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• Carbon‑sulfur coupling cycle was en-
hanced in hypoxic environment.

• SRB diversity determined the S isotope
fractionation (Δ34S).

• High RWCS in July favored co-existence
of complete-oxidizing and incomplete-
oxidizing SRB.

• OC availability and composition affected
Δ34S via regulating SRB diversity.
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Anthropogenic input of sulfate (SO4
2−) in reservoirs may enhance bacterial sulfate reduction (BSR) under seasonally

hypoxic conditions in the water column. However, factors that control BSR and its coupling to organic carbon (OC)
mineralization in seasonally hypoxic reservoirs remain unclear. The present study elucidates the coupling processes
by analyzing the concentrations and isotopic composition of dissolved inorganic carbon (DIC) and sulfur (SO4

2−, sul-
fide) species, and the microbial community in water of the Aha reservoir, SW China, which has high SO4

2− concentra-
tion due to the inputs from acid mine drainage about twenty years ago. The water column at two sites in July and
October revealed significant thermal stratification. In the hypoxic bottom water, the δ13C-DIC decreased while the
δ34S-SO4

2− increased, implying organic carbon mineralization due to BSR. The magnitude of S isotope fractionation
(Δ34S, obtained from δ34Ssulfate-δ34Ssulfide) during the process of BSR fell in the range of 3.4‰ to 27.0‰ in July and
21.6‰ to 31.8‰ in October, suggesting a change in the community of sulfate-reducing bacteria (SRB). The relatively
low water column stability in October compared to that in July weakened the difference of water chemistry and ulti-
mately affected the SRB diversity. The production of DIC (ΔDIC) scaled a strong positive relationship with the Δ34S in
July (p < 0.01), indicating that high OC availability favored the survival of incomplete oxidizers of SRB. However, in
October,Δ13C-DICwas correlatedwith theΔ34S in the bottom hypoxic water (p< 0.01), implying that newly degraded
OC depleted in 13C could favor the dominance of complete oxidizers of SRB which caused greater S isotope fractiona-
tion. Moreover, the sulfide supplied by BSR might stimulate the reductive dissolution of Fe and Mn oxides (Fe(O)OH
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Table 1
Oxidation sequence, redox couple, oxidation state and

Oxidation sequence Redox coupl

1 O2/H2O
2 NO3

−/N2

3 MnO2/Mn2+

4 SeO4
2−/SeO3

2

5 H2AsO4
−/H3A

6 NO3
−/NH4

+

7 Fe3+/Fe2+

8 SO4
2−/S2−

The theoretical reaction formulas are taken from refe
Canfield DE, Jørgensen BB, Fossing H, Glud R, Gunder
1993; 113: 27–40.
Gorny J, Billon G, Lesven L, Dumoulin D,Madé B, Noir
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and MnO2). The present study helps to understand the coupling of C and S in seasonally hypoxic reservoirs character-
ized by high SO4

2− concentration.
1. Introduction

The occurrence of hypoxia is a widespread anthropogenic impact that
affect estuaries, marine, and freshwater environments (Al-Raei et al.,
2009; Diaz and Rosenberg, 2008; Winton et al., 2019). When oxygen (O2)
concentration is low, the oxidation of labile organic carbon (OC) is often
coupled with the reduction of nitrate, sulfate (SO4

2−), ferric iron-bearing
minerals, and other oxidized metals, hence affecting the biogeochemical
cycles of biogenic elements such as carbon (C), nitrogen (N), sulfur (S),
and of relevant metals (see Table 1 for oxidation sequence and reaction for-
mula of these terminal electron acceptors) (Borch et al., 2010; Zhang et al.,
2018). Due to the higher energy yield, nitrate is often preferentially coupled
with OC oxidation in natural fresh waters. In polluted water bodies, such as
reservoirs affected by past acid mining drainage, SC coupling becomes the
predominant process due to the high concentration of SO4

2−. Sulfate reduc-
tion in almost all natural environments is due to sulfate-reducing bacteria
(SRB). In fact, bacterial sulfate reduction (BSR) is dominated in main pro-
cess in the anaerobic oxidation of sedimentary marine organic matter
(OM) and might account for up to 50% of OM mineralization (decomposi-
tion of the chemical compounds in OM, by which the nutrients in those
compounds are released in soluble inorganic forms) in most continental
shelf sediments (Jørgensen, 1982; Zhang et al., 2017).

The present study explored the coupling of C and S in a seasonally hyp-
oxic reservoir that had been subject to decades-long effect of coal mining.
For permanently hypoxic environments, a plethora of studies have delin-
eated the coupling relationship between OC mineralization and BSR
(Niggemann et al., 2007; Stam et al., 2010). To summarize, (1) the nature
of OM plays an important role in controlling microbial metabolism of
SRBs in deep sediment cores in the saline, alkaline Lake Van (Glombitza
et al., 2013); (2) in turn, the BSR process produced high levels of fluores-
cent dissolved OM in freshwater sediment slurries (Luek et al., 2017);
(3) the high abundance of dissolved organic carbon (DOC) and SO4

2− in
wetlands promoted SO4

2− reduction to reach the highest rates ever mea-
sured, resulting in a large fraction of OC mineralization (Dalcin Martins
et al., 2017). For seasonally stratified reservoirs, the existing understanding
may not be readily applicable because of the inhomogeneity and fluctuat-
ing redox conditions in water columns (Borch et al., 2010). In general,
the variation of water column stability in different stratified periods will af-
fect thewater chemistry and the composition of the functional communities
of phytoplankton and planktonic bacteria (Cui et al., 2021; Yang et al.,
2020b).Moreover, the rate of sulfate reduction and degree of S isotope frac-
tionation (Knossow et al., 2015), as well as the electron transfer processes
of OC mineralization in different seasons could also vary (Fahrner et al.,
2008). As such, it is safe to conclude that the variable coupling mechanism
reaction formula of important te
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between BSR and OCmineralization at different periods of stratification re-
mains to be clarified in seasonally stratified reservoirs.

The sulfur isotopic signature of SO4
2− (δ34S-SO4

2−) is widely used in trac-
ing SO4

2− sources and exploring S biogeochemical processes in rivers, reser-
voirs andwetlands (Cao et al., 2018; Lewicka-Szczebak et al., 2008; Li et al.,
2011). The combination of the δ34S-SO4

2− with the δ13C-DIC is a powerful
tool to reveal the coupling cycles of CS in aquatic environments (Cui
et al., 2020; Hosono et al., 2014). It is well-known that, when SO4

2− is re-
duced to hydrogen sulfide (H2S) in BSR, 34S is discriminated against by mi-
croorganisms and 32S is preferentially used, causing 34S to be relatively
depleted in the hydrogen sulfide product (Bradley et al., 2016; Wasmund
et al., 2017). The resultant fractionation can be quantified by the S isotope
difference (Δ34S, calculated from δ34S-SO4

2− and δ34S-ΣS2−) that has impli-
cation from bothmicrobial biochemistry and environmental factors (Antler
et al., 2019; Canfield, 2001; Jørgensen et al., 2019). Because different
groups of sulfate reducers degrade OC to different end products, and may
cause different S isotope fractionation (Bradley et al., 2016; Detmers
et al., 2001; Hamilton et al., 2016), it is essential to relate stable CS isotopes
to SRB diversity to identify the biological factors driving the freshwater S
cycle and to determine the roles of these bacteria in the coupling of OCmin-
eralization and BSR.

Over the last decades, SO4
2− concentrations in freshwater have in-

creased globally (Zak et al., 2021), and BSR has been a major process in
which SO4

2− participated as electron acceptor in hypoxic freshwaters
(Holmer and Storkholm, 2001). The Aha Reservoir, located in Guiyang
City, with high SO4

2− concentrations due to surrounding coal mines, is a
typical freshwater ecosystem of the temperate zone, which becomes hyp-
oxic due to thermal stratification from May to September (Song et al.,
2011). In the present study, we sampled and measured the concentrations
and isotopic compositions of C- and S-bearing aqueous species during
four different months (January, April, July, and October in 2018) in the
Aha Reservoir to explore the seasonal variation in the CS coupling effects.
The SRB community composition was analyzed in July and October when
the bottom water was hypoxic. Findings of this work will help to better un-
derstand the coupling mechanism of C and S biogeochemical processes in
seasonal hypoxic ecosystems and to better predict the evolution of water
quality.

2. Materials and methods

2.1. Study area

The present study was carried out in the Aha Reservoir in Guiyang City,
SW China, which has a characteristic subtropical humid, monsoon climate.
rminal electron acceptors.

n state Reaction with OC

O2 + CH2O → H2O + CO2

4/5NO3
− + CH2O + 4/5H+ → CO2 + 2/5 N2 + 7/5 H2O

2MnO2 + CH2O + 4H+ → 2Mn2+ + 3H2O + CO2

2SeO4
2− + CH2O → 2SeO3

2− + CO2+ H2O
2H2AsO4

− + CH2O + 2H+ → 2H3AsO3 + CO2+ H2O
NO3

− + 2CH2O + 2H+ → NH4
+ + H2O + 2CO2

4FeOOH + CH2O+ 8H+ → 4 Fe2+ + 7H2O + CO2

SO4
2− + 2CH2O → 2HCO3

− + H2S

y et al., 2015; Nancharaiah and Lens, 2015).
of organic carbon oxidation in three continental margin sediments. Marine Geology

iments under redox gradient: A review. Science of The Total Environment 2015; 505:

Microbiology and Molecular Biology Reviews 2015; 79: 61–80.
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The average annual temperature is 15 °C, with extreme temperatures of 35
°C in summer and−10 °C in winter (Wang et al., 2010). The wet season of
the watershed usually begins from May and lasts till October every year,
which accounts for about 75% of the total annual precipitation (1129.5
mm) (Li et al., 2014). Aha Reservoir is one of the many deep-water (>10
m) reservoirs where hypoxia occurs frequently in summer (Zhang et al.,
2015). The upstream Aha Reservoir is mainly recharged by the Youyu
River, which flows through dense coal mining area including the Dapo
Coal Mine that produced a large amount of acidic runoff (~7000 m3/
year; pH < 3) with high concentrations of Fe (II) (~1 g L−1) and SO4

2−

(~7 g L−1) (Sun et al., 2015). The mine waste water discharged from the
coal kilns and the rainwater that washes away the gangue leachate solution
containing high levels of iron and manganese into the reservoir, causing a
continuous accumulation of iron and manganese in the sediments at the
bottom of the lake, which also leads to a high concentration of sulfate (up
to 300 mg L−1) in the water body (Song et al., 2011). Located in the down-
stream Aha reservoir, the Sha River has long been discharging domestic
sewage with high OM content in the water body. High concentrations of
SO4

2−, Fe, and OC at the water-sediment interface and hence constitutes a
fitting environment to study microbially-driven S cycling (Li et al., 2020;
Sun et al., 2015). Although several studies have previously investigated
the transformation of heavy metals (Ding et al., 2022; Feng et al., 2011),
composition of phytoplankton community (Han et al., 2018), SO4

2− cycling
(Findlay et al., 2019; Song et al., 2011), and differences in microbial diver-
sity in sediments subjected to different coal mine contamination gradients
in Aha watershed (Sun et al., 2015), the influence of BSR processes on OC
mineralization under seasonal hypoxia in SO4

2−-rich water columns remain
unclear until this study.

2.2. Sampling and analyses

2.2.1. Field sampling
In this study, two sampling sites (Zhongcaosi, Station ZCS; Nanjiao, Sta-

tion NJ) of Aha reservoir were selected (Fig. 1). Samples of surface water
were collected at 0.5 m below water surface, and samples of water column
Fig. 1.Map of Sampling sites in Aha reservoir. Location of the two samp

3

were taken using NiskinWater Sampler (General Oceanics, USA) according
to the specific depths of the two sites (Table S1), during four seasons in Jan-
uary (winter), April (spring), July (summer), and October (autumn) 2018.
Water temperature (T), pH, O2 and Oxidation-Reduction Potential (ORP)
were measured in situ with a pre-calibrated, automated multi-parameter
profiler (model: YSI EXO-1). The total dissolved sulfide (ΣS2− = H2S +
S2− + HS−) was measured in the field by the methylene blue method
(Mylon and Benoit, 2001) using a portable spectrophotometer (DR1900,
Hach, USA). The thermal stability of the water column can be efficiently
assessed by the relative water column stability (RWCS, see below), which
was defined as (ρs – ρb)/(ρ4 – ρ5). The ρs and ρb are the density of surface
and bottom water, respectively, in kg m−3, while ρ4 and ρ5 are the pure
water density at 4 °C and 5 °C, respectively. The water density is a function
of water temperature (°C) and can be calculated from the empirical formula
(1) (Lawson and Anderson, 2007):

ρT ¼ 1000� 1−
T þ 288:9414ð Þ � T−3:9863ð Þ2
508929:2� T þ 68:1296ð Þ

" #
(1)

2.2.2. Pretreatment of samples
The water samples were filtered through 0.45 μmmicroporous nitrocel-

lulosemembrane (Millipore), and the 15-mLfiltered sampleswere stored in
clean centrifuge tubes at 4 °C for analyses of anions and cations. A fewdrops
of twice-distilled nitric acid were added into other 15-mL filtered sub-
samples to make pH < 2 for heavy metals tests. For δ13C-DIC analysis, the
2-mL samples filtered with 0.45-μm polytetrafluoroethylene syringe filters
were injected into 10-mL LABCO vials under pre-treatment vacuum, and 1-
mL phosphoric acid was added with a syringe. For δ34S-ΣS2− analyses, the
5 L water samples were pretreated with 5% ascorbic acid and 30 wt% zinc
acetate, the ZnS produced was then transformed to Ag2S by adding phos-
phoric acid with silver nitrate (Geng et al., 2018). Detailed steps of the
Ag2S preparation from ZnS and details about its variations of isotope com-
position in the process are shown in Supplementary S1. The filtered
ling sites in the Aha reservoir: Zhong Caosi (ZCS) and Nan Jiao (NJ).
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samples for δ34S-SO4
2− measurements were acidified to pH < 2 with con-

centrated HCl before the SO4
2− was precipitated as BaSO4 with excess

BaCl2. Bacterioplankton was collected on 0.22 μm sterilized membrane fil-
ters (MF-Millipore, USA) using a vacuum pump, and then stored at−20 °C
until DNA extraction.

2.2.3. Chemical and isotopic analyses
The dissolved inorganic carbon (DIC) was calculated from pH and alka-

linity, which was determined by titrating with 0.02 mol L−1 hydrochloric
acid within 8 h after sampling. The concentration of DOC was determined
on an Aurora 1030 total OC analyzer (OI Analytical) with duplicates (±
1.5%, analytical error). The SO4

2− anion was analyzed by ion chromatogra-
phy ICS-5000+ (Thermo Fisher). The heavymetals (Fe andMn) weremea-
sured by inductively coupled plasma mass spectrometer (ICP-MS) (Agilent,
8900). The δ34S-SO4

2− and δ34S-ΣS2−were measured by isotope ratio mass
spectrometer (IRMS, Delta V advantage, Thermo Fisher) interfaced with an
elemental analyzer (Flash 2000HT). The δ13C-DIC was measured by a
GasBench II device interfaced with a Delta V Plus instrument (Thermo
Fisher). Isotopic ratios are expressed in terms of δ notations (‰) relative
to the Vienna Canyon Diablo Troilite (V-CDT) standard for S and Vienna
Pee Dee Belemnite (V-PDB) (%) standard for C. The overall analytical accu-
racy for δ13C measurements was 0.3‰, as calibrated by the standard NBS-
18. The overall experimental accuracy of δ34S-SO4

2− and δ34S-ΣS2− were
estimated to better than 0.2‰ based on standards NBS-127, IAEA-S-1 and
IAEA-SO-6.

2.2.4. DNA extraction, PCR amplification, sequencing and data processing
For DNA extraction, genomic DNA was extracted in duplicate using the

Fast DNA®SPINKit for Soil (MP Biomedicals, USA). The duplicate DNA ex-
tracts were finally mixed for the following PCR amplification. The V3-V4
region of the bacterial 16S ribosomal RNA gene was amplified by PCR
using barcoded primers 338f/806r (Tong et al., 2018). Purified amplicons
were pooled in equimolar amounts and sequenced using the strategies of
PE250 (paired-end sequenced 250 × 2) on an Illumina MiSeq platform
(Majorbio Company in Shanghai).

Operational taxonomic units (OTUs)were clusteredwith 97% similarity
cutoff using UPARSE(version 7.1 http://drive5.com/uparse/). The taxon-
omy of each 16S rRNA gene sequence was analyzed by RDP Classifier algo-
rithm (http://rdp.cme.msu.edu/) against the Silva (SSU132) 16S rRNA
database using a confidence threshold of 70%. The detailed condition of
PCR amplification and reactions, as well as the treatment of raw fastq
files, are shown in Supplementary Section S2. The raw sequence data
have been deposited in the NCBI Sequence Read Achieve (SRA) under ac-
cession number SRP321486.

3. Results

3.1. Seasonal thermal stratification

3.1.1. Water chemistry
T, pH and O2 in the water column remained basically unchanged with

depth in January at both Station ZCS and Station NJ (Figs. 2a and S2a).
T, pH and O2 decreased from the surface water to 8 m-depth water in
April, but were nearly unchanged from 8 m-depth to the deepest 20 m
(Figs. 2b and S2b), because the water body started to stratify in April. Spe-
cifically, O2 reached amaximumof 13.70mgL−1 in the surfacewater and a
minimum of 0.79 mg L−1 in the bottom water in April, indicating strong
photosynthesis in the surface water column and anaerobic decomposition
of OM in the bottomwater. The differences of T, pH andO2 between surface
water and bottomwater were particularly pronounced in July (Figs. 2c and
S2c) due to strong thermal stratification which caused hypoxia below 8 m.
In October, the depth differences of physicochemical parameters in the
water column became smaller (Figs. 2d and S2d), though the stratification
still existed. Sulfide concentrations in January and April were below detec-
tion, however, sulfide was generated (>1 μM) in the hypoxic water at 12 m
in July and at 16 m in October (Table 2), and trended upward into the
4

deepest water (Fig. 3). Seasonally, thermal stratification existed in April,
July and October. The hypoxia induced by O2 depletion and sulfide produc-
tion also exhibited seasonality, whichwas related to intense stratification in
July and October.

3.1.2. Relative water column stability (RWCS)
The RWCS is a dimensionless parameter that can be used to describe the

thermal stratification and water vertical mixing. The greater the RSCW, the
stronger the thermal stratification (Becker et al., 2008). The RWCS showed
no significant differences between ZCS and NJ water columns in the same
season but varied seasonally according to the thermal stratification, with
the highest value in July (400.8 at ZCS) and the lowest value in January
(3.6 at ZCS) (Table S2). Although July and October were both in the strat-
ification period according to the RWCS, there were differences in the depth
of the chemocline (which is defined here as the shallowest depth with sul-
fide concentration above 1 μM) in July and October. In July, the
chemocline depth was at 12 m, while it moved down in October to 16 m.
The water depleted in O2 below the chemocline is defined as hypolimnion.

3.2. Sulfur speciation and isotopic composition

In January, no significant depth variations of SO4
2− concentration

and δ34S-SO4
2− in the water columns were observed. However, in

April, the SO4
2− concentration decreased with depth, accompanied

by a small increase in δ34S-SO4
2−, from −7.82‰ at the surface

water to −7.44‰ at 8 m at Station ZCS (Fig.S2). In July, the SO4
2−

concentration ranged between 1.34 and 1.88 mmol L−1 with a
mean value of 1.60 mmol L−1. Below 18 m, ΣS2− sharply increased
up to 0.10 mmol L−1 at 20 m (Fig. 3a). The δ34S-SO4

2− ranged be-
tween −8.4‰ and − 4.3‰ with an average of −6.1‰, and de-
creased from −4.95‰ in the surface water to −7.90‰ at 12 m
then trended upward from−8.40‰ at 16 m to−5.75‰ near the bot-
tom at 20 m at Station ZCS. The δ34S-ΣS2− decreased from 12 m to 19
m. In October, water depths at ZCS and NJ increased to 22 m and 23
m, respectively. Similar to July, ΣS2− was generated and sharply in-
creased below 16 m to 0.13 mmol L−1 at 22 m at ZCS and
0.22 mmol L−1 at 23 m at NJ (Fig. 3b). However, the ΣS2− concentra-
tion decreased sharply and the SO4

2− concentration shifted upward,
together with the δ34S-SO4

2−decreased from −2.40‰ to −4.95‰
within the lowest 1 m above sediment of NJ in October. The δ34S-SO4

2−

values increased slightly from the surface −8.63‰ to −8.48‰ at 12 m,
showed a slight minimum of −9.83‰ at 16 m, and then increased from
16 m to the bottom at Station ZCS. The δ34S-ΣS2− first decreased at
16–18 m and then increased with depth, both at Station ZCS and NJ.

3.3. Spatiotemporal variations of DIC and δ13C-DIC

Both DIC concentration and δ13C-DIC presented significant seasonal
variations in the water columns, and interestingly they showed different
trends in all four seasons except for winter (January) (Fig. 4). Overall,
DIC concentrations ranged from 2.92 ± 0.07 mmol L−1 in January, 2.59
± 0.49 mmol L−1 in April, 2.80 ± 0.71 mmol L−1 in July and 3.34 ±
0.66 mmol L−1 in October. The δ13C-DIC varied with the season from
−8.3‰ ± 0.4‰ in January, 6.5 ± 3.0‰ in April, 9.1 ± 2.8‰ in July
and 9.3 ± 2.2‰ in October. In April, July and October, DIC concentration
increased with depth while the δ13C-DIC concurrently decreased from the
surface to 12 m. The increase in DIC and decrease δ13C-DIC were steeper
from 12 m to the bottom water. In April, July and October, above 12 m,
photosynthesis by phytoplankton was utilized the DIC in the uppermost
water column, while anaerobic decomposition of OM under hypoxic condi-
tions produced DIC below 12 m (Fig. 4).

3.4. Taxonomy and seasonal dynamics

The 16S rRNA sequencing analyses revealed that bacteria in the water
body consist of 3672 Operational Taxonomic Units (OTUs) from 1755

http://drive5.com/uparse/
http://rdp.cme.msu.edu/


Fig. 2. Spatiotemporal variations of temperature (T), pH and oxygen (O2). (a) is for January, (b) is for April, (c) is for July and (d) is for October. The value of the data (T, pH
and O2) in the ZCSwater columnwere used to draw the graph. The spatiotemporal variations of these data in NJ showed similar trends as ZCS, whichwere showed in Fig.S1.
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species, 986 genera, 551 families, 327 orders, 141 classes, and 48 phyla.
Among these, a total of 124 OTUs were identified as belonging to potential
SRB, based on family classification of the OTUs. Furthermore, these SRB
OTUs were affiliated with 20 families, accounting for 0.00–5.40% (0.83%
on average) of the total 16S rRNA gene sequences. Moreover, this ratio of
SRB OTUs showed increasing trends from surface water to bottom water
in July and October (Table S3). Seasonally, significant differences were
found in SRBs at the genus level (Fig. 5): Desulfatirhabdium;
norank_f__Desulfobacteraceae; Desulfobacterium_catecholicum_group;
Desulfovibriowere dominant in July, whileDesulfatirhabdium,Desulfomonile,
and Desulfatiglans dominated in October. Moreover, the proportions of dif-
ferent main SRBs were more uniform in July, while Desulfatirhabdium and
Desulfomonile were predominant in October.

4. Discussion

4.1. S biogeochemical processes in the water column

The residence time of water in the studied reservoir is approximately
half a year (Song et al., 2011), and the reservoir is seasonally stratified dur-
ing the summer and into the autumn, with stable stratification from July to
5

October, and mixes during the winter and spring. This yearly stratification
cycle combined with the relatively short residence time means that the
physical and chemical conditions of the water column change on seasonal
time scales (Yang et al., 2020a). Despite this variability, the water column
is at quasi-steady-state during stratification, meaning that the biogeochem-
ical processes occur faster than the horizontal mixing processes (Findlay
et al., 2019). This in turnmeans that the concentration and isotopic compo-
sition of S species in the water column are affected by and show the signa-
tures of in situ biogeochemical processes, such as BSR (Findlay et al., 2019;
Song et al., 2011).

In January, the water column was well mixed and aerobic, the low
plankton growth in surfacewater caused little S assimilation, and sulfate re-
duction was inhibited in the aerobic water column (Knossow et al., 2015).
Compared to January, the 0–8 m water column in April had lower concen-
trations of SO4

2− that was relatively enriched in 34S, revealing that S assim-
ilation possibly occurred from surface water to 8 m in Station ZCS in April
(Fig. S2). Concentrations of chlorophyll awere particularly high in the sur-
face waters in April (Fig.S3). Chlorophyll a concentration is a measure of
phytoplankton biomass across a broad trophic gradient of lakes (oligotro-
phic–highly eutrophic) and has a highly significant positive correlation
with phytoplankton biomass (Desortová, 1981; Kasprzak et al., 2008).



Table 2
The concentrations and sulfur isotopic values of sulfate and sulfide and S isotope difference between sulfate and sulfide of BSR in the studied water column of Aha Reservoir.

Site-depth δ34S-SO4
2−(‰) δ34S-ΣS2−(‰) SO4

2−(mmol L−1) S2−(μmol L−1) Δ34S (‰) ƒ (%)

July Z-12 −7.90 −11.30 1.69 1.31 3.40 0.08%
Z-16 −8.40 −16.49 1.43 1.75 8.09 0.12%
Z-18 −6.98 −18.32 1.86 3.38 11.34 0.18%
Z-19 −5.43 −32.38 1.88 99.84 26.95 5.03%
Z-20 −5.75 −31.91 1.84 113.59 26.16 5.81%
N-16 −6.19 −12.98 1.44 1.50 6.78 0.10%
N-18 −7.11 −22.10 1.58 3.75 14.99 0.24%
N-19 −6.62 −30.94 1.75 72.19 24.32 3.96%
N-20 −5.29 −28.51 1.82 83.70 23.23 4.40%

October Z-17 −9.21 −36.84 1.87 1.63 27.62 0.09%
Z-18 −9.14 −40.91 1.88 15.63 31.77 0.82%
Z-19 −7.64 −37.92 1.73 46.41 30.28 2.61%
Z-20 −5.24 −36.50 1.62 96.88 31.26 5.64%
Z-21 −2.51 −34.05 1.56 135.78 31.54 7.99%
Z-22 −1.82 −32.01 1.33 95.63 30.19 6.72%
N-17 −8.07 −32.54 1.61 19.25 24.47 1.18%
N-18 −8.12 −33.66 1.64 26.72 25.55 1.61%
N-19 −7.55 −35.36 1.64 52.81 27.81 3.13%
N-20 −5.87 −34.55 1.61 105.19 28.67 6.13%
N-21 −3.88 −31.24 1.54 125.00 27.36 7.52%
N-22 −2.40 −29.97 1.50 220.00 27.58 12.81%
N-23 −4.95 −26.59 1.54 1.38 21.64 0.09%

In the table, the Δ34S is S isotope difference between sulfate and sulfide, ƒ is the ratio of sulfide to sulfate plus sulfide.
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Phytoplankton in the surface water grew rapidly and favored S assimilation
with increasing temperature in April (Wang, 2020). Although the stratifica-
tion began in April and the O2 concentration in the bottom water was low
(Fig. 2), the BSR might still have been limited due to lack of available OC
from the spring phytoplankton production (Kwon et al., 2016).

In July, from 0 m to 12 m, similar to April, S assimilation or S oxidation
may occur in the surface oxygenatedwater columnwith high chlorophyll a.
From July toOctober, the surface water columnmay be affected by rainfall,
which may also have an impact on SO4

2− concentrations and δ34S-SO4
2−.

From a depth of 12 m downwards, SO4
2− reduction begins to take place,

as evidenced by the increase of ΣS2− concentration as well as the depletion
of O2. From12 to 16m, the concurrent decrease in SO4

2− concentration and
relatively constant δ34S-SO4

2− indicate that sulfate reduction and S oxida-
tion may have proceeded simultaneously. Nitrate was probably the main
oxidizing agent (unpublished data). The BSR consumed SO4

2− and resulted
in 34S enrichment in the residual SO4

2− below the chemocline. Below 16 m,
the ΣS2− increased sharply together with an increase of δ34S-SO4

2− with
depth (Fig. 3a), revealing the enhancement of BSR in the hypoxic water
with depleted O2 and a large community of SRBs (Fig. 2 and Table S3).

In October, an increase in SO4
2− concentration can be seen at 12m to 16

m where S oxidation took place (Fig. 3b). Reduced sulfur in metal sulfides
in suspended particulate matter is anaerobically oxidized by nitrate reduc-
ing bacteria to produce SO4

2− (Zhang et al., 2022). Below 16 m, the ΣS2−
sharply increasedwith depth togetherwith an increase of δ34S-SO4

2−, show-
ing that BSR occurred in the hypoxic water below chemocline (Fig. 3b). The
increasing ΣS2−with depthwas accompanied by an increase in the relative
proportion of SRB both in July and October, showing the coupling of the
sulfate reduction process and an increasing relative abundance of SRB
(Table S3).

Sulfide re-oxidation occurred just above the sediment-water interface of
ZCS in October (Fig. 3b). In this study, the concentrations of Fe and Mn
showed notable changes. Both Fe andMn increased significantly in the hyp-
oxic bottom water in July and October (Fig. S4). The dissolved Mn and Fe
were positively correlated with ΣS2− (Fig. S5), and Mn (IV) and Fe (III) in
the sediment oxidized sulfide in the overlying water (Fig. 3b). Recent stud-
ies have shown that sulfide produced through sulfate reduction can first
react with Mn oxide to produce elemental sulfur and finally produce SO4

2−

in sulfate-poor, non-marine environments during early diagenesis (Cai
et al., 2021). As the sediments were also in the hypoxic environment, iron
andmanganese oxides, formed during the period of water mixing in winter,
were themain oxidants of sulfide during the stratified period (Findlay et al.,
2019). The decrease in δ34S-SO4

2− near the sediment was also evidence for
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the occurrence of sulfide re-oxidation. However, the water samples taken
in July did not fully reach the water-sediment interface, so no significant ev-
idence for sulfide re-oxidation was observed.

The density difference betweenwarm surfacewaters and the colder bot-
tom water prevented the reservoir water from mixing in July and October
(Xing et al., 2019). The resultant stratification and bottom hypoxia in
July and October were favorable for the growth of SRB and the occurrence
of BSR (Mori et al., 2018). According to Eq. (2), the BSR consumed OC and
SO4

2− to generate DIC and sulfide:

2CH2Oþ SO2−
4 ! 2HCO−

3 þ H2S (2)

Since the concentrations of S intermediates (S0 < 3 μM, S2O3
2− < 1

μM, SO3
2− < 1 μM) in Aha reservoir were extremely low (Findlay et al.,

2019), the ratio of sulfide to SO4
2− plus sulfide (ƒ = ΣS2−/ (SO4

2− +
ΣS2−)) could be used to represent the degree of SO4

2− reduction. Sea-
sonally, ƒ increased with depth both in ZCS and NJ water column hy-
polimnion. However, ƒ in October was much higher than that in July
(Table 2), implying higher degree of sulfate reduction in October.
The apparently lower SO4

2−concentration in the hypolimnion in Octo-
ber than in July was also strong evidence, because more SO4

2− was
consumed in October in the absence of a deep-water SO4

2− supply.
Similar results were found in the water column of Lake Kinneret in
Israel where BSR occurred between May and October and the maxi-
mum ΣS2− existed in October because the continuous accumulation
of hypolimnetic sulfide as the result of BSR was supported by a high
influx of OM (Knossow et al., 2015).

4.2. S isotope fractionation

4.2.1. SO4
2−-sulfide fractionation (Δ34S)

As described above, the BSR process occurred in the hypoxic bottom
water in July and October. Generally, the BSRwill cause a S isotope fractio-
nation in SO4

2−, and the magnitude of isotope fractionation can be de-
scribed by the difference between SO4

2− and sulfide fractionation as
Eq. (3) (Findlay et al., 2019; Jørgensen et al., 2019):

Δ34S ¼ δ34Ssulfate−δ34Ssulfide (3)

In Aha reservoir, Δ34S increased with depth from 3.4‰ to 27.0‰ in
July, while it was between 21.6‰ and 31.8‰ in October (Fig. 6). These re-
sults are consistent with the previous findings in bottom water and pore



Fig. 3. Spatiotemporal variations of concentration and isotopic composition of sulfate and sulfide at stations ZCS (Z) and NJ (N) in July and October. The predominant sulfur
reactions are indicated.
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water of Aha reservoir, where the Δ34Ssulfate-sulfide was between 17‰ and
30‰ in August (Findlay et al., 2019), and was in the range of experimental
fractionation factors from 2.0‰ to 42.0‰ in laboratory incubation exper-
iments (Detmers et al., 2001). The SO4

2− concentration was not the deter-
mining factor for Δ34S in the study area because it kept at a high
concentration (>1 mmol L−1) for all samples (Fig. 3).

4.2.2. Influencing factors
The seasonal variations of Δ34S in the two monitored water columns

were similar; however, the Δ34S showed increasing trend with depth in
July, while the Δ34S was more stable and larger in October (Fig. 6). The in-
creasing trend of Δ34S with depth in July may be due to different types of
SRB that grew at different depths. Genetic and physiological differences be-
tween genera of SRB affect the isotopic fractionation. Complete oxidizers
(SRB that oxidize OC completely to CO2) tend to cause greater isotope frac-
tionation than incomplete oxidizers (SRB that oxidize OC incompletely to
acetate or other products) (Detmers et al., 2001; Hamilton et al., 2016).
7

The higher relative abundance of incomplete oxidizers (such as
Desulfovibrio and Desulfomicrobium) in the hypolimnion in July (Fig. 5) re-
sulted in an overall smallerΔ34S. The relative abundance of dominant com-
plete oxidizers showed an increase trend in July with depth increase in the
hypolimnion (Fig. 5), resulting in an increase in the Δ34S with depth. While
in October, the nearly unchanged but greater Δ34S (with an average of
29.1‰) revealed predominant survival of complete-oxidizing sulfate re-
ducers (as Desulfatirhabdium, Desulfomonile) and no significant variations
of complete-oxidizing sulfate reducers with depth (Detmers et al., 2001;
Knossow et al., 2015).

The SRB community changed with varying T, pH and O2 in the water
column, as the growth of SRBwas sensitive to these environmental changes
(Kushkevych et al., 2019; Mori et al., 2018; Robador et al., 2009). There-
fore, environmental factors, including T, O2 concentration, substrate type,
OC availability, and SO4

2− concentration, may also play important roles in
the magnitude of Δ34S (Bradley et al., 2016; Jørgensen et al., 2019;
Kleikemper et al., 2004). Based upon a redundancy analysis (RDA;



Fig. 4. Spatiotemporal variations of DIC concentration and δ13C-DIC In the legend, the Z and N represent the ZCS and NJ water column respectively; number 1, 4, 7 and 10
represent January, April, July and October. Z-1 represents the variations of ZCS water column in January.
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Fig. S5), the negative correlation between Δ34S and environmental factors
such as pH, O2 and T further indicated that the hypoxic and reducing envi-
ronment favored the BSR process and promoted S isotope fractionation. In
Fig. 5. Spatiotemporal variations of sulfate-reducing bacteria composition in ZCS andNJ
of the bars in the barplot, the sixth and eighth bars colored in bright yellow and bri
respectively. And the sample named Z16_7 originates from the ZCS water column at de

8

July, with highest RWCS during the year, the great differences of T, pH and
O2 at different depths caused significant differences in SRB community. The
RWCSweakened inOctober, and the difference of water chemistry between
in July and October. From the bottom to the top, the legend corresponds to the color
ght green are dominant incomplete oxidizers Desulfovibrio and Desulfomicrobium
pth 16 m in July.



Fig. 6. Spatial and seasonal variations of S isotope difference between sulfate and sulfide (Δ34S).
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different layers was reduced (Cui et al., 2021; Yang et al., 2020b), which
was also reflected in a smaller difference of SRB composition (Fig. 5). Over-
all, we suggest that the composition of sulfate reducers caused the signifi-
cant difference of Δ34S with depth in July, while weakened RWCS in
October reduced the differences in SRB diversity and caused greater but
more stable S isotope fractionation in the water column.
4.3. CS coupling mechanism of during BSR

4.3.1. Co-occurrence of BSR and OC mineralization
Photosynthesis preferentially utilizes 12C-DIC and leaves the residual

DIC enriched in 13C in the surfacewater, while OCmineralization increased
the relative 13C-DICdepletion in the bottomwaters (Wang et al., 2019). The
spatiotemporal variations of DIC and δ13C-DIC (Fig. 4) implicated that OC
mineralization proceeded in the hypoxic water in July and October. The
significant increase of δ34S-SO4

2− and sulfide production shown in Fig. 3
signaled the widespread occurrence of BSR. Furthermore, δ13C-DIC de-
creased concurrently with the increase of δ34S-SO4

2− in bottom hypoxic
water in July and October (Fig. S6), suggesting the co-occurrence of sulfate
reduction and OCmineralization based on Eq. (2) (Cui et al., 2020; Hosono
et al., 2014).
Fig. 7. Relationship between ΔDIC concentration, Δ13C-DIC and Δ34S. The mean δ13C-DI
starting point, and the Δ13C-DIC and ΔDIC were obtained from the difference between
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The DIC concentration increased concurrently with the decrease of
δ13C-DIC (Fig. 4)with a significant correlation (p< 0.05; Fig. S6), indicating
the DIC production fromOCmineralizationwas dominant (Gammons et al.,
2014; Hosono et al., 2014). In the present study, the mean values of δ13C-
DIC and DIC concentration of samples at Station ZCS and NJ in January
were set as the starting point for the OCmineralization, and the specific cal-
culation of ΔDIC and Δ13C-DIC could be defined as (Cui et al., 2020):

ΔDIC ¼ DIC sampleð Þ−DIC average in Januaryð Þ (4)

Δ13C−DIC ¼ δ13C� DIC sampleð Þ � δ13C� DIC average in Januaryð Þ (5)

where the ΔDIC or Δ13C-DIC represented the difference between the
DIC or δ13C-DIC values of water samples in other seasons and those of the
average value in January. The ΔDIC showed negative correlation with
Δ13C-DIC both in July and October (p < 0.05) (Fig. S7), revealing the
ΔDIC could represent the DIC generated by OC mineralization in this
study. Interestingly, ΔDIC concentration was positively correlated with
the Δ34S in July and Δ13C-DIC was negatively correlated with the Δ34S in
October in the bottom hypoxic water (p < 0.01) (Fig. 7). The generated
ΔDIC from OC mineralization would inherit the negative isotope signal
from POC (δ13C-POC, between −33.4 and −21.2‰) and/or DOC (δ13C-
C and DIC concentration of the ZCS and NJ profile samples in January was set as the
the samples in July (a) and October (b) and the starting point.
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DOC, from−28.6 to−26.8‰), which were recently reported in other res-
ervoirs in Guizhou Province, since they were both in karst area and influ-
enced by human activity (Xiao et al., 2021; Yi et al., 2021). Meanwhile,
the sulfide produced fromBSRwould be relatively depleted in 34S, resulting
in the remaining SO4

2− relatively enriched in 34S (Zerkle et al., 2010). The
linear relationship between Δ34S and ΔDIC or Δ13C-DIC reflected a tighter
coupling relationship between C and S during BSR.

4.3.2. CS coupling mechanism during different periods of stratification
The ΔDIC concentrations were positively correlated with the Δ34S in

July, implying that the S isotope fractionation in BSR was influenced by
the amount of OC that was mineralized. In contrast, the DOC concentra-
tions were poorly correlated with DIC concentration and Δ34S (Fig. S5),
but the ΔDIC concentrations had positive correlation with the Δ34S
(Fig. 7), indicating that the OC availability rather than the OC concen-
tration controlled the amount of OC mineralization and the S isotope
fractionation (Leavitt et al., 2013). Generally, small molecules of DOC
derived from the degradation of macromolecular OM are more easily
used by cells to achieve electron transport and obtain energy (Detmers
et al., 2001; Komada et al., 2016). Therefore, the OC availability
might directly determine the amount of OC mineralization. Meanwhile,
in July, the relative abundance of incomplete oxidizers, Desulfovibrio
and Desulfomicrobium, were much higher (in average of 13.55% and
6.85%, respectively) than that in October (with mean value of 6.85%
and 0.65%, respectively) (Fig. 8), which could have yielded relatively
small S isotope fractionation and ΔDIC production (Detmers et al.,
2001; Hamilton et al., 2016). The strong negative correlation between
ΔDIC and proportion of incomplete-oxidizing SRB also potentially indi-
cated the effect of OC availability on the relative composition of differ-
ent SRBs in July (Fig. S8). Since different types of SRB have different
preferences for organic substrates, the influence of OC availability in
Fig. 8.Difference of the relative abundance between the top-10 sulfate-reducing bacteria
and NJ water column respectively; number 7 and 10 represent July and October, and Z
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BSR is reflected in which organic molecules were preferred to be used
by the dominant SRBS in the study area (Muyzer and Stams, 2008). To
sum up, the expectedly high OC availability due to high primary produc-
tivity in July could favor the competitive growth of complete and in-
complete oxidizers of SRB, and the DIC production and the S isotope
fractionation were both related to the proportion of these two types
SRB involved in BSR.

The negative correlation of Δ13C-DIC to Δ34S in October in the bot-
tom hypoxic water suggested the generated DIC was more depleted in
13C while S isotope fractionation was enlarged in BSR. In October, fur-
ther development of hypoxia induced anaerobic degradation of OM
and recalcitrant substances, such as lignin, being depleted in 13C
(Benner et al., 1987; Krüger et al., 2014), would be also degraded into
smaller molecules. The newly replenished smaller molecular OC was
possibly used by complete-oxidizing SRBs like Desulfatiglans,
Desulfomonile that caused relatively large S isotope fractionation
(Detmers et al., 2001; Hamilton et al., 2016). Since the composition of
the OM varied in different season, it was likely that the anaerobic food
chain and the microbial community of sulfate reducers in July and Octo-
ber varied as well (Detmers et al., 2001). The range of organic substrates
available to these complete oxidizers was relatively wide (Sun et al.,
2001). Meanwhile, the relative abundance of complete oxidizers was
higher in October in comparison to July (Fig. 8). Therefore, due to the
physiological characteristics of complete oxidizers among the SRB, the
BSR process led to a greater S isotope fractionation in October. We con-
clude that the newly degraded macromolecular OM depleted in 13C was
utilized by the dominant complete oxidizers, resulting in the generation
of 13C-depleted DIC and larger S isotope fractionation in the BSR pro-
cess.

Sulfate in the Aha reservoir is mainly derived from sulfide minerals and
pyrite in coal, and a small percentage of atmospheric precipitation (Song
in different profiles in July andOctober. In the legend, the Z andN represent the ZCS
-7 represents the variations of ZCS water column in July.



Fig. 9. Carbon and sulfur cycling influenced by thermal stratification in Aha reservoir.
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et al., 2011), while DIC is mainly derived from soil CO2, atmospheric CO2

and carbonate minerals (Li et al., 2010). The sources of SO4
2− and DIC do

not vary significantly between seasons. In addition, variations in water
chemistry in the water column result in seasonal thermal stratification,
which finally shapes the biogeochemical cycling of C and S in the surface
aerobic and bottom hypoxic water column. Of particular importance are
the processes of coupled OC mineralization with sulfate reduction under
high SO4

2− conditions (Fig. 9). We conclude that well-defined correlations
between Δ34S and ΔDIC or Δ13C-DIC reveal the composition and availabil-
ity of OC, which might control the coupling of BSR and OC mineralization
by influencing the SRB diversity. In turn, the OCmineralization coupled to
sulfate reduction could affect the water quality of the bottomwater and the
cycling of other elements.
5. Conclusions

Thermal stratification from April to October and the hypoxia
formed in the bottom water in July and October in Aha reservoir
were observed in the present study. Spatially, the increase of the rel-
ative abundance of SRB with depth in the water column resulted in in-
creasing of ΣS2− with depth in summer. Seasonally, the significant
decrease of SO4

2− and high ΣS2−in the hypolimnion in October com-
pared to July was mainly caused by the higher degree of BSR in Octo-
ber. The magnitude of S isotope fractionation expressed as Δ34S in
BSR was influenced by the diversity of sulfate reducers. The high
RWCS in July caused notable differences in water chemistry and
SRB diversity with depth, which caused greater variations of Δ34S
with depths compared to that in October. Moreover, the concurrent
decrease of δ13C-DIC with δ34S-SO4

2− increase in hypoxic water indi-
cated the coupling of BSR and OC mineralization. Specially, the Δ34S
scaled a strong positive relation with ΔDIC in July and a negative re-
lation with Δ13C-DIC in October, suggesting the composition of SRB
(proportion of complete oxidizer and incomplete oxidizer) played
an important role in controlling S isotope fractionation during BSR
in July and October. Meanwhile, the composition and availability of
OC indirectly affect the S isotope fractionation by shaping the compo-
sition of SRB community. It should be noted that further study on the
isotopic and compositional variations of DOC would be needed to
11
understand the coupling mechanisms of C and S in this and other hyp-
oxic water bodies.
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