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Forests are important compartments influencing the environmental fate of persistent organic pollutants (POPs).
To illustrate the effect of forests on the regional cycle of POPs, a level IV fugacity fate and transportmodel coupled
with a detailed dynamic-forest module was applied to simulate the long-term variations of PCB-153 in China,
where forest coverage accounts for approximately one fifth of land area. In the scenarios with forests, atmo-
spheric outflow from China was 69% of that in the scenario without forests due to the enhanced storage in soil,
degradation, and leaching. Previous studies regarded high-latitude areas, such as the polar region and boreal for-
ests, as environments capable of reducingmobility of PCB-153, and they act as sinks of POPs. Thismodeling result
suggests that tropical and subtropical forests may also play a similar role despite high temperatures favoring vol-
atilization. Unlike boreal forest, the low-latitude forests may reduce the overall lifetime of PCB-153 in China due
to enhanceddegradation inwarmer andmoist soils of the tropical and subtropical area. Given that approximately
half of the global forests are located in tropical and subtropical regions, they can be important environments
influencing the global geochemical cycle and distribution of POPs, hence deserving more scientific attention by
modeling and empirical studies.
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1. Introduction

Forest ecosystem plays an important role on the global distribution
of persistent organic pollutants (POPs), a group of toxic, persistent,
and lipophilic pollutants. The “forestfilter effect (FFE)”may significantly
alter the environmental fate of POPs via increasing air-to-soil transport
of POPs, reducing their long-range transport potential and influencing
global fractionation (Moeckel et al., 2009). The interaction of POPs
with forest system is controlled by physicochemical properties of
these compounds, such as the octanol/air (KOA) and air/water (KAW)
partition coefficients (Horstmann and McLachlan, 1998). With regard
to compounds with 7 < log KOA < 11 and log KAW > 6, boreal forests
can effectively facilitate their deposition from the air to the ground (Su
and Wania, 2005), delaying the atmospheric long-range transport.
Moeckel et al. (2009) estimated that approximately 2–21% of the global
atmospheric emission of polychlorinated biphenyls (PCBs) enters boreal
forests. Therefore, forest soils are likely to represent an underestimated
sink of POPs (Dalla Valle et al., 2005).

Although those numerical estimations are useful in evaluating the
FFEs, further assessments are hindered by poorly considered ecophysi-
ological processes of plants, a more detailed description of the forest
system functioning, and more accurate description of environmental
parameters. The dynamics of vegetated systems, which might respond
to the environmental variables in a nonlinearway, were previously sim-
ulated via simplified modeling approaches (Terzaghi et al., 2017). For
example, leaves can partly buffer against variations of air temperature
(Dong et al., 2017) due to evapotranspiration, requiring a physiological
model to estimate POP partitioning between the air and leaf surface,
However, the temperature differences between leaf and air were sel-
dom considered in models of POPs, leading to uncertainties in the nu-
merical simulation. Important processes, such as the fast leaching of
PCBs in tropical forest (Zheng et al., 2015), bidirectional exchange be-
tween air and canopy (Nizzetto and Perlinger, 2012), and dynamic pro-
cesses in litter (Terzaghi et al., 2017), were seldom considered in
traditional regional models of POP fate. New models considering eco-
physiological processes have been recently developed and applied to
quantify air-canopy-litter-soil exchange (Nizzetto and Perlinger, 2012;
Terzaghi et al., 2017). However, those simulations were conducted on
the local scale over a relatively short time span. To evaluate the long-
term FFE on a regional scale, a multimedia model considering the dy-
namics of chemical exchange between atmosphere and forests under
realistic environmental conditions is still needed.

China is the country with the fastest growing forest area in the
world, with an expansion rate of 1.5 M ha yr1 (Keenan et al., 2015). For-
est coverage has reached 21% in the 2010s, accounting for 49% of the na-
tional carbon pool (Tang et al., 2018). A wide variety of forest types,
such as boreal, temperate, and subtropical and tropical biome, distrib-
uted over multiple climate regimes, representing a spatially-varying
carbon pool of regional significance (Jiang et al., 1999). Although the
Asian boreal forest only extends to the DaXing'anling Mountains in
Northeast China, other forest biomes can also be a potential reservoir
of POPs. A significant FFE for POPs has been assessed in Northeast and
Southwest China and the Tibetan Plateau (Liu et al., 2014; Luo et al.,
2019). Huang et al. (2016) estimated that the Three-Northern Region
Shelter Forest in China can enhance the atmospheric removal of phen-
anthrene by 29% and benzo[a]pyrene by 53% compared with the simu-
lationwithout the forest. Liu et al. (2017) calculated that the amounts of
PCBs and PBDEs stored in the top 20 cm soil are 174 and 1410 t in the
planted forest, respectively. Recently, tropical forests have been studied
in relation to the fast leaching of PCBs to deep soil due to rapid litter
turnover and co-transport with dissolved organic carbon (Zheng et al.,
2015). Tropical and subtropical forests in Southwest China had the
highest carbon storage and density in the country (Qiu et al., 2020). Ev-
idence suggests that low-latitude forests may contribute to the geo-
chemical cycle of POPs. With the pronounced growth of those biomes
in China, the storage capacity for POPs is expected to increase in the
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future, and represent an important regional sink of atmospheric POPs.
However, the implication of increased sequestration of POPs by those
forests for the accumulation and behavior of these contaminants in
the terrestrial ecosystem is unclear.

In this study, a dynamic forest mathematical model is introduced
considering plant physiology aspects and forest ecological processes
and coupled on-line with a Gridded Pesticide Emission and Residue
Model (GhnPERM) applied to the Chinese scenario. This tool was used
to examine the responses of chemical transport and transfer to ecolog-
ical processes. The model ultimately provides assessment of the mass
balance of POPs in a spatially explicit multi-compartment regional envi-
ronment. GhnPERM has been previously used to explore the environ-
mental fate of POPs, such as α-HCH and β-HCH (Xu et al., 2012; Xu
et al., 2013) in China. PCB-153 was selected for this study because it
falls within the “window” of partitioning property combinations ex-
pected to yield a significant FFE (Su andWania, 2005). Such a numerical
model was used as an example to illustrate the importance of forests on
the environmental fate of PCB-153 in Mainland China. The PCB-153
overall mass balance between degradation, leaching, residue, and atmo-
spheric secondary emissions with and without forest compartments
was compared. We considered atmospheric inflow and outflow as the
PCB-153masses transported in to and out from a certain region, respec-
tively. This study attempts to characterize the similarities and differences
between low and high-latitude forests and illustrate the importance of
low-latitude forests on the geochemical cycle of POPs. These tasks are
conducted by analyzing changes in PCB-153 net atmospheric flow
under different forest scenarios and exploring their driving factors.

2. Method

2.1. Chinese Gridded Pesticide Emission and Residue Model with vegetation
(ChnGPERM-veg)

ChnGPERM is a level IV fugacity transport and transfer model for
POPs,with a spatial and temporal resolution of 1/4° × 1/4° and 1 day, re-
spectively (Tian et al., 2011). This model uses a Lagrangian approach to
solve the spatialmass exchange of the target compounds in the low tro-
posphere, the planetary boundary layer, and the atmospheric surface
layer. The inter-compartmental transfers of chemicals between the at-
mospheric surface layer and the ground, including four types of soil,
water, and sediment, are calculated on the basis of a level IV fugacity ap-
proach. Themodel has been used in long-term simulations of pesticides
and PCBs in China and Asia. The model performance demonstrated in
previous studies ensures its usefulness in modeling the environmental
fate of these pollutants. In this study, ChnGPERM was on-line coupled
with an ecophysiological module of a forest that considers plant leaf
physiology, litter formation and decomposition. On the basis of an im-
proved PCB-153 inventory defined on the same spatial and temporal
resolution (Xu et al., 2018), the long-term fate of PCB-153 in China's for-
est from 1965 to 2019 was estimated by ChnGPERM-veg.

2.2. Forest module

In the previous version of ChnGPERM, the forest compartment only
considered forest soil. The new forest module describes canopy, litter
and forest soil compartments. Plant properties and ecophysiological
processes are important factors influencing the air-plant exchange of
POPs (Barber et al., 2004). Drawing from a physiological canopy model
developed by Leuning et al. (1995), Nizzetto and Perlinger (2012) sim-
ulated the canopy-air exchange of PCBs by using the leaf temperature
and boundary-layer conductance/resistance from an ecophysiological
model as the input of a chemical fatemodel. They demonstrated thepos-
sibility to introduce ecophysiological processes into models of the envi-
ronmental fate of POPs, and illustrated the relevance of processes linked
to solar irradiance with dynamics relevant for sub-daily timescales
(i.e., stomata opening and leaf heat and water budgets). However, the
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multi-layered ecophysiological model is so complex that on-line cou-
pling it into dynamic regional vegetation model or a long-term regional
fate model of POPs would be extremely inefficient. Wang and Leuning
(1998) provided an alternative two-leaf model that is least ten times
more computationally efficient. The simulated canopy conductance
and leaf temperature by the model agree with those by the multi-
layered model with a relative difference of <5%. The two-leaf model
was on-line incorporated into GhnPERM by the method presented by
Nizzetto and Perlinger (2012). In brief, the two-leaf model calculates
the canopy-level temperature, stomatal conductance, boundary conduc-
tance due to forced convection, and boundary conductance due to free
convection for water vapor based on photosynthesis and energy budget.
The conductancewas corrected by chemical-specific molecular diffusiv-
ities and used to generate the overall air-canopy conductance. To be
consistent with the level IV fugacity method of GhnPERM (Tian et al.,
2011), the mass balance in the air-canopy-litter system was also de-
scribed by level IV fugacity method (Mackay et al., 2006):

d f cVcZcð Þ=dt ¼ Dd c þ Dcað Þ f air− Dca þ Dlit þ Drcð Þ f c; ð1Þ

where fc and fair are fugacity (Pa) of canopy and surface air, respectively;
Vc is volume (m3); Zc is fugacity capacity (mol m−3 Pa−1) of canopy;
Dd_c, Dca, Dlit andDr_c are the transport coefficients (mol Pa−1 d−1) of at-
mospheric dry and wet deposition, air-canopy exchange, litter fall, and
degradation in the canopy. Time varying Dca was calculated by the pre-
viousmethod of Nizzetto and Perlinger (2012) considering air-leaf cuti-
cle exchange by advection and air-leaf internal reservoir exchange via
stomatal conductance (Section 3.1 of SI). Leaf temperature generated
by forestmodulewas used to calculate temperature-dependent fugacity
capacity, degradation, physicochemical properties (i.e., KOA and Henry's
law constant), and diffusivity of heat, air, CO2, and PCB-153. We pro-
vided the analytical solution of the air-canopy exchange process and
solved other differential equations in the air-litter-soil system by the
fifth-order Runge-Kuttamethodat each time step for simulation efficiency
(SI 1.2). Thismechanism reduces themodel run timeand thepotential un-
certainties associatedwith thenumerical solution of differential equations.
Calculation of degradation and foliage-associated deposition fluxes was
also presented in SI. The temperature-dependent degradation rates of
PCB-153 in the air, water, soil, and sediment were previously described
(Xu et al., 2018). The degradation rates in fresh leaf surface and reservoir
were assumed to be on the order of magnitude of those in the air and
two orders of magnitude longer, respectively (Nizzetto and Perlinger,
2012). The temperature of fallen leaves was assumed to be equal to soil
temperature; thus, the degradation rate is the same as that in the soil.
The PCB-153 deposition fluxes associated with litter fall were calculated
as foliage-associated deposition in this study given that the air-canopy ex-
changefluxes of previousmodel include a portion of PCB-153 in the plants
that may re-emitted into the air or consumed by degradation (Nizzetto
and Perlinger, 2012).

Besides the canopy layer, litter (L) and decomposed litter (DL) layers
were added in GhnPERM-veg. Similar to soils, L andDLwere assumed to
be time-varying layers composed of organic matter (OM), porous air,
and water. Therefore, the diffusion, leaching, and degradation rate of
PCB-153 in L and DL followed the level IV scheme in the soil of
GhnPERM, which was introduced by Jury et al. (1983) and Harner
et al. (2001). The OM mass balance in the L and DL layers was deter-
mined by the litter fall rate and OM decomposition following the
scheme of soil organic matter model (SOMPROF) (Braakhekke et al.,
2011). Fig. S2 illustrates the transport processes between air-leaf-
litter-soil compartments. Details on the forest module construction
and parameterization can be found in SI. Other plant compartments,
such as root and stem, were not considered in the present model due
to the complexity of the coupling a forest module into a regional
model, such as GhnPERM. Their contribution to the overall air-to-
ground fluxes for highly hydrophobic compounds, such as PCB-153, is
also minor compared with leaf uptake and litter fall (Terzaghi et al.,
3

2017). Ignoring those factors can improve the efficiency of the
GhnPERM-veg program.

The model domain, temperature-dependent physicochemical prop-
erties of PCB-153, and model evaluations at non-forest areas have been
documented in a previous study (Xu et al., 2018). In this study, the
GhnPERM-veg model was driven by meteorological data (1965–2019)
obtained from the United States National Center for Environmental Pre-
diction (NCEP) reanalysis dataset (Kalnay et al., 1996). The time-varying
leaf area index (LAI) data were from reprocessed MODIS LAI products
(Yuan et al., 2011). Four major forests distributed from tropical and
cold temperate zone, including evergreen broad-leaved, deciduous
broad-leaved, evergreen needle-leaved, and deciduous needle-leaved
trees, were considered, and their leaf and litter traits are listed in
Tables S1 and S2.

2.3. Scenario setup and data analysis

Simulations with varying forest coverages are presented for one
model grid for illustrative reasons (Section 1.7 of SI). Forest distribution
is dependent on the meteorological and geographical factors. Relative
cold temperature and high soil organic content in forests with decidu-
ous tree are also favorable for air-to-ground deposition of PCB-153
and its storage in soils, thus enhancing FFE. To separate the influence
of forest canopy and litter fall from temperature and soil carbon pool
on the PCB-153 geochemical cycle, simulations in this example were
conducted considering scenarios with and without forest coverage,
while maintaining unvaried the other environmental parameters for
each tree type (Table S3).

To compare the influence of forests on PCB-153 transport and stor-
age for all China, five model scenarios with different forest coverages
were applied maintaining the same meteorological, physicochemical
and compound emission data as inputs. Thus, S0 is a baseline scenario
without forest module and leaf-associated exchange and deposition;
S1 is a scenario with current forest coverage in China, depicting the
overall influence of forests on fate and transport of POPs; S2 is a scenario
with only temperate and boreal forest coverage in China, but without
tropical and subtropical forests; S3 is a scenario with tropical and sub-
tropical forest coverage, but excluding the influence of temperate and
boreal forests; S4 is similar to S1, but the degradation rates in the
canopy is replaced by the rates in the soil, to assess sensitivity on this
parameter.

The atmospheric inflow/outflow between grids (referred to as
inflow and outflow in the following text) was used to illustrate the
FFE. The inflow/outflow fluxes cannot be easily measured or
modeled. The GhnPERM-veg simulated the PCB-153 transport and
transfer in environmental compartments, including the air, water,
sediment, soil, canopy, and litter, based on the mass balance ap-
proach. The mass balance between net atmospheric flow, emission,
accumulated degradation in all the compartments, accumulated
leaching from the deepest soil layer, and final storage in all the com-
partments can be described by the previous method (Xu et al.,
2012):

∑2019
1965flow ¼ ∑2019

1965Emission−Storage2019−∑2019
1965Degradation−∑2019

1965Leaching

ð2Þ

In each model grid, a negative value of
P2019

1965 flow represents a net
atmospheric input, suggesting PCB-153 accumulation or dissipation
due to degradation, leaching, or storage in the final stock or residues.
A positive value indicates instead a net volatilization from the grid
cell. Low to high emission scenarios of PCB emission inventory have
been previously proposed (Breivik et al., 2016; Xu et al., 2018). A low
emission scenario of an improved PCB-153 inventory in China (Xu
et al., 2018) was applied in this study, which yields a better model per-
formance in this study. Re-arranging Eq. (2), total emissions should be
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equal to the sum of storage, degradation, soil leaching, and atmospheric
outflow. The accumulated error of calculator floating-point numbers ar-
ithmetic operation and numerical solver, such as Runge-Kutta method,
may influence the mass conservation in Eq. (2). In this study, the ratio
of the sum of residue, degradation, soil leaching, and atmospheric out-
flow to total emissions was <7.3‰, suggesting a good mass conserva-
tion of coding.

The differences between scenarios with and without forests were
compared to illustrate the influences of forest:

Rx ¼ mx−m0 ð3Þ

wherem0 refer to scenario S0 and indicates the value of the parameters
included in Eq. (2), andmx indicates the respective values for any of the
scenarios with forest (S1 to S4).

2.4. Model evaluation

Themeasured PCB-153 concentrations in soil, sediment, and air sam-
ples have been used to validate the model performance of GhnPERM in
the previous study (Xu et al., 2018). The modeled soil PCB-153 concen-
trations correlated well with field data yielding Pearson (R) correlation
coefficients of 0.7 between observations and predictions. However, ex-
perimental datasets were mainly available for urban, rural or remote
sites without vegetation coverage. The concentrations in organic and
mineral soil samples from forests in 30 mountains sites across China
(Zheng et al., 2014) were used for model conditional validation to eval-
uate the effect of leaf-litter system on the long-term fate of PCB-153.

In S0, the coefficient for the correlation between the modeled and
the observed concentrations in forested soils was 0.22 (Fig. S7A). With-
out the forest module, the model performance in forests was poor. By
contrast, the coefficients between the measured concentrations and
modeled results in S1 increased to 0.41 and 0.52 (p < 0.01) for the A
and O layer soil samples, respectively (Figs. S7B and S8). This notion
suggests that the GhnPERM-veg considerably improved the model per-
formance in forest areas, which can be used to capture the general
trends of PCB-153 distribution in China's forests. The performance for
forested soils was relatively low compared with the good performance
of the modeled for non-forested areas. A possible explanation is that
the sub-grid scale spatial variability is more pronounced in forests
given that most of those them are distributed in mountainous regions
in China. The meteorological, geographical condition, and soil types
are spatially more variable in these forest sites than for low land culti-
vated or residential/industrial areas. The measured concentrations at
the same model grid were observed to be highly heterogeneous
(Zheng et al., 2014). GhnPERM-veg still cannot capture the correspond-
ing PCB differences at spatial scales that fully capture this variability.
Many field observations indicated inter- and intra-specific differences
on forest filter efficiencies under the similar environmental and meteo-
rological conditions (Luo et al., 2019; Nizzetto et al., 2008). Site-specific
plant traits, such as forest type, leaf thickness, wax layer thickness, LAI,
and SLA, can improve the model accuracy. These improvements could
not be directly implemented in this version of the model and will be a
matter of future developments as soon as relevant data become avail-
able to inform better model parameterization.

3. Results and discussion

3.1. Filter effect of different trees

The previous indicators, such as Arctic contamination potential (Su
and Wania, 2005), are difficult to use in quantifying FFEs in a regional
model. The PCB-153 outflow reduction ratio (Eq. s32) could be used to
demonstrate the filter effect in this study. When the air mass passes
through a model grid with canopy, PCB-153 can enter the ground sur-
face by litter fall, atmospheric dry and wet deposition, or air-ground
4

exchange, and reenter the air via surface-air volatilization. After depos-
iting on the canopy and soil, the contaminant can further accumulate in
soil and vegetation or be lost to the water environment by leaching and
runoff (Fig. S2). Terzaghi et al. (2017) displayed the “dispenser” effect of
canopy and litter fall by discussing the temporal reversible deposition and
evaporation of PCBs in a forest system. In our illustrative simulation
(Table S3), the accumulated net downward fluxes in forest scenarios
(SBE1, SBD1, SNE1, and SND1) were 1.45 to 2.88 times larger than those
in non-forest scenarios (SBE0, SBD0, SNE0, and SND0).Meanwhile, a frac-
tion of PCB-153was retained (storage) or degraded in the air and canopy
compartments, and the remaining PCB-153 was transported out by air
mass movement (outflow). The outflow reduction ratio (Eq s32) essen-
tially reflected the total fraction of POPs lost by degradation and leaching
or stored in a grid.

The PCB-153 air flow reduction percentages were 19.8%, 20.2%,
26.0%, and 21.8% in forests with broad-leaved evergreen trees (SBE1),
broad-leaved deciduous trees (SBD1), needle-leaved evergreen trees
(SNE1), and needle-leaved deciduous trees (SND1), respectively. The
needle-leaved tree distributed in a relatively cold region exhibited a rel-
atively high reduction rate. The four tree types increased approximately
11.7% to 13.9% PCB-153 consumption or accumulation in a grid com-
pared with the rates of 7.79%, 6.32%, 14.3%, and 9.26% in non-forest sce-
narios (SBE0, SBD0, SNE0, and SND0). This notion suggests that all the
forest types distributed from tropical regions (broad-leaved evergreen
tree) to cold regions (needle-leaved deciduous tree) are capable of
influencing the regional cycle of PCB-153. The long-term simulations
(S0 to S4)were conducted in China to specify the role of different forests
on the PCB-153 cycle in spatially explicit regional environment.

3.2. PCB-153 atmospheric flow pattern in China

Fig. S9 compares the spatial distribution of PCB-153 net flow when
forests are present (S1) or not (S0). The red areas representing the net
atmospheric outflow of PCB-153 are distributed in the urbanized and
densely populated southeast part of Mainland China, whichwasmainly
controlled by high density of primary sources in the east (Fig. S1). The
blue areas around the red areas denote the grids with net inflow. As a
congener with relatively low vapor pressure, the atmospheric transport
of PCB-153 is delayed by frequent condensation events. The blue areas
are generally located close to the sources indicating effective scavenging
by forest canopies and other environmental compartments. The range
of blue areas in S1 was relatively smaller than that in S0. Such a net de-
cline in areas of net inflow indicates that forests retard the spread of
PCB-153.

In figures excluding grids without forest coverage (Fig. S10), the bo-
real forest in Northeast China enhanced the inflow and possibly formed
a PCB-153 sink there. Meanwhile, approximately 30% of the forest areas
characterized bynet atmospheric outflow in S0 (Fig. S10A) turned into a
net inflow pattern in S1 (Fig. S10B), especially in source regions, such as
South and Southwest China. GhnPERMand GhnPERM-veg allow the co-
existence of the five land cover types in one model grid cell (Tian et al.,
2011). The FFE operated by a forested land cover in a given gridmay off-
set net volatilization prevailing in other land-cover areas with the same
grid. In summary, the presence of forests either increased the net inflow
or reduced the net outflow of PCB-153, consistent with the widely ac-
cepted notion that forests effectively increase air-to-ground deposition
of POPs (McLachlan andHorstmann, 1998). An exception to this pattern
is the reduction of net deposition flux (refers to the sumof all the air-to-
grounddepositions in the following) in areas downwind forested region
(SI 2.2). However, this behavior further confirms the strong influence of
forest in altering budgets of POPs on a regional level. To better display
the spatial trend, the difference in net flow calculated in S0 (Fig. S10A)
from that in S1 (Fig. S10B) is plotted in Fig. 1. Forests increased the in-
flow in the southeast of Mainland China with the highest enhancement
in areas close to sources (Dark blue region in Fig. 1). Fig. 1 shows that
most forested areas in China could reduce the net atmospheric outflow



Fig. 1.Difference of net atmospheric flow between S1 and S0 in Chinese forested areas. The blue area indicates that forests increased the net inflow or reduced net outflow, while the red
area suggests an opposite effect.
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of PCB-153, including those located in low-latitude warm regions. In a
previous study focusing on α-HCH, net inflow regions characterized
by the three requisites of relatively high organic content, high atmo-
spheric dry and wet deposition, and low temperature were found to
be favorable for the retention of POPs (Xu et al., 2013). High-latitude
forests widely considered as a global sink of POPs perfectly fit all three
prerequisites. By contrast, low-latitude forests did not fit the tempera-
ture requisite. Most sink regions of global significance were character-
ized by low temperature, such as the polar region (Ma et al., 2016),
high latitude soils (Dalla Valle et al., 2005), alpine areas (Gong et al.,
2019) or boreal forests (Moeckel et al., 2009). To date, the environmen-
tal processes in tropical and subtropical forests were still not fully in-
cluded in the conceptual frame of global POP fate and distribution
(Zheng et al., 2015). Limited studiesmainly focused on the leaching pro-
cesses. The reduction of PCB-153 outflow induced by low-latitude
forests implies that those forests may also exert an influence on a re-
gional or broader cycle of POPs. Characterizing processing of POPs by
low-latitude forests and beyond from an empirical perspective will be
necessary to further elucidate this role.

3.3. Characteristics of forests in China

Given that the emission scenario was maintained constant in the
model simulation, PCB-153 inflow/outflow masses are determined by
three processes including storage, degradation, and leaching (Eq. (2)).
The outflow reduction or inflow increases must be related to increases
of masses in residue, degradation, and leaching categories. Mass
changes before and after considering forests in the three categories
were compared to illustrate the influences of forests.

3.3.1. Leaching
Leaching has been highlighted as a process enhancing the mobility

of PCBs in forests (Zheng et al., 2015). The total leaching mass in S1
was 3.18 times that of S0, which is consistent with elevated leaching
rates observed in field studies (Zheng et al., 2015). The differences of
the accumulated leaching in S1 and S0 are plotted in Fig. S12. High en-
hancement of leaching mainly occurred in heavily weathered forest in
the South China with high dissolved organic matters and rainfall.
5

However, leaching contributed a minor proportion to the overall mass
balance due to the low water-solubility of PCB-153 (Fig. S13). The con-
tribution of leaching to the overall PCB-153 mass in storage, degrada-
tion, and leaching categories ranged from 0.10% in S0 to 0.33% in S1.
Even if the total leaching amount in scenarios with forests (S1 to S4)
was higher than that in S0, it is still a negligible portion on a regional
scale.

3.3.2. Storage
PCB-153 is predicted to be mainly stored in the soil compartment

because of its large volume and fugacity capacity. Forests can accumu-
late POPs and efficiently transfer them to the soil. The soil organic mat-
ter can possibly act as a final sink or temporary repository of POPs
(Terzaghi et al., 2017). In S0, forest soil without canopy contributed
31.9% to the national PCB-153 stored residue. The percentages of the
total residue of PCB-153 stored in forest soil, litter, and canopy were
33.5%, 2.6% and < 0.01% in S1 (Fig. S14), respectively. After the forest
compartments are introduced in S1, the residue in forests, including for-
est soil, canopy, and litter, was 1.15 times that in S0. Fig. S15 illustrates
that the PCB-153 residues in S1were higher than those in S0 in the areas
with forest coverage, especially those closed to eastern sources. The
storage in forests increased to the detriment of the reduced stored res-
idue in grids in the north of those forested areas. Residues in other com-
partments declined to 95.2% compared with that in S0. Such residues
are widely distributed in central and Northeast China (blue areas in
Fig. S15). In summary, the environmental residues in Mainland China
of S1 became 1.01 times that of S0 (Table S7).

The low and high-latitude forests increased the PCB-153 residues in
forested areas but reduced the exposure and accumulation of contami-
nants in the storage of adjacent areas, especially those located on the
north of forests (given the dominant wind direction in this region). In
S2, a significant residue reduction area in the northeast extended to
Russia (Fig. 2A). In combinationwith the residue enhancement in forest,
the total residue in China exhibited a minor increase trend that is 1.01
times that in S0 (Table S7). By contrast, the residue reduction areas in
S3 were still within China (Fig. 2B). Low-latitude forests mainly
moved the PCB-153 from its north to those forests. The total residue
in the country was still similar to that in S0 (Table S7), which means

Image of Fig. 1


Fig. 2.Differences of PCB-153 residues between S2 and S0 (A), and between S3 and S0 (B),
representing the influences of high-latitude and low-latitude forests.
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that low-latitude forests did not influence the overall residues of PCB-
153 in China.

3.3.3. Degradation
Degradation is an important process controlling dissipation and the

overall mass balance of PCB-153 (Fig. S13). Forests can enhance the
movement of POPs from media with fast degradation, such as the air,
Fig. 3.Mass center movement path in S0 (red line) and S1 (blue line) from
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to those with longer degradation half-lives, such as litter or soil (Su
and Wania, 2005). Accordingly, the overall degradation in S1 should
be lower than that in S0, unless some fast degradation processes oc-
curred. The total degradation flux in forested grids in S1 was 1.18
times that in S0. Meanwhile, the masses of PCB-153 in other areas
were 96.5% compared with those in S0. Fig. S16 plots the overall degra-
dation changes from S0 to S1. The increase in degradation fluxes can be
observed in forest areas; however, the reduction in non-forest areas is
not as significant as Fig. S15. The overall degradation of PCB-153 was
1.03 times that of S0 (Table S7). This value is equivalent to an extra
1.37% of emitted PCB-153 consumed by degradation in S1.

Fast degradation in the forest canopy has been suggested as a reason
for enhanced degradation in forests (Maddalena et al., 2003; Su and
Wania, 2005). Following the degradation scheme of Nizzetto and
Perlinger (2012), the degradation rate in plants in this study was as-
sumed to be lower than that in the air but higher than that in the soil.
We replaced the degradations rate within the canopy by the rate in the
soils to test whether degradation in canopy enhanced the overall degra-
dation of PCB-153 in China (S4). The degradation flux is still higher than
that in S0 (Table S7), even though fast degradation in canopy was ex-
cluded. This notion indicates that the degradation enhancement related
to forests cannot be simply related to the fast degradation rate in the for-
est canopy alone.

Degradation rates were only assumed to be variedwith temperature
in the model. Other factors, such as sunlight exposure inducing a high
level of antioxidants in the leaves (Bussotti, 2008), have not been con-
sidered yet. Therefore, the enhanced degradation in S1 should be related
to a relatively high temperature in southern forested areas (Fig. S17) and
the increased FFE operated by the canopies that drove to higher accu-
mulation in the soil of these forests. Forests slowed down the northward
movement of PCB-153 impoverishing the residue stored in colder
Northern latitude soils. The higher PCB-153 residue stored in warmer
soil drove the overall higher degradation loss calculated in S1 compared
with S0. Amass center analysiswas performed to explore the relative lo-
cation of PCB-153. The barycenter is the point where all the masses are
perfectly balanced. This factor was calculated to illustrate the overall
trend of pollutant distribution and transport trends (Xu et al., 2012).
The calculated mass centers of PCB-153 are plotted in Fig. 3. The
barycenter of PCB-153 moved from East to West China from 1965 to
1965 to 2009; the dots indicate the location of barycenter in each year.

Image of Fig. 2
Image of Fig. 3
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1980, following the spread of PCB-containing products application dur-
ing that period. In the 1980s, the first batch of PCB-containing prod-
ucts in East China began to be disposed; therefore, the barycenter
moved back towards the east. After 2005, environmental processes
controlled the movement of PCB-153 when the primary emission
started to decline. Similar to other POPs, the barycenter gradually
moved towards the north. During the whole process of the PCB-153
movement, the mass center in S1 was located to the southeast of
the mass center in S0, meaning that a larger portion of PCB-153 dis-
tributed in the southeast areas of that in S0. Southeast China was
characterized by higher temperature. Therefore, a higher degrada-
tion should be higher in S1.

The low and high-latitude forests influenced the degradation
fluxes (Fig. 4), with increased degradation in forested areas. The
total degradation amounts in S2 and S3 were 1.06 and 1.05 times
those in S0, suggesting that the atmospheric outflow reduction in
the two forest groups can be linked to enhanced degradation. As pre-
viously discussed, the influence of low-latitude forests on the overall
residues of PCB-153 in China was minor. Degradation is the major
process in reducing the PCB-153 outflow in low-latitude forests.
The contribution to the total sink exceeded 50% in the southeast of
China (Fig. S18). In high-latitude forests, degradation and residue
contributed to the PCB-153 atmospheric outflow reduction with res-
idue as the major one (Fig. S18).

3.4. National PCB-153 outflow and lifetime in China

According to the ratios of PCB-153masses stored in themodeled en-
vironment, degradation and leachingfluxes in relation to the total emis-
sion (Fig. S13), storage and degradation are the major processes. Small
perturbation in the two categories can easily increase or decrease the at-
mospheric inflow or outflow. Previous model simulation proved that
FFE can effectively reduce long-range atmospheric transport of POPs
by comparing indicators, such as characteristic travel distance or Arctic
Fig. 4. Differences of accumulated degradation masses between S2 and S0 (A), and
between S3 and S0 (B).
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contamination potential (Maddalena et al., 2003; Su andWania, 2005).
The overall outflowmass of PCB-153 frommainland Chinawas calculated
to explore the extent to which FFE influences the atmospheric transport
in a spatially explicit regional environment. The atmospheric outflow
mass in S1was 69% of that in S0 (Table S7). As a congenerwith relatively
low mobility, the outflow of PCB-153 accounted for a small fraction of
total emission, and its contribution decreased from 6.7% to 4.6% as an ef-
fect of the presence of forest. In the scenario only considering low-
latitude forest (S2) and high-latitude forests (S3), the atmospheric out-
flow rates were 89% and 80% of that in S0. The two forest groups
accounted for 67% and 33% of the total forest area in China. However,
the outflow reduction of high-latitude forests was higher. As suggested
inmany simulation and observation studies, high-latitude forests are
still the most important compartment for reducing the long-range
transport of PCB-153 to the north (Moeckel et al., 2009; Su and
Wania, 2005). However, the outflow reduction rate of 11% suggests
that the contribution of low-latitude forest cannot be ignored in
the estimation.

The outflow reduction of POPs is achieved at the expense of longer en-
vironmental residence time (Moeckel et al., 2009). Following the previous
definition of the overall global lifetime of PCBs, we define the lifetime of a
substance in China as the ratio of the total emission amount to the overall
loss rate by outflow, degradation, and leaching inMainland China. The cal-
culated lifetimes were 104.2, 105.1, 105.3, and 104.0 years in S0, S1, S2,
and S3, respectively. In comparison with the lifetime of several decades
in the globalmodel Globo-POP (Wania andDaly, 2002), the relatively lon-
ger lifetime in this study could be attributed to the thicker soil layer of
GhnPERM (Tian et al., 2011) and high emission into the soil in China
(Xu et al., 2018). In previous model estimations, vegetation compartment
always increased the lifetime or persistence of POPs in the environment
(Su and Wania, 2005; Wegmann et al., 2004). Similar patterns were
found in forests scenario (S1) and high-latitude forest scenario
only (S2). By contrast, the inclusion of tropical and subtropical for-
ests (S3) decreased the simulated overall lifetime of PCB-153 in
China. Accumulation in tropical and subtropical forests with high
temperature and heavy precipitation inevitably increases loss
rates due to degradation in soil and leaching. Given that approxi-
mately 52% of global forests are in the tropical and subtropical
areas (Keenan et al., 2015), the lifetime reduction further high-
lights the special roles of low-latitude forests on the global cycle
of POPs.

4. Conclusion

This study provided a preliminary dynamic model estimation of PCB-
153 distributions in China's forest. The presence of forests can reduce the
atmospheric outflow from China by 31% via increasing leaching, degrada-
tion, and residues following sequestration of airborne PCB-153 by forest
canopies and its transfer to soil. The FFE in temperate and boreal forests
can be related to increased residues and degradation. Meanwhile the
FFE in tropical and subtropical forests can be linked to increased degrada-
tion. Although the FFE of low-latitude forests is relatively weak, it could
still contribute to the outflow and lifetime reduction of PCB-153 in
China and should not be neglected in regional mass budgets. Considering
the rapid forest growth and the threat fromglobalwarming, the influence
of low-latitude forests could become prominent in the future.
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