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Abstract: There is growing concern regarding cadmium (Cd) exposure through rice consumption.
Compared with alternate wetting and drying (AWD), continuous flooding (CF) is usually considered
as an effective approach for reducing Cd enrichment in rice but increases the risk of pollution from
arsenic (As). In this study, the field trial was conducted to investigate remediation effects of two water
management (CF and AWD) techniques on Cd pollution in rice in typical japonica rice cultivation
areas with varied soil pH levels. The results indicate that soil pH was a crucial factor in regulating
CF-mediated Cd/As accumulation and migration in rice plants, and grains at all stages of rice growth.
In acidic fields, compared with AWD, the use of CF reduced the accumulation of Cd in plants during
the tillering stage; CF during the milk stage promotes the risk of contamination of Cd in rice grains
and any form of As in plants and inhibits the content of any forms of As in grains. During the mature
stage, CF reduced the levels of Cd in the plants and grains while promoting the accumulation of
As(V) and total As(T-As) in plants and As(III) in grains. In alkaline fields, compared with AWD, CF
during the tillering stage promoted the accumulation of various forms of As in plants. During the
milk stage, CF increased and decreased the Cd content in plants and grains, respectively, and reduced
the accumulation of T-As in plants and As(III) in grains; during the mature stage, CF promoted the
accumulation of Cd in plants and grains, induced the accumulation of T-As plants, and inhibited
the accumulation of any form of As in grains. From the perspective of food safety, the impact of CF
conditions on the accumulation of Cd and As in rice from acidic fields exhibited a pattern of reduction
in Cd and increase in As during the maturity period, as compared to that on the AWD. Conversely,
CF increased the Cd risk while simultaneously reducing the As accumulation in rice grains to a safe
level in alkaline fields. CF is not recommended as a remediation strategy for Cd pollution in rice in
low Cd pollution areas, but it can be considered as a potential strategy for As pollution remediation
in rice in alkaline fields with low Cd pollution.

Keywords: cadmium; arsenic; continuous flooding; alternate wetting and drying; soil pH; rice

1. Introduction

Cadmium (Cd) and arsenic (As) have no biological function in plants but can adversely
affect crops by inducing protein denaturation in plants, interfering with antioxidant capac-
ity, and limiting nutrient absorption [1,2]. Both elements are considered major carcinogenic
heavy metals with high toxicity, and their accumulation in the soil, drinking water, and
food chain is a major concern [1]. Exposure to Cd can cause renal dysfunction, osteoporosis,
and cancer [3]. Long-term exposure to As in the human body can lead to toxic effects such
as skin lesions, keratosis, diabetes, and various types of cancer [4,5]. Unfortunately, human
activities, such as the application of agricultural inputs, including fertilizers, herbicides,
and insecticides, as well as metal mining and smelting, industrial activities, and irrigation
with contaminated groundwater, exacerbate the accumulation of Cd and As in the soil [2,6].
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Rice (Oryza sativa L.), a stable carbohydrate source for the majority of the global
population, can efficiently uptake Cd and As from soil solutions, with greater accumulation
in roots, shoots, panicles, and grains than in other cereal crops [7]. Consequently, rice has
become a main medium for Cd and As to enter the human food chain, posing a significant
threat to public health [8]. In addition, excessive amounts of heavy metals such as Cd and
As can inhibit plant growth, development, and yield by inducing protein denaturation in
plants, interfering with antioxidant capacity, and limiting nutrient absorption [9]. Therefore,
the development of effective strategies to reduce the Cd/As content in soil and limit their
uptake and accumulation in rice grains is crucial for minimizing yield losses caused by Cd
or As and ensuring the safety of rice as a food source for human consumption [10].

In recent years, researchers have identified agronomic practices for reducing and
controlling Cd enrichment in rice, including fertilizer (nitrogen, phosphorous, and selenite)
and irrigation regulation, among which water management is considered the most cost-
effective strategy [11,12]. The primary irrigation modes available for rice cultivation are
typically categorized into continuous flooding (CF) and alternate wetting and drying
(AWD) [13]. AWD is a widely utilized irrigation mode that can maintain crop yields,
reduce water usage, and minimize greenhouse gas emissions [14,15]. Compared with
AWD, CF during the rice-growing season can significantly reduce Cd accumulation in rice
grains [16], as the low soil oxidation–reduction potential during flooding can facilitate Cd
to combine with sulfur (S) to form CdS, a less soluble compound in water [17]. In contrast,
anaerobic conditions in paddy soils caused by flooding typically promote the reduction in
arsenate (As(V)) to arsenite (As(III)), which enhances the solubility of As in the soil and
the bioavailability of rice [18]. Given the opposing effects of water management on the
speciation and bioavailability of Cd and As in the soil and their subsequent accumulation
in rice, it is crucial to exercise caution when using continuous flooding as an agronomic
measure to reduce Cd pollution in rice. In addition, although most studies have indicated
that the Cd content decreases under flooding and anaerobic conditions, some studies have
produced different results [11]. This intricate phenomenon suggests that changes in heavy
metal concentrations in rice due to flooding may be influenced by other undefined factors.

Northeast China is known for its high-quality rice cultivation, accounting for more
than half of the country’s japonica rice production. The heavy metal pollution in soil and
rice in this region is relatively low compared to that in the southern indica rice planting
area [19]. Moreover, the rice cultivation areas in Northeast China, particularly in Liaoning,
are divided into typical acidic and alkaline field planting areas due to the different pHs
of paddy soil. However, the efficacy of CF in reducing Cd residue in rice grains in areas
with low Cd pollution requires further evaluation, and it is unclear how soil background
pH affects the accumulation of Cd and As in rice through water management. This study
aimed to assess the impact of water management on the accumulation of Cd and As in rice
in low-pollution areas and examine the role of soil pH in this process.

2. Materials and Methods
2.1. Selection of Test Base

The high Cd pollution areas in China are mainly the southern indica rice planting
areas, and CF has been widely promoted and validated as a Cd remediation strategy in
rice. However, the effectiveness of CF in the Northeast Japonica rice planting area with low
Cd pollution is not yet clear. Therefore, in this study, the low Cd pollution Japonica rice
planting area was selected. This study was conducted in typical rice-producing regions
of Liaoning Province, China, using a fixed-point tracking technique. The fixed-point
experimental fields were divided into acidic and alkaline fields. The monitoring point for
acidic soil was located in Xujiatun Village, Pudong Street, Liaozhong District, Shenyang
City, with a soil pH of 4.9 measured prior to flooding. In contrast, the monitoring point for
acidic soil was in Huangjia Village, Gaokan Town, Dashiqiao County, Yingkou City, with a
soil pH of 7.6 measured prior to flooding. The other soil properties of the two fields are
similar except for the pH (Table 1).
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Table 1. Basic soil properties of acidic and alkaline fields for testing.

Soil Type pH Organic
Matter (g/kg)

Total
Nitrogen

(g/kg)

Effective
Phosphorus

(mg/kg)

Total
Potassium
(g/100 g)

Acid field 4.9 ± 0.2 19.2 ± 0.8 1.24 ± 0.06 633.4 ± 139.8 1.9 ± 0.2
Alkaline field 7.6 ± 0.1 19.3 ± 1.1 1.34 ± 0.15 656.3 ± 166.7 2.2 ± 0.1

2.2. Field Experiment Design

This investigation was conducted with a rice variety known as Liaoxing 168. The
experiment was conducted in two treatments, each focusing on a distinct irrigation mode,
CF or AWD, to investigate the impacts of various water management practices on Cd and
As accumulation in rice crops. The CF group maintained a field surface water level of
3–5 cm throughout the growth period. The AWD group, after the initial irrigation in the
field, maintained a surface water layer of 3–5 cm until the rice dried once in the late tillering
stage, and conducted two “flooding-drying” tests during the filling stage. “Drying” referred
to the phenomenon in which the field soil dried for 5–7 d until there were microcracks on
the surface, resulting in a soil moisture content between 70% and 90%, presenting a “wet
hard” state. The CF and AWD treatment groups each comprised three plots, serving as three
biological replicates, with each area no less than 30 m2. In total, there were 12 experimental
plots in the two fields. The design incorporated isolation rows between the CF and AWD
treatment fields and covered the ridges between the experimental plots with plastic film
to prevent water leakage in each experimental zone. This design scheme was adopted
for both alkaline and acidic fields. Before the experiment, the heavy metal pollution in
the soil and irrigation water commonly used in acidic and alkaline fields were specifically
tested. The background Cd and As contents in acidic soil are 0.17 mg/kg and 7.22 mg/kg,
respectively. The background Cd and As contents in alkaline soil are 0.13 mg/kg and
9.67 mg/kg, respectively. The Cd and As contents in the irrigation water of both fields were
lower than the detection limit (0.0005 mg/L), which can exclude the possibility of Cd and
As pollution introduced by the irrigation water.

2.3. Field Management and Sample Collection

A unified approach to the management of fertilizers and the control of diseases, pests,
and weeds across all experimental areas was outlined by Sun et al. [2]. Soil samples were
collected at three distinct stages: late tillering stage, milk stage, and harvest stage using
the five-point sampling method [20]. Sampling should be conducted at the diagonal and
focal points of each experimental community, with a sampling depth of 0–20 cm. Avoid
sampling at the edges of the four corners to ensure the representativeness of the samples.
The mixture of five soil samples taken from each sampling area is used as the test sample.
Then, synchronously collect samples of rice roots, plants, and grains corresponding to
the soil.

2.4. Determination of Cd and As

Determination of Cd content in soil: accurately weigh about 1 g of soil sample passing
through a 0.149 mm sieve, add a little distilled water to moisten the soil sample, and add
3~4 small glass beads. Soak the entire sample in 10 mL of HNO3 (Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China) solution and heat it for 20 min in a slightly boiling
state on an electric heating plate. Add 20 mL of HCl (Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China), cover with a Petri dish, heat on an electric heating plate for 2 h.
Remove all acid solution to a wet salt state, dissolve in 10 mL of water, filter, and make up to
50 mL. Then, the Cd content in the soil is measured using the graphite furnace method [21].
For the determination of Cd in rice roots, plants, and grains, weigh 0.3 g~0.5 g of dry
sample and place it in a microwave digestion tank. Add 5 mL of HNO3 and 2 mL of H2O2.
After the digestion is completed, wait for the digestion tank to cool down, heat and drive
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the acid to near dryness. Rinse the digestion tank three times with a small amount of
HNO3 (1%), transfer the solution to a 10 mL volumetric flask, and mix with HNO3 (1%) to a
constant volume. Then, the Cd content is determined by graphite furnace atomic absorption
spectroscopy [22]. Determination of T-As content in soil: weigh 0.5 g of air-dried soil that
has passed through a 0.149 mm sieve and place it in a 50 mL conical flask. Wet the soil
with a small amount of water, then add 10 mL of aqua regia (HCl:HNO3 = 3:1), dilute with
ddH2O twice, shake well, and seal the membrane. Leave it at room temperature overnight,
heat and digest in a boiling water bath for 2 h, shake once during the process, filter, and
volume. Measure the T-As content using an atomic fluorescence spectrophotometer [23].
For the determination of inorganic As content in soil, weigh 0.5 g of dried soil sample
and place it in a 50 mL centrifuge tube. Add 10 mL of ultrapure water and extract with
ultrasonic assistance for 30 min. Centrifuge at 3500 r/min for 15 min, repeat the extraction
three times, and combine the extraction solutions. Filter and determine the content of
various forms of As using high-performance liquid chromatography hydride generation
atomic fluorescence method. For the determination of T-As and inorganic As contents in
rice roots, plants, and grains, weigh approximately 1 g of finely ground sample into a 50
mL centrifuge tube, add 20 mL of HNO3 (0.15 mol/L), and leave overnight. Hot soak in
a 90 ◦C constant temperature incubator for 2.5 h, shake for 1 min every half hour, cool to
room temperature, centrifuge at 8000 r/min for 15 min, take the upper clear liquid, and
pass it over 0.45 µM organic microporous filter membrane for HPLC-ICP-MS (Agilent, CA,
USA) determination [24].

2.5. Statistical Analysis of Data

Statistical analysis was performed using Prism software (version 5.0; GraphPad, San
Diego, CA, USA), and one-way analysis of variance (ANOVA) was utilized to compare sig-
nificant differences between multiple groups. Data were presented as the mean ± standard
error of three independent replicates. Differences between groups were considered statisti-
cally significant with at least p < 0.05.

3. Results
3.1. Effect of Water Management on Cd Accumulation in Paddy Soils and Rice Roots

The impacts of water management on Cd accumulation in acidic field soils and
alkaline soils are shown in Figure 1a and Figure 1b, respectively. The effects of CF on Cd
accumulation in rice roots in acidic and alkaline fields are shown in Figure 1c and Figure 1d,
respectively. Upon comparing the two management modes, the Cd content both in the soil
and in rice roots from acidic and alkaline fields showed no significant difference between
the CF and AWD during any rice growth stage. In addition, in acidic field soils (Figure 1c),
the accumulation of Cd in rice roots increases with the development of rice and reaches a
higher level at maturation stage. In alkaline field soils (Figure 1d), with the development
of rice, the Cd level in rice roots shows a trend of first increasing and then decreasing,
reaching the highest accumulation level during the milk stage.

3.2. Effect of Water Management on Cd Accumulation in Rice Plants

In fields with acidic soil, the extension of the rice growth period led to a gradual
increase in the accumulation of Cd in plants under the CF management mode (Figure 2a).
Under the AWD management mode, the enrichment of Cd demonstrated a trend of initially
decreasing and then increasing (Figure 2a). When comparing the two management modes,
the order of Cd content in plant samples collected at each period was consistently higher
under the AWD management mode, especially during the tillering and maturation stages
(Figure 2a). These findings suggest that the CF management model was effective in reducing
the risk of Cd accumulation in rice plants grown in acidic fields.
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indicate statistically significant differences (p < 0.05).
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indicate statistically significant difference (p < 0.05).
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The effects of water management on Cd accumulation in rice plants under alkaline
conditions are illustrated in Figure 2b. The concentration of Cd in plants under both CF
and AWD management initially increased and then decreased as the rice growth period
was extended. During the milk stage, Cd accumulation was more pronounced in the CF
management mode than in the AWD mode. When comparing the two management modes,
the order of Cd content in the plant samples collected during the milk and mature stages
was CF > AWD. This indicated that the CF management model did not mitigate the risk
of Cd accumulation in rice plants in alkaline fields but rather exacerbated Cd pollution,
which was contrary to the findings in acidic fields.

3.3. Effect of Water Management on Cd Accumulation in Rice Grains

The effect of water management on the accumulation of Cd in rice grains in acidic
fields is shown in Figure 2c. At the milk stage, the Cd content in rice grain samples collected
under the CF mode was significantly higher than that under the AWD mode. However,
during the ripening period, the Cd content accumulated in the rice grains under the AWD
mode was significantly higher than that under the CF mode. This suggested that employing
the CF method from the milk stage to the mature stage can effectively reduce the risk of Cd
accumulation in the rice grains during the harvest period.

The impact of water management on Cd pollution in rice grains in alkaline fields is
shown in Figure 2d. During the milk stage, the Cd levels in rice grain samples obtained
through the AWD mode were higher than those collected through the CF mode. Conversely,
during the maturation phase, the accumulation of Cd in the rice grains produced in the
AWD mode was lower than that observed in the CF. This suggested that, in alkaline fields,
the CF management approach increased the likelihood of Cd accumulation in rice grains
during the harvest period, which was contrary to the findings obtained in acidic fields.

3.4. Effect of Water Management on As Accumulation in Rice Soils

The impact of water management on As pollution in paddy fields with acidic soil is
illustrated in Figure 3a. During the tillering stage, the concentrations of As(V) in the soil in
the AWD mode were higher than those in the CF mode. During the milking stage, the levels
of As(III) in the soil under the different management modes followed the order CF > AWD,
while the content of As(V) remained largely unchanged under the two management modes.
During the mature stage, the levels of As(III) in the soil were generally consistent across
the various water management modes. However, the levels of As(V) under AWD were
considerably higher than those under CF conditions. Throughout the growth period of rice
under either AWD or CF, the T-As content in soil is similar.

The impact of water management on As pollution in paddy fields with alkaline soil is
shown in Figure 3b. There was no discernible difference in As(III), As(V), and T-As content
between the two water management methods at any stage of rice development.

3.5. Effect of Water Management on As Accumulation in Rice Roots

In acidic field soils (Figure 3c), the accumulation of As(III), As(V), and T-As content
in rice roots under two water management modes is similar during the tillering stage.
During the milk stage, CF significantly reduced the accumulation of any form of As in rice
roots compared to AWD. During the mature stage, the accumulation of As(III) and T-As in
rice roots under CF mode was significantly lower than that under the AWD mode, while
the content of As(V) in rice roots was not significantly different between the two water
management modes.
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In alkaline field soils (Figure 3d), compared with AWD, CF significantly inhibited the
As(V) content in rice roots at the tillering stage, but did not affect the content of As(III)
and T-As. There is no significant difference of As level in any form in rice roots between
CF and AWD modes during the milk stage. In the mature stage, compared with AWD,
the CF mode reduced and increased the accumulation of As(III) and T-As in rice roots,
respectively. The content of As(V) in rice roots does not differ significantly between the
two water management modes.

3.6. Effect of Water Management on As Accumulation in Rice Plants

In an acidic soil environment, no significant differences were observed in the effects of
different water management practices on As(III), As(V), or T-As in rice plants during the
tillering stage (Figure 4a). However, CF exacerbated the accumulation of As in any form in
the rice plants during the milk stage (Figure 4a). At the maturity stage, the accumulation
of As(III) in rice plants under both water management modes was similar, while the
enrichment of As(V) and T-As in rice plants was significantly higher under CF mode than
under the AWD mode (Figure 4a). Overall, CF increased the risk of As enrichment in rice
plants in fields with acidic soil conditions.

In alkaline fields, the CF mode was found to significantly promote the accumulation
of both As(III) and As(V) in rice plants during the tillering stage, whereas no significant
differences were observed in the accumulation levels of these species in rice plants during
the milk and maturation stages between the two irrigation modes (Figure 4b). In addition,
the T-As content accumulated in rice plants during the tillering stage was significantly
higher in the CF mode than in the AWD mode, while during milky stage, the T-As content
in rice plants under the two water management modes followed the order AWD > CF
(Figure 4b).

3.7. Effect of Water Management on As Accumulation in Rice Grains

In soil with an acidic environment, the application of CF during the milk stage of rice
growth resulted in a reduction in the accumulation of any form of As in the rice grains
compared to the AWD method (Figure 4c). However, at the maturity stage, the application
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of CF increased the risk of As(III) pollution in rice, and its impact on As(V) and T-As was
similar to that of the AWD method (Figure 4c).
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indicate statistically significant difference (p < 0.05).

In alkaline soils, the concentration of As species (As(III) and As(V)) in rice grains
under the CF mode was significantly lower than that under the AWD mode during the
milk and maturation stages (Figure 4d). Regarding the T-As content, only the T-As content
in rice grains under the CF treatment during the milk stage was similar to that under the
AWD mode, whereas during the maturity stage, the CF treatment significantly inhibited
the accumulation of T-As in rice grains compared to the AWD mode (Figure 4d). These
findings suggest that CF can effectively reduce the levels of As pollution in rice grains in
alkaline soil environments.

4. Discussion

In this study, it was observed that, during the rice harvest period, the use of CF in
acidic fields, as opposed to the commonly utilized AWD mode of production, resulted in a
reduction in the risk of Cd pollution in both the rice plants and grains (Figures 2a,c and 5c).
This result proves that CF is an effective mode of reducing Cd enrichment in rice, as
reported in numerous studies [14,15], but only under acidic conditions. Although CF is
traditionally considered an effective method for controlling and reducing Cd pollution in
rice, recent evidence suggests that the accumulation of Cd in rice due to CF may be contrary
to the findings of previous studies under certain specific conditions [11]. Research has
indicated that the accumulation of Cd in rice grains under unsaturated irrigation conditions,
such as sprinkler irrigation, is significantly lower than that in CF [25]. Another study also
demonstrated that the application of CF under conditions of low phosphorus fertilizer
supply led to a higher accumulation of Cd in rice than that of AWD [26]. In this study, we
found a similar conclusion in alkaline fields during the harvest stage according to which
CF significantly increased the risk of Cd accumulation in rice plants and grains compared
to AWD (Figures 2b,d and 5c). These findings highlight the intricate and regulated nature
of Cd accumulation in rice resulting from irrigation systems, and this process may be
regulated by undefined factors. The contrasting result between acidic and alkaline fields
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in this study demonstrated that the pH of the paddy soil is a key factor affecting Cd
enrichment in rice mediated by water management. The findings presented here partially
elucidate the dynamic nature of CF in reducing Cd accumulation in rice [11]. Furthermore,
this study highlights that the reduction and control in Cd pollution in rice through CF
were limited to acidic soil environments and are not applicable to alkaline soil conditions.
Previous investigations on pot experiments have suggested that bioavailability and Cd
availability in contaminated rice field soil are influenced by various factors, including
alkaline fertilizer, water management, and soil pH [27]. The pH of paddy soils has been
reported to significantly affect Cd bioavailability [28]. The concentration of Cd in both
dryland and flooded rice decreased as the pH of the paddy soil increased from 6.1 to 6.9 [29].
Future research should focus on the physiological, biochemical, and molecular mechanisms
underlying pH-dependent regulation of Cd accumulation in rice via CF.
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Figure 5. Role of soil pH in CF-mediated Cd and As accumulation. (a); Effect of CF on Cd and
As accumulation in soils, rice roots, plants, and grains compared to AWD at different pH fields
during tillering stage. (b); Effect of CF on Cd and As accumulation in soils, rice roots, plants, and
grains compared to AWD at different pH fields during milk stage; (c); Effect of CF on Cd and As
accumulation in soils, rice roots, plants, and grains compared to AWD at different pH fields during
maturation stage. CF represents continuous flooding, and AWD represents alternate wetting and
drying. Red arrows represent a promoting effect on heavy metal accumulation. The green cutoff line
represents an inhibitory effect on heavy metal accumulation.

Numerous studies have demonstrated that, although CF is effective in reducing the
accumulation of Cd in rice, it increases the risk of As enrichment [30,31]. On the basis
of determining that pH is a key factor affecting Cd enrichment mediated by CF in rice,
this study further confirms that the soil’s pH value also affects the accumulation of As in
rice. In acidic soil conditions, the application of CF resulted in a significant increase in the
accumulation of As(III) in rice grains during the maturation period compared to AWD
(Figure 5), and As(III) was the most toxic form of As [32]. Additionally, CF also increased
the accumulation of As(V) and T-As in plants (Figure 5), while reducing the content of
As(III) and T-As in roots as well as As(V) in acidic paddy soil (Figure 5), suggesting that
the implementation of CF during the mature stage promotes the transfer of As(V) from
soil to plants, As(III) from roots to grains, and T-As from roots to plants compared with
AWD. In alkaline soil conditions, CF reduced the risk of enrichment of As(III), As(V), and
T-As in mature rice grains (Figure 5). Moreover, during the mature stage, CF increased
the accumulation of T-As in rice roots and plants while it reduced the As(III) content in
roots (Figure 5). It can be seen that, compared with AWD, the use of CF during the mature
stage limits the transfer of T-As from roots and plants to grains. Furthermore, CF seems to
reduce the accumulation of As(III) in grains by reducing the uptake of As(III) by roots from
the soil. However, the current results cannot explain why the As(V) content in rice grains is
significantly lower under the action of CF than AWD.
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A thorough examination of the accumulation patterns of Cd and As in acidic and alka-
line soils, as well as in rice at different growth stages, revealed that the soil pH significantly
influenced the uptake and accumulation of the heavy metals in rice roots, plants, and grains
at any stage (Figure 5). In acidic fields, following the development process of rice seedlings
to maturity, both CF and AWD did not change the enrichment status of Cd in the soils, and
both promoted the availability of As(III) and As(V) in the soil. However, compared with
AWD, CF reduces the efficiency of Cd transfer from roots to plants and effectively limits
the dynamic migration of Cd from plants to grains. Moreover, CF promotes the transfer of
T-As from roots to plants by reducing the increase in T-As content in roots and increasing
the increase in T-As content in plants compared with AWD. From the changes in As(III)
and As(V) throughout the entire growth period in rice, it can be seen that, contrary to the
inhibition of As(III) migration from plants to grains by AWD, CF significantly promotes the
accumulation of As(III) in grains. CF also promoted the mobilization of As(V) from roots to
plants, and then from plants to grains, especially with a significantly higher promotion of
As(V) transfer from plants to grains than AWD. In alkaline fields, with the extension of the
rice growth period, compared with AWD, CF increased the risk of Cd pollution in grains
by promoting the accumulation of Cd in plants. In alkaline fields, with the extension of
the rice growth period, compared with AWD, CF increases the risk of cadmium pollution
in grains by promoting the accumulation of Cd in plants. From the migration pattern of
As from the rice seedling stage to the maturity stage, compared with AWD, CF seems to
reduce the accumulation of T-As in grains by blocking the transfer of T-As from roots to
plants, and reduce the accumulation of As(III) in grains by inhibiting the uptake of As(III)
in roots. These results indicate that soil pH also affects the migration dynamics of heavy
metals mediated by irrigation during the rice growth period between soil, roots, plants, and
grains. Although the underlying mechanism is not yet fully understood, pH is a crucial
factor that cannot be ignored when evaluating the effectiveness of improving heavy metal
pollution in rice through water management.

Notably, from a food safety perspective, the level of heavy metal pollution in rice grains
during the maturity stage was particularly noteworthy. In acidic fields, the application of
CF reduced the residual risk of Cd in rice plants and grains during the maturity stage, but it
also promoted the enrichment of As (Figure 5c). It seems that, under acidic soil conditions,
the mobilization of Cd into grains only occurs during the rice growing season rather than
the mature stage, which may be due to the low pH-dependent synthesis of certain Cd
transfer inhibitors or dilution factors during the mature stage. In alkaline soil environments,
CF was unable to reduce the Cd content of mature rice grains as it did in acidic fields, but
instead increased the risk of Cd accumulation in the rice plants and grains. However, the
application of the CF model in alkaline fields reduced the accumulation of As in rice grains
(Figure 5c). It is worth noting that, according to the Chinese food safety standards, the
maximum residual limit of Cd in brown rice is 0.2 mg/kg. Whether in acidic or alkaline
fields, the accumulation level of Cd in brown rice under both water management modes is
at a safe level. According to the maximum residue limit of 0.35 mg/kg of inorganic As in
brown rice stipulated in Chinese food safety standards, the pollution level of inorganic As
in acidic fields is relatively low. However, in alkaline fields, there is a risk of exceeding the
limit for inorganic arsenic in brown rice under the AWD mode, while CF can reduce the
accumulation of inorganic As to a safe level. These findings suggest that the dynamics of Cd
and As in rice were strongly affected by the pH of the paddy soil and that the accumulation
of these elements in brown rice mediated by CF displayed an opposite trend under both
acidic and alkaline conditions. This is consistent with the results of numerous previous
studies that have reported opposite biogeochemical behaviors of As and Cd [31], which
indicates that the opposite biochemical behavior of Cd and As in rice mediated by CF
is not affected by the pH of the cultivated soil. Previous studies have shown that water
management can affect the dynamics of Cd and As in soil by affecting soil physical and
chemical properties, such as pH and soil redox potential (Eh), and by regulating the forms
and contents of soil iron, manganese, and sulfur [10,33]. The results of this study partly
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reveal that pH was not the main reason for the opposite accumulation effect of Cd and As
in rice grains. In the future, the role of soil Eh and element (iron, manganese, and sulfur)
features in the opposite enrichment behavior of Cd and As in rice grains should be given
special attention.

This study utilized actual rice production fields in Liaoning, which were typical
japonica rice cultivation areas and belonged to relatively low-Cd pollution areas with little
dietary risk. These results indicate that CF had a promoting effect on As enrichment in
mature rice grains under acidic conditions, and it was not suitable as a remediation strategy
for Cd pollution in rice under acidic soil environments. Although CF exacerbated the
accumulation of Cd in brown rice in alkaline fields, it can reduce the risk of As pollution
in brown rice to a safe level. Therefore, CF management was unsuitable for repairing Cd
pollution in rice in areas with low Cd pollution, but it can be considered as a potential
strategy for As pollution remediation in rice in alkaline fields with low Cd pollution.

5. Conclusions

Soil pH is a crucial element in regulating the accumulation and migration of Cd and As
in paddy soils, rice roots, plants, and grains at any stage of rice growth under CF-mediated
conditions (Figure 5). In acidic fields, compared with the AWD, the effects of the CF on
the accumulation of Cd and As in mature rice grains followed the pattern of reducing
Cd and increasing As, whereas in alkaline fields, the opposite result was obtained, where
CF promoted Cd accumulation but reduced As accumulation. The opposite biochemical
behavior of Cd and As in rice grains mediated by CF was not affected by the pH of the
cultivated soil. When selecting water management as an agronomic measure to remediate
Cd pollution in rice production, it was essential to fully consider the pH of the paddy soils.
Further research is required to investigate the physiological, biochemical, and molecular
mechanisms underlying the influence of pH on the growth and decline of Cd and As
mediated by irrigation. In conclusion, the application of CF is not recommended as a
remediation strategy for Cd pollution in rice in areas with low Cd pollution resulting
from the increased As accumulation in rice grains under acidic soil environments and
induced the Cd pollution risk of rice under alkaline soil conditions. However, CF can be
considered as a potential strategy for As pollution remediation in rice in alkaline fields with
low Cd pollution. Our findings provide valuable insights for ensuring food security and
remediating heavy metal pollution in japonica rice-producing areas of Northeast China.
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