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1 Introduction

ABSTRACT

Soil redox is a critical environmental factor shaping the microbial community structure and
ultimately alters the nutrient cycling. However, the response of soil microbial community
structure to prolonged or repeated redox fluctuations is not yet clear. To study the dynamic
effects of prolonged redox disturbances to the soil microbial community structure, soil samples
experiencing 8, 5 and 0 alternating oxic-anoxic cycles within approximately 6 months each
year were collected and the microbial community structure were evaluated using phospholipid
fatty acid analysis (PLFA) profiles. Prolonged redox disturbances had significant effects on soil
physiochemical properties and soil microbial community structure. The relative abundance of
straight chain saturated PLFAs, cyclopropyl, and terminal- and mid-branched chain saturated
PLFAs increased due to prolonged redox disturbances, but there was a consistent decrease in
linear monounsaturated PLFAs and polyunsaturated PLFAs in the fluctuating zone. Prolonged
redox disturbances had a negative impact on the total PLFA content (a proxy for biomass).
Both the fluctuating zone (8-cycle and 5-cycle plots) and the never flooded zone (0-cycle plots)
were dominated by Gram-positive bacteria and a low content of fungi, actinomycetes and
protozoa. The fungi and protozoa abundance decreased significantly with an increase in the
occurrence of alternating flooding-dry events, suggesting that the prolonged redox disturbance
leads to high stress on the fungi and protozoa populations. Moreover, total organic matter
(TOC) and C:N ratio, environmental factors that can be influenced by recurring redox
fluctuations, also influenced the microbial community structure.
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(Heintze, 1934; Lidemann et al., 2000; Song et al., 2008).
Each microorganism type is compatible with specific redox

Soil redox potential, associated with most soil properties and
processes, is considered an important factor influencing soil
microbial composition, diversity and community structure
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conditions and is characterized by its ability to develop within
a defined range of Eh values. Fluctuating redox conditions are
indeed primary features in natural ecosystems as changes in
external conditions (e. g., precipitation, water table, tempera-
ture, and variability of organic matter) can directly impact soil
redox potential. Shifts in soil redox can occur on very short
(minute, hourly or daily) (Satpathy et al., 1997; Silver et al.,
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1999; Nikolausza et al., 2008) to longer (monthly, seasonally)
timescales (Teichert et al., 2000; Moche et al., 2015).
Flooding, which has direct effects on soil oxygen and
nutrients, is considered the most important factor causing
rapid shifts, including temporal and spatial variations in redox
conditions (Haberer et al., 2012). The frequency of redox
shifts caused by flooding has a strong effect on the microbial
community, as the changes due to alternating flooding and
drying lead to varying amounts of electron donors and
acceptors necessary for microbial growth and functioning
(Fierer and Schimel, 2002; Balasooriya et al., 2013). Fluctua-
tion of water levels is a major dynamic in ecosystems
surrounding the Three Gorges Reservoir in China. In the
zone of water fluctuation, periodic redox changes are known
to occur due to seasonal water level control regulation. The
reservoir has a period of drainage in summer from May to
September with the water level reaching its lowest point of
145 m. The reservoir is then flooded again from October to
April with the water level rising to 175 m (Ye et al., 2011). The
typical seasonal drying-rewetting events lead to remarkable
changes in soil physical, chemical and biological properties
(Chang et al., 2011). Moreover, the fluctuating shifts in water
level and pressure have resulted in extinctions and changes in
the population of local plant communities, and frequent human
disturbance and exploitation of water and land resources
changed the soil structure and hydrological conditions in the
reservoir. Consequently, the regional ecosystem has become
unstable and fragile (Zhou et al., 2010). Most research on the
Three Gorges Reservoir focuses on discussions about its
ecosystem function, the reasonable utilization of land
resources, and restoration of degenerated ecosystems
around the reservoir. However, fundamental research on the
soil microbial community in these ecosystems is not well
documented. Microbial community structure and function are
arguably two of the primary drivers of biogeochemical process
in terrestrial ecosystems (Orwin et al., 2006). Previous
research conducted on the effects of fluctuating redox in
ecosystems on soil microbial community structure have
mainly focused on natural ecosystems such as the rhizo-
sphere of wetlands, tropical forest soils, paddy soils, flood-
plains, and coastal tidal systems (Pett-Ridge and Firestone
2005; Hines 2006; Wilms et al., 2006; Nikolausz et al., 2008;
Song et al., 2008; Shamsi, 2012; Moche et al., 2015; Frindte et
al., 2016). The fluctuation in redox conditions of these
ecosystem is characterized by either randomness or relatively
short flooding events, and Eh typically fluctuates across only a
narrow range of values. The microbial community composition
is in fact largely dependent on the duration of flooding, and
also varies with the duration of dry periods (Rinklebe and
Langer, 2006; Langer and Rinklebe, 2009). The special water
level control systems installed in the Three Gorges reservoir
leads to prolonged fluctuations in soil redox conditions, with
each state (flood or drought) lasting almost half a year.
Fluctuation of water level is therefore a major factor in
adjacent ecosystems, providing a unique ecological model in
the evaluation of redox-driven changes in soil microbial

communities.

To evaluate the dynamics of the soil microbial community
response to the prolonged redox fluctuations in the Three
Gorges Reservoir, we selected three areas (Wanzhou,
Changshou, and Fengdu) at varying elevations along a
gradient from downstream to upstream. Our objectives were
(i) to determine the effects of prolonged redox disturbances on
total PLFA as a proxy for biomass as well as the details of
community structure provided by the PLFA profile, and (ii) to
identify the impacts of specific environmental factors on the
soil microbial community.

2 Materials and methods
2.1 Description of sites and soil sampling

This study was carried out in the Three Gorges Reservoir area
of Chongging, located in south-west China. This region is
typical of south-east subtropical monsoon climates, with a
mean temperature of 5.3°C in January and 29°C in July. Mean
annual precipitation is 1100 mm with 80% falling between April
and October (Ye et al., 2011). The soil is brown purplish soil
(Chinese soil classification system), classified as Haplic
Cambisols in the World Reference Base (WRB) for soail
resources (Shen et al., 2013). Every September, the Three
Gorges Reservoir fills with water, with the water level reaching
to 175 m above sea level at the end of October. In the
following March, the reservoir starts to drain, with the water
level declining to 145 m above sea level at the end of May.
Therefore, the seasonal water level regulation caused the
development of two parallel permanent fluctuating belts along
the two banks of the reservoir, with about 30 m water-level
fluctuating zone formed. Based on the geographical char-
acteristics of the drawdown zone from upstream to down-
stream in the Reservoir, three areas which identified as model
regions for each fluctuating zone, namely Wanzhou-upstream
(30°42'45"N, 108°24'59"E), Changshou-middle stream
(29°47'56"N, 107°4'57"E), and Fengdu-downstream
(29°54'14"N, 107°45'15"E) (Fig. 1).

Soils samples were collected in June 2014 from three
sections of elevation from 150 m to 182 m representing redox
regimes (sites) due to repeated flooding from each of the three
different sampling areas (Wanzhou, Changshou and Fengdu).
The elevation range of 150 m to 156 m was flooded 8 times (8-
cycle) from 2006 to 2014, the range of 161 m to 170 m was
flooded 5 times (5-cycle) from 2009 to 2014, and 180 m to
182 m was never flooded (0-cycle) (Fig. 2). For Wanzhou,
Fengdu, and Changshou, 3 plots were established at each
site (with the exception of Fengdu having 4 plots), and were
randomly selected along the elevation range from 150 to
182 m. For each sampling plot (5 m x 5 m), five soil samples
from 0 to 20 cm were collected and well mixed to form 1
composite sample for each of the 3 plots per site. Samples
were sealed in plastic bags and transported at 4°C to the
laboratory. Samples were sieved (<2 mm) and mixed
thoroughly, and a portion of each sample was air-dried for
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Fig. 1 Study area

soil physiochemical analyses and another portion was stored
at — 20°C for soil microbial community structure analyses.

2.2 Soil physicochemical and phospholipid fatty acid (PLFA)
analyses

Soil moisture was determined by oven-drying fresh soil at
105°C to a constant weight. Soil pH was determined at a ratio
of 1:2.5 (soil to water, w/w) using a Mettler Toledo 320-S pH
meter (Mettler-Toledo Instruments Co. Ltd., Shanghai, China).
Soil total organic carbon (TOC) was determined by acid

dichromate wet oxidation (Nelson and Sommers, 1996), total
N was determined by micro-Kjeldahl digestion (Bremner,
1996), and C:N ratios were calculated using these measure-
ments. Soil nitrate content was extracted with 2 M KCL and
determined by a Skalar SAN Plus segmented flow analyzer
(Skalar Inc., Breda, The Netherlands).

Phospholipid Fatty Acid (PLFA) analysis was conducted
using the method described by Bossio and Scow (1998).
Lipids were extracted from 8 g dry-weight-equivalent fresh soil
using a 23 mL extraction mixture of chloroform: methanol:
phosphate buffer (1:2:0.8 v/v/v), and then the extraction was
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Fig. 2 Annual flooding cycles and sampling elevation (redox regime) in the drawdown zone of the Three Gorges Reservoir region.
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transferred to a separatory funnel. Phospholipids were split
into neutral lipids, glycolipids, and phospholipids using solid-
phase extraction columns by eluting with CHCl3, acetone, and
methanol, respectively. Subsequently, phospholipids were
subjected to a mild alkaline methanolysis to yield fatty acid
methyl esters. Samples were then redissolved in 200 mL
hexane containing the fatty acid 19:0 as an internal standard,
and were analyzed using a Hewlett-Packard 6890 Gas
Chromatograph equipped with an Ultra 2-methylpolysiloxane
column. A 2 mL injection with a 1:50 split was analyzed at an
oven temperature of 260°C, a flame ionization detector
temperature of 300°C, and a pressure of 10.7 PSI at a
constant flow rate of 0.4 mL-min'. Peaks were identified
using bacterial fatty acid standards and MIDI peak identifica-
tion software (MIDI, Inc., Newark, DE). General bacteria were
identified by the following straight chain, terminal-branched
saturated and cyclopropyl PLFAs: 12:0, 14:0, i14:0, a15:0,
i15:0, i15:1G, 16:0, i16:0, a17:0, i17:0, cy17:0, 20:0 (Vestal
and White, 1989). The terminal-branched saturated PLFAs
i14:0, a15:0, i15:0, i16:0, a17:0 and i17:0 were used as
markers for Gram-positive bacteria (Ibekwe and Kennedy,
1998;Cao et al., 2010). The linear monounsaturated and
cyclopropyl PLFAs: 16:1w9c, 16:1w5c, 17:1w8c, 18:1w5c,
18:1w9c, cy17:0 were markers of Gram-negative bacteria
(Bossio et al., 2006). Actinomycetes were represented by the
methylic, mid-chain-branched saturated PLFAs 10Me17:0,
and 10Me18:0 (Fernandes et al., 2013). Straight and terminal
chain branched saturated PLFAs 16:0 and i17:0 were
indicative of SO4-reducing bacteria (SRB) (Findlay and
Dobbs, 1993). The linear monounsaturated PLFAs 16:1w5c
and 18:1w9c were indicative of methanotrophs and fungi
(Sundh et al.,, 2000; Baath and Anderson, 2003). The
monounsaturated PLFA 18:1w9c was associated with aerobic
bacteria (Guckert et al., 1985; Bossio et al., 1998) and
anaerobic bacteria were associated with the terminal
branched saturated PLFAs a17:0 and i16:0 (Findlay et al.,
1990; Bossio et al., 1998). PLFA 20:4w6c (6.9.12.15) was an
indicator for protozoa (van Aarle and Olsson, 2003; Fer-
nandes et al., 2013). The relative abundance of individual fatty
acids was expressed as the proportion (mol %) relative to the
sum of all fatty acids, and microbial biomass was calculated
as the sum of the individual PLFAs (nmol-g™" soil). The
prefixes V', ‘a’, and ‘Me’ indicate iso, anteiso, and mid-chain
methyl branching, and the prefix ‘cy’ refers to cyclopropyl rings
(Navarrete et al., 2000).

A ratio of fungi to general bacterial PLFAs (F:B) was
analyzed, and a ratio of the sum of linear monounsaturated
PLFAs to the sum of branched chain saturated PLFAs (Mono/
Branch), i.e., (14:1w5c, 16:1w5c, 16:1w9c, 16:1w1l1c,
17:1w8c, 18:1wbc, 18:1w9c, 20:1w9c) / (i112:0 30H, i14:0,
a15:0, i15:0, i15:1G, i16:0, i16:1G, 16:1 20H, a17:0, i17:0,
i17:0 30H) was used to indicate the relative ratio of aerobic to
anaerobic microorganisms (Bossio et al., 2006; Cao et al.,
2010). The ratio of Gram-positive bacteria to Gram-negative
bacteria PLFAs (G*/G") and the ratio of actinomycete to
bacterial PLFAs (A/B) were also determined.

2.3 Statistical analysis

Analysis of variance and Tukey pairwise comparison tests
were used to test for significant differences between sites
(p<0.05), which were performed with SPSS 13.0. Principal
component analysis (PCA) and redundancy analysis (RDA),
conducted on Canoco 4.5, were used to compare microbial
community structure across all samples sites and determine
the influence of environmental factors on soil microbial
diversity.

3 Results

3.1 Selected soil properties

The repeated flooding in the fluctuating zone significantly
(p<0.05) affected the soil physiochemical properties of the
studied soils (Table 1). Soil pH in the 8-cycle plots was
significantly (p<0.05) higher than that in the 5-cycle and O-
cycle at all three sites. Moreover, the other selected soil
properties including C:N ratio, NO3;, TN, and TOC also
showed the similar variable trends to soil pH, that is, the
concentration of these soil properties generally increased with
increases in flooding duration (Table 1).

3.2 Soil microbial functional group composition

A total of 31 different PLFA markers were identified in the
redox regimes across Changshou, Wanzhou and Fengdu.
The PCA analysis of Fig. 3 revealed three separate clusters of
redox regimes and PLFA markers of the drawdown zone and
the never flooded zone in the Three Gorges Reservoir region.
The first cluster of redox regimes, including the 0-cycle
samples from Changshou, Wanzhou and Fengdu, was
positively associated to the PC1 axis and mainly dominated
by linear monounsaturated PLFAs, mid-branched chain
PLFAs, and cyclopropyl and polyunsaturated PLFAs. The
second cluster was negatively associated with both PC1 and
PC2, including 8-cycle from all the three areas, and 5-cycle
from Changzhou, and was dominated by straight chain
PLFAs. The third cluster was positively associated to PC2
axis, including 5-cycle from Changshou and Wanzhou, and
was dominated mostly by terminal and hydroxyl branched
chain PLFAs. Both PCs accounted for 64% of the variance.

Moreover, the PCA analysis of PLFA markers in Fig. 3 (B)
showed that straight chain saturated PLFAs, terminal and
hydroxyl branched chain PLFAs, monounsaturated chains
(16:1w11c, 14:1w5c), and cyclopropyl unsaturated chains
(cy17:0) were dominant in the 8-cycle and 5-cycle plots of the
drawdown zone compared to the 0-cycle of the native plant
community across Changshou, Fengdu and Wanzhou. In
contrast, monounsaturated chain PLFAs, terminal branched
chain PLFAs (i15:1G, i16:1G), mid-branched chain PLFAs, a
cyclopropyl unsaturated chain PLFA (cy19:0w8c), and poly-
unsaturated chain PLFAs were dominant in the 0-cycle plots
of the native plant zone compared to the 8-cycle and 5-cycle
plots.
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Table 1 The selected soil properties of the redox regimes from three study areas in the Three Gorges Reservoir Region

Area Altitude Site pH TOC (g-kg™" soil) C:Nratio TN (g-kg™ soil) NO;~ (mg-kg™' soil)
Changshou 156m 8-cycle 8.2040.00a 7.494+0.94a 10.574+1.80a 0.71+0.05a 63.50+3.06a
163m 5-cycle 8.27+0.06a 4.35+1.05b 7.77+2.59a  0.56+0.05¢c 59.99+7.69a
181m 0-cycle 6.7040.72b 4.47+0.47b 7.37+0.14b  0.61+0.07b 61.15+6.68a
Fengdu 151m 8-cycle 8.13+0.12a 8.39+1.49a 11.00+0.53a  0.76+0.10a 63.21+7.69a
164m 5-cycle 7.70+0.17b 6.77+1.57b 10.63+2.25a  0.64+0.06b 55.86+4.44b
180m 0-cycle 7.97+0.06b 6.16-:1.03b 7.96+0.74b  0.77+0.08a 58.8+5.09b
Wanzhou 153m 8-cycle 8.10+0.10a 10.60+2.63b 11.47+2.43b  0.924+0.04a 87.61+1.02a
170m 5-cycle 6.93+0.57b 12.7140.19a 13.37+1.51b  0.95+0.12a 75.26+7.13b
182m 0-cycle 7.00+£0.42b 11.8140.58b 21.64+4.96a 0.554+0.13b 68.80+9.96b
Two-way repeated ANOVA
A ns ** ** ns ns
F > * ns ns *
Ax F . . « « «

Values are means-+standard errors for the sampling plots: 8-cycle plot (n = 3), 5-cycle plot (n = 3), 0-cycle plot (n = 3). TOC, C:N and TN refer to soil
total organic carbon, the ratio of soil organic carbon to soil total nitrogen and soil total nitrogen respectively. Numbers in a rank with different letters
indicate a significant difference (Turkey’s Test, P<0.05). A, Area; F, Flooding cycle. n, indicates no significance; *, indicates a significance at

p< 0.05; **, indicates a significance at p< 0.01.

Despite the variation in soil properties from different
locations, the patterns in the shifts of functional groups due
to the recurring redox disturbances were the same across
Changshou, Wanzhou and Fengdu (Fig. 4). For instance, the
straight chain saturated PLFAs at Changshou showed
increases (relative to the 0-cycle site) of 13.6% and 4.5% at
the 8-cycle and 5-cycle plots, respectively. These increases
were 12.1% and 11.5% at the 8-cycle and 5-cycle plots at
Fengdu, and 25.5% and 12.4% at Wanzhou, respectively. The
branch chain saturated PLFAs were 18.6% (Changshou),
25.4% (Fengdu) and 27.6% (Wanzhou) higher at the 5-cycle
plots and 8.7% (Changshou), 5.7% (Fengdu) and 10.8%
(Wanzhou) higher at the 8-cycle plots compared to the 0-cycle
plots. The cyclopropyl PLFAs experienced a 18.3% (Chang-
shou), 14.5% (Fengdu) and 20.6% (Wanzhou) increase at the
8-cycle plots and 66.8% (Changshou), 36.6% (Fengdu) and
29.6% (Wanzhou) increase at the 5-cycle plots compared to
the 0O-cycle plots. The linear monounsaturated PLFAs
decreased by 41.8% (Changshou), 40.6% (Fengdu) and
55.8% (Wanzhou) at the 8-cycle plots and 22.6% (Chang-
shou), 17.4% (Fengdu) and 27.5% (Wanzhou) at the 5-cycle
plots compared to the 0-cycle plots (Fig. 4).

3.3 Redox cycle effects on microbial community structure

Compared to the O-cycle plots, the total amount of PLFAs
significantly (p <0.05) decreased in the 8-cycle plots, followed
by the 5-cycle plots (Fig. 5). Gram-positive bacteria, sulfate-
reducing bacteria, and anaerobic bacteria were predominant
in the 8-cycle and 5-cycle plots, whereas fungi, Gram-
negative bacteria, actinomycetes, methanotrophs, aerobic
bacteria, and protozoa were enriched in the O-cycle plots
(Fig. 5). Significant statistical variation existed between the
drawdown zone (8-cycle and 5-cycle plots) and the native
soils (0-cycle plots) (p<0.002), which also explained the

survival disadvantage for certain microorganisms such as
fungi, protozoa, Gram-negative bacteria, actinomycetes, and
aerobic bacteria in the drawdown zone. Among all the groups,
protozoa were proportionally low and were completely absent
from the 8-cycle plots of the drawdown zone at all the studied
areas.

3.4 Compositional and physiological indicators

Fungi to bacteria ratio (F:B ratio), actinomycete to bacteria
ratio (A:B ratio), and aerobic bacteria to anaerobic bacteria
ratio (Aero:Anae ratio) were proportionally higher at the 0-
cycle plots compared to the 8- and 5-cycle plots of the
drawdown zone at Changshou, Wanzhou and Fengdu
(Fig. 6). In contrast, the Gram positive to Gram negative
bacteria ratio (G*:G™ ratio) was significantly (p <0.05) higher
at the 8 and 5 cycle plots of the drawdown zone compared to
the 0-cycle plots at Changshou, Wanzhou and Fengdu. The
stress indicator represented by the mono unsaturated PLFAs
to branched chain PLFAs ratio (Mono: Branch) was propor-
tionally more abundant at the 0-cycle plots compared to the 8
and 5 cycle plots of the drawdown zone at Changshou,
Wanzhou and Fengdu (Fig. 6). The results show that
prolonged redox disturbances had a negative influence on
the F:B ratio and A:B ratio indicators but enhanced the G*:G~
ratio in the drawdown zones. Additionally, prolonged redox
disturbances had a devastating effect on the Mono: Branch
physiological indicator, which reflects the disadvantage in the
drawdown zone to organisms requiring oxygen.

3.5 Microbial PLFA characteristics and selected saoil
properties

RDA was performed to study the effect of environmental
variables on abundance of microbial phyla (Fig. 7). Both PCs
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Fig. 3 Principal component analysis (PCA) of phospholipid fatty acid (PLFA) data in the redox regimes of Changshou, Wanzhou and
Fengdu of the Three Gorges Reservoir region (A) and loading scores for individual PLFAs (B).

accounted for 93% of the total variance, with the first function
explaining 79% and the second explaining 14% of the
variance, respectively. The positive loading of TOC and C:N
ratio on the PC1 axis indicated a positive correlation with
protozoa, Gram negative bacteria, fungi, aerobic bacteria,
actinomycetes and methanotrophs, but a negative correlation
with bacteria, Gram positive bacteria, sulfate-reducing bac-
teria, and anaerobic bacteria. Furthermore, the negative
loading of pH, TN and NO; on the PC2 axis reflects a
positive correction with general bacteria, Gram positive
bacteria, sulfur-reducing bacteria and anaerobic bacteria,
but a negative correlation with protozoa, Gram negative
bacteria, fungi, aerobic bacteria, actinomycetes and metha-
notrophs.

4 Discussion

4.1 Redox disturbance effects on soil PLFA functional groups

Studies have shown that as soil redox potential changes, the
dominance of specific functional groups shifts (Picek et al.,
2000). In the study, a comparative analysis of various redox
regimes in the drawdown zone and native soils showed
significant (p < 0.05) increases in the relative abundance of
certain straight chain saturated and cyclopropyl PLFAs,
terminal and mid-branched PLFAs, and a consistent decrease
in most linear monounsaturated and polyunsaturated PLFAs
at the 8-cycle and 5-cycle plots of the drawdown zone (Fig. 4).
Actually, winter flooding has been shown to increase the
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Fig. 4 Distribution of functional groups in the redox regimes in
Changshou, Wanzhou and Fengdu of the Three Gorges
Reservoir Region. The graphs indicate 5 sub-groups of PLFA
biomarkers: SCFA = straight chain saturated fatty acids, BCFA=
branched chain saturated fatty acids, CFA = cyclopropyl fatty
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elevation of 150-156 m, 5-cycle = flooded 5 times with elevation
of 161-170 m, O-cycle = never flooded with elevation of 180—
182 m. The error bars represented standard error (n = 3), values
with different letters indicate a significant difference at p <0.05.

relative abundance of certain straight chain saturated PLFAs
and branched PLFAs, and decrease linear monounsaturated
PLFAs (Bossio and Scow, 1998). Linear monounsaturated
PLFAs in rice paddies were sensitive to flooding, which
suggested that these fatty acids are indicators of aerobic
conditions (Langer and Rinklebe, 2009). This explains the
relative decline of certain straight chain saturated PLFAs,
cyclopropyl PLFAs, terminal and mid-branched PLFAs, most
linear monounsaturated PLFAs, and the conspicuous disap-
pearance of polyunsaturated PLFAs at the 8-cycle plots of the
drawdown zone (Fig. 4). Cyclopropyl PLFAs are common in
some Gram-negative strains, as well as in some anaerobic
strains of Gram-positive bacteria (Bai et al., 2000). In our
study, cy17:0 but not cy19:0w8c, was insensitive to prolonged
redox disturbance in the drawdown zone.

4.2 Shifts in microbial community structure due to redox
changes

Based on PCA analysis of the PLFA data, the distinct three
cluster grouping of microbial communities according to the
recurrence of dry down-rewetting cycles (0, 5, or 8) indicates
the dominant influence of flooding in shaping soil microbial
community structures around the reservoir (Fig. 3). In our
case, prolonged redox disturbances significantly (p <0.05)
reduced total soil PLFAs, which significantly decreased with
increased flooding recurrence (Fig. 5). Obligate anaerobes
may quickly decline as the environment is forced to become
wholly aerobic due to the effects of O, toxicity (Imlay, 2002),
while obligate aerobes may be inactivated or starved as O,
becomes limiting (Fenchel and Finlay, 1995). Therefore,
alternating oxic and anoxic conditions may act as an
environmental stressor for certain soil microbial groups.
Moreover, the specific perturbations of fluctuations in soil
redox conditions to soil microbial community structure largely
depend on flood duration and the time since the soil was last
flooded (Rinklebe and Langer, 2006; Langer and Rinklebe,
2009). As for the high-amplitude fluctuating redox regimes, it
seems that rapidly fluctuating redox regimes of humid tropical
forest soils act as a strong selective force on the phylogenetic
and physiological compositions of soil microorganisms and
may promote metabolic plasticity or redox tolerance mechan-
isms (Pett-Ridge and Firestone, 2005). In our case, the
duration of floods and dry periods in the fluctuating zone of the
Three Gorge Reservoir is relatively long (almost 6 months). At
each relatively stable period (flood or dry), soils in the
fluctuating zone are dominated by two types of microbial
groups adapting to the present soil redox conditions. How-
ever, environmental fluctuations bring a huge disturbance to
the previous, relatively stable microbial habitats, and the
cycling between the two states prevents the community from
stabilizing with a predominantly aerobic or anaerobic popula-
tion. Additionally, alternate drying and wetting accelerates the
decomposition of soil organic matter, which is not conducive to
maintaining a high microbial biomass level (Or et al., 2007;
Wu. 1994). Therefore, soils experiencing prolonged fluctuat-
ing redox conditions may be disadvantageous for maintaining
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Fig. 5 The microbial biomass and species for the redox regimes in Changshou, Wanzhou and Fengdu of the Three Gorges Reservoir
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elevation of 150-156 m, 5-cycle = flooded 5 times with elevation of 161-170 m, O-cycle = never flooded with elevation of 180-182 m. The
error bars represented standard error (n = 3), values with different letters indicate a significant difference at p <0.05.
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Fig. 7 Redundancy analysis (RDA) illustrating the relationship
between microbial abundant phyla and environmental variables.
Soil properties (TOC = total organic carbon, C:N= carbon to
nitrogen ratio, TN = soil total nitrogen, NO3 = soil nitrate). PLFA
microbial indicators (G. Bact= general bacteria, SRB = sulfate-
reducing bacteria, Meth= methanotrophs, G~ Bact= Gram-
negative bacteria, G* Bact = Gram-positive bacteria, fungi, Act =
actinomycetes, Prot= protozoa, Aero Bact= aerobic bacteria,
Anae Bact = anaerobic bacteria).

higher microbial biomass.

The microbial PLFA profile in the fluctuating zone (5- and 8-
cycle plots) was dominated by Gram-positive bacteria,
sulfate-reducing bacteria and anaerobic bacteria, and the
quantities of those microbial PLFAs in the fluctuating zone
increased with increases in numbers of drying-rewetting
cycles (Fig. 5). The abundance of fungi, Gram-negative
bacteria, actinomycetes, methanotrophs and aerobic bacteria
decreased under fluctuating redox conditions (5- and 8-cycle
plots) in comparison with the drier O-cycle plots, which is
consistent with previous studies that these microorganisms
are less prevalent in soils with fluctuating water levels (Bossio
and Scow, 1998; Mentzer et al., 2006; Langer and Rinklebe.,
2009; Balasooriya et al., 2013). Indeed, the fast-growing
Gram-negative bacteria, which utilize a variety of carbon
sources under well aerated conditions, were more abundantin
aerobic plots than in plots with a lower oxygen concentration
(Bellinger et al., 2012). The duration of flooding events would
have a negative effect on Gram-negative bacteria, while the
slower growing Gram-positive bacteria may have a greater
stress tolerance to fluctuations in water content because of
their different physiology and ability to form spores (Mentzer et
al., 2006; Li et al., 2015). Hence, the G*/G™ ratio in the
fluctuating zone was higher in comparison with the drier plots
(0-cycle plots) (Fig. 6). In our case, the frequent reversal of
oxic-anoxic conditions caused by the water level control
system would lead to high stress on the fungi, as fungi were

more abundant in the drier zone (0-cycle plots) than in the
fluctuating zone (5- and 8-cycle plots) (Fig. 5). The negative
effect of flooding on fungal biomass has been reported
previously (Drenovsky et al., 2004; Guenet et al., 2012). It is
noteworthy that the protozoa biomass showed low abundance
in the fluctuating zone. Previous reports have found that the
dominance of Gram-positive bacteria in reduced soil environ-
ments was often accompanied by a low protozoa population
(Sinclair and Ghiorse, 1989; England et al., 1993). Prolonged
fluctuating redox environments may be inappropriate for
strictly aerobic protozoans, which were detected only in the
oxic soils.

4.3 Microbial characteristics and selected soil properties

Most studies have shown no relationships between PLFA
community structure and soil TC and TN (Clegg et al., 2003).
PLFA evenness measures are often positively correlated to
TC and C:N ratio, but PLFA patterns due to mineral N
availability are inconsistent (Bardgett et al., 2001). In the
present study, total PLFA, F/B, A/B and mono/branch ratios
were negatively correlated with soil pH, TOC, and TN, which
suggests that these soil properties, as the constraint on soil
microbial characteristics in the drawdown zone, were
restricted by other environmental variables. Therefore, dis-
turbances, such as repeated flooding in the drawdown zone,
created redox gradients, and stimulated changes in the
microbial community structure at different redox regimes that
gave rise to a new, significantly different, microbial community.

5 Conclusion

The prolonged and recurring redox disturbances in the
drawdown zone of the Three Gorges Reservoir region
significantly altered microbial community composition and
diversity. The soil microbial community was sensitive to
changes in redox potential created by a disturbance such as
repeated flooding and drying cycles. The shift in microbial
community structure in the drawdown zone due to the
prolonged redox disturbance altered microbial functional
groups since the microbial community that adapted to such
rapidly fluctuating redox conditions was distinct from the
original community. The drawdown zone seems to be
disadvantageous for fungi, protozoa, gram-negative bacteria,
actinomycetes, and aerobic bacteria. There is a need for
further studies to validate the exact impact of the shifts in
microbial community structure on processes related to
microbial activity, e.g., nutrient cycling, which will enhance
understanding of soil microbial community metabolic pro-
cesses in the drawdown zone of the Three Gorges Reservoir
region.
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