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a b s t r a c t

Dissolved organic matter (DOM) plays important roles in the aquatic biogeochemical cycle and the global
carbon cycle. However, it is highly spatially and temporally varied due to complex sources from the
catchment (allochthonous) and from within the system (autochthonous). Satellite remote sensing pro-
vides the ability to monitor DOM and identify the spatio-temporal variations in lakes on a global or
regional scale. In this study, field work was conducted in 55 lakes in August 2012 along the middle and
lower reaches of the Yangtze River (MLR-YR), where most lakes were characterized by eutrophication
due to intense human activities. The results showed that both colored DOM (CDOM) and total DOM
differed significantly by and were linearly related to the human-induced trophic state index (TSI), with
R2¼ 0.41 and 0.61, respectively. Autochthonous substances by phytoplankton contributed to 38.5% of
CDOM and 35.2% of DOM, and allochthonous terrestrial substance indexed by land cover change and
aquaculture contributed to almost half, with 49.7% of CDOM and 49.8% of DOM. In total, human activities
explained as much as 81.7% and 87.5% of the variations in CDOM and DOM, respectively. Finally, a
flowchart for estimating DOM from satellite-derived TSI was proposed. This study has great significance
for synchronously monitoring and managing aquatic environment quality in regional eutrophic lakes
around the world.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Dissolved organic matter (DOM), usually expressed by dissolved
organic carbon (DOC, mg C/L), is a broad classification used to refer
to organic molecules of various origin and composition, such as
sugars, fatty acids and alkanes, and complex polymeric molecules
within aquatic systems (Hirtle and Rencz, 2003; Manahan and
Crisp, 1982); this material plays important roles in the aquatic
biogeochemical cycle and the global carbon cycle. With an area that
is only 0.7% that of oceans, global lakes bury nearly half of organic
carbon as that of the world’s oceans (Dean and Gorham, 1998). In
fact, there are many published studies about DOM in lakes
(Ackefors and Enell, 1994; Mendonca et al., 2017; Stedmon et al.,
2006; Yao et al., 2016; Zhang et al., 2009, 2010). These studies
reveal that DOM varies greatly in terms of the spatial and temporal
scales of lakes, and this variation is impacted by human-induced
eutrophication or external DOM from the drainage basin.
There are two DOM sources: autochthonous and allochthonous.
Autochthonous DOM mainly comes from phytoplankton produc-
tion. Aquatic phytoplankton can release extracellular DOM (Baines
and Pace, 1991), and their degradation also produces DOM (Zhang
et al., 2009). For global open oceans, DOM is greatly related to
phytoplankton density (Morel and Gentili, 2009; Tiwari and
Shanmugam, 2011). Allochthonous DOM from the drainage basin
is also an important DOM source resulting from the decomposition
processes of dead organisms such as plants. Allochthonous DOM is
greatly impacted by external inputs because a considerable amount
of DOM is transported into lakes from domestic and industrial
sewage (Liu et al., 2015; Stedmon et al., 2006). In these cases, the
DOM in lakes was often differed with tempo-spatially varied hu-
man activities (Jiang et al., 2013; Kutser, 2012; Sun et al., 2011).

Satellite remote sensing is an alternative choice for dynamically
monitoring DOM in lakes. Generally, total DOM is divided into two
parts: optically active and non-active components. The optically
active DOM, namely the colored DOM (CDOM), has been widely
studied using satellite data (Chen et al., 2017a; Fichot and Benner,
2011; Fichot et al., 2015; Morel and Gentili, 2009; Siegel et al.,

mailto:htduan@niglas.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2019.115132&domain=pdf
www.sciencedirect.com/science/journal/00431354
www.elsevier.com/locate/watres
https://doi.org/10.1016/j.watres.2019.115132
https://doi.org/10.1016/j.watres.2019.115132


D. Liu et al. / Water Research 168 (2020) 1151322
2002). Many empirical and semi-analytical remote sensing algo-
rithms have been developed to estimate CDOM, not only for oceanic
waters (Castillo and Miller, 2008; Morel and Gentili, 2009; Swan
et al., 2013; Tiwari and Shanmugam, 2011) but also for inland wa-
ters (Chen et al., 2017b; Jiang et al., 2013; Kutser, 2012). In contrast,
few algorithms have specifically focused on the optically non-active
or total DOM that is usually quantified by DOC (Hirtle and Rencz,
2003; Liu et al., 2018). In fact, total DOM has been generally esti-
mated from CDOM based on statistical correlation between both
concentrations with average R2 of ~0.84 (Castillo and Miller, 2008;
Fichot and Benner, 2011; Fichot et al., 2015; Jiang et al., 2012; Liu
et al., 2018), but most of these studies have been conducted for
oceans, with little attention given to inland lakes. To remotely
monitor CDOM and/or DOM in regional lakes, it is important to
understand their optical properties. Moreover, knowledge of DOM
variations with environmental factors is a prerequisite for the
refinement of remote sensing algorithms (Oubelkheir et al., 2005).

Lake eutrophication is a global problem. Wang et al. (2018) re-
ported that 63.1% of lakes with surface area >25 km2 were in
eutrophication globally. The middle and lower reaches of the
Yangtze River (MLR-YR) is one representative region containing 696
lakes that are larger than 1 km2 (Ma et al., 2010). Moreover, most
lakes along the MLR-YR are significantly characterized by human-
induced eutrophication (Duan et al., 2014; Ma et al., 2010; Zhang
et al., 2007). To the best of our knowledge, no study has system-
atically analyzed the optical properties of DOM in these lakes, nor
has remote sensing monitoring been used. In this study, we
describe the optical properties of DOM, trophic state, and correla-
tions between different variables in the lakes along the MLR-YR.
The impact factors and composition of DOM are then discussed.
Based on our findings, the implications for remote sensing moni-
toring DOM are also addressed.

2. Materials and methods

2.1. Study area

With a length of ~6300 km, the Yangtze River (locally called the
"Changjiang River") is the longest river in China and the third
longest river in the world (Wang et al., 2012). According to the
geology, climate, and geomorphology, the Yangtze River is divided
into the upper, middle and lower reaches (Chen et al., 2001). The
MLR-YR starts from Yichang city, is ~1880 km in length, and has a
low-gradient basinwith a coverage area of ~785,000 km2.With 696
lakes larger than 1 km2 (Ma et al., 2010), the MLR-YR basin is a
representative for the region with dense lakes. Lakes along the
MLR-YR are shown in Fig. 1.

The MLR-YR basin is in the East Asian monsoon climate zone,
with high temperature and heavy precipitation in summer but
opposite conditions in winter (Guo et al., 2014). A large amount of
terrestrial DOM is flushed into lakes in summer with high runoff,
and lakes receive effluent discharges from agricultural activities as
well as from small villages or mega-urban areas (Duan et al., 2014).

2.2. Field data collection

In August (summer), 2012, 55 lakes along the MLR-YR were
investigated (Fig. 1). Table 1 shows the name, area, and water depth
of each lake. In total, there were 161 sampled stations (Table 1). In
each fieldwork episode, the Secchi disk depth (SDD) was measured
at the ship’s shaded side using a 25-cm diameter disk painted in
black/white quarters; surface water within a 0-30-cm water depth
was collected using a standard 2-liter polyethylene water sampler.
All in-situ water samples were stored in brown bottles and on ice
for approximately 4 h before filtration.
2.2.1. Constituent concentrations
The same in-situ raw water was used for the total nitrogen (TN),

total phosphorus (TP), and chemical oxygen demand (COD) sam-
ples. In-situ water samples were also filtered through Satorius cel-
lulose acetate filters (0.45-mm pore size, F47 mm) and the filter
membrane with particle was used as the chlorophyll-a (Chl-a)
sample. The TN and TP concentrations were determined by spec-
trophotometric analysis after persulfate digestion (APHA, 1995).
The COD was determined using the potassium permanganate-
boiling method (APHA, 1995). The Chl-a sample was first soaked
in 90% ethanol in the dark for 24 h and heated to 80e90 �C for
3e5min. The light absorbance of the extracting solution was then
measured at 630 (A630), 645 (A645), 663 (A663), and 750 nm (A750)
using a UV2401 Spectrophotometer. Finally, the Chl-a concentra-
tion was calculated using Eq. (1) (Knap et al., 1996).

Chl� a ¼ ð11:64ðA663 � A750Þ � 2:16ðA645 � A750Þ þ 0:1ðA630

� A750Þ ÞV1
�
V2 � L

(1)

Where, V1 is extracting solution volume (mL); V2 is the filtration
volume of in-situ raw water (L); and L denotes the optical path of a
cuvette, L¼ 1 cm.

In-situwater samples were also filtered through pre-combusted
(500 �C for 4 h) Whatman glass fiber filters (GF/F, 0.7-mm pore size,
F47 mm) to collect DOM samples. Using HCl (2mol/L), all samples
were acidified to remove dissolved inorganic carbon (Knap et al.,
1996). Then, DOM (or DOC) concentration was measured via the
high temperature combustion method (680 �C) using a Shimadzu
TOC-V total organic carbon analyzer (Knap et al., 1996).

2.2.2. CDOM absorption and fluorescence
The DOM sample was further filtered through a pre-rinsed

Millipore polycarbonate filter (0.22-mm pore size, F47 mm) to
collect the CDOM sample. In the lab, the CDOM absorption coeffi-
cient spectrum was measured from 250 nm to 800 nm with an in-
terval of 1 nm using a Shimadzu UV2600 spectrophotometer
(Mueller et al., 2003). The CDOM absorption coefficient exponen-
tially decreases with increasing wavelength (Tiwari and
Shanmugam, 2011; Zhang et al., 2010). With a known CDOM ab-
sorption coefficient at wavelength l0 (aCDOM(l0)) and its spectral
slope (SCDOM, nm�1), the absorption coefficient at any wavelength l
(aCDOM(l)) can be calculated using Eq. (2).

aCDOMðlÞ ¼ aCDOMðl0Þ � expð � SCDOMðl� l0Þ Þ (2)

For the CDOM samples from stations located at the lake centers,
three-dimensional excitation-emission spectra (EEMs) were also
measured by a Hitachi F-7000 fluorescence spectrometer with a
700-voltage xenon lamp (Hitachi High-Technologies, Japan). Ranges
of 200e450 nm for excitation (5-nm intervals) and 250e600 nm for
emission (1-nm intervals) were scanned. After Raman scattering
elimination, excitation and emission calibration, inner-filter effect
elimination, and fluorescence intensity normalization to quinine
sulfate units (QSU), the EEMs were decomposed into individual
fluorescent components by parallel factor analysis (PARAFAC) and
the split-half validation procedure in MATLAB R2008a with DOM-
Fluor toolbox (Zhang et al., 2010).

2.3. Lake watershed datasets

Similar to Mendonca et al. (2017), the watershed extent of each
lake was identified through the WWF HydroBASINS tool provided
by the USGS (www.hydrosheds.org). In the lake watershed extent
definition, the HydroSheds dataset was processed with a user-
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Fig. 1. Lakes along the MLR-YR. All lakes are located in the Hubei, Jiangxi, Anhui, and Jiangsu provinces, China. For different lake watersheds, areas of different land cover types are
shown in Supplementary Table S1. The administrative boundary data were sourced from the National Geomatic Center of China (www.ngcc.cn).
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friendly graphical interface.
The lake watershed extent was used to extract the land cover in

2010 (Table S1). The land cover data were derived from the Land
Cover Atlas of the People’s Republic of China with 30-m resolution,
which contained six land cover types (forest, grassland, wetland,
cropland, artificial surface, and others) and were made available by
the Institute of Remote Sensing Application, Chinese Academy of
Sciences (CAS) (www.chinageoss.org).

The mean gross domestic product (GDP, 104RMB/km2), popu-
lation density (Pop, person/km2), and topsoil organic content (Soil-
TOC, %weight) in each lake watershed were also calculated. Both
the GDP and the population in 2010 were gridded reanalysis data
and downloaded from the Global Change Research Data Publishing
& Repository website (www.geodoi.ac.cn). The Soil-TOC data were
extracted from the Harmonized World Soil Database based on the
national soil survey of China in 1995 (Shangguan et al., 2012).
2.4. Trophic state index

There are many mathematical methods for assessing lake
eutrophication. Among them, the simple and feasible trophic state
index (TSI) is commonly used (Aizaki et al., 1981; Carlson, 1977;
Zhang et al., 2010). The original TSI (TSIO) was developed upon SDD,
as relative indicator of algal biomass (Carlson, 1977). However, SDD
is partially influenced by other factors like sediment resuspension,
which is independent of algal biomass (Aizaki et al., 1981; Wang
et al., 2002). To make up for this deficiency, a modified TSI (TSIM)
was developed using Chl-a concentration as the indicator of algal
biomass (Aizaki et al., 1981). Along the MLR-YR, most lakes are
characterized by shallow waters and SDD is greatly impacted by
sediment resuspension (Duan et al., 2014; Shi et al., 2015; Xue et al.,
2019). Therefore, TSIM was chosen in this study. Note that TSIM may
get different results with different inputs. In this case, the weighted
arithmetic mean of TSIM calculated from TN, TP, Chl-a, COD, and
SDD was usually used to evaluate eutrophication of Chinese lakes
(Wang et al., 2002; Zhang et al., 2006, 2010). In this study, we also
used theweighted arithmetic TSIM (TSI for convenience), defined as
Eq. (3) (Zhang et al., 2006):

TSI ¼
Xm
j¼1

Wj,TSIðjÞ; Wj ¼ rj
2

,Xm
j¼1

rj
2

TSIðTNÞ ¼ 10ð5:453þ 1:694 lnðTNÞÞ
TSIðTPÞ ¼ 10ð9:436þ 1:624 lnðTPÞÞ
TSIðChl� aÞ ¼ 10ð2:5þ 1:086 lnðChl� aÞÞ
TSIðCODÞ ¼ 10ð0:109þ 2:66 lnðCODÞÞ
TSIðSDDÞ ¼ 10ð5:118� 1:94 lnðSDÞÞ

(3)

where TN, TP, Chl-a, COD, and SDD are used (m¼ 5). The weighted
TSI also uses Chl-a as the basis; the Pearson’s rj of TN, TP, Chl-a, COD,
and SDD to Chl-a are used to calculate the weight (Wj), respectively.
The trophic levels are defined using TSI, with TSI <30 being oligo-
trophic, 30� TSI <50 being mesotrophic, 50� TSI <60 being lightly
eutrophic, 60� TSI <70 being moderately eutrophic, and 70� TSI
being highly eutrophic (Wang et al., 2002; Zhang et al., 2006).
2.5. Multiple general linear model

To quantify the relative contribution of each explanatory vari-
able to the spatial variations of the CDOM and DOM concentrations,
correlation analyses and multiple general linear model (GLM) were
used (Tong et al., 2017). DOM is affected not only by natural lake
attributes but also by human activities in a lake’s watershed (Zhang
et al., 2010). Therefore, the explanatory variables included not only
the area, water depth, and TSI in a lake but also the mean Soil-TOC,
GDP, Pop, and percent area of artificial surface and cropland in the
lake watershed (ACinLW). The lake area, water depth, and Soil-TOC
represented natural variability, and the other variables represented
human-induced disturbance intensity. Notably, p-value for each
variable was also output, and p< 0.05 indicated a statistically
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Table 1
Basic information for all surveyed lakes along the MLR-YR. For a specific lake, the symbol ‘/’ denotes no available data. TL: trophic level; M: mesotrophic; lE: lightly eutrophic;
mE: moderately eutrophic; hE: highly eutrophic. CDOM fluorescence was measured only for stations located at the lake center.

No. Lake name Longitude (�E) Latitude (�N) Area (km2) Depth (m) Samples TL aCDOM(280)
(m�1)

DOM (mg C/L)

1 Changhu 112.45 30.44 143.56 2.3 3 mE / 5.43
2 Shangjin 112.51 29.64 13.86 3.6 3 hE / 5.30
3 Xiaoshe 113.99 30.41 10.74 2.6 3 mE 14.51 4.69
4 Wangmu 114.02 30.86 7.93 2.2 3 mE 14.74 4.54
5 Sanjiao 114.17 30.52 2.22 2 3 mE 19.84 5.30
6 Futou 114.20 30.01 141.22 2.3 3 lE / 3.67
7 Qingling 114.24 30.41 7.21 1.8 3 hE 23.33 8.42
8 Shangshe 114.24 30.13 10.24 1.8 3 mE 12.54 4.69
9 Huangjia 114.28 30.44 6.84 1.75 3 hE 19.22 5.25
10 Tangxun 114.35 30.44 44.83 2.3 3 mE 16.49 5.66
11 Wuhandong 114.38 30.56 34.22 4 3 mE 13.92 4.53
12 Baishui 114.43 30.74 15.39 5.6 3 lE 14.38 4.54
13 Wuhu 114.51 30.80 27.50 3.4 3 lE 15.44 5.01
14 Liangzi 114.51 30.23 349.76 3 3 lE / 3.61
15 Baoxie 114.55 30.46 25.32 2 3 lE 10.69 4.61
16 Luhu 114.56 30.15 46.24 2.7 3 lE 11.56 4.23
17 Zhangdu 114.70 30.65 36.24 1.6 3 hE 15.26 6.20
18 Baoan 114.73 30.23 45.37 2.9 3 lE 10.24 3.66
19 Sanshan 114.78 30.31 23.90 2.6 3 mE 10.57 4.57
20 Huanggangdong 114.91 30.44 1.49 2.3 3 hE 18.67 5.93
21 Baitan 114.95 30.46 5.13 3 3 hE 16.74 6.52
22 Daye 115.00 30.10 73.60 4.1 3 lE / 3.16
23 Huama 115.05 30.30 10.02 2.3 3 mE / 5.07
24 Wangtian 115.05 30.42 5.88 3.1 3 mE 20.29 5.74
25 Nantan 115.10 29.84 8.60 3 3 mE 12.91 4.35
26 Cehu 115.16 30.25 9.06 2.3 3 hE 20.34 6.78
27 Zhulintang 115.23 29.84 3.30 2.7 3 hE 13.84 5.78
28 Wanghu 115.33 29.86 42.87 3.4 3 mE 12.30 4.43
29 Zhupo 115.40 29.83 17.40 6.4 3 mE 8.55 3.28
30 Chidong 115.40 30.10 40.49 4.3 3 hE 13.71 4.29
31 Makou 115.44 29.95 3.16 3.1 3 hE 13.28 6.48
32 Wushan 115.59 29.91 15.77 1.7 3 hE 24.72 7.22
33 Chihu 115.70 29.78 58.69 3.5 2 M 8.43 2.92
34 Changgang 115.80 29.71 56.09 1.6 3 M 9.51 1.94
35 Taibai 115.80 29.97 27.42 2.3 3 hE 22.28 6.56
36 Saicheng 115.89 29.68 56.09 5.6 3 M 7.07 2.21
37 Bali 115.94 29.68 17.29 4.7 3 mE 17.92 3.77
38 Longgan 116.06 29.92 295.54 3 3 lE / 3.47
39 Poyang 116.16 29.36 3192.00 7.6 3 lE 11.11 1.91
40 Sanyashi 116.91 30.74 7.92 2.5 3 lE 17.43 4.73
41 Huangni 116.93 30.14 6.90 2.4 3 mE 16.26 3.77
42 Shengjin 117.04 30.39 95.89 5 3 lE 10.42 3.29
43 Pogang 117.16 30.65 52.08 2.5 2 hE 21.69 6.93
44 Liancheng 117.21 30.74 8.68 3.6 3 mE 16.03 3.74
45 Chaohu 117.57 31.55 787.97 2.5 2 mE 14.60 4.47
46 Fengsha 117.64 30.93 16.98 3.9 3 lE 14.65 3.65
47 Zhusi 117.65 31.02 11.36 2.7 3 lE 19.41 4.90
48 Qili 118.24 32.91 43.29 4.4 2 mE 18.80 2.60
49 Longwo 118.28 31.25 7.78 10 3 lE 12.72 3.55
50 Shijiu 118.88 31.45 214.31 5.3 3 M 7.71 3.27
51 Gucheng 118.92 31.28 31.22 4.3 3 lE 11.72 3.82
52 Nanyi 118.98 31.09 197.84 4.4 3 lE 12.12 2.57
53 Shaobo 119.43 32.63 103.47 1.8 3 lE 20.86 4.04
54 Taihu 120.21 31.26 2444.75 3.1 3 mE 15.87 3.94
55 Kuncheng 120.75 31.59 17.51 2.1 3 mE 19.66 3.78
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significant contribution.
3. Results

3.1. General characteristics

All TN, TP, Chl-a, COD, and SDD spanned wide ranges in lakes
along the MLR-YR (Table 2). The maximumvalues of these variables
were 7.13, 37.5, 36.64, 4.57, and 15.4 times those of the minimum
values, respectively (Table 2). Both TN and TP accelerated phyto-
plankton production and were significantly positively correlated
with Chl-a, with Pearson’s r¼ 0.61 and 0.6, respectively (Fig. 2a).
The COD was also significantly positively related to Chl-a, with
r¼ 0.76 and p< 0.01 (Fig. 2b). Note that the increased phyto-
plankton significantly decreased the SDD, with r¼�0.36 and
p< 0.01 (Fig. 2b). With significant relations to Chl-a, the TSI values
at all stations were calculated by Eq. (3) and the arithmetic mean
was further calculated for each lake (Table 1).

Lakes along the MLR-YR were characterized by serious eutro-
phication. For the 55 lakes investigated, none were oligotrophic, 4
were mesotrophic, 18 were lightly eutrophic, 20 were moderately
eutrophic, and as many as 13 were highly eutrophic (Table 1). Lake
eutrophication was spatially varied, and eutrophication in Hubei
Province was generally more serious than that in the other



Table 2
Statistical values of different variables. ‘std’ denotes the standard deviation.

Variables Minimum Maximum Mean± std

TN (mg/L) 0.45 3.21 1.52± 0.63
TP (mg/L) 0.02 0.75 0.19± 0.19
Chl-a (mg/L) 7.06 258.71 77.15± 56.24
COD (mg/L) 2.32 10.61 5.58± 1.92
SDD (m) 0.10 1.54 0.55± 0.28
aCDOM(280) (m�1) 5.97 27.73 15.37± 4.77
DOM (mg C/L) 1.91 8.42 4.58± 1.38
TSI 43.21 78.94 62.16± 8.77
GDP (104 RMB/km2) 166.73 9188.42 1149.58 ± 1541.52
Population (person/km2) 108.93 1536.9 523.28± 267.56
Soil-TOC (%) 0.65 1.81 1.05± 0.26
ACinLW (%) 19.14 93.33 66.67± 17.72
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provinces (Figs. 1 and S1a). The mean TSI values were 64.4± 9.14,
52.23± 7.25, 57.73± 6.01, and 59.13± 5.98 in the Hubei, Jiangxi,
Anhui, and Jiangsu provinces, respectively (Fig. S2 in the supple-
mentary material file). It is also worth noting that 12 of the 13
highly eutrophic lakes were located in Hubei Province (Fig. 1).
3.2. Optical properties of DOM

The DOM concentrations in lakes along theMLR-YRwere largely
spatially varied. For different lakes, the DOM ranged from 1.91 to
8.42mg C/L, with a mean± std of 4.58± 1.38mg C/L (Table 2). The
DOM was generally high in Hubei Province and decreased from
upstream to downstream with increasing longitude (Figs. 3a and
S1b). Similar to Zhang et al. (2010), we used the CDOM absorption
coefficient at 280 nm (aCDOM(280)) to denote the CDOM
Fig. 2. The linear relationships between different in-situ variables: (a) between Chl-a and n
(aCDOM(280) and DOM) and TSI; (d) between aCDOM(280) and DOM. In (a) and (b), all values
concentration. The maximum aCDOM(280) was 4.64 times the
minimum value, with a mean± std of 15.37± 4.77m-1 (Table 2).
However, the aCDOM(280) did not show significantly high values in
lakes in Hubei Province like those found for the DOM (Figs. 3 and
S1c). With R2¼ 0.46 for the linear relationship between aCDOM(280)
and DOM, the aCDOM(280) only explained 46% of the variation in the
DOM (Fig. 2d).

Four fluorescent components were identified by EEMs-PARAFAC
analyses (Fig. 4). Component 1 (C1) had excitation (275 nm) and
emission (308 nm) characteristics, which were similar to those of
autochthonous tyrosine-like DOM (Coble, 1996). Component 2 (C2)
displayed two excitation maxima (<250 and 310 nm) and a single
emission maximum (392 nm), similar to autochthonous marine
humic-like DOM caused by phytoplankton degradation (Coble,
1996). Component 3 (C3) had excitation (<250 nm and 285 nm)
and emission (340 nm) features similar to autochthonous
tryptophan-like DOM (Coble, 1996). Component 4 (C4) displayed
excitation (245 and 355 nm) and emission (468 nm) characteristics
similar to those of allochthonous terrestrial humic-like DOM
(Coble, 1996).

All optical properties of DOM differed with TSI. Both aCDOM(280)
and DOM were significantly linearly positively related to TSI, with
R2¼ 0.41 and 0.61, respectively (Fig. 2c); for DOM, the mean± std
was 2.59± 0.53mg C/L, 3.8± 0.78mg C/L, 4.42± 0.78mg C/L, and
6.28± 0.99mg C/L for the mesotrophic, lightly eutrophic, moder-
ately eutrophic, and highly eutrophic lakes, respectively (Fig. 3c).
For aCDOM(280), the mean± std was 8.18± 0.91m-1, 13.77± 3.3m-1,
15.32± 3.17m-1, and 18.59± 3.83m-1, respectively (Fig. 3c). All
CDOM fluorescent components also increased with increasing
trophic levels, especially for C2, C3, and C4 (Fig. 3d).
utrients (TN and TP); (b) between COD, SDD and Chl-a; (c) between DOM composition
at different stations were used. In (c) and (d), mean values of different lakes were used.



Fig. 3. Spatial distributions of DOM composition. (a) Mean DOM concentration; (b) Mean aCDOM(280); (c) Mean ± std of aCDOM(280) and DOM for lakes with different trophic levels;
(d) Mean± std of fluorescence intensity of lakes with different trophic levels. TL: trophic level; M: mesotrophic; lE: lightly eutrophic; mE: moderately eutrophic; hE: highly
eutrophic.
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3.3. Impact factors for DOM variations

The lake environment variables were greatly varied along the
MLR-YR. For different lakes, mean± std of water depth, area, and
TSI were 3.29± 1.56m, 3.36± 1.58 km2, and 62.16± 8.77, respec-
tively (Tables 1 and 2). For different lake watersheds, mean± std of
GDP, population density, Soil-TOC, and ACinLW were
1149.58± 1541.52� 104 RMB/km2, 523.28± 267.56 person/km2,
1.05± 0.26%, and 66.67± 17.72%, respectively (Table 2). From up-
stream to downstream with increasing longitude, the mean GDP
and Soil-TOC significantly increased (p< 0.05); however, the
ACinLW in the lakewatershed significantly decreased (Fig. S3 in the
supplementary material file).

There were significant linear relationships between the lake
environment variables and the optical properties of DOM. The lake
area, water depth, and Soil-TOC were significantly negatively
related to aCDOM(280), DOM, C2, C3, and C4 (Table 3). The ACinLW
and TSI showed significant positive relationships with the
aCDOM(280), DOM, C2, C3, and C4 (Table 3). However, the popula-
tion density was only significantly positively correlated with C3,
and GDP did not show a significant relation to any optical proper-
ties of DOM (Table 3). These relationships denoted the impacts of
environmental variables on DOM composition.

4. Discussion

4.1. Human-induced DOM variations

For lakes distributed worldwide, Sobek et al. (2007) reported
that the possible DOM range for a specific regionwas set by climatic
and topographic features. For a specific lake, however, the lake
watershed properties could also regulate the DOM (Sobek et al.,
2007). All lakes along the MLR-YR were affected by the East Asian
monsoon climate, with high precipitation in summer (Guo et al.,
2014). However, the MLR-YR region is one of the most developed
regions in China, with a high population density (Yue et al., 2005).
Being influenced by intense human activities (Bennett et al., 2001;
Qin, 2002), the DOM in lakes along the MLR-YR was spatially varied
with human-induced eutrophication (Fig. 3).

The lake area, water depth, and Soil-TOC in a lake watershed
were used to describe the natural impacts on the spatial variations
in DOM. The mean DOM in different lakes along the MLR-YR was
4.58± 1.38mg C/L (Table 2), but themean DOM in precipitationwas
only ~1.5mg C/L in theMLR-YR region (Safieddine and Heald, 2017).
Therefore, precipitation would dilute the DOM in lakes. For the
Yangtze River, the DOM decreased with increasing water discharge,
namely, precipitation (Liu et al., 2015). Negative relations between
lake area, water depth and DOM composition also denoted the
dilution impacts by precipitation (Table 3). For lake watersheds
with high Soil-TOC, much of the terrestrial DOM could be flushed
into rivers or lakes (Ludwig and Probst, 1996). If so, we supposed a
positive relation between Soil-TOC and DOM composition, but the
opposite occurred (Table 3). It might due to the negative relation-
ship between Soil-TOC and ACinLW (r¼ 0.48; p< 0.05) and the
positive relationship between ACinLW and DOM composition
(Table 3). These indicated the insignificant impact of Soil-TOC on
DOM.

The ACinLW, GDP, Pop, and TSI were used to describe the human
impacts on spatial variations in DOM. Land cover had impacts on
watershed DOM output, with a high value for cropland (Correll
et al., 2001). For lakes along the MLR-YR, the cropland area
percent in watershed also showed positive relations to DOM
composition, with r> 0 (Fig. 5a). In addition, industrial and do-
mestic sewage from human activities in a lake catchment would
increase the riverine input of DOM (Stedmon et al., 2006; Xia and
Zhang, 2011). All the artificial surface area percent, GDP, and Pop
could indicate human activity intensity in lake watershed and
showed increase effects on DOM composition (Fig. 5b, Table 3). For



Fig. 4. EEMs-PARAFAC analysis results for water samples at (a) mesotrophic Lake Chihu and (b) highly eutrophic Lake Tabai. Fluorescence intensity is in QSU units. C1: autoch-
thonous tyrosine-like DOM; C2: autochthonous marine humic-like DOM caused by phytoplankton degradation; C3: autochthonous tryptophan-like DOM; and C4: allochthonous
terrestrial humic-like DOM.

Table 3
Pearson’s r and significance levels of the linear relationships between DOM
composition and environmental variables. Area: lake area; Depth: water depth; Soil-
TOC: topsoil organic content (%weight); GDP: mean GDP in watershed (104 RMB/
km2); Pop: mean population density in watershed (person/km2); ACinLW: area
percent of artificial surface and cropland in lake watershed (%). Statistically signif-
icant contributions (p< 0.05) are annotated with a black filled square (▪).

r Ln(Area) Depth Soil-TOC GDP Pop ACinLW TSI

aCDOM(280) �0.33▪ �0.46▪ �0.30▪ 0.16 0.23 0.35▪ 0.64▪
DOM �0.50▪ �0.50▪ �0.61▪ �0.03 0.20 0.49▪ 0.78▪
C1 0.02 �0.13 �0.22 0.03 �0.01 0.21 0.21
C2 �0.32▪ �0.31▪ �0.42▪ 0.07 0.24 0.32▪ 0.46▪
C3 �0.35▪ �0.25 �0.52▪ 0.15 0.28▪ 0.40▪ 0.41▪
C4 �0.33▪ �0.31▪ �0.37▪ 0.06 0.26 0.32▪ 0.51▪
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a specific lake watershed, because cropland area percent and arti-
ficial surface area percent were like a seesaw (r¼�0.5; p< 0.01), so
we combined them into ACinLW. The results showed that ACinLW
was significantly positively related to DOM composition (Section
3.3). With increasing TSI, increased nitrogen and phosphorus from
the basin elevated the nutrition available for potential phyto-
plankton growth (Bennett et al., 2001; Seitzinger et al., 2005; Xia
and Zhang, 2011), and much DOM would be produced during
phytoplankton degradation (Zhang et al., 2009, 2010). The CDOM in
lakes of the Yungui Plateau, China, also differed with TSI (Zhang
et al., 2010).

Contributions of different impact factors on DOM variations
were quantitatively estimated by multiple GLM. Due to the unex-
pected relationship between Soil-TOC and DOM composition
(Table 3), Soil-TOC was excluded in the multiple GLM analysis. The
TSI significantly explained 65.7%, 74.3%, 33.3%, 51.4%, 26.2%, and
61.9% of the variations in the aCDOM(280), DOM, C1, C2, C3, and C4,
respectively (Fig. 5c). In total, human activities explained as much
as 81.7%, 87.5%, 64.4%, 70.5%, 71.2%, and 78.7% of variations in the
aCDOM(280), DOM, C1, C2, C3, and C4, respectively (Fig. 5c). Overall,
human activities dominated the spatial variations of DOM com-
ponents in lakes along the MLR-YR.

4.2. DOM composition

Multiple GLM was also used to quantify the relative contribu-
tions of different components on DOM composition variations.
Allochthonous terrestrial humic-like substance (C4) contributed
almost half, with 49.7% of CDOM and 49.8% of DOM (Fig. 5d).
Autochthonous marine humic-like substance (C2) contributed 20%
of CDOM and 15.7% of DOM; autochthonous tyrosine-like (C1) and
tryptophan-like (C3) substances contributed 18.5% of CDOM and
19.5% of DOM, respectively (Fig. 5d). Overall, autochthonous sub-
stances contributed to 38.5% of CDOM and 35.2% of DOM in lakes
along the MLR-YR.

Intense human activities increased the allochthonous terrestrial
DOM input. On the one hand, human activities increased terrige-
nous DOM inputs to lakes by rivers. With a DOM stock of only
0.13 Tg C, Lake Taihu received as much as 0.24 Tg C/yr of terrestrial
DOM from the input rivers (Hu et al., 2015). Compared with humic-
like DOM, protein-like DOM from human activities was character-
ized by lower percent aromaticity (Weishaar et al., 2003; Zhang
et al., 2010). SUVA254, defined as the ratio of the CDOM absorp-
tion coefficient at 254 nm (aCDOM(254)) to the DOM, denotes the
DOM percent aromaticity (Weishaar et al., 2003). The increased
SUVA254 and percent aromaticity with increasing TSI indicated
DOM contributions from human activities (Fig. S4). On the other
hand, lake aquaculture also increased allochthonous DOM. For
Nordic countries, Ackefors and Enell (1994) reported that approx-
imately 80% of the organic matter in fish feed accumulated in wa-
ters. Along the MLR-YR, human activity intensity denoted by
ACinLWwas most strong in the Hubei Province and decreased from
upstream to downstream (Fig. S3c); moreover, aquaculture yield
was equivalent to 5.41, 4.87, 3.15, and 5.45 tons per hectare in the
Hubei, Jiangxi, Anhui, and Jiangsu provinces in 2012, respectively
(www.stats.gov.cn). These together resulted in the high values of
eutrophication levels and DOM composition in the Hubei Province
(Figs. 3 and S1).

Phytoplankton production was an important autochthonous
source of DOM. Phytoplankton can release extracellular DOM
(Baines and Pace, 1991), and their degradation can also produce
DOM (Zhang et al., 2009). For eutrophic Lake Taihu (Fig. 1),
phytoplankton production and decomposition are important con-
tributors to CDOM (Yao et al., 2016; Zhang et al., 2009). The ratio of
the CDOM absorption coefficient at 254 nm to that at 436 nm
(aCDOM(254)/aCDOM(436)) indicates the CDOM source, with low
values of 4.37e11.34 for allochthonous CDOM and higher values for
autochthonous CDOM (Battin, 1998). A mean aCDOM(254)/
aCDOM(436) of 25.94± 7.58 indicated phytoplankton’s important
contribution to CDOM. With R2¼ 0.31 and p< 0.01, the significant
positive relationship between aCDOM(280) and Chl-a also verified
phytoplankton’s contribution to CDOM (Fig. S5). Not only for
CDOM, was phytoplankton production also an important source of
total DOM. With R2¼ 0.42 and p< 0.01, the significant positive

http://www.stats.gov.cn


Fig. 5. Impacts on DOM composition variations. The linear relationships (a) between DOM composition and cropland area percent and (b) between DOM composition and artificial
surface area percent. (c) Contributions of different impact factors. (d) DOM composition. Area: lake area; Depth: water depth; Pop: mean population density in watershed (person/
km2); GDP: mean GDP in watershed (104 RMB/km2); ACinLW: area percent of artificial surface and cropland in lake watershed (%). Statistically significant contributions (p < 0.05)
are annotated with asterisks (*).
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relationship between DOM and Chl-a verified phytoplankton’s
contribution to DOM (Fig. S5). For lakes located in the Sierra Nevada
mountains, Spain, phytoplankton intensity was also reported as
one driver of the DOM pattern (Mladenov et al., 2008).
4.3. Implications for remotely monitoring DOM

For lakes along the MLR-YR, it is unfeasible to calculate DOM
from satellite-derived CDOM. First, it is difficult to derive CDOM
from space. Due to eutrophication, sediment resuspension, and
terrestrial material input, CDOM absorption often accounts for a
small proportion of total light absorption in inlandwaters. For lakes
along the MLR-YR (Fig. 1), CDOM absorption contributed around
20% (Xue et al., 2019); moreover, light absorptionwas dominated by
non-algal particles, which had similar light absorption features as
those of CDOM (Xue et al., 2019). Second, there was a strong cor-
relation between CDOM and DOM at the ultraviolet band (Fig. 6a),
but the atmospheric absorption at the ultraviolet band was strong
and resulted in a weak signal to the satellite (Deluisi, 1997).
Moreover, because of no available ultraviolet satellite data, previous
studies on CDOM retrieval usually used visible bands (Chen et al.,
2017a; Siegel et al., 2002; Sun et al., 2011). At visible wavelengths
with wavelength larger than 400 nm, however, the DOM was
weakly related to the CDOM in lakes along the MLR-YR (Fig. 6a).

Alternatively, we could calculate the CDOM and DOM from the
satellite-derived TSI. Human activities dominated DOM variations
in lakes along the MLR-YR (Section 4.1), and the TSI was signifi-
cantly linearly related to both CDOM and DOM (Fig. 2c). Moreover,
the TSI was significantly linearly related to the TSI(Chl-a), with
R2¼ 0.86 and p< 0.01. For Chl-a in complex inland waters, many
remote sensing algorithms have been proposed (Feng et al., 2014;
Shi et al., 2015). For the largest freshwater Lake Poyang in the MLR-
YR (Fig. 1), Feng et al. (2014) proposed the normalized green-red
difference index using 560 nm and 681 nm. Therefore, CDOM and
DOM could be estimated using satellite data by following the
flowchart in Fig. 6b. Using the in-situ Chl-a, the uncertainty ana-
lyses of CDOM and DOM estimation are shown as Fig. 6c and d,
respectively. With Chl-a estimation error of �50%e50%, mean ab-
solute error (MAE) and mean relative error (MRE) of CDOM esti-
mation were 21.6%e23.2% and �12.8%e9.4%, respectively (Fig. 6c);
MAE and MRE of DOM estimation were 17.9%e23.1% and �19.1%e
10.2%, respectively (Fig. 6d).

It is noteworthy that a high spatial resolution of satellite data is
needed. On the one hand, high spatial variability often occurs in
lake water environments (Duan et al., 2015; Jiang et al., 2013; Li
et al., 2017). On the other hand, as shown in Table 1, many lakes
along the MLR-YR are small (Ma et al., 2010). We recommend OLCI/
Sentinel-3 satellite data with a full spatial resolution of
300m� 300m (https://earth.esa.int). Moreover, Sentinel-3A and
Sentinel-3B form a two-satellite monitoring network that performs
observations of the earth’s surface once every 1.5 days. Therefore,
the high temporal-spatial resolution of the OLCI/Sentinel-3 data

https://earth.esa.int


Fig. 6. Remote sensing estimation of DOM composition. (a) The Pearson’s r between aCDOM(280) and DOM at different wavelengths. (b) One recommended flowchart for remotely
monitoring DOM. ① is shown in Eq. (2); ② was [TSI] ¼ 0.85 � [TSI(Chl-a)] þ 1.98 (N¼ 161, R2¼ 0.86, p < 0.01), obtained from in-situ data of lakes along the MLR-YR; ③ and ④ are
shown in Fig. 2c. (c) and (d) are uncertainty analyses for CDOM and DOM estimation with different Chl-a estimation errors.
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have unique strengths in monitoring highly temporal-spatially
varied lakes along the MLR-YR or other eutrophic lakes globally.
Using the semi-analytical algorithms proposed by Xue et al. (2019),
we estimated Chl-a from OLCI/Sentinel-3A in summer 2018 and
further calculated aCDOM(280) and DOM using the recommended
flowchart (Fig. 6b). The spatial distributions were consistent with
the in-situ values in 2012, with high values for lakes in the Hubei
Province (Figs. 3 and S6). In sum, we believed that the recom-
mended flowchart was feasible for estimating aCDOM(280) and DOM
in lakes along the MLR-YR.

5. Conclusions

Lakes along the MLR-YR were characterized by seriously eutro-
phic conditions. For all 55 lakes surveyed, no lakewas characterized
as oligotrophic, and lake eutrophication was correlated with local
economic development. Under these conditions, the optical prop-
erties of DOM differed by TSI, and a significantly linear relationship
was found between them. Human activities, such as domestic and
industrial sewage discharge, land cover change, and aquaculture,
also had significant effects on increasing allochthonous DOM.
Allochthonous terrestrial humic-like substance (C4) contributed
almost half, with 49.7% of CDOM and 49.8% of DOM. Phytoplankton
production was also an important DOM source. Overall, autoch-
thonous substances produced by phytoplankton contributed to
38.5% of CDOM and 35.2% of DOM. In total, human activities
explained as much as 81.7% and 87.5% of the variations in
aCDOM(280) and DOM, respectively. Based on the above findings, we
recommended a flowchart to calculate the DOM in lakes along the
MLR-YR from satellite-derived TSI using OLCI/Sentinel-3 satellite
data.
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