K deficiency associated with increase in dry mass, K content, and K
concentration was mainly observed in leaf (Figure 8). In contrast, marked dilution of K associated
with increase in growth and K content but declining K concentration was mainly observed in both
root and stem (Figure 8). In the treatments with four, six, and eight fertilizer applications, except in
the A3B1C3 (26.606 g kg~ 1), A2B2C3 (26.711 g kg~ 1) and A1B2C2 (28.091 g kg~!) treatments with
four fertilizer applications and the A1B2C2 (24.263 g kg~!) treatment with 8 fertilizer applications,
the K concentration was significantly higher than that in the CK (25.073 g kg™ 1), by 6.1%—44.4%,
15.3%-52.0%, and 16.4%-37.0%, respectively. Figure 9 shows that the K concentration in the roots
and leaves was high overall, accounting for the highest proportion in a single plant, and the K
concentration in stems was the lowest. The K concentration in roots in the treatments with four,
six, and eight fertilizer applications was 37.7%-51.9%, 38.6%—48.0%, and 38.8%-56.6%, respectively.
Except in the A2B2C3 (51.9%) treatment with four fertilizer applications; and the A3B3C2 (56.6%),
A1B2C2 (56.2%), and A3B2C1 (53.1%) treatments with eight fertilizer applications, the K concentration
was lower than that in the CK (51.0%). K concentration in stems was 9.5%—-13.7%, 10.8%—-14.9% and
9.5%—14.9%, respectively, and was lower than that in the CK (16.1%) in all treatments. K concentration
in leaves was 38.6%-50.4%, 38.2%-49.3%, and 28.9%-51.0%, respectively. Except in the A1B2C2 (28.9%)
treatment with eight fertilizer applications, the K concentration was higher than that in the CK (32.9%).
In summary, after fertilization, K concentration in roots and leaves was high, with a similar proportion
in whole plants. However, K concentration in roots was significantly lower than that in the CK,
and the proportion of K in leaves significantly increased, while that in stems was decreased; therefore,
fertilization mainly increased the K concentration in leaves.
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Figure 8. Vector diagram of relative changes in dry mass, K content, and K concentration at the end of

the growing season after application of NPK fertilizer. Note that this vector diagram is based on the
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Figure 9. Potassium distribution in different vegetative tissues (Note: There are three linked bars:

four fertilizer applications on the left, six fertilizer applications in the middle, and eight fertilizer
applications on the right).

3.6. Effects of Different Fertilization Ratios and Frequencies on Nutrient Transport Efficiency

Nutrient transport efficiency reflects a plant’s absorption of nutrients in the soil, so it can
be used to determine the effect of fertilization. The effects of different fertilization ratios and
frequencies on nutrient transport efficiency are shown in Table 11. In the treatment with the three
fertilization frequencies, except in the A1B3C3 treatment with four fertilizer applications, the A1B2C2
treatment with six fertilizer applications, and the A1B3C3 and A2B3C1 treatments with eight fertilizer
applications, the N transport efficiency was higher than that in the CK. The highest transport efficiencies
were in the A2B3C1, A2B2C3, and A2B1C2 treatments with four, six, and eight fertilizer applications,
respectively, which were 19.4, 22.0, and 30.6% higher than that in the CK. With respect to the transport
efficiency of P, only that in the A1B3C3, A2B1C2, and A2B2C3 treatments was greater than or equal
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to that in the CK with four fertilizer applications; however, in the treatments with six fertilizer
applications, except in the A3B3C2, A2B2C3, and A3B2C1 treatments, the transport efficiency of
P was higher than that in the CK, indicating this fertilization frequency significantly increased the
efficiency of P transport. The highest P transport efficiency among the treatments with six fertilizer
applications was in the A1B2C2 treatment and was 24.4% higher than that in the CK. The P transport
efficiency in the treatments with eight fertilizer applications, by contrast, decreased; thus, only the
P transport efficiency in the A1B3C3, A1B2C2, and A2B1C2 treatments was higher than that in the
CK. The K transport efficiency in the treatments with different fertilization frequencies, except in the
A1B2C2 treatment with eight fertilizer applications, increased. The highest K transport efficiency in the
treatments with four, six, and eight fertilizer applications occurred in A3B2C1, A3B2C1, and A2B1C2,
respectively, and were 50.3, 54.2, and 38.6% higher than that in the CK. In summary, only under proper
NPK ratios could the nutrient transport efficiency be improved; otherwise, it was repressed. Under
these three kinds of fertilization frequencies, P transport efficiency was negatively correlated with N
and K transport efficiencies, particularly between N and P transport efficiencies. From the perspective
of fertilization frequency, the increased efficiency and stability of the transport efficiency of various
nutrients were greater in the treatments with six fertilizer applications than in those with four and
eight fertilizer applications.

Table 11. Effects of different fertilization ratios and frequencies on transport efficiency.

Fertilization Transport Efficiency

X Treatments
Frequencies N Ranking P Ranking K Ranking

A1B1C1 16.7% 7 11.1% 8 23.2% 5

A1B2C2 18.4% 4 11.4% 7 16.7% 7

A1B3C3 5.1% 10 26.6% 1 20.9% 6

A2B1C2 17.0% 5 20.8% 2 36.2% 3

4 Applications A2B2C3 25.8% 2 18.4% 3 11.0% 8
A2B3C1 28.0% 1 13.7% 5 43.7% 2

A3B1C3 16.9% 6 13.1% 6 10.5% 9

A3B2C1 18.7% 3 7.5% 9 50.4% 1

A3B3C2 15.0% 8 3.7% 10 30.2% 4

CK 8.4% 9 18.4% 3 4.1% 10

A1B1C1 15.7% 7 21.3% 6 27.9% 5

A1B2C2 1.3% 10 31.7% 2 20.6% 8

A1B3C3 9.0% 8 42.8% 1 23.2% 7

A2B1C2 23.3% 6 21.9% 5 25.7% 6

6 Applications A2B2C3 30.4% 1 11.1% 9 32.1% 4
A2B3C1 27.7% 3 23.5% 4 41.8% 2

A3B1C3 28.0% 2 24.6% 3 20.1% 9

A3B2C1 27.0% 4 12.5% 8 58.3% 1

A3B3C2 24.8% 5 6.8% 10 38.6% 3

CK 8.4% 9 18.4% 7 4.1% 10

A1B1C1 15.3% 5 7.2% 7 21.2% 8

A1B2C2 14.6% 6 29.8% 2 0.8% 10

A1B3C3 3.7% 10 51.8% 1 39.4% 3

A2B1C2 39.0% 1 27.9% 3 42.7% 1

8 Applications A2B2C3 21.6% 4 6.9% 8 35.7% 5
A2B3C1 7.3% 9 11.1% 6 36.7% 4

A3B1C3 9.3% 7 13.0% 5 30.4% 6

A3B2C1 27.2% 3 4.1% 9 24.3% 7

A3B3C2 31.1% 2 4.0% 10 41.7% 2

CK 8.4% 8 18.4% 4 4.1% 9

3.7. Effects of Different Fertilization Ratios and Frequencies on Nutrient Uptake Efficiency

Different fertilization ratios and frequencies can significantly affect nutrient uptake efficiency
(Table 12). Under fertilization frequencies of four, six, and eight fertilizer applications, the highest
nutrient uptake rates of N were in the A2B3C1 (83.7%), A2B2C3 (95.4%), and A2B1C2 (136.9%)
treatments, respectively; the highest nutrient uptake rates of P were in the A1B3C3 (26.5%), A1B3C3
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(78.9%), and A1B3C3 (49.2%) treatments; and the highest nutrient uptake rates of K were in the A2B3Cl1
(59.5%), A1B1C1 (71.5%), and A2B1C2 (58.0%) treatments. In the treatments with four and eight
fertilizer applications, when the K uptake rate was at the highest level, the N uptake rate was at the
highest level, too, while when the P uptake rate was at the highest level, inversely, the N uptake
rate was at the lowest level. Overall, the P uptake rate was low relative to those of N and K in the
treatments with four fertilizer applications, the P uptake rate only increased in the A1B3C3 (26.5%) and
A2B1C2 (3.8%) treatments; and in the treatments with eight fertilizer applications, it only increased in
the A1B3C3 (49.2%), A1B2C2 (36.7%), and A2B1C2 (15.4%) treatments. From the aspect of fertilization
frequency, the N, P, and K uptake rates were higher in the treatments with six fertilizer applications
than in those with four and eight fertilizer applications.

Table 12. Effects of different fertilization ratios and frequencies on nutrient uptake efficiency.

Fertiliz ati'on Treatments Nutrient Uptake Efficiency
Frequencies N Ranking P Ranking K Ranking
A1BIC1 57.9% 4 —23.6% 9 57.3% 2
A1B2C2 73.9% 2 —22.6% 8 37.7% 5
A1B3C3 —54.4% 9 26.5% 1 50.3% 3
A2B1C2 30.2% 5 3.8% 2 48.2% 4
4 Applications A2B2C3 72.9% 3 —0.1% 3 10.2% 8
A2B3C1 83.7% 1 —7.6% 5 59.5% 1
A3B1C3 19.8% 7 —4.3% 4 4.8% 9
A3B2C1 25.7% 6 —8.8% 6 34.8% 6
A3B3C2 13.8% 8 —11.9% 7 19.6% 7
A1B1C1 47.6% 6 9.3% 3 71.5% 1
A1B2C2 —91.9% 9 42.8% 2 49.6% 4
A1B3C3 —17.3% 8 78.9% 1 57.5% 2
A2B1C2 60.6% 3 5.7% 5 32.4% 7
6 Applications A2B2C3 95.4% 1 —11.8% 9 42.0% 5
A2B3C1 82.0% 2 8.2% 4 56.7% 3
A3B1C3 55.7% 4 5.0% 6 12.0% 9
A3B2C1 52.5% 5 —4.8% 7 40.7% 6
A3B3C2 45.2% 7 —9.4% 8 25.9% 8
A1B1C1 44.6% 3 —36.0% 9 51.4% 3
Al1B2C2 37.1% 6 36.7% 2 —10.1% 9
A1B3C3 —68.2% 9 49.2% 1 55.0% 2
A2B1C2 136.9% 1 15.4% 3 58.0% 1
8 Applications A2B2C3 52.7% 4 —18.6% 8 47.5% 5
A2B3C1 —16.8% 7 —11.9% 7 49.0% 4
A3B1C3 —4.6% 8 —4.3% 4 19.7% 7
A3B2C1 53.1% 5 —11.6% 5 15.1% 8
A3B3C2 65.7% 2 —11.6% 5 28.2% 6

3.8. Effects of Different Fertilization Ratios and Frequencies on Soil Nutrient Contents

Table 13 shows the effects of different NPK ratios and fertilization frequencies on soil nutrient
contents. Under fertilization frequencies of four, six, and eight fertilizer applications, the treatments
in which the soil N content was significantly higher than that in CK were in the minority, including
the A3B2C1 treatment with four fertilizer applications and the A1B2C2 treatment with six and eight
fertilizer applications, whose values were 13.0, 63.5, and 72.9% higher than that in the CK, respectively.
Among the three fertilization frequencies, the soil P content in the A2B3C1 treatment was the lowest,
while the highest value was in the A1B3C3, A2B2C3, and A2B1C2 treatments, at 78.9, 80.9, and 80.7%
higher than that in the CK, respectively. Although the K content in the soil in the A2B3Cl1 treatment was
the lowest, the difference from that in the CK was smaller than between the other treatments and the
CK. In the treatments with four and eight fertilizer applications, there was no significant difference in K
content from that in the CK. Additionally, in the treatments with six fertilizer applications, except in the
A2B2C3, A2B3C1, A3B1C3, and A3B2C1 treatments, the K content was not significantly different from
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that in the CK. Moreover, the soil nutrient contents in the treatments with six fertilizer applications
were comparatively low under the same NPK ratios.

Table 13. Effects of different fertilization ratios and frequencies on soil nutrient contents.

Fertilizati.on Treatments Soil Nutrient Contents
Frequencies N P K

A1BIC1 2.76 £ 0.257ab 1.45 £+ 0.019a 5.06 + 0.101ab
A1B2C2 2.56 + 0.015ab 1.50 £ 0.015a 5.01 &+ 0.299ab
A1B3C3 2.93 4 0.188ab 1.59 + 0.034a 4.83 4+ 0.133ab
A2B1C2 2.56 &+ 0.107ab 1.59 + 0.009a 4.49 + 0.278ab
4 Applications A2B2C3 2.64 £ 0.053ab 1.36 £ 0.266a 4.72 4+ 0.328ab
A2B3C1 2.52 + 0.097b 0.66 &= 0.011b 4.30 + 0.089%

A3B1C3 2.65 + 0.008ab 0.83 £ 0.019b 4.30 + 0.123b

A3B2C1 2.96 + 0.163a 0.84 + 0.017b 6.22 + 0.160a

A3B3C2 2.68 £ 0.057ab 0.92 + 0.018b 4.07 £ 0.176b
CK 2.62 £ 0.051ab 0.89 + 0.074b 495 + 0.112ab

A1B1C1 2.34 4+ 0.027b 1.00 £+ 0.192b 5.14 + 0.112a
A1B2C2 4.28 + 0.577a 1.4940.009a 4.66 + 0.276ab

A1B3C3 2.84 4+ 0.048b 1.48 £+ 0.018a 5.07 &+ 0.05a
A2B1C2 2.52 + 0.055b 1.58 & 0.007a 4.72 £+ 0.116ab
6 Applications A2B2C3 2.71 + 0.054b 1.61 = 0.027a 4.22 + 0.067bc
A2B3C1 2.50 + 0.148b 0.73=£ 0.025¢ 3.98 4+ 0.175¢
A3B1C3 2.82 + 0.036b 0.77 + 0.028c 4.40 £ 0.177bc

A3B2C1 2.63 + 0.086b 0.86 =+ 0.014bc 4.07 + 0.269c¢
A3B3C2 2.89 4 0.082b 0.87 4 0.010bc 4.70 4 0.056ab

CK 2.62 4+ 0.051b 0.89 £ 0.074bc 495+ 0.112a

A1BIC1 2.60 + 0.082b 1.49 + 0.042b 4.70 + 0.154a

A1B2C2 4.53 £+ 0.157a 1.49 4 0.002b 5.03 4 0.063a

A1B3C3 2.37 + 0.022b 1.57 & 0.045ab 4.87 £ 0.220a

A2B1C2 2.74 + 0.050b 1.61 £ 0.025a 4.96 + 0.198a

8 Applications A2B2C3 2.77 + 0.145b 0.75 &+ 0.025de 4.66 £+ 0.116a
A2B3C1 2.62 4+ 0.081b 0.72 4 0.024e 4.25 + 0.283a

A3B1C3 2.82 4+ 0.100b 0.82 4= 0.012cde 4.96 + 0.707a

A3B2C1 2.56 4 0.043b 0.84 4 0.020cd 4.40 + 0.178a

A3B3C2 2.84 +0.119b 0.92 £ 0.043¢ 470 £ 0.143a

CK 2.62 + 0.051b 0.89 + 0.074c 495+ 0.112a

Note: Different letters in the same column value indicate a significance of 5%, p < 0.05.

3.9. Comprehensive Analysis

The seedling quality index (QI) is a quantitative standard for evaluating seedlings through
seedling height, root collar diameter, and dry weight and can intuitively reflect the growth status of
seedlings. In general, the higher the QI, the better the seedling quality. Table 14 shows the seedling
Ql in each treatment in this study. In the treatments with four fertilizer applications, the top three
treatments in terms of QI were A3B1C3, A3B3C2, and A3B2C1; in the treatments with six fertilizer
applications, the top three treatments in terms of QI were A2B3C1, A3B3C2, and A3B2C1; and in the
treatments with eight fertilizer applications, the top three treatments in terms of QI were A2B2C3,
A2B3C1, and A3B2C1. Under the three fertilization frequencies, the top treatment in terms of QI was
always A3B2C1, indicating that seedling growth was relatively stable under this NPK ratio.

As the indexes measured in this study were too great and the change rules of these indexes were
not very consistent under different NPK ratios and fertilization frequencies, a comprehensive analysis
of the measured indexes was performed using the principal component analysis method, which is
a statistical analysis method that divides the plurality original variables into a few comprehensive
indicators, replacing the original variables with fewer new variables by utilizing the correlation
between original variables. Moreover, as the information reflected from the original variables



Forests 2019, 10, 65 21 of 29

was retained in these few new variables as much as possible, the complexity of the resulting
variables decreased.

Table 14. Seedling quality index in each treatment.

4 Applications 6 Applications 8 Applications
Treatments
(0) | Ranking QI Ranking QI Ranking
A1BIC1 2.12 8 1.84 9 2.12 8
A1B2C2 2.35 7 2.41 5 2.15 7
A1B3C3 2.69 5 2.37 6 2.23 6
A2B1C2 1.93 9 2.14 7 2.04 9
A2B2C3 2.35 6 211 8 3.43 1
A2B3C1 2.78 4 3.42 1 2.80 2
A3B1C3 3.01 1 2.45 4 2.51 4
A3B2C1 2.79 3 2.92 3 2.60 3
A3B3C2 2.84 2 3.19 2 2.37 5
CK 1.59 10 1.59 10 1.59 10

The data were integrated, all treatments in this experiment were renumbered, and a total of
27 fertilization treatments were obtained. According to the results of the principal component
analysis, the KMO (Kaiser-Meyer-Olkin) test value was 0.362, and the Bartlett spherical test result
was significance <0.01, so the eigenvalue analysis could be further performed. As a result, the six
principal components with eigenvalues greater than 1 were retained. As these six principal components
concentrated 85.977% of the original variable, the final results could be exactly reflected according to
the scores of these six principal components. Table A1 shows the final score formula for each principal
component. According to the rankings and final scores of the principal components in Table A2,
the three treatments numbered 18, 25, and 17 had higher comprehensive scores, namely, the A3B3C2
treatment with six fertilizer applications, the A3B1C3 treatment with eight fertilizer applications,
and the A3B2C1 treatment with six fertilizer applications. Among these treatments, the A3B3C2
treatment with six fertilizer applications had the highest scores; this treatment included six fertilizer
applications in the growing season of 480 mg N per seedling, 320 mg P per seedling and 160 mg
K per seedling, and the NPK ratio was 3:2:1. This result agreed with the result of the seedling QI
previously calculated: the three treatments with six fertilizer applications with the highest QI ranking
were A2B3C1, A3B3C2, and A3B2Cl1, and the results of the composite score also fell within this
range. Therefore, the more suitable fertilization method for M. wufengensis seedlings was six fertilizer
applications in the growing season of 480 mg N plant !, 320 mg P plant !, and 160 mg K plant .

4. Discussion

4.1. Fertilization Promotes Plant Growth

Different NPK fertilization ratios promoted high and root collar diameter growth of M. wufengensis
seedlings (Tables 2 and 3, Figures 1 and 2), and the biomass of M. wufengensis seedlings also
increased (Tables 7-10), which was consistent with the effects of fertilization on other tree species in
previous studies [41,42]. However, through fertilization, height and root collar diameter growth of
M. wufengensis seedlings showed opposite trends: the height growth first increased and then decreased,
and the maximum height growth in all treatments appeared in the middle of fertilization; in contrast,
root collar diameter growth first decreased and then increased. This difference may be caused by the
growth characteristics of M. wufengensis because forest trees while adapting to the nutrient environment
show obvious reaction characteristics [43], such as changing their own growth rate, regulating the
above-ground biomass distribution [44], and increasing root absorption area. Under fertilization,
M. wufengensis seedlings accelerated height growth in the early stage because of the initial sufficient
nutrient supply. With the extension of the growing season, M. wufengensis height growth gradually
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slowed and became a dormant state to adapt to the imminent cold environment. At the same time,
the nutrients in leaves gradually return to the stems, resulting in an accelerating root collar diameter
growth. However, the height growth in the CK decreased, while, the root collar diameter was basically
unchanged, which may be because the CK did not receive fertilizer. Due to insufficient nutrients in the
soil, the plants could not generate enough nutrients during the growth period, limiting growth, which
intuitively reflects the importance of fertilization.

The whole biomass of M. wufengensis seedlings significantly increased by fertilization (Table 10),
and the biomass pattern was generally root > stem > leaf (Tables 7-9). This result may be because
the root is the most important organ for plants to absorb water and nutrients from soil, as well as
a dynamic interface between plants and soil [45], making it the basis for plant growth. In addition,
the test materials were the M. wufengensis seedlings sowed the year, so the root biomass was the
highest. However, fertilization decreased the proportion of root biomass to whole plant biomass,
increased the proportion of stem biomass to whole plant biomass, and had a smaller impact on the
proportion of leaf biomass to whole plant biomass, which was consistent with many studies. Such as
in Betula platyphylla, it was found that trees grew faster under high N conditions than under low
N conditions, and trees under high N conditions had a higher total biomass and lower root/shoot
biomass proportions [46]. It has also been found that the ratio of aboveground/underground biomass
of Picea asperata seedlings under normal P supply was twice that under P deficiency, and almost no new
stem grew under P deficiency [47]. This may be due to resource tropism of roots [48], and when some
elements in the soil are deficient, the plant will allocate a higher proportion of biomass to the tissues
where these elements can be obtained, thus maximizing the ability to obtain the resources that are
most severely limiting plant growth [49]. Meanwhile, insufficient nutrients in soil will stimulate root
growth and increase root biomass [50]. Under fertilization, trees will allocate more biomass to aerial
tissues because of the sufficient nutrient contents in soil [51], and plants do not have to keep extending
the root system to maximize the ability to obtain the resources that are limiting their growth. Under
such conditions, the function of roots was mainly to transport the nutrients in soil to the aerial tissues
of the plant, thereby promoting aboveground growth and slowing down root growth. Therefore,
fertilization decreases the proportion of root biomass to whole plant biomass and increases the stem
biomass proportion.

4.2. Effects of Fertilization on the Chlorophyll Content in Magnolia wufengensis

Chlorophyll is the main pigment that determines the concentration of plant leaf color, and it is
also a significant indicator for environmental quality evaluation [52]. As chlorophyll is the foundation
of photosynthesis, the chlorophyll concentration in leaves will directly affect the amount of solar
energy absorbed by plants. Therefore, a low chlorophyll concentration will decrease photosynthesis
and limit the primary productivity of leaves [53], inhibiting plant growth. In addition, chlorophyll is
composed of a mass of N elements; thus, the plant nutritional status can be directly reflected through
chlorophyll content measurement [54]. Pigment content is directly correlated with physiological stress:
in plants undergoing senescence or suffering physiological stress, the chlorophyll concentration will
decrease, and the carotenoid content will inversely increase [55]. Therefore, the determination of
chlorophyll content can directly provide important information on the relationship between plants and
the environment, which has great significance for the global diagnosis of plant nutrition and growth.
We found that at the beginning of growth (July), there was no significant difference in chlorophyll
content between treatments and the CK (Figure 3), possibly due to the relatively low growth rate in
the early growth stage given that the soil nutrients could satisfy seedling growth. Furthermore, under
a short fertilization time, nutrients might not be completely absorbed by the plants. With the extension
of the growing season, the chlorophyll content differences between each treatment and the CK became
increasingly significant (Figure 3) due to the important influence of N, P, and K on plant chlorophyll
content. First, N is an essential component of chlorophyll [56]. Second, P can promote chlorophyll
synthesis by maintaining the ATP and NADPH contents in leaves [57]. Moreover, K*, the most
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abundant metal element in chloroplasts, is an essential element for maintaining the normal structure of
chloroplasts. K* can also increase plant photosynthetic efficiency by promoting chlorophyll synthesis
and strengthening chloroplast structure [58]. Therefore, the application of N, P, and K fertilizers could
promote chlorophyll synthesis. At the same time, plant growth reduced the nutrient content in the
soil of the CK, inhibiting chlorophyll synthesis. The inconsistent variation in chlorophyll content in
each treatment may have been caused by the different fertilization ratios and frequencies. The effects
of fertilizer amount on photosynthesis and chlorophyll content have a threshold value; if this value
is exceeded, plant growth will be inhibited [59,60], which indicates the significance of a reasonable
fertilization ratio for plant growth.

4.3. Effects of Fertilization on Nutrient Status in Magnolia wufengensis

The growth and development of plants are the processes of cell division and differentiation,
which are accompanied by nutrient absorption and distribution throughout the life cycle. Although
fertilization promoted NPK accumulation in M. wufengensis seedlings, but the NPK status in different
tissues of plants is different. It can be seen from Figures 4, 6 and 8 that under different fertilization
treatments, N is deficiency for roots, P is deficiency for stems, and K is deficiency for leaves. In terms
of the NPK concentration in various organs of M. wufengensis, fertilization increased the proportions of
N in roots, P in stems, and K in leaves (Figures 5, 7 and 9). Under the dynamic balancing principle,
the elements in various tissues of plants are kept in relatively constant proportions, but plants will
also constantly adjust their nutrient distribution and adapt to changes in the growth pattern during
various developmental periods [61]. Plants themselves have a structural effect in that different tissues
have their own specific functions, growth, and turnover rates, and life cycle strategies, resulting in
different uptakes of nutrient elements in plant tissues [62]. As the soil nutrient supply changes, plants
will respond to external environmental changes and pressure through different growth characteristics
and substance distribution patterns. The elements among tissues will be redistributed, eventually
resulting in diverse responses in various tissues with different changing nutrient conditions [63].
In this study, because of the relatively high N application in soil, resulting in plants grow rapidly.
However, the growth rate was much higher than nutrient uptake rate, which may result in dilution
of N in stems and leaves. At the same time, the root system is the main tissues for plant nutrient
absorption [48], which continuously absorbs N from the soil in order to meet the growth needs.
Therefore, N is deficiency for roots and the concentration of N in roots increased; under fertilization
conditions, height growth in M. wufengensis seedlings was accelerated because of sufficient nutrient
supply (Figures 1 and 2). Generally, rapid plant growth was always accompanied by high protein
production, while biological protein synthesis requires a large amount of ribosome support. Serving
as an important component of the nucleus and nucleic acids, P is largely demanded during rapid
plant growth [64], which promotes P absorption and accumulation in the stem. Therefore, fertilization
increased the concentration of P in the stem; K is not involved in any substance formation during plant
growth and it mainly regulates plant growth and development by participating in physiological and
biochemical processes. The most important function of K is to regulate plant photosynthesis [65], and it
is preferentially distributed in tissues and organs in which metabolic activities are most active [66].
Moreover, previous studies have shown that leaves are the most active tissues in plant physiology and
metabolism [67]. In this study, fertilization accelerated M. wufengensis seedling growth and enhanced
photosynthesis and physiological metabolism in the leaves, resulting in a large demand for K, which
increased the concentration of K in leaves. Simultaneously, due to the rapid growth of plants, P are
constantly required by stems, and K are constantly required by leaves, so P is deficiency for stems and
K is deficiency for leaves. Marked dilution of P in roots and leaves and K in roots and stem, probably
because plants normally adjust to current nutrient supply and often dilute their nutrient reserves
before attaining equilibrium between nutrient supply and growth [68].
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4.4. Effects of Fertilization on Nutrient Uptake and Transport Efficiency and Soil Nutrient Contents

The uptake and transport efficiency of nutrients and the soil nutrient contents reflect the absorption
of nutrients in soil by plants, which can be used to determine the rationality of fertilization. Tables 8-10
show that fertilization improved the transport efficiency and uptake of N and K, except under several
fertilizer ratios. However, the transport efficiency and uptake of P were relatively low, and the P content
in soil was relatively high after fertilization, which may be due to its differences from N fertilizer and K
fertilizer. After being applied to soil, a large amount of P accumulates in the soil profile. The P uptake
rate can only be 10% to 25%, and the remaining 75% to 90% accumulate in soil as phosphate, such as
Ca-P, Fe-P, and Mg-P [69]. Meanwhile, there was a positive correlation between the uptake of N and K
because K could greatly increase N absorption and uptake, promoting its conversion to protein [65].
Moreover, much protein synthesis in plant cells relies on K* [70], and K* also plays an important role
in strengthening protein stability [71]. The nutrient content in the soil was not significantly different
from that in the CK and was even lower than that in the CK after fertilization, indicating that balanced
fertilization promoted nutrient absorption in plants. Compared with a fertilization frequency of four
and eight fertilizer applications, that of six fertilizer applications significantly increased P transport
efficiency; increased N, P, and K uptake; and decreased the nutrient content in soil, indicating that
this fertilization frequency is the most suitable for M. wufengensis seedlings in improving nutrient
absorption from soil. Randall and Vetsch (2005) [33] obtained similar results, but the specific reasons
still require further exploration.

5. Conclusions

This study shows that fertilization is an important management measure for tree cultivation.
Fertilization promotes the growth of M. wufengensis seedlings, improves various growth indicators,
and promotes nutrient accumulation in plants. At the same time, the optimum fertilization amount,
ratio, and frequencies for one-year-old M. wufengensis growth in cinnamon soil were determined.
A set of fertilization parameters was finally established: 6 fertilizer applications in the growing season
of 480 mg N per seedling, 320 mg P per seedling, and 160 mg K per seedling and an NPK ratio of
3:2:1. In addition, a special fertilizer NPK ratio for one-year-old M. wufengensis seedlings was also
preliminarily identified that could be directly used in pot cultivation according to this study. However,
this experiment only evaluated the effect of fertilization on seedlings in cinnamon soil. The effect of
this fertilization parameter on seedlings in other soil types needs further verification. If applied to the
field, the NPK ratio should be recalculated considering the degree of soil erosion. As this study was
mainly conducted in pots, field verification tests should be continued to obtain a better basis for actual
large-scale production.
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Appendix A

Table A1. Final score formula for the six principal components

Principal Components

Score Formula

Y = 0.229X; + 0.226X5 + 0.273X3 + 0.311X4 + 0.300Xs5 + 0.320X; + 0.183X7 —
0.264Xg + 0.175Xg + 0.183X79 — 0.264X71 + 0.175X15 + 0.104X73 — 0.231X14 —
0.150X15 — 0.060X15 — 0.097X77 — 0.145X35 — 0.019X19 + 0.282X50 + 0.252Xo;

Y = — 0.017X; + 0.086X, + 0.233X5 + 0.134X, + 0.196X5 + 0.215X¢ — 0.326X7 +
0.256Xg + 0.147Xg — 0.325X10 + 0.256X17 + 0.146X71, — 0.432X735 — 0.329X14 —
0.174X15 — 0.153Xq4 + 0.144X77 — 0.033X15 + 0.056X19 + 0.166Xp0 + 0.221Xp

Y = 0.039X; — 0.086X — 0.138X3 + 0.019X4 — 0.073X5 — 0.084X¢ + 0.301X7 +
0153)(8 + 0386X9 + 0301X10 + 0153)(11 + 0386)(12 — 0240)(13 + 0099)(14 —
0.350X15 — 0.382X14 + 0.262X17 — 0.067X15 + 0.133X59 — 0.027Xz0 — 0.077Xa

Y = — 0.276X; — 0.109X, + 0.158X5 — 0.105X4 — 0.105X5 + 0.026Xg — 0.036X7 —
0.093Xg + 0.309Xg — 0.036X79 — 0.093X7; + 0.310X15 — 0.004X153 — 0.028X14 +
0.226)(15 + 0.353)(16 — 0.474X17 + 0~375X18 + 0.330X19 + 0.038)(20 + 0.036X»1

Y = — 0.137X; + 0.192X; + 0.097X3 + 0.018Xy4 — 0.042X5 + 0.049X¢ + 0.263X7 +
O~292X8 — 0.195)(9 + 0.264)(10 +0.293X11 — 0.195X1, + 0.148X13 +0.264X14 —
0.352)(15 + 0.113)(16 - 0.019)(]7 + 0-049X18 + 0.500)(19 + 0.217)(20 + 0.130)(21

Y = — 0.530X; — 0.189X, + 0.150X5 + 0.315X,; — 0.083X5 + 0.171Xs — 0.031X7 +
0.047Xg + 0.017Xg — 0.031X40 + 0.047X77 + 0.017X45 — 0.027Xq5 + 0.027X14 —
0]78)(15 + 0029)(16 + 0130)(17 + 0499)(18 + 0132)(19 — 0135X20 — 0428)(21
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Table A2. Comprehensive score for each seedling treatment

Frequencies Treatments Numbering F1 Ranking F2 Ranking F3 Ranking F4 Ranking F5 Ranking F6 Ranking F Ranking

A1B1C1 1 35.1 25 9.3 24 15.7 15 —0.2 7 3.9 13 314 25 95.2 25
A1B2C2 2 327 26 8.6 27 15.1 21 1.0 4 5.1 3 27.2 26 89.8 27
A1B3C3 3 36.1 23 113 15 14.6 23 -1.5 1 3.8 14 323 22 96.5 23
A2B1C2 4 42.8 14 11.2 16 17.4 6 -5.3 26 12 27 432 4 110.6 13

4 Applications A2B2C3 5 36.4 21 9.4 23 14.7 22 -13 10 58 1 315 24 96.5 24
A2B3C1 6 43.7 10 13.1 10 17.7 3 —0.2 5 41 11 36.0 17 114.3 9
A3BI1C3 7 45.0 8 13.5 9 13.3 26 —49 25 45 7 40.6 10 112.0 11
A3B2C1 8 45.2 7 152 4 16.7 9 14 2 3.8 15 38.5 13 120.8 4
A3B3C2 9 47.2 4 14.4 5 15.2 20 —4.7 24 2.6 21 429 5 117.7 6
A1BIC1 10 375 19 9.1 25 17.2 8 -35 15 1.6 26 38.4 14 100.3 19
A1B2C2 11 37.8 18 12.8 11 13.8 25 -21 13 3.7 16 34.6 19 100.5 18
A1B3C3 12 35.4 24 11.1 17 15.3 18 -09 8 4.1 12 323 21 97.4 20
A2B1C2 13 43.2 12 10.9 19 16.5 10 —6.1 27 2.4 23 432 3 110.2 14

6 Applications A2B2C3 14 40.9 16 9.7 21 17.5 4 -39 19 2.8 19 38.7 12 105.7 17
A2B3C1 15 4.7 9 13.8 7 17.3 7 -1.0 9 45 6 36.0 16 115.5 7
A3B1C3 16 424 15 11.3 14 15.7 16 —4.1 21 4.4 9 38.8 11 108.5 15
A3B2C1 17 474 3 14.3 6 18.8 2 -18 12 2.5 22 41.0 7 122.3 3
A3B3C2 18 511 1 159 2 15.9 13 —4.4 22 29 17 46.2 1 127.6 1
A1B1C1 19 37.1 20 8.7 26 16.1 12 —3.8 18 2.3 24 36.4 15 96.7 22
A1B2C2 20 36.2 22 9.6 22 12.9 27 —4.1 20 54 2 34.2 20 94.2 26
A1B3C3 21 32.6 27 12.8 13 16.2 11 4.6 1 4.8 4 25.8 27 96.7 21
A2B1C2 22 43.6 11 10.2 20 19.3 1 —44 23 22 25 428 6 113.7 10

8 Applications A2B2C3 23 43.1 13 135 8 15.9 14 —0.2 6 4.5 8 34.8 18 111.7 12
A2B3C1 24 46.3 5 15.3 3 15.5 17 -28 14 2.7 20 41.0 8 118.1 5
A3BIC3 25 485 2 16.1 1 14.4 24 -36 17 2.9 18 45.0 2 123.3 2
A3B2C1 26 45.3 6 12.8 12 15.3 19 —3.6 16 42 10 40.6 9 114.6 8
A3B3C2 27 39.5 17 11.1 18 17.5 5 14 3 4.8 5 319 23 106.1 16
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