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Abstract

Saline soils severely constrain rice growth and reduce grain yield. While biochar and
Chlorella have each been extensively investigated for their roles in improving plant growth,
few studies have explored their combined application to support rice cultivation in saline
soil environments. A controlled pot experiment tested three biochar rates (By: 0 g/kg,
Byo: 098 g/kg, By: 1.97 g/kg) and two Chlorella concentrations (Co: 0 cells/mL,
Cy: 1.3 x 107 cells/mL) to evaluate their combined effects on soil properties, rice root
development, and productivity. The study showed that compared with ByCp, ByC; in-
creased NH;*-N by 50.00-57.16%, NO3; ~-N by 57.61-104.57%, effective panicle number by
55.00%, and grain yield by 46.06%. Meanwhile, B»(C; also significantly improved soil and
plant indicators, with NH;*-N increased by 57.21-63.16%, NO3; ~-N by 140.28-151.53%,
urease activity by 57.18-178.81%, root traits by 28.58-213.10%, effective panicle number
by 40.00%, and grain yield by 30.05%. Mechanistically, biochar promoted rice root growth
by improving soil physicochemical properties, while Chlorella enhanced soil NH4*-N and
NO;3;™-N contents via the “capacitor effect”, boosted urease activity, and secreted plant
hormones to directly stimulate rice tillering. Notably, Chlorella significantly increased
yield under no biochar (ByC;) or low biochar (ByyC;) conditions, but this effect nearly
disappeared under high biochar application (B4C;1). This study is the first to reveal the
synergistic effect between biochar and Chlorella, as well as their application potential in rice
cultivation on saline soils. It thereby provides novel insights for saline soil amendment and
aquaculture tailwater reuse.
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1. Introduction

Agricultural arable land resources in China are scarce, and saline tidal flat soils along
the eastern coast of China serve as important reserve arable land resources. Their scien-
tific development and improvement hold great significance for alleviating arable land
scarcity and ensuring national food security [1,2]. Coastal tidal flats in Jiangsu Province
span a total area of 6.907 x 10° hectares (ha), representing roughly 25% of the total area
of China’s coastal tidal flats [3,4]. Coastal saline soils, affected by seawater-influenced
groundwater, often suffer from elevated soil salinity, suboptimal soil structure, and limited
soil nutrient availability, all of which impede agricultural productivity improvement [5].
The core mechanism for improving coastal saline soil lies in reducing soil salt content by
physicochemical methods, controlling salt resurgence utilizing hydraulic engineering, and
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enhancing soil fertility leveraging biological measures, ultimately improving soil structure
and tilling conditions. Desalination and soil fertility improvement are key measures for
achieving the efficient utilization of saline soils [6]. Jiangsu Province is a major province
for rice cultivation and pond aquaculture. Rice cultivation, characterized by its high water
requirement and long-term flooding, is widely employed for saline soil improvement.
Long-term rice cultivation can reduce surface soil salinity through a “desalination-leaching”
effect; meanwhile, organic acids secreted by rice roots can effectively alleviate soil alkaliza-
tion, thereby improving soil nutrient status and enhancing soil fertility [7]. However, sole
reliance on rice cultivation is insufficient to address the low fertility of coastal saline soils.
Thus, exogenous carbon and nitrogen input is regarded as a critical approach to enhance
soil fertility [8]. In recent years, the aquaculture-rice co-cropping system aligns with local
agricultural development trends, exhibits prominent economic benefits and environmental
friendliness, and serves as a powerful measure to address the low economic efficiency
of salinized farmlands [9]. Irrigation with aquaculture tailwater represents an effective
strategy that balances resource utilization and ecological restoration, as it not only reduces
chemical fertilizer application rates but also ameliorates the saline soil environment [10].
Nutrients (e.g., nitrogen and phosphorus) abundant in tailwater can promote rice growth
and simultaneously reduce the risk of nutrient loss, thereby increasing crop yield while
achieving synergistic effects between resource recycling and saline soil improvement [11].
However, the adsorption capacity of salinized paddy fields for nutrients in tailwater is
limited. Consequently, unutilized nutrients in the tailwater tend to accumulate in the
topsoil and are lost through processes such as surface runoff and leaching, which further
exacerbates agricultural non-point source pollution [12]. Thus, it is necessary to select
appropriate exogenous additives to improve saline soils while mitigating the pollution
risks posed by aquaculture tailwater.

In recent years, biochar derived from agricultural waste has shown a remarkable
role in the improvement of saline soils [13,14]. Biochar is a product rich in carbon pro-
duced via the pyrolysis of biomass under anaerobic conditions or conditions with limited
oxygen, and its physicochemical properties and elemental content depend primarily on
the type of feedstock used for biochar production and the preparation conditions, which
include pyrolysis temperature and pyrolysis time [15]. Moreover, studies have shown that
biochar, which is endowed with inherent porous architecture, abundant functional groups,
large specific surface area, and robust pollutant adsorption capacity, when applied at an
appropriate rate, not only ameliorates saline soils by improving soil porosity, enhancing
water and nutrient retention capacities, regulating salt ion distribution and soil pH, and
increasing soil nutrient availability, thus promoting crop root growth and yield formation,
but also remediates water bodies, thus fulfilling a dual function of saline soil amendment
and water remediation [15-17]. Among these, corn stover-derived biochar has been widely
applied due to its characteristics such as wide availability of raw materials, low cost, and
alignment with circular agriculture. Studies have shown that biochar produced using corn
stover as raw material can significantly increase soil organic carbon content, improve soil
physicochemical properties, and enhance soil fertility [18].

Microalgae are a group of unicellular microorganisms with photosynthetic capacity,
and they have gained increasing attention due to their applications in agriculture. In soil,
microalgae enhance soil structure and fertility by providing nutrients and improving soil
nutrient cycling [19,20]. They also promote plant growth through approaches such as
protecting plants from pathogen infection and producing plant hormones. Compared
with other microalgae, Chlorella has a stronger oxygen-producing capacity and exhibits
distinct advantages in terms of stress tolerance and pollutant removal efficiency [21,22].
Chlorella can promote the biological degradation of soil organic matter, thereby increasing
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the contents of soil organic carbon and nitrate-N [23]. Furthermore, several studies have
indicated that Chlorella exhibits the ability to promote rice growth by synthesizing plant
growth-promoting substances, such as auxins, cytokinins, and gibberellins. Concurrently,
it can enhance soil fertility and ameliorate the soil microecosystem [24,25]. Hong, C. et al.
reported that Lemna (duckweed) functions analogously to a capacitor via the process of
“nitrogen storage during growth and nitrogen release upon senescence”—a mechanism
that enables it to gradually supply nutrients to rice plants and thereby enhance nitrogen
fertilizer use efficiency [26]. Chlorella can not only utilize light energy and organic matter in
water for autotrophic growth but also grow and reproduce using organic carbon sources
under heterotrophic conditions. Sharing similar functional traits with Lemna (duckweed),
Chlorella serves multiple roles that include purifying aquaculture tailwater, enhancing soil
fertility, and secreting auxins to promote rice growth. Nevertheless, relevant research
findings remain scarce at present. Most existing studies only focus on biochar and Chlorella
separately, but rarely address their synergistic interaction. Furthermore, these studies
have neither targeted the high levels of salinity and alkalinity of coastal saline soils nor
considered tailwater irrigation conditions, nor have they elucidated the coupled effects of
these amendments on rice root morphology and soil nitrogen transformation.

The study proposed three hypotheses: (1) The effect of combined application of biochar
and Chlorella on improving the physicochemical properties of saline soil may be superior to
that of their single applications. (2) The combined application of biochar and Chlorella may
synergistically promote rice root growth and enhance root morphology and physiological
activity, with an effect superior to that of their single applications. (3) The combined
application of biochar and Chlorella may significantly increase the effective tiller number,
1000-grain weight, and grain yield, with effects superior to the separate application of
either of the two. Accordingly, a pot experiment was conducted in this study to examine
the effects of biochar and Chlorella on the physicochemical properties of coastal saline
soils, rice root growth, and grain yield under aquaculture pond tailwater irrigation. Based
on the comprehensive test results and cost considerations, the optimal combination of
these two amendments was determined. The study’s results are anticipated to offer a
theoretical foundation and technical assistance for coastal saline soil effective utilization
and the sustainable administration of aquaculture tailwater.

2. Materials and Methods
2.1. Site Descriptions

This pot experiment took place in 2023 at the Water-Saving Garden of Jiangning
Campus, Hohai University, Jiangsu Province, China (31°54’ N, 118°45’ E). The subtropical
monsoon climate zone where the experimental site is situated is characterized by long-term
climatic conditions such as an annual mean temperature of 14.6 °C, a multi-year average
of 122 rainy days per year, a multi-year mean annual precipitation of 1050 mm, an annual
mean sunshine duration of 2212.8 h, an annual mean frost-free period of 220 days, and an
annual mean wind speed of 2.5 m/s. The saline soil used in the experiment was obtained
from the Tiaozini coastal reclamation area in Dongtai City, Jiangsu Province (33°23’' N,
121°35’ E). For the tested soil, sand particles accounted for 51.12%, silt particles for 45.87%,
and clay particles for 3.01%, so it was classified as sandy loam. Its physical and chemical
properties include soil bulk density 1.4 g/cm?3; field capacity (mass fraction) 24.72%; sat-
urated moisture content (mass fraction) 38.78%; soil solution electrical conductivity (EC)
1189 uS/cm; pH 9.91; soil organic carbon (SOC) 4.42 g/kg; total organic matter (SOM)
7.51 g/kg; total nitrogen (Nt) 78 mg/kg; ammonium nitrogen (NH*-N) 0.06 mg/kg; and
nitrate nitrogen (NO3 -N) 1.69 mg/kg. “Nanjing 46” was the rice cultivar chosen for this
experiment. The experiment was conducted by filling each experimental pot with 65 kg
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of the tested saline soil on 27 June, followed by rice transplanting on 5 July, and final
harvesting on 28 October, with a total growth period of 122 days. Corn stover biochar was
supplied by Henan Xingnuo Environmental Protection Materials Co., Ltd. (Zhengzhou,
China). Its pyrolysis temperature was approximately 600 °C and the duration was about
120 min. This biochar had a carbon-to-nitrogen (C/N) ratio of approximately 60:1, a carbon-
to-phosphorus (C/P) ratio of approximately 220:1, and a pH value of approximately 10.5. It
contained 10.26% moisture, 510.90 g/kg organic carbon, 8.51 g/kg total nitrogen, 2.34 g/kg
total phosphorus, and 15.76 g/kg total potassium. The tested microalgal strain was
Chlorella sp. (FACHB-5), purchased from the Freshwater Algae Culture Collection, In-
stitute of Hydrobiology, Chinese Academy of Sciences (IHB, CAS). Under sterile conditions,
it was cultured to the exponential growth phase; this cell density ensured microalgal growth
without excessive interspecific nutrient competition. Subsequently, only after the end of
the rice greening stage (25 July) was the microalgal suspension homogenized in accordance
with the experimental design and applied to each experimental pot, with a final density of
1.3 x 107 cells/mL in the standing water of the paddy system. In this experiment, the cost
per experimental pot was 0.026 yuan for Chlorella, 0.212 yuan for biochar (application rate:
0.98 g/kg), and 0.424 yuan for biochar (application rate: 1.97 g/kg).

During the growth period of rice, irrigation was carried out with simulated fishpond
aquaculture tailwater in accordance with the irrigation schedule outlined in Table 1. First,
relevant parameters of local fishpond tailwater were determined; subsequently, the fish bait
fermentation method was employed to simulate its water quality, ensuring the stability of
irrigation water quality [27]. Specifically, 12.5 g of general purpose fish feed was fermented
in 1 L of water for 2 h. After filtration, the filtrate was transferred to a mixing pot and
diluted to a total volume of 40 L. Subsequently, 0.35 g of ammonium chloride (NH4Cl) and
0.13 g of urea were added to the mixture, followed by thorough homogenization to ensure
uniformity. The main components of fishpond aquaculture tailwater included electrical
conductivity (EC) 147.8 uS/cm, pH 7.53, total nitrogen (Nt) 8 mg/L, ammonium nitrogen
(NH4*-N) 3.53 mg/L, nitrate nitrogen (NO3~-N) 1.83 mg/L, and total phosphorus (TP)
2.03 mg/L.

Table 1. Water control during different rice growth stages.

Irrigation Mode Control Index Greening Stage  Tillering Stage

Jointing- Heading- Milk Yellow
Booting Stage = Flowering Stage  Ripe Stage Ripe Stage

Irrigation Upper

Flood Irrigation Limit/mm

Limit/mm

Irrigation Lower

25 50 50 50 50 0

20 30 30 30 30 70%

Note: The percentage in the table represents the soil water content in the root zone as a percentage of saturated
water content.

2.2. Experimental Design

This study was conducted as a pot experiment, adopting a randomized complete
block design (RCBD), and carried out under natural light conditions, with no temper-
ature control. The experiment involved two factors: biochar (abbreviated as B) and
Chlorella (abbreviated as C). Three biochar application rates were set: no biochar appli-
cation (Byp), biochar application at 0.98 g/kg (Byo), and biochar application at 1.97 g/kg (Bao).
For Chlorella, two application levels were established: no Chlorella (Cy) and
Chlorella (Cy, 1.3 x 107 cells/mL). A total of six treatment combinations were established
for the experiment. Each treatment was set up with three replicates (Table 2).

The experimental soil was collected in 5-cm layers, sieved through a 5-mm sieve layer
by layer, and then backfilled into the experimental pots in 5-cm-thick layers. Each pot was
filled with 65 kg of sieved soil. Experimental pots were placed outdoors, and a plastic film
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was temporarily covered over the pots during rainfall to avoid the impact of rainfall on
irrigation water quality. Each experimental pot had a height of 80 cm and a diameter of
35 cm. First, each pot was filled with a 5-cm-thick gravel layer at the base to serve as a
filtration layer. Subsequently, saline soil was added in 5-cm increments, with each layer
being compacted to a thickness of 35 cm using the natural bulk density of the saline soil as
the compaction standard. After that, biochar and sieved saline soil were thoroughly mixed
(according to the experimental design) and poured into the pots, followed by compaction
layer by layer at 5-cm intervals; the soil-biochar mixture layer had a thickness of 30 cm. The
total thickness of the soil profile in each pot was 65 cm. Additionally, the top of each pot
was maintained at a water storage depth of 10 cm. The experiment adopted the seedling
transplanting method. On 5 July, healthy seedlings at the three-leaf-one-heart stage with
uniform size were selected for transplanting. The planting density was strictly controlled
as one hill per pot, with 3 plants per hill.

Table 2. Pot experiment treatments.

Treatment Chlorella Biochar Application Rate
BoCo No Chlorella 0g/kg
BoCy Apply Chlorella 0g/kg
B20Co No Chlorella 0.98 g/kg
B0Cy Apply Chliorella 0.98 g/kg
B4oCo No Chlorella 1.97 g/kg
B4oCy Apply Chlorella 1.97 g/kg

2.3. Measurement Content and Methods
2.3.1. Measurement of Soil Chemical Indicators

Following harvest, soil samples were collected from the 0-10 cm and 10-20 cm soil
depths in the upper layer of each experimental pot. After collection, the following soil
properties and biochemical indicators were determined, including soil electrical conductiv-
ity (EC), soil pH, ammonium nitrogen (NH,*-N), nitrate nitrogen (NO3 ~-N), soil organic
matter (SOM), available phosphorus (Olsen-P), total nitrogen (Nt), urease activity, and cata-
lase activity. Specifically, soil pH and EC were measured using a portable meter (HQ30D,
HACH, USA). NH4*-N and NO3;~-N were determined using fresh soil samples, with the
former via the indophenol blue method and the latter via ultraviolet spectrophotometry.
SOM was determined using the potassium dichromate oxidation-external heating method,
while Olsen-P was determined using the sodium bicarbonate extraction method. Nt was
determined using the Kjeldahl distillation method. Furthermore, urease and catalase ac-
tivities were determined using the phenol-sodium hypochlorite colorimetric method and
potassium permanganate titration method, respectively.

2.3.2. Measurement of Root Growth Indicators

After rice harvest, the root systems of each treatment were placed in 70-mesh nylon
mesh bags. They were then gently rinsed with a low-velocity water stream until clean,
followed by being spread out flat for the determination of root length per plant. After the
cleaned root systems were cut into segments, they were placed in a single layer without
overlap in a transparent plastic tray. Subsequently, root images were acquired using an
Epson Model 10000XL scanner (Seiko Epson Corporation, Tokyo, Japan). Total root length
(the sum of all root segments per plant) and average root diameter of the rice roots were
among the indicators determined by the WinRHIZO analysis software (Version 2009b,
Regent Instruments Inc., Montreal, QC, Canada) in order to quantify root morphological
parameters. Following analysis, the root systems were deactivated for 30 min at 105 °C to
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halt metabolic activity, and then dried at 80 °C until a constant weight was achieved. The
total root dry weight was defined as this weight, or below-ground biomass.

2.3.3. Yield and Component Measurement

Rice under each treatment was harvested individually and separately. The effective
panicle number, grain number per panicle (with a breakdown into filled grains, empty
grains, and abscised grains), and seed setting rate were determined; the oven-drying
method was employed to measure parameters including above-ground dry matter and
1000-grain weight; subsequently, grain yield was calculated.

2.3.4. Data Statistics and Analysis

In this study, descriptive statistical analysis and basic data calculations were con-
ducted with Microsoft Office Excel 2021. SPSS 29 (IBM, Inc., Armonk, NY, USA) was
used to conduct statistical analyses, including analysis of variance (ANOVA) and corre-
lation analysis. All figures were generated via GraphPad Prism 10 (GraphPad Software,
San Diego, CA, USA). Correlation analysis between variables was additionally performed
using R software (Version 4.5.0), where the Pearson correlation coefficient was employed to
evaluate statistical significance and quantify the strength of linear relationships. The corre-
lation results were visualized in a combined heatmap in which the lower triangular region
displays specific correlation coefficient values and the upper triangular region indicates
significance levels.

3. Results
3.1. Soil Properties

As illustrated in Figure 1A, biochar applied reduced the pH of saline soil in the topsoil
layer (0-10 cm). Compared with the ByCy treatment, the pH values of the B4Cy and
ByCy treatments decreased by 1.16% and 0.71%, respectively. Compared with the ByC4
treatment, the pH values of the B4yC; and ByoC; treatments decreased by 1.06% and 0.72%,
respectively. Furthermore, the extent of this pH decreases increased with increasing biochar
rate; notably, the pH reduction observed in B4yC( was statistically meaningful (p < 0.05).
Following the application of Chlorella, the pH of saline soil in this topsoil layer exhibited
a decreasing trend. Specifically, the pH levels in ByC; and B4C; were significantly lower
compared to the BoCy and B4Cy, respectively, with statistical significance at p < 0.05.
Under the same biochar application regime, the C; treatment exhibited a pH decrease of
1.01-1.02% compared with the Cj treatment. Conversely, applying biochar together with
Chlorella was found to have no significant effect on the pH of saline soil in the shallow soil
layer (10-20 cm) (p > 0.05).

As illustrated in Figure 1B, after applying biochar alone, saline soil electrical conductiv-
ity (EC) in the top 0-10 cm layer showed an increasing trend across all treatments, although
the differences lacked statistical significance (p > 0.05). In contrast, the EC of saline soil
in the shallow layer (10-20 cm) showed a decreasing tendency; however, this trend was
also not statistically meaningful (p > 0.05). Under the condition of Chlorella application,
with the increase in biochar application rate, the EC values of the 0-10 cm surface layer and
10-20 cm layer of saline soil both exhibited a trend of first decreasing and then increasing.
However, there were no statistically significant differences among the different treatments
(p > 0.05). Under the same biochar application regime, the addition of Chlorella led to an
increasing trend in the EC of saline soil in both the topsoil and shallow layers. Nonetheless,
these rises lacked statistical significance (p > 0.05).
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Figure 1. Effects of biochar and Chlorella on soil pH (A) and electrical conductivity (B) in 0-10 cm
and 10-20 cm soil layers. Different uppercase letters (A, B) indicate significant differences among
different biochar application rates under the same Chlorella treatment at the p < 0.05 level, while
different lowercase letters (a, b) denote significant differences between Chlorella addition and non-
addition treatments under the same biochar application rate at the p < 0.05 level. Error bars de-
note the standard error of the mean, with three replicates. Treatment abbreviations are as follows:
Co: no Chlorella added; Cy: Chlorella added; By: no biochar added; Byy: 0.98 g/kg biochar applied;
Byo: 1.97 g/kg biochar applied. Significance indicators: * denotes a significant difference at p < 0.05;
**at p < 0.01; NS indicates no significant difference (p > 0.05).

As illustrated in Figure 2A, the application of biochar alone reduced the NH;*-N
content in the surface layer (0-10 cm) of saline soil, but this effect was not significant
(p > 0.05). In contrast, except for the By treatment, the application of Chlorella significantly
elevated the NH4"-N content in the soil layer (p < 0.01), with increments ranging from
29.03% to 82.35%. For the shallow layer (10-20 cm) of saline soil, the application of biochar
alone also reduced the NH,;*-N content without significant effects (p > 0.05). However, the
application of Chlorella enhanced the NH,*-N content in the layer by 36.05% to 105.85%. For
NH,4*-N content, ByC; exhibited a significantly higher value than ByCy. Similarly, ByoC;
showed a significantly higher NH4*-N content than By;Cy. Under the condition of Chlorella
application, with the increase in biochar application rate, the NH4*-N contents in both the
surface layer (0-10 cm) and shallow layer (10-20 cm) of saline soil showed a trend of first
increasing and then decreasing, among which there was a significant difference between
the BoyC; and ByC; treatments (p < 0.05).

Figure 2B shows that biochar at a rate of 0.98 g/kg exerted no significant effect on the
NO3™-N content in the surface saline soil layer (0-10 cm) (p > 0.05). At a biochar application
rate of 1.97 g/kg, the B4Cy exhibited a 73.20% increase in NO3; ~-N content relative to
BoCp (p < 0.05). In contrast, the By gC; showed a 63.37% reduction in NO3; ™ -N content
relative to ByCy and a 70.21% reduction relative to By(C;, with both differences significant
at p <0.05. Furthermore, Chlorella application exerted an extremely significant influence
on NO3™-N content in the surface soil layer (p < 0.001); specifically, the NO3; ~-N content
in BoCy and ByoCj exceeded that in ByCy and By¢Cy by 104.57% and 195.10%, respectively,
whereas the NO3; ™ -N content in By4yC; showed a 49.25% reduction relative to that in B4oCj.
Additionally, the interactive effect of biochar and Chlorella exerted an extremely significant
impact on the NO3™-N content in the surface soil layer (p < 0.001). For the shallow saline
soil layer (1020 cm), biochar alone use did not cause a significant impact on the NO3~-N
content (p > 0.05). Specifically, the NO3 ~-N content in ByyC; was significantly increased by
197.31% than that in BygCy (p < 0.05). Moreover, the combined effect of biochar and Chlorella
was highly significant in regulating NO3; ~-N levels in the shallow soil layer (p < 0.01).
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Figure 2. Effects of biochar and Chlorella on soil ammonium nitrogen (A), nitrate nitrogen (B), avail-
able phosphorus (C), total organic matter (D), and total nitrogen (E) in 0-10 cm and 10-20 cm soil
layers. Different uppercase letters (A, B, C) indicate significant differences among different biochar
application rates under the same Chlorella treatment at the p < 0.05 level, while different lowercase
letters (a, b) denote significant differences between Chlorella addition and non-addition treatments
under the same biochar application rate at the p < 0.05 level. Error bars denote the standard error
of the mean, with three replicates. Treatment abbreviations are as follows: Cy: no Chlorella added;
Cy: Chlorella added; By: no biochar added; Byg: 0.98 g/kg biochar applied; Byy: 1.97 g/kg biochar
applied. Significance indicators: * denotes a significant difference at p < 0.05; ** at p < 0.01;
*** at p < 0.001; NS indicates no significant difference (p > 0.05).
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Figure 2C-E illustrates that biochar application extremely significantly increased the
levels of available phosphorus (Olsen-P), total organic matter (SOM), and total nitrogen
(Nt) in the surface saline soil layer (0-10 cm) (p < 0.001), with these contents increasing as
the biochar application rate rose. Specifically, compared with the By group (including ByCy
and ByCy), the contents of Olsen-P, SOM, and Nt in the By (including B4oCy and B4yC)
and By (including ByyCy and By(C;) groups increased by ranges of 63.52-71.09% and
30.94-31.68%, 75.57-94.07% and 37.04-51.05%, and 72.73-87.50% and 21.21-40.62%, re-
spectively. By comparison, Chlorella exerted no significant influence on the levels of
Olsen-P, SOM, or Nt in the surface soil layer (p > 0.05). For the shallow saline soil layer
(10-20 cm), levels of Olsen-P, SOM, and Nt increased highly significantly with increasingly
higher biochar application rates (p < 0.01). Relative to By, Byg elevated the levels of these
three nutrients by 82.38-90.23%, 51.17-59.77%, and 25.00-87.50%, respectively, while By
raised them by 41.57-55.47%, 15.99-35.09%, and 25.00-28.57%, respectively. Chlorella ex-
erted no significant influence on the levels of Olsen-P or SOM in the shallow soil layer
(p > 0.05), but it highly significantly reduced Nt levels by 22.22% (p < 0.01).

Figure 3A illustrates that biochar applied at 1.97 g/kg exerted no notable influence on
urease activity within surface saline soil (0-10 cm layer) (p > 0.05). However, at a biochar
application rate of 0.98 g/kg, urease activity in BygC; exceeded that of B4C; and ByC; by
59.36% and 86.44%, respectively, to an extreme degree (p < 0.001). Chlorella application
elevated urease activity within the surface soil: urease activity in the C; group (including
ByCy, BpoCq, and B4pC1) exceeded that of the Cy group (including BgCy, B29Cyp, and B4oCop)
by 24.48% to 471.24%, and urease activity differed extremely notably between ByyCy and
ByC1 (p < 0.001). Furthermore, the interactive effect of biochar and Chiorella had an
extremely significant influence on the urease activity in the surface soil layer (p < 0.001).
For the shallow saline soil layer (10-20 cm), biochar applied alone exerted no notable effect
on urease activity (p > 0.05). Chlorella enhanced urease activity within the layer, with activity
in the C; group exceeding that in the Cy group by 0.77% to 75.98%. Specifically, urease
activity differed notably between ByyC( and By(C; (p < 0.05).
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Figure 3. Effects of biochar and Chlorella on soil urease activity (A) and catalase activity (B) in
0-10 cm and 10-20 cm soil layers. Different uppercase letters (A, B) indicate significant differences
among different biochar application rates under the same Chliorella treatment at the p < 0.05 level,
while different lowercase letters (a, b) denote significant differences between Chlorella addition and
non-addition treatments under the same biochar application rate at the p < 0.05 level. Error bars
denote the standard error of the mean, with three replicates. Treatment abbreviations are as follows:
Co: no Chlorella added; Cy: Chlorella added; By: no biochar added; Byy: 0.98 g/kg biochar applied;
Byo: 1.97 g/kg biochar applied. Significance indicators: * denotes a significant difference at p < 0.05;
***at p < 0.001; NS indicates no significant difference (p > 0.05).
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Figure 3B illustrates that catalase activity of saline soil showed no notable variations
after biochar and Chlorella application (p > 0.05). However, with increasingly higher
biochar application rates, catalase activity exhibited a trend of initial increase followed by
decrease. In both the surface soil layer (0-10 cm) and shallow soil layer (1020 cm), catalase
activity in Byy decreased by 0.56-2.72% and 0.96-1.05%, respectively, relative to By, while
catalase activity in Byg increased by 1.77-2.28% and 2.60—4.43%, respectively, relative to By.
Additionally, Chlorella enhanced catalase activity in saline soil. Specifically, in the surface
soil layer (0-10 cm) and shallow soil layer (10-20 cm), the catalase activity in the C; group
was 0.83-3.07% and 0.32-2.10% higher than that in the Cy group, respectively.

3.2. Root System Indices

As presented in Figure 4A,C,D, biochar application led to an extremely significant
increase in rice belowground biomass, total root length, and root surface area relative to By
group (p < 0.001). Specifically, compared with By group, the B4y and Byg groups resulted in
increases of 33.09-100.97% and 69.71-97.14% in belowground biomass, 31.11-128.55% and
29.07-113.36% in total root length, and 31.78-115.85% and 61.34-127.35% in root surface
area, respectively. Furthermore, the application of Chlorella exerted significant effects on
rice belowground biomass (p < 0.01), total root length (p < 0.001), and root surface area
(p < 0.01), with distinct trends that varied by biochar addition. Specifically, in the By
group, belowground biomass, total root length, and root surface area in the ByC; treatment
exhibited increases of 6.82%, 14.03%, and 12.50%, respectively, compared with those in the
ByCy treatment. In contrast, in the biochar-amended groups (Byg and Byy), the C; treat-
ment decreased the aforementioned three root indices by 8.04-29.26%, 31.02-34.59%, and
20.16-31.32%, respectively, compared with the Cy treatment. In addition, the interac-
tive effect of biochar and Chlorella had significant impacts on rice belowground biomass
(p < 0.01), total root length (p < 0.001), and root surface area (p < 0.05).
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Figure 4. Effects of biochar and Chlorella on belowground biomass (A), taproot length (B), total root
length (C), root surface area (D), root diameter (E), and root volume (F) of plants. Different uppercase
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letters (A, B, C) indicate significant differences among different biochar application rates under
the same Chlorella treatment at the p < 0.05 level, while different lowercase letters (a, b) denote
significant differences between Chlorella addition and non-addition treatments under the same
biochar application rate at the p < 0.05 level. Error bars denote the standard error of the mean, with
three replicates. Treatment abbreviations are as follows: Cy: no Chlorella added; C;: Chlorella added;
Bp: no biochar added; Byg: 0.98 g/kg biochar applied; Byo: 1.97 g/kg biochar applied. Significance
indicators: * denotes a significant difference at p < 0.05; ** at p < 0.01; *** at p < 0.001; NS indicates
no significant difference (p > 0.05).

Figure 4B illustrates that biochar application extremely significantly increased rice
taproot length (p < 0.001). In comparison to By group, taproot length in B,y group and
Byo group increased by 44.94% to 55.89% and 37.20% to 62.56%, respectively. Further-
more, the application of Chlorella highly significantly reduced the taproot length of rice
(p <0.01), as the taproot length in the C; group was 6.28% to 26.45% lower than that in the
Cp group. Additionally, under the Chlorella-amended treatments, the taproot length exhib-
ited a tendency of a first rise followed by a decline as biochar rate increased. Nevertheless,
no notable variation in taproot length was detected for ByyC; and B4oC; (p > 0.05).

Figure 4E F illustrates that as biochar rate rose, both the average root diameter and root
volume of rice exhibited a trend of first increasing and then decreasing. Specifically, relative
to the By group, the Byg group highly significantly increased the average root diameter and
root volume by 2.67-23.26% and 138.17-182.53%, respectively (p < 0.001); the B4 group
significantly decreased the average root diameter by 2.42-5.80% compared with the By
group (p < 0.05) but significantly increased the root volume by 37.12-110.95% relative to
the By group (p < 0.05). Furthermore, Chlorella exerted no significant effect on either the
average root diameter or root volume of rice (p > 0.05).

3.3. Yield Indices

Table 3 shows that in the Cy group, the effective panicle number, seed setting rate,
1000-grain weight, and grain yield of rice exhibited a pattern of an initial decline and
then a rise with rising biochar rate; by contrast, the grain number per panicle declined
gradually. Specifically, effective panicle number for B4Cy exceeded that for ByyCp and
ByCp by 41.18% and 20.00%, respectively. in the C; group, effective panicle number and
rice grain yield decreased gradually as biochar rate increased, whereas 1000-grain weight
increased gradually; seed setting rate and grain number per panicle followed a pattern
of first decreasing and then increasing. For specific group comparisons, effective panicle
number and grain yield in B4C; and ByyC; exhibited a reduction of 19.35% and 14.91%
in effective panicle number, and 9.68% and 10.96% in grain yield, respectively, relative to
ByCy; the 1000-grain weight in B4oCq and BypC;y exceeded that in ByCq by 5.01% and 1.94%,
respectively; the seed setting rate and grain number per panicle in B4C; exceeded those in
ByCy by 1.28% and 0.65%, respectively, whereas the seed setting rate and grain number per
panicle in ByyC;y were 0.25% and 3.91% lower than those in ByCy, respectively.

Chlorella extremely significantly increased the effective panicle number (p < 0.001) and
grain yield (p < 0.001) of rice, and significantly increased its 1000-grain weight (p < 0.05).
Conversely, the application of Chlorella increased the seed setting rate and decreased
the grain number per panicle, but these changes lacked significance in statistical terms
(p > 0.05). Specifically, relative to the Cy group, the C; group exhibited increases of
4.17-64.71%, 0.24-0.36%, 0.75-10.35%, and 0.90-66.62% in effective panicle number, seed
setting rate, 1000-grain weight, and grain yield, respectively; At the same time, the grain
number per panicle in the C; group was 4.09-8.95% lower than that in the Cy group. Fur-
thermore, the interaction between biochar and Chlorella exerted a highly notable influence
on effective panicle number (p < 0.01) and a notable effect on both total grain number and
rice grain yield (p < 0.05).
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Table 3. Effects of biochar and Chlorella on yield.
Treatment Effective Panicles Grains per Seed Setting 1000-Grain Grain Yield Aboveground
Number (No./Hill) Panicle (No.) Rate (%) Weight (g) (g/Hill) Biomass (g)

BoCo 6.7 £ 0.6 Ab 109.3 £ 17.9 Aa 91.85 + 1.52 Aa 23.90 + 0.64 ABa 17.51 + 4.27 ABb 31.70 £ 2.89 Bb

BoCy 103 +£12Aa 102.3 £11.0 Aa 92.18 +1.51 Aa 24.36 +1.09 Aa 25.58 + 2.27 Aa 46.80 + 1.30 Aa

B20Co 5.7 £ 0.6 Ab 108.0 £ 5.6 Aa 91.73 +1.00 Aa 2251 +1.35Bb 13.67 £ 0.84 Bb 32.85 4+ 2.40 Bb

ByCy 9.3 £ 0.6 ABa 98.3 £ 3.2 Aa 91.95 + 1.37 Aa 24.84 +0.47 Aa 22.78 £0.77 Aa 38.15+1.82 Ba

B4 Co 8.0 £0.0 Ba 106.0 £ 159 Aa 93.06 = 0.99 Aa 25.39 +1.14 Aa 21.57 £ 3.87 Aa 40.12 +4.51 Aa

ByCy 8.3 £0.6 Ba 101.7 £ 5.7 Aa 93.36 + 0.35 Aa 25.58 +0.32 Aa 21.77 +1.80 Aa 29.40 + 3.43 Cb
Biochar NS NS NS * NS *
Chlorella e NS NS * *** *

Biochar x Chiorella ** NS NS NS * o

Note: Different uppercase letters (A, B, C) indicate significant differences among different biochar application rates
under the same Chlorella treatment at the p < 0.05 level, while different lowercase letters (a, b) denote significant
differences between Chlorella addition and non-addition treatments under the same biochar application rate at the
p < 0.05 level. Error bars denote the standard error of the mean, with three replicates. Treatment abbreviations are
as follows: Cy: no Chlorella added; Cy: Chlorella added; By: no biochar added; Byg: 0.98 g/kg biochar applied; Byo:
1.97 g/kg biochar applied. Significance indicators: * denotes a significant difference at p < 0.05; ** at p < 0.01;
*** at p < 0.001; NS indicates no significant difference (p > 0.05).

Biochar and Chlorella led to distinct trends in the aboveground biomass of rice. For
the Cy group, the aboveground biomass gradually increased as biochar rate increased.
Specifically, compared with ByCy, the aboveground biomass in B4Cy and ByoCy exhibited
a significant increase of 26.59% and 3.65%, respectively (p < 0.05). In contrast, for the
C; group, the aboveground biomass showed a trend of gradual decrease as the biochar
application rate increased. Aboveground biomass for B4yC;j and B,(C; registered a notable
reduction of 37.18% and 18.48%, respectively, relative to ByC; (p < 0.05). Furthermore,
Chlorella application exerted a notable influence on aboveground biomass (p < 0.05), where
aboveground biomass in ByC; exceeded that in ByCy by 47.64%, that in ByyC; exceeded
that in BygCp by 16.11%, and that in B4oC; showed a reduction of 26.73% relative to that
in B4pCp. Additionally, the interactive effect of biochar and Chlorella exerted an extremely
important effect on the aboveground biomass of rice (p < 0.001).

3.4. Correlation Analysis

As shown in Figure 5, the soil NH,;*-N concentration, urease activity, effective panicle
number, 1000-grain weight, and aboveground biomass all exhibited a significant positive
correlation with grain yield, with correlation coefficients of 0.57, 0.56, 0.81, 0.61, and 0.67,
respectively. Among the yield-related indices, the effective panicle number exerted the most
significant influence on grain yield. For soil indices, soil NH4*-N concentration, NO3; ~-N
concentration, and urease activity all showed a significant positive association with the
effective panicle number, with respective values of 0.79, 0.63, and 0.61 for this associa-
tion. Additionally, soil NO3~-N concentration was significantly and positively associated
with aboveground biomass, with an association coefficient of 0.58. Therefore, NH;*-N,
NO37-N, and urease activity in soil are the main factors influencing yield variables. Avail-
able phosphorus, total organic matter, and total nitrogen in soil are significant factors
influencing root system variables, with correlation coefficients ranging from 0.61 to 0.66,
0.60 to 0.66, and 0.53 to 0.62, respectively.
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Figure 5. Soil-Growth-Yield Correlation Analysis. The numbers in the top-right corner of the scale on

the right denote the correlation coefficients. Significance symbols: * indicates a significant correlation

at p < 0.05; ** indicates a significant correlation at p < 0.01; *** indicates a significant correlation

atp < 0.001. Herein, orange represents a negative correlation, while blue represents a positive correlation.

4. Discussion

This study found that the sole application of Chlorella increased soil nitrogen content
and urease activity, while the combined application of Chlorella with biochar improved soil
nutrient status. However, excessive biochar application rates constrained the promotive
effects of Chlorella on soil properties. Biochar contains abundant nitrogen, phosphorus,
and organic matter, and its application alleviated the insufficient nutrient status of saline
soils [28]. In this experiment, when biochar was applied alone, the contents of total nitrogen
(Nt), available phosphorus, and soil organic matter in the soil increased significantly with
increasing biochar application rate, which indicates that biochar is an effective amendment
for saline soil. Ammonium nitrogen (NH4*-N) and nitrate nitrogen (NO3;~-N) are the
main nitrogen forms absorbed by rice during growth [29]. However, in this experiment,
despite applying 0.98 g/kg and 1.97 g/kg of biochar, the contents of soil NH4*-N and
NO3z;™-N showed no significant changes compared with the control group. Following
the application of biochar, we observed that crop biomass increased with the elevation
of biochar application rate, indicating that inorganic nitrogen (Nin) supplied by soil was
more effectively assimilated by plants. Furthermore, since urea was added to the aqua-
culture tailwater, urease in the soil regulates the urea transformation process, and this
may explain the increase in nitrate nitrogen content in the B4(Cy treatment group [30,31].
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Under sole Chlorella use, soil NH4*-N and NO3; ™-N levels, as well as soil urease activity,
in BoC; increased significantly relative to ByCy. This phenomenon was associated with
the ability of Chlorella to release amino acids and organic compounds in the course of
its growth, which facilitates soil microbial growth and thereby boosts soil urease activity.
Chlorella secretes compounds to enhance the activity of mineralizing microorganisms while
its death and decomposition in the late stage release additional nitrogen sources. Com-
bined with exogenous nitrogen from aquaculture tailwater and functional microorganisms
enriched by biochar, these factors synergistically alleviate nitrogen limitation under high
C:N ratio conditions and mitigate the inhibitory effect on soil nitrogen mineralization [9].
Analogously, Hong, C. et al. reported that Lemna (duckweed) functions analogous to a
capacitor via “nitrogen storage during growth and nitrogen release upon senescence”, a
mechanism enabling it to gradually supply nutrients to rice plants and thereby enhance
nitrogen fertilizer use efficiency [26]. However, under Chlorella application, as biochar
rate increased, soil NH;"-N and NO3;™-N levels, along with urease activity, followed a
pattern of first increasing and then decreasing. At a biochar rate of 0.98 g/kg, soil NH;"-N
and NO3; ™ -N exceeded those in ByC; by 8.77% and 22.96%, respectively, while soil ure-
ase activity was significantly elevated by 31.68%. When the biochar rate was further
increased to 1.97 g/kg, soil NHs*-N, NO;-N contents, and urease activity decreased
significantly, falling below those observed at the 0.98 g/kg rate. This indicates that an
excessively high biochar application rate after Chlorella application impaired the functional
efficiency of Chlorella, thereby indirectly inhibiting urease activity and further impeding soil
nitrogen transformation.

This study revealed that root growth was primarily regulated by biochar, while sole
Chlorella use exerted no notable influence on root growth. The root growth status exerts
a significant influence on rice growth and yield formation [32-34]. Biochar applied alone
improved rice root growth, leading to significant increases in belowground dry biomass,
taproot length, total root length, root surface area, and root volume. This is because biochar
has the characteristics of high specific surface area and high porosity, and these traits can
improve the soil structure of coastal saline soils, reduce soil bulk density, and increase soil
porosity, thus promoting rice root growth [35-37]. With the sole application of Chlorella,
belowground dry biomass, total root length, root surface area, and root volume increased,
while taproot length decreased, and no significant effects were observed for any of these
parameters. Following the combined application of Chlorella with biochar, belowground dry
biomass, taproot length, and total root length all decreased to some extent, among which
total root length decreased significantly. Combined with the elevated NH4*-N contents in
the surface and shallow soil layers, it is inferred that this phenomenon is associated with
the “capacitor effect” of Chlorella, which retains nutrients in the surface and shallow soil
layers and thereby reduces nitrogen nutrient availability in the deep soil layer [26].

This study found that biochar applied alone at 1.97 g/kg and Chlorella applied alone
(respectively) both increased the effective panicle number and grain yield of rice. Cor-
relation analysis revealed that rice yield in saline soils was primarily constrained by the
effective panicle number. The sole application of biochar at 0.98 g/kg failed to increase
the effective panicle number of rice. This was due to the low initial nutrient content of
saline soils [38,39]; meanwhile, biochar has a relatively high C/N ratio, which, after appli-
cation, led to an imbalanced soil C/N ratio. This imbalance reduced available nitrogen
content, resulting in a decrease in nitrogen available to plants before the tillering stage [40].
Furthermore, an increase in the soil C/N ratio can inhibit urease activity and reduce the
decomposition of organic matter [41], which further decreases soil nitrogen supply and
ultimately leads to a reduction in tiller number. However, when biochar applied alone
was increased to a rate of 1.97 g/kg, the effective panicle number under this condition was
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significantly higher than that in By and Byg. This is because rice tiller number is shaped by
multiple aspects including soil structure and fertility. Although the application of a high
rate of biochar elevated the soil C/N ratio and reduced nitrogen supply, it simultaneously
improved soil structure, reduced soil bulk density, and decreased soil mechanical strength,
thereby creating favorable conditions for rice tillering [42—44]. This study also found that
the root dry weight, taproot length, and total root length in the By treatment showed a
certain degree of increase compared with those in the control group and the By treatment,
which indicates that biochar application in saline soils can promote rice root growth and nu-
trient uptake, thereby providing more favorable conditions for increasing tiller number [45].
Additionally, under the same biochar application rate, the effective panicle number of rice
exhibited an increasing trend after Chlorella application, which was associated with the fact
that Chlorella secretes plant hormones that are conducive to promoting rice tillering [46,47].
Under no biochar application, the aforementioned plant hormones (secreted by Chlorella)
were released into the water, which greatly promoted rice tillering. Compared with the
BCy treatment, the ByC; treatment increased the effective panicle number by 55.00% and
grain yield by 46.06%, and this result was the primary reason for maintaining relatively
high rice yields in coastal saline soils. With the increase in biochar application rate, the
effects of Chlorella on promoting rice tillering and increasing yield gradually decreased.
Specifically, the ByoC; treatment increased the effective panicle number by 64.71% relative
to BpoCp, whereas the B4oC; treatment only elevated effective panicle number by 4.17%
relative to BgoCo. When biochar rate rose to 1.97 g/kg, the promotive effect of Chlorella was
no longer significant.

The above observations indicate that biochar exerts an antagonistic effect on the tiller-
promoting effect of Chlorella. This is likely attributed to the fact that biochar adsorbs Chlorella
and the plant hormones secreted by the algae, thereby reducing the amount of hormones
available to rice plants. Meanwhile, future field trials could extend the application time
of biochar.

5. Conclusions

Biochar application significantly elevated the levels of total nitrogen (Nt), available
phosphorus, and organic matter in saline soils, but exerted no significant effect on soil
ammonium nitrogen (NH;*-N) and nitrate nitrogen (NO3~-N) levels. Meanwhile, the
combined application of biochar with Chlorella significantly enhanced soil NH;*-N and
NO3™-N levels, achieved by Chiorella secreting organic substances to enhance soil microbial
and urease activities, though this enhancing effect was regulated by the biochar applica-
tion rate. Notably, 0.98 g/kg was the optimal biochar application rate; excessive biochar
(1.97 g/kg) adsorbed Chlorella cells and the hormones they secrete, which antagonized
and diminished the promotive effects of Chlorella. Biochar application improved soil nu-
trient conditions and promoted rice root growth; In contrast, Chlorella directly stimulated
rice tillering by secreting plant hormones. When the two were co-applied, first, Chlorella
may cause nutrient accumulation in the topsoil, thereby reducing the growth of deep
roots. Meanwhile, the effects of related plant hormones still significantly increased the
tiller number, but this effect was most pronounced only under low biochar application
rates, which led to more inorganic nitrogen being allocated to aboveground growth and
yield formation. At high biochar application rates, biochar adsorbs Chlorella and the
growth hormones released by it, thereby inhibiting the promoting effect of Chlorella on
rice tillering, and Chlorella almost loses its efficacy. Chlorella application in saline paddy
fields promoted rice tillering and increased grain yield. Additionally, Chlorella exhibits
low cost, representing an effective approach for saline soil improvement. Biochar applied
at 1.97 g/kg also promoted rice tillering and increased grain yield; however, it is relatively
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high in cost. Furthermore, biochar and Chlorella exhibited an antagonistic effect on promot-
ing rice tillering. Considering comprehensively the cost and rice yield, the ByC; treatment
is regarded as a more optimal choice, as it achieved the highest rice yield. From a long-term
perspective, however, the ByyC; treatment exhibits greater advantages, as it can ensure
relatively high yield while achieving better improvement of saline soil.
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