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Abstract

Global demand for alfalfa, a vital forage resource for ruminants, is growing. Currently, ru-
minant production is expanding rapidly in parts of Asia and Africa, further driving demand
for high-quality alfalfa forage. Nevertheless, long-term indiscriminate fertilization and
imbalanced nutrient input ratios in alfalfa production not only lower fertilizer use efficiency
and crop productivity but also induce a range of soil degradation and environmental issues,
thereby constraining the sustainable development of the forage-livestock industry. In this
study, the alfalfa cultivar “Xinmu No. 4’ (Medicago sativa cv. ‘Xinmu No. 4’) was used as the
experimental material. A two-year field block experiment was performed to investigate the
effects of different organic-inorganic fertilizer ratios on the nutrient use efficiency of alfalfa,
with six fertilization treatments: CMO (100% cow manure), CM1 (75% cow manure + 25%
chemical fertilizer), CM2 (50% cow manure + 50% chemical fertilizer), CM3 (25% cow
manure + 75% chemical fertilizer), CM4 (100% chemical fertilizer), and CK (no fertilization
application). The results demonstrated that the CM3 treatment (25% cow manure combined
with 75% chemical fertilizer) significantly enhanced nitrogen, phosphorus, and potassium
accumulation in alfalfa relative to the CK, sole cow manure (CMO0), and sole chemical
fertilizer (CM4) treatments (p < 0.05). Additionally, plant nutrient accumulation in 2025
was markedly higher than that in 2024 across treatments (p < 0.05). Combined organic
and inorganic fertilization substantially improved the agronomic use efficiency of nitrogen,
phosphorus, and potassium in alfalfa, with the CM3 ratio exhibiting the most pronounced
beneficial effect. For alfalfa cultivation in Xinjiang, the combined application of 25% cow

manure and 75% chemical fertilizer is recommended to optimize nutrient accumulation
W) Check for updates and utilization efficiency, ultimately boosting alfalfa yield and quality.
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increase in fertilizer inputs. This extensive management practice, featured by long-term
blind chemical fertilization and imbalanced nutrient supply, causes substantial fertilizer
resource waste and pronounced reductions in nutrient use efficiency, alongside progressive
soil acidification. This forms a vicious cycle characterized by high input, low output,
severe resource loss, and low utilization efficiency [2—4]. Such unsustainable cultivation
practices not only decrease crop productivity and economic returns but also aggravate
ecological degradation, including soil compaction, secondary salinization, and groundwater
contamination. These adverse outcomes substantially disrupt the ecological stability of
regional forage-livestock systems and impede the green and sustainable development of
forage and livestock industries [5,6].

Alfalfa (Medicago sativa cv. L.), a perennial leguminous forage renowned as the “King
of Forages”, ranks among the world’s most extensively cultivated forage crops owing to its
high biomass yield, superior nutritional quality, wide ecological adaptability, abundant nu-
trient contents, and robust symbiotic nitrogen fixation capacity. This species also constitutes
a core leguminous forage across Northwest China. Its deep, well-developed root system
and symbiotic nitrogen-fixing capability deliver premium feed resources for livestock
production while exerting irreplaceable functions in ameliorating soil physical structure,
boosting soil fertility, and sustaining the stability of grassland ecosystems [7-9]. Nutrient
uptake, accumulation and use efficiency serve as core metrics for evaluating alfalfa growth
performance, nutritional quality and rationality of fertilization regimes, and directly govern
forage productivity and economic returns [10,11]. Nitrogen, phosphorus and potassium
represent primary macronutrients indispensable for plant growth and development. Their
uptake, partitioning, translocation, transformation and use efficiency are jointly modulated
by cultivar traits, climatic factors and soil conditions, and tightly coupled with fertilization
regimes [12-14].

In crop cultivation, sole chemical fertilization enables rapid yield responses but fre-
quently induces adverse outcomes, including soil compaction, nutrient imbalance, and
nitrogen loss [15,16]. As an eco-friendly alternative to synthetic fertilizers, organic fer-
tilizers contain abundant bioactive substances and trace elements. They sustain slow
nutrient release, rejuvenate soil conditions, improve fertilizer use efficiency, and optimize
soil physicochemical properties. Furthermore, organic fertilization enhances soil water and
nutrient retention capacity, provides carbon sources and energy for soil microorganisms,
and improves the activity and stability of soil microbial communities, ultimately promoting
soil fertility and soil health [17-21]. Nevertheless, sole organic fertilization ameliorates
soil quality and boosts soil buffering capacity, yet it suffers critical limitations including
sluggish nutrient mineralization and poor seasonal nutrient use efficiency [22,23]. Inte-
grated organic-inorganic fertilization reconciles the provision of readily available nutrients
and long-term soil amelioration, aligning nutrient supply with the periodic nutrient re-
quirements of alfalfa. This strategy represents a pivotal fertilization regime to elevate crop
nutrient use efficiency and mitigate nutrient losses [24]. Prior research has demonstrated
that a 30% reduction in synthetic fertilizer input combined with organic amendments
constitutes an effective fertilization strategy to boost forage quality and sustain high alfalfa
yields in sandy soils [25].

Extensive empirical research has demonstrated that partial replacement of synthetic
fertilizers with organic fertilizers is an effective strategy for improving soil nutrient status,
enhancing nutrient bioavailability, and sustaining crop productivity. Ren et al. [26] reported
that partial substitution of synthetic fertilizers with organic fertilizers increased the total
soil nutrient pool and enhanced nutrient bioavailability, thereby increasing grain yield in
maize (Zea mays L.). Wang et al. [27] confirmed that the combined application of organic
fertilizers with phosphorus and potassium fertilizers significantly improved the nutritional
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quality of alfalfa grown in low-yielding farmland. Pei et al. [28] reported that in rainfed
dryland wheat fields in the hilly regions of southern Shanxi Province, a fertilization regime
involving organic fertilizer substitution for synthetic fertilizers effectively increased grain
yield and quality of wheat (Triticum aestivum L.). Lu et al. [29] demonstrated that an
organic nitrogen substitution rate of 18-24% increased soil available nutrient content,
improved fertilizer use efficiency, and maintained stable, high crop yields. Symanowicz
and Skorupka [30] reported that the combined application of nitrogen (N), phosphorus (P),
and potassium (K) with iron (Fe) and molybdenum (Mo), each at 0.5 kg-hm_2 (designated
NPKFe;Moj), increased soil nitrogenase activity in alkali-tolerant alfalfa to 563.5 nmol
C,H,, with model-estimated biological nitrogen fixation reaching 618 kg-hm 2. Compared
with the unfertilized control, this treatment significantly increased alfalfa dry matter yield
and nitrogen removal, whereas plant nitrogen concentration remained unaffected. Further
increases in Fe and Mo application rates did not confer additional yield benefits.

To date, most existing studies have primarily focused on food and cash crops. In con-
trast, systematic investigations regarding the accumulation, distribution, and use efficiency
of nitrogen, phosphorus, and potassium in continuously cropped alfalfa under irrigated
oasis conditions in Northern Xinjiang remain limited, particularly for fertilization regimes
involving different cow manure and synthetic fertilizer ratios. Furthermore, the differen-
tial responses of agronomic and physiological nutrient use efficiency in alfalfa to varied
organic-inorganic fertilization ratios, as well as the underlying regulatory mechanisms,
remain poorly elucidated [31].

Using ‘Xinmu No. 4’ alfalfa (Medicago sativa cv. “Xinmu No. 4’) as the experimental
cultivar, this study investigated the effects of different ratios of cow manure to chemical
fertilizer on N, P, and K accumulation and use efficiency in alfalfa. We further analyzed
interannual variation in nutrient uptake under these fertilization regimes and identified the
optimal organic fertilizer substitution ratio that balances high yield with efficient nutrient
utilization. We hypothesized that an appropriate combination of cow manure and chemical
fertilizer would improve soil nutrient supply characteristics and mitigate the limitations of
sole chemical fertilization (low nutrient use efficiency) and sole organic fertilization (slow
nutrient release). Specifically, we predicted that a moderate substitution treatment (25%
cow manure + 75% chemical fertilizer) would enhance N, P, and K accumulation and use
efficiency, thereby simultaneously increasing alfalfa yield and nutrient utilization. This
study aims to provide a theoretical basis and technical support for efficient fertilization,
improved nutrient use efficiency, and sustainable alfalfa forage production in the arid
regions of Xinjiang.

2. Results

2.1. Nutrient Use Efficiency
2.1.1. Nitrogen Accumulation and Nitrogen Utilization

Varying ratios of organic to synthetic fertilizers differentially affected total N accu-
mulation and agronomic N use efficiency (ANUE) in alfalfa. As shown in Figure 1A,
N accumulation was significantly higher under CM3 than under all other treatments in
both years; CM2 significantly exceeded CM4, whereas CK exhibited the lowest values.
Across all treatments, N accumulation increased highly significantly in 2025 relative to
2024 (p < 0.01). As shown in Figure 1B, ANUE was highest under CM3 in both years; no
significant difference was detected between CM2 and CM4, although both exceeded CM1,
and CMO exhibited the lowest value, although it did not differ significantly from CM1 in
either year. Relative to 2024, ANUE under CM1, CM2, and CM4 increased significantly in
2025 (p < 0.05), whereas CM3 showed a highly significant increase (p < 0.01).
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Figure 1. Plant nitrogen accumulation and agronomic nitrogen use efficiency of alfalfa under different
fertilizer combinations. Figure (A) illustrates nitrogen accumulation, while Figure (B) presents
nitrogen fertilizer agronomic use efficiency. Different uppercase letters indicate significant differences
among different treatments in 2024 at the p < 0.05 level. Different lowercase letters indicate significant
differences among different treatments in 2025 at the p < 0.05 level. * Significant difference for the
same treatment between years at the p < 0.05 level; ** extremely significant difference for the same
treatment between different years at the p < 0.01 level.

In both 2024 and 2025, N accumulation and agronomic N use efficiency (ANUE) in
alfalfa increased initially and then declined with increasing organic fertilizer substitution
ratio (Table 1). In 2024, N accumulation in both cuttings was significantly higher under
CMB3 than under all other treatments (p < 0.05). In the first cutting, no significant difference
was observed between CM1 and CM4, whereas CK exhibited the lowest N accumulation
and differed significantly from the other treatments (p < 0.05). ANUE was highest under
CMB3 for both cuttings; no significant difference was detected between CM0 and CM1 or
between CM2 and CM4. In 2025, nitrogen accumulation in alfalfa plants across four cuttings
exhibited an overall downward trend with increasing cutting number. At the third cutting,
CM2 and CM3 recorded the highest values; CM1 and CM4 did not differ significantly from
each other, but both were significantly higher than CMO0 and CK. Nitrogen accumulation
under all fertilization treatments was generally higher than under CK, with most CM1-
CM4 treatments reaching statistical significance. Agronomic nitrogen use efficiency across
all four cuttings was highest under CM3, although at the second cutting CM3 did not differ
significantly from CM1 or CM2.

Table 1. Nitrogen utilization efficiency of alfalfa plants under the combination of organic fertilizer
and chemical fertilizer.

2024 2025

Item Treatment First Crop Second Crop First Crop Second Crop Third Crop Fourth Crop
CMO 5525+ 0.57D  48.50 + 0.34E 75.25 £ 0.57e 51.50 £0.34d 2825+ 0.57bc  22.65 £ 0.13e
CcM1 60.20 +049C  55414+036D  80.00 £ 0.58d 56.54 +0.18c 3540 £0.51ab  26.57 + 0.18¢c
Nitrogen CM2 64.40 +£0.94B  56.57 + 0.39B 86.40 £ 0.38b 62.45 £ 0.32b 42.88 £ 6.24a 28.51 £ 0.21b
accumulation/ (kg-ha™1) CM3 68.36 £ 0.26A  58.33 £ 0.16A 90.36 £ 0.26a 65.44 £ 0.32a 40.36 £ 0.26a 40.33 = 0.26a
CM4 63.94 +0.33C  55.08 £ 0.65C 82.94 £ 0.53¢ 56.35+0.19c  35.10 £0.09ab  25.20 £ 0.13d
CK 50.93 £ 0.58E  45.52 + 0.43F 70.69 + 0.63f 45.89 & 0.54e 25.04 £ 0.57¢ 20.62 £ 0.29%¢
CMO0 2.07 + 0.52C 0.58 4+ 0.52C 2.07 + 0.52¢ 4.40 + 1.40b 0.58 & 0.52c 0.44 +0.17c
Agronomic nitrogen CM1 3.49 £ 0.72C 1.63 £ 0.90C 3.49 £ 0.72¢ 5.45 4 1.00ab 1.63 £ 0.90c 0.51 £ 0.28¢
fertilizer use CM2 7.78 £ 0.85B 5.28 + 0.83B 7.79 & 0.85b 5.58 & 0.62ab 5.28 + 0.83b 1.96 £+ 0.26b
efficiency/(kg-kg ™) CM3 12.07 £ 0.65A  8.87 = 0.98A 12.07 + 0.66a 8.87 £ 0.98a 8.87 £ 0.98a 3.12 + 0.31a
CM4 6.07 £ 0.42B 513 £+ 0.44B 6.07 £ 0.42b 4.09 + 0.58b 5.13 4 0.44b 1.60 = 0.13b

CK

Note: Different uppercase letters indicate significant differences among different treatments for
the same cutting in alfalfa 2024 at the p < 0.05 level; different lowercase letters indicate significant
differences among different treatments for the same cutting in alfalfa 2025 at the p < 0.05 level.
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2.1.2. Phosphorus Accumulation and Phosphorus Use Efficiency

Varying ratios of organic to synthetic fertilizers differentially affected P accumulation
and agronomic P use efficiency (APUE) in alfalfa. As shown in Figure 2A, P accumulation
was significantly higher under CM3 than under all other treatments in both years; in 2024,
no significant difference was observed between CM1 and CM4, whereas CK exhibited the
lowest values. Across all treatments, P accumulation increased highly significantly in 2025
relative to 2024 (p < 0.01). As shown in Figure 2B, APUE was highest under CM3 in both
years; no significant difference was detected between CM2 and CM4, whereas CK exhibited
the lowest values. Relative to 2024, APUE in 2025 increased significantly under CM1, CM2,
and CM4 (p < 0.05) and highly significantly under CM3 (p < 0.01), whereas no significant
year-to-year difference was observed for CMO.
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Figure 2. Plant phosphorus accumulation and agronomic phosphorus use efficiency of alfalfa
under different fertilizer combinations. Figure (A) illustrates phosphorus accumulation, while
Figure (B) presents the agronomic use efficiency of phosphorus fertilizer. Different uppercase letters
indicate significant differences among different treatments in 2024 at the p < 0.05 level. Different
lowercase letters indicate significant differences among different treatments in 2025 at the p < 0.05
level. * Significant difference for the same treatment between years at the p < 0.05 level; ** extremely
significant difference for the same treatment between different years at the p < 0.01 level.

In both 2024 and 2025, P accumulation and agronomic P use efficiency (APUE) in
alfalfa increased initially and then declined with increasing organic fertilizer substitution
ratio (Table 2). In 2024, P accumulation in both cuttings followed a consistent trend: it was
significantly higher under CM3 than under all other treatments, no significant difference
was observed between CM1 and CM4, and CK exhibited the lowest values, differing
significantly from the other treatments (p < 0.05). APUE in 2024 was highest under CM3 for
both cuttings; no significant difference was detected between CM0 and CM1 or between
CM2 and CM4. In 2025, P accumulation across the four cuttings was significantly higher
under CM3 than under all other treatments, whereas CK exhibited the lowest values and
differed significantly from the other treatments (p < 0.05). Agronomic phosphorus use
efficiency was highest under CM3 across all four cuttings, although at the second cutting
CM3 did not differ significantly from CM1 or CM2.

Table 2. Phosphorus utilization efficiency of alfalfa plants under the combination application of
organic fertilizer and chemical fertilizer.

2024 2025
Ttem Treatment  pIRgT CROP  Second Crop First Crop Second Crop Third Crop Fourth Crop
CMO 2.65 £ 0.01D 2.02 £0.01D 6.29 + 0.03d 4.46 + 0.01e 3.60 £ 0.04e 2.59 +£0.01c
CM1 2.84 +0.01C 2.14 +0.01C 7.46 + 0.01b 4.96 £+ 0.05¢ 445+ 0.01c 2.79 £ 0.01bc
Phosphorus CM2 2.98 + 0.07B 2.36 + 0.07B 7.55 + 0.02b 6.11 + 0.02b 4.78 £0.07b 2.93 + 0.07b
accumulation/ (kg-ha™1) CM3 3.68 + 0.01A 3.06 £+ 0.04A 8.43 £+ 0.01a 6.60 + 0.04a 5.07 £ 0.03a 3.63 £0.01a
CM4 2.75 £ 0.01C 2.13 £0.01C 7.08 £ 0.05¢ 4.62 +0.02d 4.04 +£0.01d 2.70 £ 0.01bc
CK 2.16 £ 0.01E 1.53 £ 0.01E 5.86 = 0.03e 4.04 + 0.05f 3.02 £ 0.05f 1.56 + 0.24d
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I T 2024 2025
tem reatment FIRST CROP Second Crop First Crop Second Crop Third Crop Fourth Crop
CMO 3.46 + 0.87C 0.97 + 0.88C 3.46 + 0.87¢ 7.33 + 2.34b 0.97 £+ 0.88c 0.74 4+ 0.28c
Aeronomic phosphorus CM1 5.82 + 1.20C 2.72 £ 1.50C 5.82 + 1.20c 9.07 £ 1.66ab 2.72 + 1.50c 0.85 + 0.47¢
5 fertilizzr us}; CM2 12.98 + 1.42B 8.80 + 1.38B 12.98 + 1.42b 9.29 + 1.04ab 8.80 + 1.39b 3.27 + 0.44b
efficiency / (kg-k ,1) CM3 20.11 £ 0.10A 14.78 + 1.63A 20.11 £ 1.10a 14.78 + 1.63a 14.78 + 1.63a 5.19 + 0.52a
y/\kg ks CM4 10.12 + 0.70B 8.54 + 0.73B 10.12 + 0.70b 6.81 + 2.52b 8.54 + 0.73b 2.67 +0.22b

CK

Note: Different uppercase letters indicate significant differences among different treatments for
the same cutting in alfalfa 2024 at the p < 0.05 level; different lowercase letters indicate significant
differences among different treatments for the same cutting in alfalfa 2025 at the p < 0.05 level.

2.1.3. Potassium Accumulation and Potassium Use Efficiency

Varying ratios of organic to synthetic fertilizers differentially affected K accumulation
and agronomic K use efficiency (AKUE) in alfalfa. As shown in Figure 3A, K accumulation
was significantly higher under CM3 than under all other treatments in both years. Across all
treatments, K accumulation increased highly significantly in 2025 relative to 2024 (p < 0.01).
As shown in Figure 3B, AKUE was highest under CM3 in both years; no significant
difference was detected between CM2 and CM4, CMO exhibited the lowest value, although
it did not differ significantly from CM1 in either year. Relative to 2024, AKUE in 2025
increased significantly under CM1, CM2, and CM4 (p < 0.05) and highly significantly under
CM3 (p < 0.01).
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Figure 3. Plant potassium accumulation and agronomic potassium use efficiency of alfalfa

under different fertilizer combinations. Figure (A) illustrates potassium accumulation, while
Figure (B) presents the agronomic use efficiency of potassium fertilizer. Different uppercase let-
ters indicate significant differences among different treatments in 2024 at the p < 0.05 level. Different
lowercase letters indicate significant differences among different treatments in 2025 at the p < 0.05
level. * Significant difference for the same treatment between years at the p < 0.05 level; ** extremely

significant difference for the same treatment between different years at the p < 0.01 level.

In both 2024 and 2025, K accumulation and agronomic K use efficiency (AKUE) in
alfalfa increased initially and then declined with increasing organic fertilizer substitution
ratio (Table 3). In 2024, K accumulation in both cuttings was significantly higher under CM3
than under all other treatments, and all treatments differed significantly (p < 0.05). AKUE
in both cuttings was also significantly higher under CM3 than under all other treatments,
with no significant difference between CM0 and CM1 or between CM2 and CM4. In 2025,
K accumulation across the four cuttings was significantly higher under CM3 than under
all other treatments; only in the fourth cutting was no significant difference observed
between CMO and CM4, whereas all other treatments differed significantly (p < 0.05).
AKUE across the four cuttings was highest under CM3. Specifically, under CM2 and
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CM3, AKUE generally declined with successive cuts, whereas the remaining treatments

exhibited fluctuations.

Table 3. Potassium utilization efficiency of alfalfa plants under the combination application of organic

fertilizer and chemical fertilizer.

2024 2025

Ttem Treatment First Crop Second Crop First Crop Second Crop Third Crop Fourth Crop
CMO 51.65 £ 0.02D  33.02 4+ 0.02E 82.29 £+ 0.08e 61.66 £ 0.10d 53.60 + 0.10d 37.60 4+ 0.02d
CM1 55.84 +0.01C  38.21 + 0.01C 87.46 + 0.01c 79.96 + 0.12¢ 58.47 + 0.54c 43.12 + 0.01c
Potassium CM2 62.98 + 0.16B 46.36 + 0.16B 92.55 4+ 0.05b 83.14 4+ 0.06b 65.13 £ 0.17b 44.96 £+ 0.16b
accumulation/(kg-hafl) CM3 69.69 + 0.01A  54.06 + 0.01A  108.44 + 0.01a 91.60 + 0.04a 73.07 £+ 0.03a 58.63 + 0.01a
CM4 50.05 + 0.04E  33.13 £ 0.04D 83.08 + 0.12d 60.62 £ 0.05e 50.90 + 1.07e 37.70 +0.04d
CK 25.16 + 0.03F 18.54 + 0.03F 35.86 + 0.08f 31.04 £+ 0.11f 26.02 + 0.11f 17.56 + 0.54e
CMO 2.51 +0.63C 0.71 £+ 0.64C 2.51 4+ 0.63c 5.32 + 1.70b 0.71 £ 0.63¢ 0.54 + 0.20c
Agronomic potassium CM1 4.23 +£0.87C 1.97 + 1.09C 4.23 +0.87¢ 6.59 + 1.21ab 1.97 + 1.09¢ 0.62 + 0.34c
fertilizer use CM2 9.42 + 1.03B 6.39 + 1.00B 9.42 + 1.03b 6.74 £+ 0.75ab 6.39 + 1.00b 2.37 +0.32b
efﬁciency/(kg,kgq) CM3 1459 £ 0.79A  10.73 £ 1.87A 14.60 £ 0.79a 10.73 £ 1.18a 10.73 +1.18a 3.77 +0.38a
CM4 7.35 + 0.51B 6.02 + 0.53B 7.35 + 0.51b 4.94 + 1.83b 6.20 + 0.53b 1.94 + 0.16b

CK

Note: Different uppercase letters indicate significant differences among different treatments for
the same cutting in alfalfa 2024 at the p < 0.05 level; different lowercase letters indicate significant
differences among different treatments for the same cutting in alfalfa 2025 at the p < 0.05 level.

2.1.4. Response of Alfalfa Yield to Aboveground Nutrient Accumulation

Across experimental years, alfalfa yield exhibited a highly significant positive lin-
ear correlation (p < 0.001) with plant nitrogen, phosphorus, and potassium accumulation,
demonstrating that nutrient accumulation is a critical determinant of alfalfa yield formation.
Meanwhile, distinct differences existed in the explanatory capacity of individual nutrients
for yield variation. As illustrated in Figure 4, nitrogen accumulation was strongly and posi-
tively correlated with alfalfa yield. In 2024, N accumulation explained a large proportion of
yield variation (R? = 0.7327, p < 0.001), and this correlation was further enhanced in 2025
(R? = 0.7944, p < 0.001). Similarly, phosphorus accumulation showed a highly significant
positive correlation with yield. The 2024 regression analysis yielded a coefficient of determi-
nation (R?) of 0.7618 for the P accumulation-yield relationship (p < 0.001), which was higher
than that of potassium and slightly greater than that of nitrogen. This significant correlation
persisted in 2025 (R? = 0.7861, p < 0.001). Alfalfa yield increased significantly with elevated
potassium accumulation in both experimental years. Potassium accumulation exhibited
a significant positive linear relationship with yield in 2024 (R? = 0.6367, p < 0.001), and
this correlation was further strengthened in 2025 (R? = 0.6590, p < 0.001). These findings
indicated that although potassium accumulation substantially facilitated yield formation,
its unit contribution to yield improvement declined relative to nitrogen and phosphorus.
Comparing the regression relationships between yield and accumulation of N, P, and K
revealed that N and P accumulation explained a greater proportion of yield variation than K
accumulation, indicating that N and P play a more important role in alfalfa yield formation.
In both years, yield increased in parallel with plant nutrient accumulation, suggesting
that enhanced nutrient uptake and utilization contribute to alfalfa biomass accumulation
and high yield. Notably, the strong fit between N and P accumulation and yield suggests
that improving plant nutrient uptake efficiency may represent a viable pathway to high
alfalfa yields, although the actual yield benefits require further validation. Future studies
could employ multivariate approaches, such as principal component analysis (PCA) and
structural equation modeling (SEM), to disentangle the relationships among yield, nutrient
accumulation, and nutrient concentration.
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Figure 4. The relationship between alfalfa yield and plant nitrogen, phosphorus, and potassium
accumulation. Figures (A,B) depict the relationships between crop yield and plant nitrogen accu-
mulation in 2024 and 2025, while Figures (C,D) illustrate the correlations between crop yield and
plant phosphorus accumulation across the two years. Similarly, Figures (E,F) present the associations
between crop yield and plant potassium accumulation in 2024 and 2025.

3. Discussion

3.1. Effects of Combined Organic and Chemical Fertilizer Application on Nutrient Uptake
Characteristics of Alfalfa

Hay yield is a key indicator of alfalfa forage productivity [32]. Fertilization strongly
regulates alfalfa forage growth; rational fertilization supplies essential nutrients and facili-
tates robust plant development [33]. In this study, the optimized combined application of
organic and chemical fertilizers markedly improved alfalfa hay yield, especially under the
CM3 treatment (25% cow manure + 75% chemical fertilizer). Across 2024 and 2025, the CM3
treatment achieved alfalfa hay yields of 11,395.72 kg-hm 2 and 17,023.54 kg-hm 2, corre-
sponding to yield increases of 38.03% and 40.85% relative to the control (CK), respectively.
Rational organic-inorganic fertilizer blending effectively boosts alfalfa yield, consistent
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with findings from prior research. Variations in the optimal fertilizer ratio across studies
are likely attributable to differences in soil properties and climatic conditions.

Efficient nutrient utilization is a key physiological basis for high alfalfa yields [34].
As a core constituent of proteins and enzymes, N, when efficiently assimilated, promotes
root development and metabolic activity, thereby enhancing P and K uptake. P mediates
energy metabolism via ATP synthesis and facilitates nutrient translocation, whereas K
regulates stomatal function and enzyme activity to promote photosynthate accumulation
and translocation. Collectively, these macronutrients regulate crop growth and yield
formation [35-37].

At the soil scale, combined organic—inorganic fertilization has been shown to alter
soil microbial community structure, enhance soil enzyme activity, accelerate nutrient
mineralization and biogeochemical cycling, and ultimately improve crop N, P, and K
use efficiency [38,39]. Multi-site field trials have further demonstrated that integrated
organic-inorganic fertilization markedly increases hay yield and nutritional quality, reduces
synthetic fertilizer input, and improves fertilizer use efficiency [40].

Regarding plant N dynamics, most studies have focused on annual grain crops such
as winter wheat and have established that organic fertilizer substitution can enhance N
accumulation, translocation, and use efficiency, although the optimal substitution rate and
effect magnitude vary across studies. Long-term increased organic fertilization has been
shown to enhance pre-anthesis N remobilization from vegetative organs by an average of
11.98% relative to inorganic fertilization alone [41]. A substitution rate of approximately
30% has been reported to optimize N translocation to reproductive organs [42], whereas
substitution rates below 70% can mitigate N leaching and improve both N use efficiency
and N uptake efficiency [43]. At a 20% substitution rate, winter wheat exhibited significant
increases in aboveground N accumulation, pre-anthesis N translocation, and post-anthesis
N accumulation; however, this rate did not markedly enhance the contributions of pre- and
post-anthesis N translocation and accumulation to grain yield [44]. These findings indicate
that although organic substitution generally improves plant N status, its effects on yield
formation depend on crop type and the specific N translocation pathways involved.

The present results are generally consistent with these established patterns. The CM3
treatment (25% organic + 75% synthetic fertilizer) achieved the highest N, P, and K use
efficiencies, with consistent trends across the three nutrients, suggesting strong synergistic
regulation of crop nutrient uptake and utilization. Across all treatments, nutrient use
efficiency exhibited a unimodal pattern—increasing then declining—with rising organic
substitution rates, indicating that appropriate organic-inorganic fertilizer ratios optimize
the synchronization between soil nutrient supply and crop nutrient demand, whereas
excessive organic substitution may limit nutrient availability due to slower mineralization.
Notably, the optimal substitution ratio in this study (25% organic + 75% synthetic) differs
from that reported for winter wheat (20-30%), which may reflect differences between
perennial forage legumes and annual grain crops in nutrient demand patterns, root traits,
and symbiotic N fixation capacity. Additionally, nutrient accumulation and agronomic use
efficiency were significantly higher in 2025 than in 2024 across all treatments, demonstrating
that continuous organic fertilization gradually improves soil fertility and quality, enhances
soil nutrient storage and microbially mediated nutrient cycling, and consequently increases
crop nutrient utilization over time.

3.2. Variations in Yield Performance and Nutrient Utilization of Alfalfa

Forage yield is tightly coupled with aboveground nitrogen, phosphorus, and potas-
sium accumulation [45]. Two consecutive years of field trials revealed that the CM3
treatment (25% cow manure + 75% chemical fertilizer) achieved the maximum hay yield
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and plant nutrient accumulation across all treatments. Plant nitrogen, phosphorus, and
potassium accumulation exhibited a highly significant positive linear correlation with hay
yield, indicating that nutrient accumulation plays an important role in biomass accumu-
lation. Among these three macronutrients, nitrogen and phosphorus explained a greater
proportion of yield variation than potassium. Nitrogen and phosphorus are indispensable
for alfalfa protein synthesis, enzymatic reactions, and energy metabolism, directly regulat-
ing plant growth and photosynthate partitioning. Enhanced plant nitrogen accumulation
facilitates protein synthesis, stimulates root development, and elevates enzyme activity,
further promoting plant phosphorus and potassium uptake [34,46,47]. The core finding that
greater nutrient accumulation drives higher forage yields aligns with prior research results.
Wang Xiaoyu et al. [48] confirmed that integrated organic-inorganic fertilization markedly
increases nitrogen accumulation and hay yield in alfalfa. Symanowicz and Skorupka
also demonstrated that the combined application of nitrogen, phosphorus, and potassium
fertilizers supplemented with the micronutrients iron and molybdenum (NPKFe;Mo1)
significantly increased nitrogen accumulation and yield in alfalfa [30]. In wheat and maize
cropping systems, partial organic fertilizer substitution also improves soil fertility and
crop nutrient use efficiency [49]. Lu et al. [29] similarly reported that maintaining organic
nitrogen substitution at 18-24% increases soil available nutrient contents and improves
fertilizer use efficiency, sustaining stable and high crop yields. Integrated organic-inorganic
fertilization synchronizes nutrient supply with crop nutrient demand dynamics, optimizes
aboveground plant nutrient accumulation, and promotes yield improvement. Furthermore,
two-year field trial results reveal the cumulative effects of organic fertilization: nutrient
accumulation in alfalfa and fertilizer agronomic efficiency were both greater in 2025 than in
2024. As core indicators of soil quality and ecological function, soil microorganisms sustain
soil ecosystem sustainability by mediating the synthesis, decomposition, and transforma-
tion of soil organic matter [50]. Long-term organic fertilization supplies soil microorganisms
with abundant exogenous organic substrates and nutrients, stimulating microbial prolifera-
tion and shaping distinct rhizosphere microbial communities [51]. Combined organic and
inorganic fertilization generally enhances the diversity and stability of soil microbial com-
munities, enriches beneficial microbial taxa including Proteobacteria and Actinobacteria,
and consequently elevates soil enzyme activity and nutrient availability [52]. Proteobacteria
comprise rhizobia that establish symbiotic nitrogen-fixing relationships with alfalfa, facili-
tating plant nitrogen uptake; Bacteroidetes participate in soil organic carbon mineralization,
driving terrestrial carbon and nitrogen cycling; and Actinobacteria decompose complex
organic matter into low-molecular-weight nutrients, improve soil structure, and strengthen
soil water and nutrient retention capacity [53,54]. The integrated application of organic
and chemical fertilizers increases the relative abundance of these beneficial rhizosphere
microbial communities, optimizes the rhizosphere microenvironment, modulates nutrient
uptake by alfalfa, and improves fertilizer use efficiency, ultimately promoting alfalfa growth
and forage quality [55]. These improvements can be attributed to progressive soil quality
amelioration and enhanced microbial activity driven by continuous multi-year organic
fertilization [56].

In summary, alfalfa hay yield exhibits a significant positive correlation with above-
ground nutrient accumulation, underscoring the essential role of efficient nutrient uptake
and utilization in high-yield production. An optimized fertilization regime, exemplified by
the CM3 treatment, enhances alfalfa nitrogen, phosphorus, and potassium uptake, acceler-
ates biomass accumulation, and sustains high forage yields. These findings demonstrate
that scientifically balanced organic-inorganic fertilization improves alfalfa productivity
while facilitating sustainable nutrient management in alfalfa cropping systems.
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4. Materials and Methods
4.1. Study Area

The field experiment was carried out at the Sanping Farm Comprehensive Experimen-
tal Station of Xinjiang Agricultural University (87°21'13" E, 43°56'58" N). Situated on the
southern edge of the Junggar Basin at an altitude of 580 m, the site features a temperate
continental semi-arid climate with sufficient solar radiation. The regional mean annual
temperature is 7.2 °C, with an annual sunshine duration of 2829.4 h, annual precipitation of
228.8 mm, and annual evaporation of 2647 mm. The frost-free period extends for 163 days,
and the study area experiences a stable climate without extreme meteorological events.
According to the World Reference Base for Soil Resources (IUSS Working Group WRB, 2014,
2022), the soil at the experimental site is classified as a Haplic Calcisol (Loamic). Prior to
the experiment, the topsoil (0-20 cm) exhibited a silty loam texture, with sand, silt, and clay
contents of 10.80%, 64.82%, and 24.39%, respectively. The basic physicochemical properties
of the experimental soil and applied cow manure are presented in Table 4.

Table 4. Physical and chemical properties of organic fertilizer and cultivated soil.

Type pH TN/(g/kg) TPl(g/kg) TK/(g/kg) AN/(mg/kg) AP/(mg/kg) AK/(mg/kg) SOM/(g/kg)
Soil 7.91 0.71 0.42 13.22 36.50 10.25 123.15 13.28
Cowdung 812 0.46 0.89 1.24 65.23 26.71 132.00 42.20

Note: TN: total nitrogen; TP: total phosphorus; TK: total potassium; AN: alkaline nitrogen;
AP: available phosphorus; AK: available potassium; SOM: organic matter.

4.2. Experimental Design

This field experiment was arranged in a completely randomized block design with
six fertilization treatments, including sole organic and synthetic fertilizer applications as
well as their combined ratios: CMO0 (100% cow manure), CM1 (75% cow manure + 25%
synthetic fertilizer), CM2 (50% cow manure + 50% synthetic fertilizer), CM3 (25% cow
manure + 75% synthetic fertilizer), CM4 (100% synthetic fertilizer), and CK (blank control).
The fertilization ratio protocols adopted in this study were modified according to the
method established by Xu Lulu et al. [57]. The total nitrogen application rate was main-
tained at a uniform level of 150 kg~ha’l across all treatments [57]. The organic fertilizer
utilized in this experiment was fully decomposed cow manure collected from the cattle
ranch at Sanping Farm. All organic manure was applied as a one-time basal fertilizer before
alfalfa sowing and regrowth during the 2024-2025 growing seasons. The synthetic fertilizer
adopted for combined application was locally purchased urea, with a total nitrogen content
of 46.67%, which was applied via a fertilizer tank. Differential topdressing schedules were
implemented across the two experimental years. In 2024, a two-stage topdressing strategy
was performed, with fertilizer supplied after each harvest at the late budding to early
flowering stage of alfalfa. In 2025, the fertilization regime was adjusted to a three-stage
topdressing pattern, with uniform topdressing application conducted following the harvest
of the first three alfalfa cuttings.

The experimental material was ‘Xinmu No. 4" alfalfa, provided by the College of
Grassland Science, Xinjiang Agricultural University. The experiment included five repli-
cates per treatment, resulting in a total of 30 plots (each 3 m x 4 m, with a 0.3 m row
spacing); phosphorus and potassium were applied at 52.4 and 21.6 kg-ha~!, respectively,
with application rates uniform across all plots [58]. The alfalfa seeding rate was 15 kg-hm~2,
with manual row sowing at a depth of 1-2 cm. Soil nitrogen fertilization rates for each
treatment were calculated based on the nitrogen content of synthetic chemical fertilizers
and cow manure (Table 5).
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Table 5. The soil fertilization rates for each treatment.

Fertilizer Application Mineral Fertilizer (Urea),

Cow Dung/t-ha—1

Amount kg N ha1
CMO 32.45 0.00
CM1 24.33 36.80
CcM2 16.22 73.60
CM3 8.11 110.40
CM4 0.00 147.20

CK 0.00 0.00

Alfalfa was sown in April 2024. Two harvests were conducted in the first year: July
2024 (first harvest) and September 2024 (second harvest). Four harvests were performed in
the second year: May 2025 (first harvest), July 2025 (second harvest), August 2025 (third
harvest), and September 2025 (fourth harvest).

4.3. Measurement Parameters and Methods
Nutrient Accumulation and Utilization Efficiency in Plants

Alfalfa hay yield data utilized in the present study were retrieved from our previously
published work entitled “The Combined Application of Organic Fertilizer and Chemical
Fertilizer Increases Alfalfa Yield, Enhances Soil Nutrient Availability, and Improves Soil
Biological Properties” in Agronomy [58], which was conducted at the identical experimental
site (Table 6). Consistent data collection protocols and experimental backgrounds were
adopted in the current study. On this basis, we further quantified and analyzed the
accumulation and utilization efficiency of nitrogen, phosphorus, and potassium in alfalfa
plants under diverse fertilization regimes.

Table 6. Hay yield and underground biomass of alfalfa under different fertilizer application treatments.

. Years
Soil Layer Treatments
2024 2025
CMO 8.65 + 0.15CD ** 13.21 + 0.29d
CM1 9.02 + 0.24CD ** 13.75 + 0.27cd
CM2 10.22 4 0.24B ** 15.18 + 0.37b
. . _1

Hay Yield/t-ha CM3 11.40 + 0.24A ** 17.02 4 0.44a
CM4 9.94 4 0.12B ** 14.98 + 0.33bc
CK 8.26 + 0.12D ** 12.09 + 0.23e

Note: Different uppercase letters indicate significant differences among different treatments in 2024
at the p < 0.05 level. Different lowercase letters indicate significant differences among different
treatments in 2025 at the p < 0.05 level. ** extremely significant difference for the same treatment
between different years at the p < 0.01 level.

Nutrient accumulation in alfalfa: The concentrations of N, P, and K in Medicago
sativa samples were determined via the Kjeldahl method, vanadium-molybdenum yellow
colorimetric method, and flame photometry, respectively. Plant nutrient accumulation
(kg‘ha_l) and fertilizer agronomic utilization efficiency (kg-kg_l) for N, P, and K were
calculated based on the dry biomass of alfalfa plants under each fertilization regime.

The relevant calculation formulas are presented below:

N accumulation (kg-ha~1!) = Treatment-specific dry biomass x Plant N concentration

N fertilizer agronomic efficiency (kg-kg ') = (Yield of N fertilization treatment—Yield
of blank control treatment)/N application rate

P accumulation (kg-ha~!) = Treatment-specific dry biomass x Plant P concentration

P fertilizer agronomic efficiency (kgokg_l) = (Yield of P fertilization treatment—Yield
of blank control treatment) /P application rate
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K accumulation (kg-ha~!) = Treatment-specific dry biomass x Plant K concentration
K fertilizer agronomic efficiency (kg-kg 1) = (Yield of K fertilization treatment—Yield
of blank control treatment) /K application rate

4.4. Statistical Analysis

Data processing was performed in Excel 2022, and statistical analyses were conducted
in IBM SPSS 27.0. Prior to analysis, normality was assessed using the Shapiro-Wilk test and
homogeneity of variances was verified using Levene’s test. One-way analysis of variance
(ANOVA) was used to evaluate the effects of fertilization treatments within each year. When
significant differences were detected, Tukey’s honestly significant difference (HSD) test was
used for post hoc multiple comparisons (x = 0.05). Independent-samples t-tests were used
to compare differences between years (2024 vs. 2025) within each fertilization treatment.
Figures were generated using Origin 2024, and data are presented as means + standard
errors (n = 5).

5. Conclusions

The CM3 treatment (25% cow manure + 75% chemical fertilizer) significantly increased
N, P, and K accumulation and nutrient use efficiency in alfalfa relative to the control (CK),
100% cow manure, and 100% chemical fertilizer treatments. Total N, P, and K accumulation
exhibited marked interannual variation, with significantly higher values in 2025 than in
2024, reflecting a cumulative effect of repeated fertilization on soil nutrient supply and plant
uptake over successive years. Combined organic-inorganic fertilization also enhanced
the agronomic use efficiency of N, P, and K, with the strongest effect observed under
CMB3. Collectively, these findings indicate that an optimal organic-to-inorganic fertilizer
ratio improves alfalfa yield and nutrient uptake and use efficiency under the present
experimental conditions.

This study addressed only alfalfa yield and nutrient uptake and use efficiency; the
mechanisms by which combined fertilization regulates nutrient utilization remain to be
elucidated. Future research should investigate rhizosphere soil properties, microbial com-
munity dynamics, and symbiotic nitrogen fixation in root nodules across fertilization
regimes. Furthermore, long-term field experiments are needed to assess the persistence
and stability of combined organic-inorganic fertilization effects, providing a more robust
theoretical basis for rational alfalfa fertilization management in arid regions.

Author Contributions: Conceptualization, Q.W. and L.W.; methodology, Q.W., X.M. and Z.X; data
analysis and visualization, Q.W., X.M. and Z.X.; writing—original draft preparation, A.Y. and L.W.;
experimental procedure guidance, L.W. and S.S.; writing—review and editing, all authors. Q.W. and
L.W. made equal contributions to this study. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Xinjiang Uygur Autonomous Region University Research
Program, grant number XJEDU2024P032.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, L.W., upon reasonable request.

Acknowledgments: We sincerely thank Lan Wang, Xuerong Ma, Zhuang Xue, and all the students
from the research group for their assistance during the field experiments. During the preparation of
this work, the authors used Gemini 3 Pro to search for and translate professional terms to improve
language and readability. After using this tool/service, the authors reviewed and edited the content
as needed and take full responsibility for the content of the publication.

Conflicts of Interest: The authors declare no conflicts of interest.

https://doi.org/10.3390/plants15182785


https://doi.org/10.3390/plants15182785

Plants 2026, 15, 2785 14 of 16

References

1.  Bai, L, Cheng, L.; Li, YH,; Feng, Y.; Yue, L.E; Chang, J.; Bao, H.; Wang, Z.M.; Yu, Z.H.; Li, ].S. Effect of Combinative Application
of Organic Fertilizer and Chemical Fertilizer on Yield and Nutritional Quality of Alfalfa. Anim. Husb. Feed. Sci. 2021, 42, 72-79.

2. Yang, B.S. Effects of Reduced Chemical Fertilizer Combined with Organic Fertilizer Supplementation on Growth Traits, Yield and
Quality of Glutinous Maize. Master’s Thesis, Shanxi Agricultural University, Jinzhong, China, 2024. [CrossRef]

3. Dong, SK,; Tang, EL,; Ping, X.Y;; Yang, X.C.; Yang, Z; Lin, C.C.; Lu, X.S.; Wang, TM.; Ji, B.M.; Xu, B.; et al. Zoning and functional
evaluation of grasslands in China under the new-era ecological civilization context. Acta Sci. Nat. Univ. Pekin. 2022, 37, 568-581.
[CrossRef]

4. Wu, G.Y. Effects of reduced chemical fertilization coupled with microbial inoculants on soil physicochemical properties, maize
growth performance and grain yield. Tillage Cultiv. 2025, 45, 64-67. [CrossRef]

5. Lu, YH,; Liao, Y.L.; Nie, J.; Zhou, X,; Xie, J.; Yang, Z.P.; Wu, H.]. Effects of Long-term Application of Nitrogen, Phosphorus,
Potassium Fertilizers and Lime on Acidic Properties of Red Paddy Soils. Acta Pedol. Sin. 2016, 53, 202-212. [CrossRef]

6. Liu, H. Effects of Chemical Fertilizer Reduction Coupled with Bio-Organic Fertilization on Vegetative Growth, Yield, Nutritional
Quality and Soil Physicochemical Characteristics of Solanaceous Vegetables. Master’s Thesis, Yanan Agricultural University,
Yanan, China, 2020. [CrossRef]

7.  Desta, A.G. The role of alfalfa (Medicago sativa L.) in soil health and greenhouse gas mitigation in integrated crop-livestock
systems: A review. Arch. Agron. Soil Sci. 2026, 72, 1-16. [CrossRef]

8. Abdilimu, YJ.; Zhao, W.; Wang, X.W.; Huang, Y.; Zhang, A.Q. Ovule development before and after fertilization and seed formation
dynamics of Medicago sativa cv. Xinmu No.4. Acta Prataculturae Sin. 2024, 33, 111-121. [CrossRef]

9. Feng, S.L.; Zhou, T.; Wang, ].L.; Gao, Z. Effects of different fertilizers on the yield performance of alfalfa in the Xianyang region.
Anim. Husb. Feed. Sci. 2025, 46, 58—-64.

10. Ma, HX,; Jiang, P.; Zhang, X.J.; Liu, R.L.; Sun, Q.; Wang, L. Regulation of alfalfa growth, water and nitrogen utilization and
distribution in arid region of Northwest China by optimizing irrigation method. Front. Plant Sci. 2025, 16, 1517398. [CrossRef]

11. La, D.; Xu, K;; Li, LX.; Wang, K; Suonan, C.R.; Hong, W.; Han, Y.L. Analysis of alfalfa yield and nutritional composition in Wulan
County. Qinghai Grassl. Sci. Technol. 2023, 32, 10-13.

12. Wei, TJ,; Li, G,; Cui, Y.R;; Xie, J.; Teng, X.; Wang, Y.J.; Li, Z.H.; Guan, F.C,; Liang, Z.W. Compost mediates the recruitment of
core bacterial communities in alfalfa roots to enhance their productivity potential in saline-sodic soils. Front. Microbiol. 2024,
15, 1502536. [CrossRef]

13.  Wang, X.L. Effects of combined nitrogen, phosphorus and potassium fertilization on alfalfa yield performance. Forage Sci. 2025,
52-58. [CrossRef]

14. He, F; Zhao, Z.X.; Kang, ].M.; Long, R.C,; Li, H.G.; Yang, Q.C.; Zhang, T.J. Responses of alfalfa yield and quality to
nitrogen—phosphorus—potassium fertilization ratios. Chin. J. Grassl. Sci. 2019, 41, 24-32. [CrossRef]

15.  Yahaya, S.M.; Mahmud, A.A.; Abdullahi, M.; Haruna, A. Recent advances in the chemistry of nitrogen, phosphorus and potassium
as fertilizers in soil: A review. Pedosphere 2023, 33, 385-406. [CrossRef]

16. Wang, Y.; Zhou, S.H.; Hou, RN.; He, Y.X; Sun, R.Y.; Huang, Y.L.; Chen, X.B. Impacts of co-application of bioorganic and chemical
fertilizers on wheat yield and soil microbial communities across disparate regions. China Soil Fertil. 2026, 123, 100-109. [CrossRef]

17.  Gao, R.P; Gao, RP; Duan, Y.;; Zhang, J.; Ren, Y.F; Li, H.C,; Liu, X.Y.; Zhao, PY,; Jing, Y.P. Effects of long-term application of
organic manure and chemical fertilizer on soil properties and microbial communities in the agro-pastoral ecotone of North China.
Front. Environ. Sci. 2022, 10, 993973. [CrossRef]

18. Jiang, EH.; Han, S.; Cheng, W.L.; Song, L.; Tang, S.; Wang, H.; Bu, R.Y.; Li, M,; Zhu, R.; Islam, M.U,; et al. Soil quality, elemental
stoichiometry and crop yield under partial substitution of chemical fertilizers with organic inputs in Vertisols: A six-site field
study. Front. Plant Sci. 2025, 16, 1742932. [CrossRef]

19. Wang, N.; Zhan, J.; Feng, K.Y.; Qi, J.; Nan, H.Y. Higher yield sustainability and soil quality by reducing chemical fertilizer with
organic fertilizer application under a single-cotton cropping system. Front. Plant Sci. 2024, 15, 1494667. [CrossRef]

20. Zhao, Y.A. Effect of Organic Fertilizers and Rhizobacterial Agents on the Growth and Inter-Root Microbial Diversity of Alfalfa.
Master’s Thesis, Qinghai Agricultural University, Xining, China, 2023. [CrossRef]

21. Ali, A;; Jabeen, N.; Chachar, Z.; Chachar, S.; Ahmed, S.; Ahmed, N.; Laghari, A.A.; Sahito, Z.A.; Farruhbek, R.; Yang, Z.P. The
role of biochar in enhancing soil health & interactions with rhizosphere properties and enzyme activities in organic fertilizer
substitution. Front. Plant Sci. 2025, 16, 1595208. [CrossRef]

22.  Shi, X.H.; Cui, S.X.; Hao, K,; Kong, S; Jia, S.S.; Jin, Z.; Kang, W.Q.; Fan, M.S. Effects of organic fertilizer application on soil
characteristics and nutrient utilization efficiency in farmland. J. North. Agric. 2020, 48, 58—64. [CrossRef]

23. Liu, H,; Ma, Z.H.; Liu, W.E; Wan, M.H.; Ma, FL.; Wu, N,; Liu, J.L. Impacts of diverse tillage practices coupled with organic

fertilization on rhizosphere soil microbial communities of maize grown in saline-alkali land. Chin. J. Eco-Agric. (Chin. Engl. Ed.)
2025, 33, 25-39. [CrossRef]

https://doi.org/10.3390/plants15182785


https://doi.org/10.27285/d.cnki.gsxnu.2024.000396
https://doi.org/10.31497/zrzyxb.20220302
https://doi.org/10.13605/j.cnki.52-1065/s.2025.01.004
https://doi.org/10.11766/trxb201507300280
https://doi.org/10.27438/d.cnki.gyadu.2020.000558
https://doi.org/10.1080/03650340.2025.2610090
https://doi.org/10.11686/cyxb2024028
https://doi.org/10.3389/fpls.2025.1517398
https://doi.org/10.3389/fmicb.2024.1502536
https://doi.org/10.3969/j.issn.2096-3971.2025.01.008
https://doi.org/10.16742/j.zgcdxb.20180235
https://doi.org/10.1016/J.PEDSPH.2022.07.012
https://doi.org/10.11838/sfsc.1673-6257.25363
https://doi.org/10.3389/fenvs.2022.993973
https://doi.org/10.3389/fpls.2025.1742932
https://doi.org/10.3389/fpls.2024.1494667
https://doi.org/10.27740/d.cnki.gqhdx.2023.000422
https://doi.org/10.3389/fpls.2025.1595208
https://doi.org/10.12190/j.issn.2096-1197.2020.02.09
https://doi.org/10.12357/cjea.20240308
https://doi.org/10.3390/plants15182785

Plants 2026, 15, 2785 15 of 16

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Ma, ZM.; Wang, P; Chen, J.; Bao, X.G. Combined long-term application of organic materials with nitrogen fertilizer in suitable
amount could improve soil fertility and crop production profit in He-xi Oasis of Gansu Province. J. Plant Nutr. Fertil. 2016, 22,
1298-1309. [CrossRef]

Wang, J.L.; Wang, Z.; Zhang, Q.; Dong, P.B.; Zhang, FJ. Effect of Fertilizer Reduction Combined with Organic Fertilizer on
Production Performance and Nutrient Utilization of Alfalfa in Sand Land. Mod. Agric. Res. 2024, 30, 57-63. [CrossRef]

Ren, J.H,; Liu, X.L.; Yang, W.P,; Yang, X.X.; Li, W.G.; Xia, Q.; Li, ].H.; Gao, Z.Q.; Yang, Z.P. Rhizosphere soil properties, microbial
community, and enzyme activities: Short-term responses to partial substitution of chemical fertilizer with organic manure.
J. Environ. Manag. 2021, 299, 113650. [CrossRef]

Wang, Q.; Wang, S.W.; Chen, W.; Chen, B.]. Effects of fertilization on yield, quality and economic efficiency of alfalfa in low-yield
field in Mingle. Pratacult. Sci. 2016, 33, 230-239. [CrossRef]

Pei, X.X.; Dang, ].Y.; Zhang, D.Y.; Zhang, ].; Gao, L.; Cheng, M.E,; Wang, ].A. Effects of Chemical Fertilizer Reduction Combined
with Organic Fertilizer on the Yield, Quality, and Water Use Efficiency of Dryland Wheat. J. Soil Water Conserv. 2021, 35, 250-258.
[CrossRef]

Lu, W.D.; Li, J.H,; Luo, T,; Chen, L.L.; Zhang, L.; Liu, S.K. Effects of different organic fertilizer replacement rates on wheat yield
and soil nutrients over three consecutive years. J. Plant Nutr. Fertil. 2021, 27, 1330-1338. [CrossRef]

Symanowicz, B.; Skorupka, W. Effect of mineral fertilization on nitrogenase activity, yield, nitrogen content and uptake with
alfalfa (Medicago sativa L.) yield. |. Elem. 2019, 24, 181-191. [CrossRef]

Wang, B.; Zhang, Y.C.; Wang, X.Y.; Wu, M.L.; Peng, Y.; Huang, W.; Feng, G.; Yan, Q.W,; Jiang, P.A.; Liu, Y.H.; et al. Effects
of Sustained Low Level Organic Fertiliser and Chemical Fertiliser Blending on Soil Fertility and Multifunctionality in Oasis
Farmland. Acta Pedol. Sin. 2025, 62, 1059-1071. [CrossRef]

Cao, J. Evaluation on the Growth of Alfalfa and Mn?2+ Toxicity in Guizhou. Master’s Thesis, Chinese Academy of Agricultural
Sciences, Beijing, China, 2018. Available online: https://kns.cnki.net/kems2/article/abstract?v=gvg-ilm8s3PZsZgByKgKfrOg
PeaC9iuK7-Vd1VkYkcGM7VtBW-VBjk8EAb3wq_52QqqGBUzuAIBnX2RCrSIXDnAWXh9yArwGhWplqvvArY4aDpda-bCAE
RazjCiddetj60G4hQcqu8RZGyOKMMSjwyUyi]JmOaqaURIYrjBdzlc=&uniplatform=NZKPT (accessed on 8 September 2026).
Li, JW.; Deng, X.; Zhang, Y.Y.; Wang, T.F.; Wang, B.; Ma, ].P.; Wang, X.B.; Du, ].M.; Lan, J. Effects of nitrogen, phosphorus, and
potassium fertilizer rationing on production performance and nutritional value of forage oats in rain-fed farming areas of Ningxia,
China. Pratacult. Sci. 2025, 42, 3164-3173. [CrossRef]

Sun, Y.L.; Sun, J.; Wang, X.Z.; Cartmill, A.D.; Lépez, L.LE;; Ma, C.H.; Zhang, Q.B. Nitrogen and phosphorus fertilizer use efficiency
improves alfalfa (Medicago sativa L.) production and performance in alkaline desert soil. Front. Plant Sci. 2025, 16, 1526648.
[CrossRef]

Wang, ]. Effect of AMF and Rhizobium Inoculation on Growth and Nutrient Uptake of Alfalfa at Different Fertilizer
Levels. Master’s Thesis, Beijing Forestry University, Beijing, China, 2012. Available online: https://kns.cnki.net/kems2/
article/abstract?v=gvg-ilm8s3MRIL-JWq_T9]2sCy4O4ImbXB5ords4wPczB4kjNrYsTypN14BCvdKQ3KS910dtPmTek4wip AkU4h
OM718cWhdkvypTvG-Nz_414FrY7h59cRZA8nLuDPhbatc2vSRCHOSIbIeSRwS8OXiFDSHtdic_gXkSfG-0ijOw=&uniplatform=
NZKPT (accessed on 8 September 2026).

Divito, G.A.; Sadras, V.O. How do phosphorus, potassium and sulphur affect plant growth and biological nitrogen fixation in
crop and pasture legumes? A meta-analysis. Field Crops Res. 2014, 156, 161-171. [CrossRef]

Li, J.; Zhou, Y.G.; Gu, HH,; Lu, Z.F; Cong, RH.; Li, X.K; Ren, T.; Lu, ].W. Synergistic effect of nitrogen and potassium on seed
yield and nitrogen use efficiency in winter oilseed rape (Brassica napus L.). Eur. ]. Agron. 2023, 148, 126875. [CrossRef]

Wang, X.F; Luo, Z.Z; Li, L.L.; Niu, Y.N.; Sun, P.Z; Hai, L.; Li, L.Z. Characteristics of structure and abundance of soil nitrogen-
fixing bacterial community in alfalfa with different growing ages in the loess plateau. Chin. J. Eco-Agric. 2023, 31, 665-676.
[CrossRef]

Luo, G.W.; Li, L.; Friman, V.P,; Guo, ].J.; Guo, S.W.; Shen, Q.R.; Ling, N. Organic amendments increase crop yields by improving
microbe-mediated soil functioning of agroecosystems: A meta-analysis. Soil Biol. Biochem. 2018, 124, 105-115. [CrossRef]

Ma, Z.; Zheng, G.L.; He, F;; Tong, Z.Y.; Ji, J.].; Xu, H.Y,; Li, Z.S.; Cao, ].; Wan, L.Q.; Li, X.L. Effects of Applying Organic-Inorganic
Compound Fertilizer on Production Performance, Nutritional Quality and Soil Nutrient Content of Alfalfa in Saline-Alkali Soil.
Acta Agrestia Sin. 2019, 27, 466-472. [CrossRef]

Song, Y.F. Effects of Increasing Organic Fertilizer on Soil Aggregate Performance and Winter Wheat Yield Formation in Lime
Concretion Black Soil Under Different Nitrogen Application Rates. Master’s Thesis, Henan Agricultural University, Zhengzhou,
China, 2024. [CrossRef]

Lu, Q.; Wang, ].C; Li, J.; Wang, L.; Zhang, L.; Halihashyibati, Y.; Wang, Q.J.; Zhang, ].C.; Huang, Q.W.; Shen, Q.R. Effect of straw
returning and combined applications of organic fertilizer and inorganic fertilizer on grain yield and nitrogen utilization under
rice-wheat rotation system. J. Nanjing Agric. Univ. 2014, 37, 66-74. [CrossRef]

Yang, Y].; Lei, T.; Du, W,; Liang, C.L.; Li, H.D.; Lv, J.L. Substituting chemical fertilizer nitrogen with organic manure and
comparing their nitrogen use efficiency and winter wheat yield. J. Agric. Sci. 2020, 158, 262-268. [CrossRef]

https:/ /doi.org/10.3390/plants15182785


https://doi.org/10.11674/zwyf.15346
https://doi.org/10.19704/j.cnki.xdnyyj.2024.10.019
https://doi.org/10.1016/J.JENVMAN.2021.113650
https://doi.org/10.11829/j.issn.1001-0629.2015-0237
https://doi.org/10.13870/j.cnki.stbcxb.2021.04.035
https://doi.org/10.11674/zwyf.2021073
https://doi.org/10.5601/jelem.2018.23.3.1684
https://doi.org/10.11766/trxb202404130153
https://kns.cnki.net/kcms2/article/abstract?v=gvg-iIm8s3PZsZgByKgKfr0gPeaC9iuK7-Vd1VkYkcGM7VtBW-VBjk8EAb3wq_52QqqGBUzuAIBnX2RCrSfXDnAWXh9yArwGhWpIqvvArY4aDpda-bCAERazjCiddetj60G4hQcqu8RZGy0KMMSjwyUyiJJmOaqaURlYrjBdzIc=&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=gvg-iIm8s3PZsZgByKgKfr0gPeaC9iuK7-Vd1VkYkcGM7VtBW-VBjk8EAb3wq_52QqqGBUzuAIBnX2RCrSfXDnAWXh9yArwGhWpIqvvArY4aDpda-bCAERazjCiddetj60G4hQcqu8RZGy0KMMSjwyUyiJJmOaqaURlYrjBdzIc=&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=gvg-iIm8s3PZsZgByKgKfr0gPeaC9iuK7-Vd1VkYkcGM7VtBW-VBjk8EAb3wq_52QqqGBUzuAIBnX2RCrSfXDnAWXh9yArwGhWpIqvvArY4aDpda-bCAERazjCiddetj60G4hQcqu8RZGy0KMMSjwyUyiJJmOaqaURlYrjBdzIc=&uniplatform=NZKPT
https://doi.org/10.11829/j.issn.1001-0629.2024-0591
https://doi.org/10.3389/fpls.2025.1526648
https://kns.cnki.net/kcms2/article/abstract?v=gvg-iIm8s3MR9L-JWq_T9J2sCy4O4ImbXB5ords4wPczB4kjNrYsTypN14BCvdKQ3KS910dtPmTek4wipAkU4hOM718cWhdkvypTvG-Nz_4I4FrY7h59cRZA8nLuDPhbatc2vSRCH0SlbIe8Rw8OXiFDSHtdic_gXkSfG-oijOw=&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=gvg-iIm8s3MR9L-JWq_T9J2sCy4O4ImbXB5ords4wPczB4kjNrYsTypN14BCvdKQ3KS910dtPmTek4wipAkU4hOM718cWhdkvypTvG-Nz_4I4FrY7h59cRZA8nLuDPhbatc2vSRCH0SlbIe8Rw8OXiFDSHtdic_gXkSfG-oijOw=&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=gvg-iIm8s3MR9L-JWq_T9J2sCy4O4ImbXB5ords4wPczB4kjNrYsTypN14BCvdKQ3KS910dtPmTek4wipAkU4hOM718cWhdkvypTvG-Nz_4I4FrY7h59cRZA8nLuDPhbatc2vSRCH0SlbIe8Rw8OXiFDSHtdic_gXkSfG-oijOw=&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=gvg-iIm8s3MR9L-JWq_T9J2sCy4O4ImbXB5ords4wPczB4kjNrYsTypN14BCvdKQ3KS910dtPmTek4wipAkU4hOM718cWhdkvypTvG-Nz_4I4FrY7h59cRZA8nLuDPhbatc2vSRCH0SlbIe8Rw8OXiFDSHtdic_gXkSfG-oijOw=&uniplatform=NZKPT
https://doi.org/10.1016/j.fcr.2013.11.004
https://doi.org/10.1016/J.EJA.2023.126875
https://doi.org/10.12357/cjea.20220505
https://doi.org/10.1016/j.soilbio.2018.06.002
https://doi.org/10.11733/j.issn.1007-0435.2019.02.027
https://doi.org/10.27117/d.cnki.ghenu.2024.000798
https://doi.org/10.7685/j.issn.1000-2030.2014.06.010
https://doi.org/10.1017/S0021859620000544
https://doi.org/10.3390/plants15182785

Plants 2026, 15, 2785 16 of 16

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Tang, N. Effects of Organic Fertilizer Substitution on Growth, Water and Nitrogen Use Efficiency and Yield of Winter Wheat.
Master’s Thesis, Northwest A&F University, Xianyang, China, 2025. [CrossRef]

Wan, W.E; Li, YJ.; Li, HG. Yield and quality of alfalfa (Medicago sativa L.) in response to fertilizer application in China:
A meta-analysis. Front. Plant Sci. 2022, 13, 1051725. [CrossRef]

Zhao, ].T.; Huang, R.Z.; Wang, X.Z.; Ma, C.H.; Li, M.; Zhang, Q.B. Effects of combined nitrogen and phosphorus application on
protein fractions and nonstructural carbohydrate of alfalfa. Front. Plant Sci. 2023, 14, 1124664. [CrossRef]

Kaur, H.; Peel, A.; Acosta, K.; Gebril, S.; Ortega, J.L.; Sengupta-Gopalan, C. Comparison of alfalfa plants overexpressing glutamine
synthetase with those overexpressing sucrose phosphate synthase demonstrates a signaling mechanism integrating carbon and
nitrogen metabolism between the leaves and nodules. Plant Direct 2019, 3, e00115. [CrossRef]

Wang, X.Y;; Yu, X,; Shen, Y.Y.; Zhang, Q.P; Li, Y. Fertilization increased alfalfa yield and nutritive value in northern China:
A Metaanalysis. Pratacult. Sci. 2023, 40, 208-217. [CrossRef]

Ren, K.Y,; Sun, Y.; Zou, H.Q.; Li, D.].; Lu, C.A,; Duan, Y.H.; Zhang, W.J. Effect of replacing synthetic nitrogen fertilizer with animal
manure on grain yield and nitrogen use efficiency in China: A meta-analysis. Front. Plant Sci. 2023, 14, 1153235. [CrossRef]
Raza, T.; Qadir, M.E,; Khan, K.S.; Eash, N.S.; Yousuf, M.; Chatterjee, S.; Manzoor, R.; Rehman, S.; Oetting, ].N. Unraveling the
potential of microbes in decomposition of organic matter and release of carbon in the ecosystem. J. Environ. Manag. 2023, 344,
118529. [CrossRef]

Luo, J; Liao, G.; Banerjee, S.; Gu, S.; Liang, J.; Guo, X.; Zhao, H.; Liang, Y.; Li, T. Long-term organic fertilization promotes the
resilience of soil multifunctionality driven by bacterial communities. Soil Biol. Biochem. 2023, 177,108922. [CrossRef]

Xiao, X.; Li, J.; Lyu, ].; Feng, Z.; Zhang, G.; Yang, H.; Gao, C.; Jin, L.; Yu, J. Chemical fertilizer reduction combined with bio-organic
fertilizers increases cauliflower yield via regulation of soil biochemical properties and bacterial communities in North-west China.
Front. Microbiol. 2022, 13, 922149. [CrossRef]

Chen, S.X.; Zhang, W.; Ma, D.W,; Yang, S.H.; Peng, W.E; Zhang, H.; Nie, S.M. Effects of rhizosphere environment on the
competitive ability of extremely small population of Cynanchum forrestii Schltr under alpine conditions. Acta Ecol. Sin. 2023, 43,
2555-2567. [CrossRef]

Li, S.J.; Wang, EX.; Cong, W.Q.; Wei, M.; Wang, ].Q.; Wang, Z.H. Microbial community structure and environmental response of
desert soil in hexi corridor. Acta Pedol. Sin. 2022, 59, 1718-1728. [CrossRef]

Fang, H.R,; Liu, J.J.; Chen, X.L,; Jiang, Y.; Liu, Z.X.; Gu, H.D.; Wan, S.M.; Xiao, Y. Effects of long-term combined application of
organic and chemical fertilizers on bacterial community characteristics and soybean yields. Chin. J. Eco-Agric. 2024, 32, 804-815.
[CrossRef]

Ma, X.R,; Wang, L.; Xue, Z.; Wang, Q.; Qian, Y.H.; Yan, A_; Cai, L. The Combined Application of Organic Fertilizer and Chemical
Fertilizer Increases Alfalfa Yield, Enhances Soil Nutrient Availability, and Improves Soil Biological Properties. Agronomy 2026,
16, 795. [CrossRef]

Xu, L.L.; Wang, X.J. The effect of replacing chemical fertilizers with organic fertilizers and other nitrogen sources on soil nutrients
and enzyme activity. Soil Fertil. Sci. China 2023, 1, 23-29. [CrossRef]

Meng, X,; Sun, L.L,; Xie, K.Y,; Liu, W.; Chu, H.Q.; Zhao, Y. Effects of Irrigation, Phosphorus Application and AM Fungi on Yield
and Water and Phosphorus Use Efficiency of Alfalfa. Acta Agrestia Sin. 2022, 30, 2356-2364.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/plants15182785


https://doi.org/10.27409/d.cnki.gxbnu.2025.000995
https://doi.org/10.3389/fpls.2022.1051725
https://doi.org/10.3389/fpls.2023.1124664
https://doi.org/10.1002/pld3.115
https://doi.org/10.11829/j.issn.1001-0629.2022-0730
https://doi.org/10.3389/fpls.2023.1153235
https://doi.org/10.1016/j.jenvman.2023.118529
https://doi.org/10.1016/j.soilbio.2022.108922
https://doi.org/10.3389/fmicb.2022.922149
https://doi.org/10.5846/stxb202203270754
https://doi.org/10.11766/trxb202110120235
https://doi.org/10.12357/cjea.20230666
https://doi.org/10.3390/agronomy16080795
https://doi.org/10.11838/sfsc.1673-6257.21640
https://doi.org/10.3390/plants15182785

	Introduction 
	Results 
	Nutrient Use Efficiency 
	Nitrogen Accumulation and Nitrogen Utilization 
	Phosphorus Accumulation and Phosphorus Use Efficiency 
	Potassium Accumulation and Potassium Use Efficiency 
	Response of Alfalfa Yield to Aboveground Nutrient Accumulation 


	Discussion 
	Effects of Combined Organic and Chemical Fertilizer Application on Nutrient Uptake Characteristics of Alfalfa 
	Variations in Yield Performance and Nutrient Utilization of Alfalfa 

	Materials and Methods 
	Study Area 
	Experimental Design 
	Measurement Parameters and Methods 
	Statistical Analysis 

	Conclusions 
	References

