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Zaozhadian Lake (ZZDL) is a freshwater wetland in the North China Plain, which is facing a
situation of ecosystem degradation and land-use types changes. Statistical description,
spatial interpolation and multivariate visual statistical analysis were used to analyze and
evaluate the pollutant distribution characteristics, and the pollution degree and sources at
25 sampling points of three land-use types of farmlands, lakes, and ditches in the ZZDL.
The heavy metal contents in the farmland were higher than other areas. The contents of
total nitrogen (TN) (3.71+1.03g/kg) and organic matter (OM) (57.17+15.16g/kg) in lake
sediments were significantly higher than that in other regions. The geological
accumulation index (/,,) indicated that the primary heavy metal pollutants are Pb, Cu, and

Ni, which are slightly polluted. The potential ecological risk index (R/) assessment of heavy
metals showed that farmland, lakes, and ditches had low ecological risks, with the R/
values of 84.21, 71.34, and 50.78, respectively. Furthermore, source analysis results
showed that the Cu, As, Ni, Pb, and Zn primarily derived from agriculture pollution, and the
source of Cd was the industrial pollution and Cr mainly originated from natural sources
such as rock weathering. The nutrients primarily came from the decomposition of aquatic
animal and plant and human activities. When the lake area was converted into farmland,
the content of Hg, As, Cd, and Zn in the soils increased, and the TN and OM decreased.
More attention should be paid to the impact of land-use types changes on wetland
ecological environment.
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Abstract
Zaozhadian Lake (ZZDL) is a freshwater wetland in the North China Plain, which is facing a
situation-of ecosystem degradation and land-use types changes. Statistical description, spatial
interpolation and multivariate visual statistical analysis were used to analyze-and evaluate the
pollutant distribution characteristics, and the pollution degree and sources at 25 sampling points
of three land-use types of farmlands, lakes, and ditches in-the ZZDL. The heavy metal contents
in the farmland were higher than other areas. The content-of total nitrogen (TN) (3.71£1.03g/kg)
and organic matter (OM) (57.17+15.16g/kg) in lake sediments were significantly higher than that
in other regions. The geological accumulation index (/g,) indicated that the primary heavy metal
pollutants are Pb, Cu, and Ni, which-are slightly polluted. The potential ecological risk index
(RI) assessment of heavy metals showed that farmland, lakes, and ditches had low ecological
risks, with the R/ values of 84.21, 71.34, and 50.78, respectively. Furthermore, source-analysis
results-showed-that the Cu, As, Ni, Pb, and Zn primarily derived from agriculture pollution, and
the source of Cd was the industrial pollution and Cr mainly originated from natural sources such
as rock weathering. The nutrients primarily came from the decomposition of aquatic animal and
plant and human activities. When the lake area was converted into farmland, the content of Hg,
As, Cd, and Zn in the soils increased, and the TN and OM decreased. More attention should be
paid to the impact of land-use types changes on wetland ecelogical environment.
Introduction
Wetlands play an important role in improving water quality, protecting biodiversity, and
regulating climate. People have realized the importance of wetlands for a long time, also
understand that the large-scale reduction of wetlands will bring serious harm (Maltby, 1986).
However, due to social and economic development, urbanization worldwide has made the
expansion of arable land and construction land, and this has led to the degradation of wetlands,
nd-th n m-ha N 3 d. According to Ramsar Convention on
Wetlands (RC w, 20] 8) 35% of the natural wetlands have been lost since 1970. Some
researchers pointed out that since 2009, the world has reduced 33% of wetlands, most of which
are natural wetlands, the main reason for the decrease of wetland js urbanization (Hu et al.,
2017). As the population continues to grow and, socioeconomic development, this trend of
degradation and-deterioration will be intensified (Liu et al., 2020a).

Both soils and sediments are important “sources” and “sinks” of pollutants in the wetland
ecosystem. Pollutants enter the wetland due to industrial production, agricultural activities,
transportation, etc., and eventually collect in soils and sediments ofthe wetland. This refers to
soils and sediments as a “sink” of pollutants (Harikrishnan et al., 2017, Wang et al., 2012). On
the other hand, under certain environmental conditions, nutrients in the sediments will be

released to the overlying water, causing environmental pollution and eutrophication (Wang et al.,
2021). Additionally, the accumulation of heavy metals and organic pollutants in sediments and

soils also cause-serious harm to animals, plant, and humans, leading to-the destruction-of wetland
ecosystems (Xia et al., 2020; Gopalakrishnan et al., 2020). Therefore, it is essential for the
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restoration of wetland ecology to analyze the content of pollutants, evaluate pollution level, and
find the source in wetland soils and sediments.

Inrecentyears; researchers have conducted numerous studies on sediments pollution in rivers,
lakes, and wetlands (Liu et al., 2020b; Milacic et al., 2019; Rajeshkumar et al., 2018; Zhu et al.,
2013b). In order to efficiently describe the spatial distribution characteristics of pollutants,
Geograph}e—l-nfonnauon—System—éGlS) 1nterpolat1on analys1s and overlay analys1s are used to

V1sual1ze the pollutant content in-the¢

éEaeehm@lh—@t—a—l—;QQJ} F or pollut1on assessment purposes, various 1ndexes were 1ntroduced

Ameong-the-many-indexes; such as the /,,,, the Nemerow pollution index (NPI), pollution load
index (PLI), the enrichment factor, and the R/ were widely used in the evaluation of contaminant

(Peng etal, 2020, Llng etal, 2020; Xia et al 2020; Xu et al 2017, Yang etal., 2020a) For

BLJ—and—theMLhaate—be%—employed—m-thgrstud-}L Based on the long -term accumulat1on

sediments reflect the pollution input degree of natural and human activities in-histery, analyzing
the man-made and natural sources of pollutants is of vital importance for pollution control,
ecological restoration and policy making (Singh et al., 2005). Some methods and models have

been introduced to explore the sources of pollutants, such as multivariate statistical analysis,
chemical mass balance method, and positive matrix factorization (Ma et al., 2016; Moghtaderi et
al., 2020). Among these methods, the multivariate statistical analysis can easily and accurately
identify the pollution source by studying the correlation and statistical law of multiple pollution
indicators, combined with the pollutant d1scharge characteristics of known pollutlon sources in
the environment, and-h

The ecosystem of ZZDL has been in-a-state-of degradation in recent years, and the land-use
types have undergone tremendous changes. From 1999 to 2018, the water area was reduced and
the sediments was exposed. At the same time, the cultivated land, ditches, and construction land
of ZZDL showed-an-overall increasing trend (Lv et al., 2020). Therefore,itis-arepresentative
areaforthis-study. Moreover, ZZDL is part of the Baiyangdian Lake, which is the largest
wetland in Nerth China, and the study of ZZD is of great significance to the ecological
restoration of lake wetlands in northern China. Some researchers have studied the nutrients and
heavy metals in the sediments of ZZDL, mainly including the distribution, evaluation, and
pollutant forms efpollutants (Wang et al., 2020; Zhu et al., 2019). However, there are few
studies on the pollutants of different land-use types in ZZDL; In order to accurately understand
the soils and sediments pollution in degraded wetlands, and explore the impact of land-use types
changes on pollutants, the objectives of this study were to (1) study the spatial heterogeneity, of
various pollutants with different land-use types in-wetlands by using statistical description and
geostatistical methods; (2) assess the(sediments-nitrogen and phosphorus pollutionsand evaluate
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the degree of heavy metal pollution and ecological risk in different regions through the /g, PLI
and RI; (3) identify the main sources of pollutants. To our knowledge, this study-is-the first time
to compare the pollutants of different land-use types in ZZDL. This study not only helps better
understand the impact of land use change on pollutants, but also explains the pollution of soils
and sediments in ZZDL. The results were beneficial to adjust land use planning in wetland (such
as returning farmland to wetland) and improve the regional ecological environment.

Materials & Methods

Study area and sample-collection

Z7ZDL located in the central region of the North China Plain, belonging to the Haihe River Basin.
The average annual precipitation in this region is 563.9 mm, the distribution of precipitation
during the whole year is extremely unbalanced, with an 80% in June to August, and-mest-of
these-days-have heavy rainfalls (Wang et al., 2020, Yang et al., 2020b). The water source of
ZZDL mainly comes from rainfall and the supply of three rivers abeve-it. The upstream urban
rivers received the tail water from the sewage treatment station and the water body contains
nutrients and heavy metals. The lack of precipitation and intensive human activities have led to
the ecological degradation of the study area, mainly manifested as area shrinkage and
eutrophlcatlon (Zhang et al., 2020)

; at 2 mphin es-were-setu ed-on three land use types, i.c.,
farmland (10 sites, N1- 10) lake (9 sites, Dl 9) and dltches (6 sites, H1-6) (-Nete—Eamqland—aﬁd
ditches-were transformed from lake areas). The sampling time was September 2019, using a grab
dredger to collect surface sediments in ditches and lake, and an original soil extractor to collect
surface soil in farmland. Three sampling points were selected at each site, mixed into a complex
and placed into polyethylene bags. After the samples were freeze-dried, the animal and plant
residues and other remnants were removed, and the soil samples were sieved and divided into
two parts. One part was used for the determination of TN, TP, OM, pH, cation exchange capacity
(CEC), and the other part was for measurement of heavy metals, including Pb, Cd, Zn, Cu, Cr,
As, Hg, Ni. The measurement methods of each index were based on relevant national testing
standards (GB15618-1995, GB/T17141-1997, HJ491-2019).
Evaluation method
Nemerow pollution index. The NP/ is used to evaluate nutrients in sediments, which is
convenient to compare the overall pollution degree of the target area with other regions (Pandit
et al., 2020). The method considers the average and maximum value of the pollution index of a
single element. The formula (Li et al., 2021) is:
P;= Cy/k;, (1)
P = (JP? + [max (P)]%)2 @)
where, P; is the single factor index, C; is the measured value, and £; is the standard value. The
standard values of the two indicators TN and TP used in this study refer to the sediment
evaluation guidelines issued by the Ministry of Environment and Energy of Ontario, Canada.

Considering the content of the lowest level degree of ecotoxicity effect in the evaluation
guidelines as the standard, the standard values of TN and TP were 0.55 and 0.60 g/kg,
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respectively (Ye et al., 2019). P; is the average index of pollutants, max (P;) is the maximum
pollution index of a single pollutant. The pollution level classification is shown in Table S1.

Geological accumulation index. The I ., was proposed by the-German-scholar Muller (Wu et
al., 2017). This method uses the relationship between heavy metal content and geochemical
background value to evaluate the degree of heavy metal pollution. The /., valae is calculated
using the following equation:

Ioeo = loga(C,/kB,) (3)

where, C, is the measured content of the heavy metal, B, is the geological background value of
the heavy metal. In-this-study; the background value of soils elements in Hebei Province was
adopted in-this-study (China Environmental Monitoring Station, 1990) (Xiang et al., 2020), the
background values for As, Cd, Cu, Cr, Ni, Pb, Hg and Zn were 13.6, 0.094, 21.8, 68.3, 30.8,
21.5,0.15, and 78.4 mg/kg, respectively. k is the correction coefficient, which is determined
according to the change of the background value caused by the rock difference in various places,
generally k= 1.5 (Zhuang et al., 2021). Also, it is divided into seven levels according to the Zy,.
The specific pollution degree is shown in Table S2.

Pollution load index. PLI can identify the comprehensive pollution level of heavy metals (Lu
etal., 2014). PLI is determined based on Eq (4). It is categorized into four levels, no pollution (0
<PLI<1), slight pollution (1 <PLI<2), moderate pollution (2<<PLI<3), or highly pollution

(PLI>3).

¢, C, G C; C,
PL[Z‘IEXFZXEX"'XEX - X BT 4)
where, C; is the content of the metal 1, B, is the background value of the metal i, the
background value is consistent with 2.2.2, n is the number of the elements.
Potential ecological risk index. R/ is a comprehensive potential ecological hazard index.
Compared with the /,,,, the RI method considers the toxicity of the pollutants (Lars, 1980), gives
the biological toxicity coefficients of eight pollutants, and divides the potential ecological hazard

levels quantitatively (Men et al., 2018). The calculation formula is:

RI=Y%]_|EL=%7_TixC}, (5)
E,=T. X Cf, (6)
c;=Clc, (7

where, E ; is the potential ecological risk index of a single heavy metal, Tﬁ is the heavy metal
biological toxicity response coefficient (As= 10, Cd= 30, Cr=2, Cu= Ni= Pb= 5, Zn= 1, Hg= 40).
C,il is the background reference value of the heavy metal, and C'is the actual content of the heavy

metal. The evaluation criteria for potential ecological hazards are shown in Table S3.
Statistical analysis

1 1 ion—The pollutant Kriging interpolation and spatial heterogeneity analysis in
the study area were conducted by using ArcGIS 10.4. SPSS Statistics 24, Excel, Origin Pro and
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R software were applied to perform Variance analysis, Correlation analysis, PCA, and DHCA on
the data.

Results

Distribution of nltrogen, phosphorus

Flgurez e N n-the sedimen N N
be-seen-that the content of TN and OM in lake sedlments 1s hlgher than that in farmland s011 and
ditches sediments. Studies have shown that one of the main factors for the changes in OM and
TN content in the wetland was the types of vegetation (Zhao et al., 2020). The TN content in
sediments was related to the vegetation type and biomass, indicating that the plant litter was the
main source of nitrogen element (Campbell et al., 1989). Inthisstudy,-the spatial distribution of
TN and OM showed arelationship-with the types of land usegithe area with the highest content
was the water area where reeds were the dominant vegetation in the wetland with high yield and
strong reproduction ability. The C, N and other elements were absorbed by the reeds during the
growth and they entered the sediments through plant litter @nd residues. The organic matter
returned to the wetland by the action of microorganisms, go the content of TN and OM in the
wetland where reeds grow were high. In the farmland ar¢a, crops were planted all-year-round,
destroying the aggregate structure of the surface soil, and the speed of respiration and
decomposition of microorganisms was accelerated, which can reduce the soils organic matter
content in the farmland area (Chambers et al., 2014). The area with the higher TP content
located in the southeast of the study area, corresponding to two types of land use: farmland and
lake area. Point source pollution can directly affect the distribution of pollutants (Yang et al.,
2018). The nearby villages in the middle of the study/area had the highest TP content. Here, most
of the poultry was raised on the nearby water surface, and the feces were directly discharged into
the lake. Moreover, the villagers directly discharged domestic sewage into the water area, which

also resulted in higher TP content. (T'able 1 showed the statistical analysis-of nutrients-in-soils

with-different land-use-types. The land use types showed significanteffectson TN, and OM (p7v
=0.00, poy,= 0.00). The average content of TN and OM was in the order of

lake>farmland>ditch.

Spatial distribution of heavy metals and arsenic (As)
Figure 3 S atial dis ea d soils-and-sediments. There was
a regional difference in heavy metals The area with higher heavy metal content was the
farmland, and compound accumulation of multiple heavy metals in farmland. The heavy metals
Cr and Ni have similar distributions in the study area. The content of Ni and Cr gradually
decreased from west to east. The content of Cu, Zn, As and Hg were generally higher in the
south and lower in the north. These four pollutants were mainly concentrated in farmland areas.
Pb and Cd were mainly concentrated in the middle of the study area near the southern area, and
their contents diffused to the surroundings and decreased. The heavy metal pollution of surface
sediments in the study area showed spatial differences, which was consistent with the research of
previous studies (Ji et al., 2019a; Ji et al., 2019b). The impact of human activities (agricultural
pollution, discharge of domestic waste) and the migration of heavy metals in rivers might lead to
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the accumulation of heavy metals (Rajeshkumar et al., 2018), thereby affecting the spatial
distribution, migration, and transformation of heavy metals. The heavy metals Pb, Cu and Ni
exceed the background value in three land-use types (Table 1). The content of Zn in farmland
and lake area was higher, which exceeded the background value by 1.22 and 1.13 times,
respectively. The Cd in the farmland exceeded the background value by 1.06 times. Moreover,
the content of Cr, As and Hg were lower than the background value in all regions. The analysis
of variance showed that the Pb, Cr, Cu and Ni in the samples of different types of land showed
no significant difference (pp,= 0.01, pc,= 0.23, pc, = 0.15, py;= 0.38). The land use types
showed significant effects on Zn, Cd, As, and Hg (pz,= 0.03, pcy= 0.003, p4=0.05, py,=0.02).
Among them, the content of As and Zn in farmland areas was significantly higher than that in
other areas. The average content of Cd and Hg was in the order of farmland > lakes> ditch.
Evaluation of TN and TP

as-used-to-evalua and S DO (Table S4):
The pollution index of TN and TP at each sampling point was greater than 1,indicating that there
were nitrogen and phosphorus pollution in sediments, and nitrogen pollution in sediments is
more serious than phosphorus (1.32<P7<8.69, 1.18<P7p<2.35). Nitrogen pollution of
sediments in the study area showed spatial differences. The Py ranges of ditches and lake areas
were 1.32-5.56 and 2.91-8.69, respectively. Except for sampling point D9, all points in the lake
area were heavily polluted. The degree of TP pollution varied among different regions, except
for sampling points N6 and D8, which were moderately polluted, and other points were slightly
polluted. Nitrogen and phosphorus pollution was high in the lake areas and neighboring villages
in the northeast. In recent years, effective external pollution control in the study area has reduced
the concentration of nutrients in the water body. However, the internal pollution was still
relatively serious due to the comprehensive pollution of multiple factors such as rural life,
agriculture, fishery and aquaculture, and some adverse factors such as extremely poor mobility
of water. The comprehensive pollution index showed that more than 90% of the lake areas were
seriously polluted.

Because the nutrients in farmland soil have little impact on wetland water bodies, in this study
we used the method of evaluating soil fertility to evaluate the nitrogen and phosphorus in soils.
According to the nutrient classification standard of the 2nd National Agricultural Census (Luo et
al., 2017) (Table S5), the TN and TP content of soils samples were evaluated (Table S6). The
TN content in the soils surface was between the medium and extremely rich levels, in which
40% of the soil samples were very rich in TN. More than 60% of soils TP reached a very rich
level.

Pollution evaluation and risk assessment of Heavy metals and As

Pollution-degree-of heavy-metals-an vas-evaluate Lo and-theresults-are-shown-in-Fig.
4. The sequence of I, values of all metals in the study area was Pb > Cu > Ni>Zn > Cd > As >
Cr > Hg, and the /g, values of the eight contaminants were 0.49, 0.28, 0.18, -0.45, -0.99, -1.06, -
1.17, -3.03, respectively. Among them, the Pb, Cu, Ni pollution was lower with the /., value
range of 0 to 1. The /., of other heavy metals was less than 0, indicating that the concentration
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did not exceed the regional threshold value and the pollution degree was clean. The metal
pollution levels of the three land types were consistent with the overall pollution levels. Fig. 4d
shows that the difference in /g, at each sampling point of the lake area was small, and there were
no other abnormal values except Hg. Therefore, heavy metals in lake have homology. However,
the Iy, of farmland and ditches showed a difference at each sampling point, suggesting that the
source and accumulation of heavy metals may be different in the same land use type.

The-PLlvaluc-of cach-sampling pointisshown-in(Fig. 5) The PLI values of farmland points
(N1-N10) varied from 0.66 to 1.27with an average of 1.06, indicating unpolluted to slight
polluted. N1, N2, N6 points have the highest PLI values. N1, N2, and N6 are close to Caohe
River, Baohe River and Fuhe River, respectively. All three rivers flow through towns, and
domestic sewage and industrial waste water were discharged into the rivers. The migration of
heavy metals in the rivers may be responsible for the high PLI values of these three samples. The
average value of PLI in the ditch area is 0.82, except for H6, other points in ditches are not
polluted by heavy metals. It may be that more human activities (i.e., fertilization, irrigation, and
pesticide) have led to the accumulation of heavy metals at point H6. The PLI values of lake
points varied from 0.78 to 1.04 with an average of 0.89, most areas of the lake were not polluted.
The PLI results showed that the pollution level of heavy metals in the farmland area was lightly
polluted, and most of the ditches and lake areas were not polluted.

Theresults-of Rf-are-shownin(Fig. §. The order of the single heavy metal potential ecological
risk index E; was Cd > Pb > Cu> Ni > As > Hg > Cr > Znyand the E; of the eight elements were
all lower than 40, indicating low ecological risks. Therefore, Cd was the dominant factor
affecting R, which represents the possible ecological risk of heavy metals in the sediments to the
biological community (4/i et al., 2015). The E,. ! values of Cd in farmland, ditches and lakes were
31.28, 14.36, 27.30, respectively, which were qulte different and 1ndlcated a hlgher potentlal
ecological risk of Cd in farmland. Fig—€ vy : o 3
had-How-eeologicalrisk—The R/ values of the three land -use types in the study area were in the
order of farmland>lake>ditch, with the value of 84.21, 71.34, 50.78, respectively. Moreover, the
potential ecological risk of heavy metals in the farmland was higher than that in other regions.

The comprehensive analysis showed that the average rankings of the /,., and E; were

different. Still, both indicated that Pb, Cu and Ni ranked higher and represented the main heavy
metal risk factors. The evaluation result of Cd I, is less than 1, which was different from the
results of previous studies, on the contrary, the E ; value of Cd is the highest in this study.

According to the results of Ji et al. (2019a), the average Cd concentration in the study area was
0.44 mg/kg, which was 4.7 times the local threshold value (0.094 mg/kg), but the analysis
mentioned that this might be related to sampling point selection. Different ecological conditions
and the surrounding environment may be the reason for the large difference in Cd evaluation
results. In the study area, the surface soil or sediment of the three land types were not polluted by
As and Zn, Cr, Hg. However, the heavy metals Ni, Cu, Pb, and Cd had varying degrees of harm
to the ecosystem. Cd is highly toxic and highly soluble, and is widely distributed in aquatic
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ecosystems. Also, Cd has genetic and toxicological effects on biological systems and animals
(Geng et al., 2019; Marettova et al., 2015). Therefore, Cd was the main ecological risk factor in
this study. Pb is a toxic heavy metal enriched in the organism and can damage the liver, kidney,
and gonads of the human body (Khanam et al., 2020). Although the Pb concentration in the
study area is lower than the soils pollution risk control value (Soil Environmental Quality GB
15618-2018), the Pb concentration in farmland (49.25+£9.94 mg/kg) reached 2.29 times of the
soil threshold value (21.5 mg/kg). Both Cu and Ni are essential trace elements for plant growth
and are related to the physiological and biochemical processes of plants (Shabbir et al., 2020;
Shahzad et al., 2018). However, when Cu and Ni exceed a certain concentration, it can be toxic
to plants and damage the normal metabolic system (Ameh et al., 2019, Shahzad et al., 2018).
Therefore, Pb, Cu, Cd and Ni in the soils should be considered as the main control factors in the
process of wetland ecological restoration.
Mutivariate statisistical analysis

- - Some studies have shown that the positive
correlation coefficient between heavy metals indicates a common source or similar behavior such
as enrichment and migration (Bastami et al., 2015, Yang et al., 2020a). A Pearson's correlation
matrix was conducted, Fig. 7 shows the correlation analyses of heavy metals, TN, OM, and TP.
There was a high correlation among As, Zn, Ni and Cu, illustrating that the four elements have
similar source or behavior. In addition, Cd was significantly positively correlated with Zn (p =
0.001) and the correlation coefficient was 0.76. Futhermore, there was a high correlation
between TN and OM (r = 0.98, p = 0.001), while they have low correlation with other elements
except Cd. The correlation coefficients of TN-Cd and OM-Cd are all 0.45. This result
demonstrated that TN and OM were from same source, part of Cd also came from these sources.

Dual hierarchical clustering analysis is widely used in the analysis of environmental factors
(Lietal, 2015; Zhang, 20006). In this study, DHCA was used to group the similar points and
identify specific areas of contamination (Fig. 8). All elements were divided into two major
categories, the first category was TN, TP, OM and the second category was As and heavy metals,
indicating that the distribution and sources of the two categories were different. The indicators
were further clustered and divided into four categories. In- DHCA,, Cr was a single cluster, and
the main pollution sites were N1, N2, and N3. Cd was a single cluster, and the concentration at
N5, N6, N7, and N10 was significantly higher than other sites. Pb, Zn, Cu, Ni, As and Hg were
classified into one category, indicating that the distribution of these elements was similar. In
addition, TN, OM, and TP were classified into one category. This result implied that TN, OM,
and TP came from similar source, but were different from As and heavy metals. The clustering
of sampling points showed that all points were divided into 5 clusters. The farmland sampling
points were mainly found in the fifth cluster, lake points were in the fourth cluster, and ditch
points were in the first, third, fourth, and fifth clusters. This clustering analysis showed that the
pollution characteristics of lake sediments and farmland soils were different. This finding also
proves that the entryway of the pollutants into each land type is different. In-this-study; when the
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lake ecosystem was degraded and transformed into farmland, the metal pollutants concentrations
increased significantly. The heatmap shows that the accumulation of metals in farmland areas is
heavy, and the surface sediments in lake areas are rich in nutrients.

BGél—»\Las-assoerated—thh—Gd- The samphng pornts in the lake area were mamly found in the first
and second quadrants, TN and OM were the main pollutants, and Cd, Zn, and TP also
contributed to the first quadrant. The farmland sampling points were in the fourth quadrant, these
sampling points were mainly affected by Ni, As, Cu, Cr, Pb and Zn. Additionally, the points of
the ditches were relatively scattered, probably due to the surrounding environment has a greater
impact on it. Lake water was introduced into ditches for farmland irrigation, and collected
rainwater from the farmland discharged into the lake through ditches. Therefore, ditches might

serve as the crucial channels for the migration of pollutants from farmland and lakes.
Discussion
Pollution source identification

The results of PCA; DHCA-and-correlation-analysis show that Cu, Ni, As, Pb and Zn in the study

aera have similar sources. Except for As, the average values of Cu, Ni, Pb and Zn all exceed the
background value. According to-the previous-analysis; compared with lake and ditch sediments,
farmland soils was more polluted. Long-term use of fertilizers is the main cause of As and heavy
metal pollution in farmland soils (Yuan et al.,2021). Studies have shown that As is very low in
China and its growth rate is relatlvely fast, espec1a11y in farmland s01ls (Yang etal, 201 8) A-Lso-

soﬂs-@@%a-et-a-l—zai# In the process of producrng phosphate fertrhzer other heavy rnetals
may also be brought into the fertilizer (Zhang et al., 2016). Since the breeding industry uses

copper-containing feed, the Cu content in livestock manure cannot be ignored (Blavi et al.,
2021). Long-term application of manure will cause Cu accumulation in the soil. In addition,
some pesticides (organic arsenic fungicides, lead arsenate pesticides, etc.) contain heavy metals,
and the use of pesticides also aggravates pollution by heavy metals (Fallah et al., 2021).
Therefore, PC1 may be identified as an agricultural source.

In PCA and DHCA analysis, Cr is a group of its own, and in Pearson correlation analysis, Cr
has no significant correlation with other elements. The Cr content in the three land use types was
lower than the background value, and its /., value was less than 0, indicating that the sediments
or soils were uncontaminated by Cr. Previous studies have shown that the content of Cr is higher
in basic and ultrabasic rocks, and the weathering of rocks may be the main source of Cr, so PC4
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is considered a natural source. This finding is consistent with the previous studies. The-analysis
result of Cd shows that it has different pollution sources from other elements. The content of Cd
in farmland soil exceeded the background value, while in other land use types it was lower than
the background value. The main sources of Cd are mining, industry, and automobile exhaust
pollution (Das et al. 1997). Previous studies have shown that Cd in ZZDL originates from
surrounding industrial sources (metal production plants, printing, and chemical fiber factory,
etc.). Industrial wastewater was discharged into the river, and heavy metals entered the wetland
soils and sediments through the river. Thus, PC1 represents the industrial source.

In-the PCA-and DHCA analysis; the sources of TN and OM were similar, and-the correlation
coefficient of TN-OM-was-0.98. According to-the previous-analysis; the content of TN and OM
in lake sediments is higher than that of farmland and ditches. Plants, algae, and mollusks grow in
the lake, after these organisms die, they accumulate in the bottom of the lake and form organic
sediments together with the clay silt (Xing et al., 2021). The poor water flow of ZZDL is more
likely to cause a reduction environment at the bottom of the lake, promoting the accumulation of
TN and OM in sediments. Therefore, TN and OM in sediments mainly come from animal and
plant residues.

The impact of land-use type changes on the pollutants

The content distribution showed that TN, TP were quite different among the wetland soils with
the three land use types. According to Table 1, the TN content in farmland (1.95+0.50 g/kg) is
much lower than that in lake area sediments (3.71%1.03 g/kg), which indicates that after the lake
area is converted into farmland, the sediment nitrogen content decreases. This may be due to
planting crops, which consumes nutrients in-the-soil. With the heavy metal and As analysis from
three types of land use conversions, it-wasfound-that all seven heavy metal and As
concentrations of farmland were the highest among three land-use types, which supported our
hypotheses regarding the impact of land-use conversion on heavy metals. Heavy metals can
increase after the wetland being transformed into paddy fields and dry land (Zheng et al., 2016).
Studies have also shown that wetland reclamation will lead to the release of heavy metals (Bai et
al., 2010). When the soils were in a degrading state, the form of heavy metals changes, and the
toxicity and mobility increase (Han et al., 2000). In addition, changes in land-use types will
greatly change the soils moisture status and other physical and chemical properties, which will
also greatly affect the solubility and mobility of pollutants, leading to the redistribution of
pollutants in the land (Han et al., 2007). In-thisstudy;-the conversion of lake area to farmland
will increase the way for heavy metals to enter the wetland, which-will damage the wetland
ecosystem-

Implications for land-use planning and water quality maintenance

The results of this study provide useful information forthe ZZDL wetland that can be used to
raise managers awareness of potential long-term impacts of land-use type change so-thatpolicy

can-be developed to mitigate or minimize negative impacts.
In the agro-ecosystem, more of the heavy metals in the soil have originated from man-made

sources more than natural sources. A greater area of farmland results in a greater risk to the
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regional environmental system. The increased non-point source pollution that will threaten
wetland ecosystems and water quality should receive more attention, since the control of non-
point source pollution is more difficult than point source pollution.

We know land use influence wetlands in various ways (Castelle et al., 1994). In this study, we
divided wetlands into three types of land-use, and analyzed the impact of land-use types on
pollutants through the relationship between pollutants and the relationship between pollutants
and land-use types. Regardless, we were unable to demonstrate any relationship between soil
properties and the migration and distribution of pollutants. Differences in water content,
exposure to the air, crops grown and methods of fertilization create a complex scenario that
influences pollutant distribution. Therefore, we suggest that the adjustment of wetland land-use
types should be based on clarifying the factors affecting the migration and transformation of
pollutants and changes in toxicity.

Conclusions

Spatially, there were differences among TN, OM, As and heavy metals (Zn, Cd, and Hg) under
different land-use types of ZZDL. The sediments in the lake area have high TN and OM content,
and the farmland soils have a higher content of heavy metals. Based on the assessment results of
Igeo, PLI, and RI, the surface sediments and soils can be described as low polluted by heavy
metals. Pb shows the highest degree of pollution and Cd shows the highest ecological risk. The
pollution level of heavy metals in the farmland area was lightly polluted, and most of the ditches
and lake areas were not polluted. Furthermore, the results of multi-variate visual statistical
methods proved that the Cu, As, Ni, Pb, and Zn primarily derived from agriculture pollution, and
the source of Cd was the industrial pollution and Cr mainly originated from natural sources such
as rock weathering. The nutrients primarily came from the decomposition of aquatic animal and
plant and human activities. In this study, changes in wetland land-use types will affect the
distribution and sources of pollutants. The change of lake to farmland decreased the
concentrations of TN and OM, and increased the concentrations of Hg, As, Cd, and Zn.
However, when the lake was transformed into trench, the content of pollutants was reduced
except for Cr and Ni. Managers should pay more attention to the impact of changes in land-use
types on wetland pollutants.
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Figure 1

Sampling site location
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Figure 2

Distribution of nutrients and pH
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Figure 3

Distribution map of heavy metals and As
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Figure 4
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l,e, in sediments of different regions (a~d represent the /., value of the whole study
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Figure 5

PLI for samples of ZZDL
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Figure 6

The E'and RI of different regions (a~d represent the R/ and E,' value of the whole study
area, farmland area, ditch area, and lake area, respectively)
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Figure 7

Correlation coefficients for heavy metals, As, and nutrients
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Figure 8

Heatmap of clustering heavy metals, As, and nutrients
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Figure 9
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Ordination plot showing the results of the Principal Component Analysis
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Table 1l(on next page)

Analysis on the difference of pollutants in different land types

Note: ** means p<0.01; * means p<0.05.
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1 Table 1 Analysis on the difference of pollutants in different land types
Background Land type (mean =+ standard deviation)
values Farmland (n=10) Ditch (n=6) Lake area (n=9)  F[] pU
Pb (mg/kg) 21.5 49.25+9.94 41.70+6.90 42.98+3.14 2.573  0.099
Cd (mg/kg) 0.094 0.10+0.03 0.04+0.04 0.09+0.03 7.908 0.003**
Zn (mg/kg) 78.4 96.20+16.44 73.50+21.34 88.78+5.83 4281 0.027*
Cu (mg/kg) 21.8 42.20+8.68 33.50+13.29 36.78+3.11 2.086  0.148
Cr (mg/kg) 68.3 53.50+13.54 49.00+5.55 46.11+2.71 1.554  0.234
Ni (mg/kg) 30.8 52.00+4.99 47.67+13.22 47.894+2.57 1.014  0.379
As (mg/kg) 13.6 11.04+3.17 8.02+2.78 8.74+0.84 3.445  0.050%*
Hg (mg/kg) 0.15 0.06+0.03 0.02+0.01 0.03+0.03 4577  0.022%*
TN (g/kg) — 1.97+0.48 1.60+0.91 3.92+0.69 28.242  0.000**
TP (g/kg) — 0.89+0.19 0.91+0.17 0.93+0.10 0.141  0.608
OM (g/kg) — 30.86+8.45 23.48+13.72 60.61+8.91 31.2  0.000%*

2
3

Note: ** means p<0.01; * means p<0.05.
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