
lable at ScienceDirect

Water Research 166 (2019) 115048
Contents lists avai
Water Research

journal homepage: www.elsevier .com/locate/watres
Autochthonous dissolved organic matter potentially fuels methane
ebullition from experimental lakes*

Yongqiang Zhou a, b, *, Lei Zhou a, b, Yunlin Zhang a, b, Javier Garcia de Souza c,
David C. Podgorski d, Robert G.M. Spencer e, Erik Jeppesen f, g, Thomas A. Davidson f, **

a State Key Laboratory of Lake Science and Environment, Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences, Nanjing, 210008,
China
b University of Chinese Academy of Sciences, Beijing, 100049, China
c Instituto de Limnología ‘Dr. Raúl A. Ringuelet’ (ILPLA) (UNLP-CONICET), Boulevard 120 y 62, CC 712, La Plata, Provincia de Buenos Aires, Argentina
d Pontchartrain Institute for Environmental Sciences, Department of Chemistry, University of New Orleans, New Orleans, 70148, Louisiana, USA
e Department of Earth, Ocean and Atmospheric Science, Florida State University, Tallahassee, 32306, Florida, USA
f Department of Bioscience and Arctic Research Centre, Aarhus University, Vejlsøvej 25, DK-8600, Silkeborg, Denmark
g Sino-Danish Centre for Education and Research, Beijing, 100190, China
a r t i c l e i n f o

Article history:
Received 5 March 2019
Received in revised form
22 July 2019
Accepted 3 September 2019
Available online 5 September 2019

Keywords:
Methane (CH4) ebullition
Chromophoric dissolved organic matter
(CDOM)
Bio-labile
Parallel factor analysis (PARAFAC)
Ultrahigh resolution mass spectrometry
Greenhouse gases
* This manuscript has not been published or accep
submitted it to any other journals. The manuscript i
format and structure of your journal.
* Corresponding author. State Key Laboratory of La

Nanjing Institute of Geography and Limnology, Ch
Nanjing, 210008, China.
** Corresponding author.

E-mail addresses: yqzhou@niglas.ac.cn (Y
(T.A. Davidson).

https://doi.org/10.1016/j.watres.2019.115048
0043-1354/© 2019 Elsevier Ltd. All rights reserved.
a b s t r a c t

Shallow lakes are hotspots for carbon processing and important natural sources of methane (CH4)
emission. Ebullitive CH4 flux may constitute the overwhelming majority of total CH4 flux, but the
episodic nature of ebullition events makes determining both quantity and the controlling factors chal-
lenging. Here we used the world's longest running shallow-lake mesocosm facility, where the experi-
mental treatments are low and high nutrients crossed with three temperatures, to investigate the
quantity and drivers of CH4 ebullition. The mean CH4 ebullition flux in the high nutrient treatment
(41.5± 52.3mg CH4eC m�2 d�1) mesocosms was significantly larger than in the low nutrient treatment
(3.6 ± 5.4mg CH4eC m�2 d�1) mesocosms, varying with temperature scenarios. Over eight weeks from
June to August covered here warming resulted in a weak, but insignificant enhancement of CH4 ebul-
lition. We found significant positive relationships between ebullition and chlorophyll-a, dissolved
organic carbon (DOC), biodegradable DOC, d2H, d18O and d13C-DOC, autochthonous dissolved organic
matter (DOM) fluorescent components, and a fraction of lipids, proteins, and lignins revealed using
ultrahigh-resolution mass spectrometry, and a negative relationship between ebullitive CH4 flux and the
percentage volume inhabited of macrophytes. A 24 h laboratory bio-incubation experiment performed at
room temperature (20 ± 2 �C) in the dark further revealed a rapid depletion of algal-DOM concurrent
with a massive increased CH4 production, whereas soil-derived DOM had a limited effect on CH4 pro-
duction. We conclude that eutrophication likely induced the loss of macrophytes and increase in algal
biomass, and the resultant accumulation algal derived bio-labile DOM potentially drives enhanced
outgassing of ebullitive CH4 from the shallow-lake mesocosms.
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1. Introduction

Small shallow lakes are the most numerous lake type in the
world and are hotspots of carbon processing and represent a large,
yet poorly defined, source of atmospheric methane (CH4) emission
(Bogard et al., 2014; Holgerson and Raymond, 2016; Davidson et al.,
2018). Lake ecosystems have been estimated to contribute 16%e
24% of the world's CH4 emission (Ciais et al., 2014; Saunois et al.,
2016; Samad and Bertilsson, 2017) despite only covering <4% of
the Earth's non-glaciated surface area (Verpoorter et al., 2015).
Furthermore, approximately 50% of the world's lakes measured by

mailto:yqzhou@niglas.ac.cn
mailto:thd@bios.au.dk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2019.115048&domain=pdf
www.sciencedirect.com/science/journal/00431354
www.elsevier.com/locate/watres
https://doi.org/10.1016/j.watres.2019.115048
https://doi.org/10.1016/j.watres.2019.115048


Y. Zhou et al. / Water Research 166 (2019) 1150482
surface area are located in climate-sensitive regions and the CH4
emission from these small lakes has been estimated to be equiva-
lent to roughly 60% of the emission from all natural CH4 sources
(Wik et al., 2016). Recent studies have revealed that nutrient
enrichment and warming can interact to control the outgassing of
CH4, in particular fueling the ebullition of CH4 (DelSontro et al.
2016, 2018a; Davidson et al., 2018). Both eutrophication and
warming can fuel algal blooms leading to the loss of submerged
macrophytes, and this potentially leads to enhanced diffusive and
ebullitive CH4 emissions, while submerged plants have been shown
to be a potential sink of CH4 (Davidson et al. 2015, 2018). Further-
more, increased algal biomass can result in an elevated production
and accumulation of autochthonous dissolved organic matter
(DOM) (Zhou et al., 2015), and this portion of algal-DOM may
impact CH4 production rates (West et al. 2012, 2015). Although a
recent study have revealed that overall trophic status and macro-
phyte coverage greatly impact CH4 ebullition from shallow-lake
mesocosms (Davidson et al., 2018), the relative importance of
autochthonous and allochthonous DOM, i.e. the carbon substrates
on CH4 ebullition, as well as the mechanisms underlying DOM and
ebullitive CH4 remain largely unknown. Archaeal methanogenesis
has long been thought to be the major source of biogenic CH4
(Thauer et al., 2008), and the effects of chlorophyll-a (Chl-a), a
surrogate of algal biomass, and bulk dissolved organic carbon
(DOC) on CH4 production have been investigated (West et al., 2012;
DelSontro et al., 2018b). A recent study have revealed that eutro-
phication overrode climate warming in enhancing the Chl-a levels
and thereby the accumulation of autochthonous DOM (Zhou et al.,
2018a), the linkage between this DOM fraction and CH4 ebullition
is, however, largely unknown. The chemical reactivity and bio-
lability of DOM have long been considered to be largely deter-
mined by its source and chemical composition (Stedmon et al.,
2007; Kowalczuk et al., 2013; Fu et al., 2016; Yang et al., 2017). To
what extent there is a direct linkage between ebullition of CH4 from
shallow lakes and DOM composition is largely unknown. The CH4
flux can be divided into three pathways: diffusive, plant-mediated
and ebullitive flux, and in shallow and eutrophic lakes the ebullitive
flux can contribute up to 95% of the total CH4 emission (Davidson
et al., 2018). The CH4 ebullition generally increases with
increasing primary productivity (DelSontro et al., 2016), but is
highly stochastic (Bastviken et al., 2004), making estimation of the
flux a challenging task (Wik et al., 2013). Microbes, especially
archaea, fuel the rapid degradation of bio-labile DOM, and can
result in oxygen depletion in the water column or lake sediment
(Zhou et al. 2015, 2018b; Tang et al., 2017) and thereby a further
increase in the ebullitive flux (Borges et al., 2015; DelSontro et al.,
2016; Davidson et al., 2018).

DOM serves as carbon source for CH4 emission in lake ecosys-
tems and is comprised of a mixture of degradation by-products and
freshly produced compounds that vary remarkably in molecular
weight (Coble, 2007). Optical measurements including fluorescence
coupled with parallel factor analysis (PARAFAC) have been utilised
to trace the sources and composition of DOM in various aquatic
ecosystems (Murphy et al., 2008; Hood et al., 2009; Yao et al., 2011;
Guo et al., 2014; Hur et al., 2014; He and Hur, 2015). Recent studies
have applied electrospray ionization Fourier transform ion cyclotron
resonance mass spectroscopy (FT-ICR MS) to facilitate the charac-
terisation of DOM in various aquatic ecosystems (Dittmar and Paeng,
2009; Stubbins et al., 2010; Spencer et al., 2014; Hawkes et al., 2016).
The ultrahigh resolving power and mass measurement accuracy of
FT-ICRMS allow the assignment ofmolecular formulae to thousands
of DOM molecules and give considerable advances in obtaining
compositional information (Mopper et al., 2007). In productive
ecosystems, DOM derived from the degradation of aquatic organ-
isms contributes importantly to the carbon pool and represents a
considerable fraction of the bio-labile DOM (Hur et al., 2009; Zhang
et al., 2009; Zhou et al., 2015; Huang et al., 2018; Song et al., 2018).
Microbial cycling of bio-labile DOM may potentially fuel the out-
gassing of CH4 (Zhou et al., 2018b). To date, however, to the best of
our knowledge, there has been no attempt to characterise the direct
linkage between DOM composition and bio-lability and the ebulli-
tion of CH4. We combined investigation at a long-running meso-
cosm experiment mimicking shallow lakes with laboratory bio-
incubation experiments to investigate the impact of DOM compo-
sition and bioavailability on the ebullition of CH4. Ebullition was
measured continuously, and the percentage volume inhabited (PVI)
of submerged macrophytes and values of Chl-a, DOC and optical
DOM were determined weekly to trace possible drivers of CH4
ebullition. We hypothesised that highly bio-labile autochthonous
DOM accumulated in the high nutrient mesocosms may fuel the
outgassing of CH4.

2. Materials and methods

2.1. Experimental setup

The experimental facility mimicking shallow lakes located in
Lemming, Denmark (56.23�N, 9.52�E), has run continuously since
August 2003 and is the longest running mesocosm experiment in
the world aiming to unravel the combined effects of global
warming and eutrophication on shallow lakes (Liboriussen et al.,
2005). Briefly, the experiment consists of 24 fully mixed, flow-
through experimental shallow-lake mesocosms (diameter¼ 1.9m,
water depth¼ 1m, water residence time¼ 2.5 months) under six
different treatments: three temperature levels crossed with two
nutrient treatments (in four replicates). The three temperature
treatments include unheated ambient mesocosms (AMB), IPCC
climate scenario A2 (A2) (Houghton et al., 2001) and A2þ 50%
(A2þ) with temperatures 2e3 �C and 4e5 �C higher than AMB,
respectively, depending on season (adjusted monthly). The
monthly temperatures were determined from regional down-
scaling of the GCM models (Liboriussen et al., 2005) using
1960e1990 as the reference period and the modeled temperatures
for 2071e2100 (Liboriussen et al., 2005). The A2 and A2þ meso-
cosms all exhibited seasonal and diurnal water temperature fluc-
tuations following the AMB mesocosms (Liboriussen et al., 2005).
Sediment collected from several natural lakes around Lemming,
Denmark, was homogenised and added to the mesocosms (~10 cm
depth) prior to the initialisation of the experiment in 2003, and all
the mesocosms share identical initial conditions (Liboriussen et al.,
2005). The experimental shallow-lake mesocosms are all fed by
groundwater (dissolved inorganic carbon¼ 31.4± 3.8mg L�1 and
dissolved organic carbon (DOC)¼ 1.06 ± 0.42mg L�1), thus repre-
senting groundwater-fed small shallow lakes. The low nutrient
experimental mesocosms receive no additional nutrients and total
nitrogen (TN) and total phosphorus (TP) concentrations were
0.18mg L�1 and 14 mg L�1, respectively, during the experiment. The
extra loading of TN and TP to the high nutrient experimental
mesocosms are 7mgN m�2 d�1 and 27.1 mgP m�2 d�1, respectively.
Within the mesocosms mean values of 3.17mg L�1 TN and
417 mg L�1 TP during the experiment were observed for the high
nutrient treatment. The extra nutrient loading caused a shift from
the clear water conditions existing in the low nutrient mesocosms
to turbid water in the high nutrient mesocosms.

There were no floating or emergent plants in the mesocosms,
andwe quantified the submerged plants as PVI in thewater column
following the approach detailed in reference (Davidson et al., 2018).
Briefly, the coverage percentage and height of the submerged
plants were determined, and the proportion of the mesocosms
covered by submerged plants was correspondingly assessed. Plant
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abundance was investigated weekly when gas and DOM samples
were collected.

2.2. Ebullitive CH4 sampling and flux calculations

The ebullitive flux was determined following the approach
detailed in reference (Davidson et al., 2018). Briefly, specially
designed gas traps with two inverted funnels connected with
500mL glass bottles were placed right below the water surface in
each mesocosm. The funnels were located ~0.2m below the water
surface in the same position in each mesocosm. The funnels cover
an area of 0.0225m2 and represent ~0.8% of the total area of the
mesocosms. This is a much larger proportion of the total mesocosm
area compared with samples taken in typical natural lakes and the
obtained ebullitive flux measurements are thus supposedly more
reliable (Wik et al., 2013; Davidson et al., 2018). Samples were
collected every week from June to August 2016 (8 occasions in
total). The sample volume was determined and the CH4 gas was
collected from the bottle with a syringe (50mL) fitted with a three-
way stopcock using a specially designed lid equipped with rubber
septa. The funnels and bottles were cleaned or replaced every week
during the experiment. The volume of ebullitive bubbles never
exceeded 400mL during the experiment. Methane concentrations
were determined on an Innova photoaccoustic gas monitor, which
is suited to the very high concentrations of CH4 (up to
100,000 ppm) in the bubbles. The results were validated using the
results measured on an Agilent 7890 Gas Chromatograph system
(Agilent, Denmark) (Davidson et al., 2018).

The ebullitive CH4 fluxwas calculated using themethod detailed
in reference (Davidson et al., 2018):

Ebullitive CH4 flux¼ pCH4bub� Volbub/(t� A) (1)

where pCH4bub and Volbub are the CH4 concentration and volume of
the trapped bubbles, respectively. t and A are the sampling time
interval and the area of the funnel (0.0225m2). Due to the very low
solubility of CH4, we assume the effect of re-dissolved CH4 during
the weekly sampling intervals to be minor (Davidson et al., 2018).

2.3. CDOM sample collection and bio-incubation experiment

Water samples were collected twice per day (at 19:00 and 07:00
the next morning) once aweek for eight weeks from June to August
2016 from the experimental mesocosms using acid-cleaned Niskin
bottles. A total of 387 water samples (24 mesocosms � 2 times per
day � 8 weeks þ3 source water (groundwater) samples) were
collected and immediately filtered through Whatman GF/F filters
(0.7 mm) and pre-rinsed Millipore membrane cellulose filters
(0.22 mm) after which they were put on ice and stored in the dark
while in the field.

DOC bio-lability is the degree to which DOC is available for
microbial uptake, and operationally, biodegradable DOC (BDOC) is
defined as the percentage of DOC being mineralized over a certain
period of time, typically 28 days (Holmes et al., 2008; Mann et al.,
2012; Abbott et al., 2014; Vonk et al., 2015). BDOC usually
increased logarithmically with increasing incubation time and
varies minimally after two weeks of bio-incubation (Spencer et al.,
2015). DOM samples collected in the sixth week of the mesocosm
experiment were used for 28 days of bio-incubation under room
termperature (20± 2 �C) to unveil the bio-lability of DOC in the
mesocosms and how BDOC may influence CH4 ebullition following
the methods detailed in Zhou et al. (2018a), and can be found in the
Supporting Information.

To unravel the potential role of autochthonous algal-DOM in
fuelling the outgassing of CH4, we carried out a 24 h bio-incubation
experiment for soil-DOM and algal-DOM. Soil-DOM and algal-DOM
samples were used to simulate the optical properties of DOM
samples collected from the groundwater-fed experimental facilities
without and with the addition of external nutrients boosting algal
blooms. Approximately 10 kg organic-rich topsoil from the Lake
Taihu watershed and 10 L algae samples (enriched using phyto-
plankton net) from Lake Taihu were collected in the nearshore of
Meiliang Bay, Lake Taihu, on 20 September 2018 during a Micro-
cystis algal bloom. Approximately 20 L Mill-Q water was added to
the topsoil and the algae samples, respectively. The mixtures were
both shaken at 300 rpm for 30min and then gently shaken several
times a day to keep them oxidised and degraded in the dark at
20± 2 �C for three days. Soil-leachate and algal-water mixturewere
successively filtered through pre-rinsed Whatman GF/D (2.7 mm
porosity) and Millipore filters (0.22 mm). The soil-DOM and algal-
DOM samples were both diluted to ensure a roughly similar
initial DOC concentration (~15mg L�1).

Three aliquots filtered through Millipore filters for both soil-
DOM and algal-DOM determination were immediately (0 h)
measured for CDOM absorption and fluorescence as well as DOC
concentrations. Three additional aliquot filtrates for both soil-DOM
and algal-DOMmeasurement were poured into 61mL acid-cleaned
and pre-rinsed brown glass bottles with excess DOM sample
overflowing the bottles. The bottles were then immediately capped
without headspace using a butyl rubber stopper and sealed with an
aluminium cap. N2 gas (ultrahigh purity, 99.999%) was injected into
the bottle via two syringes to create a 10mL headspace following
the methods detailed in Xiao et al. (2017). Each vial for bio-
incubation had the headspace flushed three times with N2 gas for
30 s prior to the incubation. The bottles were shaken vigorously for
10min to allow the dissolved CH4 to get into equilibrium with the
headspace. An approximately 5mL gas sample was drawn from the
headspace using a syringe with a three-way stopcork and injected
into a gas chromatograph (Model Agilent GC6890N, Agilent Co., CA,
USA) with a flame ionization detector for CH4 detection. 2mL soil-
and algal-leachates filtered through GF/D filters (2.7 mm porosity)
were used as bacterial inoculum, and extra nutrients were added
following the aforementioned methods for BDOC measurements
(Abbott et al., 2014; Vonk et al., 2015). After 24 h incubation
(20± 2 �C), the samples were immediately filtered through Milli-
pore filters for DOC, CDOM absorption and fluorescence measure-
ments and headspace bottles filled with soil-DOM and algal-DOM
samples were immediately measured for dissolved CH4.

2.4. CDOM optical measurements, calibration and PARAFAC
modelling

Details about CDOM absorption and fluorescence measure-
ments, and the corresponding calibrations and PARAFAC modelling
can be found in the Supporting Information. Using split-half vali-
dation analysis, random initialisation analysis and analysis of re-
siduals (Stedmon and Bro, 2008; Murphy et al., 2013), we found
that a six-component model was well-validated (Fig. S1; Fig. S2)
(Zhou et al., 2018a).

2.5. DOC, chlorophyll-a (Chl-a), and stable isotopic d13C-DOC, d2H
and d18O measurements

Filtrates obtained via filtration through Whatman GF/F filters
(24 mesocosms � 2 times per day � 8 weeks þ3 source water
(groundwater)) weremeasured for DOC using the NPOCmethod on
a TOC-V CPN (Shimadzu, Tokyo, Japan) analyzer via combustion at
~680 �C. Chlorophyll-a (Chl-a) concentrations (24 mesocosms� 1
time per week� 8 weeks) were determined spectrophotometri-
cally at 665 and 750 nm after extraction with ethanol by
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centrifuging (3000 g for 10min).
d13C-DOC can be used to trace the sources of DOC as d13C-DOC

for terrestrial DOM typically ranges from �29‰ to �26‰ and
autochthonous DOM typically from �25‰ to �20‰ (Hood et al.,
2009; Spencer et al., 2014), and see details in the Supporting
Information.

Evaporation fuels the enrichment of d2H and d18O in surface
waters (Yamamoto-Kawai, 2005) and can therefore be used to
reveal the source of water and ongoing environmental changes
(Yamamoto-Kawai, 2005; Stedmon et al., 2015). Samples for
determination of d2H and d18O were collected at 5 cm depth and
analysed on an LGR DLT-100 (model: 908-0008) Laser Adsorption
Spectroscope (Los Gatos Research, Inc., Mountain View, CA, USA).
d2H and d18O were calibrated against Vienna Standard Mean Ocean
Water (VSMOW). d2H and d18O had a precision of ±1.2‰ and
±0.3‰, respectively.

2.6. Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) analyses and data processing

Filtrates (n¼ 6) of each treatments (three temperature crossed
with two nutrient levels) were solid phase extracted applying PPL
Bond Elut (Agilent) resins prior to electrospray ionization in
negative ion mode following the approach detailed in Spencer et al.
(2014) and Dittmar et al. (2008) and in the Supporting Information.
van Krevelen diagrams displaying atomic ratios of H/C vs. O/C can
be used to unravel the composition of DOM molecules in various
ecosystems (Kim et al., 2003; Stubbins et al., 2010; Ohno et al.,
2014; Spencer et al., 2014; Kellerman et al., 2015). We classified
the molecular formulas following the approach recommended by
Ohno et al. (Ohno et al., 2014): (i) lipids (O/C¼ 0e0.3, H/
C¼ 1.5e2.0), (ii) amino acids associated with proteins (O/
C¼ 0.3e0.67, H/C¼ 1.5e2.2), (iii) lignins (O/C¼ 0.1e0.67, H/
C¼ 0.7e1.5), (iv) carbohydrates (O/C¼ 0.67e1.2, H/C¼ 1.5e2.2), (v)
unsaturated hydrocarbons (O/C¼ 0e0.1, H/C¼ 0.7e1.5), (vi)
condensed aromatics (O/C¼ 0e0.67, H/C¼ 0.2e0.7), and (vii) tan-
nins (O/C¼ 0.67e1.2, H/C¼ 0.5e1.5) (Ohno et al., 2014). The
aliphatic peaks are categorised as having double bond equivalents
(DBEs) per carbon atom <0.3 and�1 H/C ratio (Stubbins et al.,
2010). Spearman rank correlation coefficients were determined
between the relative abundance of the formulas assigned and CH4
ebullition from the corresponding mesocosms (three temperature
crossed with two nutrient levels).

2.7. Statistical analyses

Boxplot, linear, and nonlinear fittings were conducted using
MATLAB R2015b software. Mean values, standard deviations (S.D.),
t-test and ANOVA were performed with R i386 3.5.1. t-test, ANOVA
and regression results with p< 0.05 were reported as significant.
The relative importance of individual variables, including the PVI of
macrophytes, Chl-a, DOC, and CDOM optical properties to the
ebullition of CH4, i.e. the percentage of variation explained, was
determined using a calc.relimp function based on generalized linear
model (GLM) inbuilt in R i386 3.5.1. Principal component analysis
(PCA) of the samples collected from each individual mesocosm
during the eight-week experimentwas performed to determine the
PVI of macrophytes, Chl-a, log(CH4), DOC and DOM optical prop-
erties using the inbuilt statistics toolbox in MATLAB 2015b.

3. Results

3.1. PARAFAC modelling results

PARAFAC is an alternating least-squares algorithm that
statistically decomposes DOM excitation-emission matrices (EEMs)
of complex mixtures into a series of trilinear components, and the
approach can be used to qualitatively trace the variability of DOM
fraction in various ecosystems (Stedmon et al., 2003; Murphy et al.,
2013). The six-component PARAFAC model explained >99.9% of the
total signal of the EEMs dataset. We applied Openfluor (Murphy
et al., 2014) e an online CDOM fluorescence library e to compare
the spectral characteristics of the six components (Fig. S1; Fig. S2)
with those identified earlier in other aquatic ecosystems. C1 (Ex: �
230 and 340 nm/Em: 460 nm) can be categorised as a typical
terrestrial humic-like fluorophore (Kowalczuk et al., 2009; Murphy
et al., 2011; Kothawala et al., 2014; Shutova et al., 2014). C2 had
spectral shapes (245/412 nm) similar to those of a fulvic-like fluo-
rophores (Stedmon and Markager, 2005a; Murphy et al., 2011). C3
exhibited two Ex maxima (at 240 and 300 nm) corresponding to
one Em maximum (380 nm) and was similar to a microbial humic-
like fluorophores (Kowalczuk et al., 2009; Osburn et al. 2011, 2012;
Shutova et al., 2014). C4 had spectral characteristics (Ex: � 230 and
270 nm/Em: 300 nm) similar to those of a tyrosine-like fluo-
rophores (Murphy et al., 2011; Osburn et al., 2011). C5 (�230(285)/
340 nm) and C6 (275/324 nm) can both be characterised as
tryptophan-like substances or tannin-like polyphenolic moieties
(Hur et al., 2011), with C6 being slightly blue-shifted (Murphy et al.,
2011; Kowalczuk et al., 2013). A recent study revealed that C4 and
C6 are related closely to the low-molecular-weight organic acids
acetate and butyrate (Drake et al., 2015).

3.2. Drivers of CH4 ebullition

The mean CH4 ebullition of the high nutrient and low nutrient
treatments was 41.5± 52.3mg CH4eC m�2 d�1 and 3.6± 5.4mg
CH4eC m�2 d�1, respectively (Fig. 1). The mean ebullitive CH4 flux
was significantly higher in the high nutrient relative to the low
nutrient treatments in all the ambient unheated groups (AMB),
intermediate temperature groups (A2, þ2e3 �C) and the warmest
(A2þ, þ4e5 �C) temperature groups (t-test, p< 0.001; Fig. 1;
Table S1). We found a significantly higher mean ebullitive CH4 flux
in the A2 and A2þ scenarios compared with the AMB scenario for
the high nutrient group (t-test, p< 0.05; Fig. 1; Table S1), while no
significant difference was found between A2 and A2þ for the high
nutrient group (Fig. 1; Table S1). No significant difference was
observed in mean ebullitive CH4 flux among the three temperature
treatments for the low nutrient group (ANOVA, Fig. 1; Table S1).

Elevated nutrient levels have shifted the mesocosms from a
macrophyte-dominated clear water state to an algal-dominated
turbid state, thereby changing the physico-chemical conditions of
the water column (Liboriussen et al., 2005) (Fig. 1). Similar trends
were found for Chl-a, DOC, BDOC, d13C-DOC, PARAFAC-components
C1eC3 and C5eC6 with significantly higher mean values in the
high nutrient than in the low nutrient treatments in all the AMB, A2
and A2þ temperature scenarios (t-test, p< 0.001; Fig. 1; Fig. S3;
Table S1). We recorded a significantly higher mean Fmax of C4 in the
high compared with the low nutrient treatments in the A2 and A2þ
groups (t-test, p< 0.05; Fig.1; Fig. S3; Table S1), while no significant
difference occurred in the AMB group. In comparison, mean
macrophyte abundance (PVI) was notably lower in the high
compared with the low nutrient group (t-test, p< 0.001; Fig. 1;
Table S1). Note that the source water (groundwater) had a mean
d13C-DOC of�27.2± 0.1‰, a typical value for terrestrial soil-derived
DOM, and mean d2H and d18O were�55.9± 0.1‰ and �8.3± 0.3‰,
respectively.

3.3. FT-ICR MS results

van Krevelen diagrams are graphical plots of atomic H/C ratios



Fig. 1. Ebullitive CH4 flux (a), macrophyte abundance (PVI, b), chlorophyll-a (Chl-a, c), DOC (d), terrestrial humic-like C1 (e), fulvic-like C2 (f), microbial humic-like C3 (g), tyrosine-
like C4 (h), and tryptophan-like C5eC6 (iej) in samples collected from all mesocosms during the sampling period. AMB: Ambient temperature; A2 treatment: 2e4 �C higher than
ambient; and A2þ treatment: 4e6 �C higher than ambient. Orange and blue boxes represent samples collected from high and low nutrient mesocosms, respectively. In all the six
panels, boxes show medians, quartiles and extreme values. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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depicted against O/C ratios at molecular level and can be used to
trace the sources and possible reaction pathways of DOMmolecules
in various aquatic environments (Kim et al., 2003; Dittmar and
Paeng, 2009; Stubbins et al., 2010; Spencer et al., 2014; Kellerman
et al., 2015). We selected samples collected from the AMB and A2
temperature scenarios crossed with the two nutrient levels to
exhibit how eutrophication and warming may change the molec-
ular signature of DOM (Fig. 2). For the AMB temperature scenario, a
decreased relative abundance at molecular weight m/z 500e800
was recorded for the DOM sample collected from the high relative
to the low nutrient treatment (Fig. 2). This resulted in an increased
relative abundance of lipids, amino acids associated with proteins,
and lignins, and a decreased relative abundance of carbohydrates
and unsaturated hydrocarbons for the high relative to the low
nutrient treatment (Fig. 2; Fig. S4). For the A2 scenario, in com-
parison, eutrophication decreased the average molecular weight of
DOM collected from the high relative to the low nutrient treatment,
resulting in a shifting of the bell-like relative intensity distribution
centered from around m/z 400 to m/z 350 (Fig. 2). A notable higher
relative abundance of lipids, amino acids associated with proteins
were found for the high relative to the low nutrient mesocosms
(Fig. 2; Fig. S4). For the AMB and A2 scenarios crossed with the two
nutrient treatments, lipids and amino acids associated with pro-
teins contributed 1530e2251 peaks (Zhou et al., 2018a), which
represent 15.1%e30.9% of the total assigned formulas and 9.3%e
34.5% of total relative abundance (Tables S2eS3). Aliphatic com-
pounds contributed 1697e2562 peaks, making up a contribution of
17e41% of the total assigned formulas and 11.1%e49.5% of total
relative abundance for the above mentioned four samples
(Table S4). In comparison, lignins contributed 2392e8688 signals,
represent 42%e70% of the total formulas assigned and 34.6%e71.6%
of the total relative abundance of the four DOM samples (Fig. S4;
Tables S2eS3). This constituted the greatest contribution percent-
ages to the total assigned formulas, the results being consistent
with those of a previous study in the same experimental facility,
showing that terrestrial humic-rich fluorophores contributed
significantly to the EEMs spectrum (Fig. S3) (Zhou et al., 2018a).
Lipids, proteins and amino sugars often originate from microbial
degradation of algal biomass in aquatic ecosystems, while lignin
can be categorised as the unique remnants of terrestrial organic-
rich DOM (Dittmar and Paeng, 2009; Stubbins et al., 2010;
Spencer et al., 2014; Kellerman et al., 2015).

In this study, CHO contributed 2445e4653 peaks, accounting for
37%e43% of the total formulas assigned and 37.7%e45.2% of the
total relative abundance to the AMB and A2 treatments crossed
with low and high nutrients (Table S4). In comparison, CHON-only
and CHOS-only compounds contributed 2544e5284 and
750e2666 peaks or 39%e44% and 13%e21% of the total assigned
formulas, corresponding to 30.6%e53.0% and 9.2%e27.5% of the
total relative abundance, respectively (Table S4).

A total of 3705 peaks were correlated notably with CH4 ebulli-
tion with absolute Spearman rank correlation coefficients jrj � 0.4
(Fig. 2). We found the relative abundance of a total of 3031 peaks,
mostly lipids, proteins, and lignins were positively correlated to
CH4 ebullition, while the remaining 674 peaks, mostly unsaturated
hydrocarbons, negatively correlated to CH4 ebullition (Fig. 2).
3.4. Relationships between macrophyte abundance, Chl-a, DOM-
related indices and ebullitive CH4 flux, and PCA results

We found that the ebullitive CH4 flux was significantly nega-
tively related to macrophyte abundance (PVI) and positively with
algal Chl-a (Fig. 3). The ebullitive CH4 flux was also significantly
positively related to DOC, a(350), BDOC, d13C-DOC and Fmax of all
the six PARAFAC components (Fig. 3). Notably, the r2 for the linear
models between all the six components and the ebullitive CH4 flux
for the twenty-four mesocosms were higher than 0.4 (Fig. 3).

Eutrophication increased the concentration of autochthonous
DOM and lowered the specific heat capacity in the water column of
the high nutrient mesocosms, which resulted in enriched d2H and
d18O. We found significant positive relationships between surface
water d2H and ebullitive CH4, d13C-DOC, DOC, fulvic-like C2, mi-
crobial humic-like C3 and tryptophan-like C5eC6 (Fig. S5).

The concentration of autochthonous DOM was closely linked to



Fig. 2. Ultra-high resolution mass spectra (FT-ICR MS) over the m/z range 150e900 for the samples collected from collected from the low and high nutrient mesocosms associated
with AMB and A2 scenarios (aeb). van Krevelen diagrams showing the O/C vs H/C ratio of all molecular formulae for the two samples with relative abundance increased or
decreased for the high nutrient relative to the low nutrient treatments (ced). The sizes of the dot are proportional to the changes in relative abundance of the FT-ICR MS identified
molecules in panels ced. Spearman correlation coefficients between relative abundances of FT-ICR MS identified molecules and mean ebullitive CH4 fluxes from the corresponding
mesocosms with jrj>0.4 shown only (e).
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the algal blooms induced by nutrient addition. We found negative
relationships between macrophyte abundance (PVI) and microbial
humic-like C3, tyrosine-like C4 and tryptophan-like C5eC6 (Fig. 4).
We further found positive relationships between algal Chl-a and
C3eC6 (Fig. 4). These relationships indicate that degradation of
algal Chl-a rather than macrophytes was the major source of
autochthonous bio-labile DOM in the mesocosms. Enhanced
accumulation of autochthonous bio-labile C3eC6 resulted in
elevated BDOC of the DOM samples (Fig. 4). In one sample collected
from low nutrient groups, the BDOC value (55%) was repeatedly
identified as an outlier and this was therefore removed from the
subsequent analyses (Fig. 3; Fig. 4).

We further used the calc.relimp function based on GLM model-
ling inbuilt in R to unveiling the relative importance of PVI, Chl-a,
and DOM-related parameters in fueling CH4 ebullition from the
mesocosms. 77% of the variability of CH4 ebullition was explained
by a total of ten variables, including macrophyte abundance (PVI),
Chl-a, DOC, a(350), PARAFAC-derived C1eC6 (Fig. 5). Among the ten
variables, autochthonous bio-labile C3eC6 contributed to 46.5% of
the variation explained (Fig. 5). Microbial humic-like C3 and
tryptophan-like C5 were among the ten variables included in the
calc.relimp with significance level p< 0.01 (Fig. 5). PCA can be used
to produce a reduced dataset explaining the variation in the ma-
jority of variables, aiding in the interpretation of the variables with
no prior knowledge (Bro and Smilde, 2014). In this study, we used
PCA to summarizing the potential drivers of CH4 ebullition and CH4
efflux itself to unravel the potential linkage between CH4 ebullition
and autochthonous DOM. The interaction effects between each two
of the variables used in PCA except for CH4 efflux can be found in
Table S5. In the PCA modeling of CH4 ebullition, the PVI of sub-
merged macrophytes, Chl-a, DOC, a(350), PARAFAC-derived C1eC6
during the experiment, no variable was stepwise excluded as the
significant levels of the eleven indices were all< 0.001 (Table S6).
The first two principal components, PC1 and PC2, explained 65.5%
and 10.9%, respectively, of the total variability (Fig. 5). Log(CH4),
Chl-a, DOC, a(350) and PARAFAC-derived C1eC6 all displayed
positive PC1 loading, while macrophyte PVI showed negative PC1
loading (Fig. 5). This result implies that PC1 was positively associ-
ated with the controls that fuel the outgassing of CH4 ebullition,
including algal biomass, DOC and algal-derived DOM. Tyrosine-like
C4 displayed high PC2 loading (Fig. 5) an indication that PC2 was
positively linked to the DOM remnant. Notably higher mean PC1
scores were found in the samples collected from the high than the
low nutrient mesocosms in all temperature scenarios (t-test,
p< 0.001; Fig. 5), while the effect of temperature on the PC1 scores
was insignificant (Fig. 5).

3.5. 24 h bio-incubation results

The 24 h bio-incubation resulted in a rapid depletion of DOC and
protein-like fluorophores and increasing dissolved CH4 concentra-
tions of both algal-DOM and soil-DOM samples (Fig. 6). After 24 h,
dissolved CH4 for algal-DOM and soil-DOM samples had increased
from 12.5± 0.3 and 8.3± 0.1 nmol L�1 to 137.1± 4.3 and
18.9± 0.3 nmol L�1, respectively (1001% and 128% increase,
respectively, Fig. 6).

As for the algal-DOM samples, DOC decreased rapidly from
12.6± 0.5 to 2.7± 0.2mg L�1 (a 78.4% decrease, Fig. 6). This was in
coupled with a rapid decrease in fulvic-like C2, tyrosine-like C4,
tryptophan-like C5 and C6 from 0.67± 0.04, 2.42± 0.13, 0.56± 0.01
and 2.42± 0.12 R.U. to 0.22± 0.02, 0.51± 0.07, 0.03± 0.03 and
0.68± 0.07 R.U., respectively (Fig. 6). We further found an increased



Fig. 3. Relationships between ebullitive CH4 flux and macrophyte abundance (a), chlorophyll-a (Chl-a, b), dissolved organic carbon (DOC, c), bioavailable DOC (BDOC, d), stable
isotopic d13C-DOC (e), CDOM absorption at 350 nm a(350) (f), terrestrial humic-like C1 (g), fulvic-like C2 (h). microbial humic-like C3 (i), tyrosine-like C4 (j) and tryptophan-like
C5eC6 (kel). Colours show different temperature scenarios, and squares and circles represent samples collected from low and high nutrient mesocosms, respectively. In all panels
except for Chl-a (±1 standard errors, n¼ 16), error bars represent± 1 S.D. of samples collected from each mesocosm during the experiment. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fmax of terrestrial humic-like C1 and microbial humic-like C3 from
0.01± 0.01 and 0.05± 0.00 R.U. to 0.48± 0.05 and 0.22± 0.00 R.U.,
respectively (Fig. 6).

For soil-DOM, in comparison, DOC decreased from 15.3± 0.2 to
11.7± 0.3mg L�1 (a 23.6% decrease, Fig. 6). C1eC4 and C6 decreased
from 1.04± 0.01, 2.00± 0.01, 0.50± 0.00, 1.12± 0.05 and 1.61± 0.08
R.U. to 1.03± 0.08, 1.59± 0.16, 0.37± 0.02, 0.56± 0.04 and
0.78± 0.06 R.U., respectively (Fig. 6). We further found an increased
Fmax of C5 from 0.02± 0.03 to 0.12± 0.03 R.U. (Fig. 6).
4. Discussion

Our results indicate that CH4 ebullition in shallow-lake meso-
cosms is shaped by a chain of eutrophication and temperature
induced changes in ecosystem structure and function. This change
is characterised by the shift in the balance between macrophyte
abundance (PVI) and phytoplankton biomass (Chl-a), which in turn
alters the accumulation of autochthonous bio-labile DOM. The
temperature dependence of CH4 production appears to play only a
minor direct role compared with the other variables as increased
temperature resulted in a weak but insignificant increase in ebul-
lition during the JuneeAugust observation time (Fig. 1). This is not
completely consistent with a previous study in the same experi-
mental facility (Davidson et al., 2018), and the difference may stem
from the different timescales covered by the studies, for example
the lengthening the growing season, may be the reason for the
more marked temperature effects found in studies covering an
entire year (Davidson et al., 2018). Our PCA results suggested that
eutrophication likely enhanced algal blooms and potentially
contribute to the loss of submerged macrophytes (Fig. 5). The
replacement of submerged macrophytes by dense algal biomass
likely enhanced CH4 ebullition (Fig. 3; Fig. 6), and is consistent with
recent studies (Aben et al., 2017; Davidson et al., 2018). When the
abundances of submerged macrophytes (PVI) were low and
nutrient levels generally high, there remained a large degree of
variation in ebullition. This may partially be explained by the var-
iations in algal biomass, as was supported by the linkages among
Chl-a, DOM composition, and CH4 ebullition (Fig. 3; Fig. 4; Fig. 6).
Other studies have shown that high algal biomass is associated
with increased CH4 ebullition (West et al., 2012; DelSontro et al.,
2016). DOM derived from algal degradation can be highly bio-
labile (Zhang et al., 2009; Zhou et al. 2015, 2018a) and this labile
DOM fraction presumably leads to archaeal methanogenesis
(Bogard et al., 2014; Repeta et al., 2016; Tang et al., 2016; Yao et al.,
2016), possibly augmenting CH4 ebullition also in the shallow-lake
mesocosms (Fig. 5). Ebullition is in the end controlled by CH4
production rates e when these exceed dissolution rates then
bubbles are formed and it may be that highly labile DOM is key for
these production rates to exceed this critical value.

The combination of our different experimental results suggest
that microbial mineralization of autochthonous bio-labile DOM
potentially increases CH4 production to levels that far exceed the
potential for dissolution likely resulting in enhanced CH4 ebullition.
The evidence of this is as follows: 1) Our 24 h bio-incubation
experiment indicated that, compared with soil-DOM, autochtho-
nous algal-DOM was highly bio-labile, with rapid depletion of DOC
and autochthonous CDOM fluorophores (tyrosine-like C4 and
tryptophan-like C5eC6), elevated bio-refractory terrestrial humic-
like C1, coupled with a rapid increase of dissolved CH4 (Fig. 6). As
no sediment or particulate organic matter was added to the
headspace bottles, markedly higher CH4 outgassing from algal-
DOM compared with soil-DOM bottles likely reflect archaea



Fig. 4. Relationships between PARAFAC-derived autochthonous C3eC6 and macrophyte abundance (PVI), chlorophyll-a (Chl-a), dissolved organic carbon (DOC), and bioavailable
DOC (BDOC) (aep). In all panels, colour denotes stable isotopic d13C-DOC values (‰). Error bars in all panels represent ±1 S.D., except for Chl-a are the standard errors of samples
collected from each mesocosm during the experiment. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. The relative importance of individual variables, including the PVI of macrophytes, Chl-a, DOC, and CDOM optical properties to the ebullition of CH4, i.e. the percentage of
variation explained (a), **: p < 0.005; *: p < 0.01. PCA factor loadings (b) and scores (c) for the samples collected in the mesocosm experiment; hollow and closed dots in panel c
represent samples collected from the low and high nutrient mesocosms, respectively, and ▽, B, and △ stand for the samples collected in the AMB, A2, and A2þ temperature
scenarios, respectively. The significant levels of the variables used in panel b were all <0.001. Error bars in panel c represent ±1 S.D. of samples collected from each mesocosm during
the experiment. Conceptual diagram illustrating the multiple controls of the ebullitive CH4 flux from the mesocosms without (d) and with (e) extra nutrient addition.
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Fig. 6. Fluorescence signatures of algal-DOM and soil-DOM pre- and post-a 24 h bio-incubation (aed). Fluorescence intensity shown in panels aed are in Raman unit (R.U.).
Variations of dissolved CH4, DOC concentrations, and Fmax of all six PARAFAC components for algal-DOM and soil-DOM pre- and post- 24 h bio-incubation (eeh). Error bars in panel
eeh represent ±1 S.D. of triplicate samples.
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cycling of the highly bio-labile autochthonous DOM (Fig. 6). This is
consistent with a recent study that autochthonous tyrosine-like C3
and tryptophan-like C6 are closely linked with low-molecular-
weight organic acids acetate and butyrate that can be rapidly
consumed by microbial uptake (Drake et al., 2015). These results
suggest that a rapid microbial reworking of autochthonous bio-
labile DOM (within 24 h) likely fuelled the accumulation of high
levels of CH4 in the algal-DOM headspace bottles. 2) We found a
notably higher CH4 ebullition from the high comparedwith the low
nutrient mesocosms across the different temperature scenarios,
which was coincident with higher levels of autochthonous C3eC6
in the high relative to the low nutrient mesocosms (Fig. 1; Fig. 5;
Table S1). Our conclusion is further supported by the positive re-
lationships between the ebullitive CH4 flux and d13C-DOC, d2H, and
d18O (Fig. 3; Fig. S5). Enriched d13C-DOC, d2H and d18O levels were
traced in the samples collected from the high but not from the low
nutrient mesocosms (Table S1; Fig. S5) suggesting accumulation of
autochthonous DOM in the mesocosms with high nutrient addi-
tion. Extra nutrient addition to the high nutrient mesocosms boosts
planktonic algal biomass with higher Chl-a and autochthonous
C3eC6 in these compared with the low nutrient mesocosms (Fig. 1;
Fig. 5; Table S1). Numerous studies have shown that the microbial
humic-like component (C3), tyrosine-like C4 and tryptophan-like
fluorophores (C5eC6 in this study) are either produced from mi-
crobial mineralization of algal scums in eutrophic waters
(Yamashita and Tanoue, 2004; Stedmon and Markager, 2005b;
Zhang et al., 2009; Zhou et al., 2015) or residential sewage
(Stedmon et al., 2011). The variability of these four autochthonous
fluorescent components during the 8-week experimental
observation period and the 24 h bio-incubation can therefore be
regarded as a balance of fresh production and microbial degrada-
tion (Zhang et al., 2009). 3) The fractions of autochthonous DOM,
C3eC6, in the high nutrient mesocosms are highly bio-labile, as
documented by the positive relationships between the autoch-
thonous fluorescent components (C3eC6) and Chl-a and BDOC
(Fig. 4). Compared with PVI of macrophytes and Chl-a, the contri-
bution percentage of autochthonous C3eC6 to the variation
explained of CH4 ebullition were notably higher (Fig. 5). This result
was further supported by the increased contribution and also
higher relative abundance of lipids and proteins identified using FT-
ICR MS in the high relative to the low nutrient mesocosms (Fig. 2;
Fig. S4). The positive Spearman rank correlations between CH4
ebullition and the relative abundance of the lipids and proteins and
also a fraction of lignins (Fig. 2) provided further evidence of this.
Previous studies have suggested that the lipid and protein mole-
cules can be highly bio-labile (Stubbins et al., 2012; Kellerman et al.
2015, 2018; Feng et al., 2016). The microbial cycling of these bio-
labile fractions of DOM possibly increased the ebullition of CH4
(Thauer et al., 2008; Bogard et al., 2014; Repeta et al., 2016) in the
mesocosms as evidenced by the positive relationship between
BDOC and CH4 ebullition (Fig. 3). Archaea decomposition of bio-
labile DOM associated with acetate and methylated compounds
likely results in release of CH4 as the end product (Murase and
Sugimoto, 2005; Thauer et al., 2008; Bogard et al., 2014; Repeta
et al., 2016; Tang et al., 2016) in the mesocosms with high
nutrient addition.

It is not simple to quantify the relative importance of sediment
organic matter and overlying DOM on CH4 ebullition from the
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experimental facility as dissolved oxygen consumption are pre-
vailing near the bottom and also in the sediment, especially the
high nutrient mesocosms (sediment being present in all the mes-
ocosms). Also due to the shallow characteristics of the mesocosms
with water depth approximately 1m, the short residence time
makes dissolution and oxidation unlikely to happen, contrary to
what can be found in deep lakes (Beaulieu et al., 2016; Tang et al.,
2016). Although changes in CH4 ebullition cannot distinguish its
carbon source from the sediment or the overlying water columns in
the mesocosms, the combination of the mesocosm experiment and
the 24 bio-incubation (Fig. 5; Fig. 6) exhibited the importance of
autochthonous algal-DOM in enhancing ebullitive CH4. In fluvial
plain lakes and shallow lagoons with relatively long water resi-
dence time and excessive nutrient loadings from surrounding
intensified urbanized areas, excessive algal blooms persist from
early spring to late autumn or even the whole year (Qin et al., 2007;
Ma et al., 2015). Extracellular polysaccharide substances and
autochthonous DOM associated with the degradation of algal
scums represent a large and highly bio-labile carbon pool, and their
accumulation potentially enhance CH4 effluxes from these envi-
ronments (West et al. 2012, 2015; Xiao et al., 2017; Davidson et al.,
2018). Follow-up studies could benefit fromquantifying the relative
importance of sediment organic-rich pore water DOM and over-
lying water DOM on ebullitive CH4 efflux by including and
excluding sediment in mesocosm experiments. The mesocosms are
all fed by groundwater (Liboriussen et al., 2005), and the higher
DOM concentration in the high nutrient compared with the low
nutrient mesocosms must be derived from autochthonous degra-
dation of algal biomass since the initial conditions were identical
(Liboriussen et al., 2005; Zhou et al., 2018a). A recent study con-
ducted in the same mesocosm facility have revealed that nutrient
enrichment decreased the relative contribution of CH4 diffusion
from ~50% to merely 5%, and the diffusive flux (with mean
efflux< 2mg C m�2 d�1 in all mesocosms) exhibited no or limited
response to eutrophication and warming (Davidson et al., 2018),
and is therefore not discussed further here. Future research may
also focus on quantifying the relative importance of allochthonous
and autochthonous DOM from various environments in the out-
gassing of CH4 by examination of methane isotopes and microbial
communities.
5. Conclusions

This study is among the first to demonstrate the rapid depletion
of bio-labile DOM potentially fuels the ebullition of CH4 in high-
nutrient mesocosms with high algal Chl-a. The changes of DOC,
CDOM absorption and fluorescence, stable isotopes and ultrahigh-
resolutionmass spectrometry provides insight into the quantitative
and compositional changes in the organic carbon pool during the
experimental period and the 24 h bio-incubation. Eutrophication is
among themost profound anthropogenic impacts on shallow lakes,
the most abundant water body type worldwide, probably fueling
the accumulation of autochthonous bio-labile DOM and the emis-
sion of CH4 in these waters. Our results therefore strongly sug-
gested that carbon cycling rate in shallow eutrophic waters might
be significantly underestimated.
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