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Abstract

Excentrodendron hsienmu, a karst-endemic tree species of high ecological and economic value, is
classified as endangered and nationally protected in China. This study aimed to establish a theoretical basis for
the propagation and conservation of E. Asienmu by evaluating the effects of nitrogen—calcium fertilization on
seedling growth and photosynthetic performance. One-year-old seedlings were subjected to nine treatment
combinations of pure nitrogen (1.0, 2.0, 3.0 g/plant) and pure calcium (1.5, 3.0, 4.5 g/plant). Results showed
that all fertilization treatments significantly improved seedling growth and photosynthetic traits compared to
the control. The N2Ca2 treatment (2.0 g N and 3.0 g Ca per plant) yielded the highest increases in height
(26.20 cm), ground diameter (6.96 mm), total biomass (85.64 g), root system development, and chlorophyll
content. Additionally, photosynthetic parameters such as net photosynthetic rate (13.96 pmol-m™s”) and
transpiration rate (4.21 mmol-m™.s™) were significantly enhanced under N2Ca2. All measured characteristics,
except stomatal conductance, differed significantly from the control (p < 0.05). These findings provide a
scientific foundation for the optimized cultivation, restoration, and conservation of £. Asiecnmu.

Keywords: endangered plant; Excentrodendron hsienmu seedlings; growth characteristics;
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Introduction

Excentrodendron hsienmu, a large evergreen tree of the genus Excentrodendronin the family
Malvaceae, is distributed in the southwestern region of Guangxi and parts of the tropical monsoon forest areas
in Yunnan. Being, considered an endemic species in Karst regions, it also grows in Vietnam and Laos (Li ez al,
2008). It plays a crucial role in maintaining the biodiversity of karst monsoon forests and in improving the
ecological environment (Tan eral, 2018). As a precious tree species, prioritized for development in Guangxi, £.
hsienmu contributes significantly to the control of karst desertification. Moreover, due to its hard texture,
water and corrosion resistance, it is widely used in high-end furniture, carving, construction, industry, and
manufacturing, possessing important economic and scientific research value (Hou er al, 2018). However, due
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to challenges with natural regeneration and threats from illegal logging, F. Asiecnmuis endangered and has been
designated a protected tree species in China. The conservation and propagation of £. Asienmu are therefore
particularly important (Wei et al, 2023).

Fertilizer is an important factor that affects the growth and development of plants, with different
fertilizer elements having varying effects (Li er a/, 2023). Nitrogen is an essential nutrient element for plants
(Tang er al, 2022; Qiu et al, 2024) and is used in the synthesis of proteins and enzymes for capturing and
transferring photosynthetic electrons (Cassim et al, 2022; Yin er al, 2022), therefore, the content of nitrogen
directly affects the intensity of photosynthesis (Weng et al, 2021; Chrysargyris et al, 2024). Calcium is a major
constituent of plant cell walls, with functions in maintaining cell morphology, regulating ion balance and
osmotic pressure, as well as plant growth and development, and, influences responses to various biotic and
abiotic stresses (Zhou er al, 2014; Doyle et al, 2021). The evidence-based selection and application of an
appropriate nitrogen—calcium fertilizer ratio can significantly enhance the growth and net photosynthetic
efficiency of plants and improve their photosynthetic performance (Yue et al, 2021; De Souza et al, 2023). E.
hsienmu is a calcium-preferring tree species. It needs to continuously absorb calcium minerals from the soil to
alleviate abiotic stress and enhance its hardness, thus, calcium plays a vital role in the growth of E. Asienmu
(Tan eral,2018).

In recent years, different ratios of nitrogen-calcium in fertilizer have been investigated. Among various
studies on this topic, Ozyhar et a/ (2022) found in their study on poplar trees where the combined application
of nitrogen—calcium can promote the absorption by plants of other nutrients from the soil, thereby facilitating
growth in acidic soil. Liu (2024) discovered that applying nitrogen-calcium fertilizers in an appropriate ratio
can promote the growth and development of Morus albaL. seedlings, by applying the optimal nitrogen-calcium
ratio of 2:1. Importantly, ratios that are too high or too low will inhibit their growth and physiological
processes. Weng et al (2023) studied the molecular mechanisms of poplar growth under nitrogen-calcium
interactions, and their results showed that maximum poplar seedling growth occurred from treatment with a
N:Ca ratio of 2:1, which resulted in a significantly greater of growth than the two other tested treatments. Li
etal. (2013) showed that the different ratios of nitrogen-calcium fertilization in a specific ratio can significantly
enhance the growth and development of greenhouse nectarines. The results of Weng er a/ (2021) indicated
that the different ratios of nitrogen-calcium fertilization could also markedly promote poplar growth, and there
is an optimal level of calcium for maximizing the growth and development of poplars for different nitrogen
levels. Evidently, the appropriate ratio of nitrogen-calcium fertilization has a distinct effect on promoting the
growth and development of plants.

The studies on £. Asienmu are mainly focused on the growth dynamics of artificial young forests of
cutting seedlings (Peng et al, 2016), the phenotypic traits of seeds and their germination patterns (Hao er al,
2021), factors influencing cutting propagation (Shen e al, 2014), population dynamics, community structure
description (Xiang er al, 2013; Tan ez al, 2019), and biological characteristics (Tang ez al, 2005).

There is a lack of data regarding the impact of different ratios of nitrogen-calcium fertilization on the
growth and photosynthetic characteristics of E. Asienmuseedlings. Currently, there are few studies on the effect
of the fertilization ratio on E. Asienmu, and no author has conducted research on the basic principles of
nitrogen-calcium ratio control for this species. Moreover, since E. Asienmu is a calcium-loving tree species, the
basic principles of nitrogen-calcium ratio control for ordinary crops do not apply. This study determined the
appropriate ratio to be 1:1.5 after investigating the nitrogen-calcium ratios in the substrates of 10 native
habitats in which E. Asienmu grows well. A ratio higher or lower than this will inhibit the growth of . Asienmu
and increase its likelihood of entering an endangered state. Since E. Asienmu thrives only in limestone areas
with abundant calcium, our study also aimed to promote its growth through evidence-based determination of
the optimal nitrogen and calcium conditions for soils typical of afforested land. Consequently, applying these
conditions could lead to expansion of its planting area, thereby enabling the better protection and cultivation
of E. hsienmu and mitigating its endangered status.
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In this study, one-year-old E. Asienmu cutting seedlings were used as the experimental material, and a
two-factor experimental design involving nitrogen-calcium was employed to explore the effects of various
fertilization ratios on their growth and photosynthetic characteristics. The optimal combination formula that
can promote the growth and photosynthetic characteristics of £. Asienmu seedlings was identified, providing a
scientific theoretical basis for the propagation and maintenance of £. Asiecnmu seedlings. This study also has
positive implications for expanding its planting area, alleviating the endangered status, and maintaining
biodiversity in karst regions.

Materials and Methods

Overview of the experimental site

The experimental site was situated within the experimental base of the Guangxi Zhuang Autonomous
Region Forestry Research Institute (108°20'E, 22°55'N), with an altitude of approximately 80 m. It is
characterized by a humid subtropical monsoon climate, with an annual average temperature of 21.7 °C.
Annually, there are around 160 precipitation days and the average rainfall is 1,300 mm, mainly concentrated
from April to September. There is almost no frost throughout the year. The test soil is the common red soil in
afforestation land, collected from the Laohuling area of the Guangxi Zhuang Autonomous Region Forestry
Research Institute, with a pH 5.72 g-kg™, total nitrogen 0.86 gkg ™, total phosphorus 1.15 g-kg™, total potassium
5.17 gkg”, total calcium 0.61 g-kg”, and organic matter 14.68 gkg'. The terrain of the experimental site was
flat, and equipped with a timed sprinkler irrigation device to ensure sufficient moisture for the seedlings.

Experimental design

On December 1st, 2022, one-year-old cuttings of E. Asienmu with excellent growth and uniform size
(the average seedling height of 28.6 ¢m and the average ground diameter of 3.56 mm) were planted in
perforated plastic pots with a diameter of 25 cm and a depth of 25 cm, with one plant per pot. The substrate
was a mixture of perlite, peat soil, and laterite red soil in a weight ratio of 1:1:3, with 8 kg of substrate per pot.
During the planting period, the seedlings were subjected to the same maintenance and management. The
treatment commenced on March 1st, 2023, following a three-month seedling hardening period. At this time,
the average scedling height was 31.3 cm, and the average ground diameter was 4.03 mm. A two-factor
interaction design involving nitrogen-calcium was adopted for the experiment, with CK (control group)
representing the non-fertilization control group, a total of 10 treatment groups, and 9 replicates for each
treatment group.

In determining the nitrogen-calcium levels for testing the nursery substrate and seedlings, were
considered the Ca levels in the native karst habitat substrate, and calculated a reasonable fertilization rate (Li,
1983), and accounted for the pre-experimental site conditions. The following nitrogen-calcium fertilization
formula was determined for the experiment: the pure nitrogen (N) content was N1 = 1.0 (low), N2 = 2.0
(medium), and N3 = 3.0 (high) g/plant; the pure calcium (Ca) content was Cal = 1.5 (low), Ca2 = 3.0
(medium), and Ca3 = 4.5 (high) g/plant. In the experiment, fertilization was performed once a month, on the
Ist of each month from March to August, 2023, with 6 applications in total. The fertilization method was
irrigation fertilization, where the required fertilizer was dissolved in 500 ml of water solution before
application. Soil moisture was maintained by thoroughly watering the pots until drainage occurred without
causing overflow. The drainage water collected in the tray was poured back into the pot to prevent nutrient
loss, particularly nitrogen and calcium. The final nitrogen-calcium levels after six rounds of fertilization were
total N 1.21 gkg” and total Ca 1.81 g-kg", which were similar to the high-calcium characteristics of the native
soil of £. Asienmu. The nitrogen fertilizer used in the experiment was urea CO(NHS,),, with a nitrogen content
of 46.4%, and the calcium fertilizer was slaked lime Ca (OH),, with a calcium content of 52.0%.

The experimental design for the different ratios of nitrogen-calcium fertilization is shown in Table 1.
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Table 1. Experimental design for the different ratios of nitrogen-calcium fertilization

Treatment Pure nitrogen (N) Pure calcium (Ca)
N1Cal 1.0 1.5
N1Ca2 1.0 3.0
N1Ca3 1.0 4.5
N2Cal 2.0 1.5
N2Ca2 2.0 3.0
N2Ca3 2.0 4.5
N3Cal 3.0 1.5
N3Ca2 3.0 3.0
N3Ca3 3.0 4.5

CK 0 0

Note: the data in the table represent the amount of pure nitrogen and pure calcium applied each time; unit: g/plant

Index measurement

Growth Index Measurement: For each treatment group, three E. hsienmu seedlings were selected based
on tree height and ground diameter which were closest to the mean values of the treatment group. The seedling
height and ground diameter were measured before commencement of the experiment on March 1, 2023, and
after its completion on August 30, 2023. The measurement tools were a ruler and a vernier caliper.

The following formula was used: the increase in seedling height/ground diameter = the value after the
experiment - the value before the experiment.

The soil attached to the roots was rinsed off with distilled water and the roots were then placed in a root
scanning sample tray with a thin water layer to ensure the roots were as dispersed as possible. They were scanned
using a root scanner (Espon Expression 1680 Scanner, Seiko Espon Corp, Japan) and various root indicators
were analyzed, including total root length, average root diameter, total root volume, and total root surface area,
using the WinRHIZO root analysis system (Regent Instruments Inc, Quebec, Canada) (Lian eral, 2022; Chen
et al., 2021). Biomass indicators, including root biomass, stem biomass, leaf biomass, and total biomass, were
determined using the oven-drying and weighing method (Wang ez a/, 2023).

Photosynthetic Indicators: An LI-6400 portable photosynthesis system (LI-COR, USA) was employed
for measurements on August 30, 2023, from 9:00 to 12:00 a.m. The photosynthetically active radiation dose
was set to 1100 umol-m™s”, and the leaf temperature, air flow rate, and CO, concentration were set to 30 °C,
500 pmol-s?, and 400 umol-mol”, respectively. Healthy and mature leaves were sampled from E. Asienmu
seedlings in good physiological condition, avoiding the central vein. Indicators such as net photosynthetic rate
(P,), stomatal conductance (G), intercellular CO; concentration ( C)), transpiration rate ( 7;), chlorophyll and
carotenoids were determined. The content of chlorophyll 2 (Chl a), chlorophyll 5 (Chl 5), chlorophyll a+b
(Chl a+b), and carotenoids (Car) was measured using the approach of Lichtenthaler (1987). The topmost
mature leaves were collected and 0.1 g of fresh leaves were chopped and dipped overnight in a mixture of
acetone, absolute ethanol and distilled water (Vcecone/ Vechanol/ Vabsolute diselled wacer = 4-5:4.5:1) for the extraction of
photosynthetic pigments. Then, the supernatant was centrifuged at 4,000 rpm for 10-15 minutes. Using the
spectrophotometer (Thermo BioMate 3, USA), absorbance values of supernatant were measured under
wavelengths of 665, 649, and 470nm, respectively. The pigment content was measured using the following

formulas:
Chl a (mg/L) = 13.95 X A665 — 6.88 x A649 (1)
Chl b (mg/L) = 24.96 x A649 — 7.32 X A665 (2)
YChla + b (mg/L) = Chla + Chl b (3)
Car (mg/L) = (1000 x A470 — 2.05 x Chl @ — 114.8 x Chl b)/245 (4)

where A665, A649, and A470 are the absorbance values at the 665, 649, and 470 nm wavelengths. Then, the

content of photosynthetic pigments was calculated as mg-g" fresh weight.
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Statistical analysis

Excel 2019 was used for data processing. Data processing and significance analysis (p < 0.05) were
performed using DPS 7.05. Range analysis was conducted using SPSS RO, with multiple comparisons based on
the LSD.

Results
Effects on the height and ground diameter of E. hsienmu seedlings

The different ratios of nitrogen-calcium fertilization significantly enhanced the height and ground
diameter of E. Asienmu seedlings (Figure 1).
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Figure 1. Effects of different ratios of nitrogen—calcium fertilization on changes in (A) height and (B)
ground diameter growth of E. Asienmu seedlings

Bars are mean values + standard error (n = 9). Means with different letters indicate significant differences according
to Duncan’s multiple range test at p < 0.05

The analysis of variance indicated that there were significant differences in the increases in height and
ground diameter of £. Asicnmu seedlings among different treatments (p < 0.05), and the influence effects of
calcium were greater than those of nitrogen (Ca>N). The degree of influence for the three different fertilization
rates of nitrogen—calcium on the height of E Asienmu seedlings follows the order N2>N3>Nl,
Ca2>Cal>Ca3, and for the ground diameter the order is N2>N1>N3, Ca2>Ca3>Cal. After different
fertilization treatments with different ratios, the height and ground diameter of E. Asienmu seedlings reached
their maximum values in the N2Ca2 medium-strength nitrogen—calcium treatment group at 26.20 cm and
6.96 mm, respectively. The increase in seedling height after N2Ca2 treatment was not significantly different
compared to that after N1Ca2, N2Cal, and N3Ca3 treatment, but significantly increased by 184.8%
compared to the CK. There were significant differences between other treatment groups and the CK. There
was no significant difference in the increase in ground diameter of the N2Ca2 treatment group compared to
the N1Cal, N1Ca2, N2Ca3, and N3Ca3 treatment groups, but it significantly increased by 130.5%, 50.6%,
46%, 60.7%, and 71.4% compared to the CK, N3Ca2, N2Cal, N1Ca3, and N3Cal treatment groups,
respectively. The imbalanced nitrogen-calcium ratio groups N1Ca3 and N3Cal had lower seedling height and
ground diameter increments than the other treatment groups, but these values were significantly higher than
in the CK. Evidently, the different ratios of nitrogen-calcium fertilization in-creases the height and ground
diameter of £, Asienmu seedlings to varying degrees, and the N2Ca2 treatment group with the combination of
medium N and Ca doses appears to be optimal for promoting growth based on the height and ground diameter
of E. hsienmu seedlings.
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Effects on biomass of E. hsienmu seedlings
The different ratios of nitrogen-calcium fertilization significantly enhanced biomass accumulation in

the E. hsienmu seedlings (Figure 2).
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Figure 2. Effects of different ratios of nitrogen-calcium fertilization on the (A) root, (B) stem, (C) leaf, and

(D) total biomass of E. Asienmu seedlings
Bars are mean values + standard error (n = 9). Means with different letters indicate significant differences according

to Duncan’s multiple range test at p < 0.05

The analysis of variance revealed that there were significant differences in the biomass of E. Asiecnmu
seedlings among different treatment groups (p < 0.05). The influence effects of nitrogen-calcium on the root,
stem, leaf, and total biomass were all Ca > N. The degree of influence for the three different fertilization rates
of nitrogen—calcium on both the root and stem biomass of £. Asienmmu seedlings follows the order N2>N1>N3,
Ca2>Cal>Ca3, while for both the leaf and total biomass the order was N2>N3>N1, Ca2>Cal >Ca3. After
different fertilization ratio treatments, the biomass of £. Asiecnmu seedlings reached its highest values following
the N1Cal, N2Ca2, and N3Ca3 treatments in the synergistic treatment group under the same nitrogen
conditions and was significantly higher than in the CK. Among them, the root biomass of £. Asienmu seedlings
in the N2Ca2 treatment group reached a maximum value of 18.33 g, which was not significantly different from
that of the N3Ca3 and N1Cal groups, but represented a significant increase of 79.0% compared to the CK.
The stems, leaves, and total biomass of £. Asienmu seedlings in the N2Ca2 treatment group reached maximum
values of 28.78 g, 38.53 g, and 85.64 g, respectively, which were significantly increased by 183.5%, 171.3%, and
147.6%, respectively, compared to the CK. The biomass of the seedlings in the imbalanced nitrogen-calcium
ratio groups receiving N1Ca3 and N3Cal was lower than in the other treatment groups but still significantly
higher than in the CK. Evidently, the different ratios of nitrogen-calcium fertilization increases the biomass of
various E. Asienmu tissues to different ex-tents, and the N2Ca2 medium-strength nitrogen-calcium treatment
group represents the optimal combination for effectively promoting biomass growth in E. Asienmu seedlings.
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Effects on the root-shoot ratio of E. hsienmu seedlings

The root-shoot ratio refers to the ratio of the weight of the underground part (roots) to the aboveground
part (stems, leaves, etc.) of a plant (Lichtenthaler, 1987). The different ratios of nitrogen-calcium fertilization
significantly decreased the root—shoot ratio of E. Asienmu seedlings (Figure 3). The analysis of variance
indicated that there were significant differences in the root-shoot ratio of £. Asienmu seedlings among different
treatments (p < 0.05), with Ca>N regarding influence effects. The degree of influence for the three different
fertilization rates of nitrogen-calcium on the root-shoot ratio of E. Asienmu seedlings follows the order
N2>N1>N3, Ca3>Cal>Ca2. The root-shoot ratio of . Asienmu seedlings was lower in the N2Cal, N3Ca3,
and N2Ca2 treatment groups, and there was no significant difference among these three groups; moreover, the
root—shoot ratio of those groups was 39.4%, 38.4%, and 35.1% lower than in the CK, respectively. It can thus
be seen that all treatment groups could reduce the root- shoot ratio to varying degrees, and the balanced ratio
of medium and high contents of nitrogen-calcium could more effectively reduce the root—shoot ratio of £.
hsienmu seedlings.
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Figure 3. Effects of different ratios of nitrogen—calcium fertilization on the root—shoot ratio of £. Asienmu
seedlings

Bars are mean values + standard error (n = 9). Means with different letters indicate significant differences according
to Duncan’s multiple range test at p < 0.05

Effects on the root system of E. hsienmu seedlings

The effects of different ratios of nitrogen-calcium fertilization were characterized based on the total root
length, average root diameter, total root volume, and total root surface area of the root system of E. Asienmu
scedlings, and the values were higher than those of the CK in all cases (Table 2). The analysis of variance reveals
that the total root length, average root diameter, total root volume, and total root surface area of E. Asienmu
seedlings were significantly different among different treatments (p < 0.05), with Ca>N in all cases regarding
influence effects. The degree of influence for the three different fertilization rates of nitrogen-calcium on the
total root length, total root volume, and total root surface area of E. Asienmu seed-lings follows the order
N2>N1>N3, Ca2>Ca3>Cal, while for the average root diameter, the order is N2>N1>N3, Ca2>Cal>Ca3.
After different fertilization ratio treatments, all root system indicators in the E. Asienmu seedlings reached their
highest values after N1Cal, N2Ca2, and N3Ca3 treatment in the synergistic treatment groups and were
significantly higher than the corresponding values for the CK. Among them, the average root diameter of the
N2Ca2 treatment group was the highest, with an overall value 0of 2.41 mm, which was not significantly different
from the N1Cal, N2Ca3, and N3Ca3 treatment groups, but represented a significant increase of 54.5%
compared to the CK. The total root length, total root volume, and total root surface area of the N2Ca2
treatment group reached the highest overall values of 396.53 cm, 18.16 cm’, and 299.90 cm?, respectively,
which were not significantly different from N1Cal and N2Ca3 treatment groups, but were significant
increases of 31.2%, 212.0%, and 102.6% compared to the CK, respectively. The root system indicators of the
N1Ca3 and N3Cal imbalanced nitrogen-calcium ratio groups were lower than those of the other treatment
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groups but still higher than in the CK. It is evident that the fertilization treatment with interaction based on
the medium contents of nitrogen-calcium increased the total root length, average root diameter, total root
volume, and total root surface arca of E. Asienmu scedlings to differing degrees, with total root volume
increasing the most. Of all the combinations, the N2Ca2 treatment thus appears to be optimal for promoting

growth of the root system of E. Asicnmu seedlings.

Table 2. Effects of different ratios of nitrogen-calcium fertilization on the total root length, average root

diameter, total root volume, and total root surface area of E. Asienmu seedlings

Treatment Total root Average root Total root Total root surface
length (cm) diameter (mm) volume (cm3) area (cm?)
NI1Cal 381.98+4.12ab 2.33+0.16ab 16.3942.15ab 279.13+£19.32ab
N1Ca2 357.1748.65bcd 2.03+0.10bcde 11.68+1.36¢cde 228.27+14.81cde
NI1Ca3 328.72+4.79¢f 1.68+0.08f 7.3440.78fg 173.64+10.66fg
N2Cal 346.55+9.50cde 1.88+0.10def 9.62+0.98defg 203.99+10.85¢f
N2Ca2 396.53£7.00a 2.4140.13a 18.16+1.88a 299.90+15.24a
N2Ca3 370.76+7.78abc 2.25+0.08abc 14.85+1.31abc 262.64+14.22abc
N3Cal 334.18+23.23de 1.72+0.07ef 7.8240.14efg 180.88+15.11fg
N3Ca2 350.4243.99cde 1.96+0.05cdef 10.54+0.45def 215.21+4.04def
N3Ca3 364.5145.90bc 2.1740.15abcd 13.64+1.97bcd 248.70420.02bcd
CK 302.15£331f 1.56+0.10g 5.82:£0.70g 148.01£9.31g

The values presented in the table are mean values (n=9) across treatments. In each column, means within the same
factor interaction followed by different letters indicate significant differences ac-cording to Duncan’s multiple range
testat p < 0.05

Effects on the net photosynthetic rate (P,) and stomatal conductance (G,) of E. hsienmu seedlings

Under the different ratios of nitrogen-calcium fertilization treatment, the net photosynthetic rate (2,)
and stomatal conductance (G,) of the leaves of £. Asienmu seedlings were enhanced to varying degrees (Figure
4). The analysis of variance indicated that there were significant differences in the 2, and G, of E. Asienmu
seedlings among different treatments (p < 0.05). The influence effects of nitrogen-calcium were N>Ca for 2,
and Ca>N for G, The degree of influence for the three different fertilization rates used on both the 2,and G,
of E. hsienmu seedlings follows the order N2>N1>N3, Ca2>Ca3>Cal. After using different fertilization
ratios, the Pn and Gsof E. hsienmu seedlings reached their highest values at N1Cal, N2Ca2, and N3Ca3 in
the balanced the nitrogen-calcium treatment groups, and were significantly higher than in the CK. Among
them, the maximum P, value of E. Asienmu seedlings in the N2Ca2 treatment group was 13.96 pmol-m™s™,
which was significantly different from other treatment groups and represented an increase of 104.4% compared
to the CK. The maximum G, value of £. Asienmuseedlings in the N2Ca2 treatment group was 0.10 mol-m ™™,
which was not significantly different from that of the N1Cal, N2Cal, N2Ca3, and N3Ca3 treatment groups,
but represented a significant increase of 120.0% compared to the CK. Evidently, the different ratios of
nitrogen-calcium fertilization have varying degrees of influence on plant photosynthesis. The fertilization
combination used in the N2Ca2 treatment group appears optimal for promoting increases in the 2, and G, of
E. hsienmu.
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Figure 4. Effects of different ratios of nitrogen—calcium fertilization on the (A) net photosynthetic rate
(£) and (B) stomatal conductance (G)) of £. Asienmu seedlings

Bars are mean values + standard error (n = 9). Means with different letters indicate significant differences according
to Duncan’s multiple range test at p < 0.05

Effects on the intercellular CO; concentration (C;) and transpiration rate (T,) of E. hsienmu seedlings

The different ratios of nitrogen-calcium fertilization exerted varying degrees of influence on the
intercellular CO, concentration (C) and transpiration rate (77) of E. Asienmu seedlings (Figure 5). The
analysis of variance demonstrated that there were significant differences in the Ciand T;of E. Asienmu seedlings
among different treatments (p < 0.05), and Ca > N in all cases regarding influence effects. The degree of in-
fluence for the three different fertilization rates tested on the Ciand 7} of E. Asienmu seedlings follows the
order N2>N3>N1, Ca2>Ca3>Cal. After using different fertilization ratios, the C;and 7; of E. Asienmu
seedlings reached their highest values in the N1Cal, N2Ca2, and N3Ca3 synergistic treatment groups under
the same nitrogen conditions and were significantly higher than in the CK. In particular, the Cjof the N2Ca2
treatment group reached the highest value of 279.51 umol-mol”, which was not significantly different from
that of the N3Ca3, N2Cal, N1Ca2, and N1Cal treatment groups, but a significant increase of 57.4%
compared to the CK. The 7; of the N2Ca2 treatment group reached a maximum value of 1.70 mmol-m™s™,
which was significantly different from other treatment groups and an increase of 147.6% compared to the CK.
The Crand 7;values of the imbalanced nitrogen-calcium ratio groups receiving N1Ca3 and N3Cal treatment
were lower than those of the other treatment groups. While the C;was significantly higher than that of the CK,
the 7} value showed no significant difference compared to the CK. Evidently, the fertilization combination for

the N2Ca2 treatment group, with medium-strength nitrogen-calcium doses, appears optimal for promoting

the Crand T of E. hsienmu seedlings.
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Figure 5. Effects of different ratios of nitrogen—calcium fertilization on the (A) intercellular CO;
concentration (C) and (B) transpiration rate ( 77) of £. Asienmu seedlings
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Bars are mean values + standard error (n = 9). Means with different letters indicate significant differences according

to Duncan’s multiple range test at p < 0.05

Effects chlorophyll a, chlorophyll b, chlorophyll a+ b, and carotenoid contents in E. hsienmu seedlings
Under different nitrogen -calcium fertilization treatments, the contents of chlorophyll 2, chlorophyll 5,
chlorophyll 2+ b, and carotenoids in the leaves of E. Asienmu seedlings were all enhanced (Figure 6).

—4—Chlorophyll a
~#—Chlorophyll b
Chlorophyll a+b

6.0 -

50 - Carotenoids

4.0 A

3.0 1

20 4

Chlorophyll and carotenoids(mg/g)
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0.0 T v T T T T T T T
N1Cal N1Ca2 N1Ca3 N2Cal N2Ca2 N2Ca3 N3Cal N3Ca2 N3Ca3 CK
Treatments

Figure 6. Effects of different ratios of nitrogen-calcium fertilization on the contents of chlorophyll 2,
chlorophyll b, chlorophyll 2+ b, and carotenoids in £. Asienmu seedlings

The values presented in the table are mean values (n = 9) across treatments. In each column, means within the same
factor interaction followed by different letters indicate significant differences ac-cording to Duncan’s multiple range

testat p< 0.05

The analysis of variance indicated that there was no significant difference in chlorophyll content
between different nitrogen—calcium treatment groups (p > 0.05), but there were significant differences in
chlorophyll content between each treatment group and the CK (p < 0.05). After using different fertilization
ratios, the chlorophyll and carotenoid contents of £. Asienmu seedlings reached their highest values at N1Cal,
N2Ca2, and N3Ca3 in the balanced nitrogen-calcium treatment groups under the same nitrogen conditions,
and were significantly higher than those in the CK. The highest values of chlorophyll 4, chlorophyll 5,
chlorophyll 2+ b, and carotenoid contents were achieved in the N2Ca2 treatment group, at 4.55 mg-g”, 0.92
mgg’, 5.47 mgg", and 0.44 mg.g", respectively. Compared with the CK (2.31 mgg", 0.42 mg-g’, 2.73 mgg”,
and 0.21 mgg"), they were increased by 97.0%, 119.0%, 100.4%, and 109.5%, respectively. Evidently, the
fertilization combination used in the N2Ca2 treatment group appears optimal for increasing the contents of

chlorophyll 4, chlorophyll b, chlorophyll a+ b, and carotenoids in E. Asienmu seedlings.

Discussion

Appropriate fertilization can alleviate deficiencies in soil nutrients, facilitate the absorption of various
nutritional elements by container seedlings, enhance photosynthesis, and be conducive to the growth of
container seedlings (Gong er al, 2024; Wang er al, 2024). However, excessive fertilization can alter the
properties of the substrate. Excessive nitrogen may inhibit the activity of plant RuBP, reduce the efficiency of
chlorophyll in utilizing light energy, and ultimately suppress plant growth (Guo ez a/, 2005; Du ez al, 2022; Su
et al, 2025;). As essential mineral nutrients for plant growth and development, nitrogen and calcium can
effectively promote this processes when properly balanced (Yue er al, 2021). This study showed that that the
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ratio in medium amounts of nitrogen-calcium fertilization significantly promotes the growth and development
of E. hsienmu seedlings. Regarding influence effects, Ca>N except in the case of the net photosynthetic rate,
where N>Ca, which is consistent with . Asienmu being calciphilic (Tan ez al, 2018).

The growth of a plant can be directly reflected by the height and ground diameter of its seedlings (Pan
et al,, 2024). The results of this experiment showed that under different nitrogen treatments, the height and
ground diameter increment of the £. Asienmuseedlings reached their maximum values in the N2Ca2 (medium-
strength nitrogen and calcium treatment group). In contrast, the seedlings in the N1Ca3 and N3Cal
(imbalanced nitrogen-calcium ratio groups) were lower than in the other treatment groups but significantly
higher than in the CK. This indicates that increases in the plant height and ground diameter of the £ Asienmu
seedlings are more likely with moderate-ratio nitrogen-calcium fertilization, whereas large differences in
nitrogen—calcium are not conducive to the growth of E. hsienmu seedlings. This probably because when either
nitrogen or calcium are too low, the utilization and transformation of high calcium or high nitrogen cannot be
enhanced in the plants. This result is in accordance with the outcomes of fertilization research by Xiaohang
Weng et al. (2021; 2023) and Xiangjun Li ez a/ (2021) on poplar and Pinus Sylvestrisvar. Mongolica.

The root system is an important organ for plants to absorb water and nutrients and, in addition to
playing a very important role in the growth of plants, it can indicate occurrence of several environmental
changes (Wei er al, 2006). In this study it was found that the fertilization with a balanced nitrogen-calcium
ratio can significantly promote the growth of root hairs, greatly increasing the contact area between seedlings
and soil. On the surface of plant root hairs, proton pumps actively transport protons into the soil, thereby
acidifying the soil to achieve the mildly acidic environment preferred by E. Asienmu. Meanwhile, proton pumps
also cotransport with calcium ions, potassium ions, sodium ions, etc., enabling cations and protons to be
absorbed by plants from the soil together. This fully improves the nutrient utilization efficiency of plants and
promotes seedlings to accumulate more nutrients. This result was similar to the findings of Xianbang Wang er
al (2023) regarding the fertilization of seedlings and its effects on the growth and root system of Cinnamomum
kanehirae.

The ratio of plant roots to stems and leaves can also better reflect the balance of water and nutrient
metabolism in plants (Lian eral, 2022; Tang ez al, 2023). Yan Ao eral (2019) found that the higher the root—
shoot ratio, the more developed the root system, the stronger the ability to adapt to adverse conditions, and the
higher the quality of seedlings. However, in the present study it was observed that the root-shoot ratio of £.
hsienmu seedlings treated with different nitrogen-calcium ratios were lower than in the CK indicating that
moderate fertilization can reduce the root-shoot ratio of plants. Moreover, the treatment groups with smaller
root-shoot ratios had better growth trends, which is contrary to other research conclusions (Ao er al, 2019).
This may be because as the root weight increases, more nutrients are absorbed and transported, thus promoting
the rapid growth of stems and leaves, and resulting in a much greater increase in the stem-to-leaf weight ratio
than in the root weight, so the root-shoot ratio is smaller.

Biomass comprehensively reflects various growth indicators of seedlings, serving as the main
manifestation of energy acquisition in plants. It holds significant importance for the growth, development, and
structural formation of plants (Li er a/, 2023). The results showed that the biomass of E. Asienmu seedlings
presented higher values in the treatment groups with balanced nitrogen-calcium fertilization ratios (N1Cal,
N2Ca2, and N3Ca3). Among them, N2Ca2 was the optimal treatment group, indicating that the synergistic
nitrogen—calcium fertilization ratio helps protect plants, enhance organic matter metabolism, provide energy
for plant growth and development, and affect plant trait characteristics. This result is in accordance with the
results of fertilization research on peanuts and Pinus yunnanensisby Zhaoyang You et al (2024) and Yalin Li
eral (2021).

Photosynthesis, as the fundamental process of nutrient synthesis in plants, essentially refers to the
efficient conversion of light energy into chemical energy. It can indirectly reflect the growth rate of plants, affect
the synthesis, accumulation, and distribution of photosynthetic products, and ultimately influence plant
growth (Zhang er al, 2019). The analyses reveald that the photosynthesis of E. Asienmu seedling leaves under
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nitrogen-calcium interaction was significantly higher than that of the CK. Each photosynthetic index showed
higher values in the treatment groups with balanced ratio fertilization (N1Cal, N2Ca2, and N3Ca3), among
which N2Ca2 the optimal was the treatment group. The results of this study indicate that there was
significantly higher photosynthesis in £. Asicnmu seedling leaves under the influence of different ratios of
fertilization than for the CK. With different nitrogen treatments, the highest values of various photosynthetic
indicators were achieved in the groups that received N1Cal, N2Ca2, and N3Ca3 synergistic treatment, with
N2Ca2 being the optimal treatment. This may be because appropriate nitrogen-calcium synergy maintains the
balance of nutrients in the plant and increases the activity of soluble proteins and RuBp carboxylase, thereby
maintaining a high level of photosynthesis, being #s more conducive and promoting the operation and
accumulation of plant photosynthetic products (Zhang er al, 2019; Zhou er al, 2023). The photosynthetic
indicators of the seedlings in the N1Ca3 and N3Cal nitrogen—calcium ratio treatment groups were lower than
in the other treatment groups but significantly higher than in the CK, indicating that the more calcium is
applied under low nitrogen treatment, the less favourable it is for the photosynthesis of £. Asienmu seedlings.
This might be because if nitrogen cooperation could not keep up with high calcium concentrations, the excess
calcium can have a toxic effect on £. Asienmu seedlings, causing their stomata to close, and damaging the inner
membranes of chloroplasts, destroying the thylakoid membrane, interfering with leaf photosynthesis and
ultimately inhibiting plant growth (Long et a/, 2005). However, excess nitrogen can also stress the cells of £.
hsienmu, inhibiting the growth of E. Asienmu seedlings (Li er al, 2013). This is in accordance with the results
of Xiaohang Weng et al (2021) on the synergy of nitrogen-calcium in poplar.

Stomata function to control the inflow of inorganic carbon into chloroplasts, reaching the carboxylation
center where Rubisco is located. In the Calvin-Benson cycle, the absorbed carbon dioxide is converted into
glyceraldehyde 3-phosphate (G3P). Plants utilize G3P to synthesize sucrose and starch, which are used to build
biomass (Ma et al, 2022; Zhen et al, 2022). In this study, there was no significant difference in the effects of
the N3Cal and N1Ca3 treatments on stomatal conductance compared to the control, and the leaf biomass
was expected to lower than in the control group. However, in this experiment, there was a significant increase
in leaf biomass compared to the control group. This may be because the calcium can promote the synthesis of
soluble sugars and starch (Li er a/, 2021). Moderate nitrogen can also help plants maintain high levels of
sucrose, fructose, and glucose, which are beneficial for starch synthesis (Yuan er al, 2023), thereby generating
more biomass and increasing leaf biomass. This result was similar to the rescarch results of Xiangjun, Li er a/
(2021) and Hailong Liu et a/ (2009). Chlorophyll, as an important photosynthetic pigment, and its index
values directly reflect the ability of leaves to absorb and transform light energy (Yuan er a/, 2023). Chlorophyll
absorbs light energy and converts carbon dioxide and water into organic matter and oxygen under light
irradiation, thereby promoting the accumulation of plant biomass. The results of this study show that there
was no significant difference in chlorophyll content between the treatment groups, though they all exhibited
significantly higher values than in the CK. The highest value was achieved in the synergistic N2Ca2 treatment
group. Combined with the net photosynthetic rate of £. Asienmu seedlingleaves in Figure 4(a), it indicates that
appropriate nitrogen-calcium interaction is conducive to the increase of chlorophyll content in £
hsienmu seedlings. Through chlorophyll, plants efficiently absorb light energy in the range of 400-700 nm,
exciting electrons to an excited state, which then enter the transfer of Photosystem I (PS I ) and Photosystem
Il (PSII). Through a series of electron transfer chains, electrons not only drive proton pumps to transport
protons from the stroma side to the lumen side, thereby forming a proton gradient, but also provide energy for
ATP synthase to synthesize ATP. Ultimately, these electrons are received by electron acceptors (Gan et al,
2023). After a series of reduction reactions, CO, was successfully converted into organic substances such as
glucose, thereby promoting the accumulation of dry matter in . Asienmu seedlings. This result is consistent
with the findings of Zhenxing Wang et al (2012) on Phoebe bourneiyoung trees.
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Conclusions

Based on the characteristics of various indicators in this experiment, it can be inferred that fertilization
with an appropriate ratio of nitrogen-calcium can exert a remarkable promoting effect on the growth and
photosynthetic characteristics of £. Asienmu seedlings. In the N2Ca2 treatment group, where the levels of
nitrogen-calcium were 2.0 g N and 3.0 g Ca per plant (medium-strength nitrogen-calcium), the one-year-old
E. hsienmu seedlings exhibited the highest rates of growth and photosynthesis based on the indicators. Extreme
ratios of high nitrogen and low calcium, or low nitrogen and high calcium, were not beneficial for the growth
and development of E. Asienmu seedlings. Studying the fertilization ratio of nitrogen-calcium can aid in the
production of fertilizer that enables E. Asienmu to grow normally in ordinary afforestation areas, thereby
expanding its planting area and alleviating its endangered status. This fertilization formula is universal and can
also be used as a reference for introducing and cultivating other trees growing in limestone areas in conventional
afforestation soil.
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