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Abstract: Soil salinization negatively affects rice growth and yield; however, how different sludge
sources regulate rice growth and yield under salt stress was rarely investigated. This study evaluated
the performance of two salt-tolerant rice cultivars, Chaoyou 1000 and Longliangyou 506, grown in
two sediment sources, pond sediment (PS) and river sludge (RS), under salt stress (56 ds m ! brine
irrigation) with conventional soil (CS) used as the control. The results showed that the rice yield
under the PS and RS treatments was enhanced by 51.0% and 43.6% as compared with CS, respectively,
owing to an improvement in spikelet per panicle, 1000-grain weight, dry matter accumulation, and
the chlorophyll content in both rice cultivars. Compared with CS, the total nitrogen accumulation,
nitrogen grain production efficiency, nitrogen harvest index, and nitrogen partial productivity under
the PS and RS treatments were increased by 18.9-28.9%, 17.0-20.6%, 7.2-16.6%, and 43.8-50.9%,
respectively. Moreover, rice grown in PS and RS showed higher activities of nitrogen metabolism-
related enzymes (nitrate reductase, glutamine synthetase, and glutamate synthetase) at the heading
stage and higher K* and K*/Na* contents in the leaves. Overall, a balanced utilization of sediment
resources (especially pond sediment) can effectively alleviate salt stress and improve the yield and

nitrogen use efficiency in rice.

Keywords: saltwater stress; sediment resources; NUE; K* /Na* ratio

1. Introduction

Rice is the most important food crop in the world [1], and the demands are increasing
substantially owing to the increase in population and urbanization over the globe [2,3].
On the other hand, more than 900 million hectares of land are affected by salinization,
accounting for 20% of the total cultivated land in the world [4]. Therefore, comprehensive
development and utilization of saline-alkali land are necessary to ensure food security
when it is difficult to increase the yield per unit area of food crops and when the area of
cultivated land is limited.

Soil salinity is usually caused by an excessive accumulation of sodium chloride (NaCl)
and other soluble salts [5,6]. Higher sodium ion (Na*) concentrations in soil can reduce
plant growth and inhibit metabolic activity, leading to plant wilt and eventual death [7]. Salt
stress can seriously affect the morphological and agronomic traits of rice, including delayed
plant growth, reduced tillers, and decreased above-ground biomass [8]. In addition, salt
stress inhibited root growth, nutrient uptake, and utilization, and ultimate rice yield [9].
Salt stress affects crop plants in two ways, i.e., osmotic stress and Na* ion toxicity, owing
to low and high total soluble Na salts, respectively [10]. A high Na* ion concentration
damages membrane structures and photosynthetic machinery [6], whereas a high pH can
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lead to ion precipitation and nutrient stress, which hinders the uptake and nutrient use
efficiency, resulting in lower yields [11].

Previous studies reported that increased nutrient absorption can help regulate plant
ion balances and mitigate the adverse effects of salt stress on crop plants [12]. Increased ap-
plication of nitrogen (50 mg N kg’l) fertilizer in saline soil (100 mM NaCl) can promote the
absorption and transport of potassium ion (K*) and reduce the concentration of Na* [12,13].
The structure of saline soil (1.07 £ 0.55 mS/cm) is poor, which leads to N losses, whereas
nitrification, organic N mineralization, and ammonium N adsorption were inhibited with
enhanced soil ammonia volatilization under saline conditions [14]. Farmers apply exces-
sive N to obtain a higher yield, which further aggravates ammonia volatilization and N
leaching [15]. Under salt stress, enhancing nitrogen (N) assimilation is conducive to plant
adaptation to salt stress. Providing ammonium nutrition can significantly enhance rice
osmotic adjustment capabilities [16]. N assimilation in rice plants is closely related to root N
absorption. After NO3~ enters the rice root, it is transformed into NH,* by nitrate reductase
(NR) and nitrite reductase (NiR). NH,* in rice plants is catalyzed by glutamine synthetase
(GS) to glutamine (GIn), then glutamate synthase (GOGAT) catalyzes Gln to glutamate
(Glu), and Glu further enters the amino acid cycle [17]. Glutamate dehydrogenase (GDH)
can directly catalyze NH4* to Glu, which can save energy consumption of NH;* cycling
under salt stress. The disordered N metabolism is caused by the changes in expression and
activities of enzymes related to N assimilation, including NR, GS, GDH, and transaminase
under salt stress, further influencing the growth and development of plants [18,19]. The
abundance of nitrogenase and hydroxylamine reductase genes in sediments increases the
potential for ammonia production, which promotes the further enrichment of genes related
to ammonia assimilation [20].

Sediment keeps the effective storage depth of a pond or river shallower and decreases
the water body capacity [16]. The sediment contains a large amount of oxidized and
well-decomposed organic matter owing to microbial activity [21]. The organic substances
are decomposed and/or oxidized by bacteria, and nutrients such as N, phosphorus, and
potassium are released under appropriate conditions [22]. In addition to organic matter and
a large amount of available nutrients, sediment is also rich in trace elements such as calcium,
iron, manganese, copper, zinc, boron, magnesium, etc. [23]. Some studies have shown that
180 t ha~! sediment returned to a field can effectively increase soil nutrients and promote
the growth and development of rice [21,24]. Sediment application (1500 m? ha~!) improves
the uptake, transportation, and utilization of available nutrients and increases rice yield [24].
Removing sediment can reduce the accumulation of organic matter and nutrients, thereby
reducing the risk of eutrophication in water bodies. Additionally, removing sediments
not only restores the form and structure of the riverbed but also protects and increases the
habitat of aquatic plants and animals, which is essential for maintaining the stability of
river ecosystems and restoring damaged biodiversity [25]. In addition, there are a lot of
sediment resources in coastal areas that need to be utilized properly in problematic soils,
which can not only solve the problem of sediment environmental pollution but also increase
grain production. We speculated that suitable sediment resources returning to the field
could effectively alleviate the impact of salt stress on rice yield and nitrogen use efficiency.
Therefore, this present study was conducted to assess the effects of different sediment
sources to improve rice growth and nutrient utilization under salt stress conditions.

2. Materials and Methods
2.1. Experimental Details

The experiment was conducted in 2023 at Leyicun Experimental Station (108.90" E,
18.44' N), Ligo Town, Ledong County, Sanya City, Hainan Province, China. Seeds of two
salt-tolerant rice cultivars, i.e., Chaoyou 1000 (CY1000) and Longliangyou 506 (LLY506),
were sown on 13 January, and seedlings of uniform size were transplanted on 5 February
in plastic containers (80 x 40 x 50 cm), with 6 plants per pot, Both cultivars are widely
cultivated in Southern China, with 24 pots per treatment. The treatments were arranged in
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a randomized complete-block design (RCBD) with three replications, which included the
treatment of a mixture of pond sediment and conventional soil at the ratio of 1:5 (CS), a
mixture of river sediment and conventional soil at the ratio of 1:5 (CS), and the same weight
or volume CS as control, where CS is clay. The river sediment came from the freshwater
channel, and the pond sediment was the freshwater pond cultured for two years, which
was dug by the sediment discharge ship. For the sampling sites, the nutrient content is
shown in Table 1. Ten days after the regreening stage, 0.3% (56 ds m~! brine irrigation)
brine irrigation was used to simulate salt stress, which was prepared by using a mixture
of seawater and fresh water in a mixing pond, and the brine concentration was measured
with a portable conductivity meter (2266FS, Spectrum, Boston, MA, USA). After starting
the brine irrigation, the brine concentration of each container was measured every other
day using a portable conductivity meter to ensure the brine concentration within each
container. The fertilizer was applied at a rate of 180 kg N ha—1 with a 1:1:1 ratio of basal,
tillering, and panicle. P at 40 kg ha~! with a single application of superphosphate, and K at
100 kg ha~! with basal and panicle fertilizer at a 1:1 ratio.

Table 1. Resource source and physicochemical properties of each type of sediment.

Treatment Location pH SOIYI TN7 AN _ AP _ AK _
gkg! gkg! mgkg! mgkg! mgkg!
Conventional soil 109.14’ E 18.35' N 6.96 8.844 0.44 74.34 18.886 63.21
River sediment 108.90' E 18.43' N 5.62 18.44 133 313.38 47.94 187.12
Pond sediment 108.82' E 18.47' N 6.85 30.99 2,51 470.25 122.29 220.22

Note: SOM, soil organic matter; TN, total N content; AN, available N content; AP, available P content; AK,
available K content.

2.2. Agronomic Traits

Twelve plants were selected at the middle tillering stage (MT), panicle initiation stage
(PI), and heading stage (HS) in all treatments, and the number of tillers, plant height, and
above-ground dry matter of each stage were determined. The total length (TL), average
diameter (AD), root volume (RV), and root surface area (RSA) of rice at HS were analyzed
using a WinRhizo-LA1600 (Regeng Instruments Inc., Québec City, QC, Canada).

2.3. Chlorophyll Contents and N-Metabolizing Enzyme Activities

In the MT, PI, and HS treatments, ten plants with uniform growth and leaves were
selected and stored at —80 °C.The chlorophyll a, chlorophyll b, and total chlorophyll
a + b contents in leaves were determined according to Li et al. [1]. The activities of
nitrate reductase (NR), glutamine synthetase (GS), and glutamate synthetase (GOGAT)
were determined using kits (source Solarbio Life Sciences, Inc., Beijing, China) numbered
BC0080, BC0910, and BCO0070, respectively.

2.4. Na* and K* Content, Total N Accumulation (TNA), and N Use Efficiency (NUE)

The Na* and K* concentrations in each part were determined according to Yan
et al. [24]. Leaves of five representative rice plants were collected for each treatment
at the HS and maturity stages (MS), and then the leaf samples were dried to a constant
weight at 75 °C, after which they were crushed and digested with HNO3 and HClOy (4:1,
v/v) and then concentrated in a microwave oven (Mars, CEM Inc., New York, NY, USA).
The final K* and Na* concentrations were determined using atomic absorption spectrome-
try (PinAAcle 900, PerkinElmer Life and Analytical Sciences, Inc., Shelton, CT, USA). The
N concentrations in each part were determined according to Pan et al. [26]

At physiological maturity, eight representative plants were sampled and divided into
leaf blades, stems plus sheathes, and grains that were over-dried at 70 °C and stored to
estimate the total nitrogen concentration. Plant samples (0.20 g) were digested by using
the Kjeldahl method to analyze the ammonia concentrations by an Alliance-Futura NP



Agriculture 2024, 14, 283 40f 15

analyzer (Alliance Instruments, Dierre, France), and the N content was measured, whereas
the TNA and NUE of each part were calculated according to the following formulae [26]:

N uptake in straw (Ns)/grain (Ng) = N (%, kg) in straw /grain x straw/grain dry mass

Total nitrogen accumulation (TNA, kg) = Ng + Ns
Nitrogen grain production efficiency (NGPE, %) = GY/TNA

Nitrogen partial factor productivity (PFPy, kg kg_1> =GY

Nitrogen harvest index (NHI) = Ng/TNA

where GY represents the grain yields in all treatments, respectively; FN is the 180 kg ha=! N
fertilizer applied.

2.5. Yield and Related Attributes

Twelve rice plants were selected at the maturity stage to determine the grain yield and
its components, according to Pan et al. [26].

2.6. Data Analysis

Data were analyzed through analysis of variance (ANOVA) using SPSS 19.0 software
(SPSS Inc., Chicago, IL, USA). The least significant difference (LSD) test at the probability
level of 0.05 was used to separate the differences in the treatment means of each trial. All
images were generated by using Origin 9.0 (OriginLab Corp., Northampton, MA, USA).

3. Results
3.1. Agronomic Traits

Under salt stress, different sediment resources had varying effects on the plant height
and tillering number per square meter of rice (refer to Figure 1). At the tillering stage,
there was no significant difference in the plant heights and tiller number per square meter
between the two varieties. However, at PI, the tiller numbers per unit area of CY1000
were significantly higher than the CS and RS under PS treatment, whereas all sediment
treatments remained statistically similar for LLY506. The plant heights of CY1000 and
LLY506 under PS treatment were higher than those under the RS and CS treatments, and
except for PI, other periods showed a trend of PS > RS > CS. In addition, the plant height
and tiller number remained 3.63-4.24% and 12.13-14.57% higher than the CS treatment,
with the highest at HS.

Different types of sediment resources showed the following trend PS > RS > CS
regarding above-ground dry matter accumulation (Figure 2). From the PI to MS stage,
the PS treatment was the highest regarding the dry matter accumulation for both rice
cultivars, and the LLY506 treatment was significantly higher than the RS and CS treatments.
However, there was no significant difference between the PS treatment and RS treatment
for CY1000 cultivars from PI to MS, but it was significantly higher than the CS treatment.
Simultaneously, the impact of various sediment resources on the root morphology at
different growth stages under salt stress was analyzed. The results showed that the total
root length, volume, and surface area treated with PS and RS were significantly higher than
those treated with CS. However, there was no significant difference between PS and RS
(refer to Figure 3). At the full head stage, the TRL of each plant of the two rice varieties
treated with PS was 108.01 m and 103.60 m, respectively. This represents an increase of
9.21% and 17.55% compared to the CS treatment. The mean root diameter did not differ
significantly between the different treatments, and the results were consistent across both
rice varieties.
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Figure 1. Effects of different types of sediment resources on plant height and tiller number per square
meter in different growth stages under salt stress. Within a column, means followed by the same
letter are not significantly different at the 0.05 probability level according to the least significant
different test (LSD, 0.05). CY1000: Chaoyoul000; LLY506: Longliangyou506. (A,D) represent the
mid-tillering stage, (B,E) represent the panicle initiation stage, and (C,F) represent the heading stage.
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Figure 2. Effects of different types of sediment resources on above-ground dry matter accumulation
at different growth stages under salt stress Within a column, means followed by the same letter are
not significantly different at the 0.05 probability level according to the least significant different test
(LSD, 0.05). CY1000: Chaoyou1000; LLY506: Longliangyou506. (A-D) represent the mid-tillering
stage, panicle initiation stage, heading stage, and mature stage, respectively.

3.2. Yield and Yield Components

Under salt stress, different types of sediment resources had significant effects on the
rice yield and its component factors, and the 1000-grain weight, spikelets per spike, yield,
and effective spike number showed PS > RS > CS (Table 2). The 1000-grain weight, spikelets
per panicle, yield, and effective panicle number of the two varieties under PS treatment were
14.81-20.51%, 18.18-35.06%, 43.61-64.69%, and 10.24-12.31% higher than CS, respectively.
At the same time, there was no significant difference in the 1000-grain weight and yield of
the two varieties under the PS and RS treatments, but they were significantly higher than
the CS treatment and were 43.61-58.44% and 33.33-47.81% higher than the CS treatment,
respectively. In addition, the number of spikelets per spike of the two varieties showed no
significant difference between the PS and RS treatments, but they were significantly higher
than the CS treatment. The 1000-grain weight and seed-setting rate were the highest under
the PS treatment, but there was no significant difference between the PS and RS treatments.
The 1000-grain weight of the two rice varieties under the RS treatment was significantly
increased by 14.81-20.51% compared with the CS treatment.
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Figure 3. Effects of different types of sediment resources on root morphological indices at panicle
stage under salt stress. Note: Within a column, means followed by the same letter are not significantly
different at the 0.05 probability level according to the least significant different test (LSD, 0.05).
CY1000: Chaoyou1000; LLY506: Longliangyou506.
Table 2. Effects of different types of sediment resources on grain yield and its components salt stress.
Cultivar Treatments Productive Spikelets Grain 1000-grain Grain
Panicle (m—2) Per Panicle Filling (%) Weight (g) Yield (tha—1)
CY1000 PS 216.67 £11.81a 186.33+9.07a  84.47+0.8la 2457 £ 0.87 a 527+ 025a
RS 19792 £8.13ab 17333 £11.06a  81.87+0.40a 2423 +1.83a 493+025a
Cs 19292 £10.48b  157.67 £643b 8037 £1.79a 21.40 £+ 0.66 b 320+ 0.26b
LLY506 PS 255.63 £1291a 18233 +513a  83.97+380a 2250+ 0.70 a 517+ 031la
RS 23333 £832b 15833 £850b  77.07 £4.48Db 20.87 £1.29a 480+026a
Cs 231.88+14.13b 135.00+12.77c 826a+3.48ab  18.67 £2.87b 3.60+0.10b
Cultivars (C) > * ns ** ns
Sediment Resources (S) ** ** * ** *
CxS ns ns ns ns ns

Note: Within a column, means followed by the same letter are not significantly different at the 0.05 probability
level according to the least significant different test (LSD, 0.05). ns, not significant (p > 0.05); * significant at
0.01 < p < 0.05; ** significant at p < 0.01; CY1000: Chaoyou1000; LLY506: Longliangyou506; PS: pond sediment; RS:
river sediment; CS: conventional soil.

3.3. TNA and NUE

Different types of sediment resources substantially affected the TNA and NUE of rice,
with PS > RS > CS in TNA, PFPN, and NHI under salt stress (Table 3). Under PS treatment,
the TNA, PFPy;, and NHI of both rice cultivars remained 26.30-31.59%, 13.77-20.18%, and
13.63-19.51% higher than the CS treatment, respectively. The NGPE remained maximum at
RS followed by PS and CS. The RS and PS treatments are significantly higher than the CS
treatment, but the RS and PS treatments” NGPE difference is not significant.
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Table 3. Effects of different types of sediment resources on nitrogen accumulation and nitrogen use

efficiency under salt stress.

Cultivar Treatments TNA (kg ha—1) NGPE (kg kg~1) PFPy (kg kg™1) NHI
CY1000 PS 14794 £ 193 a 3425+176a 28.15£139a 049 £ 0.04 a
RS 13992 £7.34a 3526 £0.31a 2741 +140a 0.46 £ 0.02 ab
Cs 11242 £241b 28.50 +2.92b 17.78 £1.47b 0.41+0.01b
LLY506 PS 14192 £ 7.96 a 36.52 £3.62a 2870£1.70a 0.50 £ 0.03 a
RS 127.34 £523b 37.68 £ 0.68 a 26.67 £1.47 a 0.45+0.05Db
CSs 11237 £7.83 ¢ 3210+147b 20.00 £ 0.56 b 0.44+0.05Db
Cultivars (C) ns * ns ns
Sediment Resources (S) ** *>* ** *
CxS ns ns ns ns
Note: Within a column, means followed by the same letter are not significantly different at the 0.05 probability
level according to the least significant different test (LSD, 0.05). ns: not significant (p > 0.05); * significant at
0.01 < p < 0.05; ** significant at p < 0.01; CY1000: Chaoyoul000; LLY506: Longliangyou506; PS: pond sediment; RS:
river sediment; CS: conventional soil; NGPE: nitrogen grain production efficiency; NHI: nitrogen harvest index;
PFPy: nitrogen partial factor productivity; TNA: total nitrogen accumulation.
3.4. Chlorophyll a + b Contents and N-Metabolizing Enzyme Activities
The leaf chlorophyll a + b contents were affected by different sediment resources at
various growth stages, and the results were inconsistent (see Figure 4). The chlorophyll
a + b contents of both rice cultivars at the HS stage were found to be the highest under the
PS treatment, which was 7.06-7.45% and 13.08-13.77% higher than that under the RS and
CS treatments, respectively. In addition, the RS and PS treatments were significantly higher
than CS at the MT stage. However, the chlorophyll a + b contents of CY1000 remained
significantly different among different treatments at the PI stage.
22- _
20 B e o B P o s ‘
T 18] [_]Conventional soil 14 ;_ a a 124 b a
16 L & b a 12- 3 2 2 <
E L4 3 3 b 10 re
& 104
g 12 0s
7 104 08+
S 0s. 06 ] 06
g 06 oe] i
= 04
Q ] 02 024
00 00 00
CY 1000 LLY506 CY 1000 LLY506 CY 1000 LLY506
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Figure 4. Effects of different types of sediment resources on leaf chlorophyll a + b contents at
different growth stages under salt stress. Within a column, means followed by the same letter are not
significantly different at the 0.05 probability level according to the least significant different test (LSD,
0.05). CY1000: Chaoyoul000; LLY506: Longliangyou506. (A—C) represent the mid-tillering stage,
panicle initiation stage, and heading stage, respectively.

In addition, different sediment resources regulated the activities of N-metabolizing
enzymes, i.e., NR, GS, and GOGAT in rice under salt stress, whereas the activities of NR, GS,
and GOGAT under the PS treatment were the highest at all stages (Figure 5). Furthermore,
the GS, GOGAT, and NR under the PS treatment were higher at MT, PI, and HS than the
CS treatment, respectively, at 40.47-62.50%, 21.57-22.22% and 37.50-49.64%, 71.76-98.95%,
58.41-127.66% and 65.91-160.00%, and 12.23-30.09%, 8.01-40.78% and 56.25-124.30%. In
addition, no significant difference in NR activity was noticed for the PS and RS treatments,
as well as the GS activity for the RS and CS treatments at the MT stage, but remained
significant at the PI stage. At the tillering stage, there was no significant difference in GS
activity between the RS and CS treatments. However, a significant difference was observed
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at the booting stage. Regarding the GAGOT activity, significant differences were observed
among all treatments (except CY1000 in the full ear stage), with PS showing the highest
GOGAT activity.
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Figure 5. Effects of different types of sediment resources on leaf nitrogen-metabolizing enzyme
activities under salt stress Note: Within a column, means followed by the same letter are not
significantly different at the 0.05 probability level according to the least significant different test (LSD,
0.05). CY1000: Chaoyou1000; LLY506: Longliangyou506. (A,D,G) represent the mid-tillering stage;
(B,E,H) represent the panicle initiation stage; and (C,F I) represent the heading stage.

3.5. Nat and K* Ions

The effects of different sediment resources on the Na* and K* contents and the K* /Na*
ratio were significantly different among different treatments at HS and MS, with the highest
occurring for the PS treatment (Figure 6). The leaf K* contents for the PS treatment at HS
and HS were increased by 22.06-31.96% and 30.98-50.42% compared with CS, respectively.
Compared with CS, the K*/Na® ratio was increased by 24.43-38.90% and 38.54-63.34%
with the PS treatment, respectively. On the contrary, significant differences were noticed in
the leaf Na* content of both rice cultivars at HS and MS. The Na* contents in CY1000 under
the RS treatment were significantly lower than the PS and CS treatments, while the Nat
content in LLY506 showed no significant difference among different sediment treatments.
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In addition, the PS and RS treatments were found statistically similar regarding the K*/Na*
ratio at HS but differed significantly at the maturity stage.
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Figure 6. The effects of different types of sediment resources on K* ion, Na* ion, and K*/Na* ratio
at ear and maturity stage under salt stress. Within a column, means followed by the same letter are
not significantly different at the 0.05 probability level according to the least significant different test
(LSD, 0.05). CY1000: Chaoyou1l000; LLY506: Longliangyou506. (A—C) represent the heading stage;
(D-F) represent the mature stage.

3.6. Correlation Analysis of Yield Composition, Root Index, and Nitrogen Use Efficiency of Rice

The study discovered a positive correlation between root morphology and yield
composition. Specifically, the study found that TL (total length) and GY (grain yield) were
significantly positively correlated. Figure 7 illustrates that root morphological indexes have
a positive correlation with nitrogen accumulation and nitrogen use efficiency. Furthermore,
TL is significantly positively correlated with NPFP (nitrogen uptake efficiency), NGPE
(nitrogen grain production efficiency), TNA (total nitrogen accumulation), and NPFP. Chi
was found to be positively correlated with PP (productive panicle), NGPE, and NPFP.
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Figure 7. Correlation analysis of yield composition, root morphology, and nitrogen use efficiency
of rice. TL: Total length; RV: root volume; RSA: root surface area; PP: productive panicle; SPP:
spikelets per panicle; GF: grain filling; TGW: 1000-grain weight; GY: grain yield; TNA: total nitrogen
accumulation; NGPE: nitrogen grain production efficiency; NPFP: nitrogen partial factor productivity;
NHI: nitrogen harvest index. *: Significant at the p < 0.05 level.

4. Discussion

Salt stress often results in yield reduction, owing to reduced yield contributing
traits [14]. In the present study, the PS and RS treatments significantly improved the
yield of both rice cultivars, owing to substantial improvements in the spikelet per panicle
and 1000-grain weight. The PS treatment also improved rice agronomic traits, i.e., plant
height, tillers, and root morphological traits. It was further noticed that mixing pond
sediment with the growing medium could improve the soil nutrient content, growth, and
yield of rice under saline conditions. In addition, the contents of organic matter and the
available nutrients in pond and river sediment were much higher than in conventional soil
(Table 1). Salinity affects the availability of soil nutrient contents and their uptake in plants
through roots. For example, poor uptake and transport of macro-nutrients such as N and
potassium by plants under salt stress led to a significant reduction in rice yield and yield
attributes [8,27]. Therefore, improvement in plant nutrient uptake is the most effective way
to promote rice performance under saline conditions.

Roots have direct contact with soil water and nutrients; however, salt is not conducive
to root development and morphogenesis [28]. It was found that, except for AD, other
root morphological indices treated with PS and RS were superior to those treated with CS.
In addition, alterations in root morphological indices were consistent with the variations
in grain yield, indicating the direct relationship of roots with plant growth and yield
formation. However, insufficient nutrient supply under salt stress often leads to abnormal
root development in rice, which further affects yield components and significantly reduces
rice yields [14]. However, adequate nutrients promote the biosynthesis of chlorophyll
content in leaves, thus facilitating the assimilation of photosynthetic products [29], which
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is consistent with our results, i.e., under the PS and RS conditions, the chlorophyll contents
in leaves were higher than that under CS treatment. In addition, delaying leaf senescence
has a positive effect on prolonging grain formation and, thus, crop yield improvement. Salt
sensitivity in rice is generally associated with Na* accumulation in leaves [29], whereas an
imbalance between K* and Na* has been recognized as an important factor in regulating
growth and yield under salt conditions (high Na* ions inhibit, whereas high K* promotes
growth). The authors of [30,31] reported that salt tolerance in rice is linked to higher
levels of K* and lower levels of Na in leaves. This study showed that both rice cultivars
maintained high K* under PS and RS conditions; nevertheless, no significant difference
between PS and RS was noticed regarding the Na* content. Therefore, the K /Na* content
of rice was higher under the PS and RS conditions, possibly owing to the high availability of
potassium content in soil with the same sediment resources as CS (Table 1). Therefore, it can
be inferred that the K* ion content in soil is closely related to the level of K* content in plant
leaves. Increasing the application rate of potassium fertilizer often improves salt tolerance
in crop plants [32]. In addition, a high K* content in plants can facilitate the transport and
distribution of nutrients to grains, thereby resulting in bold grain formation [33]. For PS
and RS treatments, the improved root morphological traits in rice are also conducive to
enhancing the absorption of K* ions, resulting in a higher K* content and K*/Na* ratio
in leaves.

Furthermore, it was found that the NHI, PFPy;, and NGPE remained the highest
in rice applied with PS. The PS conditions improved the N metabolic enzyme activity
and N absorption and utilization, which resulted in an improved NUE and source—sink
relationship [6]. In higher plants, the NR regulates N assimilation, nitrate reduction, and
overall N metabolism [34]. Ammonium ions converted by nitrite reductase are fixed to
amino acids by GS and GOGAT enzymes [35]. The GS has been identified as a rate-limiting
enzyme for ammonium assimilation, and the GS/GOGAT cycle is a major pathway for
NH," assimilation in rice [36]. Ashraf et al. [5] showed that NR, GS, and GOGAT are
sensitive to salt. In the present study, it was found that the activities of NR, GS, and GOGAT
under PS conditions were higher than RS and CS under salt stress. In addition, the PS
treatment enhanced the N availability, which was conducive to improving the activity of
N-metabolizing enzymes. In addition, N-metabolizing enzymes in the HS stage were lower
than those found in other growth stages, which may be due to an insufficient N supply in
the soil at the later growth stage. It was also observed that different soil conditions had
different effects on N distribution in different plant parts. For example, the proportion
of N accumulation in grains under the PS treatment was significantly higher than that
under the RS and CS treatments. K* is conducive to the transport of N from leaves and
stems to grains, thereby increasing the N content in grains and overall NUE [37]. Salt stress
conditions tend to limit K™ absorption due to insufficient available potassium under CS
conditions. In addition, a stronger root system under the PS and RS treatments was found
to be beneficial for N uptake. Our results corroborate with Phan et al. [38], who reported a
significant positive correlation between root morphological indices and N accumulation.
Thus, the N uptake efficiency of the PS treatment was better than that of the RS and CS
treatments under salt stress.

The development and utilization of saline-alkali land are crucial for ensuring food
security. The experiment demonstrates that rice yields significantly increase when treated
with PS and RS under salt stress. This demonstrates that sediment resources can enhance
saline—alkali land, reducing crops’ salt stress and increasing their yields. It is crucial to fully
utilize silt resources, turning waste into valuable assets to ensure national food security.
Overall, the PS treatment was found to alleviate the salt stress. However, sediment may
contain excessive heavy metals that could have a certain impact on rice quality, and it
also contains a large number of fungi; thus, the effect of changes in the abundance of
fungi on the salt tolerance in rice under salt stress needs investigation. Additionally, the
experiment with potted plants showed that a mixture of silt and conventional soil in a
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1:5 ratio could alleviate salt stress on rice to some extent; however, further verification is
needed to determine the optimal mixing ratio under field conditions.

5. Conclusions

This study showed that the highest grain yield of rice under PS treatment was related
to an improvement in plant height, tillers, root morphological characteristics, dry biomass,
and leaf chlorophyll content in both rice cultivars. On the other hand, the PS treatment
substantially improved the N accumulation, N grain production efficiency, N harvest index,
and N partial productivity under salt stress. In addition, rice under the PS treatment
showed better salt tolerance, which was linked to the higher activities of enzymes related to
the N metabolism and higher K* content and K*/Na* in leaves. However, it is important
to investigate the impact of sediment on rice quality, as well as the correlation between
key sediment microbial flora and heavy metal contents in various sediment sources and
nutrient supplies.
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