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The high-dimensional geographic
dataset revealed significant
differences in the migration ability
of cadmium from various sources
in paddy fields

Feng Wang'%*, Yanqiu Zhang'**, Ting Wu*, Lina Wu?, Guoliang Shi? & Yi An***

Cadmium (Cd) contamination in paddy fields and its subsequent transfer in soil-rice systems are

of particular concern. Significant discrepancies exist in the transfer process of Cd pollution sources
from soil to rice. Here, we proposed a novel hybrid framework to reveal the priority of controlling Cd
pollution sources in soil-rice systems, based on a high-dimensional geographical database. We further
defined transfer potential (TP) to describe the ability of Cd from soil to rice (TP'=Cd,/Cd,) and activated
status (TP?=Cd,/Cd,), respectively, to reveal the priority sources of Cd pollution at the regional scale.
The mining source has both high levels of TP and TP?, which should be a controlled priority. Followed
by traffic sources with a higher value of TP', showing the risk to rice rather than the soil. The activated
and enriched capacities of soil Cd are unequal in different sources that we attribute to the disparities
of Cd transport in soil-rice systems. Cd contamination shows a significant spatial heterogeneity due
to the difference in its transport performance. Our findings provide support for designing site-specific
and pollution-targeted control priorities for suitable Cd pollution mitigation strategies at the regional
scale.

Rice is a leading staple food for over half of the world’s population. China’s rice intake (214.19 g/capita/day) has
exceeded the world average (148 g/capita/day) by 45%*. Especially the Yangtze River basin supplies the highest
amount of commercial rice in China due to the abundant water, light, and heat resources*?. With the rapid devel-
opment of industrialization and the intensification of agricultural activities, heavy metal pollution of agricultural
soil and its subsequent transfer to the rice chain has attracted worldwide concern, which has a severe impact on
soil ecosystem function and food security®-°. Heavy metals accumulated in agricultural soils could result in the
degeneration of soil biology and function, and then posed an adverse effect on human health through the food
chain®’, such as arsenic (As), cadmium (Cd), and lead (Pb) could damage neurocognitive ability and vascular
complications, and even cause cancer®’.

In recent decades, there have been many events of cadmium contamination of rice in the Yangtze River
basin, especially in Hunan, which have posed public health risks'®!!. Cd, one of the most toxic heavy metals in
agricultural soils, has been reported as the most serious heavy metal contamination of agricultural land'*". Cd
is a non-essential element for plant growth, however, it is easily absorbed by the roots of crops because of its high
mobility and potential bioavailability among soil elements. Rice is more available to accumulate Cd compared
with other cereals, making it a significant source of human Cd risk!*'*. Thus, it is important to learn about the
sources of Cd pollution that may protect human food safety.

Currently, research on the source appointment of Cd pollution in paddy soil-rice systems has received a boost
from the growing concern about soil ecosystem function and food security. Zou et al.! summarized the significant
natural and anthropogenic sources in China, including mining activities, intensive application of phosphates
fertilizers, and e-waste. In addition, sewage irrigation and acid mine drainage are also sources of cadmium in
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the paddy soil-rice system'®'”. The aforementioned studies focus on soil Cd contamination rather than the Cd

in rice. While the Cd transport and accumulation from soil to rice are complex. Physicochemical characteristics
of soil, soil microorganisms, and the physiological features of rice plants contributed to Cd accumulation in rice
grains, which can be controlled to mitigate activated cadmium and rice cadmium"'*. However, rarely studies
were conducted on the source appointment of activated cadmium and rice cadmium. Therefore, it is essential to
reveal the pollution of activated cadmium and rice cadmium to achieve Cd mitigation.

The conventional cadmium source appointment methods include the isotope natural abundance ratio method
and pollutant discharge inventory method'®*. However, the former method is not suitable for regional-scale
analysis due to its high detection cost and complex interaction among pollutant sources. While the latter is also
limited to lacking human pollution activity data and accurate statistics of emissions from various sources. It is
also difficult to analyze the cadmium transformation process. Recently, receptor models have been gradually
carried out in source apportionment of Cd pollution in soil, such as principal component analysis/multiple
linear regression (PCA/MLR)*?!' and positive matrix factorization (PMF)%*2. Although receptor models have
successfully been used to identify the contribution of pollution sources to Cd in the soils, rarely have investiga-
tions focused on sources of activated cadmium and rice cadmium. Therefore, the identification and control of
pollution sources in soil and rice should be differentiated and targeted.

Paddy plants have been considered strong Cd pollution accumulators®. Cd pollution paddy soil-rice systems
and its successive accumulation in the rice plant have been studied in many research. In the Cd uptake and
accumulation mechanism in the paddy soil-rice system, due to the significant differences in Cd absorption and
translocation process, there is a huge difference between Cd contamination in soil and rice'***. For instance, the
reduction of the physicochemical contents (carbonate and sulfide) of soil can increase the concentration of the Cd
in soil’. In addition, previous studies focused on the source of Cd in soil and the input of total Cd pollution!®%.
However, due to the difference in Cd activity in soil and rice, controlling the soil Cd pollution source may not
be effective in reducing Cd concentration in rice. Priority should be given to the sources with the highest activ-
ity rather than those with the highest total input. To reduce Cd concentration in rice effectively, it is necessary
to consider the differences in Cd activity of different pollution sources in the soil-rice system comprehensively.

Xiangtan County, Hunan Province, is China’s commercial grain production place, of which 80% of farmland
is used for growing rice?. However, a previous study has reported that the average Cd content of rice exceeded the
standard by 88%, and rice consumption accounted for 81% of Cd intake"% Hence, we took Xiangtan County as
the case of a typical Cd pollution area and proposed a novel hybrid framework to reveal the priority of controlling
Cd pollution sources in the paddy soil-rice system. In the framework, the local industry types of enterprises are
classified; then local Cd input flux estimation and PCA-MLR are combined to explore the Cd pollution sources.
Finally, we defined transfer potential (TP) to express the ability of Cd from soil to rice (TP*=Cd,/Cd,) and acti-
vated status (TP*= Cd,/Cd,) and revealed the priority of pollution sources.

Materials and methods

StUdy area. This research is carried out in Xiangtan County (E112°25'-113°03’, N27°20'-28°05’), Hunan
Province in China (Fig. 1). It is lying in Central China and is close to the China East Sea with a subtropical
monsoon climate zone. The annual mean temperature and rainfall are 17.5 °C and 1300 mm, respectively. The
study area is located in the Yangtze River basin which is characterized by abundant water and light. There-
fore, it has been the major rice-producing area partly due to policy support, market demand, and agricultural
development'. However, the cadmium pollution of the paddy soil-rice system in this region was serious as the
exploitation of non-ferrous metal mines and the irrigation pollution of the Xiangjiang River. In addition, the
large population, dense traffic network, and high investment in agricultural production have further exacerbated
cadmium pollution®®. Hence, we select six towns with typical characteristics of serious cadmium pollution” as
the case areas in this study.

Soil and rice sampling and laboratory analysis. A field sampling campaign was conducted during the
rice harvest period, in which a total of 733 pairs of topsoil samples (0-20 cm) and rice samples were collected
(Fig. 1). The rice samples complied with relevant institutional, national, and international guidelines and legisla-
tion, such as Procedural regulations regarding monitoring of pollutants in the produces of agriculture, animal
husbandry and fishery [NY/T 398-2000]. The sampling sites were recorded as a global positioning system (GPS)
and randomly arranged, while the sampling density was proportional to the over-standard rate of cadmium
in the town, ranging from 2.13 to 6.16 sites/km?. Each sampling site was far away from roads, fields, compost
heaps, etc. The sampling sites of rice are corresponding to those of soil samples one by one. All the soil and rice
samples were stored and then immediately transported to the laboratory. The plant material used in our study
complied with relevant institutional, national, and international guidelines and legislation, such as Procedural
regulations regarding monitoring of pollutants in the produces of agriculture, animal husbandry, and fishery
[NY/T 398-2000]%.

Approximately 0.100-0.250 g of soil sample was weighed and then digested in the microwave digester with
the mixed acid solution of HNO;-HF-HCIO, (volume ratio 1:2:1). In terms of rice sample, a 0.250 g sample
was taken into the digestion tank with HNO;-HCIO, (volume ration 9:1), and then digested in the microwave
digester after standing for about 12 h. All soil-rice samples were prepared and analyzed by national standards or
industrial standards. The monitoring indexes and their corresponding detection methods were listed in Table S1.
The soil cadmium (Cd,) and rice cadmium (Cd,) were the concentrations of Cd in soil and rice, respectively. The
activated cadmium (Cd,) was defined as the concentrations of Cd in soil extracted by CaCl, [DB35/T 860-2008].
For dataset quality control, we replaced element measurements greater than 3 standard deviations with the mean
value of it. The monitoring results of soil properties in the study area were provided in Table S2.
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Figure 1. Spatial distribution of monitoring sites in the study area. Pictures were generated by ArcGIS software
10.3; ArcGIS Online.

High-dimensional geographical database. The high-dimensional geographical database consists of
three parts: regional digital maps, environmental monitoring data, and environmental covariate data (Fig. 2).
Thereinto, regional digital maps contain four parts: administrative map, land use map, industrial source distri-
bution map, and river and traffic map. Environmental monitoring data contain six parts: deposition, irrigation,
chemical fertilizer, organic fertilizer, soil, and crop. Soil data contains inorganic elements and heavy metals.
Environmental covariate data contain five parts: industrial characteristic pollutants and emissions, fertilizer dos-
age, irrigation volume, traffic flow, and breeding scale. An industrial source distribution map, deposition, and
industrial characteristic pollutants and emissions are calculated by industrial input flux. River and traffic maps,
deposition, and traffic flow are related to traffic input flux. Land use maps, irrigation, chemical fertilizer, and
organic fertilizer are connected to agricultural input flux. In addition, fertilizer dosage, irrigation volume, and
breeding scale are in connection with chemical fertilizer, irrigation, and organic fertilizer, respectively. The data
of soil, crop, and industrial source distribution are converted to spatial data after data verification, and then the
cross-validation was conducted by multi-interpolations.

The preparation and validation of Kriging interpolation methods. The Kriging interpolation
methods and their key parameters were given in Table S3. The kriging method was used to map the spatial dis-
tribution of element concentrations. Cd, As, Cr, Hg, Cu, P, N, Na, Mo, Mn, Mg, Ca, Al, and Ni are best fit with
simple Kriging method, Pb, Zn, K, Si, Se, Fe, and Ti are best fit with common kriging method. Among Kriging
interpolation method parameters, Nugget/Sill ratio can be traditionally regarded as the criterion to classify the
spatial dependence of soil properties*. For instance, Nugget/Sill ratio >75%, 25-75%, and < 25% represent the
weak, moderate, and strong spatial autocorrelation, respectively. Cd, As, Cr, Zn, Cu et al. had strong spatial
dependence. The accuracy of the interpolation was validated utilizing root mean square error (RMSE). The
RMSE values were all close to 1 and less than 2, suggesting the interpolation in this study was acceptable.

The hybrid framework. Here, we proposed a novel hybrid framework to reveal the priority of controlling
Cd pollution sources in soil-rice systems (Fig. 3). The main process are as follows.

(1) Enterprises information collection and classification

We collect the enterprise names, industry categories, and business scopes in the study area on the web crawler
from China Organization Data Service (https://www.cods.org.cn), to optimize the classification of business cat-
egories. The industry category standard is based on the text of “Industrial Classification for National Economic
Activities” [GB/T 4754-2017]. Therefore, we extract four types of business categories: the mining and smelting
industry, the petrochemical industry, the food processing industry, and the steel industry.

(2) Cd Contaminating enterprise density to estimate Cd input flux
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Figure 2. The high-dimensional geographical database.
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We carried on the kernel density (KD) estimation of the aforementioned four Cd contaminating enterprise
distribution by ArcGIS 10.6%. Therefore, the Cd input flux is estimated:

4
KDy — KDy
Cd Flux = ; [W_K;::n/(k S (Fl”xAtmosphere + FluxRainfull)) (1)
FluxAtmosphere = Cd x Fluxgys (2)
Fluxgainfun = Cd x annual precipitation (3)

where k is the number of the types of business categories, KD is the lattice logarithmic kernel density, KDp;n is
the minimum logarithmic kernel density, KDpax is the maximum logarithmic kernel density, Fluxapmosphere is the
Cd atmospheric flux at the sampling point, Fluxgainfun is the Cd rainfall flux at the sampling point. In addition,
we also calculated the Cd fluxes of livestock (cattle, sheep, pigs, and poultry) and fertilizer utilizing (N, P, K, and
compound fertilizers) in the study area.

(3) PCA-MLR model

The PCA-MLR model used in pollution source appointment started in atmospheric particulate matter®® and
has been broadened to the source analysis of soil and groundwater®'~*. Then, least squares regression* was used
to calculate the principal component scores in all monitoring sites. First, the pollution source analysis is realized
by PCA as the following equation:

Cij = ; Sikij (4)

where i, j, and k are the sample, pollutant specie, and pollution source, respectively; C; is the standardized normal
concentration of all pollutant species. S is the synthetic contribution of the k th source to the i th sample (score
matrix), Ly is the fraction of the j th species in k th source.

Then, MLR was applied to the score matrix to determine the contribution percentage of Cd to each pollution
source. As shown in Eq. (5), the concentration of Cd was set as the dependent variable and the absolute principal
component score (S;) was set as the independent variable:

Cd; = ij SikA 5)

where Cd,; is the standardized concentration of Cd in all samples, A; is the coeflicient of the regression for the k
th pollution source. Finally, the contribution ratio of the soil, activated and rice Cd contents (Cd,, Cd, and Cd,)
to different sources were calculated:

- Zk Ak (6)

where w, was the contribution rate of a certain source.

Wk

Results and discussion
Cd contamination in paddy soil-rice system. Table 1 summarizes the descriptive statistics of soil cad-
mium (Cd,), activated cadmium (Cd,), and rice cadmium (Cd,) in soil-rice systems. The average Cd concentra-
tions in soil and rice are 1.11 and 0.52 mg/kg, respectively. Both of them exceed the national standard limits (GB
15618-2018, GB2762-2017) by 88.8 and 64.8% (Fig. 4). In terms of Cd,, the average concentration is 0.63 mg/kg
exceeding the Cd,, suggesting the severe food risk of rice. We caution that the Cd,/Cd,, as the bioavailability of
Cd in soils, are exceedingly high levels which reached 90.1%. This implies that the Cd, plays a more crucial role
than Cd, in the accumulation of Cd in rice. Our results are in line with a previous study that Cd accumulation is
often controlled by its bioavailability than its total content in the soil to a greater extent!**.

Figure 4 illustrates the cadmium contents in soils (Cd,) and rice (Cd,) based on paired samples of soil and
paddy rice at the sampling site. The concentration of Cd, does not correlate with Cd, the contents of Cd in soils
were up to 1.5 mg/kg, and its concentrations in rice grain were generally below 0.75 mg/kg. This implied that the

Min |Max |Mean | Median | Over standard rate (%)
Cd, (mg/kg) |017 273 111 |0.60 88.80
Cd, (mg/kg) 0.01 4.15 0.52 0.33 64.80
Cd, (mg/kg) 023 [536 [063 |053 -
Cd,/Cd, 0.036 |3.335 | 0.910 |0.851 -

Table 1. The monitoring results of soil cadmium, activated cadmium, and rice cadmium.
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Figure 4. The cadmium contents in soil and rice in the study area. The pie chart showed the exceeding standard
rates of cadmium in soil and rice, respectively.

elevated Cd, levels do not necessarily result in excessive accumulation of Cd,. While 1g(Cd,) increases approxi-
mately linearly with 1g(Cd,) exceeding 0.25, up to 1.5. This suggests that when Cd concentrations are higher in
soil, it is more likely of Cd transfers to rice. Many factors affected the uptake of Cd by rice roots and transloca-
tion and accumulation in grains, such as soil pH, redox potential, and clay minerals'*. Many regression models
have been conducted on the relationship between rice cadmium and soil properties as above?**¢. However, the
ability of rice to absorb and accumulate Cd can differ significantly due to the soil conditions and management
practices at spatial and temporal scales'®. As a result, the nonlinear relationship of Cd; transferred to Cd, and
Cd, is detrimental to designing suitable Cd mitigation strategies in soil-rice systems. Revealing the pollution
sources of soil cadmium, activated cadmium, and rice cadmium in the soil-rice system may benefit Cd control.

Source appointment. To reveal the significant differences in the migration ability of cadmium, we applied
PCA-MLR to identify the specific sources of soil cadmium, activated cadmium, and rice cadmium in the soil-
rice system. Five factors were identified as shown in Fig. 5a. Factor 1 (PC1) was characterized by high levels of
element P, and a positive correlation with K. As we know, phosphate fertilizer and potassium fertilizer are indis-
pensable for the growth of rice’”*®. Therefore, PC1 was assigned to farming sources, especially phosphate ferti-
lizer. Factor 2 (PC2) was correlated strongly with Pb and Zn. Previous studies have reported that brakes, tires,
and lubricating oil contains considerable Pb and Zn**° that are easily released into the ambient and then depos-
ited into the soils. Some studies have confirmed that Pb and Zn are the trace element of traffic emissions*"*2.
Therefore, PC2 was considered as traffic emissions. Factor 3 (PC3) was dominated by high proportions of As,
Hg, and Cu. Traditionally, As and Hg were regarded as an indicator of agricultural activities, including fertiliz-
ers, pesticides, and herbicides*****4. Moreover, As and Cu are usually used as feed additives in livestock diets®*.
Hence, As, Hg and Cu were at high levels in livestock and poultry manure and can be migrated into the soil
during manure applications, as previously reported suggested*®. So, PC3 is identified as an animal husbandry
source. Factor 4 (PC4) was strongly enriched with many heavy elements, such As, Zn, Pb, Hg, etc., which might
be associated with industrial activities*. Previous studies revealed that heavy metal elements mainly originated
from industrial emission such as gold smelting, metal ore mining, smelting, and processing activities, and acid
mine drainage*®*. In our study area, many mining industries and chemical enterprises are all around the main
roads and rivers (Fig. 1). Therefore, F4 was regarded as a mining source. The last Factor 5 (PC5) should be
geological sources attributing to the indication of Se, Mn, Fe, and AI***° which are regarded as the soil parent
materials. In addition, based on the estimation of Cd input flux in the study area, it is found that there are six
main sources of Cd pollution (Fig. S1): mining and smelting industry, petrochemical industry, food processing
industry, steel industry, animal husbandry, and fertilizer use. Thereinto, the mining and smelting industry are
mainly phosphate rock mining, and the petrochemical industry is related to traffic emissions. Therefore, we
grouped the mining and smelting industry and fertilizer use as farming sources. In summary, Cd input flux is
mainly from five main sources which are in line with PCA results.

The identified five factors have a cumulative contribution rate of more than 85% and the contribution of each
pollution source was calculated as shown in Fig. 5b. The mining source is the dominant contributor among the
five sources, which contributed 50.3 +11.1% (Fig. 5¢). It is specifically consistent with the study area was rich in
non-ferrous metal mines. In addition, a previous study reported that cadmium from mining sources was easily
converted into the activated status and further enriched by rice'. Especially in acidic soil, the activated cadmium
affected by mining could account for 40-60%2. Interestingly, the performance of the cadmium transport in soil
from certain sources was not consistent with that of enrichment by rice, such as the traffic sources. As shown in
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Figure 5. The results of PCA, (a) the component matrix of the most important five principal components, (b)
the contribution ratios for different sources, and (c) the mean and range of the contribution ratios of different
sources.

Fig. 5b, cadmium from traffic sources could easily be enriched by rice, rather than transformed into an activated
state. Other research suggested that the cadmium from traffic sources could increase the content of carbonate
Cd in soil, resulting in the decrease of Cd, proportion™. On the other side, leaf tissue also could increase the
proportion of water-soluble Cd in plants®, indicating that cadmium in rice might not transfer from the soil
directly. Furthermore, the contribution ratio of soil cadmium from animal husbandry sources was slightly lower
than that from traffic sources (21.9 vs. 30.1%). However, the contribution ratios of Cd, and Cd, were 1.74 and
8.76%, respectively, indicating the migration ability of animal husbandry sources. Compared with the above three
sources, the contribution ratio of cadmium from the other two sources (farming sources and natural sources)
in the soil can be almost ignored.

Priority source of Cd pollution. As aforementioned, activated and enriched capacities of soil cadmium
from different sources is unequal, suggesting that effective and priority cadmium control measures should tar-
get specific pollution sources. To reveal the priority sources for mitigating Cd pollution, we defined transfer
potential (TP) to describe the ability of Cd from soil to rice (TP*=Cd,/Cd,) and activated status (TP*=Cd,/
Cd,), respectively (Fig. 6). High levels of TP* shows the strong cadmium activities which are easily enriched by
rice highlighting the priority for cutting off the corresponding pollution sources. The value of TP* illustrates the
ability of cadmium to transform into an activated state, showing the risk to the soil rather than the rice. Hence,
both of these two ratios should synthetically be considered for Cd mitigation in the soil-rice system. As shown in
Fig. 6, the mining source has high values of both TP* and TP? which has the highest priority level of control. Our
results are in line with a previous study®!, that industrial activities posed a higher risk both to ecological and
human health. Followed by traffic sources with the high-levels of TP". Then the next is geological sources that
were easy to be transformed into an activated state, and finally, animal husbandry sources and farming sources
that only contributed to the total amount of soil cadmium.

The spatial distribution of Cd contribution. As aforementioned, five factors of soil cadmium activated
cadmium, and rice cadmium in the soil-rice system is based on the whole datasets of Xiangtan County. How-
ever, each town in Xiangtan County has a different industrial layout and different mineral resources®. To control
the source of Cd pollution effectively, we analyzed the spatial distribution of Cd contribution in different towns.
Figure 7 showed significant spatial heterogeneity in soil Cd distribution across the regional scale: cadmium pol-
lution sources of any given type (soil cadmium, activated cadmium, and rice cadmium) are unequally distrib-
uted across locations. Associated underlying reasons are the disparities in the transport performance of Cd from
the same source between the certain town and the overall study region. Roughly, the cadmium from all pollution
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sources, except for the farming sources, showed similar performances to that of the whole study regions in two-
thirds of the towns. However, there were still some discrepancies between some towns with specific sources and
the whole study region. For example, the soil cadmium from animal husbandry sources in YS town was easily
transformed into an activated state and enriched by rice, which was contrary compared to the whole region. A
possible explanation is that different types of livestock manure have various organic matters, especially solubility
and acidity®. The use of livestock manure could bring in a large number of soil soluble substances, which had a
small molecular weight and contained a large number of active substances such as carboxyl and hydroxyl groups,
promoting the increase of soluble Cd concentration>.

Conclusions

In this study, we proposed a novel hybrid framework to reveal significant differences in the migration ability of
cadmium from various sources, and then to reveal the priority of controlling Cd pollution sources in soil-rice
systems based on a high-dimensional geographical database. Firstly, the industry types of enterprises and the
estimated Cd input flux are summarized in the high-dimensional geographical database. Then, based on the soil
property, Principal component analysis is used to reveal the pollution sources of cadmium in soil, activated state,
and rice, including farming sources, traffic sources, animal husbandry sources, mining source, and geological
sources. To quantify the contribution of different Cd pollution sources, the estimated Cd input flux combined
with PCA results was applied to estimate the contributions by the MLR method. Thereinto, the mining source
is the dominant contributor among the five sources, accounting for 50.3 +11.1%. The difference in Cd contribu-
tion ratios from various sources indicated the significant disparities in the transport capacity of cadmium in the
soil-rice system. The unequal activated and enriched capacities of soil cadmium from different sources suggest
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that effective and priority cadmium control measures should target specific pollution sources. Finally, to reveal
the priority sources for mitigating Cd pollution, we defined transfer potential (TP) to express the ability of Cd
from soil to rice (TP'=Cd,/Cd,) and activated status (TP*=Cd,/Cd,). The mining source has both high levels of
TP"and TP? which were more easily activated and enriched by rice that should be controlled priority. Followed
by traffic sources with a higher value of TP, showing the risk to rice rather than the soil. In addition, Cadmium
contamination shows a significant spatial heterogeneity at the regional scale that we attribute to the difference
in Cd transport performance in different sources. The experience gained in our study can help inform efforts to
control cadmium contamination at a regional scale that is undergoing significant food safety risks.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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