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Abstract
Regulating soil pH becomes a crucial practice to alleviate cadmium (Cd) contamination. However, little is known about the 
threshold of soil pH for the safe production of rice at various soil Cd levels. In this paper, the relationships between soil pH 
values and the contents of available Cd extracted by calcium chloride (CaCl2-Cd) in neutral and acidic soils were studied by 
mandatory acidification with H+ addition or neutralization with lime at various soil Cd levels. The results showed that the 
soil CaCl2-Cd contents dramatically decreased with increasing soil pH, and a logarithmic function could well describe the 
relations of soil CaCl2-Cd contents and soil pH at constant total Cd (CaCl2-Cd model). The Cd contents in rice grain (grain-
Cd) in relation to soil CaCl2-Cd was further established through modified rice pot experiments. A model for the prediction 
of Cd content in rice grains (grain-Cd model) was set up, though which the grain-Cd content could be predicted based on 
soil pH and total Cd content. 122 data pairs of rice grain-Cd contents obtained at various soil total Cd contents and pH were 
employed from the literature to verify the reliability of the established model, approximately 95.08% of those data favora-
bly located within the 1:1 line ± 0.5 unit area of the grain-Cd model. Notably, this model can be applied to determine the 
thresholds of soil pH at a specific Cd pollution level. For instance, to achieve a rice grain-Cd contents matching the Chinese 
national food safety limit of 0.2 mg kg−1, the soil pH thresholds were estimated to be 5.05, 5.70, and 6.02 at soil Cd contents 
of 0.3, 0.6, and 0.8 mg kg−1, respectively. In addition, the established model can also be used to estimate the health risk from 
rice in broad regions with various soil pH values and Cd contents.
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Introduction

Cadmium (Cd) ubiquitously exists in the environment, 
and human activities greatly accentuate its environmen-
tal burden, thus causing serious pollution, especially soil 
pollution, which endangers human health through the food 
chain (Godt et al. 2006) due to its high toxicity to humans 
(Xiao et al. 2018) and high mobility and bioavailability in 
soils (Liu et al. 2019). As early as 1974, the United Nations 

Environment Program and the International Labor Health 
Committee on Heavy Metals designated Cd a prior pollut-
ant. Human exposure to Cd causes multiple adverse effects, 
including renal and hepatic dysfunction, testicular damage, 
and cancers (Chaney 2015; Stohs et al. 2001).

Rice (Oryza sativa L.) is the staple food for more than 
half of the world’s population (Kosolsaksakul et al. 2014; 
Meharg et al. 2013). Cd can be readily taken up by and accu-
mulate to a high level in rice grains (Song et al. 2015; Wang 
et al. 2020). Rice grains may accumulate excessive Cd while 
maintaining normal growth under soil Cd stress, especially 
when planted in acidic soil with a low pH (Chen et al. 2018; 
Meng et al. 2018). Rice consumption has become one of the 
most important ways for human Cd exposure in many parts 
of the world including China (Li et al. 2017; Pastorelli et al. 
2018; Suwatvitayakorn et al. 2020). Thus, the safe produc-
tion of rice has aroused great attention in both the scientific 
community and the public.
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Cd uptake and accumulation in rice depends not only on 
the total Cd contents in soils but also on its availability in 
soils. The bioavailability of soil Cd is governed by a series 
of soil property parameters, such as pH value, organic mat-
ter contents, and cation exchange capacity (CEC) (Bai et al. 
2020; Guo et al. 2018b; Li et al. 2014), among which pH is 
the most important factor determining the forms of soil Cd 
present in soil and the corresponding bioavailability. The 
changes in soil pH may result in a new balance among vari-
ous forms of soil Cd and thus an alteration in Cd availability 
(Guo et al. 2018b). Numerous studies have demonstrated 
that soil acidification activates soil Cd, thereby increasing its 
availability and enhancing its accumulation in crops such as 
rice (Chen et al. 2018), while increasing soil pH through the 
application of alkaline materials could effectively suppress 
the availability of soil Cd, thereby reducing its accumula-
tion in crops such as rice grains (Chen et al. 2018; Meng 
et al. 2018). Thus, soil pH regulation becomes an effective 
countermeasure for ensuring food safety in Cd-contaminated 
soils. However, to achieve rice products with Cd contents 
matching the food safety requirement, to what extent should 
the pH of acidic soils with different Cd pollution levels be 
enhanced at a feasible cost, or to what extent should meas-
ures be taken if acidification occurs in neutral soil? These 
questions are fundamental to proper soil pH regulation. As 
such, a predictive model for determining the pH threshold 
of soil aimed at safe rice production needs to be established.

At present, many attempts have been made to establish 
models for the prediction of Cd contents in the edible parts 
of crops in different regions (Gu et al. 2019; Novotna et al. 
2015; Romkens et al. 2009; Wen et al. 2020; Xiao et al. 
2020). By extending the Freundlich equation, Romkens et al. 
(2009) obtained the relationship model between rice grain-
Cd and soil available Cd, pH, and CEC, which provided 
guidance for rice production in Taiwan. Gu et al. (2019) 
selected soil properties including pH, TOC, CaO, Mn, 
Mo, and S as independent variables to predict heavy metal 
content in rice grains. Although these models can be used 
locally, they usually needs too many soil parameters, which 
takes too much work and time to determine the relevant soil 
parameters before planting, thus are not cost-and-time effec-
tive. Moreover, most of the established models are failed in 
the prediction of soil pH threshold at different soil Cd levels 
or Cd threshold at a specific soil pH. Therefore, a simpler 
and more effective prediction model needs to be established, 
which could be possible based on a full understanding of 
the relations betweed Cd in rice grains, soil Cd availability, 
and pH.

For this purpose, the variation tendency of soil avail-
able Cd during acidification of neutral soil and neutrali-
zation of acidic soils with various Cd pollution extents 
was studied in a simulation experiment selecting typical 
paddy soils in Chongqing, China, as the research object. 

The relationship between soil pH and Cd availability was 
then established, which supplied a basis for the model con-
struction. Meanwhile, the relationship between grain-Cd in 
rice and CaCl2-Cd was built by modified pot experiments. 
Following up, a model was set up for predicting Cd con-
tents in rice grains (grain-Cd) at various soil pH and Cd 
pollution level. In addition, a literature survey was also 
performed based on the main scientific databases, such 
as Web of Science, for verification of the accuracy, rep-
resentativeness, and applicability of the model. The soil 
pH threshold at a specific Cd level or the Cd threshold at a 
specific soil pH for ensuring safe rice production was dis-
cussed finally. This established model could be applied to 
formulate soil protection guidelines and assess the health 
risk of rice products at various soil pH and Cd pollution 
levels.

Materials and methods

Soil samples

Two types of soil samples were used in this study, neu-
tral purple paddy soil (NPPS) and acidic purple paddy 
soil (APPS), which were the main paddy soils in South-
west China. The soil samples were collected from the 
plow layer (0–20 cm) of farmlands in Hechuan District 
(29°48′51.92″N, 106°24′43.92″E) and Jiangjin District 
(28°59′47.71″N, 105°53′20.22″E) in Chongqing, China, 
respectively. Soil samples were collected by a clean 
wooden shovel in October 2019. Soil samples were air-
dried, homogenized, and manually crushed to pass through 
a 2-mm sieve prior to use. The basic properties of the 
tested soils are shown in Table 1.

Table 1   Basic physiochemical properties of the tested soils. The error 
bars indicate standard deviation

Index NPPS APPS

Coarse sand (%) 8.56 2.9
Fine sand (%) 35.44 29.1
Silt (%) 34 36
Clay (%) 22 32
pH 6.79 ± 0.04 5.5 ± 0.03
OM (g·kg−1) 29.78 ± 1.01 26.19 ± 0.57
SOC (g·kg−1) 19.55 ± 0.55 16.97 ± 0.62
Total N (g·kg−1) 0.52 ± 0.09 0.93 ± 0.06
Total P (g·kg−1) 0.54 ± 0.06 0.256 ± 0.03
Total K (g·kg−1) 19.33 ± 1.32 15.59 ± 0.75
CEC (cmol·kg−1) 21.31 ± 3.64 19.99 ± 1.36
Cd (mg·kg−1) 0.39 ± 0.01 0.4 ± 0.01
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Preparation of artificial Cd polluted soils

According to the “risk control standard for soil pollution 
in agricultural land of soil environmental quality” (GB 
15,618–2018), Cd solution of CdCl2·1/2H2O was spiked to 
the testing soils to reach four soil Cd concentrations of 0, 
0.5, 1.5, and 3 mg kg−1. Then, the spiked soils were mixed 
and incubated at room temperature for 45 days at a con-
stant soil moisture of 20% (w/w). After incubation, the soil 
samples were air-dried and passed through a 2-mm sieve 
again. The measured soil Cd contents were 0.39, 0.78, 1.83, 
and 3.42 mg kg−1 in the NPPS and 0.40, 0.82, 1.79, and 
3.38 mg kg−1 in the APPS, respectively.

Soil acidification/neutralization

The required H+/OH− to generate a gradient of soil pH 4.5–7 
was predetermined by incubation experiments. For NPPS, 0, 
10, 20, 30, 45, and 60 mmol kg−1 H+ were added to the soil 
for artificial forced acidification. For APPS, 0, 10, 20, 30, 
and 40 mmol kg−1 OH− were added to the soil for neutrali-
zation. H+ and OH− were added in the form of dilute HCl 
and Ca(OH)2, respectively. Deionized water was added by 
the weighing method every day to ensure that the soil mois-
ture contents were maintained at 20%. In addition, soil was 
thoroughly mixed every day to ensure that HCl or Ca(OH)2 
reacted adequately with soils. Soil pH was monitored peri-
odically. Incubation was terminated until the soil pH tended 
to be constant for 3 consecutive weeks. The values of soil 
pH after incubation are shown in Table S1.

Pot experiment

Modified rice pot experiment was carried out from April to 
August 2021, for understanding the Cd accumulation in rice 
grains as influenced by soil available Cd and pH and for the 
quantification of their relations.

The rice variety “Yixiang you 2115” widely planted in 
areas in the middle and upper reaches of the Yangtze River 
was used in this experiment. APPS soil samples contain-
ing 0.4 mg kg−1 Cd prepared in “Soil acidification/neutrali-
zation” were used; their pH values were neutralized to be 
pH 5.495, 5.720, 6.015, 6.180, and 6.635. Each 4 kg pre-
pared soil was weighted into a PVP pot; basal fertilizers 
(150 mg N kg−1, 100 mg P2O5 kg−1, and 100 mg K2O kg−1) 
were applied as CO(NH2)2, K2HPO4, and KCl to the soil, 
and thoroughly mixed up with the soil. The upper diameter, 
lower diameter, height, and volume of the pot are 214 mm, 
191 mm, 210 mm, and 5 L, respectively. All pots were kept 
flooded with tap water for 20 days prior to rice plantation. 
In order to make the experiment closer to the field condi-
tions, the PVP pots were placed in a plot of rice-planting 
field, and the edge of the PVP pot was 10 cm higher than the 

water surface of the plot. Then, uniform seedlings of tested 
rice cultivar were transplanted into each pot (two plants per 
pot). The water level was maintained at approximately 3 cm 
above soil surface throughout the rice-growing period. Each 
treatment was replicated 3 times. Rice and soil samples were 
collected at maturity stages (105 days after transplantation) 
for analyses.

Chemical analyses

Soil pH and available Cd

The soil pH was directly determined using a pH meter 
(PHSJ-4F, Leici, Shanghai, China) with a soil water ratio 
of 1:2.5 (w/v). The available Cd in soils was extracted using 
a 0.01 mol·L−1 CaCl2 extraction procedure (Romkens et al. 
2009). Briefly, 1 g of soil sample was mixed with 10 ml of 
CaCl2 solution (0.01 mol·L−1). The mixture was shaken on 
a reciprocal shaker at 200 rpm for 2 h at 25 °C, centrifuged 
at 4000 rpm for 10 min, and then filtered through a 0.45-μm 
membrane. The Cd contents in the filtrate were determined 
by a graphite furnace atomic absorption spectrophotometer 
(GFAAS) (Shimadzu AA6880, Japan). Certified reference 
materials (CRMs) for soils (GBW07428, GSS-14) provided 
by the National Research Center for CRM (China) were 
simultaneously analyzed for quality control. The Cd recov-
ery of the reference soil ranged from 94 to 109%.

Rice grain‑Cd content

The dried grains were pulverized, and the powder was 
digested with HNO3-HClO4 (4:1, v/v) on an electric plate for 
Cd determination. Cd concentrations in digestion solutions 
were determined by a graphite furnace atomic absorption 
spectrophotometer (GFAAS) (Shimadzu AA6880, Japan). 
Certified reference material for plants (GBW10044, GSB-
22, China) were used for quality control. The Cd recovery 
rates of the reference rice were in the range of 92–110%. The 
detection limit was 0.0049 mg kg−1.

Modeling method

Since soil properties vary a lot with soil type and manage-
ment, for simplicity, we tried to establish a rice grain-Cd 
prediction model started with the main factors—soil Cd 
content and pH based on our experimental results obtained 
at specific conditions, followed by verification by data avail-
able in literature, which may represent a more wide soil con-
ditions. Thus, the suitability and deviation of the prediction 
model could be inspected if only those two main factors 
were taken into consideration regardless of other soil prop-
erties. As such, our modeling procedures are simplified as 
follows:
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Based on the results of soil acidification/neutralization 
experiment (“Soil acidification/neutralization”), the quan-
titative relations of soil available Cd (CaCl2-Cd) with soil 
pH at different total Cd level were determined. Under the 
base, the dependence of rice grain-Cd on soil available Cd 
(CaCl2-Cd) was then examinated based on modified pot 
experiment. Then, a prediction model was established by 
combining the relations between rice grain-Cd content and 
available Cd and those between soil pH and total Cd content. 
Finally, the fitness of the model was inspected by data pairs 
from literature.

Assess the quality of the model

The model efficiency, the model strength, the coefficient of 
determination, and the model bias were used to assess the 
quality of the model. The success with which the models 
fitted the measured concentrations was evaluated by model 
efficiency (ME) calculated by the following equation (Novo-
tna et al. 2015):

The model strength was determined by the mean normal-
ized average error (MNAE) given by

and the model bias was calculated by mean normalized bias 
(MNB) given by

where Cmodel is the predicted concentration given by the 
model, Cmeasured is the measured concentration, C is the 
mean of measured concentration, and n represents the num-
ber of observations.

Coefficient of determination (R2) was obtained by origin 
linear fitting.

The threshold of soil Cd for the prediction of rice 
grain risk

The rice single-factor pollution index was used to assess the 
risk of Cd in soil (Qu et al. 2020):

The risk degree of Cd in rice grain was evaluated by 
rewriting the single factor pollution index (Qu et al. 2020) 
to predict the degree of soil acidification or the pH value 
of acidic soil to achieve safe rice production. The modified 

(1)ME = 1 −

∑
(Cmodel − Cmeasured)

2

∑
(Cmeasured − C)2

,

(2)MNAE =

∑�
�Cmodel − Cmeasured�∕Cmeasured

�

n
,

(3)MNB =

∑�
Cmodel − Cmeasured

�
∑

Cmeasured

,

formula of the rice single-factor pollution index (Eq. (4)) is 
as follows:

where C is the predicted Cd contents in rice grains, S is the 
Chinese national food safety limit of 0.2 mg kg−1 in rice, and 
P is the single-metal index. The risk degree can be divided 
into two grades: none (P < 1) and present (P ≥ 1).

Results and discussion

CaCl2‑Cd model

The influence of soil pH on the content of soil CaCl2‑Cd

Figure 1 shows the relationships between the CaCl2-Cd con-
tents and soil pH during acidification in NPPS and nutrifica-
tion in APPS, respectively. The variations of soil CaCl2-Cd 
contents as influenced by soil pH through the addition of 
H+ or OH− followed a similar pattern. With decreasing soil 
pH, CaCl2-Cd content increased significantly (Fig. 1). This 
tendency occurred in both the bulk soil and the soil with the 
addition of exogenous Cd. When the soil pH was increased/
decreased by neutronization/acidification to be about 6.2 in 
APPS and NPPS, the soil Cd availability showed a break-
through point as indicated by the dramatic increase/decrease 
of CaCl2-Cd content. Similarly, Honma et al. (2016) found 
that the amount of Cd dissolved in the soil changed signifi-
cantly only when the soil pH was lower than 6.3, and oth-
erwise, negligible changes occurred. The increment/decre-
ment of soil CaCl2-Cd caused by per pH unit was largely 
depending on soil Cd pollution level (total Cd); larger incre-
ment/decrement occurred at higher total Cd content. At pH 
6.2, when exogenous Cd of 0, 0.5, 1.5, and 3 mg kg−1 were 
added, the CaCl2-Cd contents were 0.023, 0.039, 0.096, 
and 0.220 mg kg−1 for APPS and 0.020, 0.070, 0.167, and 
0.281 mg kg−1 for NPPS, respectively.

Establishment of CaCl2‑Cd model

Through comprehensive analyses of CaCl2-Cd data of APPS 
and NPPS soils, it was found that the CaCl2-Cd contents of two 
soils at constant Cd level had a similar logarithmic linear rela-
tionship with pH (Fig. S1a). The determination coefficient R2 
values of logarithmic expressions between pH and CaCl2-Cd 
in soils with exogenous Cd concentrations of 0, 0.5, 1.5, and 
3 mg kg−1 were 0.9130, 0.8403, 0.8967, and 0.9503, respec-
tively. According to the fitting results, a formula for the rela-
tionship between log10(CaCl2-Cd) and soil pH was obtained:

(4)P =

C

S

(5)log10
(
CdSCa

)
= A + BpH

88011Environmental Science and Pollution Research  (2022) 29:88008–88017

1 3



where CdSCa is the available soil Cd expressed as CaCl2-Cd, 
and A and B are the intercept and slope coefficients of the 
logarithmic formula.

As analyzed before, the increment/decrement of soil 
CaCl2-Cd caused by per pH was closely related to the total 
Cd in the soil, which was further illustrated by the four simi-
lar trend lines showing the relations of available Cd and pH 
at various total Cd level (Fig. S1a). Thus, the relationship 
between A, B, and log10(total Cd) in Fig. S1b was obtained 
by taking log10(total Cd) as the abscissa, as shown in Eqs. 
(6) and (7):

where A and B are the coefficients in Eq. (5); B is the aver-
age slop of the four trend lines, which were − 0.56976, − 0.5
0705, − 0.55488, and − 0.58556 at exogenous Cd additions 
of 0, 0.5, 1.5, and 3 mg kg−1, respectively; and CdST is the 
total Cd of the soil.

Then, Eqs. (6) and (7) are substituted into Eq.  (5) to 
obtain a model for the prediction of available Cd in soil 
(CaCl2-Cd model) based on soil pH and the total Cd content, 
as showing in Eq. (8):

Verification of the CaCl2‑Cd model

To better verify the model satisfies various types of soil, 148 
data pairs (Table S2) with pH range of 4–7 were collected by 

(6)A = 2.2221 + 1.2667log10
(
CdST

)

(7)B = −0.5543

(8)
log10

(
CdSCa

)
= 2.2221 + 1.2667log10

(
CdST

)
− 0.5543pH

searching for soil, Cd, and calcium chloride on the literature 
search webpage. The total Cd and pH values of the collected 
data were substituted into Eq. (8) to obtain predicted values. 
The results in Fig. 2 show that the prediction results are 
satisfactory. Approximately 85.14% of the data pairs were 
within the 1:1 line ± 0.5 unit area, and 52.70% of the data 
pairs were within the 1:1 line ± 0.25 unit area (Fig. 2). Satis-
factory results were obtained for the prediction of CaCl2-Cd 
concentrations in soil when the data pairs were within 
the 1:1 line ± 0.25 unit area with relatively better MNAE 
(0.364), MNB (0.128), ME (0.57), and R2 (0.85) (Table 2). 

Fig. 1   The effect of soil pH on soil CaCl2-Cd content. a Neutral purple paddy soil (NPPS). b Acidic purple paddy soil (APPS). The error bars 
indicate standard deviation (n = 3)

Fig. 2   CaCl2-Cd model validation results using reference data. All 
data were described as means, and the number of reference data was 
148
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Predictions of the CaCl2-Cd concentrations in all soil data 
pairs were not satisfactory for CaCl2-Cd model, of which 
ME, MNAE, MNB, and R2 were − 2.258, 0.985, 0.536, and 
0.701 (Table 2), respectively. Although the CaCl2-Cd model 
can well predict the soil corresponding to the quoted data 
pairs, the difference between soils still results in some of 
the prediction model values deviating from the actual value.

To explore the reason why CaCl2-Cd model could not 
well predict CaCl2-Cd concentrations in some soils, we ana-
lyzed soil physical and chemical properties in the references. 
Statistics of the basic physical and chemical properties of 
the soil corresponding to the data pairs (Table S2) found 
that soil CEC, organic matter content, and organic carbon 
were in the range of 5.3–42.5 cmol kg−1, 2.5–52.3 g kg−1, 
and 5.5–65 g kg−1, respectively. Through analysis of the 
basic physical and chemical properties of the soil, which 
were represented by the data pairs inside and outside the 1:1 
line ± 0.5 area of Fig. 2, it was found that CEC and OM had 
no obvious regular characteristics. When the SOC ranged 
from 11.4 to 27 g kg−1, the model can accurately predict 
soil CaCl2-Cd. However, the predictive values of the model 
tended to be greater than the measured values when the SOC 
level was relatively high, while a reverse trend was observed 
under the condition of the relatively low SOC value. Moreo-
ver, the difference between the two values increased with 
SOC because SOC has a negative effect on Cd in soil (Jing 
et al. 2020). SOC affects the mobility and availability of 
metals in soil in two ways. Chelating agents provided by 
organic matter decrease the mobility of metals and humic 
substances with heavy metals, establishing stable complexes 
(Du Laing et al. 2009; Jing et al. 2020). Both contributions 
decrease the extractable metals available for plant absorp-
tion in agricultural soils (Halim et al. 2015; Jing et al. 2020). 
Through a more stringent 1:1 line ± 0.25 area, internal and 
external data pairs were represented by basic physical and 
chemical soils. Among 71 soils with CEC data and 50 soils 
with OM data, 54.93% and 52.50% of the soils can be well 
predicted, respectively. However, there is no regular pattern. 
Combined with SOC, CEC, and OM, the model cannot well 
predict the soil with low SOC or OM, no matter what the 
CEC value is. In conclusion, when the soil SOC is within the 
range of 58.31 ~ 159.10% of the soil SOC in this study, the 
CaCl2-Cd concentration of most soils can be well predicted, 

and CEC and OM have little impact on the prediction results. 
In addition, most of the soils that cannot be well predicted 
belong to the high geological background area with low 
CaCl2-Cd content.

Prediction models for Cd in rice

The CaCl2-Cd model illustrates only Cd availability in soil 
and cannot directly show the Cd contents of rice grains. 
However, many studies have shown that there is a good 
correlation between the contents of Cd in rice grains and 
CaCl2-Cd. Cd contents in rice grains under different soil 
pH are presented in Fig. 3a. Grain-Cd contents declined 
with the increase of soil pH. When soil pH was below 5.5, 
grain-Cd concentrations were lower than the accepted food 
safety standards (0.2 mg kg−1). Figure 3b shows the relation-
ship between CaCl2-Cd and grain-Cd, and R2 was 0.9719 by 
using the linear fitting. Logarithmical transformation was 
conducted based on the linear relationship between grain-Cd 
and CaCl2-Cd in order to directly predict grain-Cd contents, 
and as a result, Eq. (9) was obtained.

where CdG is the concentration of rice grains Cd.
Substituting Eq.  (8) into Eq.  (9) yields the relation-

ship model between grain-Cd, soil total Cd, and soil pH 
(Eq. (10)).

In addition, 122 data pairs for 10 papers (Table S3) were 
obtained through the keywords soil, cadmium, calcium chlo-
ride, and rice search. The purpose is to verify whether the 
prediction model can predict the cadmium content of rice 
in a large area. The total Cd and pH values corresponding 
to 122 data pairs were substituted into Eq. (10) to obtain the 
predicted values of Cd contents in rice grain. The results 
in Fig. 4b show that the prediction results are satisfactory. 
Approximately 95.08% of the data pairs are within the 1:1 
line ± 0.5 unit area, approximately 68.85% of the data pairs 
are within the 1:1 line ± 0.25 unit area (Fig. 4b), and most 
of the data pairs are close to the 1:1 line. For all data pairs, 

(9)log10
(
CdG

)
= 0.3653log10

(
CdSCa

)
− 0.2471

(10)
log10

(
CdG

)
= 0.4627log10

(
CdST

)
− 0.2025pH + 0.5646

Table 2   Quality assessment of 
models. ME—model efficiency; 
MNAE—mean normalized 
average error of the model; 
MNB—mean normalized bias 
of the model; R.2—coefficient 
of determination

Model Data pair range ME MANE MNB R2

CaCl2-Cd model All  − 2.258 0.985 0.536 0.701
within the 1:1 line ± 0.5  − 0.727 0.603 0.376 0.786
within the 1:1 line ± 0.25 0.570 0.364 0.128 0.850

Grain-Cd model All 0.348 0.527 -0.171 0.138
within the 1:1 line ± 0.5 0.382 0.456 -0.144 0.153
within the 1:1 line ± 0.25 0.678 0.250 -0.077 0.541
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the model quality is unsatisfactory, and few data pairs have 
large deviations. ME, MANf, MNB, and R2 are 0.348, 
0.527, − 0.171, and 0.148, respectively (Table 2). However, 
after excluding the data outside the line, the quality of the 
model is relatively optimized and can basically accurately 
predict the Cd contents in rice grains. ME, MANf, MNB, 
and R2 are 0.678, 0.250, − 0.077, and 0.541, respectively 
(Table 2). In summary, the grain-Cd model based on soil 
pH and total Cd can satisfactorily predict Cd concentrations 
in rice grains in some areas. Through the data analysis of the 
cited literature, it is found that the prediction model cannot 
predict grain-Cd in areas with high geological background, 

such as Guangxi Province and Guizhou Province. It may 
be due to the low availability of cadmium in those areas, 
and the content of cadmium that can be transferred by rice 
is less. It cannot be well predicted in other regions, which 
may be caused by the accumulation capacity of rice varieties 
or the addition of passivators. But these data are basically 
within the 1:1 line ± 0.5. Therefore, the prediction model 
may be able to adapt to most areas except those with high 
geological background.

The data pairs in Fig. 4a are from Guo et al. (2018a) in 
Table S3. These data pairs are all within the 1:1 line ± 0.5. 
This article studied the remediation effects of hydrated 

Fig. 3   a Relationships between soil pH and the concentrations of grain-Cd. b Relationships between the concentrations of CaCl2-Cd in soil and 
the concentrations of grain-Cd. The error bars indicate standard deviation (n = 3)

Fig. 4   a Grain-Cd model validation results using reference data from Guo et al. (2018a). b Grain-Cd model validation results using reference 
data from 10 articles; the number of reference data was 122. All data were described as means
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lime (L), hydroxyapatite (H), and organic fertilizer (F) 
on lightly (DY) and moderately (YX) Cd-contaminated 
farmland soils through pot experiments. The two predic-
tion curves in Fig. 4a were obtained by substituting the Cd 
contents of mild and moderate cadmium-contaminated soil 
into (Eq. (10)). The prediction curves had a good correla-
tion with the reported YX data. The R2 between the YX 
Cd-contaminated soil data and the prediction curves was 
0.723. However, the R2 was 0.192 for DY. When the pH is 
lower than 6.0, the DY data pair is far from the prediction 
curve. It may be the application of high doses of organic 
fertilizer (f) reduced soil pH and increased soil CaCl2-Cd. 
Therefore, grain-Cd model can be widely and accurately 
predict the cadmium content in rice grains of most areas, 
especially acidic soil and acidic soil after increasing pH.

Our model takes into account the pH and total soil 
Cd, which greatly simplified model application but dif-
ferences in the surface properties and metal affinities of 
different soils, such as SOC, OM, and clay mineral con-
tents, from being taken into account. Cd concentrations in 
rice grains are mainly affected by soil pH, CEC, organic 
matter, total Cd content, etc., among which, soil pH, and 
total Cd content have a significant impact on Cd uptake 
by rice (Rafiq et al. 2014; Romkens et al. 2011). In most 
literatures (Romkens et al. 2011, 2009; Wen et al. 2020), 
the independent variables in the prediction model of grain-
Cd include soil pH and total Cd content, while other soil 
properties are not necessarily provided. Although soil 
pH and total Cd content are the most important factors, 
other soil properties also affect Cd availability. Li et al. 
(2018) evaluated the influencing factors of Cd content in 
rice grains based on the relative importance of random 
forest (RF) factors. The results showed that in three soil 
types, soil pH was the most important physical and chemi-
cal factor affecting Cd accumulation in rice grains, and 
CEC, clay, OM, and other factors also affected Cd con-
tent in rice grains. Similarly, Yu et al. (2016) evaluated 
the contribution of soil properties to Cd contents in rice 
grains based on random forest (RF) and random gradi-
ent increase (SGB), indicating that soil pH is the most 
important factor, and amorphous iron oxide, CEC, OM, 
and other factors also affect Cd contents in rice grains. 
Therefore, only considering pH and total Cd concentra-
tion in soil and excluding other soil properties may be the 
main reason for the deviation between the predicted value 
of the model and the actual value. However, according to 
the model quality assessment results and the RF results of 
Li et al. (2018) and Yu et al. (2016), the uncertainty of soil 
properties (except soil pH and total cadmium content) has 
little impact on the model prediction results. The model 
may not be valid for soil and rice in some areas, but it can 
be easily adopted based on soil samples collected from 
specific sites or areas.

Risk threshold prediction of soil Cd

The harm from Cd pollution in main crops to human health 
is worrying, especially in rice. A large amount of research 
has been conducted on the Cd pollution of rice, especially 
the use of lime, biochar, and other passivators to treat acidic 
soil to reduce the Cd concentration in rice (Chen et al. 2018; 
Sui et al. 2020). However, the critical threshold for adjusting 
soil pH with different Cd concentrations by applying lime 
and other regulators is still unclear. Figure 5a shows the 
relationship between pH and grain-Cd. Each curve repre-
sents the change in grain-Cd with pH in soils with Cd. For 
soils with Cd concentrations less than 0.3 mg kg−1, if the 
pH value is lower than 5.21, rice may be at risk and needs to 
be screened. For soils with Cd concentrations greater than 
3 mg kg−1, the soil pH is greater than 7.28, and rice may 

Fig. 5   a Relationships between soil pH and the concentrations of 
grain-Cd using the grain-Cd model. b Relationships between soil 
total Cd and the concentrations of grain-Cd using the grain-Cd model
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not be at risk. In addition, to predict grain-Cd risk based on 
soil pH and soil total Cd, the potential risk of grain-Cd was 
calculated by using the rice grain-Cd model and the soil 
environmental quality risk control standard for soil contami-
nation of agricultural land (GB15618-2018). The pH risk 
values of soils with Cd concentrations of 0.3, 0.4, 0.6, 0.8, 
1.5, 2, 3, and 4 mg kg−1 in Fig. 5a are 5.05, 5.33, 5.70, 6.02, 
6.61, 6.89, 7.33, and 7.65, respectively. Figure 5b shows the 
relationship between the soil Cd contents and grain-Cd. Each 
curve represents the change in Cd concentration in soil with 
pH. The Cd risk values of soils with pH 5.5, 6.5, and 7.5 
in Fig. 5b are 0.474, 1.28, and 3.32 mg kg−1, respectively.

A fitting analysis of the data of Chen et al. (2018) found 
that when the soil pH was adjusted to 5.87 in 2017, the Cd 
concentrations of rice grains did not exceed the national 
standard value of 0.2 mg kg−1. Equation (10) was used to 
predict that the soil pH in this article needs to be adjusted to 
approximately 5.84 (Fig. S2). The predicted value was close 
to the calculated value in the paper, within the allowable 
error range. When the total Cd concentration of the soil is 
reduced to 0.38 mg kg−1, the Cd of rice grains will reach the 
national standard (Fig. S2b). For the soil in the paper by Guo 
et al. (2018a), when the pH is increased to 5.93 or the total 
Cd in the soil is reduced to 0.41, the Cd of rice grains will 
meet the national standard (Fig. S2). For dangerous acidic 
soils, the pH value of the soil can be adjusted according 
to the regulator used (such as quicklime, hydrated lime, or 
calcium carbonate). It is also possible to use plant extrac-
tion technology to grow high-yield crops in mines, such as 
southeast sedum, solanum sedum, and sedum, to reduce the 
total Cd concentration in the soil. Both of these techniques 
can be applied to our model to make predictions, accurately 
obtain risk thresholds and achieve precise control.

Conclusion

In this paper, a model of the relationship between total soil 
Cd, pH, and Cd content in rice grains (grain-Cd model) was 
established through indoor simulation and pot experiments. 
The prediction effect of Cd in rice grains in soils with similar 
soil properties is satisfactory, and the quality of the model 
is satisfactory. The model can be applied to most acidic and 
neutral soil environments, and the soil risk can be quickly 
evaluated by obtaining the total soil Cd and soil pH. This 
has considerable advantages in assessing and predicting pH 
thresholds for the risk from Cd pollution in the soil. This can 
enable us to estimate the risk of Cd in rice before rice plant-
ing and propose effective and economical plans for adjusting 
soil pH in risk areas.
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