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GRAPHICAL ABSTRACT

Environment roles of CDOM in inland waters

ABSTRACT

Chromophoric dissolved organic matter (CDOM) plays an important role in the biogeochemical cycle and energy
flow of aquatic ecosystems. Thus, systematic and comprehensive understanding of CDOM dynamics is critically
important for aquatic ecosystem management. CDOM spans multiple study fields, including analytical chemistry,
biogeochemistry, water color remote sensing, and global environmental change. Here, we thoroughly summarize
the progresses of recent studies focusing on the characterization, distribution, sources, composition, and fate of
CDOM in inland waters. Characterization methods, remote sensing estimation, and biogeochemistry cycle pro-
cesses were the hotspots of CDOM studies. Specifically, optical, isotope, and mass spectrometric techniques
have been widely used to characterize CDOM abundance, composition, and sources. Remote sensing is an effec-
tive tool to map CDOM distribution with high temporal and spatial resolutions. CDOM dynamics are mainly de-
termined by watershed-related processes, including rainfall discharge, groundwater, wastewater discharges/
effluents, and biogeochemical cycling occurring in soil and water bodies. We highlight the underlying mecha-
nisms of the photochemical degradation and microbial decomposition of CDOM, and emphasize that photochem-
ical and microbial processes of CDOM in inland waters accelerate nutrient cycling and regeneration in the water
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column and also exacerbate global warming by releasing greenhouse gases. Future study directions to improve
the understanding of CDOM dynamics in inland waters are proposed. This review provides an interdisciplinary
view and new insights on CDOM dynamics in inland waters.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction phytoplankton growth in aquatic ecosystems (Mladenov et al., 2011;

Dissolved organic matter (DOM) in aquatic environments is a com-
plex mixture of carbon, nitrogen, phosphorus, and sulfur-containing
molecular fragments with molecular weights ranging from a few hun-
dred to 100,000 Da (Da). Chromophoric DOM (CDOM), also known as
gelbstoff, gilvin, yellow substance, or colored dissolved organic matter,
is mainly composed of aromatic amino acids, lignin phenols, and unde-
fined humic substances and shows distinct bioavailability differences
due to its complex sources, compositions and molecular structures
(Hansell and Carlson, 2015; Nebbioso and Piccolo, 2013; Nelson and
Siegel, 2013; Zark and Dittmar, 2018).

CDOM is closely related to the biogeochemical cycle and energy flow
of ecosystems, and its changes are of vital importance by promoting
transformation and evolution of aquatic ecosystems (Lapierre et al.,
2013; Williams et al., 2016; Wilson and Xenopoulos, 2009). Studies as-
sociated with the characterization, source, composition, temporal and
spatial patterns, degradation, transformation, and environmental effects
of CDOM are inherently complex and interdisciplinary. The major envi-
ronmental roles of CDOM can be categorized into three items (Fig. 1):
1) Light-absorbing CDOM largely determines the optical properties of
water bodies and underwater ultraviolet and blue light attenuation,
being of particular importance in alpine and (Ant)Arctic oligotrophic
waters or humic-rich lakes (Huovinen et al., 2003; Laurion et al., 2000;
Zhang et al., 2011c). CDOM may also protect aquatic organisms by re-
ducing both the amount and the penetration depth of harmful UV-B
(280-320 nm) radiation (Laurion et al., 2000; Williamson et al., 2014).
In addition, CDOM absorption in the blue light region overlaps with
that of phytoplankton chlorophyll-a and non-phytoplankton suspended
particles, affecting the quantitative remote sensing retrieval of the con-
centrations of optically active substances in water bodies (Dierssen,
2010; Gitelson et al,, 2007; Odermatt et al., 2012). 2) The transformation
of CDOM is accompanied by biogeochemical cycles of several biogenic
elements such as carbon, nitrogen, and phosphorus (Wear et al., 2015;
Zhang et al., 2011a). Therefore, CDOM is an important link in the nutri-
ent availability and regeneration processes supporting bacterial and

Zhang et al., 2009b); 3) CDOM represents a key component of the global
carbon pool. The source, composition, degradation, and mineralization
of CDOM are involved in the global carbon cycle and carbon budget
(Battin et al., 2009; Zhou et al., 2018b), potentially leading to green-
house gas emissions and affecting global climate change (Emilson
et al., 2018; Lapierre et al.,, 2013).

Under the influence of global climate change, eutrophication and in-
tensified disturbances from human activities over the past four decades
have resulted in increased export of terrestrial and anthropogenic
CDOM to downstream receiving aquatic ecosystems (Drake et al.,
2018; Kothawala et al., 2014; Massicotte et al., 2017). The degradation
and mineralization of CDOM have, in turn, directly or indirectly affect
the structure and function of the aquatic ecosystems downstream. Stud-
ies of CDOM-related issues have quickly increased over the past
20 years, now being a hotspot in the fields of remote sensing, aquatic
ecology, and the global carbon cycle. CDOM is involved in multiple

Fig. 1. Environment roles of CDOM in inland waters : Light attenuation effects; @:
biogeochemical cycles effects; @: greenhouse gas emissions effects.
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study fields, including analytical chemistry, water optics and water
color remote sensing, biogeochemical cycles in natural ecosystems, co-
agulation efficiency, disinfection byproduct formation, membrane foul-
ing, and oxidant demand in engineered systems (Ike et al., 2019; Kutser
et al., 2005; Laurion et al., 2000; Lavonen et al., 2015; Murphy et al.,
2013; Nebbioso and Piccolo, 2013).

Many reviews focus on DOM/CDOM characterization techniques,
key processes, and marine environments (Chen et al., 2019a; Dittmar
and Stubbins, 2014; Ike et al., 2019; Ishii and Boyer, 2012; Li and Hur,
2017; Mopper et al., 2007; Nelson and Siegel, 2013; Perdue and
Ritchie, 2003). Comparatively, little systematic effort has been made
to summarize the sources, composition, fate, and environmental effects
of CDOM in inland waters, which may reflect that it is a complex issue
that have to deal with high temporal and spatial heterogeneities,
multi-disciplinarity and so far insufficient attention to the importance
of CDOM. This is unfortunate as the global annual emissions of carbon
dioxide from inland waters to the atmosphere are similar in magnitude
to the carbon dioxide uptake by the oceans, and the global burial of or-
ganic carbon in inland waters sediments exceeds organic carbon se-
questration on the ocean floor (Tranvik et al., 2009), even though
inland waters cover on average only 3% of the global continental area
(Downing et al., 2006). Because of the predominant role of CDOM in dis-
solved organic carbon (DOC) and the vital binding roles of CDOM with
nutrients (de Matos Valerio et al., 2018; Griffin et al., 2018; Mesfioui
etal,, 2015; Zhang et al., 2011a; Zhang et al,, 2018), it is urgent to better
understand CDOM dynamics in inland waters. Therefore, a comprehen-
sive and multi-disciplinary review of CDOM studies could advance our
understanding of CDOM dynamics.

In this review, we thoroughly summarize CDOM characterization
methods, remote sensing estimations, temporal-spatial distribution,
sources, and composition dynamics from four aspects: 1) CDOM charac-
terization techniques and methods; 2) CDOM remote sensing estima-
tion model and application; 3) CDOM patterns, sources, and driving
factors; and 4) CDOM transformation mechanisms and environmental
effects. We aim to provide a guideline for CDOM researchers from a
comprehensive and interdisciplinary perspective to promote a better
understanding of the importance and implications of CDOM cycling in
inland waters.

2. Overview of CDOM and DOM from the bibliometric perspective

To elucidate the study interest differences in the CDOM and DOM
field and popular topics of CDOM, author keywords from the
bibliometric perspective were analyzed. The online version of the Sci-
ence Citation Index (SCI) Expanded was searched using the keywords
(TS = CDOM, TS = DOM) as the topic to compile a bibliography of all
papers related to the study of CDOM and DOM. The keywords with
the same meanings were unified into one word, and publications that
lacked author keywords were not included in this analysis. In addition,
we excluded CDOM and DOM in the keyword analysis because CDOM
and DOM was used as our search term.

The 50 most frequently used keywords showed that the CDOM
study covered three main directions (Fig. S1): 1) characterization
methods including absorption, fluorescence, the excitation-emission
matrix (EEM), and parallel factor analysis (PARAFAC); 2) water color re-
mote sensing including remote sensing, ocean color, optical properties,
and MODIS; and 3) biogeochemistry cycle processes including DOM,
DOC, chlorophyll, and photochemistry. Obviously, many keywords re-
lated to water color and remote sensing are recorded, which is specific
to CDOM. Therefore, CDOM remote sensing is extensively reviewed in
our study. The bibliometric analysis showed that CDOM study covered
the multidisciplinary fields needing multiscale interdisciplinary pro-
cesses, mechanisms, and models understanding. In contrast, other
high-frequency keywords including humic substances, adsorption,
humic acid, mercury, copper were recorded for DOM study indicating
different study topics (Fig. S2). Especially, the high-frequency keywords
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of mercury, copper, and heavy metals show the environmental role of
DOM metal contaminants, which is seldom reported for CDOM.

3. CDOM characterization techniques and methods
3.1. UV-vis spectroscopy

In practice, filtrate passing through a submicron filter (usually
0.22 pm) is normally used for CDOM characterization to eliminate the
scattering effect of the small particles <0.45 pm but larger than
0.22 pm compared to DOM. Because CDOM consists of a mixture of sub-
stances with different sources and complex chemical compositions, it is
difficult to quantify CDOM in terms of mass or concentration. We fur-
ther operationally define the quantity of CDOM by its Napierian absorp-
tion coefficient at a reference wavelength. Absorption coefficients at
characteristic wavelengths (254, 280, 350, 375, or 440 nm) measured
by absorption spectroscopy and DOC concentration were used as prox-
ies for the concentration or abundance of CDOM in many studies
(Table S1) (Griffin et al., 2018; Massicotte et al., 2017; Spencer et al.,
2012; Stedmon et al., 2000; Zhang et al., 2011a; Zhang et al., 2018).
The absorption coefficient of CDOM has high spatial variation as evi-
denced by a(254) ranging from 0.011 m~! to 695 m~! (Zhang et al.,
2018), while a(350) ranged from 0.01 m~! to 1839 m~! (Massicotte
et al., 2017). In drinking water and wastewater treatment studies, a
(254) and associated specific ultraviolet absorbance were widely used
to characterize CDOM abundance and aromatic compounds (Lavonen
etal., 2015; McKnight et al., 2001). a(320) was used to correlate the dif-
fuse attenuation coefficient for UV-B radiation (280-320 nm) to eluci-
date the effects of CDOM on ultraviolet radiation (UVR) attenuation
(Laurion et al., 2000; Morris et al., 1995). a(350) was often used to char-
acterize CDOM concentration and biogeochemical cycles in lakes and
rivers (Lambert et al., 2016; Osburn et al., 2011). In contrast, a(440)
was used to estimate the CDOM concentration in water color remote
sensing studies because satellite ocean color sensors have a spectral
channel near 440 nm (Olmanson et al.,, 2016; Zhu et al., 2011). There-
fore, the absorption coefficient at different wavelengths used in differ-
ent studies created difficulty and uncertainty in the accuracy of the
global comparison of CDOM in inland waters. Considering that a(254)
mainly reflects aromatic compounds and a(440) is often near O or neg-
ative for clear water due to low instrument detection limits, we suggest
that in future studies more researchers should use a(350) to character-
ize CDOM concentration to facilitate further comparison. In addition,
there were significant positive correlations between the DOC concen-
tration and CDOM absorption in inland waters (Brezonik et al., 2015;
Griffin et al., 2018; Massicotte et al.,, 2017; Song et al., 2017), which in-
dicated that DOC was a reliable and regional proxy for CDOM character-
ization. However, highly variable linear regression slopes have been
found between DOC concentrations and CDOM absorptions in inland
waters with different water color characteristics, which highlights that
a classification of water color is required before estimating CDOM
using DOC concentration in optically complex inland waters.

Additionally, the specific ultraviolet absorbance SUVA,s4 (ratio of
the UV absorption coefficient at 254 nm to the DOC concentration)
(Griffin et al., 2018; Spencer et al., 2012; Weishaar et al., 2003), spectral
slope S (Stedmon et al., 2000; Zhang et al., 2011b), spectral slope ratio Sg
(Helms et al., 2008), and the relative molecular weight parameter M (De
Haan and De Boer, 1987) are also widely used for semi-quantitative
characterization of CDOM sources and composition (Table S1).
SUVA,s4 is positively proportional to the degree of aromaticity of
CDOM, further indicating an increasing input from terrestrial sources
with high SUVA values (Weishaar et al., 2003; Zhou et al., 2016). In con-
trast, the values of S, Sg, and M increase with decreasing molecular size
and humification of CDOM (Helms et al., 2008). Overall, DOC concentra-
tions and CDOM absorption coefficients are positively correlated with
SUVA;s4 and negatively correlated with S, Sg, and M values (Helms
et al.,, 2008; Zhang et al., 2011b). These results indicate that enhanced
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input of terrestrial humic-rich CDOM can result in increasing SUVA;s4
and decreasing S, Sg, and M values.

3.2. Fluorescence spectroscopy

Fluorescence DOM (FDOM) is a fraction of CDOM that can emit fluo-
rescence when excited at short wavelengths. Fluorescence spectros-
copy, especially the EEM technique, is widely utilized to characterize
the sources and composition of CDOM due to its high sensitivity, high
information content, low cost, and absence of influence on the sample
(Chen et al., 2003; Coble, 1996; Li and Hur, 2017; Stedmon and
Markager, 2005). Regions of three-dimensional EEM can be assigned
to different classes of fluorescence compounds. Early on, the position,
height, and fluorescence ratio of EEM spectra peaks were mainly deter-
mined by the “peak picking” technique (Coble, 1996; Stedmon et al.,
2003), which can be misleading due to spectral overlap, interactive in-
terference, and subjective factors. Parallel Factor Analysis (PARAFAC)
is now commonly utilized to analyze EEM data. PARAFAC is an alternat-
ing least-squares algorithm that splits each EEM into a series of tri-linear
components and a residual array (Murphy et al., 2013; Stedmon and
Bro, 2008; Stedmon et al., 2003), and it can objectively and accurately
decompose complex EEMs into independent fluorescent components
that represent groups of similar fluorophores, including humic-like,
fulvic-like, tyrosine-like, and tryptophan-like components (Ishii and
Boyer, 2012; Zhang et al., 2009b). However, one of the most critical is-
sues for PARAFAC model results and explanation is the lack of required
rigorous dataset. The recommended minimum sample number for
EEM-PARAFAC analysis in several PARAFAC method studies is approxi-
mately or >60 (Murphy et al., 2013; Murphy et al., 2018; Stedmon
and Bro, 2008), but it turned out that many reported PARAFAC-
derived fluorescent components in the literature are based on a small
dataset, sometimes including <10 samples. In addition, the controver-
sial number of fluorescence components and fluorescence spectra de-
rived from PARAFAC obscure the correlations between the
fluorescence components and physicochemical properties, an issue re-
quiring further investigation and mechanism analysis. In addition,
there is a tendency to over-interpret fluorescence information fitted
from mathematical models without solid physical and chemical mecha-
nisms. A recent meta-analysis of 90 peer-reviewed PARAFAC models re-
vealed no clear connection between fluorescence spectral composition
and DOM/CDOM biogeochemistry, indicating certain fluorescence com-
ponents reoccur regardless of sample source (Wiinsch et al., 2019). This
result may be attributed that physicochemical reactions act upon DOM
to produce a set of highly conserved fluorescence spectra (Wiinsch
et al., 2019). Therefore, multidetector analysis to the interpretation of
fluorescence and linking fluorescence components with complemen-
tary physical and chemical information are recommended to the inter-
pretation of PARAFAC results and better understanding the
biogeochemistry of CDOM fractions (Cuss and Gueguen, 2015;
Romera-Castillo et al., 2014).

In addition to EEM coupling with PARAFAC, the fluorescence index
(FI) (McKnight et al., 2001), humification index (HIX) (Zsolnay et al.,
1999), biological index (BIX) (Huguet et al., 2009), and fluorescence
peak ratio index (FPRI) (Zhou et al., 2017) have also been proposed to
semi-quantitatively distinguish the sources and composition of CDOM
(Table S1). FI with a value of ~1.9 indicates microbially derived sources
and a value of ~1.4 indicates terrestrially derived materials (McKnight
et al., 2001). Actually, an increasing number of studies have shown
that Fl defined as a mixed value did not add extra information to identify
the composition of CDOM sources. While the humification degree of
CDOM increases, the ratio of hydrogen to carbon will decrease, and
the emission spectrum of fluorescent molecules will experience a red-
shift, resulting in a higher value of HIX (Zsolnay et al., 1999). BIX reflects
the proportion of newly generated CDOM in the overall CDOM pool, and
avalue of 1 or higher indicates strong biological activity or predominant
autochthonous CDOM (Huguet et al., 2009). FPRI, which is defined as
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the integral ratio of the fluorescence peak C (Eyx: 320-360 nm, E:
420-480 nm) to the peak T (Ex: 225-230 nm and 275 nm, Ey:
345-350 nm), can track the composition dynamics and the relative con-
tributions of autochthonous and allochthonous sources of CDOM (Zhou
etal., 2017). Similar to PARAFAC fluorescence components, some incon-
sistent results from different fluorescence indices were often observed.
In addition, it is difficult to accurately identify the changes in CDOM
sources and composition based on these several fluorescence indices
because they cover a small variability.

3.3. Stable isotope

Stable isotopic composition of DOM, including 6'3C-DOC and &'°N-
total dissolved nitrogen used for bulk DOM (Table S1), has been used
to trace the sources and transformation processes of CDOM in various
aquatic ecosystems (Goldberg et al., 2015; Osburn et al., 2011;
Stedmon et al., 2015; Zhou et al., 2018a). For instance, allochthonous
CDOM with diluted 6'3C has a value ranging from —29%. to —26%s,
while autochthonous CDOM with rich §'3C-DOC has a value ranging
from —24%. to —20%. (Hood et al., 2009; Spencer et al., 2014). Isotopic
analyses of DOC showed that the younger portion (C-enriched) of ter-
restrial organic matter is selectively degraded compared with the older
DOM ('4C-depleted) (Raymond and Bauer, 2001). Stable isotopic §*H
and 680 in inland waters can provide information about hydrological
processes, including flow, evaporation, water supply, and hydrological
connectivity, and thereby characterize the transformation of DOM. For
example, evaporation fuels the accumulation of heavier isotopic water
molecules (H*HO and H380) in surface water, and 6*H and §'80 can
therefore be used to trace the sources of riverine- or groundwater-
derived CDOM in lake ecosystems (Zhou et al., 2018b). Over recent de-
cades, compound-specific isotope analysis (CSIA), especially through
measuring 6'3C, 8'°N, and '“C in specific organic compounds, has fur-
ther advanced our understanding of DOM/CDOM sources (Glibert
et al,, 2019; Osburn et al., 2011). In addition, biomarkers (e.g., lipid
and lignin) in combination with absorption and fluorescence spectros-
copy as well as stable isotopes provide a more comprehensive picture
of CDOM composition and sources (Osburn et al., 2011).

3.4. Fourier transform ion cyclotron resonance mass spectrometry

Recent advances, especially the development of ultrahigh resolution
mass spectrometry, have improved our understanding of the molecular
characterization of CDOM. A growing number of studies have been car-
ried out using Fourier transform ion cyclotron resonance mass spec-
trometry (FT ICR-MS) coupled with electrospray ionization to identify
CDOM composition at a molecular level. Kendrick and van Krevelen
plots can be firstly used to classify the assigned molecular formulas
into different categories, including lipids, proteins and amino sugars,
carbohydrates, unsaturated hydrocarbons, lignins, tannins, and con-
densed aromatics (Dittmar et al., 2012; Kellerman et al., 2014; Ohno
et al., 2014; Riedel and Dittmar, 2014; Singer et al., 2012; Sleighter
and Hatcher, 2007; Ward et al., 2017) (Fig. 2). Recently, a widely used
method of solid-phase are recommended to be classified according to
the O/C and H/C ratios and a modified quantitative aromaticity index
(Almod) into polycyclic condensed aromatics (Almod >0.66), polyphe-
nolic (0.66 > Almod >0.5), highly unsaturated and phenolic (Almod
<0.50 and H/C < 1.5), aliphatic (2.0 > H/C > 1.5 and N = 0), peptide-
like (2.0 > H/C> 1.5 and N > 0), and sugar-like compounds (H/C > 1.5
or 0/C > 0.9) (Coward et al., 2019; Kellerman et al., 2020; Spencer
et al.,, 2014). In addition, FT ICR-MS tracing molecular composition
changes can be widely used to elucidate the sources and cycle processes
of DOM/CDOM (Kellerman et al., 2015; Lee et al., 2019; Stubbins et al.,
2010). For example, FT ICR-MS revealed that photobleaching of CDOM
resulted in the loss of aromatics and a reduction of molecular diversity.
In detail, black carbon and carboxylic-rich alicyclic molecules were
photo-resistant, aromatic compounds including the lignin, tannin, and
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Fig. 2. van Krevelen diagram for Lake Taihu CDOM sample from the molecular level
measured using a 15 T FT-ICR mass spectrometer (solariXTM system, Bruker Daltonics,
Billerica, MA). A: lipids, B: proteins, C: carbohydrates; D: unsaturated hydrocarbons, E:
lignins, F: tannins, G: condensed aromatics. The distinctive lines denote the following
chemical reactions: (I) methylation/demethylation or alkyl chain elongation; (II)
hydrogenation/dehydrogenation; (III) hydration/condensation; and (IV) oxidation/
reduction.

aromatic being the most photoreactive, and the photo-produced pool
was dominated by aliphatic compounds (Stubbins et al., 2010).
Kellerman et al. (2015) concluded that intrinsic molecular properties
were an important control of overall organic matter reactivity by com-
bining ultrahigh-resolution mass spectrometry and optical spectros-
copy to investigate the persistence of DOM in lakes related to its
molecular characteristics (Kellerman et al,, 2015).

More importantly, FT-ICR-MS can accurately differentiate small dif-
ferences in the molecular masses of CDOM components due to ultrahigh
mass resolution and a mass accuracy below 1 ppm. When slight CDOM
and DOC variabilities cannot be detected with the commonly used com-
position parameters S, Sg, and SUVA, FT-ICR-MS can clearly observe
these slight changes. However, with only empirical formulae, although
systematized in Kendrick and van Krevelen plots, information about
the chemical structure of CDOM compositions remains rather poor.
Therefore, the content and structures of polycyclic condensed aro-
matics, polyphenolic, highly unsaturated and phenolic, aliphatic,
peptide-like, and sugar-like compounds must be better characterized
to enable understanding of the genesis, structure, and chemical reactiv-
ity of DOM. Unfortunately, though, the limited availability of FT-ICR-MS
and high price of CDOM molecular characterization block most re-
searchers. In addition, the pre-processing of raw mass spectra obtained
from FT-ICR-MS, including inner-calibration and molecular formulae as-
signments, needs sophisticated analytical chemistry and data analysis to
accurately extract CDOM molecular information. Therefore, strategies
for low-cost FT-ICR-MS measurements and reliable data processing
are among the greatest challenges for future studies. Moreover, a widely
used method of solid-phase extraction with modified styrene divinyl
benzene polymer type sorbents (PPL, ENV) extracts >60% of coastal
and > 40% of deep-sea DOC (Dittmar et al., 2008). Improving the extrac-
tion efficiency before FT-ICR-MS detection, in order to avoid informa-
tion loss, is also a great challenge that needs to be considered and
studied further in the future.

3.5. Other methods

Nuclear magnetic resonance (NMR) (Miller et al., 2009; Nebbioso
and Piccolo, 2013; Zark and Dittmar, 2018), two dimensional
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correlation spectroscopy (2DCOS) (Chen et al., 2019a), and high-
performance size exclusion chromatography (HPSEC) (Wu et al.,
2003; Wiinsch et al., 2018) are also used to characterize the source,
composition, and molecular weight of CDOM, factors that require
more focus in future studies. Recently, in situ CDOM fluorescence sen-
sors, such as the Cyclops 7 (Turner Designs, USA), the ECO FL CDOM
fluorometer (Wetlabs, USA), the MicroFlu-CDOM fluorometer (Trios
GmbH, Germany), the UV fluorometer (SeaPoint), and the EX02
FDOM sensor (YSI, USA), have been widely used to monitor the high fre-
quency variation and understand the short term rapid biogeochemistry
processes of CDOM (Mihalevich et al., 2017; Ruhala and Zarnetske,
2016; Wymore et al., 2018).

3.6. Combination of more advanced analytical methods and techniques

The use of state-of-the-art techniques, including FT-ICR-MS and
NMR, has ensured great breakthroughs in our understanding of the
sources and composition of CDOM at molecular level. However, most
techniques still only offer semi-quantitative information. By combining
CDOM characterization techniques, including traditional ultraviolet-
visible absorption spectroscopy, EEMs, 2DCOS, stable isotopes, and
newly developed FT-ICR-MS and NMR, more accurate information on
the abundance, chemical structure, composition, and sources of CDOM
could be acquired, and the underlying driving mechanisms of CDOM dy-
namics might be elucidated more clearly. It is vitally important to de-
velop some standard procedures for distinguishing CDOM sources,
structures, and compositions based on absorption spectroscopy, EEMs,
stable isotopes, and FT-ICR-MS and NMR experimental data.

4. Remote sensing retrieval of CDOM

Elucidating the distribution and dynamics of CDOM is crucial for
monitoring, assessing, and managing inland waters (Keith et al., 2002;
Kutser et al., 2005; Massicotte et al., 2017; Siegel et al., 2002; Zhang
et al., 2018). In addition to the in situ sampling and measurement of
CDOM, remote sensing is considered an important supplement or sub-
stitute to obtain an overview of the temporal-spatial patterns of
CDOM due to its unparalleled advantages of collecting measurements
from historical and large-scale perspectives (Joshi et al., 2017,
Matthews, 2011; Swan et al,, 2013; Wen et al., 2019). Remote sensing
of surface water color depends on the use of spectral channels that pro-
vide radiometric information at a few selected wavelengths about the
light backscattered from the upper layer of the water, which is known
as remote sensing reflectance (Maritorena et al., 2002; Wen et al.,
2019). Compared with other optically active substances, such as total
suspended matter and chlorophyll-g, it is more difficult to obtain an ac-
curate estimation of CDOM from satellite data due to its low optical sig-
nals and absorption spectral shapes that are similar to those of non-
phytoplankton particulate matter.

Much effort has been directed at developing a series of empirical,
semi-empirical, and semi-analytical algorithms to estimate CDOM and
improve the estimation accuracy for inland waters (Fig. 3). First, several
empirical relationships have been established between the CDOM ab-
sorption coefficient and remote sensing reflectance. Recently, also ma-
chine learning methods such as regularized linear regression (RLR),
random forest regression (RFR), kernel ridge regression (KRR), Gaussian
process regression (GPR), artificial neural networks (ANN), and support
vector machines (SVM) have been used to estimate CDOM absorption
without considering the differences in water optical properties
(Ruescas et al., 2018; Zhao et al, 2018). Second, several semi-
empirical algorithms considering band ratios have been proposed as
predictive models for estimating CDOM from spectral data in different
waters around the world (Zhu et al., 2011). Third, the semi-analytical
QAA-CDOM algorithm, an improved and optimized version of a quasi-
analytical algorithm (QAA), has been applied to estimate CDOM absorp-
tion in different riverine, lake, estuarine, and coastal waters (Li et al.,



Y. Zhang, L. Zhou, Y. Zhou et al. Science of the Total Environment 759 (2021) 143550

4 bands |} Zhu et al., 2011 (R'=0.81)
(440, 490, 555, 640 nm) =

5 bands Cao et al., 2018 (R'=0.74)
(443, 488, 531, 555, 667 nm) .

Ficek et al., 2011 (R'=0.85)

Band ratio ‘ -
(570 nm/655 nm, Mannino et al., 2008 (R'=0.91)
490 nm/555 nm, 5 -
670 nm/571 nm, Menken et al., 2006 (R'=0.88)
767 nm/826 nm) Xu et al., 2018 (R*=0.73)
—a
— T T — T e e e
0.1 1 10 100
E{Eﬁﬁiﬁ b'fzmgj b Griffin et al., 2011 (R'=0.78)
525 [
(barl:f[jlszglg abg“‘;ﬁ Cao et al., 2018 (R'=0.71)
. Kutser, 2012 (R'=0.62)
TM/ETM+ band ratio gg -
(band 2/band 3) Olmanson et al., 2016 (R =0.79)
» ]
Biitand miis Olmanson et al., 2016 (R'=0.81)
(band 3/band 4) Brezonik et al., 2015 (R'=0.84)
=
ALI band ratio 2
(band 2/band 3) . Kutser et al., 2005 (R'=0.73)
MSI band ratio . Brezonik et al., 2015 (R'=0.86) -
(band 2/band 6, 2
band 4/band 2, Xu et al., 2018 (R =0.70)
band 3/band 4) =
Al-kharusi et al., 2020 (R =0.65)
]
((QL%IS%nddralt;c; T Brezonik et al., 2015 (R'=0.86)
an an
I T T II!IIIII T T lllllll I.I IllIIII
0.1 1 10 100

a(‘n().\l(440) (m_' )

Fig. 3. Overview of retrieval models of ct(440) from a) field spectral reflectance measurements using the 4 band combination and b) satellite imagery using the ETM+ 3 band, the TM/ETM
+ band ratio, the OLI band ratio, the ALI band ratio, the MSI band ratio, and the OLCI band ratio (Al-Kharusi et al.,, 2020; Brezonik et al., 2015; Cao et al., 2018; Ficek et al., 2011; Griffin et al.,
2011; Kutser, 2012; Kutser et al., 2005; Mannino et al., 2008; Menken et al., 2006; Olmanson et al., 2016; Xu et al,, 2018; Zhu et al., 2011).

2018). In addition, another semi-analytical algorithm, shallow water
bio-optical properties (SBOP), has been developed and successfully
used to estimate spatial and temporal patterns of CDOM absorption
for both optically shallow and deep waters by eliminating bottom ef-
fects (Li et al., 2017; Li et al., 2018). These semi-analytical algorithms
made a significant improvement to avoid location dependency by re-
solving CDOM optical properties based on bio-optical radiative transfer
models. Based on the above-mentioned CDOM estimation algorithms,
many different satellite imageries such as Landsat, Sentinel-2, MERIS,
and Hyperion have been widely used over the past decade to remotely
map CDOM in a number of optically complex inland waters (Li et al.,
2018). Overall, the band ratio is the most common algorithm, and the
Landsat series satellite is the most useful remote sensing data covering
a(440) values from <0.1 to >20 m~" (Fig. 3). Meanwhile, several
CDOM composition parameters, water quality and water environment
indicators related to CDOM have been estimated using remote sensing
methods based on different satellite data (Cao and Miller, 2015; Cao
et al., 2018; Chen et al., 2019b; de Matos Valerio et al., 2018; Miao
etal, 2019).

Most algorithms of CDOM remote sensing estimation are empirical
or semi-empirical (Fig. 3) (Cao et al., 2018; Kutser et al., 2005;
Olmanson et al., 2016), which inhibits their application to other com-
plex optical properties of inland waters without synchronous CDOM
measurements. More importantly, the current many satellite instru-
ments have no special spectral channels for CDOM remote sensing
(Brezonik et al., 2015). In addition, the use of satellite images for map-
ping long-term CDOM dynamics with both high spatial (< 10 m) and
temporal (<1 day) resolutions in inland waters is problematic (Al-
Kharusi et al., 2020; Olmanson et al., 2016; Xu et al., 2018). Therefore,
the new generation of satellite ocean color sensors should be specifically
designed to characterize CDOM and its spectral dependence in inland

waters. CDOM information from remote sensing with sufficient preci-
sion and temporal and spatial resolutions allows us to elucidate highly
dynamic physical and biological processes and quantify the CDOM bio-
geochemical cycle in inland waters.

CDOM dynamics in inland waters are linked to complicated factors,
including solar radiation, topography, hydrology, and ambient ecologi-
cal environments (Aull6-Maestro et al., 2017; Evans et al., 2017;
Haaland et al., 2010; Helms et al., 2008; Zhou et al., 2016). Thus, in-
depth understanding relies on analyses of long-term observations and
data covering large spatial and temporal scales. A complementary ap-
proach to expand the spatial and temporal scales of CDOM studies is
the use of in situ bio-optical sensors and remote sensing monitoring.
More attention and effort must be paid to satellite observations at differ-
ent temporal and spatial resolutions that can provide a synoptic view of
the CDOM dynamics from a historical viewpoint over a large spatial
scale. Therefore, the new generation of satellite ocean color sensors
should be designed to characterize CDOM and its spectral dependence
in inland waters to facilitate global comparisons. Moreover, CDOM fluo-
rescence bio-optical sensors can be used for in situ monitoring of CDOM
dynamics at high temporal resolution (minutes) to obtain a better un-
derstanding of short-term driving processes (Mihalevich et al., 2017;
Ruhala and Zarnetske, 2016; Wymore et al., 2018). Meanwhile, more
in situ CDOM observation data acquired by these sensors will further im-
prove the precision of CDOM remote sensing algorithms. Combining the
high frequency in situ CDOM observation and large spatial scale CDOM
remote sensing estimation will deep our understanding of CDOM
source, key driving processes, and environmental effects (Juhls et al.,
2019).

Remote sensing estimation of CDOM is still challenging for inland
waters because the absorption spectra of CDOM in the blue region are
overlapping with the high absorption of suspended particles (Xu et al.,
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2018). CDOM estimation algorithms developed for specific study sites
based on a small dataset covering a limited CDOM range might not be
directly applicable to other inland waters, as it may result in low preci-
sion and high uncertainty. In addition, inorganic components such as
iron can easily influence water color in inland waters (Xiao et al.,
2015), which may result in the misleading of CDOM estimation. There-
fore, more studies are needed in order to develop more robust models to
improve CDOM estimation precision to increase our understanding of
CDOM dynamics.

5. CDOM patterns, sources and driving factors

A recent study showed that the CDOM distribution displays high
spatial heterogeneity with a(440) of CDOM, ranging up to ~40 m~! or
more in inland waters (Brezonik et al., 2015). To compare and present
the global distribution of CDOM absorption coefficients in inland waters,
we collected the available CDOM absorption coefficient in inland waters
from the literature (Table S2). Unfortunately, CDOM absorption coeffi-
cients at different wavelengths were used due to the individual aim of
the different studies, typically including 254, 280, 320, 350, and
440 nm etc. To facilitate comparison, we therefore had to develop the
empirical relationships covering a large CDOM range to convert all the
CDOM absorption data in the literature to a fixed wavelength. Consider-
ing that a(350) is widely used in the literature, we attempted to develop
empirical relationships between a(350) and a(\) for the other wave-
lengths. We compiled the available CDOM data covering different
water clarity (Secchi disc depth ranging from 0.05 to 10.0 m) and tro-
phic gradients (trophic state index ranging from 32.6 to 73.9) for inland
waters in China (Fig. S3, Table S3). In addition, we also collected CDOM
data in reservoir, lake, river from USA and the Netherland (Zhu et al.,
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2014) (Table S3). A large dataset of 766 samples with a(350) from
0.14 to 19.55 m ™! covering >90% of the missing a(350) ranges was ob-
tained (Table S2). Based on this large dataset from various inland waters
of different countries, we further developed empirical relationships be-
tween a(350) and a(254) (* = 96, p < 0.001, Fig. 4a), a(280) (r* = 97,
p < 0.001, Fig. 4b), a(300) (r* = 99, p < 0.001, Fig. 4c), a(330) (r* = 99,
p <0.001, Fig. 4d), a(375) (* = 99, p < 0.001, Fig. 4e), and a(440) (r* =
83, p < 0.001, Fig. 4f). All these correlations are highly significant and
allowed us to convert all the literature CDOM absorption data to a
(350) with high precision (Fig. 4).

Consequently, a global a(350) dataset was generated to demonstrate
the CDOM distribution using the empirical relationship in Fig. 4 and all
the available CDOM absorption data, including values ranging from
<0.14 to higher than 20 m ™!, covering different inland waters such as
lakes, rivers, reservoirs, ponds, and wetlands (Fig. 5). The dataset cover-
ing 791 waters revealed no significant correlation between latitude and
a(350), indicating that there is no latitudinal zonal distribution of CDOM
and that decreasing temperature does not stimulate the accumulation
of CDOM at the global scale. Exceptionally, clear alpine lakes show sig-
nificant latitudinal trends that are imposed by dust deposition, flux of
incident UVR, and bacterial processing (Mladenov et al., 2011). For com-
plex inland waters, the spatial and temporal distributions of CDOM ab-
sorption are associated with sources and sinks from the perspective of
human activities in the watersheds and the inherent properties of
water bodies (Brezonik et al., 2015; Matthews, 2011). Therefore, it is
understandable that there is no marked consistent global distribution
of CDOM.

CDOM is derived from allochthonous and autochthonous sources.
Specifically, allochthonous origins include inflow runoff, groundwater,
atmospheric precipitation, and anthropogenic discharge of industrial
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Fig. 5. Spatial distribution of the CDOM absorption coefficient in inland waters. The detailed dataset can be found in the Supporting Information (Table S2).

and domestic sewage. Autochthonous inputs are CDOM derived from
microbial decomposition of phytoplankton and submerged plants, mi-
crobial production of extracellular polymeric substances, and pore
water released from sediments (Fig. 6). For FDOM analysis,
PARAFAC-derived humic-like components are categorized as allochtho-
nous inputs, while protein-like components are often regarded as au-
tochthonous microbial sources. Inland waters act as collectors,
microcosms, and reactors that receive a mixture of allochthonous and
autochthonous sources of CDOM (Tranvik et al., 2018), which are
strongly influenced by natural processes and human activities and
show high spatial heterogeneity, making it extremely difficult to accu-
rately identify the CDOM sources and composition.

At regional and macroscopic scales, meteorological and hydrological
processes and watershed-related factors, including soil type and land
use - especially urban and agricultural land use upstream of the receiv-
ing water bodies, together with the inherent properties of water bodies,
such as trophic status and ecosystem type, are often the key factors driv-
ing the changes in CDOM sources and composition in inland waters
(Arvola et al., 2016; Zhang et al., 2018). Meteorological and hydrological
processes such as climate warming, UVR, precipitation and inflow

Greenhouse £ LS
gas

runoff from upstream watersheds change the CDOM sources and com-
position by impacting allochthonous and autochthonous inputs and
the transformation of CDOM (Hdder et al., 2007; Kellerman et al.,
2014; Larsen et al., 2010; Mosley, 2015; Shi et al., 2020; Spencer et al.,
2009). Therefore, any meteorological and hydrological processes in-
duced by climate change will profoundly affect the CDOM sources and
patterns in inland waters (Ejarque et al., 2018; Haaland et al., 2010;
Hader et al., 2007; Mosley, 2015).

Previous studies have shown that the relative proportion and trans-
formation of different land use types, including forests, grasslands, wet-
lands, agricultural land, and construction land, contribute to the
variability in CDOM abundance, composition, and bioavailability in
river and lake watersheds, as evidenced by a significant increase of ter-
restrial CDOM with increasing anthropogenic land use (cropland, urban
construction) percentage (Arvola et al., 2016; Shi et al., 2020; Wilson
and Xenopoulos, 2009). More specifically, forest coverage in an up-
stream watershed is positively correlated with the SUVA;s,4 value of
downstream-linked waters, indicating that an increase in forest cover-
age can lead to enhanced input of humic-rich CDOM to lakes
(Groeneveld et al., 2016; Williams et al, 2010). The structural

4 £ 4
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Fig. 6. Conceptual model of CDOM sources and transformation processes in aquatic ecosystems.
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complexity of DOM decreases as the ratio of continuous croplands to
wetlands increases (Wilson and Xenopoulos, 2009). Moreover, the tro-
phic status might be used to determine whether a lake is a net source or
sink of CDOM and DOC, while the water retention time along with the
exchange cycle control the rate and flux of CDOM and DOC generation
and consumption (Catalan et al., 2016; Evans et al., 2017; Kothawala
et al., 2014). Specifically, oligotrophic lakes having low trophic status
index are usually carbon sinks, and the degree of DOC mineralization in-
creases significantly with prolonged water retention time, while eutro-
phic lakes corresponding to the high trophic status index are often
carbon sources with notable correlation between the autochthonous-
derived DOC concentration and the water retention time (Evans et al.,
2017). For example, 74% of 57 oligotrophic waterbodies were net
sinks, whereas 76% of 25 meso—/eutrophic waterbodies were net
sources (44%) or balanced (32%) in 82 predominantly European and
North American water bodies with varying nutrient concentrations
(Evans et al., 2017).

At individual and micro scale, the physical, chemical, and biological
processes occurring in inland waters, including water retention,
stratification, photochemical degradation, and cyanobacterial blooms,
drive the CDOM biogeochemical cycles in lakes. Water retention time,
as an important index comprehensively reflecting CDOM sources,
photodegradation, and microbial decomposition, has been widely
used to trace the quantity and quality of CDOM (Evans et al., 2017;
Kellerman et al., 2014; Kothawala et al., 2014; Lambert et al., 2016). In
some highly eutrophic lakes, the microbial degradation of phytoplank-
ton residues during algal blooms is a main contributor to the CDOM
pool in water bodies (Zhang et al., 2009b). Additionally, for some
urban lakes with serious air pollution and some remote alpine lakes, at-
mospheric dry and wet deposition is a crucial factor driving the changes
in the CDOM amount, sources, and composition (Miller et al., 2009;
Mladenov et al., 2011; Zhang et al., 2014). CDOM in lakes located
below the treeline is strongly influenced by catchment vegetation and
land use. In contrast, the atmospheric inputs of organic matter have
greater effects on the CDOM amount and quality than inputs from ter-
restrial vegetation in the clear alpine lakes above treeline and (Ant)Arc-
tic lakes located in barren catchments or catchments with poorly
developed soils and vegetation (Mladenov et al,, 2011).

CDOM dynamics in inland waters depend first and foremost on the
magnitude, sources, and composition of both allochthonous inputs
and autochthonous production. The balance between these different
pathways ultimately determines the magnitude and transformation of
CDOM in inland waters, which is largely influenced by the regulation
of CDOM inputs and water residence times via hydrology, the impact
to CDOM production by trophic state, the regulation of CDOM
photodegradation by light attenuation, and control of microbial decom-
position by water temperature. Therefore, more attention should be
paid to climate-induced meteorological and hydrological processes to
elucidate CDOM cycle processes and driving mechanisms in inland wa-
ters. In addition, the factors and driving mechanisms regulating CDOM
dynamics in inland waters are complex and variable at different tempo-
ral and spatial scales. Therefore, it is difficult to clarify the specific pro-
cesses that affect CDOM dynamics based on the analysis of samples
collected from natural environments. Laboratory control experiments,
larger scale controlled mesocosm and whole-lake experiments can
help identify the effects of specific factors on CDOM dynamics. The de-
sign of comprehensive experiments considering the concurrent effects
is encouraged to elucidate the processes and mechanisms that affect
CDOM dynamics in inland waters.

Analytical approaches, observation data, and cycle processes could
be coupled to develop numerical models to acquire more detailed un-
derstanding and important insights of CDOM dynamics and climate
feedbacks in inland waters. Modeling approaches can be performed at
different scales: (1) large watershed scale, (2) mesoscale ecosystem
scale, and (3) microcosmic production and degradation scale. At the
large watershed scale, the developed models are based on a
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combination of hydrological and biogeochemical processes to simulate
the input and transformation of CDOM from the watershed to water.
At the mesoscale ecosystem scale, the models are used to simulate the
vertical and horizontal dynamics of CDOM and the related phytoplank-
ton, zooplankton biomass, nutrients, etc. At the microcosmic scale, the
models focus on CDOM production, photodegradation and microbial
decomposition, which is highly supported by laboratory and microcosm
experiments. All these models require substantial field and laboratory
data, including hydrological, physical, chemical, and ecological data, col-
laborative and interdisciplinary work with analytical chemists, hydrolo-
gists, limnologists, ecologists, remote sensing scientists and modelers.

6. Mechanisms of CDOM transformation and environmental effects

CDOM transformation is largely influenced by both photochemical
and microbial processes (Fig. 6). Numerous field and laboratory studies
have confirmed that CDOM undergoes significant photochemical reac-
tions and cleavage of chemical bonds after absorbing UVR, causing de-
creasing absorption and fluorescence (Aull6-Maestro et al., 2017;
Loiselle et al,, 2012; Zhang et al.,, 2009a). For example, a photobleaching
experiment involving 7 days' exposure to natural UVR resulted in a
marked decrease in allochthonous CDOM absorption (7.04 to
3.36 m~!, 42% decrease) in a large shallow temperate lake (Aull6-
Maestro et al., 2017). Meanwhile, the composition and molecular
weight of CDOM will change as well, as evidenced by significantly in-
creasing values of Sy75_595 and Sg, which indicates a decreased molecu-
lar weight of CDOM (Aull6-Maestro et al., 2017; Helms et al., 2008;
Osburn et al.,, 2011; Zhang et al., 2013a). Previous studies have also
shown that humic-like CDOM is more easily degraded by light, while
protein-like substances can resist photodegradation and persist in
water bodies (Aull6-Maestro et al., 2017; Kellerman et al., 2015;
Zhang et al., 2013b; Zhang et al., 2009b). In addition, photochemical al-
teration of CDOM will also affect the forms, distribution, transformation,
and subsequent toxicity and bioavailability for binding heavy metals
and organic pollutants (Shiu and Lee, 2017; Yan et al,, 2013).

Reactions with reactive oxygen species (ROS) including singlet oxy-
gen and superoxide generated during irradiation, being an important
phototransformation mechanism, play a vital role in the transformation
of CDOM due to the high photochemical activity and apparent quantum
yield (Cory et al., 2010; Scully et al., 2003; Waggoner et al., 2017). Nev-
ertheless, phototransformation of CDOM reduces its ability to further
generate ROS due to decreased light absorption. Thus, the role of ROS
in the long term and persistent photoactivity of CDOM still need/require
further investigation.

Microbial decomposition is another path of the CDOM cycle in inland
waters. Microbial decomposition may not only significantly reduce
CDOM absorption and DOC concentrations but also notably change
the composition and structure of CDOM (Wachenfeldt et al., 2009;
Williams et al., 2010; Zhou et al., 2019). The degree of degradation by
microbes cultured for 500 days under dark conditions was similar to
that under photodegradation for 7 days, indicating a much higher
photodegradation efficiency of microbes than of microorganisms
under experimental conditions (Cory and Kling, 2018; Vdhatalo and
Wetzel, 2004). However, photodegradation mainly occurs in surface
water and on sunny days (Koehler et al., 2014), while microbial
degradation occurs ubiquitously. Therefore, it is difficult to determine
the relative importance of microbes under field conditions, and
photodegradation and microbial decomposition often complement
and promote each other, as previously revealed by significant improve-
ments in the bioavailability and transformation efficiency of CDOM after
photodegradation (Piccini et al., 2009; Sankar et al., 2019; Su et al.,
2017). Overall, the combined effects of light and bacteria are more effi-
cient than the individual effects of light or bacteria in remineralizing and
altering CDOM (Madsen-@sterbye et al., 2018). Another study demon-
strated that photodegradation together with microbial decomposition
could completely mineralize at least some forms of wetland-derived
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DOM, even biologically recalcitrant allochthonous DOV, in surface wa-
ters with sufficiently long residence times (Vdhdtalo and Wetzel,
2008). Consequently, the concentration and composition of CDOM in
the surface water largely depend on the dynamic balance between var-
ious sources driven by meteorological and hydrological processes and
transformations imposed by light and microbes.

Photodegradation and microbial decomposition of CDOM result in
decreased DOC concentrations, absorption coefficients, and fluores-
cence intensities, changes in molecular composition, as well as transfor-
mation of some of organic substances to inorganic components. Other
abiotic processes transforming DOM may include self-assembly
(Kerner et al., 2003; Xu and Guo, 2018) and autoxidative degradation
(Galeron et al.,, 2018; Rontani et al., 2017). An incubation experiment re-
vealed that carbohydrates and protein-like substances, especially the
high molecular weight components, were overall preferentially
decomposed by microorganisms, while the dynamic variations of the
humic- and fulvic-like CDOM components was largely determined by
the self-assembly (Xu and Guo, 2018). These processes jointly trans-
form labile CDOM into refractory CDOM persistent in inland waters,
and are accompanied by at least three environmental effects.

1) They affect the underwater light, especially UVR attenuation.
Many studies have demonstrated that UVR, including UV-B and UV-A
radiation diffuse attenuation coefficients, were significantly correlated
with CDOM absorption coefficients (Gareis et al., 2010; Laurion et al.,
2000; Morris et al., 1995). Therefore, any processes resulting in changes
in total CDOM abundance, sources, or composition will alter UVR atten-
uation and underwater UVR exposure. Specific reasons include climate
warming, permafrost melting, changing precipitation induced by cli-
mate change, increasing land use change caused by intense human ac-
tivities, increasing dust inputs, and changing photodegradation and
microbial decomposition (Kellerman et al., 2014; Kothawala et al.,
2014; Mladenov et al., 2011; Wilson and Xenopoulos, 2009). For exam-
ple, long-term lake browning due to increases in CDOM was reported to
significantly increase UVR attenuation (Williamson et al., 2015; Wolf
and Heuschele, 2018). In contrast, photobleaching, resulting in de-
creased CDOM absorption and fluorescence intensity, decreased UVR at-
tenuation and increased euphotic zone depths in the water column,
thereby further affecting the structure and function of aquatic ecosys-
tems. This impact is especially pronounced in alpine clear water lakes
at high altitudes with strong UVR (Clements et al., 2008; Sulzberger
and Durisch-Kaiser, 2009; Williamson et al., 2014).

2) They alter polymer compounds. Photodegradation and microbial
decomposition result in conversion of CDOM that are not readily assim-
ilated by organisms into low-molecular-weight organic compounds,
along with the release of soluble reactive phosphorus, soluble inorganic
nitrogen, nitrite, ammonia and a number of other inorganic nutrients.
This process accelerates nutrient circulation and regeneration in the
water column and thereby supports the growth of microbes and phyto-
plankton by providing carbon, nitrogen, phosphorus, and other biogenic
elements (Bastidas Navarro and Modenutti, 2010; Jeff et al., 2012;
Mesfioui et al., 2015; Su et al., 2017). The exposure of CDOM to UVR
causes rapid changes in bacterial activity and community composition
due to increased bioavailability of simple organic substrates after
CDOM exposure to UVR (Piccini et al., 2009). For the nitrogen cycle of
CDOM, release of ammonium via photoammonification is an important
pathway and mechanism (Jeff et al., 2012; Stedmon et al., 2007). How-
ever, the driving mechanism of phosphorus mineralization from CDOM
is yet unclear.

3) They promote greenhouse gas emissions. A large amount of
greenhouse gases, such as carbon dioxide (CO;), methane (CHy), carbon
monoxide (CO), and carbonyl sulfide (COS), is released during the pro-
cess of CDOM mineralization, ultimately exacerbating global warming
(Lapierre et al., 2013; Rasilo et al., 2015; Williamson et al., 2014;
Zhang and Xie, 2015). A large-scale study of 224 lakes covering a wide
range of lake types and environmental gradients in Québec showed
that increasing CDOM concentrations led to increased CO, flux but

10

Science of the Total Environment 759 (2021) 143550

decreased CH4 flux (Rasilo et al., 2015). Quantitative analysis conducted
in extensive lake investigations in Sweden showed that direct photo-
chemical mineralization of CDOM contributed 1-12% of the total CO,
emissions, exhibiting large differentiation (Groeneveld et al., 2016;
Koehler et al., 2014). In addition, the indirect effects of a stimulated mi-
crobial respiration corroborates the notion that microbial decomposi-
tion in a warming climate will contribute substantially to greenhouse
gas emissions in inland waters (Koehler et al., 2014), which in turn
will exacerbate global warming. However, the actual contribution and
driving mechanism of CDOM to overall CO, and CH, emissions in inland
waters remains largely speculative. We still lack deep understanding
and global estimates of greenhouse gas emissions from CDOM in inland
waters, meaning that more field, experimental, and model work is re-
quired to improve our understanding of the underlying mechanisms
driving different greenhouse gas productions and the role of CDOM in
global warming.

7. Conclusions

The past 30 years have seen rapid developments in various types of
techniques and methods for characterizing the abundance, sources, and
composition of CDOM, contributing to an improved understanding of
the CDOM distribution, cycle, and transformation. Optical, isotope, and
mass spectrometric techniques are used to characterize CDOM abun-
dance, composition, and sources, and remote sensing and high fre-
quency observation can map CDOM distribution with high temporal
and spatial resolutions. CDOM dynamics are mainly determined by
watershed-related processes and biogeochemical cycling. The photo-
chemical degradation and microbial decomposition are the underlying
mechanisms of CDOM cycle. Our review provides an interdisciplinary
view and new insights on CDOM dynamics in inland waters. However,
more worKk is clearly needed on the characterization, tracing, and dy-
namics of CDOM, which is substantially challenged by the high com-
plexity, heterogeneity, and rapid variation and turnover of CDOM in
inland waters.
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