
Academic Editor: Anna

Piotrowska-Długosz

Received: 18 December 2024

Revised: 16 January 2025

Accepted: 22 January 2025

Published: 23 January 2025

Citation: Chai, J.; Yang, H.; Chen, Z.;

Li, W.; Li, D.; Yu, X. Biochar and

Nitrogen Fertilizer Promote Alfalfa

Yield by Regulating Root

Development, Osmoregulatory

Substances and Improve Soil

Physicochemical Properties.

Agriculture 2025, 15, 239. https://

doi.org/10.3390/agriculture15030239

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Biochar and Nitrogen Fertilizer Promote Alfalfa Yield by
Regulating Root Development, Osmoregulatory Substances and
Improve Soil Physicochemical Properties
Jinlong Chai 1,2, Hang Yang 1, Zhen Chen 2, Weifang Li 2, Dongqing Li 2 and Xiaojun Yu 1,*

1 College of Grassland Science, Gansu Agricultural University, Lanzhou 730070, China;
chaijlgsau@126.com (J.C.); yhang_gsau@163.com (H.Y.)

2 Key Laboratory of Cultivated Land Conservation Technology, Ministry of Agriculture and Rural Affairs,
Gansu Yasheng Agricultural Research Institute, Co., Ltd., Lanzhou 730010, China; c_zhen163@163.com (Z.C.);
liwf0508@163.com (W.L.); 18193701359@163.com (D.L.)

* Correspondence: yuxj@gsau.edu.cn

Abstract: In artificial grassland systems, the extensive use of inorganic nitrogen (N) fer-
tilizers has greatly enhanced grassland yields but also caused significant environmental
issues. The combined use of biochar and N fertilizer is recognized as an effective and
sustainable approach to reducing environmental risks while boosting crop production.
However, the specific impacts of biochar and N on alfalfa yield, soil properties, and root
morphology remain unclear. This study examined the effects of three biochar application
rates (0, 10, 20 t hm−2) and four N application levels (0, 47, 94, 188 kg N hm−2 yr−1) on
alfalfa growth and soil characteristics. Results revealed that biochar notably promoted root
development and increased osmoregulatory substance content. It enhanced root biomass
by improving root nodule count, root neck bud formation, and root neck diameter, while N
application reduced root nodule numbers. Biochar and N application reduced soil bulk
density by 0.8–10.5%, with biochar further increasing available phosphorus and potassium
levels. Additionally, their combined use significantly elevated soil nitrate and ammonium
concentrations. Overall, the synergy of biochar and nitrogen application enhances alfalfa
yield by fostering better root growth and improving soil fertility.

Keywords: N use efficiency; alfalfa biomass; root morphology; soil characteristics;
correlation

1. Introduction
In recent decades, the increasing demand for crop, livestock, and poultry production

has been a major challenge facing China [1–3]. To meet this challenge, people often in-
crease yield per unit area by applying excessive fertilizer (especially inorganic nitrogen
fertilizer), which significantly improves the yield of crops and animal products while also
leading to environmental problems [4,5]. Biochar, a carbon-rich material derived from the
pyrolysis of organic matter [6–9], which can alter the soil chemical and physical properties,
reduce nitrogen leaching, and improve nitrogen efficiency and soil productivity [10–13].
The combination of biochar and N is now regarded as an effective and sustainable ap-
proach to mitigating environmental impacts while enhancing soil fertility and agricultural
yields [14,15].

Biochar can promote nutrient absorption, enhance resistance, and increase crop pro-
ductivity by improving root systems, regulating root morphology, and increasing the
content of osmoregulatory substances [11,16–18]. However, the impact of biochar on plant
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root and shoot growth is strongly influenced by soil nutrient levels, particularly N [19,20].
A previous study has shown that crop yield is positively correlated with biochar added
in nutrient-rich soils, while there is no significant relationship in low-fertility soils [21].
Additionally, some studies highlight that biochar can significantly improve plant root mor-
phology, reduce nitrogen leaching in soil, improve root nitrogen utilization efficiency in soil,
and thus increase crop yield both in poor and nitrogen-rich soils [22,23]. Thus, exploring
the effects of biochar under varying nitrogen fertilizer levels is crucial to understanding
how it aids in optimizing soil nutrient use and improving crop performance.

Since 2012, China’s artificial grassland industry has developed rapidly with the imple-
mentation of important policy measures such as the revitalization of the dairy industry and
the grain-to-feed action, especially alfalfa (Medicago sativa L.) [24,25]. By the end of 2020, the
area of artificial grassland in Gansu province exceeds 2 million hectares. A large amount
of nitrogen fertilizer was invested in artificial grassland to achieve high yield, while the
sustainability of the grassland ecosystem was ignored [26–29]. For artificial grassland, the
contradiction between high nitrogen fertilization and environmental protection is still a sci-
entific problem that urgently needs to be solved [30]. Numerous studies have demonstrated
that the addition of biochar and N significantly influences crop yield and SOC [31–35]. At
the same time, it is beneficial to improve nutrient cycling, expand nutrient capacity, reduce
nutrient loss, and thus improve soil fertility [36–38]. Biochar and nitrogen addition can
affect crop yield by improving root growth, including root length [39], root diameter [40],
root tissue density [41], rhizobia [42,43], and root biomass [18]. As it is a nitrogen-fixing
legume plant widely used in artificial grassland planting, there is still limited understand-
ing of how biochar and N application impact soil properties, root morphology, growth,
yield, and quality in alfalfa production.

To address these challenges, this study examined the effects of biochar and N on
alfalfa stem and root growth, root morphology, osmoregulatory substances in roots, soil
properties, as well as alfalfa yield and quality in northwestern China. The hypotheses were
as follows: (a) Applying 10 t hm−2 biochar combined with 94 kg N hm−2 yr−1 could be an
optimal dosage for maximizing alfalfa yield. (b) The addition of biochar and nitrogen may
enhance root structure and increase osmoregulatory substances, thereby influencing alfalfa
yield. (c) Biochar application could reduce soil bulk density and improve soil nutrient
levels, ultimately boosting alfalfa production.

2. Materials and Methods
2.1. Experimental Site

The field experiment was conducted at a cultivated grassland research base of Gansu
Yasheng Agricultural Research Institute Co. LTD in Jiuquan City, Gansu Province, China
(40◦24′ N, 98◦64′ E). This region features a temperate continental desert climate, with an
average annual temperature of 8.3 ◦C, precipitation of 59.9 mm, and evaporation reaching
2538 mm annually. The vegetative growth period is from April to November. According to the
USDA soil taxonomy, the soil is classified as sandy loam. Pre-planting soil analysis showed
a bulk density (BD) of 1.63 g cm−3, with clay content at 6.72% (<0.002 mm), silt at 25.14%
(0.002–0.05 mm), and sand at 68.17% (>0.05 mm). The soil’s electrical conductivity (EC) was
1.74 mS cm−1, pH was 7.8, and organic carbon (SOC) content measured 11.18 g kg−1. Levels
of alkali-hydrolysable nitrogen (AN), available phosphorus (AP), and available potassium
(AK) were 43.60 mg kg−1, 12.90 mg kg−1, and 74.15 mg kg−1, respectively.

2.2. Experimental Design and Field Management

The field trial used a split-plot design, with nitrogen levels as the main plots
and biochar application rates as the subplots. Four nitrogen treatments were applied:
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N0 (0 kg N hm−2 yr−1), N1 (47 kg N hm−2 yr−1), N2 (94 kg N hm−2 yr−1), and N3
(188 kg N hm−2 yr−1). Three biochar rates were included: B0 (0 t hm−2), B1 (10 t hm−2),
and B2 (20 t hm−2). Each treatment was replicated three times, resulting in a total of
36 plots. Each plot measured 28.26 m2, corresponding to the 3 m radius of the sprinkler irri-
gation system, and was established in April 2021. To prevent water and fertilizer exchange
between adjacent plots, PVC boards were installed to a depth of 120 cm, with a 1.0 m buffer
zone between plots.

The experimental field has been uncultivated for 3 years; before that, it was an alfalfa
field. The biochar used in the experiment was derived from corn straw through pyrolysis at
450 ◦C, produced by Suihua Charcoal powder Technology Co., LTD (Suihua, Heilongjiang,
China). It contained 55.31% total C, 1.35% N, 0.24% P, and 1.18% K, with a pH of 9.46. In
April 2022, biochar was applied once to the soil surface of each plot before alfalfa sowing
and incorporated into the soil by plowing to a depth of approximately 30 cm. After the
fertilizer completely dissolved in the water, it was sprayed evenly onto the surface of the
alfalfa using an irrigation system. Nitrogen fertilizer (urea, 46% N) was applied as 20%
basal fertilizer, with the remaining 80% divided into six applications in 2022 and eight in
2023 (twice per cutting) during alfalfa’s early and middle vegetative stages. Phosphate
fertilizer (superphosphate, 16% P2O5) was applied at 97.5 kg P2O5 per hectare, with 75%
as basal fertilizer and 25% during the early growth stage. Potassium fertilizer (potassium
sulfate, 52% K2O) was applied at 150 kg K2O per hectare, with 40% as basal fertilizer and
60% during the final cutting. Other field management practices aligned with standard local
production methods.

2.3. Sampling and Measurements

At each cut date in 2022 and 2023, alfalfa plants were manually harvested from three
0.25 m2 areas randomly selected in each plot [44,45]. The harvested plants were separated
into leaves and stems, which were dried at 80 ◦C, weighed, finely ground, and sieved for
analysis. Crude protein (CP = N content × 6.25), acid detergent fiber (ADF), and neutral
detergent fiber (NDF) were measured. CP was analyzed using an automatic Kjeldahl
apparatus (KjeltecTM8400) [46], while ADF [47] and NDF [48] were determined with a
semi-automatic fiber analyzer (F800) following the Van Soest method. The relative feeding
value (RFV) was calculated using the corresponding equations:

DMI (dry matter intake) = 120/NDF (1)

DDM (digestible dry matter) = 88.9 − 0.799 × ADF (2)

RFV = (DMI × DDM)/1.29 (3)

After the final alfalfa harvest in early October 2022 and 2023, root samples were
collected from each subplot using a 0.5 × 0.5 × 1.0 m soil column. All visible roots within
the soil column were carefully extracted and washed free of soil. Fresh root samples were
then analyzed to determine root length, crown diameter, crown bud count, and nodule
number. Then, the measured alfalfa roots were evenly divided into two parts, and one was
used to calculate the root biomass after constant weight at 80 ◦C. The other was used to
determine root osmoregulatory substances [49].

After the final alfalfa harvest in 2022 and 2023, three soil samples (0–20 cm depth) were
collected from each plot and combined into a bulk sample. A portion of the soil was frozen
at −20 ◦C for available nitrogen analysis, while the remaining soil was air-dried for other
property measurements. Soil bulk density was determined using 100 cm3 cylinders [50].
Soil pH and EC were measured using the potentiometric method with soil-to-water ratios
of 1:2.5 and 1:5, respectively [51,52]. AP was analyzed using the Olsen-P method, and AK
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was measured with a flame photometer (XP, BWB Technologies, Heath, TX, USA) [53,54].
NO3

−-N and NH4
+-N were quantified using a continuous flow analyzer [44].

2.4. Statistical Analysis

The effects of biochar and N treatments on alfalfa yield, root morphology indices, root
osmoregulatory substances, and soil physicochemical properties were analyzed using multi-
factor analysis of variance (ANOVA). Interaction effects between biochar and nitrogen were
assessed through two-way ANOVA. Statistical analyses, including ANOVA and Duncan’s
multiple range tests, were conducted at a significance level of p = 0.05 using SPSS v. 20.0
(IBM Corp, Armonk, NY, USA).

3. Results
3.1. Alfalfa Yield and Allocation

ANOVA showed significant effects of biochar treatment, nitrogen content, and the
interaction of biochar and N on alfalfa in 2022 and 2023 (Figures 1 and 2). Leaf biomass
increased notably with higher nitrogen application rates in 2022, with N2 and N3 treatments
showing significantly higher values than N0 (Figure 1). The leaf biomass increased with
the increase of nitrogen and reached a significant level of cuttings 2 and 4 in 2023 (Figure 2).
With the increase in biochar, leaf biomass showed an increasing trend, and the maximum
biomass was found under the B2 treatment (Figures 1 and 2). Stem biomass was significantly
greater in N2 and N3 treatments compared to N0, although no significant difference was
observed between N2 and N3. There was a positive correlation between stem biomass
and biochar addition, and the stem biomass of B2 was higher than that of B1 and B0. Total
alfalfa yield in both years increased with higher nitrogen application rates, with N2 and N3
yielding significantly more than N0, although differences between adjacent treatments (e.g.,
N0 and N1, N2 and N3) were not significant. Additionally, biochar application significantly
improved alfalfa yield across all cuttings in both years, with the yield increase following
the order B2 > B1 > B0 (Figures 1 and 2). Thus, the results suggest that the optimal alfalfa
yield can be achieved with 94 kg N hm−2 yr−1 and 10 t hm−2 biochar.

3.2. Alfalfa Quality

In 2022, increasing nitrogen levels showed no significant difference in CP between
N0 and other nitrogen treatments. The CP in the N0 treatment decreased with increasing
biochar, while in other nitrogen treatments, CP remained unchanged with biochar addition.
In 2023, nitrogen application significantly increased alfalfa CP content, with biochar under
N1 showing B2 > B1 = B0, whereas CP differences under other nitrogen levels were
insignificant (Table 1).

Table 1. Crude protein (CP) of alfalfa as influenced by different biochar and N levels.

Year Treatments N0 N1 N2 N3

2022
B0 22.7 ± 0.3 Aab 23.3 ± 0.3 Aa 21.7 ± 0.3 Ab 22.0 ± 0.6 Aab
B1 21.7 ± 0.3 ABa 22.0 ± 0.1 Aa 21.7 ± 0.3 Aa 21.3 ± 0.7 Aa
B2 20.7 ± 0.3 Ba 22.0 ± 0.6 Aa 20.7 ± 0.3 Aa 22.0 ± 0.6 Aa

N * B ** N × B **

2023
B0 20.3 ± 0.3 Ac 21.7 ± 0.3 Bb 23.0 ± 0.1 Aa 23.0 ± 0.1 Aa
B1 21.0 ± 0.6 Ab 21.7 ± 0.3 Bab 22.7 ± 0.3 Aa 22.7 ± 0.3 Aa
B2 21.3 ± 0.7 Ab 23.0 ± 0.1 Aa 23.0 ± 0.1 Aa 23.0 ± 0.1 Aa

N ** B ** N × B:NS
Lowercase letters in a row represent significant differences within the same biochar treatment, while uppercase
letters in a column indicate significant differences within the same nitrogen treatment. Values are presented as
means ± SE. NS, *, and ** denote p > 0.05, p < 0.05, and p < 0.01, respectively.
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Figure 1. The effects of biochar application and varying N levels on leaf biomass (a–c), stem
biomass (d–f), and total alfalfa yield (g–i) at different cutting in 2022. B0, B1, and B2 indicate
biochar levels of 0, 10, and 20 t hm−2. N0, N1, N2, and N3 indicate nitrogen levels of 0, 47, 94,
and 188 kg N hm−2 yr−1. Different lowercase letters indicate significant differences among biochar
treatments within the same nitrogen level, and different capital letters represent significant differences
among nitrogen treatments. Error bars show the standard error of the mean. NS, *, and ** denote
p > 0.05, p < 0.05, and p < 0.01, respectively.
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Figure 2. Cont.
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Figure 2. The effects of biochar application and varying N levels on leaf biomass (a–d), stem
biomass (e–h), and total alfalfa yield (i–l) at different cutting in 2023. B0, B1, and B2 indicate
biochar levels of 0, 10, and 20 t hm−2. N0, N1, N2, and N3 indicate nitrogen levels of 0, 47, 94,
and 188 kg N hm−2 yr−1. Different lowercase letters indicate significant differences among biochar
treatments within the same nitrogen level, and different capital letters represent significant differences
among nitrogen treatments. Error bars show the standard error of the mean. NS, *, and ** denote
p > 0.05, p < 0.05, and p < 0.01, respectively.

In the first year, neither biochar nor nitrogen significantly affected alfalfa ADF. How-
ever, in the second year, biochar significantly reduced ADF at N0 and N1 levels, while
at higher nitrogen levels (N2 and N3), biochar had no significant effect (Table 2). For
NDF, nitrogen addition in 2022 reduced its content, and biochar addition within the same
nitrogen treatment had no significant effect. In 2023, ADF content initially increased and
then decreased with higher nitrogen, except under B2, while NDF content followed a
B0 > B1 > B2 trend with increasing biochar (Table 3).

Table 2. Acid detergent fiber (ADF) of alfalfa as influenced by different biochar and N levels.

Year Treatments N0 N1 N2 N3

2022
B0 23.0 ± 0.1 Aa 23.3 ± 0.3 Aa 23.7 ± 0.3 Aa 23.3 ± 0.3 Aa
B1 23.3 ± 0.3 Aa 23.0 ± 0.1 Aa 22.7 ± 0.3 Aab 22.0 ± 0.1 Bb
B2 23.7 ± 0.3 Aa 22.7 ± 0.9 Aa 23.7 ± 0.9 Aa 22.7 ± 0.3 ABa

N:NS B:NS N × B:NS

2023
B0 26.0 ± 0.6 Aa 25.7 ± 0.3 Aa 26.0 ± 0.1 Aa 26.3 ± 0.7 Aa
B1 25.0 ± 0.1 Ab 24.7 ± 0.9 Ab 26.0 ± 0.6 Aab 27.3 ± 0.3 Aa
B2 24.7 ± 0.3 Ab 24.3 ± 0.7 Ab 26.3 ± 0.3 Aa 27.0 ± 0.6 Aa

N ** B:NS N × B:NS
Lowercase letters in a row represent significant differences within the same biochar treatment, while uppercase
letters in a column indicate significant differences within the same nitrogen treatment. Values are presented as
means ± SE. NS, and ** denote p > 0.05, and p < 0.01, respectively.

For B0 and B1 biochar levels, nitrogen treatments showed no significant differences
in RFV. In 2022, RFV increased significantly (6.18% to 16.29%) with nitrogen application
under B2, while biochar content had no significant effect on other nitrogen treatments.
Under the same biochar level, RFV for B0 and B1 decreased initially before increasing with
higher nitrogen. In 2023, with the same nitrogen level, RFV under N1 and N2 increased
significantly with rising biochar amounts (Table 4). Thus, results suggest that biochar and
N affected alfalfa quality, but there were differences between years.
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Table 3. Neutral detergent fiber (NDF) of alfalfa as influenced of different biochar and N levels.

Year Treatments N0 N1 N2 N3

2022
B0 37.3 ± 0.7 Aab 38.0 ± 0.6 Aa 35.7 ± 0.9 Ab 36.0 ± 0.1 Aab
B1 38.0 ± 0.6 Aa 37.0 ± 0.6 Aa 34.7 ± 0.7 Aa 35.3 ± 1.8 Aa
B2 39.0 ± 0.6 Aa 38.1 ± 0.6 Aab 36.0 ± 0.6 Ab 35.2 ± 0.2 Ac

N * B:NS N × B:NS

2023
B0 40.1 ± 0.1 Ab 43.0 ± 0.6 Aa 42.3 ± 0.3 Aa 40.3 ± 0.7 Ab
B1 39.8 ± 0.1 Ab 42.7 ± 0.3 Aa 43.0 ± 0.6 Aa 40.1 ± 0.6 Ab
B2 40.7 ± 0.3 Aa 40.3 ± 0.9 Ba 40.0 ± 0.6 Ba 39.3 ± 0.7 Aa

N * B ** N × B *
Lowercase letters in a row represent significant differences within the same biochar treatment, while uppercase
letters in a column indicate significant differences within the same nitrogen treatment. Values are presented as
means ± SE. NS, *, and ** denote p > 0.05, p < 0.05, and p < 0.01, respectively.

Table 4. Relative feeding value (RFV) of alfalfa as influenced by different biochar and N levels.

Year Treatments N0 N1 N2 N3

2022
B0 193.1 ± 3.1 Aa 184.7 ± 6.3 Aa 203.7 ± 8.7 Aa 195.3 ± 2.3 Aa
B1 185.7 ± 3.5 ABa 193.7 ± 6.1 Aa 209.0 ± 3.1 Aa 207.0 ± 11.9 Aa
B2 178.7 ± 2.2 Bb 189.3 ± 4.5 Ab 192.0 ± 6.5 Ab 207.1 ± 1.5 Aa

N * B:NS N × B:NS

2023
B0 160.7 ± 1.3 Aa 150.1 ± 2.6 Bb 150.3 ± 0.3 Bb 158.3 ± 3.8 Aa
B1 160.3 ± 0.3 Aab 153.3 ± 1.8 ABbc 148.7 ± 2.9 Bc 161.3 ± 2.9 Aa
B2 160.7 ± 1.5 Aa 160.7 ± 2.3 Aa 158.7 ± 2.4 Aa 161.7 ± 2.9 Aa

N * B ** N × B:NS
Lowercase letters in a row represent significant differences within the same biochar treatment, while uppercase
letters in a column indicate significant differences within the same nitrogen treatment. Values are presented as
means ± SE. NS, *, and ** denote p > 0.05, p < 0.05, and p < 0.01, respectively.

3.3. Root Traits

Both N and biochar supply significantly influenced root traits over two consecutive
years, though the responses varied between years (Figure 3). Root length increased con-
sistently with biochar addition, peaking at 20 t hm−2 (Figure 3a,b). In 2022, root crown
diameter showed no significant change with nitrogen or biochar addition, but a significant
positive correlation was observed in 2023 (Figure 3c,d). Similarly, the number of root crown
buds remained unchanged in the first year but increased significantly in 2023 with the
application of biochar and nitrogen (Figure 3e,f). Nitrogen fertilizer significantly reduced
the number of nodules, while biochar addition significantly increased it in both years
(Figure 3g,h). Overall, both biochar and nitrogen application significantly enhanced root
biomass over the two years (Figure 3i,j). The results showed that biochar and N could
improve root growth and root morphology.

3.4. Root Osmoregulatory Substances

The effects of biochar and nitrogen on root osmoregulatory substances varied
(Figure 4). Both treatments significantly increased soluble sugar content in alfalfa roots.
Alfalfa root soluble protein was positively correlated with the amount of biochar added,
but not with the amount of nitrogen added. Unlike soluble sugar and protein, the content of
malondialdehyde and proline in the roots decreased with increasing nitrogen fertilization,
while it increased with increasing biochar addition. The results showed that biochar and N
significantly increased root osmoregulatory substances.
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Figure 3. The effects of biochar application and varying N levels on root length (a,b), root crown
diameter (c,d), root crown bud number (e,f), nodule number (g,h), and root biomass (i,j) in 2022 and
2023. B0, B1, and B2 indicate biochar levels of 0, 10, and 20 t hm−2. N0, N1, N2, and N3 indicate
nitrogen levels of 0, 47, 94, and 188 kg N hm−2 yr−1. Different lowercase letters indicate significant
differences among biochar treatments within the same nitrogen level, and different capital letters
represent significant differences among nitrogen treatments. Error bars show the standard error of
the mean. NS, *, and ** denote p > 0.05, p < 0.05, and p < 0.01, respectively.
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Figure 4. The effects of biochar application and varying N levels on soluble sugar (a,b), soluble
protein (c,d), proline (e,f), and malonaldehyde (g,h) in 2022 and 2023. B0, B1, and B2 indicate
biochar levels of 0, 10, and 20 t hm−2. N0, N1, N2, and N3 indicate nitrogen levels of 0, 47, 94,
and 188 kg N hm−2 yr−1. Different lowercase letters indicate significant differences among biochar
treatments within the same nitrogen level, and different capital letters represent significant differences
among nitrogen treatments. Error bars show the standard error of the mean. NS, *, and ** denote
p > 0.05, p < 0.05, and p < 0.01, respectively.
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3.5. Soil Physicochemical Properties

In 2022 and 2023, biochar application significantly reduced soil bulk density, whereas
nitrogen fertilizer had no notable impact (Figure 5a,b). Soil pH followed the pattern
B2 > B1 > B0 with biochar addition. In 2022, the pH in the N2 treatment was significantly
lower than in other nitrogen treatments, while in 2023, the N3 treatment showed the lowest
pH (Figure 5c,d).
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Figure 5. Effects of biochar and N levels on bulk density (a,b) and pH (c,d) in 2022 and 2023. B0, B1,
and B2 indicate biochar levels of 0, 10, and 20 t hm−2. N0, N1, N2, and N3 indicate nitrogen levels of
0, 47, 94, and 188 kg N hm−2 yr−1. Different lowercase letters indicate significant differences among
biochar treatments within the same nitrogen level, and different capital letters represent significant
differences among nitrogen treatments. Error bars show the standard error of the mean. NS, *, and **
denote p > 0.05, p < 0.05, and p < 0.01, respectively.

In 2022, the NO3
−-N was significantly increased in N0 and N1 after adding the biochar,

while that of N2 and N3 was not significantly increased (Figure 6). The NO3
−-N value of

biochar added with each nitrogen fertilizer treatment increased significantly in 2023. The
application of nitrogen fertilizer significantly increased the NO3

−-N in the soil. Compared
with N0, the average NO3

−-N increased by 46.5%, 56.8%, 66.2%, and 34.3%, 51.5%, and
62.7% in 2022 and 2023, respectively, under different nitrogen treatments. In 2023, the
NH4

+-N content increased due to the addition of nitrogen and biochar in 2023, but there
was no significant correlation between NH4

+-N and nitrogen and biochar in 2022. The
content of AP and AK in alfalfa soil increased significantly after the addition of biochar.
Nitrogen had no significant impact on AP in 2022, and AP content in the N3 treatment
decreased by 17% compared to N0 in 2023. The addition of nitrogen fertilizer increased the
soil available potassium, and the available potassium was N3 = N2 > N1 = N0 with the
increase in nitrogen fertilizer application rate. These results indicate that soil bulk density
and soil nutrient levels are influenced by biochar and N application dosage.
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Figure 6. Effects of biochar and N level on NO3
−-N (a,b), NH4

+-N (c,d), available phosphorus (e,f),
and available potassium (g,h) in 2022 and 2023. B0, B1, and B2 indicate biochar levels of 0, 10,
and 20 t hm−2. N0, N1, N2, and N3 indicate nitrogen levels of 0, 47, 94, and 188 kg N hm−2 yr−1.
Different lowercase letters indicate significant differences among biochar treatments within the
same nitrogen level, and different capital letters represent significant differences among nitrogen
treatments. Error bars show the standard error of the mean. NS, *, and ** denote p > 0.05, p < 0.05,
and p < 0.01, respectively.

3.6. Correlation Among Yields, Alfalfa Quality, Root Traits, Root Osmoregulatory Substances, and
Soil Physicochemical Parameters

Figure 7 shows the relationships between yields, alfalfa quality, root traits, root os-
moregulatory substances, and soil physicochemical parameters. The results showed that
alfalfa yield was positively correlated with leaf biomass, stem biomass, ADF, NDF, RL, RCD,
RCBN, SS, and soil chemical properties. Conversely, they showed negative correlations
with RFV, SP, BD, and malonaldehyde. Furthermore, RFV showed negative correlations
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with yield, leaf and stem biomass, ADF, NDF, RL, RCD, RCBN, SS, and NH4
+-N, but

positive correlations with SP and malonaldehyde. RB showed positive correlations with
yield, AK, and NO3

−-N, but negative correlations with BD.
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4. Discussion
4.1. Effects of Biochar and N on Root Morphology of Alfalfa

Plant roots play a crucial role in plant growth, influencing above-ground biomass by
absorbing nutrients and water from the soil. Biochar can enhance root growth and morphol-
ogy, improving plant productivity, particularly when combined with fertilizers [11,55–58].
This study found that under low nitrogen levels (≤94 kg N hm−2 yr−1), biochar addition
significantly increased root length, root crown diameter, root crown bud number in 2023,
and nodule number and root biomass in both 2022 and 2023. However, with high nitrogen
levels (>94 kg N hm−2 yr−1), biochar significantly increased the number of nodules and
root crown buds in 2023, but there were no significant effects on root biomass or alfalfa yield.
The higher fertilization rate does not increase root biomass nor alfalfa yield. The addition
of nitrogen significantly increased root biomass, while biochar addition could increase the
utilization rate of nitrogen, reduce the amount of nitrogen fertilizer, and maintain a higher
biomass [59]. Another reason is that in fertile soil, crop roots grow to a certain point and
tend to supply more nutrients to above-ground growth. In this study, the alfalfa root lengths
in the first and second years were greater than 20 cm and 40 cm, respectively. The addition
of nitrogen fertilizer may further promote the growth of above-ground parts [60]. In addi-
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tion, the number of root and crown shoots and crown diameter varied from year to year
after adding biochar and nitrogen, which may be due to the particularly stable structure of
biochar, whose half-life in the soil can be several decades [6], and the effects of biochar and
nitrogen fertilizer on soil and crop yield may have cumulative effects. As a legume plant,
alfalfa has different nitrogen nutritional properties than other non-nitrogen-fixing crops.
Its roots form a symbiotic relationship with rhizobia, converting atmospheric nitrogen
into organic nitrogen, which significantly influences nitrogen accumulation and yield [61].
Nitrogen application impacts root and nodule development, rhizobia infection, and the
nitrogen fixation capacity of nodules [62]. Studies have shown that appropriate nitrogen fer-
tilizer promotes nodule formation and growth, enhancing nitrogen fixation, while excessive
nitrogen inhibits nodule formation—findings consistent with this study [63,64]. Nitrogen
application inhibits the development of nodule primordium and nodule growth [62,65],
while increasing organic fertilizer can increase the root nodule number and fresh weight by
improving the photosynthesis of crops and thereby increasing the root nitrogen utilization
efficiency [61]. Our study showed that biochar supplementation significantly increased the
contents of soluble sugar, soluble protein, proline, and malondialdehyde in alfalfa roots at
different N fertilizer levels. The application of biochar increased the content of osmoreg-
ulatory substances in plant roots, improving their ability to withstand cold and drought
and improving their overwintering ability and next year’s alfalfa yield by increasing the
number of root buds [49,66]. Application of nitrogen reduced the contents of malondialde-
hyde and proline in alfalfa roots, thus reducing the stress resistance, while the addition
of biochar increased the content of osmotically regulating substances in alfalfa roots. Soil
fertility is too high, which may cause crops to be unable to survive drought, cold, and
other adverse environmental conditions, because alfalfa is not suitable for overwintering,
and the application of biochar can alleviate this phenomenon. Thus, biochar application is
regarded as a vital management strategy to enhance root vigor, boost resilience to stress,
and improve crop yields.

4.2. Effects of Biochar and N on Soil Physicochemical Properties

Growing evidence suggests that biochar and nitrogen applications enhance crop
productivity by improving soil physical properties and fertility [67–69]. In this study,
biochar significantly reduced soil bulk density, whereas nitrogen had no notable effect.
Biochar’s low bulk density, porous structure, and large surface area reduce soil bulk density,
increase water-holding capacity in coarse soils, and support root growth by lowering
mechanical resistance [6,70–72]. Both biochar and nitrogen improved soil fertility [73].
Biochar also increased soil pH, aligning with previous studies [74,75]. The optimal pH for
alfalfa growth is 6.5–7.5, and biochar’s effect on pH enhances organic carbon, exchangeable
cations, and nutrient uptake by roots [76]. Combined biochar and nitrogen applications
significantly increased soil NO3

−-N, NH4
+-N, K, and P availability. This may be attributed

to biochar’s high surface area, negative surface charge, and enhanced soil CEC, which
reduce nitrate leaching and improve ammonium adsorption [11]. Biochar promotes root
biomass, particularly in deeper soil layers, facilitating nitrate uptake. Ammonium is readily
adsorbed by negatively charged clay minerals, and biochar’s superior CEC enhances
ammonium retention [77]. Additionally, biochar contains high nutrient levels, particularly
P and K, and its functional groups adsorb nutrient ions, increasing soil AP and AK levels to
support root growth and yield [78]. Biochar’s structure improves soil permeability, water
retention, and carbon cycling, creating a favorable environment for soil microorganisms
and accelerating nutrient cycling [12,79,80]. These properties enhance soil nutrient supply,
contributing to improved crop growth and productivity.
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4.3. Effects of Biochar and N on Alfalfa Yield

Both biochar and nitrogen fertilization significantly boosted alfalfa production in 2022
and 2023. Nitrogen application notably increased stem and leaf biomass, while biochar
further enhanced yield. However, at nitrogen rates exceeding 94 kg N hm−2 yr−1, nitrogen
had no additional impact on alfalfa yield. No significant yield difference was observed
between N2 (94 kg N hm−2 yr−1) and N3 (188 kg N hm−2 yr−1), but both treatments
outperformed N0 and N1. Nitrogen fertilizer altered the soil nutrient pool, promoted root
nitrogen uptake, and increased yield, though continuous input reduced soil and plant C:N,
potentially limiting growth due to carbon constraints [44,81]. Biochar improved C:N ratios,
enhanced nitrogen utilization, and further increased alfalfa yield. In this study, biochar
addition significantly improved yield at low nitrogen levels (<94 kg N hm−2 yr−1) with
B2 > B1 > B0, while at higher nitrogen levels (>94 kg N hm−2 yr−1), there was no significant
yield difference between B1 (10 t hm−2) and B2 (20 t hm−2). Previous research has shown
that biochar enhances soil nitrogen retention and reduces fertilizer use, with 15 t hm−2

biochar lowering nitrogen input by 20–40% [59] and 24 t hm−2 biochar maintaining high
soybean yields when applied alone [58,82]. This study found that 10 t hm−2 biochar
combined with 94 kg N hm−2 nitrogen achieved maximum alfalfa yield. Nitrogen fertilizer
increased alfalfa CP content in 2023 and under B2 (20 t hm−2) in 2022, as well as RFV
by reducing NDF content. This may result from initially low soil nitrogen levels in the
test area after three years of fallow. The effects of nitrogen and biochar on alfalfa quality
were minimal at low nitrogen levels and became significant only in the second year. The
combined positive effects of biochar and nitrogen on yield were linked to improved soil
and root characteristics, including reduced bulk density, increased root crown buds, root
biomass, osmoregulatory substances, higher soil pH, and greater availability of P and K.
These benefits (i) enhanced soil physical and chemical properties, supporting root growth
and nutrient uptake [83], and (ii) improved soil nutrient availability and transformation,
supplying more nutrients for alfalfa growth and development.

5. Conclusions
Our results show that biochar and N fertilizers play an important role in increasing

alfalfa yield and improving soil physicochemical properties. The addition of biochar and N
increased the stem, leaf, and root biomass of alfalfa, reduced soil bulk density, improved
root traits, and increased the content of root osmoregulatory substances and soil AP, AK,
NO3

−-N, and NH4
+-N content, leading to an increase in alfalfa yield.

Based on our experimental results, 94 kg N hm−2 yr−1 and 10 t hm−2 biochar could be
an optimal dose used in practice to improve soil and increase alfalfa yield in sandy loam ar-
eas. However, with the increase in biochar application years, the biochar amendment could
lead to different results, and the N use efficiency of fertilizers and soil nitrogen dynamics
after biochar application are also different under different nitrogen doses. Therefore, it is
necessary to monitor the long-term effects of different biochar and nitrogen dosages on
fertilizer utilization rate and soil nitrogen dynamics as well as its microbial mechanism.
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