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Global impoundment of river systems represents a major anthropogenic forcing to carbon cycling in reservoirs
with seasonal thermal stratification. Currently, a quantitative and mechanistic understanding of how hypo-
limnetic deoxygenation in stratified reservoirs alters dissolved organic matter (DOM) cycling and lateral trans-
port along the river continuum remains unresolved. Herein, we used optical and high-resolution mass
spectrometric analyses to track seasonal and spatial compositional changes of DOM from a large, subtropical
impounded river in southeast China. Aliphatic compounds were contributed by algal blooms to epilimnetic DOM
during the spring/summer and by baseflow to the overall DOM pool during low-discharge periods.
Deoxygenation-driven hypolimnetic mineralization enhanced in situ production of bio-refractory molecules and
humic-like fluorescent DOM (FDOMp) by utilizing bio-labile DOM and settling biogenic particles during periods
of stratification. Production efficiency of hypolimnetic FDOMy was 159-444% higher than that of the global dark
ocean, and was strongly regulated by temperature and possibly substrate supply. The in situ production rate of
hypolimnetic FDOMy was four to five orders-of-magnitude higher than the dark ocean, with much faster turn-
over rates in dark inland waters versus the dark ocean. Collectively, these findings indicate that the hypolimnion
is a hotspot for microbial carbon transformations, and hence an important source and pool of refractory DOM in
aquatic systems. The lateral FDOMy flux increased 10.8-32.1% due to hypolimnetic reservoir release during
periods of stratification, highlighting the importance of incorporating hypolimnetic carbon transformations into
models for carbon cycling of inland waters and the land-sea interface.

1. Introduction (Zhou et al., 2021). Further, the longer water residence time substan-

tially promotes in-reservoir microbial degradation of labile DOM,

Export of dissolved organic matter (DOM) from land to sea repre-
sents an important linkage between terrestrial and oceanic carbon pools,
with an estimated flux of ~250 Tg Cyr~! (Raymond and Spencer, 2015).
However, this linkage has been greatly altered by widespread river
impoundment, as only 23% of global long rivers (> 1000 km) maintain
free connectivity to the sea (Grill et al., 2019). The building of more than
58,000 global dams with heights over 15 m has enhanced primary
productivity in the epilimnion of reservoirs, thereby increasing contri-
butions of autochthonous DOM, which is considered relatively bio-labile

whether the source is in-situ produced or externally supplied (Maavara
et al., 2017). The degradation of settling biogenic particles in water
column and sediments could also contribute to the DOM pool, especially
to the bio-refractory DOM (RDOM) pool (Thottathil et al., 2013; Yang
et al., 2014; Attermeyer et al., 2018). These active processes have
inevitably altered the composition and bioavailability of DOM released
to downstream rivers and ultimately to the sea (Thottathil et al., 2013),
further modulating carbon transformations and ecological functions of
estuarine and coastal environments (Yu et al., 2021; Regnier et al.,
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2022). To date, an integrated evaluation of how these processes change
properties and export flux of fluvial DOM across the reservoir-river
continuum remains largely unexplored.

The hypolimnion usually occupies a dominant volume of medium to
large reservoirs/lakes having relatively deep depths (Han et al., 2018;
Yi et al., 2021). Notably, there is consistent hypolimnetic oxygen con-
sumption (i.e. deoxygenation) during seasonal thermal stratification
periods (Thottathil et al., 2013; Jane et al., 2021), accompanied by
strong mineralization (i.e., release of CO, and nutrients) (Thottathil
et al., 2013; Yan et al., 2021). Previous studies found that
deoxygenation-driven mineralization in the hypolimnion of Lake Biwa
and the dark ocean was closely related to microbial degradation of
bio-labile particulate organic matter (POM) and DOM substrates and the
associated production of bio-refractory humic-like fluorescent DOM
(FDOMpy) (Thottathil et al., 2013; Wang et al., 2021a). Higher temper-
ature and a greater supply of labile substrates could enhance these mi-
crobial degradation/production processes (Wang et al., 2021a).
However, hypolimnetic DOM cycling in reservoirs has received little
attention compared with epilimnetic waters (Wang et al., 2021b).

Reservoirs often have an abundant input of labile substrates, rela-
tively long duration of stratification and a high percentage volume of
hypolimnetic deoxygenation waters (Yan et al., 2021; Vi et al., 2021).
The hypolimnetic temperature of reservoirs are generally higher than
the dark ocean at the same latitudes (Wang et al., 2021a). Thus, we
assume that deoxygenation in the hypolimnion of stratified reservoirs
could play a key role in regulating microbial transformations of fluvial
DOM. In particular, the transformed DOM components could be directly
exported from reservoirs through the hypolimnetic release point to
downstream river segments. Therefore, the hypolimnion of reservoirs is
critical in regulating the quality and reactivity of fluvial DOM along the
reservoir-river continuum. However, factors regulating hypolimnetic
DOM transformations and its lateral transport are still unknown.

Fluvial DOM is a complex mixture of organic molecules that chal-
lenges the suitability and interpretability of various characterization
techniques. Many studies found that FDOMy could be used as a quan-
titative tracer for RDOM production due to its strong correlation with
apparent oxygen utilization (AOU) in dark inland and ocean waters
(Yamashita and Tanoue, 2008; Thottathil et al., 2013; Wang et al.,
2021a). The FDOMy per unit oxygen consumption slope can thus be
used to estimate in situ production efficiencies in the hypolimnion of
reservoirs. Once oxygen utilization rates are available, the in situ pro-
duction rates and turnover time of hypolimnetic FDOMy can be quan-
tified (Catala et al., 2015; Wang et al., 202la). Therefore,
excitation-emission matrices (EEMs) from fluorescence spectroscopy,
which reveal information on the source and biogeochemical reactivity of
both DOM and base-extracted fluorescent POM (FPOM) (Lee et al., 2018;
Qu et al, 2021), are valuable tools to wunderstand the
deoxygenation-related seasonal dynamics of organic matter in
reservoir-river systems.

Ultrahigh-resolution Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR MS), which can identify thousands of DOM mo-
lecular formulas and specific compounds (Kellerman et al., 2018; Koch
and Dittmar, 2016), provides another powerful tool to trace
deoxygenation-related degradation and transformation of DOM (Marti-
nez-Pérez et al., 2017; Wang et al., 2021b). For example, the degrada-
tion index (Ipgg) of DOM was determined to be related to AOU in the
deep northeast Atlantic Ocean (Hansman et al., 2015). Similarly, molar
ratios (e.g., O/C, N/C) provide additional evidence to trace the accu-
mulation of O-rich compounds and removal of N-moieties via microbial
processing (Osterholz et al., 2021). Therefore, the combination of op-
tical and mass spectroscopy techniques provides complementary bene-
fits to explore organic matter cycling in dynamic river-reservoir systems.

The Min River is the third largest river by runoff that flows into the
marginal China Sea. Shuikou (SK) reservoir, impounding the main stem
of the lower Min River, is the largest subtropical reservoir in southeast
China. The limnology of the reservoir shows a typical seasonal
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stratification-overturn cycle and notable hypolimnetic deoxygenation
(Yan et al., 2021), which is similar to other subtropical or temperate
reservoirs/lakes (Thottathil et al., 2013; Han et al., 2018; Xu et al.,
2021). The dam site for SK reservoir is just 50 km upstream of the tidal
excursion in the macrotidal Min Estuary during dry seasons. Thus, any
transformation in DOM quantity/quality within the reservoir can
quickly flow through the short distance to the East China Sea. Therefore,
SK reservoir provides an ideal site to study the effects of river-reservoir
regulation on organic matter transformations and its influence on DOM
transport along the river continuum.

Herein, we performed optical and high-resolution mass spectro-
metric analyses of DOM from vertical water columns in SK reservoir and
along the river-reservoir continuum (i.e., upstream — reservoir
[epilimnion/hypolimnion] — downstream) in the four seasons and a
spring-flood event of 2020-21. Our objectives were to: (1) investigate
sources and vertical variations of DOM and POM properties within the
reservoir on a seasonal timescale; (2) trace deoxygenation-driven
hypolimnetic DOM transformation, especially the production rate and
turnover time of hypolimnetic FDOMy and its regulating factors; and (3)
quantify the alteration of lateral DOC, POC and FDOMy fluxes by
reservoir hypolimnetic regulation and export along the river continuum.

2. Materials and methods
2.1. Study area

The Min River watershed (60,992 km?) is located in a subtropical
monsoon climate zone of southeast China (116°23'—119°35E,
25°23'-28°16'N). Mean annual temperature is 16-20 °C and the multi-
year (1950-2010) average precipitation and runoff are 1700 mm and
6.2 x 10'° m>, respectively. About 70-80% of the precipitation and
runoff occurs between April and September (Yan et al., 2021), with the
largest monthly precipitation in May/June often accompanied by
late-spring flood events. Land cover is dominated by forest (73.1%),
agricultural (18.9%) and urban (4.6%) lands. Soils are predominantly
organic-poor red soil and lateritic red soil.

Shuikou reservoir, completed in 1996, is a mildly eutrophic system
with an area of ~94 km? (Yan et al., 2021). The drainage area upstream
of the dam accounts for 86% of the total Min River watershed. Water
storage (1.8-1.9 x 10° m®) and water level (59.8 + 1.3 m) were rela-
tively stable during the June 2020 - June 2021 sampling period (Fig. S1).
The water residence time (WRT) in summer and late-spring flood pe-
riods was estimated as 12.7 + 7.8 days (mean =+ std dev) and 6.8 + 1.7
days, respectively, which was significantly shorter than autumn (33.4 +
14.4 days), winter (47.8 + 1.6 days) and non-flood spring (33.3 + 3.5
days) periods (Fig. 1). Impounded water is usually exported from the
hypolimnetic release point (~30 m depth), whereas epilimnetic release
occurs only during flood events.

2.2. Sampling campaign

Five investigations were performed in summer (July 2020), autumn
(November 2020), winter (January 2021), spring (April 2021) and for a
spring-flood event (May 2021) (Fig. 1). Surface water samples were
collected by Niskin bottles at the upstream river (U1), reservoir (R1-R7)
and downstream river (D1-D5) sites. High-resolution vertical sampling
(0.5, 2, 5, 10, 20, 30, 40 and 50 m) was conducted at reservoir sites of
R1, R4 and R7, which displayed generally consistent vertical profile
variations (Yan et al., 2021). All samples were analyzed for DOC, POC,
FDOM, FPOM and nutrients. Samples for FT-ICR MS analysis were only
collected at sites of U1, R4 (0.5, 30 and 50 m) and D5. Additionally, four
similar vertical sampling events for FDOM analyses were previously
performed at three reservoir sites (R1, R4 and R7) in summer (August
2017), autumn (November 2017) and winter (January 2018) and early
autumn (2019).

Water samples were filtered immediately after sampling through 0.7
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Fig. 1. Sampling map (a) and ten-day average discharge of the Min River at the D5 location during the sampling period (b, red squares indicate the detailed sampling
dates). The D5 site is near (~0.6 km) a principle hydrological station (Zhuqi) for the Min River.

pm, pre-combusted (500 °C, 10 h) GF/F filters (Whatman, UK). Filtrates
for DOC (acidified to pH = 2), FDOM and nutrient analyses were stored
at 4 °C and analyzed within one week of collection. Solid-phase
extraction of filtrates for FT-ICR MS (acidified to pH = 2) was also
pretreated within one week of collection. Particles retained on the GF/F
filters were used for FPOM analysis. To reduce filter background C-
contamination, samples for POC analysis were filtered through 2.2 pm,
pre-combusted (650 °C, 10 h) quartz filters (Whatman, UK) (Qu et al.,
2021). The filters for FPOM and POC were stored at —20 °C before
analysis.

Temperature (+ 0.01 °C), Chl a (£ 0.1 pg/L) and DO (+ 0.1 mg/L)
profiles at R1, R4 and R7 sites were performed using a calibrated YSI
Multiparameter Water Quality Sonde (Xylem, USA). Calibration of the
DO sensor was based on measurements of discrete water samples using
the Winkler method (Yan et al., 2021). The relative water column sta-
bility (RWCS), the index used to depict the stratification condition of
reservoirs, was calculated as follows (Wang et al., 2021b):

RWCSs =20 ~Pw o)
Ps—Ps

Where p, and p,, represent density of bottom water and density at a
given depth, respectively. The p, and p; parameters are water density at
4 °C and 5 °C, respectively.

2.3. Measurements of DOC, POC and nutrients

DOC concentrations were determined using a TOC-L analyzer (Shi-
madzu, Japan) with triplicates (+ 2%, analytical error). POC filters were
firstly acidified with 2 M HCl (Merck, Germany) to remove inorganic
carbon; POC was then determined using a Multiwavelength Thermal/
Optical Carbon Analyzer (DRI, USA) with duplicates (+ 5%, analytical
error). Nitrate (NOs—N) and soluble-reactive phosphate (SRP) concen-
trations were measured with an AA3 Auto-Analyzer (SEAL, Germany)
with duplicates (+ 5%, analytical error).

2.4. FT-ICR MS analysis of DOM

A 500-mL aliquot of filtered DOM sample was extracted by solid-
phase extraction (SPE) using 500-mg Agilent Bond Elut PPL cartridges
(Dittmar et al., 2008) (Text S2). The PPL cartridges were eluted with ~7
mL methanol (Merck, Germany). Recovery efficiencies for SPE-DOM
ranged from 40.3% to 69.5% (57.1 + 8%), consistent with typical re-
covery rates (50-60%) using similar DOM SPE methodologies (Dittmar
et al., 2008; Wang et al., 2021b). Extracts of SPE-DOM were analyzed
using a 9.4 Apex-ultra X FT-ICR MS (State Key Laboratory of Heavy Oil

Processing, China University of Petroleum) under negative mode (128
scans) with an electrospray ionization source (Bruker Apollo II). All
analytical processes and instrument settings followed the methodology
of He et al. (2020a). Mass peaks ranged from 200 to 800 m/z with a
signal/noise ratio (S/N) > 6 and detection error of < 1 ppm. Detected
elemental formulas were bound within the constraints of C;_gg, H1_120,
No-3, Og-30 and Sg_; (He et al., 2020a).

The degradation index (Ipgg) was calculated following Flerus et al.
(2012). The compound categories of SPE-DOM were defined following
Kellerman et al. (2018) based on the modified aromaticity index (Alpoq)
and H/C ratio (Koch and Dittmar, 2016): condensed aromatic (CA, Aljod
> 0.66), polyphenols (Poly, 0.66 > Alyeq > 0.5), highly unsaturated
compounds (HU, Alyeq < 0.5 and H/C < 1.5), unsaturated aliphatic
compounds (UA, 2 > H/C > 1.5, N = 0) and peptides (2 > H/C > 1.5, N
> 0). The CA-+Poly components are characterized as bio-refractory DOM
from allochthonous sources or produced via humification processes,
whereas the UA+Peptides are generally autochthonous bio-labile DOM
components (Kellerman et al., 2018). The HU-associated materials may
include terrestrially-source components and polyphenol-peptide reac-
tion products (Hockaday et al., 2009).

2.5. Optical analyses of FDOM and FPOM

FFPOM filters were extracted using 10 mL of 0.1 M NaOH for 24 h in
dark at 4 °C (Qu et al., 2021). Extracted solutions were pH-neutralized
and filtered through 0.22 pm polyethersulfone filters for subsequent
fluorescence analysis. The excitation-emission matrix spectra (EEMs) of
FDOM and FPOM were measured with a —7100 fluorescence spectro-
photometer (Hitachi, Japan) following the procedures of Wang et al.
(2021a) and Qu et al. (2021). Samples with high absorbance were
pre-diluted to avoid perturbations from inner filter effects. The fluo-
rescence intensity of base-extractable FPOM samples was corrected for
the volumes of extraction solution and filtered water samples (Qu et al.,
2021).

Two humic-like components and three protein-like components were
identified using a total of 349 EEMs and the PARAFAC model with
DOMfluor toolbox 1.7 and validated by split-half analysis (Fig. S2)
(Stedmon and Bro, 2008). The C1 and C4 components were selected to
represent the typical humic-like (FDOMy/FPOMy) and protein-like
components (FDOMp/FPOMp), respectively (Text S1). Spearman rank
correlation showed that the molecules (2408) associated with FDOMy
had a higher percentage of CA+Poly (12.9-22.7%) than FDOMp
(1.8-5.2%), and the molecules (3146) associated with FDOMp had a
higher percentage of UA+Peptides (8.6-23.8%) than FDOMy
(0.7-0.9%) (p < 0.05, Fig. S3; Table S1). Therefore, the FDOMy in SK
reservoir was mainly composed of bio-refractory materials, whereas the
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FDOMp fraction was more bio-labile in nature.

2.6. Net flux variations for DOC, POC and FDOM due to reservoir
regulation

To assess the net flux variations for DOC, POC and FDOM due to river
regulation by SK reservoir, a simple box model considering the differ-
ence between the input flux and export flux of the reservoir was used:

; _6 ONO,-N
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Fye= (Cp — Cu) x Q (2

Where Cp and Cy are average values of DOC, POC and FDOM in the
downstream river and upstream river, respectively. Q is the fluvial
discharge of the Min River.
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Fig. 2. Vertical profiles of temperature, Chl a, DO, AOU, NO3—N and SRP during different seasons of 2020-21 in SK reservoir. Color band represents error bars
comprising the three sites (R1, R4 and R7). grey solid and dotted lines represent data from a preliminary investigation in 2017-18 and early autumn of 2019,

respectively.
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2.7. In situ production rates and turnover times for hypolimnetic FDOMp,
in SK reservoir

In situ production rates for FDOMy (PR, QSU d 1) in the hypolimnion
of SK reservoir, an optical tracer of RDOM, was quantified as follows
(Wang et al., 2021a):

PR = PE x OUR 3

Where PE (QSU (pmol L™H 1 is in situ production efficiencies of
FDOMy, i.e. the slope between FDOMy and AOU. OUR (pmol kg~ d™1)
is the oxygen utilization rate, which is defined as the average oxygen
consumption magnitude of the hypolimnion during the water residence
time.

The turnover time for FDOMy (T, d™1) in SK reservoir was defined as
the time required to produce the net hypolimnetic FDOMy inventory
from in situ production rate:

(Cp — Cu)
PR

T = ()]

2.8. Data analysis

SPSS 22.0 was used for all statistical analyses (IBM, USA).
Figures were generated using ArcGIS 10.2 (Esri, USA) and Origin 2021b
(OriginLab, USA).

3. Results

3.1. Water column vertical profiles of temperature, Chl a, oxygen and
nutrients

Vertical temperature profiles at three reservoir stations showed little
difference among sites, but similar seasonal variations (Fig. 2). Thermal
stratification was well developed in summers and spring (Fig. 2a, p),
except for the flood period (Fig. 2u). The temperature differences during
the stratification period (4-8 °C) were significantly lower than for other
stratified reservoirs (e.g. Hongjiadu, 16 °C) or lakes (e.g. Lake Biwa,
20 °C) with longer water residence times (172-753 d) (p < 0.05)
(Thottathil et al., 2013; Yi et al., 2021). However, the high stratification
indices (RWCS) indicate that the stratification conditions in SK reservoir
were notably pronounced (Fig. S4). Well-mixing of the upper layer
during early autumn deepened the thermocline (> 20 m), which marked
initiation of the overturn process (Fig. S4b). Thereafter, thermal strati-
fication was absent in autumn and winter when northeast
monsoon-driven water mixing was prevalent (Fig. 2f, k).

Chl a (0.2-102.8 pg/L) showed large seasonal variations (Fig. 2).
Epilimnetic algae blooms (Chl a > 10 pg/L) were observed during spring
and summers (Fig. 2b, q). The Chl a decreased in autumn and reached its
lowest level in winter (Fig. 2g, 1), but was also very low during the late-
spring flood period (Fig. 2v). Further, Chl a showed relatively high
values in the 10-30 m layer in early autumn due to vertical overturning
(Fig. 2g).

Epilimnetic DO concentrations were generally saturated/supersatu-
rated when Chl a was high in spring and summer (Fig. 2c, 1). The
overturn of low DO water during the monsoon transition period
decreased the surface DO in autumn (Fig. 2h). Conversely, hypolimnetic
DO during the summer, autumn and spring reached hypoxic or even
anoxic status, with AOU (> 5 m depth) increasing with depth and
reaching its highest levels in deeper layers (Fig. 2d, i, s). DO replen-
ishment occurred throughout the entire water column during winter and
the late-spring flood period when the vertical temperature gradient was
small (Fig. 2m, w).

Nitrate and SRP ranged from 52.1 to 131.1 pmol/L and 0.23-3.67
pmol/L, respectively, with the highest concentrations in spring and
winter (Fig. 20, t). Both nutrients increased with depth in spring and
summer (Fig. 2e, t), whereas they showed only small vertical variations
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in autumn, winter and the spring-flood period (Fig. 2j, o, y).
3.2. Water column vertical profiles of DOM and POM parameters

3.2.1. DOC and FDOM

DOC and bio-labile protein-like FDOMp ranged from 85.8 to 197
pmol/L and 0.07-0.28 RU (Fig. 3), and showed strong correlations in
summer, winter and spring (r: 0.65-0.89; p < 0.05). During the spring
and summer period of stratification, both DOC and FDOMp profiles
significantly decreased from the surface to the bottom of the water
column (p < 0.05) (Figs. 3 and 4a, c¢). Conversely, FDOMp showed only a
small vertical variation in early autumn, but displayed a consistent in-
crease with depth in autumn and winter. The FDOMjp profile during the
spring-flood period and DOC profiles in autumn/winter showed little
vertical variation.

The bio-refractory humic-like FDOMy (0.23-0.37 RU) generally
showed an opposite water column profile to that of DOC during the
stratified period and reached its highest levels in the hypolimnion in the
summers of 2017 and 2020 (p < 0.05; Figs. 3b and 4e). FDOMy was also
high during the spring-flood period with little vertical variation. More-
over, FDOMy showed a slight increase with depth in autumn compared
to a decreasing tendency in winter when the lowest values were
observed.

3.2.2. Molecular composition of SPE-DOM

FT-ICR MS parameters exhibited significant seasonal variations in
their molecular composition (p < 0.05) (Fig. 3 and Table S2). During
summer, the vertical profiles of bio-refractory CA+Poly, HU compounds
and Ipgg indices generally increased from the epilimnion to the deep
layer, but CA+Poly slightly decreased in the deep layer (Figs. 3d, 3e and
4g, 1, j). In contrast, the bio-labile UA+Peptides sharply decreased with
depth (Fig. 4h). The molecular difference comparison showed that there
was a 58% increase of CA+Poly and 87% decrease of UA+Peptides in
the hypolimnion. The strong correlation between CA+Poly with FDOMy
or between UA-+Peptides with FDOMp suggested that the vertical vari-
ation of molecular compounds between the epilimnion and hypolimnion
should also be significant.

During autumn, the CA+Poly compounds and Ipgg remained at a
relatively high level and showed a general decrease in the hypolimnion,
whereas the HU compounds and UA+Peptides compounds slightly
increased (Fig. 3i, j and 4 g, j), accompanied by a 57% increase of for-
mulas with high H/C (> 1.5) in the hypolimnion. During winter and
spring, the CA+Poly compounds and Ipgg throughout the water column
were significantly (p < 0.05) lower than in summer and autumn,
whereas UA+Peptides showed the opposite tendency (Figs. 3 and 4g, h,
j)- The HU compounds showed a slight increase in the deep layer during
winter, while it decreased with depth in spring (Fig. 4i).

3.2.3. POC and FPOM

POC, FPOMp and FPOMy ranged from 12.2 to 423 pmol/L,
0.001-0.067 RU and 0-0.11 RU, respectively (Fig. 3). The POC and
FPOM parameters showed higher average values in spring/summer than
autumn/winter (p < 0.05). In spring and summer, the POC and FPOM
parameters were correlated (r: 0.66-0.77; p < 0.05), and all parameters
quickly decreased in the 0-10 m layer and showed significantly lower
values in the hypolimnion (p < 0.05) (Fig. 4). There was a weak decrease
in the vertical magnitude of POC, FPOMp and FPOMy concentrations in
autumn, and all parameters became well-mixed in winter. Notably, all
three parameters increased with depth during the spring-flood period.

3.3. Variations of DOM and POM parameters along the river-reservoir
continuum

3.3.1. DOC and FDOM
Along the river continuum, DOC and FDOMp increased during
summer and spring from the upstream river to the reservoir epilimnion,
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but decreased in the downstream river (Fig. 4a, c). In contrast, DOC and
FDOMp generally increased from upstream to downstream in autumn,
whereas both parameters decreased along the continuum in winter.
During the spring-flood period, both parameters showed similar values
in the epilimnion and downstream river. FDOMy generally increased
along the continuum during summer, winter and spring, but showed
little variation in autumn and the spring-flood period (Fig. 4e).

3.3.2. Molecular composition of SPE-DOM
Summer values for CA+Poly compounds and Ipgg decreased from the
upstream river to the epilimnion of the reservoir, but increased in the

downstream river (Fig. 4g, j). These parameters generally decreased
from the upstream river to downstream river during autumn, while
consistently increasing during winter. During spring, CA+Poly com-
pounds decreased from the upstream river to the epilimnion with only
small variations in the downstream river, whereas Ipgg showed a
continuous decrease. UA+Peptides compounds generally showed an
opposite trend to that of CA+Poly compounds during all seasons
(Fig. 4h). HU compounds generally showed an increasing trend along
the continuum during all seasons (Fig. 4i).
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3.3.3. POC and FPOM

The POC and FPOMp/FPOMy sharply increased from the upstream
river to the epilimnion followed by a decrease in the downstream river
during summer and spring (Fig. 4b, d, f). In autumn, POC continuously
decreased along the continuum, but the FPOM parameters showed only
small variations. The POC and FPOM parameters showed only small
lateral variations during winter and the spring-flood period.

3.3.4. Alteration of lateral organic matter fluxes by reservoir regulation

The annual lateral flux of bio-refractory FDOMy showed an increase
of 9.6 + 0.7% after passage through SK reservoir (Table S3). This in-
crease was much higher in the stratified summer period (32.1%) than in
other seasons (3.4-14.5%). Conversely, annual lateral fluxes of DOC and
bio-active FDOMp showed slight decreases (0.4 + 0.7% and 5.1 + 1.2%)
due to reservoir regulation (Table S3). The decrease in the annual POC
flux along the river continuum was much larger (15.9 + 5.7%) than for
DOC and FDOMp. On the seasonal timescale, the DOC flux showed an
increase in spring and autumn, in contrast to a decrease in summer and
winter. Except for a slight increase in autumn, the FDOMp flux showed a
decrease in all other seasons. The decrease in the POC flux
(22.9-61.8%) occurred for all seasons except winter. There was little
variation of lateral DOC and FDOM fluxes during the spring-flood event,
although the event DOC flux value (i.e., ~40% of the annual flux) was
quite large and there was an obvious increase in the event POC flux (i.e.,
~66% of the annual flux).

4. Discussion
4.1. Sources and transformations of epilimnetic DOM in SK reservoir

There were several significant seasonal variations in sources of epi-
limnetic DOM and its transformations along the river-reservoir-river
continuum. During the wet summer season, DOC concentrations in the
upper river were low (~110 umol/L) compared with Arctic (1028 + 21
umol/L; Cory et al., 2015), USA rivers with extensive wetlands (390 +
172 umol/L; Spencer et al., 2013; Bhattacharya and Osburn, 2020), and
other Chinese rivers (e.g., Changjiang, 144 + 24 umol/L; Jiulong River,
161 + 21 umol/L; Guo et al., 2014). We ascribe these lower DOC con-
centrations to limited DOC flushing and dilution effects from the
organic-poor soils of the SK watershed (Liu et al., 2019). DOC and
bio-labile FDOMp increased from the upper river to the epilimnion of the
reservoir (Fig. 4a, c), suggesting an in situ contribution from algal
blooms (Fig. 2b, q) (Yi et al., 2021). This process was accompanied by
production of degradable POM (Fig. 4b, d), which provides sufficient
biogenic substrates with a C/N mass ratio of 5.8 to support microbial
deoxygenation and mineralization after settling to the hypolimnion
(Yan et al., 2021). The increase of FDOMy and HU compounds indicates
that terrestrial inputs also contribute to the epilimnetic DOM pool
(Fig. 4e, i) (He et al., 2021b). However, the CA+Poly components
showed a decreasing tendency (Fig. 4g), which may reflect selective
degradation of the photo-labile fraction of terrestrial DOM under
reduced flow velocity and correspondingly higher WRTs (Stubbins et al.,
2010).

In spring, the sampling period with the highest dominance of base
flow, the DOC and bio-labile signals in the reservoir epilimnion showed
a similar autochthonous contribution as in summer, but values were
much higher in the upstream river (Fig. 4a, ¢, h). This may result from
groundwater contributions, which have an enrichment of aliphatic
components (Kellerman et al., 2018; Wagner et al., 2019), and both high
DOC and bio-labile signals during the low-flow season (Hong et al.,
2012). In autumn, there was little variation for optical properties, but an
increase of epilimnetic DOC and HU compounds across the continuum
(Fig. 4a, 1). These results suggest a contribution of non-fluorescent DOM
to the epilimnetic carbon pool (Pereira et al.,, 2014). This
non-fluorescent DOM (mainly HU compounds) could be derived from
the input of degradation products from terrestrial plants (e.g. highly
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oxidized tannins) (Hockaday et al., 2009; Huber et al., 2011), which are
not correlated with FDOM components (Fig. S3). In winter, a base flow
dominated hydrologic period, significantly higher FDOMp and
UA-+Peptides were observed in the upper river than during summer and
autumn (p < 0.05). These bio-labile compounds decreased in the
epilimnion along with a simultaneous increase of bio-refractory com-
pounds (Fig. 4g, h) indicating microbial transformation of DOM along
the continuum (He et al., 2020b; Oliver et al., 2016).

4.2. Deoxygenation enhanced production of recalcitrant DOM in the
hypolimnion

In the hypolimnion of the stratified SK reservoir, bio-refractory
FDOMy, inorganic nutrients (NO3—N and SRP) and dissolved inor-
ganic carbon (DIC, unpublished data) increased with depth and showed
a strong positive correlation with AOU (r: 0.54-0.87; p < 0.05) (Fig. 5a).
These trends were accompanied by an increase of CA+Poly compounds
(Fig. 3). The linear correlation between hypolimnetic FDOMy and AOU
remained through initiation of the overturn in early autumn (r: 0.88; p <
0.05). Conversely, DOC and bio-labile FDOMp decreased with depth and
showed a negative correlation with AOU (r: —0.49 to —0.69; p < 0.05;
Fig. 3 and 5b). The profiles for UA+Peptides, POC and biogenic FPOMp
also decreased with depth (Fig. 3). Collectively, these patterns can be
attributed to in situ production of RDOM components at the expense of
bio-labile dissolved and particulate organic substrates during microbial
deoxygenation-related mineralization in the stratified hypolimnion
(Ogawaetal., 2001; Zhou et al., 2021; Wang et al., 2021a). This process,
which is similar to the “microbial carbon pump” hypothesis for the deep
ocean (Jiao et al., 2018), can be summarized as:

microbes

Nutrients (N, P) + DIC

(mineralization)

Bio — labile DOM / POM + O,

deoxygenation

+ RDOM (5)
(transformation)

Our previous in situ incubation experiment in SK reservoir also
showed that hypolimnetic microbial respiration of organic matter was
the major contributor to oxygen consumption (96.5-99.9%) during the
stratified summer period (Yan et al., 2021). Additionally, microbial
activity in porewaters of the upper sediment column may enhance
accumulation of RDOM (e.g. CA+Poly and CRAMSs) due to degradation
of both allochthonous and autochthonous bio-labile organic matter
substrates (Zhou et al., 2022). Production of bio-refractory FDOMy by
anaerobic respiration in deeper sediments may occur during early
diagenesis (Chen et al., 2017). These RDOM components could be
released to the overlying water from the sediment-water interface under
low oxygen conditions (Yang et al., 2014). The relative contribution of
water column production versus sediment production to the hypo-
limnetic RDOM pool remains an important question requiring further
study.

Difference between hypolimnetic and epilimnetic molecular for-
mulas revealed the molecular features of degraded or produced DOM
during hypolimnetic mineralization (Fig. 6). During the stratified sum-
mer period, the degraded UA+Peptides fraction included CHO, CHON
and CHOS compounds with a high H/C ratio (> 1.5) (Fig. 6a-c). There
was also selective microbial degradation of the heteroatomic CHOS and
CHONS compounds (i.e., N- or S-containing HU and polyphenol com-
pounds) with a low H/C ratio (< 1.5) (Fig. 6¢, d). The hypolimnetic-
produced RDOM components were enriched in HU compounds con-
taining a high percentage (75%) of carboxyl-rich alicyclic molecules
(CRAMs) (Fig. 6a-d), especially for CHO compounds. The abundant
CHON compounds (45.4%) in the hypolimnetic CA+Poly fraction infers
possible microbial production of bio-refractory N-containing formulas
(Fig. 6b) (Wagner et al., 2015). The molecular variation during the
stratified spring period is similar to the summer (Fig. 6m, n), but with
much less degradation of heteroatomic CHOS and CHONS compounds
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(Fig. 60, p), which is consistent with limited microbial production of
RDOM (Fig. 3q, s) in spring.

The in situ specific production efficiency of FDOMy per unit oxygen
consumption in the hypolimnion of SK reservoir during the warmer
summer was appreciably higher than that of the colder spring season, as
well as in the temperate, stratified Lake Biwa (central Japan) (Fig. 5c).
These limited results suggested a strong temperature regulation for the
specific production efficiency of FDOMy components in inland dark
waters, as previously demonstrated for global dark marginal basins
(Wang et al, 202la). Thus, the temperature regulation of
deoxygenation-related microbial production of RDOM components
could be a widespread phenomenon in stratified freshwater systems
similar to that found for marine dark systems.

The shorter WRT in summers (12.7 + 7.8 days) than in spring (33.3
+ 3.5 days) for the stratified SK reservoir resulted in only a small
decrease in summer hypolimnetic temperature (28.3 + 1.9 °C). This
relatively ‘high’ temperature environment enhances summer hypo-
limnetic microbial activity, thereby facilitating higher OUR (Table 1)
and in situ production efficiency of FDOMy compared to the cooler
spring (Smale et al., 2017; Mao and Li, 2018) (Fig. 5¢). As a result, there
was a much higher net in situ production rate for hypolimnetic FDOMy,
and a corresponding 32.1% increase of FDOMy export flux in summer
than in spring (10.8%). This occurred in spite of the higher hypolimnetic
AOU during the spring with a longer WRT versus summers with a shorter
WRT (Fig. 2d, s). This could also be the case for other reservoirs (e.g.,
Three Gorges reservoir) in tropical and subtropical areas experiencing
wet and warm summer periods of stratification (Wang et al., 2021b).
Therefore, variation in reservoir WRTs during periods of stratification
may influence production of RDOM mainly through regulation of
hypolimnetic temperature. The positive shift of in situ production effi-
ciency relative to the low temperature environment in the dark Japan
Sea and Lake Biwa may be ascribed to high sinking fluxes of bio-labile
materials in these temperate and often eutrophic aquatic systems
(Kim et al., 2011; Thottathil et al., 2013). Thus, the downward supply of
labile substrates to the hypolimnion undoubtedly alters the production
of RDOM in the hypolimnion.

The lack of correlation between FDOMy and AOU makes it difficult

to estimate the direct production of hypolimnetic RDOM during non-
stratified periods. Alternatively, the net increase in the lateral FDOMpy
flux after reservoir regulation was used as a measure of net production.
Although the WRTs of autumn and winter were quite long (31-49.6
days), there was low net production of FDOMy during the non-stratified
autumn (0.04 x 10° RU m®) and winter (0.11 x 10° RU m®) (Table S3).
This is consistent with the weak degradation of UA-+Peptides with a high
H/C ratio (> 1.5) (Fig. 6e-1). The low production potential of FDOMy in
autumn may be attributed to restriction of microbial activity by oxygen
limitation (DO < 2 ppm) resulting from the long WRT during this period
(Fig. 2h). However, the low winter temperatures appeared to limit
FDOMy production more than the oxygen-limited conditions in autumn
(Fig. 2m). In contrast, the replenishment of DO and bio-labile DOM in
winter primes the system for increased production of RDOM during the
subsequent spring season when warmer temperatures and stratification
develop.

4.3. Implications

4.3.1. Inland dark waters are hotspots for microbial RDOM production
Previous studies report that large RDOM pools are a by-product of
microbial mineralization in the global dark ocean and marginal basins
(Yamashita and Tanoue, 2008; Wang et al., 2021a). Investigations in the
hypolimnion of inland reservoirs (SK, Hongjiadu and Three Gorges) and
lakes (Biwa) further corroborate that deoxygenation-driven microbial
RDOM production is a ubiquitous phenomenon in dark aquatic systems
(Thottathil et al., 2013; Wang et al., 2021b; Yi et al., 2021). Combined
with the finding of microbial RDOM accumulation in soil systems (Cai
et al., 2022), this phenomenon could be the general mechanism of
RDOM production in all natural ecosystems, including aquatic surface
oxygenated layers. However, due to overlapping regulation of DOM and
oxygen by complex physical and biogeochemical factors, quantifying
the production rate for RDOM in surface layers remains a big challenge.
In SK reservoir, the net in situ production rate of hypolimnetic
FDOMy in summer was significantly higher than in spring and early
autumn (p < 0.05), with much faster turnover in the warmer summer
season (Table 1). Surprisingly, these rates from inland systems are four
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Table 1

Temperature, oxygen utilization rate (OUR), in situ production efficiency, rate and turnover time of FDOMy in inland waters and ocean systems. IW: Intermediate
Water (200-1000 m); DW: Deep Water (>1000 m). The data from Lake Biwa (Japan), Three Gorges reservoir and ocean systems are from Thottathil et al. (2013), Wang
et al. (2021b) and Wang et al. (2021a), respectively. Turnover times for FDOMy in 2017 and 2019 were unavailable due to lack of net production inventory data.

Region Study area Temperature ( OUR (umol kg!  Inssitu production efficiency of FDOMy; (QSU  In situ production rate of FDOMy ~ Turnover
°C) dh (umol L1 71 Qsud™h time
Inland SK Reservoirsymmer- 28.2+1.8 12.1 + 3.9 0.0151+0.0043 0.19+0.06 20.8£6.6d
waters 2021
SK Reservoirgpring. 175+ 26 6.6 + 0.7 0.0054+0.0019 0.04+0.01 18.8+£2.0d
2021
SK Reservoirayumn- 29.5+1.6 6.1 +1.4 0.0107+0.0035 0.07+0.02 —
2019
SK Reservoirsymmer- 28.7 £1.3 13.3+6.6 0.0111+0.0027 0.15+0.07 —
2017
Three Gorges 21.24+0.7 — 0.0147+0.0024 — —
Reservoir
Lake Biwa (Japan) ~8.2 — 0.0082 — —
Ocean South China Seayy 7.8 £ 0.4 (4.7 £2.0) x 0.0034-+0.0004 (1.6 £ 0.2) x 107° 186+78 yr
systems 1073
South China Seapw 25+0.1 (1.6 £0.2) x 0.0030+0.0011 0.5+ 0.2) x 10°° 647+249 yr
1073
Japan Seapy 0.7 +£0.2 (14+0.3) x 0.0040+0.0014 (5.6 £0.12) x 10~° 91432 yr
10°°
West Med Seary 13.3+0.3 (1.7 £0.2) x 0.0048-+0.0016 0.8+ 0.2) x 107° 370492 yr
1073
Global Oceanpy 6.8 +0.3 (1.8 £0.1) x 0.0034+0.0003 (0.6 + 0.05) x 107° 538+167 yr
1073

10
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to five orders-of-magnitude higher than in ocean systems due to high in
situ production efficiency and OUR (Table 1). Meanwhile, the turnover
times for FDOMy (20 + 4.2 days) in the dark hypolimnion are much
shorter than in the global dark oceans (538 + 367 year) due to short
WRTs. These data clearly demonstrate that inland dark waters are hot-
spots of microbial RDOM production in aquatic systems.

4.3.2. Hypolimnetic regulation of RDOM storage and export for inland
waters

Global reservoir and lake volumes are estimated as 8069 km?> (Global
Reservoirs and Dams database) and 181,900 km® (Messager et al.,
2016), respectively. Recent studies documented widespread hypo-
limnetic deoxygenation in global reservoirs and lakes (Jane et al., 2021).
Based on results from SK and several other reservoirs/lakes, we specu-
late that there could be a large storage of hypolimnetic RDOM in inland
waters, especially for stratified lakes with longer WRTs. Continued
global dam building is projected to increase allochthonous and
autochthonous carbon substrates to inland waters (Maavara et al.,
2017). The projected temperature increase under future global warming
scenarios could enhance microbial utilization of these bio-labile DOM
components and thus in situ production of RDOM in the hypolimnion of
inland waters (Kraemer et al., 2015; van Vliet et al., 2011). Future
studies of reservoirs/lakes from low to high latitudes are warranted to
constrain this inland RDOM inventory and evaluate its role in aquatic
carbon cycling.

There was a net increase of lateral FDOMy fluxes in the Min and
Wujiang rivers after impoundment in the stratified SK (10.8-32.1%) and
Hongjiadu (25.1%) reservoirs, respectively (Yi et al., 2021). This sug-
gests that lateral delivery of the hypolimnetic RDOM pool could increase
the recalcitrance of fluvial DOM by as much as 77% in global long rivers
with reservoirs during periods of stratification (Grill et al., 2019). These
RDOM components may finally be transported through the estuary into
the sea changing coastal carbon cycling dynamics, if not photodegraded
during transport. Furthermore, the lateral RDOM transport flux and its
by-products (nutrients) could be intensified due to ongoing dam build-
ing, resulting in additional hypolimnetic DOM processing by global
reservoirs. Thus, impoundment of rivers may represent a major
anthropogenic modification of the carbon cycle altering both DOM
quantity and quality along the river continuum and at the land-sea
interface. The short WRT during the spring-flood event revealed that
the hypolimnetic RDOM produced during the stratified period can be
quickly flushed from reservoirs during flood events. This view of quickly
increasing riverine FDOMy from reservoir releases at the onset of storm
events is in contrast to the traditional view of soil DOM flush-
ing/leaching processes dominating riverine DOM dynamics during
storm events (Yang et al., 2013). In sum, this study highlights the
importance of hypolimnetic production of RDOM in stratified reservoirs,
and hence the need to consider hypolimnetic transformations in models
simulating the fate and transport of carbon from inland waters across the
land-sea interface.

5. Conclusions

This study provides compelling evidence (optical and molecular
properties of DOM) that seasonal reservoir regulation changes the
quality and quantity of DOM along the river-reservoir-river continuum.
We found that the epilimnetic bio-labile DOM pool was largely
contributed by algal blooms during the spring/summer, with baseflow
providing additional bio-labile DOM during the spring. During periods
of stratification (spring/summer), bio-refractory DOM (e.g., CRAMs)
increased with depth in the hypolimnion and was accompanied by a
simultaneous decrease of bio-labile DOM (e.g., aliphatic compounds and
heteroatomic HU compounds containing N or S) and biogenic POM,
which further showed a strong correlation with AOU. These findings
demonstrates deoxygenation-enhanced production of RDOM during
seasonal periods of thermal stratification. The efficiency and rate of
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hypolimnetic humic-like FDOM (FDOMy) production were mainly
regulated by temperature and availability of bio-labile substrates, and
were significantly higher than those production parameters in dark
ocean environments. Our study emphasized that inland dark waters are
hotspots for microbial production of RDOM, which increases the recal-
citrance of DOM along the land-to-sea continuum. Future studies are
warranted to further explore the mechanisms controlling the in-
teractions between microbial metabolism and DOM transformations
under different oxygen availability conditions.
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