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High geological background levels of trace elements (TEs) and high population density in the karst areas of south-
west China have imposed environmental pressure on the fragile ecosystems in this region. Understanding the
mass budget of TEs, especially the toxic ones, is of great importance to sustain future developments. This study in-
vestigates the mass balance and fate of nine TEs (cadmium, arsenic, lead, chromium, copper, nickel, zinc, thallium,
and antimony) in two karst catchments (Huilong and Chenqi) in southwest China through estimation of their
mass budgets in throughfall, openfield precipitation, total suspended particulatematter (TSP), litterfall, fertilization,
harvested crops, surface runoff, and underground runoff. The estimated net fluxes are positive, indicating a source
region, for four elements (Cu, Cr, Ni, and Tl) and negative, indicating a sink region, for five elements (As, Cd, Pb,
Sb, and Zn) in both catchments. The net fluxes for the nine elements in Chenqi catchment are within a relatively
small range (2.6, 2.0, 1.6, 0.6, −0.05, −0.5, −0.5, −2.9, and −3.3 mg m−2 yr−1 for Cu, Ni, Cr, Tl, Cd, Zn, Sb, Pb,
and As, respectively), but in Huilong catchment in quite a large range (15.5, 6.0, 1.0, 0.8, −0.3, −0.9, −4.5, −7.5,
and −8.7 mg m−2 yr−1 for Tl, Cr, Ni, Cu, Cd, Sb, As, Pb, and Zn, respectively). Rainfall (12.3%–66.2%) and litterfall
(18.4%–81.3%) are themajor input flux pathways, while crops harvest (16%–99%) is themajor output flux pathway
for the TEs in both catchments, indicating that the fate of TEs is shaped by both natural factors such as precipitation
and litterfall and human activities such as fertilization and crop harvesting in these forestland-farmland compound
karst catchments. Results from this study suggest that restoring forests from low-yield sloping farmlandswill beuse-
ful for controlling TEs pollution in these fragile karst regions with high geological background TEs.
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1. Introduction

Karst rocky desertification refers to the process of soil degradation in
the fragile karst environment, and it has occurred in subtropical zones,
such as the Mediterranean Basin, the Dinaric karst area, and southwest
China (Brinkmann and Parise, 2012; Huang et al., 2008; Jiang et al.,
2014; Liu et al., 2019). It is one of the main types of land desertification
driven by human activities, and is characterized by degradation of land
productivity, resulting in a desert-like appearance of the landscape (Cao
et al., 2018; Liu et al., 2020).

China has the largest karst land area in the world. 13.5% of China's
land area, or 1.3 million km2, belongs to karst landscape. The widest
karst landscape in China is the one continuously distributed in south-
west China covering an area of 0.62 million km2 (Huang et al., 2008).
This area has become ecologically fragile due to the high geological
background levels of most heavy metals and arsenic, and serious
water and soil erosion caused by natural factors and human activities
(Li and Jia, 2018; Wu et al., 2020; Xiao et al., 2004a). Intensive farming
and mining activities and rapid extension of urban and industrial
areas have caused increasing TEs pollution in air, water and soil,
which has been documented by long-term measurements of atmo-
spheric deposition, vegetation, soil, and sediments (Su et al., 2008;
Weiss et al., 2002; Zheng et al., 2007). Emissions from industrial
production, traffic, mining, and agricultural activities have led to
the widespread redistribution of TE pollutants among the different
environmental media and areas (Huang et al., 2018; Imseng et al.,
2019; Lin et al., 2019). The destruction of the karst ecological envi-
ronment has seriously affected the regional environmental quality
and the safety of agricultural products (Fajkovic et al., 2011; Gill
et al., 2018).

Extensive disorderlymining and agricultural and industrial activities
have caused large loads of toxic TEs (e.g., Cd, As, Pb, Cr, Cu, Ni, Zn, Sb, and
Tl) on the fragile ecological systems in regions with high geological
background concentrations of TEs (Bi et al., 2006; Sun et al., 2019;
Xiao et al., 2019; Xiao et al., 2004a, 2004b). The geochemical behaviour
and input/output pathways of TEs in the karst areas remain poorly char-
acterized, limiting our ability to assess the potential impacts of TEs on
the sensitive ecosystems and on human heath at the regional scales
(Ci et al., 2014; Liu et al., 2019). Thus, this studywas designed to identify
the primary input/output pathways of TEs in two catchments in the
karst areas of southwest China and quantify the mass budget of TEs at
the catchment scale. The results were also used to determine if these
typical karst catchments are sinks or sources of TEs. Such knowledge
is needed for the prevention and control of TE pollution in these fragile
karst regions.

2. Materials and methods

2.1. Sites description

The two karst catchments (Huilong and Chenqi) previously selected
for investigating mercury mass balance were also selected in this study
for investigating TEs mass balance (Xia et al., 2021). Huilong catchment
(18 ha) is located in the southwest part of Guizhou province, and Chenqi
catchment (150 ha) is located in the central part of the same province
(Fig. S1). The two catchments, Huilong and Chenqi, were evolved from
detrital sandstone and limestone, respectively (Sun et al., 2012; Zhao
et al., 2010). There was metal mining activity before 1950s in Huilong,
but there are no proven metal deposits in Chenqi. These two catch-
ments are representative of this region, with the former having
high and the latter having low geological background levels of TEs.
The land use across the two catchments were calculated using Arc
GIS 10.4. About 17% and 20% of the catchment area were used for ag-
ricultural production in Huilong and Chenqi, respectively, and for-
estry accounts for most of the remaining land use. Special
considerations were given to the characteristics of the topography
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and geomorphology of both catchments when selecting the sam-
pling sites so that the two catchments were relatively closed with a
clear boundary. More information about these two catchments can
be found in Xia et al. (2021).

2.2. Sampling and chemical analysis

The layout of the sampling points and the sample collectionmethods
are basically the same as those described for the mercury mass balance
study presented in Xia et al. (2021), but different chemical analysis
methods were used in this study.

2.2.1. Open field precipitation and throughfall sampling
Monthly open field precipitation and throughfall samples were col-

lected at open sites and inside forests, respectively, from August 2018
to July 2019. One open field precipitation sampling site was set up in
each of the catchments. Two and three throughfall sampling sites
were setup in the Chenqi and Huilong catchments, respectively. The
open field precipitation and throughfall samples were acidified using
1% ultra-pure HNO3, stored in a 4 °C refrigerator, and analysed within
one week of their collection.

2.2.2. Runoff sampling
The surface runoff and underground runoff in the two catchments

were sampled monthly from August 2018 to July 2019. The pre-
treatment method was similar to that used for the rainwater samples.
Annual mean air temperature was 15.2 °C and 15.1 °C, and annual
mean precipitation amount was 1315 mm and 1378 mm in Huilong
and Chenqi, respectively (Xia et al., 2021). Rainfall was mainly concen-
trated inMay to October. Due to the abundant ground seams in the karst
areas, a large amount of surface runoff entered the ground along the
ground seams.

2.2.3. TSP sampling
The total suspended particulate matter (TSP) was sampled monthly

from August 2018 to July 2019, with each sample covering a 48-hour
collection period. TSP was collected using a TSP sampler (gas flow rate
100 l min−1, KB-120F, Qingdao jingcheng instrument co. LTD) with a
φ 90mmquartz filterfilm (Munktell Inc. Sweden) for TEs concentration
analysis. In order to calculate the deposition flux of TEs through TSP, the
deposition velocity of TSP is needed. For this purpose, TSP was also si-
multaneously collected using a TSP collecting cylinder (30-cm high,
15-cm diameter, Taiheng plastics co. LTD; 100 ml of pure water and
50 ml of ethylene glycol were added), and the deposition velocity of
TSP was calculated from the collected mass of TSP by cylinder and the
sampling time (see Fig. S5).

2.2.4. Fertilizer sampling
Chemical fertilizer samples and livestock manure samples were col-

lected from farms near Huilong and Chenqi villages.

2.2.5. Litterfall sampling
Fifteen and seven litterfall boxes (1-m side length)were installed 0.3

m above the ground in the Huilong and Chenqi catchments, respec-
tively. The litterfall was sampled monthly from August 2018 to July
2019. Three monthly samples were mixed together to obtain a com-
bined sample for each box. The samples were air-dried, ground, and ho-
mogenized before analysis.

2.2.6. Crops sampling
The crops were sampled every three months from August 2018 to

July 2019. The collected crops include corn, rice, vegetables, etc.
(Table S4). The sampling method was referred to the one used by
local farmers for harvesting crops. The edible parts and strawwere col-
lected respectively.
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2.2.7. Soil sampling
According to the different land use types (forestland and farmland)

and the different altitudes, 11 and 23 surface soil samples were col-
lected in the Huilong and Chenqi catchments, respectively, and 15 cm
depth of surface soil were collected using a soil sampler. The GPS coor-
dinates were recorded. The samples were placed in numbered sample
bags, brought back to the laboratory, dried at 40 °C by oven, and then
measured the dry sample weight. The visible plant tissue, stones, and
other debris were removed from the soil samples. Each soil sample
was crushed into 200-mesh, packed, and recorded for further chemical
analysis.

2.2.8. Chemical analysis
TEs concentrations in the open field precipitation, throughfall, sur-

face runoff, underground runoff, TSP membrane filter, fertilizer,
litterfall, crop, and soil sampleswere analysed using inductively coupled
plasma mass spectrometry (ICP-MS, refer to the USA Environmental
Protection Agency's Method 6020B). The water samples were filtered
through a 0.45-μm membrane filter (MFS, cellulose acetate, φ = 47
mm). Subsamples of water were transferred into carefully cleansed
PTFE bottles, acidifiedwith 2% sub-boilingdistilledHNO3, and preserved
at 4 °C.

The filter samples were stored at −18 °C before being freeze dried
using a lyophilizer (EYELA FDU-2110, Tokyo Physical and Chemical
Equipment Co., Ltd.) operated at −80 °C and 3 Pa for 72 h. The plant
samples were digested in sub-boiling distilled HNO3. The filter mem-
brane and other solid samples were digested using a mixture of sub-
boiling distilled HNO3 and HF.

The general steps used for chemical analysis are as follows. About
0.1 g of sample was weighed into a Teflon digestion tank, 5 ml of
double-distilled ultrapure HNO3 and 1 ml of double-distilled HF were
added in sequence, and the Teflon inner cup was placed in the steel
jar. The steel jar was tightened, placed in an oven, and heated at 150
°C for 48 h. In a fume hood, 1 ml of 30% H2O2 was added into the Teflon
inner cup. The Teflon cup was placed on a hotplate, and the acid was
evaporated at 90 °C until the sample was nearly dry. It was then trans-
ferred to a centrifuge tube (BIOFIL®) and diluted to 10 ml for testing.

2.3. Mass of environmental media and land use data

The rainfall, surface runoff, and underground runoff data in the
Chenqi catchment were provided by the Puding Karst Ecosystem Re-
search Station, Chinese Academy of Sciences (CAS). The rainfall depth
in the Huilong catchment was measured using a rain bucket (φ = 200
mm, TZZT Co., Ltd.). The surface runoff and underground runoff depths
in the Huilong catchmentweremeasured using a Parshall flume (Green
Co., Ltd.). The annual mass of fertilizer was determined by consulting
with the local farmers. The annualmass of the litterfall or cropswas cal-
culated through multiplying the weight of the sample per unit area in
the sample square by the area of forest or farmland. The land use area
was calculated using Arc GIS 10.4,with the original data source of differ-
ent land use areas being acquired by using a handheld GSP locator
(Zhuolin Co., Ltd.).

2.4. QA/QC and statistical analysis

Reference materials soil GBW07405 and plant GBW10014 were
used for the quality control (QC). The recoveries of the matrix spikes
ranged from 89% to 110%. Five milli-Q water blanks were setup during
the sampling and digestion period. The blanks weremeasured through-
out the study and were all below the detection limits of the measured
TEs. The relative percentage difference of the sample replicates was
<5%.

Five input pathways and three output pathways of TE transportation
in the two karst catchments were investigated. The input pathways in-
clude throughfall, open field precipitation, litterfall, TSP, and
3

fertilization. The output pathways include crops harvesting, surface run-
off, and underground runoff. The TE transport fluxes through the two
catchments were calculated by multiplying the TE concentrations by
the rainfall/runoff depth (mmyr−1), yield (kg ha−1 yr−1), or deposition
rate (cm s−1). The calculation of the eight pathways is described as fol-
lows:

F ¼ ∑m
i¼1∑

n
j¼1Cij � Eij � Ki ð1Þ

where F (mgm−2 yr−1) is the annual mass flux of the TEs; C (μg L−1, μg
g−1, or ng m−3) is the annual TE concentration; E (mm yr−1, kg ha−1

yr−1, or cm s−1) is the annual exported volume per year or mass per
year; K is the unit conversion factor; i represents the different path-
ways; and j represents the different catchments.

The mercury mass balance equation that was first described in Feng
et al. (2009) andwas later used by Xia et al. (2021) was used here to in-
vestigate TEs mass balance. The net flux of this equation can be an indi-
cator of whether a particular study area is a source or sink of a
potentially toxic element (Gao et al., 2006; Macleod et al., 2005). The
equation is described as follows:

Net flux ¼
X

output flux−
X

input flux ð2Þ

where ∑ input flux and ∑ output flux are the annual total of the TE
fluxes from the input and output pathways, respectively, at the catch-
ment scale.

3. Results

3.1. TEs in throughfall, open field precipitation, surface runoff, and under-
ground runoff

TEs distributed in the various types of water samples (throughfall,
open field precipitation, surface runoff, and underground runoff) in
Huilong and Chenqi catchments are shown in Fig. 1. In Huilong catch-
ment, annual average concentrations of the nine TEs, in sequence of
lowest to highest, were 0.24, 0.37, 0.95, 3.10, 3.28, 3.28, 3.63, 4.18, and
27.6 μg L−1 for Tl, Cd, Sb, Cu, Pb, Cr, Ni, As, and Zn, respectively, in the
throughfall (TF), 0.15, 0.30, 0.66, 1.87, 2.05, 2.07, 2.49, 2.58, and 23.2
μg L−1 for Tl, Cd, Sb, Pb, Ni, Cu, Cr, As, and Zn, respectively, in the open
field precipitation (OP), 0.12, 0.23, 0.34, 0.58, 0.68, 1.20, 1.65, 1.85, and
6.01 μg L−1 for Sb, Cd, Tl, Ni, Pb, As, Cu, Cr, and Zn, respectively, in the
surface runoff (SR), and 0.08, 0.09, 0.11, 0.21, 0.74, 1.00, 1.16, 2.33,
and 7.37 μg L−1 for Tl, Cd, Sb, Pb, Ni, As, Cu, Cr, and Zn, respectively, in
the underground runoff (UR). The distribution trends of the TEs in
Chenqi catchment were very similar to those in Huilong catchment
shown above, although the concentrations of most of the TEs in the en-
vironmental media discussed above were somewhat lower in Chenqi
than Huilong.

For all of the TEs, annual concentrations in the throughfall were
19.2%–77.1% higher than those in the openfield precipitation inHuilong
catchment. The concentration in the surface runoff were actually 6.6%–
96.2% lower than those in the open field precipitation for all the TEs ex-
cept Tl. The concentrations of Zn were much higher than the rest of the
TEs in all of the four types of water samples. As, Cr, and Cu had relatively
higher concentrations than the other TEs.

The seasonal patterns of the TEs concentrations were also examined
by splitting the year into dry (Nov–Apr) and wet (May–Oct) seasons.
The concentrations of the TEs in the open field precipitation and
throughfall (Fig. S7) were both higher in the dry than wet season in
Huilong catchment (by 0.52–9.52 times, p < 0.05) and Chenqi catch-
ment (by 0.39–10.62 times, p< 0.05). There were no apparent seasonal
variations in the concentrations in the surface and ground runoff.



Fig. 1.Annual average TE concentrations in throughfall (TF), open field precipitation (OP), surface runoff (SR), and underground runoff (UR) in Huilong catchment (H-TF, H-OP, H-SR, and
H-UR) and the Chenqi catchment (C-TF, C-OP, C-SR, and C-UR). The differences in the TE concentrations of thewater samples in theHuilong and Chenqi catchmentswere significant at p<
0.05. The error bars denote standard deviation (1SD) from the mean. The detailed data are presented in Table S1 in the Supplementary Information (SI).
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3.2. TEs in TSP and litterfall

In Huilong catchment, annual average concentrations of the TEs, in
sequence of lowest to highest, were 0.40, 0.60, 0.74, 1.31, 2.45, 4.60,
15.1, 18.9, and 27.5 ng m−3 for Cd, Tl, Sb, Ni, Cr, Cu, As, Pb, and Zn, re-
spectively, in TSP, and 0.46, 0.47, 1.41, 1.50, 3.18, 5.92, 8.58, 10.3, and
77.4 μg g−1 for Sb, Cd, Tl, As, Cr, Ni, Pb, Cu, and Zn, respectively, in
litterfall. The distribution trends of the TEs in Chenqi catchment were
similar to those in Huilong catchment. TEs concentrations in TSP were
higher by 0.21–3.01 times (p<0.05) inHuilong than Chenqi catchment.
Tl concentrations in LF were higher by 27.2 times while those of the
other TEs by up to 2.4 in Huilong than Chenqi catchment (Fig. 2).

The seasonal variations in TEs concentrations in TSPwere significant
(p < 0.05) in Huilong catchment, with concentrations being higher by
0.32–0.93 times in dry than wet season. Similar seasonal trends were
also observed in Chenqi catchment with concentrations being
0.04–2.79 times higher in dry than wet season.

3.3. TEs in fertilizers and crops

As shown in Fig. 3, the nine TEs concentrations were higher by
0.18–13.6 times (p< 0.05) in livestockmanure than chemical fertilizers
in Huilong catchment. In Chenqi catchment, concentrations of Ni, Pb, Tl,
Cu, and Cd were higher by 0.42–3.55 times (p < 0.05) in livestock ma-
nure than chemical fertilizers, while those of As, Cr, Zn, and Sb were
higher by 0.95–29.1 times (p < 0.05) in chemical fertilizers than
4

livestockmanure. Apparently, the choice of fertilizers has important im-
plications for the input of TEs. The amounts of livestock manure and
chemical fertilizers used in Huilong were 1500 and 900 kg ha−1, while
those in Chenqi were 1200 and 750 kg ha−1, respectively. The amount
of livestock manure used in the farmlands was about 1.6 times of that
of chemical fertilizers in the two catchments.

The TEs concentrations in the various parts of crops (on dry weight
basis) are presented in Fig. 3. Different crops or different parts of the
same crop have different capacities for accumulating TEs. In Huilong
catchment, TEs concentrations were much higher in the leaves than in
the seeds of the coix and corn. The top elements that accumulated in
coix leaves were Cu, Tl, and Zn (17.9–24.1 μg g−1), in corn leaves were
Cr, Cu, Zn (4.6–24.5 μg g−1), and in vegetables were Cr, Tl, and Zn
(10.4–42.8 μg g−1). In Chenqi catchment, TEs concentrations were
much higher in leaves than seed for cereal crop. The top elements accu-
mulated in rice leaves were Cu, Cr, Zn (4.0–28.8 μg g−1), and in vegeta-
bles were As, Cr, Cu, Ni, Zn, Tl, and Sb. The concentrations of some TEs in
cropswere quite different between the two catchments. For example, Tl
concentration in vegetables was 1450 times higher in Huilong than
Chenqi.

3.4. TEs in the soil

TEs concentrations in soil should reflect historical bedrock
weathering and anthropogenic inputs (Bini et al., 2011; Peng et al.,
2014). The concentrations of the nine elements in the soil varied



Fig. 2. Annual TE concentrations in TSP (ng m−3) and litterfall (μg g−1) in Huilong catchment (H-TSP and H-LF) and Chenqi catchment (C-TSP and C-LF). The differences in the TE
concentrations in TSP and LF between Huilong and Chenqi catchments were significant at p < 0.05. The error bars denote the standard deviation (1SD) from the mean. The detailed
data are presented in Table S1 in the SI.
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significantly. The mean Cd and Sb concentrations were in the range
of 0.26–1.75 μg g−1 while the other seven elements were in the
range of 8.3–128. 8 μg g−1 in Huilong catchment. The mean Cd, Tl,
and Sb concentrations were in the range of 0.36–1.11 μg g−1 while
the other six elements were in the range of 14.0–61.0 μg g−1 in
Chenqi catchment (Fig. 4).

The background soil concentrations of As, Cr, Cu, Ni, Zn, Tl, and Sb in
Huilong catchment were 0.3–13.3 times higher than the background
values of the Guizhou soil (Table S3). In contrast, the background soil
concentrations of Cd, As, Pb, Cr, Cu, Ni, Zn, Tl, and Sb in Chenqi catch-
ment were all lower than the background values of the Guizhou soil,
but those of Cd, As, Pb, Cu, and Ni in Chenqi were 0.08–2.7 times higher
than the background values of the Chinese soil.

3.5. TEs mass balance in the two catchments

The netflux for each individual TE in eachof the two catchmentswas
calculated using Eqs. (1) and (2). The net fluxes for Cd, As, Pb, Zn, and Sb
were negative in Huilong (−0.26 to −8.75 mg m−2 yr−1) and Chenqi
(−0.05 to −3.32 mg m−2 yr−1) catchment, indicating that the two
studied catchments were sinks of these elements. The net fluxes of
these elements were several times higher in Huilong than Chenqi. The
net fluxes for Cr, Cu, Ni, and Tl were positive in Huilong
(0.82–15.52mgm−2 yr−1) and Chenqi (0.60–2.65mgm−2 yr−1) catch-
ment, indicating that the catchments were sources of these elements
(Fig. 5). The net fluxes of Cr and Tl were higher while those of Cu and
Ni were lower in Huilong than Chenqi.
5

4. Discussion

4.1. Characteristics of TEs in the environmental media

The lower TEs concentrations in rainwater in wet than dry season
should be mainly caused by the frequent rainfall in the wet season,
which washed out frequently TEs in the atmosphere and forest canopy
and thus resulted in low TEs concentrations in rainwater in any single
rainfall event. The higher TEs concentrations in throughfall than open-
field rainwater was apparently due to washing out the additional TEs
originally attached to canopy surface by the penetrating rain that
ended up as throughfall. The smaller seasonal variations of TEs concen-
trations in runoff than rainwater was likely due to soil and canopy buff-
ering processes, through which a portion of the TEs mass was
intercepted before reaching to runoff. For example, the significantly
higher concentrations of Cd, Pb, Zn, and Sb in rainfall than surface runoff
and underground runoff indicated large portions of these TEs mass in
rainwater being trapped by underlying surfaces. One exception is the
case of Tl in Huilong catchment, where significantly higher concentra-
tions were observed in surface runoff than rainfall and underground
runoff, which was likely related to the high background soil Tl concen-
tration (e.g., 1.5–109 mg kg−1) in this catchment. The seasonal varia-
tions in TE concentrations of the TSP may be attributed to the fact that
the rainfall was more frequent in the wet season and the rainfall had
an elution effect on the atmospheric TSP, thereby reducing the concen-
trations of the particulate-bound TEs in the atmosphere (Mamun et al.,
2019). Overall, the seasonal changes in the TE concentrations of the



Fig. 3. TEs concentrations in crops and fertilizers in Huilong (denoted as H-) and Chenqi (C-) catchment. The error bars denote the standard deviation (1SD) of the mean.
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litter were weak, which may be due to the fact that the leaves experi-
ence similar life cycles, and the levels of the accumulated TEs were
closer (Aničić et al., 2011; Censi et al., 2017).

Since Huilong is located in a remote area and Chenqi in a suburb
area, based on the distribution of the soil TE concentrations, it is specu-
lated that, while the high TE concentrations in TSP in Huilong were
mainly caused by the high geological background TEs concentrations,
TEs in TSP in Chenqi were mainly originated from crustal dust and in-
dustrial emissions into the atmosphere. TEs concentrations in litterfall
were higher in Huilong than Chenqi, consistent with the trend of TEs
Fig. 4. Soil TEs concentrations in Hu

6

in TSP since atmospheric TSP can be effectively captured by vegetation
(Luo et al., 2019).

The higher TE concentrations in crops in Huilong than Chenqi
were caused by the combined effects of higher atmospheric deposi-
tion and higher background soil TEs in Huilong, resulting in higher
risks of TEs exposure to local residents in Huilong from consumption
of local agricultural products. Since crop straw was mainly recycled
as animal feed, extensive farming activities led to constant cycling
of TEs between the soil, crops, and livestock manure (Bolan et al.,
2004; Xia et al., 2017).
ilong and Chenqi catchments.



Fig. 5. Schematic illustration of the TEs mass balances in Huilong (denoted as H-) and
Chenqi (C-) catchment. The error bars denote the standard deviation (1SD) from the
mean. A positive flux indicates a source, and a negative one indicates a sink.
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4.2. The dominate pathways for TEs mass balance

The contributions of the five input pathways, i.e., fertilization, TSP,
litterfall, throughfall, and open field precipitation, are shown in Fig. 6.
Litterfall and throughfall were the two dominate input flux pathways
for most of the TEs. Throughfall contributed most among the five path-
ways for As, Cr, and Sb in both Huilong and Chenqi catchments, and it
was also a major pathway for Pb in Huilong and Cd, Ni, Zn, and Tl in
Chenqi. Litterfall was the primary pathway for Cu in both catchments.
TSP contributed least (<7%) for most TEs except Pb and Tl. The input
flux of some TEs (e.g., As and Cu) through fertilizers (the second largest
pathway) accounts for up to more than 20%. The TE input fluxes from
fertilization should not be underestimated either. The impact of fertili-
zation on the TEs inputs in farmland-forestland karst ecosystems re-
quires attention.

The dominant roles that litterfall and throughfall played in the input
fluxes of TEs suggest that forest vegetation cover plays an important
role in the fate of TEs in these karst areas. The surface soil of the forest
floor is rich in organic matter because of the degradation of leaves litter
(Rocha Jr et al., 2013; Wei et al., 2020). Chemical processes such as che-
lation involving TEs greatly reduce themobility of the TEs input by rain-
fall and litterfall (Uchimiya andBannon, 2013;Wenget al., 2002),which
in turn reduces their spread. In the karst areas with high geological
background TEs concentrations, the implementation of measures for
returning farmland to forests should first focus on sloping farmland,
which suffers from severe water and soil erosion, in order to effectively
alleviate the spread of TEs to wider areas.

The crops harvest was the dominant TE output flux pathway in
Huilong and Chenqi catchments (Fig. 7). The crops harvest accounted
for more than 50% of the total output fluxes of Cr, Cu, Ni, Zn, and Tl in
Huilong catchment and more than 93% of the total output fluxes of Cd,
Cr, Cu, Ni, Zn, and Tl in Chenqi catchment. Thus, the impact of crops har-
vest on TEsmass balance in the farmland-forestland compound ecosys-
tems and TEs exposure risks of residents through the consumption of
local agricultural products need to be accurately assessed. The relative
contributions from different output pathways to the total output flux
varied with element because (1) different crops have different absorp-
tion and accumulation capabilities of the same TE, and (2) the same
crop has different absorption and accumulation capabilities of different
elements (Antoniadis et al., 2017; Mwesigye et al., 2019; You et al.,
2020). For example, cabbage was a hyperaccumulator of soil Tl (Ning
et al., 2015), and cabbage was the main crop planted in Huilong catch-
ment, which resulted in particularly high proportion (99%) of Tl re-
moved by crops harvest.
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The implementation of ecological restoration projects will help alle-
viate soil erosion and increase farmers' income (Li et al., 2016; Tang
et al., 2019). Based on the results of this study, in fragile karst areas
with high geological background TEs, forest restoration from low-yield
sloping farmlands will increase the influx of potentially harmful TEs
through litterfall and throughfall and will reduce their output through
crop harvesting, which in turn will effectively reduce the disorderly
spread of TEs to the surrounding environment.

The quantitative results on TEs input and output flux pathways pre-
sented above certainly have some uncertainties caused by many differ-
ent factors, e.g., theoretical assumption made in the mass balance
equation, precision in experimental and chemical analysis. Besides, the
field sampling was conducted only in one hydrologic year, only cover
several major crops, and with limited number of samples from each
media. Meteorological conditions may differ significantly from year to
year, which would impact the mass budget in several environmental
media. Nevertheless, these results demonstrated the impact of land
use structure on the fate of the TEs in the karst ecosystem, especially
the role forests played on preventing TEs from wide spread (Fig. 6).

4.3. Ecological drivers and risks in karst areas with high geological
background TEs

The biogeochemical cycle of TEs in karst catchments may be influ-
enced by various ecological drivers, such as vegetation type, soil type,
soil organic matter, and the degree of soil erosion (Agnan et al., 2019;
Fritsch et al., 2012). The geological background of TEs was one of the
most important factors. The geochemical composition of the parent
rock provides the basic materials for the development of soil TEs con-
centrations (Jia et al., 2020; Sahoo et al., 2020). Soil is the central link
in the TEs biogeochemical cycle in the karst catchments because TEs
in soil are on onehand affected by their dry andwet deposition and run-
off, and on the other hand dominated by their migration and transmis-
sion intensity in the natural processes occurring in the system.

Results from the present study showed that, at the karst catchment
scale, forest vegetation cover can effectively increase the inflow of TEs,
and decreasing agricultural activity would significantly reduce the out-
put of TEs. Therefore, in ecologically fragile karst areas with high back-
ground levels of harmful TEs, converting sloping farmlands that have
experienced serious soil erosion and low agricultural productivity into
forestlands, as currently planned in the study region, will effectively
reduce the disorderly diffusion of harmful TEs into the surrounding
environment, which will in turn reduce the associated environmen-
tal risks. Since crops harvest dominates the output of TEs in the karst
catchment, agricultural planting structure may also need to be ad-
justed to minimize the residents' exposure risk of potential harmful
TEs. To reach this goal, all of the major crops grown in karst areas
with high TEs background concentrations should be investigated
for their accumulation capacities of harmful TEs, results from
which could then guide farmers to select crops with low accumula-
tion capacities for harmful TEs.

5. Conclusions and implications

The mass balances of nine TEs in two karst catchments in southwest
China were quantified by considering TEs concentrations in major
input/output flux pathways. Litterfall and throughfall dominated the
input flux, while crop harvest dominated the output flux. Zinc was the
one with the highest concentration in environmental media, and a
few others, such as Cu, As, and Pb, also had very high concentrations.
For farmland-forestland karst catchment ecosystems, farming activities
such as fertilization and crop harvest exert important influence on the
TEs mass balance. Therefore, the land use structure played a vital role
in the mass balances of TEs in karst catchments. In order to reduce the
disorderly diffusion of potentially harmful TEs to the surrounding envi-
ronment in karst areas with high geological backgrounds, appropriate



Fig. 6. Relative proportions of the five input flux pathways: litterfall (LF), throughfall (TF), open field precipitation (OP), fertilization (F), and TSP in Huilong (H-LF, H-TF, H-OP, H-F, andH-
TSP) and Chenqi (C-LF, C-TF, C-OP, C-F, and C-TSP) catchments.
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conversion of farmlands to forests is likely an effective approach,
e.g., startingwith low yield and high TEs risk farmlands. Future research
should focus on the potential environmental impacts of afforestation
and should identify the optimum approaches for the conversion of
farmland to forests in this and other regionswith similar environmental
8

issues. The effects of soil type, soil organic matter, and the degree of soil
erosion on TE geochemical processes in karst areas should be compre-
hensively and systematically studied in order to deepen our knowledge
of the major factors that influence the TEs biogeochemical cycles in
karst region.



Fig. 7. Proportions of the three output flux pathways: crops harvesting (C), underground runoff (UR), and surface runoff (SR) inHuilong (H-C, H-UR, andH-SR) and Chenqi (C-C, C-UR, and
C-SR) catchments.
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