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Abstract: Improving the economic benefits of Camellia oleifera is a major problem for C. oleifera growers,
and girdling and foliar fertilizer have significant effects on improving the economic benefits of plants.
This study explains the effects of girdling, girdling + foliar fertilizer on nutrient distribution, and
the economic benefits of C. oleifera at different times. It also explains the N, P, and K contents of
roots, leaves, fruits, and flower buds (sampled in March, May, August, and October 2021) and their
economic benefits. The results showed girdling promoted the accumulation of N and K in leaves in
March 2021 (before spring shoot emergence) but inhibited the accumulation of P, which led to the
accumulation of P in roots and that of N in fruits in August 2021 (fruit expansion period). Foliar
fertilizer application after girdling replenished the P content of leaves in March 2021, and P continued
to accumulate in large quantities at the subsequent sampling time points. The N and P contents of
the root system decreased in March. In October (fruit ripening stage), girdled shrubs showed higher
contents of N and K in fruits and flower buds, and consequently lower relative contents of N and K in
roots and leaves but higher content of P in leaves. Foliar fertilizer application slowed down the effects
of girdling on nutrient accumulation in fruits and flower buds. Spraying foliar fertilizer decreased
the N:P ratio in the flower buds and fruits of girdled plants. Thus, foliar fertilizer spray weakened
the effects of girdling on the nutrient content and economic benefits of C. oleifera. In conclusion,
girdling changed the nutrient accumulation pattern in various organs of C. oleifera at different stages,
increased leaf N:K ratio before shoot emergence, reduced root K content at the fruit expansion stage
and the N:K ratio of mature fruit, and promoted economic benefits.
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1. Introduction

Camellia oleifera Abel (Theaceae) is an evergreen shrub widely planted in 18 provinces
and regions of China, including Hunan, Jiangxi, and Guangxi (in order of planting
area) [1,2]. Unlike other fruit trees, C. oleifera is characterized by the coexistence of fruit
and flowers as well as vegetative growth and reproductive growth. This results in different
periods of distribution patterns of C. oleifera being different from other fruit trees. There-
fore, scientific management of the nutrient content of C. oleifera is an important measure
for maintaining its yield at high levels [1,3,4]. In recent years, scholars have conducted
extensive research on the fertilization of C. oleifera forests [5]; however, fertilization in
forestland was found to be difficult and expensive. Tree girdling, as a means of nutrient
content regulation, has been widely used in citrus [6], grape [7], apple [8], kiwi [9], and
other fruit trees [10]. The objective of girdling is to sever the phloem and prevent the flow of
carbohydrates to the underground plant parts, thus promoting reproductive organ growth,
flowering, and fruit development and quality [11,12]. However, girdling should be carried
out when the nutrient content of the tree is sufficient. Foliar fertilizer is applied to plant
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stems and leaves so that plants can absorb various nutrients through stems and leaves and
improve their nutritional status [12]. Meanwhile, with the application of unmanned aerial
vehicles (UAVs) for plant protection [13,14], the application of foliar fertilizer on C. oleifera
trees is in the initial stages. Foliar fertilizer will become another important way of nutrient
management in C. oleifera [15].

A large number of experiments on fruit trees show that girdling effectively reduces
the N(Nitrogen), P(Phosphorus), and K(Potassium) contents of the leaves above the
girdle [11,16]. Therefore, if the nutrients are not replenished immediately after the girdling,
the tree can become weak and eventually die. Therefore, reasonable foliar fertilizer ap-
plication can effectively improve the nutrient content of plant organs and promote the
growth and development of plants [15]. Urea has a high N content and is often used
as a common fertilizer for plant nitrogen supplementation [17]. Potassium dihydrogen
phosphate contains P and K, and the plant utilization rate is high, which can promote
the absorption of N and P by plants, and it has good water solubility, which is the first
choice for foliar fertilizer [18]. Girdling can reduce flower and fruit drop. Furthermore,
plants are also sprayed with gibberellin [18], naphthaleneacetic acid [19], or boron [20] to
reduce flower and fruit drop. C. oleifera has been cultivated for a long time [21]; however, its
management is extensive, and there has been no way to report the application of girdling.
In a preliminary experiment, we showed that girdling could effectively increase the fruit
yield of C. oleifera. However, the effect of girdling on nutrient distribution in C. oleifera, the
need to supplement nutrients after the application of girdling, and the relationship between
the nutrient characteristics of C. oleifera and yield remain unclear. In this study, 10-year-old
C. oleifera trees were treated with girdling and foliar fertilizer, and the root, leaf, flower,
and fruit samples were collected to determine and analyze the key phenological period
of C. oleifera. Additionally, ripe C. oleifera fruits were picked to determine fruit quality.
To explore the effects of girdling and foliar fertilizer application on the nutrient content
of C. oleifera trees, the distribution regulation and stoichiometric ratio characteristics of
these trees were analyzed in different periods. Moreover, to develop recommendations and
obtain theoretical support for nutrient management in C. oleifera, the relationship between
nutrient characteristics and yield was analyzed via path analysis.

2. Materials and Methods
2.1. Plant Material and Study Site

Ten-year-old clones of C. oleifera, with an average plant height of 2.70 m, ground
diameter of 76.83 mm, east-west crown width of 2.55 m, north-south crown width of 2.62 m,
and plant row spacing of 2.0 m x 3.0 m, were used in this study. The experiment was
conducted in the Jiu long shan Township of Yushui District, Xinyu City, Jiangxi Province,
China (27°40" N, 114°49’ E). The study site has a subtropical monsoon climate, with an
average annual temperature of 15 °C and abundant annual rainfall of 1680 mm (Resources
come from Xinyu Meteorological Bureau). The woodland was planted in strips on a gentle
slope, and the soil contained 25.12 mg kg~! available nitrogen, 5.73 mg kg ! available
phosphorus, and 20.25 mg kg ! available potassium. All C. oleifera clones were planted in
the same period and grown using the same management practices.

2.2. Study Design

A single factor experimental design was adopted. Girdling was applied at the flow-
ering stage, and foliar fertilizer was sprayed after girdling. The treatment subjected to
neither girdling nor spray foliar fertilizer served as the check control (CK). Each treatment
contained 15 plants (45 plants total). Additionally, the treatments were implemented on
three adjacent strips in the middle of the hillside, with one treatment per strip.
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2.3. Experimental Method
2.3.1. Girdling Technique

The experiment began in November 2020 (at the first flowering stage). C. oleifera
shrubs showing uniform growth were selected and girdled 270° with a girdling cutter,
completely severing the phloem but without damaging the xylem. The girdle was 2 mm
wide, and was located on first-order branches at 10-20 cm above the main stem [22]. Finally,
the shrubs were labeled according to the treatment.

2.3.2. Foliar Fertilizer Spray Technique

A sprayer was used to spray the surface of C. oleifera leaves with a foliar fertilizer
composed of 0.2% urea, 0.2% potassium dihydrogen phosphate, 0.2% borax, 50 mg L~! gib-
berellin, and 20 mg L~! naphthalene acetic acid (The concentration selection is determined
on the basis of comprehensive consideration of previous studies). A total of 7.5 L of foliar
fertilizer was applied to 15 C. oleifera, with an average of 0.5 L per tree. The fertilizer was
sprayed 1 week after girdling on a day with no rain [23].

2.3.3. Sample Collection

Plant organs were sampled in 2021; roots and leaves were sampled on 10 March (before
spring shoot emergence), 25 May (after spring shoot emergence), 5 August (fruit expansion
stage), and 15 October (fruit maturity stage); fruits were sampled only on 25 May and
15 October, and flower buds were sampled only on 15 October, because flower buds and
fruits were either too small or not present at the other time points. Sampling was performed
in triplicate on each date, with each replicate containing samples collected from five plants.
After collection, the samples were brought to the lab, washed, fixed, dried to a constant
weight, pulverized, and stored for testing.

On 15 October 2021, the yield per plant of C. oleifera was determined (all fruits from a
single C. oleifera plant were picked separately, weighed, and recorded). At the same time,
before fruit picking, 24 fruits were randomly picked in the upper, middle, and lower layers
in the four directions of southeast, southwest, and northwest, with different treatments
(one for every five trees, a total of three parts). After collection, it was brought back to the
laboratory to determine the fresh weight of single fruit and single fruit seed kernels, and
then the seed kernels were put into the oven and baked to constant weight, crushed with a
mortar, and stored to determine the oil content of the seed kernels.

2.3.4. Determination of Nutrient Content and Fruit Economic Characteristics

Before the test treatment, three parts of 0-20 cm rhizosphere soil were collected
according to the “S” sampling method, dried naturally, passed through a 2 mm sieve, and
sealed and stored.

The available nitrogen content was determined using the alkaline hydrolysis method [24].
The available phosphorus content was determined using the molybdenum blue colorimet-
ric method [21]. The available potassium content was measured using an atomic flame
photometer [1].

Weigh 0.1 g samples (leaves, roots, fruits, buds) and put them in a boiling tube, add
H,504-HyO;, place a small funnel at the mouth of the tube, put it on the cooking furnace
at 420 °C to boil until transparent, cool and set the volume to a 100 mL volumetric flask,
let stand for 5-7 min, transfer to a 15 mL centrifuge tube for storage, and determine the
concentrations of N, P, and K respectively.

The N content of various plant organs was determined using the automatic discontin-
uous analyzer (Smartchem 200, AMS, Rome, Italy) [22]; P content was determined using
the molybdenum blue colorimetric method (GENESYS 180, Shanghai, China) [21]; and K
content was determined with a flame photometer (FP6400, Shanghai, China) [1].

Weigh 0.5 g of the sample (dried seed kernels), put it into a folded filter paper packet,
extract it using petroleum ether Soxhlet for 8 h, stand at 75 °C for 0.5 h, weigh the weight,
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calculate the oil content of seed kernels [1], the oil content of fresh fruits, and the oil yield
per plant. The calculation formula is as follows:

Oil content of fresh fruit (%) = Oil content of seed kernels x Single fruit fresh weight D)

Oil production per plant (g plant ') = Oil content of fresh fruit x Yield per plant (2)

2.4. Data Analysis

The data were analyzed using SPSS 19.0. One-way analysis of variance (ANOVA),
followed by Duncan’s multiple range test (DMRT), were used to identify significant differ-
ences (p < 0.05) in various parameters among the different treatments. Path analysis was
used to determine the relationship between oil yield per plant and nutrient characteristics.
Graphs were prepared in ORIGIN 2021.

3. Results
3.1. Effects of Girdling and Foliar Fertilizer Application on the Nutrient Contents of Various
C. oleifera Organs

The N, P, and K contents of C. oleifera leaves in each treatment at four time points,
10 March (before spring shoot emergence), 25 May (after spring shoot emergence), 5 August
(after fruit expansion), and 15 October (after fruit ripening), are shown in Figure 1. Without
any treatment (CK), the N nutrient content of leaves was low before spring shoot emergence;
however, the N nutrient content of new leaves gradually increased after spring shoot emer-
gence, reaching a higher level at the later growth stage (Figure 1a). The girdling + foliar
fertilizer treatments significantly increased the N content of leaves before spring shoot
emergence. Compared with CK, the N content of girdling and girdling + foliar fertilizer
treatments were 145.05% and 162.44% higher, respectively. During the period from spring
shoot emergence to fruit expansion, no significant difference in leaf N content was detected
between each treatment and CK. However, N did not accumulate in leaves at the fruit
ripening stage; instead, it was transported to the fruit. At the fruit ripening stage, leaf N
content in the girdling treatment was 12.66% lower than that in CK, which was significantly
lower than that in the previous period. Spraying foliar fertilizer after girdling reduced
the N output of mature leaves, and the gap in the N content between the girdling + foliar
fertilizer treatment and CK was relatively smaller. The P content of the leaves in CK reached
the highest after spring shoot emergence, and gradually decreased with fruit expansion,
oil transformation, and flower bud differentiation at the later stage, indicating that P was
transported from leaves to other organs (Figure 1b). Girdling decreased the P content
by 8.82% compared with CK before spring shoot emergence. However, the P content of
leaves increased during the period from the emergence of spring shoots to the expansion
of fruits, and then decreased at the later stage. When the fruits matured, the P content of
leaves was significantly higher than that in the CK by 55.54%. Spraying foliar fertilizer
after girdling significantly increased the leaf P content before spring shoot emergence but
inhibited the accumulation of P in leaves after spring shoot emergence. The leaf P content
of the girdling + foliar fertilizer treatment was significantly lower than that of the girdling
treatment at three stages after spring shoot emergence, but was not significantly different
compared with CK.

The effect of the girdling and foliar fertilizer spray on K accumulation was different
from that on the N and P accumulations. The K content of leaves in the CK treatment
showed an increasing trend until the end of fruit expansion and decreased at fruit matu-
rity (Figure 1c). Girdling promoted the accumulation of K in leaves before spring shoot
emergence. However, during the period from spring shoot emergence to fruit expansion,
the leaf K content in the girdling treatment was significantly lower than that in CK, and
the K output also decreased at the later stage. At the fruit ripening stage, the K content of
leaves in the girdling treatment was similar to that in the CK. Except during fruit expansion,
foliar fertilizer spray after girdling reduced the difference in the leaf K content between the
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girdling and CK treatments at all time points. In other words, foliar fertilizer application
weakened the regulation of girdling on the K content of C. oleifera leaves.
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Figure 1. Nutrient content of C. oleifera leaves in different stages of each treatment. Data are
means £ SE (n = 3), uppercase letters represent the difference between the same treatment and
different periods (p < 0.05), lowercase letters represent the difference between different treatments in
the same period (p < 0.05).

With the change in root growth time, the N, P, and K contents of roots showed different
dynamic regulation (Figure 2). Overall, the root N content increased after spring shoot
emergence, slightly decreased during fruit expansion, and then increased at fruit maturity;
the P content of roots increased at the emergence stage of spring shoot, and then decreased;
and the root K content gradually increased with time. However, the change regulation of
the different treatments was not completely consistent.

Girdling had no obvious effect on the root N content before and after spring shoot
emergence (Figure 2a); however, the root N content was 16.44% after fruit expansion and
15.07% lower after fruit ripening compared with the CK. Therefore, girdling promoted N
accumulation in the root system during fruit expansion but decreased N accumulation
at fruit maturity. Application of foliar fertilizer after girdling reduced the root N content
in each period, indicating that foliar fertilizer supplementation was not conducive to
accumulation of N in the roots of girdled C. oleifera plants.

Girdling promoted the accumulation and output of root P at spring shoot emergence
and fruit maturity (Figure 2b), respectively. The increase in root P was the largest (139.48%)
before and after spring shoot emergence, and the decrease in root P was the largest (30.48%)
after fruit maturation. Spraying foliar fertilizer after girdling inhibited the accumulation of
P in the root system after spring shoot emergence. The root P content was 46.09% lower in
the girdling + foliar fertilizer treatment than in the girdling treatment, which was similar to
the root P content in CK. However, during other time periods, foliar fertilizer application
after girdling had no obvious effect on the root P content.
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Figure 2. Nutrient content of C. oleifera roots in different stages of each treatment. Data are
means £ SE (n = 3), uppercase letters represent the difference between the same treatment and

different periods (p < 0.05), lowercase letters represent the difference between different treatments in
the same period (p < 0.05).

Girdling had no significant effect of on the root K content in each period (Figure 2c).
However, the application of foliar fertilizer after girdling significantly increased the root K
content of spring shoots by 20.72% before emergence. Moreover, after the girdling treatment
and until fruit ripening, the root K content was reduced by 17.87% and 25.32% after fruit
expansion and ripening, respectively, compared with that of CK. The results indicated
that spraying foliar fertilizer after girdling was not conducive to the accumulation of K in
C. oleifera roots after spring shoot emergence.

Girdling had no obvious effect on N and K accumulation in fruits at the fruit expansion
stage (Figure 3). However, after fruit ripening, girdling reduced the N and K contents
by 28.96% and 10.21%, respectively, compared with CK. The effect of girdling on the
fruit P content was observed at the stage of fruit expansion, but little effect was noticed
during fruit ripening. Application of foliar fertilizer after girdling reduced the N, P, and
K contents of the fruit, and the N, P, and K contents of fruit at the swelling and ripening
stages in the girdling + foliar fertilizer treatment showed no significant difference compared

with the CK.

Girdling had no obvious effect on the N, P, and K contents of flower buds (Table 1).
The N content of flower buds was increased in the girdling + foliar fertilizer treatment,
which was 18.36% and 25.21% higher than that in the girdling and CK treatments, respec-
tively. The P and K contents of flower buds were also increased in the girdling + foliar

fertilizer treatment, but this increase was not significant compared with the girdling and
CK treatments.
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Figure 3. Nutrient contents of C. oleifera fruits in each treatment. Data are means + SE (n = 3),
lowercase letters represent the difference between different treatments in the same period (p < 0.05).

Table 1. Nutrient contents in flower buds of C. oleifera in each treatment.

Nutrient
Treatment
N Content (gkg=1) P Content (gkg=1) K Content (gkg—1)
Girdling+ foliar fertilizer 14.70 £ 0.73a 2.62 +0.14a 4.73 £ 0.15a
Girdling 12.42 4+ 0.39b 2.35 £ 0.03a 415+ 0.2a
CK 11.74 + 0.21b 2.58 £0.17a 444 £+ 0.12a
p value 0.013* 0.353 0.145

Note Lowercase letters represent the difference between different treatments in the same period (p < 0.05);
* indicates p < 0.05.

3.2. Effects of Girdling and Foliar Fertilizer on Nutrient Distribution in Different
C. oleifera Organs

Girdling and foliar fertilizer application changed the distribution pattern of N in
C. oleifera organs (Figure 4). Before spring shoot emergence (10 March 2021), C. oleifera fruit
had not developed, and flower buds were absent. In the CK treatment, the N nutrient
content of roots was significantly higher than that of leaves, and the relative root N content
was approximately 60%. Girdling caused more N nutrient accumulation in leaves. The
relative N content of leaves in the girdling and girdling + foliar fertilizer treatments was
more than 60%, and the relative N content of roots was less than 40%. However, the effect
of girdling + foliar fertilizer was more obvious than that of the girdling treatment about
the relative leaf N content. After the spring shoot emergence (25 May 2021), the fruit was
small, and there were no flower buds. Girdling had little effect on N distribution in roots
and leaves at this stage. After fruit expansion (5 August 2021), the root N content was the
highest in the girdling treatment among all three treatments, and the relative N content
of leaves, roots, and fruits in the girdling + foliar fertilizer treatment were consistent with
those in CK. After fruit ripening (15 October 2021), the flower buds were swollen and about
to bloom, and the relative N content of flower buds was lowest in CK and highest in the
girdling + foliar fertilizer treatment. Additionally, on October 15, the relative N content
of leaves was the highest in CK, indicating that girdling and foliar fertilizer application
promoted the transport of N from leaves to flowers. Thus, girdling and foliar fertilizer
application promoted the transport of N from leaves to other organs.
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Figure 4. Nitrogen distribution characteristics of C. oleifera under different treatments in different periods.

The P distribution patterns in C. oleifera organs in different treatments at different
stages were shown in Figure 5. At the spring shoot emergence stage, girdling decreased the
content of P in leaves and increased P accumulation in the root system. The distribution of
P in roots and leaves in the girdling + foliar fertilizer treatment was similar to that in CK.
During the period after spring shoot emergence, the relative root P content was the highest
in the girdling treatment, indicating that girdling was conducive to the accumulation of
P in the root system. However, foliar fertilizer spray on girdled plants slightly decreased
the relative root P content. After fruit expansion, the relative P content of fruits was the
lowest, while that of leaves was the highest in the girdling treatment; however, the relative
P content of roots showed no significant difference among the three treatments. At the fruit
maturity stage, the relative P content of leaves was still the highest in the girdling treatment,
and the P content in flower buds was relatively less, indicating that the girdling induced
the transport of P from roots mainly to leaves. No significant difference was detected in P
nutrient allocation between the girdling + foliar fertilizer and CK treatments. In general,
the root system of C. oleifera accumulated more P in the first half of the year, and more P
was transferred to the leaves in the second half of the year when fruits had expanded and
ripened. This effect was alleviated by spraying foliar fertilizer after girdling.
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Figure 5. Phosphorus distribution characteristics of C. oleifera organs in different treatments in
different periods.
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Girdling and foliar fertilizer application also affected the distribution of K in various
C. oleifera organs (Figure 6). Before spring shoot emergence, leaves showed a higher K
content in the girdling treatment than in CK; however, spraying foliar fertilizer after
girdling had little effect on the distribution nutrients in roots and leaves. After spring shoot
emergence, girdling caused more K to accumulate in the root system, reducing the amount
of K transported to the leaves. However, spraying foliar fertilizer after girdling further
increased the K content of leaves. The relative K content of fruits in the girdling treatment
increased with fruit growth and expansion. Foliar fertilizer application after girdling
promoted the transport of K from roots and leaves to fruits at the fruit maturity stage, and
the relative K content of fruit was highest in the girdling + foliar fertilizer treatment.
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Figure 6. Potassium distribution characteristics of C. oleifera organs in different treatments in
different periods.

3.3. Effects of Girdling and Foliar Fertilizer Application on N:P and N:K Ratios in Different
C. oleifera Organs

Girdling had no significant effect on the leaf N:P ratio from spring shoot emergence to
fruit expansion, but significantly increased the leaf N:P ratio before spring shoot emergence
and decreased the leaf N:P ratio after fruit ripening (Table 2).

The leaf N:P ratio in the girdling + foliar fertilizer was significantly lower than that
in the girdling treatment but significantly higher than that in CK. During other periods,
the effect of girdling + foliar fertilizer on the leaf N:P ratio was not obvious. In addition,
during the leaf growth period, the N:P ratio in CK gradually increased, reaching a peak
at the fruit maturity stage; however, in the other two treatments, the leaf N:P ratio first
decreased and then increased at the fruit maturity stage. The root N:P ratio differed among
the three treatments only in the first half of the year; after fruit expansion in the second half
of the year, girdling had little effect on the root N:P ratio, regardless of the application of
foliar fertilizer. The root N:P ratio decreased after girdling; however, after foliar fertilizer
spray, the root N:P ratio decreased further, reaching levels significantly lower than those
observed in CK, both before and after spring shoot emergence. The effect of girdling on the
N:P ratio was not obvious at the fruit expansion stage, but was significant in mature fruits
and flowers. Thus, in the CK treatment, the N:P ratio was significantly higher in fruits and
significantly lower in flower buds. Application of foliar fertilizer after girdling increased
the N:P ratio in mature fruits to different degrees, bringing the N:P ratio in fruits in the
girdling + foliar fertilizer treatment closer to that in the CK treatment, although the N:P
ratio in flower buds was higher in the girdling + foliar fertilizer treatment than in CK.
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Table 2. The ratio of N:P and N:K of different organs in each period.
N:P N:K
Date  Treatment
Leaves Roots Fruits Buds Leaves Roots Fruits Buds
Girdling+
foliar 5.12 + 0.07b 2.19 +0.13b - - 6.11 + 0.12a 2.19 £ 0.09b - -
10 fertilizer
Mar Girdling 5.98 &+ 0.28a 2.69 & 0.10a - — 521 £ 0.26b 3.24 +0.07a — —
CK 222 +0.11c 2.96 £ 0.06a - - 2.63 £ 0.16¢ 3.20 & 0.06a — —
Girdling+
foliar 419 +£0.17a 1.52 + 0.06b - - 4.89 +0.13a 5.76 + 0.07ab — —
1\/%5 fertilizer
% Girdling  371+016a  1.28+0.03c - - 549 +024a 5144035 - -
CK 3414+ 0.31a 1.79 £ 0.07a — — 5.11 4+ 0.24a 5.85+0.17a — —
Girdling+
foliar 5.11 4 0.59%a 5.75 + 0.76a 3.19 4 0.35a - 6.74 & 0.30a 5.84 + 0.36ab 1.50 & 0.06a —
A5 fertilizer
ug: Girdling 4.60 + 091a 6.45 £+ 0.96a 3.52 + 0.36a - 6.14 + 0.08a 7.29 £ 1.75a 1.35 £ 0.13a -
CK 6.13 = 0.27a 437 £ 0.43a 2.88 + 0.18a - 4.59 £+ 0.02b 3.74 £ 0.36b 1.47 £ 0.05a —
Girdling+
15 foliar 11.06 £ 0.61a 5.78 £ 0.01a 3.50 + 0.14ab 5.63 £ 0.20a 717 +£0.27b 7.50 £ 0.38a 1.37 £ 0.04a 3.10 £ 0.09a
fertilizer
Oct. Girdling 8.11 £ 2.30b 5.82 & 0.40a 2.79 £ 0.14b 527 £0.13b 6.93 + 0.13b 6.54 + 0.28a 1.38 £ 0.11a 3.01 + 0.13ab
CK 12.79 + 0.46a 6.11 + 0.26a 3.71 £0.18a 4.59 + 0.25b 8.18 = 0.22a 7.36 £ 0.18a 1.75 + 0.03a 2.65 + 0.03b

Note: Data are means + SE (n = 3). Lowercase letters represent the difference between different treatments in the
same period (p < 0.05).

Compared with CK, the leaf N:K ratio was significantly higher in the girdling treatment
before spring shoot emergence and fruit expansion, and lower after fruit ripening; however,
the difference in the leaf N:K ratio was not a significant difference between these two
treatments during late spring shoot emergence. Application of foliar fertilizer after girdling
significantly increased the N:K ratio before spring shoot emergence but had little effect on
the N:K ratio at the other stages. In C. oleifera roots, girdling had little effect on the N:K
ratio before spring shoot emergence and after fruit ripening but significantly reduced the
N:K ratio during spring shoot emergence and increased this ratio after fruit expansion.
Application of foliar fertilizer after girdling significantly reduced the root N:K ratio before
spring shoot emergence but had little effect on the N:K ratio at each stage after spring
shoot emergence. Girdling had no obvious effect on the N:K ratio in fruits but increased
the N:K ratio in flowers to varying degrees. Girdling + foliar fertilizer treatment showed a
significantly higher N:K ratio in flower buds than CK.

3.4. Influence of Girdling and Foliar Fertilizer Application on C. oleifera Yield

Significant differences were observed in the fresh fruit yield, fruit oil content, and
per-plant oil yield among the different treatments (Table 3). Girdling significantly increased
the fruit yield, while spraying foliar fertilizer reduced the fruit yield increase; nonetheless,
compared with CK, the girdling and girdling + foliar fertilizer treatments showed 63.56%
and 33.24% higher fruit yield, respectively. However, girdling reduced the oil content
of fresh fruit, and the application of foliar fertilizer after girdling further reduced the oil
content; compared with CK, the girdling and girdling + foliar fertilizer treatments showed
13.07% and 20.03% lower oil yield, respectively. In addition, the per-plant oil yield in the
girdling treatment was significantly increased by 41.91% and 33.65% compared with the
girdling + foliar fertilizer and CK treatments, respectively.

3.5. Path Analysis of Nutrient Content, Nutrient Stoichiometric Ratio, and Per-Plant Oil Yield

Only the leaf N:K ratio in March, root K content in August, fruit N:P ratio in August,
and fruit N:K ratio in October had significant effects on the per-plant oil yield, and the
root P content in March and leaf N content in May had significant effects on per-plant
oil production (Table 4). Among these effects, the effect of the N:K ratio on per-plant
oil production per plant in March was positive, while those of the root K content in
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August, fruit N:P ratio in August, and fruit N:K ratio in October on the per-plant oil yield
were negative.

Table 3. Yield of C. oleifera in each treatment, oil content of fresh fruit, and oil production per plant.

Treatment

Oil Production per Plant

. it (2
il Content of Fresh Fruit (%) (g Plant1)

Yield per Plant (kg Plant~1)

Girdling+ foliar fertilizer
Girdling
CK
p value

451.38 + 85.56b

603.29 £ 82.59a

7.19 + 1.67b 5.89 £ 0.23a 425.13 +99.18b
0.173 0.000 0.013

9.58 + 1.97ab
11.76 £ 1.61a

4.71 £ 0.20b
512 + 0.20b

Note: Data are means £ SE (n = 3). Lowercase letters represent the difference between different treatments in the
same period (p < 0.05).

Table 4. Multiple stepwise regression analysis of oil production per plant and tree nutrients.

Item

Major Affecting Factors Regression Equation R?

Oil production per plant
(g-plant™")
Y1

Leaf of N:K ratio in March

X1

Root of K content in August
X2

Fruit of N:P ratio in August
X3

Fruit of N:K ratio in October
Xy

Y1 =2164.853 + 175.036X; —
206.702X; — 213.266X3 — 320.795X4

0.992

The root K content in August, fruit N:P ratio in August, and fruit N:K ratio in October
had direct negative effects on the per-plant oil yield (Table 5). However, the root K content
in August, fruit N:P ratio in August, and fruit N:K ratio in October had indirect positive
effects on the per-plant oil yield by interacting with each other and the leaf N:K ratio
in March, which offsets the direct negative effects among factors. The leaf N:K ratio in
March had an indirect negative effect on the per-plant oil yield by interacting with other
factors. Among the effects of these factors, the direct positive effect of the leaf N:K ratio
in March was greater, and the indirect positive effects of the fruit N:P ratio in August and
fruit N:K ratio in October were greater. In addition, the residual path coefficient was 0.089,
indicating that the factors in this equation fully explained the variation in oil production
per C. oleifera plant.

Table 5. Path analysis of tree nutrient factors on oil production per plant of C. oleifera.

Direct Path
Coefficient

Independent
Variable

Indirect Path Coefficient
X3

Residual Path
Coefficient

X1 X2 X4 Total

X 1.065

X5 —0.455
X3 —0.436
X4 ~0.310

—1.065
0.065
0.208
0.274

- —0.524 0.417
0.224 - 0.122 —0.281
-0.171 0.117 - 0.262
0.279 —0.191 0.186 -

—0.959
0.089

Note: X1 is N:K ratio of leaves in March, X2 is root of K content in August, X3 is N:P ratio of fruits in August, X4
is N:K ratio of fruits in October.

4. Discussion
4.1. Effect of Girdling on the Nutrient Contents of C. oleifera Plants

Girdling is widely used in fruit trees [6-9] because it causes physical damage to phloem
in the trunk, impeding the transport of carbohydrates and inorganic nutrients to the tree
roots [25]. Studies show that girdling reduces the N, P, and K contents of leaves, and this
effect is related to the healing time of girdling wounds [26]. The growth and development
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and the nutrient distribution pattern of C. oleifera are different from those of most fruit
trees. The results of this study showed that girdling of the C. oleifera trunk in November
significantly increased the N content of leaves before spring shoot emergence in early
March of the next year, which was conducive to the accumulation of N in roots at the fruit
expansion stage (August), and promoted the transport of N from leaves to fruits at the fruit
maturity stage (October). During the period from the girdling of C. oleifera to the emergence
of spring shoots, the fruits formed in the previous year (2020) had been harvested, and
the new fruits (in 2021) had not yet formed; N had been transported to the leaves through
the xylem; and competition from other organs was non-existent. Additionally, the girdle
in the phloem had not yet begun to heal and could not transport N down to the roots,
which significantly increased the N content of leaves during this time. After the girdle
healed in mid-May, N was normally transported to above- and below-ground organs.
After the girdling, the roots obtained more N and grew better, and the N output of the
above-ground leaves increased at the later stage. In the first half of the year, P accumulated
more in the roots, so that the P content of leaves before and after spring shoot emergence
was significantly lower. However, after the fruit expansion and until the fruit maturity, P
was transferred to the leaves in large quantities in the girdling treatment, resulting in a
significantly higher leaf P content compared with CK. This result could be attributed to the
P uptake characteristics of plants [21]. In C. oleifera, the first half of the year is the key period
of P uptake and accumulation by roots. Before girdle healing, the normal transport of P is
affected, resulting in a greater accumulation of P in the root system. After girdle healing, a
large amount of P is transported to the leaves, greatly increasing the leaf P content.

In this study, girdling increased the availability of K to the leaves before spring
shoot emergence, for the same reason as that which is responsible for N accumulation
in leaves during this period. However, after spring shoot emergence, the K content of
C. oleifera leaves, roots, fruits, and flowers in the girdling treatment was lower than that in
CK, whereas the relative K content of flower buds and fruits was higher in the girdling
treatment, so that more K was allocated to fruits and flower buds [27]. These results indicate
that girdling promotes the distribution of K to fruits and flower buds, which is conducive
to seed setting. However, it should be noted that girdling could consume a large amount of
K while promoting seed setting, which may lead to insufficient K availability in the plant,
thus requiring supplementation over time.

4.2. Influence of Ring Cutting on the Stoichiometric Ratios of N, P, and K in C. oleifera

N, P, and K are the limiting nutrients affecting plant growth, and the N:P and N:K
ratios could be used as the determinants of plant health [28]. When the N:P ratio < 14, plant
growth is limited by N; when the N:P ratio > 16, plant growth is limited by P; and when
the N:P ratio = 14~16, plan growth is limited by both N and P [29]. The results of this study
showed that the N:P of each organ of C. oleifera plants was less than 14 in different periods,
indicating that the growth of C. oleifera was severely limited by N. In the trees girdled in
November, the leaves had accumulated a large amount of N in March of the following
year, whereas the level of P was low, improving the leaf N:P ratio, which to a certain extent,
alleviated the effects of N limitation on C. oleifera growth. After the girdle wound healed,
phloem returned to its normal transport capacity, gradually reducing the leaf N and P
contents to levels consistent with those in the CK. The N:P ratio of the C. oleifera roots was
relatively low before and after spring shoot emergence, which was severely restricted by
N. At the later stage, the root N:P ratio gradually increased. At the fruit maturity stage,
large amounts of N and P were accumulated in the vegetative organs before girdle wound
healing, which were gradually transferred to the reproductive organs, flower buds, and
fruits at the later stage. Therefore, the N:P ratio in C. oleifera fruits and flower buds was
relatively high at the fruit maturity stage, which reduced the limitation of N in fruits and
flower buds to a certain extent. When the N:K ratio is less than 2.1, plant growth is mainly
limited by K [30]. The results of this experiment show that the N:K ratio in each organ of
C. oleifera at different stages was less than 2.1, indicating that the growth of C. oleifera plants
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was limited by K. However, changes in the N:K ratio in different organs at different stages
after girdling was the same as that in the N:P ratio, for roughly the same reasons.

4.3. Foliar Fertilizer-Induced Modification of the Effect of Girdling on the Nutrient Content of
C. oleifera Organs

Application of foliar fertilizer after girdling affected nutrient accumulation in roots,
increased the nutrient contents of fruits and flower buds, brought the N, P, and K contents
of leaves, roots, and fruits closer to those in the CK, and weakened the regulatory effect of
girdling on the contents of N, P, and K in C. oleifera. This result might be related to the vege-
tative growth of the above-ground parts of C. oleifera plants treated with foliar fertilizer [4];
the root system absorbed more nutrients. In addition, foliar fertilizer application after
girdling also weakened the effects of girdling on the distribution of N, P, and K in various
organs during the period from spring shoot emergence to fruit expansion and reduced
the deviation of tree nutrient distribution patterns from the control in this period. Foliar
fertilizer increased the relative contents of P and K in ripe fruits and flower buds of girdled
C. oleifera trees, which may be related to the less fruits treated with foliar fertilizer [31].

4.4. Key Nutrient Characteristics of Girdled C. oleifera Trees for Increasing Yield

Girdling improved the fruit yield and per-plant oil yield of C. oleifera, but it did not
increase the oil content of fresh fruit. It may be because girdling greatly increased the
number of fruits per plant, resulting in reduced seed kernel oil content. However, the
substantial increase in yield compensated for the reduction in seed oil content, leading to a
substantial increase in oil production per plant.

Path analysis of C. oleifera nutrient contents and per-plant oil and fruit yield revealed
that the root K content in August, fruit N:P ratio in August, and fruit N:K ratio in October
were important factors affecting per-plant oil production. In March, the leaf N:K ratio
had direct positive effects on oil production per plant, while the other three factors had
indirect negative effects. This indicates that the increase in the leaf N:K ratio in March could
directly and effectively promote the increase in oil yield per plant. Girdling promoted the
accumulation of N in C. oleifera leaves in March, increasing the leaf N:K ratio. At the same
time, girdling promoted a reduction in the K content of roots in August, and large amounts
of N and P were accumulated in leaves, which were later transported to fruits, but the N
and P contents of fruits were relatively low. In October, large amounts of N and K were
accumulated in leaves and roots, which were later transported to fruits, and the amount of
K transported was greater than that of N, resulting in low N and P contents of fruits.

5. Conclusions

Girdling and foliar fertilizer application affected the nutrient contents of C. oleifera
organs at the flowering stage. The improvement in the economic benefits of girdling on
C. oleifera is more obvious. In the girdling treatment, N was accumulated in leaves before
girdle wound healing. However, the accumulation of N and K in the roots was limited.
With the gradual healing of the girdle wound and the recovery of phloem transport capacity,
the underground plant parts began to accumulate N. P accumulated in the root system
before girdle wound healing. After wound healing, P began to accumulate in the leaves.
At the fruit ripening stage, three nutrients (N, P, and K) previously accumulated in the
vegetative organs were gradually transported to the reproductive organs (fruits and flower
buds), and the amount of K transported was greater than that of N and P, which promoted
flowering and fruiting. Compared with the girdling, the application of foliar fertilizer after
girdling weakened the overall effect of girdling on nutrient regulation in C. oleifera trees but
promoted the accumulation of a large amount of nutrients in roots, flower buds, and fruits.
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