agronomy

Article

Study on the Synergistic Regulation Model for Lycium barbarum
Berries Under Integrated Irrigation and Fertigation in Northwest

Arid Regions

Yanlin Ma, Huile Lv, Yanbiao Wang, Yayu Wang, Minhua Yin *', Yanxia Kang, Guangping Qi, Rong Zhang,

Jinwen Wang and Junxian Chen

check for
updates

Academic Editor: Junliang Fan

Received: 3 December 2024
Revised: 22 December 2024
Accepted: 28 December 2024
Published: 30 December 2024

Citation: Ma,Y.;Lv, H.; Wang, Y.;
Wang, Y.; Yin, M.; Kang, Y.; Qi, G.;
Zhang, R.; Wang, J.; Chen, J. Study on
the Synergistic Regulation Model for
Lycium barbarum Berries Under
Integrated Irrigation and Fertigation in
Northwest Arid Regions. Agronomy
2025,15,73. https:/ /doi.org/
10.3390/agronomy15010073

Copyright: © 2024 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

College of Water Conservancy and Hydropower Engineering, Gansu Agricultural University, Lanzhou 730070,
China; mayl@gsau.edu.cn (Y.M.); 1073323020364@st.gsau.edu.cn (H.L.); 1073323020378@st.gsau.edu.cn (Y.W.);
wangyy@gsau.edu.cn (Y.W.); yanxiakang@gsau.edu.cn (Y.K.); gigp@gsau.edu.cn (G.Q.);
zhangrong@st.gsau.edu.cn (R.Z.); 1073323120785@st.gsau.edu.cn (J.W.); 1073323020360@st.gsau.edu.cn (J.C.)

* Correspondence: yinmh@gsau.edu.cn

Abstract: Water resources are fundamental to economic and social development. Improving
agricultural water-use efficiency is essential for alleviating water scarcity, ensuring food
security, and fostering sustainable growth. This study examines the effects of irrigation
levels (severe water deficit, W0: 45-55% 0rc; moderate water deficit, W1: 55-65% 6pc; mild
water deficit, W2: 65-75% Opc; full irrigation, W3: 75-85% 6rc) and nitrogen application
rates (NO: 0 kg-hm~2, N1: 150 kg-hm~=2, N2: 300 kg-hm 2, N3: 450 kg-hm~?2) on soil
environment, crop yield, and water-nitrogen use efficiencies in Lycium barbarum under inte-
grated water—fertilizer drip irrigation. The coordinated application of water and nitrogen
significantly influenced yield and efficiencies (p < 0.05) by modifying rhizosphere condi-
tions such as soil moisture, temperature, salinity, and enzyme activities. Soil temperature
increased with nitrogen application (N1 > N2 > NO > N3), with N1 raising soil temperature
by 4.98-8.02% compared to NO, N2, and N3. Electrical conductivity was lowest under NO,
showing a 7.53-18.74% reduction compared to N1, N2, and N3. Urease activity peaked
under N3 (31.84-96.78% higher than other treatments), while alkaline phosphatase and
catalase activities varied across treatments. The yield was highest under N2, at 6.79-41.31%
higher than other nitrogen treatments. Water use efficiency (WUE), growth use efficiency
(GUE), and nitrogen agronomic efficiency (NAE) peaked under N2, while nitrogen use
efficiency (NUE) decreased with higher nitrogen rates. Among irrigation levels, W0 showed
the highest soil temperature, while W3 exhibited the lowest conductivity in the 040 cm
layer. W2 had the highest soil enzyme activities, yielding 4.41-42.86% more than other
levels, with maximum efficiencies for WUE, GUE, NUE, and NAE. The combination of
mild water deficit (65-75% 0rc) and 300 kg-hm~2 nitrogen application (W2N2) resulted in
the highest yield (2701.78 kg-hmfz). This study provides key insights for implementing
integrated drip irrigation in northwest China’s arid regions.

Keywords: Lycium barbarum; water—fertilizer integration; soil environment; regulation model

1. Introduction

Water scarcity represents a significant bottleneck that hampers sustainable economic
and social development [1]. Although global water resources total 1.4 billion cubic kilome-
ters, the majority is unsuitable for agricultural irrigation [2]. Consequently, the scientific and
rational utilization of water resources, along with improving their efficiency, has become an
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essential strategy for mitigating the gap between water supply and demand and ensuring
long-term water security [3]. According to the 2023 China Water Resources Bulletin, the
total water consumption in the country was 590.65 billion m?, of which 367.24 billion m?
was used for agriculture, accounting for 62.2% of the total water consumption [4]. There-
fore, improving agricultural water-use efficiency has become a key solution to mitigate
water shortages. Developing water-saving agriculture is a crucial approach to enhancing
water-use efficiency, advancing agricultural modernization, and ensuring national food
security [5]. Water-fertilizer integration technology combines irrigation and fertilization,
delivering water and nutrients to the crop root zone through a pressure pipe system at
regular intervals, in small flow rates and at precise proportions, based on the crop’s water
and nutrient needs [6]. This technology is vital for promoting high-quality and sustainable
agricultural development [7].

Water-fertilizer integrated drip irrigation technology not only allows for precise con-
trol over water and fertilizer supply [8] but also significantly reduces the waste of water
and fertilizer resources, thereby enhancing their efficiency [9]. Despite its great potential
to improve agricultural water use efficiency, this technology still faces numerous chal-
lenges. Many farmers lack sufficient scientific support, leading to improper water and
fertilizer management practices, such as over-irrigation or insufficient fertilization. These
issues can result in problems such as disease outbreaks, quality degradation, and resource
wastage [10]. Such practices not only squander water and fertilizer resources but can also
negatively impact the soil environment, restricting crop growth and hindering the sustain-
able development of agricultural production. Consequently, research on water—fertilizer
integration technology—especially the application of water—nitrogen synergistic regula-
tion models in different crops—becomes particularly important. In this context, Lycium
barbarum, a perennial shrub known for its salt- and drought-resistant properties, offers
significant potential for optimizing water and fertilizer management. Lycium barbarum not
only improves soil structure and fertility but also provides numerous health benefits, such
as boosting immunity, delaying aging, and enhancing eyesight. As an ideal species for
desertification control in arid and semi-arid regions [11], planting Lycium barbarum in water-
scarce areas not only aids in ecological restoration but also provides substantial economic
value. Additionally, it serves as an important source of traditional Chinese medicine and
health products [12]. Therefore, integrating water—fertilizer management techniques with
Lycium barbarum cultivation can optimize growth while promoting sustainable agricultural
development. Moisture is a critical factor in the growth of Lycium barbarum [13]. Proper
water management optimizes the root-zone environment, enhancing plant growth and
nutrient uptake [14]. Nitrogen is a key nutrient for Lycium barbarum, and the amount and
method of nitrogen application significantly influence its distribution and effectiveness in
the root-zone soil [15]. Research on water and fertilizer management for Lycium barbarum is
evolving, with a focus on promoting high-quality production and improving water and
fertilizer use efficiency [16-18]. An optimal water and nitrogen supply maximizes the soil’s
water and nitrogen regulation, facilitating better crop production. Water can carry fertilizers
to the roots of Lycium barbarum via diffusion or mass flow [19], while nitrogen fertilizers
help activate deep soil moisture, increasing their effectiveness [20]. Practical studies have
shown that proper water and nitrogen management improves Lycium barbarum yield and
maximizes water use efficiency. This approach not only improves soil’s physical and chemi-
cal properties, but also enhances plant growth and yield. Thus, studying and implementing
the appropriate water and nitrogen synergistic regulation model is essential for optimizing
Lycium barbarum cultivation and improving water and fertilizer use efficiency.

Based on this, studying the effects of different water and nitrogen co-regulation on the
root zone soil environment and production of Lycium barbarum is particularly necessary.
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This study aims to (1) Clarify the effects of different water and nitrogen regulations on
the root zone soil environment and production of drip-irrigated Lycium barbarum; (2) Pro-
pose suitable water and fertilizer regulation schemes for water—fertilizer integrated drip
irrigation of Lycium barbarum with a focus on high yield, economic efficiency, and high
quality, providing theoretical support for the promotion and application of water—fertilizer
integrated drip irrigation in the dry zones of Northwest China.

2. Materials and Methods

2.1. Experimental Area Overview

The experiment was conducted from April to October 2023 at the Irrigation Experiment
Station of Jingtai Chuan Power Lift Irrigation Water Resources Utilization Center in Gansu
Province (37°12' N, 104°5" E). The average elevation of the test area was 1562 m. The climate
of the region is temperate, arid continental, characterized by 2652 h of annual sunshine, an
average annual temperature of 8.6 °C, and an average annual precipitation of 191.6 mm. The
frost-free period lasts for 191 days. During the experiment, the average daily temperature
was 20.61 °C, and the total effective precipitation was 75.10 mm (Figure 1). The soil at the
experimental site is predominantly sandy loam, with a dry bulk density of 1.63 g/cm? in the
0-120 cm layer and a maximum water-holding capacity of 24.10%. The nutrient contents of
the soil were as follows: 13.20 g/kg of organic matter, 1.62 g/kg of total nitrogen, 1.32 g/kg
of total phosphorus, 34.03 g/kg of total potassium, 74.51 mg/kg of quick-acting nitrogen,
26.31 mg/kg of quick-acting phosphorus, 173.02 mg/kg of quick-acting potassium, and a
pHof 8.11.
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Figure 1. Experiment area location and precipitation and temperature distribution.

2.2. Experimental Design

The experiment employed a fully randomized design with two factors: irrigation and
nitrogen application. The irrigation level was determined by controlling the soil volumetric
water content as a percentage of farmland capacity (8rc), with the depth of the wet layer
planned to be set at 60 cm, as the main root system of Lycium barbarum is concentrated at
depths between 40 and 60 cm. The water gradient and nitrogen application levels were
also determined based on previous studies and local practice patterns [17,18]. Irrigation
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levels are as follows: W3 (fully irrigated): 75~85% 8rc, W2 (mild water deficit): 65~75%
0rc, W1 (moderate water deficit): 55~65% 0rc, WO (severe water deficit): 45~55% 0Opc.
Nitrogen application levels were as follows: NO: 0 kg/hm? (no nitrogen application), N1:
150 kg/hm? (low nitrogen application), N2: 300 kg/hm? (medium nitrogen application),
N3: 450 kg/hm? (high nitrogen application). This resulted in 16 treatment combinations
(Table 1), with three replications per treatment, for a total of 48 plots. Each plot had an area
of 76.5m? (10.2 m x 7.5 m). Lycium barbarum (“Ningqi No. 5”) seedlings were transplanted
on April 12, 2021, with a plant spacing of 1.5 m and row spacing of 3 m. The four main
reproductive periods of Lycium barbarum were defined as follows: Nutritive growth period
(late April to mid-June), Blooming period (late June to early July), Fruiting period (mid-July
to mid-August), Autumn fruiting period (late August to mid-September). A drip irrigation
system with water—fertilizer integration was used for water and fertilizer application. Water
was sourced from a storage reservoir and passed through a low-pressure filtration system
before entering the test plots. Irrigation water volume was strictly controlled by valves
and water meters, and a drip irrigation belt system with a 2.0 L/h flow rate was employed.
Phosphorus (P05, 12%) and potash (K,O, 60%) fertilizers were applied on 21 May, while
nitrogen fertilizer (pure nitrogen) was applied in four separate applications (6 May, 22 May,
12 June, and 3 July) with a 4:2:2:2 ratio.

Table 1. Experimental design.

Water Regulation Nitrogen Application Level
Treatment (%) (ke-hm—2)
g

WONO No Nitrogen (0) NO
WON1 Severe water deficit (WO) Low Nitrogen (150) N1
WON2 (45~55% 6Orc) Medium Nitrogen (300) N2
WON3 High Nitrogen (450) N3
WI1NO No Nitrogen (0) NO
WIN1 Moderate water deficit (W1) Low Nitrogen (150) N1
WI1N2 (55~65% 0Orc) Medium Nitrogen (300) N2
WIN3 High Nitrogen (450) N3
W2NO0 No Nitrogen (0) NO
W2N1 Mild water deficit (W2) Low Nitrogen (150) N1
W2N2 (65~75% 6Orc) Medium Nitrogen (300) N2
W2N3 High Nitrogen (450) N3
W3NO No Nitrogen (0) NO
W3N1 Fully irrigated (W3) Low Nitrogen (150) N1
W3N2 (75~85% 6Orc) Medium Nitrogen (300) N2
W3N3 High Nitrogen (450) N3

2.3. Indicator Measurement
2.3.1. Meteorological Data

Meteorological data, including rainfall and air temperature, were collected using the
WSTQ Tiangi small-scale agro-meteorological station in the field.

2.3.2. Inter-Root Soil Volumetric Water Content of Lycium barbarum

The time-domain reflectometer (TDR) probe tubes were installed at a depth of 30 cm,
oriented in the north—south direction, between the second and third rows of Lycium barbarum
trees in each plot. This positioning was within the primary root distribution zone, ensuring
that the measurement area was not influenced by the tree canopy shade or root activity from
neighboring trees. The PICO-BTTDR instrument (Manufacturer: IMKO Micromodultechnik
GmbH, Location: Karlsruhe, Germany) was used to monitor the volumetric water content
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in the soil across the 0-120 cm layer, offering a more precise representation of how root
activities influence soil moisture levels. Although the main root system of Lycium barbarum
primarily extends to depths of 40-60 cm, roots can reach depths exceeding 100 cm. Soil
moisture measurements were taken every 3-5 days throughout the lifespan of the Lycium
barbarum trees, with periodic calibration of the data conducted using the drying method.

2.3.3. Inter-Root Soil Temperature of Lycium barbarum

Temperature probes, each 20 cm in length, were inserted into the soil 10 cm from the
trunks of Lycium barbarum trees, oriented in the east-west direction at the center of each
experimental plot. This location was selected to target areas with denser root systems,
allowing for a more accurate reflection of root activity’s influence on soil temperature. Soil
temperature fluctuations are closely linked to soil water content, which in turn was used
to calculate irrigation requirements. Irrigation was applied when the calculated values
approached the lower limit of the field capacity (6rc). According to a previous study [21],
meaningful soil temperature changes could be detected by measurements taken every
3-5 days during the entire reproductive period of Lycium barbarum. Observations were
conducted from 8:00 AM to 6:00 PM, with measurements taken every two hours.

2.3.4. Inter-Root Soil Conductivity, Soil Enzyme Activity and Yield of Lycium barbarum

Soil conductivity was measured at depths of 0-20 cm, 2040 cm, 40-60 cm, 60-80 cm,
and 80-100 cm at a distance of 20-30 cm from the trunk of each tree. Soil samples were ex-
tracted with an auger, and the conductivity of the supernatant was measured using a DDS]J-
308A conductivity meter (Shanghai Jinko Technology Co., Location: Shanghai, China).

Soil samples for enzyme activity analysis were collected from the 0-20 cm, 2040 cm,
and 40-60 cm layers at a distance of 10-15 cm from the trunk of the trees during the
four reproductive periods. Soil alkaline phosphatase, catalase, and urease activities were
determined using kits (Manufacturer: Suzhou Gressay Biotechnology Co., Ltd., Location:
Suzhou, China).

The yield was calculated through cumulative multi-crop harvesting. Each plot was
harvested by picking, dewaxing, and drying Lycium barbarum fruit. The yield per treatment
was determined by weighing the harvested fruit (kg/hm?).

2.4. Water Utilization Efficiency and Irrigation Volume Calculation

(1) Theirrigation volume was calculated using the formula:

I =10A1 (8, — 0) (1)

where [—irrigation water quantity, mm; A—soil bulk weight, 1.35 g-cm~3; h—planned wet
layer depth, and 60 cm; 6,—soil planned water content upper limit (the product of field
water holding capacity and the upper limit of the designed planned water content), %.

(2) Water Consumption

Water consumption was calculated using the following formula for water flow balance:
ET=Wo-W;+I+M+K-D-R )

n
M= Zj:l a;Pj (3)
where ET—water consumption, mm;

Wo—initial time plot water content, mm;
W;—t time plot water content, mm;
I—irrigation water, mm;
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M—effective rainfall;

K—groundwater recharge, mm, the groundwater depth in the test area is under 25 m soil
layer, so the recharge is 0;

D—deep seepage, mm, the soil moisture content of 50-60 cm soil layer depth in the test
area did not reach the level of field water holding capacity, so the seepage is 0;

R—surface runoff volume, mm, the terrain of the test area is flat, so the runoff volume is 0;
P]'—the jth rainfall, mm; j—the number of times of rainfall, j = 1~n; aj—the effective
utilization coefficient of the jth rainfall, when the second rainfall Pj <5 mm, a; = 0; when
the Pj =5~50 mm, a; = 1.0; when Pj > 50 mm, 4; = 0.8~0.7.

(3) Water Utilization Efficiency (WUE)

Water utilization efficiency was calculated as:
WUE =Y/ET (4)

where Y is the Lycium barbarum yield (kg/hm?)
(4) Irrigation Water Utilization Efficiency (GUE)

Irrigation water utilization efficiency was calculated as:
GUE =Y/I (5)

where Y is the Lycium barbarum yield (kg/hm?)
(5) Nitrogen Fertilizer Bias Productivity (PFPn)

The nitrogen fertilizer bias productivity was calculated as:
PFP, =Y/N, (6)

where N, is the amount of nitrogen applied (kg/hm?)
(6) Agronomic Efficiency of Nitrogen Fertilizer (NAE)

The agronomic efficiency of nitrogen fertilizer was calculated as:
NAE = (Yn— Yu)/Ng (7)

where Yy is the Yield with nitrogen application (kg/hm?); Yield without nitrogen applica-
tion (kg/hm?).

2.5. Data Analysis

Data were processed using Microsoft Excel 2019, and significance analyses of soil
hydrothermal conditions, root vigor, and enzyme activities were performed using one-way
analysis of variance (ANOVA) with multiple comparisons, specifically the Least Significant
Difference (LSD) test, at a significance level of p < 0.05. Statistical analysis was conducted
using SPSS software (version 20.0, IBM, Analytics, USA). Graphs were created using Origin
2021 software.

3. Results

3.1. Effect of Water and Nitrogen Regulation on Inter-Root Soil Hydrothermal Salts in
Lycium barbarum

3.1.1. Soil Water Content

Water and nitrogen regulation significantly influenced the spatial and temporal distri-
bution of soil water content in the root zone of Lycium barbarum (Figure 2). Generally, soil
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water content increased initially and then decreased during the fertility period and with
increasing soil depth. In the 0-60 cm soil layer, water content fluctuated most significantly
during the fertility period, initially decreasing and then increasing. Under the same irri-
gation levels, the average soil water content followed the order: NO (12.92-23.17%) > N1
(12.65-21.85%) > N2 (11.41-20.72%) > N3 (10.92-20.02%). Similarly, at the same nitrogen ap-
plication levels, the trend was W3 (14.41-25.93%) > W2 (12.43-25.15%) > W1 (12.41-20.13%)
> WO (11.82-19.24%). For the 60-100 cm soil layer, the average water content was higher
than in the 100-120 cm layer. The soil water content of W3 increased by 4.37-13.5% com-
pared to W0, and W2 increased by 4.37-13.92%. Similarly, NO exhibited 7.26-19.31% higher
average soil water content compared to N1, N2, and N3. For the 100-120 cm soil layer,
variations in soil water content among treatments were minimal. Across all treatments, the
soil water content in this layer slowly decreased with depth but slightly increased as the
fertility period progressed.
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Figure 2. Variation of inter-root soil water content in Lycium barbarum under different water and
nitrogen treatments.
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3.1.2. Soil Temperature

The inter-root soil temperature of Lycium barbarum was significantly affected by water
and nitrogen regulation (p < 0.05, Figure 3). Soil temperature increased initially and then
decreased throughout the fertility period, peaking in June to August during the flowering
and fruiting stages. Under the same nitrogen application rates, higher water deficits corre-
lated with increased soil temperatures, with W0 having the highest average temperature
(29.9 °C), which was 7.55%, 8.73%, and 14.92% higher than W1, W2, and W3, respectively.
For nitrogen treatments, soil temperatures followed the trend N1 > N2 > NO > N3, with
N1 being 8.02%, 6.53%, and 4.98% higher than NO, N2, and N3, respectively. Temperature
variations were minimal during the nutrient growth to flowering stage (May-June), and the
full fruiting to defoliation stage (August-September) for nitrogen application treatments,
but significant differences were observed compared to non-nitrogen application treatments.
Mild water deficit conditions (W2) resulted in the most stable soil temperature fluctuations
throughout the reproductive period.

[ No [ N (N2 NG Wi* Nins WxN:*

45 45
Wo Wi

36

aaag

27

Temperature(°C)

36+

[\S]
~
T

Temperature(°C)
=

el
T

Month Month

Figure 3. Variation of inter-root soil temperature in Lycium barbarum under different water and
nitrogen treatments. Note: Different lowercase letters indicate that there is a significant difference
between different nitrogen application rates under the same irrigation amount (p < 0.05). W—water
treatment; N—nitrogen application treatment; W x N—interaction. In the analysis of variance,
* indicated that the correlation reached a significant level (p < 0.05), and ns indicated that the
correlation was not significant (p > 0.05).

3.1.3. Soil Salinity

Water and nitrogen regulation also had a pronounced effect on the temporal and
spatial distribution of soil salinity in the root zone (Figure 4). Soil salinity peaked from June
to August (flowering-fruiting period) and was relatively lower during May—June (nutri-
ent growth-flowering stage) and August-September (fruiting-defoliation stage). Salinity
content generally decreased with increasing soil depth. At the same nitrogen application
levels, the lowest average soil conductivity in the 0—40 cm layer was observed under W3
(386.93 uS/cm), which was 9.25%, 14.31%, and 18.26% lower than W2, W1, and WO, respec-
tively. In the 40-80 cm layer, the lowest conductivity occurred under W0 (393.43 uS/cm).
For the 80-100 cm layer, W0 again exhibited the lowest conductivity (375.8 uS/cm), which
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was 10.97%, 20.34%, and 26.87% lower than W1, W2, and W3, respectively. At the same irri-
gation levels, the lowest soil conductivity across all layers was found under NO, which was
7.53%, 15.28%, and 18.74% lower than N1, N2, and N3, respectively. The W3NO treatment
achieved the lowest average soil salinity content (189.93 uS/cm) across the 0-100 cm depth
during the entire reproductive period.
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Figure 4. Variation of inter-root soil salinity in Lycium barbarum under different water and nitrogen
treatments.

3.2. Effect of Water and Nitrogen Synergistic Regulation on Inter-Root Soil Enzyme Activities in
Lycium barbarum

3.2.1. Soil Urease Activity

Water and nitrogen levels, along with their interaction, significantly influenced soil ure-
ase activity in the root zone of Lycium barbarum (p < 0.01, Figure 5). Urease activity followed
a distinct temporal pattern: it peaked during the spring growth period, decreased gradually,
and reached its lowest during the fruit ripening stage before increasing again. Under the
same irrigation levels, urease activity increased with higher nitrogen application rates. N3
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exhibited the highest average urease activity, increasing by 73.55-96.78%, 52.71-61.93%,
and 31.84-43.54% compared to NO, N1, and N2, respectively. At the same nitrogen levels,
urease activity showed an initial increase followed by a decline with increasing irrigation
amounts, following the pattern W2 > W1 > W3 > W0. The W2N3 treatment had the highest
average urease activity (179 U g~! d~1), surpassing all other treatments by 3-120%.
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Figure 5. Variation of inter-root soil urease activity in Lycium barbarum under different water and
nitrogen treatments. Note: Different lowercase letters indicate that there is a significant difference
between different nitrogen application rates under the same irrigation amount (p < 0.05). W—water
treatment; N—nitrogen application treatment; W X N—interaction. In the analysis of variance, * and
** indicated that the correlation reached a significant level (p < 0.05) and a very significant level
(p < 0.01), respectively.

3.2.2. Soil Alkaline Phosphatase Activity

Soil alkaline phosphatase activity was also significantly affected by water and ni-
trogen levels and their interaction (p < 0.05, Figure 6). Over the fertility period, alkaline
phosphatase activity initially decreased and then increased. At the same irrigation levels,
enzyme activity increased with nitrogen application before declining at higher nitrogen
levels. While differences among nitrogen application treatments were modest, all nitrogen
treatments (N1, N2, and N3) had significantly higher activity than the no-nitrogen control
(NO). The activity levels were 32%, 53%, and 38% higher for N1, N2, and N3 compared to
NO, respectively. For the same nitrogen levels, enzyme activity followed a similar trend
with irrigation, increasing first and then declining, in the order W2 > W1 > W3 > WO0. The
W2N2 treatment achieved the highest average alkaline phosphatase activity, which was
20-86% greater than other treatments throughout the reproductive period.
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Figure 6. Variation of inter-root soil alkaline phosphatase activity in Lycium barbarum under different
water and nitrogen treatments. Note: Different lowercase letters indicate that there is a significant
difference between different nitrogen application rates under the same irrigation amount (p < 0.05).
W—water treatment; N—nitrogen application treatment; W x N—interaction. In the analysis of
variance, * and ** indicated that the correlation reached a significant level (p < 0.05) and a very
significant level (p < 0.01), respectively.

3.2.3. Soil Catalase Activity

Catalase activity in the inter-root soil of Lycium barbarum was significantly affected by
water, nitrogen, and their interaction (p < 0.05, Figure 7). Similar to other enzyme activities,
catalase activity decreased initially during the fertility period, reaching its lowest at the
mid-stage, before rising again during the fruiting stage. Catalase activity increased first
and then decreased with higher irrigation levels and nitrogen application rates. At the
same nitrogen levels, W2 enhanced catalase activity by 60-107%, 43-57%, and 32-49%
compared to W0, W1, and W3, respectively. At the same irrigation levels, N2 increased
catalase activity by 21.04-32.12%, 11.31-24.86%, and 12.01-19.63% compared to NO, N1,
and N3, respectively. The W2N2 treatment produced the highest catalase activity, which
was 21-218% greater than other treatments.

3.3. Effects of Water and Nitrogen Co-Regulation on Lycium barbarum Yield and Water and
Nitrogen Utilization Efficiency

3.3.1. Lycium barbarum Yield

Both irrigation, nitrogen application, and their interaction significantly influenced
Lycium barbarum yield (p < 0.05, Figure 8a). Under constant nitrogen application levels,
Lycium barbarum yield exhibited a trend of increasing and then decreasing with the rise in
irrigation water, peaking under the W2 condition. The yield in the W2 treatment increased
by 35.67-42.86%, 9.23-12.50%, and 4.41-5.88% compared to W0, W1, and W3, respectively.
Similarly, under the same irrigation level, yield first increased and then decreased with the
increase in nitrogen application, reaching a peak under N2. The yield in the N2 treatment
increased by 10.19-41.31%, 9.81-22.36%, and 6.79-11.48% compared to NO, N1, and N3,
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respectively. The highest yield of Lycium barbarum (2701.78 kg/hm?) was observed in the
W2N2 treatment.

B~ N N2 NG Wk N WxNow*
90 90
WO Wi
75+ 75 1
60 - 60 -
45+ 45

30

Catalase activity (U-g'-d™")

15

0
90

75

60

45

30

Catalase activity (U-g'-d™)

15

FB PF
Growth stage Growth stage

FB

Figure 7. Variation of inter-root soil catalase activity in Lycium barbarum under different water and
nitrogen treatments. Note: Different lowercase letters indicate that there is a significant difference
between different nitrogen application rates under the same irrigation amount (p < 0.05). W—water
treatment; N—nitrogen application treatment; W x N—interaction. In the analysis of variance, * and
** indicated that the correlation reached a significant level (p < 0.05) and a very significant level
(p < 0.01), respectively.

3.3.2. Water and Nitrogen Utilization Efficiency

Water and nitrogen, along with their interaction, had significant effects on Lycium bar-
barum water use efficiency (WUE), irrigation water use efficiency (GUE), nitrogen fertilizer
bias productivity (NUE), and nitrogen agronomic efficiency (NAE) (p < 0.01, Table 2). Ata
constant irrigation level, with increasing nitrogen application, WUE initially increased and
then decreased, with N2 treatment showing increases of 31.32-64.64%, 9.37-25.67%, and
8.67-21.23% compared to NO, N1, and N3, respectively. GUE followed a similar trend, in-
creasing and then decreasing, with N2 showing increases of 33.37-43.82%, 5.45-18.79%, and
12.71-18.72%. NUE gradually decreased, being 31.26-60.20% and 58.63-119.47% higher
in N1 compared to N2 and N3. NAE initially increased and then decreased, with in-
creases of 19.91-57.21% and 9.22-33.74% under N2 treatment compared to NO, N1, and
N3. Under the same nitrogen application levels, WUE, GUE, NUE, and NAE all showed a
tendency to increase and then decrease with increasing irrigation, with the following order:
W2 >W3>W1>WO0.
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Figure 8. Variation of yield and economic efficiency in Lycium barbarum under different water nitrogen
treatments. Note: (a) shows the variation of Lycium barbarum yield between different water and
nitrogen treatments; (b) shows the correlation analysis between indicators under different water and
nitrogen regulation; (c) shows the eigenvalue and variance contribution ratio of principal component
analysis between different treatments; (d) shows the comprehensive scores of different water and
nitrogen treatments. Where different lowercase letters indicate that there is a significant difference
between different nitrogen application rates under the same irrigation amount (p < 0.05). W—water
treatment; N—nitrogen application treatment; W x N—interaction. In the analysis of variance, * and
** indicated that the correlation reached a significant level (p < 0.05) and a very significant level
(p < 0.01), respectively.

Table 2. Variation of water nitrogen utilization efficiency in Lycium barbarum under different water
nitrogen treatments.

T Water Use Efficiency Irrigation Water Utilization Nitrogen Ferﬁl.iz.e r Biased Nitroger.l Fert.il.i zer
reatment (kg-m-3) Efficiency (kg-m-?) Productivity Agronomic Efficiency
(kg-'kg1) (kg-'kg1)

WONO 4.58 6 0 0

WON1 4.99 6.83 9.69 0.3

WON2 4.79 6.14 5.18 0.48

WON3 4.65 6.09 3.77 0.64

WINO 5.63 8.19 0 0

WIN1 6.69 9.1 12.51 0.84

WIN2 7.45 9.22 7.57 1.74

WIN3 6.58 8.84 4.79 0.9

W2NO0 6.18 8.21 0 0

W2N1 6.86 9.02 14.72 1.97

W2N2 7.42 8.94 9.01 2.63

W2N3 6.7 7.06 5.39 1.14

W3NO 5.51 7 0 0

W3N1 6.62 7.58 14.06 1.86

W3N2 6.8 7.85 8.47 2.36

W3N3 5.41 7.26 5.09 1.02
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3.4. Correlation Analysis and Comprehensive Evaluation
3.4.1. Correlation

The correlation analysis between Lycium barbarum yield, root vigor, and inter-root soil
enzyme activity is indicated in Figure 8b. Except for soil temperature, Lycium barbarum
yield was significantly correlated with all indicators (p < 0.05), showing an extremely
significant correlation with root vigor and urease (p < 0.01). Root vigor exhibited strong
correlations with all indicators, with the correlation coefficient with yield reaching as high
as 0.9. Soil moisture content showed a high correlation with most indicators, except for soil
temperature and salinity. Specifically, soil water content was positively correlated with all
indicators, excluding soil temperature and salinity, and it was highly negatively correlated
with soil temperature. Soil water content, temperature, and salinity were significantly inter-
related. Inter-root soil urease activity was positively correlated with alkaline phosphatase
and catalase, and these two enzymes also showed a positive correlation with each other.
Water and nitrogen utilization efficiency was significantly and positively correlated with
yield, root vigor, soil water content, urease, alkaline phosphatase, and catalase activities,
and it was negatively correlated with soil temperature and salinity.

3.4.2. Comprehensive Evaluation

Fuzzy mathematical affiliation function values were used to assess the downscaling of
soil water content, temperature, salinity, enzyme activity, root vigor, yield, and water and
nitrogen use efficiency under different water and nitrogen regulation treatments (Figure 8c).
The cumulative variance contribution of the first four principal components was 91.08%,
indicating that these components effectively captured 91.08% of the original variables’
information, which could be used for further comprehensive evaluation (Figure 8d). The
treatment with the highest comprehensive evaluation score is considered the most suitable
for water—nitrogen regulation. The treatments ranked from highest to lowest based on
the evaluation scores were: W2N2 > W2N1 > W2N3 > W3N2 > W1IN2 > W3N1 > WIN3
> W3N3 > WINI > WON2 > WON3 > WON1 > W2NO0 > WINO > W3NO > WONO. The
maximum affiliation function value of 0.81 was observed under the W2N2 treatment.

4. Discussion

4.1. Effect of Water and Nitrogen Synergistic Regulation on the Inter-Root Soil Hydrothermal
Environment in Lycium barbarum

Soil hydrothermal environment is crucial to the growth and development of Lycium
barbarum, and the adequacy of water and heat supply directly affects its growth process [22].
Water and nitrogen regulation are important factors affecting the inter-root hydrothermal
environment of Lycium barbarum, and the appropriate irrigation volume and nitrogen
application are the basis for realizing the optimal inter-root hydrothermal environment [23].
Soil temperature not only affects the growth and development of Lycium barbarum, but
also influences the activities of microorganisms and related biochemical processes in the
soil [24]. Zhang et al. [6] found that soil temperature at different depths was negatively
correlated with soil water content. In this study, soil temperature exhibited clear seasonal
variations, closely mirroring atmospheric temperature changes. Soil temperature was
found to decrease with increasing irrigation volume, particularly in the 0-20 cm surface
layer, where a significant negative correlation with irrigation volume was observed. These
findings are consistent with those of Xia et al. [25]. Zhang et al. [26] also reported that larger
irrigation volumes led to higher soil relative humidity. Additionally, the experiment showed
that increased irrigation reduced soil temperature, with shallow soil temperatures being
more sensitive to moisture and exhibiting greater fluctuations, while deep soil temperatures
showed smaller changes. Nitrogen application had minimal effect on soil temperature,
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and the differences were not statistically significant (p > 0.05). This could be attributed to
urea being a physiologically neutral fertilizer, where its dissolution in the soil is a physical
process, and although the exothermic process of dissolution increases entropy, the influence
is far smaller compared to atmospheric temperature changes [27].

Soil moisture is another critical factor affecting Lycium barbarum growth, as water
balance influences physiological processes such as photosynthesis, respiration, and nutrient
uptake. This study found that soil moisture content fluctuated under different water and
nitrogen treatments, with similar patterns observed across all treatments. Soil moisture
content in different soil depths followed a pattern of increasing, then decreasing, and
eventually stabilizing, which was more pronounced with higher irrigation volumes. This
trend is attributed to the significant positive correlation between soil water content and
irrigation volume, as reported by He et al. [28]. Li et al. [29] further suggested that within
a certain range, soil water content increases with the application of nitrogen, though the
fluctuations are relatively minor. There is a clear interaction between soil temperature
and soil water content. Gao et al. [30] found that changes in soil temperature affected the
kinetic and potential energy of soil moisture, which in turn altered soil pore structure and
surface tension, influencing soil water content. Under the combined influence of water and
nitrogen regulation, the soil hydrothermal environment is predominantly affected by the
amount of irrigation water. Nitrogen application has a comparatively smaller impact, with
soil temperature and water content interacting and constraining each other.

4.2. Effect of Water and Nitrogen Synergistic Regulation on Soil Enzyme Activity in the Inter-Root
Area of Lycium barbarum

The inter-root area of Lycium barbarum is the most influential zone of the root system’s
impact on the soil environment, directly reflecting the root system'’s biological activity and
metabolic effects. Root secretions from Lycium barbarum can attract soil microorganisms
such as bacteria and fungi, which then adsorb onto the inter-root soil, thereby making this
environmental system more complex [31]. Soil enzymes, an essential component of soil
biological activity, play a crucial role in nutrient cycling. They are involved in transforming
substances within the soil, as well as in the release and fixation of nutrients, making soil
enzyme activity a key indicator of microbial activity and soil fertility [32]. Urease, a specific
enzyme responsible for hydrolyzing urea, produces ammonia, which serves as a direct
source of nitrogen nutrition for plants. Urease activity thus reflects the nitrogen status
of the soil and microbial activity [33]. In this study, urease activity exhibited a pattern
of decreasing and then increasing over the reproductive period, with the highest activity
observed during the spring growth period [34]. This is likely because Lycium barbarum
has a high demand for soil nutrients during early growth, which promotes root secretion
and microbial activity. Moreover, urease activity in the inter-root soil was found to be
highly significantly correlated with nitrogen fertilizer application within a certain range,
with urease activity increasing as nitrogen application rose [35]. This correlation can be
attributed to urease’s direct involvement in nitrogen metabolism in the soil [36]. Previous
studies have also demonstrated that urease activity is closely tied to microbial activity
in the inter-root zone, with nitrogen application enhancing microbial populations in the
soil, which in turn improves root development and secretion [37,38]. In this experiment,
deficit-regulated irrigation under controlled nitrogen fertilization significantly improved
the inter-root soil environment compared to conventional irrigation, promoting the growth
of soil microorganisms and subsequently increasing urease activity.

Soil phosphatases, a class of hydrolytic enzymes, catalyze the mineralization of organic
phosphorus compounds in the soil. Since plants primarily require inorganic phosphorus,
phosphatases are essential for hydrolyzing organic phosphorus into forms that plants can
use [32]. In this study, alkaline phosphatase activity followed a trend of decreasing and
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then increasing over the reproductive period, peaking during the spring growth phase.
This pattern is likely due to the increase in phosphorus uptake by Lycium barbarum dur-
ing early growth, which reduces the effective phosphorus content in the soil, leading to
feedback regulation that stimulates phosphatase activity. Under varying nitrogen applica-
tion treatments at the same moisture level, there was no significant difference in alkaline
phosphatase activity, except when no nitrogen was applied. In the absence of nitrogen,
phosphatase activity was significantly lower compared to nitrogen treatments, suggesting
that nitrogen application does not strongly influence alkaline phosphatase activity. How-
ever, within a certain irrigation range, enzyme activity increased with higher irrigation
volumes due to improvements in the soil’s hydrothermal environment, which facilitated
the mineralization of organic phosphorus [39]. Soil peroxidase, another key enzyme, is
important for predicting soil organic matter dynamics. It catalyzes the decomposition of
hydrogen peroxide into water and oxygen, thereby mitigating the toxic effects of hydrogen
peroxide in the soil [40]. In this study, catalase activity exhibited a pattern of increasing
and then decreasing with either nitrogen application or varying irrigation volumes. This
suggests that within certain limits, appropriate water and nitrogen regulation can enhance
the soil environment. Nitrogen application may regulate soil pH, accelerating microbial
reproduction, while increased irrigation can provide more hydrogen peroxide for redox
reactions. However, excessive irrigation can reduce soil aeration and decrease reactive
oxygen species, which negatively affects catalase activity [41].

Reasonable irrigation creates an optimal environment for the growth of Lycium bar-
barum, while excessive nitrogen application leads to a decline in soil pH and inhibits
enzyme activities, ultimately reducing soil enzyme function. This finding is consistent
with the research by Ma et al. [42]. Under the same nitrogen application rate, soil enzyme
activity showed an initial increase followed by a decrease with the rise in irrigation volume.
This trend can be explained by the fact that moderate irrigation helps maintain favorable
soil moisture conditions, promoting root growth. Water serves as a crucial medium for
enzyme-catalyzed reactions in the soil, and a balanced level of irrigation facilitates the
interaction between enzymes and substrates. However, excessive water can compromise
soil aeration, inhibiting microbial respiration and enzyme secretion. Additionally, too much
water may dilute enzyme concentrations in the soil, further reducing enzyme activity, in
line with the results of Jin et al. [43]. Therefore, enzyme activities in the soil around the
root zone of Lycium barbarum are significantly influenced by appropriate irrigation and
fertilization management practices.

4.3. Water-Fertilizer Integration Drip Irrigation for Lycium barbarum and Water-Nitrogen
Synergistic Regulation Mode

Reasonable water and nitrogen regulation is essential for achieving high yields of
Lycium barbarum. In the context of different growth stages, optimizing water and nitrogen
fertilizer management not only improves the absorption of nutrients and water by the
plant [44] but also enhances the yield and reduces environmental pollution [45]. Therefore,
selecting an appropriate water and nitrogen regulation model is crucial for ensuring the sus-
tainable development of Lycium barbarum cultivation, lowering production costs, improving
economic returns, and minimizing environmental impact. This study demonstrated that
a combination of W2 irrigation level (65-75% 0rc) and N2 nitrogen fertilizer application
rate (300 kg-hm~2) significantly promoted the growth of Lycium barbarum, improved its
yield, and enhanced its quality. This result is particularly valuable for increasing yields in
water-limited regions while also reducing production costs and environmental pollution.

Regarding irrigation management, the W2 irrigation level ensured that Lycium bar-
barum received sufficient water at various growth stages, especially during critical pe-
riods such as flowering and fruit expansion. This finding aligns with the study by Ma
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et al. [46], which concluded that adjusting irrigation frequency and amount according to
the plant’s water demand can significantly enhance growth and yield. Furthermore, the
W2 irrigation pattern effectively avoided water wastage and soil saturation associated
with over-irrigation, supporting the recommendation by Singh and Lal [47] that rational
irrigation practices improve water use efficiency and reduce environmental burdens. In
terms of nitrogen fertilizer management, the appropriate application of N2 nitrogen fer-
tilizer is crucial for optimizing Lycium barbarum growth. Excessive nitrogen application
can lead to soil and water pollution [48], while insufficient nitrogen reduces the plant’s
resistance and impairs its nutrient uptake [23]. The findings of this study indicate that
proper nitrogen application not only enhances growth and yield but also improves nitrogen
use efficiency, thereby mitigating environmental pollution. This supports the conclusion by
Wang et al. [49], which highlighted that proper nitrogen management improves crop yields
while minimizing environmental impact.

The interaction between water and nitrogen was also found to be crucial in regulating
root vitality, yield, and water-nitrogen use efficiency. Similar to the findings of Zhou
et al. [50], this study emphasized the importance of water-nitrogen coupling in optimizing
resource use efficiency. Proper water—nitrogen coupling not only enhances the soil envi-
ronment around the roots but also promotes the growth of soil microorganisms, thereby
improving soil enzyme activity and overall soil health. This highlights the synergistic bene-
fits of managing both water and nitrogen to enhance crop productivity and sustainability.
While the results are generally consistent with existing literature, some discrepancies were
noted. For instance, Hao et al. [51] reported soil acidification at high nitrogen fertilizer
application rates, a finding that contrasts with our results.

In our study, appropriate water and nitrogen management effectively improved the
root-zone soil environment of wolfberry, enhanced soil microbial activity, and increased
soil enzyme activities. Liu et al. [45] showed that reducing nitrogen levels under optimal
irrigation conditions can significantly improve the yield and economic returns of structural
Lycium barbarum. Song et al. [52] found that in the Qaidam Basin, wolfberry yield was
notably higher, with an irrigation volume of 158 m®>-hm~2 and a nitrogen application rate
of 276 kg-hm~2. He et al. [53] investigated the combined effects of water and fertilizer
on grapes in arid regions and found that water and fertilizer promote mutual absorption,
positively influencing both yield and quality. They also concluded that irrigation volume
mainly affects yield, while fertilizer application has a greater impact on product quality. Our
results indicate that the optimal water-nitrogen management model for Lycium barbarum
cultivation involves an irrigation rate of 65-75% of field capacity (W2) combined with
a nitrogen application rate of 300 kg-hm~2 (N2). This synergistic approach significantly
enhanced both the yield and quality of wolfberry and improved the soil environment
around the root zone, particularly boosting soil enzyme activities. We recommend adopting
this integrated water—nitrogen management strategy in Lycium barbarum cultivation to
improve the efficiency and sustainability of agricultural production.

This study highlights the positive effects of optimized water and nitrogen management
on drip irrigation Lycium barbarum cultivation, but it also has some limitations. (1) The re-
search was based on a single crop season without considering long-term effects or seasonal
variations. Future studies should expand to multiple seasons and diverse environmental
conditions to assess the broader applicability of the results. (2) The study lacks an eco-
nomic analysis, and future research should include evaluations of economic benefits to
provide a more comprehensive foundation for practical applications. (3) Studies have been
conducted that indicate that how irrigation is applied is also important for sustainable
agriculture, depending on the depth and location of the irrigation system. Lycium barbarum
is a shallow-rooted crop and is set to irrigate at a shallow depth, and it is recommended
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that for crops with deeper roots, consideration be given to placing the irrigation system
deeper to minimize evaporation.

5. Conclusions

(1) Optimized water and nitrogen management significantly improved the rhizosphere
environment and productivity of drip-irrigated Lycium barbarum. Soil water content and
temperature initially increased, then decreased with the growing season and soil depth,
with minimal temperature fluctuation observed under W2. Soil salinity decreased with
depth, reaching the lowest level under W3NO (189.9 uS/cm).

(2) Water-nitrogen interactions had a significant impact on soil enzyme activities.
Urease activity decreased initially, then increased, peaking during the spring shoot growth
period. Alkaline phosphatase and catalase activities followed a similar trend, with the
highest increases (20-86% and 21-218%, respectively) observed under the W2N2 treatment.

(3) Soil hydrothermal-salinity conditions, influenced by water—nitrogen management,
significantly impacted Lycium barbarum yield. Based on these findings, a combination of
W2 irrigation (65-75% 0rc) and N2 nitrogen application (300 kg-hm~?2) is recommended to
optimize both yield and quality.
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