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Three Gorges Reservoir (TGR). As a consequence, the soil DOM released is degraded under both anaerobic and
aerobic conditions. The DOM compounds available for degradation under contrasting redox conditions and the
resulting DOM composition still need to be elucidated. By combining laboratory experiments with an in-depth
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1. Introduction

As an essential component of soil organic matter, soil dissolved or-
ganic matter (DOM) is the most active and mobile organic matter
(OM) pool that links terrestrial and aquatic systems (Jansen et al.,
2014; Solomon et al., 2015). Dissolved organic matter not only influ-
ences global carbon cycling (Evans et al., 2017; Cory and Kling, 2018)
but also has a significant influence on the biogeochemical process of nu-
trients (Mao et al., 2017; Fasching et al., 2020) and environmental con-
taminants including trace metals and organic contaminants (Hur et al.,
2011; Aiken et al,, 2011). The most recognized biogeochemical charac-
teristics responsible for DOM processing include photodegradation
and biodegradation (Moran et al., 2000; Obernosterer and Benner,
2004; Stedmon and Markager, 2005; Hansen et al., 2016; Cory and
Kling, 2018), redox abilities (Gao et al., 2019; Jiang et al., 2020a,
2020b), binding capacities with other elements, such as heavy metals
(Jiang et al,, 2015), and adsorption by minerals (Lee et al., 2018). In par-
ticular, DOM biodegradation has a key role, as it results in CO, and CH,
emissions, which are directly linked with different global climate
change scenarios (Berggren et al., 2010; Gao et al., 2019; Grasset et al.,
2018).

The biodegradation of DOM occurs either in terrestrial or aquatic en-
vironments in both euphotic and/or dark zones. Although light-induced
changes in DOM seem to trigger DOM biodegradation (Moran et al.,
2000; Stedmon and Markager, 2005), most of the photochemistry of
DOM can only be observed in the uppermost layer of water columns
(i.e., euphotic zone) (Kothawala et al., 2012; Sulzberger and Arey,
2016). Actually, in freshwater systems, 1.2 Pg of CO, originating from
DOM is transported into the atmosphere annually, and most of the
CO-, is metabolized by heterotrophic microorganisms (Tranvik et al.,
2009; Sleighter et al., 2014). In soil, microbial degradation can account
for 10 to 44% of DOM loss, and this value might even increase to approx-
imately 75% in litter (Hongve et al., 2000; Kalbitz et al., 2003a). Addi-
tionally, DOM biodegradation has further environmental implications
for contaminant fate, for example, mercury (Hg) (Jiang et al., 2018a;
Schartup et al., 2013; Bravo et al., 2017; Herrero Ortega et al., 2017). Re-
cent studies (Schartup et al., 2013; Bravo et al., 2017; Herrero Ortega
et al,, 2017; Noh et al., 2018; Jiang et al., 2018a) demonstrated that
differences in the composition of DOM may largely explain the variabil-
ity in the formation of neurotoxic methylmercury. Hence, the quantifi-
cation and characterization of DOM biodegradation processes are
required for the understanding of the global carbon cycle and the fate
of pollutants.

DOM biodegradation is controlled by many factors, including
intrinsic DOM composition, geo-physico-chemical properties (e.g., sa-
linity, temperature, pH, and oxygen concentration) and microbial com-
munity structure (Marschner and Kalbitz, 2003). Among all of the
influencing factors, the DOM chemical diversity (i.e., DOM composi-
tional characteristics) seems to be a primary controlling factor of DOM
microbial utilization (Shen and Benner, 2020). Additionally, the molec-
ular O, concentration is key to determining the microbial community
structure and metabolic pathways involved in DOM processing. Lower
DOM biodegradation has been reported in the absence of O,, which
has been explained by the following: (1) a lower energy yield due
to the lower substrate utilization efficiency by heterotrophic bacteria
and (2) the absence of attacks from oxygen species or oxygenases
(Marschner and Kalbitz, 2003; Bastviken et al., 2004; Reimers et al.,
2013). Studies have shown that the exposure of O, stimulates microbial
activity to degrade refractory OM pools, especially for communities that
are capable of extracellular electron transfer (Burdige, 2007; Reimers
et al., 2013). Although the biodegradation of DOM in different anoxic
and oxic environments has been studied (Kristensen et al., 1995;
Bastviken et al., 2004; Reimers et al., 2013; Grasset et al., 2018; Valle
etal, 2018), the outcomes of these studies were not consistent. Notably,
while there was no significant difference in OM degradation between
oxic and anoxic conditions in some short-term incubation studies
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(Lee, 1992; Derrien et al., 2019), other studies reported higher degrada-
tion rates under oxic conditions (Kristensen et al., 1995; Sun et al., 2002;
Bastviken et al., 2004; Reimers et al., 2013). Therefore, DOM biodegra-
dation processes in redox oscillated conditions and their contribution
to the degradation of the entire DOM pool are still not fully understood.
Particularly, only a few previous studies emphasized the anoxic/oxic
degradation of DOM but lacked the tracking of changes in DOM proper-
ties, especially by using optical tools (Bastviken et al., 2004; Reimers
et al., 2013; Grasset et al., 2018). Since optical properties (i.e., absor-
bance and fluorescence) have been illustrated as a useful approach to
assess the biodegradation processes of DOM (Wickland et al., 2007;
Cory and Kaplan, 2012; Hansen et al., 2016), we extended this method
to track DOM biological degradation under anaerobic and aerobic
conditions.

The water level fluctuation zone (WLFZ, 306 km?) of the Three
Gorges Reservoir (TGR) region is one of the largest redox oscillated
freshwater systems in the world (Bao et al., 2015). The water level is
regulated at 145 m in summer and 175 m in winter for the primary pur-
poses of flood control and electricity generation (Bao et al., 2015). Due
to the frequent wetting and drying rotations, OM in riparian and upland
soils is the most important terrestrial origin for DOM in adjacent aquatic
systems (Jiang et al., 2017, 2018b, 2018c, 2020a). Especially, during the
submerging period (usually from August to June), the DOM released
from submerged soils into the water column is the most crucial path-
way for terrestrial OM to reach the aquatic system. Thus, soil DOM
is subjected to both oxic and anoxic conditions in water-level-
fluctuation zones of TGR areas. The O, regimes for soil-released DOM
biodegradation are heavily dependent on the elevation (i.e., influenced
by water level changes). The temporal and spatial variations in the
DOM from waters and soils in this area have been investigated in our
previous study (Jiang et al., 2018b) and others (Wang et al., 2019). How-
ever, DOM compositional changes resulting from anoxic or oxic biodeg-
radation in this area remain unclear, which may further significantly
influence the environmental implications of DOM.

In this study, we hypothesized that (1) the DOM changes caused by
anaerobic and aerobic biodegradation conditions are different and
(2) optical properties can be used to track the biodegradation of DOM.
Thus, we conducted a series of microcosm experiments in this study.
The optical properties were used to reflect the compositional changes
of WLFZ soil-extracted DOM in biodegradation assays under both anaer-
obic and aerobic conditions. The aim of this study was two-fold: (1) to
understand the biodegradation dynamics of soil-extracted DOM under
different O, regimes and explore the changes in the DOM composition
due to anaerobic and aerobic biodegradation and (2) to determine
whether there are characteristic parameters of DOM that could be
used to indicate its biodegradation potential under the two distin-
guished conditions (i.e., anaerobic vs. aerobic).

2. Materials and methods
2.1. Soil sample collection and DOM extraction

Soil samples were collected from the water level fluctuation zone
(WLFZ) of the TGR in China. To represent the four sites selected by the
long-term DOM monitoring project, Zhenxi of Fulin (FL), Shibaozhai of
Zhongxian (SB), Tujing of Zhongxian (TJ) and Hanfeng Lake of Kaixian
(KX) (Jiang et al., 2018b) were included in this study (Fig. S1). Details
of these sites were described in our previous studies (Jiang et al.,
2017, 2018b). At each site, surface soils (0-10 cm) were collected
from different elevations (155 m and 165 m) along the shoreline of
the Yangtze River, and five samples were collected at each elevation
by a zig-zag pattern. Soils collected from the same site were mixed to
eliminate the differences from elevations (e.g., submerging period). Vis-
ible rocks, plant residues and animals were removed from the soils. Due
to the water level regulations, both re-exposed sediment (deposited
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during submerging periods) and shoreline soil were included in our col-
lected samples and defined as soil samples in this study.

Air-dried and homogenized (ground to 0.2 mm) soil samples were
used to extract the DOM according to the method from Yu et al.
(2012) and Jiang et al. (2017). The DOM in soil was extracted by distilled
water (Milli-Q®, Millipore, USA) with a soil to water ratio (w/v) of 1:10
for 16 h in a horizontal shaker (200 rpm) under dark conditions at 25 °C.
The suspension was centrifuged (4000 rpm) for 30 min and was vac-
uum filtered by 0.22-um mixed cellulose acetate filters (Whatman,
USA). The isolated filtrates (e.g., DOM sample) were stored in the dark
at 4 °C before use. The DOM samples extracted in this study have also
been referred to as water soluble OM (Nierop and Buurman, 1998).

2.2. Inoculum preparation

Indigenous populations of microbial communities in soils were used
as the inoculum in the degradation (Kalbitz et al., 2003a; Hansen et al.,
2016). Briefly, fresh soils (i.e., collected from fields with no drying treat-
ment) from FL, SB, T, and KX were incubated for 7 days at 25 °C. After-
wards, indigenous microorganisms from each soil were extracted by
Milli-Q water (soil/water 1:10, w/v) for 12 h with the same soil DOM ex-
traction conditions. The obtained microorganism solutions from the
four sites were left to stand for 1 h and were filtered by 20-25 pm sterile
membranes to separate large organisms and particulates. Four filtered
microorganism solutions (i.e., FL, SB, TJ and KX) were mixed with
equal volumes as the inoculum. No further microbial identifications
were performed.

2.3. DOM biodegradation assay

The biodegradation of soil-extracted DOM was conducted in anaero-
bic and aerobic conditions at 25 °C. Mixed inoculum extracted from
collected soils was used as the microorganism source in DOM biodegra-
dation (Kalbitz et al., 2003a, 2003b). Before the biodegradation assay,
DOM solutions with DOC concentrations higher than 20 mg L™ were
diluted to avoid the overgrowth of microorganisms (Hongve et al.,
2000; Kalbitz et al., 2003b). The DOM solutions were inoculated
with mixed inoculum at a ratio of 1:150 (v/v). Then, NH4NO3
(10 uM) and KH,PO4 (1 pM) were added as additional nutrients. An-
aerobic treatments were incubated in 100-mL airtight serum bottles
after pre-deoxygenation through high purity N, purging with a
headspace of 20 mL of N,. For comparison, aerobic treatments were
conducted by soil-extracted DOM incubated in 100-mL amber bot-
tles and with a headspace of 20 mL of air (Fig. S1). All bottles were
precovered with aluminium foil to avoid photoreactions of the
DOM. All supplies and glassware were autoclaved before use. Three
replicates were set for each treatment (four soil extracted DOM solu-
tions and two incubation conditions). The blank was non-inoculated
Milli-Q® water. Biodegradation kinetic experiments were conducted
over 28 days. Time-dependent sampling was conducted on 0, 1, 2, 5,
8,12, 16, 21, and 28 d. All the collected water samples were then
filtered through 0.45-um cellulose acetate filters and kept at 4 °C
(in the dark) before analysis.

2.4. Analytical measurements

The concentration of DOM, represented as dissolved organic carbon
(DOC), was measured using a TOC analyser (GE InnovOx®, GE, US). The
optical properties of DOM were characterized by UV-vis absorption and
fluorescence spectra through Aqualog® absorption-fluorescence spec-
troscopy (Jobin Yvon, Horiba, Japan). Briefly, the UV-vis absorption
spectra for water samples were scanned from 230 nm to 800 nm with
intervals of 1 nm. Emission-excitation matrices (EEMs) of fluorescence
spectra for water samples were scanned from 250 nm to 600 nm
(Nem, intervals of 3.18 nm) and from 230 nm to 450 nm (A, intervals
of 5 nm) for emission and excitation spectra, respectively. More details
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of the optical characterizations, including inner-filter effect correction,
were described in our previous studies (Jiang et al., 2017; Liu et al.,
2019b).

The UV-vis properties of DOM including the Naperian absorption
coefficient at 254 nm (a(254), m™!), specific UV absorbance at a
wavelength of 254 (SUVA,s4, Lmg~' m™1), coloured dissolved organic
matter (CDOM, represented by the absorption coefficient at 355 nm, a
(355), m™ '), spectral slopes over the ranges of 275-295 nm (S275_29s,
nm~ ') and 350-400 nm (S3s0-400, N~ '), and spectral slope ratio (Sg)
for Sy75_295 and S3sg_400 Were calculated. Due to the relatively small
size of the dataset and different compositions (extracted from four
soils from different sampling sites) of DOM samples in this study
(Fellman et al., 2009), major peaks in EEMs were identified according
to the wavelength ranges defined by Coble (1996, 2007) and Coble
et al. (2014) through the traditional peak-picking method. Four com-
pounds (arbitrary units (A.U.)) including peak A (Aex = 250-260 nm,
Aem = 380-460 nm, humic-like compound), peak C (Aex =
330-350 nm, Aey, = 420-480 nm, fulvic-like compound), peak B
(Aex = 230 nm, Aeyy = 300-310 nm, protein-like compound) and
peak T (Aex = 230 nm, Aepyy = 320-340 nm, protein-like compound)
were identified. Fluorescence indices including the fluorescence peak
ratios (r(A/C) and r(T/C)), fluorescence index (FI), humification index
(HIX) and biological index (BIX) were calculated. More details for the
calculation methods can be found in our previous studies (Jiang et al.,
2017, 2020a; Liu et al., 2019b).

2.5. Biodegradation kinetics

The biodegraded DOM (final to initial DOC in %) (Eq. (1)) under both
anaerobic and aerobic conditions were fitted by a two-fraction first-
order kinetic model (Eq. (2)) according to the assumption that DOM
was composed of two fractions (i.e., labile and stable) with different
degradabilities and degradation rates (Kalbitz et al., 2003a; Wickland
et al,, 2007; Jiang et al., 2018a). Nonlinear fitting was conducted in Ori-
gin 18.0 Software (OriginLab®, MA, USA). The adjusted R? was used to
reflect the goodness of fit.

(DOCo—DOC)

Biodegraded DOM (final to initial DOC in%) = DOC
0

x 100%
(1)

where DOC, and DOC; are the DOC concentration (mg L™!) at day t and
day O (at the beginning).

Biodegraded DOM (final to initial DOC in%) = f x (1—e*"‘”> )
+fp x (1—e)

where f, and fg are the fractions of labile DOM and stable DOM, respec-
tively (%) (fa + fs was constrained to approximately 100%); k; and k;
are the biodegradation rate constants of two DOM fractions (d!);
and t is time (d).

The half-life (d) values of labile and stable DOM fractions were cal-
culated through Eq. (3) according to the method from Kalbitz et al.
(2003a).

Half —life DOM; = %(i =1lor2) (3)
i

where DOM; represents DOM fractions, and k; are the biodegradation
rate constants for different DOM fractions.

2.6. Prediction of the DOM biodegradation potential in the WLFZ of the TGR
region

A simple prediction of the soil DOM biodegradation potential at the
WLFZ in the TGR region was calculated according to Eq. (4) introduced
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by Vachon et al. (2017) and the fitting results through the first-order
kinetic model.

WRT; x k]_
1+ WRT; x k.

WRT,‘ X ks o
X T WRT < e " WRT, % ks x 100% (4)

DOM biodegradation potential = f; x + fs

where f; and fs are the labile and stable DOM fractions, respectively
(fL and fs for the average TGR were calculated as the average value
between anaerobic and aerobic conditions, respectively); k. and ks
are the rate constants for labile and stable DOM fractions, respec-
tively, and they are calculated the same with f; and fs; and WRT; is
the corresponding hydrologic residence time at different elevations.
Two assumptions have been made for this prediction model: (1) the
submerging period equals the water residence time for each eleva-
tion and (2) submerged soil is the unique source for DOM to be
biodegraded.

2.7. Statistics and QA/QC

All statistical analyses were performed using SPSS 23.0 software
(IBM®, IL, USA). The Shapiro-Wilk method was used to test the normal-
ity of the data distribution. Both Spearman's r and Pearson's r were used
in the correlation analysis; the former was used in the presence of non-
normally distributed datasets (Shapiro-Wilk, p < 0.05), and the latter
was used with normally distributed datasets (Shapiro-Wilk, p > 0.05).
Automatic linear modelling was conducted to identify the important
contributors from optical indices to DOM biodegradation (final to intial
DOC in %). The forward stepwise method was used in variable picking.
Variables entered into the model are probability-of-F-to-enter < 0.05;
variables removed from the model are probability-of-F-to-remove
> 0.10. Interactive effects of the DOM sources, degradation time and
degradation conditions were compared by two-way ANOVA with
Tukey's post- hoc tests. Significant differences among groups were
tested by using both parametric (normally distributed) and non-
parametric (not normally distributed) methods. Statistical significance
(p) was determined at 0.05 and 0.01 (2-tailed). All results are reported
as the mean + standard deviation for three replicates. Noninoculated
Milli-Q® water blanks for DOC analysis in the biodegradation
experiment were subtracted by each treatment. Signals from Milli-Q®
water blanks in spectra scans were subtracted automatically by
Aqualog® EEM data processing software (i.e., to remove the interfer-
ences of water Raman peaks). The detection limit for DOC is
0.5 mg L™". The relative standard deviations (RSD) in DOC measure-
ment were all below 7%.

18
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164 & m SB o sB
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3. Results
3.1. DOM biodegradation

After incubation (28 days), the average DOC concentrations de-
creased from 16.2 + 1.12mg L~ t09.79 + 0.78 mg L~ " under anaerobic
conditions, and from 17.8 & 0.98 mg L™ to 7.90 + 0.78 mg L™! under
aerobic conditions (Fig. 1a). Therefore, the total biodegraded DOM
accounted for 39.5 4 4% and 55.5 + 6% in anaerobic and aerobic condi-
tions, respectively (Fig. 1b). DOM from all sites (i.e., FL, SB, T] and KX)
showed significantly higher degradation under aerobic than anaerobic
conditions (Table S1, paired samples t-test, p < 0.05). However, the
DOM degradability changed across sites. For example, DOM biodegrada-
tion at KX accounted for 33.5 + 3% and 46.4 + 2% DOM under anaerobic
and aerobic conditions, respectively, and was, significantly lower than
the other studied sites (Table S1, one-way ANOVA, p < 0.05). Two-
way ANOVA showed that the incubation conditions (i.e., anaerobic
and aerobic) were more important than the DOM spatial distribution
(i.e., sampling sites) (Table S1, p < 0.01).

3.2. Kinetic model for DOM biodegradation

The kinetics of DOM biodegradation could be fit by a two-fraction
first-order model (Table 1, adjusted R? > 0.99). Two fractions, including
the labile DOM (low-molecular weight, usually it can decompose rap-
idly within weeks) and stable DOM (high-molecular weight, aromatic
and humic-like), can be obtained from the fitting (Sondergaard and
Middelboe, 1995; Kalbitz et al., 2003a). Under anaerobic conditions,
the labile DOM fractions for different sites ranged from 14.1 4+ 2 to
22.5 + 3% (average 18.0 + 14%) (Table 1). Under aerobic conditions,
this amount increased from 33.8 & 11 to 38.7 & 3% (average 35.0 +
2%) (Table 1). When comparing anaerobic and aerobic conditions,
higher labile DOM fractions (paired samples t-test, p < 0.01) but
lower k; values (not significant, p = 0.14) were found in aerobic
conditions; on the contrary, higher stable DOM fractions (paired samples
t-test, p < 0.01) but lower k; values (not significant, p = 0.07) were found
in anaerobic conditions (Table 1).

3.3. Optical properties

Optical properties including the CDOM/DOC, SUVA3s4, S75-295 and
Sg were calculated by UV-vis absorption spectra (Fig. 2a-d). For the
four studied sites, the average CDOM/DOC and SUVA,s4 during all
biodegradation kinetics were significantly higher in soil-extracted
DOM incubated under aerobic conditions than in soil DOM incubated

70
B
£
Q
(o]
[a}
s
B
£
o
2
©
o
£
o T T T T T
0 5 10 15 20 25 30
Time (day)

Fig. 1. Variations in the DOC concentrations (a) and biodegraded DOM with time (b). Error bars represent the standard deviation for three replicates.
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Table 1
Parameters from the two-fraction first-order kinetic fitting of DOC degradation®.
DOM sources Incubation conditions Biodegraded DOM (%) Labile DOM fraction Stable DOM fraction R?
fa k1 Half-life (d) fp ky Half-life (d)
(%) (d™h (%) (d™
FL Anaerobic 429 4+ 4B 225+ 3 0.98 £ 0.2 0.7 775 £ 3 0.011 £ 0.001 61.2 0.997
Aerobic 58.6 + 2a 371 + 4 0.60 + 0.1 1.2 629 + 3 0.017 £ 0.002 413 0.995
SB Anaerobic 411 £ 2B 178 £ 2 0.60 + 0.3 1.2 822 +2 0.013 £ 0.001 58.9 0.994
Aerobic 59.2 + 2a 387 +£3 048 + 0.2 1.1 613 +3 0.017 £ 0.004 447 0.994
T Anaerobic 404 + 1B 185+ 9 0.60 + 0.2 1.2 815+ 9 0.012 £ 0.005 53.7 0.995
Aerobic 578 £ 1a 368 £ 4 0.64 + 0.04 14 632 + 4 0.016 + 0.003 41.6 0.998
KX Anaerobic 335 + 3p 141 £ 2 0.72 £ 0.1 1.0 859 + 2 0.009 + 0.002 72.7 0.997
Aerobic 46.6 + 2a 338 + 11 0.29 £+ 0.1 24 66.2 + 11 0.009 £ 0.007 74.1 0.994
Average anaerobic 395 + 4B 18.0 £ 1 0.68 + 0.1 1.0 820 £ 1 0.012 £ 0.001 57.8 0.995
Average aerobic 55.5 + 6a 350 £ 2 0.50 + 0.1 14 65.0 + 2 0.015 + 0.002 46.2 0.994

* Mean + SD (n = 3). Biodegraded DOM was expressed as final to initial DOC in %; f and f are the fractions of labile DOM and stable DOM; k; and k are the degradation rate constants
for labile and stable DOM fractions, respectively. Different Greek letters in the biodegraded DOM column indicate that the difference between anaerobic and aerobic conditions is signif-
icant (t-test, p < 0.05).

under anaerobic conditions (p < 0.05, Fig. 2a and b). Moreover, we ob-
served the same trend when considering all of the sites together. No sig-
nificant difference in S,75_295 (Fig. 2c) and Sy (Fig. 2d) between the two
incubation conditions was found (with only one exception of Sy in the
KX treatment). The ranges of Sy75_295 in DOM biodegradation are rela-
tively narrow, and most Sy75_,95 values range between 0.015 and
0.020 (nm ™). The kinetic variations of CDOM/DOC, SUVA3s4, S275-295
and Sg are shown in Fig. S2.

Four fluorescence compounds were identified from the fluorescence
spectra as one humic-like compound (peak A), one fulvic-like

compound (peak C) and two protein-like compounds (peak B and
peak T). During the kinetic experiment, the average intensities of peak
A and peak C in aerobic treatments were all higher than those in anaer-
obic treatments (p < 0.05, Fig. 2e and f). High variations were found for
the intensities of protein-like peaks (peak B and peak T) due to the
larger ranges in box plots (Fig. 2g and h). A significantly higher intensity
of peak B was only found in aerobic treatment of the T] site (p < 0.05).
Despite the visual difference of peak B and T intensities between aerobic
and anaerobic conditions at the four sites (FL, SB, KX and TJ), the statis-
tical test indicated that these differences were not significant. However,
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Fig. 2. Optical properties of DOM in biodegradation. (a) CDOM/DOC; (b) SUVAys4; (€) S275-205: (d) Sg; (e) Peak A for humic-like compound; (f) Peak C for fulvic-like compound; (g) Peak B
and (h) Peak T for protein-like compounds; (i) FI; (j) BIX and (k) HIX. Data for each box in the main plot included all the data points in biodegradation kinetics (n = 9, from day 0 to day 28).
The subgraphs in each plot are the combined datasets from the four sites and referred to as the whole TGR condition (n = 32). FL, SB, TJ and KX are the four sampling sites; AN and AE
indicate anaerobic and aerobic conditions, respectively. “*” or “**” indicates that the difference between aerobic and anaerobic conditions is significant at p < 0.05 or p < 0.01 through
the paired samples t-test. IQR indicates the interquartile range.
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when taking all the sites together, the peak B and peak T intensities
were significantly higher under aerobic conditions than under anaero-
bic conditions (p < 0.01, Fig. 2g and h). On day 28, a significant differ-
ence in the peak B intensity was found at the TJ site (p < 0.05),
whereas for the peak T intensity, significant differences were found at
the FL, SB and KX sites (p < 0.05). Fluorescence indices including FI,
BIX and HIX were calculated. In general, FI was higher in aerobic treat-
ments than in anaerobic treatments; however, a significant difference
was only found in T] soil-extracted DOM (p < 0.01, Fig. 2i). Higher BIX
values were found in the anaerobic treatments of site TJ than in the
aerobic treatments (p < 0.05, Fig. 2j). HIX values were also higher in
aerobic treatments than in anaerobic treatments (p < 0.05, Fig. 2k).
Variations in the fluorescence peak intensities (i.e., peak A, C, B, and T)
and fluorescence indices (i.e., Fl, BIX, and HIX) can be found in Figs. S3
and S4, respectively.

3.4. Correlations between biodegraded DOM and the optical properties

Correlations between the biodegraded DOM (final to initial DOC in
%) and the optical properties were carried out in both anaerobic and aer-
obic condition treatments during biodegradation (i.e., data points from
the kinetics experiment, n = 27). From the UV-vis absorption proper-
ties, SUVA,s4 and CDOM/DOC were found to be positively correlated
with biodegraded DOM in all treatments and the average TGR region
(represented by four sites averaged data) (Table 2, p < 0.05). Moreover,
the correlation coefficients of SUVA,s4 and CDOM/DOC were higher in
aerobic treatments than in anaerobic treatments (with the exceptions
of SUVA;s4 for KX and the average TGR). The amount of CDOM
(reflected by asss5) showed a negative correlation with the biodegraded
DOM in aerobic treatments (Table 2, p < 0.05), but no significant corre-
lations were found in any of the anaerobic treatments (Table 2). The in-
tensities of peak A and C are negatively correlated with the biodegraded
DOM (Table 2, p < 0.05), but BIX and HIX are positively correlated with
the biodegraded DOM under both anaerobic and aerobic conditions
with only one exception (KX DOM under anaerobic conditions)
(Table 2, p < 0.05).

3.5. DOM biodegradation potential in the WLFZ of the TGR region

Prediction lines were plotted for anaerobic, aerobic and the average
of anaerobic and aerobic conditions (Fig. 3a). Under anaerobic condi-
tions, the DOM released from submerged soils could be biodegraded
by 66.5%, 78.5% and 81.0% at 170 m, 160 m and 150 m elevations,
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respectively. These values will increase to 76.5%, 85.4% and 87.2%
under aerobic conditions for the same elevations, respectively. It is rec-
ognized that the average between anaerobic and aerobic conditions (i.e.,
the average TGR in Fig. 3a) is closer to the real WLFZ in the TGR region.
This is because the real redox conditions in the WLFZ elevations fluctu-
ate greatly, and the biodegradation of soil-released DOM could either
proceed under aerobic or anaerobic conditions during flooding. On av-
erage, 71.2%, 81.7%, and 84.0% of DOM leached from submerged soil
could be biodegraded at 170 m, 160 m and 150 m elevations of the
WLFZ, respectively (Fig. 3a).

4. Discussion
4.1. DOM biodegradation in general

Biodegradation is one of the key pathways of DOM depletion in nat-
ural environments (Marschner and Kalbitz, 2003; Cory and Kling, 2018).
Microorganism-mediated DOM losses and transformation have signifi-
cant influences on the environmental behaviours of DOM and carbon
cycling (Berggren et al., 2010). Regarding the length of kinetic degrada-
tion experiments, short-term compared to long-term (e.g., year) studies
are more important because the rates of microbial response to DOM
degradation are typically rapid (e.g., minutes to days) (Cory and Kling,
2018). In this short-term study, the biodegraded DOM was, on average,
47.5 £+ 10% (n = 24) independent of the treatments. This value is sim-
ilar to the DOM biodegradation from other hydrology influencing
regions, such as the Yongjiang River and Fluvia River (Table S2), but
higher than the DOM extracted from soils with similar climates (Liu
et al., 2019a) or soils from agricultural fields (Kalbitz et al., 2003a).
This highlighted the importance of hydrology alternation-induced
wetland systems in soil organic carbon turnover. Moreover, the relative
abundance of polymethylene chain compounds identified by pyrolysis-
gas chromatography-mass spectrometry (Py-GC-MS) in a previous
study (Jiang et al., 2017) correlated negatively with the biodegraded
DOM (r = —0.96, p < 0.05 for anaerobic treatments; r = —0.97,
p < 0.05 for aerobic treatments, Fig. S5a). This suggests that these
compounds, which account for 12.6 4 2.5% of DOM in the TGR region
(Jiang et al., 2017) and are derived from aliphatic biopolymers such as
cutin and suberin originating from vascular plants or algaenan in algae
(Kaal et al., 2015), were resistant to biological degradation under either
aerobic or anaerobic conditions.

In this study, the DOM fraction resistant to biological degradation (i.e.,
refractory) had longer half-life values (41.3-74.1 d) and proportions

Table 2
Correlation coefficients between biodegraded DOM and the optical properties.
FL* SB? T KX* Average TGR® Responses®
Anaerobic Aerobic Anaerobic Aerobic Anaerobic Aerobic Anaerobic Aerobic Anaerobic Aerobic
SUVAz54 0.91 0.93 0.81 0.92 0.77 0.91 0.92 0.91 0.99 0.98 Significant
a3s5 / —0.81 / —0.89 —0.61 —0.94 / —0.94 / —0.99 Significant
CDOM/DOC 0.81 0.88 0.73 0.82 0.60 0.86 0.67 0.86 0.88 0.97 Significant
S275-295 —0.64 / —0.48 / —0.39 / / / / / Non-significant
Sk 0.49 / / —0.69 / / / / / / Non-significant
Peak A —0.75 —0.87 —0.81 —0.94 —0.86 —0.95 / —0.95 —0.93 —0.98 Significant
Peak C —0.80 —0.90 —0.89 —0.92 —0.86 —0.95 —0.44 —0.95 —0.93 —0.97 Significant
Peak B —0.61 / —0.56 / —0.56 —0.79 / —0.79 —0.80 —0.72 Non-significant
Peak T —0.55 —0.54 / —0.43 / —0.55 / —0.55 / / Non-significant
r(A/C) —0.48 —0.61 —0.40 —0.80 —0.76 —0.81 / —0.81 / —0.98 Significant
r(T/C) —0.47 / / / / / / / / / Non-significant
FI —0.63 / / / / 0.61 / 0.61 / 0.75 Non-significant
BIX 0.81 0.79 0.80 0.80 0.82 0.87 0.68 0.87 0.97 0.99 Significant
HIX 0.55 0.79 0.69 0.91 0.74 0.89 / 0.89 0.90 0.99 Significant

Spearman's r was used in the correlation analysis. All of the numbers in the form indicate significant correlations (p < 0.05); “/” indicates that the correlation is not significant.

@ FL, SB, TJ and KX indicate the DOM extracted from different soils. n = 27.
b Average TGR indicates correlations by using the averaged data from 4 sites. n = 9.

¢ Significant (or non-significant) indicates that the correlations are independent (or dependent) of the spatial distribution in the TGR region (i.e., different sites).
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changes from June 1st, 2015 to May 31st, 2016.

(from 61.3-85.9%) than the labile fraction (Table 1). This is because the
origins of soil-extracted DOM at the WLFZ were mainly composed of ter-
rigenous DOV, including the local soil organic matter pool and agricul-
tural activity inputs (e.g., organic fertilization and plant-derived organic
matter). Contributions from water-borne DOM sedimentation during
the flooding period (e.g., microbial-derived organic matter) only account
for a small proportion of the bulk soil-extracted DOM. This is consistent
with our previous study that soil DOM in the TGR area showed both au-
tochthonous and the allochthonous characteristics, and allochthonous
character is dominant for most sites (Jiang et al., 2017, 2019).

4.2. Anaerobic versus aerobic biodegradation: labile and stable fractions

Similar to other regions with fluctuating hydrology, oscillations in
the redox conditions occur frequently in the WLFZ of the TGR region
due to the nonseasonal water level changes caused by artificial hydro-
logical adjustment (Bao et al., 2015). As a result, soil DOM might be
biodegraded under both aerobic and anaerobic conditions. In this
study, more DOM could be aerobically biodegraded (Fig. 1, Table S1),
which is consistent with studies from others (Bastviken et al., 2004;
Reimers et al., 2013; Fasching et al., 2014; Seidel et al., 2014; Liu et al.,
2019a). In the water column or sediment, labile DOM in both anaerobic
and aerobic conditions is equally accessible to enzymes and could be de-
pleted first. However, some recalcitrant DOM can only be available to
oxygenases or reactive oxygen species (Bastviken et al., 2004). There-
fore, the degradation of the stable DOM fraction may be limited to an-
aerobic environments (Middelburg, 1989; Koehler et al.,, 2012).

Theoretically, for a given microbial community, labile (fa) and recal-
citrant (fg) DOM fractions from a given site should be constant. In this
study, for the same microbial inoculum and same soil extracted DOM
we obtained different f values under aerobic and anaerobic conditions
(Table 1) (t-test, p < 0.05). This suggests that O, controlled the accessi-
bility of the microbial community to different DOM fractions. The dom-
inant species of heterotrophic microorganisms, which mediate the
majority of DOM biodegradation, may be different under aerobic and
anaerobic conditions (Berggren et al., 2010; Kamjunke et al., 2016).
Moreover, O, is likely preferentially used as a terminal electron acceptor
(TEA) for DOM degradation under aerobic conditions (LaRowe and Van
Cappellen, 2011; Chen and Hur, 2015), resulting in CO, formation (Gao
et al., 2019). In anaerobic environments, however, the TEA will shift
from O, to other compounds (e.g., NO3, SO3~ and Fe**) and result in

different DOM degradation rates according to the different metabolic
potentials (Chen and Hur, 2015; Derrien et al.,, 2019).

However, in our study, higher k; values were found under anaerobic
conditions compared to aerobic conditions (p < 0.05, with the excep-
tion of the TJ), whereas higher k, values were found in aerobic condi-
tions (only FL, p < 0.05) (Table 1). Although the differences in the
average k; between the two conditions (average for the four sites) are
not significant, it still suggests that the biodegradation rate of labile
DOM may be faster (or at least as fast) under anaerobic conditions as
under aerobic conditions. Through an anoxic and oxic rotated incuba-
tion, Bastviken et al. (2004) identified that 16-18% degradable DOM
could be degraded more rapidly under anoxic conditions than under
oxic conditions. This highlights the role of anaerobic DOM degradation
in the carbon cycle. In contrast, the biodegradation rate of stable DOM
seems to be faster in aerobic conditions than anaerobic conditions
(Table 1). Nevertheless, the negative correlation between lignin
products identified previously (Jiang et al., 2017) and k; in aerobic treat-
ments (r = —0.99, p < 0.01, Fig. S5b) suggests that lignin decomposi-
tion may be a rate-limiting step in aerobic conditions. Indeed, several
studies have shown that lignin could only be depolymerized by extra-
cellular enzymes from a few microorganisms (Austin and Ballaré, 2010).

4.3. Anaerobic versus aerobic biodegradation: optical properties

A simple correlation between the DOM biodegradation (in %) and
the original optical properties of soil DOM from four sites was con-
ducted. Only a few original optical indices or peaks were significantly
correlated with the biodegraded DOM (Table S3). This implies that the
differences in the properties of original DOM may not be used to predict
to what extent DOM might be biodegraded (similar to our two-way
ANOVA test result in Table S1). Unlike Fellman et al. (2009), who used
protein-like fluorescence compounds and SUVA,s4 to predict the soil
DOM biodegradation potential, this work implies that the optical
properties of DOM will change dynamically during either anaerobic or
aerobic biodegradation. Thus, the changes in the optical properties of
DOM during the kinetic experiment (instead of the original optical
properties) were used to reflect the compositional changes of SOM in
biodegradation.

Overall, in terms of the average rate of change during the entire ki-
netic period, higher values of normalized CDOM (i.e., CDOM/DOC),
SUVA,s,4, intensities of peak A and peak C, and HIX were found in all
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aerobic treatments compared to the other parameters (Fig. 2a, b, e, fand
k), suggesting a higher processing of the labile DOM and further concen-
tration of the recalcitrant DOM fraction. This enhancement of con-
densed aromatic structures of DOM has also been named “microbial
humification” (Lee et al., 2018). The labile fraction of DOM (i.e., low-
molecule weight, aliphatic) is first consumed by microorganisms in ei-
ther aerobic or anaerobic conditions (Pellerin et al., 2010; Hansen
et al,, 2016). Then, the utilization of some less recalcitrant DOM by het-
erotrophic bacteria could be promoted by oxygen attack (Marschner
and Kalbitz, 2003; Bastviken et al., 2004; Reimers et al., 2013). The re-
maining DOM, which cannot be degraded further by microorganisms
in aerobic conditions, is usually considered highly recalcitrant and
could be coagulated by self-assembly (Xu and Guo, 2018). Irrespective
of the sampling sites, positive correlations of SUVA,s4 versus CDOM
based on the overall dataset were found in both anaerobic (r = 0.93,
p < 0.001, Fig. 4a) and aerobic (r = 0.79, p < 0.001, Fig. 4b) conditions,
suggesting that chromophores are associated with aromaticity in WLFZ
soil DOM biodegradation. This is in line with our previous monitoring of
the aquatic DOM in the TGR during both the dry and wet seasons, in
which the changes in chromophoric components are related to changes
in aromaticity (Jiang et al., 2018b). However, the significant correlations
between SUVA;s4 and CDOM were site-dependent under aerobic condi-
tions. Negative correlations in sites FL, SB, and KX (Fig. 4b) along the ki-
netic experiments (i.e., time-series data for these sites) suggest that
some chromophores were also depleted in aerobic biodegradation al-
though the bulk aromaticity increased. This means that the CDOM was
also concentrated during aerobic biodegradation. Exponential coupling
of DOC and CDOM was found in aerobic conditions (CDOM in FL, SB
and KX explained 87%, 86% and 89% of DOC variations) but absent in an-
aerobic conditions (Fig. S6), which suggests that the depletion of DOC
was faster than the degradation of CDOM at the earlier stages of aerobic
biodegradation. This coupling further explains why CDOM in aerobic
biodegradation could either be concentrated (i.e., positive correlation
between biodegraded DOM and CDOM/DOC, Table 2) or depleted (i.e.,
negative correlation between biodegraded DOM and a(355), Table 2;
negative correlations between a(355) and SUVA;s4, Fig. 4b). Moreover,
the coupling between DOC and CDOM in aerobic biodegradation could
provide a simple test to rapidly estimate DOC concentrations in the
flooding water of the TGR though only measuring the filtered water
color.
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Differences in other optical properties, such as S»75_59s, Sg, intensi-
ties of peak B and peak T, Fl and BIX, in anaerobic and aerobic conditions
were not statistically significant (Fig. 2c, d, g, h, i and j). This indicates
that the responses of molecular weight (reflected by S;75_295 and Sg,
Helms et al., 2008; Hur et al., 2009) and autochthonous signals of
DOM in degradation in different oxygen regimes are less sensitive
than the aromaticity and allochthonous signals of DOM. In contrast to
the continuous decrease reported by Hansen et al. (2016), in this
study, the dynamics of Sp75_295 (Fig. S2¢) and Sk (Fig. S2d) varied.
Some increases in S»75_295 and Sg, especially under aerobic conditions,
indicate the following: (1) losses of higher molecular weight DOM due
to disaggregation or bond cleavage and (2) increases in low-molecular
weight DOM production through metabolism (Stepanauskas et al.,
2005). The dynamics of two autochthonous protein-like compounds
(peak B for tyrosine-like compounds and peak T for tyrptophane-like
compounds) also support that more signals from microbially-derived
DOM are involved in biodegradation (Fig. S3c and S3d) (Coble, 1996;
Coble, 2007). Some extracellular enzymes and metabolic products (i.e.,
low-molecular weight DOM) may be released simultaneously (Seidel
et al,, 2014; Autio et al., 2016).

It should be noted that the above analysis of this study is based on a
limited number of samples collected from TGR areas, and thus, we hes-
itate to extend too much for discussing the change trend of DOM prop-
erties in a specific (i.e., individual) site. However, it is useful to have a
preliminary impression as a whole for extrapolating the DOM degrada-
tion in TGR areas.

4.4. Contribution of optical properties to DOM under aerobic and anaerobic
incubation conditions

To track the contributions of DOM optical properties to its biodegra-
dation capacities under aerobic versus anaerobic incubation conditions,
automatic linear modelling with the forward stepwise method was
conducted on four sites (combined data, Fig. 5). Only significant proper-
ties (i.e., correlations with biodegraded DOM are independent of sites
under either anaerobic or aerobic conditions, Table 2) were input as var-
iables for the regression. In anaerobic conditions, SUVA;s4 and BIX are
the dominant predictors (importance larger than 0.3), whereas the
importance values of other properties are smaller than 0.1 (Fig. 5a).
Under aerobic conditions, SUVA;s, is the absolute predominant factor
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replicates of CDOM and SUVA;s,, respectively.
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(importance of 0.44), followed by BIX and a(355) (Fig. 5b). According to
the linear modelling, SUVA;s4 and BIX show high contributions to DOM
biodegradation under either anaerobic or aerobic conditions, which
agrees with Lee et al. (2018). The close association between SUVA;s4
and DOM biodegradation (Fig. S7) further supports the preferential mi-
crobial removal of labile DOM (Hur et al,, 2011; Hansen et al,, 2016). The
contribution from BIX suggests that the biodegradation of soil DOM is a
partial degradation (Berggren et al., 2010; Zheng et al., 2014; Cory and
Kling, 2018), and some stable DOM was biodegraded into lower molec-
ular or aliphatic compounds, instead of CO,. However, in some anoxic
conditions such as the flooding period in the WLFZ of the TGR, the con-
tribution to DOM biodegradation from CDOM will increase. Thus, water
colour changes may be used as an indicator to track the oxygen regimes
of submerged soil in the WLFZ of the TGR region. In addition, the
changes in two parameters, HIX in the anaerobic treatment and
CDOM/DOC in the aerobic treatment (Fig. 5), are specific to the response
to the two different degradation conditions. Thus, they might be used to
distinguish the two distinct degradation conditions.

On the other hand, we should note the limits of optical analysis used
in this study, which reflects only a small portion of the bulk DOM
(optically active components). However, previous studies illustrated
that the optical indices showed good correlation with molecular for-
mula interpretations derived from ultra high resolution mass spectrom-
etry (FTICR-MS) (Wagner et al., 2015; Kellerman et al., 2018). Sleighter
et al. (2014) also found consistency between optical and FTICR-MS data
and importantly, two categories of methods showed that the corrobora-
tion between optical and FTICR-MS data of labile and semi-labile DOM,
which is consistent with the component of DOM susceptible to
microbial degradation (Kim et al., 2006; Ward et al., 2013; Sleighter
et al., 2014). Additionally, considering the studies on DOM biodegrada-
tion using mass techniques, the observation of DOM bioreactivities
aligned with formula identifiers were not consistent (Sleighter et al.,
2014). This discrepancy indicates the limits of FTICR-MS, which can
provide compositional information on the DOM but not about struc-
tures which are also key players that attribute to the bioreactivity
(Sleighter et al., 2014). Thus, this study highlights the utility of simple
and inexpensive measurements (i.e., absorbance and fluorescence
measurements) for assessing the DOM cycle, especially bioreactivity, in
aquatic environments.

4.5. DOM biodegradation potential in the WLFZ of the TGR region

In this study, the results of biodegraded DOM (%) among the four
sampling sites were found within a relatively small range (33.5-42.9%
for anaerobic conditions and 46.6-59.2% for aerobic conditions,
Table 1). This suggests that the bioreactivities of soil DOM at these

sites (i.e., FL, SB, TJ, and KX) of the TGR region might be constrained to
a relatively narrow ranges. Therefore, a regional prediction of soil
DOM biodegradation potential was simply conducted based on the
four sites (Fig. 3). The largest difference in the DOM biodegradation po-
tential between aerobic and anaerobic conditions was found in the WRT
at 23 days (the difference is 14.2%), and this value decreased with in-
creasing WRT (Fig. 3b). This indicates that hydrologic conditions regu-
late soil DOM biodegradation and that anaerobic biodegradation
cannot be overlooked. It should be emphasized that the real water res-
idence time at each elevation is usually shorter than the flooding time
(especially in the mainstream of the Yangtze River, sites FL and KX in
this study). The prediction results in this model may overestimate the
biodegradability of DOM in the TGR region to a certain degree. However,
it provides a preliminary quantitative understanding of the microbe-
mediated DOM loss from submerged soils in the WLFZ of the TGR
annually. Other geochemical factors, instead of oxygen regimes and hy-
drologic conditions, could also influence the DOM biodegradation po-
tential. Temperature is thought to be one of the most important
factors influencing soil DOM biodegradation (Marschner and Kalbitz,
2003; Evans et al., 2017). Importantly, refractory organic matter could
be decomposed more rapidly by labile organic carbon addition under
oxic conditions (Guenet et al., 2010, 2014). Thus, the alternation of
wet-dry conditions in TGR areas might enhance DOM biodegradation
when the water level decreases. Furthermore, DOM bioavailability can
influence the environmental fate of contaminants, such as Hg. Although
the higher degradation potential of DOM in aerobic conditions (e.g.,
shallow waters) observed in this study may enhance microbial growth,
the Hg methylation could be offset by the inhibition of aerobic condi-
tions on anaerobic bacteria (e.g., iron- or sulfur-reducing bacteria).
Thus, the results found in this study will be used as a basis for further in-
vestigations on the influences of DOM degradation under anaerobic and
aerobic conditions on Hg methylation by bacteria.

5. Conclusions

This study examined the anaerobic and aerobic biodegradation of
water-extracted soil DOM from the WLFZ of the TGR region. While
DOM biodegradation was higher under aerobic conditions than under
anaerobic conditions, anaerobic DOM processing contributed up to
40% of the total DOM degradation. Our results show that while labile
DOM was biologically degraded under both aerobic and anaerobic
conditions, recalcitrant DOM was degraded mainly under aerobic
conditions. Consequently, the DOM optical properties indicated that
soil-extracted DOM incubated under aerobic conditions was enriched
in recalcitrant DOM and depleted in labile DOM. Our results demon-
strate that anaerobic DOM processing might be a highly relevant DOM
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degradation process, especially in the water level fluctuation areas of
large reservoirs such as the TGR. Lastly, this study notes that the man-
agement of reservoir water flow and the subsequent changes in the
hydrologic conditions of reservoirs regulate soil DOM biodegradation
and might thus have an important impact on the global carbon cycle.
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