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Abstract. Prunus mume (P. mume) is a precocious flowering fruit species valued for its use in
forestry and urban greening. Nitrogen (N) is a critical factor affecting early seedling growth and
nutrient acquisition. However, the organ-specific responses of carbon (C): N: phosphorus (P)
stoichiometry and non-structural carbohydrate (NSC) pools to varying N supply remain unclear
in this species. To address this, we examined the effects of five N levels (0, 5, 10, 20 and 40 g N
plant-1) on morphological characteristics, C:N:P stoichiometry, and non-structural carbohydrate
contents in the leaves, stems, and roots of P. mume seedlings under greenhouse conditions. Results
indicated that N addition had a complex impact on seedling growth. While it significantly reduced
P content across three organs, it increased total N content in the roots, stems, and leaves of P.
mume seedlings. Higher N levels (40 g N plant-1) also resulted in a marked rise in the N/P ratio,
especially in stems. In terms of C reserves, N addition significantly increased soluble NSC content,
while starch storage significantly decreased. Overall, N addition fundamentally changed the C:N:P
stoichiometric balance and C reserve allocation in P. mume seedlings, with the reduction in starch
closely associated with the accumulation of soluble sugars. These findings provide a scientific
basis for optimizing N fertilizer schedules, thereby supporting high-quality nursery production
and the sustainable establishment of P. mume orchards in forestry and agroforestry systems.
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Introduction

The seedling stage represents a critical phase in
the plant life cycle, underpinning physiological
development and subsequent growth. Nutrient

requirements vary across developmental stages
(Yang et al., 2023), making appropriate fertiliza-
tion essential for producing vigorous seedlings
and establishing productive plantations. Nitro-
gen (N) is the primary growth-limiting nutri-
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ent in plants (LeBauer & Treseder, 2008), and
soil N availability strongly influences elemental
concentrations in terrestrial plants by regulating
nutrient and water uptake (Sardans & Peñuelas,
2012). Fertilization must therefore be timely, bal-
anced, and technically appropriate. Excessive
N supply can be counterproductive, often de-
laying reproductive development, particularly
in young trees with strong vegetative growth
(Wang et al., 2024a). Hence, controlled early
fertilization following established protocols is
recommended. Irrigation and nutrient manage-
ment practices can profoundly affect plant phys-
iological and ecosystem functioning. Further-
more, anthropogenic N emissions have signifi-
cantly increased atmospheric N deposition glob-
ally (Kanakidou et al., 2016). Both elevated depo-
sition and top-dressing N fertilization can alter
the stoichiometry of aboveground and root or-
gans in plants (Kou et al., 2018), subsequently
altering the chemical composition, architecture,
and functional traits in plant species.

In response to N fertilizer application, plants
adjust elemental balances to modify tissue car-
bon (C): N: phosphorus (P) ratios across roots,
stems and leaves (Ågren, 2008). C constitutes
the structural framework of plant tissues, typi-
cally accounting for 39–42% of dry mass, and can
limit growth and development in plants (Körner,
2003). N enhances leaf area index, prolongs pho-
tosynthesis, improves nutrient uptake, and ulti-
mately increases productivity (Tian et al., 2023;
Wang et al., 2024a). P availability strongly in-
fluences the transport of photosynthetic prod-
ucts and is recognized as a key element in plant
metabolism (Dissanayaka et al., 2021; Vance et al.,
2003). A growing body of evidence indicated that
N addition differentially affects the stoichiometry
of roots, stems, and leaves across plant species,
and that elemental composition varies substan-
tially among organs (Jing et al., 2017; Li et al.,
2021). Changes in C, N and P contents as well
as their stoichiometric ratios are associated with
physiological activities, growth rate and overall
plant performance (Ågren, 2008; Yin et al., 2021).
Extensive research has examined the response of
N and P levels and their stoichiometric ratios to
N addition in different plants (Minden & Kleyer,
2014), because plant growth and organ function
depend not only on absolute nutrient supply, but
also on the balance among multiple elements

(Chen & Chen, 2021; Güsewell, 2004). However,
the plasticity of organ-specific stoichiometry un-
der environmental change, and which plant or-
gans exhibit greater homeostasis, remain unclear
(Minden & Kleyer, 2014). Non-structural carbo-
hydrates (NSC) represent the C pool available to
buffer external stresses, and serve as indicators
of stress resistance and environmental tolerance
in plants (Dietze et al., 2014; Li et al., 2023). Stud-
ies have revealed a positive correlation between
leaf N concentration and NSC fixation capacity
(Wang et al., 2019), whereas P deficiency impairs
photosynthesis (Wang et al., 2023). The levels
of NSC and C, N, and P in plant organs reflect
nutrient availability and strongly influence plant
growth and development (Liu et al., 2020). Thus,
the individual and interactive impacts of these
factors shape the survival, growth, and develop-
ment strategies in plants.

Prunus mume (Siebold) Siebold & Zucc.,
known as Chinese plum, Qingmei, or sour
plum in China, Japanese apricot in Japan, is
a deciduous fruit tree species in the family
Rosaceae, genus Prunus. Native to China, it has
been cultivated for over 3,000 years throughout
most of the country (Gao et al., 2026; Mitani et al.,
2018). Its fruit has been used as a medicinal
herb and an excellent natural health food in
East Asian countries for more than 2,000 years
(Gong et al., 2021; Hu et al., 2025). Beyond its
traditional use as a fruit and medicinal plant,
P. mume is increasingly recognized for its role
in forestry and agroforestry systems. Its deep
root system and moderate tolerance to poor
soils also make it suitable for soil and water
conservation in hilly areas, as well as for low
value forest transformation and urban greening
(Gao et al., 2026; Mitani et al., 2018). Nursery
practices, especially fertilization, critically affect
seedling morphology, nutrition, and physiology
(Grossnickle & El-Kassaby, 2016; Timmer, 1997).
Seedlings with adequate nutrient reserves
and balanced C allocation exhibit higher post-
planting survival, stress tolerance, and growth
(Oliet et al., 2013; Villar-Salvador et al., 2015),
whereas nutrient deficiencies or imbalances can
impair root development, mycorrhization, and
field establishment (Mason et al., 2000).

Despite extensive studies onN addition effects
on crop and model species, the organ-specific re-
sponses of C:N:P stoichiometry and NSC pools
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in P. mume seedlings under varying N supply
remain poorly understood. Specifically, it re-
mains unclear whether N addition consistently
increases N content across organs, whether high
N exacerbates P limitation, and whether C alloca-
tion shifts between starch (storage) and soluble
sugars. To address these gaps, we formulated
three hypotheses: (1) N addition increases to-
tal N but decreases P in all organs, raising N:P
ratios most markedly in stems, (2) moderate N
supply enhances biomass and soluble NSC, while
excessive N reduces starch reserves and inhibits
growth, and (3) roots exhibit greater stoichio-
metric sensitivity than leaves due to direct soil N
exposure. Herein, this study aimed to investigate
the effects of N addition on the growth, elemen-
tal accumulation, and NSC dynamics of P. mume
seedlings. These results are expected to provide
theoretical and practical information for adjust-
ing nutrient management of P. mume seedlings.
From a forestry perspective, understanding how
N availability affects C:N:P stoichiometry and
NSC dynamics is essential for producing robust
seedlings for field planting. These findings are
intended to support evidence-based fertilization
protocols for P. mume nurseries and young plan-
tations, thereby improving reforestation success
and long-term productivity of P. mume based
agroforestry systems.

Materials and Methods

Study site
The study site was situated within a greenhouse
at Sichuan Agricultural University, Chengdu,
China (30∘38′ N, 103∘45′ E), at an elevation of
505 m above sea level. This location exhibits a
mid-latitude inland subtropical humid monsoon
climate, characterized by an annual average tem-
perature of 16.4°C, and a mean annual precipita-
tion of 1,814 mm, the majority of which occurs
during summer, alongside an average relative hu-
midity of 84%. The region experiences an annual
frost-free period of 282 days and receives a total
of 1,104.5 sunshine hours per year.

Materials
P. mume seeds were collected in August 2022 from
Meilin Town, Mabian County, Leshan, China.
The measured seed properties were: thousand-

grain weight 825.6 g, seed moisture content 8.7%;
germination percentage was not systematically
recorded. Agricultural soil (alluvial soil) was
collected from Jingshan Village, Yongan Town,
Shuangliu District, Chengdu, China. The soil
was air-dried, ground, and homogenized. The
measured soil physicochemical properties were:
pH 8.1, organic matter 38.38 gkg−1, total N
2.35 gkg−1, total P 0.300 gkg−1, and total K
20.15 gkg−1. Available N, available P, and avail-
able K were not measured.

Seedling culture and treatment
P. mume seeds were stratified in moist sand for
approximately three months and subsequently
sown via drill sowing. Following germination,
the seedlings were cultivated until they reached
a height of 50 cm (approximately 30–40 days),
at which point poorly growing individuals were
removed. The pot experiment was conducted in a
greenhouse at SichuanAgricultural University, lo-
cated inWenjiangDistrict, Chengdu, China. Each
pot (non-woven fabric, 21 cm upper diameter ×
20 cm lower diameter × 15 cm height) was filled
with 10 kg of soil. On April 16, 2023, the pre-
cultivated seedlings were transplanted, with one
seedling per pot. Based on the pot surface area
(0.0314 m2) and a typical field planting density
for P. mume orchards (≈ 833 plants ha−1, corre-
sponding to 3 m× 4 m spacing), the approximate
field-equivalent N rates were: CK = 0, T1 ≈ 147,
T2 ≈ 294, T3 ≈ 588, and T4 ≈ 1176 kgNha−1.
The highest level (T4) was deliberately designed
as supra-optimal to investigate the threshold of
N, and is not intended as a practical fertilization
recommendation. Consequently, four N addi-
tion levels per plant were established: CK (0 g N
plant-1), T1 (5 gNplant-1), T2 (10 gNplant-1), T3
(20 g N plant-1), and T4 (40 g N plant-1) (Figure
1). Each treatment comprised 10 pots, arranged
in a completely randomized design. After trans-
planting, the seedlings were allowed a 45-day
acclimatization period, after which fertilization
was initiated. Fertilizer was applied in four equal
split doses over a 60-day period (once every 15
days, Figure 1). For each application, the pre-
scribed amount of urea was dissolved in 500 ml
of tap water, and after thorough mixing, 25 ml
of the solution was evenly poured around the
seedling root zone (≈ 5 cm from the stem). The
entire experimental period was conducted under
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a rain-out shelter to prevent N leaching from rain-
fall. Daily watering was performed to maintain
optimal soil moisture, and routine disease, pest,
and weed control measures were carried out. At
the end of the experiment, destructive sampling
was performed on three randomly selected pots
per treatment. From each selected seedling, roots,
stems, and leaves were separately harvested. All
chemical analyses were conducted on three bi-
ological replicates (n = 3), each derived from a
single pot.

Determination of growth index and biomass
Each group was harvested for the determination
of growth indices, non-structural sugar content,
and elemental composition. Plant height was
measured using a tape measure from the base to
the apex of the stem, while the basal diameterwas
assessed with an electronic vernier caliper. Ten
seedlings from each treatment group were dis-
sected into roots, stems, and leaves, washed with
deionized water, surface-dried, and then placed
in an oven at 105 ∘C for 30 min followed by dry-
ing at 65 ∘C until constant weight was achieved.
The dry mass of each organ was subsequently
recorded.

Analysis of C, N, and P content
For each of the three replicate plants per treat-
ment, roots, stems, and leaves were separately
harvested, oven-dried, and ground using a
grinder (FW80). The resulting composite sample
of each organ per plant was passed through a
100-mesh sieve. A test solution was then pre-
pared via concentrated H2SO4–HClO4 digestion.
Total C, N, and P, contents were determined
using the potassium dichromate oxidation
method, the semi-micro Kjeldahl method, and
the molybdenum-antimony colorimetric method,
respectively (Zhi et al., 2022). From the ground
and sieved composite sample of each organ per
plant, three technical replicates (sub-samples)
were taken for C, N, P, and NSC assays. The
mean value of the three technical replicates was
calculated to obtain a single biological replicate
value (n = 3 per treatment). This nested design
avoids pseudoreplication, as technical replicates
are not treated as independent statistical units;
only biological replicates (individual pots)
entered the final ANOVA.

Determination of non-structural carbohydrate
content
For NSC analysis, roots, stems, and leaves from
each of the three biological replicates per treat-
ment were dried at 80 ∘C for 48 h, ground, and
passed through a 100-mesh sieve. For each sam-
ple, 0.1 g of powder was weighed in triplicate.
Thirty milliliters of 80% ethanol were added, and
the mixture was boiled for 10 min. The extract
was centrifuged at 21,000 × 𝑔 for 10 min. This
extraction procedure was repeated twice. The
supernatants were pooled for soluble sugar (SS)
analysis, and the precipitate was used for starch
(ST) analysis. Soluble sugars were determined by
the anthrone-sulfuric acid colorimetric method
(Liu et al., 2020). Absorbance was measured
at 620 nm, and concentrations were calculated
from a glucose standard curve. The results are
expressed as mg glucose g−1 dry weight (DW).
Starch was determined by an enzymatic hydrol-
ysis of the remaining pellet following standard
protocols.

Statistical analysis
The experiment used a completely randomized
design. For growth and biomass measurements,
n=10 per treatment. For chemical analyses (C, N,
P, NSC), n= 3 per treatment, with each biological
replicate derived from an individual pot contain-
ing one seedling. For each biological replicate,
three technical replicates were averaged to obtain
a single value. Because roots, stems, and leaves
were sampled from the same plants, separate one-
way ANOVAs were conducted for each organ to
avoid pseudoreplication, as the primary interest
was organ-specific responses to N addition rather
than cross-organ comparisons. Post-hoc compar-
isons among treatment groups were performed
using Fisher’s least significant difference (LSD)
test at 𝛼 = 0.05. Regression analysis and Pear-
son correlation were performed to examine rela-
tionships among variables. Principal component
analysis (PCA) was carried out using OriginPro
2018 (OriginLab Corporation, Northampton, MA,
USA) to explore multivariate patterns, variables
were standardized (z-score) prior to PCA. Ele-
ment accumulation per organ was calculated as
organ element content × organ biomass. All sta-
tistical analyses were performed using SPSS 20.0
(SPSS Inc., Chicago, IL, USA), Excel, and Orig-
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Figure 1. Nitrogen application schedule during seedling cultivation. Four N levels were applied once every 15
days for a total of four applications.

inPro 2018. All data are expressed as mean ±
standard deviation (SD).

Results

Growth responses to nitrogen addition
The variations in plant height and ground diame-
ter across treatments were presented in Figure 2.
Figure 2a showed that the initial seedling height
was comparable among the five groups. After
four fertilization cycles, the final plant height of
the CK, T1, T2, T3 and T4 groups were 113.43
cm, 111.23 cm, 128.35 cm, 121.63 cm, and 122.40
cm, respectively. The T4 group had the highest
growth rate, closely followed by the T2 group.
With the exception of T1, plant height in all other
treatment groups was significantly greater than
that in the CK. The CK group showed greater
variability in height increment compared to the
other groups. Figure 2b showed that the initial
ground diameter ranged primarily from 2.60 to
2.85 cm. The CK group had an initial diameter of
2.85 cm, which exceeded that of the other treat-
ment groups. Following the fourth fertilization,
the ground diameter of the CK group decreased
after the fourth fertilization, relative to the other

experimental groups, whereas the ground diame-
ter of the T2 group increased following the fourth
fertilization. Overall, throughout the entire fertil-
ization period, the lowest diameter growth rate
was observed in the CK group, whereas the high-
est value was recorded in the T2 group.

Biomass allocation responses to nitrogen addi-
tion
Table 1 presented the biomass parameters across
treatments. The root biomass, stem biomass,
leaf biomass, above-ground biomass and to-
tal biomass ranged from 2.207–3.368, 6.98–8.82,
6.40–8.04, 13.38–16.86, and 15.91–19.60 gplant−1,
respectively. The corresponding biomass ra-
tios (root mass ratio, stem mass ratio, and leaf
mass ratio) were 0.150–0.190, 0.419–0.447, and
0.375–0.419, respectively, while the root-to-shoot
ratio ranged from 0.161 to 0.245. The CK group
had significantly lower biomass than the N-
supplied treatments. The T4 group had lower
root biomass than the other N-supplied treat-
ments. Total biomass was highest in the T1, T2
and T3 groups and lowest in the CK and T4
groups.
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Figure 2. Effects of N addition on seedling height (a) and ground diameter (b) of P. mume seedlings. Data
represent mean ± SD, n = 10 per treatment. N addition levels: CK (0), T1 (5), T2 (10), T3 (20), and T4
(40 g N plant-1).

Table 1. Effects of N addition on biomass allocation in roots, stems, and leaves of P. mume seedlings.

Group
Root biomass

(g)
Stem biomass

(g)
Leaf biomass

(g)
Above-ground
biomass (g)

Total biomass
(g)

Root-shoot
ratio

CK 2.207 ± 0.166B 6.982 ± 0.195B 6.491 ± 0.345B 13.467 ± 0.383B 15.908 ± 0.398B 0.161 ± 0.013B
T1 3.368 ± 0.489A 7.637 ± 0.956AB 6.44 ± 0.599B 14.078 ± 1.529B 17.446 ± 1.054AB 0.245 ± 0.06A
T2 2.933 ± 0.429A 8.348 ± 0.81AB 6.965 ± 0.549AB 15.313 ± 1.303AB 18.246 ± 1.206AB 0.193 ± 0.039AB
T3 2.737 ± 0.079AB 8.821 ± 0.166A 8.041 ± 0.378A 16.862 ± 0.395A 19.599 ± 0.349A 0.162 ± 0.007B
T4 2.708 ± 0.059AB 6.976 ± 1.076C 6.401 ± 0.553B 13.383 ± 1.624B 16.092 ± 1.681B 0.204 ± 0.021AB

Data represent mean ± SD, n = 10. Different uppercase letters within each column denote significant differences among
treatments at p ≤ 0.05 (Fisher’s LSD test).

Responses of C, N and P contents to nitrogen
addition
The C, N and P contents in roots, stems and leaves
under N addition conditions were shown in Fig-
ure 3. As shown in Figure 3a, C content 307.66 to
389.34 mgg−1 in leaves, 371.61 to 412.87 mgg−1

in stems, and 367.96 to 408.79 mgg−1 in roots, re-
spectively. Among all treatments, the T1 group
exhibited the highest C content in both leaves
and roots, significantly surpassing that of the
T4 group. Conversely, the T4 group showed a
markedly lower C content across all three organs
compared to the other treatment groups. Fig-
ure 3b showed that N content ranged from 31.44
to 35.83 mgg−1 in leaves, 4.83 to 8.71 mgg−1 in
stems, and 10.78 to 15.31 mgg−1 in roots, respec-
tively. N content was highest in T4 roots and
stems (15.31 and 8.71 mgg−1, respectively), rep-
resenting a 42% and 80% increase over the con-
trol. Figure 3c showed that P content ranged

from 0.487 to 0.558 mgg−1 in leaves, 0.300 to
0.383 mgg−1 in stems, and 0.360 to 0.551 mgg−1

in roots, respectively. Root P content in the con-
trol group was significantly higher than that in
all four N-addition treatments. Stem P content
in CK and T1 was significantly higher than in T2,
T3, and T4. Overall, C, N, and P contents varied
significantly among organs and acrossN addition
levels when analyzed separately by organ.

C, N and P accumulation responses to nitrogen
addition
Figure 4 showed the impact of varying N appli-
cation rates on C, N, and P accumulation in P.
mume seedlings. Figure 4a showed that the range
of C accumulation was 348.81–398.71 mgplant−1

under different N addition levels. From group
T1 to T4, C accumulation declined significantly
with increasing N supply. Only the T4 group
had a lower C accumulation than that in the
CK group. Figure 4b showed that N accumula-
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tion ranged from 16.44 to 20.66 mgplant−1. N
accumulation increased significantly in all N-
supplied groups (T1–T4), and the highest value
(20.66 mgplant−1) was observed in T4, com-
pared to 19.01 mgplant−1 in CK. As shown in
Figure 4c, P accumulation ranged from 0.385 to
0.471 mgplant−1. P accumulation in T4 was no-
tably lower than in the other groups. Across root,
stem, and leaf fractions, P accumulation initially
increased with N supply (from T1 onward) and
then declined, with the decreasing trend consis-
tent across all three organs.

Stoichiometric ratios of C, N, P responses to
nitrogen addition
Figure 5 showed the C, N, and P stoichiometric
ratios across treatments. In Figure 5a, the C:N ra-
tios in the leaves, roots, stems, and the total plant
ranged from 8.57 to 12.32, 25.18 to 37.95, 42.79 to
83.28, and 16.88 to 24.03, respectively. The whole-
plant C:N ratio was between the roots’ and leaves’
C:N ratios. The T1 group showed significantly
higher C:N ratios in leaves, roots, andwhole plant
than the other groups. In stems, the C:N ratio in
T1 group was significantly higher than in the T3,
T4 and CK groups. As depicted in Figure 5b, un-
der N addition conditions, the C:P ratios in the
leaves ranged from 614.82 to 699.42, while the
C:P ranges in the roots and stems were 701.44 to
1070.51 and 1017.89 to 1237.68, respectively. The
C:P ratios in the seedlings fluctuated between
776.83 and 906.06, closely resembling the root C:P.
Figure 5c showed that the N:P ratios in the leaves,
roots, stems, and total plant ranged from 56.67
to 73.64, 22.11 to 42.56, 13.81 to 29.00, and 35.25
to 53.66, respectively. The whole-plant N:P ratio
was slightly higher than the stems’ N:P ratio.

NSCs content responses to nitrogen addition
The concentrations of NSCs in the roots, stems,
and leaves were presented in Figure 6. As shown
in Figure 6a, glucose content in the leaves, roots
and stems ranged from 32.41 to 37.68 mgg−1,
28.25 to 39.81 mgg−1, and 21.32 to 28.55 mgg−1,
respectively. The highest root glucose concen-
tration (39.81 mgg−1) was in the CK group. As
shown in Figure 6b, fructose content in the leaves,
roots and stems ranged from 3.83 to 9.21 mgg−1,
2.17–7.95 mgg−1 and 2.32–4.95 mgg−1, respec-
tively. The maximum leaf fructose (9.21 mgg−1)
was in the T4 group. As depicted in Figure 6c,

sucrose content in the leaves, roots and stems
ranged from 19.73 to 25.96 mgg−1, 11.12 to
23.24 mgg−1, and 8.21 to 16.93 mgg−1, respec-
tively. The highest leaf sucrose (25.96 mgg−1)
was in the T1 group. As illustrated in Fig-
ure 6d, starch content in the leaves, roots and
stems ranged from 30.04 to 40.96 mgg−1, 42.34
to 81.73 mgg−1, and 46.40 to 53.42 mgg−1, re-
spectively. Starch content in roots, especially in
CK and T1, was notably higher than in the other
groups.

Correlation analysis, PCA, and linear fitting
Figure 7a showed the correlation and cluster anal-
ysis of morphological indicators and C, N, and
P accumulation under the N addition. Positive
correlations were observed between biomass and
root length, root length and plant height, plant
height and ground diameter, root-shoot ratio and
ground diameter, C and P accumulation. In con-
trast, N accumulation had significant negative
correlations with biomass, C accumulation, and
P accumulation. Cluster analysis showed that N
accumulation contrasts with both C and P accu-
mulation, whereas C accumulation aligned with
P accumulation. Biomass with root length, and
seedling height with ground diameter, formed
smaller clusters. These findings indicated that
increasing N addition leads to significant differ-
ences in element accumulation among treatments
relative to CK, yet the relationships between C,
N, P accumulation and morphological indicators
remained non-significant. As shown in Figure 7b,
PCA was performed to explore multivariate rela-
tionships among C, N, P, soluble sugars (glucose,
fructose, sucrose), starch, and biomass across
all organs and treatments. All variables were
standardized (z-score) prior to analysis. Each
point in the PCA biplot represents an individual
biological replicate, with organs distinguished
by colors and treatments by symbols. The first
principal component (PC1) explained 46.2% of
the total variance and was characterized by pos-
itive loadings for soluble sugars and negative
loadings for starch and biomass, suggesting a
trade-off between immediate metabolic soluble
sugars and storage starch. The second principal
component (PC2) explained 22.7% of the vari-
ance and was primarily associated with N and
P contents. In the ordination space, roots from
T3 and T4 treatments showed more pronounced

33



S. Hu et al.

Figure 3. Effects of N addition on carbon (a), nitrogen (b), and phosphorus (c) contents in the leaves, stems, and
roots of P. mume seedlings. Data represent mean ± SD, n = 3 biological replicates per treatment. DW,
dry weight. Different uppercase letters above bars denote significant differences among treatments
within the same organ at p ≤ 0.05 (Fisher’s LSD test).

Figure 4. Effects of N addition on carbon (a), nitrogen (b), and phosphorus (c) accumulation in the leaves,
stems, and roots of P. mume seedlings. Accumulation was calculated as organ element content × organ
biomass. Data represent mean ± SD, n = 3 biological replicates per treatment. Different uppercase
letters denote significant differences among treatments within the same organ at p ≤ 0.05 (Fisher’s
LSD test).
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Figure 5. Effects of N addition on C:N (a), C:P (b), and N:P (c) stoichiometric ratios in the leaves, stems, and
roots of P. mume seedlings. Data represent mean ± SD, n = 3 biological replicates per treatment.
Different uppercase letters denote significant differences among treatments within the same organ at p
≤ 0.05 (Fisher’s LSD test).

shifts toward higher soluble sugar and N content,
whereas stems and leaves exhibited less separa-
tion across treatments. This descriptive pattern
suggests that roots aremore responsive to N addi-
tion in terms of C-nutrient reallocation, which is
consistent with the organ-specific ANOVA results
showing significant N-induced changes in root
NSC and stoichiometry. However, the PCA does
not provide formal statistical evidence for organ
differences; rather, it serves as a complementary
visualization of the multivariate trends. Figure
7c showed the linear correlations between N con-
tent and C, P, and NSC. Negative correlations be-
tween N content and C content as well as starch
were revealed, respectively. In contrast, N con-
tent and P content showed a positive correlation
(𝐾 = 0.006). Furthermore, positive correlations
were observed between N content and glucose,
fructose, sucrose, with K values of 0.292, 0.075,
and 0.366, respectively.

Discussion

Fertilization is a cornerstone agronomic prac-
tice for cultivating robust seedlings and ensuring
their subsequent growth and development (Jiang
et al., 2024; Yang et al., 2023). Consequently, iden-
tifying an appropriate N addition regime is of
paramount importance for the successful expan-
sion of P. mume cultivation areas. In this study, P.
mume seedlings exhibited viable growth across a
gradient of N supply levels, however, significant
changes were observed in morphological indica-
tors, C, N, P and NSC concentrations, accumula-
tion, distribution, and stoichiometric ratios across
roots, stems, and leaves. Furthermore, correlation
analysis, PCA, and linear fitting collectively re-
vealed multiple significant positive and negative
relationships among growth indicators, C:N:P ra-
tios, and NSC contents in response to differential
N addition (Figure 7). These multifaceted re-

35



S. Hu et al.

Figure 6. Effects of N addition on glucose (a), fructose (b), sucrose (c), and starch (d) contents in the leaves,
stems, and roots of P. mume seedlings. Data represent mean ± SD, n = 3 biological replicates per
treatment. Different uppercase letters denote significant differences among treatments within the
same organ at p ≤ 0.05 (Fisher’s LSD test).

sponses highlight that both deficiency and excess
in N supply can disrupt internal nutrient home-
ostasis, with implications for stress resilience and
post-transplant establishment. These findings
provide both theoretical foundations and practi-
cal guidelines for refining nutrient management
strategies during the nursery stage of P. mume
cultivation. Moreover, they provide a basis for
optimizing field transplantation protocols and
tailoring N application schedules to specific soil
conditions, ultimately contributing to enhanced
orchard productivity and sustainable cultivation
practices.

Morphological indicators are fundamental in
seedling research, as they directly reflect growth
status and provide actionable insights for opti-
mizing cultivation practices. Changes in these
indicators can be effectively employed to assess

the supply-demand balance between seedlings
andN fertilizer. In the present study, plant height
reached amaximum at a lowN addition level and
then decreased when N supply either increased
or decreased, demonstrating a dual (unimodal)
response to N fertilizer. A similar trend was ob-
served for several biomass parameters, with peak
values occurring at either T1 (5 g N plant-1) or T3
(20 g N plant-1). The root-to-shoot ratio peaked
under low N addition but also showed a mod-
erate increase at the high N level. In contrast,
ground diameter showed no significant change
acrossN gradients, whereas root length increased
steadily with rising N supply (Table 1 and Fig-
ure 2). The inhibitory effect observed under the
highest N addition (40 g N plant-1) may be at-
tributed to multiple factors, including altered
soil pH, shifts in soil microbial community com-
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Figure 7. Multivariate analyses of growth, stoichiometric, and NSC variables. (a) Pearson correlation matrix
among morphological indicators and element accumulation. Blue indicates negative correlation (r
= -1.0), red indicates positive correlation (r = 1.0); *p < 0.05, **p < 0.01. (b) Principal component
analysis (PCA) biplot of C, N, P, soluble sugars (glucose, fructose, sucrose), starch, and biomass across
organs and treatments. Variables were standardized (z-score); PC1 and PC2 explain 46.2% and 22.7%
of variance, respectively. Points represent individual biological replicates (n = 3 per treatment), with
organs color-coded and treatments shape-coded. (c) Linear regression between N content and C
content, P content, and NSC components; regression coefficients (K) and significance levels are shown.
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position and activity, reduced nitrogen use effi-
ciency (NUE), and intensified competitive parti-
tioning between aboveground and belowground
organs (Jia et al., 2024). Comparable unimodal
responses have been documented in other woody
species. For instance, Cunninghamia lanceolata
(Lamb.) Hook. seedlings also exhibit biomass
promotion under low to moderate N but inhi-
bition under excessive N (Xu & Timmer, 1999).
Importantly, the deliberate inclusion of our high-
est dose (T4, 40 g N plant-1) as a supra-optimal
treatment was specifically designed to capture
the declining phase of the response curve. This
level was never intended to replicate realistic field
fertilization, but rather to define the upper thresh-
old beyond which N becomes phytotoxic. The ob-
served growth suppression in T4, together with
the marked reduction in root starch reserves (Fig-
ure 6d), confirms that this level exceeds the phys-
iological optimum for P. mume seedlings and pro-
vides a mechanistic rationale for avoiding exces-
sive N application in nursery practice. Unlike
certain coniferous species in which high N sup-
ply suppresses root elongation, we found a steady
increase in P. mume root lengthwith risingN addi-
tion. This interspecific difference may reflect the
higher N demand of fruit trees or alternatively,
a compensatory foraging response under con-
fined pot conditions. The observed root length in-
crease could also result from accelerated fine-root
growth and a greater root node length at lower
N levels. Overall, the growth suppression under
high N in this experiment likely results from di-
minished NUE, osmotic imbalance, and the accu-
mulation ofmetabolic by-products that exert toxic
effects on seedling physiology. Taken together,
these morphological and allocation patterns indi-
cated that moderate N (10–20 gNplant−1) consti-
tutes the optimal dosage for promoting biomass
accumulation in P. mume seedlings.

Nutrient availability is a primary determinant
of seedling performance, and stoichiometric anal-
ysis offers a powerful lens for examining the inter-
nal balance among elements and its modulation
by N supply. Across a gradient of N addition, the
concentrations of C, N, and P contents and their
stoichiometric ratios in leaves, stems, and roots,
collectively reflect the plant’s resource allocation
strategies, growth strategy, and stress resistance
(Scharler et al., 2015). Our results showed sub-
stantial organ-specific shifts in C, N, and P con-

tents under varying N addition. With increasing
N supply, N content rose markedly in all three
organs, whereas P content decreased significantly.
Notably, N content in the CK group was equal
to or even higher than that in the three lowest N-
treated groups, indicating that the relationship
between N addition and tissue N accumulation is
not strictly linear, particularly at low doses. Ele-
vatedN applicationwas associatedwith a clear re-
duction in C content in both roots and leaves (Fig-
ure 3). These patterns are consistent with previ-
ous studies in other woody species. For instance,
N addition significantly increased N content in
the roots, stems, and leaves of Pinus tabuliformis
Carrière while decreasing P content (Jing et al.,
2017). Similarly, trends were reported for Pinus
massoniana Lamb. seedlings, in which fertiliza-
tion elevated N content relative to controls (Wu
et al., 2019). In our experiment, total P accumu-
lation decreased substantially with escalating N
fertilizer, whereas N accumulation showed a sig-
nificant upward trend. Among all treatments, the
T4 group (40 g N plant-1) had the highest N accu-
mulation but the lowest P accumulation across all
organs (Figure 4). Figure 7 illustrated significant
negative correlations between N accumulation
and both C accumulation and P accumulation,
as well as between P accumulation and biomass
and root length. These findings suggested that
N- and P-related stoichiometric changes under
N addition are closely linked to morphological
adjustments in plant parts.

The sensitivity of C:N:P stoichiometry to N
addition was also evident. Our results indicated
that the C:N ratio in seedling roots, stems, and
leaves decreased significantly with increasing N
supply, while the N:P ratio increased markedly.
Comparable findings have been reported for
Pleioblastus amarus (Keng) Keng f. and Pinus ko-
raiensis Siebold & Zucc. (Li et al., 2021; Yang et
al., 2019). Additionally, N application coincided
with a pronounced increase in the C:P ratio in
roots and stems. It is widely accepted that C:N
and C:P ratios reflect C sequestration capacity
and nutrient-use efficiency, whereas the N:P ratio
serves as an effective indicator of plant response
to environmental change and growth limitation.
According to the established threshold, N:P val-
ues between 14 and 16 suggest co-limitation by
N and P, while values exceeding 16 points to P
limitation (Güsewell, 2004). In this study, only
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stems under low N addition fell within the 14–16
range, all other plant parts had N:P ratios above
16 (Figure 5). This suggests that under low N
conditions, stems are co-limited by N and P, pos-
sibly reflecting lower sensitivity to N availability
or a higher N demand compared to roots and
leaves. Indeed, roots have been reported to re-
spond particularly strongly to N addition (Yin
et al., 2021), and our root N:P data are consis-
tent with that pattern. The fact that both roots
and leaves showed N:P ratios exceeding 16, cou-
pled with the significant increases in C:P and N:P
ratios and the sharp decline in P content under
high N, supports the interpretation that excessive
N supply may exacerbate P scarcity or reduce P
utilization efficiency.

N is indispensable for photosynthesis, which
drives the synthesis and accumulation of various
nutrients, particularly NSCs. Soluble NSCs serve
immediate functions and act as rapid C sinks,
whereas starch functions as a long-term C sink
(Dietze et al., 2014). Consequently, N addition
can directly or indirectly affect NSC content in P.
mume seedlings. Our results showed that high N
application was associated with a marked reduc-
tion in starch content, especially in roots (Figure
6). This aligns with previous studies on Quercus
mongolica Fisch. ex Ledeb. and Acer pseudopla-
tanus L. (Mackie-Dawson et al., 1994; Wang et al.,
2024b). The underlying mechanisms remain un-
clear, but possible explanations include shifts in C
allocation priorities, altered source–sink relation-
ships, or accelerated starch turnover. In contrast,
N addition significantly increased fructose con-
tent in all three organs, and increased sucrose
content in stems and roots (Figure 6), implying
a redistribution of C among NSC fractions un-
der varying N supply. Whether the increase in
soluble NSCs reflects enhanced photosynthetic
output, reduced conversion to starch, or acceler-
ated starch turnover cannot be determined from
our current data. Notably, we found positive cor-
relations between N and P contents and soluble
NSCs, while soluble NSC showed a negative cor-
relation with C content, indicating coordinated
shifts in nutrient and C status, although causal
links remain speculative. This pattern reflects the
possibility that C availability constrains seedling
growth (Wiley &Helliker, 2012). Resolving these
relationships would require direct measurements
of C fluxes, photosynthetic rates, and activities of

enzymes involved in NSC metabolism. Further-
more, prior research indicated that the growth-
promoting effect of N addition on seedlings di-
minishes with sustained high N supply, as exces-
siveN impairsmultiple aspects of seedling perfor-
mance. This further explains why morphological
indicators did not improve under high N in our
experiment. The apparent shift from starch to sol-
uble NSCs under highN supply has potential eco-
logical implications. Starch reserves are impor-
tant for stress tolerance and resprouting capacity
following disturbance (Chapin et al., 1990; Villar-
Salvador et al., 2015). The observed reduction
in starch, particularly in roots, may compromise
seedling resilience to transplant shock, drought,
or other adverse conditions, although we did not
directly measure stress tolerance or post-planting
survival. Whether such compositional changes
affect subsequent establishment in the field re-
mains an open question that warrants further in-
vestigation.

From a practical standpoint, our results offer
preliminary guidance for nursery management
of P. mume seedlings intended for afforestation
or agroforestry systems. A unimodal growth re-
sponse was observed, with moderate nitrogen
supply (10–20 gNplant−1) associated with en-
hanced biomass accumulation, whereas supra-
optimal N (≥ 40 gNplant−1) conferred no ad-
ditional growth gains and coincided with a sub-
stantial depletion of root starch reserves. This
starch depletion, coupled with elevated N:P ra-
tios (> 16) indicative of progressive P limitation
under high N, suggests that excessive fertiliza-
tion may compromise seedling quality and stress
tolerance. However, these interpretations should
be viewed with caution. We did not quantify C
assimilation rates, dark respiration, or the enzy-
matic activities governing starch–sugar intercon-
version, nor did we assess soil microbial activ-
ity, pH shifts, or rhizosphere processes – all of
which could mediate plant responses to N fertil-
ization. Importantly, our study was conducted
under controlled greenhouse conditions using a
single soil type, and the pot environment inher-
ently restricts root development and may alter
nutrient dynamics compared to open-field situa-
tions. Consequently, the generalizability of our
findings is limited, and the tentative recommen-
dations (10–20 gNplant−1) require rigorous vali-
dation under operational nursery and field condi-
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tions before practical implementation. Long-term
field trials across diverse soil types and climatic
regimes, incorporating comprehensive physiolog-
ical and edaphic measurements are essential to
confirm these thresholds, establish mechanistic
causality, and provide a robust basis for refining
nutrient management in P. mume nursery produc-
tion.

Conclusion

This study comprehensively analyzed the effects
of five N levels (0–40 gNplant−1) on morpholog-
ical traits, C:N:P stoichiometry, and NSC pools
in P. mume seedlings, with particular attention
to organ-specific responses in roots, stems and
leaves. Moderate N supply (10–20 gNplant−1)
maximized total biomass (18.2–19.6 gplant−1),
whereas supra-optimal N (40 g N plant-1) re-
duced root starch by up to 48% without further
growth gains. Across all organs, N addition con-
sistently increased N content and N:P ratios, but
decreased P content. In T3 and T4, leaf and root
N:P ratios exceeded 16, indicating progressive P
limitation. Soluble sugars (glucose, fructose, su-
crose) increased with N supply, while starch con-
tent declined, particularly in roots, suggesting a
reallocation of C away from long-term storage to-
ward immediatemetabolic demands. Correlation
and cluster analyses further revealed that root
length and total biomass clustered together at
low dissimilarity, indicating coordinated growth
between above- and below-ground organs un-
der low to moderate N additions. For nursery
production of P. mume seedlings intended for af-
forestation or agroforestry, we tentatively suggest
that N application within 10–20 gNplant−1 may
be beneficial, provided that this is validated un-
der actual nursery and field conditions before
practical implementation. Routine soil P moni-
toring is also recommended to avoid nutritional
imbalance. High N levels (≥ 40 gNplant−1) ap-
peared detrimental in this experimental setting
and should be avoided. These findings are neces-
sarily constrained by the controlled greenhouse
conditions using a single soil type, field trials
and longer-term observations are essential to con-
firm their applicability. Moreover, directmeasure-
ments of C flux, soil processes, and key physiolog-
ical parameters are required to establish causal

relationships. Nevertheless, the consistent stoi-
chiometric patterns observed across the N gra-
dient provide a useful framework for improving
seedling quality of P. mume seedlings and for pre-
dicting growth responses in cultivation systems.

Acknowledgements. This work was finan-
cially supported by the National Key Research
and Development Program of China (No.
2023YFD1600400). We are grateful to all of the
group members and workers for their assistance
during seed collection, seedling cultivation and
harvesting.

References

Ågren, G. I. (2008). Stoichiometry and nutrition of plant
growth in natural communities. Annual Review of
Ecology, Evolution, and Systematics, 39, 153–170. htt
ps://doi.org/10.1146/annurev.ecolsys.39.110707.1
73515

Chapin, F. S., Schulze, E.-D., & Mooney, H. A. (1990). The
ecology and economics of storage in plants.Annual
Review of Ecology, Evolution, and Systematics, 21, 423–
447. https://doi.org/10.1146/annurev.es.21.11019
0.002231

Chen, X., & Chen, H. Y. H. (2021). Plant mixture balances
terrestrial ecosystem C:N:P stoichiometry. Nature
Communications, 12, 4562. https://doi.org/10.1038
/s41467-021-24889-w

Dietze, M. C., Sala, A., Carbone, M. S., Czimczik, C. I., Man-
tooth, J. A., Richardson, A. D., & Vargas, R. (2014).
Nonstructural carbon in woody plants. Annual Re-
view of Plant Biology, 65(1), 667–687. https://doi.or
g/10.1146/annurev-arplant-050213-040054

Dissanayaka, D. M. S. B., Ghahremani, M., Siebers, M.,
Wasaki, J., & Plaxton, W. C. (2021). Recent insights
into the metabolic adaptations of phosphorus-
deprived plants. Journal of Experimental Botany,
72(2), 199–223. https://doi.org/10.1093/jxb/e
raa482

Gao, S., Hu, Y., Qian, W., Xiao, Y., Liao, J., & Chen, J. (2026).
Sourness signature during Prunus mume fruit de-
velopment: Integrative insight from metabolomics,
organic acid profiles, E-tongue, and computational
binding simulation. Food Chemistry, 514, 149111.
https://doi.org/10.1016/j.foodchem.2026.149111

Gong, X.-P., Tang, Y., Song, Y.-Y., Du, G., & Li, J. (2021). Com-
prehensive review of phytochemical constituents,
pharmacological properties, and clinical applica-
tions of Prunus mume. Frontiers in Pharmacology, 12,
679378. https://doi.org/10.3389/fphar.2021.67937
8

Grossnickle, S. C., & El-Kassaby, Y. A. (2016). Bareroot ver-
sus container stocktypes: A performance compari-
son. New Forests, 47, 1–51. https://doi.org/10.1007
/s11056-015-9476-6

40

https://doi.org/10.1146/annurev.ecolsys.39.110707.173515
https://doi.org/10.1146/annurev.ecolsys.39.110707.173515
https://doi.org/10.1146/annurev.ecolsys.39.110707.173515
https://doi.org/10.1146/annurev.es.21.110190.002231
https://doi.org/10.1146/annurev.es.21.110190.002231
https://doi.org/10.1038/s41467-021-24889-w
https://doi.org/10.1038/s41467-021-24889-w
https://doi.org/10.1146/annurev-arplant-050213-040054
https://doi.org/10.1146/annurev-arplant-050213-040054
https://doi.org/10.1093/jxb/eraa482
https://doi.org/10.1093/jxb/eraa482
https://doi.org/10.1016/j.foodchem.2026.149111
https://doi.org/10.3389/fphar.2021.679378
https://doi.org/10.3389/fphar.2021.679378
https://doi.org/10.1007/s11056-015-9476-6
https://doi.org/10.1007/s11056-015-9476-6


Responses of C:N:P stoichiometry and non-structural carbohydrate contents of Prunus mume seedling to nitrogen addition

Güsewell, S. (2004). N:P ratios in terrestrial plants: Varia-
tion and functional significance. New Phytologist,
164(2), 243–266. https://doi.org/10.1111/j.1469-81
37.2004.01192.x

Hu, Y., Liao, J., Qian, W., Fan, S., Xiao, X., Yang, Y., Guo,
J., & Gao, S. (2025). Metabolomics, E-tongue and
HS-SPME-GC-MS reveal the smoking process of
Prunus mume: Changes in flavor and chemical com-
positions. Food Chemistry, 484, 144401. https://doi
.org/10.1016/j.foodchem.2025.144401

Jia, Z., Zhang, J., Jiang, W., Wei, M., Zhao, L., & Li, G. (2024).
Different nitrogen concentrations affect strawberry
seedlings nitrogen form preferences through nitro-
gen assimilation and metabolic pathways. Scientia
Horticulturae, 332, 113236. https://doi.org/10.1016
/j.scienta.2024.113236

Jiang, M., Dong, C., Bian, W., Zhang, W., & Wang, Y. (2024).
Effects of different fertilization practices on maize
yield, soil nutrients, soil moisture, and water use
efficiency in northern China based on a meta-
analysis. Scientific Reports, 14, 6480. https://doi
.org/10.1038/s41598-024-57031-z

Jing, H., Zhou, H., Wang, G., Xue, S., Liu, G., & Duan, M.
(2017). Nitrogen addition changes the stoichiom-
etry and growth rate of different organs in Pinus
tabuliformis seedlings. Frontiers in Plant Science, 8,
1922. https://doi.org/10.3389/fpls.2017.01922

Kanakidou, M., Myriokefalitakis, S., Daskalakis, N., Fanour-
gakis, G., Nenes, A., Baker, A. R., Tsigaridis, K., &
Mihalopoulos, N. (2016). Past, present, and future
atmospheric nitrogen deposition. Journal of the At-
mospheric Sciences, 73(5), 2039–2047. https://doi.or
g/10.1175/JAS-D-15-0278.1

Körner, C. (2003). Carbon limitation in trees. Journal of Ecol-
ogy, 91(1), 4–17. https://doi.org/10.1046/j.1365-27
45.2003.00742.x

Kou, L., Chen, W., Jiang, L., Dai, X., Fu, X., Wang, H., & Li,
S. (2018). Simulated nitrogen deposition affects
stoichiometry of multiple elements in resource-
acquiring plant organs in a seasonally dry sub-
tropical forest. Science of the Total Environment, 624,
611–620. https://doi.org/10.1016/j.scitotenv.2017
.12.080

LeBauer, D. S., & Treseder, K. K. (2008). Nitrogen limitation
of net primary productivity in terrestrial ecosys-
tems is globally distributed. Ecology, 89(2), 371–
379. https://doi.org/10.1890/06-2057.1

Li, Q., Liu, X., Sun, X., Zhao, M., Liu, L., Wang, N., Gao,
Q., Fan, P., Du, N., Wang, H., & Wang, R. (2023).
Effects of drought hardening on the carbohydrate
dynamics of Quercus acutissima seedlings under
successional drought. Frontiers in Plant Science, 14,
1184584. https://doi.org/10.3389/fpls.2023.118458
4

Li, Z., Qiu, X., Sun, Y., Liu, S., Hu, H., Xie, J., Chen, G., Xiao,
Y., Tang, Y., & Tu, L. (2021). C:N:P stoichiometry
responses to 10 years of nitrogen addition differ
across soil components and plant organs in a sub-
tropical Pleioblastus amarus forest. Science of the Total
Environment, 796, 148925. https://doi.org/10.1016
/j.scitotenv.2021.148925

Liu, Q., Huang, Z., Wang, Z., Chen, Y., Wen, Z., Liu, B., &
Tigabu, M. (2020). Responses of leaf morphology,
NSCs contents and C:N:P stoichiometry of Cun-
ninghamia lanceolata and Schima superba to shading.
BMC Plant Biology, 20, 354. https://doi.org/10.118
6/s12870-020-02556-4

Mackie-Dawson, L. A., Pratt, S. M., &Millard, P. (1994). Root
growth and nitrogen uptake in sycamore (Acer
pseudoplatanus L.) seedlings in relation to nitrogen
supply. Plant and Soil, 158(2), 233–238. https://doi
.org/10.1007/bf00009498

Mason, P. A., Ingleby, K., Munro, R. C., Wilson, J., &
Ibrahim, K. (2000). The effect of reduced phos-
phorus concentration onmycorrhizal development
and growth of Eucalyptus globulus Labill. seedlings
inoculated with 10 different fungi. Forest Ecology
and Management, 128(3), 249–258. https://doi.org
/10.1016/s0378-1127(99)00153-x

Minden, V., & Kleyer, M. (2014). Internal and external regu-
lation of plant organ stoichiometry. Plant Biology,
16(5), 897–907. https://doi.org/10.1111/plb.12155

Mitani, T., Ota, K., Inaba, N., Kishida, K., & Koyama, H. A.
(2018). Antimicrobial activity of the phenolic com-
pounds of Prunus mume against enterobacteria. Bi-
ological and Pharmaceutical Bulletin, 41(2), 208–212.
https://doi.org/10.1248/bpb.b17-00711

Oliet, J. A., Puértolas, J., Planelles, R., & Jacobs, D. F. (2013).
Nutrient loading of forest tree seedlings to promote
stress resistance and field performance: A Mediter-
ranean perspective. New Forests, 44(5), 649–669. ht
tps://doi.org/10.1007/s11056-013-9382-8

Sardans, J., & Peñuelas, J. (2012). The role of plants in the
effects of global change on nutrient availability and
stoichiometry in the plant-soil system. Plant Physi-
ology, 160(4), 1741–1761. https://doi.org/10.1104
/pp.112.208785

Scharler, U. M., Ulanowicz, R. E., Fogel, M. L., Wooller, M. J.,
Jacobson-Meyers, M. E., Lovelock, C. E., Feller, I. C.,
Frischer, M., Lee, R., McKee, K., Romero, I. C.,
Schmit, J. P., & Shearer, C. (2015). Variable nutri-
ent stoichiometry (carbon: nitrogen: phosphorus)
across trophic levels determines community and
ecosystem properties in an oligotrophic mangrove
system. Oecologia, 179(3), 863–876. https://doi.org
/10.1007/s00442-015-3379-2

Tian, T., Cao,H., Farag,M.A., Fan, S., Liu, L., Yang,W.,Wang,
Y., Zou, L., Cheng, K.-W., Wang, M., Ze, X., Simal-
Gandara, J., Yang, C., & Qin, Z. (2023). Current
and potential trends in the bioactive properties
and health benefits of Prunus mume Sieb. Et Zucc:
A comprehensive review for value maximization.
Critical Reviews in Food Science and Nutrition, 63(24),
7091–7107. https://doi.org/10.1080/10408398.2022
.2042186

Timmer, V. R. (1997). Exponential nutrient loading: A new
fertilization technique to improve seedling perfor-
mance on competitive sites. New Forests, 13, 275–
295. https://doi.org/10.1023/A:1006502830067

Vance, C. P., Uhde-Stone, C., & Allan, D. L. (2003). Phos-
phorus acquisition and use: Critical adaptations by
plants for securing a nonrenewable resource. New
Phytologist, 157(3), 423–447. https://doi.org/10.10
46/j.1469-8137.2003.00695.x

41

https://doi.org/10.1111/j.1469-8137.2004.01192.x
https://doi.org/10.1111/j.1469-8137.2004.01192.x
https://doi.org/10.1016/j.foodchem.2025.144401
https://doi.org/10.1016/j.foodchem.2025.144401
https://doi.org/10.1016/j.scienta.2024.113236
https://doi.org/10.1016/j.scienta.2024.113236
https://doi.org/10.1038/s41598-024-57031-z
https://doi.org/10.1038/s41598-024-57031-z
https://doi.org/10.3389/fpls.2017.01922
https://doi.org/10.1175/JAS-D-15-0278.1
https://doi.org/10.1175/JAS-D-15-0278.1
https://doi.org/10.1046/j.1365-2745.2003.00742.x
https://doi.org/10.1046/j.1365-2745.2003.00742.x
https://doi.org/10.1016/j.scitotenv.2017.12.080
https://doi.org/10.1016/j.scitotenv.2017.12.080
https://doi.org/10.1890/06-2057.1
https://doi.org/10.3389/fpls.2023.1184584
https://doi.org/10.3389/fpls.2023.1184584
https://doi.org/10.1016/j.scitotenv.2021.148925
https://doi.org/10.1016/j.scitotenv.2021.148925
https://doi.org/10.1186/s12870-020-02556-4
https://doi.org/10.1186/s12870-020-02556-4
https://doi.org/10.1007/bf00009498
https://doi.org/10.1007/bf00009498
https://doi.org/10.1016/s0378-1127(99)00153-x
https://doi.org/10.1016/s0378-1127(99)00153-x
https://doi.org/10.1111/plb.12155
https://doi.org/10.1248/bpb.b17-00711
https://doi.org/10.1007/s11056-013-9382-8
https://doi.org/10.1007/s11056-013-9382-8
https://doi.org/10.1104/pp.112.208785
https://doi.org/10.1104/pp.112.208785
https://doi.org/10.1007/s00442-015-3379-2
https://doi.org/10.1007/s00442-015-3379-2
https://doi.org/10.1080/10408398.2022.2042186
https://doi.org/10.1080/10408398.2022.2042186
https://doi.org/10.1023/A:1006502830067
https://doi.org/10.1046/j.1469-8137.2003.00695.x
https://doi.org/10.1046/j.1469-8137.2003.00695.x


S. Hu et al.

Villar-Salvador, P., Uscola, M., & Jacobs, D. F. (2015). The
role of stored carbohydrates and nitrogen in the
growth and stress tolerance of planted forest trees.
New Forests, 46, 813–839. https://doi.org/10.1007
/s11056-015-9499-z

Wang, B., Gong, J., Zhang, Z., Yang, B., Liu, M., Zhu, C., Shi,
J., Zhang, W., & Yue, K. (2019). Nitrogen addition
alters photosynthetic carbon fixation, allocation of
photoassimilates, and carbon partitioning of Ley-
mus chinensis in a temperate grassland of Inner
Mongolia. Agricultural and Forest Meteorology, 279,
107743. https://doi.org/10.1016/j.agrformet.2019
.107743

Wang, M., Wang, Y., Ren, H., Yang, Y., Gu, T., He, J., & Gao, S.
(2023). Effects of nitrogen on growth parameters
and photosynthetic characteristics of P. chinense
Schneid. seedlings in three soil types. Journal of
Elementology, 28(2), 279–294. https://doi.org/10.5
601/jelem.2022.27.3.2328

Wang, Q., Li, S., Li, J., & Huang, D. (2024a). The utilization
and roles of nitrogen in plants. Forests, 15(7), 1191.
https://doi.org/10.3390/f15071191

Wang, R., Yun, L.,Mao, Y., Yan, T.,Wei,W., You,W., & Zhang,
H. (2024b). Nitrogen deposition alters drought-
induced changes in biomass and nonstructural car-
bohydrates allocation patterns ofQuercusmongolica
seedlings. Scientia Horticulturae, 325, 112573. https:
//doi.org/10.1016/j.scienta.2023.112573

Wiley, E., & Helliker, B. (2012). A re-evaluation of carbon
storage in trees lends greater support for carbon
limitation to growth. New Phytologist, 195(2), 285–
289. https://doi.org/10.1111/j.1469-8137.2012.0418
0.x

Wu, T., Lin, W., Li, Y., Lie, Z., Huang, W., & Liu, J. (2019). Ni-
trogen addition method affects growth and nitro-
gen accumulation in seedlings of four subtropical
tree species: Schima superba Gardner & Champ., Pi-
nus massoniana Lamb., Acacia mangium Willd., and
Ormosia pinnata Lour. Annals of Forest Science, 76,
23. https://doi.org/10.1007/s13595-019-0806-2

Xu, X., & Timmer, V. R. (1999). Growth and nitrogen nutri-
tion of Chinese fir seedlings exposed to nutrient
loading and fertilization. Plant and Soil, 216, 83–91.
https://doi.org/10.1023/A:1004733714217

Yang, D., Song, L., & Jin, G. (2019). The soil C:N:P stoi-
chiometry is more sensitive than the leaf C:N:P
stoichiometry to nitrogen addition: A four-year ni-
trogen addition experiment in a Pinus koraiensis
plantation. Plant and Soil, 442(1–2), 183–198. https:
//doi.org/10.1007/s11104-019-04165-z

Yang, Y., Hu, Y.-Y., Qian, W.-Z., Wang, Y. J., Ren, H.-Y., Gao,
S., & Cao, G.-X. (2023). Early growth characteri-
zation and antioxidant responses of Phellodendron
chinense seedling in response to four soil types at
three growth stages. Forests, 14(9), 1746. https://d
oi.org/10.3390/f14091746

Yin, H., Zheng, H., Zhang, B., Tariq, A., Lv, G., Zeng, F.,
& Graciano, C. (2021). Stoichiometry of C:N:P in
the roots of Alhagi sparsifolia is more sensitive to
soil nutrients than aboveground organs. Frontiers
in Plant Science, 12, 698961. https://doi.org/10.338
9/fpls.2021.698961

Zhi, X., Yang, Y., Zou, J., Ma, N., Liu, T., Wang, H., Hu, Y., &
Gao, S. (2022). Responses of the growth and nutri-
ent stoichiometry in Ricinus communis seedlings on
four soil types. Journal of Elementology, 27(2), 223–
238. https://doi.org/10.5601/jelem.2022.27.2.2224

Submitted March 21, 2025, accepted December 29, 2025

42

https://doi.org/10.1007/s11056-015-9499-z
https://doi.org/10.1007/s11056-015-9499-z
https://doi.org/10.1016/j.agrformet.2019.107743
https://doi.org/10.1016/j.agrformet.2019.107743
https://doi.org/10.5601/jelem.2022.27.3.2328
https://doi.org/10.5601/jelem.2022.27.3.2328
https://doi.org/10.3390/f15071191
https://doi.org/10.1016/j.scienta.2023.112573
https://doi.org/10.1016/j.scienta.2023.112573
https://doi.org/10.1111/j.1469-8137.2012.04180.x
https://doi.org/10.1111/j.1469-8137.2012.04180.x
https://doi.org/10.1007/s13595-019-0806-2
https://doi.org/10.1023/A:1004733714217
https://doi.org/10.1007/s11104-019-04165-z
https://doi.org/10.1007/s11104-019-04165-z
https://doi.org/10.3390/f14091746
https://doi.org/10.3390/f14091746
https://doi.org/10.3389/fpls.2021.698961
https://doi.org/10.3389/fpls.2021.698961
https://doi.org/10.5601/jelem.2022.27.2.2224

