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g r a p h i c a l a b s t r a c t
� Fate processes of OCPs in four domi-
nant forest types in the Tibetan
Plateau is examined.

� OCP concentrations in humus layer is
significantly higher than in mineral
layer.

� Higher OCP fluxes were found in fir
forests than in other three forest
types.

� The mobility of OCPs is relatively
higher in broadleaved birch soil pro-
file in Mt. Shergyla.
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Previous work documented that forest plays an important role in the deposition of persistent organic
pollutants (POPs) in the southeast Tibetan Plateau (TP) due to the “forest filter effect”. However, forest
types in the southeast TP are entirely different and the influence on POPs fate and forest filter effect by
different forests remains unclear. This study focused on the distribution and transfer of organochlorine
pesticides (OCPs) in soil of different forest types (quercus, birch, fir, and spruce dominated forests) in Mt.
Shergyla, southeast TP under similar environmental and meteorological conditions. Total levels of
P

HCHs,
P

DDTs and HCB in soils ranged from < LOD to 2.25 ng/g dry weight (dw), < LOD-10.2 ng/g dw,
and < LOD-0.95 ng/g dw, respectively. Concentrations of OCPs in humus layers were significantly higher
than those in mineral layers in the four forest types. Relatively higher

P
DDTs concentrations were found

in soil profile of broadleaved birch forest, while higher concentrations of
P

HCHs and HCB were found in
soil profile of coniferous fir forest, and the same trend was observed in fresh leaf samples. Air-to-ground
fluxes and mobility of OCPs in the four forest types were also evaluated. Relatively higher fluxes were
found in fir forests than in other forest types, suggesting that fir forest could be more effective to transfer
OCPs from the air into soil in the southeast TP. The findings in this study would be helpful for improving
model simulation of POPs fate in different forest ecosystem.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

During the past two decades, increasing evidence suggests high-
altitude mountains act as regional convergence zones for selected
persistent organic pollutants (POPs) (Blais et al., 1998; Chen et al.,
2008; Yang et al., 2013; Xue et al., 2018). Long-range atmospheric
transport (LRAT) is the most important pathway for POPs to be
transported to alpine regions. POPs are characterized by high
toxicity, persistence and bioaccumulation through the food chain
(Wania andMackay, 1996; Jones and de Voogt, 1999), and thus have
potential risks to alpine ecosystems and human health (Daly and
Wania, 2005; Lyall et al., 2017; Cabrera-Rodriguez et al., 2019). It
was indicated that orographic cold trapping was the main deposi-
tion mechanism for POPs in high-altitude areas (Wania and
Westgate, 2008). However, the transport and fate of POPs in
alpine region could be affected by numerous factors such as land
cover, topography, soil property and meteorological conditions
(Daly and Wania, 2005; Yuan et al., 2014).

Tibetan Plateau (TP) is called the third pole of the world with a
mean altitude of about 4000m above the sea level (m, a.s.l.) and it
was believed to be an indicator region to study LRAT behavior of
POPs since there are limited local sources (Yang et al., 2010).
Organochlorine pesticides (OCPs) including hexa-
chlorocyclohexanes (HCHs) and dichlorodiphenyltrichloroethane
(DDTs) are kinds of typical POPs, which were widely applied in
agriculture and public health until they were banned (Zhang et al.,
2008b). Many studies found that they can be detected in a variety of
environmental matrices (Yang et al. 2008, 2013; Xu et al., 2011).
Studies have found that driven by the Indian monsoon, various
POPs including OCPs could be transported to the TP through LRAT
(Li et al., 2006; Yang et al., 2008). Many researches aimed to
investigate transport pathways, altitudinal distribution, possible
sources of POPs and their environmental fate in the TP (Wang et al.,
2009; Yang et al., 2013; Yuan et al., 2015).

Forest plays a key role in POPs global fates (McLachlan and
Horstmann, 1998). The significance of forests in transferring POPs
from air to soil has been widely documented (Brorstrom-Lunden
and Lofgren, 1998; Scheringer and McKone, 2003; Nizzetto et al.,
2006a; Liu et al., 2017) and this process is so-called “forest filter
effect” (McLachlan and Horstmann, 1998). Due to the summer In-
dian monsoon, the southeast TP gains abundant rainfall, and thus
vast land surface are covered by multiple vegetation. The diversity
and richness of vegetation, in addition to the high elevation jointly
enhanced deposition of POPs in the southeast TP (Yang et al., 2013;
Liu et al., 2014). Therefore, OCPs were often found with elevated
levels in soils and vegetation in the southeast TP (Yang et al., 2013;
Liu et al., 2014; Meng et al., 2018), suggesting that there was
continuous transportation of OCPs from the Indian Subcontinent to
the TP, which was also confirmed by the observation of airborne
POPs in this area (Gong et al., 2010).

Recently, several work focused on studying POPs in mountain
forests and forest soil acts as a final sink for selected POPs
(Brorstrom-Lunden and Lofgren, 1998; Yang et al., 2013). However,
to our knowledge, few studies conducted to investigate accumu-
lation characteristics and environmental behavior of POPs in
different forest types. Although previous work was conducted on
POPs behavior in different forests (Horstmann and McLachlan,
1998; Nizzetto et al., 2006a; Wang et al., 2014), large distances
between sampling sites and different environmental conditions
often introduced significant confounding factors. For instance,
altitudinal effects on POPs deposition is crucial in mountain forest
ecosystems (Liu et al., 2014). In addition, ecological parameters
such as specific leaf area (SLA) and leaf area index (LAI) can influ-
ence the uptake/release of organic contaminants by plants
(Terzaghi et al., 2015a). Therefore, more systematical work is
warranted to investigate the influence on accumulation and
transfer of POPs in different forest ecosystem under similar
geographic environment and meteorological conditions.

In this study, we selected four forest sites adjacent to each other
with different dominant tree species in Mt. Shergyla of the south-
east TP at the similar altitude, and two adjacent reference sites
without forest cover for comparison. The objective was to investi-
gate the influence of different forest types on the fate of OCPs, and
to compare the accumulation and transfer capacity of OCPs in
different forests. At the same time, air-to-ground fluxes and
mobility in soils of OCPs in the four forest types were evaluated and
compared.

2. Materials and methods

2.1. Study area and sampling

The southeast TP is characterized topographically by the
mountain valley. The climate in this region is dominated by the
southwest monsoon in summer and the westerly wind in winter.
The valleys are usually the main moisture passage from the Indian
subcontinent to the southeast TP and the rainfall is abundant. The
study area is located in Mt. Shergyla of the southeast TP where it is
covered by various forest vegetation along altitudinal gradients
(Yang et al., 2008).

In July 2016, for sample collection from different layers of soil
profiles, six soil pits close to each other were dig at similar altitudes
in the range of 3418e3475m in theMt. Shergyla. Four of themwere
in four different typical forests and two were in the adjacent area,
as reference sites, without forest cover (one is grass covered and the
other is uncovered by any vegetation) (Fig. 1, Table S1). The domi-
nant tree species in the four types of forests are widely distributed
in the southeast TP, which are quercus (Quercus aquifolioides Rehd.
et Wils dominated, evergreen broadleaf), birch (Betula utilis D. Don
dominated, deciduous broadleaf), spruce (Picea likiangensis
(Franch.) Pritz. var. linzhiensis Cheng et L.K.Fu dominated, evergreen
coniferous forest) and fir (Abies georgei var. smithii dominated,
evergreen coniferous forest), respectively.

Soil samples were collected from humus layer (organic layer)
and mineral layer. Humus layer samples were collected over the
square of 30 cm� 30 cm, and mineral layer samples were collected
over the square of 10 cm� 10 cm in each forest pit except the soil
profile (8 cm� 8 cm) in fir forest. The humus layer was subdivided
into Oi, Oe and Oa layers according to the degree of decomposition
of organic matter (Oi: <10%; Oe: 10%e70%; Oa: >70%) (Moeckel
et al., 2008). The mineral layer was sectioned at intervals 2 cm in
the top 10 cm, and then at 5 cm intervals from 10 cm to 20 cm.
Corresponding fresh leaf (first-year leaves) samples were also
collected at the four forest sites to compare their accumulation
capacity for airborne OCPs. A total of fifty-nine samples were ob-
tained, then packed in Zip-lock bags individually and were trans-
ported to the laboratory, where they were kept at �20 �C.

2.2. Sample processing and analysis

OCP standards, including a-HCH, b-HCH, g-HCH, o,p'-DDE, p,p'
-DDE, o,p'-DDD, p,p'-DDD, o,p'-DDT, p,p'-DDT and HCB, were pur-
chased from Accustandard Inc. (New Haven, CT). Surrogate stan-
dards, i.e. 2,4,5,6-tetrachloro-m-xylene (TCmX), 2,203,304,405,506,60-
decachlorobiphenyl (PCB209), and the internal standard, i.e.
1,2,3,4,5,6,7,8-octachloronaphthalene (OCN), were also purchased
from Accustandard Inc. (New Haven, CT). Pesticide grade n-hexane
and dichloromethane were purchased from J.T. Baker (USA). Florisil
was purchased from Sigma-Aldrich (USA). Silica gel (100e200
mesh, Qingdao Marine Chemical, China) was baked at 550 �C for



Fig. 1. Map showing the study area and sampling locations.
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12 h and then activated at 180 �C for 2 h. Anhydrous sodium sulfate
was baked at 550 �C for 4 h.

Fifty-five soil samples and four fresh leaf samples were freeze
dried, ground and sieved (2mm). The analytical procedure in this
study was similar to the method in our previous work (Yang et al.,
2008, 2013). Samples were spiked with recovery surrogates (TCmX
and PCB-209), then each 2.5 g mineral sample and 0.5 g humus
sample was extracted by accelerated solvent extraction (ASE 350,
US) using 70ml mixed solvents (dichloromethane/hexane,1:1, v/v).
The extract was concentrated to 1ml by rotary evaporation, and
cleaned up by an acid silica gel/florisil glass column (4 g anhydrous
sodium sulfate, 6 g acid silica gel and 6 g activated florisil, from top
to bottom). The elution was conducted using 50ml mixture of
dichloromethane and hexane (2:3, v/v). The eluent was concen-
trated to 1ml by rotary evaporation, and then reconcentrated to
200 ml under a gentle flow of high-purity nitrogen. Final extracts
were spiked with the internal standard (OCN, 10 ng) before
analysis.

The instrumental analysis was conducted by a gas chromato-
graph (GC, Agilent-7890) coupled with a63Ni electron capture de-
tector (micro-ECD). The samples were run separately using two
capillary columns with different polarity (DB-5MS:
60m� 0.25mm� 0.25 mm and DB-1701:
60m� 0.25mm� 0.25 mm). The initial oven temperature was
100 �C (held for 1min), ramped at 4 �C/min to 200 �C and imme-
diately ramped at 1.5 �C/min to 230 �C, then ramped at 8 �C/min to
280 �C and held for 7min (for DB-5MS column); and initial 80 �C
(held for 1min), ramped at 15 �C/min to 230 �C then ramped at
2 �C/min to 270 �C, held for 20min (for DB-1701 column). Quanti-
fication was conducted by the internal standard method.

The total organic carbon (TOC) of samples were analyzed by TOC
Analyzer (OI Analytical, USA). The elements C, N contents were
analyzed by Vario EL III (Elementar, Germany).
2.3. Quality control and quality assurance

A laboratory blank was conducted every 10 samples to check for
interference and cross-contamination during whole procedure. The
parallel samples were analyzed for each type of soil and leaf matrix,
and the average relative percentage differences (RPDs) were in the
range of 3.9%e22%. The matrices spiked experiment using 1 ng of
target standards was conducted before sample analysis and the
recoveries were in the range of 87%e115%. The method detection
limits (MDLs) were defined as three times of signal-to-noise (S/N)
values. The MDLs were in the range of 0.003e0.01 ng/g for HCHs
and 0.01e0.05 ng/g for DDTs. The recoveries of spiked surrogates in
all samples were 48.1e117.5% (68.2%± 13.9%) for TCmX and
57.2e110% (93.5%± 10.9%) for PCB209. Final concentrations re-
ported in this study were blank deducted and corrected using re-
coveries of surrogates. HCHs and HCB concentrations were
corrected using recoveries of TCmX, while DDTs were corrected
using recoveries of PCB209. OCN was used as an injection standard.
The instrument performance was checked using quality control
standards for every batch of samples. The break down of DDT was
checked for each batch of sample and the percentage of the break
down products was less than 13%.
3. Results and discussion

3.1. General remark on OCPs in different forests

Summary of dry-weight-based concentrations of OCPs in fresh
leaves and soils are shown in Table S2. Concentrations of

P
HCHs

(sum of a-, b- and g-HCH),
P

DDTs (sum of o,p'-DDE, p,p' -DDE, o,p'-
DDD, p,p'-DDD, o,p'-DDT and p,p'-DDT) and HCB in fresh leaves
ranged from 0.10 to 0.67 ng/g dw, 0.47e2.35 ng/g dw and
0.16e0.77 ng/g dw, respectively. The varying concentration in fresh
leaves could reflect the distinct capacity of OCP accumulation from
the air during a period of time by different forest types. Relatively
higher OCP concentrations were observed in birch and fir fresh
leaves than those in other two forests (Fig. 2), implying that birch
and fir forests may have higher capacity for enriching OCPs than the
other two forests. Moreover, compared to other forests, higher
P

HCHs concentrations in fir fresh leaves and higher
P

DDTs con-
centrations in fresh leaves of birch forest may reflect that the fir
forest is more likely to accumulate HCHs while birch forest is more
likely to accumulate DDTs. This result may be caused by the higher
specific leaf area (SLA) of forest birch than other three forest types,
on which particle-bounded less-volatile DDTs are more easily
adsorbed (Barber et al., 2004; Fan et al., 2009). Actually, the factors
influencing accumulation of POPs in plants are complex such as
lipid content and specific morphology of the leaves as outlined by
Di Guardo et al. (2008). Higher lipid contents in birch and fir leaves
could be another reason for the higher OCP concentrations
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observed in this study.
Correspondingly, soil concentrations of

P
HCHs ranged from <

LOD to 0.72 ng/g, < LOD to 1.61 ng/g, < LOD to 1.03 ng/g, < LOD to
2.25 ng/g (dw) in soil profiles of quercus, birch, spruce and fir for-
ests, concentrations of

P
DDTs ranged from < LOD to 8.55 ng/g,

0.1e10.29 ng/g, < LOD to 4.56 ng/g, < LOD to 7.45 ng/g, and HCB
concentrations ranged from < LOD to 0.52 ng/g, 0.08e0.37 ng/g,
0.02e0.65 ng/g, < LOD to 0.95 ng/g, in the four soil profiles,
respectively (Table S2). In general, concentrations of

P
DDTs were

higher than those of
P

HCHs, and OCP concentrations in forest soils
were much higher than those at the two reference sites without
forest cover (Fig. 2). The remarkable difference between forest soils
and adjacent clearing sites was also reported in other studies (Yang
et al., 2013; Wang et al., 2014; Jaward et al., 2005). These obser-
vations revealed the role of forest in transferring OCPs from the air
into soils. This filter effect could significantly enhance the deposi-
tion of OCPs in southeast TP (mountain forest areas), and forests
have higher filter effect on less-volatile DDTs compared to other
compounds (Nizzetto et al., 2006a). Moreover, similar to other
studies (Krauss et al., 2000; Moeckel et al., 2008;Wang et al., 2014),
OCP concentrations were significantly higher in humus layers than
in mineral layers (Fig. 2), suggesting that OCPs were mostly fixed in
organic (O) layer.

Among the four soil profiles, the highest average concentration
of

P
HCHs was observed in soil profile of fir forest followed by soil

profile of birch. The highest average concentration of
P

DDTs was
observed in soil profile of birch followed by profile of fir. This
tendency is consistent with that in fresh leaves. It should be noted
Fig. 2. Concentration comparison of OCPs in fresh leaves
that, generally, OCP concentrations in O layer were much higher
than those in fresh leaves (Fig. 2), this observation is possibly
attributed to the following aspects: (1) the O layers have received
direct atmospheric deposition and accumulation for several years;
(2) fallen leaves were not the only contributor to the OCPs in O
layer. Previous research confirmed that the canopy layer contained
relatively higher concentrations of organic contaminants and fell
down to the ground which significantly enhanced the air-to-
ground fluxes in forests (Moeckel et al., 2009). (3) leaves of
perennial plants dropped down into the O layer contained rela-
tively higher concentrations of organic contaminants than one-year
leaves (Kylin and Sjodin, 2003). (4) There was a dynamic process of
POPs uptake and release in plants. Therefore, concentration of OCPs
in leaves changed with time andwas related to the concentration of
POPs in air at the time of sampling (Di Guardo et al., 2008; Terzaghi
et al., 2015b, 2017).

Concentrations of
P

HCHs in Oe layer (0.7e1.8 ng/g) were
comparable with those observed in other studies in the southeast
TP (0.6e2.5 ng/g) (spruce and Rhododendron dominated) (Wang
et al., 2014) (Table S3), but higher than those in Balang Mt.
(0.42e0.5 ng/g) (coniferous forests, bush and meadow) (Chen et al.,
2008).

P
DDTs concentrations in Oe layer (4.7e10.3 ng/g) were

lower than those in Italian Alps (8.6e15.5 ng/g) (deciduous needle
mixed broad-leaved needle) (Moeckel et al., 2008) and southeast TP
(13.5e14.1 ng/g) (shrub and spruce) (Wang et al., 2014). HCB con-
centrations in this study (0.1e1.0 ng/g) were comparablewith those
observed in other areas by other studies (0.07e1.9 ng/g) (Table S3).
, humus and mineral layers in different forest types.
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3.2. Air-to-ground fluxes in forests

Forests could transfer POPs from air to soil, which makes forests
important in global distribution and fate of POPs (Nizzetto et al.,
2006b; Moeckel et al., 2009). The estimation of air-to-ground
fluxes could provide information of transfer capacity of POPs
from air in soil in forest ecosystems. An available equationwas used
to estimate the air-to-ground fluxes according to OCPs concentra-
tions in Oi layer (c, ng/g) and the residence time (t, year) of Oi layer
(Moeckel et al., 2009). The residence time t was calculated by
equations (1) and (2), and air-to-ground fluxes (F) were estimated
by equation (3) as follows:

t ¼ 1
k

(1)

k¼ � 0:065þ 0:0001*P þ 0:044*T (2)

F ¼ c*m
t

(3)

Where P is the average annual precipitation (905.6mm/year),
which is provided by the South-east Tibetan Plateau station for
integrated observation and research of alpine environment (SETS).
T is the annual average temperature in the study area (4.99 �C,
provided by SETS) and m presents the forest ground area specific
mass of Oi layer (g/m2), c is the compound concentration in Oi layer
(ng/g). k is the litter decomposition rate which was calculated by
average annual precipitation and average annual temperature
(Zhang et al., 2008a). And the parameters for estimation are shown
in Table S4. Estimated air-to-ground fluxes are given in Fig. 3. The
highest fluxes of

P
HCHs (127 ng/m2�year) and

P
DDTs (420 ng/

m2�year) occurred in fir profile and the lowest flux of
P

OCPs was
in the soil profile of spruce. These observations indicated that fir
forest may be more effective to remove POPs from the air and
transfer them to soil. We noticed that fluxes of OCPs in birch forest
were relatively lower than those of other forests, which may be
caused by its low amount of the litter and its lower area specific
mass of Oi layer (the area specific mass of fir profile was two times
than that of birch profile in this study). In addition, other factors
which may influence the degradation rate was not considered yet.
The degradation rate of broad-leaved leaves and O-layers would be
faster than for coniferous fir and spruce (Kavvadias et al., 2001),
which could lead to an underestimation of fluxes for broad-leaved
birch forest in this study. Generally, estimated fluxes in this study
were lower than those in other studies (Wang et al., 2014; Moeckel
Fig. 3. The air-to-ground fluxes of
et al., 2009).
3.3. Vertical distribution of OCPs and influencing factors in different
soil profiles

3.3.1. Vertical distribution
Higher concentrations of OCPs were found in humus layers than

that in mineral layers, while sharp decreasing of concentrations
with depth occurred in mineral layer (Fig. 4). Similar trends were
also reported in other studies (Moeckel et al., 2008; Wang et al.,
2014; Xue et al., 2018), suggesting that POPs were mainly stored
in organic horizons. Previous work showed that litter degradation
may influence POPs burden in forest soil (Moeckel et al., 2008).
Here, Oi, Oe and Oa layers reflects the different degradation degree
of organic matter in humus layer. In this study, higher concentra-
tion of

P
HCHs generally occurred in more degraded humus forms

(Oe or Oa layer), except that the peak concentration appeared in Oi
layer for fir soil profile. A similar distribution pattern was observed
for

P
DDTs (Fig. 4). Relatively higher POPs concentrations in the Oa

layer than in other layers were also observed in other studies
(Moeckel et al., 2008; Wang et al., 2014).

Isomer ratios of ɑ-/g-HCH and p'p-DDE/p'p-DDT could reflect
source information of OCPs (Willett et al., 1998). The ratio of p,p0-
DDE/p,p0-DDT >1 could indicate the historical input. In this study,
ratios of p,p0-DDE/p,p0-DDT were less than 1 in surface soil, indi-
cating recent input of DDTs. This may be related to the ongoing
usage of DDTs for control of diseases in surrounding countries of
the TP such as India (Pozo et al., 2011). In addition, ratios of p,p'-
DDE/p,p'-DDTgenerally increased in deeper layers (Fig. 5), implying
possible degradation from DDT to DDE (Yang et al., 2013). The ratio
of a-/g-HCH ranging from 3 to 7 could indicate technical HCHs
sources. In this study, most of a-/g-HCH values were between 3 and
7, reflecting that HCHs mainly originated from technical HCHs
usage.
3.3.2. Estimating leaching rates of OCPs
In this study, soil parameters such as water content, TOC con-

tent, C/N ratio and pH in soils were measured (Table S1). The soils
are weak acid and there are no correlations between pH or C/N
ratios and OCP concentrations (P> 0.05). However, significant cor-
relation between TOC content and OCP concentrations indicated
that TOC is an important factor for POPs distribution. Moreover,
there is abundant precipitation in the southeast TP due to the in-
fluence of the warm and humid air flow of the South Asian
monsoon from the Indian Ocean (Liu et al., 2014). It is thus neces-
sary to evaluate the influence of rainfall and TOC content on the
OCPs in different forest types.



Fig. 4. The vertical distribution of OCPs concentrations in soil profiles.
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vertical distribution of these contaminants in soils. Usually, OCPs
could transfer to deeper soil layers associated with dissolved
organic matter (fDOC presents the rate of OCPs leached associated
with dissolved organic matter) and freely in dissolved water phase
(fdiss presents the rate of OCPs leached in dissolved water). The
method for estimating leaching rates of OCPs in soils was given in
other study as below (Moeckel et al., 2008).

fdiss ¼
Fw

Corg�O,Koc
(4)

KOC ¼ 100:456þ0:72,logKOW (5)

fDOC ¼ FW,CDOC,KDOC

Corg�O,KOC
(6)

KDOC ¼ 10�0:5þ0:71,logKOC (7)

Where FW is the annual average precipitation (g/m2�year); KOW is
the octanolewater partition coefficient, which was obtained from
the references by Shen and Wania (2005) and Xiao et al. (2004).
Corg-O is the organic carbon in O layer (g/m2). KOC and KDOC are the
organic carbon-water partition coefficient and DOC-water partition
coefficient, which were estimated according to previous work by
Dai et al. (1999) and Burkhard (2000).

It is obviously shown that downward transport of OCPs by
leaching from O horizon was very limited in the four forest soils
(Fig. S1), suggesting that the top layer of forest soil has strong
retention capacity for hydrophobic OCPs although high precipita-
tion occurs in the Mt. Shergyla. On the whole, a relatively higher
fdiss is observed for HCHs, while the higher fDOC is observed for
DDTs, suggesting that HCHs was more likely to transfer downward
from humus layer in freely dissolved forms, but DDTs was more
likely to migrate associated with dissolved organic matters. Simi-
larly, the increasing mobility for more lipophilic compounds
through dissolved organic carbon (DOC) bound transport process
was also observed by Pandelova et al. (2018). Compared to other
studies (Wang et al., 2014), leaching rates in the present study are
relatively lower. Previous work by Ghirardello et al. (2010) and
Terzaghi et al. (2017, 2018) also particularly discussed the role of
DOC in soil system and they found that DOC could be a leaching-
enhancer when in the condition of heavy rainfall. The leaching
rates of OCPs in the four forest types are also different (Fig. S1).
OCPs have relatively higher mobility in broadleaved forest soils,
especially in birch profile. This statement is also supported by the
observation that higher concentration of OCPs in top mineral layer
for birch soil profile (Fig. 4), which was triggered either by high
leaching rate in birch soil or by mixing of humus layer with top
mineral soils and bioturbation (Pandelova et al., 2018). In general,
the mobility of semivolatile contaminants would be influenced by
the content of organic matters, content of dissolved organic mat-
ters, bioturbation, pH and revolatilization in soils (McLachlan et al.,
2002; Wenzel et al., 2002; Ghirardello et al., 2010).

3.3.3. Correlation between TOC and OCPs
TOC contents are an important factor on the distribution of

hydrophobic POPs in soils (Liu et al., 2014). TOC contents in soils in
this study ranged from 2.28% to 51.7% in forest soils, and 2.09%e
10.1% in two reference sites. TOC contents showed decreasing trend
with increasing soil depth, and higher TOC contents occurred in the
O layer. TOC contents in profile of fir were slightly higher than in
other forest profiles with an average content of 20.6%, and the
lowest TOC content was found in profile of quercus with an average
content of 14.4%.

A significantly positive relationship was observed between TOC
contents and OCP concentrations (Fig. S2), which was also observed
in other studies (Yang et al., 2013; Liu et al., 2014). The strong
correlation revealed the TOC and POPs in soil mainly came from the



Fig. 5. Ratios of p,p0-DDE/p,p0-DDT in soil profiles.
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fallen leaves, and a process of OCPs transfer within fallen leaves to
soils, and the OCPs in leaves originated from atmosphere by ab-
sorption. Fallen leaves accumulate in soils and formed an organic
matter enriched layer, where OCPs were stored. The correlations
between

P
DDTs and TOC (R2¼ 0.76, P< 0.01) were stronger than

those for
P

HCHs (R2¼ 0.45, P< 0.01) and HCB (R2¼ 0.55, P< 0.01),
indicating that TOC contents have stronger influence on the dis-
tribution of more hydrophobic compounds, i.e. DDTs. Moreover,
correlations between OCP concentrations and TOC contents were
stronger in fir and quercus profiles than in soils of other forest types
(Fig. S2), which could be a result of the lower leaching rate of OCPs
in profiles of fir and quercus forests.

When normalized by TOC contents, higher concentrations of
OCPs changed from the top layer to the Oa layer or deeper mineral
layers (Fig. S3). The concentration difference between Oi, Oe and Oa
layers have also been diminished, reflecting TOC have significant
influence on POPs distribution in forest soils. OCPs were also found
with very low concentrations in deeper soil layers. In addition,
when normalized by TOC, the peak OCP concentrations moved into
deeper layers and the concentration difference between O layer and
mineral layer was diminished (Fig. S3). These observations may be
attributed to the combined function of deposition, degradation,
revolatilization, diffusion andmigration by leaching in soils (Harner
et al., 1995; Ghirardello et al., 2010; Terzaghi et al., 2017).
4. Conclusion

The present study examined the fate process of OCPs in soil
profiles in four typical forests under similar geographic environ-
ment and meteorological conditions in the Mt. Shergyla, southeast
TP. We can conclude that forest types significantly influence the
accumulation and vertical distribution of OCPs in soil profiles.
Among different forest types, deciduous birch forest has higher
capacity for accumulation of DDT while the coniferous fir forest has
higher capacity for accumulation of HCH under the similar envi-
ronmental conditions. Meanwhile, the highest air-to-ground fluxes
of OCPs appeared in fir forest, indicating that fir forest could be
more effective to remove semivolatile OCPs from the atmosphere.
OCPs were more likely to store in the humus layer than in mineral
layers in the four forest types. Relatively higher mobility of OCPs
appeared in soil profiles of broadleaved birch forests than in soils of
other forest types.
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