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Abstract
Purpose

The physiological mechanism and phytoremediation effects of heavy metal pollution by local desert
plants, namely, Kochia scoparia, Chenopodium glaucum and Atriplex centralasiatica, around tailings were
investigated.

Methods

Two different types of local soils (native soil and native soil + tailings, which are labeled CK and T,
respectively) were used for potting experiments in the open, and the photosynthesis performance,
chlorophyll content, hydraulics and stem anatomy of the potted plants were analyzed. The collection of
soil samples has been approved by the soil resources management department of the local government.

Results

It was found that the chlorophyll content, photosynthetic rate and transpiration rate decreased but the
chlorophyll a and b (Chl a/b) and intercellular CO2 concentration (Ci) values increased in Kochia scoparia
under complex heavy metal stress. Nonstomatal restriction led to a decrease in the net photosynthetic
rate (Pn) and damage to the chloroplasts. Additionally, four hydrodynamic parameters were elevated
under heavy metal stress along with a decrease in duct density and diameter and a signi�cant thickening
of the duct wall. Under heavy metal stress, the changes in the chlorophyll parameters of Chenopodium
glaucum, Atriplex centralasiatica and Kochia scoparia exhibited the same pattern, with stomatal
restriction causing a decrease in Pn and Ci and a signi�cant increase in the leaf speci�c conductance,
hydraulic conductivity, and duct diameter.

Conclusions

Atriplex centralasiatica is the dominant desert plant in the region and demonstrates good adaptability
and heavy metal accumulation under the stress of heavy metal tailings; therefore, it is a good candidate
for tailings remediation in the Jinchang desert mining area.

Background
Heavy metal pollution caused by human activities has become a serious threat to terrestrial soil
ecosystems [1]. One typical example is tailings pollution, which is the solid or liquid waste from mineral
processing that is usually stored in open places without any protective measures. Tailings mostly contain
the waste slag discharged by mining enterprises after the completion of mineral processing, which is
often in the form of a slurry that can accumulate over time to form tailings ponds. Tailings ponds occupy
a large area and are high safety hazards [2, 3]. Tailings contain large amounts of heavy metals such as
lead, mercury, copper, nickel, and zinc that enter the soil and groundwater through rainfall, runoff, and
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wind, interfering with the ecosystem and threatening human life; therefore, the remediation of heavy
metal-contaminated soil has become a global imperative [4, 5].

The most environmentally friendly and economical way to remediate mining sites is to treat
contaminated land through bioremediation, which was �rst proposed by Chaney in 1983 to remove heavy
metal contamination from soils using superenriched plants [6], followed by an increasing number of
studies on plants tolerant to a low accumulation of heavy metals and superenriched plants. After
phytoremediation was proposed as a technology to treat heavy metal-contaminated soils, engineering
trials and �eld applications have shown that phytoremediation technology has great potential for
commercialization. Phytoremediation can eliminate soil contaminants by immobilizing, extracting, and
volatilizing heavy metals and exogenous compounds, and this technique can treat heavy metal
contamination without damaging the soil environment [7, 8]. Desert plants of the families Gramineae,
Chenopodiaceae, Asteraceae, and the genus Tribulus are relatively dominant species in the Jinchang
mining area in northwestern China, Gansu Province, and are not limited by local climatic factors; thus,
they may be used as candidate remediation plants. Moreover, Chenopodium plants have the ability to
enrich heavy metals such as copper and nickel in large quantities and are more suitable for the
remediation of heavy metal-contaminated waste sites [9].

The action of complex heavy metals on plants can cause complex effects. With respect to
photosynthesis, abiotic stress-induced reductions in plant photosynthesis are usually caused mainly by
stomatal restriction and nonstomatal restriction [10–14]. Under heavy metal stress, leaf water content is
continuously reduced [15], and as the stomatal opening decreases, stomatal resistance increases and the
amount of CO2 entering the stomata decreases; this results in a lower intercellular CO2 concentration (Ci)
and leads to a lower photosynthetic rate in the plant [16, 17]. Stomatal restriction at this stage is an
important factor that decreases photosynthesis performance and is important for the study of
photosynthesis by local plants in mining areas.

Regarding the indexes of plant hydraulics and their anatomical structure under abiotic stress, most of the
studies in this area are on the changes in the hydraulic traits and anatomical structure parameters of
cash crops under drought and salt stress [18–22]. In contrast, articles on heavy metal stress have
focused on the determination and analysis of plant physiological indexes, and the changes in the plant
hydraulics and anatomical structure have rarely been reported.

Therefore, the aim of this work is to analyze the photosynthetic response and the hydrodynamic and
anatomical structure of three local species, namely, Kochia scoparia, Chenopodium glaucum, and Atriplex
centralasiatica, under heavy metal stress from tailings to provide a theoretical basis for the selection of
plants for tailings reclamation and in situ restoration.

Methods

Soil type and planting conditions
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The soils used in the experiment consisted of native soil (from Xiasifen, 38°39' 16.23 "N, 102°16' 46.32
"E) and slag tailings from direct operations (tailings dam 38°30' 57.5 "N, 102°09' 4. 2 "E), and both the
native soil and tailings samples were collected from the surface layer of the soil (0–20 cm); the
experimental control group (virgin soil, CK) and an experimental group (virgin soil mixed with tailings at a
ratio of 1:1, T) were prepared (Fig. 1). The whole experiment was conducted in the �eld experiment
workstation at the center of pollution control and ecological restoration of the mining area in Gansu
Province, which is 20 km away from the tailings dam in Jinchang City. In October 2018, the seeds of
desert plants around the mining area were collected. After germination in the laboratory in March 2019,
the seeds were planted in the �eld experiment workstation and managed by natural precipitation in open
air.

The physicochemical properties of the soils are shown in Table 1, where the content of heavy metals in
the virgin soil was lower than the Chinese national secondary standard (GB15618-2018), belonging to soil
not contaminated by heavy metals. The cation exchange amounts of the two groups of soils were
basically the same, and both were alkaline soils (pH > 7).

The dominant plants were selected by survey markers in the mine area by the sample method. Three
species of quinoa in good growth condition were identi�ed, namely, Kochia scoparia, Chenopodium
glaucum, and Atriplex centralasiatica, and their seeds were collected from uncontaminated areas near the
mine area and planted in May 2019. The full and healthy seeds were selected and disinfected, rinsed
three times with distilled water, scattered and planted into 60×60 cm seedling pots in the �eld restoration
base of the Jinchang mine and watered thoroughly. Three biological replicates were set up for each of the
control and experimental groups, and various indicators were measured at the plant maturity stage after
110 days of incubation.

Determination of the heavy metal content in the soil,
physicochemical properties and heavy metal content inside
the plants
Five heavy metals, namely, copper (Cu), chromium (Cr), nickel (Ni), lead (Pb) and zinc (Zn), were identi�ed
in the blank group (native soil) and test group (tailings sand + native soil) soils by a �ame atomic
absorption spectrophotometer (TAS-990F Beijing Pu-Analysis General Instrument Co.). Among them, the
soil cation exchange capacity (CEC) was determined by the sodium acetate method. The soil pH was
measured with a pH meter (PHS-3E) (a water: soil ratio of 5:1). To study the relationship between the
photosynthetic index and hydraulic index data and soil factors of the dominant local quinoa plants, the
�ve heavy metals (Cr, Ni, Cu, Pb and Zn) were determined in the three plants by the same method.

Measurement of the photosynthetic parameters of plants
The photosynthetic indexes of the upper and middle leaves of the plants were measured using a Li-6400
portable photosynthesizer with natural light from 9:00 to 11:00 a.m. every day as the light source during
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the maturation period, and three technical replicates were performed for each plant. The photosynthetic
indexes measured were the net photosynthetic rate (Pn, CO2, µmol•m− 2•s− 1), stomatal conductance (Gs,

H2O, mol•m− 2•s− 1), transpiration rate (Tr, H2O, mmol•m− 2•s− 1) and intercellular CO2 concentration (Ci,

CO2, µmol•mol− 1). After measuring the photosynthetic indexes, the middle and upper leaves of the plants
were quickly collected and the chlorophyll content was measured by spectrophotometry at 663 nm and
665 nm, respectively.

Measurement of the plant hydraulic conductivity
The hydraulic conductivity of the aboveground parts of the dominant plants was measured at the
maturity stage of plant growth using a high-pressure hydraulic conductivity meter (HPFM-Gen3). Whole
branches were measured at a distance of 3 cm from the soil surface and immediately placed in a bucket
of water, covered with a black plastic bag (to prevent water loss and outside air from entering the branch
through the incision) and brought to the laboratory for immediate measurement. The hydraulic
conductivity (Kh, kg•s− 1•MPa− 1) was measured by cutting off underwater a 3–5 cm stem section near
the branch incision before measurement (to reduce the effect of air entering the branch during sampling).
The Speci�c hydraulic conductivity (Ks, kg•s− 1•MPa− 1•m− 2) is the ratio of hydraulic conductivity to cross-
sectional area of wood, and the Leaf speci�c conductivity (LSC, kg•s− 1•MPa− 1) can provide information
of water supply for leaves in plants, and can be calculated from the formula: LSC = Kh / LA (LW). The
Huber Value (HV) is de�ned as the stem cross-section area divided by the leaf area distal to the segment.

Determination of the xylem anatomical parameters of the
plant stems
After measuring the hydraulic conductivity of the plant stems, the middle 3 cm of the stems were taken to
study the anatomical structure study. The samples were sliced and washed thoroughly with distilled
water. Next, a 0.5 cm section of the stem was cut, �xed with formalin–alcohol–acetic acid (FAA), and
dehydrated in alcohol to make the xylem transparent. The xylem were immersed in wax and embedded in
para�n to make continuous para�n sections before being double stained with red-solid green and
sealed with neutral gum. Each sample was observed and photographed three times under an Olympus
light microscope, and the anatomical structure of each part was measured by Cas Viewer.

Results

Soil physiochemical properties and heavy metal content
The cation exchange amounts of the soils at 0–20 cm were basically the same in both groups, and both
were alkaline (pH > 7). According to the Nemero pollution index algorithm, the comprehensive pollution
index of the soil in the experimental group was calculated to be 29.54, which reached the heavy pollution
level, and the contents of four heavy metals, namely, Cr, Cu, Pb and Zn, exceeded the standard with
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concentrations of 1.25, 11.41, 11.91 and 39.71 times those in the Chinese national secondary standard,
respectively. The results are shown in Table 1.

 
Table 1

Soil physical and chemical property in soil 0-20cm depth of two soil type
Soil
type

PH Cation exchange
capacity

Cr

(mg/Kg)

Ni

(mg/Kg)

Cu

(mg/Kg)

Zn

(mg/Kg)

Pb

(mg/Kg)

CK 8.45 12.4 55.71 25.61 26.72 59.31 16.25

T 8.23 6.86 312.05 114.02 1141.02 1113.01 2025.09

Heavy metal content of the different organs of plants
The heavy metal contamination in the tailings mainly originate from three metals, namely, Cu, Zn and Pb,
and the corresponding heavy metal contents in the three plants increased signi�cantly after tailings
stress. Atriplex centralasiatica had the highest enrichment content for Zn, the highest enrichment
coe�cient for Cu, and the highest transport coe�cient for Cr. The highest Zn content, the highest
enrichment coe�cient for Ni and the highest transport coe�cient for Cr were found in Chenopodium
glaucum. Kochia scoparia also had the highest Zn content, the highest enrichment coe�cient for Ni and
the highest transport coe�cient for Cr; these results are shown in Fig. 2.

Effect of heavy metals on plant photosynthesis
The contents of chlorophyll a and b in the plants showed signi�cant decreases under complex heavy
metal stress (Fig. 3E and F). The Chl a/b values of Atriplex centralasiatica and Chenopodium glaucum
showed signi�cant increases after stress, while the Chl a/b values of Kochia scoparia slightly decreased,
but not signi�cantly (Fig. 3H). Under complex heavy metal stress, photosynthetic rate differences were
signi�cant in all three plants, and the photosynthetic rate decreased after stress; however, the
photosynthetic rate of Atriplex centralasiatica was signi�cantly higher than the other two plants (Fig. 3A).
Under complex heavy metal stress, Kochia scoparia showed an increase in its intercellular CO2

concentration (Ci value), while Chenopodium glaucum and Atriplex centralasiatica showed a decrease in
their Ci values. Notably, the Ci values of Kochia scoparia and Chenopodium glaucum were signi�cantly
higher than that of Atriplex centralasiatica, with Chenopodium glaucum having the highest Ci value (Fig.
3B). The transpiration rate and stomatal conductance of all three plants showed a signi�cant decrease
under complex heavy metal stress, with Chenopodium glaucum having the highest stomatal
conductance, followed by Atriplex centralasiatica and Kochia scoparia (Fig. 3C). Atriplex centralasiatica
had a greater transpiration rate than Chenopodium glaucum, and Kochia scoparia had the smallest
transpiration rate (Fig. 3D).

Effect of heavy metals on plant hydraulics
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Under complex heavy metal stress, Atriplex centralasiatica had the highest hydraulic conductivity,
followed by Kochia scoparia and Chenopodium glaucum (Fig. 4A). The leaf speci�c conductance was the
highest in Atriplex centralasiatica, followed by Kochia scoparia and Chenopodium glaucum (Fig. 4B),
indicating that Atriplex centralasiatica had the best water supply per unit leaf area after stress. The water
supply per unit leaf area was the best after stress, showing that water was still available. Atriplex
centralasiatica had the largest Huber value and it was signi�cantly higher than the other two plants (Fig.
4D), re�ecting that Atriplex centralasiatica had the most well-maintained water supply per unit leaf area
because the stem tissue required to maintain the water supply per unit leaf area of Atriplex
centralasiatica was the largest.

The speci�c conductance (Ks) of the Atriplex centralasiatica xylem was signi�cantly higher than that of
the other two plants (Fig. 4C). Therefore, Atriplex centralasiatica had a strongest water transport capacity
per unit effective area than the other two plants.

Effect of heavy metals on the anatomical structure of plant
stems
The morphology and distribution characteristics of plant sapwood ducts vary by plant species (Appendix
Fig. 1) and largely determine the sapwood hydraulic conductivity and water transport regulation, which
are important anatomical features that determine plant water consumption.

After heavy metal stress, Atriplex centralasiatica and Chenopodium glaucum both showed a signi�cant
increase in their conduit diameters, and Kochia scoparia showed a signi�cant decrease (Fig. 5A).
Additionally, the relative thinning area and conduit density of all three sapwood species showed a
signi�cant decrease (Fig. 5B and C). The relative conductance area refers to the ratio of the cumulative
cross-sectional area of sapwood conduits to the sapwood area, which is an important index for
evaluating the water transfer e�ciency of forest trees. The proportion of sapwood cross-sectional water
transport tissue varies greatly among species with different conduit distribution types. Especially when
trees are in near-potential transpiration, the size of the transport area can directly re�ect the water
consumption of trees.

Under heavy metal stress, we found that the heavy metal stress induced thicker duct walls after analyzing
the duct wall thickness of studied plants. The average duct wall thickness of Atriplex centralasiatica after
stress was signi�cantly higher than that of the other two plants (Fig. 5D and Fig. 6).

Correlation analysis
Correlation analysis of the transpiration, hydraulics and anatomical parameters showed that the
transpiration rate and stomatal conductance of Kochia scoparia were signi�cantly and positively
correlated with the leaf speci�c conductance and stem hydraulic conductance after heavy metal stress.
Moreover, the stem hydraulic conductance and leaf speci�c conductance were positively correlated with
the duct diameter and duct wall thickness. Finally, the duct wall thickness was positively correlated with
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heavy metal content in the stem, while the heavy metal content in the plant leaves and the transpiration
rate were positively correlated (Fig. 7A).

Chenopodium glaucum showed changes in the correlation of physiological indicators after heavy metal
stress (Fig. 7B), the heavy metal content in leaves and leaf speci�c conductance were signi�cantly and
positively correlated, the stomatal conductance and stem hydraulic conductance were signi�cantly and
positively correlated, and the heavy metal content in the stem was positively correlated with the duct wall
thickness, hydraulic conductance, and stomatal conductance.

Atriplex centralasiatica also showed signi�cant differences in correlation after heavy metal stress (Fig.
7C), the transpiration rate and leaf speci�c conductance were signi�cantly and positively correlated, the
leaf speci�c conductance was positively correlated with the heavy metal content in leaves, and the heavy
metal content in the stem was signi�cantly and positively correlated with the duct wall thickness.

Discussion
The chlorophyll content is an important parameter for the determination of photosynthesis in plants and
is involved in the absorption, transfer and conversion of light energy during photosynthesis. Chlorophyll
plays a key role in photosynthesis, and changes in its content re�ect the degree of photosynthesis that
occurs [23]. The central atom of chlorophyll, magnesium, can be replaced by heavy metals such as
cadmium, copper, zinc, lead and mercury, hampering the light-harvesting ability of chlorophyll and
impairing photosynthesis performance in stressed plants [24]; furthermore, the chlorophyll in plants under
heavy metal stress is subject to metabolic disruption and inhibited synthesis [25, 26]. Zn is an essential
element for plant growth, and when the Zn concentration exceeds a critical value, large amounts of Zn
enter chlorophyll cells and disrupt chlorophyll metabolism and chlorophyllase activity, leading to a
decreased synthesis of chlorophyll. In this paper, the three studied plants showed a decrease in their
chlorophyll A and B contents under heavy metal stress from tailings, while the chlorophyll A/B ratio
re�ected the relative ratio of stacked to unstacked membrane domains and was inversely proportional to
the degree of cystoid compression. Cystoid compression is responsible for bringing the light-trapping
chlorophyll protein complex (LHCII) closer together, making it useful for maximizing the light-harvesting
capacity. Additionally, the PSII reaction center in the stacked region is in the same pigment bed as the
adjacent LHCII, which further increases the energy transfer capacity of the membrane [27].The increase in
the chlorophyll A/B ratio after heavy metal stress is assumed to be due to the cystoid not being stressed,
and the reduction in the cystoid is a positive sign of plant adaptation to environmental stress [28].

Photosynthesis is an important indicator to evaluate plant growth and development and plant
productivity. Stomata are important structures in plant leaves that control photosynthesis, CO2 and water
uptake and transpiration; thus, the physiological indicators of stomata have an important in�uence on
the photosynthetic physiology of plants. In general, stomatal factors mainly include the number, size and
opening of stomata, while nonstomatal factors include enzyme activity and the photosynthetic
components. Under environmental stress, both stomatal and nonstomatal limitations lead to a decrease
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in Pn, but Ci is used to distinguish between stomatal and nonstomatal limitations [29]. When both Pn and
Ci are reduced, the decrease in photosynthetic capacity is caused by stomatal limitation; however, when
the photosynthetic rate decreases and Ci increases, the cause is nonstomatal limitation [30]. In this paper,
Kochia scoparia under heavy metal stress showed a signi�cant decrease in Pn, Gs, and a signi�cant
increase in Ci, compared to the control group, indicating that under heavy metal stress, the Kochia
scoparia leaf Pn decreased mainly due to nonstomatal limiting factors. In contrast, under heavy metal
stress, Chenopodium glaucum and Atriplex centralasiatica showed a signi�cant decrease in Pn, Gs, and
Ci compared to the control group, indicating that the photosynthetic rate of these two plants decreased
due to stomatal limiting factors. All three plants showed a signi�cant decrease in transpiration rate after
heavy metal stress, and the order of decrease was: Atriplex centralasiatica > Chenopodium glaucum > 
Kochia scoparia.

Studies on the relationship between the stomatal regulation, leaf transpiration rate and heavy metal
accumulation in the plants are now well documented [31, 32], and heavy metal accumulation in the
aboveground parts of the plants is subject to several processes, including root uptake, radial transport,
xylem loading and transport from roots to the aboveground parts. Transpiration is the driving force for a
large amount of water �ow in this process. Therefore, the heavy metal content of the aboveground part of
the plant, is thought to be achieved due to the entire �ow transport mechanism from the soil substrate to
the stem and then to the leaves through transpiration [33]; this �ow of heavy metals is enhanced when
the stomatal conductance increases, which increases the �ux of water-soluble pollutants to the upper
part of the plant. It was hypothesized that plants with more e�cient water use and fast stomatal
response were more desirable target candidates for tailings remediation. The transpiration rate and
hydraulic conductivity of Atriplex centralasiatica were signi�cantly higher than those of the other two
plants, and its duct diameter was also larger than those of the other plants. Therefore, Atriplex
centralasiatica had the highest heavy metal content among the three plants.

There are two factors in�uencing the hydraulic conductivity of plants: the intrinsic factors of plants,
including the hydraulic structure, morphological structure and osmotic potential of plants; and the
extrinsic factors, including soil factors such as the water status, nutrient conditions, salt content,
temperature, and atmospheric factors such as the available light, CO2 concentration, and solar radiation.
Usually, exogenous factors cause changes in endogenous factors [34]. Plants can regulate the hydraulic
properties of xylem under different stress conditions and can maintain a high hydraulic e�ciency of
stems and roots by reducing the root hydraulic conductivity [35]. Maggio et al. (1995) revealed that heavy
metals play a strong inhibitory role on the hydraulic conductivity of tomato roots, and their study showed
that the root hydraulic conductivity signi�cantly reduced by 57% during heavy metal ion treatment [36].

This study discussed the changes in plant stem hydraulics indicators under heavy metal stress, and it
was found that all four hydraulics indicators of the three plants showed a signi�cant increase under
heavy metal stress, thereby leading to a higher leaf speci�c conductance. These results are consistent
with the results of Adriana M's study on the regulation of the plant response under copper stress, which
found an increase in the leaf speci�c conductance of plants under heavy metal copper stress [37]. The
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present study showed that the hydraulic conductivity and leaf speci�c conductance were signi�cantly
higher in the three studied plants grown under long-term heavy metal stress than in those grown in the
native desert (Fig. 4).

Most of the current studies on plant stem anatomy are on drought and salinity stress, and rarely involve
heavy metal stress, but there are studies on the enrichment of heavy metals by non-hyperenriched plants.
For example, plants can chelate heavy metals through substances such as polysaccharides in the cell
wall [38], and the cell wall thickness of mosses can be increased by inducing organizational changes of
the cell wall polysaccharides and cell wall structural morphology [39].

In the present study, we found that the duct density and relative sparing area of all three plants under
complex heavy metal stress showed a signi�cant decrease compared to the control, while the xylem duct
wall showed a trend of thickening. These results were similar to Krzesowska et al., who previously found
that the cell wall pectin chelates with heavy metals entering the cell wall, resulting in an increase in cell
wall thickness and hardness [40]. This study showed that the duct wall thickness of desert plants was
signi�cantly higher than that of the unstressed group after being subjected to long-term heavy metal
stress, and the duct wall thickness after stress was positively correlated with the heavy metal content in
the stem. Hajihashemi et al. (2020) found that the ductal density of wheat roots decreased during heavy
metal e�uent treatment [41], and the same trend was found in the stems of our study, which showed that
the ductal density of plants under stress was signi�cantly lower than that of the unstressed group.

This increase in duct diameter is consistent with the �ndings of Adriana et al. (2016), in which purple
willow (Salix purpurea L.) showed an increase in its xylem duct diameter after stress by copper ions and
other heavy metals [37]. Accordingly, we hypothesize that transpiration is not the only factor that
promotes the increase in plant hydraulic conductivity because the stem hydraulic conductivity from the
underground to the aboveground parts of plants can be maintained by increasing the vascular diameter
when under stress.

Conclusion
Under complex heavy metal stress, the chlorophyll content, photosynthetic rate, and transpiration rate of
Kochia scoparia decreased, but the Chl a/b and Ci values increased. Nonstomatal restriction led to a
decrease in Pn and damage to the chloroplasts. Additionally, the hydraulics parameters increased, the
duct density and diameter decreased, and the duct wall signi�cantly thickened. The pattern of changes in
the chlorophyll parameters of Chenopodium glaucum, Atriplex centralasiatica and Kochia scoparia was
consistent. Atriplex centralasiatica was signi�cantly higher than the other two desert plants in all indexes,
with better adaptability and heavy metal accumulation under heavy metal stress from tailings. Atriplex
centralasiatica is the dominant desert plant in the area and is easy to maintain; thus, it is a good
candidate for tailings remediation in the Jinchang desert mining area.

Abbreviations
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Chl a: chlorophyll a; Chl b: chlorophyll b; Ci: intercellular CO2 concentration

Pn: net photosynthetic rate; Gs: stomatal conductance; E: transpiration rate

Kh: hydraulic conductivity; Ks: Speci�c hydraulic conductivity; HV: Huber Value

LSC: Leaf speci�c conductivity; LMC: Leaf metal content; SMC: stem metal content

VD: Vessel diameter; CWT: Cell wall thinkness
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Figure 1

Site selection of sample sites in the study area (Gansu Province, China).
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Figure 2

A, B, and C show the heavy metal content of each part of the plant. D and E show the plant enrichment
and transport coe�cients, respectively.
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Figure 3

Changes in chlorophyll content of plants under heavy metal stress. The different lowercase letters
indicate signi�cant differences between processing, while the different capital letters indicate signi�cant
differences between plants (P<0.05).
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Figure 4

Effect of complex heavy metal stress on plant hydraulic conductance. The different lowercase letters
indicate signi�cant differences between treatments, while the different uppercase letters indicate
signi�cant differences between plants (P<0.05).
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Figure 5

Effect of heavy metal stress on the anatomical structure of the plant stems. The different lowercase
letters indicate signi�cant differences between treatments, while the different capital letters indicate
signi�cant differences between plants (P<0.05).
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Figure 6

Comparison of the vascular bundle slices of the plant stems.

Figure 7

Correlation heat map in the upper right is after stress and the lower left is the blank group (LMC, leaf
metal content; SMC, stem metal content; GS, stomatal conductance; Tr, transpiration rate; Vd, vessel
diameter; Cwt, cell wall thickness): A: Kochia scoparia, B: Chenopodium glaucum, and C: Atriplex
centralasiatica.
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