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• Increased soil pH produces contradic-
tory effects on the uptake of As and Cd
by tobacco.

• Smoking populations had 20 folds
higher Cd exposure risk than those of
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tobacco.
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protect 90.4% of smokers from Cd-
induced health risk.
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High concentrations of potentially toxic elements (PTEs) in tobacco leaves are possible from the soil contamina-
tion and would have adverse health risks on residents. A large-scale survey of 306 tobacco fields in southern
China was conducted to investigate the accumulation of PTEs in tobacco leaves through the soil-tobacco-
human pathway and the associated health risks for local smokers and passive smokers. Significant enrichment
of As, Cd, Hg, and Pb was observed in the investigated tobacco fields, with industrial emissions and applied fer-
tilizers as themajor potential sources. Dynamic interactions between factors in the soil acidic labile pool showed
site-specific effects on the uptake of PTEs by tobacco plants. It was 99.6% and 91.8% probable that exposure of
local adult men smokers to Cd and As exceeded the permitted safety limits, respectively. The population of
men smokers had a 20-fold higher Cd exposure risk than did passive smokers. A probability-based transfer
model was developed to demonstrate that interactions between soil factors could affect the Cd exposure risk
of men smokers of locally harvested tobacco. Optimizing the pH (>6.0) and organic matter content
(>40 g kg−1) of tobacco-growing soils, and setting a safe tobacco consumption rate of 2.80 g dry weight per
day would help protect 90.4% of men smokers from excessive risks of exposure to Cd.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

The contamination of agricultural soils has become a serious envi-
ronmental problemworldwide over the last few decades due to intensi-
fied industrial activities, excessive application of agricultural chemicals,
and the improper disposal of waste (Hu et al., 2018; Åkesson and
Chaney, 2019). Of the different kinds of contaminants, potentially
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toxic elements (PTEs), such as arsenic (As), cadmium (Cd), lead (Pb),
chromium (Cr), and mercury (Hg), are especially dangerous because
of their high toxicity, high bioavailability, and long residence times
(Xie et al., 2012; Chaney, 2015; Xu et al., 2019; Tang et al., 2020). To-
bacco, in particular, accumulates PTEs to concentrations much higher
than those in the soil (Saha et al., 2016; Yang et al., 2019), and therefore
poses a threat to human health (Lin et al., 2010; Viana et al., 2011; Pinto
et al., 2017). Prolonged exposure to PTEs via smoking and/or passive
smoking causes multiple health issues including kidney, pulmonary,
cardiovascular, and bone diseases (Marano et al., 2012; Xia et al.,
2019). It is estimated that tobacco kills eight million people each year
worldwide: more than seven million from direct tobacco smoking
while around 1.20 million deaths associated with the effects of
second-hand smoke (WHO (World Health Organization), 2021).

China is the world's largest consumer and producer of tobacco, with
approximately 350 million smokers (O'Connor et al., 2015; Zou et al.,
2018; Li et al., 2020). Tobacco-related diseases cause more than 1.40
million deaths each year in China (Zhang et al., 2018; Xia et al., 2019).
The national survey report on China's soil environmental quality
revealed that 19.4% (approximately 26 million hectares) of Chinese
agricultural soils were contaminated with PTEs (SEPAC (State
Environmental Protection Administration of China) and SLRAC (State
Land and Resources Administration of China), 2014). Significant accu-
mulations of PTEs have also been reported in Chinese tobacco leaves
or cigarettes. For instance, cigarettes in China showed higher concentra-
tions of As (0.389mg kg−1), Cd (3.84mg kg−1), and Pb (2.77 mg kg−1)
than those analyzed in the U.S.A. and Portugal (Fresquez et al., 2013;
Pinto et al., 2017; Li et al., 2020). A nationwide investigation showed
that smoking 15 cigarettes per day, bought in the markets of southern
China, increased the risk of excessive As and Cd in the local population
by 87.5% and 100%, respectively (Li et al., 2020). China, Portugal, South
Korea, India, and the U.S.A are all actively seeking solutions that would
reduce the uptake and accumulation of excessive PTEs by tobacco
plants.

The concentrations of PTEs accumulated in tobacco growing in the
same general vicinitywere subject to the influences of spatial variations
in the growing environment (Golia et al., 2009; Verma et al., 2010; Li
et al., 2020). Many quantitative linear models have been developed re-
cently to examine the transfer of PTEs from soils to tobacco plants. Saha
et al. (2016) showed that the concentrations of Cd, Cr, Ni, and Pb in to-
bacco leaves reached 82.1%–86.9% of the values in the soil in which they
were growing. Keller et al. (2005) reported that soil Znwas strongly cor-
related with the uptake of Cd by tobacco. Zhang et al. (2018) showed
that a combination of soil pH and the concentrations of Cd and Pb in
the soil explained 92.1% and 84.6% of the variances in Cd and Pb concen-
trations in tobacco leaves, respectively. However, such relationships are
empirical and derived from greenhouse trials, using PTE-spiked soils or
solutions with narrow ranges of soil compositions (Keller et al., 2005;
Zhang et al., 2018; Yang et al., 2019). Field data is limited and this re-
stricts the use of greenhouse transfer models in risk management
(Golia et al., 2009; Yang et al., 2018, 2021). In addition to the total PTE
concentration, soil factors including pH, texture, organic matter,
cation-exchange capacity, and available N, P, and K content, play key
roles in affecting the phytoavailability of PTEs in tobacco (Li et al.,
2015; Saha et al., 2016; Zhang et al., 2018; Zhong et al., 2020; Wu
et al., 2020). These factors are often intercorrelated, and it is difficult
to determine how each component contributes to the uptake of PTEs
by tobacco in field soils (Zou et al., 2018; Rai et al., 2019; Huang et al.,
2021). While many national environmental agencies have recom-
mended developing systematic methods to characterize the transfer of
PTEs from soil to tobacco in realistic field situations (Marano et al.,
2012; Swartjes et al., 2013; Rai et al., 2019), there are few detailed com-
prehensive studies to date.

The process of PTE accumulation through the soil-tobacco-human
pathway includes the soil contamination situation, the PTEs uptake by
tobacco plants, and the status of local tobacco smokers (Golia et al.,
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2009; Åkesson and Chaney, 2019; Wu et al., 2020). The tobacco prod-
ucts in China have no regulated standard for Cd in tobacco leaves or
soils (Fresquez et al., 2013; O'Connor et al., 2015; Li et al., 2020). This
lack of standards makes it difficult to evaluate the health risks from
PTEs in tobacco and to determine whether contaminated soils are safe
for long-term tobacco cultivation (Zhang et al., 2018; Yang et al.,
2019). We hypothesized that there is a dynamic equilibrium between
PTE concentrations in soils and tobacco leaves, in relation to a wide
range of soil factors. If so, field management and remedial measures
could be optimized to mitigate the effects of PTE contamination in to-
bacco fields. In this study, we conducted an area-wide investigation of
tobacco grown in contaminated soils in southern China to qualify the
causative factors influencing the uptake of PTEs by tobacco. A probabil-
ity risk-based transfer model was developed to evaluate the PTE expo-
sure risk of local active and passive smokers. An optimal scenario was
also developed to minimize the exposure risk of residents to PTEs in lo-
cally harvested tobacco.

2. Methods and materials

2.1. Study area and sampling

The Chaling prefecture (113.54°E long., 26.78°N lat.) is a major to-
bacco production region in Hunan province in southern China
(Figure SI1), and covers an area of 2500 km2 with a population of 0.65
million. Its tobacco yield reached 2654 t in 2019 and contributed ap-
proximately 90 million Chinese Yuan (CNY) to the local economy. A re-
gional survey of adult chronic diseases conducted by theDisease Control
and Prevention Center of Chaling indicated that 63.5% of adult males
and 2.26% of adult females in the study area smoke (Table SI1).

The Chaling prefecture is also a regional lead‑zinc smelting center
and the concentrations of PTEs in the agricultural soils of this area
were found to exceed the national limit by a factor of 1.16–5.60 (Xu
et al., 2019). Over the tobacco harvest season (May–July) of tobacco
leaves, 306 total tobacco plant samples were collected at random
throughout the tobacco-growing area (approximately 1500 ha) of
Chaling prefecture (Figure SI1). All of the tobacco samples were of the
flue-cured variety (mainly “YY87”). At each tobacco sampling site, a
composite topsoil sample (0–20 cm) was also collected, comprising a
mixture of approximately equal portions of five sub-samples within a
10m radius. All the soil-plant paired samples were stored in clean plas-
tic bags and taken back to the laboratory for analysis.

2.2. Samples preparation and analyses

The soil sampleswere air-dried for approximately twoweeks, disag-
gregated to pass through a 2-mm nylon mesh, and then ground to pass
through a 0.150-mmsieve using an agatemortar and pestle (Wickstrøm
et al., 2007). Themiddle leaf (7–12th leaf) was carefully separated from
the tobacco plants. Leaf samples were washed with tap water, then
rinsed four to five times with deionized water, dried in an oven at
60 °C and then pulverized for chemical analysis.

The soil pH (1:2.5, soil:water ratio), texture (hydrometer method),
organic matter (K2Cr2O7–H2SO4 digestion), cation-exchange capacity
(NH4OAc extraction), available N (KCl extraction), available P (NaHCO3

extraction), available K (NH4OAc extraction), and amorphous Fe and
Mn oxide concentrations ((NH4)2C2O4–H2C2O4 extraction in the dark)
were analyzed following the routine analytical methods of agricultural
chemistry in soil (Lu, 2000). The plant-available Cd, Pb, and Zn was
extracted with 0.01 M CaCl2, whereas the plant-available As, Cr, and
Hg was extracted with 0.05 M (NH4)2SO4 and 0.1 M HCl (Golia et al.,
2009; Zhang et al., 2018).

The powdered soil samples (0.1000 g) were digestedwith amixture
of HCl (10 mL)/HNO3 (5 mL)/HClO4 (1 mL)/HF (1 mL) in poly-
tetrafluoroethylene vessels (Xie et al., 2017; Liu et al., 2018). The mix-
ture was heated to for 10 h 180 °C, cooled to ambient temperature,
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and then made up to 50 mL with deionized water. The pulverized leaf
samples (0.2000 g) were digested with concentrated HNO3 (10 mL)/
HClO4 (5 mL) in a microwave digestion apparatus (MARS, Matthew
Inc., USA) (Ajab et al., 2008; Huang et al., 2021). Digestion conditions
were set as follows. Step 1: 1800–100–5 (power (W)-temperature
(°C)-time (min)); Step 2: 1800–130–5; Step 3: 1800–160–5; and Step
4: 1800–190–20. After cooling to ambient temperature, the digested so-
lutions were made up to 50 mL with deionized water (Huang et al.,
2021). After cooling to ambient temperature, the digested solutions
were made up to 50 mL with deionized water.

Concentrations of Fe andMnwere determinedby Inductively Coupled
Plasma Optical Emission Spectrometer (ICP-OES; DV4300, PerkinElmer,
USA), and the concentrations of As, Cd, Cr, Hg, Pb, and Zn were deter-
mined by Inductively Coupled Plasma Mass Spectrometer (ICP-MS;
NexION 300, PerkinElmer, USA) (Hu et al., 2018; Yang et al., 2021).

For quality control and assurance purposes, the certified reference
materials GBW07405 (Hunan soil) and GBW10014 (China cabbage)
for soil and tobacco leaves, and the duplicate controls and reagent
blanks were included in the assays. The recovery ratios of trace ele-
ments ranged from 83.7% to 114% for GBW07405 and from 80.5% to
119% for GBW10014. The analytical precision for replicate samples
ranged from 0.52% to 4.9%. The detection limits of ICP-MS for As, Cd,
Pb, Cr, and Hg were 0.0100, 0.0100, 0.100, 0.500, and 0.0100 mg kg−1,
respectively. The basic physico-chemical properties of sampled soils
are listed in Table SI2.

2.3. Potential trace elements transfer

The availability ratio (AR) represents the solubility of PTEs in the soil
labile pool (Zhong et al., 2020). The dimensionless bio-concentration
factor (BCF) serves as a rough indicator of the uptake of PTEs by crop
plants (Saha et al., 2016; Rai et al., 2019). These two factors reduce the
impacts of the mineralogical and soil conditions, and thus standardize
the risk assessment of PTEs in soil-tobacco systems.

In this study, the AR and BCF values were calculated according to
Eqs. (1) and (2), respectively.

AR ¼ Cpa=Csoil ð1Þ

BCF ¼ Ct=Csoil ð2Þ

where Cpa and Csoil are the concentrations of plant available PTEs
(mg kg−1) and total PTEs (mg kg−1) in soils, respectively, and Ct is the
concentrations of PTEs in tobacco leaf (mg DW kg−1).

The relationship between tobacco PTEs and soil factors can be de-
rived using an extended Freundlich-type function with or without soil
factors (Swartjes et al., 2013; Yang et al., 2018; Zhang et al., 2018), as
show in Eqs. (3) and (4).

log Ct½ � ¼ α0 þ α2 � log Csoil½ � ð3Þ

log Ct½ � ¼ β0 þ β1 � pHþ β2 � log Csoil½ � þ∑β3 � log Pi½ � ð4Þ

where Pi represents the soil factors, in which i = clay content (%),
cation-exchange capacity (cmol kg−1), organic matter (g kg−1), avail-
able N, P, and K (mg kg−1), and soil Zn (mg kg−1), corresponding to to-
bacco PTEs, and αi for i = 0 and 1 and βi for i = 0 and 1, 2, and 3 were
empirically parameters.

2.4. Health risk estimation

Humans are primarily exposed to the toxic metals in tobacco
through inhalation (USEPA (U.S. Environmental Protection Agency),
1994, 2009; WHO (World Health Organization), 2021). In the study
area, the smoking population comprised mainly adult men (96.8%,
Table SI1), so we focused the exposure risks of PTEs in locally harvested
tobacco leaves to this group. The exposure risk of PTEs for local men
3

smokers (Eq. (5)) and passive smokers (Eq. (6)) can be estimated in
terms of the average daily dose (ADD) in ng kg−1 body weight (BW)
day−1 (USEPA (U.S. Environmental Protection Agency), 2009; Saha
et al., 2016; Li et al., 2020). The health risk functions (Eqs. (5)–(6)) con-
sider both the concentration and the bioavailability of PTEs in the
tobacco-lung pathway.

ADD−smokers ¼ Ct � CRt � fmain � RRð Þ=BW½ � � CF ð5Þ

ADD−nonsmokers ¼ Ct � f side � f passive � RR
� �

=BW
h i

� CF ð6Þ

where Ct denotes the concentration of As, Cd, Cr, Pb, Hg, and Zn in the
tobacco leaves (mg dry weight (DW) kg−1); CRt denotes the
consumption rate of tobacco (g DW d−1); fmain and fside is the
migration ratios of those trace metals in mainstream and sidestream
smoke after smoking (%); fpassive is the frequency of passive smokers
exposure to second-hand smoke (%); RR denotes the retention ratio of
PTEs inhaled into the lung, using 50% in most studies (Zhang et al.,
2018; Li et al., 2020); BW is body weight (kg capita); and CF represents
a conversion factor (1.00E06 ng mg−1).

A deterministic approach would introduce uncertainty in the esti-
mates because the exposure parameters were highly variable (Xie
et al., 2012; Yang et al., 2021). In this study, we considered the exposure
parameters in a site-specific manner. The CRt for local men smokers
(15.5 ± 6.80 g DW per day; calculated on the basis of 21.5 ± 6.80 ciga-
rettes per day) was derived from the results of a standardized health
survey involved 452 adults throughout the Chaling prefecture
(Table SI3). The BW of adult men smokers (63.0 ± 9.22 kg) and passive
men smokers (62.9 ± 10.9 kg) (Table SI3), and the fpassive (62.8%) of
adult men passive smokers were obtained from an adult chronic
diseases survey of local adults (n = 2741) conducted by the Disease
Control and Prevention Center of Chaling. The migration ratio of PTEs
in the mainstream and sidestream smoke after smoking was obtained
from the inhalation simulating experiments for smoking cigarettes in
southern China (Table SI4) (Wang et al., 2011; Li et al., 2020). All expo-
sure parameters used in the health risk assessment are shown in
Table SI3–SI4. The risk analyseswere conducted usingMonte Carlo sim-
ulations in which the input data and exposure parameters were ran-
domly extracted from their determined distributions (Yang et al.,
2018), with 10,000 iterations obtained stable results.

2.5. Statistical analyses

Differences between datasetswere evaluated using oneway analysis
of variance (ANOVA), in which significant effects were compared using
Tukey's test (p<0.05). The data summaries, Spearman correlation anal-
yses (two-tailed), and stepwise multiple linear regression analyses
were conducted using Genstat software (version 17.0). The Monte
Carlo simulations were conducted using Matlab software (version
14.0a).

3. Results and discussion

3.1. Soils and plants

Fig. 1 illustrates the spatial variability of PTEs at the 306 tobacco-
growing fields. The average concentration of As, Cd, Cr, Hg, and Pb
in the tobacco-growing soils was 11.7, 0.39, 50.5, 0.173, and
37.2 mg kg−1, respectively (Fig. 1a). The percentage of sampled soils
that exceeded the China Hunan background values (SEPAC (State
Environmental Protection Administration of China), 1990) for As, Cd,
Cr, Hg, and Pb was 14.7%, 98.7%, 2.61%, 75.5%, and 66.0%, respectively
(Fig. 1a). High levels of the variation coefficient (CV) for As (58.2%), Cd
(63.9%), Hg (52.8%), and Pb (42.1%) were observed in tobacco-growing
soils (Fig. 1a), indicating that these four metals might be enriched
through anthropogenic activities (Hu et al., 2018; Rai et al., 2019). The



Fig. 1.Concentration of As, Cd, Cr, Hg, and Pb in the (a): soils and (b): CaCl2 or (NH4)2SO4-HCl extraction, and (c) tobacco leaves in theChaling prefecture. The box delimited the 25- and75-
percentile distribution range and horizon solid and dashed line in themiddle denoted the median and mean, respectively. The bars show the 5- and 95-percentile distribution range. The
red dashed line in Fig. 1a denoted the background values of PTEs in the soils being investigated. The value in parentheses is the variation coefficient values of each metal(loids).
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mean values of As, Cd, Hg, and Pb in this study were significantly higher
than those in tobacco-growing soils from southern China (Liu et al.,
2018) and Bangladesh (Saha et al., 2016), but similar to the values re-
ported from tobacco fields affected by lead‑zinc mining (Wu et al.,
2020). Significant correlations existed among the concentrations of As,
Cd, Pb, Hg, and Zn in the tobacco-growing soils under investigation
(r = 0.182⁎⁎ − 0.530⁎⁎). Lead‑zinc ores generally contain other PTEs
as isomorphic substituent (Zhong et al., 2020). Previous studies showed
that significant enrichment of As, Cd, Hg, Pb, and Zn in agricultural soils
in southern China is strongly associated with lead‑zinc mining and
smelting activities (Xie et al., 2017; Hu et al., 2018; Zhong et al., 2020),
which was also confirmed in this study.

Compared with the total concentrations of PTEs in investigated
tobacco-growing soils, the plant availability of PTEs, expressed in
terms of CaCl2 or (NH4)2SO4-HCl extraction, decreased in the order:
Pb (10.1 mg kg−1) > As (1.57 mg kg−1) > Cr (0.399 mg kg−1) > Cd
(0.260 mg kg−1) > Hg (0.0489 mg kg−1) (Fig. 1b). The CV values of
plant-available PTEs (38.3–95.0%) were all higher than those values
for total PTEs in soils (22.4–63.9%, Fig. 1b). This may be attributed to
the variations in local soil conditions and the bioavailability of investi-
gated PTEs (Golia et al., 2009; Yang et al., 2019; Wu et al., 2020).
4

As illustrated in Fig. 1c, tobacco leaves accumulated the highest Cd
concentration with 7.54 mg DW kg−1 on average, followed by Pb
(3.13 mg DW kg−1), Cr (2.81 mg DW kg−1), As (0.724 mg DW kg−1),
and Hg (0.105mg DW kg−1) (Fig. 1b). The Pb concentration in local to-
bacco leaves was higher than the values reported in Brazil, India,
Portugal, and the U.S.A. (0.076–2.71 mg kg−1) (Verma et al., 2010;
Viana et al., 2011; Fresquez et al., 2013; Pinto et al., 2017), but lower
than those values reported in Bangladesh (11.1 mg kg−1, Saha et al.,
2016) and Pakistan (14.4 mg kg−1, Ajab et al., 2008). The average con-
centrations of As and Cd in the investigated tobacco leaves were mark-
edly higher than those reported values for As (0.031–0.23mg kg−1) and
Cd (0.076–2.64 mg kg−1) in the countries mentioned above (Ajab et al.,
2008; Verma et al., 2010; Viana et al., 2011; Fresquez et al., 2013; Saha
et al., 2016; Pinto et al., 2017). Our results confirmed the findings of
O'Connor et al. (2015), Li et al. (2020), and Zhang et al. (2018) that As,
Cd, and Pb concentrations in Chinese cigarettes remained at relatively
high levels, which posed a greater health risk for local residents.We ob-
served a co-uptake of Cd, Pb, and Zn (r=0.197⁎⁎− 0.279⁎⁎) by tobacco
in this study. Our previous study indicated that vegetables and rice
plants grown near to mining areas could accumulate high levels of As,
Cd, Pb, and Zn (Xie et al., 2017; Yang et al., 2021). These results showed



Fig. 2.Variations in the (a) available ratio (AR) and (b) bioconcentration factor (BCF) of As, Cd, Cr, Hg, and Pb in the investigated tobacco fields. The box delimited the 25- and 75-percentile
distribution range and horizon solid and dashed line in the middle denoted the median and mean, respectively. The bars show the 5- and 95-percentile distribution range.
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that significant enrichment of PTEs in tobacco leaves might be due to
the intensive mining activates in the study area.

3.2. Synergetic or antagonistic uptake

Fig. 2 shows the availability ratio (AR, Eq. (1)) and bioconcentration
factor (BCF, Eq. (2)) of PTEs at the investigated tobacco fields. The
highest AR was found for Cd (67.5%), followed by Pb (27.1%), Hg
(22.3%), As (13.9%), and Cr (0.809%) (Fig. 2a). Cadmium showed much
higher BCF (23.0) than Hg (0.702), Pb (0.091), As (0.073), and Cr
(0.058) (Fig. 2b). Tobacco fields in the study area have a lower capacity
to retain Cd in the soil leading to lower uptake by tobacco plants.

Several studies have reported that uptake of PTEs by tobacco was
significantly and positively correlated with the bioavailability of PTEs
in soils (Keller et al., 2005; Golia et al., 2009; Zhang et al., 2018). The
total concentrations of metal(loid)s in soils in this study, including As,
Cd, and Pb, were significantly and positively correlatedwith their values
in tobacco leaves (r = 0.316⁎⁎ − 0.494⁎⁎), while the correlations were
comparatively weaker (r = 0.166⁎⁎− 0.303⁎⁎) when considering only
the plant-available As, Cd, and Pb instead of the total concentrations.
Antagonistic uptake between As and Cd (r = −0.149⁎) and Pb (r =
−0.165⁎⁎) by tobacco was also observed. It is traditional in southern
China to flood tobacco fields after leaf harvest for a subsequent planting
of rice, to produce a periodic anaerobic-aerobic cycle (Zou et al., 2018).
Under anaerobic conditions, increases in NO2−, S2−, Fe2+, and Mn2+ in
the soil labile pool could lead to the precipitation of Cd and Pb as
oxyhydroxides (Chaney, 2012; Hu et al., 2016). In contrast, reducing
conditions promote the reduction of As(V) to As(III), thus increasing
the plant-availability of As in the soil (Wan et al., 2019; Hussain et al.,
2021). During the aerobic period, the oxidized soil components, includ-
ing NO3

−, SO4
2−, Fe(III), and Mn(III/VI), make Cd and Pb more available

for plant uptake once again (Hu et al., 2016; Åkesson and Chaney,
2019); and As is less mobile because As(V) is the predominant species
(Zhong et al., 2020). The effects of redox state on the bioavailability of
PTEs are significant in acidic soils (Wan et al., 2019). Because over
75.8% of tobacco soils investigated (232 of 306) were strongly acidic in
nature (pH < 5.5) (Table SI2; SEPAC (State Environmental Protection
5

Administration of China), 2018), the interactions between plant-
available As, Cd, and Pb and tobacco uptake appears weaker when com-
pared with other relevant studies.

The correlations between the concentrations of Cr and Hg in soils
and plants were poor (r = 0.078–0.105). Similar to As, both Cr and Hg
show dramatic alterations in toxicity and mobility with changes in oxi-
dation state (Stewart et al., 2010; Rai et al., 2019). Reducing soil condi-
tions lead to the reduction of highly mobile Cr(VI) species into less
mobile Cr(III), thereby reducing the bioavailability of Cr, whereas oxic
environments enhance Cr uptake by tobacco (Zhang et al., 2018,
2020). It has also been reported that the bioavailability of Cr is affected
by the retention time (Stewart et al., 2010). A recent greenhouse study
indicated that redox state changes in the labile pool of acidic soils
caused significant changes in Cd and Pb within nine days of the redox
change, whereas changes in Cr took 24 days to occur (Wan et al.,
2019). Anaerobic soils produce high methylmercury concentrations in
crop plants (Tang et al., 2020). This process is primarily mediated by
soil microbial methylation of inorganic Hg(II), which is changed greatly
in the acidic soils (Rai et al., 2019; Tang et al., 2020). In contrast to other
PTEs, Hg can remain in a gaseous state for 0.5–2 years, leading to to-
bacco uptake of Hg from the surrounding atmosphere as well as from
the soil (Hu et al., 2018; Wu et al., 2020). These results show that
anaerobic-aerobic changes in acidic soils have mixed effects on the sol-
ubility and mobility of PTEs, and thus their uptake by tobacco plants.

3.3. Influential factors

A combination of correlation analysis and cluster analysis was con-
ducted to investigate the influence of soil factors on the accumulation
of PTEs in the soil-tobacco system (Fig. 3). Among the soil factors inves-
tigated, soil pH, OM, and available P (AP) showed significant influences
on the BCFs of PTEs. Soil pH was significantly and negatively correlated
with the BCFs of Cd, Cr, Hg, and Pb (r = −0.229⁎⁎ − 0.443⁎⁎) (Fig. 3).
This may attribute to that soil pH affects the bioavailability of PTEs
through the influence of pH-dependent surface charge on the affinity
of PTEs for sorption sites (Keller et al., 2005; Yang et al., 2019). The geo-
chemical behavior of As is opposite to those of other PTEs in the



Fig. 3. Correlations between soil factors and the bioconcentration factor (BCF) of As, Cd, Cr,
Hg, and Pb in the investigated tobacco fields. The Mnox, Feox, OM, CEC, AN, AK, and AP
denoted the amorphous Mn oxide content, amorphous Fe oxide content, organic matter,
cation-exchange capacity, available N, P, and K in the tobacco-growing soils,
respectively. The colour from blue to red indicate the correlation coefficient from
−0.650 to 0.250. The symbols “*” and “**” indicate the significance level at p < 0.05 and
p < 0.01, respectively.
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flooding-drying cycle in tobacco-rice rotation fields (see discussions
above), as confirmed by the significant and positive correlations be-
tween soil pH and the BCF of As (r = 0.139⁎) (Fig. 3).

Organic matter (OM) was significantly and negatively correlated
with the BCFs of Cd (r=−0.619⁎⁎) and Hg (r=−0.249⁎⁎) (Fig. 3). In-
creasing OM reduces the bioavailability of PTEs in soils through adsorp-
tion or the formation of stable complexes with humic substances (Wu
et al., 2020; Zhong et al., 2020). This effect was significant for Cd in
the tobacco-growing soils investigated, because the soils with high
clay contents (59.5 ± 10.1%) and high OM levels (33.2 ± 9.21 g kg−1)
(Table SI2) exhibited the largest Cd adsorption capacity (Li et al.,
2015). With regard to Hg, soils with high OM levels favor the growth
of Hg-methylating microorganisms (Tang et al., 2020), thus controlling
the methylation process and decreasing the phytoavailability of Hg in
tobacco. The cation-exchange capacity represents the potential to retain
Fig. 4. Relationship between themeasured and predicted concentrations of (a) As and (b) Cd in
As or Cd, soil As or Cd, soil available P, and organic matter content, respectively. The solid lines
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cationic metals (Hu et al., 2016; Zhang et al., 2018). This effect is signif-
icant for Pb because of its high affinity for many soil materials (Zhong
et al., 2020), as indicated by the significantly negative correlations be-
tween the CEC and BCFs of Pb (r = −0.179⁎⁎) (Fig. 3).

Available P (AP) was significantly and positively correlated with
BCFs of Cd (r = 0.202⁎⁎) and Hg (r = 0.235⁎⁎) (Fig. 3). In the study
area, the tobacco-growing soils receive heavy doses of phosphate fertil-
izers every year (240 kg ha−1 for tobacco and 30 kg ha−1 for the follow-
ing rice crop). The increased P in soils may cause significant enrichment
of soil Cd and Hg, and P-fertilizers were considered as the major source
of Cd and Hg in agricultural soils in southern China (Hu et al., 2018;Wu
et al., 2020). The P-fertilizers can restrict Zn2+ uptake by plants (Hu
et al., 2016; Rai et al., 2019), thereby increasing the plant uptake of
Cd2+. On the contrary, the AP was significantly and negatively corre-
lated with the BCFs of As (r = −0.179⁎⁎) (Fig. 3). Phosphorus can de-
crease crop As uptake by increasing displacement of As from root
adsorption sites (Wan et al., 2019). Recent studies further showed a
competitive effect between PO4 and As(V) in both soil and plants
(Wan et al., 2019; Hussain et al., 2021). Together these factors
lowered the bioavailability of As for tobacco grown in the investigated
area.

Fig. 4 and Figure SI2 illustrate the predictivemodels for the transfer of
PTEs through the soil-tobacco system. The simple regression models
(Eq. (3)) for As, Cd, and Pb were statistical significantly but showed
higher data dispersion (Figure SI2). The derived simple regression
models in this studywere less satisfactory (R2=10.0%–24.5%, Figure SI2)
for predicting the concentrations of these metals in tobacco leaves com-
pared with results from greenhouse experiments (Keller et al., 2005;
Zhang et al., 2018; Yang et al., 2019) or small-scale surveys (Golia
et al., 2009; Saha et al., 2016), although the use of bioconcentration
data was similar. Compared with simple regression functions
(Fig. SI2a–SI2e), the inclusion of soil factors using extended Freundlich-
type functions (Eq. (4)) improved the variance from 0.100 to 0.376 for
As (Fig. 4a), from 0.192 to 0.519 for Cd (Fig. 4b), and from 0.244 to
0.404 for Pb (Fig. SI2f), respectively. Most of the predicted values for to-
bacco As, Cd, and Pb were within the 95%-prediction interval (Fig. 4 and
Fig. SI2f). These results indicated that soil PTEs alone are generally poor
predictors for the accumulation of PTEs in field-grown tobacco because
of the key role played by soil factors. It is imperative that the transfer
of PTEs through the soil-tobacco-human chain are put into site-specific
perspective and context to properly evaluate the risks related to tobacco
growing practices.
the tobacco leaves. The Ct, Csoil, AP, andOM in the functions inside Fig. 4 denote the tobacco
indicate regression lines, and the dashed lines indicate 95% prediction intervals.
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3.4. Risk characterization

Fig. 5 illustrates the distributions of estimated ADD of PTEs for local
adult men due to consumption of local tobacco leaves. The average
ADD values (ng kg−1 BW day−1) for local men smokers were 0.219
for Cr < 0.229 for Hg < 6.56 for As <12.9 for Pb < 26.8 for Cd
(Fig. 5a–c). The tolerable inhalation dose (TID) of As, Cd, Cr, Hg, and
Pb due to smoking was calculated as 1.19, 2.78, 0.28, 83.3, and
41.7 ng kg−1 BW day−1 for local adult men smokers, respectively
(Table SI4). Under this scenario, the estimated ADD values for Cr, Hg
and Pb were all significantly lower than the recommended TID values
(Fig. 5a–b). About 99.6% and 91.8% of adult men smokers consuming to-
bacco leaves harvested from investigated areas had a daily intake risk of
Cd and As above the corresponding limits, respectively (Fig. 5a–c). In
rural areas of Hunan, men smokers preferred home-made cigarettes
without a filter and were more likely to report being heavy smokers
(Zhou et al., 2006; Zhang et al., 2018), thus increasing the risk of expo-
sure to PTEs.

In passivemen smokers, the estimatedADDvalues for As, Cr, Hg, and
Pb were far below the recommended limits (Figure SI3). Only 1.38% of
adult men passive smokers had a daily Cd intake risk above the recom-
mended Cd TID value (Fig. 5c). The ADD of Cd for passive men smokers
(1.14 ng kg−1 BW day−1) was 20.2-fold lower than the value for
smoking populations (Fig. 5c). However, 62.8% of men adults living in
Fig. 5. Estimated average daily doses (ADD) of (a) As and Pb, (b) Cr andHg, (c) Cd, and (d) As fo
solid and dashed line denotes the tolerable inhalation doses (TID) of PTEs for local adultmen sm
above the estimated ADD ranges of Hg for local adult men smokers. (For interpretation of th
this article.)
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the study area were frequently exposed to second-hand smoke, and
this second-hand smoke exposure was significantly more frequent
in women (77.5%) (Table SI1). A recent national investigation re-
vealed that the second-hand smoke accounted for 1.80% of cancer
deaths in men and 50.5% in women in China (Xia et al., 2019). Efforts
to prevent tobacco Cd-induced health risks for both men and women
smokers and nonsmokers should be addressed, especially in southern
China.

Supplementation of Zn could help protect against Cd-induced health
effects (Reeves and Chaney, 2008; Chaney, 2015), because Zn effec-
tively induces metallothionein production (Lin et al., 2010), which
play a key role in the detoxification kinetics of Cd in the human body
(Kim et al., 2019). As a result, there is a possibility that the risk of
smoking is over-estimated because tobacco leaves have a strong capac-
ity to accumulate Zn (48.5–223 mg DW kg−1 with an average value of
115 mg kg−1 in this study (Table SI2)). In the study area, the intake of
Zn via tobacco smoking averaged 0.112 mg d−1 for local men smokers
(Table SI2), which was far below the recommended intake value of Zn
of 15 mg d−1 (Yang et al., 2018). A recent study indicated that the pro-
tective effect of Zn on Cd burden is only effective for non-smokers (Kim
et al., 2019). These results indicated that Cd is the main chemical com-
ponents contributing to the potential health risks in both smokers and
nonsmokers due to soil contamination, the high quantities of tobacco
smoked, and the low bioavailability of Zn.
r adultmen smokers consuming tobacco leaves harvested from different scenarios. The red
okers (Table SI4). The TID of Hg in Fig. 5b is derived as 83.3 ng kg−1 BWday−1, which is far
e references to colour in this figure legend, the reader is referred to the web version of
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Our field investigation showed that the uptake of PTEs by tobacco
varied dynamically with variations in PTE concentrations, soil acidifica-
tion, and soil factors. The derived transfer functions of As and Cd (see
functions inside Fig. 4) could illustrate how tobacco ADD varies as soil
factors interact in concert under different soil conditions. Taking Cd as
anexample, tobaccoproducedon local cleansoils (soilCd<0.3mgkg−1;
SEPAC (State Environmental Protection Administration of China), 2018)
cause a high levels of ADD in local men smokers (20.8 ng kg−1

BW day−1), which was 7.49-fold higher than the allowable TID value
(2.78 ng kg−1 BWday−1) (Fig. 5c). This ‘over-the-limit’ ratiowas signif-
icantly increased (12.6-fold) in more acid soils (pH < 5.0) (Fig. 4d).
Cropping tobacco in soils with near neutral-pH (pH > 6.0) and higher
OM content (OM > 40 g kg−1) would decrease this over-the-limit
ratio to 3.27-fold (Fig. 5c). Under this scenario, a reduction in tobacco
consumption rate to 2.80 g DW per day (roughly corresponding to
four cigarettes per day) could result in a significant decrease in ADD
from 9.10 ng kg−1 BW day−1 to 1.65 ng kg−1 BW day−1, which would
help 90.4% of local men smokers from excessive Cd exposure risks
(Fig. 5c). Similar results were observed for As combined with moderate
AP levels and a safe tobacco-consumption rate (2.80 g DW per day),
which would help protect 95.1% of adult men smokers from excessive
As exposure risks (Fig. 5d). The management of tobacco fields needs
to be a top priority for southern China even the tobacco-growing soils
is not contaminated.

As the soil pHwas the primary causative factor influencing the expo-
sure risks of Cd to residents of locally harvested tobacco leaves, an im-
proved management of soils pH is necessary for safer tobacco practice,
and the critic pH value was ~6.0. Limestone treatment can be effective
in lowering the solubility and accumulation of Cd in the soil-crop sys-
tem (Keller et al., 2005; Hu et al., 2016; Yang et al., 2021), but it is not
appropriate for As. The great uncertainty in the transfer of PTEs in the
soil-tobacco-human chain poses great challenges for the risk assess-
ment and management. Site-specific risk analysis, consideration of the
variations in the types of toxic metals, soil factors, and exposure factors,
can provide reliable probabilistic data and suggest appropriate options
for safer crop-growing practices.

4. Conclusion

This study quantified the transfer of PTEs through the soil-tobacco
system and evaluated the probabilistic risks of exposure to PTEs of
local active and passive smokers, using a dataset obtained from tobacco
fields in southern China. Arsenic, Cd, and Pb can effectively be trans-
ferred from soil to tobacco leaves. Cadmium in tobacco is potentially
hazardous for both smokers and nonsmokers at high exposure levels,
and when combined with low Zn bioavailability. Tobacco Cd levels
varied with pH and organic matter content and, once normalized
against soil parameters, their distributions were log-normal in nature.
Substituting the log-normal distribution of tobacco Cd for a comparable
deterministic figure, we showed that improvements in soil pH and OM
content, and the reduction of the quantity of tobacco smoked, would
help protect most residents from tobacco Cd-induced health impacts.
The current national soil quality standards may not fully acknowledge
the effects of soil factors on the PTEs uptake by tobacco. The
probability-based transfer models provide effective tools to clarify the
interactive effect of soil factors on crop PTEs uptake and are useful in
risk management.
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