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Suspended particulate organicmatter (SPOM) plays a connective role in global biogeochemical carbon cycles and
energy flows in aquatic ecosystems. However, little is known about the occurrence and source of SPOM in lake
environment and their driving factors across nationwide scale. Here, we utilize the molecular markers of n-
alkanes and their fingerprints in 46 typical lakes and reservoirs with different water depths across China from
both sides of the Hu Line to study this issue. Σ29 n-alkanes, Σ biogenic n-alkanes and Σ anthropogenic
n-alkanes ranged from 104.8 to 10332 ng·L−1, from 88.5 to 4843 ng·L−1, and from 16.2 to 5488 ng·L−1, respec-
tively. Their occurrences were only associated with water depth. Then, we compared the differences of carbon-
chain distribution of both biogenic and anthropogenic n-alkanes and related proxies in different lake groups.
The profiles of different biogenic and anthropogenic n-alkanes posed large differences in different lake groups.
Finally, linear discriminant analysis (LDA) was applied to test the possible effects of geographical location and
water depth on the holistic differences of SPOM in different lakes and reservoirs across China. The results illus-
trated that both geographical location andwater depthwere important driving factors for the holistic differences
of SPOM in different lakes and reservoirs across China. Intensive anthropogenic activities narrowed the differ-
ences between shallow and deep lakes in eastern China. In conclusion, this study provided new insights into
the driving factor analysis of SPOM in lakes and reservoirs on large scale.
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1. Introduction

Suspended particulate organic matter (SPOM), constituted by both
biogenic and anthropogenic sections, plays a connective role in global
biogeochemical carbon cycles and is closely relatedwith climate change
(Schneider et al., 2003; Tranvik et al., 2009; Derrien et al., 2019). It is
also an important carbon source of organisms with different tropical
levels in aquatic environments (Grey et al., 2001; Santana et al., 2020).
Moreover, SPOM exhibits highly interactions with aquatic algae and
bacteria (Piirsoo et al., 2018; Boeuf et al., 2019), posing significant ef-
fects on the element cycles and energy flows in aquatic ecosystems
(Bartl et al., 2019). In addition, SPOM could also alter the solubility, tox-
icity, bioavailability and environmental fate of micropollutants via ad-
sorption and catalysis (Derrien et al., 2017; Guo et al., 2010; Pi et al.,
2018). Therefore, the analysis of SPOM has been a research hotspot in
recent years (Derrien et al., 2019). Its structure characterization and
source apportionment can provide significant relevance of in-depth un-
derstanding of human-environment interactions and sustainable regu-
lation of anthropogenic activities.

Owing to the extreme complexity of SPOM, all-around in-depth
analysis of SPOM is almost impossible (Derrien et al., 2019). To date,
many approaches such as stable isotope ratios (Berto et al., 2013;
Cooper et al., 2015; Liu et al., 2012; Li et al., 2020), optical properties
(Sagan and Darecki, 2018; Lü et al., 2019), mass spectrometry (Ohno
et al., 2010), nuclear magnetic resonance (Zhong et al., 2011), polarity
features (Liu et al., 2019) and molecular markers (He et al., 2020a)
have been developed to analyze the structures and sources of SPOM
from different aspects. Among them, molecular marker approach is a
mature and powerful technique to identify the sources of SPOM in
aquatic environments, particularly for lipid marker technique (Derrien
et al., 2017). As a class of lipid markers, n-alkanes are widely applied
for source apportionment of organic matter to reconstruct the environ-
mental changes due to their high environmental stability and specific
indication of their carbon-chain distributions (Derrien et al., 2017,
2019; He et al., 2020a; He, 2020). Many useful n-alkane-based proxies,
such as carbon preference index (CPI) (Simoneit, 1989), terrigenous-
to-aquatic ratio (TARHC) (Bourbonniere and Meyers, 1996), Paq
(Ficken et al., 2000), average chain length (ACL) (Sikes et al., 2009; He
et al., 2020a), the proportion of plant wax (%WNA) (Mille et al., 2007)
and natural n-alkane ratio (NAR) (Yadav et al., 2013), were proposed
and applied in succession to indicate different biogenic and anthropo-
genic sources of organic matter. Recently, we proposed a novel ap-
proach for the source apportionment of SPOM under mixed scenario
using n-alkane fingerprints, and successfully revealed the spatiotempo-
ral dynamics of both biogenic and anthropogenic SPOM in Lake Chaohu,
China (He et al., 2020a; He, 2020). Therefore, the latest molecular
marker technique of n-alkanes can distinguish different biogenic and
anthropogenic sources of SPOM including algae, macrophytes, terres-
trial plants, light petroleum and heavy oils/incomplete fossil fuel burn-
ing (He et al., 2020a).

As a part of the Earth's Critical Zone, lakes provide irreplaceable eco-
system service functions for their catchments and high ecosystem ser-
vice values for humanity (Mueller et al., 2016; Reynaud and
Lanzanova, 2017; Lü et al., 2018; Sterner et al., 2020).With the rapid de-
velopment of socio-economy in the past several decades, anthropogenic
activities have resulted in distinctly regime shifts of lake environment,
and the compositions of organic matter have also changed (Kong
et al., 2017). Currently, SPOM has been well studied in several lakes
such as Lake Taihu (Niu et al., 2017; Xu et al., 2019; Lu et al., 2019; Li
et al., 2020), Lake Poyang (Wang et al., 2014), Lake Victoria (Ngugi
et al., 2017), Lake Vortsjarv (Piirsoo et al., 2018), Lake Superior
(Halfon, 1984; Zigah et al., 2012; Li and Minor, 2015), Lake Bled
(Petrisic and Ogrinc, 2013) and Lake Biwa (Ock and Takemon, 2010).
Moreover, meta-analyses indicated that latitude, lake size and nutrient
status driven the global pattern of stable isotopes of SPOM in global
and regional lakes (Liu et al., 2012; Gu et al., 2011; Gu, 2009; Gu and
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Schelske, 2010). However, to our best knowledge, there is a lack of na-
tionwide research about the occurrence and source of SPOM in lake en-
vironment, and their driving factors still remain an issue concomitantly.
Itwas reported that the quality of sedimentary organicmatterwas asso-
ciated with water depth (Suess, 1980; Torres et al., 2011; Smith et al.,
2015). A recent investigation onAntarctic lakes showed that the sources
of sedimentary organic matter varied in different lakes with disparate
water depths and geographical locations (Carrizo et al., 2019). Consider-
ing sedimentary organic matter is associated with SPOM in aquatic en-
vironments (Suess, 1980; Smith et al., 2015), we hypothesize that
geographical location andwater depth are also the potential driving fac-
tors for SPOM in lake environment accordingly.

In China, there are over 275,000 lakes and reservoirs covering ap-
proximately 1.2% of territorial land surface, over 0.36% of them with
area larger than 10 km2 accounted for about 78% of the total area and
contributed to near 72% of the total capacity (Yang and Lu, 2015).
These lakes and reservoirs located in the different lake zones in China
with various water depths, providing great services of domestic water
support, local climate regulation and sewage receiving, especially for
the lakes in eastern China (He et al., 2020b; Ma et al., 2011). Therefore,
lakes in China provide us a great opportunity to reveal the occurrence
and source of SPOM in lake environment and their driving factors across
large geographical scale. Interestingly, China exists an imaginary line,
the Hu Line (Heihe-Tengchong Line), dividing China into two disparate
parts (Fig. 1). The part to the west of the Hu Line is less developed with
low population density and less precipitation, the lakes are dominated
by deep plateau lakes with less anthropogenic effects; the part to the
east of the Hu Line is well developed with high population density
and abundant precipitation, the lakes are dominated by shallow natural
lakes and deep reservoirs with more anthropogenic effects (Ma et al.,
2011; Yang and Lu, 2015; Murphy, 2017). In this study, we use the mo-
lecular markers of n-alkanes and their fingerprints in 46 typical lakes
and reservoirs with different water depths across China from both
sides of the Hu Line to reconstruct the occurrence and source of SPOM
and reveal the potential driving factors. Here, we test the hypotheses
that: (1) the characteristics of SPOM in lakes and reservoirs at the two
sides of the Hu Line are disparate, and (2) the characteristics of SPOM
in deep and shallow lakes are also different. It is expected that this
study could give new insights into the driving factor analysis of SPOM
in lakes and reservoirs on large scale.

2. Methods and materials

2.1. Study area and sample collection

In current study, n-alkanes were measured to reveal the differences
of SPOM in 46 lakes and reservoirs in China (Fig. 1). Among them, 10
lakes are located to the west of the Hu Line, and 36 lakes are located
to the east of the Hu Line. Here, we defined 10 m of average water
depth as the threshold of shallow and deep lakes. Concomitantly, 16
lakes belong to deep lakes and the others pertain to shallow lakes.
Please see Table S1 and Fig. 1 formore information about lake classifica-
tion. For each lake, 1 to 3 sampling sites were designed, and totally 67
SPOM samples were collected by filtering four-liter water through a
glass fiber filter (GFF, baked at 450 °C for 6 h). Then, the GFFs were
dried at room temperature, packed in aluminum foil, carried back to
the laboratory and conserved in a desiccator before analysis. The coordi-
nates of the sampling sites and dates of samplingwere listed in Table S1.
We collected the SPOM samples during June 29th to October 26th in
2014 (mainly from the mid-July to early October for most samples).

2.2. Reagents and chemical analysis

Organic solvents including hexanes (HEX), dichloromethane (DCM)
and acetone (ACE), solid chemicals including anhydrous sodium sulfate,
Florisil, silica and alumina, and glassware were employed for the



Fig. 1. Distributions and classifications of the 46 investigated lakes in China. Please see Table S1 for the full names of lake abbreviations.
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extraction and clean-up of target compounds. Their pretreatmentswere
clearly described in our previous study (He et al., 2020a).

29 n-alkanes (C10 to C38, o2si, USA)were concerned in current study.
N-hexadecane-d34 and n-triacontane-d62were used as surrogate stan-
dards (SS) and n-tetracosane-d50 was applied as the internal standard
(IS) (He et al., 2020a). The extraction and instrument analysis followed
the same procedures with our previous study (He et al., 2020a).

2.3. Quality control and quality assurance (QC/QA)

QC/QA shares the same criteria with our previous study (He et al.,
2020a). Solvent blank tests showed no target compoundswere detected
in HEX, DCM and ACE. The R-square values of the linear calibration
curves for each compound were all over 0.985. During pretreatment, 5
blank GFFs per batch (Σ 40 samples include blanks)were set as negative
control. HEX blank was injected when 10 samples were analyzed in
order to remove strong-retained residues asmuch as possible. Standard
mixture of 200 ng·mL−1 was tested when 20 samples were analyzed.
The total ion chromatographs (TICs) of n-alkanes were highly overlaid
(Fig. S1). The recoveries of SS were 47.1% ± 5.5% and 73.4% ± 9.2% for
n-hexadecane-d34 and n-triacontane-d62, respectively. Moreover, the
tolerance of retention time drift for target compound confirmation
was set as 0.010 min, and the chromatography peak was integrated
when the signal-to-noise (S/N) ratio was ≥ 3. Hence, it will be highly
confident that our quantitative results were reliable and comparable.

2.4. Data processing

In this study, we employed multiple indicators to quantify n-alkane
fingerprints for the source apportionment of SPOM in lake environment
across China. CPIs in different carbon-chain ranges (including CPI10–20,
CPI21–38 and CPI10–38)were calculated to preliminarily evaluate the con-
tributions of biogenic and anthropogenic SPOM (He et al., 2020a;
Derrien et al., 2019). Biogenic and anthropogenic n-alkanes were iso-
lated by subtraction following the precondition of CPI close to unity
for anthropogenic n-alkanes (He et al., 2020a; Górka et al., 2014), and
3

the ratio of biogenic-to-anthropogenic n-alkanes (B/A) was calculated
concomitantly. Then, multiple proxies of both biogenic and anthropo-
genic n-alkanes were evaluated following our recent methodology sys-
tem (Heet al., 2020a; He, 2020). The proxies of anthropogenic n-alkanes
include the ratio of unit short- to long‑carbon anthropogenic n-alkanes
(L/H) and anthropogenic ACL (ACLanthro) (He et al., 2020a). The proxies
of biogenic n-alkanes contain the x/(1 + x) transformations of TARHC,
algae-to-plant ratio (APR), ratio of aquatic algae- and bacteria-derived
n-alkanes to aquatic macrophyte-derived n-alkanes (AAB/AM), alkane
index (AI) (B1, B2, B3 and B4, respectively), biogenic ACL (ACLbio) and
Paq (He et al., 2020a; Ficken et al., 2000). Here, the total concentrations
of short- and long‑carbon anthropogenic n-alkanes (A1 and A2, respec-
tively) and the total biogenic n-alkane concentrations of algae (biogenic
C17),macrophyte (biogenic C21+ C23+ C25) and terrestrial plants (bio-
genic C27 + C29 + C31) were also calculated (He et al., 2020a).

To test the possible effects of geographical location and water depth
on the holistic differences of SPOM in lake environment, a supervised
learning technique, linear discriminant analysis (LDA), was carried out
involving the 17 indicators mentioned above (A1, A2, B1, B2, B3, B4,
ACLanthro, ACLbio, Paq, L/H, algae-derived n-alkane, macrophyte-derived
n-alkanes, terrestrial plant-derived n-alkanes, B/A, CPI10–20, CPI21–38
and CPI10–38). The grouping variable of LDA was comprised of four fac-
tors: deep lake to the west of the Hu Line (DW), deep lake to the east
of the Hu Line (DE), shallow lake to the west of the Hu Line (SW) and
shallow lake to the east of the Hu Line (SE). For each indicator, a two-
way nonparametric factorial analysis, Scheirer-Ray-Hare (S-R-H) test,
was employed to test the effects of geographical location, water depth
and their possible interaction.

2.5. Statistical analysis

Statistical analyses were all conducted on R 3.6.3 (R Core Team,
2020). n-Alkanes and their proxies were calculated using R package
“alkanesR” (He, 2020). S-R-H testwas run using R package “rcompanion”
(Mangiafico, 2020). Here, the significant levels are set at α1 = 0.05,
α2 = 0.01 and α3 = 0.001, respectively. LDA was performed using R
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packages “MASS” (Venables and Ripley, 2002). To obey the precondition
ofmultinormal distribution, the logarithms of A1, A2, B/A, algae-derived
n-alkane, macrophyte-derived n-alkanes and terrestrial plant-derived
n-alkanes, L/H and CPIs were applied for LDA, and all variables were
scaled and centered before LDA using “scale” function in R package
“base” (R Core Team, 2020).
3. Results and discussion

3.1. Characteristics of n-alkanes

The preliminary characteristics of n-alkanes in different lakes across
China were shown in Table 1 and Fig. S2. Σ29 n-alkanes ranged from
104.8 to 10332 ng·L−1 with a median of 531.7 ng·L−1. CPI10–38, CPI10–
20 and CPI21–38 ranged from 1.10 to 5.01, from 0.05 to 15.23 and from
1.13 to 4.10 with medians of 1.72, 1.77 and 1.51, respectively. Statisti-
cally, CPIs in different carbon-chain ranges of over 70% samples were
< 3, indicating SPOM in lakes and reservoirs across China were consti-
tuted by both anthropogenic and biogenic sources (He et al., 2020a;
Górka et al., 2014). Hence, biogenic and anthropogenic n-alkanes were
isolated by subtraction following the precondition of CPI close to unity
for anthropogenic source (He et al., 2020a; Kang et al., 2020). Overall,
Σ anthropogenic n-alkanes ranged from 88.5 to 4843 ng·L−1 with ame-
dian of 417.4 ng·L−1, while Σ biogenic n-alkanes ranged from 16.2 to
5488 ng·L−1 with a median of 147.9 ng·L−1. B/A ranged from 0.06 to
1.86 with a median of 0.34.

S-R-H test showed that the differences of Σ29 n-alkanes, Σ biogenic
n-alkanes, Σ anthropogenic n-alkanes, B/A and CPI10–38 at different clas-
sification groups were only associated with water depth (p < 0.001),
and geographical location exhibited no significant effect on these indi-
cators (p > 0.54). Statistically, the occurrences of Σ29 n-alkanes, Σ bio-
genic n-alkanes and Σ anthropogenic n-alkanes in deep lakes were all
lower than those in shallow lakes, and same pattern for both B/A and
CPI10–38 (Table 1 and Fig. S2). It was probably related to the apparent
particle settling flux differences between deep and shallow lakes. Due
to the sufficientwater depth for deep lakes, the existence of thermocline
and the limited effects of allochthonous disturbances such aswind forc-
ing may lead to a large organic carbon burial in lacustrine sediments
(Smith et al., 2015). Whereas, the resuspension of lacustrine sediments
in shallow lakes might result in a high occurrence of SPOM in water
body (Qin et al., 2004).

Different from CPI10–38, the values of CPI10–20 and CPI21–38 depended
on both geographical location (p < 0.05) and water depth (p < 0.01),
but the differences on the dimension of water depth were more obvi-
ous. Shallow lakes, particularly SE lakes, posed higher CPI10–20 values
than deep lakes, while the lakes to the west of the Hu Line, especially
SW lakes, exhibited higher CPI21–38 values than the lakes to the east of
the Hu Line (Table 1 and Fig. S2). It implies that more specific composi-
tions of SPOM in different lake groups is differentiated, and therefore re-
quires further in-depth analyses.
Table 1
Summary of total n-alkanes, biogenic n-alkanes and anthropogenic n-alkanes.

Parameter Unit Classification a

DE (Nb = 15) DW (N = 8)

Σ29 n-alkanes ng·L−1 353.1 (171.2–759.2)c 497.5 (104.8–10
Σ anthropogenic n-alkanes ng·L−1 307.6 (112.4–669.0) 403.1 (88.5–815
Σ biogenic n-alkanes ng·L−1 47.3 (20.8–109.2) 109.6 (16.2–612
B/A Unitless 0.16 (0.06–0.52) 0.24 (0.09–1.41
CPI10–38 Unitless 1.32 (1.10–2.07) 1.42 (1.23–4.00
CPI10–20 Unitless 1.09 (0.28–3.30) 0.66 (0.05–1.11
CPI21–38 Unitless 1.31 (1.13–2.13) 1.67 (1.18–4.10

a DE: deep lakes to the east of the Hu Line, DW: deep lakes to the west of the Hu Line, SE: s
b Number of SPOM samples.
c All statistics are presented in median with range.
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3.2. Biogenic n-alkanes

Subtracted biogenic n-alkaneswere applied to reveal the SPOM from
biogenic sources including algae,macrophytes and terrestrial plants (He
et al., 2020a). The characteristics of biogenic n-alkanes in different lakes
across China were shown in Table 2 and Fig. S3. The occurrences of dif-
ferent biogenic n-alkanes across nationwide lakes and reservoirs in
China posed large differences ranging from 0 to 5164 ng·L−1 (median:
43.6 ng·L−1), from 0.65 to 156.0 ng·L−1 (median: 19.2 ng·L−1) and
from 10.6 to 482.5 ng·L−1 (median: 40.6 ng·L−1), respectively for the
sources of algae, macrophytes and terrestrial plants. S-R-H tests illus-
trated a significant water depth-dependent difference for the occur-
rence of biogenic n-alkanes from all the three sources (p < 0.05).
There were no significantly relevant geographical location-associated
differences for algae- and terrestrial plant-derived n-alkanes
(p > 0.07), but macrophyte-derived n-alkanes showed significant dif-
ferences on disparate geographical locations (p < 0.05). Statistically,
the occurrences of algae- and macrophyte-derived n-alkanes in deep
lakes and reservoirs were all lower than those in shallow lakes, and
the highest algae- andmacrophyte-derived n-alkaneswere respectively
found at SE and SWclassification groups (Table 2 and Fig. S3). However,
there were no significant differences of terrestrial plant-derived n-
alkanes among all classification groups excluding DW (Fig. S3). DW
lakes posed the lowest occurrence of terrestrial plant-derived n-
alkanes. These results showed similar pattern with Σ biogenic n-
alkanes.

The profiles of biogenic n-alkanes in different lakes and reservoirs
were presented in Fig. 2a. In theory, there are seven scenarios for bio-
genic SPOM (Fig. S4), and six of them are investigated in this study.
The mixed scenario of algae and macrophytes contains no samples. It
is probably ascribed to the replacement of macrophytes by algae in cur-
rent lake environment (Chang et al., 2020).With the rapid development
of national economy in the past 40 years, most lakes in China gradually
became eutrophicated in 1980s and the occurrence of algae bloomswas
gradually frequent (Le et al., 2010). Meanwhile, artificial regulation of
water level via the construction of waterlocks elevated the annual
water levels, also suppressing the preference of macrophytes (Zhao
et al., 2012). The algae blooms and the loss of macrophytes preference
ultimately resulted in a sudden transition of lake ecological structure
(Kong et al., 2017). Now, algae bloomshave been a serious environmen-
tal problem in China, especially in the east regions (Jin et al., 2005).
Therefore, it was rational that no co-preference of algae- and
macrophyte-derived SPOMwas observed. In current study, the propor-
tions ofmacrophyte-derivedn-alkanes inmost sampleswere under 30%
(Fig. 2a). Fig. 2b to Fig. 2g show the carbon-chain distributions of typical
biogenic source scenarios of terrestrial plants dominance, algae domi-
nance, macrophytes dominance, the mixture of macrophytes and ter-
restrial plants, the mixture of algae and terrestrial plants, and the
mixture of all the three sources, respectively. The scenario of algae dom-
inancewasmainly constituted by SE lakes, and the scenario of terrestrial
plants dominance was mainly composed by deep lakes and reservoirs.
Total (N = 67)

SE (N = 37) SW (N = 7)

46) 842.5 (184.2–10,332) 517.5 (397.2–1488) 531.7 (104.8–10,332)
.8) 502.0 (121.7–4843) 456.4 (217.9–947.2) 417.4 (88.5–4843)
.3) 283.6 (33.9–5488) 182.2 (51.0–715.6) 147.9 (16.2–5488)
) 0.45 (0.12–1.86) 0.65 (0.11–1.17) 0.34 (0.06–1.86)
) 2.00 (1.23–5.01) 2.33 (1.25–3.38) 1.72 (1.10–5.01)
) 2.91 (1.04–15.23) 2.13 (0.60–3.95) 1.77 (0.05–15.23)
) 1.58 (1.19–2.43) 2.59 (1.25–2.96) 1.51 (1.13–4.10)

hallow lakes to the east of the Hu Line, SW: shallow lakes to the west of the Hu Line.



Table 2
Summary of biogenic n-alkanes and related proxies.

Parameter Unit Classification a Total (N = 67)

DE (Nb = 15) DW (N = 8) SE (N = 37) SW (N = 7)

Algaec ng·L−1 4.0 (0–64.21)d 0 (0–3.33) 117.8 (0–5167) 22.34 (2.05–357.7) 43.6 (0–5164)
Macrophytese ng·L−1 12.2 (4.49–21.9) 19.7 (0.65–65.8) 23.5 (1.64–124.9) 90.6 (12.1–156.0) 19.2 (0.65–156.0)
Terrestrial plantsf ng·L−1 24.3 (10.7–69.7) 78.8 (10.57–482.5) 56.9 (13.3–218.8) 37.1 (34.1–195.7) 40.6 (10.6–482.5)
B1g Unitless 0.85 (0.22–1) 0.95 (0.82–1) 0.25 (0.04–0.92) 0.59 (0.19–0.93) 0.47 (0.04–1)
B2h Unitless 0.43 (0–0.97) 0 (0–0.1) 0.96 (0–0.99) 0.88 (0.63–1) 0.83 (0–1)
B3i Unitless 0.41 (0–0.95) 0 (0–0.19) 0.91 (0–0.99) 0.33 (0.25–0.93) 0.79 (0–0.99)
B4j Unitless 0.25 (0.17–0.47) 0.44 (0.31–0.56) 0.27 (0.13–0.56) 0.25 (0–0.53) 0.29 (0–0.56)
Paqk Unitless 0.35 (0.23–0.59) 0.23 (0–0.44) 0.39 (0.09–0.62) 0.48 (0.31–0.85) 0.37 (0–0.85)
ACLbiol Unitless 26.2 (20.1–28.3) 27.3 (26.6–29.1) 20.0 (17.6–27.2) 22.9 (19.8–26.5) 22.7 (17.6–29.1)

a DE: deep lakes to the east of the Hu Line, DW: deep lakes to the west of the Hu Line, SE: shallow lakes to the east of the Hu Line, SW: shallow lakes to the west of the Hu Line.
b Number of SPOM samples.
c Biogenic C17.
d All statistics are presented in median with range.
e Biogenic C21 + C23 + C25.
f Biogenic C27 + C29 + C31.
g B1 = TARHC/(1 + TARHC), where TARHC = (biogenic C27 + C29 + C31)/(biogenic C15 + C17 + C19) (He et al., 2020a; He, 2020; Bourbonniere and Meyers, 1996).
h B2 = APR/(1 + APR), where APR = biogenic C17/biogenic C31 (He et al., 2020a; He, 2020).
i B3 = (AAB/AM)/(1 + AAB/AM), where AAB/AM= 2·biogenic C17/(biogenic C23 + C25) (He et al., 2020a; He, 2020).
j B4 = AI/(1 + AI), where AI = 2·biogenic C31/(biogenic C27 + C29) (He et al., 2020a; He, 2020).
k Paq = (biogenic C23 + C25)/(biogenic C23 + C25 + C29 + C31) (He et al., 2020a; He, 2020; Ficken et al., 2000).
l ACLbio = Σ n·biogenic Cn/Σ biogenic Cn (He et al., 2020a; He, 2020; Sikes et al., 2009).
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The scenario of macrophytes dominance completely consists of SW
lakes including Lake Ulungur (WLGH) and Lake Boston (BSTH) (Fig. 2a).

To compare the relative contributions between different biogenic
sources, some well-developed proxies such as B1, B2, B3, B4, Paq and
ACLbiowere employed (Table 2). Here, B1 andB2 are used for comparing
relative contributions between algae and terrestrial plants to SPOM, B3
is applied for representing relative contributions between algae and
macrophytes to SPOM, B4 is conducted to reflect the relative input of
woody plants and herbaceous plants (He et al., 2020a), Paq is the
proxy of aquatic macrophytes versus terrestrial plants (Ficken et al.,
2000). ACLbio is employed for estimating the single source scenario
and mixed source scenario (He et al., 2020a). S-R-H test revealed that
the proxies of B1, B2, B3 and ACLbio posed significant differences be-
tween shallow and deep lakes across China (p< 0.05), while significant
differences between disparate geographical locations were only ob-
served for B1, B3 and ACLbio (p < 0.05). For shallow lakes, the medians
of B1, B2 and B3 were 0.31, 0.93 and 0.89, respectively, and 0.90, 0
and 0 for deep lakes and reservoirs (Table 2 and Fig. S3). According to
our previous study (He et al., 2020a), the lower B1, and higher B2 and
B3 indicate a eutrophic status and algae contribute the predominant
biogenic organic matter. We also proposed that ACLbio < 21 for algae
dominance and ACLbio > 26 for terrestrial plants dominance (He et al.,
2020a). In current study, ACLbio was found to have medians of 20.9
and 26.6 for shallow and deep lakes, respectively (Table 2 and Fig. S3).
The results of these proxies illustrated that shallow lakes were eutro-
phic and algae were the primary biogenic sources of SPOM, while
deep lakes and reservoirs were oligotrophic and terrestrial plants had
the most contributions to the sources of SPOM. It was because deep
lakes and reservoirs have stronger buffer capacity to nutrient loading
than shallow lakes (Liu et al., 2010). Here, we also counted the carbon
number maximum (Cmax) of the biogenic carbon-chain distribution in
different classification groups (Fig. 3). The mapping relations indicated
thatwater depth and geographical location jointly drive the distribution
pattern of Cmax. Terrestrial plants were the primary contributors to the
SPOM in all DW lakes, and algae showed dominant contributions to
the SPOM inmost SE lakes. Comparing to SW lakes, SE lakeswere inves-
tigated to have lower B1 and ACLbio, higher B2 and B3 values (Table 2
and Fig. S3), indicating more serious eutrophication in SE lakes. For
the regions to the east of the Hu Line, there are many waterlocks built
in shallow lakes to prevent flood and drought and to drive the develop-
ment of related industries, causing the extension of hydraulic retention
5

time. Meanwhile, the high population density and developed economy
also resulted in a higher nutrient discharge loading for lakes (Huo et al.,
2013; Yan et al., 2019). Accordingly, it created a favorable condition for
algae blooms in SE lakes. For the proxies of B4 and Paq, we found signif-
icant interaction effects betweenwater depth and geographical location
(S-R-H test, p<0.05). Further analysis showed that the differences of B4
only existed in deep lakes where terrestrial plants were the primary
contributors (Wilcoxon test, p< 0.01, Fig. S3). B4 in DW lakes (median:
0.44) was higher than DE lakes (median: 0.25), indicating a more pref-
erence of herbaceous plants in DW lakes (Table 2). Although Paq had
higher values in shallow lakes, the differences of Paq on geographical lo-
cation were water depth-dependent. For shallow lakes, SW lakes were
less eutrophic than SE lakes,macrophyteswere not completely replaced
by algae and still had certain emergence, so Paq in western lakes was
higher than eastern lakes (Fig. S3). However, for deep lakes and reser-
voirs, Paq presented inverse pattern to shallow lakes, it was due to the
low occurrence of terrestrial plant-derived n-alkanes in DE lakes
(Fig. S3).

3.3. Anthropogenic n-alkanes

Subtracted anthropogenic n-alkanes were applied to reveal the
SPOM from anthropogenic sources including light petroleum and in-
complete fossil fuel burning at high temperature/heavy oil emission
(He et al., 2020a). The characteristics of anthropogenic n-alkanes in dif-
ferent lakes across China were shown in Table 3 and Fig. S5. Here, A1
and A2 are the sum of anthropogenic n-alkanes with carbon number
range of < 21 and > 20, devoting light petroleum input and incomplete
fossil fuel burning at high temperature/heavy oil emission, respectively
(He et al., 2020a). Similar to biogenic n-alkanes, the occurrences of A1
and A2 across nationwide lakes and reservoirs in China also posed
large differences ranging from 2.83 to 3139 ng·L−1 (median:
113.1 ng·L−1) and from 80.2 to 1704 ng·L−1 (median: 271.9 ng·L−1),
respectively. Different from biogenic n-alkanes, only A1 in deep lakes
and reservoirs were significantly lower than shallow lakes
(p < 0.001), and A2 showed no relevant differences on both water
depth and geographical location (p > 0.10). Lower concentrations of
A1 in deep lakes and reservoirs might be related to the higher settling
capacity for particles (Smith et al., 2015) and the relatively long distance
to cities. Furthermore, the effect of geographical location only existed
for shallow lakes that A1 in SE lakes were distinctly higher than SW



Fig. 2. Composition of biogenic SPOM in lakes and reservoirs across China represented by n-alkanes. (a) Ternary plot depicting the composition of biogenic SPOM in lakes and reservoirs
across China from the sources of algae, macrophytes and terrestrial plants. The size of the point reflects the occurrence of Σ biogenic n-alkanes (ng·g−1). The color of the points denotes
different groups including deep lake to thewest of the Hu Line (DW), deep lake to the east of the Hu Line (DE), shallow lake to thewest of the Hu Line (SW) and shallow lake to the east of
the Hu Line (SE). The shape of the point stands for carbon number maximum (Cmax). C17 for algae, C21/C23/C25 for macrophytes, C27/C29/C31 for terrestrial plants (He et al., 2020a). Typical
carbon-chain distributions of biogenic n-alkanes under single source scenarios of (b) terrestrial plants dominance, (c) algae dominance, (d) macrophytes dominances, and mixed source
scenarios of (e)macrophytes and terrestrial plants, (f) algae and terrestrial plants, (g) algae,macrophytes and terrestrial plants. Please see Table S1 for the full names of lake abbreviations.
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lakes (Fig. S5). This pattern is in agreementwith the patterns of popula-
tion density, traffic and GDP to the both sides of the Hu Line (Murphy,
2017). However, the concentrations of both A1 and A2 in current
study are lower than those reported in our recent study on Lake Chaohu
(He et al., 2020a).

According to the latest approach (He et al., 2020a; He, 2020), Cmax is
employed to recognize potential peaks of short-chain homologues (C1)
and long-chain homologues (C2), and their peak significances are mea-
sured by S1 and S2 (Sn > 2, He, 2020). InΣ67 SPOM samples, 30 of them
were recognized as single-peak carbon-chain distribution, and 37 of
them were classified as dual-peak carbon-chain distribution. This peak
distribution mode is significantly affected by both water depth
(Pearson's Chi-square test, p=0.015 < 0.05) and geographical location
(p=0.0018< 0.01). Fig. 4 shows the Cmax distributions in different lake
groups. For single peak mode, Cmax distributed in C16, C18, C22 and C30
(Fig. 4a), and water depth and geographical location posed no signifi-
cant effects on its distribution (p = 0.257). For dual peak mode, C1max
6

distributed in C14, C16 and C18, while C2max distributed in C22, C24, C26,
C28 and C30, and there were totally 9 Cmax combinations (Fig. 4b) with
significant co-effects of water depth and geographical location (p =
0.047 < 0.05). The carbon-chain distributions of anthropogenic n-
alkanes in typical scenarios, including dual peak mode and single peak
modes, are shown in Fig. 5.

To quantify the relative contributions of different anthropogenic
sources, L/H and ACLanthro were utilized (Table 3). Overall, L/H and
ACLanthro ranged from 0.07 to 3.13 and from 19.2 to 28.7 with medians
of 0.59 and 24.4, respectively, and only water depth was proved as the
driving factor of their differences among lake groups by S-R-H test
(p < 0.001). In our recent study, we suggested L/H < 1/3 and
ACLanthro > 26.5 for the dominance of incomplete fossil fuel burning at
high temperature/heavy oil emission, and 1/3 < L/H < 3 as well as
20.5 < ACLanthro < 26.5 for mixed sources (He et al., 2020a). In current
study, L/H and ACLanthro in most samples of deep lakes and reservoirs
are below 1/3 and above 26 (Table 3 and Fig. S5), indicating a



Fig. 3.Mappings of biogenic carbon number maximum (Cmax) with water depth and geographical location. 10 m of average water depth is defined as the threshold of shallow and deep
lakes. Geographical location is based on the relative location to the Hu Line (Fig. 1 andMurphy, 2017). Biogenic Cmax is classified as C17 for algae, C21/C23/C25 formacrophytes, and C27/C29/
C31 for terrestrial plants (He et al., 2020a). Classification groups: deep lake to thewest of theHu Line (DW), deep lake to the east of theHu Line (DE), shallow lake to thewest of theHu Line
(SW) and shallow lake to the east of the Hu Line (SE).

Table 3
Summary of anthropogenic n-alkanes and related proxies.

Parameter Unit Classificationa Total (N = 67)

DE (Nb = 15) DW (N = 8) SE (N = 37) SW (N = 7)

A1 ng·L−1 47.9 (2.83–397.1)c 32.8 (5.50–295.2) 193.4 (39.5–3139) 60.2 (31.8–429.4) 113.1 (2.83–3139)
A2 ng·L−1 249.0 (93.7–389.2) 367.9 (80.2–520.6) 298.3 (82.2–1704) 246.1 (186.1–895.9) 271.9 (80.2–1704)
L/H Unitless 0.31 (0.07–2.28) 0.18 (0.07–0.89) 0.95 (0.27–3.13) 0.49 (0.11–2.17) 0.59 (0.07–3.13)
ACLanthro Unitless 26.1 (20.7–28.7) 27.1 (23.4–28.2) 23.3 (19.2–27.0) 25.3 (20.7–28.5) 24.4 (19.2–28.7)

a DE: deep lakes to the east of the Hu Line, DW: deep lakes to the west of the Hu Line, SE: shallow lakes to the east of the Hu Line, SW: shallow lakes to the west of the Hu Line.
b Number of SPOM samples.
c All statistics are presented in median with range.
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dominance of incomplete fossil fuel burning at high temperature/heavy
oil emission. Similarly, the sources of anthropogenic SPOM in shallow
lakes were mixed.

3.4. Driving factors of n-alkane fingerprints

In this study, LDA was applied to test the possible effects of geo-
graphical location and water depth on the holistic differences of SPOM
in different lakes and reservoirs across China. Here, we obtained three
dimensions, accounting for 59.32%, 29.70% and 10.98% of the total vari-
ance for LD1, LD2 and LD3, respectively. The discriminant scores of each
Fig. 4. Statistics of Cmax for carbon-chain distributions in (a) single peak mode and (b) dual pea
east of the Hu Line (DE), shallow lake to the west of the Hu Line (SW) and shallow lake to the

7

SPOM sample and discriminant vectors of each n-alkane fingerprint in-
dicator are presented in Fig. 6. Lakes and reservoirs to the disparate
sides of the Hu Line were well separated on LD1-LD2 and LD2-LD3 di-
mensions, and deep and shallow lakes also exhibited well separation
on LD1-LD2 dimension. The results illustrated that both geographical lo-
cation and water depth were important driving factors for the holistic
differences of SPOM in different lakes and reservoirs across China.

According to individual indicators of n-alkane fingerprints (see
Sections 3.1 to 3.3), SPOM in SE lakeswas constituted by both anthropo-
genic and biogenic sources. Anthropogenic source in SE lakes was the
mixture of light petroleum input and incomplete fossil fuel burning at
kmode. Classification groups: deep lake to the west of the Hu Line (DW), deep lake to the
east of the Hu Line (SE). N is the number of samples.



Fig. 5. Typical carbon-chain distributions of anthropogenic n-alkanes in (a) dual peakmode and single peakmodes of (b) A1 and (c) A2. C1/C2, S1 and S2 are the parameters of peak rec-
ognition, please see He et al. (2020a) and He (2020) for details. Please see Table S1 for the full names of lake abbreviations.
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high temperature/heavy oil emission, while algae contributed the pre-
dominant biogenic organic matter. Similarly, SPOM in SW lakes was
also constituted by both anthropogenic and biogenic sources. However,
anthropogenic source in SW lakes was mainly from the incomplete fos-
sil fuel burning at high temperature/heavy oil emission, while macro-
phytes have more contributions to the biogenic organic matter.
Moreover, the proportion of biogenic sources in SW lakes was higher
than that in SE lakes. For DW lakes, biogenic sources posed relatively
lower contribution to SPOM. Incomplete fossil fuel burning at high tem-
perature/heavy oil emission was the main anthropogenic sources of
SPOM, and terrestrial plants were the main biogenic sources of SPOM.
For DE lakes, SPOM was primarily comprised by anthropogenic source
8

of incomplete fossil fuel burning at high temperature/heavy oil emis-
sion, and biogenic source had the lowest contribution to SPOM in all
groups.

Interestingly, the separation between SW and DW groups was sig-
nificantly larger than that between SE and DE groups (Fig. 6). For the
lakes to the west of the Hu Line, A1 was significantly lower than that
in SE lakes and A2 presented similar levels with other lakes (Fig. S5).
Therefore, anthropogenic activities had limited impacts on the lakes to
the west of the Hu Line, and the large differences between shallow
and deep lakes in this region were mainly driven bywater depth. How-
ever, for the lakes to the east of theHu Line, intensive anthropogenic ac-
tivities narrowed the differences between shallow and deep lakes.



Fig. 6. Linear discriminant analysis (LDA) for the effects of geographical location and water depth on the holistic differences of SPOM in different lakes and reservoirs across China. Points
are the discriminant scores of SPOM samples, arrows are the discriminant vectors of indicators of n-alkane fingerprints.

Y. He, K. Song, C. Yang et al. Science of the Total Environment 752 (2021) 142948
To our best knowledge, this is the first study to report the impacts of
geographical location and water depth on SPOM in lake environment
across nationwide scale using n-alkane fingerprints. Our results exhib-
ited different driving factors of other studies analyzed by carbon and ni-
trogen stable isotopes on global scale (Liu et al., 2012; Gu et al., 2011;
Gu, 2009; Gu and Schelske, 2010). It should be noted that both current
study and previous studies analyze the SPOM from different aspects
with intrinsic bias (Derrien et al., 2019). Further studies should apply
an ensemble approach for more refined analysis. Moreover, our results
are also differed from the pattern in Antarctic lakes using n-alkane fin-
gerprints that biogenic and petrogenic sources dominated the sedimen-
tary carbons in deep and shallow lakes, respectively (Carrizo et al.,
2019). Therefore, the suspended particulatematter (SPM)-sediment in-
teractions on organic matter need further studies since sedimentary or-
ganic matter is associated with SPOM in aquatic environments (Suess,
1980; Smith et al., 2015).

4. Conclusion

The occurrence and source of SPOM in 46 typical lakes and reservoirs
with different water depth across China from both sides of the Hu Line
and the potential driving factors were analyzed using the molecular
markers of n-alkanes and their fingerprints. The occurrences of Σ29 n-
alkanes, Σ biogenic n-alkanes, Σ anthropogenic n-alkanes were only
9

associated with water depth. The occurrences and profiles of different
biogenic and anthropogenic n-alkanes in different lake groups posed
large differences. LDA illustrated that both geographical location and
water depth were important driving factors for the holistic differences
of SPOM in different lakes and reservoirs across China. Intensive anthro-
pogenic activities narrowed the differences between shallow and deep
lakes in eastern China. An ensemble approach and the study of SPM-
sediment interactions are needed for more in-depth and all-round
analysis.
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