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Abstract: Research on bacterial abundance in water column and sediment of dammed rivers remain
poorly understood, despite their importance to biogeochemical processes, benthic ecology, and
bioremediation. The present study investigates the water and sediment bacteria by epifluorescence
microscopy in the reservoir (above the dam site), as well as in the downstream river stretches
(below-dam site) at the middle reach of Lancang River during the wet, the normal and the dry
seasons. The results demonstrated that the reservoir operating regime (water discharge variations)
and strong precipitation promoted significant differences in the conditions of the river below the dam,
especially for the concentration of dissolved oxygen, redox potential, electric conductivity, turbidity,
and total dissolved solids in water and concentration of microbial activity in sediment. The seasonal
variations were also key factors influencing water quality at the below-dam sampling sites. Nutrients
concentration did not induce a significant response in bacterial abundance when inorganic nutrients
were sufficient. Bacterial density in sediment was regulated by hydropower-related discharge, particle
size, and type of sediments, while bacterial abundances in water were strongly linked with the
physicochemical characteristics of the water, such as total dissolved solids and conductivity.

Keywords: bacterial abundance; physicochemical characteristics; hydroelectric dam; water and
sediment; seasonality

1. Introduction

As one of the most important components in an aquatic ecosystem, bacteria have been found
almost anywhere water exists, and its spatial and temporal distribution is closely tied to water quality
and possible presence of pathogens [1]. It is now established that bacterial abundances in both
freshwater and marine worldwide play a key role in elemental biogeochemical cycles. In addition to
their biogeochemical impacts, bacterial abundance may have significant ecological impacts upon in
situ bioremediation in both freshwater sediments and waters [2,3]. Therefore, bacterial abundance
has been widely studied in marine and limnetic waters. Investigations have suggested that bacterial
abundance increases with the trophic state of freshwater [4]. Weak but significant positive correlations
between bacterial numbers and both total nitrogen (TN) and total phosphorus (TP) have also been
reported elsewhere [5,6]. Studies of aquatic food webs have found bacterial abundance, chlorophyll a
(Chl a) concentrations, and temperature have been linked to both bacterial production and specific
growth rates [7–9], and hence bacterial abundance has also been shown to be a good predictor of
bacterial production in freshwater systems [10].
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Bacteria are 2–1000 times more abundant in sediment than in the overlying water column of
freshwater ecosystems [11], and thus bacteria in sediments have potential to influence the chemistry
of the overlying water through the reduction of nitrate, sulphate, and methane [12], the release
of phosphorus [13], and ammonium from sediments [13,14], as well as bacterial consumption of
hypolimnetic oxygen [15].

Our understanding of the interactions and relationship between bacterial abundance and nutrient
balance due to river damming is still limited [16]. Previous studies showed that the damming of rivers,
as one of the primary man-induced disturbances, can greatly alter river hydrology, reservoir storage
volume due to sedimentation [17], aquatic ecosystem upstream and downstream of the dam [18],
riverborne nutrient loads [19], and oxygen and thermal conditions [20]. All these factors dramatically
change the water–sediment exchanges and the proportions of bacteria in water and sediment of
dammed reservoir; for example, construction of dams in rivers may cause considerable reductions
in nutrient loads as a result of the removal of nitrogen and phosphorus in reservoir sediments [19].
However, the effect this may have on bacterial density and trophic conditions (measured as the
concentration of Chl a) is largely unknown.

The Upper Lancang–Mekong River, also called the Lancang River in China, is of great importance,
not only to Southwestern China, but also to the rest of Southeast Asia. In recent decades, the Lancang
River Basin has experienced an increase in anthropogenic disturbances, such as the construction
of hydropower stations. Changes in river continuum and the hydrological conditions due to dam
construction can alter biogeochemical nutrient distribution, resulting in water quality problems.
In consequence, it is crucial to know the amount of bacteria in the Lancang River, since bacteria not
only are favored as decomposers to decompose the high organic load of eutrophic river, but also
change inorganic nutrients and dissolved organic substrates into higher trophic levels via predation by
protozoan and metazoan plankton. In this study, we investigated the response of bacterial density (by
the direct-count method using a fluorescent dye and an epifluorescence microscope) to impoundments
by river damming. Furthermore, we have also analyzed the effects of hydropower-related discharge
on physicochemical characteristics and further on the bacterial abundance in present study. Important
ecological questions arose from the above-mentioned studies on the portion of freshwater bacteria
about the environmental factors inhibiting or limiting bacterial abundance: (1) How would the
bacterial abundance change in response to impoundments by river damming? Are changes in bacterial
abundance by river damming driven actually by the flow of nutrients, in particular TP and TN?
(2) Does hydropower-related discharge affect water quality and further to affect the bacterial density
of dammed reservoir and downstream river? Does it influence also stratification in the dammed
reservoir? (3) How important is temperature as a regulating factor for bacterial density under the
influence of dam-induced modifications?

2. Materials and Methods

2.1. Study Site and Sampling

This study was conducted on the upstream and downstream riverine zones of Gongguoqiao
hydroelectric dam (Figure 1). This hydroelectric dam is located in the middle reach of the Lancang
River with a height of 105 m, and is the first stage of the middle reach of Lancang mainstream cascade
development project. The reservoir area is 155,400 km2 with a backwater of 46 km, and the total
reservoir capacity is 3.6× 108 m3 with an annual average flow of 1010 m3/s (see Table S1 in Supplemental
Materials for more details).

In this study, four sampling sites were chosen to investigate the impact of impoundments due
to river damming on bacterial abundance and physiochemical characteristics of water and sediment.
Site 1 (S1) was located approximately 0.5 km upstream of the dam, site 2 (S2) was situated just
downstream of the dam, and site 3 (S3) and site 4 (S4) were situated approximately 7 km and 15 km
after S2, respectively. S4 was supposed to locate just upstream of the Xiaowan Reservoir (i.e., the
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second reservoir in the cascade dams). Surface water samples (20 cm—the most common depth for
bacterial sampling) [21,22] and surface sediment (10 cm) samples were collected in dry- (January),
normal- (May) and wet seasons (July), 2017 from S1 to S4 along the Lancang River, among which water
samples from the top, the middle, and the bottom of S1 were also taken for bacterial abundance, Chl
a, and water quality analysis to assess the influence of hydropower-related discharge on reservoir
stratification (see Table S2 in Supplemental Materials).
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On each sampling date, triplicate water samples were collected at each site in three sterile 500 mL
polythene bottles and stored at 4 ◦C in dark for nutrient analyses, Chl a, and bacterial abundance.
Sediment samples at S1 were collected in triplicate with a horizontal sediment sampler (inner diameter:
10.1 cm; tube length: 45 cm) at approximately 33.1 ± 12.67 m of water depth in the river main channel,
while clayey bank sediments at S2–S4 were collected in triplicate with a soil core sampler (inner
diameter: 38 mm; tube length: 50 cm). Sediment samples were then sealed in sterile plastic bags
and transported to the laboratory for bacterial activity (stored in dry ice), bacterial abundance (stored
at 4 ◦C in dark) and nutrient analyses (stored at 4 ◦C in dark). An multi-parameter water analysis
instrument (HORIBA-U52, HORIBA Corporation, Japan) was used to obtain data on temperature,
pH, electric conductivity (EC), dissolved oxygen (DO), turbidity, total dissolved solids (TDSs), and
oxygen reduction potential (ORP) on site. Water and sediment samples were immediately brought to
the laboratory and processed as described below.

2.2. Water Sample Processing

Each unfiltered water sample was used for analysis of TN and TP. TN was measured by converting
all nitrogen forms to nitrate by alkaline persulfate oxidation [23] and subsequent analysis of nitrate by
2,6-dimethylphenol method [24] using a spectrophotometer (UV-5500, Metash Corporation, Shanghai,
China). TP was determined by an ascorbic acid method after persulfate digestion [23] using a
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spectrophotometer (UV-5500, Metash Corporation, Shanghai, China). Chl a was centrifuged at 12,000×
g for 20 min at 4 ◦C, followed by acetone extraction [25]. The concentration of Chl a was estimated by
optical density measurement at 663, 645, and 630 nm using the SCOR–Unesco equation [26].

Total counts of bacteria in water were performed using acridine orange (AO) according to standard
protocols [27]. Briefly, the collected water samples were transferred into sterile test tubes and fixed
with 0.2 µm prefilterd formaldehyde to a final concentration of 1% (v/v). An appropriate amount of
water sample (1–5 mL) was filtered onto a black polycarbonate nuclepore filter with a pore size of
0.2 µm and a diameter of 25 mm and stained with the AO at a final concentration of 1 mg·mL−1. After
staining for 3 min, the water–AO solution was drawn through the filter by suction (125 mm of Hg) and
then rinsed with phosphate buffered saline (PBS, pH = 7.4) solution. Bacteria retained on the filters
were examined by an Olympus BX51 epifluorescence microscope (Olympus Corporation, Japan) at
a magnification of ×1000. On each filter, no fewer than 15 clear-edged cells in 20 randomly selected
fields were counted. Total abundance of bacteria was expressed as numbers of bacteria per milliliter of
the water sample.

2.3. Sediment Sample Processing

Five grams of wet sediment samples from all sites were dried at 105 ◦C until a constant weight
was obtained (approximately 4 h) to determine the sediment water content (WC) [28]. The sediments
were reweighed to obtain the oven-dried sediment weight. The dried samples were then placed in a
muffle furnace maintained at 550 ◦C for 5 h to estimate the organic matter (OM) content by the loss
on ignition (LOI) method [29]. The OM content was calculated by subtracting the weight of ignited
sediment from the weight of oven-dried sediment.

TN and TP in sediment samples were determined by the simultaneous digestion method using
potassium peroxodisulfate as an oxidizing reagent [30]. Briefly, 150 mg grinded sediment sample was
accurately weighed in a pre-combusted (103 ◦C, 3 h) corundum crucible and wetted with 100 µL 95%
ethanol. Two grams of NaOH were added into the above sample and then subsequently combusted
the sample at 720 ◦C for 15 min. After cooling, the crucible was washed with 100 mL of hot water
and filtered (0.45 µm). Seventy milliliters (pH = 6–7) and 30 mL (pH = 3) of the filtrates were
digested by the alkaline potassium persulfate solution [31] and then analyzed by a spectrophotometer
(UV-5500, Metash Corporation, Shanghai, China) for TP (mg·g−1 dry weight (DW)) and TN (mg·g−1

DW), respectively.
The total microbial activity of the sediment samples was measured by the fluorescein diacetate

(FDA) hydrolysis technique as described by Schnürer and Rosswall [32]. Briefly, FDA was dissolved in
acetone and stored as a stock solution (4.8 mM) at −20 ◦C. One gram of sediment sample was added
into a 150 mL flask filled with 10 mL sterilized PBS (pH = 7.4). 0.5 mL FDA stock was added to
start the reaction, and the mixture was incubated at 30 ◦C for 3 h in dark on a rotary shaker. Once
the sample was removed from the shaker, 25 mL of acetone (50%, v/v) was added immediately to
terminate the reaction. The mixture in the flask was shaken vigorously for 30 s and filtered through
a 0.45 µm membrane filter to obtain a clear liquid. The filtrates were then measured by a UV-5500
spectrophotometer at an absorbance of 490 nm and calculated using the calibration curve for the total
microbial activity (µg FDA·g−1 DW·h−1).

Additional 5 g of sediment samples from all sites were placed in 150 mL flasks, and treated with
45 mL 1% prefilted (0.2 µm) Tween-80 in PBS (pH = 7.4) for 20 min to detach bacteria from sediment
particles. The mixture was shaken vigorously for 5 min and was stayed on the benchtop for another
20 min to separate the solvent from the aqueous phase as described previously by Kepner and Pratt [33].
Approximately 0.2–1 mL of the supernatant was used to estimate the total counts of bacterial cells in
the 5 g sediment using the AO-epifluorescence technique as described previously [27].
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2.4. Statistical Analysis

The repeated measures analysis of variance (ANOVA) was used to analyze each measured
physicochemical parameter at different sites over three seasons, as well as the changes in water column
chemistry with the reservoir depth (top, middle, and bottom portions of the reservoir) among three seasons.
Prior to analyses, the variables were log(x+1)-transformed, centered, and standardized in order to fit the
assumption of homogeneity of variance. Significant differences were subsequently tested by post-hoc
comparison Tukey’s honestly significant difference (HSD) tests. Mean physicochemical characteristics
and bacterial abundance in water and sediment were compared with paired t-tests. Pearson correlation
was employed to compare all pairs of variables with statistical significance set at p < 0.05. Mean bacterial
abundance in sediment and water were compared with paired t-tests. Statistical analyses described
above were performed using the SPSS software (version 20.0) (IBM Corporation, Armonk, NY, USA).
Principal component analysis (PCA) in the Canoco software (version 4.5) (Biometris-Plant Research
International Wageningen, The Netherlands) program was carried out to ordinate relationships of all the
environmental variables at each site. PCA reduces the dimensionality of a large multivariate data set
to a smaller number of newly derived orthogonal variables called principal components (PCs) [34,35].
Qualitative data (e.g., geomorphic units) were denoted as dummy variables, whereas quantitative data
(e.g., temperature, EC, and turbidity) were log-transformed according to Merovich et al. [34]. The resulting
PCA loadings were plotted to evaluate physicochemical properties within and among sites. PCs with
eigenvalues of >1.5 were considered significant. Physicochemical characteristics of water and sediment
were considered significant components of a PC if their factor loadings had an absolute value of >0.5 as
suggested by Hair et al. [36]. The results of the PCA were visualized in the form of an ordination diagram
using the CanoDraw tool in Cacono [37,38].

3. Results

3.1. Environmental Variables and Nutrient Concentrations

3.1.1. Changes of General Environmental Parameters

Physical and chemical characteristics in surface water and sediment are shown in Tables 1 and 2,
respectively (See Tables S3 and S4 in Supplemental Materials for the raw data). The physicochemical
characteristics in both water and sediment exhibited significant spatial and temporal variation (see
Table 3). The temperature differed among the sampling times, with a maximum of 20.3 ◦C and a
minimum of 10.2 ◦C in the rainy and dry seasons, respectively. The water temperature in the dry season
(i.e., winter) was vertically homogeneous (only 2 ◦C difference between surface and bottom) (Figure 2a).
The same tendency was observed for the DO in the dry season. In normal and wet seasons, which
were characterized by low or intermediate water releases, stratified conditions were not observed in
these two seasons (Figure 2b,c). The water temperature below the dam tended to increase during
periods of higher water discharge, i.e., the rainy season (Table 1). Precipitation and hydropower-related
discharge in the wet season greatly affected physicochemical properties, such as concentration of DO,
ORP, EC, turbidity, and TDS in water and WC, OM content, and concentration of microbial activity
in sediments. The lowest turbidity (84.9 ± 14.4 nephelometric turbidity units (NTU)) occurred in
Gonguoqiao Reservoir (S1) in the dry season, and the highest concentration (10,300.0 ± 667.9 NTU)
took place at S4 in winter. There were also elevated and fluctuating turbidity during normal and wet
seasons, which were characterized by high discharge and strong precipitation.
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Table 1. Physical and chemical characteristics (mean ± standard deviation) in water upstream and downstream of Gongguoqiao hydroelectric dam.

Site Temperature
(◦C) pH DO

(mg·L−1)
ORP (mV) EC

(µS·cm−1)
Turbidity (NTU) Chl a

(µg·L−1)
TDS

(g·L−1)
TN

(mg·L−1)
TP

(mg·L−1)

Bacterial
Abundance (×106

Cell·mL−1)

Dry season

S1 10.9 ± 0.2 8.0 ± 0.2 15.9 ± 1.3 240.7 ± 5.8 48.6 ± 2.5 84.9 ± 14.4 2.2 1 0.3 ± 0.0 1.6 ± 0.1 0.02 ± 0.00 2.87 ± 0.01
S2 11.6 ± 1.2 8.0 ± 0.1 16.9 ± 2.9 207.0 ± 11.4 49.1 ± 1.2 85.5 ± 2.2 1.3 1 0.3 ± 0.0 1.5 ± 0.1 0.03 ± 0.01 0.28 ± 0.12
S3 10.2 ± 0.6 8.1 ± 0.0 14.2 ± 0.5 224.7 ± 2.5 51.1 ± 0.6 99.4 ± 9.5 1.4 1 0.3 ± 0.0 1.7± 0.0 0.03 ± 0.00 0.92 ± 0.01
S4 13.1 ± 0.1 8.2 ± 0.2 11.4 ± 1.4 197.3 ± 11.6 41.8 ± 0.2 10,300.0 ± 667.9 2.9 1 0.3 ± 0.0 1.5 ± 0.1 0.10 ± 0.02 0.47 ± 0.02

Normal season

S1 18.0 ± 0.5 7.6 ± 0.0 11.4 ± 1.4 284.7 ± 10.2 40.5 ± 0.2 158.7 ± 0.6 1.3 ± 0.1 0.3 ± 0.0 1.5 ± 0.3 0.03 ± 0.06 1.62 ± 0.93
S2 21.0 ± 0.1 7.4 ± 0.1 7.4 ± 0.6 267.7 ± 27.0 41.9 ± 0.1 170.3 ± 3.2 1.2 ± 0.0 0.3 ± 0.0 1.3 ± 0.3 0.14 ± 0.08 0.59 ± 0.19
S3 17.9 ± 0.8 7.3 ± 0.0 8.2 ± 0.4 262.3 ± 37.5 41.1 ± 0.3 197.3 ± 19.3 1.5 ± 0.1 0.3 ± 0.0 1.4 ± 0.1 0.16 ± 0.05 1.74 ± 0.31
S4 17.4 ± 0.6 7.2 ± 0.1 8.5 ± 0.2 309.3 ± 8.1 40.8 ± 0.2 185.3 ± 1.5 1.3 ± 0.0 0.3 ± 0.0 1.5 ± 0.2 0.85 ± 0.13 0.76 ± 0.29

Wet season

S1 19.1 ± 0.5 6.5 ± 0.0 4.0 ± 0.1 360.0 ± 0.0 32.1 ± 0.3 625.7 ± 149.6 3.3 ± 0.3 0.2 ± 0.0 0.4 ± 0.1 0.10 ± 0.02 0.05 ± 0.01
S2 20.3 ± 2.1 7.5 ± 0.1 4.1 ± 0.4 289.0 ± 6.6 32.5 ± 0.4 1715.0 ± 17.3 1.4 ± 0.1 0.2 ± 0.0 0.3 ± 0.0 0.10 ± 0.08 0.22 ± 0.07
S3 20.0 ± 1.9 7.7 ± 0.0 5.4 ± 0.2 286.0 ± 0.0 31.8 ± 0.8 1826.7 ± 86.7 1.2 ± 0.0 0.2 ± 0.0 0.4 ± 0.2 0.06 ± 0.01 0.24 ± 0.01
S4 19.2 ± 0.6 6.4 ± 0.0 3.3 ± 0.1 347.3 ± 1.5 31.1 ± 0.3 1815.6 ± 10.2 1.3 ± 0.0 0.2 ± 0.0 0.3 ± 0.1 0.24 ± 0.01 0.26 ± 0.07

1 Only one sample was measured.
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Table 2. Physical and chemical characteristics (mean ± standard deviation) in sediment upstream and downstream of Gongguoqiao hydroelectric dam.

Site WC (%) OM (%) TN (mg·g−1 DW) TP (mg·g−1 DW)
Microbial Activity

(µg FDA g−1 DW h−1)
Bacterial Abundance
(×107 cell·g−1 DW)

Dry season

S1 50.8 ± 4.0 2.7 ± 3.5 5.4 ± 0.3 4.3 ± 1.2 2.5 ± 0.0 5.94 ± 0.42
S2 79.4 ± 4.6 0.8 ± 0.2 4.8 ± 0.2 2.5 ± 0.1 2.0 ± 0.1 1.40 ± 0.04
S3 69.0 ± 3.6 1.4 ± 0.3 5.0 ± 0.2 2.5 ± 0.1 1.6 ± 0.3 3.16 ± 0.78
S4 65.8 ± 0.4 3.6 ± 2.0 5.7 ± 0.1 3.9 ± 0.1 3.8 ± 0.9 8.30 ± 1.780

Normal season

S1 55.2 ± 8.7 13.0 ± 2.1 4.3 ± 0.1 5.77 ± 0.6 1.7 ± 0.2 8.24 ± 1.00
S2 79.2 ± 6.8 2.6 ± 0.5 3.5 ± 0.1 3.8 ± 0.3 0.3 ± 0.0 1.91 ± 0.31
S3 64.9 ± 5.2 4.9 ± 0.6 4.2 ± 0.2 5.9 ± 0.3 0.8 ± 0.3 7.31 ± 0.68
S4 68.0 ± 3.8 2.6 ± 0.0 4.5 ± 0.4 8.2 ± 0.0 0.6 ± 0.1 6.33 ± 3.43

Wet season

S1 56.1 ± 4.0 2.2 ± 0.2 2.4 ± 3.0 0.9 ± 0.0 0.6 ± 0.1 1.76 ± 0.34
S2 79.8 ± 0.9 1.2 ± 0.1 1.7 ± 1.4 0.5 ± 0.0 0.8 ± 0.3 1.82 ± 0.1
S3 76.8 ± 0.1 0.8 ± 0.0 5.2 ± 0.0 0.9± 0.2 0.6 ± 0.2 1.61 ± 0.95
S4 66.9 ± 0.2 1.5 ± 0.4 4.1 ± 0.5 1.2 ± 0.2 0.6 ± 0.2 2.77 ± 0.41
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Table 3. Effects of site (S1, S2, S3, and S4) and sampling season (dry, normal, and wet) on the physicochemical characteristics of water and sediment by means of
repeated measures ANOVA. NS: no significant effect at p = 0.05.

Water Sediment

Site (S) Sampling Season
(Ss) S × Ss Site (S) Sampling Season

(Ss) S × Ss

F p F p F p F p F p F p

Temperature (◦C) 5.55 0.007 NS 10.25 <0.01 4.36 0.043 WC (%) 96.03 <0.01 12.12 <0.01 2.38 0.110 NS

pH 2.66 0.154 NS 137.81 <0.01 110.38 0.011 OM (%) 68.92 <0.01 59.24 <0.01 29.99 <0.01
DO (mg·L−1) 20.59 <0.01 96.55 <0.01 16.56 <0.01 TN (mg·g−1 DW) 12.91 <0.01 7.74 0.022 8.43 0.002

ORP (mV) 15.36 <0.01 178.22 <0.01 7.06 <0.01 TP (mg·g−1 DW) 36.73 <0.01 477.05 <0.01 14.44 <0.01

EC (µS·cm−1) 39.67 <0.01 550.78 <0.01 24.67 <0.01 Microbial activity
(µg FDA·g−1 DW·h−1) 68.05 <0.01 168.52 <0.01 35.62 <0.01

Turbidity (NTU) 675.66 <0.01 494.93 <0.01 657.13 <0.01 Bacterial abundance
(×107 cell·g−1 DW) 26.12 <0.01 44.64 <0.01 7.99 <0.01

Chl a (µg·L−1) 233.17 <0.01 170.16 <0.01 196.04 <0.01
TDS (g·L−1) 129.27 <0.01 1962.18 <0.01 83.94 <0.01
TN (mg·L−1) 1.60 <0.01 307.07 <0.01 0.57 <0.01
TP (mg·L−1) 84.01 <0.01 85.88 <0.01 28.84 <0.01

Bacterial
abundance (×106

cell·mL−1)
21.55 <0.01 90.72 <0.01 14.07 <0.01
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Percentages of OM measured in sediment varied significantly (p < 0.05) from S1 to S4 over three
seasons. Because of enhanced precipitation and discharged occurring in normal and wet seasons,
significantly lower microbial activities were recorded than in the dry season.

3.1.2. Changes of TN Concentrations

For the seasonal sampling periods, there was a significant difference for TN (Table 3). The TN
content of surface water at all sampling sites was 3.6 to 6 times greater in the dry season compared with
that in the wet season. Low values in the rainy season are directly related to the influence of strong
precipitation. In the reservoir (i.e., S1) (see Table S5 in Supplemental Materials), the TN concentrations
in different depths differed significantly within the water column in three seasons (p < 0.05, Table S6 in
Supplemental Materials). There was also a significant difference between TN measured in water and
sediment (p < 0.05).

3.1.3. Changes of TP Concentrations

In water, TP exhibited significant spatial and temporal differences (Table 3). Higher concentrations
of TP were observed in the dry and normal seasons. In the winter, concentrations of TP decreased
significantly with depth in the reservoir (S1) (see Table S6 in Supplemental Materials). However, TP
concentrations measured in water column were increased gradually in normal and wet seasons at S1
with water depth (Table S5 in Supplemental Materials).

3.2. Bacterial Abundance and Algae Biomass

3.2.1. Bacterial Abundances of Water and Sediments

Bacterial abundance in surface water differed significantly from that in sediment (paired t-test,
p < 0.01), being highest in the wet season, followed by those in normal and dry seasons. Compared
to those in water, bacterial counts in sediment were 5–377 times higher (p < 0.01) (Table 2). In water,
the bacterial abundance differed significantly between sites (p < 0.01) in the dry season. The largest
differences were between S1 and those downstream of this location (Figure 3a). In all three seasons,
the lowest bacterial abundance values in water down the stream were found immediately below the
Gongguoqiao Reservoir (S2). Further downstream, the bacterial abundance was at or higher than
the levels of recorded upstream in normal and rainy seasons. The highest bacterial density in water,
nearly twofold to tenfold higher than the other values, was found in the reservoir in the dry season.
Similarly, there were significant differences in the bacterial abundance in sediment according to the
location (p < 0.01) in the dry season. The lowest bacterial abundance was recorded from samples taken
immediately below the reservoir (Figure 3b). Beyond this point, bacterial abundance increased.

When bacterial abundance in the reservoir was examined as a function of water depth, no depth
dependency was found (Figure 3c): in normal and wet seasons, the highest value was obtained at the
middle layer, whereas in the dry season, the highest value was observed at the top layer.

That is, bacterial counts were consistently low in water and sediment during the rainy season.
Searching for other site-based differences in bacterial abundance data (e.g., season sampled) yielded a
significant determinant (Table 3). These results were reinforced by PCA (Figure 4). Score plots of PCA
showed the water and sediment samples were clustered according to seasonal changes, whereas each
of the sampling sites (S1–S4) was not well separated from the others.
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3.2.2. Algae biomass (Chl a)

Chl a in water was generally less than 2 µg/L, with concentrations rising in the reservoir generally
to 2.2–3.3 µg/L during dry and wet seasons and decreasing in the downstream (Table 1). These observed
treads are corroborated by the analysis of variance, which found a significant (p < 0.01) main effect for
distance, with S1 having higher algae biomass than downstream sites during dry and wet seasons.
At S1, the difference between surface and bottom algae biomass reached more than 5 µg/L in the wet
season (see Table S5 in Supplemental Materials). The deeper water above the dam, however, did not
seem to influence the algae biomass along the water column in the normal season (p > 0.05).

3.3. Relations Between Bacterial Abundance and Environmental Parameters

Correlations between environmental parameters and bacterial abundances in sediment and water
were tested by Pearson’s correlation analyses (Figure 5). Specifically, the results indicated that the
bacterial density in the water was positively correlated with conductivity (r = 0.59, p < 0.01) and
TDSs (r = 0.62, p < 0.01). The positive correlations for TDS, EC, and bacterial abundance were further
demonstrated by the PCA plots (Figure 4a). In contrast, the bacterial density in sediment showed a
significant positive correlation with OM content (r = 0.67, p < 0.05), suggesting the OM may have
been the dominant carbon source for bacteria in sediment. Bacterial abundance showed no significant
relationship with algae biomass in water, with microbial activity in sediment, and with TP and TN
in both water and sediment samples. Compared with the use of PCA, it reduced the environmental
variables to 3 PCs that explain 82.7% of the variance of the original data set. Temperature, DO, TN,
EC, and TDSs explained 16.5% (PC 2) of the total variation, while PC 3 (TP) accounted for 9.5% of the
total variance. Directions of the DO, bacterial abundance, pH, TDSs, EC, and TN vectors indicated
a more close correlation between dry-season samples and those variables. Similarly, for sediment
samples, the dry-season samples, with a positive score along PC 2, were positioned on the top of the
score plot, while the normal-season samples, with a positive score along PC 1, were well separated
from dry-season and wet-season samples that showed a negative score, as indicated in Figure 4b. PC
1 (47%), including bacterial abundance, OM, and TP, and PC 2 (21.1%), including microbial activity
and TN, accounted for 68% of the total variance. More specifically, dry-season samples exhibited a
higher concentration of TN and microbial activities. Normal-season samples were associated with OM
content and TP, while wet-season samples were more closely associated with the sediment WC.
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4. Discussion

Our results showed that bacterial abundances in both water and sediment of dammed river had
a strong spatio-temporal dynamic. Physico-chemical differences between seasons, such as EC, TN,
TP, and DO, were related to water release and precipitations. There was a large seasonal variation in
bacterial abundance in the Gongguoqiao hydroelectric dam, which likely affected a broad array of
physiological and geochemical estuarine processes. Bacterial density reduced significantly in the wet
season. Relative to dry and normal seasons, seasonal precipitation and significant physical dilution
of surface water due to river runoff would be the major cause for seasonal variations in bacterial
abundance. One possible explanation for a lower bacterial density in the wet season was that the
sewage treatment plant and agriculture land were far away from the dam reservoir, which was likely to
provide an effective means to remove microbial pollutants before they reach the reservoir. In this case,
the dilution effect due to rainfall became much more significant as seen in previous studies [39,40].
Bacterial density reduction potential in the normal season and wet season may be greatly enhanced
by discharging water into reservoir and downstream of the dam in the form of heavy rainfall runoff

rather than as a lower continuous flow. Moreover, higher densities of protozoan and metazoan grazer
in the rainy season can decrease bacterial abundance through increasing bacterial mortality by direct
grazing [41] and through decreasing nutrient concentration by consumption [42]. However, this
finding contradicts the results of previous studies in the South Nation River Basin in Eastern Ontario,
Canada [43] and in the Göta Älv River, Sweden [44], which reported that additional loading from
non-point-source runoff, as well as from river bottom resuspension, were responsible for the increase
in indicator bacteria densities and pathogen detection after rainfall.

In addition to the temporal variations in the bacterial density of Gongguoqiao hydroelectric dam,
spatial distribution of the bacterial density was also explored in this study. The results suggested that
the lowest bacterial abundance during the wet season was found in the reservoir (i.e., S1). Whereas the
lowest bacterial abundance was found at S2 in normal and dry seasons. Similarly, significantly lower
indicator bacterial counts downstream of reservoirs have been previously reported by Gannon et al. [45].
They found that the low flow velocities and residence times within reservoirs were significant causes of
bacterial die-off and bacterial sedimentation. Moreover, the abundance and distribution of suspended
particles can offer clues to this phenomenon. Often, bacteria that are attached to suspended particles
consist of a significant proportion of the total bacteria in aquatic environments [46]. In normal and dry
seasons, flow reduction below the dam and the accumulation and sedimentation of bacteria associated
with particles in the reservoir [47] reduced the bacterial abundance significantly at S2. In dry and
normal seasons, a large volume of sediment was trapped behind the dam. However, in wet seasons,
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this sediment was released into downstream, which caused the spiking of suspended particles and
subsequently increased the bacterial abundance as observed at S2.

In contrast, the bacterial abundance in sediments was always lowest at the site immediately below
the dam (i.e., S2). We speculate that this may have been due to the particle size. Sediments at S2,
which consistently supported the lowest concentration of bacterial cells, had a much coarse particle
size distributions. These results were consistent with studies performed on another hydroelectric
dam called Manwan in the Lancang River [23,48]. Both Liu et al. [48] and Zhao et al. [23] found that
sand and micro-sand fractions become the major fraction in the sediments downstream of Manwan
Dam, and the mean sizes of downstream sediments are obviously higher than the upstream. Under
the influence of a dam, fine suspended particles are captured and accumulated from the floodplain,
while coarse sediments become dominant due to the erosion of the downstream channel [24,26,49].
Previous work showed that particle size has a negative impact on microbial biomass density [50,51],
and thus, an increased sediment particle size below the dam resulting from fast flowing water may
allow few bacteria to attach to sediment particles, which decreases the density of bacterial cells in
sediments at S2. Decamp and Warren [52] and Davies and Bavor [53] found that fine-texture sediments
provide protection for bacteria from predators. Another reason for the higher density of bacterial cell in
sediments with predominantly fine particles could be participation of bacteria in biofilm formation [54].
Garzio-Hadzick et al. [54] demonstrated that clay particles are shown to be conductive for the formation
of biofilms in sediments.

During the analysis of the data, we were initially surprised to find that bacterial abundances
were not associated with nutrients concentrations, such as TN and TP. It was known that bacterial
abundance might be affected by OM, phosphorus, and nitrogen [5,6]. Retention in reservoirs can
greatly reduce the delivery of N and P to downstream areas [16,55], influencing regional nutrient
limitation patterns. However, in this case, the expansion of farmland, fertilizer use, and wastewater
effluent from populated villages nearby delivered relatively more TP and TN to the downstream of the
reservoir than natural sources, and thus bacterial abundance may be more limited by other factors
when nutrients are abundant in water. Bacterial abundances in water were positively linked with the
physicochemical characteristics of the water, such as TDSs and EC. These factors have been described
previously to drive the formation of densely packed microbial cell communities termed biofilms [56].
He et al. [56] observed cations in solutions can promote the formation of surface biofilms by regulating
protein expression and polysaccharide synthesis in extracellular polymeric substance produced by
bacterial cells, resulting in higher total bacterial counts. Therefore, higher TDSs and EC would facilitate
the growth of biofilm on the surface of suspended particles, leading to an increase in bacterial counts
in water. This trend was in accordance with the findings in the Neuse River Estuary, North Carolina by
Fries et al. [57], who reported that concentrations of Escherichia coli are strongly correlated with salinity
(r = 0.72, p < 0.01). However, differently, a negative relationship between EC and bacterial density
was observed by He et al. [58]. They reported that high levels of conductivity in the surface water
stream of the San Diego region in Southern California provide high salt concentration which inhibit
bacterial growth or even damage microorganisms. We acknowledge, however, that the data set may
not be large enough or provide a wide enough span of conductivity values for the influence of some of
the measured characteristics to be detected. For sediment samples, bacterial density in sediment was
closely linked to OM. River sediment acts as a reservoir for bacteria [59–61], and primary production
of heterotrophic bacteria tend to be limited by P concentrations and/or high N:P ratios [62]. However,
P pools are accumulated and recycled in surface sediments due to P domestic inputs from direct
wastewater release, so that sediments in reservoir and downstream of the dam are not expected to
display P-limited conditions. Alternatively, slow-release and polymeric nutrients which are contained
in higher OM sediments could retard cell die-off as reported in other studies [54].

To examine the relative contributions of bacterial abundance in sediment to the bacterial density
in water, bacterial abundances in the top, middle, and bottom layers of the water column at the
reservoir (i.e., S1) were also measured. Bacterial abundance was found to be likely affected by water
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temperature in the dry season. Gurung and Urabe [42] attributed a positive correlation between
bacterial biomass and temperature to the bacteria growth rate when resources such as phosphorus
are sufficient. Quinn et al. [63] also pointed out that the inhibited bacterial activities and growth rate
in cold, deep layers may result in the decrease in bacterial biomass. Conversely, as precipitation and
riverine discharge increased during the normal season and wet season, there were higher turbidity
and a decrease in water residence time, allowing for the buildup of bacterial cells in the middle layer of
S1. Clearly, hydropower-related discharge often occurred in the middle layer of water column, the
increased bacterial abundance at this layer was also likely supported by an increase in flood-induced
turbidity [64] since a large amount of particulate nutrients and sediments originated from heavy
rainfall runoff could affect bacterial abundance in the water column [65].

The difference of bacterial abundance between surface water and sediment was highest in the wet
season, followed by those in the normal season and dry season. As our sampling in the rainy season
occurring after a significant high flow event, high flow velocity [66], together with the significant
physical dilution of surface water, due to river runoff most likely, caused a drop of mixing and may
explain the significant difference between bacterial biomass in sediment and surface water. A significant
difference in bacterial abundance between overlying water and sediment in the reservoir was noticed
in the normal season and wet season. It has been reported that alternating high and low oxygen
waters would induce significant water–sediment fluxes of dissolved phosphorus [57] and possibly
promote bacteria persistence or proliferation under hypoxic conditions. While as mentioned above,
hydropower-related discharge at the Gongguoqiao hydroelectric dam often occurred in the middle
layer of the water column, the high sediment concentrations at the middle layer, instead of those at the
bottom layer, were likely to have provided the source of these cells.

5. Conclusions

This study assessed the abundance of bacteria, physicochemical characteristics, algae biomass
of water and sediment, and their interactions in the presence of hydroelectric dam. The following
conclusions are drawn:

(1). The presence of dam greatly modified important habitat conditions such as DO, EC, and turbidity
in water, as well as WC, TN, and TP in sediment.

(2). Although the retention of P and N in the reservoir led to the nutrient reduction in the downstream
of Lancang River, bacterial density continued to grow as anthropogenic sources delivered more
nutrients to the downstream river than natural sources.

(3). The effects of hydropower discharge and strong precipitation would be major causes for seasonal
variations in bacterial abundance and physicochemical characteristics. Water discharge variations
and the enhanced precipitation in the wet season also promoted significant differences in the
conditions of the river below the dam, such as the concentration of DO, ORP, EC, turbidity, and
TDSs in water and concentrations of microbial activity in sediment.

(4). Bacterial abundance was highest in the reservoir during the dry season and decreased during
normal and wet seasons. Physicochemical characteristics of the water, such as TDSs and EC,
explained a greater proportion of the variations in bacterial abundance in water. In contrast,
bacterial density in sediment was related with hydropower-related discharge, particle size, and
type of sediments.

(5). Flow release did influence the stratification in the dammed reservoir so that stratified conditions
were not observed in normal and wet seasons. Higher turbidity and a decrease in water residence
time during normal and wet seasons resulted in the buildup of bacterial cells in the middle layer
of the reservoir, whereas during the dry season, bacterial density in the reservoir was affected by
water temperature.

Our study provides baseline information for predicting regional-scale responses to anthropogenic
changes. It also highlights the ecological importance of bacterial density for the proper assessment
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of microbial pollution of the overlying water and the management of the trophic state of freshwater.
However, this study only focused on the general changes of bacterial abundance and physicochemical
characteristics in sediment and water, and a major aspect missing in this study is information on the
bacterial community structure, function of bacterial assemblages, and their potential responses to dam
construction. Future work is necessary in order to determine what fraction of the microbial community
is active in the water column and sediment from season to season, and to elucidate the links between
environmental factors and microbial community in the presence of hydroelectric dam.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/16/11/2031/s1,
Table S1: Physical and chemical characteristics and ANOVA (F and p) at different depths in Gongguoqiao Reservoir.

Author Contributions: conceptualization, X.L. and K.F.; methodology, X.L. and X.X.; validation, K.F., X.L., and
X.X; formal analysis, X.X.; investigation, X.X., G.H., X.S., and P.W.; data curation, X.L. and X.X.; writing of
original draft preparation, X.L.; writing of review and editing, X.L.; visualization, K.F.; supervision, K.F.; funding
acquisition, X.L. and K.F.

Funding: Please add: This research was funded by the National Natural Science Foundation of China (grant
numbers: 41561144012, 41571032, and 41807472).

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Tamaki, H.; Sekiguchi, Y.; Hanada, S.; Nakamura, K.; Nomura, N.; Matsumura, M.; Kamagata, Y. Comparative
analysis of bacterial diversity in freshwater sediment of a shallow eutrophic lake by molecular and improved
cultivation—Based techniques. Appl. Environ. Microbiol. 2005, 71, 2162–2169. [CrossRef] [PubMed]

2. Fabiano, M.; Marrale, D.; Misic, C. Bacteria and organic matter dynamics during a bioremediation treatment
of organic—Rich harbour sediments. Mar. Pollut. Bull. 2003, 46, 1164–1173. [CrossRef]

3. Schmidt, J.L.; Deming, J.W.; Jumars, P.A.; Keil, R.G. Constancy of bacterial abundance in surficial marine
sediments. Limnol. Oceanogr. 1998, 43, 976–982. [CrossRef]

4. Bird, D.F.; Kalff, J. Empirical relationships between bacterial abundance and chlorophyll concentration in
fresh and marine waters. Can. J. Fish Aquat. Sci. 1984, 41, 1015–1023. [CrossRef]

5. Vrede, K.; Heldal, M.; Norland, S.; Bratbak, G. Elemental composition (C, N, P) and cell volume of
exponentially growing and nutrient-limited bacterioplankton. Appl. Environ. Microbiol. 2002, 68, 2965–2971.
[CrossRef]

6. Steger, K.; Premke, K.; Gudasz, C.; Sundh, I.; Tranvik, L.J. Microbial biomass and community composition in
boreal lake sediments. Limnol. Oceanogr. 2011, 56, 725–733. [CrossRef]

7. Shiah, F.K.; Ducklow, H.W. Temperature Regulation of Heterotrophic Bacterioplankton Abundance,
Production, and Specific Growth Rate in Chesapeake Bay. Limnol. Oceanogr. 1994, 39, 1243–1258.

8. Apple, J.K.; del Giorgi, P.A.; Kemp, W.M. Temperature regulation of bacterial production, respiration, and
growth efficiency in a temperate salt-marsh estuary. Aquat. Microb. Ecol. 2006, 43, 243–254. [CrossRef]

9. Raymond, P.A.; Bauer, J.E. Bacterial consumption of DOC during transport through a temperate estuary.
Aquat. Microb. Ecol. 2000, 22, 1–12. [CrossRef]

10. White, P.A.; Kalff, J.; Rasmussen, J.B.; Gasol, J.M. The effect of temperature and algal biomass on bacterial
production and specific growth rate in freshwater and marine habitats. Microb. Ecol. 1991, 21, 99–118.
[CrossRef]

11. Sander, B.C.; Kalff, J. Factors controlling bacterial production in marine and freshwater sediments. Microb. Ecol.
1993, 26, 79–99. [CrossRef] [PubMed]

12. Timmers, P.H.A.; Suarez-Zuluaga, D.A.; van Rossem, M.; Diender, M.; Stams, A.J.M.; Plugge, C.M. Anaerobic
oxidation of methane associated with sulfate reduction in a natural freshwater gas source. ISME J. 2016, 10,
1400–1412. [CrossRef] [PubMed]

13. Goldhammer, T.; Bruchert, V.; Ferdelman, T.G.; Zabel, M. Microbial sequestration of phosphorus in anoxic
upwelling sediments. Nat. Geosci. 2010, 3, 557–561. [CrossRef]

http://www.mdpi.com/1660-4601/16/11/2031/s1
http://dx.doi.org/10.1128/AEM.71.4.2162-2169.2005
http://www.ncbi.nlm.nih.gov/pubmed/15812052
http://dx.doi.org/10.1016/S0025-326X(03)00166-8
http://dx.doi.org/10.4319/lo.1998.43.5.0976
http://dx.doi.org/10.1139/f84-118
http://dx.doi.org/10.1128/AEM.68.6.2965-2971.2002
http://dx.doi.org/10.4319/lo.2011.56.2.0725
http://dx.doi.org/10.3354/ame043243
http://dx.doi.org/10.3354/ame022001
http://dx.doi.org/10.1007/BF02539147
http://dx.doi.org/10.1007/BF00177045
http://www.ncbi.nlm.nih.gov/pubmed/24190006
http://dx.doi.org/10.1038/ismej.2015.213
http://www.ncbi.nlm.nih.gov/pubmed/26636551
http://dx.doi.org/10.1038/ngeo913


Int. J. Environ. Res. Public Health 2019, 16, 2031 17 of 19

14. Sinkko, H.; Lukkari, K.; Sihvonen, L.M.; Sivonen, K.; Leivuori, M.; Rantanen, M.; Paulin, L.; Lyra, C.
Bacteria contribute to sediment nutrient release and reflect progressed eutrophication-driven hypoxia in an
organic-rich continental sea. PLoS ONE 2013, 8, e67061. [CrossRef] [PubMed]

15. Mueller, B.; Bryant, L.D.; Matzinger, A.; Wueest, A. Hypolimnetic oxygen depletion in eutrophic lakes.
Environ. Sci. Technol. 2012, 46, 9964–9971. [CrossRef] [PubMed]

16. Maavara, T.; Parsons, C.T.; Ridenour, C.; Stojanovic, S.; Duerr, H.H.; Powley, H.R.; Van Cappellen, P. Global
phosphorus retention by river damming. Proc. Natl. Acad. Sci. USA 2015, 112, 15603–15608. [CrossRef]
[PubMed]

17. Schleiss, A.J.; Franca, M.J.; Juez, C.; De Cesare, G. Reservoir sedimentation. J. Hydraul. Res. 2016, 54, 595–614.
[CrossRef]

18. Helland-Hansen, E.; Holtedahl, T.; Lye, K.A.; Helland-Hansen, E.; Holtedahl, T.; Ka, L. Dictionary Geotechnical
Engineering/wörterbuch Geotechnik; Springer Berlin Heidelberg: Berlin, Germany, 1995.

19. Humborg, C.; Ittekkot, V.; Cociasu, A.; VonBodungen, B. Effect of Danube River dam on Black Sea
biogeochemistry and ecosystem structure. Nature 1997, 386, 385–388. [CrossRef]

20. Friedl, G.; Wuest, A. Disrupting biogeochemical cycles-Consequences of damming. Aquatic Sci. 2002, 64,
55–65. [CrossRef]

21. Sainz-Hernandez, J.C.; Maeda-Martinez, A.N. Sources of Vibrio bacteria in mollusc hatcheries and control
methods: a case study. Aquac. Res. 2005, 36, 1611–1618. [CrossRef]

22. Hijnen, W.A.M.; Schijven, J.F.; Bonne, P.; Visser, A.; Medema, G.J. Elimination of viruses, bacteria and
protozoan oocysts by slow sand filtration. Water Sci. Technol. 2004, 50, 147–154. [CrossRef] [PubMed]

23. Zhao, C.; Dong, S.K.; Liu, S.L.; Isange, S.; Li, J.P.; Liu, Q.; Wang, C. Spatial distribution and environmental
risk of major elements in surface sediments associated Manwan Dam in Lancang River, China. Eurasian J.
Soil Sci. 2015, 4, 22. [CrossRef]

24. Heath, S.K.; Plater, A.J. Records of pan (floodplain wetland) sedimentation as an approach for post-hoc
investigation of the hydrological impacts of dam impoundment: The Pongolo river, KwaZulu-Natal.
Water Res. 2010, 44, 4226–4240. [CrossRef] [PubMed]

25. Oyama, Y.; Matsushita, B.; Fukushima, T. Distinguishing surface cyanobacterial blooms and aquatic
macrophytes using Landsat/TM and ETM+ shortwave infrared bands. Remote Sens. Environ. 2015, 157, 35–47.
[CrossRef]

26. Luo, X.X.; Yang, S.L.; Zhang, J. The impact of the Three Gorges Dam on the downstream distribution and
texture of sediments along the middle and lower Yangtze River (Changjiang) and its estuary, and subsequent
sediment dispersal in the East China Sea. Geomorphology 2012, 179, 126–140. [CrossRef]

27. Francisco, D.E.; Mah, R.A.; Rabin, A.C. Acridine orange-epifluorescence technique for counting bacteria in
natural waters. Trans. Am. Microsc. Soc. 1973, 92, 416–421. [CrossRef] [PubMed]

28. Wakelin, S.A.; Colloff, M.J.; Kookana, R.S. Effect of wastewater treatment plant effluent on microbial function
and community structure in the sediment of a freshwater stream with variable seasonal flow. Appl. Environ.
Microbiol. 2008, 74, 2659–2668. [CrossRef] [PubMed]

29. Heiri, O.; Lotter, A.F.; Lemcke, G. Loss on ignition as a method for estimating organic and carbonate content
in sediments: reproducibility and comparability of results. J. Paleolimnol 2001, 25, 101–110. [CrossRef]

30. Zhang, Z.J.; Li, D.L. Joint Determination of Total Nitrogen and Total Phosphor in Sludge Samples. J. Jiangsu
Polytech. Univ. 2006, 18, 37.

31. Ebina, J.; Tsutsui, T.; Shirai, T. Simultaneous determination of total nitrogen and total phosphorus in water
using peroxodisulfate oxidation. Water Res. 1983, 17, 1721–1726. [CrossRef]

32. Schnurer, J.; Rosswall, T. Fluorescein diacetate hydrolysis as a measure of total microbial activity in soil and
litter. Appl. Environ. Microbiol. 1982, 43, 1256–1261. [PubMed]

33. Kepner, R.L.; Pratt, J.R. Use of fluorochromes for direct enumeration of total bacteria in environmental
samples: Past and present. Microbiol. Rev. 1994, 58, 603–615. [PubMed]

34. Merovich, G.T.; Stiles, J.M.; Petty, J.T.; Ziemkiewicz, P.F.; Fulton, J.B. Water chemistry-based classification of
streams and implications for restoring mined Appalachian watersheds. Environ. Toxicol. Chem. 2007, 26,
1361–1369. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0067061
http://www.ncbi.nlm.nih.gov/pubmed/23825619
http://dx.doi.org/10.1021/es301422r
http://www.ncbi.nlm.nih.gov/pubmed/22871037
http://dx.doi.org/10.1073/pnas.1511797112
http://www.ncbi.nlm.nih.gov/pubmed/26644553
http://dx.doi.org/10.1080/00221686.2016.1225320
http://dx.doi.org/10.1038/386385a0
http://dx.doi.org/10.1007/s00027-002-8054-0
http://dx.doi.org/10.1111/j.1365-2109.2005.01386.x
http://dx.doi.org/10.2166/wst.2004.0044
http://www.ncbi.nlm.nih.gov/pubmed/15318501
http://dx.doi.org/10.18393/ejss.37849
http://dx.doi.org/10.1016/j.watres.2010.05.026
http://www.ncbi.nlm.nih.gov/pubmed/20561667
http://dx.doi.org/10.1016/j.rse.2014.04.031
http://dx.doi.org/10.1016/j.geomorph.2012.05.034
http://dx.doi.org/10.2307/3225245
http://www.ncbi.nlm.nih.gov/pubmed/4581469
http://dx.doi.org/10.1128/AEM.02348-07
http://www.ncbi.nlm.nih.gov/pubmed/18344343
http://dx.doi.org/10.1023/A:1008119611481
http://dx.doi.org/10.1016/0043-1354(83)90192-6
http://www.ncbi.nlm.nih.gov/pubmed/16346026
http://www.ncbi.nlm.nih.gov/pubmed/7854248
http://dx.doi.org/10.1897/06-424R.1
http://www.ncbi.nlm.nih.gov/pubmed/17665675


Int. J. Environ. Res. Public Health 2019, 16, 2031 18 of 19

35. Raiber, M.; White, P.A.; Daughney, C.J.; Tschritter, C.; Davidson, P.; Bainbridge, S.E. Three-dimensional
geological modelling and multivariate statistical analysis of water chemistry data to analyse and visualise
aquifer structure and groundwater composition in the Wairau Plain, Marlborough District, New Zealand.
J. Hydrol. 2012, 436-437, 13–34. [CrossRef]

36. Hair Joseph, F.; Anderson Rolph, E.; Tatham Ronald, L.; Black William, C. Multivariate Data Analysis with
Readings; Macmillan Publishing Company: London, UK, 1994.

37. Remeš, J.; Bílek, L.; Novák, J.; Vacek, Z.; Vacek, S.; Putalová, T.; Koubek, L. Diameter increment of beech
in relation to social position of trees, climate characteristics and thinning intensity. J. Forest Sci. 2015, 61,
456–464. [CrossRef]

38. Kollaus, K.A.; Bonner, T.H. Habitat associations of a semi-arid fish community in a karst spring-fed stream.
J. Arid. Environ. 2012, 76, 72–79. [CrossRef]

39. Peruzzo, P.J.; Porta, A.A.; Ronco, A.E. Levels of glyphosate in surface waters, sediments and soils associated
with direct sowing soybean cultivation in north pampasic region of Argentina. Environ. Pollut. 2008, 156,
61–66. [CrossRef]

40. Whitehead, P.G.; Wilby, R.L.; Battarbee, R.W.; Kernan, M.; Wade, A.J. A review of the potential impacts of
climate change on surface water quality. Hydrol. Sci. J. 2009, 54, 101–123. [CrossRef]

41. Gurung, T.B.; Kagami, M.; Yoshida, T.; Urabe, J. Relative importance of biotic and abiotic factors affecting
bacterial abundance in Lake Biwa: An empirical analysis. Limnology 2001, 2, 19–28. [CrossRef]

42. Gurung, T.B.; Urabe, J. Temporal and vertical difference in factors limiting growth rate of heterotrophic
bacteria in Lake Biwa. Microb. Ecol. 1999, 38, 136–145. [CrossRef]

43. Wilkes, G.; Edge, T.; Gannon, V.; Jokinen, C.; Lyautey, E.; Medeiros, D.; Neumann, N.; Ruecker, N.; Topp, E.;
Lapen, D.R. Seasonal relationships among indicator bacteria, pathogenic bacteria, Cryptosporidium oocysts,
Giardia cysts, and hydrological indices for surface waters within an agricultural landscape. Water Res. 2009,
43, 2209–2223. [CrossRef] [PubMed]

44. Tornevi, A.; Bergstedt, O.; Forsberg, B. Precipitation Effects on Microbial Pollution in a River: Lag Structures
and Seasonal Effect Modification. PLoS ONE 2014, 9, e98546. [CrossRef] [PubMed]

45. Gannon, V.P.J.; Duke, G.D.; Thomas, J.E.; VanLeeuwen, J.; Byrne, J.; Johnson, D.; Kienzle, S.W.; Little, J.;
Graham, T.; Selinger, B. Use of in-stream reservoirs to reduce bacterial contamination of rural watersheds.
Sci. Total Environ. 2005, 348, 19–31. [CrossRef] [PubMed]

46. Jamieson, R.C.; Joy, D.M.; Lee, H.; Kostaschuk, R.; Gordon, R.J. Resuspension of sediment-associated
Escherichia coli in a natural stream. J. Environ. Qual. 2005, 34, 581–589. [CrossRef] [PubMed]

47. Buesing, N.; Gessner, M.O. Comparison of detachment procedures for direct counts of bacteria associated
with sediment particles, plant litter and epiphytic biofilms. Aquat. Microb. Ecol. 2002, 27, 29–36. [CrossRef]

48. Liu, Q.; Liu, S.; Zhao, H.; Deng, L.; Wang, C.; Zhao, Q.; Dong, S. Longitudinal Variability of Phosphorus
Fractions in Sediments of a Canyon Reservoir Due to Cascade Dam Construction: A Case Study in Lancang
River, China. PLoS ONE 2013, 8, e83329. [CrossRef] [PubMed]

49. Juez, C.; Hassan, M.A.; Franca, M.J. The Origin of Fine Sediment Determines the Observations of Suspended
Sediment Fluxes Under Unsteady Flow Conditions. Water Resour. Res. 2018, 54, 5654–5669. [CrossRef]

50. Musslewhite, C.L.; McInerney, M.J.; Dong, H.L.; Onstott, T.C.; Green-Blum, M.; Swift, D.; Macnaughton, S.;
White, D.C.; Murray, C.; Chien, Y.J. The factors controlling microbial distribution and activity in the shallow
subsurface. Geomicrobiol. J. 2003, 20, 245–261. [CrossRef]

51. Russo, S.A.; Hunn, J.; Characklis, G.W. Considering Bacteria-Sediment Associations in Microbial Fate and
Transport Modeling. J. Environ. Eng. ASCE 2011, 137, 697–706. [CrossRef]

52. Decamp, O.; Warren, A. Investigation of Escherichia coli removal in various designs of subsurface flow
wetlands used for wastewater treatment. Ecol. Eng. 2000, 14, 293–299. [CrossRef]

53. Davies, C.M.; Bavor, H.J. The fate of stormwater—Associated bacteria in constructed wetland and water
pollution control pond systems. J. Appl. Microbiol. 2000, 89, 349–360. [CrossRef] [PubMed]

54. Garzio-Hadzick, A.; Shelton, D.R.; Hill, R.L.; Pachepsky, Y.A.; Guber, A.K.; Rowland, R. Survival of
manure-borne E. coli in streambed sediment: Effects of temperature and sediment properties. Water Res.
2010, 44, 2753–2762. [CrossRef] [PubMed]

55. Teodoru, C.; Wehrli, B. Retention of sediments and nutrients in the Iron Gate I Reservoir on the Danube
River. Biogeochemistry 2005, 76, 539–565. [CrossRef]

http://dx.doi.org/10.1016/j.jhydrol.2012.01.045
http://dx.doi.org/10.17221/75/2015-JFS
http://dx.doi.org/10.1016/j.jaridenv.2011.08.013
http://dx.doi.org/10.1016/j.envpol.2008.01.015
http://dx.doi.org/10.1623/hysj.54.1.101
http://dx.doi.org/10.1007/s102010170012
http://dx.doi.org/10.1007/s002489900167
http://dx.doi.org/10.1016/j.watres.2009.01.033
http://www.ncbi.nlm.nih.gov/pubmed/19339033
http://dx.doi.org/10.1371/journal.pone.0098546
http://www.ncbi.nlm.nih.gov/pubmed/24874010
http://dx.doi.org/10.1016/j.scitotenv.2004.12.076
http://www.ncbi.nlm.nih.gov/pubmed/16162311
http://dx.doi.org/10.2134/jeq2005.0581
http://www.ncbi.nlm.nih.gov/pubmed/15758111
http://dx.doi.org/10.3354/ame027029
http://dx.doi.org/10.1371/journal.pone.0083329
http://www.ncbi.nlm.nih.gov/pubmed/24386180
http://dx.doi.org/10.1029/2018WR022982
http://dx.doi.org/10.1080/01490450303877
http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000363
http://dx.doi.org/10.1016/S0925-8574(99)00007-5
http://dx.doi.org/10.1046/j.1365-2672.2000.01118.x
http://www.ncbi.nlm.nih.gov/pubmed/10971769
http://dx.doi.org/10.1016/j.watres.2010.02.011
http://www.ncbi.nlm.nih.gov/pubmed/20219232
http://dx.doi.org/10.1007/s10533-005-0230-6


Int. J. Environ. Res. Public Health 2019, 16, 2031 19 of 19

56. He, X.; Wang, J.; Abdoli, L.; Li, H. Mg2+/Ca2+ promotes the adhesion of marine bacteria and algae and
enhances following biofilm formation in artificial seawater. Colloids Surf. B Biointerfaces 2016, 146, 289–295.
[CrossRef] [PubMed]

57. Fries, J.S.; Characklis, G.W.; Noble, R.T. Sediment-water exchange of Vibrio sp. and fecal indicator bacteria:
Implications for persistence and transport in the Neuse River Estuary, North Carolina, USA. Water Res. 2008,
42, 941–950. [CrossRef] [PubMed]

58. He, L.-M.; Lu, J.; Shi, W. Variability of fecal indicator bacteria in flowing and ponded waters in southern
California: Implications for bacterial TMDL development and implementation. Water Res. 2007, 41,
3132–3140. [CrossRef] [PubMed]

59. Droppo, I.G.; Liss, S.N.; Williams, D.; Nelson, T.; Jaskot, C.; Trapp, B. Dynamic existence of waterborne
pathogens within river sediment compartments. Implications for water quality regulatory affairs.
Environ. Sci. Technol. 2009, 43, 1737–1743. [CrossRef] [PubMed]

60. Maintinguer, S.I.; Sakamoto, I.K.; Adorno, M.A.T.; Varesche, M.B.A. Diversity of anaerobic bacteria in
sediments from a subtropical reservoir. Lakes Reserv. Res. Manag. 2016, 21, 351–361. [CrossRef]

61. Staley, C.; Gould, T.J.; Wang, P.; Phillips, J.; Cotner, J.B.; Sadowsky, M.J. Sediments and Soils Act as Reservoirs
for Taxonomic and Functional Bacterial Diversity in the Upper Mississippi River. Microb. Ecol. 2016, 71,
814–824. [CrossRef]

62. Manini, E.; Luna, G.M.; Danovaro, R. Benthic bacterial response to variable estuarine water inputs.
FEMS Microbiol. Ecol. 2004, 50, 185–194. [CrossRef]

63. Quinn, C.J.; North, R.L.; Dillon, P.J. Year-round patterns in bacterial production and biomass in Lake
Simcoe, Ontario, Canada: are heterotrophic bacteria a significant contributor to low hypolimnetic oxygen?
Inland Waters 2013, 3, 235–252. [CrossRef]

64. Chung, S.W.; Hipsey, M.R.; Imberger, J. Modelling the propagation of turbid density inflows into a stratified
lake: Daecheong Reservoir, Korea. Environ. Model. Software 2009, 24, 1467–1482. [CrossRef]

65. Zeng, K.; Huang, T.-L.; Ma, W.-X.; Zhou, Z.-Z.; Li, Y. Water—quality responses of the intrusion of high-turbidity
runoff to the thermal stratified Jin-pen Reservoir during flood season. China Environ. Sci. 2015, 35, 2778–2786.

66. Irvine, K.N.; Pettibone, G.W. Resuspension of sediment-associated Escherichia coli in a natural stream.
Environ. Technol. 1993, 14, 531–542. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.colsurfb.2016.06.029
http://www.ncbi.nlm.nih.gov/pubmed/27362920
http://dx.doi.org/10.1016/j.watres.2007.09.006
http://www.ncbi.nlm.nih.gov/pubmed/17945328
http://dx.doi.org/10.1016/j.watres.2007.04.014
http://www.ncbi.nlm.nih.gov/pubmed/17543369
http://dx.doi.org/10.1021/es802321w
http://www.ncbi.nlm.nih.gov/pubmed/19368165
http://dx.doi.org/10.1111/lre.12156
http://dx.doi.org/10.1007/s00248-016-0729-5
http://dx.doi.org/10.1016/j.femsec.2004.06.011
http://dx.doi.org/10.5268/IW-3.2.536
http://dx.doi.org/10.1016/j.envsoft.2009.05.016
http://dx.doi.org/10.1080/09593339309385322
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Site and Sampling 
	Water Sample Processing 
	Sediment Sample Processing 
	Statistical Analysis 

	Results 
	Environmental Variables and Nutrient Concentrations 
	Changes of General Environmental Parameters 
	Changes of TN Concentrations 
	Changes of TP Concentrations 

	Bacterial Abundance and Algae Biomass 
	Bacterial Abundances of Water and Sediments 
	Algae biomass (Chl a) 

	Relations Between Bacterial Abundance and Environmental Parameters 

	Discussion 
	Conclusions 
	References

