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Abstract

Biochar as a soil amendment is widely recognized to benefit soil properties and enhance
crop yield in agricultural ecosystems. However, field-based evidence remains limited
regarding the optimal application rate of biochar for enhancing soil quality and crop
productivity in intensive vegetable production in Southern China. This study investigated the
effects of different rice straw biochar application rates (0, 10, 20, 30, and 40 t ha™") on soil
physicochemical properties, microbial community, vegetable yield, and nitrogen use
efficiency (NUE) in a 2-year field experiment in Southern China. The results showed that the
20 t ha™' biochar treatment elicited the most pronounced benefits over two years,
significantly enhancing vegetable yields (10%-29%), NUE (18%-160%), nitrogen uptake
(14%-33%), and nitrogen partial factor productivity (NPFP, 10%-29%). The effect on
enhancing NUE and NPFP was stronger in the second year compared with the first year
during intensive vegetable production. Concurrently, biochar substantially enhanced soil
structure by increasing water-stable macroaggregates (6%-12%) and geometric mean
diameter (14%-38%). Additionally, the application of biochar significantly improved the soil
quality index, as evidenced primarily by increases in soil organic carbon, available potassium,
and phospholipid fatty acid contents. Random forest and partial least squares path modeling
revealed that biochar indirectly influences vegetable yield and NUE by enhancing soil
nutrient availability and promoting microbial activity. In conclusion, the 20 t ha™" biochar
treatment was the optimal amendment strategy for sustainable agricultural production in
intensive vegetable fields in Southern China.
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Introduction

Driven by population growth and economic expansion, the vegetable
cultivation area in China increased from approximately 3.3 to 23.4
million hectares (ha) from 1978 to 2024, accounting for 13.5% of the
total national cropland!". Vegetable cultivation typically adopts
intensive practices to obtain high yields, as evidenced by substantial
fertilizer inputs and the practice of growing multiple crops per year'?.
In addition, vegetable production in China was reported to consume
25% of the nation's nitrogen (N) fertilizer, with N fertilizer application
reaching 364 kg N ha™" for each vegetable seasont. This rate is twice
as high as the N amount applied to grain crops and far exceeds the
actual N requirements for vegetable growthB#, However, the
excessive application of fertilizers not only fails to increase vegetable
yields but may also lead to reduced N use efficiency (NUE), diminished
profits, and environmental N pollution®. Therefore, achieving
sustainable development of intensive vegetable production in China
calls for the urgent adoption of innovative technologies and
sustainable management practices.

Biochar has been widely acknowledged for improving soil quality,
optimizing NUE, and supporting sustainable crop production(®7l,
Because of its capacity for nutrient retention, biochar is commonly
co-applied with N fertilizer in agricultural cropping systems. Recent
studies suggested that the effect of biochar combined with N
fertilizer in cropping systems depends on soil types, biochar applica-
tion rate, and biochar types!®9l. For example, biochar substantially
enhanced nutrient retention and crop yields on sandy or acidic soils,
but it showed minimal effect on fertile soils high in organic
matter('0], At present, most studies have demonstrated that biochar
can enhance crop yields by promoting soil quality, increasing soil
aggregate stability, increasing water-holding capacity, and regulat-
ing microbial properties>'"], whereby crop yields increase with
higher application rates of biocharl®'2, However, this influence is
not always linear, and its effects also have uncertainties. In a rice-
wheat rotation trial, both 20 and 40 t ha~' biochar enhanced crop
yield by enhancing soil aggregate stability and NUE, with no signifi-
cant difference observed across the two application rates!'3l
Furthermore, over-supply of biochar (> 40 t ha~") has been reported
to suppress the NUE and yield of tomato as well as farmers' net
benefitl'4, Therefore, the appropriate biochar application rate is
crucial for increasing crop yields and NUE within specific agricul-
tural systems.

Soil quality index (SQI) is an important indicator assessed by inte-
grating a series of physical, chemical, and biological soil parameters,
which measures the soil's ability to maintain ecological balance, soil
health, and productivity!'>. Soil quality plays a key role in increasing
crop yields and reducing nitrogen fertilizer usel’l. Although there is
currently a large body of research on how biochar affects the SQI,
these studies often rely on subjective screening to select the mini-
mum dataset (MDS)['517], which may result in the exclusion of some
core indicators or a reduction in the accuracy of the assessment.
Additionally, in China, most previous studies on biochar application
for soil quality improvement and yield-efficiency enhancement have
focused on the Yangtze River Delta Plain and the North China
Plainl518, Few studies have examined red soil (Ultisols) under humid
tropical and subtropical climates, such as those in Southern China,
where problems such as soil acidification, low nutrient retention
capacity, and productivity decline are becoming increasingly
severel!9, Under intensive vegetable cultivation, these soils are
particularly vulnerable to degradation due to high-intensity farming
practices and excessive input of N fertilizer20211, Soil microbial

community structure in intensive vegetable farming systems under
severe acid soil stress may differ from that in other regions?2,
leading to differences in N transformation. Consequently, in-depth
research into the effects of biochar on the quality of red soil is
crucial for optimizing its agricultural application rates and promot-
ing increased vegetable yields and NUE.

Therefore, a 2-year field experiment was conducted in an inten-
sively managed vegetable field in Southern China to evaluate the
impacts of different biochar application rates on soil properties, soil
microbial community, vegetable yield, and NUE. Additionally, 21
physicochemical and biological soil properties were comprehen-
sively assessed, and SQI was calculated separately for each year of
the 2-year field experiment to evaluate the overall effect of biochar
application on soil quality in intensive vegetable fields in Southern
China. Overall, the aims of this study are to find the optimal biochar
application rate for intensive vegetable cultivation by comparing
the yield, N uptake, and NUE; and to elucidate the relationship
between SQl, vegetable yield, and NUE, and explore the main driv-
ing parameters, including various soil properties. We hypothesized
that: (1) optimal biochar application rates can continuously improve
soil physicochemical properties and enhance soil microbial activity;
and that (2) biochar primarily improves soil N utilization and
increases vegetable yields by altering key indicators of soil quality.

Materials and methods

Site description and experimental materials

A 2-year field experiment was conducted in an intensive vegetable
field at the Teaching and Research Bases of South China Agricultural
University, located in Guangdong Province, China (23°17'N, 113°37'E),
from 2018 to 2020. The climate is a typical subtropical maritime
monsoon with an average annual temperature of 22.5 °C and an
average annual rainfall of 1,517 mm. The soils at the site belong to
Ultisols, with a texture of loamy clay containing 26% clay, 34% silt, and
41% sand. The basic properties of the soil in the 0-15 cm topsoil layer
are as follows: pH 5.13, soil organic carbon (SOC) 17.2 g kg™, total
nitrogen (TN) 1.28 g kg™, cation exchange capacity (CEC) 9.96 cmol
kg™, and bulk density (BD) 1.15 g cm™.

During the fieldwork, Indian lettuce (Lactuca sativa L. var. longifo-
lia) and Asparagus lettuce (Lactuca sativa L. var. augustana) were
used as the test vegetable crops. Fertilizers included conventional
urea, CO(NH,),, to supply N; calcium superphosphate,
Ca(H,P0,),-H,0, to provide phosphorus (P); and potassium sulphate,
K,S0,, to supply potassium (K) and sulfur (S).

Biochar was produced from rice straw by pyrolysis at 500 °C and
was procured from Liaoning Golden Future Agriculture Technology
Co., Ltd. The basic properties of the biochar included a pH of 9.5,
CEC of 26 cmol kg~', TN of 1.9 g kg™, total C (TC) of 506 g kg~',
ammonium (NH,*) of 2.5 mg N kg7, nitrate (NO5~) of 2.2 mg N kg~',
and ash content of 9.6%.

Experimental design and field management

A 2-year field experiment was conducted, including four vegetable
seasons with multiple harvests. A short fallow period of 1-2 months
separated the two cropping seasons. A randomized complete block
design was used in the experiment, with five treatments: (1) control
without biochar amendment (B0); (2) 10 t ha™' biochar (B10); (3) 20 t
ha~" biochar (B20); (4) 30 t ha™' biochar (B30); and (5) 40 t ha™" biochar
(B40). Urea N fertilizer was applied to each treatment at rates according
to local standards (average annual 875 kg N ha™" yr™"). Each treatment
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had three replications, resulting in 15 plots; each plot covered an area
of 17.5 m? (7.0 x 2.5 m). Biochar was applied in 2018, 1 week prior to
the initial vegetable planting. Specifically, biochar was applied in a
single application to each plot and then thoroughly incorporated into
the topsoil (0-20 cm) by ploughing. The N fertilizer application rates
(basal and topdressing) for each vegetable crop and basic farm
management procedures are shown in Supplementary Table S1.

Soil sampling and analysis

Following the final harvest each year (March 1, 2019, and February 28,
2020), five soil samples were collected from each plot using a soil corer
of 2 cm in diameter. After passing the soil samples through a 2 mm
sieve to remove rock fragments and plant debris, they were combined
into a single sample for subsequent soil property analysis. Determina-
tion of soil chemical properties was performed according to previously
described protocol®. In brief, soil pH was determined using a soil-
water mixture in a ratio of 1:2.5; TN and soil organic carbon (SOC) were
analyzed by the semi-trace Kjeldahl N determination method and the
wet-digestion method, respectively; NH,* and NO;~ were extracted
using 2 M KCl and measured using a continuous flow analyzer
(Alliance, Future, France); available phosphorus (AP) was assayed by
the molybdenum-antimony anti-spectrophotometric method after
extraction with 0.5 M NaHCOj; available potassium (AK) was extracted
with a solution of 1T M NH,OAc and analyzed using flame atomic
absorption spectrometry (FP6431, Shanghai, China); CEC was analyzed
using the BaCl, compulsive exchange method; and BD was
determined using a ring cutter (100 cm3). The interannual trends in soil
pH, TN, NO;~, and NH,* concentrations are shown in Supplementary
Fig. S1. Additionally, complexed iron (Fe,), amorphous iron oxide (Fe,),
and free iron oxide (Fey) from soil samples were determined via
sodium pyrophosphate, ammonium oxalate-oxalic acid, and
dithionite-citrate-bicarbonate (DCB), respectively!.

Soil aggregate size distribution was assessed by a wet-sieving
method as described previously!25l. Briefly, a 50 g air-dried soil
sample was placed on sieve sets with mesh apertures of 0.053,
0.25, and 2 mm, and then soaked in distilled water in a settling cylin-
der for 5 min. Following this, the sample was vibrated at an ampli-
tude of 5 mm, 30 times per min, for 5 min. After sieving, four diffe-
rent size fractions of aggregates were obtained: silt and clay (SC,
< 0.053 mm), microaggregates (MIA, 0.053-0.25 mm), small
macroaggregates (SMA, 0.25-2 mm), and large macroaggregates
(LMA, > 2 mm). Aggregate stability was evaluated by calculating the
proportion of water-stable macroaggregates (WSA.,s5 %), mean
weight diameter (MWD, mm), geometric mean diameter (GMD,
mm), and fractal dimension (FD) using the following formula:

M.

WS Asgas = % x 100% )
where WSA, 55 is the proportion of water-stable macroaggregates (%);
M. 55 is the mass of aggregates > 0.25 mm (g); and M is the mass
of the total aggregate (g):

MWD = Zn:x,-w,- / iwi 2
GMD = exp(zn: w;ln x,-/zn: w,-] 3)

i

(3 = FD)log(xi/ Xmax) = log(W(6 < x;)/ W) C))
where x; denotes the average diameter of the four aggregate size
fractions (mm); w; represents the percentage content of water-stable
aggregates of each particle size (%); X4 represents the maximum

average particle size of aggregates; W denotes the sum of the weights
of soil particles of all sizes; and W (3 < x;) refers to the sum of the
weights of soil particles whose size is < x;.

PLFA analysis

According to the research by Zelles et al.”®, 8.0 g of freeze-dried soil
that passed through a 2 mm sieve was extracted twice using
phosphate buffer/methanol/chloroform (v/v/v. = 0.8/2/1). The
phospholipids were separated from glycolipids and neutral lipids using
silica acid columns (ANPEL Laboratory Technologies Inc.,, Shanghai,
China). Different types of PLFAs were separated and identified using an
Agilent 7890A gas chromatograph equipped with the Sherlock
microbial identification system (v6.2, MIDI, Newark, Delaware, USA).
Before derivatization, methyl nonanoate (19:0) was used as the internal
standard to quantitatively measure phospholipid concentration. The
specific PLFA biomarkers for different microbial groups are shown in
Supplementary Table S2. The sum of G+ and G- bacteria was calculated
and expressed as total bacterial biomass. Two ratios were also
calculated: G+ bacteria to G- bacteria (G+: G-) and fungi to bacteria
(F:B).

Calculation of soil quality index

To comprehensively assess the impact of different biochar treatments
on soil quality, a Total Data Set (TDS) comprising 21 soil physical (BD,
WSA, 25 MWD), chemical (pH, TN, NH,*-N, NO;™-N, SOC, AP, AK, CEC,
Feq, Fe, Fey), and biological indicators (Total PLFAs, AMF,
Actinomycetal, G+ bacterial, G- bacterial, Fungal, Bacterial) was
established?’28., First, we utilized standard linear scoring functions to
convert empirical measurements into dimensionless scores ranging
from 0 to 1%, Variables were categorized into 'more is better' and 'less
is better' functions based on their contribution to soil quality. For 'more
is better' indicators (e.g., SOC, available nutrients, microbial biomass),

Si =(X;- Xmin)/(Xmax = Xmmin) (5)
For 'less is better' indicators (e.g., BD),

Si = (Xmax _Xi)/(Xmax — Xmin) (6)
where §; is the indicator score, X; is the measured value, and X,
and X, are the minimum and maximum values observed across the
dataset, respectively. Soil pH was scored as 'more is better' to reflect
the benefits of alleviating acidity in this study region. To determine
each indicator's contribution to the variability of the overall SQI, a
principal component analysis (PCA) was performed on the entire
dataset (Supplementary Table S3). The first four principal components
(PCs) were selected based on the eigenvalues > 1, which accounted for
more than 80% of the variation and could reflect most of the variation
between soil indicators. The SQI was then calculated using a weighted
additive approacht®®":
SOI= ) (Six W) @)
i=1
where S; and W, are the score and weight of the i indicator,
respectively. A higher SQI value indicates superior soil quality status.

Plant sampling and analysis

Vegetable yield was measured by weighing the fresh weight of all
above-ground vegetable samples in each plot after each harvest.
Nitrogen concentration was determined by the Kjeldahl method for
dried samplesP". Nitrogen uptake by plants (N t ha™"), N use efficiency
(NUE, %), and N partial factor productivity (NPFP, kg kg~') were
calculated as:
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Nitrogen uptake = N g X Y X 1073 ®)
NUE = (Nplant_NO)/NinputXIOO% ®
NPFP = Yield/Nypu (10)

where Ny, is the vegetable N concentration with N fertilization
(g kg™, N, is the vegetable N concentration without N fertilization
(9 kg™), Njpue is the N fertilizer input, and Yield is the vegetable yield
(t ha™"). More details about the N, treatment are specifically described
in Chen etal.l*Z,

Statistical analysis

All statistical analyses were conducted using R 4.4.1 software. One-way
analysis of variance (ANOVA) with Duncan's multiple range test was
used to analyze the differences between the various treatments within
the same year (p < 0.05). Two-way ANOVA with Duncan's multiple
range test was used to examine the interaction between biochar (B)
and cropping year (Y). A linear regression model was used to test the
relationship between biochar application rates and vegetable yield,
NUE, N uptake, and NPFP, as well as the relationship between SQI and
vegetable yield, NUE, and N uptake. The Mantel test was conducted
using the 'linkET' R package to investigate the effects of soil physico-
chemical properties, aggregate stability, and microbial communities
on NUE, N uptake, vegetable yield, and NPFP. Random forest models
were run using the 'randomForest' R package to further identify the
main predictors affecting NUE, N uptake, vegetable yield, and SQlI.
Moreover, using the 'plspm' R package, we used partial least squares
path modeling (PLS-PM) to identify the potential relations between
biochar application rate, soil basic properties, microbiome, soil
structure, nitrogen utilization, and vegetable yield.

Results

Soil physicochemical properties

The two-way ANOVA results showed that soil physicochemical
properties strongly depended on the biochar incorporation, cropping
year, and their interaction (Fig. 1). Specifically, the SOC content in the
B30 treatment was significantly higher than that in the BO treatment in
2018, but showed no significant difference compared with other
biochar treatments (Fig. 1a). In addition, compared with the BO
treatment, the B20 treatment significantly decreased AP content by
25% in 2018, and by 9% in 2019 (Fig. 1b, p < 0.05). In 2018, biochar
application increased AK content, and the B40 treatment was
significantly greater than the BO treatment (Fig. 1¢, p < 0.05). Biochar
addition resulted in significant reductions in BD and Fe, of 1%-7% and
0.3%-8%, respectively (Fig. 1e, g, p < 0.05). Moreover, the B20
treatment increased soil Fey4 content while reducing soil Fe, content in
both years (Fig. 1f, h).

Soil aggregate size distribution and stability

During the 2-year fieldwork, biochar changed the water-stable
aggregate size and structural stability (Table 1; Fig. 2). Specifically, LMA
and SMA were the most prevalent, constituting 28%-40% and
32%-52% of all aggregates, respectively, followed by MIA, with a mean
value of 15% (Table 1). SC represented the smallest proportion with a
mean value of 5%. Similar values of LMA, SMA, MIA, and SC were
observed across the 2 years for each biochar treatment, but the SMA
content in 2019 was significantly higher than that in 2018 (p < 0.05).
Two-way ANOVA analysis showed significant effects of biochar on

WSA, 455, MWD, GMD, and FD, but with a significant B x Y interaction
for MWD (Fig. 2). Compared with B0, all biochar treatments except B30
significantly increased WSA, 5 content, with B20 showing the highest
increase by 11% and 6% in 2018 and 2019, respectively. In addition, the
values of GMD and MWD for B20 in 2019 were significantly higher than
those of all other treatments (p < 0.05). In contrast, the application of
biochar reduced the FD value to some extent in both years. These
results demonstrated that biochar application increased soil water-
stable macroaggregates and had a positive role in the stability of soil
aggregate structure.

Soil microbial biomass and community

According to a two-way ANOVA analysis, microbial abundance was
strongly affected by both biochar and cropping year, with a significant
interaction (Fig. 3, p < 0.05). Biochar significantly increased the total
PLFAs during the experimental period, and values were significantly
higher in 2019 than in 2018 (Fig. 3a, p < 0.05). However, the abundance
of AMF, Actinomycetes, G+ bacteria, G- bacteria, and total bacteria
generally showed a non-linear response to biochar application rates.
Specifically, the abundance of the various PLFAs followed an inverted
'U'-shaped curve, with the highest abundances observed in the B10
and B20 treatments, although no significant differences between the
biochar-amended treatments were observed in 2018. Compared with
the BO treatment, biochar amendments significantly increased the
abundance of AMF, Actinomycetes, G+ bacteria, G- bacteria, and total
bacteria by 43%-54%, 43%-52%, 40%-51%, 23%-43%, and 40%-47%,
respectively. Moreover, regarding microbial community structure,
biochar had no significant effect on the F/B ratio or the G+/G- ratio
(Fig. 3f, i). The G+/G- ratio in 2018 was slightly higher than that in 2019.
In contrast, the F/B ratio in 2019 was significantly higher than that in
2018. In addition, as shown in Supplementary Fig. S2, the relative
abundance of soil microorganisms in 2018 and 2019 was dominated
by total bacteria (including G- and G+ bacteria), followed by
Actinomycetes and Fungi.

Vegetable crop productivity parameters and soil
quality index
The effects of biochar on vegetable yield, NUE, N uptake, and NPFP are
shown in Fig. 4. Compared with the BO control, biochar incorporation
significantly increased vegetable yield, NUE, N uptake, and NPFP by
0.46%-29%, 6%-161%, 4%-33%, and 0.46%-29%, respectively. In
addition, the interaction between biochar and cropping year also
significantly influenced these parameters (p < 0.001). In addition,
vegetable yield, NUE, N uptake, and NPFP all showed a trend of first
increasing and then decreasing with the increase in biochar addition in
both 2018 and 2019 (Fig. 4e-h, p < 0.05). These relationships followed
an inverse U-shaped pattern, reaching a peak around B20 (Fig. 4e-h).
Overall, SQI in the biochar-amended treatments was higher than
that in the BO control, regardless of biochar application rate and
cropping year (Fig. 5a). The SQI of the B20 treatment was 39.7% and
50.6% higher than that of the B0 treatment in the 2 years, respec-
tively (Fig. 5a, p < 0.001). Additionally, random forest analysis indi-
cated that soil chemical factors (44%) and biological factors (51%)
exerted the greatest influence on SQl in 2018, while changes in soil
biological factors (69%) elicited the strongest response to SQl in
2019 (Supplementary Fig. S3). Moreover, vegetable yield, NUE, and
N uptake in both 2018 and 2019 showed positive correlations with
SQl (Fig. 5b-d, p < 0.05), highlighting the importance of improving
soil quality for enhancing crop production and N uptake and
utilization.
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Table 1 Soil aggregate size distribution under different application rates of

biochar from 2018 to 2019

Water-stable aggregate content (%)
Treatment Year
LMA SMA MIA SC

BO 2018  34.08Bb 39.07 Ba 17.8 Aa 9.05 Aa
B10 47.32 Aa 32.35Bb 16.33 Aa 4 Ab
B20 40.01 Aab  41.73Ba 13.67 Aa 4.59 Ab
B30 37.12 Ab 38.6 Ba 1737Aa 691 Aab
B40 3733 Ab 40.36 Ba 17.99 Ba 431 Ab
BO 2019 35.58 Aa 42.88 Ac 15.71Ba 5.83Ba
B10 28.55 Bc 52.95 Aa 15.05 Aa 3.46 Ab
B20 36.46 Aa 46.85 Ab 12.11 Ab 4.58 Aab
B30 3218 Ab  46.05Ab 1541 Aab  6.35Aab
B40 3344Ab  48.19Ab  12.94Bab 543 Aa
Biochar (B) n.s. n.s. * **
Years (Y) *RX wxK ** n.s.
BxY X Fxx n.s. ns.

Note: BO, B10, B20, B30, and B40 are treatments with N fertilization and
application of 0, 10, 20, 30, and 40 t biochar ha™, respectively. Different lowercase
letters within each column indicate statistically significant differences (p < 0.05)
between treatments in the same year. Different uppercase letters indicate
statistically significant differences (p < 0.05) for the same treatment across
different years (p < 0.05). B indicates biochar effect; Y indicates cropping year
effect; B x Y indicates interaction effects between biochar and year. Large
macroaggregates (LMA), >2 mm; small macroaggregates (SMA), 0.25-2 mm;
microaggregates (MIA), 0.053-0.25 mm; and silt and clay (SC), < 0.053 mm. n.s, not
significant; * p < 0.05; ** p < 0.01; *** p < 0.001.

Correlation of NUE and vegetable yield with soil
properties, aggregate stability, and microbial
communities

Mantel test results showed significant correlations between vegetable
yield and soil properties (e.g., SOC, AK, Fe, and Feg), NUE and
microbiome, N uptake and soil properties (e.g., SOC and Fe,,), and NPFP
with WSA, 4,5, GMD, soil properties (e.g., AP, AK, Fey and Fep), and
microbiome (Fig. 6a). The random forest model indicated that SOC,
Fep, AK, MWD, and Fe, were the key soil factors influencing N uptake
(Fig. 6b, p < 0.05), and AK, SOC, Fungal, Fe,,, and total bacterial were the
key soil factors impacting NUE (Fig. 6b, p < 0.05). Among these
different soil factors, the key factors impacting vegetable yield were
AK, Fe,, SOC, MWD, and Fe,, (Fig. 6b, p < 0.05).

The partial least squares path model explained the variation in N
utilization (82.0%) and vegetable yield (87.0%), thereby revealing
that the biochar application rate affected N utilization and
vegetable yield by altering soil basic properties, the microbiome,
and soil structure (Fig. 7). Nitrogen utilization was positively
correlated with vegetable yield (p < 0.001). Specifically, the soil
microbiome had a significant direct positive effect on N utilization
(p < 0.001), which indirectly promoted vegetable yields, while signi-
ficantly improving soil structure (p < 0.05). Soil basic properties
played a critical role in vegetable yield by positively affecting N
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Fig. 2 Soil aggregate stability under different application rates of biochar in 2018 to 2019: (a) WSA,,,5, water-stable macroaggregates (%); (b) GMD,
geometric mean diameter; (¢) MWD, mean weight diameter; (d) FD, fractal dimension. Error bars indicate standard deviations (n = 3). BO, B10, B20, B30,
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Fig. 3 Effects of different addition rates of biochar on (a) total phospholipid fatty acid (PLFA) content; (b) arbuscular mycorrhizal fungi (AMF) PLFAs; (c)
actinomycete PLFAs; (d) Gram-positive bacteria (G+) PLFAs; (e) Gram-negative bacteria (G—) PLFAs; (f) G+/G— PLFA ratios; (g) bacterial PLFAs. (h) fungal
PLFAs; and (i) fungal/bacterial PLFA ratios. (i) Error bars indicate standard deviations (n = 3). BO, B10, B20, B30, and B40 are treatments with N fertilization
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from 2019 were redrawn from Liu et al.l*®,

utilization (Fig. 7b, ¢, p < 0.001), while significantly and negatively
affecting the soil microbiome (p < 0.001).

Discussion

The response of soil properties and soil
aggregate stability to biochar

Recent studies have shown that biochar amendment significantly
enhances soil physicochemical properties and improves soil
healthB334, In this study, we observed substantial differences in soil
properties among different biochar application rates compared with
the soil without biochar amendment (Fig. 1). Specifically, B20, B30, and

B40 treatments increased the soil content, particularly of SOC and AK
in both 2018 and 2019 (Fig. 1a, ¢). This finding is consistent with
Qi et alB* and Xie et al.”), and potentially attributable to the large
surface area and oxygen-containing functional groups of biochar,
which can increase the nutrient supply efficiency, thereby altering soil
nutrient availability™. In addition, the deficiency of available
phosphorus (P) was previously a common feature in red soils in
Southern China. However, excessive long-term fertilizer application in
intensive vegetable fields has resulted in over-enrichment of soil AP
(140-220 mg kg™). In the present study, notably, B20 significantly
reduced soil AP content by 9%-24% in both years (Fig. 1b), thereby
partially mitigating the potential hazards of phosphorus excess. The
possible reason is that B20 significantly enhanced WSA,,,s content
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Fig. 4 Effects of different addition rates of biochar on (a) vegetable yield; (b) nitrogen use efficiency; (c) nitrogen uptake; and (d) nitrogen partial factor
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and improved soil structural stability, which facilitated the strong
immobilization of P to aggregates®”.. Furthermore, significant quan-
tities of iron and manganese oxides in highly weathered (sub)tropical
soils may form insoluble compounds with phosphorus, leading to a
reduction in the AP content and thereby mitigating the toxicity
associated with phosphorus excess83%. A significant negative
correlation between Fey and AP and between WSA, 5 and AP further
supports these mechanisms (Fig. 6a). Moreover, we also found that
the effects of biochar on SOC, AK, and AP began to diminish in the
second year, which is in agreement with Jin et al.l'?, who found that
five different application rates of biochar tested in Jiangxi red soil
effectively increased soil pH, SOC, AP, and saturated hydraulic
conductivity (Ks), but the effects began to diminish after the first year,
suggesting that the marginal benefits of biochar may gradually
disappear once its application is discontinued.

As for soil structure, soil WSA, 55, GMD, MWD, and FD are crucial
indicators for assessing soil aggregate stability®l. In this study,
biochar increased WSA.,5, GMD, and MWD, while reducing FD
(Fig. 2). This may be attributed to the fact that biochar could serve as
an organic binder to enhance the aggregation process due to its
high surface area and enhanced adsorption capacity“'l. Moreover,
the positive correlation between WSA,,,s and PLFA suggests that
biochar may stimulate fungal mycelia and root exudates, thereby
enhancing the binding of clay minerals and organic matter, which
ultimately promotes the formation of soil macroaggregatest?l. In
this study, the improvement effect of biochar on soil structure was
most pronounced at the appropriate application rate (B20), while
the effect diminished at higher application rates (B30 and B40).
These results indicated that once soil aggregate stability has been
effectively improved, further investments in soil improvement yield
limited benefitsi 31,

Effect of biochar on soil microbial communities
Our results demonstrated that biochar significantly increased total
PLFA content (specifically G+ bacteria) in relation to BO during the
experimental period. This improvement can be attributed to the
fraction of carbon and nutrients provided by biochar, which become
readily available to the soil microbial community?***. Notably, the
increase in PLFA in the second year was significantly higher than in the
first year (Fig. 3), indicating that the enhancement of soil microbial
biomass by biochar is a sustained and long-term process. In addition,
the significant enrichment of G+ bacteria is associated with the
aromatic carbon introduced by biochar, which provides them with
a long-lasting growth substratel, However, the PLS-PM model
revealed significant negative correlations between SOC, AP, and AK
and the microbial community (Fig. 7a). This 'negative' effect suggests
that although biochar can provide some nutrients, the rapid release
of soluble nutrients at high application rates (B30, B40) may disrupt
the soil C:N:P balance, thereby enhancing copiotrophic species (r-
strategists) while suppressing the oligotrophic species (K-strategists)
adapted to nutrient-poor soil’*8, Therefore, excessive biochar
application (> 20 t ha™') may lead to nutrient supersaturation and
microbial stress, highlighting the need to optimize biochar rates to
balance soil fertility and microbial stability.

Biochar-enhanced soil quality in relation to
vegetable productivity and NUE

The current results showed that biochar applied in combination with N
fertilizer significantly enhanced vegetable yields compared with the
application of N fertilizer alone, which is consistent with previous
findings .. This is likely because mixing biochar with fertilizers can
enhance nutrient availability, regulate microbial community composi-
tion, and thereby increase crop yields®%. This was supported by the
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positive correlation observed between SOC, AK, microbial biomass,
and vegetable yields (Fig. 6a). Furthermore, a moderate biochar
application rate (20 t ha™) in our study had the most beneficial effect
on vegetable yields, whereas increasing the application rate did not
further enhance vegetable yields. Similarly, previous studies have
shown that crop yields do not exhibit a linear relationship with biochar
application ratesP'>?, First, high biochar application rates may
negatively impact crop growth, primarily due to the adsorption of soil
nutrients facilitated by the high specific surface area and abundant
surface functional groups??. Second, excessive biochar application
may inhibit plant growth due to the presence of toxic residues or
disturbances in nutrient stoichiometry!'?,

Li et al.b¥ indicated that under conventional N fertilizer applica-
tion, the NUE of intensive vegetable cultivation was less than 10%,

which was far lower than that of other food crops (33%)"°L
Therefore, proposing practical and feasible measures to improve the
NUE of intensive vegetable cultivation in China holds significant
importance for ensuring food security and reducing the impact of
N fertilizers on the environment. Biochar has been shown in multi-
ple studies to prolong the release period of fertilizer nutrients
through adsorption and retention, thereby improving plant nutri-
ent uptake and enhancing fertilizer utilization efficiency>657, In our
study, the combined application of biochar and N fertilizer substan-
tially improved NPFP (0.46%-29.14%) and NUE (6%-161%), particu-
larly with moderate biochar application rates (Fig. 4). Collectively,
these observations lend support to our hypothesis (1). Additionally,
vegetable yield, NUE, and N uptake in both 2018 and 2019 showed
positive correlations with SQI (Fig. 5b-d, p < 0.05), highlighting
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the importance of improving soil quality for enhancing crop pro-
duction and NUE.

Random forest results suggested that soil chemical (TN, NH,*-N,
NO;~-N, SOC, AK, CEC) and biological indicators (total PLFAs, AMF,
actinomycetes, G+ bacteria, Fungal, total bacteria) were the most
influential factors for soil quality as affected by biochar amendment
(Supplementary Fig. S3), which strongly supported our hypothesis
(2). Therefore, the improvement of these soil quality indicators by
biochar application indirectly contributed to enhanced vegetable
yield and N utilization.

Compared with the first year, biochar demonstrated a stronger
ability to enhance vegetable NUE during the second year of the field
trial (Fig. 4), and our previous results demonstrated that biochar can
effectively decrease soil greenhouse gas emissionsl8, which further
validated that the incorporation of biochar may be a long-term
effective measure to improve the NUE of N fertilizers in intensive
vegetable production in Southern China. Furthermore, we found
that 20 t ha~' of biochar achieved the highest vegetable yields and
NUE during the 2-year field trial, and that this improvement was not
linearly amplified with increasing application rates. Considering the
high cost of biochar (US $433 t~' in this study) and the economic
gains from yields, 20 t ha™! of biochar represents the optimal
amendment. Additionally, Yang et al.b indicated that the benefits
of biochar application gradually diminish with time, with this trend
being particularly pronounced in high-rainfall tropical regions.
Therefore, to maintain the long-term positive effects of biochar, we
recommend a moderate biochar application rate and repeated
applications in Southern China.

Conclusions

In this 2-year field study, biochar application, particularly at 20 t ha™,
significantly increased vegetable yields and nitrogen utilization.
Biochar application increased SOC and AK, enhanced microbial activity,
and improved soil aggregate stability. Taking all the soil properties into

consideration, biochar substantially increased SQI in intensive
vegetable soil. Moreover, vegetable yield, NUE, and N uptake showed
positive correlations with SQI. The random forest and partial least
squares path model showed that biochar indirectly promotes
vegetable yield and NUE by enhancing soil nutrient availability and
promoting microbial activity. However, higher biochar application
rates failed to further increase vegetable yields, NUE, and SQI, instead
showing a declining trend. Therefore, we recommend that 20 t ha™'
biochar be the most effective application rate to enhance vegetable
yields and NUE and improve soil quality in Southern China. Because
this study was limited to short-term effects, future research should
be conducted over longer time periods to monitor the long-term
impacts of biochar.
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