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• Fertilizers impede the soil-to-plant mi-
gration of Se in the adjacent soil rhizo-
sphere.

• Climate conditions, soil properties are
the key factors influencing the spatial
distribution of soil Se.

• The bioavailability of Se levels in plants
should be noticed to prevent
underestimating the potential risk of Se
deficiency under applying conventional
fertilizers.
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In agricultural lands with selenium (Se) deficiency, bioavailability of Se in plants is low. Residents from large-
scale agricultural production areaswith Se deficiency often suffer fromendemic diseases because of consumption
of agricultural products lacking in Se. One such area in Northeast China where Keshan disease and Kashin–Beck
disease originated, was selected for investigating the geochemistry, influencing factors, and risks of Se in the
agroecosystems. Analysis of field samples indicates that the Se deficiency in soil is significantly reduced com-
pared with that of several decades ago, and 62.6% of soils are now Se-sufficient in the southern Songnen Plain.
However, Se in crop products remains low due toweak soil-plant transfer, resulting in high risks of Se deficiency
related diseases in the rural population of this area. Structural equation modeling, principal component analysis,
and other statistical analyses revealed that climate conditions and soil physical and chemical properties are the
key factors influencing the spatial distribution of soil Se. Extensive use of agricultural fertilizersmay indirectly in-
hibit the migration of Se from soil to plants. Ensuring sufficient Se contents in agricultural products to meet the
minimum daily requirements of residents remains a challenge in Se-deficient areas, especially in the increased
agricultural production environment in China.

© 2020 Elsevier B.V. All rights reserved.
Chinese Academy of Sciences,

.

1. Introduction

Selenium (Se) is an essential, two-sided micronutrient for human
health. Selenium is closely related to the physiological functions of the
human body, and a lack of Se can lead to a variety of diseases (Amaral
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et al., 2008; Hao et al., 2016). Se plays essential roles in energy metabo-
lism and gene expression (Zhang et al., 2014). There are two main
kinds of Se, i.e., those containing amino acids and those containing
proteins (Bailey, 2016). Se occurs as an essential micronutrient in
the form of selenoproteins, selenocysteine, and selenomethionine,
which influence important biological functions, such as free radical
metabolism, immune function, and apoptosis (Clark et al., 1996;
Rayman, 2000; Taylor et al., 2009). Se deficiency is thought to be re-
sponsible for the widespread prevalence of cardiomyopathy, which
is widely linked to a Se intake of <10 μg/day (Dinh et al., 2018). An
insufficient Se intake in humans is also linked to Keshan disease
(KD) and Kashin–Beck disease (KBD) (Fordyce, 2005; Shi et al.,
2016). KD is an endemic disease mainly caused by cardiomyopathy,
and KBD is a local chronic symmetric osteoarthropathy (Yao et al.,
2011; Zhang et al., 2014). Se mainly exists in organisms in the form
of organic Se compounds (Borella et al., 1996), and protects tissues
from oxidative damage by increasing the activity of Se proteins on
the whole (Rayman, 2000; Yiyong et al., 2002). In addition, environ-
mental geological studies have shown that the incidence andmortal-
ity of tumors are negatively correlated with the geographical
distribution of Se (Alloway, 1995). Symptoms of cognitive impairment
may show up in people with chronic Se deficiency and the incidence
and mortality of tumors in low-Se areas are higher, and the Se levels in
tumor patients are lower than those in healthy people. When Se intake
is insufficient, the brain is the last organ to show a decrease in Se concen-
tration, and chronic Se deficiency can lead to cognitive impairment (Hao
et al., 2016; Steinbrenner and Sies, 2009).

The Se level in the humanpopulation depends on long-termdaily in-
take, as soil is not only themain source of Se in crops, but also influences
the total amount of Se accumulated in humans through the food chain
(Antoniadis et al., 2017; Dinh et al., 2019; Zhang et al., 2014). However,
the spatial distribution of Se in soil is heterogenous and variable. Glob-
ally, it predominantly ranges from 0.01–2.0 mg/kg, with a mean value
of 0.4 mg/kg; however, soil Se can reach up to 1200mg/kg in high geo-
logical background areas (Dinh et al., 2018). In China, Se is typically de-
ficient in surface soils, and approximately 51% of soil is estimated to be
below or close to the deficient level (0.125 mg/kg) (Dinh et al., 2018,
2017, 2019). Minimum and maximum Se concentrations and Se fluxes
have been reported previously in different environmental media in
China (Zhu et al., 2004, 2008). Se-deficient areas primarily include the
low-Se geological belt that extends from thenortheastern to southwest-
ern regions of China, including northeast China, the Taihang mountain
ranges, the Qinling mountain ranges, the Loess Plateau, and the eastern
region of the Tibetan plateau, where Se contents in soils are
<0.125 mg/kg (Chen, 2012; Li et al., 2012; Panchal et al., 2017; Yao
et al., 2011). However, endemic selenosis also occurs in areas with a
high Se concentration in the soil derived from locally Se-rich parentma-
terial (Li et al., 2012; Zhu et al., 2004), such as Enshi in Hubei province
and Ziyang in Shaanxi province, where soil Se contents are as high as
79.08 mg/kg and 36.69 mg/kg (with means of 27.81 mg/kg and
17.29 mg/kg), respectively (Tian et al., 2016; Yuan et al., 2012). Re-
search conducted in varying Se level areas has indicated that the con-
tent, distribution, bioavailability, and ecological effects of Se in China
are complicated (Chang et al., 2019; Zhuang et al., 2009). As such, it is
difficult to assess the health risks associated with Se deficiency and tox-
icity. Existing studies on the response of the Se concentration in soil to
environmental factors mainly focus on natural environmental factors
and the anthropogenic inputs by mining and smelting industries
(Barron et al., 2012; Blazina et al., 2014; Dinh et al., 2019; Fakour
et al., 2016). The patterns of soil-plant Se dynamics over China's major
agricultural production regions may be site-specific because of the var-
ious climate conditions and distinctive fertilizer usage (Dinh et al.,
2017). Currently, only a few studies have paid attention to Se in the ag-
ricultural ecosystem, especially in areas that were once at a high risk of
Se deficiency which increased the risk of various endemic diseases,
such as KD and KBD, and weakened the antagonistic effect of Se
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and other toxic substances, increasing the risk of exposure to other
harmful substances in the human body (Dinh et al., 2019; Garcia
et al., 2013).

Endemic diseases (KD and KBD) exhibit high prevalence in the
southern Songnen Plain, which belongs to the low-Se geological belt
straddling the Se-deficient and Se-marginal areas in Northeast China
and is where KD originated. With the highest grain output in the
world for 10 consecutive years, China's grain output is now close to
664 million tons, which is approximately 24.4% of the total global
grain output. Besides, Heilongjiang province is China's largest province
in terms of grain yields and cultivated areas (for the seventh consecu-
tive year), contributing approximately 11% and 9.7%, respectively
(National Bureau of Statistics of China, 2020). The southern Songnen
Plain accounts for 48% of Heilongjiang's total grain outputs. To date,
the problem of health risks in “quondam” Se-deficient areas after the
implementation of numerous corrective measures has received scant
attention from researchers (González-Morales et al., 2017; Harris
et al., 2014; Jones et al., 2017; Tan et al., 2002). In order to explore the
current status and the associated health risks of Se deficiency in
China's most important grain production base, we performed field ex-
periments and statistical analyses of Se in soil and crops. Hence, the ob-
jectives of this studywere to: (1) assesswhether the Se level is elevated
in typical areas; (2) discriminate and quantify factors and causes that af-
fect the Se levels, and; (3) assess the health risks of direct consumption
of locally grown food.

2. Materials and methods

Detailed information of the sampling site, samplingmethods, analyt-
ical method, statistical analysis, etc. in this study is provided in the
Supporting Information (SI Materials and methods).

2.1. Sampling and analytical methods

A total of 20,929 surface soil samples (to approximately 0–20 cm
depth) and 1440 deep soil samples (to approximately 200 cm depth)
were collected from the southern Songnen Plain between 2010 to
2013 (Fig. 1). Additionally, 36 corn kernel (Zeamays L.) samples, includ-
ing the corresponding rhizosphere soils, were collected from cropland
in Gannan County, located in the northwest of the Songnen Plain
(Fig. 1).

After the soil was air-dried and passed through a 200-mesh sieve, a
50-mg aliquot was digested with a mixture of HF, HNO3, and HClO4 at a
ratio of 5:5:1 and heated at 180 °C until the solution became transpar-
ent. X-ray fluorescence spectroscopy (XRF) was used to detect CaO,
K2O, MgO, Na2O, Al2O3, TiO2, Fe2O3, MnO, B, P, Zn, Cu, Cr, Ni, and Pb in
the obtained solutions, whereas inductively coupled plasmamass spec-
trometry (ICP-MS) was used to analyze Mo, Co, and Cd. Hg and Se were
determined via atomic fluorescence spectrometry (AFS). The
detection limit of Ca, Mg, Fe, Hg, Co, Pb, and Cdwas<0.1 μg/L, the detec-
tion limit of K, Na, Al, Zn, Cu, Cr, Mn, and Ni was 0.1 μg/L, the detection
limit of P was 1 μg/L, and that of Se was 0.01 μg/L.

For Se analysis in soil and corn kernel, a mixture of HNO3 and HClO4

(5:1) was added and heated at 180 °C until the solution became trans-
parent. This mixture was used for the detection of Se and As via hydride
generation atomic fluorescence spectrometry (HG-AFS) (Boyle, 1981;
Page et al., 1982) with a detection limit of 0.01 μg/L. The soil As content
in the study area was also tested by a method similar to Se (Lin et al.,
2020). The pH and organic matter (OM) content of the soil samples
were determined by the glass electrode method and titration method,
respectively (Ahmad et al., 2017). A standard extracting solution
method from US-EPA (1986) was used to determine the cation ex-
change capacity (CEC) of the soil. Total organic C (TOC) was measured
with an elemental analyzer (Euro Vector) (Wang et al., 2003). Sulfur
and N were determined via dry combustion (at 1350 °C) with a LECO



Fig. 1. (a) Location of the study area in China, and the distribution of soil Se in (b) Songnen Plain and (c) Gannan county.
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CNS-2000 analyzer. SiO2 was determined via XRF analysis (Hönicke
et al., 2012).

In this study, the availability of elements/compounds in the soil-
plant system was determined for ammonium ion (NH4+), Olsen P (A-
P), available K (A-K), available B (A-B), available Mo (A-Mo), available
Cu (A-Cu), available Fe (A-Fe), available S (A-S), and available Zn (A-
Zn), following the method of LY/T 1210-1275 (Administration, 1999).
Se fractions in soil have been classified into water-soluble Se (SOL-Se),
ion-exchangeable Se (EXC-Se), organic Se (OM-Se), carbonate Se, and
residual Se fractions. Apart from some fulvic acid bound Se (FA-Se)
with low-molecular-weight forms of OM-Se, water-soluble Se, ion-
exchange Se and carbonate Se are defined as bioavailable Se in soil in
3

the existing studies (Dinh et al., 2019; Gao et al., 2011). Se speciation
and availability in soils were determined with the procedures are sup-
plied in SI 1.

2.2. Statistical analysis

In this study, all soil data collected in Gannan County, including cli-
mate, biotic, and edaphic characteristics, were subjected to Box–Cox
transformation to meet the assumptions of normality by R program-
ming software (Supporting Information; SI 2). Based on the Pearson
correlation analysis, we then established a structural equation model
of climate (precipitation, temperature, near surface evaporation
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[NSE]), nutrient element contents (N/P/K/S), soil Mn/Fe/Al, soil proper-
ties, and soil Se, which are all important factors affecting the Se concen-
tration in soil (Antoniadis et al., 2017; Dinh et al., 2018, 2019; Ham and
Tamiya, 2006;Muller et al., 2012; Shaheen et al., 2018). Then, a principal
component analysis (PCA) was performed to obtain multivariate func-
tional indices representing the impacts of these factors on soil Se con-
centrations (more details are provided in the Supporting Information
Table S2). All indexes were standardized into Z-scores. To make the
datamore convenient for later analysis, we removed the union set of ab-
normal data (106/2151) from theGannan region according to the three-
sigma rule prior to modeling. Then, structural equation modeling was
developed from the conceptual model using χ2 tests with maximum
likelihood estimation. Model fitting was performed using SPSS 21.0
and Amos software 21.0. We used p-values (>0.05), χ2 values, and de-
grees of freedom (df) as criteria to evaluate the structural equation
modeling fit. In path network analysis, the standardized path coefficient
(β, where values closer to 1 represent a stronger influence) represents
the direct effect of one variable on another; the indirect effect
(e.g., where one variable affects another variable, which in turn affects
a third) was calculated by multiplying each associated β value (Wang
et al., 2019).

2.3. Index of health risk assessment

To estimate the human exposure risk of Se through daily diet, the
probable daily intake (PDI) was calculated for the adult population of
the southern Songnen Plain using the following equation:

PDI ¼
X

Ci � IRi
� �

=bw;

where C is the total Se concentration of the exposed medium (mg/kg);
IR is the intake rate (the rate of ingestion or inhalation), and i is the in-
take of a potential daily diet derived from the results of Chen et al.
(2011) and corn kernel samples collected in this study.

3. Results and discussion

3.1. Se characteristics of soil in the southern Songnen Plain

Selenium in topsoil (0–20 cm) of the southern Songnen Plain varied
from 0.01–1.14 mg/kg, with an arithmetic average of 0.29 mg/kg and a
coefficient of variation of 38%. The average value is clearly lower than
the national average (0.4mg/kg); however, it is 15% higher than that re-
ported byHe andZheng (2008) for the same area, suggesting that the Se
content in the surface soil of the southern Songnen Plain has increased
slightly over the last decade (Table S1).

Four classes of soil Se were previously defined by Tan et al. (2002)
based on the soil Se content, namely, Se-deficient (<0.125 mg/kg), Se-
marginal (0.125–0.175 mg/kg), Se-sufficient (0.176–0.4 mg/kg), and
Se-rich (>0.4 mg/kg). As shown in Fig. 1, the areas in the southern
Songnen Plain were predominantly Se-sufficient (62.60% of total area),
followed by Se-marginal (17.55%), Se-deficient (16.89%), and Se-rich
(2.96%). In the southern Songnen Plain of the studied area, the distribu-
tion of Se in the topsoil has obvious aggregations, as shown in Fig. 1b.
The aggregation of the “cold spot” with Se-deficient areas mainly ap-
pears around Qiqihar and Daqing, where there has been a focus on in-
dustrial development over the past several decades. Conversely,
similar to the densely populated cities, the soil Se level of Harbin and
Suihua is Se-sufficient. Furthermore, the soil of other non-populated
township areas generally exhibited Se-sufficient or even Se-rich charac-
teristics. In addition, most of the Se-marginal areas are in the northern
part of the study area, on the edge of the “cold spot”, which usually
play the role of buffer zone between Se-sufficient areas and
Se-deficient areas. The cause of this uneven distribution is the Se
supplementation during the agricultural planting process, whereas the
4

area inwhich the “cold spot” is located has a less obvious uneven Se dis-
tribution due to long-term industrial production. A low level of Se (av-
erage 0.112 mg/kg) caused by geological factors was retained in the
deep soil (Fig. S1). There was a weak spatial correlation between the
surface soil Se level and the deep soil Se level. The deep soil Se content
in Suihua and other areas in Harbin was at a medium level with a rela-
tively high Se level in the deep soil. This indicated that the Se level of the
surface soil ismainly determined by external factors in addition to its in-
heritance from the original soil Se level.

As a major grain production base in northeast China, the southern
Songnen Plain may be affected by agricultural production, and the con-
tent of the surface soil Se in the southern Songnen Plain is higher than
the average content of the whole Heilongjiang province (0.147 mg/kg)
(Xu et al., 2016), which is similar to the average value of soil Se in the
adjacent Jilin province (0.2 mg/kg) (Fu et al., 2014). Compared with
the other main grain production areas worldwide, the risk of a low-Se
level in the cultivated soil on the Songnen Plain limits the development
of a high-quality agricultural industry, despite the considerable scale of
the grain yield in the south of the Songnen Plain. Except for several large
grain-producing areas with relatively weak agricultural technologies
(e.g., Romania (Tamás, 2015) and West Siberia (Aleksandrovskaia
et al., 2020)), the soil surface Se content in the major grain-producing
areas of developed countries (such as southern Scotland (Fordyce,
2013) and the central United States (Fordyce et al., 2009)) has reached
a Se-rich level.

The ratio of the Se content of the surface soil to that of the parent
material was close to 1.8–2.9 in southern Songnen Plain soil, whereas
the average total Se of the deep soil (at a 200-cm depth) was less
than that of the C-layer soil in Eastern China with an average of
0.1 mg/kg generally (National Bureau of Statistics China, 2010). The
similar Se content distribution in vertical soil profiles did not appear
in other areas (Xueqi et al., 2012), such as Yaoxian and Chuxiong,
where the surface soil is Se-deficient or Se-marginal, suggesting
that Se has obvious surface aggregation characteristics in the soil of
the Songnen Plain (Dinh et al., 2018). However, according to the rel-
evant dry subsidence study of the Songnen Plain, the amount of Se in
the atmospheric dry subsidence in the study area cannot primarily
explain the distribution characteristics in the soil profile indicating
that the soil is greatly affected by anthropogenic inputs (Xueqi
et al., 2012; Yang et al., 2019). In addition to inheriting the parent
material, it is also possible that imports from other sources have
played a crucial role in the surface aggregation of soil Se on the
southern Songnen Plain in recent years (Xueqi et al., 2012).

Interestingly, at the northern edge of the study area (Fuyu County
and Gannan County), a small amount of Se-rich surface soil is distrib-
uted in about 845.6 km2. Previous studies on the soil profile in the
Songnen area speculated that there is a large amount of Se (up to
1.86 mg/kg) bound with OM materials in the Upper Carboniferous
black slate, sandy and other sedimentary rocks rich in organic material
under the soil with thinner soil systems developed (<50 cm) (Li,
2017). It indicates that most of the area is covered by quaternary sedi-
ments poor in Se, with a Se content as low as the parent soil, thus lead-
ing to a lack of Se supply from deep rocks for most of the surface soil.
This may partly explain the present situation of Se in the Songnen
Plain top soil.

3.2. Se speciation in soils

Bioavailability, despite being used widely in the literature, is a
concept that has not been defined generically (Dinh et al., 2019). Se
in soil mainly exists in four different oxidation states, namely, Se
(II), Se (0), Se (IV), and Se (VI) (Stasinakis and Thomaidis, 2010).
Se (IV) is less soluble and bioavailable than Se (VI) (Peng et al.,
2016). Thus, bioavailable Se is defined as the freely available Se
transported from soil to the cellular membrane of a plant (Dinh
et al., 2019). The concentration of bioavailable Se obtained from
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the samples collected in the present study ranged from
0.001–0.049 mg/kg, with an average of 0.00928 mg/kg. The propor-
tion of the bioavailable Se to the total Se ranged from 1.92–38.7%,
with a mean of 4.7%, which was lower than that determined in previ-
ous studies (Jia et al., 2018; Xu et al., 2018) (Fig. 2). Se species
strongly bound with organic compounds accounted for the largest
proportion of the total Se (approximately 24.37–56.25%), followed
by humic substance-bound Se (HA-Se), which accounted for
18.21–52.12%. HA-Se in soil is stable and does not easily decompose
(Dinh et al., 2017; Supriatin et al., 2015). Therefore, Se in soil of the
southern Songnen Plain may not be readily absorbed by plants.
(a)

(c)

(e)

Fig. 2. (a) Correlation between water-soluble Se and total Se in soil, (b) correlation between ion-e
(d) correlation between humic acid Se and total Se in soil, (e) correlation between strong organic
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Fig. 2 shows the relationship between the total Se content and the
water-soluble Se content in soils indicating a significantly positive
relationship between these two factors (r= 0.47, p < 0.01) and sug-
gesting that the total Se content in soil is one of the determining fac-
tors of the soluble Se content in soil. Hence, total Se in soil of the
studied area can be used to evaluate the Se bioavailability in soil,
which plays an important role in controlling Se concentrations in
plants (Dinh et al., 2018).

Fig. 3 shows that the available Se content in the soil increased with
an increase in the total Se content. When the total Se content was
>0.05 mg/kg, the ratio of the available Se to the total Se was
                  (b) 

                  (d) 

                  (f) 

xchangeable Se and total Se in soil, (c) correlation between carbonate Se and total Se in soil,
Se and total Se in soil, and (f) correlation between residual Se and total Se in soil (n=266).



(a)                   (b) 

Fig. 3. (a) Correlation between bioavailable Se and total Se in soil, and (b) correlation between the proportion of bioavailable Se/total Se and total Se (n = 266).
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approximately stable at 4.7%. When the total Se content increased from
0.05 to 0.2 mg/kg, the ratio increased rapidly with the decreasing total
Se content (Wang et al., 2017). This result may be explained by the
fact that the content of the bioavailable Se in soil is not affected only
by the total Se.

3.3. Impact of soil properties on Se in soil

The soil Se distribution can be affected by different chemical pro-
cesses, such as pH, redox potential, OM content, and the presence of
other competitive ions (Dinh et al., 2018). Parent materials also have a
primary effect on the Se content of the top soil, apart from inputs by
human activities, especially in Se-toxic areas (Fordyce et al., 2000;
Hartikainen, 2005; Wang et al., 2017; Wang and Gao, 2001).

3.3.1. Effects of total organic carbon (TOC) on Se content
Soil organic compounds have two contrasting effects on Se mobility

and bioavailability in soil (Dinh et al., 2017) and play a key role in regu-
lating the bioavailability of Se. To some extent, TOC has a large specific
surface area and a strong chelating ability (Fakour et al., 2016). The
structures and characteristics of TOC determine its effect on Se bioavail-
ability (Supriatin et al., 2016). Wang and Gao (2001) observed a nega-
tive correlation between TOC and Se bioavailability in 16 different
soils in China with various physicochemical properties. In contrast, Se
bioavailability is promoted under low pH and high OM conditions
(Dinh et al., 2017, 2019; Sharma et al., 2015). This dual effect of soil
TOC on Se availability is due to the fact that high-molecular-weight or-
ganic acids chelate with Se in soils, reducing its mobility, whereas low-
molecular-weight organic acids can dissolve and release Se that is
immobilized onto the soil solid phases (Coppin et al., 2006; Dinh et al.,
2018, 2017, 2019; Sharma et al., 2015).

As shown in Fig. 4, except for HA-Se, the ratio of the HA-Se concen-
tration to total Se increased with increases in the pH. The influence of
pH on the Se content differed for the Se content in different fractions,
which are regarded as the bioavailable Se, in the following order: SOL-
Se > carbonate Se > ion-exchange Se. Previous studies on the dominant
soil types in China have demonstrated that pH has a negative effect on
Se adsorption in soil, i.e., Se adsorption decreases with increasing pH
(Li et al., 2016; Wang et al., 2017). As the main type of bioavailable Se,
SOL-Se is themost mobile fraction and can be easily absorbed by plants
(Kamei-Ishikawa et al., 2007). However, HA-Se, which is stable, difficult
to decompose easily, and has a negative linear dependence on pH
(Kamei-Ishikawa et al., 2007), wasdetectedmore in acid soils than in al-
kaline soils. Indeed, Se bioavailability was reduced under low pH and
high humic acid conditions (Dinh et al., 2017). Compared with HA-Se,
the various bioavailable forms of Se showed a similar downward trend
with the increase of TOC. The HA-Se content showed a stable or fluctu-
ating trend with the increase of TOC in soil (Fig. 4g and h). The results
indicated that TOC had a negative impact on the bioavailability of soil
6

Se on the southern Songnen Plain, while there was no obvious correla-
tion between HA-Se and TOC.

3.3.2. Effects of phosphorus (P) and manganese (Mn) on Se content
In this study, the soil sampleswere divided into four types according

to the soil types (saline-alkali, alluvial, paddy, and chestnut soils), all of
which can be classified in the neutral to alkaline soil range. The Se con-
tents in the samples exhibited a positively linear relationshipwith the P
contentswith awide range of values (Fig. 5). The increase in soil Sewith
the increase of P was the most rapid in the saline-alkali soil (Fig. 5a),
followed by the chestnut soil and the alluvial soil (Fig. 5b and d). The
P content in the paddy soil was 2–3 times higher than that in the
other three soil types, which ranged between 500 and 1500 mg/kg
(Fig. 5). Inorganic P in soil accounts for 50–80% of the total P content,
and the majority exists as slightly soluble compounds (Hinsinger,
2001; Mader et al., 2002). In neutral and alkaline soils, the main inor-
ganic P is calcium ormagnesium phosphates, with the former occurring
in larger amounts than the latter (Hinsinger, 2001). Calcium phosphate
(phospholimestone) readily adsorbs Se (IV), but absorbs minimal Se
(VI) (Dinh et al., 2018). The observed increase in soil Se with P concen-
trations may be attributed to phosphate conversion. Phosphate can in-
fluence Se sorption on the soil surface since orthophosphate anions
are able to readily displace the sorbed Se from the clay mineral and
OM surface and compete with Se for inner surface complexation sites
on the soil surfaces (Alloway, 1995). The presence of phosphatemay de-
crease the Se sorption on the soil surface and increase the Se concentra-
tion in the soil solution (Dinh et al., 2018). Excessive application of P in
agricultural soils may inhibit Se accumulation in plant roots with lower
selenite levels, but not in those with higher selenite levels (Hinsinger,
2001). Another source of uncertainty is that the phosphate fertilizer ap-
plied to agricultural land at the same time acts as the external input
source of soil Se. Previous conditional control experiments revealed
that differences in the Se content were influenced by P rates in the soil
but exhibited no significant correlation (positive or negative), although
the relationship was statistically significant at different Se levels (Fang
et al., 2003; Huang et al., 2017; Sharma et al., 2015).

Due to their extensive chelating ability and specific surface area,Mn/
Fe/Al oxides also play key roles in the adsorption process (Muller et al.,
2012). Fig. 6 provides anoverviewof a linear correlation between soil Se
of weak alkali-alkaline soil or oxidized soil and their MnO content. The
soil Se content increases with increasingMnO content, exhibiting a sig-
nificant linear relationship. Fe/Al/Mn oxides are regarded as the major
factors affecting the adsorption process because of their extensive che-
lating ability and specific surface area (Dinh et al., 2019). Some fractions
in the soil, such as amorphous material Se, carbonate-bound Se, FA-Se,
and Mn/Fe/Al oxide-Se, are defined as potentially bioavailable Se at
any given moment in soil, which can be exposed to a reversible pool
or the plant roots under certain conditions (Dinh et al., 2019). In con-
trast, amorphous iron hydroxide is able to bind with Se, indicating



(a)                 (b) 

(c)                  (d)

(e)                 (f)

(g)                                    (h) 

Fig. 4. Correlations between pH, total organic carbon (TOC), and bioavailable fractions of soil Se in different fractions (n = 266).
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(a) (b) 

(c) (d) 

Fig. 5. Correlation between P and total Se in different soil types, (a) saline-alkali soil, (b) alluvial soil, (c) paddy soil, and (d) chestnut soil.
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that Se bioavailability is reduced in the 18 types of Chinese soils (Feng
et al., 2016).
3.4. Principal component analysis with respect to total Se and influencing
factors

In order to explore the factors influencing the Se content in crops in
the southern Songnen Plain, corn (Zea mays L.) (Table S3) was sampled
from Gannan County, which has a typical agricultural economy, and
whose input of Se is the lowest of all regions of the southern Songnen
Plain (Xueqi et al., 2012). PCA was conducted with respect to total Se
and other trace elements to identify the possible sources of soil total
Se. According to their eigenvalues (>1), the first three principal compo-
nents, accounting for 59.71% (PC1), 16.89% (PC2), and 8.21% (PC3) of
the total variance, respectively, were retained for further analysis as
they explained a cumulative variance of 84.81% (Fig. 7).

PC1was characterized by a combined source of atmospheric deposi-
tion and vehicle emissions. Trace metals with high loadings in the same
principal component were assumed to share a similar origin. Cu, Cr, Ni,
Co, Zn, Pb, As, and Mn had positive loadings on PC1. As the studied area
is located in the most active sandstorm area of China, atmospheric de-
position is still deemed a potential source of Pb, As, andNi in agricultural
soils (Gupta et al., 2014; Hou et al., 2014; Tian et al., 2016). Moreover,
Cu-Zn-Pb pollution was attributed to vehicle emissions (Sun et al.,
2013). Additionally, Zn and Cu may be added to the local cattle diet to
enhance the immunity of livestock (Sun et al., 2013). The existence of
Cr in PC1 also testifies to the characteristics of source input of atmo-
spheric deposition, which is derived from mixed sources, including
phosphate fertilizers, sewage sludge, and atmosphere deposition in ag-
ricultural land in England (Nicholson et al., 2003).
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PC2 exhibits a strongly positive correlation with Hg and Se (Fig. 7).
The coexistence of Se and Hg in various organisms and ecosystems
has been recognized in previous research (Dinh et al., 2018; Terry
et al., 2000; Zhang et al., 2014), whose binding affinity (1045) is onemil-
lion times higher than the binding affinity (1039) of mercury sulfide
(HgS) (Khan and Wang, 2009). Furthermore, during the interaction of
Se and Hg, metabolically inert HgSe precipitates are formed, which
have a substantially lower solubility (10−58 to 10−65) than HgS and a
negative influence on the Se absorption of crops from soil (Zhang
et al., 2014). For the corn crops in the studied area, a positive correlation
was observed between Hg concentrations and Se concentrations in cul-
tivated soil near the corn sample (R2=0.52, p<0.01; log-transformed)
and in the corn root soil (R2 = 0.75, p < 0.01; log-transformed). How-
ever, no similar correlation was observed for the edible part of the
corn, indicating that insoluble Hg-Se complexes are produced in the rhi-
zosphere and/or root, which is consistent with the results for rice paddy
ecosystems in Hg-contaminated areas from a previous study (Zhang
et al., 2014). The results are similar to those of a previous study
(Fig. 7) (Sun et al., 2013).

PC3 is primarily characterized by Cd and Mo (Fig. 7), which have
similar sources in farmland. Chemical fertilizer applications lead to the
inputs of Cd and Mo into agricultural soil and these elements can be at-
mospherically deposited onto farmland soil from coal burning residues
generated by industrial facilities around the research area (Cabrerizo
et al., 2020; Shao et al., 2013). Therefore, PC3 mainly represents coal
combustion and fertilizer sources.

The results of PCA based on Se and soil physicochemical properties
are shown in Fig. 8, which indicate a cumulative variance of 78.54% for
the first four principal components, with values of 33.28%, 20.41%,
13.52%, and 11.34% for PC1, PC2, PC3, and PC4, respectively. PC1 was
positively related to total Se, soil organic C (Corg), available S (A-S),



(a) (b) 

(c) (d) 

Fig. 6. Correlation between MnO and Se concentrations in different types of soil: (a) chestnut soil, (b) aeolian sandy soil, (c) saline-alkali soil, and (d) alluvial soil.
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available K, and the CEC,which exerted an adverse effect on A-Zn andA-
B (Fig. S3). It is well known that Se is chemically similar to S, and that Se
(VI) enters plants via sulfate transporters (Cherian et al., 2012; Golob
et al., 2016; Terry et al., 2000). As shown in Fig. 4, although the ratio
of the HA-Se concentration to total-Se increased with decreases in the
pH, the same trend was not observed with variations of TOC, which is
in contrast to some previous studies (Dinh et al., 2019; Sharma et al.,
2015). Moreover, OM exhibits dual effects on Se accumulation and
availability due to the presence of different molecular weight organic
acids in the soil (Dinh et al., 2018, 2019).

The application of S is not conducive to the absorption of Se by plants
(Harris et al., 2014; Hopper and Parker, 1999). Thus, the application of S
fertilizer for the regulation of bioavailability and biofortification of Se
should take into consideration the following factors: Se species in
soils, applicationmanagement, and soil environmental factors. The pos-
itive correlation between A-K and A-B in PC1 indicates that A-K and A-B
have an effect on the Se content of crops by promoting the development
of plant roots and increasing crop biomass. After the field study, it was
found that locally mixed fertilizer is predominantly used to increase
the productivity of farmlandwith a long history of agricultural reclama-
tion. Further,more plant root secretions are released into the soil, which
can change the amount of organic acid and regulate the pH of the rhizo-
sphere by increasing or decreasing the secretion of H+ to inhibit the ab-
sorption of heavy metals by plant roots from the soil (Li et al., 2016).
Furthermore, root exudates, such as organic acids and amino acids, are
utilized by vegetation root microorganisms to decrease the redox po-
tential of root soil compared with non-root soil, thereby reducing va-
lence heavy metals in rhizosphere soil (Dinh et al., 2019). Some
secretions may also chelate with heavy metals, including Se, to form
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insoluble substances. Se is less bioavailable under reducing acid condi-
tions and more mobile and available under oxidizing conditions (Dinh
et al., 2019), indicating that fertilizer application indirectly reduced
the available Se content in soil during agricultural activities on the
southern Songnen Plain (Fig. 8a). PC2 reflects the antipathic relation-
ship of chelation between essential mineral nutrient elements and
trace elements of plants in Gannan soil. This is a rather significant result
in that there is a negative correlation between active mineral nutrient
elements (A-P, A-B, A-K, NH4

+) and trace elements (A-Fe, A-Cu, A-Mo,
A-Zn). The root is themain organ for the plant to absorb trace elements.
There was a negative correlation between A-P and A-Zn on PC2. The oc-
currence of P and Zn in soil can bedivided into two stages. Application of
P can improve the availability of soil Zn and the two have a synergistic
effect. However, the application of high levels of P reduced the availabil-
ity of soil Zn, and these elements showed an antagonistic effect. Further-
more, studies have found that within the normal range of P application,
the absorption of Zn in soil decreased first and then increased, and at a
higher P level in soil, the desorption of Zn increased first and then de-
creased (Zhang et al., 2017, 2012). It is suggested that high levels of re-
sidual P from fertilizers in soil may lead to the decline of Zn
bioavailability.Moreover, anthropogenic increases offixation andmobi-
lization of N fertilization promoted the formation of NH4-N (Frink et al.,
1999), which can drive soil acidification (Dinh et al., 2019) and even de-
crease Se bioavailability via the formation of less available ferric-iron
selenite complexes (Gupta et al., 2014). It is also for this reason that
A-Fe and Se were negatively correlated with NH4+ in PC1 and PC2. Ex-
cessive K in the soil first causes the concentration barrier, which makes
plants prone to diseases and insect pests, and then antagonizes cationic
micronutrients such as Ca, Mo, and Cu in the tillage layer and plant



Fig. 7. Loading plots offirst three principal components for total Se, Hg, Mo,Mn, Co, As, Cd,
Cr, Cu, Pb, and Zn in surface soil of southern Songnen Plain.

Fig. 8. Loading plots of first four principal components for Se, pH, organic matter (OM),
available Fe (A-Fe), available Mo (A-Mo), total K (T-K), Olsen P (A-P), available K (A-K),
available Cu (A-Cu), available B (A-B), available Zn (A-Zn), available B (A-B), ammonium
ion (NH4+), cation exchange capacity (CEC), organic carbon (Corg) and clay in surface
soil of southern Songnen Plain.
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(Haynes and Naidu, 1998). Taken together, these results suggested that
not only were there an antipathic association between soil Se and nutri-
ent elements, but also reflected overfertilization of soil in China's major
grain-producing areas.

Compared with other components, PC3 comprised some interre-
lated properties, such as A-B, Olsen or extractable P (A-P), Se, and pH
(Fig. 8b). This was similar to PC1 and suggests that increasing A-P fa-
vored Se desorption from associated or adsorbed fractions and im-
proved A-Se in soil, which was consistent across various soil types on
the southern Songnen Plain (Fig. 8). The type of fertilizer applied to
crops was also shown to have an important effect (Borowska et al.,
2013), whereby the application of P decreased plant Se concentrations
(Mora et al., 2008; Hopper and Parker, 1999; Lee et al., 2011). The antag-
onistic relationship between micronutrients and macro-nutrients was
also reflected in PC3.

Surface soil Se concentrations are correlatedwith Corg, pH, plant net
primary productivity (NPP), Fe/Mn/Al concentration, concentration of
elements required for plant growth, NSE, precipitation, and surface tem-
perature (Bitterli et al., 2010; Jones et al., 2017). These factors were cat-
egorized into four groups (n = 2052): climate factors (e.g., NSE,
precipitation, and surface temperature), heavy metals (Fe/Mn/Al con-
centrations), fertilizer elements (N/P/K/S concentrations), and soil
properties (pH, NPP, and Corg). According to the path analysis results
of structural equation modeling, the concentration of elements that
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comprise the main ingredients of fertilizer also plays an important
role in shaping the spatial distribution of Se in the surface soil, as was
observed for Fe/Mn/Al in Gannan County (Sun et al., 2013).

This comprehensive analysis indicated a significant correlation be-
tween A-P and Se in soil, in contrast to other elements required for
plant growth. Therefore, avoiding overapplication of P in agricultural
production is essential for achieving a balance between yield and
plant Se concentration, especially in the case of Se (IV) application. Be-
cause of residues from long-term applications, the negative relationship
between fertilization and the effective expression of Se in crops is likely
to becomehighly complexwhen different types of fertilizers are applied
to different types of arable land (González-Morales et al., 2017; Harris
et al., 2014). Thus, the decline in soil fertility in recent years (National
Bureau of Statistics of China, 2010; Pan, 2019; Yin, 2019) may prompt
farmers in Northeast China to freely use fertilizers to increase crop out-
puts in agricultural production; however, excessive fertilizer use can
greatly influence the efficiency of translocation, uptake, and accumula-
tion of Se in many crop species. Thus, the low-Se content in the soil of
the studied area may not be the primary cause of the Se deficiency in
the crops.

Factors contributing to the spatial variation of soil Se according to
the structural equation modeling path network are shown in Fig. 9.
The direct effect of soil properties was 0.47, which was larger than
that of heavy metals (0.23). The variations of soil properties and heavy



Fig. 9. Structural equation modeling of the spatial distribution of surface soil Se
concentration. Solid arrows and corresponding numbers indicate direct effects and the
standardized path coefficient (β). β represents the direct effect of one variable on
another (maximum 1.0). Dotted arrows and corresponding numbers represent
feedbacks and the strength of the feedback effect (maximum 1.0). Double-headed
arrows and corresponding numbers indicate collineation between nutrients, soil
properties, and heavy metals, and the strength of the collineation (maximum 1.0). All
data were logarithmically transformed to conform to a normal distribution in the model.
Climate is the PCA1 component of mean annual precipitation, mean annual
temperature, and near surface evaporation (S1). The heavy metal factor is the PCA1
component of Se in soil species (S1). Nutrients are the PCA1 component of N/P/K/S
fertilizer consumption (S1).

Fig. 10. Daily dietary Se intake in different parts of Songnen Plain and Se-deficient
(marginal) areas of China (Dinh et al., 2018).
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metals are affected by the climate factor (direct effect of 0.24 and 0.35,
respectively). For example, precipitation can result in a high Se input
from the atmosphere (Blazina et al., 2014). Fe, Mn, and Al are regarded
as the major factors for the adsorption process because of their exten-
sive chelating abilities and large specific surface areas (Muller et al.,
2012), indicating that Fe/Al oxides affected Se (IV) adsorption and re-
duced Se bioavailability in 18 types of Chinese soils. This results in the
retention of more Se by soil and the absorption of less Se by vegetation
(Dinh et al., 2019; Li et al., 2015). Furthermore, the lack of Se migration
between Gannan soils and crops (Fig. S3) also confirmed that Se in the
surrounding soil did not migrate as much as that in the plant
rhizosphere soil.

In contrast, the factors related to plant growth not only have a neg-
ative path coefficient with Se but also have a low correlation with cli-
mate (0.03), indicating that the nutrient elements in Gannan County
are predominantly derived from the addition of artificial fertilizers dur-
ing agricultural production. According to the agricultural yearbook of
Heilongjiang province, the use of agricultural fertilizers, which mainly
consist of N, P, and K in the southern part of the Songnen Plain, in-
creased at an annual rate of approximately 2% from 2000 to 2010,
reaching 118,567 tons in 2010, predominantly in Northeast China
(Administration, 1999). It suggests that excessive use of fertilizers in
fields can make it more difficult for soil Se to be absorbed by crops. In
addition, as nutrients and heavy metals can result in feedbacks on soil
properties, such as those in Fig. 9, interactions among these parameters
are likely under future land planning. Thus, the Se content of local agri-
cultural products should be improved in order to ameliorate Se defi-
ciency in local residents caused by insufficient dietary intake.

3.5. Risk assessment of Se in the southern Songnen Plain

The Songnen Plain is one of the first areas to be identified as having
Se deficiency related diseases in China. The PDI of Se for residents of the
southern Songnen Plain was calculated based on the data of Chen et al.
(2011) and using corn kernel samples collected in the present study.
The daily Se intake of themajority of the sample population in Heilong-
jiang province located in the southern part of the Songnen Plain was
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insufficient, with intakes below those required for KD disease preven-
tion among some residents (Fig. 10; Table S4). The Se nutrition status
of half of the population in this area is deficient or sub-deficient; there-
fore, corrective measures are urgently required, despite the fact that
most parts of the study area have normal, marginal, or sufficient Se con-
tents in the soil. Based on previous resident hair sample data,which cor-
respond to dietary intake (Fig. 8), we conclude that Se deficiencies may
be less severe in the local population than is suggested by the daily in-
take data; however, a substantial risk remains.

Interestingly, from the results of the PDImodel based on Se intake of
staple food (Fig. S4), the high-risk areas with insufficient Se intakewere
mainly located at the edge of the study area, away from the central cities
of the region, while the samples of PDI > 50 were all from around the
prefecture-level cities and their surrounding areas. This is probably be-
cause people in large towns have more abundant food sources and a
smaller proportion of local food intake, which mitigates the effect of
low Se levels present in a single-grain food source. However, in areas
far away from large cities, the food source of the residents is usually a
single source, and hence, the PDI index is significantly lower than in
the surrounding areas. Therefore, the gaps in health and safety aware-
ness and food supply in the market cause the low PDI index. The resi-
dents in remote areas usually obtain food from a single source; in
most cases, the food is produced by themselves or locally, making
them vulnerable. Contrarily, the residents in prefecture-level cities
and surrounding areas can obtain more exogenous food through a rela-
tively sound commodity supply system in themarket, which is likely to
reduce the potential human Se deficiency problem. Therefore, in the ab-
sence of an immediate increase in Se levels in local crops, Se supple-
ments should be artificially added to the daily diets of the local
populations in areas with high incidence of Se-related diseases.

4. Conclusions

A comprehensive analysis of soil samples collected from the south-
ern Songnen Plain revealed that, after decades of artificial addition
and disturbance, the surface soil Se content has reached a sufficient
level of 0.204 mg/kg; however, crops produced in the region still have
a Se-deficient status leading to a risk of endemic diseases in the popula-
tion of this region. Analysis of the relationship between soil properties
and different forms of Se indicates that the bioavailability of Se in the
soil is low in the Songnen region. Further statistical analysis of the soil
in typical areas and the Se content of crops proved that nutrients
(e.g., N, P, K, and S) added as chemical fertilizers impede the soil-to-
plant migration of Se in the adjacent soil rhizosphere.

Although the climatic conditions in the Gannan region facilitate the
migration of soil Se into plants, extensive fertilizer use to enhance
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crop growth (which is often neglected in China's agricultural produc-
tion) has led to low Se contents in agricultural products due to reduced
Se absorption. Moreover, despite substantial improvements in soil Se
contents in recent decades, future attempts to improve plant productiv-
ity may induce Se deficiency in areas that are currently close to becom-
ing Se deficient. This study also confirmed that a decrease in the
complexes of Se with other heavymetals (such as Hg and As), originally
present in the human body, resulted in an increased bioavailability of
heavy metals, thus causing a greater risk of heavy metal poisoning.
Therefore, in areas of Se deficiency, like the southern Songnen Plain,
the bioavailability of Se levels in plants should be taken into account
to prevent underestimating the potential risk of Se deficiency induced
by applying conventional fertilizers. Furthermore, the residents of the
southern Songnen Plain area remain at a risk of Se deficiency, and
hence, the local governments need to develop health risk prevention
strategies and mitigate the excessive use of chemical fertilizers. We
found that, in terms of Se deficiency, the risks faced by the local resi-
dents in the potential risk areas is not uniform. The risk of Se deficiency
is mainly due to the dependence of the population in rural areas on a
local and low-Se food diet structure. Therefore, the government should
specify relevant prevention and controlmeasures for such areas and for-
mulate daily dietary supplements for the residents to effectively control
the incidence of Se deficiency related diseases.
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