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Abstract

The scarcity of resources has constrained the supply of conventional feedstuffs for livestock
production. Consequently, mulberry (Morus spp.), known for its high protein content and
bioactive compounds, has been developed as a promising alternative feed. However, the
optimal water–fertilizer ratio for cultivating feed mulberry and the underlying physiolog-
ical and agronomic mechanisms remain poorly understood. To address this, a two-year
field experiment (2023–2024) was conducted to investigate the effects of water–fertilizer
coupling on feed mulberry yield, water use efficiency (WUE), and soil quality. This ex-
periment employed a split-plot design with three irrigation levels (I1 = 45, I2 = 90, and
I3 = 135 mm) and four fertilizer rates (F1 = 0, F2 = 150, F3 = 225, and F4 = 300 kg·ha−1).
The results demonstrated the following: (1) The variation trends in SWC were consistent
with those of soil available N, P, and K contents. Under water–fertilizer coupling, the total
water consumption peaked in the I3F3 treatment, with values of 639.9 mm and 703.5 mm
in the two years, respectively. (2) The I3F3 treatment produced both the highest yield
(37.19 and 41.66 t·ha−1) and the highest leaf N, P, and K contents among all treatments.
(3) Water and fertilizer use efficiencies exhibited parabolic trends in response to increasing
irrigation and fertilizer inputs. The highest agronomic nitrogen efficiency (AEN) was ob-
served in I2F2. (4) The AMOS 26 model further revealed that soil nutrient content had the
strongest direct positive effect on yield (standardized coefficient = 0.68), followed by total
water consumption (0.33). And irrigation significantly enhanced soil nutrient availability
(standardized coefficient = 0.29). In summary, the I3F3 combination achieved the highest
yield and water use efficiency, whereas the I2F2 treatment exhibited the highest AEN. This
trade-off suggests that the optimal strategy depends on management objectives (yield
maximization vs. resource conservation) in the North China Plain.

Keywords: water–fertilizer coupling; drip fertigation; soil nutrient availability; water use
efficiency (WUE); resource use efficiency

1. Introduction
Within China’s dairy industry chain, feed development is a critical component [1,2]. In

recent years, rising raw material costs have increased feeding expenses in China’s livestock
sector [3]. The competition for grains between human food and livestock feed has emerged
as a new challenge to national food security [4]. It is projected that China’s demand for
feed grains will reach 179.4 million tons by 2030 [5]. While corn and soybean are primary
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feed grains in China, the country’s dependence on soybean imports exceeds 80% [6]. The
international trade market is highly volatile and unpredictable, influenced by factors such
as trade wars and shifting geopolitical relations. Relying solely on feed grain imports is not
a sustainable long-term strategy for ensuring China’s feed grain security and, consequently,
its meat security [7]. Therefore, one pathway to address this is to seek alternative feedstuffs
to meet meat production demands while simultaneously safeguarding food security [8].
Feed quality varies substantially depending on plant species and management practices [9].
Moreover, the quality of products from dairy production systems is directly linked to feed
quality [8]. Consequently, high-quality forage represents a vital resource and has been a
major focus of extensive research.

Mulberry is highly valued as livestock forage due to its rich nutrient profile. A primary
advantage of mulberry is its high crude protein (CP) content [10], ranging from 10% to
30%, which is crucial for promoting livestock growth, muscle development, and milk
production [11]. Beyond protein, mulberry leaves are rich in carbohydrates, dietary fiber,
amino acids, and minerals, which are vital for maintaining skeletal health, supporting
enzymatic functions, and ensuring electrolyte balance in animals [12]. Apart from its
key role in sericulture, particularly in China, mulberry leaves have garnered increasing
attention in recent years for their nutritional and medicinal properties [13]. Phytochemicals
such as phenolics (flavonoids, chlorogenic acid) and alkaloids (1-deoxynojirimycin and
fagomine) confer various bioactive properties to feed mulberry, including antimicrobial,
anti-inflammatory, and anthelmintic activities [14,15]. Dietary inclusion of mulberry can
benefit animals by enhancing their total antioxidant capacity in serum and the activities
of catalase and superoxide dismutase [16,17]. Polysaccharides in mulberry leaves are
natural, residue-free, and non-resistance-inducing active components, showing promising
potential as feed additives [18–20]. Feeding studies have found that mulberry leaves exhibit
excellent palatability, digestibility, and absence of anti-nutritional factors, which improve
livestock productivity increasing the yield of milk, meat, and eggs [21–25] and offer a
sustainable, climate-resilient forage solution. A second major advantage of mulberry is
its exceptional adaptability and high biomass yield [26]. It is distributed globally and
thrives under diverse climatic and soil conditions, ranging from tropical to temperate
regions [27]. In China, the mulberry cultivation area exceeds 6.3 × 105 ha, capable of
producing 15–37 t·ha−1 of leaves harvested every eight to ten weeks [28]. This affords it
both geographical and yield advantages as a forage source. Simultaneously, its perennial
nature ensures a consistent, year-round forage supply, unlike seasonal forages, which
are vulnerable to climatic fluctuations. Studies have shown that mulberry can be ensiled
to serve as an important supplemental forage for ruminants even outside the growing
season [29]. Therefore, feeding mulberry represents a promising solution to seasonal forage
shortages and climate-induced pasture instability [30].

Appropriate fertilizer management can enhance both the quality and yield of mulberry
leaves. Fertilization is widely recognized as a crucial factor in boosting global agricultural
productivity. However, the long-term overuse of chemical fertilizers in agricultural pro-
duction, aimed at increasing crop yields, poses a significant challenge to the sustainability
of soil and groundwater resources [31]. Studies have found that the long-term intensive
cultivation of forage crops such as corn and wheat has led to severe ecological conse-
quences, including excessive nitrogen fertilizer application [32]. Approximately 45% of
the applied nitrogen is not utilized by crops but is instead lost from farmland [33]. This,
in turn, increases production costs, degrades soil quality, and exacerbates environmental
issues such as greenhouse gas emissions, water pollution, and soil acidification [34]. Con-
sequently, there is an urgent need for fertilization strategies that can ensure feed supply
while reducing synthetic fertilizer use and enhancing environmental sustainability. In this
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context, mulberry, with its relatively low fertilizer and pesticide requirements, emerges as a
sustainable and climate-resilient alternative to conventional forage crops [35]. Evidence
shows that appropriate fertilizer management can increase crop yield, including in feed
mulberry, by 35–40% [36]. Preliminary research indicates that water-saving and fertilizer-
controlled practices influence mulberry leaf quality [10]. Therefore, investigating suitable
fertilization strategies for feed mulberry may help reduce dependence on imported forage
and soybean, while simultaneously mitigating nitrogen (N) surpluses.

Mulberry is recognized as an environmentally friendly plant due to its relatively low
water requirement. Agricultural irrigation in the North China Plain (NCP) heavily depends
on groundwater [37]. The availability of groundwater, along with the water-holding and
retention capacities of different soil types, is crucial for optimal agricultural productivity
and for maintaining the ecological balance of groundwater systems [38]. To alleviate
the imbalance between water consumption and supply, water-saving measures such as
drip irrigation have been adopted to enhance agricultural water productivity and narrow
water-related yield gaps [39]. Investigations have shown that the average maize yield
ranges from 8.0 to 10.6 t·ha−1; however, achieving such yields typically requires substantial
irrigation [40]. Consequently, in severely water-scarce regions like the North China Plain
(NCP), maize is not a suitable feedstock. In contrast, mulberry thrives in arid and semi-arid
conditions. Its deep and extensively distributed root system enables the plant to extract
water from deeper soil layers, conferring strong drought resistance [35]. This trait makes it
particularly valuable in water-limited areas [41]. It can be cultivated with minimal irrigation
while maintaining satisfactory yields, rendering it highly suitable for regions facing water
scarcity [42]. Furthermore, mulberry can also be grown under conditions of abundant
water or in rainfed systems [43], with an annual rainfall range of 600–2500 mm [44]. Thus,
its broad adaptability allows it to perform well under both waterlogged and drought
conditions. By minimizing the need for water-intensive crop cultivation, this adaptability
reduces the environmental constraints associated with livestock feed production. Therefore,
mulberry serves as an alternative source of roughage with the potential to improve water
use efficiency and alleviate environmental pressures [30].

The role of water–fertilizer coupling in improving agricultural practices is gaining
increasing importance [45,46]. Due to its natural adaptability to poor soils and arid climates,
feed mulberry shows significant potential for ecological restoration in dry and semi-arid
regions [42,47]. Consequently, extensive research has focused primarily on stress-resistant
genotypes of feed mulberry [41,48,49]. Fertilization practices in these areas have largely
been based on local farmers’ empirical knowledge, leading to excessive and imbalanced
soil nutrient levels. Research on the effects of water–fertilizer coupling on feed mulberry
yield in the NCP remains relatively scarce, and the optimal water–fertilizer ratio remains
undefined. Therefore, to optimize the synergy between fertilization and irrigation to
enhance feed mulberry growth, a two-year field experiment on water–fertilizer coupling
was conducted at the Shandong Sericulture Research Institute’s experimental station. This
study hypothesized that different drip irrigation and fertilizer application rates could
improve feed mulberry yield, soil quality, and WUE. To test this hypothesis, the experiment
was designed to (1) investigate the effects of low-, medium-, and high-fertilizer strategies
under varying irrigation levels on crop evapotranspiration, soil nutrients, and plant nutrient
status; (2) examine the impact of water–fertilizer coupling on feed mulberry yield and leaf
nitrogen (N), phosphorus (P), and potassium (K) contents; and (3) determine the optimal
water–fertilizer ratio for local feed mulberry production to simultaneously enhance soil
quality, crop yield, and resource use efficiency. This study provides practical guidance for
water–fertilizer management and soil nutrient sustainability in feed mulberry cultivation
in the North China Plain.
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2. Materials and Methods
2.1. Experimental Site

The field experiment was conducted at the Shandong Sericulture Research Institute’s
experimental station during the 2023–2024 growing season. The site is located in Yantai City,
Shandong Province, China (36◦16′56′′ N, 121◦11′34′′ E), at an altitude of 65 m. The region
has a mean annual temperature of 13.4 ◦C and receives an average annual precipitation of
637.7 mm. The soil at the experimental site is classified as Arenosol, and its physical and
chemical properties are shown in Table 1. The properties of Arenosol soil make it have poor
fertilizer retention capacity, and applied nitrogen fertilizer is prone to leaching away. The
area experiences a warm temperate continental monsoon climate. The monthly rainfall and
temperature patterns during the mulberry growing seasons of 2023 and 2024 are presented
in Figure 1.

Table 1. Main chemical properties of test soil.

Soil
(cm) pH Organic Matter

(g kg−1)

Quick-Release
Nitrogen (AN)

(mg kg−1)

Quick-Release
Phosphorus (AP)

(mg kg−1)

Available
Potassium (AK)

(mg kg−1)

0–20 6.94 9.63 50.72 10.36 152
20–40 7.44 6.83 56.17 5.96 122
40–60 7.36 3.68 23.29 5.79 59

Figure 1. Monthly total rainfall and mean monthly air temperature in the 2023 and 2024 mulberry
growing seasons.

Mulberry was planted at the experimental site on 20 March 2020. The experiment was
conducted in a field with a total area of 0.26 ha. Mulberry trees were planted at a density
of 66,000 plants·ha−1 with a row spacing of 80 cm. The seedlings were cultivated for two
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years to develop strong root systems. A drip irrigation system was then installed in 2022,
and the formal field experiment was conducted in 2023–2024. The drip irrigation system
used tapes with a diameter of 16 mm, a wall thickness of 0.3 mm, and an emitter spacing of
30 cm. The emitters had a discharge rate of 1.2 L·h−1 under an operating pressure of 60 kPa.

2.2. Experimental Materials

The forage mulberry cultivar used in this study was “Fengyuan No. 1”, which was
bred by the Shandong Institute of Sericulture (Shandong Academy of Agricultural Sciences)
from the parental cross ‘Lu Sang 8036’ × ‘Nong Sang 14’. This cultivar was selected for its
high biomass production, strong regrowth capacity, and tolerance to drought and moderate
salinity, which render it particularly suitable for forage production systems in the North
China Plain.

2.3. Experimental Design

A split-plot design arranged in randomized complete blocks was implemented
(Table 2). The experiment included three blocks (replicates). Within each block, the main
plots were assigned three irrigation levels: I1 (45 mm), I2 (90 mm), and I3 (135 mm) in a
random order. Drip irrigation tapes were installed along the mulberry rows, positioned
adjacent to the plant root zone. Irrigation was applied three times during the growing
season (10 May, 11 July, 13 September), scheduled on rain-free days. Within each main plot,
the sub-plots were assigned four fertilizer application rates: F1, control (0 kg·ha−1); F2,
150 kg·ha−1 applied as urea (46% N); F3, 225 kg·ha−1 applied as urea; and F4, 300 kg·ha−1

applied as urea. The full dose of fertilizer for each treatment was divided into three equal
installments, each timed to coincide with an irrigation cycle. In total, the experiment com-
prised 12 treatments (3 irrigation levels × 4 fertilizer rates), replicated three times (three
blocks), for a sum of 36 individual plots.

Table 2. The amount of irrigation water and fertilizer.

Treatment
Main Plots Sub-Plots

Irrigation (mm) Fertilizer (kg ha−1)

I1F1 I1 = 45 F1 = 0
I1F2 I1 = 45 F2 = Urea 150
I1F3 I1 = 45 F3 = Urea 225
I1F4 I1 = 45 F4 = Urea 300
I2F1 I2 = 90 F1 = 0
I2F2 I2 = 90 F2 = Urea 150
I2F3 I2 = 90 F3 = Urea 225
I2F4 I2 = 90 F4 = Urea 300
I3F1 I3 = 135 F1 = 0
I3F2 I3 = 135 F2 = Urea 150
I3F3 I3 = 135 F3 = Urea 225
I3F4 I3 = 135 F4 = Urea 300

2.4. Measurements
2.4.1. Measurement of Soil Water Content and Water Consumption

Soil water content was determined using the gravimetric method with aluminum
boxes. Measurements were taken from the 0–100 cm soil profile at 20 cm intervals during
the bud-break, active-growth, and harvest stages. To account for root-zone dynamics in
feed mulberry, soil moisture was measured 1 day before and 2 days after each irrigation
event. Each treatment was sampled in triplicate [50].
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The mass water content was calculated as

Mf = [(M − M0)/M0] × 100% (1)

Hi = Mf × ρi/ρw (2)

ET = ∆S + I + P (3)

∆S = 10∑(∆Si × Zi) (4)

where Mf represents the mass moisture content (%); M0 is the weight of the soil after drying
(g); M is the weight of the soil before drying (g); Hi represents the volume moisture content
(%); ρi is the dry bulk density of the soil sample (the average dry bulk density of each soil
layer is g·cm−3); ρw is the density of water (g·cm−3); ET represents evaporation (mm); P is
the effective precipitation during the growth period of feeding mulberry (mm), provided
by the meteorological station; I is the irrigation amount (mm); ∆S is the change in soil water
storage (mm); ∆Si is the change in soil water content within a given period in a certain
soil layer; Zi is the thickness of the soil layer (cm); and i and m represent the soil layers
from the first (i = 1) to the last (i = m) soil layer measured. Due to the absence of significant
precipitation events during the growing season, surface runoff and infiltration were not
considered in this experiment.

2.4.2. Measurement of Soil Available N, P, K Content

During the harvest seasons of 2023 and 2024, soil samples were collected from each
plot using a 5.0 cm diameter auger. Five random cores were taken from each of the
following depths: 0–20, 20–40, 40–60, 60–80, and 80–100 cm. Soil from the same layer was
composited into one sample per plot. The samples were air-dried, ground, and sieved
through a 1.00 mm stainless-steel sieve. Soil available nitrogen (AN, NH4

+, and NO3
−) was

extracted with 0.5 M K2SO4 and determined colorimetrically. Soil available phosphorus
(AP) was measured using the sodium bicarbonate extraction–molybdenum blue method.
Soil available potassium (AK) was determined by ammonium acetate extraction followed
by atomic absorption spectroscopy on 5.00 g of air-dried soil [51].

2.4.3. Yield Measurement

Fifteen representative mulberry plants were randomly selected from each plot. All
leaves and shoots were harvested. Yield was determined on 23 June, 26 August, and
27 October each year. Leaf and stem samples were oven-dried at 105 ◦C to constant weight,
and the dry weight was measured using an electronic balance. The total annual leaf dry
matter yield per square meter was calculated by summing the dry weights from all harvests.

2.4.4. Measurement of Leaf N, P, and K Content

Following each yield measurement, approximately 100 g of fresh leaves were collected
from each plot. The leaves were dried at 105 ◦C for 30 min and then at 75 ◦C to constant
weight. The dried material was ground into a fine powder and passed through a 0.5 mm
sieve. A 0.5 g subsample was accurately weighed for digestion. Nitrogen content was
determined using the Kjeldahl method, phosphorus content by the molybdenum blue
method, and potassium Content by atomic absorption spectrophotometry. The total uptake
of N, P, and K per hectare was calculated from the leaf yield and their respective contents.

2.4.5. Agronomic Nutrient Use Efficiency

Agronomic nitrogen use efficiency (AEN) was calculated as

AEN = (Y − Y0)/Nt (5)
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where Y is the feed mulberry yield (kg·ha−1) under a given fertilizer treatment; Y0 is the
yield (kg·ha−1) under the same irrigation level but without fertilizer application (control);
and Nt represents the total amounts of nitrogen (kg·ha−1).

2.4.6. Water Use Efficiency and Irrigation Water Efficiency

The WUE was calculated as
WUE = Y/ET (6)

where Y (kg·ha−1) is the dry weight of mulberry and ET (mm) is the evapotranspiration
during the feeding mulberry growing season.

The IWE was calculated as
IWE = Y/I (7)

IWE represents irrigation water efficiency (kg·m−3), Y (kg·ha−1) is the dry weight
of mulberry, and I is the total irrigation volume during the growing season of the feed
mulberry (mm).

2.5. Statistical Analysis

Given the split-plot design arranged in randomized complete blocks, a split-plot
ANOVA model was employed. The experiment was conducted over two consecutive
growing seasons (2023 and 2024) on the same experimental plots. The main-plot factor
was irrigation (I, three levels), and the sub-plot factor was fertilizer (F, four levels). Blocks
(replicates, i = 1, 2, 3) were treated as random effects. The linear model for each observation
Yijk was

Yijk = µ + Ri + Ij + (R × I)ij + Fk + (I × F)jk + εijk (8)

where µ is the overall mean; Ri = effect of the i-th block; Ij = effect of the j-th irrigation level
(j = 1, 2, 3); (R × I)ij is main-plot error; Fk = effect of the k-th fertilizer rate (k = 1, 2, 3, 4);
(I × F)jk = irrigation × fertilizer interaction; and εijk = sub-plot error.

2.5.1. Expected Mean Squares (EMS)

The expected mean squares for each source of variation are as follows, where vari-
ance components are denoted by σ2 with appropriate subscripts, and Q (·) represents the
quadratic form of fixed effects divided by its degrees of freedom.

Source EMS

Block (R) σ2 + 4σ2
R×I + 12σ2

R

Irrigation (I) σ2 + 4σ2
R×I + Q(I)

Main-plot error (R × I) σ2 + 4σ2
R×I

Fertilizer (F) σ2 + Q(F)

I × F σ2 + Q(I × F)

Sub-plot error (ε) σ2

2.5.2. F-Tests

The irrigation effect (I) was tested against the main-plot error (R × I). The fertilizer
effect (F) and the irrigation × fertilizer interaction (I × F) were tested against the sub-plot
error (ε).

Analysis of variance (ANOVA) was performed at α = 0.05 using DPS 20.00 (DPS
development team, Hangzhou, China). When significant effects were detected, the least
significant difference (LSD) test was used for multiple comparisons. Structural equation
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modeling was performed using AMOS 26.0 (IBM, Armonk, NY, USA) to assess correlations
among production, soil, and water consumption parameters. All graphs were plotted using
Origin 9.1 (OriginLab, Northampton, MA, USA).

3. Results
3.1. Soil Moisture Dynamics
3.1.1. Soil Water Content

The mean soil water content (SWC) during the feed mulberry growing seasons in
2023–2024 is shown in Figure 2. Irrigation significantly affected the SWC within the
0–100 cm soil profile. The effect of fertilizer application on SWC generally exhibited a
trend of initial decrease followed by an increase, with the F3 treatment showing the lowest
values. Specifically, in the 0–20 cm surface layer, the I3 treatment had the highest SWC,
while I2 was the lowest; I3 was significantly higher than I2 by 18.1% and 31.5%, respectively.
Regarding fertilizer treatments, F1 showed the highest SWC and F3 the lowest; F1 was
significantly higher than F3 by 57.8% and 41.1%. In the 20–40 cm layer, F1 maintained the
highest SWC. Within the 40–100 cm depth, I3 recorded the highest SWC, while F3 again
showed the lowest among fertilizer treatments.

Figure 2. The average soil water content during the growth period of mulberry under different water
and fertilizer treatments in 2023 and 2024. Bars represent means ± SE (n = 3). Different lowercase
letters above bars indicate significant differences among treatments at p < 0.05 (LSD post hoc test).
The significance of I, F, and their interaction (I × F) was determined using split-plot ANOVA.
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3.1.2. Evapotranspiration

The water consumption (evapotranspiration, ET) of feed mulberry during the
2023–2024 growing seasons is presented in Figure 3. Water–fertilizer treatments signifi-
cantly affected ET. Results from both years showed that the I3F3 treatment had the highest
ET, while I1F1 exhibited the lowest. Regarding irrigation treatments, ET followed the order
I1 < I2 < I3, with I3 being significantly higher than I1 by 7.5% and 5.1%, respectively. For
fertilizer treatments, the order was F3 > F4 > F2 > F1, and ET under F1 was significantly
lower than that under F3 by 5.5% and 4.1%, respectively. The interaction between irrigation
and fertilization indicated that ET under I3F3 was significantly higher than that under I1F1,
with increases of 11.8% and 9.0%, respectively. In summary, ET increased with rising irriga-
tion levels and showed an initial increase followed by a decrease with increasing fertilizer
application. Under the water–fertilizer coupling regime, the I3F3 treatment reached the
peak ET.

Figure 3. The evapotranspiration of feed mulberry with different water and fertilizer treatments
in 2023–2024. ∆S represents the change in soil water storage (mm). Bars represent means ± SE
(n = 3). Different lowercase letters above bars indicate significant differences among treatments at
p < 0.05 (LSD post hoc test). The significance of I, F, and their interaction (I × F) was determined
using split-plot ANOVA.

3.2. Soil Nutrient Distribution Characteristics
3.2.1. Soil Available Nitrogen (AN) Distribution

The content of soil available nitrogen (AN) at feed mulberry harvest is shown in
Figure 4. Both irrigation and fertilizer treatments affected the AN content across soil layers.
Under the I1 irrigation level, the soil AN content within the 0–100 cm profile showed an
initial decrease followed by an increase, reaching its minimum at the F3 fertilizer rate.
Under I2, the AN content exhibited a gradual decreasing trend. Under I3, a pattern of
initial decrease followed by increase was again observed, with the lowest value also at F3.
Overall, the fertilizer effect on AN followed a trend of initial decrease followed by increase.
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At the same fertilizer level, the I3 treatment resulted in the lowest soil AN content. In the
0–40 cm surface layer, the AN content under I2 was significantly lower than under I1 by
20.9% and 16.4%, respectively. Conversely, within the 40–100 cm layer, the AN content
under I2 was significantly higher than under I1 by 13.3% and 20.1%.

Figure 4. Soil available N, P, and K contents: (a) 2023; (b) 2024. Symbols represent means ± SE (n = 3).
The significance of I, F, and their interaction (I × F) was determined using split-plot ANOVA, and the
results are reported in the text (Section 3.2).

3.2.2. Soil Available Phosphorus (AP) Distribution

During 2023–2024, at the same fertilizer level, the I3 treatment yielded the lowest AP
content in the 0–20 cm surface soil (Figure 4). Within the 40–100 cm layer, the highest P
content was found under I1, which was significantly higher than under I2 by 42.2% and
43.8%, respectively. Regarding the effect of fertilizer under fixed irrigation: under I1, soil
AP content in the 0–100 cm profile showed an initial decrease followed by an increase,
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with the minimum at F3; under I2, a gradual decreasing trend was observed; under I3, the
pattern was again an initial decrease followed by an increase, with the lowest value at F3.
In terms of the overall fertilizer effect, a decreasing trend was observed in 2023, whereas in
2024, a pattern of initial decrease followed by increase was noted.

3.2.3. Soil Available Potassium (AK) Distribution

For AK, at the same fertilizer level, the I3 treatment resulted in the highest AK content
within the 0–100 cm soil profile (Figure 4), following the order I1 < I2 < I3. Over the two
years, the AK content under I3 was significantly higher than under I1 by 9.0% and 33.1%,
respectively. When the irrigation level was fixed, the soil AK content exhibited an initial
decrease followed by an increase. Specifically, under I1, AK content in the 0–100 cm profile
showed an initial decrease followed by an increase, with the minimum at F3; under I2, a
gradual decreasing trend was observed; under I3, the pattern was again an initial decrease
followed by an increase, with the lowest value at F3.

3.3. Yield and Plant Nutrient Content
3.3.1. Feed Mulberry Yield and Yield Components

The yield components of feed mulberry during the growing seasons are presented
in Table 3. Both irrigation and fertilization significantly affected leaf fresh weight, leaf
number, shoot fresh weight, shoot number, and total yield. Over the 2023–2024 period, the
I3 treatment produced the highest values for all yield components and the maximum yield.
Yield under I3 was 77.8% and 62.3% higher than under I1 in 2023 and 2024, respectively.
Yield exhibited a pattern of initial increase followed by a decrease with rising fertilizer
input (F3 > F4 > F2 > F1). The highest yield was achieved under F3, which exceeded that
under F1 by 75.6% and 54.6% in the two respective years. Under water–fertilizer coupling,
the I3F3 treatment gave the highest yield. With irrigation level fixed, the yield ranking
among fertilizer treatments was: under I1, F3 > F4 > F2 > F1; under I2, F4 > F3 > F2 > F1;
and under I3, F3 > F4 > F2 > F1.

Table 3. Mulberry yield and yield components in 2023–2024.

Time
Leaf Weight Leaf Number Branches Weight Branches Number Yield

(g/Piece) (Piece/Plant) (g/Plant) (Branch/Plant) (t/ha)

2023
Factor effects

I1 2.76 c 85.53 c 213.62 c 5.20 c 18.50 c
I2 3.47 b 97.76 b 321.69 b 6.92 b 27.63 b
I3 3.98 a 106.56 a 390.84 a 8.05 a 32.89 a
F1 2.49 c 86.26 c 204.59 d 5.33 d 18.01 c
F2 3.07 b 91.16 b 281.25 c 6.36 c 24.59 b
F3 4.08 a 105.12 a 380.71 a 7.73 a 31.62 a
F4 3.98 a 103.93 a 368.31 a 7.44 b 30.84 b

Interaction effects
I1F1 1.80 e 77.00 g 102.35 k 4.21 j 9.84 i
I1F2 2.19 de 83.34 f 148.89 j 5.00 i 14.10 h
I1F3 3.63 b 91.67 e 312.40 g 6.03 g 26.40 e
I1F4 3.43 bc 90.11 e 290.82 h 5.56 h 23.64 f
I2F1 3.08 c 83.56 f 181.20 i 5.04 i 16.26 g
I2F2 3.42 bc 91.78 e 337.37 f 6.70 f 29.08 d
I2F3 3.53 bc 103.59 cd 373.67 d 7.78 d 31.13 c
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Table 3. Cont.

Time
Leaf Weight Leaf Number Branches Weight Branches Number Yield

(g/Piece) (Piece/Plant) (g/Plant) (Branch/Plant) (t/ha)

I2F4 3.85 b 112.11 b 394.53 c 8.16 c 34.04 b
I3F1 2.58 d 98.22 d 330.21 f 6.74 f 27.92 e
I3F2 3.62 b 98.37 d 357.50 e 7.39 e 30.59 c
I3F3 5.09 a 120.11 a 456.79 a 9.48 a 37.19 a
I3F4 4.65 a 109.56 bc 418.87 b 8.60 b 35.85 b

2024
Factor effects

I1 2.42 c 73.18 c 239.15 c 6.30 c 21.16 c
I2 3.15 b 115.04 b 361.34 b 7.68 ba 27.77 b
I3 3.29 a 130.91 a 445.06 a 8.24 a 34.34 a
F1 2.15 d 78.39 d 232.54 d 6.46 c 21.10 d
F2 2.90 c 105.41 c 317.94 c 7.26 b 26.44 c
F3 3.55 a 125.90 a 433.46 a 8.00 a 32.63 a
F4 3.25 b 115.81 b 410.13 b 7.90 a 29.39 b

Interaction effects
I1F1 1.92 i 49.30 g 155.01 j 6.05 g 16.04 k
I1F2 2.28 g 67.86 f 202.97 i 6.25 fg 18.75 j
I1F3 3.01 e 95.35 e 313.87 g 6.49 f 25.56 g
I1F4 2.46 f 80.21 f 284.77 h 6.41 f 24.28 h
I2F1 2.05 h 73.39 f 207.02 i 6.18 fg 20.07 i
I2F2 3.17 d 120.97 cd 365.63 e 7.68 d 30.05 e
I2F3 3.61 c 133.75 bc 433.57 c 8.35 c 31.01 cd
I2F4 3.75 b 132.05 bc 439.16 c 8.53 bc 31.60 c
I3F1 2.33 g 112.48 d 335.60 f 7.15 e 27.20 f
I3F2 3.26 d 127.40 bc 385.23 d 7.83 d 30.51 de
I3F3 3.89 a 148.60 a 552.93 a 9.16 a 41.66 a
I3F4 3.68 bc 135.17 b 506.48 b 8.80 b 37.99 b

“I” stands for irrigation and “F” for fertilization, and “I × F” for interaction effect. Values followed by different
letters are significantly different (p < 0.05), measured using LSD post hoc tests betweendifferent treatments. I, F,
and I × F were tested using split-plot ANOVA.

3.3.2. Leaf N, P, and K Content

Irrigation (I1, I2, I3) and fertilizer rate (F1–F4) significantly influenced leaf N content
(Figure 5). Leaf N increased with both irrigation and fertilizer inputs, following the orders
I3 > I2 > I1 and F3 > F4 > F2 > F1. Under coupled water–fertilizer conditions, the ranking
of leaf N among fertilizer treatments within each irrigation level was consistent: F3 and
F4 treatments yielded higher N content than F2 and F1. The highest leaf N content was
observed in the I3F3 treatment, while the lowest was in I1F1. Compared to I3, leaf N under
I1 was 39.6–56.3% lower across the two years. Similarly, leaf N under F1 was 43.3–63.2%
lower than under F3. Notably, leaf N in the I1F1 treatment was 86.1% and 81.7% lower than
that in the I3F3 treatment in 2023 and 2024, respectively.

Leaf phosphorus (P) content was also significantly affected by irrigation and fertiliza-
tion in both years (Figure 5). The I3 treatment resulted in significantly higher leaf P than
I1 and I2, with differences ranging from 22.2% to 95.2%. Similarly, F3 and F4 treatments
yielded significantly higher leaf P than F1 and F2 (26.0–97.8%). Under water–fertilizer
coupling, leaf P followed the same within-irrigation ranking as leaf N, with I3F3 showing
the highest and I1F1 the lowest values. Leaf P in the I1F1 treatment was 66.5% and 79.0%
lower than in the I3F3 treatment in 2023 and 2024, respectively.
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Figure 5. Leaf N, P, and K contents of feed mulberry during the 2023–2024 growing seasons. Bars
represent means ± SE (n = 3). Different lowercase letters above bars indicate significant differences
among treatments at p < 0.05 (LSD post hoc test). The significance of I, F, and their interaction (I × F)
was determined using split-plot ANOVA.

For leaf potassium (K) content, I3 was significantly higher than I1 and I2 (23.3–113.0%),
and F3 was significantly higher than F1 and F2 (31.5–113.2%) across the two years. The
coupling effect (Figure 5) showed that I3F3 had the highest leaf K content, while I1F1 had
the lowest. The same ranking pattern observed for leaf N and P was repeated for leaf K
across irrigation levels. Leaf K in the I1F1 treatment was 85.8% and 71.5% lower than that
in the I3F3 treatment in 2023 and 2024, respectively.

3.4. Water Productivity and Agronomic Nutrient Use Efficiency
3.4.1. Crop Water Use Efficiency (WUE)

Both irrigation and fertilization significantly influenced water use efficiency (WUE)
(Figure 6). The interaction between water and fertilizer inputs indicated that WUE un-
der I1F1 was significantly lower than under I3F3, by 70.7% and 58.3% in 2023 and 2024,
respectively. Within each irrigation level, WUE followed a consistent ranking: under I1,
F3 > F4 > F2 > F1; under I2, F4 > F3 > F2 > F1; and under I3, F3 > F4 > F2 > F1. Regarding
irrigation effect alone, WUE under I3 was 13.9% to 64.1% higher than under I1 and I2. In
terms of fertilization, WUE under F1 and F2 was significantly lower (by 19.2% to 42.0%)
than under F3 and F4.

3.4.2. Irrigation Water Efficiency (IWE)

As shown in Figure 7, results from both years indicated that the I1F3 treatment
achieved the highest irrigation water efficiency (IWE), followed by the I1F4 treatment.
Under the I1 irrigation level, IWE exhibited an initial increase followed by a decrease with
rising fertilizer input, indicating a significant fertilizer effect. A gradual increasing trend
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was observed under I2, while under I3, the pattern reverted to an initial increase followed
by a decrease. Overall, IWE decreased with increasing irrigation amount.

3.4.3. Agronomic Use Efficiency of Nitrogen

Figure 8 shows that water–fertilizer coupling significantly affected the agronomic
use efficiency of nitrogen (AEN) in feed mulberry. Results from both years revealed that
the I2 irrigation level generally resulted in higher AEN compared to other levels, with
the I2F2 treatment showing the peak AEN value. The AEN values under I2F2 were 2.38
and 1.62 times higher than those under I3F2 in 2023 and 2024, respectively. Significant
inter-annual variations were observed for AEN. Taking I3F3 as an example, its AEN in 2023
was 54.9% higher than that in 2024.

3.5. Path Analysis of Yield Formation in Feed Mulberry Under Variable Water and
Fertilizer Inputs

The structural equation model (Figure 9) illustrates the direct and indirect effects of
irrigation (I) and fertilization (F) on feed mulberry yield (C) and related variables. Irrigation
significantly increased total water consumption (H, 0.58 **) and improved soil nutrient
availability (T, 0.29 **). Fertilization also had a significant positive effect on soil nutrient
status (T, 0.12 **). Total water consumption enhanced soil nutrient availability (0.64) and
water use efficiency (W, 0.47). Soil nutrient content exerted the strongest direct positive
effect on yield (0.68 **), followed by total water consumption (0.33 **). Soil nutrients also
significantly increased leaf nutrient contents (Y, 0.77 **), although the direct effect of leaf
nutrients on yield was not significant (p > 0.05). The model fit indices were χ2/df = 2.18,
RMSEA = 0.065, CFI = 0.94, TLI = 0.91, SRMR = 0.048, indicating a good model fit.

Figure 6. The water use efficiency of feed mulberry in 2023–2024. “I” stands for irrigation and “F” for
fertilization, and “I × F” for interaction effect. Bars represent means ± SE (n = 3). Different lowercase
letters above bars indicate significant differences among treatments at p < 0.05 (LSD post hoc test).
The significance of I, F, and their interaction (I × F) was determined using split-plot ANOVA.
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Figure 7. The irrigation water efficiency of feed mulberry in 2023–2024. “I” stands for irrigation and “F”
for fertilization, and “I × F” for interaction effect. Bars represent means ± SE (n = 3). Different lowercase
letters above bars indicate significant differences among treatments at p < 0.05 (LSD post hoc test). The
significance of I, F, and their interaction (I × F) was determined using split-plot ANOVA.

Figure 8. The agronomic utilization efficiency of nitrogen in feed mulberry. Bars represent means ± SE
(n = 3). Different lowercase letters above bars indicate significant differences among treatments at
p < 0.05 (LSD post hoc test). The significance of I, F, and their interaction (I × F) was determined
using split-plot ANOVA.
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Figure 9. The structural equation model (AMOS), which describes the factors influencing crop yield.
Each box represents the observed variable or latent variable. Blue arrows indicate positive effects,
while red arrows indicate negative effects. Solid lines represent paths that passed the significance test,
whereas dashed lines denote non-significant paths. ** indicates p < 0.01. I, irrigation; F, fertilization; H,
total water consumption; T, soil nitrogen, phosphorus and potassium content; Y, nitrogen, phosphorus
and potassium content in leaves; W, soil moisture use efficiency; C, yield.

4. Discussion
4.1. Effects of Water–Fertilizer Coupling on Soil Water and Nutrient Balance in Feed Mulberry

Different water and fertilizer management practices influence the distribution and
content of soil water and nutrients [52]. In this study, when irrigation volume was equal
across treatments, the soil water content (SWC) in the root zone was relatively higher
under F1 and F2. Moreover, SWC in the surface layer was generally greater than in
deeper soil. These differences may be related to the short-term infiltration dynamics
of water–fertilizer mixtures in the soil [53]. Studies indicate that increased fertilizer
input can enhance cohesion between soil particles [54]. The high viscosity and pore-
blocking effects of fertilizers reduce water infiltration, thus increasing soil water content
(SWC) in the surface root zone [53]. This pattern of SWC distribution corresponded
with higher nutrient contents in the topsoil, underscoring that water availability is cru-
cial for fertilizer function. From a long-term perspective, increased soil aggregation im-
plies improved soil structural stability, which subsequently enhances soil water-holding
capacity [55].

Total seasonal water consumption (ET) increased with higher irrigation supply across
treatments. This may be attributed to improved soil physical and hydraulic properties
due to fertilization, which promotes root growth and enhances the plant’s capacity to
acquire both water and nutrients [56]. However, under I1 and I3 irrigation levels, ET
first increased and then decreased with increasing fertilizer rate; under I2, a gradual
increasing trend was observed. This is a critical and interesting shift, indicating that more
irrigation is not always better. A possible explanation for this pattern is as follows. Under
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low irrigation (I1), water is the primary limiting factor for feed mulberry growth. An
appropriate fertilizer rate (F3) maximized nutrient use efficiency and promoted plant
growth. Further increase in fertilizer (F4), however, raised soil solution salinity, inducing
“physiological drought” [57,58]. Under such water stress, plants enter a “survival mode,”
with root uptake capacity constrained by reduced photosynthesis, thereby inhibiting water
and nutrient absorption. Under the I2 irrigation level combined with a higher fertilizer rate
(F4), an optimal water–fertilizer balance was achieved within the water-limited condition,
promoting uptake. Under high irrigation (I3), excessive water displaced air from soil pores,
leading to poor aeration, root hypoxia, and inhibited respiration, which impaired water
and nutrient uptake [59]. These interpretations, while speculative, are consistent with
previous findings and warrant further investigation. Simultaneously, nutrient leaching
occurred—especially for mobile nutrients such as nitrogen—which percolated into deeper
soil layers, resulting in fertilizer waste and environmental risk [60]. Therefore, water–
fertilizer coupling has important implications for guiding soil water conservation and
moisture retention practices.

4.2. Water–Fertilizer Coupling Enhances Feed Mulberry Yield

Water and fertilizer, as the most critical environmental factors influencing crop growth
and development, not only participate in cellular structure and metabolic processes but
also provide the basis for material transport, photosynthesis, and nutrient uptake [61].
Increased irrigation significantly enhances leaf weight, shoot weight, and yield of feed
mulberry. Therefore, in arid and semi-arid regions, improving soil water retention and
nutrient supply is key to achieving stable and increased crop yield. Under low irriga-
tion (I1), the F3 treatment achieved significantly higher yield than other fertilizer rates
(p < 0.05), representing an optimal water–fertilizer balance under water-limited condi-
tions. The combination of I2 irrigation with F4 ensured adequate supply of both water
and nutrients, synergistically promoting the highest yield. Under high irrigation (I3), the
F3 treatment represented the critical point of water–fertilizer coupling; further increasing
fertilizer to F4 led to a yield reduction. In summary, both irrigation and fertilization exhib-
ited compensatory effects on feed mulberry yield, with the I3F3 treatment achieving the
maximum yield.

Appropriate field management practices can enhance the accumulation of N, P, and K.
Leaf N content in mulberry is influenced by yield and soil N input [62]. The higher N input
in the F3 treatment improved cellular metabolic capacity for N absorption and utilization,
thereby increasing leaf N content with elevated N fertility. However, with further fertilizer
increase (F4), N not promptly absorbed or immobilized on the soil surface could be lost
via runoff. Moreover, soil has a limited capacity to retain nitrate. Excessive N application
produces nitrate beyond the retention capacity of both soil and plants [52], making it highly
susceptible to leaching into deeper layers by rainfall or irrigation. This reduced soil N
content and consequently lowered N content in the yield, a finding consistent with Hou
et al. (2025) [63]. Feed mulberry leaves exhibited relatively high P content. Phosphorus is a
key raw material supporting rapid growth and high yield [64] and is essential for energy
metabolism (ATP) and nucleic acid synthesis (DNA/RNA) in plants [65]. It is therefore
plausible that vigorous physiological activity drove P accumulation in leaves. Regarding
potassium, the results showed that leaf K content ranged from 3.35 to 17.87 kg·ha−1, sub-
stantially lower than N and P contents. Physiologically, mulberry prioritizes the allocation
of mobile K to new tissues and storage organs, leaving less in mature leaves. Function-
ally, as photosynthetic organs, mulberry leaves are primarily dedicated to photosynthesis,
carbohydrate production, and protein synthesis [66,67]. Therefore, the I2F3 treatment,
as an optimized water–fertilizer coupling practice, not only significantly improved soil
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fertility but also increased leaf N, P, and K contents, contributing to sustainable agricultural
development in arid and semi-arid regions.

4.3. Optimizing Water–Fertilizer Management for Efficient Forage Production

The WUE of feed mulberry is jointly determined by water consumption and yield,
whereas IWE is influenced by irrigation volume and yield. Higher WUE alongside relatively
stable yield can be achieved under limited water supply. Under low irrigation (I1), the
F3 treatment attained the highest WUE under water-limited conditions. The combination
of I2 irrigation with F4 ensured both adequate water and nutrient supply, synergistically
promoting high yield and consequently the highest WUE. Under high irrigation (I3), the
F3 treatment represented the critical point of water–fertilizer coupling; further increasing
fertilizer to F4 reduced both yield and WUE. The effect of fertilizer rate on WUE is twofold.
Within an optimal range, fertilizer application supplies appropriate levels of N, P, and
K, which expands leaf area, enhances photosynthetic rate and dry matter accumulation,
and thereby increases yield [68]. When the increase in yield surpasses the increase in
water consumption, WUE rises. Conversely, exceeding this optimal fertilizer range reduces
WUE [32], as excessive nutrients alter the plant’s tolerance to water stress [69]. Under water
stress, stomatal closure reduces photosynthesis, decreasing leaf-level water use efficiency
and yield per unit of transpired water [70]. In contrast, IWE is primarily governed by
irrigation amount, with lower irrigation leading to higher IWE—a phenomenon attributable
to the diminishing marginal return of irrigation on yield.

Regarding the agronomic use efficiency of N under low irrigation and fertilizer rates,
fertilization significantly boosted yield, thereby improving agronomic efficiency [71]. How-
ever, as fertilizer input increased, the crop’s demand for additional nutrients gradually
diminished, leading to smaller marginal yield gains and lower agronomic efficiency. When
fertilizer application reached a certain threshold, the nutrient uptake capacity of both soil
and crop roots approached saturation [59]. Further increases in fertilizer not only failed
to enhance uptake but also promoted nutrient losses, reducing efficiency. Irrigation level
also significantly affected agronomic nutrient use efficiency. Under a given fertilizer rate,
agronomic efficiency followed a parabolic trend with increasing irrigation, indicating that
appropriate irrigation improves soil moisture conditions, promotes nutrient dissolution
and root uptake, and thus enhances efficiency [59]. However, excessive irrigation can cause
waterlogging and poor aeration, inhibiting root growth and nutrient uptake, thereby re-
ducing efficiency. Therefore, moderate irrigation helps achieve a synergistic effect between
water and nutrients, optimizing their absorption and utilization [72,73]. Consequently, the
I3F3 treatment can be regarded as the optimal water and fertilizer management strategy in
the study region, balancing yield with resource-use efficiency.

The AMOS results revealed significant irrigation × fertilization interactions on yield,
ET, and WUE (p < 0.05), indicating that the response of feed mulberry to fertilization de-
pended strongly on irrigation level. The structural equation model further revealed that soil
nutrient availability was the most direct driver of yield (standardized path coefficient = 0.68,
p < 0.05), followed by total water consumption (0.33, p < 0.05) [74,75]. This is consistent
with previous studies showing that improved soil nutrient status enhances biomass accu-
mulation, particularly under adequate water supply [76].

Several limitations of this study should be acknowledged. First, the experiment
was conducted under site-specific soil (Arenosol) and climatic conditions in the North
China Plain, and the results may not be directly generalizable to other regions with dif-
ferent soil types or rainfall patterns. In particular, the assumption that deep percolation
was negligible in the ET calculation—based on the split-irrigation design (three appli-
cations per season, 45 mm per event) and low seasonal rainfall—requires further vali-
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dation. While the soil water deficit data measured before each irrigation event support
this assumption, we acknowledge that no direct measurements of deep percolation or
leaching were made in this study. Second, the experiment lasted only two years, and
the long-term effects of water–fertilizer coupling on soil quality, nutrient dynamics, and
production stability remain unclear. Future studies should (1) extend the experimental
duration to capture inter-annual variability and long-term soil health trends, (2) include
direct measurements of deep percolation and nutrient leaching (e.g., using lysimeters
or soil moisture sensors at depth) to refine ET estimates and N balance, and (3) test the
applicability of these findings under different soil and climatic conditions to support
broader extrapolation.

5. Conclusions
In summary, under the specific experimental conditions of this study in the North

China Plain, feed mulberry yield varied substantially from 9.84 to 41.66 t·ha−1. The I3F3
treatment (135 mm irrigation combined with 225 kg·ha−1 urea) produced the highest yield,
water consumption, and favorable water use efficiency. The optimal water–fertilizer regime
identified herein is applicable only to the soil, climate, and cultivar used in this study.
These findings provide a theoretical basis for efficient water–fertilizer management for feed
mulberry production in the North China Plain.
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