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a b s t r a c t

The temporal-spatial distributions of DDT-related contaminants (DDXs), including DDT (dichlor-
odiphenyltrichloroethane), DDE (dichlorodiphenyldichloroethylene) and DDD (dichlorodiphenyldi-
chloroethane), in the sediments of Lake Chaohu and their influencing factors were studied. p,p-DDE and
p,p-DDD were found to be the two dominant components of DDXs in both surface and core sediments.
The parent DDT compounds were still detectable in sediment cores after the late 1930s. Historical usage
of technical DDT was identified as the primary source of DDXs in sediments, as indicated by DDT/
(DDD þ DDE) ratios of less than one. The residual levels of DDXs were higher in the surface and core
sediments in the western lake area than in other lake areas, which might be due to the combined inflow
effects of municipal sewage, industrial wastewater and agricultural runoff. The DDX residues in the
sediment cores reached peak values in the late 1970s or early 1980s. There were significant positive
relationships between DDX residues in sediment cores with annual DDT production and with fine par-
ticulate sizes (<4.5 mm). The relationship between the DDXs and TOC in sediment was complex, as
indicated by the significant differences among the surface and core sediments. The algae-derived organic
matter significantly influenced the amount of residue, composition and distribution of DDXs in the
sediments. The DDD/DDE ratios responded well to the anaerobic conditions in the sediments that were
caused by algal blooms after the late 1970s in the western lake area. This suggests that the algae-derived
organic matter was an important factor and served as a biomarker of eutrophication and also affected the
DDX residues and lifecycle in the lake ecosystem.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Dichlorodiphenyltrichloroethane (DDT) was first synthesized in
1874; it was first used as pesticide in 1937 (Apeti et al., 2010) and for
epidemic prevention in the US Army during the Second World War
(Kannan et al., 1995). Since the mid-1940s, the production of DDT
rapidly increased until the 1960s, when DDT and its metabolites
(including DDE (dichlorodiphenyldichloroethylene) and DDD
(dichlorodiphenyldichloroethane)) were found to resist
e by Eddy Y. Zeng.
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degradation in the environment and to have negative impacts on
non-target organisms (Saxena and Siddiqui, 1980). During the
1970e1980s, many countries began to regulate the productions and
uses of DDT. DDXs, including o, p0-DDT, p, p0-DDT, o, p0-DDD, p, p0-
DDD, o, p0-DDE and p, p0-DDE, have been proven to be seriously
harmful to ecosystems and to human health (Snedeker, 2001;
Wetterauer et al., 2012; Mrema et al., 2013). In 2001, DDT was lis-
ted in the Stockholm Convention on Persistent Organic Pollutants
as one of the 12 initial POPs (UNEP, 2001). Meanwhile, some pro-
cedures have been undertaken to prohibit the productions and use
of DDXs (SCPOPs, 2005). However, although their productions and
use have been globally regulated for years, there are still detectable
levels of DDXs in various media worldwide (e.g., Satcher, 2015; Li
et al., 2015; Najam and Alam, 2015; Bouwman et al., 2015; Aamir
et al., 2016; Gerber et al., 2016; Booij et al., 2016).

China started to produce technical DDT in the 1950s and became
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the second largest DDT manufacturer in the world by the time it
was banned in 1983 (Wang et al., 2013). From the 1950s to 1982,
over 0.45 million tons of DDT was produced, accounting for 20% of
the total world production during that time (Wang et al., 2013). In
China, DDT was not officially banned for agricultural usage until
1983, and small scale DDT applications are still allowed for public
health purposes, as an additive of marine anti-fouling paint, and as
the primary raw material of dicofol, which is a pesticide for con-
trolling a variety of mites and annihilating mite eggs in agriculture
(He et al., 2015). It is estimated that 10,000 tons of anti-fouling
paints are used in fishing ships in China each year, and approxi-
mately 250 tons of DDT are used in anti-fouling paints (He et al.,
2012). Although the production and use of DDT have been regu-
lated for more than 30 years in China, DDXs are still detectable in
different environmental media, such as soil, water, dustfall, sedi-
ment and ambient air (Li et al., 2006; Zhou et al., 2008; Wu et al.,
2005; Liu et al., 2012; Yang et al., 2008). Among the various envi-
ronment media, sediments are the primary sinks of DDXs, since
they are easily adsorbed onto particulate matter due to their high
KOW (i.e., octanolewater partition coefficient) or KOC (carbon
normalized partitioning coefficient) and transported into the
water-sediment system in surface runoff and dry-wet deposition
(Cao et al., 2007; He et al., 2012, 2016). Lake sediment cores are
high-resolution information databases that record the history of
such contaminants as DDXs (Zhang et al., 2010). However, infor-
mation regarding DDXs in sediment cores from shallow lakes is still
limited (Barakat et al., 2013; Li et al., 2015) compared with studies
of the historical records of DDXs in sediment cores frommarine and
estuarine environments (Qiu et al., 2009).

Lake Chaohu, with an average depth of 3 m and a water area of
approximately 760 km2, is located in the center of Anhui Province
in southeastern China (Fig. 1). As the fifth largest freshwater lake in
China, it was well known for its scenic beauty and rich aquatic
biodiversity before the 1950s (Xu, 1997). However, the lake has
since suffered from serious eutrophication, with frequent algal
blooms in spring and summer, and it has been one of the most
eutrophic lakes in China since the early 1980s due to increasing
pressures from rapid population growth and economic
Fig. 1. Geographic locations of (a) Lake Chaohu, (b) Lake Chaohu in
development in the drainage area (Xu et al., 1999; Jiang et al., 2014).
Our previous studies from recent years have shown that there are
still high DDX residues in the water, sediment, suspended partic-
ulate matter, ambient air, dust fall, and aquatic biota (He et al.,
2012; Liu et al., 2012, 2013; Ouyang et al., 2012, 2013, 2014; He
et al., 2014, 2015; Liu et al., 2016). This could be attributed to the
extensive historical DDT usage in the Lake Chaohu basin, which is
one of the primary farming areas of China, before it was banned in
1983 (Ouyang et al., 2013). Furthermore, new inputs of technical
DDT in Lake Chaohu have been found from the source apportion-
ment of DDXs in the water, dust fall and suspended particulate
matter, which may be a result of the recent usage of dicofol and
marine paints (Ouyang et al., 2013, 2014; He et al., 2015). Recently, a
study on the historical deposition behaviors of organochlorine
pesticides (OCPs) in Lake Chaohu sediments was conducted (Li
et al., 2015). It was determined that DDT contamination derived
from the historical use of technical DDTs and that the DDX con-
centrations were highly significantly related to the total organic
carbon (TOC) content, sediment grain sizes, nutrient content and
heavy metal content (Li et al., 2015). However, the effects of algae-
derived organic matter in the sediments on the residual levels and
composition of DDXs remains unknown. Previous studies have
been undertaken to determine the relationship between algae-
derived organic matter and typical organic pollutants in different
media. For example, algae-derived organic matter was found to
have a significant influence on low-molecular polycyclic aromatic
hydrocarbons (PAHs) (Wu et al., 2012). As for DDXs, their water
solubility could be enhanced by the existence of algae-derived
organic matter (Ma et al., 2012). However, limited information is
available about the relationships between sedimentary records of
DDXs and algae-derived organic matter in the sediments of shallow
eutrophic lakes. This is very important information for under-
standing the historical accumulation of DDXs in the sediments of
Lake Chaohu and their association with intensive algal blooms.

The objectives of this study were as follows: (1) to investigate
the residual levels and distributions of DDXs in the surface and core
sediments in Lake Chaohu; (2) to identify the composition and
potential sources of DDXs in the surface and core sediments; and
East China and (c) the sediment sampling sites in Lake Chaohu.
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(3) to analyze the effects of certain factors, including DDT pro-
duction, granularity, TOC and algae-derived organic matter, on the
residues and distribution of DDXs in the surface and core
sediments.

2. Materials and methods

2.1. Sample collection

Surface sediment samples and sediment cores were collected in
May of 2011. The geographic locations of the sampling sites are
shown in Fig. 1. Sample sites L1~L5 were located in the western lake
area (WEL), while L6~L10 were sited in the eastern lake area (EAL).
Sample sites R1, R3, R4 and R5 were collected from the estuaries of
inflow rivers in the western lake area, and sample sites R6~R9 were
obtained from 100 m upstream in the estuaries of the eastern
inflow rivers (R10 was an outflow river sampling site, which will
not be discussed in the present study). Surface sediment samples
were collected by a grab bucket sampler, which obtained sediment
mixtures from a depth of 0~10 cm. Sediment cores were collected
from the center of the western lake (L4) and the center of the
eastern lake (L8) by a tube sampler at a depth of 0~30 cm. The
sediment cores were then sliced into layers with a thickness of 1 cm
each to distinguish different decades. All of the sediment samples
were freeze-dried, ground and sieved through a 70-mesh sieve
before the extraction procedure.

2.2. Reagents and materials

Analytical grade n-hexane, acetone and dichloromethane (DCM)
(HPLC grade) used for extraction and elution were purchased from
Tedia Co. Inc., Fairfield, Ohio, USA. A dilution of a commercial
mixture of OCPs standard (Accustandard Inc., New Haven, Con-
necticut, USA) by n-hexane was applied for the preparation of the
stocked OCPs standard mixture. The internal standard (IS) sample
was also purchased fromAccustandard Inc. All of the glassware was
cleaned by an ultrasonic cleaner (KQ-500B, Kunshan Ultrasonic
Instrument, Kunshan, China) and heated at 400 �C for 6 h.

2.3. Sample extraction and cleanup

After sieving, the sediment samples were extracted with DCM
for 48 h at a rate of 4e6 cycles per hour with a Soxhlet extractor
with the addition of activated copper granules to remove sulfur. The
remaining extracts were then concentrated to approximately 1 ml
with a rotary evaporator. The concentrated extracts were loaded
into a chromatography column filled with neutral silica gel (12 cm),
neutral alumina (6 cm) and anhydrous sodium sulfate (1 cm) from
bottom to top. The column was first extracted with 20 ml of n-
hexane. While the solution collected from the first extract step was
discarded, the DDXs were extracted using 70 ml of mixed solvent
(DCM and n-hexane, V:V ¼ 3:7). The elution was concentrated to
1 ml by a rotary evaporator. Before GC-MS analysis, the samples
were added with IS and transferred to glass vials.

2.4. Sample analysis and quality insurance

The DDXs in the concentrated extract were analyzed using an
Agilent 6890 gas chromatograph equipped with a HP-5 MS column
(30 m, 0.250 mm inner diameter, 0.25 mm film thickness) and an
Agilent 5973mass spectrometer. Heliumwas used as the carrier gas
at a speed of 1 ml/min. The temperature of the injection port was
set at 220 �C. After the injection of the samples, the initial tem-
peraturewas held at 50 �C for 2 min, then reached 150 �C at a speed
of 10 �C/min. Next, the oven temperaturewas increased by 3 �C/min
to 240 �C and held for 5 min, finally reaching 300 �C at 10 �C/min
and was maintained for 5 min. The temperatures of the ion source,
quadrupole and the transmission line were 200 �C, 150 �C and
250 �C. The quantitation of DDXs was performed using an internal
calibration method with the selected ion-monitoring mode.

Two or three parallel samples were determined for the surface
sediments and sediment cores. Method blanks and procedure
blanks were extracted and analyzed using the samemethod as with
the samples. Method recoveries and instrument detection limits
are listed in Table S1, where the recoveries ranged from 76% to
132%.

2.5. Other analyses

2.5.1. Isotope dating of sediment cores
The sediment core dating was performed with 210Pb and 137Cs

dating. Compared with 14C dating, 210Pb and 137Cs dating can date
modern events more accurately (Cundy and Stewart, 2004). Mea-
surement of the 210Pb and 137Cs radionuclide activity for each
sample of sediment cores was conducted with an Ortec HPGe GWL
series of well-type, coaxial, low background, intrinsic germanium
detectors (GCW3022 HeP Ge) at the State Key Laboratory of Lake
Science and Environment of the Chinese Academy of Science (CAS),
in Nanjing, China. The chronologies of the sediment cores were
determined from the 210Pb and 137Cs radionuclide activity (Kang
et al., 2016).

2.5.2. Particle size and total organic carbon
The particle sizes of sediment were analyzed using a FRITSCH

A22 laser particle size analyzer (Fritsch GmbH Milling and Sizing
Industries, Idar-Oberstein, Germany). The sediment samples were
divided into two parts to determine the total carbon (TC) and
inorganic carbon (IC). A total organic carbon (TOC) analyzer (TOC-
5000A; Shimadzu Corp., Japan) with a solid sampler (SSM-5000A)
was used to obtain the TOC levels. Analytical grade glucose and
sodium carbonate were used to calibrate the TOC for measurement
of the TC and IC, respectively.

2.5.3. Lipids and n-alkanes
Lipids and n-alkanes were extracted and measured according to

a previous study (Lin et al., 2014). 5 g of sediment samples were
treated with an ultrasonic treatment in 200 ml of mixed solvent
(DCM and methanol, V:V ¼ 1:1) at 40 �C for 20 min, 3 times. The
extract was then concentrated, dried with nitrogen, and loaded into
a chromatography column filled with 100-mesh activated silica gel.
After that, 3 eluents were used sequentially to elute different
components: mixed solvent I (n-hexane and DCM, V:V ¼ 9:1) for
alkanes (F1), mixed solvent II (DCM and methanol, V:V ¼ 2:1) for
free lipids (F3), and methanol for alcohols and aromatic hydrocar-
bons (F2). The residues from the ultrasonic treatment were
saponified with KOH/methanol (1 mol/L) for 12 h. The neutral
components were extracted with a mixed solvent (n-hexane and
DCM, V:V ¼ 9:1). Afterwards, the pH of the remaining solution was
adjusted to 1 by 30% HCl, then extracted with n-hexane and DCM
(V:V ¼ 9:1) and the bound lipids were obtained (F4). F1, F3 and F4
were concentrated and dried with nitrogen. F3 and F4 were methyl
esterified by BF3/ether and methanol and extracted with n-hexane.
Therefore, modified F3, F4 and F1 were concentrated and dried
before a GC/MS analysis.

The chain-length distributions of n-alkanes and free/bound fatty
acids in the sediment samples were determined using GC-MS (VG
Instruments Platform II). The GC conditions were as follows: DB-
1MS capillary column (60 m � 0.32 mm), with high-purity He as
carrier gas. The inlet temperature was 290 �C. The injection volume
was 1 mL, without split injection. The initial column temperature
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began at 80 �C and was retained for 5 min, then it was heated at
8 �C/min to 310 �C and was retained for 20 min until the sample
was completely drained. The MSD conditions were as follows:
70 eV for an EI ionization source, 50~600 amu for the mass range,
2341 V for the multiplier voltage, the ion source temperature at
246 �C, and a selected ion monitoring (SIM) mode. The n-alkanes
with an even number of carbon produced standard markings, and
the odd push carbon n-alkanes were deduced according to the even
carbon markings. The internal standard substance was C24D50.
Any odd-numbered carbon n-alkane were quantified with the
average response factor of adjacent n-alkenes because their stan-
dards were not available.

3. Results and discussion

3.1. Residual levels and spatial distributions of DDXs in the surface
sediments

3.1.1. Residual levels of DDXs in the surface sediments
The statistical features, results of the normal distribution test,

and frequency distribution histogram before/after the logarithmic
transformation of DDX residue levels in the surface sediments are
presented in Table 1, Table S2, and Figs. S1 and S2 in the Supple-
mentary Materials (SM), respectively. Comparisons of the current
research with other studies are tabulated in Table S3 in the SM.

There were 57 surface sediments samples (including parallel
samples) collected from the 19 sampling sites in Lake Chaohu. All
six components of DDXs, including o,p0-DDE, p,p0-DDE, o,p0-DDD,
p,p0-DDD, o,p0-DDT and p,p0-DDT, in the surface sediment were
detected by GC-MS. The most common component of DDXs was p,
p0-DDE, with a detection rate of 100%, followed by p, p0-DDD
(63.5%), o, p0-DDT (63.5%),o, p0-DDE (51.9%), o, p0-DDD (30.8%) and
p, p0-DDT (17.3%). Table 1 shows that the content of total DDXs
(
P

DDXs) in the surface sediment ranged from 0.262 to 25.412 ng/
g dw, with a geometric mean value of 3.093 ng/g dw. The p, p0-DDE
had the highest mean content (1.501 ng/g dw), followed by p, p0-
DDD (0.354 ng/g dw), o, p0-DDT (0.241 ng/g dw), o, p0-DDE
(0.028 ng/g dw), o, p0-DDD (0.017 ng/g dw) and p, p0-DDT (0.004 ng/
g dw). All of the DDX components in the surface sediments fol-
lowed log-normal distributions (Table S2, and Figs. S1 and S2).

As shown in Table S3, the
P

DDXs level was lower in the present
study than in another study in Lake Chaohu (Li et al., 2015), which
might be due to the different sampling sites. The concentration of
P

DDXs in the surface sediments from Lake Chaohu was higher
than that measured in the Songhua River (Cai et al., 2014), Lake
Qarun in Egypt (Barakat et al., 2013), Congo River Basin and LakeMa
Vall�ee in the Democratic Republic of Congo (Mwanamoki et al.,
2014) and the Incheon North Harbor in Korea (Kim et al., 2010),
but lower than measurements from Taihu Lake (Zhao et al., 2009),
Honghu Lake (Yuan et al., 2013), East Lake (Yun et al., 2014), the
Yangtze River (Tang et al., 2007) and the CauBay River in Vietnam
(Vu, 2015).
Table 1
Statistical features of DDXs in the surface and core sediments from Lake Chaohu.

Chemicals Surfacea L4

Range Mean SD Range

o, p0-DDE N.D.~0.590 0.028 / N.D.~2.234
p, p0-DDE 0.116~4.660 1.501 / 0.110~9.956
o, p0-DDD N.D.~2.764 0.017 / 0.008~1.208
p, p0-DDD N.D.~11.486 0.354 / 0.010~5.096
o, p0-DDT N.D.~7.512 0.241 / 0.004e3.246
p, p0-DDT N.D.~0.750 0.004 / 0.010~1.270
P

DDXs 0.310~25.411 3.093 / 0.176~16.534

a In the surface sediments, geometric means were used. SD e Standard deviance.
3.1.2. Spatial distributions of DDXs in the surface sediments
The spatial distributions of DDX components and

P
DDXs in the

surface sediments from Lake Chaohu are presented in Fig. 2. A
significant difference in DDXs was found between the sampling
sites in the western lake area (L1~L5) and in the eastern lake area
(L6~L10). The DDX residues in the surface sediments from the
western lake area were higher than those in the western lake area
(Fig. 2a). The average residual level of

P
DDXs in the surface sedi-

ments from the western lake was 9.454 ng/g dw (2.424e25.412 ng/
g dw), while that from the eastern lake was 1.682 ng/g dw
(0.520e5.509 ng/g dw) (Fig. 2b). A similar situation was observed
between the western (R1, R3eR5) and eastern inflow rivers
(R6eR9). The average concentration of

P
DDXs in the surface sed-

iments in the western inflow rivers (2.602 ng/g dw
(0.310e15.396 ng/g dw)) was higher than that in the eastern inflow
rivers (2.108 ng/g dw (0.380e6.156 ng/g dw)) (Fig. 2b). Among the
nine inflow river surface sediments, the R1 site in the Nanfeihe
River from Hefei City, a capital in Anhui Province, had the highest
P

DDXs content to an extreme.
The high-west and low-east spatial distribution pattern of DDXs

in the surface sediments might reflect the impact of differences in
urbanization, industrialization and agriculture between the west-
ern and eastern lake basin. Farmland is mainly distributed in the
southwestern area of the Lake Chaohu Basin. The Hangbuhe-
Fenglehe River flows through this area and carries approximately
60% of the total water volume into Lake Chaohu. The Nanfeihe River
flows through Hefei City and carries approximately 20% of the total
volume of water into the lake. The combined effect of surface runoff
from the Hangbuhe-Fenglehe River and municipal sewage and in-
dustrial wastewater from the Nanfeihe River would result in a
higher content of DDXs in the surface sediments from the western
lake area.

3.2. Historical variations of DDX residual levels in the sediment
cores

3.2.1. Residual levels of DDXs in the sediment cores
The statistical characteristics and the results of a normal dis-

tribution test of the residual levels of DDX components and
P

DDXs
in the two sediment cores, L4 and L8, from the western and eastern
regions of the lake are presented in Table 1 and Table S4, respec-
tively. The frequency distribution histogram before/after a loga-
rithmic transformation of the residue levels of DDXs in the
sediment cores are presented in Fig. S3 e S6.

The DDX detection rates were all greater than 85% in both of the
L4 and L8 sediment cores. As shown in Table 1, the

P
DDXs residual

levels in the L4 and L8 sediment cores ranged from 0.176 to
16.534 ng/g dw and from 0.076 to 3.01 ng/g dw, with a mean value
of 7.107 ± 5.382 ng/g dw and 1.332 ± 0.933 ng/g dw, respectively.
For the L4 sediment core, the p, p0-DDE had the highest mean
concentration (3.279 ± 2.89 ng/g dw), followed by p,p0-DDD
(2.429 ± 1.864 ng/g dw), o,p0-DDD (0.561 ± 0.455 ng/g dw), p,p0-
L8

Mean SD Range Mean SD

0.229 0.397 0.008~0.190 0.051 0.046
3.279 2.89 0.008~1.634 0.777 0.571
0.561 0.455 0.014~0.150 0.048 0.042
2.429 1.864 0.014~0.660 0.282 0.231
0.181 0.584 0.010~0.472 0.064 0.117
0.428 0.367 N.D.~0.210 0.11 0.074
7.107 5.382 0.076~3.010 1.332 0.933



Fig. 2. Spatial distributions of (a) DDX components and (b)
P

DDXs in the surface sediments from Lake Chaohu.
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DDT (0.428 ± 0.367 ng/g dw), o,p0-DDE (0.229 ± 0.397 ng/g dw) and
o,p0-DDT (0.181 ± 0.584 ng/g dw). In the L8 sediment core, the p,p0-
DDE also had the highest mean concentration (0.777 ± 0.571 ng/
g dw), followed by p,p0-DDD (0.282 ± 0.231 ng/g dw), p,p0-DDT
(0.11 ± 0.074 ng/g dw), o,p0-DDT (0.064 ± 0.117 ng/g dw), o,p0-DDE
(0.051 ± 0.046 ng/g dw) and o,p0-DDD (0.048 ± 0.042 ng/g dw). The
higher content of DDXs and

P
DDXs in the L4 sediment core from

the western lake area is consistent with the surface sediment. The
higher residual levels of p, p0-DDE and p, p0-DDD in both the L4 and
L8 sediment cores are also consistent with the surface sediment.
This means that the p,p0-DDT metabolites, the p,p-DDE and p,p-
DDD, were predominant in the surface and core sediments from
Lake Chaohu, which is consistent with the literature (Li et al., 2016).
All of the DDX components and

P
DDXs in both the L4 and L8

sediment cores followed log-normal distributions (Table S4, and
Fig. S3 e S6).

3.2.2. Historical variations of DDX residual levels in the sediment
cores

The historical variations of residual levels of DDX components
and

P
DDXs in the sediment cores L4 and L8 from Lake Chaohu are

illustrated in Fig. 3. The DDX residues in the L4 sediment core from
the western lake region were historically higher than those in the
L8 sediment core from the eastern lake region. The DDX



Fig. 3. Historic comparisons of residual levels of DDX components and
P

DDXs in the L4 and L8 sediment cores from Lake Chaohu.
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contamination in Lake Chaohu underwent three stages from the
late 1930s to 2010. During the first stage, from late 1930s to late
1940s, small amounts of DDX residues were detected in the sedi-
ment cores. Although DDT was first synthesized in 1874, its insec-
ticidal properties were not discovered until the 1937 (Apeti et al.,
2010). The second stage, from the late 1940s until the late 1970s
or early 1980s, the DDX residues in the sediment cores rapidly
increased. The peak DDX contents in the sediment cores occurred in
the late 1970s or early 1980s. This is likely caused by the insensitive
usage of a large amount DDXs for agricultural and public health
purposes. The third stage, starting from the early 1980s, the DDX
residues in the Lake Chaohu sediment cores were determined to
have a fluctuating and decreasing trend. This decrease potentially
resulted from the government's ban on the usage of DDXs for
agriculture due to their adverse health effects on wildlife and hu-
man beings. For instance, in the US and China, DDXs were banned
in the 1970s and in, respectively. However, the actual deposition of
DDXs in the lake sediment occurred decades after the DDXs were
banned in the 1970se1980s because of their persistent character-
istics (Li et al., 2015). As shown in Fig. 3, an increase in the early to
middle 1990s and mid-2000s was observed in two sediment cores.
The reasons for these increases may be because a new type of
pesticide, such as dicofol containing DDTs, is being used to control a
variety of mites and annihilating mite eggs in agriculture and
because anti-fouling paints containing DDTs have been used for
3500 fishing vessels in Lake Chaohu (He et al., 2012, 2015).
3.3. Compositions and sources of DDXs in the surface and core
sediments

3.3.1. Spatial variations of DDX compositions in the surface
sediments

The spatial variations of DDX compositions in the surface sedi-
ments are presented in Fig. 4 and in Table S5. For all of the lake and
river samples, p, p0-DDE (69.96%) was the major component of
DDXs, while the percentages of p, p0-DDD and o, p0-DDT were
16.49% and 11.23%, respectively. Other DDX components made up
less than 5% of the total DDXs. There were no significant differences
in the compositions of the DDXs, but there was a predominance of
p, p0-DDE in the surface sediments between thewhole lake samples
and the whole inflow river samples. However, significant differ-
ences (p < 0.01) in the compositions of DDXs in the surface
Fig. 4. Spatial variations of DDX composition in the surface sediments from Lake
Chaohu (WB: whole lake and river samples, WL: whole lake, IR: inflow rivers, WEL:
western lake area, EAL: eastern lake area, WIR: western inflow rivers and EIR: eastern
inflow rivers).
sediment between the western lake samples and the eastern lake
samples were found. In the surface sediments from the western
lake area, the average percentages of p, p0-DDE, p, p0-DDD and o, p0-
DDT were 32.50%, 38.76% and 25.36%, respectively, while those in
the surface sediments from the eastern lake area were 88.88%,
5.56% and 3.88%, respectively. Furthermore, there were some dif-
ferences in the compositions of DDXs in the surface sediments
between the western inflow river samples and the eastern inflow
river samples. In the surface sediments from the western inflow
rivers, the average percentages of p, p0-DDE, p, p0-DDD and o, p0-
DDT were 65.92%, 17.45% and 12.13%, respectively, while those in
the surface sediment from the eastern inflow rivers were 76.67%,
12.87% and 8.73%, respectively. The significant differences in the
average percentages of p, p0-DDE and p, p0-DDD in the surface
sediment from thewestern lake area and from the eastern lake area
are likely attributed to the different degradation conditions caused
by the different intensities of algal blooms in the two lake areas
(please see next section for discussion).
3.3.2. Historical variations in DDX composition in the sediment
cores

The historical variations of DDX composition in the L4 and L8
sediment cores from Lake Chaohu are presented in Fig. 5. The p, p0-
DDT in both the L4 and L8 sediment cores was still detected in all
Fig. 5. Historic variations of DDX composition in the sediment cores (a) L4 and (b) L8
from Lake Chaohu.



Fig. 6. Source apportionment of DDXs in the surface sediments of Lake Chaohu.
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of the sediment slices after the late 1930s, with an average per-
centage of 6.12% and 8.03%, ranging from 3% to 9.61% and from
3.04% to 10.68%, respectively. Furthermore, the o, p0-DDT in both
the L4 and L8 sediment cores was still detectable in all of the
sediment slices after the late 1930s, with an average percentage of
2.01% and 4.2%, ranging from 0.13% to 24.33% and from 0.58% to
17.52%, respectively. Higher percentages of p, p0-DDE and p, p0-
DDD were found in both the L4 and L8 sediment cores. In the L4
sediment core from the western lake area, the average percent-
ages after the late 1930s of p, p0-DDE and p, p0-DDD were 46.87%
and 35.01%, ranging from 26.82% to 65.32% and from 21.63% to
46.72%, respectively; the percentages in the L8 sediment core from
the eastern lake areawere 59.34% and 21.30%, ranging from 47.81%
to 75.39% and from 9.44% to 30.21%, respectively. However,
different historical variations were found of p, p0-DDE and p, p0-
DDD in the two sediment cores. In the L8 sediment core, there
were no significant historical variation trend of p, p0-DDE and p,
p0-DDD; however, in the L4 sediment core, there was a significant
decrease in p, p0-DDE and a significant increase in p, p0-DDD after
the early 1970s. These different historical variation trends be-
tween p, p0-DDE and p, p0-DDD in the L4 sediment core are likely
attributed to the changes in the degradation conditions caused by
algal blooms after the early 1970s (please see the next section for a
discussion).

3.3.3. Source apportionment of DDXs in the surface and core
sediments

The primary sources of DDXs in the environment include the
production and use of technical DDT, pesticides containing DDT
such as dicofol, marine anti-fouling paints, and other goods con-
taining technical DDT (e.g., mosquito repellent incense) (He et al.,
2015). The sources of DDX can be determined by their composi-
tion (He et al., 2012). The o,p0-/p,p0-DDT ratio is indicative of
technical DDT or dicofol (He et al., 2015). The o,p0-/p,p0-DDT ratio is
approximately 0.2 for technical DDT and approximately 7 for
dicofol, since technical DDT contains approximately 75% p,p0-DDT
and 15% o,p0-DDT (WHO,1989), and one kilogram of Chinese dicofol
contains 17 g of p,p0-DDT and 114 g of o,p0-DDT (Qiu et al., 2004).
The ratio of parent compounds to their metabolic products (DDT/
(DDE þ DDD)) can be used for determining new or historical inputs
because parent DDTs can be degraded gradually to DDD and DDE. A
DDT/(DDE þ DDD) ratio <1 indicates the historical inputs of DDTs,
whereas a DDT/(DDE þ DDD) ratio �1 is indicative of the new in-
puts of DDTs (Hitch and Day, 1992). The DDD/DDE ratio can be used
to identify the degradation of parent compounds (DDTs). A DDD/
DDE ratio <1 suggests aerobic conditions, whereas a DDD/DDE
ratio > indicates anaerobic conditions because DDTs can be bio-
degraded to form DDEs through an oxidative dehydrochlorination
process under aerobic conditions, and can form DDDs through a
reductive dechlorination process under anaerobic conditions
(Schmitt et al., 1990).

As shown in Fig. 6, the DDT/(DDE þ DDD) ratios of all of the
surface sediment samples from the lake and from the inflow rivers
were less than one, which indicates the sources of DDXs were the
historical inputs of DDTs. For the surface sediment samples at sites
L1eL4 from the western lake sites, at site L10 from the eastern lake,
and at site R1 from the Nanfeihe River, one of the western inflow
rivers, the DDD/DDE ratios were greater than one, which indicates a
dominance of anaerobic conditions in the sediment. The above-
mentioned surface sediment sample sites (L1eL4, L10 and R1)
were vulnerable to urban DDXs' pollution from the cities of Hefei
and Chaohu and were likely suffering from algal blooms associated
with eutrophication. In other surface sediment sample sites, the
DDD/DDE ratios were less than one, which indicates a dominance
of aerobic conditions. As show in Table S5 in SI, in the surface
sediments at sites L6 and R6, p,p0-DDT was detectable and o,p0-DDT
was not detectable, which indicates that the source of DDX was
technical DDT. However, for the surface sediments at sites L1eL5,
L9 and R5, R7eR9, p,p0-DDT was not detectable and o,p0-DDT was
detectable, which indicates that the sources of DDXs were from
dicofol. For the surface sediments from sites L10 and R3, R4, both
p,p0-DDT and o,p0-DDT were detectable, the o,p0-/p,p0-DDT ratio
was 3.95, 0.7 and 0.4 for sites L10, R3 and R4, respectively, which
suggests that the sources of DDX included both dicofol and tech-
nical DDT, in different proportions.

As shown in Fig. 7, the DDT/(DDE þ DDD) ratios for all the
sediment slices in both the L4 and L8 cores were less than one,
which indicates that the sources of DDX were the historical inputs
of DDTs (Fig. 7a). With the exception of the two sediment slices in
the L4 core and five sediment slices in the L8 core, the o,p0-/p,p0-
DDT ratios of the all of the remaining sediment slices in the L4 and
L8 cores were approximately 0.2, which means that the primary
sources of DDX were technical DDTs (Fig. 7b). The historical var-
iations of DDD/DDE ratios in the L4 and L8 sediment cores (Fig. 7c)
indicated different degradation conditions in the western and
eastern lake area, especially after the late 1970s. For the L8 sedi-
ment core from the eastern lake area, the DDD/DDE ratios were
less than one, which indicates dominance of aerobic conditions.
However, for the L4 sediment core, the DDD/DDE ratios were less
than one before the late 1980s, and greater than one after the late
1970s, which indicates changes in the degradation conditions
from aerobic to aerobic in the early 1980s. The differences in the
degradation condition changes in the western and eastern lake
areas are likely attributed to their different eutrophic states,
showing different intensities of algal blooms. The western lake
area receives far more nutrients from the municipal sewage and
industrial wastewater of Hefei City, the capital of Anhui Province,
and from the agricultural runoff in the Hangbuhe-Fenglehe River,
which carries 60% of the total inflow water volume into the lake.
This causes more severe eutrophication in the western lake area.
The intensive occurrences of algal blooms from the early 1980s in
the western lake area would result in the anaerobic conditions
because of dead algae biodegradation. However, compared with
the western lake area, the eastern lake area was suffering the ef-
fects of algal blooms less. The DDD/DDE ratios >1 in the sediment
core of the western lake area from the early 1980s could serve as
direct evidence of the anaerobic conditions in the sediment
caused by the intensive algal blooms.



Fig. 7. Source apportionment of DDXs in the sediment cores of Lake Chaohu. (a) DDT/
(DDE þ DDD), (b) o,p0-DDT/p,p0-DDT, (c) DDD/DDE.

Fig. 8. Relationships between annual DDT production in China and the residue level of
total DDXs (

P
DDXs) in the L4 and L8 sediment cores from Lake Chaohu.
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3.4. Influencing factors of DDX residues and distributions in the
surface and core sediments

3.4.1. The effects of DDT production in China
A Pearson correlation test was preformed to analyze the effects

of the annual usage or production of DDT in China on the historical
sediment records of DDXs in Lake Chaohu (L4 and L8), and the
results are presented in Fig. 8. A significant positive linear rela-
tionship was found between annual DDT production in China and
the residual levels of total DDXs (
P

DDXs) in the L4 and L8 sediment
cores, with a determination coefficient (R2) of 0.653 and 0.475, and
at a significance level (p) of 0.01 and 0.05, respectively. This sig-
nificant linear relationship indicates that the residual levels of
P

DDXs in the sediment cores of Lake Chaohu could sufficiently
represent the historical annual production of technical DDT in
China.
3.4.2. The effects of sediment granularity
The results of a correlation test between the sediment granu-

larity and the residual levels of DDXs in the sediment cores are
summarized in Table 2. For the L4 sediment core, significant posi-
tive relationships (r ¼ 0.596~0.906, p < 0.01) were found between
the percentage contents of clay (< 4.5 mm) and the residual levels of
DDXs, except for o, p0-DDT, and the significant negative relation-
ships (r ¼ �0.461~�0.709, p < 0.01 or 0.05) between the percent-
age contents of sand (18e190 mm) and the residual levels of p, p0-
DDE, p, p0-DDT and total DDXs. This indicates that DDXs are likely
adsorbed onto the fine particles in the sediments, which is
consistent with other studies (e.g., Li et al., 2015). However, for the
L8 sediment core, the relationships between particle size and the
association of DDXs with particles were complex.
3.4.3. The effects of TOC in the sediment
Pearson correlation tests of the DDX residues and TOC content in

the surface and core sediments from Lake Chaohu were performed,
and the results are summarized in Table 3. The considerable dif-
ferences in the relationships of DDX residues and TOC contents
were found between the surface sediments and the core sediments,
and between the L4 sediment core and the L8 sediment core, which
means that the relationships between the residual levels of DDX
and the TOC contents in the sediments are complex. For the surface
sediments, only o,p0-DDE, p,p0-DDE and

P
DDXs exhibited signifi-

cant positive correlations with TOC (r ¼ 0.584~0.723, p < 0.01 or
0.05). However, for both the L4 and L8 sediment cores, there were
no significant correlations between the TOC contents and the re-
sidual levels of all of the DDX components and

P
DDXs from the

late 1930s to 2010. The differences in the relationships of the DDX
residues with the TOC between the surface sediments and the core
sediments might imply that the biodegradations of DDX and TOC in
the sediment would be different during their burial.



Table 2
Pearson correlation between the DDXs' residues and particle sizes in sediment cores from Lake Chaohu.

Chemicals L4 L8

Clay Silt Sand Grit Clay Silt Sand Grit

o, p0-DDE 0.597b �0.212 �0.027 0.154 �0.208 0.039 �0.002 �0.154
p, p0-DDE 0.596b 0.517a �0.709b �0.359 0.292 0.218 �0.254 0.111
o, p0-DDD 0.798b �0.272 �0.032 0.031 �0.575a �0.647b 0.668b 0.455
p, p0-DDD 0.806b �0.249 �0.055 0.005 �0.266 �0.498a 0.491a 0.359
o, p0-DDT 0.181 �0.202 0.147 �0.135 �0.319 �0.116 0.113 0.656b

p, p0-DDT 0.683b 0.395 �0.621b �0.341 0.519a 0.256 �0.276 �0.594b
P

DDXs 0.772b 0.193 �0.461a �0.247 �0.081 �0.146 0.125 0.423

Clay: <4.5 mm, Silt: 4.5e18 mm, Sand: 18e190 mm, Grit: >190 mm.
a The correlation is significant at the 0.05 level (2-tailed).
b The correlation is significant at the 0.01 level (2-tailed).

Table 3
Pearson correlation between the DDXs' residues and the TOC contents in the surface and core sediments from Lake Chaohu.

Contaminant Sediment core L4 Sediment core L8 Surface sediment

1940se 1940se1970s 1980se 1940se 1940se1970s 1980se

o,p0-DDE 0.271 0.813a �0.350 0.118 0.817a 0.157 0.627b

p,p0-DDE �0.331 0.830a �0.740b �0.124 �0.079 �0.169 0.723b

o,p0-DDD 0.358 0.823a �0.427 0.425 0.623 0.148 0.279
p,p0-DDD 0.335 0.867a �0.468 0.377 �0.643 �0.131 0.467
o,p0-DDT 0.138 0.835a 0.030 0.049 0.045 �0.005 0.466
p,p0-DDT �0.247 0.878b �0.776b �0.170 �0.022 �0.429 �0.318
P

DDXs �0.046 0.844a �0.712b 0.133 �0.069 �0.132 0.584a

a The correlation is significant at the 0.05 level (2-tailed).
b The correlation is significant at the 0.01 level (2-tailed).
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As shown in Table 3, for the L4 sediment core from the western
lake area, there was a significant positive correlation between TOC
and DDX (including the residual levels of all DDX components and
P

DDXs) from the 1940s to the 1970s (r ¼ 0.813~0.878, p < 0.05),
and the significant negative correlations between the TOC contents
and the residual levels of p,p0-DDE, p,p0-DDT and

P
DDXs during

the early 1980s to 2010 (r¼�0.712~�0.776, p < 0.01). However, for
the L8 sediment core from the eastern lake area, only o,p0-DDE had
a significant positive correlation with TOC from the 1940s to the
1970s (r ¼ 0.817, p < 0.05). These significant positive correlations
during the 1940s to the 1970s and the significant negative corre-
lations from the early 1980s to 2010 between the TOC content and
the residual levels of DDX in the L4 sediment core suggest that the
residual levels of DDX in the sediment are determined by both the
usage of DDXs and the TOC contents. The combined effects of the
continuous increase of TOC from the 1940s to 2010 and the
continuous increase in TOC from the 1940s to the 1970s, along with
the fluctuating decrease of TOC from the early 1940s to 2010, is
likely a result of such different relationships between the TOC
content and the residual levels of DDXs in the L4 sediment core
before and after the early 1080s or the late 1970s.
3.4.4. The effects of algae-derived organic matter in the sediment
Five indicators, including C17/C31 n-alkanes, the contribution of

algae-derived organic matters (calculated as follows: [C17/
(C17 þ C31) þ 2C17/(2C17 þ C23 þ C25)]/2), C16 bound fatty acids,
C18 bound fatty acids, and the total bound fatty acids, were selected
as the parameters indicating algae-derived organic matter. For
various n-alkane sources, the peaks of n-alkane carbon number
distributions are different. C17 is the main peak of algae and
photosynthetic bacteria-sourced organic matter (Cranwell et al.,
1987). The emergent and floating plants and other large non-
exogenous vascular plants are abundant from n-alkanes in C21,
C23 and C25. Nevertheless, C27 and C29 represent the input of
woody terrestrial plants, and C31 indicates the input of herbaceous
terrestrial plants (Meyers, 2003). Therefore, C17/C31 n-alkanes and
the contribution of algae-derived organic matter could well
represent the ratio of n-alkanes from algae. For fatty acids, the
peaks of carbon number distribution could indicate sources of
organic matter, too. C16 and C18 bound fatty acids are dominant
short-chain fatty acids, which indicate input of plankton, photo-
synthetic bacteria and aquatic plants (Meyers and Ishiwatari, 1993).
Hence, C16, C18 and the total bound fatty acids were chosen as
indicators of algae-derived organic matter.

The historical variations of the algae-derived organic matter
indicators in both the L4 and L8 sediment core from Lake Chaohu
are presented in Fig. S7. The Pearson correlation between the DDX
residues and the algae-derived organic matter indicators are pre-
sented in Table S6. The relationships between the DDD/DDE ratios
and the algae-derived organic matter indicators are also illustrated
in Fig. 9.

As shown in Fig. S7, the five algae-derived organic matter in-
dicators significantly increased after the late 1970s. This is associated
with the mass algal blooms after the late 1970s, especially in the
western lake area (L4) (Kong et al., 2016). Table S6 shows how the L4
and L8 sediment cores had obvious differences in the relationship of
the algae-derived organic matter indicators with DDX residues and
with the DDD/DDE ratios. In case the algal bloom resulted in a lack of
oxygen in the sediments during the same period, thereby affecting
the value of the DDD/DDE, we explained the differences by the
timing of the algal bloom. This phenomenon might likely be attrib-
uted to the different intensities of algal blooms in the western and
eastern lake areas after the late 1970s. The large algal blooms have
been occurring frequently since the early 1980s in the western lake
area (L4), whichmay have resulted in the anaerobic conditions in the
sediment. This could explain the significant positive relationships of
the algae-derived organic matter indicators with the residues of p,
p0-DDD and o, p0-DDD (r ¼ 0.507~0.633, p < 0.01 or 0.05) and with
the DDD/DDE ratios (r ¼ 0.796~0.87, p < 0.01) in the western lake
area (L4) after the late 1970s.



Fig. 9. Correlations between algae-derived organic matter indicators and the DDD/DDE ratios in the L4 and L8 sediment cores from Lake Chaohu.
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3.4.5. Association between the DDXs and multiple influencing
factors

A principle component analysis (PCA) and multiple regression
analysis were used to further investigate the association between
DDXs in the sediment and the above influencing factors, such as
particle size, TOC, and algae-derived organic matter (Table 4 and
Fig. 10). Two components were extracted using PCA. For both L4
and L8, the 1st component (PC 1) was dominant, accounting for
>65% of the explained variances. PC 1 was associated with algae-
derived organic matter and sand. However, the 2nd component
(PC 2) was associated with DDXs and clay in L4 and with DDD/DDE
in L8. The DDX residue seemed to be associated with fine size



Table 4
The contribution of TOC, algae-derived organic matters, and particle size to the
residues of DDXs and anaerobic/aerobic condition of sediment (DDE/DDD) revealed
by the multiple regression analysis in Table S7.

L4 L8

DDXs DDE/DDD DDXs DDE/DDD

Standardized regression coefficienta

TOC 0.13 (1.1%) 0.04 (0.6%) �0.13 (1.1%) �0.13 (1.2%)
C17/C31 �0.36 (3.2%) �0.19 (2.9%) �0.79 (6.9%) 0.84 (8.2%)
AOM 1.16 (10.2%) 0.38 (6.0%) 0.88 (7.7%) �0.66 (6.4%)
C16FA �2.20 (19.4%) �1.56 (24.4%) 1.00 (8.8%) �0.17 (1.6%)
C18FA �0.02 (0.2%) 0.19 (3.0%) �0.70 (6.1%) 0.33 (3.2%)
TFA 2.58 (22.7%) 1.20 (18.8%) 0.07 (0.6%) �0.41 (4.0%)
Clay 1.10 (9.7%) 0.69 (10.8%) 0.53 (4.6%) �0.50 (4.9%)
Silt 2.41 (21.2%) 0.65 (10.2%) 3.35 (29.3%) �3.42 (33.3%)
Sand 1.39 (12.2%) 1.49 (23.3%) 4.00 (34.9%) �3.81 (37.2%)
Model fittingb

R2 0.648 0.915 0.583 0.196
ANOVA 0.004 0.000 0.017 0.827

a C17/C31, AOM, C16FA, C18FA, and TFA denoted the C17/C31 n-alkanes, contri-
bution of algae-derived organic matters, C16 bound fatty acids, C18 bound fatty
acids, and total bound fatty acids, respectively; the standardized regression co-
efficients of the nine-parameter linear model were employed to compare the
contribution of each indicator. The values in the bracket, denoting the relative
contribution of each indicator, were calculated by dividing the absolute values of
each coefficient to the sum of absolute values of all coefficients.

b The performance of the nine-parameter models were checked by the coefficient
of determination (R2) and the significance revealed by ANOVA.
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sediment (clay) and aerobic/anaerobic conditions (DDD/DDE ra-
tios), and DDX degradation was affected by algae-derived organic
matter in core sediment from west lake, which is consistent with
the correlation analysis above. The PCA again proved that eutro-
phication, causing aquatic hypoxia, would definitely affect the
degradation behavior of DDT in a eutrophic lake. On the contrary,
the east part of Lake Chaohu was less affected by eutrophication,
and the aerobic microorganisms or other degradation mechanisms
(e.g., photo-oxidization) might dominate DDX transformation from
DDT to DDE. Furthermore, the residues of the DDXs were coupled
with algae-derived organic matter probably due to the coupled
usage of OCPs and nitrogen-phosphorus fertilizers from agricul-
tural activity. In detail, these two activities would increase DDX
residues and nutrient levels in Lake Chaohu from rivers flowing
into the western part of the lake. The algae blooms were wide-
spread where high-levels of nutrients occurred in the lake
ecosystem and caused large quantity of algae-derived organic
matter. This phenomenonwas more clearly observed in the eastern
part than in the western part because aquatic hypoxia in the last
stage of algae bloom increased the activity of anaerobic microor-
ganisms. The coupling mechanisms between DDXs and algae-
derived organic matter were damaged by the bio-degradation of
anaerobic microorganisms. After identifying the PC 1 and PC 2, we
reconstructed the historical variation of DDXs and their association
with algae-derived organic matter in the score plots (Fig. 10 b and
d). Interestingly, algae-derived organic matter increased more
seriously from the 1980s to the present than before, in both the
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eastern and western parts of Lake Chaohu. DDXs increased before
the 1980s and decreased after the 1980s in the western part and
decreased before the 1940s and increased after the 1940s in east
part. The anaerobic conditions increased gradually after the 1980s
in the western lake area and increased before the 1980s and
decreased after the 1980s in the eastern lake area.

The correlation analysis and PCA showed the potential
connection between DDXs and the influencing factors and between
DDE/DDD and the influencing factors. Thus, a multiple regression
analysis was conducted as shown in Table S7 and summarized in
Table 4. In the western part of Lake Chaohu, better performance of
the nine-parameter models was obtained than in the eastern part,
indicating that those factors potentially affected the DDX residues
and their transformation. Based on the standardized regression
coefficient, we found that TOC contributed litter (1.1%) to the DDXs
in both L4 and L8. The algae-derived organic matter contributed
more (>50%) than particle size to the DDX residues and their
transformation in the western part, whereas particle size contrib-
uted more in the eastern part. Conclusively, the algae-derived
organic matter, as a biomarker of eutrophication, was an impor-
tant factor that affected the DDX residues and lifecycles in the lake
ecosystem.

4. Conclusion

p,p0-DDT metabolites, p,p-DDE and p,p-DDD, were found to be
the two dominant components of DDXs in the both surface and core
sediments. The historical usage of technical DDT was identified as
the primary source of DDXs in the sediment, as indicated by DDT/
(DDD þ DDE) ratios of less than one. Higher DDX residual levels
were found in surface and core sediments from the western lake
area, whichmight have been caused by the combined inflow effects
of municipal sewage and industrial wastewater from the Nanfeihe
River, carrying approximately 20% of the total water volume into
the lake, and from agricultural runoff from the Hangbuhe-Fenglehe
River, contributing approximately 60% of the total water volume
into the lake. Historical variations of DDX residues in the sediment
cores during the late 1930s to 2010 were divided into three stages:
the first stage occurred from the late 1930s to the late 1940s and
exhibited small amounts of DDX residue; the second stage occurred
from the late 1940s to the late 1970s and exhibited a significant
increase in DDXs; and the third stage, from the early 1980s to 2010,
had a fluctuating decreasing trend.

DDT production in China, fine particulate sizes (<4.5 mm), and
algae-derived organic matter significantly influenced the amount
of residue, composition and distribution of DDXs in the sediments.
However, the relationships between DDXs and the TOC in sediment
were found to be more complex, as indicated by the significant
differences between surface and core sediments; between the L4
and L8 sediment cores from the western and eastern lake areas,
respectively; and in the samples before and after the late 1970s or
early 1980s in the L4 sediment cores. The different intensities of
algal blooms in the western and eastern lake areas after the late
1970s caused significant differences in the relationships of the
algae-derived organic matter indicators with the DDX residues and
the DDD/DDE ratios. The historical variations of the DDD/DDE ratio
well-represented the anaerobic conditions in the sediments caused
by mass algal blooms after the late 1970s in the western lake area.
Therefore, the DDD/DDE ratio could serve as an indicator of the
effects of algal blooms on the redox state of lake sediments.
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