Shang et al. Ecological Processes (2024) 13:51 Ecological PYOCGSSGS
https://doi.org/10.1186/513717-024-00524-6

: : : ®
Influence of soil properties on selenium s

concentration in paddy soil and rice grains in
the hilly regions of southern China
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Abstract

Background Selenium (Se) is essential for human health and is predominantly obtained from dietary sources, par-
ticularly rice in Hunan Province, a significant rice-producing region in southern China. Investigating the relationship
between Se levels in paddy soil and rice grains, along with the associated influencing factors, is critical for enhancing
Se-enriched food security.

Results Analysis of 128,992 samples collected between 2019 and 2022 revealed that the soil Se concentration

in Hunan exceeded the global average, with rice grains showing promising potential for Se enrichment. Various
analytical methods, including statistical analyses, co-occurrence networks, and correlation heatmaps, were utilized

to scrutinize the extensive dataset. Additionally, partial least squares path analysis elucidated the interactive effects

of influencing factors on soil Se concentration, rice grain Se concentration, and Se bioconcentration factor (BCF). Soil
parent materials significantly affected soil Se concentration, rice grain Se concentration, and Se BCF (p < 0.01). Factors
such as soil cation exchange capacity, soil organic matter, slope, and soil concentrations of Cu, Mn, and Zn demon-
strated positive correlations with soil Se concentration. Similarly, these factors exhibited positive associations with rice
grain Se concentration. Conversely, negative correlations were observed between certain factors and Se BCF. As

a result, predictive models were developed for soil Se, rice grain Se concentration, and Se BCF.

Conclusions This study contributes valuable insights to inform policy-making for Se-enriched food production
and to ensure regional nutritional equilibrium. Caution is recommended in areas with excessive Se levels to prevent
potential poisoning risks.
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Introduction

Selenium (Se) plays a crucial role in certain physiological
processes in the human body and is an important trace
element for maintaining human health (Yang et al. 2022).
Adequate Se intake can enhance the immune system,
anti-aging abilities, reduce heavy metal toxicity, and pro-
tect cardiovascular and hepatic functions, among others.
Conversely, both inadequate and excessive Se intake can
lead to a range of diseases (Kieliszek et al. 2022; Natasha
et al. 2018; Yang et al. 1983). Therefore, understanding
the Se concentration in food, balancing dietary choices,
and controlling Se intake have positive implications for
maintaining health (Qvarforth et al. 2022; Hawrylak-
Nowak et al. 2015).

Se is primarily obtained by humans through plants
(e.g., wheat, rice, maize) in the food chain. Rice, which
is a staple food in southern China, serves as a significant
Se source (Ning et al. 2022; Song et al. 2022). There-
fore, understanding the Se concentration and influenc-
ing factors in rice grains is crucial for the development
and utilization of soil Se resources in agricultural fields.
As a fundamental element reservoir, soil is pivotal in the
geochemical cycling of surface ecosystem elements, pro-
viding vital nutrients for plant growth (Rayman 2002).
Accordingly, soil serves as the principal source of Se in
plants (Favorito et al. 2017). However, Se distribution
in soil exhibits substantial disparities, displaying pro-
nounced spatial variability (Beladel et al. 2013). Global
soil Se concentration averages 0.4 mg-kg™! (Fordyce
2007), with 0.29 mg-kg™! in China, indicating a signifi-
cant deviation from the global norm (Tan et al. 2002).
Approximately 51% of China’s regions exhibit varying
degrees of Se deficiency (Dinh et al. 2018). In light of this,
exploring aspects such as soil Se concentration, Se con-
centration in rice grains, the relationship between soil
and rice grain Se, spatial distribution patterns, and the
underlying influencing factors holds great potential for
the scientific and efficient utilization of natural Se-rich
resources. This endeavor bears immense significance in
enhancing Se intake for the Chinese population and pro-
moting national health.

In recent years, a plethora of studies has extensively
explored the spatial distribution of Se in both soil and
rice grains, investigating various influencing factors and
yielding noteworthy discoveries. Prior research suggests
that the parent material plays a pivotal role in regulating
soil Se (Fordyce et al. 2007). For example, black shales,
rich in Se, act as substrates for numerous Se-rich soils
in America (Elrashidi 2018), with similar occurrences in
Wales and Ireland (Davies and Houghton 1983). Further
investigations reveal that diverse soil physicochemical
properties, such as pH (Yang et al. 2022; Xu et al. 2018),
soil organic matter, essential micronutrients, topography
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(Xu et al. 2018), and climatic conditions, impact soil Se,
plant Se, and Se bioavailability. Notably, Li et al. (2017)
and Dinh et al. (2017) propose a dual influence of organic
matter on soil Se efficacy, with a more significant pres-
ence of organic matter enhancing soil Se availability in
lower pH soil conditions and diminishing it in higher pH
soil environments. These studies encompass a wide range
of environmental contexts, including urban areas, hills,
mountainous regions, plains, and river basins (Liu et al.
2018), and vary in spatial scales, ranging from nation-
wide to provincial, municipal, and county-level analyses
(Hao et al. 2021). Many of these studies primarily focus
on the isolated impact of individual factors or a subset of
factors (Kushwaha et al. 2022). There is limited compre-
hensive analysis of the combined influence of soil parent
material, soil properties, geographical factors, climate
parameters, and plant micronutrients on the distribution
and accumulation of Se in paddy soils and rice grains. It
is essential to conduct in-depth analyses and explore the
impact of multiple factors. A regional perspective, abun-
dant data resources, and high-precision methods should
be employed to study the distribution of Se in soil-rice
systems at a regional level.

Hunan Province, renowned as a prominent rice cultiva-
tion region in China (Zou et al. 2021; Wang et al. 2019),
was selected as the primary focus of this study. In this
study, a dataset encompassing a large number of samples
of paddy soils, rice grains, and environmental param-
eters from Hunan Province was examined. The analysis
considered soil parent material, chemical properties [soil
organic matter (SOM), cation exchange capacity (CEC),
and pH], geographical and climatic variables [elevation,
slope, aspect, distance from water areas (DFW), mean
annual temperature (MAT), and mean annual precipita-
tion (MAP)], as well as critical trace elements (Zn, Cu,
and Mn) present in both paddy soil and rice grains. The
aim was to determine the spatial distribution and accu-
mulation patterns of Se in paddy soils and rice grains in
Hunan Province, elucidating the multifaceted impacts of
various environmental variables on Se accumulation in
both paddy soils and rice grains.

Materials and methods

Study area

This study was carried out in Hunan Province, which is
located in southern China and encompasses the southern
segment of the middle reaches of the Changjiang River
(Yangtze River). Geographically, it extends longitudinally
from approximately 108°47 E to 114°15'E and latitudi-
nally from around 24°38’N to 30°08 N (Fig. 1). The prov-
ince encompasses a total land area of 211,800 km?, with a
cultivated land area spanning 37,081 km?. Among these,
paddy fields occupy 30,710 km? while dry land covers



Shang et al. Ecological Processes (2024) 13:51

an area of 6371 km? Characterized by a monsoonal sub-
tropical climate, the region witnesses an annual temper-
ature range averaging from 16.0 to 18.5 °C and annual
precipitation ranging from 1200 to 1700 mm (Pan et al.
2022). The province exercises jurisdiction over 13 cities,
one autonomous prefecture, and 122 counties or dis-
tricts. Positioned in the transitional terrain from the Yun-
gui Plateau to the hilly terrain of Jiangnan, and from the
mountainous region of Nanling to the plains of Jianghan,
the study locale predominantly features mountainous
and hilly topography.

Sampling and analyses

Sample collection and pretreatment

Between 2019 and 2022, a comprehensive collection
effort encompassed a total of 128,992 paired soil-rice
sites across Hunan Province. This extensive sampling
endeavor was executed by the local eco-environmental
management authority (Fig. 1). However, it’s important to
note that due to the survey design, certain sampling sites
were not subject to a complete assessment of both paddy
soil and rice grain properties. Specifically, attributes like
SOM, soil pH, and Se concentration were assessed for
all sites in both paddy soil and rice grains. On the other
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hand, the evaluation of parameters including soil Cu, Zn,
and Mn concentration, rice Cu, Zn, and Mn concentra-
tion, along with CEC, was selectively conducted. The
resultant data were compiled and summarized in Table 1.

During the sampling process, we collected topsoil sam-
ples (0-20 cm depth) using the double diagonal method
as part of a 5-point mixed sampling approach, with each
sample weighing over 2500 g (Pan et al. 2022). Similarly,
rice grain samples were gathered in quintuplicate utiliz-
ing stainless steel scissors, and these samples were then
aggregated to establish representative rice grain samples.
These samples were stored within numbered plastic bags
to maintain their distinctiveness. Subsequently, within
the laboratory setting, paddy soil samples were allowed
to air dry under room temperature conditions, homog-
enized via the use of a mortar and pestle, and then sub-
jected to a series of sieving steps with mesh sizes of 2 mm
and 0.145 mm to determine the chemical properties of
the soil. A three-step washing procedure was employed
for rice grain samples, entailing initial rinsing to elimi-
nate soil particles and extraneous matter, followed by
air-drying and hull removal, and concluding with the
grinding of husk-free rice grains. Global Positioning Sys-
tem (GPS) technology was harnessed for precise geoloca-
tion of the sampling points.

Hunan Province

Hunan Province

Fig. 1 Map of research area and sampling sites in Hunan Province, China
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Table 1 Descriptive statistics of chemical properties of paddy soil and rice grains as well as climatic variables

Properties n Min Median Max Mean SD CV (%)
Se_soil (mgkg™) 128,992 0.005 0.46 29.2 0.55 0.46 84.26
Se_grain (mg-kg’1) 128,992 0.001 0.046 3312 0.058 0.12 199.52
Bioconcentraion factor 128,992 0.00007 0.10 19.6 0.12 0.19 156.45
(BCF)

Soil pH 128,992 2.94 5.67 8.96 6.02 1.09 18.10
SOM (g-kg’w) 128,992 2.56 323 142 33.74 13.09 38.81
CEC (cmol-kg’w) 126,416 1.256 1191 432 12.62 482 38.17
Zn_soil (mg-kg™) 126,117 7.6 94.598 970.38 103.99 119.56 11497
Mn_soil (mg-kg”) 56,870 25.69 323.734 29,206 464.62 583.99 125.83
Cu_soil (mg-kg™) 126,117 1.7 27.8 2230 30.69 38.24 124.58
Zn_grain (mg«kg’1) 126,117 0.25 143 426.14 13.87 6.05 43.59
Mn_grain (mg~kg’1) 54,628 0.05 9.24 10547 9.12 5.77 63.24
Cu_grain (mg~kg") 126,117 0.025 2.054 5161 215 172 79.88
MAP (mm) 128,992 1078 1279 2595 1690 310 18.31
MAT (°C) 128,992 10.5 17.6 202 17.5 1.37 7.81

Chemical analysis for paddy soil and rice grains

The paddy soil's pH and SOM were determined using
titration and glass electrode methods, following the
instructions provided in Ahmad et al. (2017). The CEC
of the paddy soil samples was determined using the
standard extraction solution method. To determine the
concentration of Cu, Zn, and Mn in the paddy soil, we
digested dried soil samples with a HNO; (65-68%) and
HCIO, (70-72%) mixture at a 4:1 volumetric ratio using
a microwave digestion system. For rice grain samples, a
comparable digestion procedure using a 4:1 volumet-
ric ratio of HNO; (65-68%) to HCIO, (70-72%) was
employed, and the Se, Cu, Zn, and Mn concentrations
were quantified using ICP-MS technique, according to
the procedures described in Xu et al. (2020). To ensure
the reliability and quality of our experiments, we used
standard reference soil (GBWO07410) and rice grain
(GBW10010) samples from the China National Stand-
ard Material Resource Platform for soil and plant sample
analysis.

Data sources

The elevation dataset (DEM) with a spatial resolution
of 30 m was obtained from the China Geospatial Data
Cloud (Liu et al. 2021b). Mean annual temperature
and annual precipitation data (MAT and MAP) were
obtained from the Chinese Academy of Sciences, acces-
sible at http://www.resdc.cn (Xiao et al. 2020b). Informa-
tion on the parent material was retrieved from the Soil
Database of China, available at http://globalchange.bnu.
edu.cn (Pang et al. 2022). Field trips were conducted to
validate the accuracy of the data sources.

Statistical analysis

Bioconcentration factor

The bioconcentration factor (BCF) is calculated as fol-
lows (Xu et al. 2024; Pan et al. 2022):

Segrain

BCF =
Sesoil

where Seg,;, (mgkg™) is Se concentration in rice grains,
and Se,; (mgkg™') is Se concentration in paddy soil.
This parameter illustrates the potential transfer of Se
from paddy soil to the rice’s edible portion.

Path analysis

Regression analysis and significance tests were utilized to
determine the primary factors influencing the concentra-
tions of Se in soil, grain, and BCE, thereby elucidating the
interactive effects on these variables. Within the context
of Partial Least Squares (PLS) path models, the overall
influence on Se;, Se,,;, concentration, and Se BCF was
characterized by a combination of direct and cumula-
tive indirect impacts. The calculation of indirect impacts
involved multiplying the path coefficients that govern the
direct effects among variables. The summation of these
products yielded the cumulative total indirect effect,
thereby providing a comprehensive perspective on the
mechanism of influence (Xu et al. 2024; Pan et al. 2022;
Xiao et al. 2020Db).

Before analysis, we initially assessed all data for nor-
mality and homogeneity in SPSS 26.0. Pearson’s correla-
tion analysis was employed for co-occurrence networks
and correlation heatmaps in SPSS 26.0 and RStudio 4.2.2.


http://www.resdc.cn
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The pairwise Pearson’s correlation between soil chemi-
cal properties (SOM, CEC, and pH), essential micronu-
trient elements (Cu, Zn, and Mn) of paddy soils and rice
grains, geographical and climate factors (elevation, slope,
aspect, DFW, MAT, and MAP), and dependent variable
(Sey, concentration, Seg,,;, concentration, and Se BCF)
were determined in SPSS 26.0. Then a combined cor-
relation diagram was visualized with the ggcor package
in RStudio 4.2.2 (Sunagawa et al. 2015). For the analysis
of differences in Sey,; concentration, Se,,;, concentra-
tion, and Se BCF among various parent materials, a one-
way ANOVA with the least significant difference (LSD)
test was employed in SPSS 26.0, with significance set at
p<0.05. To predict the most influential variables for Se_;
concentration, Se,.;, concentration, and Se BCE we
employed the stepwise multiple linear regression method
based on the influencing factors in SPSS 26.0 (Xu et al.
2024; Xiao et al. 2020b). PLS analysis was conducted in
RStudio 4.2.2. The production of Figs. 1 and 2 was carried
out in ArcGIS 10.8. Figures 3, 5, and 6 were created using
Origin 2021. Figure 4 was produced in RStudio 4.2.2.

Results

Spatial distribution of Se in paddy soil and rice grains

The Se concentration observed in paddy soil exhibited a
notable range, spanning from 0.005 to 29.2 mg-kg™'. The
calculated average concentration of Se within paddy soil
was 0.55 mgkg™!, with a corresponding median value

Soil Se

l:l Se-deficient

‘:’ Se-marginal

‘:’ Se-sufficient

- Se-rich I e
- Se-excessive 0 50 100 200

Fig. 2 Distribution of paddy soil Se and rice grain Se in Hunan Province
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of 0.46 mgkg™'. Similarly, the Se concentration identi-
fied within rice grains spanned a range from 0.001 to
3.312 mg'kg™!. The mean concentration of Se in rice
grains was computed as 0.058 mg-kg~!, while the median
value stood at 0.046 mg-kg™! (refer to Table 1). Conform-
ing to the soil and rice grain Se classification standards
outlined by Xu et al. (2020) and Dinh et al. (2018), the
analysis identified 83,141 soil survey sites and 75,468
rice grain survey sites located within Se-rich regions,
constituting 64.45% and 58.51% of the total, respectively
(Table 2). Notably, there were 50,984 sites exhibiting Se
concentration in both paddy soil and rice grains cor-
responding to the Se-rich classification, accounting for
39.52% of the total survey sites. A smaller subset, consist-
ing of 114 sites, demonstrated excessive Se concentra-
tion within both paddy soil and rice grains, representing
0.09% of the total survey sites. Furthermore, 20,905 sites
displayed Se concentration in paddy soil and rice grains
that did not attain the Se enrichment threshold, equating
to 16.21% of the overall sampling sites.

Utilizing the fundamental principles of ordinary Krig-
ing, Fig. 2 provides a visual representation of the Se
distribution across soil and rice grains. Notably, the Se
concentration within paddy soil across Hunan Province
is generally high. Specifically, the western, northeast-
ern, and southern regions of the province are positioned
within the intersection of the Se-sufficient and Se-rich
distribution areas. Intriguingly, pockets of Se-excessive

Rice grain Se

[ Se-deficient

- Se-rich

- Se-excessive [ [— 1km
0 50 100 200
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paddy soils are discernible in specific locales, notably
along the borders of Zhangjiajie and Changde, the central
and southern reaches of western Hunan, the northern
expanses of Huaihua, the central and southern portions
of Shaoyang, as well as the central and western territories
of Chenzhou. Se-rich rice grains are widely distributed
in Hunan Province. Key production areas encompass
Changde, central Yiyang, Changsha, Xiangtan, the north-
ern sector of Zhuzhou, and the southeastern district of
Loudi. A minor scattering of Se-excessive rice grains
is observable in locales such as Zhangjiajie, northern
Changde, central Hunan, and southwestern Chenzhou.
Notably, these regions align with Se-excessive paddy soil
zones, albeit with slight discrepancies in positioning.

The soil chemical properties, essential micronutrient
elements, geographical and climate factors

Figure 3 and Table 1 provide a comprehensive overview
of the examined variables, encompassing soil chemical
properties (SOM, CEC, and pH), essential micronutrient
concentrations (Se, Cu, Zn, and Mn) within both paddy
soil and rice grains, geographical and climatic factors
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(elevation, slope, aspect, DEW, MAT, and MAP), as well
as Se BCE. The mean Se concentration in soil was nota-
bly elevated, registering at 0.55 mg-kg™'. Conversely, the
average concentration of Se detected in rice grains stood
at 0.058 mg-kg™!, while the average BCF of Se was calcu-
lated to be 0.12. Notably, Se,,;, Segyyir,, and BCF exhibited
coefficients of variation (CV) of 84.26%, 199.52%, and
156.45%, respectively. These values underscore signifi-
cant spatial differentiation across the study area.

With respect to the soil properties, the average pH
level measured 6.02, indicative of acidic paddy soil condi-
tions. The mean SOM concentration was high at a value
of 33.74 gkg™!. The CV associated with SOM demon-
strated a relatively mild variation, at 38.8%. However,
there were discernible spatial variations in the CV values
for soil concentration of Zn (Zn,;), Mn (Mng), and Cu
(Cug,y), quantified at 114.97%, 125.83%, and 124.58%,
respectively.

Concurrently, the study area showcased a mean MAT
of 17.5 °C, coupled with a mean MAP of 1690 mm. Fur-
thermore, the elevation of paddy soil emerged as rela-
tively low, averaging at 252.9 m. The inclination of the
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Fig. 3 Descriptive statistics of box plots and jittered strip plots for soil chemical properties (SOM, CEC, and pH), essential micronutrient elements
in paddy soil and rice grains (Se, Cu, Zn, and Mn), geographical and climate factors (elevation, slope, aspect, DFW, MAT, and MAP), and BCF. The
coupled rectangles and values labeled in the plots depict the average values
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paddy soil terrain exhibited a relatively gradual slope,
with an average angle of 3.8°. Geographically, the aspect
of paddy soil exhibited a uniform and well-balanced dis-
tribution. Notably, the average distance from paddy soil
to adjacent rivers or water bodies was determined to be
approximately 1472 m.
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Relationships between driving factors with Se;, Se
and Se BCF

The intricate relationships involving Seyy, Segin Se
BCE, and an array of digitized drivers encompassing soil
essential micronutrient elements, as well as geographical
and climate factors are shown in Fig. 4. Upon subjecting
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Fig. 4 Within this heatmap analysis, intricate correlations amongst an assortment of factors are graphically unveiled. The matrix delves

into the interplay between soil chemical properties (SOM, CEC, and pH), essential micronutrient elements (Cu, Zn, and Mn), as well as geographical
variables (elevation, slope, aspect, MAT, MAP, and distance from water), in relation to Se,;, Seg,a-‘n concentration, and Se BCF. This visual
representation effectively distills intricate patterns of relationships, elucidating the mutual influences between these factors and the examined

variables

Table 2 Survey sites number of soil and rice grain on their Se classification standard

Se classification standard (mg-kg”)

Number of survey sites Proportion of

total survey sites

(%)
Se concentration in soil Se-deficient (<0.125) 296 0.23
Se-marginal (0.125-0.175) 1017 0.79
Se-sufficient (0.175-0.40) 43,882 34.02
Se-rich (0.40-3.00) 83,141 6445
Se-excessive (>3.00) 656 0.51
Se concentration in rice grain Se-deficient (< 0.04) 52,472 40.68
Se-rich (0.04-0.30) 75,468 5851
Se-excessive (>0.30) 1052 0.82
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Fig. 6 The paddy soil Se concentration (a), rice grain Se
concentration (b) and Se BCF (c) in different parent materials

the dataset to the Mantel test, compelling associations
emerged. Notably, the Se,; concentration showcased
statistically significant correlations with a range of vari-
ables, including SOM, CEC, Cu,, Zn,;, Mn;, pH, and
slope (p<0.01). Additionally, a correlation with DFW
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was observed (p<0.05). Similarly, the Se,,,;, concentra-
tion demonstrated statistically significant associations
with several drivers. These encompassed SOM, CEC,
Cusoil’ Znsoil’ Mnsoil’ Cugrain’ Mngrain’ MAP’ MAT’ SIOPe’
and DFW (p<0.01), along with a correlation with pH
(p<0.05). Likewise, Se BCF exhibited pronounced con-
nections (p<0.01) with an ensemble of factors, includ-
ing SOM, pH, CEC, MAP, Cu,, Zn, Mn,;, and slope.
Notably, the influence of Zny,;, on Se BCF emerged
as significant (p<0.05), adding further nuance to the
relationships.

In accordance with the significant findings highlighted
in Fig. 4, a segmentation approach was employed for
nonlinear fitting of the extensive dataset (Fig. 5). Nota-
bly, variables including SOM, CEC, Cug, Zng, Mng
concentration, MAP, and slope exhibited a positive cor-
relation with the Se; concentration, with R* values
spanning from 0.13 to 0.92. Moreover, the Se,,,;, concen-
tration demonstrated a positive correlation with SOM,
CEC, Se,,; concentration, Cu,; concentration, Zn,;, and
Mn,,,;,, concentration, with R? values spanning from 0.19
to 0.60. In a distinctive contrast, Se BCF exhibited nega-
tive correlations with SOM, CEC, Seyy, Segpin Zng,
Cu,,;, and Mn,; concentration, with R* values spanning
from 0.16 to 0.92. These discernible outcomes distinctly
illustrated that the influencing factors—Sey,;, Segyin
concentration, and Se BCF—manifested themselves in
diverse ways.

Furthermore, it’s worth highlighting that the intricate
influence of soil parent materials was uniquely instru-
mental and hence not substituted by digitization. Con-
sequently, the distinct effects of parent materials on
Segoi Segrainy and Se BCF were examined and individu-
ally discussed, unveiling a comprehensive understand-
ing of their contributions. The analysis of average Se,,
Segrin concentration, and Se BCF across the seven dis-
tinct parent materials showcased varying ranges. For
Se,.i» the average concentration ranged between 0.43 and
0.61 mg-kg~!, whereas for Segrain it fell within the range
of 0.047 to 0.064 mg-kg™'. Furthermore, the average Se
BCF exhibited a range from 0.10 to 0.16 (Fig. 6). How-
ever, their distribution followed different patterns. Nota-
bly, the average Se,; concentration within slate shale
weathering (0.61 mg-kg™!) significantly exceeded that of
purple sand shale weathering (0.43 mg-kg™). Similarly,
the average Se,,;, concentration within fluvial depos-
its (0.064 mg-kg™') markedly surpassed that of granite
weathering (0.047 mg-kg™). Additionally, the average
Se BCF of purple sand shale weathering (0.16) was sig-
nificantly higher than that of limestone weathering (0.10)
(p<0.05). These findings collectively underscored the
pronounced impact of different parent materials on Se,,
Segrain and Se BCE.
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Direct and indirect effects of driving factors on Se;,
Segrain CONCentration, and BCF

The PLS path models elucidated 74%, 53%, and 73% of the
total variance in Se,,; concentration, Se,;, concentra-
tion, and Se BCE, respectively. The outcomes revealed the
following: SOM exerted both direct and indirect effects
on Sey,; concentration, whereas Cu,, concentration
displayed solely direct effects, and Zny,; concentration
along with CEC manifested only indirect effects (Fig. 7a).
Similarly, CEC and Cu,,; concentration exhibited both
direct and indirect influences on Se concentration,

grain

0.65%**

—>Sey  R=0.74

0.32%%% 0.45%**

Fig. 7 PLS path models describing the relationships between soil
chemical properties and essential micronutrient elements on Se;
concentration (A), Segq,;, concentration (B), and Se BCF (C). R? values
represent the proportion of the variance explained for the internal
variable. Green and continuous arrows show a positive correlation
(p<0.01). Red and dashed arrows show a negative correlation
(p<0.01). The numbers following the containing variables indicate
the explained percentage of the variance by their predictors. The
numbers on the arrows were the standardized path coefficients
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whereas Se,; exhibited only direct influences, and SOM
and Zn,y; concentration showcased exclusively indirect
effects (Fig. 7b). Meanwhile, SOM concentration and
CEC showcased direct and indirect influences on Se BCE,
whereas Cug; exhibited only direct influences, and Se,;
and Zng; concentration displayed solely indirect effects
(Fig. 7¢).

Meanwhile, Table 3 illustrated the direct, indirect,
and overall influences of these factors on Seyy, Segpin
and Se BCE. Among these, SOM, Zng; concentration,
Cu,,; concentration, and CEC emerged as the most piv-
otal influencing factors on Se,; concentration, reflect-
ing notably high positive effects. Correspondingly, CEC,
Cu,,; concentration, SOM, and Se,; concentration
emerged as the most crucial influencing factors on Sey,;,
concentration, with significant positive effects. Addition-
ally, SOM, Cuyj, Sey; Zng,;, and CEC appeared as the
most influential factors on Se BCF (Table 3).

Prediction of Se,;, Sey,i, cONcentration, and BCF

by the dominant influencing factors

Multiple regression analysis was conducted with the
dependent variables (Seyy;, Seg,;, concentration, and Se
BCF) and independent variables (soil properties), lead-
ing to the formulation of prediction models as depicted
in Table 4. The R* values, serving as indicators of the
explanatory strength of the predictive models, were
determined. In our study, the R* values for Se,, Seqrain
and Se BCF were calculated as 0.81, 0.52, and 0.73,
respectively (» <0.001). Notably, Cu,,; and CEC emerged
as primary influencing factors for soil Se, jointly account-
ing for 81% of the variance. Similarly, Cu,y; and Se,
emerged as key contributors to rice grain Se, collectively
accounting for 52% of the variance. Meanwhile, Se ; and
SOM took center stage as the primary determinants of Se
BCE, collectively explaining 73% of the variance.

Discussion

Accumulation of Se in paddy soil and rice grains

The average Se concentration in paddy soil in Hunan
Province (0.55 mg-kg™') surpassed the background soil
levels in both China (0.29 mg-kg™!) and the global con-
text (0.40 mg-kg™'), indicating a considerable enrich-
ment (Fordyce et al. 2007, 2013; Chen et al. 1991). In
accordance with the Se classification criteria outlined by
Dinh et al. (2018), the findings indicate a predominantly
favorable Se level in the paddy soils of Hunan Province
(Fig. 2a). Concurrently, the mean concentration of Se
in rice grains was measured at 0.058 mg-kg™', comfort-
ably meeting the criteria for Se-rich rice grains (0.04—
0.30 mg-kg™') as stipulated by the National Standard
Agency of China (GB/T 22499-2008; Farooq et al. 2019).
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Table 3 Direct, indirect, and total effects of influencing factors on the Se,; concentration, Se
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qrain CONCeNtration, and Se BCF

Influencing factors

Direct effects

Total indirect effects Total effects

Se, concentration SOM 0.1 7% 0.68*** 0.79%x*
CEC 0.46%** 0.46%**
Cugy 0.65%** 0.65***
Zng; 0.70%** 0.70%**
S€4r4in CONCENtration SOM 0.50%%* 0.50%*
CEC 0.24%%x 032 0.56***
Se 0.25%** 0.25%**
Cugy 0.36*** 0.19%%* 0.55%**
Zng; —0.12% —0.12%
Se BCF SOM — 0.74%* —0.10%** — 0.84%*
CEC 0.06™* —-0.18** —0.12%
Se — 017 —0.17%%
Cugy —0.25%* —0.25%*
Zne; —0.15%%* —0.15%%*
Table 4 Multiple regression model to predict Seqy, Sy, cOncentration and Se BCF
Independent variables Multiple regression models p R?
Se,; concentration CEC, Cugy Segi =0.107 x Cu,y — 0.092 x CEC — 1.398 <0.001 0.81
Segr5in CONCENtration Cugi, S S5€g1ain = 0.001 X Cugy; +0.005 X Sey+0.02 <0.001 0.52
Se BCF Seo SOM BCF=—0.005xSOM —0.018 x Se,; +0.292 <0.001 073

Notably, a significant portion of the area exhibited Se-
rich in rice grains (Fig. 2b).

The analytical outcomes spotlighted a robust positive
correlation between Se concentration in rice grains and
that in soil. Interestingly, the BCF of Se exhibited a pro-
nounced negative correlation with soil Se, indicating that
the concentration of Se in rice grains is likely to rise with
elevated soil Se levels. However, as soil Se concentrations
increase, the overall Se BCF tends to decrease.

Factors affecting Se accumulation in paddy soil

Parent materials constitute the foundational material and
primary source of surface soil Se, traditionally considered
the pivotal origin of Se in soil. In a general context, sedi-
mentary rocks usually contain higher Se levels than igne-
ous rocks (Pang et al. 2022; Liu et al. 2021b; Sharma et al.
2015), elucidating the highest concentration of Se in slate
shale weathering within this study. Owing to the limited
adsorption capacity of clay particles, Se in soils derived
from fluvial deposits might be vulnerable to losses
through rainwater percolation and groundwater leach-
ing, ultimately resulting in significantly lower Se concen-
tration compared to other soil types. Purple sand shale
weathering soils, primarily comprised of purple soil, are
characterized by loose structure, susceptibility to erosion,

and shallow soil depth, all factors contributing to poor Se
accumulation (Chen et al. 2021). This suggests that soils
originating from fluvial deposits and purple sand shale
weathering exhibit low Se concentration. Nevertheless,
as pedogenic processes advance, the significance of soil
chemical and physical properties in determining soil Se
concentration becomes increasingly pronounced, gradu-
ally diminishing the influence of parent materials (Xu
et al. 2024; Xiao et al. 2020b; Gabos et al. 2014). Paddy
soil, being matured soil subjected to long-term flooding,
is significantly influenced by external factors, which in
turn greatly affect Se accumulation.

SOM assumes a crucial role in Se mobility and bio-
availability. Research underscores SOM as a pivotal fac-
tor impacting soil Se concentration (Xu et al. 2024; Liu
et al. 2021a). In our study, a notable positive correlation
emerged between SOM and Se; (Fig. 5). Its mechanism
was that, in the soil, Se is transformed into a form that
can be directly absorbed and utilized by plants; after
plant enrichment and decay, it combines with humus in a
difficult migrating form, so that Se is fixed in the soil, and
the increase of SOM concentration can also improve soil
structure, which is easier to make Se adsorption (Xu et al.
2024; Wang et al. 2022). Thus, higher SOM concentration
is synonymous with elevated Se concentration in soil.
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Furthermore, the expansive dispersion and absorption
surface of humus empowers SOM to influence Se enrich-
ment in paddy soils through the sequential path of SOM
— CEC— Zn,; — Cu,,; — Se (Fig. 7a). Concurrently, a
robust positive correlation was identified between CEC
and Se,; concentration (Fig. 5). The Mantel test validated
significant relationships between Se; concentration
and the values of Cu,, Zng;, and Mn,; (Fig. 4). Exist-
ing studies suggest that selenite (SeO;>”) prevails under
conditions of high soil moisture and intense aeration
(Chang et al. 2019). Consequently, in paddy soils, cations
(Zn®* and Cu**) may form complexes with the primary
Se forms (SeO,>") to foster Se adsorption. Additionally,
this relationship could be attributed to the homology or
coexistence of Zn, Cu, and Se, which could stem from the
same parent rock (Xu et al. 2024; Song et al. 2020; Prasad
2008). Within the context of paddy soils, Zn; and Cu,;
may influence Se,; concentration indirectly through the
cascade SOM — CEC — Zn; — Cu,,; — Se (Fig. 7a).

Furthermore, the study revealed that soil Se con-
cemtration had a minor correlation with pH, suggest-
ing that alterations in pH alone may not substantially
impact soil Se concentration (Fig. 5). Additionally, cli-
mate and topography, which can impact Se accumulation
in soil (Pang et al. 2022), showed minimal correlation
with Se,; in our study (Fig. 5). This could be attributed
to the limited variability in MAT (CV=7.81) and MAP
(CV=18.31) within the study area (Table 1). Further-
more, the regression analysis indicated that elevation,
slope, aspect, and DFW did not exert a definitive influ-
ence on Seg.

Significantly, the prediction model illuminated CEC
and Cu,; concentration as primary contributors to ele-
vated Se accumulation in paddy soils, accounting for an
impressive 81% of the contribution (Table 4). Hence, even
though natural and anthropogenic factors impact paddy
soil Se, CEC and Cu,; concentration can to some extent
regulate Se accumulation in Se-enrichment practices.
These findings not only offer theoretical guidance but
also practical techniques for devising effective control
measures to address Se challenges in paddy soils.

Factors affecting Se accumulation in rice grains

Our findings suggest that the influence of the seven dif-
ferent parent materials on Se concentration in rice grains
is relatively minor (Fig. 6). However, these parent matte-
rials do not emerge as significant factors affecting Se,,;,
(Fig. 7). PLS path model analysis revealed that SOM,
CEC, Sey;, Cu,, and Zng; hold key positions in deter-
mining the Se concentration in rice grains (Fig. 7). It’s
essential to highlight that Se,; functions as the primary
source of Se,,;,. In our study, a highly significant posi-

tive correlation between Se and Se,,; was observed

grain s0il
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(Fig. 5), indicating that, under equivalent conditions,
higher soil Se concentration corresponds to increased Se
absorption by rice. Previous research has demonstrated
the influence of Zn,; and Cuy; on Sey,,;,, (Xu et al. 2020).
Referring to Sect. “Factors affecting Se accumulation in
paddy soil’, we can deduce that SOM and CEC play a
role on Zng;, Cu,, and Se,,; concentration. As a result,
these factors could indirectly influence Se,,,;, concentra-
tion through the pathway of SOM/CEC — Zn,;/Cu,/
Se,.;i— Se in rice grains (Fig. 7b).

Furthermore, our study revealed that rice grain Se con-
centration displayed a weak correlation with pH, sug-
gesting that alterations in pH alone do not exert a direct
influence on Sey,;, concentration (Fig. 5). Additionally,
the correlation between Se,,;, concentration and geo-
graphical and climatic factors in this study was modest.
Significantly, Cu,,; and Se,.; concentrations were identi-
fied as primary contributors to elevated Se accumulation
in rice grains, accounting for 52% of the contribution
according to the prediction model (Table 4). Conse-
quently, despite the interplay of natural and anthropo-
genic factors on rice grain Se concentration, Cug,; and
Se,.;i concentration possess the capacity to regulate rice
grain Se accumulation to a certain extent, particularly
in Se enhancement practices. These findings offer both
theoretical and practical insights for formulating efficient
strategies to address Se challenges in rice grains.

Factors affecting Se bioavailability in paddy soils

With the exception of granite weathering and lime-
stone weathering, the performance of Se BCF exhibited
significant variability across different parent materials
(»<0.05). This aligns with other research findings; for
example, Xiao et al. (2020a) observed that the determin-
ing factor for Se bioavailability in dryland soils, cultivated
with corn, was heavily reliant on the parent material
(specifically limestone and clasolite). However, it is
deduced from the analysis of the PLS path model that the
significance of soil parent materials in influencing BCF
diminishes. This could be attributed to the long history
of paddy soil cultivation (Nayak et al. 2007). The suscep-
tibility of Se bioavailability in paddy soils to the influence
of parent materials is relatively low. Existing studies have
affirmed that soil physicochemical properties play a role
in shaping the distribution of Se bioavailability (Liu et al.
2021a). In this study, curve fitting analysis (Figs. 4 and 7)
has indicated a negative correlation between Se BCF and
various factors. This observation aligns with the results
reported by Ullah et al. (2019) and Ferndndez-Martinez
and Charlet (2009). Se can form Se-cation-organic mat-
ter complexes by complexing with SOM and metal (Dinh
et al. 2018) via the metal bridge (Martin et al. 2017;
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Sharma et al. 2010). As plants are unable to directly
absorb water-insoluble forms of Se such as metallic sele-
nide and elemental Se, Se bioavailability in paddy soil
with high levels of Zn, Cu, and SOM might be lower
compared to soils with lower concentrations of these ele-
ments (Xu et al. 2024; Natasha et al. 2018).

Furthermore, neither climatic conditions (MAP and
MAT) nor geographical factors (elevation, slope, aspect,
and DFW) demonstrated substantial associations with
BCF in this study.

Management of Se in paddy soil-rice system

The bioconcentration factor (BCF) serves as a useful tool
for assessing the potential transfer of elements from soil
to plants and is also instrumental in gauging the pollution
status of toxic elements (Xu et al. 2024; Pan et al. 2022;
Natasha et al. 2018). In our study, the BCF ranged from
0.00007 to 19.6, with a mean value of 0.12. These values
were notably lower in comparison to the results of Jiao
et al. (2022) whose research reported a Se BCF of 0.89.
The underlying reason lies in the relatively low concen-
tration of effective Se in paddy soil, which consequently
restricts plants’ capacity to absorb a substantial amount
of this effective Se (Xu et al. 2024; Pang et al. 2022; Haug
et al. 2007).

Interestingly, despite the limited effective Segy, the
rice grains in this study area exhibited a notably rich Se
concentration (0.058 mg-kg™). This value surpasses the
average Se concentration (0.02 mg-kg™") of rice observed
across China (Fang et al. 2008). Consequently, in the
pursuit of either sustaining or further augmenting the
Se-rich status of rice in Hunan Province, two avenues
present themselves. Firstly, the application of foliar Se
fertilizer could be employed to augment the available
source of Se absorption for rice plants (Gui et al. 2022;
Liu et al. 2021a). Secondly, enhancing the utilization
efficiency of Se in rice soil can be achieved through the
regulation and management of variables such as SOM,
CEC, Zng, and Cug. It should be noted that 0.51% of
soil sampling points and 0.82% of rice sampling points in
Hunan Province are in a state of selenium excess. In these
areas, it is possible to consider planting root crops or leg-
umes with low Se BCF, such as potatoes, sugar beets, soy-
beans, and peas (Xu et al. 2024; Wu et al. 2012).

Conclusions

The distribution, accumulation, and bioavailability of Se
in the paddy soil-rice system were investigated in this
study, along with an evaluation of its influencing factors
in the Hunan rice-producing area. The average Se con-
centration in paddy soil in Hunan Province was found
to be 1.9 times higher than the background soil level in
China. It was observed that 64.45% of soil samples and
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58.51% of rice samples reached Se-rich levels (0.40—
3.00 mg-kg™! and 0.04—0.30 mg-kg™!, respectively). The
study revealed significant Se accumulation in rice grains.
Attention should be given to preventing Se poisoning
in areas with excessive Se levels (<0.1%). Moreover, Se
concentrations in both soil and rice grains were notably
higher in the western, central, and southern regions of
Hunan Province compared to the eastern and northern
regions. Factors such as SOM, CEC, Cugy;, and Zng
were identified to have a significant positive influence on
Se levels in both soil and rice grains. Among these fac-
tors, SOM and Cug,; were highlighted as the primary
determinants of Se concentration in soil, consequently
impacting Se levels in rice grains as well. These findings
underscore the importance of considering these factors
when aiming to enhance Se concentration in rice or other
cereal crops.
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