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• SPM-bound PAHs in lakes and reser-
voirs across China were studied.

• The occurrence of SPM-boundPAHswas
location- and water depth-dependent.

• SPM-bound PAH profiles in lakes and
reservoirs were primarily dominated
by low-ring PAHs.

• The presence of SPM-bound PAHs was
highly associated with anthropogenic
emissions.

• Significantly positive correlations be-
tween PAHs and biogenic SPOM were
found.
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Suspended particulate matter (SPM) plays a key role in the environmental fate of polycyclic aromatic hydrocar-
bons (PAHs) in lake environment. However, less is known about the occurrence, compositions and sources of
SPM-bound PAHs as well as the correlations between SPM-bound PAHs and different suspended particulate or-
ganic matter (SPOM) on large geographical scale. In this study, we focused on the SPM-bound PAHs in 46 lakes
and reservoirs across China to fill this gap. Our results showed that the concentrations of Σ20 PAHs ranged from
334 to 38427 ng·g−1 with a geometric mean (GM) of 3915 ng·g−1. The occurrence of SPM-bound PAHs in this
studywas at amoderate level with large variations, whichwas associatedwith location andwater depth accord-
ing to linear discriminant analysis (LDA). Phenanthrene (Phe) was investigated as the overwhelming species
with a GM of 1777 ng·g−1, and was followed by fluoranthene (Fla), fluorene (Flu) and pyrene (Pyr) with GMs
of 499 ng·g−1, 276 ng·g−1 and 184 ng·g−1, respectively. The profiles of SPM-bound PAHs were primarily dom-
inated by low-ring PAHs ranging from56.0% to 97.1% (85.5%±7.7%,mean± standard deviation). Four diagnostic
ratios were applied for preliminary diagnoses, but inconsistent results were obtained in most samples. Ridge re-
gression was applied to ascertain the potential influences of different SPOM on SPM-bound PAHs. The results re-
vealed that the presence of SPM-bound PAHs was not only influenced by anthropogenic emissions, but also
associated with biogenic organic matter. Our results provided a higher explanation than those just preliminarily
estimated by total organic carbon (TOC). Nevertheless, there still exist over 50% of variance unexplained formost
PAHs, and further study could focus more on the information of SPOM structures and potential local effects.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a class of hydrophobic
organic contaminants (HOCs) and persistent toxic substances (PTSs) in
the environment (He et al., 2020a; Lo et al., 2019). They are detected in
almost every environmental media including atmosphere (Dat and
Chang, 2017), lithosphere (Wilcke, 2007), hydrosphere (He et al.,
2020b; Li et al., 2017), biosphere (Ke et al., 2017) and anthroposphere
(Gbeddy et al., 2020). Several decades ago, United States Environmental
Protection Agency (USEPA) listed 16 PAHs into “priority pollutants”
(Keith and Telliard, 1979). Currently, benzo[a]pyrene (BaP) is listed
into Group 1 Agents, dibenz[a,h]anthracene (DahA) and dibenzo[a,l]
pyrene (DalP) are categorized as Group 2A Agents, and dibenzo[a,i]
pyrene (DaiP), dibenzo[a,h]pyrene (DahP), indeno[1,2,3–cd]pyrene
(IcdP), benzo[c]phenanthrene (BcP), benzofluoranthenes, benzo[a]an-
thracene (BaA) and naphthalene (Nap) are included in Group 2BAgents
by International Agency for Research on Cancer (IARC, 2020). For lake
environment, the pandemic of PAHs has threatened the health of lake
ecosystem services and the closely related human sustainable develop-
ment (He et al., 2020a), and a great number of studies regarding their
occurrence, sources and toxicity in aquatic environments were
published.

In aquatic environments, suspended particulate matter (SPM) plays
a connective role in the water-sediment interaction and participates in
the multimedia transportation and transformation of trace organic pol-
lutants (Binding et al., 2010; He et al., 2017; Liu et al., 2016a). Currently,
there are abundant studies regarding SPM-bound PAHs in aquatic envi-
ronments. However, these studiesmainly focus on river and estuary en-
vironments (e.g.: Liu et al., 2016b, 2017a; Chen et al., 2018; Cardoso
et al., 2016; Li et al., 2020; Sousa et al., 2020; Zhang et al., 2017a; Hu
et al., 2017), and less attention is paid to lake environment (Niu and
van Gelder, 2020; Yang et al., 2019; He et al., 2020a). For large scale re-
search, there are only several studies reporting PAHs in water and sed-
iments of lake environment (Meng et al., 2019; Li et al., 2017; He et al.,
2020b), and no studies concerning the occurrence, compositions and
sources of SPM-bound PAHs to our best knowledge.

For the factors influencing the presence of PAHs in aquatic environ-
ments, total organic carbon (TOC) was regarded as the most important
one (Shi et al., 2007), and highly positive correlation was found be-
tween PAHs and TOC (Li et al., 2017; Han et al., 2015; Liu et al.,
2017b). However, TOC is a rough indicator that only reflects the appar-
ent content of organic matter. In natural environment, organic matter is
constituted by different sourceswith various structures (Ukalska-Jaruga
et al., 2019; Thieme et al., 2019). Recently, the compositions of
suspended organic matter (SPOM) in lake environment across China
were studied using n-alkane fingerprints (He et al., 2021a), but the po-
tential correlations between SPM-bound PAHs and different SPOM are
still unknown. Due to the important impacts of SPOM on the environ-
mental fate of HOCs, it is relevant to ascertain the potential PAHs-
SPOM correlations for precisely controlling the emissions of PAHs and
making sustainable management policies.

Therefore, the objectives of this study are (1) to investigate the oc-
currence, compositions and sources of SPM-bound PAHs in lakes and
reservoirs across China, and (2) to reveal the potential correlations be-
tween SPM-bound PAHs and different SPOM. It is expected this study
could fill the data gap on large-scale SPM-bound PAHs in lake environ-
ment and provide new insights into the potential PAHs-SPOM
correlations.

2. Methods and materials

2.1. Study area and sample collection

In current study, SPM samples were collected from 46 lakes and res-
ervoirs across China in 2014 (Fig. S1). 1 to 3 sampling sites per lake or
reservoir were designed, and totally 67 SPM samples were collected
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by filtering four-liter water through a glass fiber filter (GF/F). The sam-
ples share the same sampling dates and coordinates with our recent
studies (He et al., 2020b, 2021a), please see Table S1 and He et al.
(2020b, 2021a) for more details.

2.2. Chemical analysis

In this study, 21 PAHs, including Nap, acenaphthylene (Acy),
acenaphthene (Ace), fluorene (Flu), phenanthrene (Phe), anthracene
(Ant), fluoranthene (Fla), pyrene (Pyr), BaA, chrysene (Chr), benzo[b]
fluoranthene (BbF), benzo[k]fluoranthene (BkF), BaP, IcdP, DahA,
benzo[g,h,i]perylene (BghiP), benzo[e]pyrene (BeP), BcP, perylene
(Per), coronene (Cor) and retene (Ret), were concerned. According to
the number of aromatic rings, Nap, Acy, Ace, Flu, Phe, Ant, Fla and Ret
were categorized as low-ring PAHs, Pyr, BcP, BaA, Chr, BbF and BkF
were categorized as middle-ring PAHs, and the other species were cat-
egorized as high-ring PAHs (He et al., 2020a).

The related reagents and materials are all the same with our previ-
ous studies (He et al., 2020a, 2020b). The instrument, analysis proce-
dure and quantitation method of PAHs all followed our previous study
(He et al., 2020b). Besides, the quality control and quality assurance
(QC/QA) of chemical analysis also share the same criteria with our pre-
vious study (He et al., 2020a). Please see Text S1 for more information.
Due to the high volatility and air background of Nap, it was excluded
for analysis in this study.

2.3. Statistical analysis

Statistical analyses were all conducted on R 3.6.3 (R Core Team,
2020). In this study, the significant level was set at α=0.05. Data distri-
bution of individual PAHs was described by kurtosis and skewness, and
was tested by Shapiro-Wilk test, as presented in Table S2. According to
Table S2, 70% of specieswere lognormally distributed (p>0.05) and the
kurtosis and skewness values of the other species were greatly declined
after log10-transformation. Therefore, the statistics of the occurrence of
SPM-bound PAHs in lakes and reservoirs across Chinawere reported by
quartiles and geometric means (GMs). Linear discriminant analysis
(LDA), together with Scheirer-Ray-Hare (S-R-H) and Wilcoxon tests,
was conducted to explore potential differences of SPM-bound PAHs on
the dimensions of water depth and geographical location. To test the
potential factors influencing the presence of SPM-bound PAHs, linear
ridge regression was conducted by sacrificing partial fitting accuracy
for obtaining stable coefficients of collinearity independent variables
(Fig. S3; García et al., 2015; He et al., 2021b):

log10PAHi ¼ β0 þ
X4

k¼1

βk∙ log10Xk þ ε

where PAHi indicates the occurrence of individual PAH species i, β0

stands for the intercept without practical meaning, Xk denotes the
different SPOM from anthropogenic and biogenic sources represented
by anthropogenic n-alkanes, algae-derived n-alkanes, macrophyte-
derived n-alkanes and terrestrial plant-derived n-alkanes, respectively,
and the corresponding data was obtained from our recent publication
(He et al., 2021a).βk is the estimated coefficient of Xk. ε is the estimation
error.

3. Results and discussion

3.1. Occurrence of SPM-bound PAHs in lakes and reservoirs across China

The occurrence of SPM-bound PAHs in lakes and reservoirs across
China is summarized in Table 1. Σ20 individual PAHs were all detected
with detection frequencies ranging from 85% to 100%. The concentra-
tions of Σ20 PAHs ranged from 334 ng·g−1 (PYH-3) to 38427 ng·g−1

(DJH) with a GM of 3915 ng·g−1. The concentrations of the low-ring



Table 1
Summary of SPM-bound PAHs in lakes and reservoirs across China (N=67, unit: ng·g−1).

PAHs DF1 Range Statistics2

1st
quartile

Median 3rd
quartile

GM3

Acy 85% N.D.4 – 131 1.8 3.8 9.6 4.0
Ace 97% N.D. – 429 13.7 24.3 50.2 26.2
Flu 97% N.D. – 4057 147 242 519 276
Phe 100% 18.6–17,079 8723 1715 4396 1777
Ant 96% N.D. – 2110 22.1 79.5 307 73.8
Fla 100% 14.2–6755 217 514 1400 499
Ret 100% 4.2–6549 23.4 73.6 561 105
Σ7 PAHlow-ring 100% 293–28,038 1574 3645 8360 3334
Pyr 100% 10.6–4810 87.4 218 481 184
BcP 87% N.D. – 254 3.8 6.8 15.2 7.8
BaA 97% N.D. – 965 9.3 20.8 40.5 20.7
Chr 100% 2.7–1233 24.2 42.5 108 51.1
BbF 100% 3.4–1934 21.9 41.2 69.2 42.9
BkF 99% N.D. – 637 5.6 11.9 20.6 12.6
Σ6 PAHmiddle-ring 100% 18.8–8286 159 320 776 344
BeP 100% 0.72–1165 9.8 21.6 44.9 21.5
BaP 99% N.D. – 499 5.0 11.1 28.7 12.7
Per 87% N.D. – 257 1.2 6.7 16.1 4.3
IcdP 100% 2.5–1720 13.5 24.9 52.3 27.7
DahA 90% N.D. – 284 2.7 5.6 12.9 6.6
BghiP 97% N.D. – 1793 13.8 30.5 68.5 28.3
Cor 96% N.D. – 606 6.8 13.8 25.4 12.9
Σ7 PAHhigh-ring 100% 10.0–6114 62.3 120 235 126
Σ20 PAHs 100% 334–38,427 1850 4185 9753 3915

1 DF: detection frequency.
2 Reported values were calculated by removing N.D.
3 GM: geometric mean.
4 N.D.: not detected.

Fig. 1. Variations of SPM-bound PAHs in lakes and reservoirs across China. Linear discriminant
water depth groups. (a) Discriminant scores on LD1 and LD2. (b) Discriminant scores on LD1 a
(x + 1) concentrations in ng·g−1. Clustering method was “ward.D2”, clustering distance was m
Core Team, 2020). Groups: deep lakes to thewest of theHu Line (DW), deep lakes to the east of t
of the Hu Line (SE).
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PAHs (Σ7 PAHlow-ring), middle-ring PAHs (Σ6 PAHmiddle-ring) and high-
ring PAHs (Σ7 PAHhigh-ring) ranged from 293 to 28038 ng·g−1, from
18.8 to 8286 ng·g−1 and from 10.0 to 6114 ng·g−1 with GMs of
3334 ng·g−1, 344 ng·g−1 and 126 ng·g−1, respectively. Phe was inves-
tigated as the overwhelming species with a GM of 1777 ng·g−1, and
was followed by Fla, Flu and Pyr with GMs of 499 ng·g−1, 276 ng·g−1

and 184 ng·g−1, respectively (Table 1 and Fig. 1c). The other PAHs
were approximately one to three orders of magnitude lower than Phe
(Fig. 1c). The most abundant species of SPM-bound PAHs in this study
are different from those of dissolved PAHs in nationwide lakes and res-
ervoirs across China (He et al., 2020b), SPM-bound PAHs in Lake
Baiyangdian (Guo et al., 2011) and urbanized river network in Shanghai
(Bi et al., 2018), but similar to those of SPM-bound PAHs in Lake Chaohu
(He et al., 2020a).

The results in current study posed large variations of individual
SPM-bound PAHs (Table 1), implying potentially location- and water
depth-dependent differences since these lakes and reservoirs distrib-
uted nationwide with different water depths (He et al., 2021a). Here,
the investigated lakes and reservoirs were classified into four groups
based on their geographical locations and water depths: deep lakes to
the west of the Hu Line (DW), deep lakes to the east of the Hu Line
(DE), shallow lakes to the west of the Hu Line (SW) and shallow lakes
to the east of the Hu Line (SE) (He et al., 2021a). LDA was conducted
to explore potential differences. The discriminant scores of each sample
were shown in Fig. 1a and b, and the discriminant coefficients of each
PAH species were listed in Table S3. The variance was completely ex-
plained by LD1 (49.51%), LD2 (37.06%) and LD3 (13.43%), and SPM-
bound PAHs in DW, DE, SW and SE groups were well separated
(Fig. 1a and b). It illustrated the variation of SPM-bound PAHs in lakes
and reservoirs across China was mostly location- and water depth-
dependent. The occurrence of Σ20 SPM-bound PAHs in deep lakes and
reservoirs was significantly higher than that in shallow lakes (S-R-H
analysis (LDA) illustrated SPM-bound PAHs differed in different geographical location and
nd LD3. (c) Heatmap of the occurrence of SPM-bound PAHs. Color bar represents the log10
easured by “euclidean” in package “pheatmap” on the platform of R 3.6.3 (Kolde, 2019; R

heHuLine (DE), shallow lakes to thewest of theHu Line (SW) and shallow lakes to the east
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test, p < 0.001), especially for DE group (Wilcoxon test, p < 0.05,
Fig. S4). Although no obvious differences of Σ20 SPM-bound PAHs
were found between western and eastern lakes (S-R-H test, p =
0.383), most gasoline and diesel combustion-related middle- and
high-ring PAHs such as IcdP, BghiP, Cor, BbF and BkF (Qi et al., 2020;
He et al., 2020a) exhibited higher occurrences in eastern lakes, espe-
cially for DE group (Fig. 1c). It matches the patterns of high motor vehi-
cle population, dense railways and huge fuel combustion in eastern
China (Murphy, 2017).

Table 2 summarizes the occurrence of Σ16 USEPA priority SPM-
bound PAHs in global aquatic environments reported in recent years.
Comparing with other studies, the presence of PAHs in this study is at
a moderate level. It was higher than that in the estuary of Nanfei River
in Lake Chaohu, China (Liu et al., 2017a), the Paranaguá Estuarine Com-
plex in Brazil (Cardoso et al., 2016), Aurá River in Belém, Brazil (Sousa
et al., 2020) and the Huai River in China (Zhang et al., 2017a). DE
group poses the highest concentrations globally. Excluding DE group,
the other groups have similar concentrations of Σ16 USEPA priority
SPM-bound PAHs with Lake IJssel (Niu and van Gelder, 2020), Lake
Dianshan (Yang et al., 2019), Lake Chaohu (He et al., 2020a) and
Rhine and Elbe Rivers (Li et al., 2020), and show lower concentrations
compared to the Songhua River Basin (Hu et al., 2017), anthropogenic
Yangtze estuary (Chen et al., 2018) and the urbanized river network
in the metropolis of Shanghai (Liu et al., 2016b).
3.2. PAH profiles

The profiles of SPM-bound PAHs in different lakes and reservoirs
across China were exhibited in Fig. 2. Σ20 PAHs in this study were pri-
marily dominated by low-ring PAHs. The fractions of low-, middle-
and high-ring PAHs ranged from 56.0% to 97.1% (85.5% ± 7.7%, mean±
standard deviation (S.D.)), from 2.5% to 21.6% (9.5% ± 4.0%) and from
0.4% to 23.6% (4.9%± 4.5%), respectively. There were no obvious differ-
ences among different lake groups (Fig. S5). The pattern of PAH profiles
in SPM phase is similar to the dissolved phase (He et al., 2020b). Com-
paring with other studies (Fig. 2), our results are more similar to the
PAHprofiles reported in the highly urbanizedMaozhou River, Shenzhen
(Zhang et al., 2017b), the regions relatively far away frommetropolitan
cities with less anthropogenic activities like Daliao River Estuary (Men
et al., 2009) and the drinking water source area of Pearl River Delta
(Yu et al., 2018). Notably, our results quite differed from the PAH
Table 2
Global comparison for Σ16 USEPA priority SPM-bound PAHs in aquatic environments (unit: μg

Environment Name Location Samp

Lake Lake IJssel The Netherlands 2000–
Lake Chaohu Anhui, China 2011–
Lake Dianshan Shanghai, China Four s
DW China 2014
DE China 2014
SW China 2014
SE China 2014

Estuary Nanfei River in Lake Chaohu Hefei, Anhui, China 2014,
Main rivers of Lake Chaohu Anhui, China 2011–
Yangtze estuary Shanghai, China 2015–
Paranaguá Estuarine Complex Brazil Febru

River Rhine River Germany and the Netherlands 1998–
Elbe River Germany 1998–
Aurá River Belém, Brazil Octob
Huai River China Augus
Songhua River Basin China July 2
Urbanized river network Shanghai, China Janua

Abbreviations: DW - deep lakes to thewest of the Hu Line, DE - deep lakes to the east of the Hu
Line.

a Number of sampling sites.
b Data was reported as average with range.
c <LOQ means below limit of quantification.
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profiles reported in the regions with highly anthropogenic activities
such as Lake IJssel in theNetherlands (Niu and vanGelder, 2020), Nanfei
River Estuary in Lake Chaohu (Liu et al., 2017a), Rhine River (Li et al.,
2020), Elbe River in Germany (Li et al., 2020), Salt River in Taiwan
(Chen et al., 2020) and the highly urbanized river network in themetro-
politan Shanghai (Bi et al., 2018).
3.3. Diagnostic ratios

The diagnostic ratios were commonly conducted for source appor-
tionment of PAHs in various environments (Tobiszewski and
Namieśnik,2012). In this study, thediagnostic ratios ofBaA/(BaA+Chr),
Ant/(Ant + Phe), Fla/(Fla + Pyr) and IcdP/(IcdP+ BghiP) were applied
for preliminary diagnoses with ranges of 0–0.53, 0–0.67, 0.48–0.95 and
0.19–1, respectively (Fig. 3). Statistically, 22%, 24% and 54% of BaA/
(BaA + Chr) ratios were investigated as below 0.2, above 0.35 and be-
tween 0.2 and 0.35, indicating the diagnoses of petroleum, combustion
andmixed sources, respectively (Zheng et al., 2014). 94% of Ant/(Ant +
Phe) ratios were calculated as below 0.1, demonstrating the petroleum
source (Pies et al., 2008). For Fla/(Fla + Pyr) ratios, almost all samples
(65 in 67) were diagnosed as the source of grass, wood and coal com-
bustion (> 0.5), whereas only 37% of themwere regarded as the source
of grass, wood and coal combustion (> 0.5) and 61% of themwere iden-
tified as the source of liquid fossil fuel combustion (0.2–0.5) by IcdP/
(IcdP+BghiP) (He et al., 2020a; Yunker et al., 2002a, 2002b).Moreover,
itwas found only 37% and 24%of the results of BaA/(BaA+Chr) and Fla/
(Fla+Pyr)were not in conflictwith those of Ant/(Ant+Phe) and IcdP/
(IcdP+BghiP), respectively. The consistent results for the four diagnos-
tic ratios were only found in Lake Liangzi (LZH) and LakeWabu (WBH).

Comparing to other studies (e.g.: He et al., 2020a; Liu et al., 2017a; Bi
et al., 2018; Yu et al., 2018), the inconsistent results of different diagnos-
tic ratios are a common issue. Itmight be ascribed to themixture ofmul-
tiple sources of SPM-bound PAHs such as atmospheric deposition,
surface runoff, and sedimentary resuspension with different profiles
(Men et al., 2009; Chen et al., 2020), and themixture of similar diagnos-
tic ratios for different emission sources could also result in this inconsis-
tent phenomenon (Wang et al., 2020). In addition, the incoordinate
variations of different isomers from source to sink could also interfere
with the consistency of diagnostic ratios (Yunker et al., 2002b). Further-
more, in lake environment, the differentiated biogenic effects, such as
algae biological pump effect (He et al., 2021b), on different SPM-
·g−1).

ling time Na Statisticsb References

2010, monthly 8 3.58 (0.76–9.66) Niu and van Gelder, 2020
2012, seasonally 20 3.65 (1.54–12.7) He et al., 2020a
easons, 2016 11 3.42 (2.81–4.13) Yang et al., 2019

8 3.52 (0.83–8.21) This study
15 16.6 (2.04–40.1) This study
7 5.69 (1.32–10.6) This study
37 4.72 (0.35–19.3) This study

monthly 1 2.60 (1.02–5.08) Liu et al., 2017a
2012, seasonally 10 5.75 (1.66–17.4) He et al., 2020a
2016, seasonally 11 8.92 (0.84–31.2) Chen et al., 2018
ary 2012 15 1.38 (0.39–4.16) Cardoso et al., 2016
2017, every 14 to 28 days 8 5.73 (1.75–34.2) Li et al., 2020
2017, every 14 to 28 days 11 4.99 (0.05–15.1) Li et al., 2020
er 2017 and April 2018 10 0.96 (<LOQc – 2.87) Sousa et al., 2020
t 2015 28 3.19 (2.05–5.04) Zhang et al., 2017a
010 48 8.38 (0.3–109.7) Hu et al., 2017
ry and July 2015 47 9.31 (2.93–38.0) Liu et al., 2016b

Line, SW - shallow lakes to thewest of the Hu Line, SE - shallow lakes to the east of the Hu



Fig. 2. The profiles of SPM-bound PAHs in different lakes and reservoirs across China and different aquatic environments globally. Hexagon represents the statistics of profiles of SPM-
bound PAHs in current study, the color corresponds to the number of samples in each hexagon. The text of number label denotes PAH profiles in global references. 1 – Lake IJssel in
the Netherlands (Niu and van Gelder, 2020), 2 – Lake Chaohu in China (He et al., 2020a), 3 – Estuaries of main rivers in Lake Chaohu (He et al., 2020a), 4 – Nanfei River Estuary in
Lake Chaohu (Liu et al., 2017a), 5 – Daliao River Estuary in northern China (Men et al., 2009), 6 – Drinking water source area of Pearl River Delta in southern China (Yu et al., 2018),
7 – Rhine River (Li et al., 2020), 8 – Elbe River in Germany (Li et al., 2020), 9 – Salt River in Taiwan (Chen et al., 2020), 10 – Urbanized river network in Shanghai (Bi et al., 2018), 11 –
Maozhou River in Shenzhen (Zhang et al., 2017b).
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bound PAHs could also lead to the inconsistent results. Therefore, it is
necessary to introduce correction factors to get more robust diagnoses.
Nevertheless, the technique of diagnostic ratios is still a useful tool for
preliminary diagnose (Tobiszewski and Namieśnik, 2012).

3.4. Influencing factors

In current study, the influences of SPOMwith different sources on
the presence of SPM-bound PAHs in lakes and reservoirs across
China were analyzed by ridge regression. The ridge traces and se-
lected ridge parameters λ for each individual PAHs were shown in
Fig. S6, the coefficients of n-alkanes with different sources and
their significances were illustrated in Fig. 4a, and the explained var-
iances of regression by ridge regression and ordinary least squares
Fig. 3.Diagnostic ratios of SPM-bound PAHs in lakes and reservoirs across China for source appo
grass, wood and coal.
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(OLS) were presented in Fig. 4b. Comparing to OLS, under selected
ridge parameters λ, the estimations of each independent variable
tend to be stable and the explained variances for each individual
PAHs just slightly decreased (Fig. S6 and Fig. 4b), indicating a satisfy-
ing performance of ridge regression.

The results posed significantly positive correlations between an-
thropogenic n-alkanes and all SPM-bound PAHs excluding Per with
estimated regression coefficients ranging from 0.11 to 0.42
(p< 0.05). It demonstrated that SPM-bound PAHs in lakes and reser-
voirs across China were highly associated with anthropogenic emis-
sions (He et al., 2020a, 2021b). Significantly positive coefficients of
algae-derived n-alkanes were estimated only for most low-ring in-
cluding Acy, Ace, Flu, Phe and Ant, and the high-ring PAHs of IcdP,
DahA and BghiP (p < 0.05), reflecting the apparent algae biological
rtionment. C1 indicates the combustion of liquid fossil fuel, C2 indicates the combustion of



Fig. 4. The influences of different suspended particulate organic matter (SPOM) on the presence of SPM-bound PAHs in lakes and reservoirs across China. (a) Estimated coefficients of dif-
ferent SPOM. Color bar corresponds to the estimated values by ridge regression, solid points represent the estimated coefficients are significant (p< 0.05) while hollow points represent
insignificant (p > 0.05). Point sizes are quantified by -log10(p value). (b) Explained variances for each PAHs using ridge regression (RR) and ordinary least squares (OLS).
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pump effect (He et al., 2021b). Moreover, significantly positive coef-
ficients of macrophyte-derived n-alkanes were estimated for some
low-ring and middle-ring PAHs containing Acy, Ant, Fla, Ret, Pyr,
BcP and Chr (p < 0.05). As for terrestrial plant-derived n-alkanes,
significantly positive coefficients were found for low-ring and
middle-ring PAHs as well as BaP (p < 0.05). On the one hand, a pos-
sible explanation could be the existence of plant-derived organic
matter increased the hydrophobic adsorption capacity to PAHs and
resulted in their high residual level in SPM. On the other hand, it
probably indicated part of SPM-bound PAHs were co-transported
with terrestrial plant-derived SPOM. PAHs can be adsorbed and ac-
cumulated by plant leaves (Tian et al., 2019; Yin et al., 2020), and
therefore might be transported to the lake environment via leaf
wax abrasion (Baker and Hunt, 1986; Jiang et al., 2020). Overall,
our results revealed that the presence of SPM-bound PAHs was not
only influenced by anthropogenic emissions, but also associated
with biogenic organic matter (Fig. 4a).

In current study, the explained variance for each individual PAHs
estimated via different n-alkanes just ranged from 0.01 for Per to
0.65 for Fla with an average of 0.35 (Fig. 4b). Comparing to other
studies in aquatic environments, our results provide a higher expla-
nation than that just preliminarily estimated by TOC (Li et al., 2017;
Han et al., 2015; Liu et al., 2017b). Nevertheless, there still exist over
50% of variance unexplained for most PAHs that need further in-
depth studies. On the one hand, we employed specific n-alkanes to
characterize different SPOM, whereas the structures and composi-
tions of SPOM were not reflected, and the impacts of their interac-
tions on SPM-bound PAHs were also neglected. However, different
compositions and molecular structures of organic matter showed
different adsorption capacity to PAHs (Ukalska-Jaruga et al., 2019;
Gauthier et al., 1987). Therefore, the higher unexplained variance
might be ascribed to this intrinsic insufficiency. On the other hand,
our model is a global model using all samples for regression. How-
ever, the investigated lakes and reservoirs distributed across China
with disparate geographical and socioeconomical properties (Li
et al., 2017; He et al., 2021a; Murphy, 2017). The correlations of an-
thropogenic emissions and biogenic organic matter might be
location-dependent. Hence, a geographically weighted regression
(GWR) model could probably be applied to elevate the explanations
6

of SPM-bound PAHs by collecting more samples in future study, and
to ascertain the potential local effects.

4. Conclusion

This study investigated the occurrence, compositions and sources of
SPM-bound PAHs in 46 lakes and reservoirs across China and
ascertained the correlations of different SPOM with SPM-bound PAHs
for the first time. SPM-bound PAHs in current study were at a moderate
level with large variations, which were associated with location and
water depth. The profiles of SPM-bound PAHs were primarily domi-
nated by low-ring PAHs. The diagnostic ratios of BaA/(BaA + Chr),
Ant/(Ant + Phe), Fla/(Fla + Pyr) and IcdP/(IcdP+ BghiP) were applied
for preliminary diagnoses, but inconsistent results were obtained in
most samples. Ridge regression revealed that the presence of SPM-
bound PAHs was not only influenced by anthropogenic emissions, but
also associated with biogenic organic matter.
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