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Abstract

In modern livestock production, a reliable supply of high-quality forage is essential for
sustaining animal productivity and product quality. Although nitrogen (N) fertilization
can promote forage growth, excessive N inputs often result in low agronomic nitrogen
use efficiency (NAUE) and increased environmental risks. Biochar, owing to its porous
structure, high specific surface area, and physicochemical stability, can improve soil phys-
ical properties, enhance water and nutrient retention, and regulate soil N availability.
However, the mechanisms by which biochar combined with reduced N rate fertilization
affects NAUE in artificial grasslands remain insufficiently quantified. A two-year field ex-
periment was conducted at the Grassland Science Experimental Station of Xinjiang Agri-
cultural University on the northern slope of the Tianshan Mountains, Xinjiang, China.
Eight treatments were established using a factorial design with two biochar rates (0 and
20 t-ha™1; BO and B20) and four N application rates (0, 75, 150, and 225 kg-ha™'; NO, N75,
N150, and N225). Results showed that biochar application significantly decreased soil
bulk density and increased soil water content and electrical conductivity. It also elevated
soil total carbon, total nitrogen, total phosphorus, NH«+—N, and NOs—N concentrations,
with B20N150 exhibiting the highest overall nutrient status. Plant community diversity
indices did not differ significantly among treatments (p > 0.05), though B20 slightly en-
hanced Shannon-Wiener and Simpson indices under NO and N75. Moderate N applica-
tion significantly increased hay yield, whereas the highest N rate (225 kg-ha™) did not
further improve yield and reduced NAUE. Biochar combined with N75 or N150 improved
NAUE, and B20N150 achieved the best balance of high hay yield and high NAUE. Struc-
tural equation modeling revealed that soil water content (path coefficient = 0.45), NH«*-N
(0.27), and plant community diversity (0.20) were key positive drivers of NAUE, with bi-
ochar exerting indirect effects primarily via improving soil water and available N. Collec-
tively, applying 20 t-ha! biochar with 150 kg-ha™ N (B20N150) is recommended as an
optimal strategy for N rate reduction and NAUE enhancement in artificial grasslands of
arid and semiarid regions.
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1. Introduction

Grasslands constitute a fundamental component of terrestrial ecosystems and serve
as a critical natural resource underpinning livestock production and ecological security
[1]. As the material basis of pastoral animal husbandry, forage grasses directly determine
livestock feeding standards and the overall economic returns of grassland-based produc-
tion systems through their yield and nutritional quality [2]. Artificial (sown) grasslands,
established and managed through agronomic practices including seeding, fertilization,
irrigation, and mowing, are designed to provide high-yielding, high-quality, and stable
forage supplies, thereby compensating for the limited productivity of natural grasslands
and meeting the increasing demand for livestock feed [3]. However, prolonged utilization
of artificial grasslands frequently leads to soil fertility depletion, simplification of commu-
nity structure, and deterioration of forage yield and nutritional quality, primarily driven
by intensive harvesting regimes, continuous nutrient removal, and suboptimal manage-
ment practices [4,5]. Consequently, developing scientifically sound nutrient management
strategies that sustain grassland productivity while enhancing resource use efficiency rep-
resents a pressing challenge for the sustainable development of grassland agriculture.

Nitrogen (N) is one of the essential macronutrients required for forage growth and
development and constitutes a key limiting factor governing the productivity of artificial
grasslands [6]. Appropriate N fertilizer application promotes root and shoot growth, en-
hances photosynthetic capacity and assimilate accumulation, and thereby increases plant
height, tiller number, aboveground biomass, and ultimately forage yield [7,8]. Neverthe-
less, long-term or excessive N fertilization not only increases N losses and reduces N use
efficiency but may also trigger a cascade of adverse environmental consequences, includ-
ing soil acidification, eutrophication of water bodies, and elevated greenhouse gas emis-
sions. With the deepening implementation of green agricultural development concepts,
reducing irrational chemical fertilizer inputs and improving fertilizer use efficiency have
become central priorities in the governance of agricultural non-point source pollution and
the sustainable management of grassland ecosystems. In 2019, a national policy document
in China explicitly stated that efforts should be made to “strengthen the control of agri-
cultural non-point source pollution, implement fertilizer and pesticide reduction actions,
and achieve negative growth in chemical fertilizer and pesticide use” [9]. Therefore, ex-
ploring effective approaches for N reduction and efficiency enhancement in artificial
grasslands —maintaining or improving forage yield while decreasing N inputs—is of con-
siderable significance for the green and efficient development of grassland-based animal
husbandry.

Biochar is a carbon-rich material produced through the pyrolysis of biomass under
oxygen-limited conditions, characterized by a well-developed pore structure, high spe-
cific surface area, strong physicochemical stability, and pronounced adsorption capacity
[10,11]. As a novel amendment that integrates carbon sequestration, emission reduction,
and soil amelioration functions, biochar has attracted increasing research attention in ag-
ricultural and grassland ecosystem studies in recent years. Previous investigations have
demonstrated that biochar incorporation into soil can improve soil physical structure by
reducing bulk density, increasing porosity, and enhancing water-holding capacity and
aeration. Simultaneously, biochar can regulate soil pH, strengthen cation exchange capac-
ity and nutrient adsorption, thereby mitigating nutrient leaching risks and improving soil
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fertility retention [12,13]. Moreover, biochar itself contains appreciable quantities of or-
ganic carbon along with mineral elements such as N, phosphorus (P), and potassium (K),
which can be slowly released into the soil to supplement plant nutrient demands [14-16].
These slow-release and adsorptive properties contribute to reducing chemical fertilizer
application rates, improving fertilizer use efficiency, and lowering the risk of agricultural
non-point source pollution [17,18]. Accordingly, the combined application of biochar and
N fertilizer may represent a promising management strategy for achieving simultaneous
N reduction, yield maintenance, and efficiency enhancement in artificial grasslands.

The combined application of biochar and N fertilizer has recently been recognized as
a promising strategy for improving soil fertility, sustaining crop productivity, and en-
hancing N use efficiency. Numerous studies have shown that biochar can interact with
applied N fertilizer by altering soil physical structure, increasing water retention, improv-
ing cation exchange capacity, and providing abundant adsorption sites for inorganic N,
thereby reducing N loss through leaching, volatilization, and gaseous emissions [19-22].
Meta-analyses have further confirmed that biochar amendments generally increase crop
yield and fertilizer use efficiency, although the magnitude of these effects depends
strongly on soil type, biochar properties, application rate, climatic conditions, and ferti-
lizer management [23-25]. In field experiments, biochar combined with N fertilizer has
been reported to increase soil organic carbon, available N, crop biomass, and yield in
maize, wheat, and rice systems, while also improving N retention and reducing environ-
mental risks associated with excessive N inputs [26-28]. For example, Zhang et al. found
that biochar amendment combined with N fertilization improved maize yield and re-
duced greenhouse gas emissions in a calcareous soil, suggesting that biochar can enhance
the agronomic and environmental performance of N fertilizer use [26]. Similarly, studies
in paddy soils demonstrated that biochar incorporation altered soil N transformation pro-
cesses, improved soil fertility, and contributed to higher crop productivity under N ferti-
lization [27,28]. However, most existing studies have focused on cropland systems,
whereas evidence from artificial grasslands remains scarce. In arid and semiarid artificial
grasslands, where soil water limitation, nutrient depletion, and low N use efficiency often
occur simultaneously, the mechanisms by which biochar and reduced N fertilizer jointly
regulate soil moisture, available N supply, forage yield, and agronomic N use efficiency
remain insufficiently understood. Therefore, further field-based studies are needed to
clarify whether biochar can serve as an effective amendment for achieving N reduction
and efficiency enhancement in artificial grassland ecosystems.

Based on the foregoing considerations, we hypothesized that: (i) moderate N ferti-
lizer addition increases forage yield and agronomic N use efficiency (NAUE), whereas
excessive N application diminishes NAUE; (ii) biochar amendment improves soil struc-
ture, enhances soil water content and available nutrient concentrations, thereby optimiz-
ing the growing environment for forage species; (iii) the co-application of biochar with
moderate N fertilizer exerts synergistic effects, enabling the maintenance or improvement
of forage yield with reduced N inputs while enhancing NAUE; and (iv) soil moisture,
available N, and plant community diversity serve as important mediating factors driving
variations in NAUE.

To test these hypotheses, the present study employed a field-based controlled exper-
iment in an artificial grassland, with treatments comprising different biochar application
rates and N fertilizer levels. Soil bulk density, soil water content, soil ammonium N, plant
community diversity, forage yield, and NAUE were measured. Data were analyzed using
analysis of variance (ANOVA), correlation analysis, principal component analysis (PCA),
and structural equation modeling (SEM), implemented through Excel, SPSS, and R soft-
ware platforms. The overarching objective was to systematically elucidate the effects of
biochar and N fertilizer co-application on the soil-plant system and N use efficiency in
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artificial grasslands, and to determine whether biochar can improve soil conditions, sus-
tain forage productivity, and enhance NAUE under reduced N fertilization regimes,
thereby providing a theoretical foundation for N-efficient and sustainable management of
artificial grasslands.

2. Results
2.1. Responses of Soil Physicochemical Properties to Nitrogen Rate and Biochar
2.1.1. Soil Bulk Density and Water Content

Repeated-measures ANOVA indicated that biochar and year exerted highly signifi-
cant effects on soil bulk density (p <0.01), whereas N fertilizer and the biochar x N ferti-
lizer interaction did not significantly affect this parameter (Table 1). Soil water content
was significantly influenced by biochar, N fertilizer, and year (all p < 0.01), but the biochar
x N fertilizer interaction was not significant (Table 1).

As shown in Figure 1, soil bulk density was consistently lower in biochar-amended
(B20) plots compared with unamended (BO) plots across both years. In September 2023,
differences in bulk density among treatments were relatively small. By September 2024,
the bulk density-reducing effect of biochar became more pronounced, with B20 signifi-
cantly lower than BO under the NO and N150 levels (p < 0.05). No consistent significant
differences in bulk density were observed among N fertilizer levels.

Regarding soil water content, biochar amendment generally increased SWC across
both years. In September 2023, B20 significantly increased SWC compared with BO under
the N75, N150, and N225 levels (p < 0.05). In September 2024, B20 significantly increased
SWC under the NO, N150, and N225 levels (p < 0.05). N fertilizer application also influ-
enced SWC to some extent, although the response patterns varied between years. Overall,
the positive effect of biochar on SWC was consistent across both years, whereas the bulk
density reduction effect was more evident in the second year.
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Figure 1. Effects of nitrogen rate and biochar addition on soil bulk density and water content. Note:
NO, N75, N150, and N225 indicate nitrogen application rates of 0, 75, 150, and 225 kg N ha™, respec-
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tively; BO and B20 indicate biochar application rates of 0 and 20 t ha™, respectively. Different upper-
case letters indicate significant differences among nitrogen application rates under the same biochar
level, whereas different lowercase letters indicate significant differences between biochar levels
within the same nitrogen application rate at p < 0.05. The absence of letters indicates no significant
difference (p > 0.05). Error bars represent standard errors of the mean (n =5). B, biochar; N, nitrogen
application rate; B x N, interaction between biochar and nitrogen application rate; ns, not significant.

** p <0.01. The same notation applies to subsequent figures.

Table 1. Repeated-measures ANOVA results for the effects of biochar (B), nitrogen rate (N), year,

and their interactions on soil physicochemical properties (2023-2024).

B N BxN Year B x Year N x Year B x N x Year
F P F P F P F P F P F P F P
SBD (g/cm3)  28.40 ** 026 085 026 085 5550 ** 257 012 071 055 013 094
SWC (%) 40.54 ** 7.31 ** 046 071 1193 ** 0.01 093 036 078 094 043

Note: SBD, soil bulk density; SWC, soil water content. ** indicate significance at p <0.05 and p <0.01,
respectively.

2.1.2. Soil pH and Electrical Conductivity

Asiillustrated in Figure 2, soil pH exhibited minimal variation across treatments, with
no consistent significant differences detected among treatment combinations. In contrast,
soil electrical conductivity (EC) showed a more pronounced response to fertilization treat-
ments. In September 2023, EC was significantly higher under N150 and N225 compared
with NO (p <0.05); at the N150 level, B20 significantly increased EC relative to BO (p <0.05).
In September 2024, B20 significantly increased EC compared with BO under the NO and
N75 levels (p < 0.05). Overall, both biochar and N fertilizer application increased soil EC,
although the magnitude of the response varied across years and N fertilizer levels.
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Figure 2. Effects of nitrogen rate and biochar addition on soil pH and electrical conductivity. (a) Soil

pH in September 2023; (b) Soil electrical conductivity in September 2023; (c) Soil pH in September
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2024; (d) Soil electrical conductivity in September 2024.Note: NO, N75, N150, and N225 indicate ni-
trogen application rates of 0, 75, 150, and 225 kg N ha™, respectively; BO and B20 indicate biochar
application rates of 0 and 20 t ha™, respectively. Different uppercase letters indicate significant dif-
ferences among nitrogen application rates under the same biochar level, whereas different lower-
case letters indicate significant differences between biochar levels within the same nitrogen applica-
tion rate at p < 0.05. The absence of letters indicates no significant difference (p > 0.05). Error bars
represent standard errors of the mean (1 = 5). B, biochar; N, nitrogen application rate; B x N, inter-
action between biochar and nitrogen application rate; ns, not significant. * p < 0.05; ** p < 0.01. The

same notation applies to subsequent figures.

2.2. Responses of Soil Nutrients to Nitrogen Rate and Biochar
2.2.1. Soil Total Carbon, Total Nitrogen, and Total Phosphorus

As shown in Figure 3, soil TC and TN concentrations exhibited a general pattern of
initial increase followed by decrease with increasing N application rate, with the highest
values observed under the B20N150 treatment. Compared with NO, the N150 treatment
significantly increased soil TC and TN concentrations (p < 0.05). Under the same N ferti-
lizer level, biochar amendment (B20) generally increased soil TC and TN, indicating that
biochar addition facilitated soil carbon and nitrogen accumulation.

Soil TP concentration was also influenced by biochar and N fertilizer treatments.
Among N levels, moderate N application tended to increase soil TP. At the N150 level,
B20 significantly increased TP compared with BO (p < 0.05). Overall, the B2ON150 treat-
ment exhibited the highest concentrations of TC, TN, and TP, suggesting that biochar
combined with moderate N fertilization was most effective in enhancing total soil nutrient
levels in the artificial grassland.
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Figure 3. Effects of nitrogen rate and biochar addition on soil total carbon, total nitrogen, and total
phosphorus concentrations.(a) Soil total carbon in September 2023; (b) Soil total nitrogen in Septem-
ber 2023; (c) Soil total phosphorus in September 2023; (d) Soil total carbon in September 2024; (e)
Soil total nitrogen in September 2024; (f) Soil total phosphorus in September 2024 Note: NO, N75,
N150, and N225 indicate nitrogen application rates of 0, 75, 150, and 225 kg N ha™, respectively; BO
and B20 indicate biochar application rates of 0 and 20 t ha™, respectively. Different uppercase letters

indicate significant differences among nitrogen application rates under the same biochar level,
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whereas different uppercase letters indicate significant differences between biochar levels within
the same nitrogen application rate at p < 0.05. The absence of letters indicates no significant differ-
ence (p > 0.05). Error bars represent standard errors of the mean (n = 5). B, biochar; N, nitrogen
application rate; B x N, interaction between biochar and nitrogen application rate; ns, not significant.
* p <0.05; ** p <0.01. The same notation applies to subsequent figures.

2.2.2. Soil Ammonium and Nitrate

As presented in Figure 4, soil NH+~N and NOs—N concentrations responded mark-
edly to biochar and N fertilizer treatments. Both parameters exhibited a pattern of initial
increase followed by decrease with increasing N application rate, with the B20N150 treat-
ment yielding the highest concentrations.

ANOVA results confirmed that both biochar and N fertilizer significantly affected
soil NH+—N and NOs—N concentrations (p < 0.05). Under the same N level, B20 generally
increased both NH+—N and NOs—N, indicating that biochar enhanced soil inorganic N
availability. Compared with the unfertilized control, moderate N application significantly
increased NHs+—N and NOs—N; however, inorganic N concentrations did not continue to
increase under the highest N rate (N225). Collectively, the B20N150 treatment exhibited
the highest soil inorganic N concentrations, demonstrating that biochar combined with a
moderate N rate was most effective in improving available N supply.
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Figure 4. Effects of nitrogen rate and biochar addition on soil ammonium (NHs*—N) and nitrate
(NOs—N) concentrations. (a) Soil ammonium nitrogen in September 2023; (b) Soil nitrate nitrogen
in September 2023; (c¢) Soil ammonium nitrogen in September 2024; (d) Soil nitrate nitrogen in Sep-
tember 2024 Note: NO, N75, N150, and N225 indicate nitrogen application rates of 0, 75, 150, and
225 kg N ha', respectively; BO and B20 indicate biochar application rates of 0 and 20 t ha™?, respec-
tively. Different uppercase letters indicate significant differences among nitrogen application rates
under the same biochar level, whereas different uppercase letters indicate significant differences
between biochar levels within the same nitrogen application rate at p < 0.05. The absence of letters

indicates no significant difference (p > 0.05). Error bars represent standard errors of the mean (n =5).
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B, biochar; N, nitrogen application rate; B x N, interaction between biochar and nitrogen application

rate; ns, not significant. * p <0.05; ** p <0.01. The same notation applies to subsequent figures.

2.3. Effects of Nitrogen Rate and Biochar on Plant Community Diversity

As shown in Figure 5, the Chaol, Simpson, and Shannon diversity indices did not
differ significantly among treatments (p > 0.05). The Chaol index exhibited minimal vari-
ation across treatments, indicating that the treatments had limited effects on species rich-
ness. In contrast, the Simpson and Shannon indices displayed some fluctuation among
treatments; B20 tended to yield higher values than BO under the NO and N75 levels, sug-
gesting a potential trend toward enhanced community diversity and evenness with bio-
char amendment under low-N conditions. However, pairwise comparisons confirmed
that these trends did not reach statistical significance.
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Figure 5. Effects of biochar and nitrogen rate addition on plant community diversity indices (Chaol,
Simpson, and Shannon). (a) Chaol index of plant communities; (b) Simpson index of plant commu-
nities; (c) Shannon index of plant communities Note: no pairwise comparisons reached significance
(p > 0.05).

2.4. Responses of Hay Yield and Agronomic Nitrogen Use Efficiency to Nitrogen Rate and Biochar
2.4.1. Hay Yield

Asiillustrated in Figure 6, hay yield was significantly increased under the N150 treat-
ment compared with NO (p < 0.05). Total annual hay yield was also significantly higher
under N150 relative to NO (p < 0.05). Under the N150 level, biochar application (B20) fur-
ther increased total hay yield in 2024 (p < 0.05).
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Figure 6. Effects of biochar and nitrogen application rate on hay dry matter yield in July, September,
and the whole year of 2023 and 2024. (a) Forage yield of the first cutting in July 2023; (b) Forage
yield of the second cutting in September 2023; (c) Annual total forage yield in 2023; (d) Forage yield
of the first cutting in July 2024; (e) Forage yield of the second cutting in September 2024; (f) Annual
total forage yield in 2024 Note: NO, N75, N150, and N225 indicate nitrogen application rates of 0, 75,
150, and 225 kg N ha™, respectively; BO and B20 indicate biochar application rates of 0 and 20 t ha™,
respectively. Different uppercase letters indicate significant differences among nitrogen application
rates under the same biochar level, whereas different lowercase letters indicate significant differ-
ences between biochar levels within the same nitrogen application rate at p < 0.05. The absence of
letters indicates no significant difference (p > 0.05). Error bars represent standard errors of the mean
(n = 5). B, biochar; N, nitrogen application rate; B x N, interaction between biochar and nitrogen
application rate; ns, not significant. * p < 0.05; ** p < 0.01. The same notation applies to subsequent
figures.

2.4.2. Agronomic Nitrogen Use Efficiency

As shown in Figure 7, NAUE differed significantly among N fertilizer levels. Overall,
NAUE was higher under low and moderate N rates and decreased under the highest N
rate. Specifically, NAUE under N75 and N150 was significantly higher than under N15 (p
< 0.05), indicating that reduced N application improved the yield return per unit of N
input.

Under the same N level, biochar amendment generally increased NAUE, with some
treatment comparisons reaching statistical significance (p < 0.05). Compared with sole N
fertilization, the combined application of biochar and N fertilizer resulted in higher
NAUE, demonstrating that biochar enhanced N fertilizer utilization efficiency. Among all
treatments, B2ON75 and B20N150 exhibited the highest NAUE values, with B20N150
achieving both high hay yield and high NAUE simultaneously.
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Figure 7. Effects of nitrogen rate and biochar addition on agronomic nitrogen use efficiency (NAUE).
Note: NO, N75, N150, and N225 indicate nitrogen application rates of 0, 75, 150, and 225 kg N ha,
respectively; BO and B20 indicate biochar application rates of 0 and 20 t ha™, respectively. Different
uppercase letters indicate significant differences among nitrogen application rates under the same
biochar level, whereas different lowercase letters indicate significant differences between biochar
levels within the same nitrogen application rate at p < 0.05. The absence of letters indicates no sig-
nificant difference (p > 0.05). Error bars represent standard errors of the mean (n = 5). B, biochar; N,
nitrogen application rate; B x N, interaction between biochar and nitrogen application rate; ns, not

significant. ** p <0.01. The same notation applies to subsequent figures.

2.5. Driving Factor Analysis of Agronomic Nitrogen Use Efficiency
2.5.1. Linear Mixed-Effects Model Analysis

To further clarify the relative contributions of biochar, N fertilizer, and their interac-
tion to NAUE variation, a linear mixed-effects model was employed. The results indicated
that both biochar and N fertilizer significantly explained NAUE variation, accounting for
40.13% and 45.00% of the total variance, respectively. The interaction between biochar and
N fertilizer explained 14.87% of the variance but did not reach statistical significance (Fig-
ure 8). These findings suggest that, under the conditions of this study, biochar and N fer-
tilizer influenced NAUE primarily through independent rather than interactive effects.

Further grouped variable analysis revealed that plant-related indicators, soil nutrient
indicators, and soil physicochemical indicators contributed comparably to NAUE varia-
tion, explaining 34.06%, 33.80%, and 32.14% of the variance, respectively. Both the mar-
ginal R? and conditional R? of the model were 0.447, indicating that the fixed effects ex-
plained approximately 44.7% of the total NAUE variation.

Individual effect estimates showed that among soil nutrient indicators, NH+-N,
NOs—N, TP, TN, and TC all exhibited positive effects on NAUE, indicating that higher
soil nutrient concentrations were closely associated with enhanced NAUE. Among plant-
related indicators, the Shannon and Simpson indices exerted significant positive effects
on NAUE (p < 0.05), whereas the Chaol index had a weaker effect. Soil physicochemical
indicators showed mixed directional effects on NAUE, suggesting that the influence of
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soil physical properties on NAUE is complex and warrants further investigation through
structural equation modeling.

(A) (B) () Marginal R*: 0.447 (D)
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Figure 8. Linear mixed-effects model analysis of the relative contributions of biochar, nitrogen rate,
and their interaction to agronomic nitrogen use efficiency variation. Note: (A) Variance contribu-
tions of biochar addition (B), nitrogen rate (N), and their interaction (B x N) to agronomic nitrogen
use efficiency (NAUE) indicated by a linear mixed-effects model. *** p < 0.001; ** p < 0.01; ns: not
significant. (B) Venn diagram showing unique and shared contributions of biochar (B) and nitrogen
rate (N) to NAUE variance. B contributed 40.13%, N contributed 45%, and their interaction contrib-
uted 14.87%. (C) Stacked bar plot showing the percentage contributions of three factor types to
NAUE: soil nutrient content (33.80%, red), soil physicochemical indices (32.14%, blue), and plant-
related factors (34.06%, green). (D) Coefficients and significance levels of environmental variables
in the LMM. Factors from soil nutrient content (red), soil physicochemical indices (blue), and plant-
related indices (green) were analyzed. * 0.01 < p <0.05; Abbreviations: NH: ammonium, NO: nitrate,
TP: total phosphorus, TN: total nitrogen, TC: total carbon, SEC: soil electrical conductivity, SWC:
soil water content, SBD: soil bulk density.

2.5.2. Structural Equation Modeling

To disentangle the direct and indirect pathways through which biochar and N ferti-
lizer affect NAUE, a structural equation model was constructed. The model demonstrated
acceptable overall fit: x?/df = 1.06, CFI = 0.988, TLI = 0.976, RMSEA = 0.039, and SRMR =
0.077. The model explained 35.9% of the variance in NAUE (R?=0.359).

The SEM results revealed that soil water content, NH+*—N, and plant community di-
versity all exerted positive direct effects on NAUE, with standardized path coefficients of
0.45, 0.27, and 0.20, respectively (Figure 9). Soil water content exhibited the strongest di-
rect effect on NAUE, indicating that soil moisture status was a critical determinant of N
use efficiency. The positive effect of NH+—N on NAUE confirmed that enhanced available
N supply facilitated improved N utilization. Plant community diversity also positively
influenced NAUE, suggesting a functional linkage between community structure and N
cycling processes.

Biochar exerted pronounced effects on soil bulk density, soil water content, and
NH4+-N concentration, and influenced NAUE indirectly through these soil-mediated
pathways. nitrogen rate primarily affected NAUE through its influence on soil NH+-N
concentration. Additionally, soil water content exhibited a negative effect on plant com-
munity diversity, suggesting that changes in soil moisture may influence plant commu-
nity composition. Overall, the SEM demonstrated that biochar and N fertilizer primarily
enhanced NAUE through the regulation of soil moisture, available N supply, and plant
community diversity.
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Figure 9. Structural equation model depicting the driving pathways of biochar and nitrogen addi-
tion on agronomic nitrogen use efficiency (NAUE). Note: Red arrows indicate positive relationships;
blue arrows indicate negative relationships. Arrow thickness is proportional to the magnitude of
the standardized path coefficient. Numbers adjacent to arrows represent standardized path coeffi-
cients. B, biochar addition; N, nitrogen rate addition; SBD, soil bulk density; SWC, soil water content;
NH4*, ammonium; PC-SHDI, plant community Shannon diversity index; NAUE, agronomic nitro-

gen use efficiency.

3. Discussion
3.1. Effects of Nitrogen Rate and Biochar on Soil Physicochemical Properties

Soil physicochemical properties provide an important basis for regulating produc-
tivity and nutrient use efficiency in artificial grasslands. In this study, biochar addition
significantly reduced soil bulk density and increased soil water content, indicating a clear
improvement in soil physical structure. This finding is consistent with previous studies
showing that biochar, owing to its low density, porous structure, and large specific surface
area, can improve soil porosity, reduce bulk density, and enhance soil water-holding ca-
pacity after incorporation into soil [29-33]. Particularly in arid and semiarid regions, soil
water availability is often a key factor limiting forage growth and nitrogen uptake. There-
fore, the increase in soil water content induced by biochar addition may improve the root
growth environment and promote nutrient transport and absorption [34-36].

In the present study, the effects of biochar on soil bulk density and soil water content
varied across nitrogen application rates, with the B20N150 treatment showing a relatively
pronounced improvement. This suggests that the effect of biochar combined with nitro-
gen rate is not a simple additive response but is closely associated with nitrogen applica-
tion rate [37]. Moderate nitrogen input can promote plant growth and root development,
increasing root residues and organic matter inputs, thereby working together with biochar
to improve soil structure. However, excessive nitrogen application may increase soil sa-
linity or ionic concentrations, weakening soil structural stability and root activity. Thus,
the combined application of biochar at the N150 level may be more conducive to creating
a favorable soil physical environment.
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In addition, biochar and nitrogen rate addition significantly affected soil electrical
conductivity. Previous studies have reported that biochar contains ash and soluble min-
eral elements, which may temporarily increase soil soluble salt content after application
[31,32]. Nitrogen rate hydrolysis and transformation can also increase the ionic concentra-
tion in the soil solution. The results of this study are generally consistent with these find-
ings. However, because the soil in the study area is alkaline and the evaporation rate is
high, whether long-term biochar and nitrogen rate application may lead to salt accumu-
lation requires further investigation.

3.2. Effects of Nitrogen Rate and Biochar on Soil Nutrients

Soil carbon, nitrogen, and phosphorus contents directly determine soil fertility and
the capacity of soil to supply nutrients for forage growth. The results of this study showed
that the combined application of nitrogen rate and biochar increased soil total carbon,
total nitrogen, total phosphorus, ammonium, and nitrate contents, with most nutrient in-
dicators reaching relatively high levels under the B20N150 treatment. This finding is con-
sistent with previous studies showing that biochar can enhance soil nutrient retention by
directly supplying stable carbon sources, increasing nutrient adsorption, and reducing
leaching losses [37,38].

The increase in soil total carbon content following biochar addition is mainly attribut-
able to the stable carbon fractions contained in biochar, which are resistant to rapid de-
composition and can therefore contribute to the soil carbon pool. In addition, by improv-
ing soil structure and water conditions, biochar may promote plant biomass production
and root residue inputs, further enhancing soil organic carbon accumulation. With respect
to soil nitrogen, nitrogen rate directly increases external nitrogen inputs, whereas biochar
can adsorb ammonium and nitrate through its surface functional groups and porous
structure, thereby reducing nitrogen volatilization and leaching losses and increasing soil
available nitrogen content. Previous studies have also demonstrated that the combined
application of biochar and nitrogen rate can significantly increase soil inorganic nitrogen
content and delay nitrogen release processes [39,40], which is consistent with the results
of the present study.

Notably, soil nutrient contents did not increase continuously with increasing nitro-
gen application rate in this study, but instead showed an initial increase followed by a
decline, with the B20N150 treatment outperforming the B20N225 treatment. This indicates
that excessive nitrogen application does not continuously improve soil nutrient availabil-
ity; rather, it may reduce nutrient retention efficiency due to nitrate leaching, salt accumu-
lation, or inhibition of microbial processes. Similar studies have reported that appropriate
nitrogen application can promote soil nitrogen accumulation and plant uptake, whereas
excessive nitrogen input reduces nitrogen use efficiency and increases the risk of environ-
mental losses [41-43]. Therefore, the combined application of biochar with a moderate
nitrogen rate may be more favorable for achieving a balance between soil nutrient accu-
mulation and efficient nitrogen utilization.

3.3. Effects of Nitrogen Rate and Biochar on Hay Yield and Agronomic Nitrogen Use Efficiency

Nitrogen is a primary limiting nutrient for artificial grassland productivity. The pre-
sent study demonstrated that the N150 treatment significantly increased hay yield, con-
firming that moderate N application can alleviate N limitation and promote forage growth
and dry matter accumulation. This finding is consistent with previous reports that N fer-
tilization enhances forage yield, plant height, and tiller number [6-8]. Nitrogen promotes
chlorophyll and protein synthesis, enhances photosynthetic capacity, and thereby in-
creases forage productivity.
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However, when the N application rate was increased to N225, neither yield nor
NAUE improved further, indicating the existence of a response threshold for N fertiliza-
tion in artificial grasslands. Beyond this threshold, plant N uptake capacity may approach
saturation, and surplus N is susceptible to loss through leaching, volatilization, or deni-
trification, resulting in diminishing marginal returns. Previous research has similarly doc-
umented that crop yield increments typically decline with increasing N rates, while N use
efficiency decreases markedly [7,31]. Therefore, simply increasing N inputs is not an ef-
fective strategy for enhancing artificial grassland productivity.

Biochar amendment further improved NAUE, particularly under moderate N appli-
cation rates. This enhancement may be attributed to the capacity of biochar to improve
soil moisture and structure, thereby facilitating root nutrient acquisition, while simulta-
neously adsorbing and slowly releasing inorganic N to reduce N losses and increase the
yield benefit per unit of N input. Previous studies have demonstrated that biochar com-
bined with N fertilizer can improve fertilizer use efficiency and crop yield while reducing
N loss risks [13,18], consistent with the present findings.

The linear mixed-effects model further revealed that biochar and N fertilizer each
exerted strong independent explanatory effects on NAUE, suggesting that they influence
N utilization through distinct pathways. nitrogen rate primarily enhances NAUE by in-
creasing available N supply to promote forage growth, whereas biochar primarily im-
proves NAUE by ameliorating the soil physical environment and enhancing nutrient re-
tention capacity. The SEM results corroborated this interpretation, identifying SWC and
NH4-N as the most important direct drivers of NAUE, thereby establishing the pathway
of “moisture improvement — N retention — yield formation” as a key mechanism
through which biochar and N fertilizer co-application enhances N use efficiency.

Additionally, plant community diversity exerted a positive effect on NAUE. Higher
plant diversity facilitates complementary resource use among species through differenti-
ation in root distribution, temporal patterns of nutrient uptake, and resource acquisition
strategies, thereby enhancing the overall capacity of the community to intercept and uti-
lize N. This finding is consistent with the niche complementarity hypothesis in biodiver-
sity—ecosystem functioning theory, which posits that more diverse plant communities
generally exhibit higher resource use efficiency and greater production stability. There-
fore, in the fertilization management of artificial grasslands, maintaining an appropriate
plant community structure should be considered alongside optimizing soil nutrient sup-

ply.

3.4. Optimal Treatment Combination and Practical Implications

Integrating the results for soil physicochemical properties, soil nutrients, hay yield,
and NAUE, the present study identifies the B20N150 treatment—20 t-ha biochar com-
bined with 150 kg-ha N fertilizer—as the optimal management combination under the
experimental conditions. This treatment significantly improved soil bulk density and wa-
ter content, increased soil TC, TN, TP, and available N concentrations, and simultaneously
enhanced hay yield and NAUE. Compared with the conventional high-N treatment
(N225), the N150 level reduced N fertilizer input by approximately 33.3% while maintain-
ing comparable or higher yield, demonstrating the N-reduction and efficiency-enhance-
ment potential of biochar co-application.

This finding aligns with current national priorities for green agricultural develop-
ment and chemical fertilizer reduction. For artificial grasslands in arid and semiarid re-
gions, insufficient soil moisture, declining fertility, and low N use efficiency are primary
constraints on production. Biochar combined with moderate N fertilization can address
these constraints through improved soil structure, enhanced water and nutrient retention,
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and increased nutrient availability, thereby achieving synergistic benefits of soil amelio-
ration and forage yield enhancement.

Nevertheless, several limitations of the present study should be acknowledged. First,
the experimental duration was limited to two years, and the long-term aging effects of
biochar in soil and its sustained efficacy require verification through extended monitoring.
Second, N loss pathways—including ammonia volatilization, nitrate leaching, and N20
emissions—were not quantified, precluding a comprehensive environmental impact as-
sessment. Third, only a single biochar application rate was tested; future studies should
include multiple biochar rates and soil types to determine optimal application thresholds
and regional applicability.

In summary, biochar combined with moderate N fertilization can enhance artificial
grassland hay yield and NAUE by improving the soil physical environment, increasing
soil nutrient retention capacity, and promoting complementary resource utilization
within the plant community. The B20N150 treatment demonstrated superior performance
under the conditions of this study and may serve as a reference for N-reduction strategies
and soil quality improvement in artificial grasslands of the arid and semiarid regions of
Xinjiang.

4. Materials and Methods
4.1. Study Site Description

The experiment was conducted at the Grassland Science Experimental Station of Xin-
jlang Agricultural University, located in Xiejia’'gou Village, Urumgqi County, Xinjiang,
China (43°52' N, 87°09' E; elevation 1630 m a.s.l.). The site is situated on the mid-to-low
mountain belt of the northern Tianshan Mountains, characterized by gently undulating
foothill steppe topography. The regional climate is classified as continental temperate,
with a mean annual temperature of 3.3 °C, mean annual precipitation of approximately
300 mm (concentrated primarily during the summer months), and annual potential evap-
oration of 1100-1300 mm, yielding a pronounced aridity index (Ep/P = 3.7-4.3). The frost-
free period spans 120-140 days per year. The soil is classified as mountain chestnut soil
(Calcic Kastanozem according to the FAO-WRB classification system). Baseline soil phys-
icochemical properties measured prior to treatment establishment are presented in Table
2, with no significant differences detected among plots.

The experimental field was established as an artificial grassland in 2013 through me-
chanical tillage followed by mixed sowing of Onobrychis viciaefolia Scop. (sainfoin), Medi-
cago sativa L. (alfalfa), and Elytrigia repens (L.) Desv. ex Nevski (quackgrass). Since estab-
lishment, the site has been subjected to annual mowing for hay harvest without any addi-
tional fertilization, irrigation, grazing, or other management interventions, thus represent-
ing a typical long-term nutrient-depleting artificial grassland in the arid—semiarid region
of northern Xinjiang.

Table 2. Baseline soil physicochemical properties prior to treatment establishment. Soil water con-

tent was measured gravimetrically from soil samples collected before treatment application.

Soil pH

Electric Conduc- Bulk Density Water Con- Total Carbon Total Nitrogen  Total Phosphorus
tivity (mS/cm3) (g/cm?) tent (%) (g/kg) (g/kg) (g/kg)

8.54+0.9

125.48 + 30.35 1.51 +0.07 9.63+093 18.8+2.01 2.45+0.33 0.36+0.2

4.2. Experimental Materials

The biochar used in this study was produced from maize (Zea mays L.) straw by slow
pyrolysis at temperatures ranging from 300 to 700 °C and was supplied by Henan Jiahe
Water Purification Materials Co., Ltd. (Zhengzhou, Henan, China). The biochar was
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ground to pass through a 200-mesh sieve (particle diameter < 75 um) and exhibited the
following properties: pH value of 9.36, specific surface area of 603 m?-g, total carbon con-
tent of 70.2%, total nitrogen content of 1.61%, cellulose content of 16.85%, and ash content
of 12.95%.

4.3. Experimental Design

The experiment was initiated in April 2023 on the aforementioned artificial grassland
established in 2013. A two-factor completely randomized block design was adopted, with
biochar (B) and nitrogen rate (N) as the two experimental factors. Two biochar levels were
established: BO (0 t-ha™, control) and B20 (20 t-ha™!, a commonly recommended application
rate for cropland soils). Four N fertilizer levels were established based on an equal-gradi-
ent reduction from the conventional N application rate for artificial grasslands in the re-
gion (225 kg-ha): NO (0 kg-ha!; 100% reduction), N75 (75 kg-ha™; 66.7% reduction), N150
(150 kg-ha; 33.3% reduction), and N225 (225 kg-ha™'; 0% reduction, i.e., the conventional
rate).The nitrogen rate used was urea (N = 46%). The factorial combination of two biochar
levels and four N levels yielded eight treatments: BONO, BON75, BON150, BON225, B20NO,
B20N75, B20N150, and B20N225 (Table 3). Each treatment was replicated five times, re-
sulting in a total of 40 experimental plots. Individual plot dimensions were 2 m x 4 m (8
m?), with 1 m buffer strips between adjacent plots to prevent lateral nutrient migration.

In late May 2023, biochar was surface-broadcast onto the designated plots and thor-
oughly incorporated into the 0-20 cm topsoil layer using manual tillage. A light water
spray was applied immediately after incorporation to facilitate biochar adhesion to soil
particles and minimize wind-induced losses. Biochar was applied only once at the onset
of the experiment and was not reapplied during the two-year study period. nitrogen rate
(urea) was dissolved in a small volume of water and uniformly sprayed onto the plot sur-
face at three equal split applications per year (late May, late July, and late September)
during both 2023 and 2024.

Table 3. Experimental treatments and corresponding fertilizer application rates.

Treatment Biochar (t/hm?) Nitrogen Rate (kg/hm?)

BONO 0 0
BON75 0 75

BON150 0 150

BON225 0 225
B20NO 20 0

B20N75 20 75

B20N150 20 150

B20N225 20 225

4.4. Sampling and Analytical Methods
4.4.1. Plant Sampling and Measurements

Hay yield determination. ** In September of both 2023 and 2024, aboveground bio-
mass in each plot was harvested using a lawn mower at a stubble height of 8 cm. Two
harvests were conducted annually (July and September). The fresh weight of the total har-
vested biomass per plot was recorded as the standing fresh hay yield. A random subsam-
ple of 200 g fresh biomass was collected from each plot, transported to the laboratory, and
oven-dried at 65 °C for 72 h to constant weight. The fresh-to-dry weight ratio was calcu-
lated and used to convert fresh hay yield to dry matter yield, which was subsequently
used for NAUE calculations.
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Plant community survey. Vegetation surveys were conducted during the peak flow-
ering stage of the forage growing season. Within each treatment plot, one 1 m x 1 m quad-
rat was randomly established. All plant species within the quadrat were identified, and
the following parameters were recorded for each species: individual count (density), can-
opy cover, plant height, and aboveground biomass. Aboveground plant samples were
sorted by species, transported to the laboratory, and oven-dried at 65 °C to constant
weight for dry matter determination.

Plant community diversity indices. Community diversity was characterized using
the Shannon-Wiener index (H'), Simpson index (D), and Chaol richness estimator, calcu-
lated as follows:

H' =-%(Pi InP)
D=1-XP:2

Chaol = Sobs + F12/2F:

where Sobs is the observed number of species, Fi1 is the number of singleton species (spe-
cies observed exactly once), and F2 is the number of doubleton species (species observed
exactly twice). When F2 = 0, a bias-corrected formula was applied:

Chaol = Sobs + Fi(F1 - 1)/[2(F2 + 1)]

Higher values of H' indicate greater species diversity; higher values of D indicate
greater evenness and diversity; and higher Chaol values indicate greater estimated spe-
cies richness.

4.4.2. Soil Sampling and Analytical Methods

Soil samples were collected using a soil auger (5 cm diameter) from the 0-10 cm top-
soil layer within each quadrat after aboveground vegetation had been removed. Two soil
cores were extracted per plot following a diagonal sampling pattern and combined into a
single composite sample per plot. Samples were placed in labeled self-sealing polyeth-
ylene bags and stored in insulated containers for transport to the laboratory.

Upon return to the laboratory, samples were passed through a 2 mm mesh sieve to
remove plant roots and coarse debris. Root fragments retained on the sieve were cleaned,
oven-dried at 65 °C for 72 h, and weighed separately. Each sieved soil sample was divided
into three subsamples: one was stored at 4 °C for fresh soil analyses (NH+*—~N and NOs—
N), and the remaining two were air-dried in a cool, ventilated area for subsequent physi-
cochemical analyses.

Soil analytical methods followed standardized protocols described in Soil Agrochem-
ical Analysis [27]. Specific methods were as follows: soil pH was determined using a pH
meter (water-to-soil ratio of 2.5:1); electrical conductivity (EC) was measured using a con-
ductivity meter (water-to-soil ratio of 2.5:1); soil water content (SWC) was determined
gravimetrically by oven-drying at 105 °C for 24 h; soil bulk density (SBD) was measured
using the core-ring method; total carbon (TC) was determined by the potassium dichro-
mate—external heating method; total nitrogen (TN) was measured by the Kjeldahl method;
total phosphorus (TP) was determined by alkali fusion followed by molybdenum-anti-
mony colorimetry; and NH+-N and NOs—N concentrations in fresh soil samples were
quantified using a continuous flow analyzer (AA3, SEAL Analytical, Norderstedt, Ger-
many).
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4.5. Data Analysis and Statistical Methods

Raw data were organized and pre-processed using Microsoft Excel (version 2019).
Statistical analyses were performed using SPSS 25.0 (IBM Corp., Armonk, NY, USA). The
effects of biochar, N fertilizer, year, and their interactions on soil physicochemical prop-
erties were assessed using repeated-measures analysis of variance (RM-ANOVA). Differ-
ences among treatments were evaluated using Duncan’s multiple range test and paired
*t*-tests at a significance level of p < 0.05. Pearson correlation analysis was conducted us-
ing Origin 2022 (OriginLab Corp., Northampton, MA, USA). Figures were generated us-
ing SigmaPlot 14.0 (Systat Software Inc., San Jose, CA, USA).

To quantify the relative contributions of biochar, N fertilizer, and their interaction to
NAUE variation, a linear mixed-effects model analysis was performed using the
“glmm.hp” package in R. Structural equation modeling (SEM) was conducted using the
“lavaan” package in R (version 4.3.0) with maximum likelihood (ML) estimation and a
maximum iteration limit of 2000. Model fit was evaluated using the following indices: chi-
square to degrees of freedom ratio (x%/df), comparative fit index (CFI), Tucker-Lewis in-
dex (TLI), root mean square error of approximation (RMSEA), and standardized root
mean square residual (SRMR). The coefficient of determination (R?) was calculated for
each endogenous variable to assess the explanatory power of the model.

Agronomic nitrogen use efficiency (NAUE; kg-kg') was calculated as:

NAUE = (Yx-Yo)/Fn

where Y _n is the hay yield (kg-ha™) of the N-fertilized treatment, Yo is the hay yield of the
unfertilized control (NO) under the corresponding biochar level, and F_« is the amount of
N fertilizer applied (kg-ha™).

5. Conclusions

The present study demonstrated that the combined application of biochar and nitro-
gen rate significantly improved the soil environment of artificial grasslands and enhanced
agronomic nitrogen use efficiency. Biochar amendment significantly reduced soil bulk
density, increased soil water content, and enhanced soil water-holding capacity, while
simultaneously increasing soil total carbon, total nitrogen, total phosphorus, ammonium,
and nitrate concentrations, thereby promoting soil nutrient accumulation. Compared with
sole nitrogen fertilization, the co-application of biochar with moderate nitrogen rate was
more effective in improving soil physical structure and Nutrient supply.

nitrogen rate application significantly influenced hay yield and NAUE; however,
these effects did not increase continuously with increasing N rate. The moderate N level
(150 kg-ha™', N150) significantly increased hay yield, whereas the high N treatment (N225)
did not further enhance yield and reduced NAUE. Biochar amendment improved NAUE
to a certain extent, with the B20N150 treatment (20 t-ha biochar combined with 150
kg-ha™ N fertilizer) achieving simultaneously high hay yield, favorable soil nutrient sta-
tus, and high NAUE, representing the optimal treatment combination under the condi-
tions of this study.

Plant community diversity indices did not respond significantly to biochar or N fer-
tilizer treatments, indicating that these amendments did not markedly alter plant commu-
nity structure within the short-term experimental period. However, under low-N condi-
tions, biochar-amended treatments exhibited slightly higher Simpson and Shannon indi-
ces, suggesting a potential role of biochar in maintaining or improving community diver-
sity.

Linear mixed-effects modeling and structural equation modeling further revealed
that biochar and N fertilizer primarily influenced NAUE through the improvement of soil
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moisture conditions, enhancement of available N supply, and regulation of plant commu-
nity diversity. Soil water content and ammonium were identified as the key driving fac-
tors for NAUE enhancement. In conclusion, the combined application of biochar with
moderate N fertilizer represents an effective management strategy for N reduction, effi-
ciency enhancement, and soil quality improvement in artificial grasslands of the arid and
semiarid regions of Xinjiang.
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Abbreviations

The following abbreviations are used in this manuscript:

B Biochar application

BxN Interaction between biochar and nitrogen rate
BO Biochar application rate of 0 tha™

BONO 0 t-ha™! biochar with 0 kg-ha™ nitrogen rate
BON75 0 t-ha™! biochar with 75 kg-ha™ nitrogen rate
BON150 0 t-ha™ biochar with 150 kg-ha™ nitrogen rate
BON225 0 t-ha™ biochar with 225 kg-ha™ nitrogen rate
B20NO 20 t-ha™ biochar with 0 kg-ha™ nitrogen rate
B20N75 20 t-ha™! biochar with 75 kg-ha™ nitrogen rate
B20N150 20 t-ha™! biochar with 150 kg-ha™ nitrogen rate
B20N225 20 t-ha™! biochar with 225 kg-ha™ nitrogen rate
CFI Comparative fit index

D Simpson diversity index

EC Electrical conductivity

H’ Shannon-Wiener diversity index

v Importance value

ML Maximum likelihood estimation

N Nitrogen rate application

NO Nitrogen rate application rate of 0 kg-ha™
N75 Nitrogen rate application rate of 75 kg-ha™
N150 Nitrogen rate application rate of 150 kg-ha!
N2250 Nitrogen rate application rate of 225 kg-ha™!
NAUE Agronomic nitrogen use efficiency
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NH4+-N Ammonium
NOs—N Nitrate
p Probability value
PCA Principal component analysis
PC-SHDI Plant community Shannon diversity index
R2 Coefficient of determination
RB Relative biomass
RC Relative cover
RD Relative density
RM-ANOVA Repeated-measures analysis of variance
RMSEA Root mean square error of approximation
SBD Soil bulk density
SEM Structural equation modeling
SRMR Standardized root mean square residual
SWC Soil water content
TC Total carbon
TLI Tucker-Lewis index
TN Total nitrogen
x2/df Chi-square to degrees-of-freedom ratio
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