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Abstract: Global soil salinization has become an increasingly severe challenge for agri-
cultural production, particularly affecting the cultivation of economic crops in marginal
lands. Industrial hemp (Cannabis sativa L.), despite its economic potential, exhibits a notable
sensitivity to salt-alkaline stress, limiting its expansion in saline-alkali regions. This study
investigated the regulatory effects of nitrogen (N), phosphorus (P), and potassium (K)
fertilizers on hemp growth and nutrient homeostasis under alkaline salt stress. Using a
“3414” orthogonal experimental design, we evaluated fourteen NPK combinations under
200 mM NaHCOs stress, a concentration determined through preliminary experiments
to simulate moderate alkaline stress. Plant growth parameters, biomass partitioning, and
mineral nutrient profiles were analyzed after treatment with three biological replicates.
The N1P2K2 treatment (N 120 mg-L~!, P 238 mg-L~!, K 348 mg-L!) significantly en-
hanced plant performance, increasing shoot biomass by 45.3% and root biomass by 38.7%
compared to the control. This optimal combination maintains the K* /Na* ratio in leaves
above 1.2 and regulated Ca?* /Mg?* homeostasis, maintaining a ratio of 2.8-3.2, indicating
improved salt tolerance. Notably, excessive fertilizer applications (>400 mg-L~! total nutri-
ents) exacerbated salt injury, reducing biomass accumulation by 25-30% and disrupting ion
homeostasis. Our findings reveal the critical thresholds for NPK application in hemp under
alkaline stress and provide practical fertilization strategies for sustainable hemp cultivation
in saline-alkali regions.

Keywords: Cannabis sativa L.; NaHCOj3 stress; NPK fertilization; nutrient distribution

1. Introduction

On a global scale, soil salinization is an increasingly severe problem, with the latest
estimates suggesting that approximately 950 million hectares of land have been severely
affected. This land degradation phenomenon is not only the result of natural environmental
changes but is also a direct consequence of inappropriate human agricultural practices. In
particular, inappropriate tillage methods and excessive fertilization strategies in modern
agriculture have not only exacerbated the development of existing soil salinization but
have also triggered large-scale secondary salinization where originally non-saline land
gradually becomes saline soils due to human activities. This vicious circle not only leads to
a significant reduction in land use efficiency but also seriously affects the healthy growth
and production quality of crops, thereby threatening global crop health security and the
long-term sustainability of agricultural ecosystems [1-3]. Hemp (Cannabis sativa L.) is
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widely cultivated worldwide as an important economic crop with multiple uses for its
fiber, oil, and medicinal compounds [4,5]. However, due to its sensitivity to saline-alkali
environments, it faces major challenges for promotion and cultivation in these areas [6].
Therefore, there is an urgent need to develop effective management strategies to improve
the growth and production performance of hemp under saline-alkali conditions.

In recent years, with the increasing impact of climate change and land degradation,
researchers have increasingly focused on the growth mechanisms and coping strategies
of plants under adverse conditions. Saline-alkali stress has multiple effects on plant
growth, including the reduction of photosynthetic efficiency, impairment of nutrient uptake,
disruption of intracellular ion homeostasis, hormonal imbalance, restriction of root growth,
and reduction of antioxidant defense system functions. The combined effects of these factors
have a profound impact on plant growth [7,8]. To address these challenges, fertilization
management, as an effective measure to improve soil and plant nutritional status, has
been extensively studied and applied in various crops, such as potato (Solanum tuberosum),
sorghum (Sorghum bicolor) and tomato (Solanum lycopersicum) [9-11].

In particular, the application of the three main elements, namely nitrogen (N), phospho-
rus (P), and potassium (K), has been shown to significantly improve the chemical properties
of saline-alkali soils and increase the adaptability of plants to adverse conditions [12]. For
example, N fertilizers mainly promote plant growth and leaf formation because N is a
key element in the composition of proteins, nucleic acids, and other life molecules and
is particularly important for stem and leaf growth [13]. P fertilizers mainly affect root
development and the formation of flowers and fruits because P plays an important role
in energy conversion processes (such as the formation and use of ATP) and cell division,
thus helping in plant root development and energy storage [14]. K fertilizers play an
important role in regulating the water balance of plants and improving plant resistance to
disease. They also ensure the stability of photosynthesis and nutrient transport. K can help
plants better regulate stomatal opening and closing, thereby influencing plant water use
efficiency and photosynthesis [15-17]. At the same time, there are also certain interactions
and dependencies between them. For example, an adequate supply of N can promote
the synthesis of more chlorophyll, thereby improving photosynthesis, while improved
photosynthesis requires sufficient K to maintain correspondingly high-efficiency water
and nutrient transport. Meanwhile, an adequate supply of P is also essential to ensure a
sufficient energy supply to support all plant growth activities, including N and K utiliza-
tion processes [18,19]. Therefore, the optimal proportions and application rates of these
nutrients under specific adverse conditions, especially for a specialty crop such as hemp,
merit further research.

Despite these known benefits, the interactions of N, P, and K fertilizers on hemp
under alkaline stress remain poorly understood. Previous studies have primarily focused
on single nutrient responses or binary interactions [9,10,20,21], but several key questions
remain unanswered: (1) What is the optimal N, P, and K ratio for hemp growth under
specific alkaline stress conditions? (2) How do different N, P, and K combinations affect
nutrient allocation and ion homeostasis? (3) Above what threshold concentration does
fertilization become detrimental?

This study employed the “3414” experimental design method to systematically evalu-
ate the effects of different N, P, and K fertilizer combinations on hemp growth, biomass,
nutrient distribution, and ion homeostasis under alkaline salt stress conditions. The “3414”
experimental design, as a three-factor, four-level incomplete orthogonal regression design
method, has the advantages of comprehensive factors, flexible levels, simple operation, and
efficient analysis and is widely used in agricultural experiments [22,23]. Using this method,
this study can evaluate the main effects of three fertilization factors at four levels with fewer
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treatment combinations, meeting the professional requirements for fertilizer management
decision-making and providing strong experimental method support for in-depth analysis
of the regulatory mechanism of fertilization on dry biomass and nutrient accumulation and
distribution, and revealing the relationship between biomass and nutrients. These findings
not only fill the gap in hemp fertilization research under alkaline salt stress conditions
but also provide an important theoretical basis and practical guidance for sustainable and
stress-resistant cultivation of hemp on marginal lands.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

This study used the industrial hemp cultivar “Hemp No. 5” (provided by the Hei-
longjiang Academy of Agricultural Sciences). Seeds were surface-sterilized with 75% (v/v)
ethanol for 30 s, followed by 10% sodium hypochlorite for 10 min, and then thoroughly
rinsed five times with sterile distilled water. The sterilized seeds were germinated in a
substrate composed of soil, vermiculite, and perlite (3:1:1, v/v/v), which was autoclaved at
121 °C for 20 min. The substrate had the following characteristics: pH of 6.5 &= 0.2, electrical
conductivity (EC) of 0.8 & 0.1 dS-m~! (measured in a 1:5 soil-water suspension using a
portable conductivity meter, model DDS-307A, Shanghai Precision Scientific Instrument
Co., Ltd., Shanghai, China). Seven days after germination, when the cotyledons were
fully expanded, uniform seedlings were transplanted into plastic pots (16 cm diameter
x 17 cm height) containing a sterilized mixture of soil and vermiculite (3:1, v/v). Each
pot had drainage holes at the bottom to prevent waterlogging. The soil properties were
as follows: pH 7.2 (measured in a 1:25 soil-water suspension using a pH meter, model
PHS-3C, Shanghai Precision Scientific Instrument Co., Ltd., Shanghai, China), electrical
conductivity (EC) 0.5 dS'm ™!, organic matter 15.3 g-kg ! (determined by the potassium
dichromate volumetric method) [24], total nitrogen 0.82 g-kg’1 (determined via the Kjel-
dahl method), available phosphorus 15.6 mg-kg !, and available potassium 125 mg-kg~*
(P and K contents were determined using inductively coupled plasma mass spectrometry
(ICP-MS 7850, Agilent Technologies, Santa Clara, CA, USA). After thinning at the two-leaf
stage, two seedlings per pot were maintained.

The pot experiment was conducted in a greenhouse at Northeast Forestry University
under the following seedling culture conditions: day/night temperatures of 25/20 + 1 °C,
relative humidity of 60 &+ 5%, a photoperiod of 16 h, and a light intensity that gradually
increased from 200 pmol-m~2:s~! to 800 umol-m~2-s~! during the first 2 h of the photope-
riod and gradually decreased during the last 2 h. Soil moisture was managed by weighing
the pots (depth: 17 cm) and adding water to maintain an average volumetric water content
(VWC) of 70-80% throughout the entire soil volume.”

2.2. Alkaline Stress Treatment

Based on preliminary experiments evaluating the physiological responses to NaHCO3
concentrations (0, 50, 100, 200, and 300 mM), 200 mM was selected as the optimal stress
level [25,26]. At this concentration, leaf malondialdehyde (MDA) levels increased signifi-
cantly [27], being 85% higher than the control group, while plant survival remained above
90%. Alkaline stress treatment was applied to 25-day-old, uniformly growing seedlings
(at 25 days, the plants have passed the early seedling stage, with growth stabilizing and
plant size becoming suitable for stress treatment and cultivation in pots). NaHCO3 solu-
tion (200 mM, pH 8.7 4 0.1, EC 21.3 & 0.2 dS‘m~!) was applied every 4 days at 250 mL
per application for a total of six applications. The solution was applied in the morning
(8:00-9:00 A.M.) to avoid potential heat stress interactions. The EC of the leachate was
monitored after each application to ensure consistent stress levels.
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After the stress treatment, based on the optimal nitrogen (N), phosphorus (P), and
potassium (K) element concentrations for hemp growth obtained from previous experi-
ments, a modified Hoagland nutrient solution [28,29] containing 0.24 g-L "' N,0.238 g-L ' P,
and 0.348 g~Tf1 K was prepared, and different N, P, and K ratio treatments (Table 1) were
set up using the “3414” orthogonal experimental design. The experiment included three
factors (N, P, and K), each with four levels: 0 (no fertilization), 1 (50% of the optimal
fertilization level), 2 (optimal fertilization level), and 3 (150% of the optimal fertilization
level). The optimal fertilization level was defined as the N, P, and K fertilization level that
maximized the plant biomass in the pre-experiment and served as the basis for determining
the different fertilization levels in the main experiment. Among these 14 treatments groups,
treatments T2, T3, T6, and T11 represented the four fertilization levels of N; T4, T5, T6, and
T7 represented the four fertilization levels of P; and T8, T9, T6, and T10 represented the four
fertilization levels of K. The concentrations of N, P, and K were controlled by adjusting the
amounts of NH4NO3, NaH,; POy, and K,;SOy in the nutrient solution (other components of
the nutrient solution are shown in Table 2). Each treatment had three replicates, for a total
of 42 pots. The nutrient solution was changed every 3 days for a total of seven treatments
(21 days). Growth and physiological indicators were measured at the end of the treatment.

Table 1. The “3414” fertilization experiment rates.

No. Treatment N (gL 1) P (gL Y K(gL1)
T1 NOPOKO 0 (0) 0 (0) 0 (0)

V) NOP2K2 0(0) 2 (0.238) 2 (0.348)
T3 N1P2K2 1(0.120) 2 (0.238) 2 (0.348)
T4 N2P0OK2 2 (0.240) 0 (0) 2 (0.348)
T5 N2P1K2 2 (0.240) 1(0.119) 2 (0.348)
T6 N2P2K2 2 (0.240) 2 (0.238) 2 (0.348)
T7 N2P3K2 2 (0.240) 3(0.357) 2 (0.348)
T8 N2P2K0 2 (0.240) 2 (0.238) 0(0)

T9 N2P2K1 2 (0.240) 2 (0.238) 1(0.174)
T10 N2P2K3 2 (0.240) 2 (0.238) 3(0.522)
T11 N3P2K2 3 (0.360) 2 (0.238) 2(0.348)
T12 N1P1K2 1(0.120) 1(0.119) 2 (0.348)
T13 N1P2K1 1(0.120) 2 (0.238) 1(0.174)
T14 N2P1K1 2 (0.240) 1(0.119) 1(0.174)

Treatment numbers represent no (0), low (1 =2 x 0.5), medium (2), and high (3 =2 x 1.5) levels of fertilization,
respectively (values in parentheses represent a specific amount of fertilization).

Table 2. Formulation of elements in nutrient solutions.

Element Type Reagent Formula Concentration (mmol-L—1)
MgSO4 . 7H20 406
Macroelement CaCl, 424
H3BO;3 0.05
MnSO,4-H,O 0.01
Microelement NarMoO,4-2H,O 0.001
CuSO4-5H,0 0.001
ZnS0O,4-7H,O 0.001
. FeSOy4-7H,0O 0.05
Molysite EDTA-2Na-2H,0 0.05

The entire experiment was conducted from May to September 2023, with three in-
dependent biological replicates performed at 15-day intervals. Each replicate followed
the same seed sterilization, germination, and stress treatment scheme. Environmental
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conditions were continuously monitored using an automatic climate control system and
maintained consistently across replicates.

2.3. Growth Parameters and Biomass Analysis

Plant height was measured from the soil surface to the apical growing point using
a measuring tape, while stem diameter was determined at 5 cm above the soil surface
using digital calipers (CD-15CP, Mitutoyo, Kawasaki, KAN, Japan). The maximum root
length was measured after carefully washing the root systems free of substrate. For biomass
determination, plants were separated into roots, stems, and leaves. Root systems were
gently washed with deionized water to remove substrate particles, briefly blotted with
paper towels, and their fresh weights were recorded. All plant parts were then oven-
dried at 70 °C for several hours until constant weight was achieved (40.01 g variation
between two consecutive measurements at 12 h intervals). Dry weights were determined
using an analytical balance (BSA124S-CW, Sartorius, Géttingen, Germany). Root/crown
ratio = underground dry biomass mass/seedling aboveground dry biomass mass x 100%.

2.4. Mineral Nutrient Analysis

Dried plant samples were ground to a fine powder using a mortar and passed through
a 0.25 mm sieve. Total nitrogen content was determined using an automatic Kjeldahl
analyzer (KDN-19K, Shanghai Xiangian Instrument Co., Ltd., Shanghai, China) following
acid digestion. For each sample, 0.2 g of dried material was digested with a mixture of
HQSO4 and H202 at 260 °C.

For other mineral elements, samples (0.1 g) were digested in a mixture of ultra-pure
HNO;3; and H;O; (4:1, v/v) using a graphite digester (YXGD-I-36, Yunxiang (Tianjin)
Instruments Ltd., Tianjin, China). The digestion program was set as follows: ramp up to
180 °C over 15 min, then hold at 180 °C for 180 min. The concentrations of Na*, K*, CaZ*,
Mg?2*, and P were analyzed using inductively coupled plasma mass spectrometry (ICP-MS
7850, Agilent Technologies, Santa Clara, CA, USA). Quality control was performed using
a certified reference material (GBW10015, GSB-6, National Institute of Metrology, Beijing,
China) analyzed alongside the samples. The recovery rates for all elements ranged from
95% to 105%.

2.5. Statistical Analysis

All data are presented as the mean =+ standard deviation (SD) of three independent
biological replicates. Prior to analysis, data were tested for homogeneity of variance using
Levene’s test. One-way analysis of variance (ANOVA) was performed using SPSS software
(version 26.0, IBM, Armonk, NY, USA). When ANOVA showed significant differences,
means were compared using Duncan’s multiple range test at p < 0.05. The results of
the homogeneity of variance test and significance analysis are presented in Tables S1
and S2, respectively, in the Supplementary Materials. For the analysis of the orthogonal
experimental design, the range analysis method (Range Analysis) was used to determine the
effect of different factor levels on the response variable. This method was used to identify
the optimal combination of factors and their influence order. The range analysis calculations
were performed using Excel 2021 (Microsoft, Redmond, WA, USA). By comparing the range
values of each factor level (i.e., the difference between the maximum and minimum mean
values at each level), the significance of the factors was quantitatively assessed [30,31].
Figures were generated using Origin Pro 2022 (OriginLab Corporation, Northampton,
MA, USA).
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3. Results

3.1. Effects of NPK on the Growth of Hemp Under NaHCOj3 Stress
3.1.1. Effects of Different NPK Combinations on Growth Indicators and Biomass of Hemp
Under NaHCOQOj3; Stress

The interaction of N, P, and K significantly affected the growth and biomass allocation
of hemp under NaHCO; stress (Table 3, Figure 1A). Among all treatments, N1P2K2 (3#)
increased plant height, stem diameter, and root length by 22.40%, 18.67%, and 33.25%,
respectively, compared to the control (1#, NOP0KO), reaching the optimum levels. The
N2P0K2 treatment (4#) resulted in the highest number of effective leaves, which increased
by 48.28% compared to the control. The 3# treatment increased root, leaf, and total plant
dry weight by 1.53%, 190.20%, and 177.79%, respectively. This treatment gave the best
performance in terms of biomass.

Table 3. Growth parameters of N, P, and K and their interactions on growth and development of
hemp under NaHCOj3 stress.

T Plant Height Stem Diameter Root Length Number of
reatment :

(cm) (mm) (cm) Effective Leaves
1#NOPOKO 45.07 £ 2.67 cde 6.3 £0.02 fg 24.89 + 0.38 de 9.67 £ 0.67 ef
2#NO0P2K2 47.53 £ 3.84 bc 6.19 £ 0.04 gh 26.11 £ 0.84 cde 11.67 £ 0.33 cd
3#N1P2K2 55.17 £ 0.58 a 748 £0.04 a 33.17 +£1.73a 13.67 = 0.33 ab
4#N2P0K2 5153 £ 1.2 ab 629+001g 21.04 £ 0.87 fg 14.33 £ 0.67 a
5#N2P1K2 541+ 045a 723+ 0.02b 2891 £0.13b 13 £+ 0.58 abc
6#N2P2K2 51.83 + 0.86 ab 6.81 £ 0.03 cd 28.68 + 0.44 bc 12.33 £ 0.33 bed
7#N2P3K2 46.37 +£1.47 cd 6.06 £ 0.04 hi 20.86 £ 0.31 fgh 11 £ 0.58 de
8#N2P2K0 45.83 £ 0.94 cde 6.48 + 0.07 e 27.25 £ 0.39 bed 9.67 £ 0.33 ef
9#N2P2K1 3923 +£0.55f 6.43 £ 0.09 ef 25.1 +0.81 de 11 +£0.58 de
10#N2P2K3 3317+ 067 g 6.45 £ 0.07 e 25.09 +1.93 de 11.67 £ 0.88 cd
11#N3P2K2 41.17 £ 0.98 ef 6.18 £ 0.02 gh 23.48 £ 0.66 ef 13 4+ 0.58 abc
12#N1P1K2 42.17 + 0.58 def 6.92 +0.02 ¢ 19.42 + 0.57 gh 9+ 0.58 f
13#N1P2K1 45.33 £+ 1.82 cde 6.76 =0.03 e 18.25 £ 0.61 h 10.67 £ 0.33 def
14#N2P1K1 49.13 £ 0.55 bc 6.03 £ 0.03 i 20.25 £ 0.05 gh 11 £ 0.58 de

Note: The values in each column represent Mean =+ SD (standard deviation). Different lowercase letters indicate
significant differences between treatments at p < 0.05.

A 14 Il Root [ 1 Steam [ Leaf

Dry Weight(g-plant™)

a

—=— Leaf —e— Steam —4— Root
a
b
Cc

a N

Dry Weight (g)

S N WA N =N W R NN =NWAR NS X

Single factor treatment group

Figure 1. Effects of nitrogen (N), phosphorus (P), and potassium (K) on hemp biomass under
NaHCOj stress. (A) Fourteen sets of NPK ratios (#1-#14); (B) The single factor of N, P, and K
fertilizer. Different lowercase letters indicate significant differences between treatments for the
same plant organ at p < 0.05.
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In the single-factor N experiment (Table 3, Figure 1B), plant height, stem diameter,
root length, and root, stem, and total plant dry weight showed a quadratic response, first
increasing and then decreasing with increasing N application (N1 > N2 > NO > N3). The
number and dry weight of leaves were highest in the N1 treatment, followed by N3, N2,
and NO. The N1 level (120 mg-L~!) increased various growth parameters by 16.06-86.13%
compared to the no-N control (2#N0P2K2), while excessive N application (N3, 360 mg -L 1)
led to a decrease of 0.11-13.39%.

P treatments induced different responses in different plant organs (Table 3, Figure 1B).
With increasing P application, plant height, stem diameter, and root length showed a trend
of first increasing and then decreasing (P1 > P2 > P0 > P3), while the number of effective
leaves decreased continuously (PO > P1 > P2 > P3). The P1 treatment (119 mg~L_1) increased
plant height, stem diameter, and root length by 4.98%, 14.94%, and 37.42%, respectively,
compared to the no-P control (4#), while the P3 treatment (522 mg-L~!) decreased them by
10.03%, 3.66%, and 0.84%, respectively. Root dry weight was highest in the P2 treatment,
followed by P1, PO, and P3. Leaf and total dry weight were highest in the P2 treatment,
followed by P1, P3, and P0. Stem dry weight increased with increasing P concentration
(P3>P2>P1>P0).

The single-factor K experiment showed (Table 3, Figure 1B) that with increasing K
application, plant height, root length, and root and leaf dry weight showed a trend of first
increasing and then decreasing (K2 > K0 > K1 > K3). Stem diameter, stem dry weight, and
total dry weight were highest in the K2 treatment, followed by K0, K3, and K1. The K2
treatment (348 mg-L~!) increased various growth parameters by 5.04-13.48% compared to
the no-K control (8#N2P2KO0), reaching the optimum levels, while excessive K application
(K3, 522 mg-L 1) inhibited growth.

Furthermore, the nutrient treatments significantly altered the root-crown ratio, with
the N1 treatment resulting in the highest root-crown ratio, which is crucial for nutrient
acquisition under stress. With the exception of T1, all treatments significantly increased
organ and total dry biomass, indicating that balanced fertilization is key to alleviating
alkaline stress.

3.1.2. Range Analysis of the Effect of NPK Fertilization on Growth Indicators of Hemp
Under NaHCO3 Stress

The extreme difference analysis method was used to analyze the effects of different
fertilization methods on the growth indicators of hemp under alkali salt stress (Table 4).
The results showed that N had the greatest impact on stem thickness, P had the greatest
impact on the dry weight of the aboveground part, and K had the greatest impact on leaf
plant height, root length, number of leaves, dry weight of the underground part, and total
plant dry weight.

Table 4. Range analysis of the effect of NPK fertilization on growth indicators of hemp under
NaHCOj stress.

Growth Indicators Range Value Ferhll_zer ]?ffect
N P K Ordination

Plant height 6.3889 3.5583 15.5667 K>N>P
Stem diameter 0.8689 0.6678 0.2533 N>P>K
Root length 2.0267 5.0283 4.8733 K>N>P
Number of leaves 2.3333 1.000 2.5833 K>N>P
Whole plant biomass 3.0300 3.0575 3.8792 K>N>P
Aboveground biomass 2.6800 2.9038 2.8688 P>K>N

Underground biomass 0.5233 0.1939 0.0104 K>P>N
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3.2. Effects of N, P, and K Application on the Ionic Content of Hemp Under NaHCO3 Stress
3.2.1. Na*

Under the interaction of N, P, and K (Figure 2A), there were significant differences
in the Na* content in the roots, stems, and leaves of alkali-stressed hemp among the
14 fertilization treatments. The root Na* content was lowest under the N2P2K3 treatment
(10#), which was 82.86% lower than the blank control (1#, NOPOKO0). The stem and leaf
Na™* content were lowest under the N2P2K2 treatment (6#), which were 66.34% and 68.19%
lower than the blank control, respectively.
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Figure 2. Effects of N, P, and K application on Na* content in hemp under NaHCOj stress. (A) Four-
teen sets of NPK ratios (#1-#14); (B) The single factor of N, P, and K fertilizer. Different lowercase
letters indicate significant differences between treatments for the same plant organ at p < 0.05.

When examining the N effect alone (Figure 2B), the Na* content in various organs
of alkali-stressed hemp followed the order of NO > N1 > N3 > N2. With increasing N
application, the Na* content in roots, stems, and leaves gradually decreased, reaching the
lowest level at N2. This indicates that N application can reduce the accumulation of Na* in
alkali-stressed hemp.

In the single-factor P experiment (Figure 2B), under alkali stress, the root Na* con-
tent of hemp followed the order of PO > P1 > P3 > P2, the stem Na* content followed
PO > P3 > P1 > P2, and the leaf Na* content followed P3 > P0 > P1 > P2. With increasing P
application, the Na* content in roots and stems gradually decreased, reaching the lowest
level at P2. The leaf Na™ content first decreased and then increased, also reaching the lowest
level at P2. These results suggest that a moderate level of P application is most beneficial
for reducing the Na* content in various organs of alkali-stressed hemp, but excessive P
application may increase Na* accumulation in leaves.

The results of the single-factor K experiment (Figure 2B) showed that the root Na*
content of alkali-stressed hemp followed the order of KO > K1 > K2 > K3, while the stem
and leaf Na* content followed K0 > K3 > K1 > K2. The Na* content in various organs under
K application was lower than the no-K control, with the root Na* content being lowest at
the K3 level and the stem and leaf Na* content being lowest at the K2 level. These findings
indicate that K application helps to reduce the Na* level in alkali-stressed hemp.

Overall, the Na* content in various organs of hemp followed the order of
root > stem > leaf.
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322.K*

Under the interaction of N, P, and K (Figure 3A), there were significant differences in
the K* content in the roots, stems, and leaves of alkali-stressed hemp among the 14 fertiliza-
tion treatments. The root K* content was highest under the N3P2K2 treatment (11#), which
was 214.33% higher than the control (1#, NOPOKO0). The stem K* content was highest under
the N2P2K2 treatment (6#), which was 69.71% higher than the control. The leaf K* content
reached its maximum under the N2P1K2 treatment (5#), which was 293.61% higher than
the control.

—=— Leaf —e— Steam —4— Root

Il Root [ J Steam [ Leaf

2
S

A250
X340

=

%
S

A a
9 b c N
i 40 d c T
150 d d
20 e {
© b “

0
S

—=— Leaf —e— Steam —4— Root

= “ oo /:\

< 51[3 v

‘T‘nloo IaI TQIOG / \I-)\

1)

én §75 b a P
c

= “ g 50 dd

= BsE g 2 ¢ = 3
a

°
S

—-— Leaf —e— Steam —4— Root

. ///\>(/
0/’//’"74//\?

0 1 2 3
Single factor treatment group

50

W B o 3
S S o

.. | P S———

2 | — e e
Je o | =]

"5 | o ]

“rr, |

‘ — —
" | I
" | i |

I,y%
2%
J,;?‘Il
4,5:/‘)2
D
6% .
,
Jy/‘?
9,#/‘)2
Igﬁ/‘g
7, 1){,%
Igé,/‘,]
IJ&,/‘)IP
14,%2

]

., IR
|

0

"k | —— e |

., |
o, | T
g5 -

", |

2
"%
*y 4’?
o,

Figure 3. Effects of N, P, and K application on K* content in hemp under NaHCOj stress. (A) Fourteen
sets of NPK ratios (#1-#14); (B) The single factor of N, P, and K fertilizer. Different lowercase letters
indicate significant differences between treatments for the same plant organ at p < 0.05.

When examining the N effect alone (Figure 3B), the root K* content of alkali-
stressed hemp followed the order of N3 > N1 > N2 > NO, the stem K* content followed
N2 > N1 > NO > N3, and the leaf K* content followed N2 > N3 > N1 > N0. With increas-
ing N application, the root K* content gradually increased, reaching its maximum at the
N3 level, while the stem and leaf K* content was highest at the N2 level. These results
suggest that high levels of N application are most beneficial for increasing the root K*
content of alkali-stressed hemp, while moderate levels of N application are more effective
in increasing the stem and leaf K* content.

In the single-factor P experiment (Figure 3B), the root K* content of alkali-stressed
hemp followed the order of P1 > PO > P2 > P3, the stem K* content followed
P2 > P3 > P1 > PO, and the leaf K* content followed P1 > P2 > PO > P3. With increas-
ing P application, the root and leaf K* content showed a trend of first increasing and then
decreasing, reaching the lowest level at P3. The stem K* content under each P application
treatment was higher than the no-phosphorus control, reaching its maximum at the P2
level. These findings indicate that excessive application of phosphorus fertilizer will reduce
the K* level in the roots and leaves of alkali-stressed hemp, while moderate P application
is most beneficial for increasing the stem K* content.

The results of the single-factor K experiment (Figure 3B) showed that under alkali
stress, the root K* content of hemp followed the order of K3 > K2 > K1 > K0, while the stem
and leaf K* content followed K2 > K3 > K1 > K0. With increasing K application, the K*
content in various organs gradually increased, with the root K* content being highest at the
K3 level and the stem and leaf K* content reaching their maximum at the K2 level. These
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results demonstrate that high levels of K application are most beneficial for increasing the
K* level in various organs of alkali-stressed hemp.

Overall, under alkali salt stress, with the application of N, P, and K fertilizers in
different proportions, the K* content in various organs of hemp followed the order of
root > stem > leaf.

323.N

Under the interaction of N, P, and K (Figure 4A), there were significant differences in
the N content in the roots, stems, and leaves of alkali-stressed hemp among the 14 fertiliza-
tion treatments. The root N content was highest under the N3P2K2 treatment (11#), which
was 53.34% higher than the blank control (1#, NOPOKO). The stem and leaf N contents were
highest under the N2P2K2 treatment (6#), which were 53.47% and 103.89% higher than the
blank control, respectively.

Single factor treatment group

Figure 4. Effects of N, P, and K application on N content in hemp under NaHCOj stress. (A) Fourteen
sets of NPK ratios (#1—#14); (B) The single factor of N, P, and K fertilizer. Different lowercase letters
indicate significant differences between treatments for the same plant organ at p < 0.05.

When examining the N effect alone (Figure 4B), the root N content of alkali-stressed
hemp followed the order of N3 > N2 > N1 > NO, while the stem and leaf N content followed
N2 > N3 > N1 > NO. With increasing N application, the root N content gradually increased,
reaching its maximum at the N3 level. The stem and leaf N content showed a trend of first
increasing and then decreasing, reaching the highest level at N2. These results indicate
that N application can increase the N level in various organs of alkali-stressed hemp, with
high N levels being beneficial for root N accumulation and moderate N levels being more
effective in increasing the stem and leaf nitrogen content.

In the single-factor P experiment (Figure 4B), the root N content of alkali-stressed
hemp followed the order of P2 > PO ~ P3 > P1, while the stem and leaf nitrogen content
followed P2 > PO > P1 > P3. With increasing P application, the nitrogen content in various
organs showed a trend of first decreasing and then increasing, reaching the highest level at
P2. These findings suggest that moderate P application is most beneficial for increasing the
N level in the roots, stems, and leaves of alkali-stressed hemp.

The results of the single-factor K experiment (Figure 4B) showed that under alkali
stress, the root N content of hemp followed the order of K3 > K1 > K2 > K0, while the stem
and leaf N content followed K2 > K3 > KO > K1. The root, stem, and leaf N content under
each K application treatment were higher than the no-K control, with the root N content
being highest at the K3 level and the stem and leaf N content reaching their maximum
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at the K2 level. These results demonstrate that high K levels are beneficial for root N
accumulation, while moderate K levels are more effective in increasing the stem and leaf
N levels.

Opverall, under alkali salt stress, the N content in various organs of hemp followed the
order of root > stem > leaf.

324.P

Under the interaction of N, P, and K (Figure 5A), there were significant differences in
the P content in the roots, stems, and leaves of alkali-stressed hemp among the 14 fertiliza-
tion treatments. The root and leaf P content were highest under the N2P3K2 treatment (7#),
which were 178.34% and 130.09% higher than the blank control (1#, NOPOKO), respectively.
The stem P content reached its maximum under the N3P2K2 treatment (11#), which was
122.51% higher than the blank control.
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Figure 5. Effects of N, P, and K application on P content in hemp under NaHCOj stress. (A) Fourteen
sets of NPK ratios (#1-#14); (B) The single factor of N, P, and K fertilizer. Different lowercase letters
indicate significant differences between treatments for the same plant organ at p < 0.05.

When examining the N effect alone (Figure 5B), the root P content of alkali-
stressed hemp followed the order of N2 > N1 > NO > N3, the stem P content followed
N3 > N2 > NO > N1, and the leaf P content followed N2 > N3 > NO > N1. With increasing
N application, the root and leaf P content showed a trend of first increasing and then
decreasing, reaching the lowest level at N3, while the stem P content showed a trend of
first decreasing and then increasing, reaching the lowest level at N1. These results suggest
that low to moderate N levels are beneficial for increasing the root P level of alkali-stressed
hemp, while moderate to high N levels are more effective for stem and leaf P accumulation.

In the single-factor P experiment (Figure 5B), the root P content of alkali-stressed
hemp followed the order of P3 > P2 > PO > P1, the stem phosphorus content followed
P3 > P1 > P2 > PO, and the leaf P content followed P3 > P2 > P1 > P0. With increasing P
application, the root P content showed a trend of first decreasing and then increasing, the
leaf P content gradually increased, and the P level in various organs reached its highest
under the P3 treatment. These findings indicate that high P conditions are most beneficial
for increasing the P content in the roots, stems, and leaves of alkali-stressed hemp.

The results of the single-factor K experiment (Figure 5B) showed that under alkali
stress, the root P content of hemp followed the order of K2 > K0 > K1 > K3, the effect of
each K application treatment on stem P content was not significant, and the stem and leaf
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phosphorus content both followed K2 > K3 > K1 > K0. With increasing K application, the
root phosphorus content first decreased and then increased, reaching its highest at the
K2 level. Although the stem and leaf P content were both higher than the no-K control,
they also reached their maximum under the K2 treatment. These results demonstrate that
moderate K application is most beneficial for increasing the P level in various organs of
alkali-stressed hemp.

Overall, under alkali salt stress, the P content in various organs of hemp followed the
order of root > leaf > stem.

3.2.5. Ca?* and Mg?*

Under the interactive effects of N, P, and K (Figures 6A and 7A), the CaZ* and Mg2+
contents in the roots, stems, and leaves of alkali-stressed hemp varied significantly among
the 14 fertilization treatments. The N2P3K2 treatment (7#) resulted in the maximum Ca”*
and Mg2+ contents in roots, which were 361.31% and 265.97% higher, respectively, than in
the control (1#, NOPOKO0). Stems had the highest Ca®* content under the N3P2K2 treatment
(11#), 59.84% higher than the control, while the N2P2K2 treatment (6#) resulted in the
highest Mg?* content in stems, a 66.70% higher than the control. Leaves showed the
maximum Ca?* and Mg2+ contents under the N2P2K2 treatment (6#), exceeding the control
by 106.94% and 178.32%, respectively.
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Figure 6. Effects of N, P, and K application on Ca®* content in hemp under NaHCO; stress. (A) Four-
teen sets of NPK ratios (#1—#14); (B) The single factor of N, P, and K fertilizer. Different lowercase
letters indicate significant differences between treatments for the same plant organ at p < 0.05.

Considering the effect of N alone (Figures 6B and 7B), the Ca?* and Mg?* contents
in the roots of alkali-stressed hemp decreased in the order N2 > N1 > NO > N3. The Ca?*
content in stems decreased in the order N3 > N2 > NO > N1, while the Ca?* content in
leaves and the Mg?* content in stems and leaves followed the order N2 > N3 > NO > N1.
With increasing N application, the Ca?* and Mg?* contents in roots first increased and
then decreased, with the lowest values at the N3 level. Conversely, the Ca?* and Mg2+
contents in stems and leaves first decreased and then increased, showing the minimum
values at the N1 level. The N2 treatment resulted in the highest Mg?* content in all organs.
These results suggest that low to moderate N levels favor Ca** accumulation in the roots of
alkali-stressed hemp, while medium to high N levels favor Ca** accumulation in stems
and leaves. Moderate N application is most effective in simultaneously increasing Mg?*
levels in the roots, stems, and leaves of alkali-stressed hemp.
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Figure 7. Effects of N, P, and K application on Mg?* content in hemp under NaHCOj stress. (A) Four-
teen sets of NPK ratios (#1-#14); (B) The single factor of N, P, and K fertilizer. Different lowercase
letters indicate significant differences between treatments for the same plant organ at p < 0.05.

In the single-factor P experiment, the Ca®* and Mg?* contents in the roots of alkali-
stressed hemp decreased in the order P3 > P2 > P0 > P1. The Ca?* content in stems followed
the order P2 > P3 > P1 > PO, while in leaves, it decreased in the order P2 > P1 > P0 > P3.
With increasing P application, the Ca?* and Mg?* contents in roots first decreased and
then increased, peaking at the P3 level. However, the Ca?* content in leaves first increased
and then decreased, with the lowest value under the P3 treatment. These results indicate
that medium to high levels of P increase Ca?* accumulation in the roots of alkali-stressed
hemp, but excessive P may decrease foliar Ca?* content. The Mg?* contents in stems and
leaves decreased in the order P2 > P3 > PO > P1. With increasing P, the Mg?* contents in
stems and leaves first increased and then decreased, reaching a maximum at the P2 level,
suggesting that medium to high P levels increase Mg?* contents in different organs of
alkali-stressed hemp.

The single-factor K experiment showed that under alkali stress, the Ca®* content in
kenaf roots decreased in the order K2 > K0 > K3 > K1, while in stems, it followed the order
K2 > K1 > K3 > K0. The Ca?" and Mg?* contents in leaves and the Mg?* contents in roots
and stems decreased in the order K2 > K3 > K1 > K0. The K2 treatment resulted in the
highest Ca?* and Mg?* contents in all organs, with the Ca* contents in stems and leaves
exceeding those in the no-K control. The Mg2+ levels in roots, stems, and leaves exceeded
those of the no-K control in all K treatments. These results demonstrate that moderate
K application is the most effective way to increase the Ca?* and Mg?* levels in different
organs of alkali-stressed hemp.

Overall, under alkali salt stress, the Ca?* content in different hemp organs de-
creased in the order roots > leaves > stems, while the Mg2+ content followed the order
roots > stems > leaves.

3.2.6. Range Analysis of N, P, and K Fertilizers on Nutrient Content of Hemp Under
NaHCOj Stress

Extreme difference analysis (Table 5) of fertilization methods revealed significant
effects on nutrient elements in hemp under alkaline salt stress. Element N had the most
significant effected on N, P, and Ca?* in stems; N, K, and Na* in roots; and N and Mg2+ in
leaves. Element P mainly affected P, Ca?*, and Mg2+ in roots; Na', P, and K* in leaves; and
Na* and Mg?* in stems. Element K mainly affected K* in stems and Ca?* in leaves.
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Table 5. Range analysis of the effect of NPK fertilization on the nutrient content of hemp under
NaHCO;j stress in each organ.

Nutrient Content Range Value Fertlll.zer ].Effect
N P K Ordination

Root N content 21.0436 6.8537 13.9480 N>K>P
Steams N content 6.3261 2.5876 4.0593 N>K>P
Leaves N content 8.3115 6.3254 8.0423 N>K>P
Root P content 2.9703 6.3518 1.7472 P>N>K
Steams P content 1.7101 0.9210 0.7003 N>P>K
Leaves P content 1.2637 3.3864 1.5669 P>K>N
Root K content 61.9413 20.9437 31.0935 N>K>P
Steams K content 2.5429 4.5110 5.3109 K>P>N
Leaves K content 20.9482 58.0640 26.1786 P>K>N
Root Na* content 45.6194 25.1850 39.3616 N>K>P
Steams Na* content 1.8559 2.2741 1.6712 P>N>K
Leaves Na* content 0.6877 0.6431 0.5842 P>K>N
Root Ca?* content 20.9695 67.6636 16.6434 P>N>K
Steams CaZ* content 6.2693 5.0973 1.7447 N>P>K
Leaves Ca2* content 8.4764 6.4670 10.7035 K>N>P
Root Mg2+ content 11.6652 20.9703 5.7352 P>N>K
Steams Mg?* content 4.5920 5.7073 4.5376 P>N>K
Leaves Mg?* content 1.9355 1.7621 1.4610 N>P>K

4. Discussion
4.1. Optimal N, P, and K Ratios for Hemp Growth Under Alkaline Stress

This study has demonstrated that under specific alkaline stress conditions (sodium
bicarbonate, NaHCO3, 200 mM), the optimal NPK ratio for hemp growth is N1P2K2,
which corresponds to nitrogen (N) at 120 mg-L~!, phosphorus (P) at 238 mg-L~!, and
potassium (K) at 348 mg-L~!. Under these conditions, the biomass of hemp stems and
roots exhibited an increase of 45% and 39%, respectively, in comparison with the control
group. Concurrently, the K*/Na® ratio in leaves exhibited a favorable level of >1.2. These
results suggest that a balanced NPK supply is crucial for enhancing the salt tolerance and
productivity in hemp. Consistent with these observations, analogous research findings
have been documented in other plant species, including ryegrass (Lolium multiflorum),
Sorghum bicolor, and Sulla carnosa [10,32,33].

N is a significant component of chlorophyll, proteins, and enzymes, playing a vital
role in plant growth and stress adaptation. This study found that a moderate level of N
supply (N1, 120 mg-L 1) significantly promoted plant height, stem diameter, root length,
and biomass accumulation in various organs of hemp under alkaline stress. However,
a high N supply (N3, 360 mg-L~!) exhibited some inhibitory effects. This finding is
consistent with the results of related studies on wheat and Solanum Iycopersicum, where an
appropriate N supply can improve plant salt tolerance by promoting growth and biomass
accumulation [34,35]. The enhancing effect of N on plant salt tolerance and growth may
be closely related to its promotion of photosynthetic capacity, osmotic regulation, and
antioxidant defense mechanisms [9,19].

P is also an essential element that influences the growth of hemp under conditions of
alkaline stress. In this study, the supply of P was found to have a significant impact on
hemp growth, with low to moderate levels of P supply (P1-P2, 119-238 mg-L~!) having a
promotive effect on plant development. Among the treatments, the P2 level (238 mg-L~1)
resulted in the greatest values of plant height, stem diameter, root length, and root dry
weight in hemp. This result aligns with the findings in chickpea research, where low P con-
ditions led to enhanced salt tolerance through stimulated root development and improved
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nutrient acquisition [21]. The observed promotion of root growth by P may be attributed to
its role in enhancing cell division, cell elongation, and lateral root formation [36,37].

K, the most prevalent cation within plant cells, plays a pivotal role in enzyme activation.
In the context of alkaline stress, an adequate supply of K (K2, 348 mg-L~!) has been shown
to promote significant increases in plant height, stem diameter, root length, organ dry
weight, and leaf number in hemp. This K-induced growth enhancement phenomenon has
also been documented in salt stress studies on peanut, wheat, and other crops [38—-40].

4.2. Effects of N, P, and K Nutritional Combinations on Nutrient Allocation and Ion Homeostasis

Research has demonstrated that diverse combinations of N, P, and K exert a substantial
influence on the absorption and allocation patterns of nutrients in hemp under conditions
of alkaline stress. For example, the N2P2K3 and N2P2K2 treatments effectively reduced
the Na* content in roots and increased the K* content in stems, respectively, significantly
improving the K* /Na* ratio. These results imply that by optimizing NPK nutrition, the
absorption and transport of Na* can be regulated, and the acquisition and allocation
capacity of K* can be enhanced, thereby improving ion homeostasis under salt stress [41].
Additionally, balanced fertilization has been shown to enhance the absorption of other
mineral nutrients (e.g., N, P, Ca?*, and Mg2+), which are crucial for maintaining the overall
nutritional status and salt tolerance of hemp [42,43].

From the perspective of specific nutrients, the supply of N has a significant impact
on the accumulation patterns of Na* and K* in different organs of hemp. The study
demonstrated that at the N2 level, the Na* content in roots can be effectively reduced, while
the K* content in stems was increased, significantly improving the K*/Na* ratio. This
finding suggests that effective N management practices can enhance ion balance under salt
stress conditions by constraining Na* absorption and transport processes and by promoting
K* acquisition and distribution. The potential mechanisms underlying this phenomenon
include the regulation of Na* /K" transporter activity by N, the promotion of compatible
solute synthesis, and the enhancement of cell wall strength [44-47].

P plays a key role in various aspects of plant biology, including energy metabolism,
signal transduction, and biomass production. It has been demonstrated that P has a
substantial influence on the absorption and distribution of mineral nutrients in hemp under
conditions of alkaline stress. The study demonstrated that the P2 treatment augmented
the N and P content in roots while diminishing Na+ accumulation and sustaining a higher
K*/Na" ratio in stems and leaves. It has been documented that an adequate supply of
P can enhance the selective absorption of K* and Na* by roots and restrict Na* influx
by modulating the activity of plasma membrane H*-ATPase and cell wall properties [14].
Furthermore, the application of P has been shown to enhance the levels of Ca?* and Mg?*
in hemp organs, thereby contributing to the stabilization of cell membrane structure and
the mitigation of salt stress-induced oxidative damage [48].

K plays a crucial role in maintaining cell turgor, enhancing photosynthesis, and
activating stress response genes [49]. The study found that as the K supply increased, the
Na* content in roots, stems, and leaves gradually decreased, while the K* content and
K*/Na" ratio significantly increased. Among the various treatments evaluated, the K3
treatment (522 mg-L~!) was found to be the most effective in reducing Na* accumulation
in roots and significantly enhancing the selective absorption of K*/Na* by roots. This
finding indicates that sufficient K nutrition can impede Na* uptake, promote Na* exclusion,
and enhance K* absorption by regulating multiple ion transporters and channels [50].
Furthermore, the application of K has been shown to increase the content of N, P, Ca?*, and
Mg?* in hemp organs, thereby underscoring the pivotal role of K in enhancing the overall
nutritional status and augmenting salt tolerance of hemp [15,16].
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4.3. Harmful Effects and Threshold Concentrations of Excessive Fertilization

This study determined the critical thresholds for NPK application in hemp under
alkaline stress. Excessively high fertilizer concentrations (total nutrients > 400 mg-L~1)
have been shown to exacerbate salt damage, reducing biomass accumulation by 25-30%
and disrupting ion homeostasis. This detrimental effect may be attributed to elevated soil
salinity, nutritional imbalance, and oxidative stress [51]. Furthermore, elevated nitrogen
levels (N3, 360 mg-L~!) have been observed to impede plant height, stem diameter, root
length, and organ biomass in hemp. This effect is possibly due to ammonium toxicity,
intracellular pH disturbance, and the accumulation of reactive oxygen species (ROS) under
alkaline conditions [52]. A similar phenomenon was observed with excessive phosphorus
(P3, 357 mg-L’l), which was found to reduce root growth and leaf calcium content. This
effect may be attributed to phosphorus-induced zinc deficiency, alterations in root structure,
and impaired calcium signaling [53]. Furthermore, excessive K application (K3, 522 mg-L 1)
has been shown to inhibit growth, possibly due to ionic antagonism, osmotic stress, and
disruption of cellular metabolic processes [54]. Consequently, when cultivating hemp in
saline-alkali soil, it is imperative to meticulously regulate the application of NPK fertilizers
to avoid exceeding the crop tolerance threshold and to ensure efficient nutrient utilization
and sustainable production.

In summary, this study provides a systematic understanding of the effects of N, P,
and K fertilizer management on the growth and mineral nutrition of hemp under alkaline
salt stress. However, the study is not without limitations. For instance, the optimal NPK
ratio may vary depending on the hemp genotype, growth stage, and specific saline-alkali
stress conditions [11,55]. Consequently, further exploration is necessary to ascertain the
optimal NPK ratio for hemp cultivation in diverse saline-alkali soils and environmental
conditions. Future research endeavors should prioritize a comprehensive examination
of the combined effects of NPK fertilizers and ancillary agronomic measures, such as
irrigation, mulching, and soil improvement, on diverse hemp genotypes throughout their
entire growth cycle under authentic saline-alkali soil conditions. The development of
more precise, efficient, and sustainable integrated management techniques for hemp in
saline-alkali land is expected to promote the restoration and utilization of saline-alkali land
and the healthy development of the hemp industry.

5. Conclusions

This study provides novel insights into the effects of NPK fertilization on the growth,
ion homeostasis, and mineral nutrition of hemp under alkaline salt stress. The results
emphasize the key role of balanced NPK nutrition, particularly the N1P2K2 treatment, in
enhancing the salt tolerance and biomass production of hemp. The potential physiological
mechanisms involve the coordinated regulation of ion absorption, transport, and compart-
mentalization, as well as the improvement of overall nutritional status and antioxidant
defense. These findings may help in the development of targeted fertilization strategies
to help grow hemp in saline-alkali areas. Combining balanced fertilization with other
agronomic practices could be a good way to increase the sustainability and profitability of
hemp production in salt-affected agroecosystems.
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