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Abstract: The production of huge amounts of biogas slurry during livestock breeding has resulted in
pressing environmental issues. Although paddy fields can be potential sinks for the disposal of biogas
slurry, the impacts of biogas slurry on rice production, grain quality, and relevant environmental
risks in the Yangtze Delta region remain unclear. Herein, we conducted a field trial from 2021 to 2023
which involved different gradients of biogas slurry utilization, including CK (no fertilizer), CN (100%
chemical nitrogen (N) of 240 kg ha—1), NBS (biogas slurry replacing 50% chemical N), BS1 (replacing
100% chemical N), BS1.5 (replacing 150% chemical N), and BS2 (replacing 200% chemical N). The
results showed that there were no significant differences in average rice yields between CN, NBS,
BS1.5, and BS2 over the three-year study period, with an average yield of 8283 kg ha=1, and the
average yields of BS1 and CK were 7815 kg ha~! and 6236 kg ha~l, respectively. However, heavy
utilization of biogas slurry (BS1.5 and BS2) not only significantly reduced the rice seed-setting
rate, the 1000-grain weight, and the processing quality, but also significantly increased the protein,
amylose, Cu, and Zn content in rice grains; additionally, higher N losses occurred via surface water
and increased NHj volatilization was observed, finally resulting in lower nitrogen-use efficiency.
Meanwhile, moderate utilization of biogas slurry (NBS and BS1) led to better rice quality and nitrogen-
use efficiency, lower potential food safety risk, and N loss. Further, compared to BS1, NBS showed
higher yield, harvest index, processing quality, gel consistency, palatability scores, and nitrogen-use
efficiency, but lower N losses were present. Overall, the NBS treatment balanced the agronomic
benefits and environmental risks in the Yangtze River Delta region. In the future, more attention
should be paid to food safety and environmental risks when using biogas slurry.
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1. Introduction

Livestock plays a crucial role in human society, providing essential resources such as
meat, milk, eggs, and other animal-based foods, which are vital sources of high-quality
protein and micronutrients that are necessary for human nutrition and health [1]. The
global production of these commodities has been steadily increasing, driven by rising
population, urbanization, and income growth. As of 2021, approximately 336 million
metric tons of meat were produced globally, with poultry comprising the majority, followed
by pork, beef, and sheep/goat meat [2]. Meanwhile, the disposal of livestock’s excrement
is a key part of breeding, and biogas digestion is a widely used and crucial process in
livestock management [3]. This anaerobic fermentation process ultimately results in biogas
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and biogas slurry. As a residue of digestion, biogas slurry comprises very low levels of
organic carbons but is rich in mineral nutrition, containing substances such as nitrogen (N)
and phosphorus (P), which can be used as substitutes for chemical fertilizers [4]. Moreover,
it is estimated that global biogas production from livestock has reached approximately
50-60 billion cubic meters annually [5], and the amount of biogas slurry has exceeded
500 million tons annually [6]. These immense quantities of biogas slurry from livestock
are becoming the Sword of Damocles, hanging over environmental pollution. That is,
indiscriminate discharge of biogas slurry can lead to serious pollution of natural water, soil,
and air [7].

Rice (Oryza sativa L.) is a primary source of calories for human beings [8]. In 2022, the
total area of land used for rice cultivation was approximately 29.5 million hectares, and the
average rice grain yield reached about 6.5 tons ha~! [9]. As expected, rice cultivation has
consumed large amounts of fertilizer to increase rice yields since the Green Revolution of
agriculture in the 20th century [10]. Simultaneously, paddy fields also require large amounts
of water during rice growth [11], potentially providing a large sink for the disposal of biogas
slurry [12]. Therefore, the application of biogas slurry in paddy fields is complementary.

Numerous studies have investigated the effects of biogas slurry application on rice
yield and quality. Most studies have demonstrated that an optimal biogas slurry application
rate is beneficial for rice production. Lu et al. showed that replacing 30% of chemical N
fertilizer (approximately 45.0-61.4 t ha~! biogas slurry) significantly increased rice grain
yield [13]. Similarly, a feasible biogas slurry application of 165.1 t ha~! achieved the highest
rice yield in Sichuan, China [14]. However, the effects of biogas slurry on rice quality are
relatively limited. Rice quality is co-affected by molecular and environmental factors, which
result in differential rice commodity properties [15,16]. Rice processing quality indices,
including the brown rice rate, milled rice rate and head milled rice rate, are generally
applied to assess the rice milling process. Brown rice is produced by removing the palea
and lemma; milled rice is produced by removing the bran, germ, and embryo; head milled
rice is characterized by a standard criterium that the weight percentage of the rice grains
should have a length greater than or equal to 75% of the average length of the whole
grain [15,17]. Rice’s cooking and eating quality is largely associated with the content of
protein and amylose in rice grain and the gel consistency [18,19]. Protein content not
only represents nutritional values, but also determines the palatability of rice used for
cooking [18], as rice grain with high protein content tends to be harder [19]. Amylose is
an important part of rice starch, and rice grain with optimal amylose content can usually
achieve higher cooking and palatability scores [18]. Gel consistency is another parameter
for evaluating the tendency of cooked rice to harden on cooling, which is used to classify
rice as hard, medium, or soft [15]. Wang et al. reported that the brown rice rate, milled rice
rate, and head milled rice rate have increased with increasing amounts of biogas slurry [20].
Regarding the eating quality of rice grain, a few field trials have shown that the protein
content in rice grain significantly increased when more biogas slurry was applied [20-23],
but the amylose content in rice grains decreased with heavy biogas slurry dosage [20,21,24].
Meanwhile, biogas slurry application could result in potential risks to food security due to
the heavy metals derived from feed addition in livestock [25]. Heavy metals, particularly
copper (Cu) and zinc (Zn), can be assimilated and accumulated in rice grains. A field trial
in Japan showed that biogas slurry fertilization enhanced Cu uptake in rice grains [26,27].
Another long-term field experiment in China demonstrated that the concentrations of
cadmium (Cd) and lead (Pb) in rice grain were significantly increased by biogas slurry [12].
Overall, for agronomy purposes, the optimal application of biogas slurry in paddy fields is
still not clear, probably because of nutrient variations in biogas slurry, soil type and fertility,
rice variety, and climate conditions [28-30].

Nitrogen (N) loss is another crucial issue in biogas slurry application in paddy fields.
The pathways involving N loss after fertilization include water runoff, leaching, ammonia
(NH3) volatilization, nitrification, and denitrification [31,32]. Zhou et al. estimated that
11-15% of N leached downwards, 2.5-4.0% of N was emitted via NH3 volatilization, and
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approximately 30-40% of N was lost via denitrification [33]. Meanwhile, Chen et al. showed
that 2.3% of N leached downwards, 16.4% of N was lost via NHj3 volatilization, 0.70% of N
was discharged with floodwater drainage, and 39.4% of N was retained in soil or emitted
via Ny [34]. Overall, biogas slurry application affected N loss mainly via gasses rather than
water. In particular, the odor caused by NHj3 volatilization directly affects the lives and
health of nearby residents and limits the utilization of biogas slurry [35]. Therefore, NH3
volatilization should be given more consideration in biogas slurry applications.

In East Asia, the Yangtze River Delta region is economically developed, with a strong
demand for livestock products, and is also a major rice production area in China. How can
the balance between rice production and environmental protection be maintained using
biogas slurry? This is a pressing issue that must be addressed immediately. We conducted
a continuous three-year field experiment of biogas slurry application, and our objectives
were as follows: (1) to elucidate the effects of biogas slurry application on agronomy and
the environment in paddy fields; (2) to propose an optimal application strategy of biogas
slurry in the Yangtze Delta region.

2. Materials and Methods
2.1. Field Experiment Description

The field experiment was conducted from 2021 to 2023 at Chang-yin-sha Farm (latitude
31.81 °N, longitude 120.83 °E), located in Zhangjiagang City, Yangtze River Delta region,
China. The mean annual temperature was 16.6 °C, and the precipitation levels were
1100-1300 mm. The site had a history of cultivation under a rice-wheat crop rotation
system spanning several decades prior to the commencement of our study. The soil at
the experimental site was typified as a sandy gley, according to the World Reference Base
for Soil Resources [36]. At the outset of the experiment, the 0-20 cm soil exhibited the
following properties: 30.12 g kg ! of soil organic matter, 1.65 g kg~ ! of total nitrogen (TN),
0.52 g kg ! of total phosphorus (TP), 10.9 g kg ! of total potassium (TK), 121.0 mg kg !
of mineral-N (extracted by 0.5 mol L1 K,SOy), 35.35 mg kg~ ! of Olsen-P (extracted by
0.5 mol L~ NaHCO3), 57.7 mg kg ! of available-K (extracted by 1 mol L~! CH3COONH,),
and a pH of 7.25 (ratio of soil and CO,-free water, weight/volume, 1:2.5).

2.2. Experiment Design and Management

To obtain the optimal dosage of biogas slurry, we conducted a gradient trial for biogas
slurry application. The experiment employed a fully randomized design, incorporating six
treatments: CK (blank control without any fertilizer), CN (100% chemical N of 240 kg ha~!),
NBS (biogas slurry replacing 50% chemical N), BS1 (replacing 100% chemical N), BS1.5
(replacing 150% chemical N), and BS2 (replacing 200% chemical N). Each treatment was
replicated four times, and each plot covered an area of 30 m? (5 x 6 m). The plots were
separated using 30 cm high ridges, which were covered with waterproof fabric, and the
waterproof fabric was inserted into the soil to a depth of 30 cm to prevent nutrient cross-
contamination. Each field plot was equipped with an independent water inlet and outlet
pipe. Biogas slurry was quantitatively applied using a manual irrigation method.

Throughout the entire growth period, a total N application rate of 240 kg ha~!, a total
P application rate of 52 kg P,Os ha~!, and a total K application rate of 120 kg K,O ha™!
were maintained. For the CN and NBS treatments, the chemical N fertilizer was divided
into three splits, with 30% applied before rice transplanting as a basal dressing, another
30% at the tillering stage, and the remaining 40% at the jointing stage. All the chemical
P fertilizers were applied as a basal dressing before rice transplanting, while 50% of the
chemical K fertilizer was applied before rice transplanting, and the remaining 50% was
applied at the jointing stage. For the NBS, BS1, BS1.5, and BS2 treatments, the biogas
slurry was dispensed into four equal portions, corresponding to the transplanting, tillering,
jointing, and booting stages. The P and K deficiencies were compensated with a one-time
application of chemical P and K fertilizers prior to rice transplantation. Detailed application
methods are presented in Table 1.
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Table 1. Management of nitrogen fertilizer application under different treatments in different growth
stages of rice in 2021-2023.

. Basal Tillerin; Jointin Bootin,
Treatment Nitrogen Source (kg N ha~1) (kg N hag’l) (kg N ha§1) (kg N hagl)
CK - - - - -
CN Urea 72 72 96 -
NBS Urea/biogas slurry 36/30 36/30 48/30 -/30
BS1 Biogas slurry 60 60 60 60
BS1.5 Biogas slurry 90 90 90 90
BS2 Biogas slurry 120 120 120 120

Notes: CK—no fertilization; CN—chemical nitrogen fertilizer (240 kg N ha~!); NBS—50% nitrogen from chemical
fertilizer (120 kg N ha~1) plus 50% nitrogen from biogas slurry (120 kg N ha~!); BS1—100% nitrogen from biogas
slurry (240 kg N ha~1); BS1.5—150% nitrogen from biogas slurry (360 kg N ha~!); BS2—200% nitrogen from
biogas slurry (480 kg N ha~1).

The chemical N fertilizer was urea, with a N content of 46%; the chemical P fertil-
izer was superphosphate, containing 12% P,Os; the chemical K fertilizer was potassium
chloride, containing 60% K,O. The biogas slurry was obtained from the anaerobic fer-
mentation of manure water from pig farming. The biogas slurry exhibited slight sea-
sonal variations in nutrient concentrations, which showed an average TN concentration of
760.34 mg L~1, an ammonium (NHI—N) concentration of 721.78 mg L~1, a P,O5 concen-
tration of 133.45 mg L1, a K,O concentration of 681.04 mg L.=!, and a pH of 7.55. It also
contained copper (Cu) (12.5 mg L~1) and zinc (Zn) (10.2 mg L.

Suxianggeng-100, a late-mature soft japonica cultivar, was cultivated from 2021 to 2023.
Artificial simulated machine transplanting was employed, with row and plant spacings
of 30 cm and 12 c¢m, respectively. In addition to fertilization, the management of pests,
diseases, and weeds was conducted in accordance with conventional local practices. Rice
was typically transplanted in late June and harvested in early November.

2.3. Sampling and Measurements
2.3.1. Yield, Yield Components, and Harvest Index

The rice seeds were harvested from each plot in a 1 m? area at maturity and then
measured, and the grain moisture content was adjusted to 13.5% fresh weight to obtain the
grain yield. The panicle number per hill was measured by counting the panicle numbers on
30 hills where rice plants were growing, and measurements were obtained from different
locations in each plot. Representative samples were collected according to the panicle
number, which was subsequently used to determine the spikelet number per panicle,
seed-setting rate, and 1000-grain weight. The aboveground parts, including the roots
and shoots of the rice plants, were dried at 90 °C in an oven to a constant weight and
then weighed. The harvest index (HI) was determined by grain and straw weights (see
Supplementary File S5).

2.3.2. Nitrogen Content Determination

The dry matter of grain and straw was milled, digested with H,SO4-H,0,, and
the digested solution was subsequently analyzed to determine the TN content using an
automatic Kjeldahl apparatus (KjelMaster K-375, Biichi, Flawil, Switzerland).

2.3.3. Ammonium (NHI—N) Content in Surface Water

Surface water samples were collected only in 2023, and surface water of 100 mL in
each plot was sampled for 10 days after biogas slurry application. The NH; -N content in
surface water was determined using the indophenol blue colorimetric method [37].
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2.3.4. Rice Quality Determination

The sun-dried grains from each plot were stored at room temperature for approxi-
mately two months to determine the grain quality. Rice grains of 200 g was successively
passed through a rice dehusker and rice polisher for polishing and milling, and the brown
rice rate, the milled rice rate, and the head milled rice rate were calculated and expressed
as percentages of the 100 g rice grains. Milled rice grains were ground using a cyclonic
mill (CT293, FOSS, Hillered, Denmark), thoroughly blended, and homogenized before
passing through a sieve of 150 um mesh. The protein content was determined using an
automatic Kjeldahl apparatus (KjelMaster K-375, Biichi, Flawil, Switzerland). The amylose
content was determined using iodine colorimetry at a wavelength of 620 nm, according to
the international standard ISO 6647-2:2020(E) [38]. The gel consistency was determined
according to the standard GB/T 17891 (high-quality paddy), China [39]. Palatability scores
were assessed using a rice taste tester (RLTA10C, SATAKE, Suzhou, China).

To determine the Cu and Zn content, rice flour samples of approximately 0.30 g were
decomposed in 6.84 g of HNO3 and 0.6 g of H,O, using a microwave digestion system
(ETHOS UP, Milestone, Sorisole, Italy) with a 25 min ramp to 200 °C followed by a 15 min
hold at the same temperature [40]. The Cu and Zn contents in the digestion were measured
using an inductively coupled plasma mass spectrometry (ICP-MS) instrument (Agilent
7800, Santa Clara, CA, USA), according to the manufacturer’s instructions.

2.4. Data Analysis

Nitrogen uptake (UN) was calculated using dry matter weight and N content.

The agronomy efficiency of nitrogen (AEN)) and recovery efficiency of nitrogen (REy)
were selected as indicators of nitrogen-use efficiency. AEN and REn were calculated
through Equations (1) and (2):

ARy = Y TCK (1)
REy = w % 100% ?)

where Y; and Yck represent the rice yields (kg ha™1) for the fertilization treatments (CN,
NBS, BS1, BS1.5, and BS2) and the no-fertilization treatment (CK), respectively. UN;
and UNck represent the nitrogen uptake (kg N ha~!) of rice plants and grains for the
fertilization treatments (CN, NBS, BS1, BS1.5, and BS2) and the no-fertilization treatment
(CK), respectively. NF is the total nitrogen applied (kg N ha™1).

NHj volatilization was predicted by a modified mass transport model (Equation (3))
that estimates NHj volatilization based on the NH; -N concentration, pH, and tempera-
ture [41].

K x [NHI(aq)] x [H]
1 + 10(0:09018+ #2522 —pH)

Flux(NHz g,)) = 3)

+
4(a
water, H is Henry’s law coefficient, T is the t(e;lr)1perature, and pH is the pH. In general,
for field experiments on slurry or soil mixtures, the values of the overall mass transfer
coefficient ranged from 107 to 10~ m s~! [33]. According to the results of preliminary
experiments in our laboratory, a value of 1 x 107 m s~! is more appropriate for K in the
condition of the specified soil and biogas slurry in this study.

where K is the mass transfer coefficient, NH is the NHI—N concentration in surface

2.5. Statistical Analysis

Data were collected using Microsoft Office 2010. Statistical analysis was performed
using the R environment (https:/ /cran.r-project.org/, (accessed on 14 June 2024)). Two-way
analysis of variance (two-way ANOVA) was adopted to test the differences in rice yields,
harvest index, and yield components between years and treatments. The NH; -N retention
concentrations in surface water, accumulated NHj3 volatilization, and rice quality indices
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in 2023 were tested using one-way ANOVA. Tukey’s honest significant difference (HSD)
test was used for multiple comparisons. NH; -N concentrations in surface water and NH;
volatilization were fitted using an exponential decay and growth model in SigmaPlot 14.0
(https:/ /systat-sigmaplot.com/, (accessed on 2 May 2023)), respectively.

3. Results
3.1. Rice Yields, Yield Components, and Harvest Index

A two-way ANOVA showed that rice yields were significantly affected by year and
treatment (Figure 1). For 2021 and 2022, the BS2, BS1.5, NBS, and CN treatments showed
significantly higher yields than BS1 and CK; the average rice yields were 8555.7 kg ha~!
and 8310.6 kg ha~! in 2022 and 2023, respectively. Notably, the yields of fertilization
treatments (except CK) in the year 2023 did not show significant differences, with an
average yield of 7944.3 kg ha—!. Overall, for the average yield in 2021-2023, there were no
significant differences in rice yield among CN, NBS, BS1.5, and BS2, with an average yield
of 8283 kg ha~!, and the average yields of BS1 and CK were 7815 kg ha~! and 6236 kg ha~!,
respectively. Specifically, NBS (biogas slurry replacing 50% chemical N) exhibited a high
average rice yield of 8145 kg ha~! over three years.

Two-way ANOVA
300007 Year [ 2021 [T] 2022 ] 2028 year p<o.01

Treatment p<0.0./
YearxTreatment p<0.01

|

A
25000
BS1.5 BS2

A AB
B

20000+ c

b
15000+

10000 I

5000+ d

0.
cK CN NBS BS1

Figure 1. Rice yields under different fertilizer treatments. Different lowercase letters in the bars
represent significant yield differences in the same year among the treatments (p < 0.05, n = 4), and
different capital letters above bars represent significant average yield differences in three years among
the treatments (p < 0.05, n = 4) using Tukey’s HSD test. The bars represent the standard deviation of
the mean (n = 4).

Rice yields (kg ha™)

Analysis of variance indicated that rice grain yields were affected by both the year
and the fertilization treatment (Table 2). Heavy utilization of biogas slurry (BS2, BS1.5)
promoted panicle numbers. For example, the average panicle number of BS2 in 2021-2023
was 3.05 million ha—!, whereas the average panicle number of CN in 2021-2023 was just
2.84 million ha~!. Notably, NBS treatment was beneficial for enhancing the panicle number,
with an average of 2.80 in 2021-2023, which was comparable to that of BS1. Consistent
with the observed pattern in the rice panicle number, the spikelet number increased with
increased biogas slurry input (Table 2). Although the spikelet number varied over the
years, the spikelet number of BS2 was always significantly higher than the others, with an
average spikelet number of 128.9, followed by BS1.5, CN, NBS, BS1, and CK. Unexpectedly,
the seed-setting rate showed a decreasing trend under heavy utilization of biogas slurry,
and BS2 showed a significantly lower seed-setting rate than other treatments (Table 2).
Notably, the NBS treatment resulted in a higher seed-setting rate than the heavy utilization
of biogas slurry treatments, with an average seed-setting rate of 94.4%, which was 7.3%
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higher than that of BS2. For 1000-grain weight, CN and NBS treatments showed higher
1000-grain weight than other treatments, and higher utilization of biogas slurry resulted
in lower 1000-grain weight. Regardless, the variation in 1000-grain weight is relatively
limited, with a range of 25.03-26.52 g.

Table 2. Rice yield composition under different treatments across study years.

Year Treat Panicle Numbers Spikelet Numbers Seed-Setting Rate 1000-Grain Weight
(10% ha—1) (per Panicle) (%) (g)
CK 2.55¢ 110.25d 92.53b 25.23 ¢
CN 2.84 ¢ 12892 b 92.18 ¢ 26.36 a
NBS 2.70d 122.81 ¢ 94.28 a 2647 a
2021 BS1 270d 119.59 ¢ 92.16 ¢ 25.96 b
BS1.5 295b 129.89 b 90.19d 25.69 b
BS2 299 a 135.06 a 88.90 e 2521 ¢
CK 2.58 e 109.57 e 90.06 d 25.03 ¢
CN 290b 116.09d 95.61 a 26.11 ab
NBS 278 ¢ 122.99 bc 94.69 b 26.52 a
2022 BS1 274d 120.94 ¢ 92.39 ¢ 26.19 ab
BS1.5 294 a 126.00 b 90.10d 25.80b
BS2 294 a 129.55 a 89.57 e 25.24 ¢
CK 258 f 108.23 d 92.53 f 25.23 ¢
CN 2.79e 115.31 bc 95.33 a 26.33 a
NBS 293 ¢ 113.12 ¢ 9421b 2642 a
2023 BS1 287d 116.57 b 93.45 ¢ 26.15a
BS1.5 294 b 122.66 a 89.16 d 25.63 b
BS2 322a 122.16 a 85.49 e 25.09 ¢
Two-way ANOVA
Year x* ** x* ns
Treatment i ** ** >
Year x Treatment ** ** i ns

Notes: Different lowercase letters in the same column represent significant differences among treatments in each
year at 0.05 levels using Tukey’s HSD test. ** and ns indicate significant difference at 0.01 levels and no significant

difference, respectively.

The harvest index was significantly affected by the treatments (Figure 2). The average

harvest index in CN, NBS, and BS1.5 was 0.66, which was significantly higher than that of
the other treatments. The average harvest index in BS1 and BS2 was 0.59, which was 11%
lower than that in CN, NBS, and BS1.5, but was 9.2% higher than that in CK.

0.70

0.65

Harvest index
o
)
<]

o
o
3

0.50

0.45

og}w

Year p=0.43
Treat p<0.01
YearxTreat p<0.01

CK

CN

NBS

BS1 BS1.5

BS2

Figure 2. Rice harvest index (HI) under different fertilizer treatments. Different lowercase letters

above the violin and dot plots represent significant HI differences from 2021 to 2023 among the

treatments using Tukey’s HSD test (p < 0.01, n = 12).
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3.2. Rice Quality

Rice’s processing quality was significantly affected by fertilization management
(Figure 3A—C). The NBS treatment demonstrated a significantly higher rice processing
quality than the other treatments. Importantly, heavy utilization of biogas slurry induced
obvious trends of reduction in the brown rice rate, the milled rice rate, and the head milled
rice rate. The averages of the brown rice rate, the milled rice rate, and the head milled rice
rate in NBS were 85.5%, 77.1%, and 66.3%, respectively; these were 1.7%, 2.5%, and 12.9%
higher than those of BS2.

d

H

a a
(B) é a € , =
o770 :2‘
be = S~ 650
<
c m (]
: 2 765{ ° ®
@ k=] c
b @ 625 *
T 76.0 = =
L] c
‘|2 i = | .
= 755 ¢ 3 600{ =
I d
75.0 ==

CK CN NBS BS1 BS15 BS2 CK ON NBS BS1 BS15 BS2 CK CN NBS BS1 BS15 BS2
3 12— o1 3 -
(D) a (E) _ (F)
E ab
ab ab E %
ab . — 10.8 ~ b b
2 > .
| o 89
p c
@a b 8 =
b 8 0s e (O bo | @ 88
> c bc . 0
£ c
< = g
10.0 5
c
8 v
85
CK CN NBS BS1 BS15 BS2 CKk CN NBS BS51 BS15 BS2 CK CN NBS BS1 BS15 BS2
= 55 = = a
a < 5 =
o (H) o m
(G) . é b S R
o o 155
£ E
£ £
= 54 ab =
-a be a
b - bc bc = 150 b
. o . =] b ¢
o | £ = b
S| £ £
= @ 521 ¢ - B sl P
S 5 -
c = c
) 0
E S . 9 140
s =
CK CN NBS BS1 BSi5 Bs2 O CK CN NBS BS1 BSis5BS2 N CK CN NBS BS1 BS15 BS2

Figure 3. Rice quality measurements in 2023, including rice processing quality (A-C), cooking and
eating quality (D-G), and rice safety quality (H,I). Different lowercase letters above the boxplot
represent significant differences among treatments using Tukey’s HSD test (p < 0.05, n = 4).

Protein, amylose, gel consistency, and palatability scores are the primary criteria
that were generally used to assess the palatability of rice. Over-fertilization, i.e., heavy
utilization of biogas slurry, significantly stimulated rice protein content and significantly
decreased amylose content compared to the CK and CN treatments (Figure 3D,E). Gel
consistency and palatability scores were also significantly affected by different fertilization
methods, and CN, NBS, and BS1.5 demonstrated higher gel consistency and palatability
scores than other treatments, indicating that optimal application of biogas slurry could
achieve better gel consistency and palatability scores. As a comprehensive indicator of
eating quality, the average palatability score of CN, NBS, and BS1.5 was 82.8, which was
3.8% and 5.1% higher than those of BS1 and BS2, respectively.
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According to the standard NY 861—2004 of China [42], the standard limit values of
Cu and Zn content in rice grains are 10 mg kg ! and 50 mg kg !, respectively. Although
the Cu and Zn concentrations were significantly affected by fertilization (Figure 3H,I), the
Cu and Zn concentrations were still below the maximum permissible concentrations. As
expected, heavy utilization of biogas slurry enhanced the assimilation and accumulation
of Cu and Zn in rice grains. For instance, the average Cu and Zn content of BS2 reached
5.51 mg kg~ ! and 15.6 mg kg~ !, respectively, and were 6.6% and 6.9% higher than that
of CN.

3.3. Nitrogen-Use Efficiency

Fertilization significantly affected the TN content in the grains and straw (Figure 4A).
CN, NBS, BS1.5, and BS2 showed the highest TN content in rice grains, with an average of
11.14 g kg~ !, which was 3.7% and 28.3% higher than the BS1 and CK content, respectively.
BS2 also showed the highest TN content of 8.23 g kg~! in rice straw, followed by the
treatments of BS1.5, CN, and NBS, which resulted in an average TN content of 7.93 g kg 1.
Notably, the TN content in BS1 was 7.66 g kg !, which was significantly lower than that in
the other fertilization treatments.

a a b a ENTY 304 B)
@ a a W ~c, koka)
ab
~9{ ¢ > [ re, 0
2 = B2 Bl 8 204 b b
° ¢
d
26 °
g : 10 a a
IS J
(8] = a
=z 3' a a
01 0-
CK CN NBS BS1 BS15 BS2 CN NBS BS1 BS15 BS2

Figure 4. Average total nitrogen (TN) content in straw and grain from 2021 to 2023 (A) and nitrogen-
use efficiency (B). AEy and REy represent the agronomy efficiency and recovery efficiency of nitrogen
in 2021-2023, respectively. Different lowercase letters above the error bars represent significant
differences among the treatments using Tukey’s HSD test (p < 0.05, n = 3).

Although fertilization did not significantly affect AEy, the AEy values of the CN and
NBS treatments were 8.6 kg kg ! and 7.9 kg kg ™!, respectively, and were substantially
higher than those of other treatments (Figure 4B). Notably, heavy utilization of biogas slurry
was associated with a decreasing trend in AEy;, and the BS2 treatment exhibited an AEy
of 4.6 kg kg~ !, which was approximately only 56% of that observed in the CN treatment.
Concurrently, fertilization had a significant impact on REy (Figure 4B), with the primary
trend being parallel to that of AEN. The incorporation of biogas slurry significantly reduced
REy;, with the CN treatment demonstrating a REy of 25.5%, approximately 1.5 times that
of BS2.

3.4. NH, -N Concentrations in Surface Water

Considering that NH; -N accounted for approximately 95% of TN in the biogas slurry
in this study, the NH, -N content in the surface water was measured instead of TN. For the
CN treatment, the NHZ—N content on the day of fertilization (day 0) was much lower than
that on the first day after fertilization (Figure 5A-D). In other circumstances, NH; -N con-
centrations in surface water always decreased rapidly in the days that followed fertilization,
which could be well fitted by an exponential decay model in the transplanting, tillering,
jointing, and booting stages (Figure 5A-D). Notably, the average NH; -N concentrations
on the third and fifth days were approximately 50% and 25% of the NH, -N content on the
fertilization day, respectively (Figure 6).
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Figure 5. NHI—N concentrations in surface water in 2023. (A) Transplanting stage, (B) tillering stage,
(C) jointing stage, and (D) booting stage. The NH, -N concentrations in the surface water were fitted
by an exponential decay model.
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Figure 6. Retention ratio of NH; -N concentration in surface water in 2023. The solid and dashed
horizontal lines represent the 50% and 25% retention ratios of the NH; —N contents on the fertilization
day, respectively. Different lowercase letters above the error bars represent significant differences
among the treatments using Tukey’s HSD test (p < 0.05, n =24).
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3.5. Characteristics of NH3 Volatilization

NH; volatilization was predicted by a mass transport model, and cumulative NHj3
was well fitted using the exponential rise model (Figure 7A-D). NHj3 volatilization was
vigorous in the first few days after fertilization. It is estimated that more than 50% of NHj
volatilization occurs within the first two days after biogas slurry fertilization. For instance,
the ranges of NHj volatilization were 53.9-62.2%, 38.0-63.4%, 63.8-74.7%, and 54.9-61.5%
within the first two days after fertilization in the transplanting, tillering, jointing, and
booting stages, respectively.
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Figure 7. Predicted cumulative ammonia (NH3) volatilization using a modified mass transport model
in 2023. (A) Transplanting stage, (B) tillering stage, (C) jointing stage, and (D) booting stage. The
predicted cumulative NHj3 volatilizations were well fitted using the exponential rise model.

On the tenth day after fertilization, the cumulative NHj3 volatilization was signifi-
cantly influenced among treatments, and the BS2 treatment demonstrated the highest NH3
volatilization, with an average of 27.0 kg ha~!, which was 1.08, 1.13, 2.3, 3.2, and 66.0 times
the averages of BS1.5, BS1, NBS, CN, and CK, respectively (Figure 8A). A linear regression
model was used to assess the efficiency of NH3 volatilization under different N levels
derived from biogas slurry, with a significant intercept of 0.05 (Figure 8B). That is, for
every additional 1 kg N ha~! derived from biogas slurry, 0.05 kg ha~! NHj volatilization
would occur.
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Figure 8. Predicted cumulative NHj3 volatilization 10 d after fertilization (A). Relationship between
N derived from biogas slurry and predicted cumulative NHj3 volatilization using a linear regression
model (B). Different lowercase letters above the boxplot represent significant differences among
treatments using Tukey’s HSD test (p < 0.05, n = 4).

4. Discussion
4.1. Rice Yields, Quality, and Potential Safety Risks

Compared to the conventional fertilization treatment (CN), heavy application of biogas
slurry significantly enhanced rice yields in this field trial, and BS2 (480 kg N ha~!) reached
the highest rice grain yield (Figure 1). Our results are consistent with those published
by Jiang et al., who found that the highest rice yield was obtained with a high dosage
of biogas slurry [43]. Interestingly, we found that NBS (replacing 50% chemical N) also
achieved an equivalent amount of grain yield to that of BS2. Wang et al. and Hou et al.
separately reported that treatments in which biogas slurry replaced 70% and 80% of
the chemical fertilizer achieved the highest grain yields [20,22], indicating that replacing
chemical fertilizers with biogas slurry might be an optimal strategy for rice production.

The yield component analysis explained that the NBS treatment could achieve high
rice yield when administered in the form of heavy biogas slurry applications. The heavy
application of biogas slurry (BS1.5 and BS2) promoted panicle and spikelet numbers but led
to a limited seed-setting rate and 1000-grain weight (Table 2). The increase in panicle and
spikelet numbers was attributed to a higher supply of NH; -N, which greatly increased
the tillering and spikelet numbers [44]. Thus, it was determined that excessive tillering
paradoxically decreases the seed-setting rate and 1000-grain weight [45]. Moreover, heavy
application of biogas slurry simultaneously delayed rice maturation, resulting in a decrease
in 1000-grain weight and higher dry matter in the straw [46], which was supported through
the harvest index (Figure 2). Notably, NBS possessed the highest seed-setting rate and
1000-grain weight compared to the other treatments, but with moderate numbers of panicles
and spikelets (Table 2). We inferred that biogas slurry application had different mechanisms
affecting rice yield formation. That is, heavy application of biogas slurry (BS1.5 and BS2)
generally promotes rice yield by increasing panicle and spikelet numbers, while moderate
application of biogas slurry (NBS and BS1) promotes rice yield by increasing the seed-
setting rate and 1000-grain weight.

Rice quality is generally regulated by genes, climate, agronomy strategies, and en-
vironmental factors [15,16,47]. The application of more N fertilizer usually increases the
brown rice rate and head milled rice rate [45,48]. For instance, Wang et al. showed that
heavy application of biogas slurry (BS1.5 and BS2) enhanced the brown rice rate, the milled
rice rate, and the head milled rice rate [20]. However, our results opposed this finding
(Figure 3A—C). We argued that biogas slurry contained abundant available N (NHZ—N),
which was found to delay maturity and finally result in insufficient grain filling and poor
processing quality [45,49], especially for the late-mature soft japonica variety (Suxianggen-
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100) in our study. The N dosage is positively and negatively correlated with rice protein
and amylose content, respectively [50,51]. As expected, heavy application of biogas slurry
(BS1.5 and BS2) induced higher protein and lower amylose contents (Figure 3D,E). Gel
consistency and palatability scores are a comprehensive index for eating quality, and our
results pointed out that NBS and BS1.5 achieved the best eating quality, suggesting that
optimal utilization of biogas slurry was benefit for rice eating quality [52,53].

Obviously, heavy utilization of biogas slurry (BS1.5 and BS2) resulted in the enrichment
of Cu and Zn in rice grains (Figure 3H,I) and potential food safety risks. Regardless, these
heavy metal contents were still below the maximum permissible concentrations according
to the Chinese standard (GB 2762—2012) [54]. Considering the use of Cu and Zn as feed
additions for livestock [25,55], there are inevitable accumulations of Cu and Zn in soil and
rice grain. In fact, the accumulation of heavy metals via utilization of biogas slurry in soil
is generally slow. It has been estimated that the safe utilization period of biogas slurry is
approximately 63 years in coastal rice-wheat rotated farmland in China [56]. Furthermore,
heavy metals are always a particular concern, and other metals, such as Cd, Pb, Cr, Hg, and
As, should be monitored and assessed in future research.

4.2. Nitrogen-Use Efficiency and Loss

The utilization of slow-release fertilizers, urease inhibitors, and nitrification inhibitors
resulted in an increase in N uptake by 8.0% based on a global meta-analysis [57]. In
contrast, as a rapid-acting N fertilizer, biogas slurry exhibited abundant NH, -N content,
which reduced nitrogen-use efficiency. Thus, there was an obvious downtrend in AEy
after utilization of biogas slurry, and heavy utilization of biogas slurry (BS1.5 and BS2)
demonstrated significantly lower REy in this study (Figure 4). In other words, lower
nitrogen-use efficiency is a trade-off for N loss. To date, the major pathways of N loss
include water runoff, downward leaching, NHj3 volatilization, and N,O and N loss via
nitrification and denitrification [31,32]. In this study, we determined the N concentrations
in surface water and estimated the NHj volatilization. Water runoff is a key process in
non-point pollution of agriculture [58]. Herein, NH; -N retention rates of 50% and 25% in
surface water were found on the third and fifth days, suggesting that the potential intensity
of N loss from water runoff could occur on the first few days after biogas slurry fertilization.
Zhou et al.’s findings were consistent with our results and showed similar exponential
decay of NHZ—N in surface water [33].

NH; volatilization is another important route by which N loss occurs, accounting
for 2.5-16.4% of N emissions [23,34]. We estimated NHj volatilization via a modified
mass transport model, and the rapid decrease in NH; was mainly due to the NH; -N
concentration, pH, and ambient temperature [39]. We found that 50% of NH3; was emitted
in the first two days, indicating that NH3 volatilization was intensive and transient in
paddy fields [59]. Notably, heavy utilization of biogas slurry (BS1.5 and BS2) significantly
enhanced the cumulative NHj3 volatilization, and the final loss of NHj3 volatilization after
the utilization of biogas slurry was estimated using the linear model, with an intercept of
0.05. This model could not only help us to predict the final NH3 volatilization via applied
N from biogas slurry but also contribute to optimizing the application of biogas slurry in
the Yangtze River Delta region.

Due to the limitations of experimental conditions, we did not conduct research on
N loss in leachate or other forms of gaseous N loss, including N,O and N;. Regardless,
the N loss in leachate was relatively lower because of the plow pan layer in the paddy
field [60,61], and NO3-N is generally more prone to leaching than NH, -N. We monitored
the underground water after a 5-year utilization of biogas slurry in an adjacent field in
2023, and the average NO3;—N concentrations of water 1 m underground were 8.46 mg
L~!, satisfying Class III of the standards for groundwater quality (GB/T14848-2017) [62].
Meanwhile, inevitable N loss via N,O and N, emissions is mainly regulated by water
management in paddy fields [63], which requires further study under the conditions of
biogas slurry application.
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5. Conclusions

In summary, the findings of the consecutive three-year field trial indicated that the
application of biogas slurry significantly influenced rice yield, grain quality, nitrogen-use
efficiency, and N loss. The heavy utilization of biogas slurry (BS1.5 and BS2) resulted in
higher rice productivity but induced lower rice grain quality and nitrogen-use efficiency,
higher potential food safety risk, and higher N loss via surface water and NHj3 volatilization.
The moderate utilization of biogas slurry (NBS and BS1) resulted in better rice quality and
N-use efficiency, lower potential food safety risk, and N loss. Notably, NBS achieved a
high yield that was close to that achieved through the heavy utilization of biogas slurry
treatments and significantly improved the brown rice rate, the head milled rice rate, the
gel consistency, and the palatability compared to BS1. Thus, we propose that NBS (biogas
slurry replacing 50% chemical N) could be the optimal utilization option for biogas slurry
application under the dual constraints of agronomy and the environment in the Yangtze
Delta region. However, this study still has a few shortcomings: the Cd, As, Pb, and Hg
content in rice grain, the N leaching rates, and the losses of N via nitrification and deni-
trification were not considered after biogas slurry application. These issues are probably
limitations in our evaluation of biogas slurry applications and need to be studied further in
the future.
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