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Abstract

Willow barks were collected for OCP analyses in the middle reach of the Huaihe River (MRHR), China. 
∑OCPs in the tree barks were 16.00-50.35 ng g-1 (mean: 27.60±7.48 ng g-1, dry weight). HCHs were  
the dominant OCPs in the bark samples. The historical usage of technical HCH and DDT considerably 
impacted the HCHs and DDTs in the barks. Heptachlor, Aldrin, Isodrin, etc., have never been used  
in China, but they were frequently detected in the barks, indicating their unknown usage  
or atmospheric transportation from other source regions. Volumetric air concentrations of OCPs 
were estimated using a model for bark/air partitioning. Calculated air concentrations of ΣDDTs  
and ΣHCHs were 0.16±0.04 and 10.38±4.13 ng m-3, respectively. The results of air-soil exchange were: 
HCB, HCHs, and Heptachlor presented net volatilization; DDTs preferred net deposition; Endosulfan-I 
and Endosulfan-II might be in equilibrium or presented a weak trend of deposition; and Aldrin was  
in equilibrium.
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Introduction

The majority of organochlorine pesticides (OCPs) are 
categorized as persistent organic pollutants (POPs) [1, 2]. 

Because most POPs are semi-volatile, their important 
pathway for transport is through the atmosphere [3, 
4]. Soil contacts directly with the atmosphere and acts 
as a sink of POPs from the atmosphere [5, 6]. The 
air-soil exchange is regarded as a crucial process for 
understanding the environmental behaviors of OCPs. 
Most OCPs have been restricted or banned for decades, 
and their atmospheric concentrations have decreased 
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gradually. Hence, OCPs stored in the soil may volatilize 
into the atmosphere, causing secondary pollution [5, 7, 
8]. Moreover, OCP released back into the atmosphere 
by soil may undergo long-range atmospheric transport, 
affecting the levels and distributions of OCPs on 
regional/global scales. What are the current levels and 
air-soil exchange direction of OCPs in traditionally 
agricultural regions in China after decades of prohibition 
and restriction? Currently, is soil becoming a secondary 
source for OCPs instead of a sink in traditionally 
agricultural regions? It is challenging to comprehend 
these problems due to the lack of relevant research on 
the air-soil exchange of OCPs in agricultural regions.

Generally, research on the air-soil exchange was 
conducted by simultaneously sampling both the soil and 
the air [5, 6, 9]. Atmospheric samples can be collected 
using active air samplers (AASs) or passive air samplers 
(PASs). However, conventional active air samplers are 
inconvenient for fieldwork since they need pumping 
devices and electrical sources [10]. Similarly, PASs 
using artificial materials (XAD resin and polyurethane 
foam [PUF]) as passive sampling media still need to be 
deployed and recalled, and these devices are often lost 
(in our previous studies), especially when they were 
deployed in urban regions. Some people will destroy 
the devices out of curiosity [10-12]. Natural PASs, such 
as tree barks, have lower sampling costs as they do not 
require deployment and are easier to obtain from the 
paired bark and soil samples [13-15]. In addition, tree 
barks can reflect air concentrations over several years, 
while PUF or XAD-based PASs can only reflect air 
concentrations over several months [16]. Hence, tree 
barks may be more suitable for research on air-soil 
exchange as the soil concentrations also reflect long-
term concentrations. Currently, many previous studies 
have already investigated the methods to extrapolate 
the volumetric air concentrations using tree bark 
concentrations [16, 17]. This study intends to use the 
extrapolated air concentrations from tree barks to 
estimate the air-soil exchange of OCPs. This work will 
provide some useful experience for using natural PASs 
in exploring the environmental behaviors of POPs.

The Huaihe River Basin, located in the transition 
zone between the southern and northern climates of 
China, drains an area of 270,000 km2, serving about 
190 million residents [18]. The Huaihe River Basin is 
adjacent to the middle-lower Yangtze Plain (MLYP), 
which is one of the most populous and economically 
developed, as well as the most POPs-contaminated 
regions in China [19-21]. Hostage to the prevailing 
southeast monsoon, POPs can migrate from the MLYP 
to the adjacent Huaihe River Basin through a series of 
geochemical behaviors, i.e., re-volatilization from the 
soil, atmospheric transportation, and deposition, or 
the so-called “grasshopper effect” [22]. Our previous 
study found that OCPs were widely detected in the 
sediments and soils of the middle reach of the Huaihe 
River (MRHR), including some OCPs that had never 
been used in China [23]. However, the atmospheric 

concentrations and the air-soil exchange of OCPs in 
this region are still not fully understood. In December 
2018, tree barks were collected in the MRHR for OCP 
analyses. This study aimed to 1. investigate the residual 
levels, distributions, and sources of OCPs in the barks 
from the traditionally agricultural region; 2. evaluate 
the reliability of tree barks as passive air samplers; 3. 
investigate the air-soil exchange of OCPs.

Material and Methods 

Sampling and Sample Treatment

Twenty-nine tree barks were collected along the 
MRHR (accounting for ~80% of the total watershed 
area). Willow, as the dominant species in the study 
area, was selected as the sampling species. Tree bark 
can accumulate both gaseous and particle-phase POPs 
simultaneously from the surrounding air. About 200 g of 
bark were collected from each willow by the river with 
trunk diameters around 30 cm at a height of 1.5 m in 
two different directions. Lyophilized tree bark samples 
were extracted by ASE 350. Prior to extraction, PCB30, 
PCB65, PCB204, and pentachloronitrobenzene (PCNB) 
were added as surrogate standards. Extracts were 
purified using gel permeation chromatography (BIO-
Beads S-X3 resin) for lipid removal and further purified 
using silica/alumina columns. DDTs and HCHs were 
commonly used pesticides in China. During the 1950s 
and 1980s, there were roughly 4.46 million tons of HCHs 
and 0.44 million tons of DDTs into the environment in 
China [24]. A total of 23 OCPs were targeted in this 
study (Table 1), including commonly-used pesticides 
(DDTs and HCHs), rarely-used pesticides (Chlordane 
and Endosulfan), and never-used pesticides (Heptachlor, 
Aldrin, Endrin, and Dieldrin). OCPs were analyzed 
using an Agilent GC-MS (7890N-5977B, equipped 
with a 60 m × 0.25 mm × 0.25 μm HP-5MS capillary 
column). Before GC-MS analysis, 2,4,5,6-tetrachloro-m-
xylene was added as an internal standard.

Quality Assurance and Quality Control  
(QA&QC)

Procedural blanks, sampling blanks, and matrix 
spike tests were conducted for QA&QC. Spiked recovery 
rates were 80%-110%, and the standard deviations of 
all the targets were <10% (n = 5). Surrogate recoveries 
of PCB30, PCB65, PCB204, and PCNB were 88±10%, 
91±10%, 106±11%, and 96±11% in tree barks. Method 
detection limits (MDLs) of OCPs were 0.02-0.65 ng g-1. 
No targets were >MDLs in the sampling blanks. 
Concentrations of OCPs in paired soils have been 
reported in our previous research [23].
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Calculation of Contribution Rates for  
the Technical and Dicofol-Derived DDT

The contribution rates of the two sources (technical 
and dicofol-derived DDT) to the residual of DDTs in 
environmental compartments can be calculated based on 
the o,p’-DDT/p,p’-DDT ratios in technical DDT, dicofol, 
and environmental samples. In this study, the equation 
from [25] was used in the calculation:

where x is the contribution rate of technical derived 
DDT and Rs is the ratio of o,p’-DDT/p,p’-DDT in 
the samples. 1-x is the contribution rate of dicofol-
derived DDT. Samples with both o,p’-DDT and p,p’-
DDT < MDL were excluded during the calculation. 
In samples with only one DDT isomer > MDL, half 

of the MDL was assigned to the concentration value 
of the undetected isomer during the calculation. This 
approximate calculation will not distort the results of 
source identification.

Calculation of the Fugacity Fractions (ffs)

The fugacity of each compound in soil and air was 
calculated as follows [26]: 

  

where Cs and Cg are concentrations of OCPs in soil 
and air (gaseous) respectively, R = 8.314 Pa m3 mol −1 
K−1, T is the average air temperature in Kelvin, and Øom 
is the content of organic matter in the soil. KOA is the 
octanol–air partition coefficient of the compound. 

Chemicals Mean±SD 
(Median) Range DFa Chemicals Mean±SD 

(Median) Range DF

Hexachlorobenzene 
(HCB)

0.47±0.14 
(0.44) 0.27-0.79 100%

Heptachlor 
epoxide B 
(HCE-B)

0.59±0.84 
(0.08) ND-2.98 34%

α-HCH 6.08±2.85 
(6.33) NDb-11.12 97% ΣHeptachlors 

(ΣHepts)
1.70±0.99 

(1.53) ND-4.92

β-HCH 4.42±1.55 
(4.19) 0.99-8.25 100% t-chlordane (TC) 0.07±0.03 

(0.07) ND-0.21 3%

γ-HCH 2.97±1.87 
(3.34) ND-7.03 93% c-chlordane (CC) 0.10±0.08 

(0.06) ND-0.39 21%

δ-HCH 3.50±2.12 
(3.55) ND-7.80 93% oxy-chlordane 

(OC)
1.64±0.96 

(1.34) ND-3.32 86%

ΣHCHs 16.96±6.37 
(16.60) 3.24-29.84 ΣChlordanes 1.80±1.00 

(1.63) ND-3.68

o,p'-DDT 0.21±0.10 
(0.24) ND-0.41 83% Endosulfan-I 1.31±1.30 

(0.99) ND-4.21 59%

p,p'-DDT 0.34±0.23 
(0.31) ND-1.24 86% Endosulfan-II 1.53±1.64 

(1.22) ND-5.88 59%

o,p'-DDD 0.12±0.08 
(0.05) ND-0.33 48% ΣEndosulfans 

(ΣEndos)
2.84±2.75 

(2.99) ND-9.10

p,p'-DDD 0.12±0.08 
(0.12) ND-0.30 69% Aldrin 0.72±0.70 

(0.70) ND-2.49 59%

o,p'-DDE 0.38±0.17 
(0.36) 0.07-0.75 100% Endrin 0.27±0.42 

(0.06) ND-1.25 24%

p,p'-DDE 0.69±0.27 
(0.73) 0.27-1.47 100% Isodrin 0.79±0.91 

(0.58) ND-4.05 62%

ΣDDTs 1.87±0.50 
(1.83) 1.06-3.16 Dieldrin 0.17±0.30 

(0.04) ND-0.85 17%

Heptachlor (HC) 1.01±0.59 
(0.98) ND-2.32 93% ΣDrinsc 1.96±1.47 

(1.71) ND-6.48

Heptachlor epoxide A 
(HCE-A)

0.10±0.15 
(0.06) ND-0.83 10% ΣOCPs 27.60±7.48 

(27.68) 16.00-50.35

Note: a. DF means detection frequency; b. ND means concentration was <MDL; c. ΣDrins means the sum of Aldrin, Endrin, Isodrin 
and Dieldrin

Table 1. Descriptive analyses of OCPs in the tree barks of the MRHR (ng g-1 dry weight).
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Fugacity fractions were used to infer the direction of 
air–soil exchange and can be calculated by dividing fs 
with the sum of fs and fa:

  

It’s worth noting that the calculated air concentrations 
with tree barks are the sum of gas- and particle-phase 
concentrations. The gaseous concentrations used in the 
ff calculation were estimated by the proportions of gas- 
and particle concentrations:

  

where Cg and Cp are the volume-based gas-phase and 
particle-phase concentrations of OCPs in the air. B is a 
constant (1.5 × 10-12 m3 μg-1 for OCPs). KOA is the octanol 
air partition coefficient.

Results and Discussion

Concentrations of OCPs in the Tree Barks

The age of the willows was evaluated through their 
wood cores, which were collected by using an increment 
borer (Haglöf Sweden). The results show that all the 
willows are at least 20 years old. The age of the willow 
barks is undoubtedly less than 20 years (often several 
years); thus, collected barks have a similar exposure 
time to airborne OCPs and can reflect their atmospheric 
pollution over a long time scale.

Concentrations of total OCPs (∑OCPs) in the 
barks ranged from 16.00 to 50.35 ng g-1 (mean = 27.60 
±7.48 ng g-1) (Fig. 1). Total concentrations of different 
classes of OCPs ranked ∑HCHs (16.96±6.37 ng g-1)  
>∑Endos (2.84±2.75 ng g-1) > ∑Drins (1.96±1.47 ng g-1), 
∑DDTs (1.87±0.50 ng g-1), ∑Chlordanes (1.80±1.00 ng g-1) 
& ∑Hepts (1.70±0.99 ng g-1)>HCB (0.47±0.14 ng g-1) 
(Table 1). Generally, HCHs accounted for ~60% of 
∑OCPs and were the most dominant OCPs in the tree 
barks (Fig. 1). Similar patterns were also observed  

Fig. 1. Distribution of OCPs in the tree barks.
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in the soils and sediments of the MRHR (accounting 
for >60% of ∑OCPs) [23]. The patterns were markedly 
different from those found in the environmental media 
of the adjacent MLYP, where DDTs were prevailing [7, 
27-29].

Compared with previous studies carried out in China, 
∑HCHs (16.96±6.37 ng g-1) in the barks of the MRHR 
were higher than those detected in tree barks of rural 
China (5.7±12 ng g-1), the upper Yellow River (median  
= 10 ng g-1), Yunnan Province (0.10±0.028 ng g-1), 
and the Tibetan Plateau (2.7±2.0 ng g-1) [16, 30-32]. 
∑DDTs in the barks (1.87±0.50 ng g-1) were lower than 
those detected in rural China (5.6±6.5 ng g-1), upper 
Yellow River (median = 110 ng g-1), southern Jiangsu 
Province (6.6±3.5 ng g-1), and even the Tibetan Plateau  
(11±9.3 ng g-1), but were higher than those detected 
in Yunan Province (0.3±0.42 ng g-1) [16, 20, 29, 31]. 
Concentrations of HCB (0.47±0.14 ng g-1) were lower 
than those detected in the upper Yellow River (median  
= 9.9 ng g-1), but were comparable with those in 
Southern Jiangsu Province (0.79±0.34 ng g-1) and 
Tibetan Plateau (0.32±0.14 ng g-1) [16, 29, 31]. Other 
OCPs were rarely reported in tree barks in China. 
This is probably because, compared with DDTs and 
HCHs, other OCPs were rarely used (e.g., Chlordane 
and Endosulfan) or never used (Drins and Heptachlor) 
in China [19, 33]. It’s worth noting that these never or 
rarely-used OCPs were frequently found in different 
environmental compartments in China, including the 
atmosphere and soil, suggesting their wide distribution 
[7, 19, 33]. Overall, HCHs were the main OCPs in the 
tree barks from the MRHR, while the concentrations of 
DDTs, which have been extensively used historically in 
China, were relatively low, suggesting that HCHs should 
get greater attention in the study area. In addition, some 
pesticides that have never been used in China, including 
∑Drins and ∑Hepts, have concentrations comparable 
to DDTs in the studied barks, indicating that the 
regional/global redistribution of OCPs after decades of 
prohibition and restriction is noteworthy.

Concentrations of OCPs in the soils of the MRHR 
have been reported in our previous publication 
[23]. ∑OCPs in the soils were 1.8-63 ng g-1 (mean  
= 19±12 ng g-1). Similar to those in the barks, HCHs 
were the dominant OCPs in soils. 

Compositions and Sources of OCPs

HCHs and DDTs

Despite the fact that the usage of technical DDT and 
HCH has been prohibited for decades in China, there are 
still some emissions of them recently, such as the usage 
of lindane (γ-HCH > 99%), dicofol, and DDT-containing 
antifouling paints [23]. In our previous study, α-HCH 
and p,p’-DDE were the predominant HCH isomers and 
DDT-related chemicals in both soils and sediments of 
the MRHR, respectively [23]. Similar results were also 
found in the barks (Fig. 2).

Overall, the proportions of HCHs in the barks were 
very similar to those in the soil samples. β-HCH has 
the highest KOA among HCH isomers and is the most 
persistent. Moreover, α- and γ-HCH will be transformed 
into β-HCH in the environment [34]. Hence, the ratio of 
α-/β-HCH will decrease gradually after the prohibition 
of technical HCH. In the barks, the mean of α-/β-HCH 
was 1.5±0.55 and was significantly lower than that in 
technical HCH (~5-14). Similar to those found in the 
soils and sediments of the MRHR, isomer ratios of 
HCHs in the tree barks suggested a significant influence 
of weathered technical HCH.

Ratios of DDTs and their degradation products were 
calculated to assess the contribution of weathered and 
fresh DDT [27]. The ratios of both (o,p’-DDD+o,p’-
DDE)/o,p’-DDT and (p,p’-DDD+p,p’-DDE)/p,p’-DDT 
were >1 in all the tree barks, indicating a significant 
influence of decayed DDT. Moreover, the ratio of 
o,p’-DDT/p,p’-DDT was calculated to interpret the 
contributions of technical DDT (0.2-0.3) and dicofol-
derived DDT (7) [25]. The calculation results showed 
that technical DDT contributed 66±20% of DDTs in the 
tree barks, and the contributions observed in the barks 
were slightly lower than those in the soils (87±22%) 
and sediment (74±30%) of the MRHR [23]. The higher 
contributions of dicofol-derived DDT found in the tree 
barks than those in sediment and soil samples might be 
ascribed to the heavy usage of dicofol in the adjacent 
area, such as the Taihu Lake region, and the facility of 
atmospheric transport of o,p’-DDT to the study area [35]. 
On the whole, DDT contamination in the MRHR was 
mainly derived from the historical usage of technical 
DDT.

Other OCPs

Except for DDTs and HCHs, other OCPs (HCB, 
Heptachlor, and oxy-chlordane) were also widely 
detected in the barks (detection frequency >86%). 
Furthermore, Endosulfan-I and -II, Aldrin, and Isodrin 
were detected in about 60% of the bark samples. 

HCB was found to be a major OCP in the atmosphere 
of the MLYP, where pentachlorophenol (PCP) had 
been extensively used for schistosomiasis control [7]. 
However, HCB only accounted for 1.8% of ∑OCPs in 
the barks of the MRHR, indicating that PCP was not 
heavily used in this region.

Anhui Province was a hotspot of chlordane usage 
[36, 37]. In the tree barks of the MRHR, oxy-chlordane 
was found to be the major chlordane-related chemical 
and accounted for 91% of ∑Chlordanes (TC+CC+OC), 
indicating the main influence of decayed chlordane. 
Heptachlor has never been used as a pesticide in China; 
however, it can be released into the environment as an 
impurity of technical chlordane [37]. Concentrations of 
∑Hepts (1.70±0.99 ng g-1) were comparable with those 
of ∑Chlordanes (1.80±1.00 ng g-1) in this study. Non-
degraded heptachlor was the major form, accounting 
for 59% of ∑Hepts. A similar pattern was also found  
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in the soils of the MRHR [23]. This finding suggests 
there might be some unknown usage of heptachlor in 
the study area historically/recently [23].

The ratio of Endosulfan-I to -II in technical 
Endosulfan is 7:3 [37]. Owing to the faster degradation 
of Endosulfan-I than -II, the ratio of Endosulfan-I/-II 
will decline gradually over time. Generally, the ratio  
>2.3 indicates fresh input, while <2.3 suggests 
weathered Endosulfan. The mean value of the ratio was 
1.1±0.67 in the tree barks (samples with Endosulfan-I 
or Endosulfan-II<MDL were excluded), suggesting the 
main influence of weathered Endosulfan.

Aldrin, Endrin, Isodrin, and Dieldrin had never 
been used in China before, but, they still could still 
be detected in some bark samples (Table 1) [37].  
The concentrations of ∑Drins in the barks were 
similar to those of ∑DDTs, but were about an order of 
magnitude lower than those of ∑HCHs (Table 1). Drins 
in the barks might be mainly influenced by long-range 
atmospheric transport from other regions where these 
chemicals were used historically.

Volumetric Air Concentration Calculation

Considering the low cost and the convenience of tree 
bark sampling, air monitoring with tree bark is useful 
for understanding the sources as well as the pollution 
status of airborne POPs [14]. Quantitative or semi-
quantitative estimation of volumetric air concentrations 
through POPs in barks is important for comparing the 
tree bark data with data obtained by other sampling 
methods [17]. A widely used bark/air partitioning model 
was used to estimate the volumetric air concentrations 
of OCPs from the tree bark concentrations [15-17].  
The equations are as follows:

 

where KBA is the coefficient of tree bark/air partition 
(dimensionless). CA and CB are the concentrations of 
OCPs in air and bark (ng m-3), respectively. 

Finally, the calculated KBA ranged from 5.5 to 6.9. It 
was similar to the results of most previous studies [15-17]. 
Based on the KBA, the volumetric air concentrations of 
the frequently detected OCPs were calculated (Table 2). 
The calculated concentrations of ΣHCHs and ΣDDTs 
were 10.38±4.13 and 0.16±0.04 ng m-3, respectively.

Calculated volumetric air concentrations of ∑DDTs 
(0.16±0.04 ng m-3) and Endosulfan-I (0.31±0.31 ng m-3) 
were comparable with those reported in Southern  
Anhui (∑DDTs = 0.24±0.16 ng m-3, Endosulfan-I  
= 0.30±0.15 ng m-3) and most other regions of China 
[7, 19, 38]. Air concentrations of the never-used OCPs, 
such as Aldrin and Heptachlor, were rarely reported in 
China; however, they presented considerable detection 
frequencies in the tree barks. The calculated volumetric 
air concentrations of them were about several hundred 
pg m-3 (Table 2).

Air-Soil Exchange OCPs

The fugacity fractions (ffs) were calculated using the 
soil and gaseous concentrations of OCPs to illuminate 
their gaseous air-soil exchange. It’s worth noting that 
the air concentrations obtained from the bark/air 
partitioning model are the sum of gaseous and particle-
phase concentrations. The gaseous concentrations used 
in the ffs calculation were estimated by the proportions 
of gas- and particle concentrations [17]. A value of 

Fig. 2. The composition patterns of HCHs and DDTs in the tree barks, soils, and sediments of the MRHR (Notes: Soil and sediment data 
refer to our previous publication [23].)
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ff = 0.5 represents that the air-soil exchange of the 
target substance is in equilibrium, while ff >0.5 and  
<0.5 mean volatilization and deposition, respectively 
[7]. In consideration of the prediction error, ff between 
0.3 and 0.7 is usually identified as equilibrium [6, 7].

The mean and median ff values of HCB, Heptachlor, 
α-, β- and δ-HCH were >0.7 or even >0.8 (Fig. 3). 
Therefore, these chemicals had a strong tendency 
to volatilize from the soil to the air, and soil was a 
“secondary source”. This finding was partly attributed 
to their relatively low KOA (log KOA<8). However, the 
ff values of γ-HCH were obviously lower than those 
of other isomers (Fig. 3), while the KOA values of all 
the HCH isomers were similar. Therefore, the air-soil 
exchange of a specific chemical was also influenced by 
the residual amounts in the environment and the use 
history. As discussed above, HCHs in the study area 
were significantly influenced by weathered technical 
HCH, and the usage of lindane (γ-HCH>99%) might be 
rare (Fig. 2). Hence, the residue of γ-HCH in soil was 
lower, and air-soil exchange is closer to equilibrium. 
For HCB and Heptachlor, a strong tendency toward 
volatilization indicated that there were still considerable 
residues in the soil. Again, the result suggested there 
might be historical/recent usage of Heptachlor in the 
study area.

Except for p,p’-DDD, the median ff values of all the 
DDT-related chemicals were <0.2 (Fig. 3). The median 
ff value of p,p’-DDD was <0.4. Thus, all the DDTs 
presented a strong tendency for net deposition from the 

Fig. 3. The ff values of specific OCPs.

Chemicals Mean±SD Range

HCB 0.90±0.26 0.52-1.52

α-HCH 2.67±1.28 ND-4.89

β-HCH 2.76±0.97 0.62-5.15

γ-HCH 1.52±0.96 ND-3.60

δ-HCH 3.43±2.08 ND-7.65

ΣHCHs 10.38±4.13 2.02-19.11

o,p'-DDT 0.02±0.01 ND-0.04

p,p'-DDT 0.03±0.02 ND-0.11

o,p'-DDD 0.01±0.01 ND-0.03

p,p'-DDD 0.01±0.01 ND-0.03

o,p'-DDE 0.03±0.02 0.01-0.07

p,p'-DDE 0.06±0.02 0.02-0.13

ΣDDTs 0.16±0.04 0.09-0.28

Heptachlor 0.58±0.34 ND-1.33

Endosulfan-I 0.31±0.31 ND-0.99

Endosulfan-II 0.36±0.39 ND-1.40

ΣEndosulfans 
(ΣEndos) 0.67±0.65 ND-2.15

Aldrin 0.22±0.22 ND-0.77

Table 2. Calculated air concentrations of OCPs (ng m-3)
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air to the soil, and the soil was a “sink” for them. These 
results suggested there were ceaseless atmospheric 
sources of these chemicals in the study area and adjacent 
regions. 

The median ff values of Endosulfan-I and 
Endosulfan-II were about 0.2-0.3, and the first quartiles 
were about 0.4-0.6 (Fig. 3). The air-soil exchange of this 
chemical might be in equilibrium or present a weak trend 
of deposition. The ff values of Aldrin were generally  
in the equilibrium range. There might be no continuous 
atmospheric input from them. For Aldrin, which was 
never used in China, historical atmospheric transport 
and subsequent deposition might be the primary source.

To sum up, the results of air-soil exchange indicated 
that the soil in the MRHR has transformed into  
a secondary source for several pesticides with relatively 
low KOA, including HCB, Heptachlor, α-, β- and δ-HCH. 
Furthermore, this study provides some practical 
experience for employing tree barks in investigating 
the air-soil exchange of POPs based on the bark/air 
partitioning model.

Uncertainty Analysis

The present study revealed the residual levels and 
possible sources of OCPs in tree barks, calculated 
the OCPs concentrations in air based on the bark/ air 
partitioning model, and clarified the current situation of 
air-soil exchange of OCPs in the studied traditionally 
agricultural area studied. Tree bark has been proven 
to be an effective nature passive sampler. The bark/
air partitioning model employed in this study was 
established by Zhao et al. to calculate the volumetric air 
concentrations of POPs from tree bark concentrations 
[17]. This model has been demonstrated to effectively 
reflect the atmospheric pollution level of POPs, 
including OCPs, polycyclic aromatic hydrocarbons, 
polychlorinated biphenyls, and short-chain chlorinated 
paraffin, etc., at regional and global scales [15, 39, 40]. 
A recent study used the bark/air partitioning model   to   
calculate theoretical air concentrations and   successfully   
predicted the air-soil exchange of short- and medium-
chain chlorinated paraffins in the Yangtze River Delta, 
China [40]. Although the uncertainty of calculating   
air-soil exchange using the bark/air partitioning model 
is inevitable, it is still informative to use this model to 
predict the air-soil exchange of POPs.

Conclusions

OCPs were widely detected in the willow tree barks 
collected in the MRHR, China, and HCHs were the 
dominant OCPs. DDTs and HCHs were significantly 
influenced by the previous usage of technical DDT  
and HCH. Heptachlor, Aldrin, Endrin, Isodrin, and 
Dieldrin, which were never used in China, were also 
frequently detected in the barks, indicating their 
unknown usage or atmospheric transportation from 

other source regions. The aAir-soil exchange of OCPs 
was evaluated using the fugacity model. The results 
indicated that soil was a “secondary source” for 
atmospheric HCB, HCHs, and Heptachlor,; while the 
soil was a “sink” for DDTs. Other targets might present 
a weak trend of deposition or be in equilibrium.
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