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Abstract

Poor soil quality is affected by salinity, which limits land productivity and sustainable agricultural development in coastal
China. Hence, it is essential to choose suitable and efficient approaches to revitalize coastal saline soil quality and improve
agricultural productivity. Biochar and polyacrylamide (PAM) have been widely applied as soil amendments to enhance soil
structure, but the interactive effects of biochar and PAM on rice growth are unclear. The experiment described in this study
was conducted over five consecutive growing seasons (from 2016 to 2020) with biochar (at 0, 32, and 79 t/hm?) and PAM
(at 0, 0.6, and 1.6 t/hm?) applications to study the effects of amendments on soil properties, rice photosynthesis, and rice
yield in coastal saline land. The soil property results showed that wheat straw biochar and PAM lowered soil total salt and
bulk density, but increased the soil organic matter (SOM), mean weight diameter of water-stable aggregates (MWD), and
macroaggregate (>0.25 mm) content. The application of either biochar or PAM increased the rice net photosynthetic rate,
transpiration rate, and stomatal conductance. The combined application of 32 t/hm? biochar + 0.6 t/hm?> PAM increased the
net photosynthetic rate by 26.0% and the transpiration rate by 24.8% relative to the control. The application of 32 t/hm?
biochar and 1.6 t/hm?* PAM significantly increased the rice grain yield. The path analysis model showed that spikelets per
panicle and canopy gross photosynthesis had strong and significant positive effects on grain yield, whereas soil total salt
had a negative effect on grain yield. The combined application of 32 t/hm* biochar + 0.6 t/hm* PAM was identified as the
most effective for rice growth. Biochar and PAM amendments at an optimal level may enhance soil properties by reducing
salinity. These findings indicate that biochar and PAM have the potential to remediate coastal saline soil quality and the
environment, which would simultaneously increase the sustainable use of coastal land resources and food production to
preserve the ecological environment.

Keywords Saline soil - Biochar - Polyacrylamide - Soil physicochemical properties - Photosynthesis - Grain yield
Abbreviations

PAM Polyacrylamide (t/hm?)
MWD Mean weight diameter of water-stable aggre-

gates (mm)
Responsible Editor: Zhihong Xu gﬁc ’(;a?(l)n iXChan%e /ckap;acuy (cmol/kg)
otal nitrogen (g/kg
Zhipeng Liu is co-first author. BD Bulk density (g/cm?)
_ StageI  Tillering stage
= Dhor(ligh Slhé hhued Stage Il  Heading-flowering stage
shedongli u.edu.cn . _
£ CGP Canopy gross photosynthesis (mol.m~2)
L' College of Agricultural Science and Engineering, Hohai TGW 1000-Grain weight (g)
University, Nanjing 211100, China TS Total salt (g/kg)
2 TJiangsu Province Engineering Research Center Bl 0 T/hm? biochar
for Agricultural Soil-Water Efficient Utilization, Carbon B3 79 T/hm? biochar
Sequestration and Emission Reduction, Nanjing 211100, P2 0.6 T/hm? PAM
Chi . .
n SOM Soil organic matter (g/kg)
3 College of Resources and Environmental Sciences, Nanjing oC Organic carbon (g/kg)

Agricultural University, Nanjing 210095, China

@ Springer


http://orcid.org/0000-0002-0612-4325
http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-022-23511-w&domain=pdf

Environmental Science and Pollution Research (2023) 30:18731-18747

18732

EC Electrical conductivity (dS/m)
TP Total porosity (%)

Stage I Jointing-booting stage

Stage IV Milky and yellow ripening stage
SSR Seed setting rate (%)

SPP Spikelets per panicle

Mas,,s  Macroaggregates (>0.25 mm (%))
B2 32 T/hm? biochar

P1 0 T/hm? PAM

P3 1.6 T/hm* PAM
Introduction

In recent years, under the multiple pressures of urbaniza-
tion, population growth, and uncontrollable factors, such as
climate change and the COVID-19 pandemic (Tatum 2021),
the area of arable land available per capita has gradually
decreased, the conflicts between human activities and land
availability continue to intensify, and sustainable food pro-
duction is hindered. Coastal reclamation areas are there-
fore becoming increasingly valuable as grain production
bases (Xu et al. 2017), and scientifically revitalizing coastal
saline soil has a critical role in remedying the shortage of
arable land resources, ensuring national food security, and
promoting sustainable agricultural development. However,
soil salinization is a serious problem that can cause soil
degradation, which limits plant growth and production in
coastal reclamation regions (Ding and Yu 2014). The com-
bined effects of sea tides, underground seawater intrusion,
and human activities lead to soil degradation, resulting in
poor soil structure, severe soil salinization, soil organic mat-
ter (SOM) deficiencies, low vegetation coverage, and seri-
ous deterioration of soil physiochemical properties, thereby
limiting soil productivity (Yu et al. 2019; Sun et al. 2021).
Hence, it is essential to revitalize the condition of saline
soils to simultaneously improve land use efficiency and food
production to preserve the ecological environment in coastal
reclamation areas (Yang. 2008). There are many ways to
revitalize saline soils. Among them, soil amendments can
significantly lower soil salinity, improve soil quality, and
offer a suitable environment for corn growth (Zhao et al.
2020) In recent years, biochar and polyacrylamide (PAM)
have been widely applied as soil amendments to enhance
soil quality and environments (O'Laughlin and McElligott
2009; Fei et al. 2019).

Owing to the large surface area, high porosity, and strong
ion absorption and exchange capacity of biochar, many stud-
ies have reported that biochar can reduce greenhouse gas
emissions by fixing carbon, improve nutrient utilization
and fertilizer availability, and thereby increase crop growth
and yields (Tejada and Gonzalez 2007; Sohi et al. 2010;
Xu et al. 2015; Ali et al. 2017). Cui et al. (2022) found that

@ Springer

the application of biochar (0, 20, 40, and 60 t/hm? wheat
straw biochar) increased coastal saline soil pH, total soluble
salt, and SOM by 0.2-3.1%, 12.6-139.6%, and 11.7-54.6%,
respectively, compared with the control in a 3-year field
experiment. In addition, biochar has been reported to reduce
soil bulk density, which plays a significant role in improving
soil micro- and mesoscale structure development, thereby
increasing the number of macroaggregates in soil (Ajayi
et al. 2016; Zhou et al. 2018). However, some previous stud-
ies found that biochar had no or even negative effects on
soil physicochemical properties. Zhao et al. (2020) found
that corn straw biochar significantly decreased soda saline-
alkali soil pH in field experiments. Hardie et al. (2014) did
not find any evidence that biochar application affected soil
physical properties such as soil porosity by improving aggre-
gate stability. The addition of 30 t/hm? biochar to weakly
alkaline soil improved the corn photosynthetic rate by 16.5%
and doubled the transpiration rate relative to the control in
the Hetao irrigation district of Northwest China (Feng et al.
2021). Gaskin et al. (2010) also found that the application
of 11 Mg/hm? peanut hull biochar with nitrogen fertilizer
increased the grain yield of corn, whereas the application
of 22 Mg/hm? peanut hull biochar with nitrogen fertilizer
decreased the grain yield compared with the control. Hence,
such discrepancies suggest that the effects of biochar on
coastal saline soil physicochemical properties and crop yield
are unclear.

PAM has strong water absorption and cohesion capaci-
ties, which allow it to help maintain a good soil structure
(Lentz 2003; Tang and She 2018). PAM can effectively
maintain soil aggregates and promote the formation of new
aggregates (Nadler et al. 1996). These characteristics are
beneficial to ameliorating soil structure and improving soil
permeability (Yu et al. 2010). Moreover, PAM directly or
indirectly affects the migration of soil nutrients, improves
soil fertility retention, improves soil conditions, offers a suit-
able environment for plant growth, and increases crop yields
(Han et al. 2010). In addition, Wang et al. (2016a, b) showed
that the application of PAM to improve soil structure did not
have significant effects on rice photosynthesis or fluores-
cence characteristics. Previous studies on PAM have focused
mainly on its impacts on saline-sodic soil infiltration and
erosion (Lentz 2003; Tang and She 2018). However, there
have been few reports on the impact of PAM on revitalizing
coastal saline soil quality, crop photosynthesis, and yield.
An understanding of the effects of PAM on coastal saline
soil physicochemical properties and crop production is also
needed.

In this study, our objectives were to (a) investigate
the interactive effects of biochar and PAM on saline soil
properties and the photosynthetic traits and production of
rice grown in a coastal reclamation area; (b) analyze the
correlations among soil properties, photosynthesis, yield
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components, and grain yield; and (c) characterize the con-
tributions of soil properties, photosynthesis, and yield com-
ponents to grain yield.

Materials and methods
Site description

The saline soils in our experiment were sampled in May
2015 from the Dongling coastal reclamation region in
Rudong County, Jiangsu Province, China (120°42'-121°22'E
and 32°12'-32°36'N), as shown in Fig. S1. The average ele-
vation of the coastal reclamation region, which is located
next to the Yellow Sea, is between 3.5 and 4.5 m. The soil
in the coastal reclamation region is dominated by silty loam.
The storage and transport of water in the soil are severely
restricted due to the high content of sodium salt in the soil
and the poor soil structure. The upper 100 cm soil layer of
three sample plots with a length of 4 m and a width of 4 m
in Rudong County was randomly selected. The soil samples
were mixed thoroughly and brought back to the laboratory
for experiments without external interference. During the
rice planting seasons (June to November), the temperature
in the greenhouse was adjusted to 28 +2 °C. The annual
mean precipitation is 1044.7 mm, and the annual mean sur-
face water evaporation is 1367.9 mm. More details about the
methods used to measure basic soil physico-chemical prop-
erties are shown in our previous study (Fei et al. 2019). The
basic soil physico-chemical properties are shown in Table 1.

Experimental design

The study was conducted for five consecutive seasons in a
completely randomized design from 2016 to 2020. The test
pit cultivation experiment was carried out in a greenhouse
that provided shelter from the rain. The test pits had an
upper diameter of 840 mm and a height of 850 mm, each of

Table 1 Basic properties of the soil, biochar, and PAM

approximately 300 L (Fig. 1). The test pit was buried below
the ground, and the inverted layer was set at the bottom of
the test pit with a thickness of 50 mm, and sand, gravel with
different particle sizes were placed in the inverted layer. In
order to achieve the purpose of smooth groundwater flow
and no loss of fine particles in the soil, the grading and hier-
archical arrangement of the inverted layer were correctly
done in this pit experiment. The upper part of the inverted
layer was filled with air-dried and sieved soil (bulk density
of 1.38 g/cm®) with a thickness of 500 mm, and the soil was
compacted and flattened. Biochar (at 0, 32, and 79 t/hm?,
denoted by B1, B3, and B3, respectively) and PAM (at 0,
0.6, and 1.6 t/hm?, denoted by P1, P2, and P3, respectively)
were uniformly mixed with the surface soils (0~20 cm) of
the test pits on June 1, 2016, and 4 repetitions of each appli-
cation rate were established, for a total of 3 X3 x4 =36 test
pits (Table S1). A drain pipe was installed in the test pit to
extract groundwater. Every test pit was subjected to the same
management measures (e.g., amount of irrigation and ferti-
lizer application) to reduce interference from other external
factors and human factors in this experiment. Considering
the timeliness of the effects of amendment application, the
amendments were repurchased and added again on June 1,
2020. The repurchased biochar and PAM were evenly mixed
with the 0~ 20 cm soil layer of each treatment. The amounts
and characteristics of the amendments reapplied in 2020
were consistent with those in the experiments in 2016.

Biochar and PAM characterization

The biochar applied in this research was produced by the
pyrolysis of wheat straw at 350~ 550 °C, and the conversion
rate of wheat straw into biochar was 30%. More detailed
methods regarding the determination of the physicochemi-
cal properties of the biochar can be found in our previous
research (Fei et al. 2019). The relative molecular weight of
PAM was measured by viscometry. The physicochemical
properties of the biochar and PAM are presented in Table 1.

Soil

Size composition (%) Texture  OC (g/kg) TN (g’kg) BD (g/cm3) pH EC (dS/m) CEC (cmol/kg)
Sand Silt Clay

32.37 62.75 4.88 Silt loam 3.81 0.41 1.38 8.0 4.0 4.99

Biochar

Ca (g/kg) Particle density (g/cm3) TP (%) Cl(g/kg) OC (g/kg) TN (g/kg) BD (g/cm3) pH EC (dS/m)

0.0016 1.83 62.5 1.44 467.2 5.9 0.69 99 1.0

PAM

Property Molecular weight

Anionic 12 million

CEC cation exchange capacity, OC organic carbon, TN total nitrogen, EC electrical conductivity, BD bulk density, TP total porosity
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Fig. 1 Conceptual diagram of

84cm

»

x

the test pit cultivation experi-
ment

=)

85cm

50cm

e
Scm

Ground

Soil + Biochar + PAM

Soil

Gravel

Agricultural applications

Planting crop is one of the important ways to revitalize
saline soil in a coastal reclamation region. Therefore, before
planting rice, the refilled soil in the test pit was irrigated
and incubated for 6 months. A high-yielding rice variety,
Wu Yun Jing 23, was used each year (from 2016 to 2020)
in our experiment. The rice planting density was 162,000
hills/hm?, and there were 2 root seedlings/hill. Two days
before transplanting the rice seedlings, the saline soils in
the test pits were plowed and harrowed (to a soil depth of
20 cm from the surface) by hand. The standard nitrogen
application rate for the paddy rice fields was 300 kg/hm?,
and the ratio of basal fertilizer to top dressing fertilizer was
6:4. Compound fertilizer was used as the basal fertilizer, and
50 g was added to the soil surface per test pit. Five grams
of topdressing fertilizer (urea, 46.4% nitrogen) was applied
per test pit. Twenty-four hours before transplanting the rice
seedlings, basal fertilizer was added to the saline soil, tiller-
ing fertilizer (urea) was added approximately 10 days after
transplanting, and ear fertilizer (urea) was added before
the booting stage. The fertilizers were mixed evenly in the
upper saline soils (0 ~20 cm) before the rice seedlings were
transplanted (Wang et al. 2017). After the rice seedlings
were transplanted, each test pit (buried in the ground) and
its surrounding environment were manually weeded every
month to eliminate the influence of weeds on rice growth.
All other recommended cultivation practices were applied
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64cm

to maximize rice production. The irrigation volume of each
measuring bucket was the same; the lower limit of irriga-
tion water was 30 mm, and the upper limit of irrigation was
50 mm. The date and amount of irrigation were recorded
each time. The groundwater drainage rate of each test pit was
5 mm/day. The dates for rice seed cultivation, transplanting,
fertilization, and harvesting in this experiment are shown
in Table 2.

Rice yield measurements

The rice was harvested manually and threshed using a hand-
driven thresher each year (from 2016 to 2020). Rice grains
were collected and dried at 105 °C for 1 h and then dried at
80 °C for 48 h to constant weight. Yield components such
as the 1000-grain weight, spikelets per panicle, and seed-
setting rate were obtained from 15 rice plants randomly
selected from each test pit.

Soil measurements

For five consecutive seasons (from 2016 to 2020), 0-20 cm
of topsoil was collected after the annual rice harvest to meas-
ured soil physical and chemical properties such as pH, total
salt, SOM, bulk density, mean weight diameter (MWD)),
and macroaggregates. The soil pH was determined at a
soil-to-water mass ratio of 1:5 using a pH meter. The con-
tent of soil cations (K*, Na™, Ca?*, Mg?*) was determined
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Table 2 Dates for rice seed cultivation, transplanting, fertilization, harvesting, and photosynthesis measurements
Classification Years
2016 2017 2018 2019 2020
Seed cultivation June 5 May 30 June 1 June 5 June 5
Transplanting June 29 June 23 June 25 June 29 July 1
Basal fertilizer (NPK compound fertilizer) application ~ June 30 June 24 June 26 June 30 July 2
Tillering fertilizer (urea) application July 10 July 5 July 9 July 9 July 10
Ear fertilizer (urea) application August 10 August 7 August 10 August 9 August 10
Harvest October 25 October 26 October 26 October 25 October 27
Photosynthesis measurements Stage 1 July 12 July 15
Stage 11 August 6 August 10
Stage II1 September 2 September 5
Stage IV September 26 September 28

Stage I, tillering stage; stage II jointing-booting stage; stage III, heading-flowering stage; stage IV, milky and yellow ripening stage

by an inductively coupled plasma emission spectrometer
(Optima 8000). The content of CO5>~ and HCO,~ ions in
the soil was determined by the phenolphthalein and methyl
orange double indicator neutralization method, and CI™ and
S0,2" in the soil were determined by the silver nitrate titra-
tion method and ethylenediaminetetraacetic acid (EDTA)
titration method, respectively. The soil total salt content
was expressed as the sum of soil cations and anions. The
SOM was measured in an externally heated oil bath using
the potassium dichromate wet combustion method (Schepet-
kin et al. 2003). The soil bulk density was determined by
the drying method (Cueff et al. 2021). According to Wang
et al. (2015), soil water-stable aggregates were characterized
by MWD. More details about the methods used to measure
the macroaggregate (>0.25 mm) content are shown in our
previous study (Fei et al. 2019).

Measurements of photosynthetic parameters

The photosynthetic parameters of rice were measured in
the two seasons of 2019 and 2020. During the course of the
experiment, the net photosynthetic rate, transpiration rate,
and stomatal conductance of the top fully expanded rice
leaves were measured in four growth stages ( the tillering
stage, jointing-booting stage, heading-flowering stage, and
milky and yellow ripening stage, called stage I, stage II,
stage III, and stage IV, respectively). The assessment dates
for the photosynthetic parameters are shown in Table 2. A
gas exchange analyzer (LI-6800, LI-COR, USA) was used
to measure these photosynthetic parameters from 09:00
to 11:00 when the photosynthetically active radiation
above the canopy was 1000~ 1100 umol/m? s, and the
temperature was 28 +2 °C. Rice leaves were randomly
selected from five hills in each test pit, and the mean of the
five rice leaves was used as the final fixed value. The daily
dynamics of the net photosynthetic rate and transpiration

rate were determined from 08:00 to 18:00 on July 22, 2019,
and July 29, 2020.

Estimation of daily cumulative photosynthesis
and canopy gross photosynthesis

The daily cumulative photosynthesis was calculated accord-
ing to the daily change in the observed net photosynthetic
rate under biochar and PAM amendments.

n—1

1
anzE'Z(Pn(i)"‘Pn(m))‘Hi (D

i=1

where 2P, is the daily cumulative photosynthesis of a
single leaf, mmol/m?; P and P, are the net photo-
synthetic rates determined at the i-th and (i + 1)-th times,
respectively, pmol/(m? s); H; is the time interval between
the i-th and (i + 1)-th determinations; and »n is the number
of determinations.

According to Miao et al. (2013), the instantaneous net
photosynthetic rate of a single leaf was used to calculate the
corresponding daily cumulative photosynthesis. A regres-
sion analysis of the net photosynthetic rate at 10:00 from the
observed daily changes in rice photosynthesis and the cor-
responding daily cumulative photosynthesis was performed,
as shown in Fig. S2. The linear regression equation is as
follows:

Y P, =15479P,+238.08 (R =0.8745) )
where P, is the instantaneous net photosynthetic rate of a
single leaf at 10:00 and 2P, is the daily cumulative photo-
synthesis of a single leaf.

The cumulative photosynthesis in the canopy was esti-
mated based on the principle of the big-leaf model (Pury
and Farquhar 1997). The calculation formula is as follows:
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P. =P, X LAI 3)

where P, is the canopy net photosynthetic rate, P, is the
single-leaf net photosynthetic rate, and LAI is the canopy
leaf area index.

The linear regression function in Eq. (2) was used to cal-
culate the daily cumulative photosynthesis in rice leaves at
the different growth stages with biochar and PAM. Then,
the daily canopy cumulative photosynthesis was determined
using the LAI observed at each growth stage (from stage I to
stage IV). The rice LAI was determined at each growth stage
using a METER plant canopy analyzer (AccuPAR-LP-80,
USA), and the average value after three measurements of
each test pit was regarded as the final LAI Finally, the daily
canopy cumulative photosynthesis values throughout the
growth period were summed to obtain the canopy gross
photosynthesis.

Statistical analysis

One-way analysis of variance (ANOVA) and multiple com-
parisons (least significant difference (LSD), significance
level of P=0.05) were conducted using SPSS (version 22.0,
IBM, USA) to statistically analyze the experimental data.
Descriptive statistics for the data, including their standard
deviations, normal distribution test results, and Pearson
linear correlation coefficients, were calculated. Correlation

coefficients were divided into direct and indirect coefficients
using path coefficient analysis (Guneri et al. 2017). Path
analysis is an extension of regression analysis and can be
used to analyze the causal structure of data. Causal rela-
tionships were explained via the path diagram, from which
the direct and indirect effects of soil properties, yield com-
ponents, and photosynthesis on rice grain yield could be
distinctly determined (Fig. 2).

Results

Soil physicochemical properties under biochar
and PAM amendments

Table 3 shows the mean values of soil pH, total salt, SOM,
bulk density, MWD, and macroaggregates (> 0.25 mm) for
each biochar and PAM treatment in the five growing seasons
(from 2016 to 2020). The pH was significantly increased in
the 79 t/hm? biochar treatment compared with the 0 t/hm?
and 32 t/hm? biochar treatments (P<0.001), whereas the
application of PAM and the interaction of biochar and PAM
had no significant effect on soil pH. In addition, the soil pH
differences between years were not significant (Table S2).
The level of soil total salt was significantly lower under 32
t/hm? biochar treatment than under 0 t/hm? and 79 t/hm?
biochar treatments. The lowest total salt occurred under the
combined application of 32 t/hm? biochar and 0.6 t/hm?

pH
Biochar/PAM Total salt
Spikelets per panicle
Organic matter
A 4
L Soil
1000-grain weight Yield Canopy gross physicochemical
components photosynthesis properties Bulk density
MWD
Seed-setting rate A
Grain yield
Macroaggregates

Fig.2 A generalized conceptual framework of the path analysis model for the direct and indirect effects of influencing factor interactions on

grain yield

@ Springer



Environmental Science and Pollution Research (2023) 30:18731-18747 18737
Table 3 Effects of amendments on soil physicochemical properties in 2016-2020
Treatments
pH Total salt (g/kg) Organic matter (g/  Bulk density (g/ MWD (mm) Macroaggregates
kg) cm?) (>0.25 mm (%))
Biochar (thm?) PAM (t/hm?)
0 7.90 (0.05)c 5.18 (0.93) b 5.89 (1.07) ¢ 1.327 (0.071) a 0.322 (0.038)d 10.416 (1.438)d
0 0.6 7.90 (0.05)c  5.27 (0.86) b 6.15(1.04) c 1.303 (0.062) ab 0.382 (0.048)c  11.737 (1.994) cd
1.6 7.91(0.08)c 5.79(1.01)ab  6.54(1.06) c 1.300 (0.037) ab 0.400 (0.103) bc  13.932 (4.605) b
0 8.00 (0.07)b 4.76 (0.84) c 11.40(347)b 1.327 (0.062) a 0.383 (0.074) ¢ 15.266 (3.399) ab
32 0.6 7.94(0.10)c 4.18(0.84) c 12.24 (3.75) b 1.294 (0.077) b 0.436 (0.052) ab 16.098 (1.531) a
1.6 8.01 (0.08)b 4.42(0.79)c 13.15(4.09) b 1.287 (0.039) b 0.466 (0.082)a 17.560 (3.328) a
0 8.05 (0.06) ab 4.57 (0.74) c 19.03 (6.54) a 1.288 (0.053) b 0.416 (0.047)b  16.045 (2.157) a
79 0.6 8.08 (0.03)a 5.94(143)a 20.96 (7.59) a 1.271 (0.044) be 0.442 (0.108) ab 16.815 (3.967) a
1.6 8.05 (0.05) ab 5.42(0.95) b 21.42 (7.54) a 1.253 (0.024) ¢ 0.470 (0.088)a 17.752 (4.825) a
ANOVA
Biochar Hsksk otk otk Hoksk Hoksk Hoksk
PAM ns ok ns Hoksk Hsksk Hoksk
Biochar x PAM ns Fkk ns ns ns ns

Different letters in the same column show that the difference among different treatments reached a significant level (P <0.05). * (P <0.05); **

(P<0.01); *** (P<0.001); ns (P>0.05)
MWD mean weight diameter of water-stable aggregates

PAM, and the salinity decreased year by year (Table S3).
Moreover, the interaction of biochar and PAM had a signifi-
cant effect on soil total salt (Table 3). SOM was affected sig-
nificantly by biochar application and increased as the biochar
and PAM application rates increased. The soil bulk density
was significantly lower under 79 t/hm? biochar addition than
under 0 /hm” and 32 t/hm? biochar additions, and the bulk
density was reduced as the biochar and PAM addition rates
increased. The soil MWD and macroaggregates (>0.25 mm)
in the 1.6 t/hm?> PAM treatment were significantly higher
than those in the control (0 t/hm? PAM), while no signifi-
cant differences in MWD occurred between 0.6 t/hm? and
1.6 t/hm? PAM treatments. The soil MWD and macroag-
gregates (>0.25 mm) in the 79 t/hm? biochar treatment were
significantly larger than those in the control (0 t/hm? bio-
char), which indicated that the effects of biochar on the soil
MWD and macroaggregates (>0.25 mm) were similar to the
effect of biochar on SOM. After the application of biochar
and PAM, SOM, MWD, and macroaggregate (> 0.25 mm)
content increased year by year, whereas the bulk density
decreased year by year (Tables S4-S7).

Photosynthetic traits under biochar and PAM
amendments

Biochar and PAM had significant effects on the rice leaf pho-
tosynthetic traits (Figs. 3 and 4). The rice leaf photosynthetic
traits reached peak values in the B2 (32 t/hm? biochar) treat-
ment. Compared to that in the control (0 t/hm? biochar), the

net photosynthetic rate under the B2 treatment from stage |
to stage IV improved by average values of 11.29%, 2.03%,
14.4%, and 20.38%, respectively, whereas that under the B3
(79 t/hm? biochar) treatment at stage IT decreased by an aver-
age of 11.96%. The effect of the B2 treatment on the tran-
spiration rate was greater in 2020 than in 2019. Compared
with that in the control, the stomatal conductance under the
B2 treatment increased by 15.83%, 4.89%, 6.85%, and 22.4%
on average during the four growth stages, while that under
the B3 treatment decreased by 0.64%, 7.17%, 6.82%, and
9.96% on average. The photosynthetic traits increased with
increasing PAM addition rate, and the increases in stage III
and stage IV were especially obvious in 2020.

Figure 5 shows that the daily dynamics of the net pho-
tosynthetic rate showed a bimodal curve and that daily
cumulative photosynthesis exhibited an S-shaped growth
curve. Biochar improved daily dynamics of the leaf net
photosynthetic rate of rice (Fig. 5). With the continuous
accumulation of photosynthates, the differences in the
daily cumulative photosynthesis among the treatments
were obvious. The daily cumulative photosynthesis in the
B2P1 (32 t/hm? biochar 4+ 0 t/hm? PAM) treatment was the
highest, followed by that in the B3P1 (79 t/hm? biochar + 0
t/hm? PAM) treatment. PAM (0.6, 1.6 t/hm?) increased
the average daily net photosynthetic rate by 12.4% and
15.8%, respectively, and daily cumulative photosynthe-
sis by 10.9% and 11.7%, respectively, compared with the
control. The difference in daily cumulative photosynthesis
between the B1P2 (0 t/hm? biochar + 0.6 t/hm? PAM) and
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Growth stage

ripening stage. B1, 0 t/hm? biochar; B2, 32 t/hm? biochar; B3, 79 t/
hm.? biochar. Different lowercase letters in the same column show
that the difference between different biochar application amounts
reached a significant level (P <0.05)
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biochar; P1, 0 t/hm? PAM; P2, 0.6 t/hm? PAM; P3, 1.6 t/hm?> PAM

B1P3 (0 t/hm? biochar + 1.6 t/hm? PAM) treatments was
very small. The combined application of biochar and PAM
improved the rice net photosynthetic rate, and the 32 t/hm?
biochar + 0.6 t/hm? PAM combined treatment resulted in
the highest daily cumulative photosynthesis of all com-
bined treatments (Fig. 5).
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The diurnal change curve of the rice transpiration rate
was bimodal (Fig. 6). The overall treatment curves of bio-
char with PAM (0.6, 1.6 t/hm?) revealed an increase in
the average daily dynamics of leaf transpiration rates by
6.0% and 10.8%, respectively (Fig. 6). The combination
of biochar and PAM, especially the 32 t/hm? biochar + 0.6
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t/hm? PAM treatment, increased the average daily photo-  the net photosynthetic rate and transpiration rate in each
synthetic rate by 26% and the transpiration rate by 24.8%  treatment were basically the same: the first peak occurred
compared with those of the control. The change trends in ~ from approximately 11:00 to 12:00, the values decreased to
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a minimum by approximately 13:00 and then increased, and
a second peak occurred at approximately 14:00.

Regression analysis of the net photosynthetic rate at 10:00
against the actual daily changes in rice photosynthesis and
the corresponding daily cumulative photosynthesis was
performed, as shown in Fig. S2. The R* value was 0.8745.
The regression results showed that the linear relationship
between the net photosynthetic rate at 10:00 and daily cumu-
lative photosynthesis was acceptable. Table S8 lists the daily
cumulative photosynthesis and canopy gross photosynthe-
sis of rice under the biochar and PAM treatments in 2019
and 2020. Table S8 shows that canopy gross photosynthesis
was the highest under the 32 t/hm? biochar + 0.6 t/hm*> PAM
combined treatment.

Impacts of biochar and PAM amendments on rice
yield

The grain yield and yield components were significantly
affected by biochar and PAM (P <0.05) (Table 4). The
grain yield did not show a positive linear increasing trend
with increasing biochar and PAM application rates; rather,
it showed a trend of first increasing and then decreasing.
Under the same soil amendment treatment, the grain yield
increased from 2016 to 2020 (Table S12), and the inter-
action of biochar and PAM had significant effects on rice
yield components (spikelets per panicle, seed setting rate,
and 1000-grain weight). Compared with that of the control
(0 t/hm? biochar), the grain yield under 32 t/hm? biochar
treatment increased by 11.0%, while that under 79 t/hm? bio-
char treatment decreased by 1.6%. The grain yield under 0.6

and 1.6 t/hm? PAM treatments increased by 16.5% and 3.2%
compared with that of the control (0 t/hm? PAM), respec-
tively. Moreover, the grain yield was the highest under 32 t/
hm? biochar + 0.6 t/hm? PAM combined treatment compared
to the control (0 t/hm? biochar + 0 t/hm? PAM) and reached
5842.1 kg/hm? to 7945.1 kg/hm?.

Correlations among soil properties, canopy gross
photosynthesis, yield components, and grain yield

Bivariate correlation analysis showed that grain yield was
significantly and strongly positively (P <0.05) correlated
with yield components (spikelets per panicle, seed setting
rate, and 1000-grain weight) and canopy gross photosynthe-
sis. However, soil physicochemical properties (pH, total salt,
SOM, and bulk density) had a small negative correlation
with grain yield (Table S13).

Table 5 shows the direct and indirect effects of individual
variables on the rice grain yield obtained by path analysis
and the contribution of the determination coefficient. The
direct effect coefficient of spikelets per panicle on grain
yield was the highest, and the determination coefficient also
showed that the number of spikelets per panicle was the most
significant parameter with respect to grain yield. In addition,
the direct effect coefficient of variables and the determina-
tion coefficients of variables on grain yield indicated that
canopy gross photosynthesis played an important role in
grain yield. Although soil total salt and SOM had positive
direct effects on yield, the determination coefficients showed
that they ultimately had negative effects on grain yield. The
determination coefficients also demonstrated that the seed

Table 4 Effects of amendments on rice grain yield and yield components in 2016-2020

Treatments
1000-grain weight (g) Spikelets per panicle Seed-setting rate (%) Grain yield (kg/hm?

Biochar (t/hm?) PAM (t/hm?)

0 0 249 (1.7)b 128.5 (1.4) de 84.7(1.2)d 5842.1 (424.8) ¢
0.6 255(1.9)b 137.7(3.7) ¢ 87.0(1.1)b 6918.0 (1050.0) b
1.6 253 (1.6)b 1348 (3.1)d 87.7(0.4)b 6435.3 (650.7) b

32 0 25.12.1)b 134.7 (4.1)d 86.7(1.2) ¢ 6689.4 (630.3) b
0.6 26.5(2.2)a 155.9 (7.5) a 89.1(1.0)a 7945.1 (1260.0) a
1.6 256 (1.9)b 135.8 (2.7) cd 88.2 (0.8) ab 6674.2 (626.2) b

79 0 252 (1.5)b 127.5(7.1)e 86.6 (1.7) ¢ 6044.6 (610.7) ¢
0.6 249 (19)b 1449 (2.5) b 87.3(1.3)b 6785.9 (845.2) b
1.6 248 (1.7)b 127.2(10.2) e 87.0 (0.6) b 6064.5 (676.3) ¢

ANOVA

Biochar ok Hsksk skoksk Hsksk

Biochar x PAM * HoAk Hokk ns

Different letters in the same column show that the difference among different treatments reached a significant level (P <0.05). * (P <0.05); **

(P<0.01); ** (P<0.001); ns (P>0.05)
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MWD and macroaggregate (>0.25 mm) content increased
significantly with increasing PAM application. There were
two reasons for this finding: one reason was the aggrega-
tion effect caused by PAM application; the other was that
the application of PAM to the soil created a favorable soil
environment for the growth of bacteria in soil aggregates
(Caesar-TonThat et al. 2008).

Studies have shown that there is a close relationship
between the photosynthetic rate and stomatal conductance
(P <0.05) (Attramadal et al. 1984). In our study, the change
trend of the net photosynthetic rate was consistent with sto-
matal conductance after biochar application. These results
are similar to the relationship between biochar and the gas
exchange parameters of sugar beet found in a previous study
(Zhang et al. 2020). Previous research by our research group
showed that 32 t/hm? biochar treatment improved the soil
pore structure (Sun et al. 2021). Soil total porosity can be
improved by adding biochar (Oguntunde et al. 2008), and
higher soil porosity provides a suitable growing environ-
ment for crop roots. Our experiment showed that the applica-
tion of 32 t/hm? biochar could promote rice photosynthetic
traits during the whole growth period but that the addition
of excessive biochar (79 t/hm?) had no significant effect on
photosynthetic traits. Similar results have been observed in
previous studies (Feng et al. 2021; Ren et al. 2021). These
results may be due to biochar with a high C/N ratio, which
decreases crop nitrogen uptake and then reduces crop growth
(Rajkovich et al. 2011). Moreover, amendments with a high
C/N ratio can inhibit the absorption and utilization of light
energy by photosynthetic system II (PSII) in rice leaves,
leading to changes in the photosynthetic parameters of
leaves; however, applying an appropriate amount of biochar
may improve the light energy conversion efficiency, actual
photosynthetic capacity, potential photosynthetic activity,
and open PSII reaction center ratio in the leaves. In addi-
tion, biochar may enhance the capacity for the dissipation
of excess light energy and decrease the inhibitory effect of
environmental stress on photosynthesis, which may increase
the stability of photosynthetic reaction centers and improve
rice photosynthetic traits (Alimu et al. 2019; Saifullah Dah-
lawi et al. 2017).

Lentz (2015) observed that applying PAM to the soil
increased the formation of soil water-stable aggregates,
improved soil water conductivity, inhibited soil water evap-
oration, increased soil water retention, and thus improved
the crop growth environment. Xu et al. (2016) found that
soil amendment with PAM improved the leaf net photosyn-
thetic rate, stomatal conductance, and transpiration rate of
potato compared with the control, and similar results were
observed in our experiment. Wei et al. (2011) found that dif-
ferent PAM treatments had no significant effect on the pho-
tosynthetic rate of maize, whereas the application of PAM
decreased the transpiration rate compared with the control.
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These findings are slightly different from the observed val-
ues in our experimental results.

Rice grain yield under biochar and PAM
amendments

The application of biochar to soil does not always increase
crop yields. Spokas et al. (2011) found that approximately
50% of published studies (n=45) showed that biochar had
positive effects on crop growth or yield, 30% of selected
reports had no significant effect, and 20% even documented
inhibited crop growth or yield. A 7-year field experiment
showed that biochar application improved rice yield by
enhancing the dynamics of root development and the char-
acteristics of soil in Northwest China (Liu et al. 2020). Ali
et al. (2020) reported that 60 t/hm? biochar addition coupled
with 270 kg/hm? nitrogen fertilization had positive effects on
the yield of noodle rice (Zhenguiai) using pot experiments
in South China. Our experimental results showed that the
32 t/hm? biochar treatment caused an increase in grain yield
relative to the control treatment but that the 79 t/hm? biochar
treatment caused a decrease in grain yield, which was con-
sistent with previous findings (Gaskin et al. 2010) showing
that the grain yield of corn (Zea mays L.) first increased
and then decreased with an increase in the application rate
of peanut hull biochar (at 0, 11, and 22 Mg/ha) in fertilized
treatments. This outcome may have been due to nitrogen
mineralization; the soil nitrogen may have remained in the
microbial biomass, preventing the nitrogen provided by the
higher-rate biochar treatment from being used to support
plant growth (Gaskin et al. 2010). Therefore, the application
of biochar at an optimal level (e.g., 32 t/hm?) may enhance
rice production in the selected soil, and the addition of more
biochar (e.g., 76 t/hm?) should be carefully considered to
avoid negative effects prior to application.

Lentz and Sojka (2009) found that two water-soluble ani-
onic PAM treatments increased the yields of bean and silage
corn by 14.3% and 4.5% in silt loam soils, respectively, and
Wei et al. (2011) found that the addition of PAM at four
rates (0.5, 1.0, 1.5, and 2.0 g/m?) improved maize yields by
5.54~14.13%. In our experimental results, the application
of PAM (0.6, 1.6 t/hm?) increased the grain yield relative to
that of the control, which was consistent with the results of
previous studies (Lentz and Sojka 2009; Wei et al. 2011).
The possible mechanism is that PAM treatment increased
the lateral movement of water on the soil surface so that
more water moved toward planted rows, creating a suit-
able environment for plant growth (Lentz et al. 1992). Our
findings indicated that the rice grain yield was the high-
est under the combined application of 32 t/hm? biochar and
0.6 t/hm? PAM. This may have been due to the combined
application of biochar and PAM directly or indirectly pro-
moting soil water retention, increasing nutrient availability,
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improving the physicochemical conditions of the saline soil,
and thereby facilitating high agricultural productivity (Major
et al. 2010; Lee et al. 2015).

The results from the path analysis showed that yield com-
ponents had more significant positive direct effects on grain
yield. In addition, grain yield was positively and signifi-
cantly correlated with canopy gross photosynthesis, which
is consistent with a previous study (Cheabu et al. 2018).
This effect may have occurred because the CO, exchange
rate in rice leaves increases linearly with an increase in the
PAM application rate, and an increase in CO, exchange
can increase photosynthesis (Lee et al. 2021). In addition,
biochar and PAM may improve the leaf area of plants, and
the leaf area makes a significant positive contribution to the
photosynthetic rate (Wang et al. 2016a, b). Moreover, the
level of total salt was significantly reduced by 32 t/hm? bio-
char application (Table 3), and the determination coefficient
showed that soil total salt had a negative contribution to
grain yield (Table 5). This indicated that biochar enhanced
rice production by decreasing soil salinity (Cui et al. 2021).

In summary, our study showed the significant role of
biochar and PAM in promoting the sustainability of rice
production by revitalizing coastal saline soil and suggested
a promising amelioration approach; this approach would
restore agro-ecosystems and land resource sustainability
and would have a far-reaching impact on food security. In
addition, we found that the application of more amendments
to the soil is not necessarily better, especially because large
amounts of biochar (e.g.,79 t/hm?) may inhibit rice growth
or yield. The application of amendments at an optimal level
(e.g.,32 t/hm?) may increase rice growth or yield in coastal
saline soil. An appropriate amount of amendments may play
an important role in revitalizing soil quality and promoting
sustainable land productivity.

Conclusions

(1) The application of biochar and PAM improved saline
soil properties. Biochar and PAM lowered the soil total
salt and bulk density, but increased SOM, MWD, and
macroaggregate (>0.25 mm) content. The interaction of
biochar and PAM had a significant effect on soil total salt.

(2) The addition of biochar and PAM to saline soil had sig-
nificant effects on the leaf photosynthetic traits of rice.
The net photosynthetic rate and transpiration rate in the
32 t/hm? biochar and 1.6 t/hm? PAM treatments were
significantly higher than those in the control; moreo-
ver, the effect of the combined application of 32 t/hm?
biochar + 0.6 t/hm? PAM on the net photosynthetic rate
and transpiration rate was the most significant.

(3) The appropriate addition of biochar and PAM to saline
soil increased rice grain yield. Spikelets per panicle and

canopy gross photosynthesis had strong and significant
positive effects on grain yield. Biochar enhanced the
rice grain yield by decreasing the soil salinity.
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