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Abstract: Karst regions are characterized by unique geological formations that pose challenges to
soil fertility and plant nutrition. In this study, we investigated the distribution and interactions
of selenium (Se) in soils of Zheng’an County, a representative karst region in subtropical China.
The results showed that the Se enrichment in the soils of Zheng’an County was high, with total
contents ranging from 0.49 to 3.87 mg/kg and an average of 1.22 mg/kg, making the area Se-rich.
Despite the abundance of Se, the effective percentage of Se uptake by plants was relatively low due
to the generally moderately acidic nature of the soils in the region (pH: 5.98-6.60), which encourages
the conversion of the available Se into forms that are not readily accessible. In addition, the high
organic matter (OM) content (21.92-127.66 g/kg) promoted Se retention by interacting with Ca®*
in carbonate rocks. In addition, the clay content (50.73% to 76.19%) enhanced Se adsorption and
limited Se availability. In conclusion, this study provides a basis for soil management and ecological
restoration strategies in karst landscapes, highlights new insights into the dynamics of Se, and calls
for further research to elucidate the Se availability mechanism and improve the efficiency of Se
uptake by plants. Meanwhile, this study provides the first systematic study of Se transport and
transformation, as well as Se-enriched Gastrodia elata in karst regions, and provides a preliminary
understanding of the geochemical behavior of Se in karst regions.

Keywords: selenium; Gastrodia elata; bioavailability; migration and transformation; subtropical
karst area

1. Introduction

Selenium (Se) is classified within the VIA group of elements of the fourth period and is
an essential nonmetallic element for human physiology. It serves as a crucial component of
glutathione peroxidase (GPx), facilitating human metabolism by catalyzing the conversion
of reduced glutathione (GSH) to oxidized glutathione (GSSG), thus neutralizing toxic
peroxides into non-toxic hydroxyl components [1,2]. Despite its indispensability, the
human body lacks the ability to synthesize Se, necessitating its acquisition through dietary
sources, with plant-based foods constituting the primary reservoir. The Se content within
plants directly influences Se absorption and subsequently impacts human health. Notably,
the Se content within plants is contingent upon the concentration, form, and availability of
Se within the soil, which, in turn, is shaped by regional soils’ geochemical characteristics.
However, the implications of Se on human health are dual in nature. An Se intake exceeding
400 pg per day can manifest typical symptoms of Se poisoning or alkalosis [3,4]. Conversely,
an intake below 17 pg per day may lead to conditions such as Kashin—-Beck disease [5],
cardiovascular complications ([6], or susceptibility to viral infections. With the burgeoning
interest in the geochemical behaviors of Se and its biomedical functionalities, Se is garnering
increasing global attention [7-18].
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Present research endeavors concerning Se primarily concentrate on soil’s Se absorption
and enrichment by plants, alongside soil’s Se availability. Existing studies have demon-
strated that plant absorption and enrichment of Se predominantly hinge upon the Se forms
in soil [19-27], soil’s physicochemical properties [19-27], and the plant’s Se enrichment
and absorption capabilities [19-27]. The principal determinant influencing Se migration
within the soil-plant system is the soil’s available Se content, with soil’s physicochemical
properties also emerging as pivotal factors influencing this availability [7-18]. Several stud-
ies have confirmed that in alkaline soils with favorable aeration conditions, Se primarily
exists in the form of selenite [7-18]. In this form, Se readily dissolves, is absorbed, and
is utilized by plants, thereby enhancing its biological efficacy. Soil organic matter (OM)
can immobilize Se through both biotic and abiotic mechanisms, consequently diminishing
the Se bioavailability [7-18]. However, the majority of these investigations have been con-
ducted within sedimentary rock regions with temperate climates, such as Greece [19-27],
Northeast China, and the United Kingdom [19-27]. Studies within subtropical regions,
particularly subtropical karst areas, remain scarce.

This study is the first to investigate the geochemical behavior of Se, a beneficial trace
element in the traditional Chinese medicinal herb Gastrodia elata (G. elata), and it is the first
to carry out a systematic study of the Se transport, transformation, and enrichment in the
“soil-plant” environmental medium in a subtropical karst region and to explore the impact
factors. The study also explores the influencing factors of Se. China is recognized as a
global Se-deficient country, but there are some regions with relatively high soil Se content,
such as Enshi region in Hubei province, which is home to the world’s largest independent
Se deposit. In 2019, a large amount of Se-rich arable land with Se concentrations ranging
from 0.8 to 2.31 mg/kg was found in Banzhu Town, Zheng’an County, Guizhou Province,
which is a typical karst region. In this area, a large number of G. elata, a plant that is
well known as a traditional Chinese medicine (TCM) herb, and whose main compound,
aspalathin, (4-hydroxymethylphenyl-3-D-glucopyranoside) has significant sedative and
hypnotic effects, effectively relieving symptoms such as neurasthenia, insomnia, and
headache, were discovered [28-31]. Local residents grow asparagus as a cash crop.

The primary objectives of this study were as follows: (1) to ascertain the contents,
distribution, forms, and characteristics of Se in the soils of representative subtropical karst
regions; (2) to elucidate the occurrence, migration, and transformation of Se within the
soil-plant system, particularly focusing on the absorption and enrichment mechanisms
of Se by G. elata; and (3) to investigate the influencing factors affecting Se migration and
transformation between soil and plant systems in subtropical karst regions.

2. Materials and Methods
2.1. Study Area

Zheng’an County is situated in the northeast region of Zunyi City, east of the Dalou
Mountains, and upstream of the Furong River. Geographically, it spans between 107°4" and
107°41’ east longitude and 28°9" and 28°51’ north latitude. The region boasts a subtropical
humid monsoon climate characterized by ample rainfall, with an average annual tempera-
ture of 16.14 °C and an average annual rainfall of 1076 mm. The vegetation in the area is
representative of the subtropical evergreen broad-leaved forest zone. The county’s river
network is part of the Wujiang River system and includes 393 large and small rivers such
as the Furong River and Qingxi River.

The study area lies within a karst landform region, characterized by numerous exposed
carbonate rocks and densely distributed faults and folds. Consequently, hydrogeological
conditions are notably intricate, with structural variations sometimes enhancing ground-
water enrichment, while potentially leading to Se loss in the root soil, thereby reducing
the available Se content. The predominant lithologies in the formations of Zheng’an
County comprise whitestone, siltstone, and mudstone. Groundwater types in the area
predominantly consist of HCO3-Ca-Mg-type water within water-bearing rock formations
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dominated by dolomite or dolomitic limestone, or HCO3-Ca-type water in limestone or
clastic rocks [32].

2.2. Sampling and Pretreatment

Sampling was conducted at a site where wild G. elata thrived abundantly, and the soil
exhibited optimal conditions for plant growth. A total of 33 soil samples (approximately
20 cm deep) and 49 samples of G. elata were collected (Figure 1) in accordance with a
series of guidelines and methods issued by the U.S. Geological Survey (USGS) for soil and
plant collection. The soil samples were evenly distributed, with some plant roots removed,
and the remainder were air-dried in a sanitized environment upon transportation to the
laboratory. Subsequently, each soil sample (~10 g) was sieved through a 2 mm nylon sieve,
ground using an agate mortar to particle sizes of 850, 250, and 150 um, respectively, and
stored for further analysis. The samples of G. elata were rinsed with distilled water and the
fruits of G. elata were cut into small pieces, dried in a thermostatic oven at 60 °C for 6-8 h,
and then briefly ground in a stainless steel plant grinder and stored for analysis.
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Figure 1. Digital elevation model (DEM) map of sampling points. ((a) Location map of Guizhou in
China; (b) Location map of the sampling area in Guizhou; (¢) Map of sampling sites in the study area).

2.3. Chemical Analysis
2.3.1. Determination of Total Selenium (Se)

All samples underwent processing in accordance with national standards (GB 5009.93-
2017 [33] and HJ 680-2013 [34]). Soil samples were digested using concentrated HCI and
HNO; (V1:V;3 = 3:1), while G. elata samples were digested using concentrated HNO3 and
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H,0; (V1:V; =2:1). The microwave digestion system (CEM Mars 6 microwave digestion
system, manufactured by CEM Corporation, Matthews, NC, USA) was utilized for com-
plete sample digestion, followed by cooling and volume adjustment. The digested samples
were then analyzed using Atomic Fluorescence Spectrometry (AFS-8510 Atomic Fluores-
cence Spectrophotometer; manufactured by HAIGUANG Instrument, Beijing, China). All
chemical reagents used were of high-purity grade.

A sequential extraction method was employed to determine the Se forms. Sequential
extractions of water-soluble, exchangeable, organic-matter-bound (including fulvic acid-
and humic acid-bound Se), selenide-/sulfide-bound, and residual Se were conducted
following an adapted version of the BCR’s sequential extraction method [35]. The extraction
steps were as follows:

(1) Adding 0.5 g of soil and 20 mL of deionized water to a 50 mL centrifuge tube,
shaking the mixture (200 cpm) for 1.5 h, and centrifuging (4000 rpm) for 30 min to separate
the supernatant from the residue.

(2) Adding 10 mL of phosphate solution to the residue from Step 1, shaking well for
1.5 h, followed by centrifugation. The supernatant was separated, and 10 mL of deionized
water was added to the residue, shaken for 0.5 h, and centrifuged. The two supernatants
were combined.

(3) Adding 10 mL of NaOH to the residue from the previous step, shaking on a
shaker for 0.5 h, heating in a thermostat water bath at 90 °C for 2 h, centrifuging, washing
the sample with 10 mL of deionized water, shaking for 30 min, and centrifuging. The
supernatant was collected.

(4) Drying the remaining material from the previous step in an oven at 50-60 °C,
crushing the residue, adding KClOj solids, mixing well, adding 10 mL of concentrated
HCI, and heating. After completion of the reaction, 10 mL of deionized water was added,
followed by centrifugation. The supernatant was transferred to a polytetrafluoroethylene
beaker and heated at 110 °C for 1 h using an electric boiling plate.

(5) The remaining residue was dried and poured out, scraped from the inner wall,
ground well in an agate mortar, weighed, and put into a sachet. Then, 0.05 g of residue was
weighed out from the pouch and placed in an ablution tube and ablated with concentrated
hydrochloric acid and HNOj3 (V1:V; = 3:1), and the samples were completely digested using
a microwave digestion system, followed by cooling and volume adjustment. Regarding the
determination of selenium in sequential extracts, it was divided into two categories. One
was the sulfide- /selenide-bound and residual Se of the extract, which can be directly diluted
and then determined by atomic fluorescence. Meanwhile, the other category included the
water-soluble, exchangeable, and organic-matter-bound Se of the extract. For this category,
it was necessary to carry out the determination through oxidative reduction. This involved
taking 1 mL of the extract and transferring it to a polytetrafluoroethylene beaker. Then, we
added 1 mL of HNOj3 and 0.5 mL of H,O, and steamed until the volume reduced to 0.5 mL
at 100 °C. Next, we added 0.5 mL of HNOj3 and steamed until nearly dry. Afterward, we
added 2.5 mL of 1:1 HCl and heated to reduce at 100 °C for 0.5 h. Finally, we transferred
the solution to a 25 mL colorimeter tube and determined the selenium content using an
atomic fluorescence meter.

2.3.2. Determination of the Physical and Chemical Properties of Soil

The soil’s pH in water (1:2.5, w/v) was measured using a pH meter (YSI water quality
analyzer; YSI Incorporated, Yellow Springs, OH, USA). The soil organic matter (OM) was
quantified using a Vario TOC cube (Elementar Analysensysteme GmbH, Langenselbold,
Germany). Particle size analysis was conducted utilizing a Mastersizer 3000 particle size
analyzer (Malvern Panalytical Ltd., Malvern, UK). All assessments of the soil’s physical
and chemical properties adhered to the National Standard for Soil Testing (NY/T 1121.2-
2006 [36]).

Quality control measures were implemented using certified reference materials (CRMs),
reagent blanks, and duplicate samples. CRMs included wheat (GBW08503b) and soil (GSS-
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2A, GSS-3A, and GSS-5A). Notably, 10% of each batch of samples were randomly selected
as replicates. The results demonstrated excellent agreement with certified reference values,
with a relative standard deviation (RSD) of <5%.

2.4. Data Analysis

Data processing and chart production were conducted using ESRI ArcGIS 8.0, IBM
SPSS 19.0, Origin 2018, and Microsoft Excel 2016. Pearson correlation coefficient analysis
was employed to assess the total Se content in soil and plant samples, as well as the form
content of the soil’s Se. Additionally, Pearson correlation coefficient analysis was utilized
to evaluate the correlation between soil Se content, soil Se forms content, and G. elata Se
content. A one-tailed t-test was used to verify the physicochemical properties of the soils
and to determine if there were significant differences between the different soil samples,
with a significance level set at p = 0.05. Factor analysis was used to analyze the interactions
between the physical and chemical properties of the soil.

3. Results and Discussion
3.1. Selenium (Se) Content in Soil

The analysis results of the soil’s Se content are presented in Table 1. The average Se
concentration in root soil sampled from the Zheng’an area was 1.22 mg/kg, surpassing the
background value of soil Se in Guizhou Province (0.482 mg/kg) [37]. It also fell within the
range of soil Se content in Guizhou Province (0.064-1.326 mg/kg), which is 4.3 times higher
than the national soil background value (0.29 mg/kg) [38], designating the entire area as
Se-enriched. According to the soil selenium content classification standards outlined in
the “Code for Geochemical Evaluation of Land Quality (DZ/T 0295-2016 [39])”, 97.5% of
the soil Se in the study met the “Se-rich” standard (Se content between 0.4 and 3 mg/kg),
while 2.5% exceeded the “Se-excess” standard (Se content exceeding 3 mg/kg), indicating
an overall richness in Se. This underscores the region’s potential to develop into a Se-rich
resource area.

Table 1. Results of the selenium (Se) content analysis of the 33 soil samples and 49 G. elata samples.

Sample Number Range (mg/kg)  Average (mg/kg) S.D.
Soil 33 0.49-3.87 1.22 0.878
G. elata 49 0.012-0.230 0.094 0.059

S.D. = standard deviation.

3.2. Enrichment Characteristics of Total Selenium (Se) in Plants

The Se contents in the plant samples ranged from 50 to 100 ng/kg dry weight, repre-
senting the minimum Se intake required by animals and humans. Table 1 presents the test
results for Se content in the G. elata samples, with an average Se content of 0.094 mg/kg. To
assess the ability of G. elata to absorb and enrich Se compared to other plants, the average Se
content in various plants was studied: 16 samples of Codonopsis (~0.017 mg/kg), 60 samples
of bamboo shoots (~0.01 mg/kg), 9 samples of cabbage (~0.003 mg/kg), and 457 samples
of rice (~0.042 mg/kg) [40]. For further comparison, potatoes and squash grown in Mokri-
wat soil in Se-rich areas exhibited average Se contents of 78.3 mg/kg and 119.3 mg/kg,
respectively [41]. Additionally, wheat cultivated in low-Se soils in the Netherlands, Den-
mark, and the UK demonstrated average Se contents of 0.028 mg/kg, 0.02 mg/kg, and
0.025-0.033 mg/kg, respectively [42-44]. These comparisons indicate G. elata’s robust Se
enrichment capability, laying the groundwork for cultivating Se-rich G. elata.

The bioconcentration coefficient (BCF = Cpant/Csoi1) was utilized to assess plants
ability to absorb Se from soil [42—44]. A larger BCF indicates a stronger ability of the plant
to absorb Se from the soil.

The Nemerow comprehensive pollution index, typically employed to analyze the
degree of heavy metal pollution in a region, was introduced to evaluate the degree of soil
Se enrichment in G. elata within the study area.

’
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The Nemerow comprehensive pollution index was calculated using the following
equation:

Py = Pive + Phiax
2
where Py indicates the enrichment index of the plants for elements, P4y is the average
value of an element in the plants, and P,y indicates the maximum value of an element in
the plants.

The analysis of the Se content data in G. elata (Table 1) revealed that the Se enrichment
coefficient and enrichment index of G. elata were 11.61% and 0.176, respectively. For com-
parison, within the same area, Codonopsis exhibits Se enrichment coefficient and enrichment
index values of 1.3% and 0.051, bamboo shoots show 0.7% and 0.061, cabbage demon-
strates 0.2% and 0.014, and rice presents 3.2% and 0.372, respectively [40]. Furthermore,
the Se enrichment coefficient and enrichment index of pumpkins and potatoes grown in
Mokorivat are 56% and 36.7%, respectively. In contrast, wheat cultivated in low-Se arable
land in the Netherlands, Denmark, and the UK display Se enrichment coefficient values
of 3.8-12.7%, 14.3%, and 4.8-6.4%, respectively. Thus, G. elata emerges as a plant with a
robust Se enrichment ability.

3.3. Distribution Characteristics of Soil Selenium (Se) Forms

Among the five forms of Se (Table 2), residual Se accounted for the highest propor-
tion at 53.1%. Following this, selenide-/sulfide-bound Se represented the second-highest
proportion, with an average of 36.23%. Notably, OM-bound Se exhibited the lowest propor-
tion at 3.19%. The order of Se content in each form was as follows: residual Se (53.1%) >
selenide-/sulfide-bound Se (36.23%) > exchangeable Se (7.13%) > water-soluble Se (3.73%)
> OM-bound Se (3.19%). The “effective Se,” comprising water-soluble Se and exchangeable
Se, which are readily absorbed and utilized by plants, accounted for 10.86% of the total
Se. This proportion aligns closely with the Se form distribution observed in the soil of
Shuangan Naore village in Ziyang, where sulfur-/selenide-bound Se constituted 65.74% of
the total, followed by residual Se (24.85%), OM-bound Se (6.61%), exchangeable Se (1.69%),
and water-soluble Se (1.11%) [45].

Table 2. Five forms of Se in root soil of G. elata.

Range Average SD Proportion
(mg/kg) (mg/kg) (mg/kg) (%)
Water-soluble 0.0223-0.0487 0.0377 0.0085 3.73
Exchangeable 0.0625-0.0785 0.0708 0.0039 7.13
OM-bound 0.0132-0.0428 0.0315 0.0066 3.19
Sulfur-/selenide-bound 0.276-0.434 0.359 0.0402 36.23
Residual 0.152-2.311 0.764 0.6773 53.1

The proportion of Se occurrences in the studied soils is clearly different from that in the
soil in Ziyang. It was reported that Se in soil in the Ziyang area was mainly derived from
weathering products of local black sedimentary rock series (mudstone, shale, and siliceous
rocks, mainly), which was enriched in Se-containing pyrite. The soil’s parent material in
Ziyang area is different from that in the study area, where outcropped rocks are mainly
composed of carbonate rocks. This discrepancy could be the reason for the difference
in aspect of Se occurrences in the soils. Such morphological distribution characteristics
significantly influence the uptake of Se by plants [46-50].

Previous studies indicate that the reduction partition index (Ig) [51], utilized for
analyzing heavy metal pollution, can provide insights into the bioavailability of Se to some
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extent. The calculation of I is grounded in sequential chemical extraction and assigns
different weights to distinct Se components based on their mobility:

k
IR = Z (Fz X 12>/k2
I=1

Here, i represents the number of extraction steps (1 = least aggressive, k = most
aggressive), and i is assigned specific values to denote each step and component: water-
soluble Se = 1, exchangeable Se = 2, OM-bound Se = 3, sulfide-/selenide-bound Se = 4, and
residual Se = 5. Additionally, Fi signifies the fractional content of Se in the total amount
extracted from component i, and 7 is an integer (usually 1 or 2). In this study, k = 5 and
n = 2; hence, the minimum Iz = 0.0003 and maximum Iz = 2.0

The Iz value can provide insights into bioavailability to some extent, where a low
Ir value suggests that Se exists in unstable forms (e.g., exchangeable), while a high I
value suggests that Se mainly exists in stable forms. The Iz values of Se in nearly all soil
samples exhibit a consistent trend (Figure 2), indicating that most Se is in a stable state that
is challenging to utilize, with only a small portion being available for uptake.
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Figure 2. Distribution of various forms of selenium (Se) in soil.

3.4. Factors Affecting the Total Amount of Selenium (Se) in Soil and the Various Forms of Se

Regarding the correlation analysis between the total amounts of Se in the soil and G.
elata (Figure 3) samples, a weak correlation was observed (R = 0.32), indicating that the
mechanism of plant Se absorption in the soil is complex and that the Se content of plants
does not solely depend on the total amount of Se in the soil.

As shown in Table 3 and Figure 3, the Se content of G. elata exhibited significant positive
correlations with the contents of water-soluble (R = 0.68), exchangeable Se (R = 0.62), and
OM-bound Se (R = 0.51). Water-soluble Se, being the most effective component absorbed
by plants, facilitates efficient uptake. Exchangeable Se, present in the outermost layer of the
soil solid phase, is susceptible to plant absorption, albeit influenced by soil conditions [3,4].
Notably, OM-bound Se primarily exists in fulvic acid and humic acid within soil humus [52].
Fulvic acid, with its relatively simple structure, can readily decompose into low-molecular-
weight inorganic and organic Se compounds under alkaline conditions, offering a high
potential for plant utilization. In contrast, humic acid, characterized by its high molecular
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weight and stable structure, poses challenges for plant absorption and utilization of Se
bound to it.
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Figure 3. Correlation analysis chart of G. elata, soil Se, and available Se.

Table 3. Correlation matrices between Se contents of G. elata and cultivated soil.

G.elatase 0% SO Soﬁ;‘ﬁ;l) E"Chjlz‘)geable Ol\g'eB(‘;‘)‘“d TheRest (M+(@)  (D+@2)+3)
G. elata Se 1
Total soil Se 0.11 1
Water-soluble (1) 0.68 ** 0.022 1
Exchangeable (2) 0.62 ** 0.17 0.071 1
OM-bound Se (3) 0.51 ** 0.057 0.19 04* 1
The rest 0.042 0.079 ** 0.071 0.091 0.077 1
M+ 0.86 ** 0.095 0.9 ** 0.49 ** 0.51 0.081 1
1 +2)+ () 0.6 0.11** 0.68 0.62 0.0054 0.095 0.86 ** 1

*p <0.05; ** p < 0.01; “the rest” refers to the combination of selenide/sulfide combined and the residual fractions
of Se; OM = organic matter.

Conversely, no significant correlations were observed between the Se content of G.
elata and the sulfide-/selenide-bound Se or residual Se (R = 0.042). Selenide-/sulfide-bound
Se predominantly forms in soils under strongly reducing acidic conditions, suggesting a
prevailing environmental oxidation or reduction status [52]. The residual Se content is
contingent upon the natural composition of minerals, often tightly bound with sulfide
minerals within lattice structures. Under natural environmental conditions, these forms
of Se are challenging to transform into plant-absorbable and -utilizable forms [52]. These
findings suggest that an increase in water-soluble, exchangeable, and OM-bound Se in the
soil correlates with an increase in Se contents in plants.
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In this study, principal component analysis (PCA) was conducted on the pH, soil’s
OM content, and clay content of the soil (Table 4); from the perspective of eigenvalues, the
eigenvalue of PC1 (2.4157) is significantly larger than that of PC2 (1.589), which indicates
that PC1 dominates in explaining the variability in the dataset. Specifically, PC1 explained
45.434% of the variability, while PC2 explained 33.063% of the variability. The cumulative
contribution shows that PC1 and PC2 together explain 78.5% of the total variability, indicat-
ing that these two principal components effectively represent most of the information in
the original data.

Table 4. Principal component analysis of soil’s physical and chemical properties.

PC1 PC2
pH 0.501 0.587
Organic matter (g/kg) 0.703 0.820
Clay * (%) 0.504 0.581
Characteristic 2.4157 1.589
Contribution (%) 45.434 33.063
Cumulative contribution (%) 45.434 78.5

* Clay particles with a diameter of less than 0.002 mm.

Further analyzing the loading values, pH showed moderate loading on both PC1 and
PC2, indicating that the acidity and alkalinity of the soil had some correlation with both
principal components. The OM content showed higher loadings on both PC1 and PC2,
especially more significantly on PC2, which reflects that the OM content is an important
factor influencing soil’s properties and has a strong correlation with both principal compo-
nents. Similarly, the clay content (Clay) loadings on PC1 and PC2 were similar to pH and
also showed moderate correlation.

When examining the behavior of selenium (Se) in soils, it is crucial to consider factors
such as the soil’s pH, organic matter (OM) content, and clay content, which significantly
influence Se’s chemical form, bioavailability, and stability. These properties not only affect
the cycling and transport of selenium through the soil but are also further complicated in
karst areas due to the unique geological features. Specifically, the thin soil layer and poor
water retention capacity, coupled with the frequent alternation between surface water and
groundwater, can lead to the discharge of water-soluble Se from the soil surface into the
ground, thereby reducing the original effective Se content and bioavailability in the region.

The pH of the study area varied from 5.98 to 6.6, averaging 6.24 (Table 5). Typically,
soils in karst areas tend to be alkaline [52]; however, in this study, the soil exhibited a
moderately acidic condition. This deviation can be attributed to the prolonged impact of
acid rain in the research area. The complex lithological background, comprising white
limestone, siltstone, and mudstone, interacted with the continuous influence of acid rain,
collectively contributing to the moderately acidic soil environment. While carbonate
minerals in the white limestone are prone to dissolution, releasing alkaline substances
to neutralize the soil’s acidity, the intense acidity of the acid rain has eroded these rocks,
resulting in a significant loss of alkaline components such as calcium and magnesium in
the soil. Additionally, clay minerals and organic matter in the siltstone and mudstone have
also undergone decomposition and dissolution under the influence of acid rain, further
exacerbating the soil acidification [52].

Table 5. The physicochemical properties of the soil in the study area (mean + SD).

Range Average t-Test p Value
pH 5.98-6.6 6.24 £ 0.16 5.567 0.871
Organic matter (g/kg) 21.92-127.66 38.95 £ 19.25 —2.265 0
Clay * (%) 50.73-76.19 63.33 + 8.06 2.115 0.443

* Clay particles with a diameter of less than 0.002 mm.
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In acidic soils, Se predominantly exists as selenite, which readily forms stable chelate
complexes or precipitates with iron and manganese oxides. Conversely, in alkaline soils,
Se primarily exists as selenate, which is highly soluble in water and easily absorbed
and utilized by plants. Moreover, under alkaline conditions, the fulvic acid-bound Se
components of OM-bound Se can readily mineralize and decompose into inorganic Se
and low-molecular-weight organic Se, facilitating absorption and utilization by plants.
Fulvic acid, however, exhibits limited mineralization and decomposition in neutral or
acidic environments, and even if it does decompose in acidic conditions, it is prone to
reabsorption into the soil. The interplay of these factors leads to the reduction in selenate
to selenite in the soil, thereby diminishing the content of effective Se components and the
overall bioavailability of Se.

The soil’s OM content in the study area ranged from 21.92 g /kg to 127.66 g/kg, with an
average of 38.95 g/kg (Table 5). Several hypotheses exist regarding the binding mechanisms
of Se oxyanions to soil’'s OM, including the formation of Se-OM-mineral ternary complexes,
partial anoxic zones, and an increase in sorption sites [52]. Research by [53] confirmed
that Ca?* released from carbonate bedrock may enhance the stability of OM in the soil.
Given the widespread distribution of carbonate rocks in the study area, the high solubility
of carbonate minerals contributes to the distinct hydrochemical characteristics observed
in the chemical composition of karst groundwater. Lang’s study [32] confirmed that the
hydrochemical composition of the groundwater in the Zunyi area was primarily composed
of Ca?*, Mg?*, HCO3~, and SO42~ ions [54]. The release of a substantial amount of Ca?*
ions in the study area significantly enhances the stability of the soil’s OM, leading to the
fixation of a large amount of effective Se in the soil’s OM.

The clay content in the study area ranged from 50.73% to 76.19%, with an average of
63.33% (Table 5). Clay is recognized as a significant soil variable that enhances Se retention
in soil. Typically, fine particles exhibit greater exchange capacity and stronger adsorption
capacity compared to coarse particles [55]. The substantial clay content in the soil of the
study area suggests that it has the capacity to adsorb a considerable amount of Se, resulting
in the transformation of soluble Se into insoluble forms. Generally, in southwest karst
regions characterized by a relatively low pH and relatively high soil OM and clay contents,
while the total Se content in the soil is elevated, the available Se content remains low.

4. Conclusions

The soil samples collected from Zheng’an County revealed total Se contents ranging
from 0.49 mg/kg to 3.87 mg/kg, with an average of 1.22 mg/kg, classifying the region
as Se-rich. However, the distribution of Se forms indicated a relatively low proportion
of effective Se being available for plant absorption and utilization, with residue Se being
the predominant form (53.1%). The G. elata samples exhibited an average Se content of
0.094 mg/kg, with an enrichment coefficient of 0.11 and an enrichment index of 0.176,
demonstrating significant Se enrichment capacity. In the studied karst areas, moderately
acidic soils (pH: 5.98-6.60) promote the conversion of effective Se into less available forms,
hindering plant absorption. Additionally, a higher OM content (ranging from 21.92 to
127.66 g/kg) and clay content (ranging from 50.73% to 76.19%) contribute to Se binding,
retention, and adsorption, further reducing its availability for plant uptake.

In summary, the results of this study elucidate the distribution characteristics of Se in
subtropical karst soils and its relationship with soil-plant interactions. Despite the abundant
total Se content in the soil, the proportion of effective Se is low, limiting plant absorption
and utilization. Therefore, future research could focus on elucidating the formation and
transformation mechanisms of effective Se in soil, as well as strategies to enhance plants’ Se
uptake efficiency, thereby providing a scientific basis for soil management and ecological
restoration in karst areas.
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