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Abstract

Balanced fertilization is essential for improving the growth and productivity of Sapindus
mukorossi plantations. In this study, a three-year “3414” fertilization experiment was
conducted in a six-year-old plantation of the new S. mukorossi cultivar ‘Yuanhua’ to evaluate
the effects of nitrogen, phosphorus, and potassium fertilization on vegetative growth, fruit
yield, yield stability, and gross output value. Fertilizer levels were set at 0, 300, 600, and
900 kg N ha−1, 0, 250, 500, and 750 kg P2O5 ha−1, and 0, 200, 400, and 600 kg K2O ha−1.
NPK fertilization promoted tree height, ground diameter, crown width, and fruit yield
compared with the unfertilized control. Among the 14 fertilization treatments, N1P1K2

produced the greatest mean annual increment in tree height, N1P2K1 produced the greatest
ground-diameter increment, and N2P2K1 produced the greatest crown-width increment.
Fruit yield was highest under N2P2K2 in 2021 and 2022 and under N2P2K1 in 2023. The
highest three-year mean yield was obtained under N2P2K2, reaching 1278.93 kg ha−1, and
the highest yield stability index was observed under N2P2K2 and N2P1K2. Gross output
value showed a pattern consistent with fruit yield, with N2P2K2 producing the highest
values in 2021 and 2022 and N2P2K1 producing the highest value in 2023. Among the tested
fertilization combinations, N2P2K2, corresponding to 600 kg N ha−1, 500 kg P2O5 ha−1,
and 400 kg K2O ha−1, showed the best overall performance for six-year-old S. mukorossi
‘Yuanhua’ plantations under the conditions of this study. These findings indicate that
balanced NPK fertilization can improve vegetative growth, fruit yield, yield stability, and
gross output value in S. mukorossi ‘Yuanhua’ plantations.

Keywords: formula fertilization; Sapindus mukorossi; fruit yield; yield stability; gross
output value

1. Introduction
Sapindus mukorossi Gaertn. is an economically important species of Sapindaceae and is

distributed mainly in tropical and subtropical regions. The species is rich in triterpenoid
saponins, which are closely associated with its potential value in biomedicine, cosmetics,
and natural surfactant production [1]. Fujian Province is one of its major production areas
in China, with a planted area of approximately 20,000 ha. However, many plantations
have long been managed extensively, resulting in uneven tree growth and relatively low
fruit yield. Improving nutrient supply is therefore essential for increasing plantation
productivity and realizing the economic potential of this species.
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Fertilization is a key silvicultural practice for regulating tree growth and stand pro-
ductivity [2–4]. In addition to improved cultivars, planting density, training, and pruning,
appropriate fertilization can enhance nutrient availability, photosynthetic capacity, and
biomass accumulation, thereby improving stand quality and yield [5–7]. Nitrogen (N),
phosphorus (P), and potassium (K) are the major macronutrients required for plant growth
and are closely associated with photosynthesis, nutrient metabolism, and reproductive
development [4]. Recent studies on S. mukorossi have shown that balanced N, P, and
K fertilization can affect fine-root traits, soil properties, leaf functional traits, and fruit
yield [8–10]. These findings indicate that not only fertilizer amount but also the N:P:K ratio
may influence the growth and productivity of S. mukorossi plantations.

Tree height, ground diameter, and crown width are commonly used to evaluate
vegetative growth and stand development. For fruit-bearing economic forests, canopy
structure is also closely linked to fruit production; within a suitable height range, a well-
developed crown can improve light interception and support higher yield [11–13]. Recent
studies on forest fertilization have increasingly focused on fertilization regimes, fertilizer-
use efficiency, and fertilizer formulations [14–17]. The “3414” soil-testing and formula-
fertilization design is an optimal regression design with three factors, four levels, and
14 treatments, and is commonly used to estimate fertilizer-response functions with rela-
tively few treatments [18]. Similar fertilizer-response or fertilizer-optimization approaches
have been applied to woody and perennial crops, including Phoebe bournei, Xanthoceras
sorbifolium, and Olea europaea [19–21]. The results of these studies suggest that fertilizer
responses vary with plant species, stand age, site conditions, and the growth or yield traits
considered [16,17,21].

At present, information remains limited on the response of clonal S. mukorossi plan-
tations to different N, P, and K combinations. The new cultivar ‘Yuanhua’, selected by
our research team, is being promoted as a major cultivar in Fujian, but a standardized
fertilization regime for clonal orchards has not yet been established. In this study, we
conducted a three-year ‘3414’ NPK fertilization experiment in a six-year-old S. mukorossi
‘Yuanhua’ plantation. The objectives were to evaluate the effects of combined N, P, and K
application on vegetative growth, fruit yield, yield stability, and gross output value, and
to identify the best-performing treatment among the tested fertilization combinations for
high-quality management of S. mukorossi clonal orchards.

2. Materials and Methods
2.1. Study Site

The experiment was conducted in Jianning County, Fujian Province, China (116◦47′20′′ E,
26◦40′3′′ N). The mean annual temperature is 16.8 ◦C, and the mean annual precipitation is
1822 mm. The soil at the experimental site is sandy clay loam, with soil organic carbon of
7.75 g kg−1, total N of 1.40 g kg−1, total P of 0.36 g kg−1, total K of 27.95 g kg−1, available K
of 48.16 mg kg−1, available P of 1.32 mg kg−1, and alkali-hydrolysable N of 36.01 mg kg−1.
The slope is 5–15◦, the elevation is approximately 150 m, stand canopy closure is 0.4–0.5,
and understory vegetation cover is 15–35%.

2.2. Plant Material

The tested material was the S. mukorossi clone ‘Yuanhua’. Scions were obtained from
elite individual trees with high and stable yield as well as resistance to diseases and insect
pests. The stand was 6 years old, with a planting spacing of 4 m × 4 m and a planting
density of 600–650 plants ha−1.
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2.3. Experimental Design

A ‘3414’ optimal regression design was adopted, and fertilization was applied con-
tinuously for three years (2021, 2022, and 2023). Different N, P, and K fertilizer levels
were combined with an unfertilized control in the field experiment: level 0, 0 kg ha−1 N,
P2O5, and K2O; level 1, 300 kg ha−1 N, 250 kg ha−1 P2O5, and 200 kg ha−1 K2O; level 2,
600 kg ha−1 N, 500 kg ha−1 P2O5, and 400 kg ha−1 K2O; and level 3, 900 kg ha−1 N,
750 kg ha−1 P2O5, and 600 kg ha−1 K2O. Fertilizer rates for phosphorus and potassium
are expressed as P2O5 and K2O equivalents, respectively, following conventional fertilizer-
labeling practice. The design included three factors (N, P, and K), four fertilization levels,
and 14 fertilization treatments with three replicates, giving 42 treatment plots in total. The
experiment was conducted in a 3-ha experimental plantation with a planting spacing of
4 m × 4 m. The experiment was arranged as a randomized complete block design, and each
block contained all 14 fertilization treatments. Treatments were randomly assigned within
each block. The unfertilized level 0 was used as the control. Fertilizer application rates are
shown in Table 1, and buffer rows were established between treatment plots. In each plot,
four representative central trees with average growth status were selected for growth and
yield measurements, and border trees were excluded from data collection to reduce edge
effects. Fertilizer was applied three times each year: on 10 April (flowering fertilizer, 30% of
the annual total), 20 July (fruit-strengthening fertilizer, 30%), and 1 November (post-harvest
fertilizer, 40%). Fertilizer was applied by trenching; after the calculated fertilizer amount
was mixed into the soil, the trench was immediately covered. Other management practices
were the same as those used for the control. Urea (46.0% N) was the only N source, calcium
superphosphate (12.0% P2O5) was the only P source, and potassium sulfate (60.0% K2O)
was the only K source. In early November of 2021, 2022, and 2023, tree height (from the
ground to the plant growth point) and crown width (east–west and north–south directions)
were measured using a telescopic tower ruler, and ground diameter (at the graft union)
was measured with a Vernier caliper. Measurements were conducted continuously for
three years.

Table 1. Experimental fertilization treatments.

Treatment N (kg ha−1) P2O5 (kg ha−1) K2O (kg ha−1)

N0P0K0 0 0 0
N0P2K2 0 500 400
N1P2K2 300 500 400
N2P0K2 600 0 400
N2P1K2 600 250 400
N2P2K2 600 500 400
N2P3K2 600 750 400
N2P2K0 600 500 0
N2P2K1 600 500 200
N2P2K3 600 500 600
N3P2K2 900 500 400
N1P1K2 300 250 400
N1P2K1 300 500 200
N2P1K1 600 250 200

2.4. Yield Stability and Gross Output Value Analysis

Fruit yield was recorded annually from 2021 to 2023 and expressed as yield per unit
area. Yield stability was evaluated using the sustainability yield index (SYI), which is
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commonly used to assess the stability of crop or plantation productivity across years [22].
The SYI was calculated as follows:

SYI = (Ȳ − SD)/Ymax

where Ȳ is the mean annual yield per unit area, SD is the standard deviation of annual yield,
and Ymax is the maximum yield observed among all treatments. The SYI ranges from
0 to 1; a higher SYI value indicates greater yield stability, whereas a lower value indicates
greater interannual yield variation.

Gross output value was calculated by multiplying annual fruit yield by the cor-
responding market price. The fruit prices of S. mukorossi ‘Yuanhua’ were 20, 30, and
26 CNY kg−1 in 2021, 2022, and 2023, respectively. Gross output value was expressed
as CNY ha−1 and represents gross return before deducting fertilizer, labor, and other
production costs.

2.5. Statistical Analysis

All statistical analyses were performed using R version 4.3.2. Annual increments in
tree height, ground diameter, and crown width were calculated from consecutive annual
measurements. Linear mixed-effects models were used to analyze annual growth incre-
ments, with fertilization treatment, year, and their interaction as fixed effects and plot
identity as a random effect. When significant effects were detected, estimated marginal
means were compared using Tukey-adjusted pairwise comparisons at p < 0.05. Three-year
mean annual increments were calculated to summarize the overall growth performance of
each treatment.

Fruit yield was recorded annually from 2021 to 2023 and expressed on a per-hectare
basis. Treatment effects on annual fruit yield were analyzed separately for each experimen-
tal year, and different lowercase letters indicate significant differences among treatments
within the same year at p < 0.05. Gross output value was calculated by multiplying annual
fruit yield by the corresponding annual fruit price. The fruit prices of Sapindus mukorossi
‘Yuanhua’ were 20, 30, and 26 CNY kg−1 in 2021, 2022, and 2023, respectively.

Yield stability across the three years was evaluated using the sustainability yield
index (SYI). Descriptive quadratic response curves were fitted to illustrate the responses of
three-year mean fruit yield to N, P2O5, and K2O application rates based on the standard
single-factor treatment sequences in the “3414” design. Figures were prepared using R
version 4.3.2, and statistical significance was determined at p < 0.05.

3. Results
3.1. Effects of Fertilization Duration on Tree Height, Ground Diameter, and Crown Width

Tree height, ground diameter, and crown width of Sapindus mukorossi ‘Yuanhua’ in-
creased continuously with fertilization duration (Figure 1). The mean tree height increased
from 2.34 m before fertilization to 2.86, 3.29, and 4.03 m after one, two, and three years
of fertilization, respectively. Ground diameter increased from 6.55 cm to 7.78, 8.47, and
10.37 cm, whereas crown width increased from 2.12 m to 2.63, 3.24, and 3.91 m, respectively.
These results indicate that continuous NPK fertilization promoted vegetative growth of
six-year-old S. mukorossi ‘Yuanhua’ trees. Among the three traits, crown width showed
a relatively stable increase during the experimental period, suggesting that fertilization
contributed to canopy expansion and stand development.
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Figure 1. Effects of fertilization duration on the growth of Sapindus mukorossi ‘Yuanhua’. (A–C) Panels
show tree height, ground diameter, and crown width during 0–3 years of continuous fertiliza-
tion. Points represent grand means across all 14 fertilization treatments, and error bars represent
standard errors.

3.2. Effects of Different Fertilization Treatments on Growth

Different fertilization treatments significantly affected the mean annual increments
in tree height, ground diameter, and crown width of S. mukorossi ‘Yuanhua’ (Figure 2).
Compared with the unfertilized control, most NPK fertilization treatments promoted
vegetative growth, but the magnitude of the response varied among growth traits and
fertilizer combinations. For tree height, the numerically greatest mean annual increment
was observed under N1P1K2, followed by N3P2K2 and N1P2K1. The unfertilized control
showed the lowest height increment, indicating that nutrient supply was an important
limiting factor for height growth.

Figure 2. Effects of different NPK fertilization treatments on the three-year mean annual growth
increments of Sapindus mukorossi ‘Yuanhua’. (A) Mean annual increment in tree height; (B) mean annual
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increment in ground diameter; and (C) mean annual increment in crown width. Bars represent
means, and error bars represent standard errors. Different lowercase letters indicate significant differ-
ences among treatments based on estimated marginal means from the linear mixed-effects model at
p < 0.05.

For ground diameter, N1P2K1 produced the highest mean annual increment, fol-
lowed by N1P1K2 and N2P2K1. These results suggest that appropriate NPK combinations
were favorable for stem-base growth. In contrast, the unfertilized control and nutrient-
deficient treatments, especially N2P0K2 and N2P2K0, generally showed lower ground-
diameter increments.

For crown width, the highest mean annual increment was recorded under N2P2K1,
followed by N1P2K1 and N3P2K2. Crown-width increment was relatively low under the
unfertilized control, N2P0K2, and N0P2K2, indicating that balanced fertilization promoted
canopy expansion. Overall, the response patterns showed that moderate and balanced
NPK fertilization improved vegetative growth, whereas excessive or unbalanced nutrient
application did not consistently further increase growth.

3.3. Effects of NPK Fertilization on Fruit Yield, Yield Stability, and Gross Output Value

Fruit yield of Sapindus mukorossi ‘Yuanhua’ differed among fertilization treatments
and years (Figure 3A). Across all fertilized treatments, the mean fruit yields in 2021, 2022,
and 2023 were 1095, 944, and 1028 kg ha−1, respectively. The corresponding yields of the
unfertilized control were 408.33, 683.33, and 568.75 kg ha−1, respectively. Compared with
the unfertilized control, the mean yield of the fertilized treatments increased by 168%, 38%,
and 81% in 2021, 2022, and 2023, respectively.

 

Figure 3. Effects of different NPK fertilization treatments on annual fruit yield and gross output value
of Sapindus mukorossi ‘Yuanhua’ from 2021 to 2023. (A) Fruit yield in 2021, 2022, and 2023; (B) gross
output value in 2021, 2022, and 2023. Bars represent treatment means. Different lowercase letters
above the bars in panel (A) indicate significant differences among treatments within the same year at
p < 0.05. Fruit prices were 20, 30, and 26 CNY kg−1 in 2021, 2022, and 2023, respectively.
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In 2021, fruit yield ranged from 408.33 to 1464.58 kg ha−1 among treatments, with
the highest value observed under N2P2K2. In 2022, fruit yield ranged from 683.33 to
1195.83 kg ha−1, and N2P2K2 again produced the highest yield. In 2023, fruit yield ranged
from 568.75 to 1331.94 kg ha−1, with the highest value recorded under N2P2K1. Compared
with the unfertilized control, N2P2K2 increased yield by 259% in 2021 and 75% in 2022,
whereas N2P2K1 increased yield by 134% in 2023. Yield stability varied among treatments.
The SYI values ranged from 0.28 to 0.76 (Figure 4B). The highest SYI values were observed
under N2P2K2 and N2P1K2, both reaching 0.76, whereas the unfertilized control had
the lowest SYI value. These results indicate that appropriate NPK fertilization not only
increased annual fruit yield but also improved interannual yield stability.

Figure 4. Three-year mean fruit yield and yield stability of Sapindus mukorossi ‘Yuanhua’ under
different NPK fertilization treatments. Panel (A) shows treatment ranking by three-year mean fruit
yield, and panel (B) shows treatment ranking by sustainability yield index. Bars in panel (A) represent
means, and error bars represent standard errors. Gray shades are used only to distinguish fertilization
treatments and have no quantitative meaning.

Gross output value showed a pattern generally consistent with fruit yield because it
was calculated from annual fruit yield and the corresponding market price (Figure 3B). In
2021, gross output value ranged from 8166.66 to 29,291.66 CNY ha−1, with the highest value
under N2P2K2. In 2022, gross output value ranged from 20,499.98 to 35,874.98 CNY ha−1,
and N2P2K2 again produced the highest value. In 2023, gross output value ranged from
14,787.50 to 34,630.54 CNY ha−1, with the highest value under N2P2K1.

The three-year mean yield and SYI further confirmed the overall advantage of bal-
anced NPK fertilization (Figure 4). Among the tested treatments, N2P2K2 produced the
highest three-year mean yield and gross output value, followed by N2P2K1 and N2P1K2.
Overall, N2P2K2 showed the best overall performance among the 14 fertilization treatments,
combining high annual yield, high three-year mean yield, high yield stability, and high
gross output value.

The descriptive yield-response curves further showed that fruit yield generally in-
creased from nutrient-deficient or low-input treatments to moderate and balanced fertilizer

https://doi.org/10.3390/nitrogen7030076

https://doi.org/10.3390/nitrogen7030076


Nitrogen 2026, 7, 76 8 of 13

levels, but did not consistently increase under higher fertilizer inputs (Figure 5). This
pattern supports the conclusion that balanced NPK fertilization was more favorable for
fruit production than nutrient deficiency or excessive single-nutrient application.

Figure 5. Descriptive response curves of three-year mean fruit yield to (A) N, (B) P2O5, and (C) K2O
application rates. Points represent treatment means, and error bars represent standard errors. Curves
were fitted using quadratic models based on the standard single-factor treatment sequences in the
“3414” design.

4. Discussion
4.1. Reasonable Formula Fertilization Promotes the Growth of ‘Yuanhua’

Fertilization is an important management practice for improving tree growth in raw-
material plantations. Nitrogen, phosphorus, and potassium are essential macronutrients
involved in plant growth, photosynthesis, and nutrient metabolism, and their appropriate
application can improve soil nutrient availability and support stand development [4,23–27].
In the present study, tree height, ground diameter, and crown width of Sapindus mukorossi
‘Yuanhua’ increased with the duration of formula fertilization, indicating that continuous
NPK supply promoted vegetative growth in this six-year-old clonal stand.

Similar positive effects of combined NPK fertilization have been reported in other tree
species. Ma et al. [25] found that NPK application promoted growth, biomass accumulation,
and nutrient allocation in 6-year-old grafted Torreya grandis saplings, and Ferreira et al. [3]
reported positive fertilization effects on early stand development of Pinus taeda. These
findings support the view that balanced nutrient supply is beneficial for the establishment
and growth of young forest stands [28–34]. However, the growth response of ‘Yuanhua’
varied among fertilization treatments, suggesting that the effect of fertilization depends not
only on nutrient supply but also on fertilizer ratio and application rate.

Both insufficient and excessive fertilization may limit tree growth. Insufficient fer-
tilizer input cannot meet the nutrient demand of trees, whereas excessive application
may disturb nutrient balance, reduce fertilizer-use efficiency, or even cause physiological
stress [19,34–36]. Therefore, formula fertilization should aim to balance N, P2O5, and K2O
supply rather than simply increase total fertilizer input. The treatment comparisons in
this study further showed that balanced NPK application can provide a practical basis for
improving the growth performance of S. mukorossi ‘Yuanhua’ plantations.

The present results also showed that the best-performing treatment differed among
growth traits. N1P1K2 produced the greatest mean annual height increment, N1P2K1

produced the greatest ground-diameter increment, and N2P2K1 produced the greatest
crown-width increment. This difference indicates that height growth, stem-base growth,
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and canopy expansion may respond differently to nutrient combinations. Therefore, vegeta-
tive growth should be evaluated using multiple traits rather than a single growth indicator.

4.2. Key Factors Affecting the Growth of ‘Yuanhua’

Site quality, soil nutrient status, and management practices are important factors
affecting forest growth. Fertilization can directly modify soil nutrient availability and
thereby influence tree growth, but fertilizer responses in forest stands are often delayed and
interactive, making formula fertilization more complex than simple single-nutrient applica-
tion [20,23,25]. In the present study, most fertilized treatments improved growth compared
with the unfertilized control, but the magnitude of improvement differed among treatments
and traits. This pattern suggests that balanced nutrient supply was more favorable for
young tree growth than nutrient deficiency or unbalanced fertilizer application.

The relative responses of different growth traits to fertilization were not identical. Tree
height was more responsive to treatments with moderate N and P2O5 supply, whereas
ground diameter and crown width responded strongly to treatments containing balanced
NPK combinations. Similar differences among nutrients have been reported in other
tree species. For example, Yang et al. [5] showed that NPK fertilization altered biomass
accumulation and nutrient allocation in Phoebe bournei seedlings, whereas Erel et al. [37]
reported that N and P played stronger roles than K in olive-tree flowering and fruit
set [34,38,39]. These differences may be associated with tree species, stand age, soil fertility,
and climatic conditions.

Interannual climatic variation may also have affected the fertilizer response. In this
study, height and ground-diameter increments in 2022 were lower than those in 2021.
From 1 July to 30 October 2022, precipitation at the experimental site was only 50 mm,
much lower than the 371.1 mm recorded during the same period in 2021. This drought
condition may have limited nutrient uptake and reduced the growth response of ‘Yuanhua’
to fertilization. In addition, the lower height increment under N2P2K3 compared with
N2P2K0 may also be related to environmental stress or limited fertilizer absorption under
high K input.

Crown width is closely associated with canopy development, light interception, leaf
area, and fruiting capacity, and is therefore an important indicator for evaluating the
growth potential of fruit-bearing trees [40–42]. Compared with tree height and ground
diameter, crown width may better reflect the productive structure of S. mukorossi ‘Yuanhua’.
Therefore, crown-width growth can be used as an important indicator for evaluating
vegetative performance in this clonal plantation. However, the best-performing fertilization
treatment in this study differed from some previous S. mukorossi fertilizer-management
studies [9,10,43], probably because of differences in stand age, propagation type, site
conditions, and evaluation indicators. This indicates that fertilization recommendations
for S. mukorossi should be adjusted according to cultivar, stand development stage, and
production objective.

4.3. Effects of NPK Fertilization on Fruit Yield, Yield Stability, and Gross Output Value of
Sapindus mukorossi ‘Yuanhua’

In addition to promoting vegetative growth, NPK fertilization markedly improved
fruit yield, yield stability, and gross output value in S. mukorossi ‘Yuanhua’. Across the
three experimental years, all fertilized treatments produced higher yields than the unfer-
tilized control, indicating that nutrient supply was an important limiting factor for fruit
production in this plantation. Among the treatments, N2P2K2 showed the best overall
performance, producing the highest yields in 2021 and 2022, the highest three-year mean
yield of 1278.93 kg ha−1, and one of the highest yield stability index values. These results
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suggest that an appropriate NPK combination can enhance not only annual yield but also
interannual yield stability [10].

The yield response to fertilizer application generally showed a pattern of first increas-
ing and then decreasing with increasing nutrient input. Moderate NPK application may
improve soil nutrient availability, promote canopy development, enhance photosynthetic
capacity, and increase assimilate accumulation, thereby supporting fruit formation and
yield improvement. Similar nonlinear responses to NPK fertilization have been reported in
Phoebe bournei, satsuma mandarin, and blueberry, where suitable fertilizer combinations
improved yield or growth, whereas excessive nutrient input reduced fertilizer efficiency
or inhibited plant performance [19,30,34,39,44–46]. Therefore, the yield advantage of for-
mula fertilization depends on maintaining a suitable nutrient balance rather than simply
increasing fertilizer rates.

Excessive fertilization may reduce yield by disturbing nutrient balance, lowering
nutrient-use efficiency, and limiting root nutrient uptake. Under excessive nutrient input,
vegetative growth and reproductive development may become unbalanced, which can
reduce carbohydrate allocation to fruits or storage organs [44]. In addition, over-application
of fertilizers may impair soil structure and increase environmental risks such as nutrient
leaching and soil acidification [26,27,36,45,47,48]. Previous studies have also shown that
inappropriate fertilization can increase disease susceptibility or induce adverse physiologi-
cal responses in crops such as Panax notoginseng, coffee, and citrus [39,44,49,50]. These
findings support the view that excessive or unbalanced fertilization may negatively affect
both short-term yield and long-term plantation sustainability. Long-term responses to
fertilization may also depend on changes in soil nutrient status over successive growing
seasons. Although the present study focused mainly on tree growth, fruit yield, yield
stability, and gross output value, future work should further examine post-experiment
soil properties and nutrient dynamics. Such information would help clarify the long-term
sustainability of different fertilization regimes and their potential effects on soil fertility in
S. mukorossi plantations.

Beyond mineral NPK fertilization, sustainable nutrient management should also
consider soil fertility dynamics and complementary biological or organic inputs. Biological
components, such as nitrogen-fixing bacteria, humic substances derived from organic
residues, organic amendments, and foliar biostimulants, have been reported to improve
nutrient availability and plant productivity in other cropping systems [51,52]. Therefore,
fertilization strategies for S. mukorossi should be evaluated not only in terms of short-term
fruit yield and gross output value, but also in relation to soil nutrient balance and long-term
plantation sustainability.

Gross output value showed a trend similar to fruit yield because it was calculated
from annual fruit yield and the corresponding market price. The highest gross output
values were observed under N2P2K2 in 2021 and 2022 and under N2P2K1 in 2023, which
was consistent with the annual yield pattern. Because fertilizer, labor, and other production
costs were not included, gross output value should be interpreted as gross return before
deducting production costs rather than net economic profit.

The superiority of N2P2K2 was also supported by the three-year mean yield and SYI
results. This treatment combined high annual yield, the highest three-year mean yield,
high yield stability, and high gross output value. N2P2K1 also performed well, especially
in 2023, when it produced the highest annual yield and gross output value. These results
indicate that balanced NPK supply, particularly the N2P2K2 combination among the tested
treatments, was more favorable for stable and productive fruit production than nutrient-
deficient or excessive single-nutrient treatments.
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Overall, N2P2K2 was the most favorable treatment for achieving high and stable
fruit yield and gross output value in S. mukorossi ‘Yuanhua’. These findings indicate
that fertilization management for this cultivar should integrate vegetative growth, fruit
yield, yield stability, and gross output value. A balanced NPK fertilization strategy
is therefore essential for improving the productivity and gross returns of S. mukorossi
plantations [26,27,48].

5. Conclusions
Balanced NPK fertilization effectively improved the vegetative growth, fruit yield,

yield stability, and gross output value of six-year-old Sapindus mukorossi ‘Yuanhua’ clonal
stands. Compared with the unfertilized control, most fertilization treatments promoted tree
height, ground diameter, crown width, and fruit yield, although the response varied among
fertilizer combinations and growth traits. Among the tested fertilization combinations,
N2P2K2 showed the best overall performance, producing the highest three-year mean fruit
yield and gross output value while maintaining high yield stability. N2P2K1 also showed
good performance, especially in 2023, when it produced the highest annual fruit yield
and gross output value. Therefore, N2P2K2 can be considered the most suitable treatment
among the tested combinations for six-year-old S. mukorossi ‘Yuanhua’ plantations under the
conditions of this study. These results provide a practical basis for improving fertilization
management in S. mukorossi ‘Yuanhua’ plantations and emphasize the importance of
integrating vegetative growth, fruit yield, yield stability, and gross output value when
developing NPK fertilization strategies.

Author Contributions: L.Z. and J.L. designed the study. L.Z. and Y.T. performed the experiment and
collected the data. L.Z. analyzed the data and wrote the original manuscript. Y.T. and J.L. revised the
manuscript. J.L. supervised the study. L.Z. and Y.T. contributed equally to this work. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Special Project on National Science and Technology Basic
Resources Investigation (2019FY100803).

Data Availability Statement: The data supporting the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Xu, Y.; Liu, J.; Ji, X.; Zhao, G.; Zhao, T.; Wang, X.; Wang, L.; Gao, S.; Hao, Y.; Gao, Y.; et al. Integrative analysis of microRNAs and

mRNAs reveals the regulatory networks of triterpenoid saponin metabolism in soapberry (Sapindus mukorossi Gaertn.). Front.
Plant Sci. 2023, 13, 1037784. [CrossRef] [PubMed]

2. Fox, T.R.; Allen, H.L.; Albaugh, T.J.; Rubilar, R.; Carlson, C.A. Tree nutrition and forest fertilization of pine plantations in the
southern United States. South. J. Appl. For. 2007, 31, 5–11. [CrossRef]

3. Ferreira, G.W.D.; Rau, B.M.; Aubrey, D.P. Herbicide, fertilization, and planting density effects on intensively managed loblolly
pine early stand development. For. Ecol. Manag. 2020, 472, 118206. [CrossRef]

4. Yahaya, S.M.; Mahmud, A.A.; Abdullahi, M.; Haruna, A. Recent advances in the chemistry of nitrogen, phosphorus and potassium
as fertilizers in soil: A review. Pedosphere 2023, 33, 385–406. [CrossRef]

5. Yang, Z.-J.; Wu, X.-H.; Chen, L.-H.; Huang, L.-M.; Chen, Y.; Wu, J.; El-Kassaby, Y.A.; Grossnickle, S.C.; Feng, J.-L. Fertilization
regulates accumulation and allocation of biomass and nutrients in Phoebe bournei seedlings. Agriculture 2021, 11, 1187. [CrossRef]

6. Ren, T.; Zou, J.; Lu, J.; Chen, F.; Wu, J.; Li, X. On-farm trials of optimal fertilizer recommendations for the maintenance of high
seed yields in winter oilseed rape (Brassica napus L.) production. Soil Sci. Plant Nutr. 2015, 61, 528–540. [CrossRef]

7. Ma, J.; Chen, T.; Lin, J.; Fu, W.; Feng, B.; Li, G.; Li, H.; Li, J.; Wu, Z.; Tao, L.; et al. Functions of nitrogen, phosphorus and potassium
in energy status and their influences on rice growth and development. Rice Sci. 2022, 29, 166–178. [CrossRef]

8. Liu, J.; Zhou, L.; Wang, D.; Gong, Y.; Yan, X.; Cao, Q.; Wu, S.; Weng, J.; Zhang, G.; Jia, L. The effect of balanced N, P and K
fertilization on fine root traits and soil properties in Sapindus mukorossi. Forests 2024, 15, 94. [CrossRef]

https://doi.org/10.3390/nitrogen7030076

https://doi.org/10.3389/fpls.2022.1037784
https://www.ncbi.nlm.nih.gov/pubmed/36777542
https://doi.org/10.1093/sjaf/31.1.5
https://doi.org/10.1016/j.foreco.2020.118206
https://doi.org/10.1016/j.pedsph.2022.07.012
https://doi.org/10.3390/agriculture11121187
https://doi.org/10.1080/00380768.2014.1003964
https://doi.org/10.1016/j.rsci.2022.01.005
https://doi.org/10.3390/f15010094
https://doi.org/10.3390/nitrogen7030076


Nitrogen 2026, 7, 76 12 of 13

9. Liu, J.; Wang, D.; Yan, X.; Jia, L.; Chen, N.; Liu, J.; Zhao, P.; Zhou, L.; Cao, Q. Effect of nitrogen, phosphorus and potassium
fertilization management on soil properties and leaf traits and yield of Sapindus mukorossi. Front. Plant Sci. 2024, 15, 1300683.
[CrossRef] [PubMed]

10. Wen, L.; Esperon-Rodriguez, M.; Peng, Y.; Zhang, S.; Weng, A.; Xue, T.; Zhao, K.; Lin, Y.; Li, B. Effects of cultivation practices on
fruit yield, growth and leaf physiology of energy tree species Sapindus mukorossi in China: A meta-analysis. Ind. Crops Prod. 2026,
245, 123328. [CrossRef]

11. Peng, C.H.; Zhang, L.J.; Liu, J.X. Developing and validating nonlinear height-diameter models for major tree species of Ontario’s
boreal forests. North. J. Appl. For. 2001, 18, 87–94. [CrossRef]

12. Song, Y.; Wei, S.; Li, C.; Qin, C.; Jia, L.; Su, S. Bearing habit of Sapindus mukorossi and the relationship between the shoot
characteristics of the parent and bearing shoots and yield. Forests 2023, 14, 730. [CrossRef]

13. Minor, D.M.; Kobe, R.K. Fruit production is influenced by tree size and size-asymmetric crowding in a wet tropical forest. Ecol.
Evol. 2019, 9, 1458–1472. [CrossRef] [PubMed]

14. Chen, Y.; Hu, S.; Guo, Z.; Cui, T.; Zhang, L.; Lu, C.; Yu, Y.; Luo, Z.; Fu, H.; Jin, Y. Effect of balanced nutrient fertilizer: A case study
in Pinggu District, Beijing, China. Sci. Total Environ. 2021, 754, 142069. [CrossRef] [PubMed]

15. Barłóg, P.; Grzebisz, W.; Łukowiak, R. Fertilizers and fertilization strategies mitigating soil factors constraining efficiency of
nitrogen in plant production. Plants 2022, 11, 1855. [CrossRef] [PubMed]

16. Rietra, R.P.J.J.; Heinen, M.; Dimkpa, C.O.; Bindraban, P.S. Effects of nutrient antagonism and synergism on yield and fertilizer use
efficiency. Commun. Soil Sci. Plant Anal. 2017, 48, 1895–1920. [CrossRef]

17. Hasan, M.M.; Hasan, M.M.; Teixeira da Silva, J.A.; Li, X. Regulation of phosphorus uptake and utilization: Transitioning from
current knowledge to practical strategies. Cell. Mol. Biol. Lett. 2016, 21, 7. [CrossRef] [PubMed]

18. He, J.; Wang, J.; He, D.; Dong, J.; Wang, Y. The design and implementation of an integrated optimal fertilization decision support
system. Math. Comput. Model. 2011, 54, 1167–1174. [CrossRef]

19. Yang, Z.-J.; Wu, X.-H.; Grossnickle, S.C.; Chen, L.-H.; Yu, X.-X.; El-Kassaby, Y.A.; Feng, J.-L. Formula fertilization promotes Phoebe
bournei robust seedling cultivation. Forests 2020, 11, 781. [CrossRef]

20. Ao, Y.; Hirst, P.M.; Li, G.; Miao, Y.; Zhang, R. Combined effects of provenance and slow-release fertilizer on nursery and field
performance of yellowhorn seedlings. Silva Fenn. 2018, 52, 10034. [CrossRef]

21. Rodrigues, M.A.; Ferreira, I.Q.; Claro, A.M.; Arrobas, M. Fertilizer recommendations for olive based upon nutrients removed in
crop and pruning. Sci. Hortic. 2012, 142, 205–211. [CrossRef]

22. Liu, X.; Meng, L.; Yin, T.; Wang, X.; Zhang, S.; Cheng, Z.; Ogundeji, A.O.; Li, S. Maize/soybean intercrop over time has higher
yield stability relative to matched monoculture under different nitrogen-application rates. Field Crops Res. 2023, 301, 109015.
[CrossRef]

23. Wu, D.; Feng, J.; Lai, M.; Ouyang, J.; Liao, D.; Yu, W.; Wang, G.; Cao, F.; Jacobs, D.F.; Zeng, S. Combined application of bud and
leaf growth fertilizer improves leaf flavonoids yield of Ginkgo biloba. Ind. Crops Prod. 2020, 150, 112379. [CrossRef]

24. Tang, S.; Pan, W.; Tang, R.; Ma, Q.; Zhou, J.; Zheng, N.; Wang, J.; Sun, T.; Wu, L. Effects of balanced and unbalanced fertilisation
on tea quality, yield, and soil bacterial community. Appl. Soil Ecol. 2022, 175, 104442. [CrossRef]

25. Ma, X.; Huang, D.; Huang, C.; Tong, Y.; Yuan, F.; Ma, X.; Liu, H.; Fu, S. The application of nitrogen, phosphorus, and potassium
regulate the growth and morphological development of Torreya grandis (Taxaceae) saplings. Horticulturae 2023, 9, 1203. [CrossRef]

26. Benbi, D.K.; Brar, M.S.; Bansal, S.K. (Eds.) Balanced Fertilization for Sustaining Crop Productivity: Proceedings of the International
Symposium, Ludhiana, India, 22–25 November 2006; International Potash Institute: Horgen, Switzerland, 2006.

27. Xing, Y.; Xie, Y.; Wang, X. Enhancing soil health through balanced fertilization: A pathway to sustainable agriculture and food
security. Front. Microbiol. 2025, 16, 1536524. [CrossRef] [PubMed]

28. Ye, S.; Peng, B.; Liu, T. Effects of organic fertilizers on growth characteristics and fruit quality in Pear-jujube in the Loess Plateau.
Sci. Rep. 2022, 12, 13372. [CrossRef] [PubMed]

29. Mota, M.; Martins, M.J.; Policarpo, G.; Sprey, L.; Pastaneira, M.; Almeida, P.; Maurício, A.; Rosa, C.; Faria, J.; Martins, M.B.; et al.
Nutrient Content with Different Fertilizer Management and Influence on Yield and Fruit Quality in Apple cv. Gala. Horticulturae
2022, 8, 713. [CrossRef]

30. Zhang, M.; Sun, D.; Niu, Z.; Yan, J.; Zhou, X.; Kang, X. Effects of combined organic/inorganic fertilizer application on growth,
photosynthetic characteristics, yield and fruit quality of Actinidia chinesis cv. ‘Hongyang’. Glob. Ecol. Conserv. 2020, 22, e00997.
[CrossRef]

31. Amiri, M.E.; Fallahi, E.; Golchin, A. Influence of Foliar and Ground Fertilization on Yield, Fruit Quality, and Soil, Leaf, and Fruit
Mineral Nutrients in Apple. J. Plant Nutr. 2008, 31, 515–525. [CrossRef]

32. Li, W.; Zhang, Y.; Tang, Z.; Wang, J.; Wu, Y.; Yu, J. Balanced Fertilization Enhances the Nutritional Value and Flavor Profile of
Tomato Fruits. Foods 2024, 13, 3599. [CrossRef] [PubMed]

https://doi.org/10.3390/nitrogen7030076

https://doi.org/10.3389/fpls.2024.1300683
https://www.ncbi.nlm.nih.gov/pubmed/39963358
https://doi.org/10.1016/j.indcrop.2026.123328
https://doi.org/10.1093/njaf/18.3.87
https://doi.org/10.3390/f14040730
https://doi.org/10.1002/ece3.4867
https://www.ncbi.nlm.nih.gov/pubmed/30805174
https://doi.org/10.1016/j.scitotenv.2020.142069
https://www.ncbi.nlm.nih.gov/pubmed/33254894
https://doi.org/10.3390/plants11141855
https://www.ncbi.nlm.nih.gov/pubmed/35890489
https://doi.org/10.1080/00103624.2017.1407429
https://doi.org/10.1186/s11658-016-0008-y
https://www.ncbi.nlm.nih.gov/pubmed/28536610
https://doi.org/10.1016/j.mcm.2010.11.050
https://doi.org/10.3390/f11070781
https://doi.org/10.14214/sf.10034
https://doi.org/10.1016/j.scienta.2012.05.024
https://doi.org/10.1016/j.fcr.2023.109015
https://doi.org/10.1016/j.indcrop.2020.112379
https://doi.org/10.1016/j.apsoil.2022.104442
https://doi.org/10.3390/horticulturae9111203
https://doi.org/10.3389/fmicb.2025.1536524
https://www.ncbi.nlm.nih.gov/pubmed/40862161
https://doi.org/10.1038/s41598-022-17342-5
https://www.ncbi.nlm.nih.gov/pubmed/35927453
https://doi.org/10.3390/horticulturae8080713
https://doi.org/10.1016/j.gecco.2020.e00997
https://doi.org/10.1080/01904160801895035
https://doi.org/10.3390/foods13223599
https://www.ncbi.nlm.nih.gov/pubmed/39767105
https://doi.org/10.3390/nitrogen7030076


Nitrogen 2026, 7, 76 13 of 13

33. Pawar, S.V. Effect of Split Application of NPK Along with Basal Dose of Zn and B on Soil Properties, Yield and Quality of
Sapota [Manilkara achras (Mill.) Forsbergin] in Lateritic Soils of Konkan. Master’s Thesis, Dr. Balasaheb Sawant Konkan Krishi
Vidyapeeth, Dapoli, India, 2023.

34. Liu, J.; Chen, W.; Wang, H.; Peng, F.; Chen, M.; Liu, S.; Chu, G. Effects of NPK Fertilization on Photosynthetic Characteristics and
Nutrients of Pecan at the Seedling Stage. J. Soil Sci. Plant Nutr. 2021, 21, 2425–2435. [CrossRef]

35. Abdulazeez, S.D.; Salih, R.F. Growth and yield of linseed (Linum usitatissimum L.) enhanced through adding organic and inorganic
fertilizers. J. Med. Ind. Plants 2025, 3, 80–89. [CrossRef]

36. Bhatt, R.; Oliveira, M.W.; Santos, D.F. Improving sugarcane (Saccharum spp. hybrid complex) growth, yield and quality through
balanced fertilization: An overview. Rev. Gest. Secr. 2024, 15, e3781. [CrossRef]

37. Erel, R.; Dag, A.; Ben-Gal, A.; Schwartz, A.; Yermiyahu, U. Flowering and fruit set of olive trees in response to nitrogen,
phosphorus, and potassium. J. Am. Soc. Hortic. Sci. 2008, 133, 639–647. [CrossRef]

38. Wan, L.; Tian, Y.; He, M.; Zheng, Y.; Lyu, Q.; Xie, R.; Ma, Y.; Deng, L.; Yi, S.; Zheng, Y. Effects of chemical fertilizer combined with
organic fertilizer application on soil properties, citrus growth physiology, and yield. Agriculture 2021, 11, 1207. [CrossRef]

39. Quaggio, J.A.; Mattos, D., Jr.; Cantarella, H.; Almeida, E.L.E.; Cardoso, S.A.B. Lemon yield and fruit quality affected by NPK
fertilization. Sci. Hortic. 2002, 96, 151–162. [CrossRef]

40. Peper, P.J.; McPherson, E.G.; Mori, S.M. Equations for predicting diameter, height, crown width, and leaf area of San Joaquin
Valley street trees. J. Arboric. 2001, 27, 306–317. [CrossRef]

41. Gao, Y.; Gao, S.; Jia, L.; Dai, T.; Wei, X.; Duan, J.; Liu, S.; Weng, X. Canopy characteristics and light distribution in Sapindus
mukorossi Gaertn. are influenced by crown architecture manipulation in the hilly terrain of Southeast China. Sci. Hortic. 2018, 240,
11–22. [CrossRef]

42. Zhang, Y.-Q.; Wen, Y.; Bai, Q.; Ma, Z.; Ye, H.-L.; Su, S.-C. Spatio-temporal effects of canopy microclimate on fruit yield and quality
of Sapindus mukorossi Gaertn. Sci. Hortic. 2019, 251, 136–149. [CrossRef]

43. Liu, J.; Yu, Z.; Gong, Y.; Chen, J.; Zhou, L.; Zhang, W.; Jia, L. Fertilization induced soil microbial shifts show minor effects on
Sapindus mukorossi yield. Microorganisms 2025, 13, 173. [CrossRef] [PubMed]

44. Li, Z.; Zhang, R.; Xia, S.; Wang, L.; Liu, C.; Zhang, R.; Fan, Z.; Chen, F.; Liu, Y. Interactions between N, P and K fertilizers affect
the environment and the yield and quality of satsumas. Glob. Ecol. Conserv. 2019, 19, e00663. [CrossRef]

45. Zhang, X.; Li, S.; An, X.; Song, Z.; Zhu, Y.; Tan, Y.; Guo, X.; Wang, D. Effects of nitrogen, phosphorus and potassium formula
fertilization on the yield and berry quality of blueberry. PLoS ONE 2023, 18, e0283137. [CrossRef] [PubMed]

46. Chen, Y.; Zhou, X.; Lin, Y.; Ma, L. Pumpkin yield affected by soil nutrients and the interactions of nitrogen, phosphorus, and
potassium fertilizers. HortScience 2019, 54, 1831–1835. [CrossRef]

47. Rahman, K.; Zhang, D. Effects of fertilizer broadcasting on the excessive use of inorganic fertilizers and environmental sustain-
ability. Sustainability 2018, 10, 759. [CrossRef]

48. Saha, P.K.; Ishaque, M.; Saleque, M.A.; Miah, M.A.M.; Panaullah, G.M.; Bhuiyan, N.I. Long-Term Integrated Nutrient Management
for Rice-Based Cropping Pattern: Effect on Growth, Yield, Nutrient Uptake, Nutrient Balance Sheet, and Soil Fertility. Commun.
Soil Sci. Plant Anal. 2007, 38, 579–610. [CrossRef]

49. Xia, P.; Guo, H.; Zhao, H.; Jiao, J.; Deyholos, M.K.; Yan, X.; Liu, Y.; Liang, Z. Optimal fertilizer application for Panax notoginseng
and effect of soil water on root rot disease and saponin contents. J. Ginseng Res. 2016, 40, 38–46. [CrossRef] [PubMed]

50. Vilela, M.S.; Resende, L.S.; Pozza, E.A.; Netto, P.M.; Roteli, K.d.C.; Guimarães, R.J. Nitrogen, phosphorus, and potassium
fertilization on the incidence of brown eye spot in coffee crop in vegetative stage. Trop. Plant Pathol. 2022, 47, 672–684. [CrossRef]

51. Syromiatnykov, Y. Sustainable Soybean Cultivation Using Nitrogen-Fixing Bacteria and Humic Products Derived from Agricul-
tural Waste: A Review. Asian J. Water Environ. Pollut. 2025, 22, 1–20. [CrossRef]
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