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Abstract

To understand the mineral element distribution of the soil and tea plants, we determined and
analyzed the content of 16 mineral elements in the soil profile and various tea plant organs
at the Yangai tea farm in Huzxi District, Guiyang City, Guizhou Province, China. The results
show that the soil of the Yangai tea farm is mainly an acidic and mineral soil, which is suitable
for tea plant growth. The mineral elements (i.e., Fe, S, Mo, V, and Zn) are mainly from natural
sources and human activities, Se may be affected by human activities, and other mineral ele-
ments are mainly from natural sources. The tea plant has a strong ability to absorb Ca and S
(especially Ca). The content of low reabsorption proficiency mineral elements (i.e., Al, Ca, Mn)
in vegetative storage organs (e.g., old leaf) of the tea plant is higher than in organs with active
growth and exuberant metabolism (i.e., leaf buds and flower buds). And the content of high
reabsorption proficiency mineral elements (i.e., K, Mg, P, S, Mo, Cu, Ni, and Zn) in organs
of the tea plant is just the opposite. In addition, the soil could provide abundant mineral
elements (i.e., Mo, Se, V, Co, Cu, Ni, and Zn) for the tea plant growth, and act as the primary
source of mineral elements in the tea plant. Finally, the soil within a depth of 130 cm is the
mineral elements’ absorption range of the tea plants in the study area. Therefore, supplies
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of the mineral elements from the deep soil layer should be a vital source of the mineral element
absorption for tea plants, and considered when a fertilizer management plan for the tea garden
is implemented, especially for tea plantations that are several decades old.

Keywords: mineral elements, bioconcentration factor, enrichment factor, tea plant, soil profile.

INTRODUCTION

Mineral elements play a vital role in the health of plants and their con-
sumers. A mineral element is defined as a chemical element (except for C, H,
and O) that is usually absorbed from the soil and used by the plant
as a building block, and which can be retained in the ash from incineration
of the plant organism (except for N). Liebig’s theory of mineral nutrition
clarifies that the essence of plant absorption of nutrients is to obtain mineral
elements, and plants can grow healthily when acquiring the necessary nutrients
(Bai 2019). Mineral nutrition plays a crucial role in the plant growth, deve-
lopment, and reproduction (Mo et al. 2021). The beneficial effect of adding
mineral elements (e.g., plant ash or lime) to soils in order to improve plant
growth has been known in agriculture for more than 2,000 years (Marschner
2012). Mineral elements have significant physiological functions (i.e., acting
as cofactors for metabolic enzymes, oxygen transport, DNA synthesis and
repair, cell division, antioxidation, immune function, etc.) that are responsive
to chemical exposure (Smith, Lucas 2020).

The content of mineral elements in the tea leaves plays a vital role
in the healthy growth of the tea plant and resulting tea quality. Both the
quality of tea leaves and the positive health effects of tea infusion depend
on the content of polyphenolic substances and mineral elements in tea leaves
(Tolra et al. 2020). The tea producers and consumers are concerned about
the accumulation of mineral elements (Zhang et al. 2018). When a mineral
element deficiency or excess occurs, it will bring adverse health consequences
to the plant. Namely, an insufficient intake leads to some lesions or dysfunc-
tion, and the mineral element in question is needed if its supplementation
up to the physiological level can prevent or repair the damage (Guardia,
Garrigues 2015). Most minerals could significantly promote healthy growth
and play an important role in biochemical functions and enzymatic systems
even at the lowest levels (Bhat et al. 2010). The mineral elements (i.e., Al, Ba,
Cd, Pb, Co, Cu, Cr, Sn, Ag, T1, V, and Zn) in the tea samples exceed the daily
intake, which corresponds to 0.2 to 2 % of the amount of absorbed micronu-
trients necessary for a healthy balance (Schunk et al. 2016). When the tea
plant grows with P deficiency or excess, the plant’s anabolism and catabolism
of metabolites are affected, its antioxidant activity is weakened, the content
of the mineral element (e.g., Cu, Zn, and S) in the tea leaves changes, and
the synthesis of flavonoids in the tea leaves is reduced (Ding et al. 2017).
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The soil depth (especially the deep soil layer) plays a vital role in absorb-
ing water and mineral elements by deep-rooted plants or trees. Approximately
2/3 of the nutrients of deep-rooted plants and trees occur at a depth of 2 m
in the surface soil layer, although there are differences among individual soil
types (Yost, Hartemink 2020). And the storage and availability of nutrients
are affected by soil depth, which is very important for agricultural produc-
tion and plant growth (Yost, Hartemink 2019). Deforestation, which affects
depth distributions of carbon inputs from roots, may also affect the net car-
bon storage in soil (Nepstad et al. 1994). Deep roots provide vital functions
(i.e., nutrient and water uptake) for individual plants and influence soil
pedogenesis and carbon storage (Maeght et al. 2013).

Previous studies focused on the distribution of mineral elements in vari-
ous organs of the tea plant, and few dealt with the effect of the different soil
layers (especially the deep soil layer) on the absorption of mineral elements
in tea plants. Because tea is one of the three major beverages of the world,
it is vital to study the content of mineral elements in the tea plant. Sha and
Zheng (1996) found that the content of 19 mineral elements in some organs
(i.e., flower buds, leaves, and fine roots) of the tea plant were higher than
in other organs (i.e., seeds, twigs, backbone branches, primary axis, trunk,
main root, lateral root). Through the study on the distribution of Pb in
10-years-old tea plants in Longjing 43, Han et al. (2009) found that the Pb
content in absorbing roots was the highest, followed by productive branches,
lateral branches, and old leaves, and the Pb content of tea seeds and young
shoots was lower. After analyzing the distribution of Fe and Mg content in
four tea varieties, Shan et al. (2017) concluded that Fe mainly accumulated
in tea roots and stems, the Mg content of old leaves was the highest, and
differences in the distribution of minerals in other organs is not significant.

The content of 16 mineral elements (e.g., Al, Ca, Fe, K, Mg, Na, P, S,
Mn, Mo, Se, V, Co, Cu, Ni, and Zn) in different organs of the tea plant and
in the soil profile at the Yangai tea farm of Guiyang City, China, was deter-
mined and analyzed to understand the effect of the soil depths on the distri-
bution, absorption, and transport of mineral elements in the tea plant.

MATERIALS AND METHODS

Study area

The Yangai tea farm was started in 1952. It is located in Huaxi District,
Guiyang City, Guizhou Province, China (N26°23'19” E106°31'27"). It lies
in the southwest suburb of Guiyang City, which is 40 km away from the
downtown of Guiyang City (Gong, 2010). The Yangai tea farm site is on a hilly
platform of the central Guizhou Province. It has some unique characteristics
(i.e., the gentle slope of an Alpine-like platform, cloudy and moist air in early
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spring). The altitude in the study area ranges from 1200 m to 1400 m, aver-
aging 1300 m. The annual rainfall is within the range of 1200 - 1300 mm.
The length of the frost-free season is 247 days. The mean annual tempera-
ture is 14.2°C, and the temperature difference between day and night ranges
from 3°C to 13°C. The environment and weather conditions are suitable
for tea plant growth, promoting the formation of tender and excellent quality
tea buds. The variety of tea plants grown on the Yangai tea farm is a popu-
lation variety of early bud and middle leaf types of the Shilixiang in northern
Yunnan Province of China, which germinates earlier and has denser hairs
on the back of leaves than the local varieties (Gong 2010).

Sampling

In mid-August 2018, we collected two representative soil profiles and
their corresponding tea plants (YA-1 and YA-2) — Table 1 at the Yangai tea
farm in the Guiyang City, in China. A total of 55 samples were collected,

Table 1
Soil profile characteristics in the Yangai tea farm of Guiyang City
Sample
Sample depth Sample characteristic
profile
(cm)
The soil is grayish brown and contains many tea plant roots. The main
0~10 root diameters of the tea plant range from 40 to 58 mm, and most root
diameters are about 40 mm. Additionally, this layer of the soil
contains a large number of small roots and absorbing roots.
The soil is dark brown and contains many tea plant roots. The root
10~20 diameters of the tea plant range from 34 to 48 mm, and most root
diameters are about 34 mm. Additionally, this layer of the soil
contains a large number of small roots and absorbing roots.
The soil is dark brown and contains many tea plant roots. The root
920~30 diameters of the tea plant range from 32 to 38 mm, and most root

diameters are about 32 mm. Additionally, this layer of the soil
contains a few small roots and absorbing roots.

The soil is light brown and contains many tea plant roots. The root
YA-1 30~40 diameters of the tea plant range from 30 to 34 mm, and most root
diameters are about 30 mm.

The soil is light brown and contains many tea plant roots. The root
40~50 diameters of the tea plant range from 22 to 30 mm, and most root
diameters are about 22 mm.

The soil is light brown and contains many tea plant roots. The root
50~60 diameters of the tea plant range from 16 to 26 mm, and most root
diameters are about 16 mm.

The soil is light brown and contains many tea plant roots. The root
60~70 diameters of the tea plant range from 11 to 20 mm, and most root
diameters are about 11 mm.

The soil is brownish yellow and contains a small number of tea plant

70~80 roots with a root diameter of about 16 mm.
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cont. Table 1

Sample Sample
p depth Sample characteristic
profile
(cm)
80~90 The soil is brownish yellow and contains a small number of tea plant
roots with a root diameter of about 13 mm.
90~110 The soil is brownish yellow and contains a small number of tea plant
roots with a root diameter of about 10 mm.
YA-1 The soil is light brown and contains many tea plant roots with a root
110~130 . .
diameter ranging from 2 to 10 mm.
A hard iron layer is a brick-red-black hard layer containing abundant
130~140 | Fe content and a small amount of tea plant roots. And their root
diameter ranges from 2 to 5 mm.
The soil is dark brown and contains many tea plant roots. The root
0~20 diameters of the tea plant range from 22 to 36 mm, and most root
diameters are about 22 mm. Additionally, this layer of the soil
contains a large number of small roots and absorbing roots.
The soil is light brown and contains many tea plant roots. The root
90~40 diameters of the tea plant range from 20 to 26 mm, and most root
diameters are about 20 mm. Additionally, this layer of the soil
contains a large number of small roots and absorbing roots.
The soil is light brown and contains many tea plant roots. The root
40~60 diameters of the tea plant range from 18 to 22 mm, and most root
diameters are about 18 mm.
The soil is light brown and contains many tea plant roots. The root
YA-2 60~80 diameters of the tea plant range from 16 to 20 mm, and most root
diameters are about 16 mm.
The soil is light brown and contains many tea plant roots. The root
80~100 | diameters of the tea plant range from 14 to 18 mm, and most root
diameters are about 14 mm.
The soil is light brown and contains many tea plant roots. The root
100~120 | diameters of the tea plant range from 10 to 15 mm, and most root
diameters are about 10 mm.
190~122 The soil is light brown, located about 2 cm on the surface of the iron
layer at the bottom, and contains more absorbing roots.
199~130 A hard iron layer attached more absorbing roots to its surface, and a

small amount of tea plant root passes through.

including 20 soil specimens and 35 plant samples. The plant samples were
collected from different organs of one tea plant (i.e., trunk xylem, root xylem,
trunk phloem, root phloem, flower buds, old leaves, tertiary branches,
secondary branches, trunks, and roots at different depths). In the soil profile
of YA-1, pairs of soil and tea plant root samples were gathered at each 10 cm
depths to the maximum of 90 c¢m, respectively. And the sampling intervals
were increased to each 20 cm within a depth range of 90 to 130 cm. Finally,
a pair of soil and tea plant roots were collected from the hard iron layer
(i.e., a brick-red-black hard layer containing abundant Fe content) within
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a depth range from 130 cm to 140 cm. In the soil profile of YA-2, pairs of soil
and tea plant root samples were gathered at each 20 cm depth to the maxi-
mum of 120 cm, respectively. A soil sample was collected from the surface
of the hard iron layer within a depth ranging from 120 cm to 122 cm.
And a pair of soil and tea plant root samples were gathered at the hard iron
layer, within a soil depth range of 122 cm to 130 cm. The weight of each soil
sample was approximately 1000 g.

Soil sample preparation and mineral element determination

After removing the impurities (e.g., gravel, plant residue, etc.), the soil
sample was halved by dichotomy and then dried in a thermostatic air-blower-
-driven drying closet at 30°C. Then, each dry soil sample was passed through
a 10-mesh nylon sieve. 10.00 g of Each soil sample was weighed prior
to a soil pH measurement with a pH meter (SX620 type, Instrument Factory
of Shanghai Sanxin, Shanghai, China) at a soil-water ratio of 1 to 2.5.
And the soil organic matter (SOM) content of soil samples was determined
by KCr,O, oxidation coupled with a volumetric technique (NY/T 85-1988).
Finally, the mineral element content of the soil samples was determined
with an ICP-AES (America, Agilent VISTA) and an ICP-MS (America,
Agilent 7700x) in an accredited laboratory, ALS Minerals — ALS Chemex
(Guangzhou) Co. Ltd.

The sample determination procedure for the soil samples was as follows
(Peng et al. 2018a,b): approximately 100 g of each dry soil sample were
gently disaggregated with a rubber hammer and sieved through an 80-mesh
nylon sieve. These sieved samples were separated into two parts for analysis
and storage. Two test samples (0.25 g and 0.50 g) were weighed from each
prepared soil sample. The first sample (0.25 g) was digested with a concen-
trated acid mixture of HC1O,, HNO,, HCI, and HF and diluted to a constant
volume with dilute HCl. Another sample (0.50 g) was digested with aqua
regia in a graphite heating block. After cooling, the digested solution was
diluted to a steady volume with deionized water. Finally, the mineral
element content of the volume solution was respectively determined by
ICP-AES and ICP-MS. According to the actual characteristics of the samples,
the digestion effect, and interelement spectral interferences, the integrated
value was the final test result.

Plant sample preparation and mineral element determination

Each plant sample was rinsed with deionized water approximately two
times after washing with high-pressure water. It was dried in a thermostatic
air-blower-driven drying closet at 60°C for 30 min and then at 30°C.
The dried plant samples were pared down with a ceramic knife and then
ground with an agate mortar passing through a 100-mesh nylon sieve. Addi-
tionally, the sample determination procedure for the soil sample was as fol-
lows (Peng et al. 2018a,b): Each prepared dry specimen (1.0 g) was cold-di-
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gested for approximately eight hours in HNO, Then, it was heated for three
hours in a graphite heating block. It was subsequently cooled and brought
up to a constant volume with dilute HCI. Finally, the mineral element con-
tent of the plant samples was determined by ICP-AES and ICP-MS in an
accredited laboratory, ALS Minerals — ALS Chemex (Guangzhou) Co. Ltd.
The final analytical results were considered for inter-element spectral inter-
ferences, the actual characteristics of the samples, and the digestion effect.

Data processing and statistical analysis

The enrichment factor (EF) is a relative abundance of a mineral element
to distinguish the elemental source, that is, whether the source is anthropo-
genic or natural (Peng et al. 2017a, 2018b, 2021, Zhang et al. 2014). The
enrichment factor is calculated by Eq. (1).

Me
Al soil

[ Me) ey
Al crust

The neutralization formula (Me/Al)_, and (Me/Al)_ . is the ratio of the
content of a mineral element to Al in the soil and crust (Taylor 1964), respec-
tively.

EF =

The bioconcentration factor (BCF) is the ratio of the content of an ele-
ment in a plant to that of its growth media, which is mainly used to evaluate
an element enrichment ability of the plant (Peng et al. 2017a, 2018a,b).
It was calculated by Eq. (2).

CI’
BCF =—+ 2)
CS
Cp represents an element content of the plan. And C, represents an ele-
ment content of the plant growth soil, which is the average content of the
element in all soil samples in this study.

Statistical processing of the data and analysis were performed with
Excel and SPSS 19.0. Additionally, the analytical results of this study were
tested for normal distribution by the Shapiro-Wilk method to choose the
proper statistical tools (Peng et al. 2018a). The level of P<0.05 for several
variables represnted a significant difference, and thus, nonparametric tests
(of one-sample Kolmogorov-Smirnov tests) were used (Peng et al. 2018b). Bar
chart diagrams were plotted with Excel and improved picture quality was
achieved with CorelDraw X6 software.



772

RESULTS AND DISCUSSION

Characteristics of SOM and soil pH distribution in soil profile

The soil of the Yangai tea farm is mainly acidic soil and mineral soil.
It is suitable for the growth of the tea plant. The SOM in the soil section
of the Yangai tea farm ranges from 0.04 to 8.08 g kg, with an average value
of 2.72 g kg' (Table 2), indicating that the soil is mineral one. And the
SOM content demonstrates a decreasing trend with increasing soil depth
(Figure 1). The surface soil layer in the Yangai tea farm is mainly gray-
brown or dark brown soil, and other deep soil layers are primarily light
brown soil (Table 1). This reason might be the influence of soil humus and
soil organic matter on the surface soil. Then, the soil pH in the soil profile
of the Yangai tea farm ranges from 4.61 to 5.81, with an average value
of 5.18 (Table 2), indicating the soil is mainly acidic. The soil pH is suitable
for the growth of the tea plant. The soil pH of the soil profile is less than 5.0
within the soil depths of 40 ¢cm or 50 cm, which corresponds to strongly
acidic soil. And the soil pH value shows an increasing trend with increasing
soil depth (Figure 1). In addition, the taproot diameter and root biomass
of the tea plant decrease with increasing soil depth. In the initial stage of tea
plantation, most acidification occurred in the soil around the tea plant root
(Song, Liu 1990). The intensive interaction between the plant root exudation
and rhizosphere microorganisms could affect physicochemical properties

YA-1 soil profile YA-1 soil profile
SOM (g kg") pH
0.00 3.00 6.00 9.00 4.00 4.50 5.00 5.50 6.00
0-~10 ! ! ! ! ! ! ! . : 0~10 F , ! : :
10~20 10~20 j—
20~30 p—— 20~30 ——————
30~40 p—— 30~40 p—
40~50 —— 40~50 p————
50~60 p——— 50~60 fa
60~70 |z 60~70 m
70~80 —— 70~80 |
80~90) mm— 80~90 m
90~110 |m— 90~110
110~130 o 110~130 m
soil depth (cm) soil depth (cm)
YA-2 soil profile YA-2 soil profile
SOM (g kg") pH
0.00 3.00 6.00 9.00 4.00 4.50 5.00 5.50 6.00
o ! ! : ! ! : ! ! : 0-20 , : : :
20~40 20~40
40~60 40~60
60~80 60~80
80~100 80~100
100~120 100~120
120~122 120~122
soil depth (cm) soil depth (cm)

Fig. 1. Value of SOM and soil pH in the soil profile in the Yangai tea farm of Guiyang City
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(e.g., soil acidity, soil moisture, and soil nutrient status) of the rhizosphere
soil (Huang 2004). With the expansion of a tea plantation, fallen leaves begin
to play a key role in soil acidification (Song, Liu 1990). Plant roots and
leaves producing strong organic acids can also acidize the rhizosphere (Peng
et al. 2018a). Without Al-toxicity, the concentration of isocitrate, citrate,
and malate in the root and leaf at pH 2.5 - 3.0 rose with increasing pH, then
declined or remained unchanged with a further increase of pH (Yang et al.
2020). These findings indicate that the soil of the upper soil profile is greatly
affected by the SOM content and the secretion of organic acids by tea plant
roots (especially the absorbing roots).

Characteristics of mineral element distribution in soil profile

The average content order of all mineral elements in the soil in the
Yangai tea farm is Fe>Al>K>Mg>Mn>Na>P>S>Ca>V>Zn>Cu>Ni>Co>Mo>Se
(Table 2). The soil Se content of the soil profile in the Yangai tea farm
is about 1 mg kg! (Figure 2). The content of Al, Ca, Fe, K, Mg, Na, P, S, Mn,
Mo, V, Co, Cu, Ni and Zn, respectively, ranges from 6.44 to 14.65%, 0.01
to 0.09%, 7.01 to 37.10%, 0.65 to 1.82%, 0.19 to 0.70%, 0.03 to 0.07%, 510
to 1080 mg kg, 0.01 to 0.11%, 211 to 7500 mg kg!, 2.56 to 5.24 mg kg?,
112 to 244 mg kg, 17.1 to 90.3 mg kg?, 53.9 to 95.1 mg kg, 33.9 to 98.8 mg kg?,
138 to 230 mg kg'. And their average content is 12.32%, 0.04%, 13.41%,
1.49%, 0.58%, 0.07%, 655 mg kg', 0.06%, 784.15 mg kg?', 4.25 mg kg7,
211.55 mg kg, 27.66 mg kg, 77.13 mg kg!, 73.70 mg kg, 183.30 mg kg,
respectively.

The content of the soil mineral elements (i.e., Al, Ca, K, Mg, Na, S, P, V,
Mo, Cu, Ni, and Zn) in the Yangai tea farm shows a gradual increase and
then a decrease with increasing soil depth (Figure 2). It might result from
agronomic measures (i.e., fertilization), rainwater infiltration, and the absorp-
tion of tea plant growth. The Co content rises with increasing soil depth.
And the content of Fe and Mn shows a decrease and then an increase
with increasing soil depth. These trends might result from the absorption
of nutrients by tea plants and the soil environment (i.e., soil pH). The avai-
lability and mobility of Co, Fe, and Mn decrease with an increasing soil pH
value, at pH 4 - 8 (Weil, Brady 2016, Xu 2019). However, the Se content does
not change significantly with increasing soil depth.

Distribution characteristics of mineral elements in tea plant

The average content of mineral elements in tea plant organs is in the
following order: K>Ca>Al>Mg>S>P>Fe>Mn>Na>7Zn>Cu>Ni>Co>V>Se>Mo
(Table 2). It is similar to the result of Sha and Zheng (1996). The average
content of Al, Ca, Fe, K, Mg, Na, P, S, Mn, Mo, Se, V, Co, Cu, Ni and Zn
is respectively 1424, 2957.14, 577.69, 4397.14, 1325.71, 261.43, 596.86,
1154.86, 419.24, 0.03, 0.12, 0.60, 0.763, 16.01, 12.568, and 21.75 mg kg'.
It ranges from 250 to 9500, 800 to 12 700, 13 to 4980, 1400 to 12 200, 250
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YA-2 soil profile
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YA-2 soil profile
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Fig. 2. Vertical distribution characteristics of mineral elements in the soil profile
in the Yangai tea farm of Guiyang City

to 4390, 20 to 1400, 160 to 2790, 290 to 3180, 59.8 to 1890.0, 0.01 to 0.11,
0.02 to 0.60, 0.1 to 4.3, 0.092 to 4.180, 1.03 to 154.00, 0.57 to 114.00, and
4.60 to 101.0 mg kg, respectively (Table 2).

All mineral element concentrations in the trunk and root phloem are
much higher than those in the xylem of the tea plants grown on the Yangai
tea farm (Figure 3). It was similar to that in the phloem of tobacco stem
(Hocking 1980, Marschner 2012). This finding might be related to the role
and function of the phloem in the plant (Marschner, 2012). The root phloem
and the trunk phloem of the tea plant have vital functions in the absorption
of mineral nutrients from the soil and transport of mineral elements to the
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aerial parts, respectively. And the trunk and root xylem mainly play a sup-
porting or fixing role.

All mineral element concentrations in the tertiary branch in the tea
plant are much higher than those in the secondary branch (Figure 3).
This finding is similar to Han et al. (2009) results: the order of Pb content
in tea branches of 10-year-old Longjing 43 is production branch > lateral
branch > trunk. Additionally, the mineral element content of the trunk
phloem in the tea plant is much higher than in the trunk xylem (Figure 3).
Thus, the mineral element content of the tertiary branch is higher than
in their secondary branch, which might be caused by the branch being thin-
ner, with a greater proportion of phloem per unit weight.

The mineral elements (e.g., Ca, K, P, S, Mg, Mn, and Zn) are relatively
high in the tea plant. The Al content of the old leaves and the tea plant root
phloem 1is higher than that in other organs of the tea plant (Figure 3).
The content of Ca, P, Mn, and Zn in the aerial parts of the tea plant is sig-
nificantly higher than in the underground parts. And the content of Fe, Na,
Co, V, and Se in the aerial organs of the tea plant is significantly lower than
in the underground part. The content of K, Mg, and S in all organs of the tea
plant is relatively high but not regular, and the content of Mo, Ni, and Cu
in the organs of the tea plant is lower and shows no marked regularity
(Figure 3).

Source of mineral elements in soil profile

Except for the considerable enrichment with Se and the slight enrich-
ment with Fe, S, Mo, V, and Zn, the concentrations of the other mineral ele-
ments in the soil in the Yangai tea farm are generally not enriched or only
slightly enriched. The average element enrichment factors for the mineral
elements Ca, Fe, K, Mg, Na, P, S, Mn, Mo, Se, V, Co, Cu, Ni, and Zn in the
soil profile of the Yangai tea farm are respectively 0.007, 1.766, 0.476, 0.164,
0.019, 0.422, 1.546, 0.785, 1.906, 13.795, 1.049, 0.829, 0.942, 0.651 and 1.772
(Table 3). And they range from 0.003 to 0.014, 0.931 to 8.421, 0.397 to 0.529,
0.104 to 0.184, 0.016 to 0.024, 0.320 to 0.633, 0.224 to 2.831, 0.145 to 10.089,
1.567 to 2.426, 11.235 to 25.559, 0.949 to 1.125, 0.514 to 4.616, 0.730
to 1.252, 0.547 to 0.753, and 1.554 to 2.958, respectively. According to
Sutherland (2000) and Chen et al. (2007), EF <1, 1 < EF < 3, 3 < EF <5,
5 <EF <10, 10 < EF < 25, 25 < EF < 50, and EF > 50 correspond to no enrich-
ment, light enrichment, moderate enrichment, moderate-considerable enrich-
ment, considerable enrichment, essential enrichment, and extreme enrich-
ment, respectively. Except for the average enrichment factors for Fe, S, Mo,
V, and Zn determined in the range of 1 to 3 and Se equal 13.795, the aver-
age enrichment factors of the other mineral elements in the soil of the
Yangai tea farm are all lower than 1 (Figure 4). This reveals that the soil
of the Yangai tea farm is generally not enriched in terms of the content of
16 mineral elements, except Fe, S, Mo, V, and Zn, which are slightly enriched,
and Se, which is considerably enriched.



780

YA-1 soil profile
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YA-1 soil profile
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of Guiyang City
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Fig. 4. Enrichment factors of mineral elements in the soil of the Yangai tea farm
in Guiyang City

The Fe, S, Mo, V, and Zn, the Se, and other mineral elements are main-
ly from natural sources and human sources, human activities, and natural
sources in the soil of the Yangai tea farm, respectively. The enrichment fac-
tor of a mineral element could help trace the soil mineral element’s source
(Hu et al. 2013, Peng et al. 2017a). The soil mineral elements are primarily
derived from the naturally weathered bedrock (Peng et al. 2017a, Yang et al.
2010, 2011) or particular physical geographical background (Yu et al. 2014)
or human activities (Peng et al. 2017a, Yu et al. 2014). Moreover, an EF
of less than one, between 1 and 3, and greater than three indicates that the
element originated predominantly from natural sources, both natural sources
and anthropogenic activities, and from anthropogenic activities, respectively
(Hu et al. 2013, Peng et al. 2021). As described in Figure 4, the average
enrichment factors of Se are over 3, the average enrichment factors of Fe, S,
Mo, V, and Zn range from 1 to 3, the average enrichment factors of other
mineral elements in the soil of the Yangai tea farm are all lower than 1.
Except the enrichment factors of Fe, Mn, and Co in the hard iron layer
at the bottom of the YA-2 soil profile, which are more than 3, the enrichment
factors of the other mineral elements in the soil of the Yangai tea farm are
all less than 3 (Table 3). These show that the Fe, S, Mo, V, and Zn mineral
elements in the soil of the Yangai tea farm are both from natural and human
sources. The Se might be chiefly affected by human activities. And the other
mineral elements are mainly from natural sources.

Absorption and transport of mineral elements by tea plants

The tea plant has a good ability to absorb Ca, S, and P. The average
bioconcentration factors of mineral elements in the tea plant in the Yangai
tea farm are in the following order: Ca > S > P > Mn > Na > K > Mg > Cu >
> Ni > Se, Zn > Co > Al > Fe > Mo > V (Table 4). The bioconcentration fac-
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tors of mineral elements Al, Ca, Fe, K, Mg, Na, P, S, Mn, Mo, Se, V, Co,
Cu, Ni, and Zn are from 0.002 to 0.077, 1.882 to 29.882, 0.000 to 0.037, 0.094
to 0.817, 0.043 to 0.760, 0.030 to 2.121, 0.244 to 4.260, 0.487 to 5.345, 0.076
to 2.410, 0.002 to 0.026, 0.002 to 0.026, 0.020 to 0.600, 0.000 to 0.020, 0.003
to 0.151, 0.013 to 0.151, 0.013 to 1.997, 0.008 to 1.547 and 0.025 to 0.551,
respectively. Their average values are 0.012, 6.958, 0.004, 0.294, 0.230,
0.396, 0.911, 1.941, 0.535, 0.006, 0.119, 0.003, 0.028, 0.208, 0.171 and 0.119,
respectively. These show that the tea plant has a good ability to absorb Ca,
S, and P in the Yangai tea farm.

The trunk and root phloem, flower buds, old leaves, roots, and stems
of the tea plant grown on the Yangai tea farm had a relatively strong ability
to absorb mineral elements such as K, Ca, Mg, S, P, and Mn. The content
of Ca, P, Mn, and Zn in the tea plant aerial parts is significantly higher than
in the underground part (Figure 3). The average bioconcentration factors of
Ca and S in the tea plant from the Yangai tea farm are higher than 1, espe-
cially in the case of Ca (Figure 5). These show that the tea plant has a rela-
tively strong ability to absorb and enrich Ca and S, especially the Ca ele-
ment. And the tea plant has a weak ability to absorb and accumulate other
mineral elements. The bioconcentration factors of Ca, S, P, and Mn in the old
leaves of the tea plant grown on the Yangai tea farm are all greater than 1
(Table 4), indicating that the old leaves of the tea plant have a relatively
strong ability to accumulate Ca, S, P, and Mn. Similar result were obtained
in Leishan County (Peng et al. 2017b). The cloned tea plants in the Wush-
wush tea plantation in Ethiopia have a high enrichment capacity for K and
Mn (Yemane et al. 2008). The tea in Guangxi has a relatively strong ability
to accumulate Ca and Mn (Zhou, Li 2008). In addition, the bioconcentration
factors of K, Ca, Mg, S, P, and Mn in flower buds, old leaves, and the trunk
and root phloem of tea plants from the Yangai tea farm are higher than
those of these mineral elements in other organs (Table 4). It shows that flower
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Fig. 5. Bioconcentration factors of mineral elements in the tea plant in the Yangai tea farm
of Guiyang City
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buds, old leaves, and the trunk and root phloem of the tea plant have
a relatively strong ability to absorb and enrich mineral elements such as K, Ca,
Mg, S, P, and Mn.

The content of high reabsorption proficiency mineral elements (i.e., K, Mg,
P, S, Mo, Cu, Ni, and Zn) in organs with active growth and exuberant meta-
bolism (i.e., leaf buds and flower buds) of the tea plant is generally higher
than in vegetative storage organs (e.g., old leaf). The content of K, Mg, P, S,
Mo, Cu, Ni, and Zn in young leaves and flower buds of the tea plant is higher
than in their senescent organs (such as old leaves) in tea plants on the Yangai
tea farm (Table 5). In the process of tea growth, the content of P, Zn, S, Cu,
K, Mg, and Ni in tender leaves of the tea plant was relatively high (Peng
et al. 2017b). Reuse of a mineral element is defined as a mineral element
of an organ with active growth and vigorous metabolism of a plant that can
be transported from a vegetative storage organ through its phloem. The tea
plant needs huge macronutrient mineral elements (i.e., K, Mg, and P) to parti-
cipate in its life activities and material synthesis. And these elements belong
to high reabsorption proficiency mineral elements. When the amount of a high
reabsorption proficiency mineral element is inadequate for the organs with
active growth and exuberant metabolism, the tea plant will transfer this
mineral element from its nutrient storage organs (i.e., mature leaf, old leaf,
root, and so on) — Huang, Xiao (1992). As a result, the content of high reab-
sorption proficiency mineral elements in the organs with active growth and
exuberant metabolism in the tea plant is generally higher than in its vegeta-
tive storage organs (e.g., old leaf).

The content of low reabsorption proficiency mineral elements (i.e., Al,
Ca, Mn) in vegetative storage organs (e.g., old leaf) of the tea plant is higher
than in organs with active growth and exuberant metabolism (i.e., leaf buds
and flower buds). The content of Al, Ca, and Mn in the old leaves of the tea
plant in the Yangai tea farm is higher than in the young leaves and flower
buds (Table 5). The Mn content of old leaves was significantly higher than
that of stems, roots, and tender leaves (Shan et al. 2017). Fung et al. (2003)
also found that the content of Ca, Al, and F in old tea leaves was higher
than in tender leaves. In the process of tea growth, the content of Ca, Al, Fe,
Cr, As, Pb, Cd, Mn, and Ba in the old leaves of the tea plant was higher
than in the tender leaves (Peng et al. 2017b). The slight difference in the
distribution of mineral elements in tea plants is due to the functions of dif-
ferent organs that might correlate with the mineral element properties and
physiological effects (Sha, Zheng 1996). There are some main reasons for the
high content of Al, Ca, and Mn in the old leaf of the tea plant (Huang, Xiao
1992): Firstly, the tea plant is an Mn-accumulating and Al-tolerant plant,
which could predominantly fix these elements on the epidermis and palisade
tissue cell wall (such as Al) or epidermis cell wall (such as Mn) to avoid
the toxic effects on its healthy growth. Additionally, a low reabsorption pro-
ficiency mineral element is usually accumulated in organs with vegetative
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Table 5
Content of mineral element in the tea plant in the Yangai tea farm of Guiyang City (mg kg™)
ineral | lower | Tender oy ] e | Tk | ok | | Rt | ot
Al 355 600 8550 595 265 1110 1242 535 4050
Ca 6750 3700 9750 4410 1000 | 11300 | 1257.14 | 850 3250
Fe 51 200 108 94 15 113 903 30 1342
K 11900 | 18700 | 9100 3310 2300 4300 3752 2150 4950
Mg 1820 2100 1470 637 305 965 1593 960 2930
Na 20 / 30 84 60 80 391 265 515
2535 5900 1385 524 325 600 372 315 515
S 1940 2900 2190 713 310 1140 1192 595 2150
Mn 1095.5 | 890.0 | 1555.0 | 535.1 | 190.6 | 1253.5 | 191.5 128.0 | 347.5
Mo 0.05 / 0.02 0.02 0.01 0.02 0.03 0.01 0.07
Se 0.06 / 0.11 0.06 0.02 0.09 0.16 0.05 0.53
\% 0.1 / 0.2 0.2 0.1 0.2 0.8 0.1 2.6
Co 0.206 / 0.113 0.242 0.108 0.447 1.127 0.310 3.265
Cu 8.96 18.80 4.66 4.14 1.50 4.17 23.42 4.02 15.11
Ni 8.51 / 3.77 2.71 1.93 1.71 18.50 1.85 12.11
Zn 28.7 53.0 14.9 40.4 8.3 55.5 12.9 5.2 41.3

Note: The data of tender leaves are cited from the literature (Chen et al. 2021), and / rep-
resents that no data were available. The other data are the average content of mineral
elements in the corresponding organs of the tea plant in the sampling sites of YA-1 and
YA-2 in this study.

storage and senescence (i.e., old leaf) of the tea plant, for example excessive
Ca binds with the tea plant’s organic acid to form calcium oxalate crystals.
Thus, a low reabsorption proficiency mineral element could not or would
rarely be mobilized for reuse so that the element’s content of a vegetative
storage organ (i.e., old leaf) is higher than in an organ with active growth
and vigorous metabolism.

Effect of soil on mineral elements in tea plant

The soil of the Yangai tea farm, which is the primary source of mineral
elements in various organs of the tea plant, could provide abundant mineral
elements such as Mo, Se, V, Co, Cu, Ni, and Zn for the tea plant growth.
Compared with the content of mineral elements in the continental crust,
the content of Ca, Mg, and Na in the soil of the Yangai tea farm is signifi-
cantly lower than in the continental crust (Figure 6). The content of mineral
elements (i.e., Mo, Se, V, Co, Cu, Ni, and Zn) in the soil is markedly higher
than in the crust. And the content of the other mineral elements is similar
in the analyzed soil and in the crust. These findings show that the soil in the
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study area could provide abundance of mineral elements such as Mo, Se, V,
Co, Cu, Ni, and Zn for the growth of the tea plant.

Except for the high content of Fe, Mn, and Co in the hard iron layer,
the distribution of other mineral elements in the soil (the soil depth is within
40 cm, between 40 cm and 80 cm, and below 80 cm, respectively) does not
change much in the Yangai tea farm (Figure 6). And except for the enrich-
ment factors of Fe, Mn, and Co in the hard iron layer at the bottom of the
soil profile, which are more than three, and the EF of Se, which is higher
than 10, the enrichment factors of the other mineral elements in the soil
of the Yangai tea farm are close to 1 (Table 3). These findings show that,
except for Se, the distribution of mineral elements in the upper layer soil
inherits that in the autochthonous soil and is not affected by human activi-
ties.

The distribution of most mineral elements in various organs (buds,
old leaves, stems, and roots) of the tea plant in the Yangai tea farm is simi-
lar to that in the corresponding soil. It is similar to the distribution of mine-
ral elements in old tea plants and in soil in Leishan County (Peng et al.
2017b). At the same time, the soil properties and changes can affect food and
environmental quality (Gu et al. 2021). Sha and Zheng (1996) found that the
mineral element content of the soil is a significant factor affecting the accu-
mulation of mineral elements in tea plants. This finding shows that the mine-
ral element distribution of the tea plant organs mainly originates from the
soil and inherits the distribution of these elements in the autochthonous soil.

Although this study failed to distinguish whether the content of mineral
elements in the tea plant mainly come from shallow or deep soil, it was
determined that the root distribution depth of the tea plant in the Yangai
tea farm reached at least 130 cm down the soil profile. If there were no physi-
cal restrictions (such as a high water level), the roots of tea plants could
extend to a considerable depth (5-6 meters) and extract water from it (Carr
2017). About 2/3 of the nutrients of deep-rooted plants and trees are present
at 2 m of the soil surface (Yost, Hartemink 2020). The storage and availabi-
lity of nutrients, essential for agricultural production and plant growth, are
affected by soil depth (Yost, Hartemink 2019). Deforestation, which affects
depth distributions of carbon inputs from roots, may also affect net carbon
storage in the soil (Nepstad et al. 1994). The deep roots of perennial forage
plants (especially Panicum maximum and Festuca arundinaceae) could
absorb water to improve crop production in water-scarce environments
(Sekiya et al. 2011). McMahon et al. (2019) found that fertilizer application,
redistribution of nutrients from biomass, and possible inputs from the atmo-
sphere or deep soil maintained soil nutrient stocks in eucalyptus plantations
over multiple harvests. The deep roots provide individual plants with vital
functions (i.e., nutrient and water uptake), and influence soil pedogenesis
and carbon storage (Maeght et al. 2013). The content of Co, Fe, and Mn
in the soil of the Yangai tea farm shows a gradual increase with increasing
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soil depth of under 80 cm (Figure 2). It was determined that the tea plants
in the Yangai tea farm absorbed mineral elements (i.e., Co, Fe, and Mn)
from the soil to a depth of 130 cm. Thus, the deep soil layer will also affect
the absorption of mineral elements by the tea plants to a certain extent.
Therefore, the mineral element supply from the deep layer of the soil should
also be considered when tea plant nutrition and fertilizer management plan
is implemented in tea plant production (especially in tea plantations which
are a few decades old).

CONCLUSIONS

The tea plant has a relatively good ability to absorb Ca and S, especially
the Ca element, and flower buds, old leaves, and the trunk and root phloem
of the tea plant have a high ability to absorb mineral elements (i.e., K, Ca,
Mg, S, P, and Mn). Additionally, the content of low reabsorption proficiency
mineral elements (i.e., Al, Ca, Mn) in vegetative storage organs (e.g., old leaf)
of the tea plant is higher than in organs with active growth and exuberant
metabolism (i.e., leaf buds and flower buds). And the content of high reab-
sorption proficiency mineral elements (i.e., K, Mg, P, S, Mo, Cu, Ni, and Zn)
in the tea plant organs with active growth and exuberant metabolism is gene-
rally higher than in vegetative storage organs.

The soil of the Yangai tea farm is mainly an acidic and mineral soil.
It can provide a wealth of mineral elements (e.g., Mo, Se, V, Co, Cu, Ni,
and Zn) for the tea plant to grow. Thus, it is suitable for tea plantations.
The mineral elements of each organ in the tea plant mainly come from the
soil and inherit the distribution of these elements in the autochthonous soil.
And the absorption range of mineral elements in tea plants at least reaches
the soil layer within the depth of 130 cm in the research area. Therefore,
the mineral element supply from the deep soil layer should also be consi-
dered when tea plant nutrition, nutrient absorption and fertilizer manage-
ment are put into production (especially in tea gardens maintained for
decades).
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