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Abstract

The construction of the Three Gorges Reservoir (TGR) as well as the development of local industry and agriculture not
only had tremendous impacts on the environment but also affected human health. Although water, soil, and air in the TGR
have been well studied for environmental risk assessment, very little information is available on benthic sediments and
microorganisms. In this study, sedimentary samples were collected along the main stream of the TGR to examine microbial
phospholipid fatty acids (PLFA) and relevant variables (e.g., nutrients and heavy metals) after the full operation of the
TGR. The results showed that there were prominent trends (increase or decrease) of sedimentary PLFAs and properties
from downstream to upstream. Bacteria-specific PLFA decreased toward the dam, while fungi-specific PLFA did not show
any significant trend. The PLFA ratio of fungi to bacteria (F/B) increased along the mainstream. The total PLFA concen-
tration, which represents the microbial biomass, decreased significantly toward the dam. Upstream and downstream
sampling points were clearly distinguished by PLFA ordination in the redundancy analysis (RDA). That finding showed
microbial PLFAs to have an obvious distribution pattern (increase or decrease) in the TGR. The PLFA distribution was
markedly controlled by nutrients and heavy metals, but nutrients were more important. Moreover, among nutrients, Bio-P,
NH,4"-N, NO;3 -N, and DOC were more important than TP, TN, TOC, and pH in controlling PLFA distribution. For heavy
metals, T1, V, Mo, and Ni were more important than Zn, Cu, Cd, and Pb. These findings suggested that T1, V, Mo, and Ni
should not be ignored to guard against their pollution in the TGR, and we should pay attention to them and make them our
first priority. This study highlighted that the construction of the TGR changed riverine environments and altered microbial
communities in sediments by affecting sedimentary properties. It is a reminder that the microbial ecology of sediment as an
indicator should be considered in assessing the eco-risk of the TGR.
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Microorganisms are dispersed globally, are able to proliferate
in any habitat with suitable environmental conditions, and
have been found in almost any aquatic environment, such as
natural sediments (Green et al. 2008; Yan et al. 2015).
Moreover, microorganisms are the most diverse and abundant
group, having staggering biochemical diversity and playing
vital functional roles in biospheric biogeochemical cycling
(Woese 1994). In addition, most ecosystem production comes
from microbial biomass and productions in riverine sediments
(Craft et al. 2002; Fischer and Pusch 2001).

Environmental changes always lead to marked shifts of
microbial communities in composition and/or metabolism at
various spatial and temporal scales (Berggren and del Giorgio
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2015; Gibbons et al. 2014; Zhao et al. 2014). As one major
anthropogenic way to affect riverine environments, the con-
struction of dams can significantly alter hydrological process-
es and sedimentary conditions, which will transform the riv-
erine environment into a semi-fluvial or lacustrine environ-
ment. Moreover, the physicochemical conditions may fre-
quently be varied through anthropogenic activities related to
dam (or reservoir) management in sediments and water
(Fremion et al. 2016). As a result, sedimentary microbial com-
munities are easily subjected to anthropogenic and natural
stress. In turn, microbial changes directly affect functional
processes in sediments and change element cycling, ecosys-
tem stability, resilience, and services (Reed and Martiny 2013;
Xie et al. 2016).

To date, much research has focused on the ecological re-
sponse of microorganisms to environmental changes includ-
ing soil environments, bioreactor systems, and compost envi-
ronments (Gao et al. 2016a; Sato et al. 2016; Silva et al. 2016;
Wang et al. 2015; Zhang et al. 2016¢). As one of the important
research topics, microbial ecology of sediment in river dam
has been often studied. The Three Gorges Dam (TGD), one of
the largest dams in the world, has altered the hydrological and
ecological processes of the Yangtze River (Zhang et al.
2016b). It forms a very long backwater area (a more than
500 km region of water being held or pushed back by the
dam) in the Three Gorges Reservoir (TGR), and consequently,
the sedimentary retention rate is very high and highly change-
able (65-90%) (Yang et al. 2014). In the last few decades, the
ecological and environmental changes caused by the TGD
have been increasingly highlighted. Previous studies in the
Yangtze River included the water cycle (Deng et al. 2016),
distribution of heavy metals in sediments (Bing et al. 2016),
sedimentary dynamics (Tang et al. 2016), water quality (Gao
et al. 2016b), changes in nutrient elements (Wu et al. 2015,
2016), and the plant community (Zhang et al. 2013), all of
which provided adequate information on the environmental
effect of the TGD. For microbial information in the TGR, only
a few studies have been conducted, either on tributaries or
regarding water-level fluctuation zones (Wang et al. 2016;
Yan et al. 2015). However, the microbial community is not
well understood in the submerged sediments of the main-
stream where the hydrological conditions are stronger than
in the tributaries.

Along the main stream of the TGR, our previous re-
search (Bing et al. 2016) showed that the heavy metal
(i.e., Cd, Cu, Pb, and Zn) stocks in the submerged sedi-
ments increased from Fuling (FL) to Zigui (ZG), and the
high values of the heavy metal stocks in the riparian sedi-
ments were observed at FL, Zhongxian (ZX), Wanzhou
(WZ), and Fengjie (FJ). In addition, another of our studies
indicated that the bioavailable P (Bio-P) was stored mainly
in the reaches from FL to ZG (Wu et al. 2016). Therefore,
in this study, the abovementioned sites were selected, and

sediments were collected after the TGR was fully opera-
tional to reveal the influence of environmental changes on
microbial ecology. The main objectives are (1) to investi-
gate the current state of the microbial phospholipid fatty
acids (PLFA) and the related sedimentary variables (e.g.,
nutrients and heavy metals) and (2) to identify the relative
contribution of the environmental factors that influence the
microbial PLFAs. This work is expected to provide insight
into microbial ecology in dammed rivers, which will fur-
ther improve environmental management in riverine
systems.

Materials and methods
Study area

The TGR (28° 52'-31° 35’ N, 105° 55'-111° 01" E) lies in the
main channel of the Yangtze River between Chongqing city
and Yichang city (in Hubei Province, China). The climate is
dominated by the humid subtropical monsoon climate with a
mean annual precipitation and temperature of 1000—1200 mm
and 1619 °C, respectively. The underlying bedrocks are pur-
ple sandstone and mudstone, carbonatite, and other rocks. The
soil types are mainly purple soil, yellow soil, paddy soil, and
calcareous soil. The characteristics of soil and climate were
described in detail in previous studies (Bao et al. 2015; Ye
et al. 2015). The permanent backwater reaches of the TGR
(from Fuling to Zigui), where more than 75% of sediments
were deposited (Wu et al. 2016), were chosen as the study area
(Fig. 1).

Sediment collection

The sampling sites (including FL, ZX, WZ, FJ, and ZG) were
established along the main channel of the TGR from upstream
to the TGD, and their distances to the TGD (dis-TGD) are
460, 340, 280, 170, and 30 km along the flow path, respec-
tively. Upstream and downstream were distinguished by the
dis-TGD. In this study, the dis-TGD of upstream is 280—
460 km (including FL, ZX, and WZ), and the dis-TGD of
downstream is 30—-170 km (including FJ and ZG). In
December 2014, the sediments (0—10 cm) were sampled be-
low an elevation of 145 m (water depth at the sampling sites
was greater than 30 m). At each site, six sediment cores (with
> 50 m intervals between each) were sampled using a gravity
sediment core sampler (100 cm long and 6 cm internal diam-
eter). A total of 30 samples were collected. All samples were
put into ice boxes for their return, freeze-dried, and stored at —
20 °C in the laboratory. A subsample was pulverized by an
agate mortar to pass through a 200-mesh Nylon screen for
chemical analysis.
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Fig. 1 The study area and sampling sites in the TGR
Lipid analyses

Phospholipid fatty acid (PLFA) analysis was used to measure
the structure of the sedimentary microorganisms and was per-
formed according to Bossio and Scow (1998). Briefly, freeze-
dried sediments (4.5 g) were extracted using a single-phase
mixture of chloroform/methanol/citrate buffer (40 ml at a
1:2:0.8 volume ratio). After phase separation, the CHCl; layer
(extracted lipids) was collected and dried under N, at 25 °C.
The dry residue was transferred into a silica solid-phase ex-
traction column (3 ml standard SPE tube, Supelco Inc.,
Bellefonte, PA), and neutral lipids and glycolipids were re-
moved by sequential elution with chloroform (10 ml) and
acetone (10 ml). Phospholipids were then collected by elution
with methanol (10 ml) and dried under N,. Afterwards, the
phospholipid fraction was methylated with a methanol-tolu-
ene solution and a potassium hydroxide methanol solution,
and H,O (2 ml) and acetic acid (0.3 ml) were added. Fatty
acid methyl esters were extracted in hexane (2 X 2 ml) and
dried under N,. The resulting fatty acid methyl esters
(FAME) were analyzed on an Agilent 6890 Gas
Chromatograph (GC) with MIDI peak identification software
(version 4.5; MIDI Inc., Newark, DE, USA). The column was
an Agilent capillary column (19091B-102E, 25.0 m long %
0.2 mm internal diameter x 0.33 um film thickness) using H,
as the carrier gas. The GC temperature progression was con-
trolled by the MIDI software. The fatty acid 19:0 was added as
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an internal standard before methylation. Identification and
quantification of fatty acid methyl esters were conducted au-
tomatically by the MIDI peak identification software. PLFA
18:2w6,9 was used as an indicator of fungi. The sum was
calculated of all iso- and anteiso-branched PLFAs with 14 to
19 carbons all monounsaturates containing from 14 to 19 car-
bons (except 16:1w9 and 18:1w?9) and 15:0 represented bac-
teria (Mattsson et al. 2015; Steger et al. 2011). In addition, the
ratios of monounsaturated to saturated PLFA (MUFA/SFA)
and cy17:0/16:1w7 were used as stress indicators to indicate
microbial response to environmental stresses (Pivnickova
et al. 2010; Smoot and Findlay 2001).

Chemical analysis

All chemical analyses were conducted on a dry-weight basis.
The dry sediment (0.5 g) was digested with an HCI-HF—
HNO;-HCIO,4 mixture (Bing et al. 2016). The concentrations
of major elements (Fe, Ti, P, and V) were determined using an
American Leeman Labs Profile inductively coupled plasma
atomic emission spectrograph (ICP-AES), and Tl, Mo, Ni,
Cu, Zn, Cd, and Pb were measured using inductively coupled
plasma mass spectrometry (ICP-MS). The standard solution
SPEX™ from the USA was used as the standard. Quality con-
trol was assured by the analysis of duplicate samples, blanks,
and reference materials (GSD-9 and GSD-11), and precision
was good with <3% variability for ICP-AES and <5%
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variability for ICP-MS during repeated analysis of samples and
reference materials. The recovery of the reference materials was
92-108% for ICP-AES and 90-110% for ICP-MS.

Another 0.5 g of sediment was extracted with 30 ml of
NaHCOs; (0.5 M, pH=28.5) in a centrifuge tube to determine
the concentrations of bioavailable P (Bio-P) (Lu 2000). After
the tube was shaken for 16 h at 280 rpm, the supernatant was
centrifuged at 10,000 rpm and 0 °C for 10 min and then fil-
tered through 0.45 pum Millipore filters. After the extracts
were digested with ammonium persulfate, Bio-P was mea-
sured using the molybdenum blue colorimetric method with
a Shimadzu UV-2600 spectrophotometer at 700 nm.

After soaking for 48 h with acid to remove carbonates,
sedimentary samples were analyzed for total organic carbon
(TOC) and total nitrogen (TN) using an elemental analyzer
(Elementar Vario EL). Dissolved organic carbon (DOC) in
the sediment was measured by water extraction at a solid to
water ratio of 1:5 (Muhammad et al. 2014). After shaking for
1 h at 280 rpm, the supernatant was centrifuged at 10,000 rpm
for 10 min and then filtered through 0.45 um Millipore filters.
The concentration of DOC was determined using a total or-
ganic carbon analyzer (Elementar Vario TOC). Ammonia
(NH,*-N) and nitrate (NO5 -N) were extracted with 2 M
KCI for 1 h, and the concentration was measured using a
continuous flow auto-analyzer (Skalar San++ 8505,
Netherlands) (Lu 2000). Sediment pH was determined using
a pH-meter at a solid to water ratio of 1:2.5.

Statistical analysis

Statistical analyses were conducted using SPSS 13.0 software
(SPSS Inc., Chicago, IL). A linear regression model was used
to check the trends of indicator values along the mainstream of
the TGR. The data were checked for homogeneity of variance
and their normality. The relationship between the indicators
was analyzed by Pearson correlation. The concentrations of
heavy metals were compared by a one-way analysis of vari-
ance (ANOVA). If the variance of the variable was homoge-
neous, Tukey’s post hoc tests were used; otherwise, the
Games-Howell test was used.

A redundancy analysis (RDA) was calculated with the veg-
an R package. RDA analysis, a linear canonical community
ordination method, was used to visualize the relationships
between the environmental variable gradients, the response
variable values, and the samples. For the RDA in this study,
PLFA abundances were used as the quantification of “species
composition of samples.” Nineteen environmental factors
(pH, TOC, DOC, TN, NH;*-N, NO; -N, TP, Bio-P, V, Tl,
Mo, Ni, Fe, Ti, Zn, Cu, Cd, Pb, and dis-TGD) were used as
explanatory variables. The significance of the relations be-
tween the ordination and explanatory variables was tested
using a permutation test with 499 permutations. In the RDA
ordination chart, when the explanatory variable arrow is

longer, the explanatory effect on the PLFAs variation is larger.
Further, we used partial RDA to tease apart the pure effects of
nutrients and heavy metals on the PLFA matrices. For in-
stance, the nutrient or heavy metal matrix was the explanatory
matrix, and the other one was the partial matrix. Partial RDA
examined, for example, the influence of nutrient factors on the
PLFA abundances while controlling for heavy metal factors,
and vice versa. The nutrient factors were represented by C, N,
and P fractions (i.e., TOC, DOC, TN, NH,*-N, NO; -N, TP,
and Bio-P). Heavy metal factors were represented by V, Tl,
Mo, Ni, Fe, Ti, Zn, Cu, Cd, and Pb.

Results
Sediment properties

All sediments were alkaline, with a pH range of 7.88—8.96 and
a mean pH of 8.75. The pH displayed an increasing trend
toward the TGD (Fig. 2). A linear regression model showed
that Bio-P decreased significantly toward the dam
(»<0.0001). Both TN and NH,*-N also showed a markedly
decreasing trend (p < 0.0001 and p < 0.001, respectively). The
highest TN concentration was observed at FL (dis-TGD =
460 km), and the highest NH,*-N was observed at ZX (dis-
TGD =340 km), while the lowest TN and NH,*-N were
found at ZG (nearest the TGD). Although the average value
of the NO; -N concentration occurred from 0.12 to 8.73 mg/
kg, it was found to be lower than the limit of detection at many
sampling points in the study area. DOC showed a significant
decrease along the distance to the TGD (p <0.01). TOC,
NO; -N, and TP did not show a significant trend toward the
dam.

Ten heavy metals were measured in the sediment samples
(Table 1). Overall, the concentrations of heavy metals were
higher downstream (dis-TGD 30—170 km) than upstream (dis-
TGD 340-460 km). The concentrations of these heavy metals
(V, Mo, Zn, and Cd) were highest at ZG (dis-TGD =30 km)
and lowest at FL (dis-TGD =460 km). The highest concentra-
tion of Tl was found at FJ (dis-TGD = 170 km) and the lowest
at ZX (dis-TGD = 340 km). The concentrations of Ti, Cu, and
Pb were highest at WZ (dis-TGD =280 km) and lowest at FL
(dis-TGD =460 km). The concentrations of Ni and Fe were
highest at ZG and WZ, respectively, and their lowest concen-
trations were observed at ZX.

Microbial PLFA analysis

The total PLFA concentration, which is a measure of total
viable microbial biomass (Ben-David et al. 2004), varied
significantly along the mainstream of the TGR (Fig. 3).
The sediments far away from the dam (dis-TGD: 280—
460 km) showed a higher total PLFA concentration
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Fig.2 C, N, P, and their fractions;
pH in sediments from upstream to
downstream of TGR., i.e., five
sites, FL, ZX, WZ, FJ, and ZG;
and their distances to TGD are
460, 340, 280, 170, and 30 km
along the flow path, respectively

(4.69-6.42 nmol/g) than those near the dam (dis-TGD:
30-170 km, 3.55-4.46 nmol/g).

Twenty-nine fatty acids in the ranging C11-C22 were de-
tected, including saturated (odd and even), chain-branched
(iso and anteiso), monounsaturated, polyunsaturated, and hy-
droxylated fatty acids (Table 2). The fatty acids with high
abundance were 16:0, 18:1w7, 16:1w7, 18:1w9, and
10mel6:0. The fatty acids cy19:0, al15:0, i15:0, 18:0,
16:1w5c, 18:2w6,9, and al7:0 were also major components.
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The abundance of different groups of fatty acids was calculat-

ed, and the values at each site were compared (Fig. 3). Along

the main stream, fungi-specific PLFA did not show any sig-
nificant trend (p >0.1), while bacteria-specific PLFA
displayed a significantly decreasing trend toward the dam
(p<0.0001). The PLFA ratio of fungi to bacteria (F/B) in-
creased along the mainstream (p < 0.02). The cy17:0/16:1w7
increased significantly toward the dam (p <0.0002). The
MUFA/SFA showed the opposite trend (p < 0.02).
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Table 1 The concentrations of heavy metals in the sediments of TGR (unit: mg/kg)

Distance to TGD 460 km 340 km 280 km 170 km 30 km

Cd 0.71+0.03b 0.85+0.04ab 0.86+0.10ab 0.82+0.04ab 0.92+0.04a

Cu 38.11+0.10b 41.53+1.01ab 46.09 +3.52ab 43.09 +1.79ab 45.82+1.28a

Fe 43,855.19+235.01c¢ 43,792.13 £290.09¢ 45,570.10+367.03a 45,205.41+201.16ab 44,022.37 +£249.26bc
Mo 0.96+0.01b 0.99 +0.04b 1.02+0.02b 1.01+0.01b 1.18 +£0.02a

Ni 39.68 £0.62a 39.45+041a 40.74 +0.50a 41.06+0.37a 41.15+0.38a

Pb 38.97+1.67b 44.84 +£2.05ab 51.12+6.01ab 48.45+2.53ab 50.62 +1.65a

Ti 4959.19+22.48a 5064.99 +57.69a 5327.26 £159.40a 5124.56 +85.53a 5154.22+52.082a

Tl 0.63+0.01bc 0.61+0.01c 0.62+0.01bc 0.67+0.01a 0.65+0.01ab

\% 110.14 £ 1.52¢ 111.57+3.11bc 119.26 +1.52ab 119.97 + 1.17ab 121.22 +1.25a

Zn 157.33 +4.40a 171.00 £2.43a 178.13+10.44a 173.17 £4.99a 178.70 +4.42a

The values are means + SE, n=6. Values not sharing the same letter in the bars are significantly different (p < 0.05)

The RDA ordination presented the PLFA distribution pat-
terns (Fig. 4a). Almost all PLFAs were on the positive side of
axis RDAI. Upstream sampling points were on the positive
side of axis RDA1, while downstream sampling points were
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Table 2 Phospholipid fatty acid (PLFA) composition (mean, nmol/g on a dry weight basis, n = 6) of sediments from TGR

PLFA FL X wz FJ ZG

14:0 0.093 £ 0.005 0.096 +0.003 0.082 +0.007 0.081 +0.008 0.064 + 0.004
15:0 0.081 £ 0.005 0.078 £0.007 0.080 + 0.007 0.064 + 0.004 0.063 £ 0.003
16:0 0.725 £ 0.068 0.904 +0.089 0.830 = 0.042 0.651 £0.036 0.683 +£0.043
17:0 0.037 +0.003 0.074+£0.007 0.058 = 0.005 0.037 £ 0.003 0.036 +0.003
18:0 0.180 +£0.019 0.209 +0.009 0.195+0.015 0.182 £0.017 0.178 £0.010
i14:0 0.070 +0.003 0.067 +£0.003 0.065 £ 0.005 0.031 +0.002 0.030 £ 0.003
i15:0 0.276 +0.023 0.280+0.012 0.255 +0.027 0.272 £0.030 0.179 £0.016
i16:0 0.076 £ 0.005 0.095+0.007 0.083 + 0.004 0.074 + 0.004 0.065 £ 0.003
i17:0 0.061 +0.006 0.072+0.007 0.068 £ 0.007 0.062 +0.005 0.054 £ 0.005
als:0 0.304 +0.021 0.308 £0.027 0.283 +0.032 0.192 £ 0.019 0.123 £0.003
al7:0 0.113 = 0.004 0.124 +0.006 0.121 +0.009 0.097 + 0.006 0.105 £ 0.009
20H-16:1 0.026 +0.003 0.036 +0.003 0.033 +0.002 0.006 + 0.001 0.020 + 0.001
30H-11:0 0.067 £ 0.005 0.029 +0.002 0.064 £ 0.007 0.020 +0.001 0.048 +0.002
30H-15:0 0.070 £ 0.006 0.096 +=0.009 0.068 + 0.004 0.026 + 0.002 0.056 +0.004
10mel6:0 0.402 +0.016 0.358 £0.030 0.374 £ 0.021 0.248 +0.020 0.327 £0.019
10me18:0 0.035 £ 0.003 0.061 +0.005 0.054 £ 0.002 0.034 +0.002 0.042 £ 0.002
11mel8:1w7 0.113 +£0.008 0.136 £0.013 0.115 +0.007 0.087 +0.005 0.109 + 0.004
cyl7:0 0.095 £ 0.007 0.101+£0.007 0.122 +£0.012 0.103 +0.009 0.106 + 0.005
cyl19:0 0.251 £ 0.022 0.330+0.016 0.306 = 0.022 0.257 £0.026 0.277 £0.034
15:1w6 0.057 £ 0.005 0.026 +0.001 0.017 £ 0.001 0.008 +0.001

16:1wl1 0.020 + 0.002 0.060 +=0.004 0.023 £ 0.002 0.060 + 0.005 0.013 +£0.001
16:1w5 0.183 +£0.009 0.197+0.018 0.166 =0.012 0.144 £ 0.008 0.156 £ 0.006
16:1w7 0.485+0.039 0.506+0.046 0.463 +0.039 0.295 +£0.026 0.304+£0.018
16:1w9 0.048 +0.006 0.054+0.004 0.033 = 0.002 0.014 +0.001
17:1w8 0.010 +0.001 0.031+0.003 0.025 = 0.003 0.008 +0.001

18:1w7 0.711 £0.035 0.880+0.081 0.720 + 0.051 0.560 + 0.052 0.594 £+ 0.055
18:1w9 0.356 = 0.037 0.446 +0.042 0.400 £ 0.028 0.308 £0.015 0.288 £0.019
18:2w6,9 0.149+0.014 0.162 +0.006 0.185+0.011 0.128 +£0.008 0.135+0.011
20:4w6,9,12,15 0.019 +0.001 0.045 0.005 0.020 + 0.001 0.067 £ 0.003 0.015 +0.001

A blank entry indicates values below the limit of detection

factors (Fig. 4a): for example, among the nutrients, Bio-P,
NH,*-N, NO; -N, and DOC were more important than TP,
TN, and TOC. For heavy metals, T1, V, Mo, and Ni were more
important than Zn, Cu, Cd, and Pb.

Discussion

Spatial variation of sedimentary physicochemical
properties

The hydrodynamic and sedimentary conditions play an impor-
tant role in the spatial distribution of bioavailable nutrients.
The dam markedly slows the water flow after full impound-
ment and increases the sedimentary residence time. Moreover,
the TGR is a long and narrow reservoir, and the length of its
permanent backwater zone exceeds 500 km along the Yangtze

@ Springer

River. As a result, the TGR forms a sedimentary environment
with a low flow velocity and a long flow path for fine-grained
particles (Fig. S1). Only the smaller particles have a longer
suspension time and can be transported farther downstream.
During the process of suspension and transmission, these
small particles are at a relatively shallow depth compared to
the large ones. In the shallow depths, better conditions (e.g.,
oxygen, light, and solute concentration) allow material ex-
change with water and/or aquatic organisms (e.g., denitrifica-
tion, sorption-desorption, and biological assimilation) before
the particles land on the riverbed and become sediments.
These processes are attributed to water’s self-purification
ability.

The characteristics of the water-level fluctuation (WLF)
zones are another important factor for the variation in sedi-
mentary physicochemical properties. The slopes of the WLF
zone become steep, and the WLF area decreases gradually
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Fig. 4 a Redundancy analysis (RDA) of the sediment PLFAs using en-
vironmental parameters as explanatory variables. dis-TGD the distance to
Three Gorges Dam. The significance of the relations between the ordina-
tion and explanatory variables is denoted as follow:*p < 0.05; **p < 0.01;

from upstream to the dam (Bao et al. 2015). For example, the
horizontally projected width of a typical slope is more than
100 m in the WLF zone of upstream, while that of a typical
slope is very small and even zero near the dam. The geograph-
ic landform of the upstream WLF zone is better for anthropo-
genic activities. Overall, there is better vegetation coverage
(wild grasses, small shrubs, and crops) in the upstream WLF
zones compared with downstream during the growing season
(i.e., the low-water period). As a result, more nutrients are
bioavailable in the upstream WLF zones than in the down-
stream zones. With wave erosion and storm events, the WLF
zones were eroded and contributed first to local sediments.
The above processes led to the observed decreasing trend in
the concentration of bioavailable sedimentary nutrients (DOC,
bioavailable P, NH4-N, and TN) from upstream to the dam.
The distribution of TOC and TP in the sediments showed a
homogeneous pattern compared with their bioavailable frac-
tions. In addition to the hydrodynamic and sedimentation con-
ditions, anthropogenic activities are a main factor for their dis-
tribution patterns. With an already high population density, the
Three Gorges Reservoir Region (TGRR) has to accommodate a
large number of relocated people who moved out of the TGR
disturbance zone (Tan and Yao 2006), leading to intensive an-
thropogenic activities (e.g., industrial and agricultural activities,
shipping, and the rapid expansion of towns and cities). This
growth accelerated production of industrial and residential
waste along the TGR. The stubborn fractions of these wastes
likely contributed to the TOC and TP in sediments. Combined
with the above analyses on the distribution pattern of bioavail-
able nutrition, the results also suggested that the TOC (or TP)

##%p < 0.001. b A partial RDA showed the proportion of the variance in
PLFAs composition explained by the nutrients (Nutr) and heavy metals
(HM)

contained a large number of non-bioavailable fractions.
Otherwise, their distribution should be similar to that of the
bioavailable nutrients. Meanwhile, the homogeneous pattern
implied that there was no large difference in anthropogenic
activity intensity for the deposition of TOC and TP among
the five areas. Moreover, another reason for the TP pattern is
that a karst landscape dominated downstream, where the solu-
ble P in water could be precipitated with Ca>* and Mg** to
contribute to the sedimentary TP (Wu et al. 2016).

The TGD reduces flow velocity, which consequently
weaken hydrodynamic force. As a result, the particle size in
suspended particulates decreased significantly since the full
impoundment (Yuan et al. 2013). Our data also displayed that
the particle size decreased significantly in the sediments to-
ward the TGD (Fig. S4). The high content of fine particles can
increase notably the heavy metals accumulation in the sedi-
ments and purify the water quality (Bing et al. 2016). The
spatial variation of heavy metal concentrations in the sedi-
ments also supported this viewpoint (Table 1). In the TGR,
the previous studies have showed that the heavy metal was
from both natural and anthropogenic sources. Some studies
pointed out that sources of heavy metals (e.g., Cd, Cu, Pb, Fe,
and Zn) were mineral weathering, agricultural non-point in-
puts, sewage discharge, riverine inputs, and atmospheric de-
position (Bing et al. 2016; Han et al. 2015). The Ni and V
were mainly generated by industrial and agricultural activities
(Zhu et al. 2015; Guo et al. 2016). For Mo, Ti, and T1, none of
the studies definitely reported their sources in the TGR.
Wherever these heavy metals come from, the fine particles
are a major carrier for transporting the heavy metals in the
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TGR (Bing et al. 2016; Han et al. 2015). The percentage of
fine particles increased toward the TGD (Fig. S4). As a result,
the heavy metals increased from upstream to downstream.

Microbial biomass in the sediments

Total microbial biomass can be measured by the summation of
all PLFAs (Findlay 1996; White et al. 1979; Xu et al. 2015),
which provides information on the viable portion of the micro-
bial community. In the TGR, total PLFAs markedly reduced
toward downstream. Some studies also found a similar trend
from upstream to downstream with the impact of acid rock
drainage (Ben-David et al. 2004) or a disused mine (Walton
and Johnson 1992), which showed that the larger microbial
biomass upstream was a result of optimal conditions for a
well-adapted microbial community that inhabited acidic and
metal-rich environments. However, the decreased microbial
biomass along the mainstream of the TGR is less likely to have
been caused by the above reason, which can be deduced from
the following two pieces of evidence. First, both the previous
study (Bing et al. 2016) and our results confirmed no significant
difference in the sedimentary pH among the study sites. The
relatively homogeneous pH could not be responsible for the
spatial variation trend in total PLFAs. The Pearson correlation
analysis also demonstrated no significant correlation between
pH and total PLFAs (Table 3). Second, all the heavy metals
increased from upstream to downstream. This finding implies
that heavy metal stress was one of the reasons for the decreased
microbial biomass. Previous studies have indicated that heavy
metals could reduce microbial biomass (Nwuche and Ugoji
2008; Wang et al. 2007). Akmal et al. (2005) believed that this
result may be attributed to additional energy costs to microor-
ganisms under heavy metals stress. Our results demonstrated a
significant relationship (from the Pearson correlation analysis
and RDA) between some of the heavy metals (i.e., T, V, Mo,
and Ni) and the total PLFAs (Table 3). In addition, two stress
ratios (cy17:0/16:1w7 and MUFA/SFA) were found to change
significantly. Therefore, heavy metals are an important factor
influencing microbial biomass in the TGR.

In addition to heavy metals, nutrients in sediments are an-
other more important reason for the spatial variation of micro-
bial biomass. According to partial RDA, the effect of nutrients

(C, N and P) emerged as a stronger explanatory variable for
the PLFA composition than heavy metals (Fig. 4b). On one
hand, nutrients are responsible for supporting microbial
growth. On the other hand, nutrients can provide energy for
microorganisms to resist or adapt to the heavy metals stress
(Akmal et al. 2005), but they also affect heavy metal toxicity
or regulate its bioavailability (Kenarova et al. 2014;
Ramakrishnan et al. 2011). In fact, our results also showed a
stronger correlation between sedimentary nutrients and total
PLFAs than between the heavy metals and total PLFAs
(Table 3; Fig. 4).

PLFA profiles, nutrients, and heavy metals

PLFA biomarkers are usually used to identify microbial taxa,
and PLFA profiles are affected by the metabolic state of mi-
croorganisms (Willers et al. 2015). Therefore, the PLFA tech-
nique has the advantage of providing comprehensive informa-
tion on the responses of the microbial composition and the
physiological state to the environmental gradients. The RDA
analysis allowed us to examine the patterns in the PLFA data
in terms of the measured environmental gradients. The envi-
ronmental variables measured in this study explained 78.6%
of the variability in the PLFAs. The significant trend of stress
indicators (cy17:0/16:1w7 and MUFA/SFA; Fig. 3) suggested
that the microorganisms were subjected to environmental
stresses (e.g., from nutrients and/or heavy metals).

pH, generally found to be the most important identifiable
factor controlling the microbial community, has been found to
drive the microbial PLFA composition in soil environments
(Djukic et al. 2010; Rousk et al. 2010). However, in this study,
the pH effect is not significant on the microbial PLFA com-
position (Fig. 4; Table 3). The reason for the absence of any
major role of pH could be the presence of a very narrow range
of pH (Singh et al. 2014). It is true that the sedimentary pH is
within a very narrow range in this study. However, to some
extent, the narrow range of pH is conducive to removing the
pH effect and reveals the relative contribution of other envi-
ronmental factors.

Not surprisingly, the available fractions of C, N, and P (i.e.,
DOC, NH,;*-N, NO; -N, and Bio-P) were more important en-
vironmental factors in the PLFA ordination than their total

Table 3 Pearson correlation
coefficients of total PLFA with v Tl

nutrient elements and heavy Total —0.42%  —0.62%%
metals from sediments (n = 30) PLFA
Pb TOC
Total -0.17 -0.23
PLFA

Mo Ni Fe Ti Zn Cu Cd
-042*% —041* -0.15 -0.02 -0.14 -0.16 -0.07
TN TP pH DOC NH,*N NO; -N  Bio-P
0.46%* 0.08 -0.10 0.42% 0.45% 0.37* 0.9 sk

*Correlation is significant at the 0.05 level (two-tailed); **correlation is significant at the 0.001 level (two-tailed);
##*correlation is significant at the 0.0001 level (two-tailed)
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amounts (i.e., TOC, TN, and TP) along the TGR (Fig. 4). DOC,
NH,4*-N, NO; -N, and Bio-P were more bioavailable and thus
induced more direct effects on microbial growth and reproduc-
tion than TOC, TN, and TP, which contained a large amount of
non-available fractions. This result highlighted that the frac-
tions analysis of the nutrient element could be more meaningful
in identifying the major nutrients influencing the microbial
community compared to the total amount of the nutritional
element. Interestingly, the RDA analysis revealed that the
Bio-P was the most influential factor among the nutritional
elements for the microbial PLFA composition. The decreasing
Bio-P might be a more important limiting factor for sedimen-
tary microorganisms downstream compared with upstream. A
recent study also showed that the P nutrition had a high impact
on bacterial community compositions in river sediments (Xie
et al. 2016). However, many studies paid great attention to the
effects of C fractions (or N fractions) on the microbial commu-
nity but neglected the P fractions in sediments and/or the soil
environment (Lu et al. 2016; Weise et al. 2016; Xu et al. 2015).
This led to difficulty identifying the relative contribution of C,
N, and P on the microbial community.

Similar to the above results of total PLFAs, the RDA anal-
ysis revealed that gradients of some heavy metals (e.g., T1, V,
Mo and Ni) played a much more important role than others (Zn,
Cu, Cd, and Pb) in controlling the distribution (and/or compo-
sition) pattern of sedimentary PLFAs (Fig. 4a). However, this
finding did not mean that these heavy metals have caused seri-
ous environmental pollution in the TGR or played a leading
role in the microbial ecology of sediments via their toxicity.
First, the pure effect of heavy metals accounted for much small-
er parts of the variability in PLFA assemblage composition than
the pure effect of nutrient elements (Fig. 4b). Second, according
to the Chinese environmental quality standards (GB 15618-
1995 and HJ 350-2007), the means of Zn, Cu, Cd, Pb, and Tl
concentrations belonged to the low (or no) contamination cat-
egories (but environmental quality standards are lacking for soil
(or sedimentary) V, Mo, and Ni in China). Third, the sediments
were alkaline, and the bioavailability of these metals would be
reduced (Bravo et al. 2017). Although Zn, Cu, Cd, and Pb have
received much more attention due to their pollution in many
regions (Mayer et al. 2001; Zhang et al. 2016a), our results
highlighted that Tl, V, Mo, and Ni should not be ignored in
the TGR. They also suggested that microorganisms were more
sensitive to these heavy metals in the TGR. Moreover, this
result was similar to Shotyk et al. (2017), who reported that
V, Mo, and Ni are more valuable tracers for environmental
monitoring and source assessment.

Conclusions

Hydrologic conditions and site-specific human activity nota-
bly affected the PLFAs and chemical properties in sediments

along the TGR’s mainstream. The changes in environmental
factors (e.g., nutrients and heavy metals) led to the decrease in
total PLFAs from the TGR upstream to downstream. As the
most influential factor on PLFA profiles, the decrease of Bio-P
suggested that P nutrition limited microbial growth and that
the eco-risk of P contamination may be low in sediments near
the TGD. The PLFA distribution was obviously controlled by
nutrients and heavy metals, but nutrients were more important.
Moreover, among nutrients, Bio-P, NH,4*-N, NO3 -N, and
DOC were more important than TP, TN, TOC, and pH in
controlling PLFA distribution. For heavy metals, T1, V, Mo,
and Ni were more important than Zn, Cu, Cd, and Pb. The
findings also suggested that T1, V, Mo, and Ni should not be
ignored to guard against their pollution in the TGR.
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