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Abstract The spatiotemporal distribution of microbial diver-
sity, community composition, and their major drivers are fun-
damental issues in microbial ecology. In this study, the plank-
tonic bacterial and microeukaryotic communities of the Jiu-
long River were investigated across both wet and dry seasons
by using denaturing gradient gel electrophoresis (DGGE). We
found evidence of temporal change between wet and dry sea-
sons and distinct spatial patterns of bacterial and
microeukaryotic communities. Both bacterial and
microeukaryotic communities were strongly correlated with
temperature, NH4-N, PO4-P, and chlorophyll a, and these en-
vironmental factors were significant but incomplete predictors
of microbial community composition. Local environmental
factors combined with spatial and temporal factors strongly
controlled both bacterial and microeukaryotic communities in
complex ways, whereas the direct influence of spatial and
temporal factors appeared to be relatively small. Path analysis
revealed that the microeukaryotic community played key roles
in shaping bacterial community composition, perhaps through
grazing effec t s and mul t ip le in te rac t ions . Both
Betaproteobacteria and Actinobacteria were the most

dominant and diverse taxa in bacterial communities, while
the microeukaryotic communities were dominated by
Ciliophora (zooplankton) and Chlorophyta (phytoplankton).
Our results demonstrated that both bacterial and
microeukaryotic communities along the Jiulong River
displayed a distinct spatiotemporal pattern; however,
microeukaryotic communities exhibited a stronger distance-
decay relationship than bacterial communities and their spatial
patterns were mostly driven by local environmental variables
rather than season or spatial processes of the river. Therefore,
we have provided baseline data to support further research on
river microbial food webs and integrating different microbial
groups into river models.
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Introduction

It is both ecologically and economically important to investi-
gate the mechanisms that regulate the community composition
and geographical distribution of microbes in freshwater eco-
systems. This is because these microorganisms constitute the
major part of Earth’s biomass and play an indispensable role
in biogeochemical cycles and ecosystem functions (Fuhrman
2009; Newton and McMahon 2011; Freimann et al. 2013; Liu
et al. 2013). Planktonic microorganisms exhibit complex re-
sponses to environmental disturbances and stresses that are
manifested through variation at both the population and com-
munity levels (Beier et al. 2008; Fuhrman 2009; Yang et al.
2012; Chen et al. 2013). The composition of planktonic bac-
terial and microeukaryotic communities can be highly vari-
able across running water systems since the spatiotemporal
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dynamics in microbial community composition are often re-
lated to changes in the environmental parameters (Hullar et al.
2006; Stomp et al. 2011; Portillo et al. 2012; Liu et al. 2013;
Read et al. 2015). Certain development activities, including
agriculture, industry, and urbanization, are often important
drivers of changes in environmental conditions of lotic eco-
systems (Chen and Hong 2012; Staley et al. 2014), and the
functions and community dynamics of plankton ecosystem
(e.g., nutrient recycling, organic matter content) can strongly
influence water quality (Fuhrman 2009; Hanson et al. 2012).
Indeed, a wide range of toxins and algae blooms triggered by
plankton community changes can negatively affect the munic-
ipal water supply (Yang et al. 2012; Pantelić et al. 2013).
Therefore, the plankton community is generally thought to
be a good indicator of ecosystem status and water quality, as
ecosystem variations are reflected in relatively quick changes
in plankton community composition (Bianchi et al. 2003;
Crump et al. 2007; Yang et al. 2012; Liu et al. 2013; Staley
et al. 2014).

Research to date attempting to illustrate the geographical
patterns and mechanisms involved in shaping natural
metacommunities have largely focused on macroorganisms
while comparatively less work has been conducted on micro-
organisms (Nekola andWhite 1999; Lear et al. 2013; Liu et al.
2015; Read et al. 2015). Further, relatively few studies have
quanti f ied spat ial pat terns of both bacter ial and
microeukaryotic communities at the same time (Liu et al.
2011; Soininen et al. 2011, 2013), although biogeographical
patterns of specific taxonomic groups, such as diatoms, have
been studied in more detail (Astorga et al. 2012; Goldenberg
et al. 2014). The effects of geographical factors and microbial
properties including body size, trophic position, and the rate
and extent of disturbance are considered to mainly determine
the composition and diversity of macroorganism communities
and need further investigation in microbial communities
(Green and Bohannan 2006; de Bie et al. 2012; Hanson
et al. 2012). Further, most published molecular studies on
the diversity and community composition of microorganisms
have been performed in lentic water; however, the environ-
mental conditions of rivers or streams (lotic systems) are more
complex and dynamic, and it is difficult to obtain integrated
samples (Crump and Hobbie 2005; Liu et al. 2013; Read et al.
2015). Human settlements extend mainly along the rivers,
which might result in intensive human impacts on river eco-
systems. Furthermore, the connectivity of lotic systems has
been shown to be important in affecting dispersal of aquatic
microbial species (Read et al. 2015). Therefore, the biogeo-
graphical patterns of lotic microbial communities can be quite
different from that of lentic ecosystem.

The Jiulong River, which is the second longest river in
Fujian province in southeastern China, drains an area of ap-
proximately 14,700 km2 and is composed of two major tribu-
taries (the North River and West River) and many small

tributaries (Liu et al. 2011). The river is used for a wide range
of agricultural, industrial, transportation, and recreational pur-
poses and is an important drinking-water source used bymany
cities along its length. With rapid economic development in
the Jiulong River Watershed in the past 30 years, it has been
impacted by a variety of anthropogenic disturbances which
contribute nutrients, chemicals, pharmaceuticals, and patho-
genic bacteria (Liu et al. 2011; Zhang et al. 2012; Hu et al.
2014). In particular, the upstream city of Longyan is the main
livestock-breeding area of Fujian Province, leading to a lot of
nutrients and pharmaceuticals entering into the river (Liu et al.
2011; Zhang et al. 2012). The Jiulong River Watershed is
ideally suited for us to study the spatiotemporal dynamics of
plankton community at large scale. The dispersal capacity of
river microbial communities makes them suitable for investi-
gating how different communities are constrained by dispersal
and how alternating wet and dry seasons affect dispersal.

Two domains of microbial life (Bacteria and Eukarya) were
studied through denaturing gradient gel electrophoresis
(DGGE) and clone sequencing to investigate spatiotemporal
changes of both bacterial and microeukaryotic communities
and to assess the main drivers of the trends we observed. The
two groups have fundamentally different characteristics (e.g.,
cell size) and ecological roles (Liu et al. 2013). Although it has
been partly superseded by more recently developed ap-
proaches, the DGGE method remains a rapid and cost-
effective approach to provide intuitive information on com-
munity composition changes for the analysis of a large num-
ber of samples (Yu et al. 2015). First, we examined whether
temporal change or distance decay drives compositional dis-
similarity. Next, we sought to examine the relationships be-
tween environmental factors and the microbial community
composition.We further used variance partitioning to evaluate
which spatial, temporal, or environmental factors were most
associated with the variation in the composition of microbial
communities. We also attempted to address the interactions of
bacterial and microeukaryotic communities in response to
spatiotemporal changes in the environment. Finally, we used
clone sequencing to identify the dominant planktonic bacterial
and microeukaryotic species in the Jiulong River.

Materials and methods

Study area and field sampling

Water samples were collected in both July 2012 and January
2013 (representing the wet and dry seasons, respectively)
from 16 sites along the Jiulong River. Seventy-five percent
of the annual precipitation occurs from April to November
in this area (Chen et al. 2008). The sample locations and codes
are presented in Fig. 1. Study sites were chosen to span the
entire watershed and to capture unaffected communities as
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well as possible changes influenced by major urban and agri-
cultural inputs and variations at river channel confluences.
The latitude and longitude for the studied sites were deter-
mined by a portable global positioning system (GPS Jisibao
G330, Bejing, China). For planktonic bacterial and
microeukaryotic community analyses, surface water samples
(<0.5 m depth) were pre-filtered through a 200-μm mesh in
order to remove larger metazoan and debris, and then 300–
500 ml water was subsequently filtered on a 0.2-μm-pore-
size, 47-mm-diameter polycarbonate membrane (Millipore,
Billerica, MA, USA). The membranes were immediately fro-
zen at −20 °C in the field and subsequently stored at −80 °C in
the laboratory until DNA extraction.

Physicochemical analyses

The analysis of water temperature, dissolved oxygen (DO),
electrical conductivity (EC), salinity, pH, ORP, chlorophyll a
(Chl-a), and turbidity was carried out in situ using a multipa-
rameter water-quality analyzer (Hydrolab DS5, Hach Compa-
ny, Loveland, CO, USA). The current velocity was measured
with a flowtracker (SonTek, FlowTracker Handheld-ADV®
YSI, San Diego, CA, USA). Suspended solids concentrations
were gravimetrically measured by filtering water samples of
100 ml through pre-weighed 0.45-μm-pore-size filters; these
filters were reweighed again after evaporation at 105 °C. A
TOC/TN-VCPH analyzer (Shimadzu, Kyoto, Japan) was
employed to determine the concentrations of total nitrogen
(TN), total organic carbon (TOC), and total carbon (TC). A

spectrophotometric method was used to measure total phos-
phorus (TP) after digestion. The concentrations of ammonium
nitrogen (NH4-N), nitrite and nitrate nitrogen (NOx-N), and
phosphate phosphorus (PO4-P) were determined with a
Lachat QC8500 Flow Injection Autoanalyzer (Lachat Instru-
ments, Hach Company, Loveland, CO, USA). All physico-
chemical analyses were measured according to methods used
in our previous work (Yang et al. 2012; Liu et al. 2013).

DNA extraction and PCR amplification

Total DNA was obtained directly from cells trapped in the
filters using the methods described in Liu et al. (2013). The
bacterial 16S rRNA genes were amplified with primers 341F-
GC (5′-CGC CCG CCG CGC CCC GCG CCC GTC CCG
CCG CCC CCG CCC GCC TAC GGG AGG CAG CAG-3′)
and 907R (5′-CCG TCAATTCMTTTGAGTTT−3′), which
are specific for most bacteria (Schäfer and Muyzer 2001). For
the microeukaryotic species, PCR primer pair Euk1A (5′-CTG
GTT GAT CCT GCC AG-3′) and Euk516R-GC (5′-ACC
AGA CTT GCC CTC CCG CCC GGG GCG CGC CCC
GGG CGG GGC GGG GGC ACG GGG GG−3′) were used
for amplification of 18S rRNA genes (Díez et al. 2001). The
PCR reaction mixture (50 μl) contained 100 ng template
DNA, 1 μl (0.25 pmol each) of primer set, 4 μl (2.5 mM each)
of deoxyribonucleotide triphosphate mixture (Takara Bio Inc.,
Otsu, Shiga, Japan), 5 μl (20 mM MgCl2) of Ex Taq buffer,
and 0.5 μl (1.25 U) of Ex Taq DNA polymerase (Takara Bio
Inc., Otsu, Shiga, Japan). PCR conditions for bacterial

Fig. 1 Distribution of the 16
sampling sites in the Jiulong
River Watershed
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communities were set as follows: initial denaturation for 5 min
at 94 °C; followed by 30 cycles of 30 s at 94 °C, annealing for
30 s at 52 °C, and elongation for 1 min at 72 °C; a final
elongation step for 10 min at 72 °C was performed. Similar
cycle parameters and reaction composition were used for
microeukaryotic species for 30 cycles (30 s at 94 °C, anneal-
ing for 30 s at 50 °C, and elongation for 1 min at 72 °C). The
1% agarose gels were used to check the size of PCR products.
The PCR products were then used for subsequent DGGE
analysis.

Denaturing gradient gel electrophoresis

DGGE analysis was performed with a DCode system (Bio-
Rad, Hercules, CA, USA). The gradient of denaturants in-
creased from 30 to 60 % for 16S rRNA genes and from 20
to 50 % for 18S rRNA genes in a 6 % (w/v) polyacrylamide
gel, respectively. The DGGE gel was pre-run at 60 °C and
200 V for 10 min, and then electrophoresis was run at 60 °C
and 100 V for 16 h. The gel was rinsed in distilled water after
SYBRGreen I nucleic acid staining, and then inspected with a
Gel Doc EQ imager (Bio-Rad, Hercules, CA, USA). A sterile
scalpel was used to recover the DGGE bands for cloning and
sequencing.

Sequencing and phylogenetic analysis

The recovered bands were washed twice by 1 × PCR buffer,
suspended in 50 μl of Tris-EDTA buffer and deposited at 4 °C
overnight. Two milliliters DNA supernatant was used as tem-
plate in a PCR re-amplification with non-GC-clamped origi-
nal primers. The product was gel-checked and purified with an
Agarose Gel DNA Purification Kit Ver. 2.0 (Takara Bio Inc.,
Otsu, Shiga, Japan). Each purified product was sequenced,
respectively. DNA fragments were individually cloned into
T-vector pMD18-T (Takara Bio Inc., Otsu, Shiga, Japan)
and transformed into the competent Escherichia coli DH5α
cells (Takara Bio Inc., Otsu, Shiga, Japan) following the pro-
cedures of Liu et al. (2011). Successfully inserted plasmids
were unidirectionally sequenced using an ABI3730 automat-
ed sequencer (Applied Biosystems, Foster City, CA, USA).
Sequences of 16S rRNA and 18S rRNA genes were checked
and manually modified with BioEdit software version 7.0.4.1
(IBIS Biosciences, Carlsbad, CA, USA) (Hall 1999), and then
compared with bacterial and eukaryotic sequences recorded in
the GenBank using BLASTN to obtain the closest relatives
(Liu et al. 2011).

Data analyses

The band profiles generated by DGGE were normalized and
compared using the Quantity One 4.4.0 software (Bio-Rad,
Hercules, CA, USA). A binary matrix was constructed based

on band absence (0) and presence (1) patterns. This matrix
was used for further statistical analysis and a Jaccard dissim-
ilarity matrix was calculated (Wang et al. 2015). To investigate
the possible differences in microbial communities between the
wet and dry seasons, we used nonmetric multidimensional
scaling ordination (NMDS) (Clarke and Gorley 2001). Fur-
ther, we used an analysis of similarity (ANOSIM) to statisti-
cally test for significant difference in microbial communities
between wet and dry seasons. R = 0 suggests no separation,
whereas R = 1 indicates complete separation. Both NMDS and
ANOSIM were performed using PRIMER 5.0 (Clarke and
Gorley 2001).

Prior to analysis, all variables for statistical tests were
ln(x + 1) transformed to improve their homoscedasticity and
normality with the exception of pH (Legendre and Legendre
1998). The environmental distance matrix was calculated
based on Euclidean distance using PRIMER 5.0. We then
used Mantel tests to determine the correlation between geo-
graphical distance matrix and community dissimilarity or en-
vironmental distance matrices. We used a one-way ANOVA
with Scheffe’s post hoc test to test statistically whether there
was significant difference in both biological and physico-
chemical parameters betweenwet and dry seasons using SPSS
19.0 (SPSS Inc., Crawfordville, FL, USA). The longest gra-
dient lengths of detrended correspondence analysis (DCA) on
the bacterial and microeukaryotic communities data sets were
2.32 and 2.31, respectively, thereby indicating that redundan-
cy analysis (RDA) was suitable to determine environmental
factors which were significantly related to both communities
(Lepš and Šmilauer 2003). RDAs with forward manual selec-
tion procedure and Monte Carlo tests (P < 0.05) were then
conducted on the species data against environmental vari-
ables, respectively, to select predictors in each group that ex-
plained significant proportions of the variance in community
composition data (Lepš and Šmilauer 2003). A set of spatial
eigenvectors were derived though PCNM (principal coordi-
nates of neighbor matrices) analysis based on the geographical
distances using the R package Vegan (Borcard and Legendre
2002; Oksanen et al. 2013). A qualitative matrix composed of
the binary data set provided a representation of the wet and dry
seasons. The relative importance of the environmental, spatial,
and temporal factors and their co-variations for explaining
changes in community composition was distinguished using
variation partitioning. DCA, RDA, and variation partitioning
were performed using the CANOCO 4.5 software package.
Path analysis with structural equation modeling further ex-
plored the specific effects of the environmental, spatial, and
temporal factors on microbial community composition. The
RV coefficient was used to determine the multivariate corre-
lation between standardized data matrices with the
FactoMineR package in R (Robert and Escoufier 1976). The
chi-square test was performed to assess the adequacy between
the original correlation matrix and the overall causal model, in
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which a high P value indicates that the data fit the model well.
Both Bentler comparative fit index (CFI) and the goodness-of-
fit index (GFI) were used to test how well the model fitted the
data (Schermelleh-Engel et al. 2003). We used the AMOS
17.0 (SPSS Inc., Crawfordville, FL, USA) to calculate indi-
vidual path coefficients which indicate the strength of the
statistical relationships among variables and to evaluate the
fit of the final path model.

Accession number

The 16S and 18S ribosomal RNA gene sequences from this
study were deposited in the GenBank. Their accession num-
bers and closest known matches in GenBank are summarized
in Table S2 and Table S3.

Results

Spatial and temporal variations in environmental
parameters

The 19 environmental variables from both wet and dry sea-
sons are summarized in Table S1. We detected the highest
concentrations of TP, TN, PO4-P, and NH4-N in the Longyan
City region (sites 1, 2, and 3), indicating the nutrient dis-
charges from livestock and poultry breeding in the upstream
regions. In general, electrical conductivity, salinity, and nutri-
ent concentrations of TC, TOC NH4-N, TP, and TN were
lower in the wet season than those of the dry season
(Table S1). However, there were no significant differences in
the NOx-N and PO4-P concentrations between wet and dry
seasons. Water temperature in the wet season was higher than
in the dry season. The highest chlorophyll a concentration
occurred in the wet season at site 16 located downstream of
Zhangzhou City. In general, however, the chlorophyll a con-
centration in the wet season was lower than in the dry season
except for sites 6 and 16. According to Mantel tests, the cor-
relation coefficient between geographical distance and envi-
ronmental distance was 0.193 (P = 0.026) in dry season, while
no significant correlation was found in wet season (r = 0.121,
P = 0.089).

Spatial and temporal variations in microbial communities

Clear seasonal patterns of microbial communities were iden-
tified by the DGGE profiles of both 16S and 18S rRNA genes
(Fig. S1 and Fig. S2). Nonmetric multidimensional scaling
ordination suggested that the bacterial or microeukaryotic
communities collected in the wet season clustered together,
whereas those in the dry season gathered together (Fig. 2).
The results of ANOSIM further corroborated that the bacterial
or microeukaryotic communities could be significantly

distinguished between wet and dry seasons (P = 0.001). Ac-
cording to a Mantel test, bacterial and microeukaryotic com-
munities showed significant concordance in their spatiotem-
poral patterns (r = 0.351, P = 0.001).

Not surprisingly, there is no significant correlation
(r = 0.092, P = 0.315) between geographical distance and
bacterial community dissimilarity during the wet season
(Fig. 3a). During the dry season, however, there was a statis-
tically significant relationship between geographical distance
and bacterial community dissimilarity (r = 0.209, P = 0.022)
(Fig. 3b). Interestingly, the positive correlations between geo-
graphical distance and microeukaryotic community dissimi-
larity were statistically significant during both wet (r = 0.212,
P = 0.020) and dry (r = 0.263, P = 0.004) seasons (Fig. 3c, d).
Overall, the difference in microbial community composition
between any two sampling sites increased with the geograph-
ical distance between the sample locations, except for the bac-
terial community from the wet season. Further, both bacterial
and microeukaryotic communities exhibited a stronger
distance-decay relationship in the dry season than in the wet
season, indicating that seasonal monsoonal hydrology may
affect distance-decay relationships. More importantly,

Fig. 2 Two-dimensional nonmetric multidimensional scaling ordination
using Jaccard indices of a bacterial communities and b microeukaryotic
communities based on the DGGE profiles. The samples were collected in
both wet (July 2012) and dry (January 2013) seasons
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bacterial community exhibited a weaker distance-decay rela-
tionship than microeukaryotic communities in both seasons.

Environmental factors influencing microbial community
composition

Redundancy analysis (RDA) indicated that temperature, NH4-
N, PO4-P, chlorophyll a, and DO were the factors that signif-
icantly affect the composition of the bacterial communities,
while the microeukaryotic community was found to be signif-
icantly influenced by temperature, NH4-N, PO4-P, and chlo-
rophyll a (Fig. 4). For both bacterial and eukaryotic commu-
nities, redundancy analysis revealed that the wet season sam-
ples formed one group, while the dry season samples formed
the other group. Samples fromLongyan City region (sites 1, 2,
and 3) were quite different from the others due to their high
concentrations of NH4-N and PO4-P in the upper Jiulong
River.

Relative contribution of environmental
and spatiotemporal factors on microbial communities

Variation partitioning using partial RDA showed that environ-
mental, spatial, and temporal factors combined explained
41.3 % of the bacterioplankton community variation
(Fig. 5b). The relative contribution of environmental factors
(35.5 %) was considerably larger than that of spatial (12.1 %)
or temporal (11.3 %) factors. For microeukaryotic

communities, the variance explained by environmental factors
(26.8 %) was also higher than that explained by spatial
(13.6 %) or temporal (13.5 %) factors (Fig. 5c). In the case
of the percentage change in microbial communities, clearly,
the bacterial community variance explained by environmental
factors was higher than that for the microeukaryotic commu-
nity. However, the microeukaryotic community variance ex-
plained by spatial or temporal factors was slightly higher than
that of the bacterial community.

Path analysis was performed to validate the causal relation-
ships between spatial, temporal, and environmental factors
with microbial community composition. We also examined
the impacts of biological interactions by assessing the influ-
ence of microeukaryotic community on bacterial community.
The initial model included all plausible pathways (Fig. S3)
and we tried to find the optimal ecological model. Our final
model was obtained by removing all non-significant pathways
from the initial model (Fig. 6). Both bacterial and
microeukaryotic communities were most directly influenced
by the environmental factors. Noticeably, both bacterial and
microeukaryotic communities were tightly coupled because
bacterial community composition was most directly influ-
enced by microeukaryotic community (path coefficient was
0.446). Environmental factors changed as the function of sea-
son (0.506) and space (0.400). Interestingly, both space and
season had no direct effect on microbial community, but
displayed indirect effects on microbial communities through
their significant effects on environmental factors.

Fig. 3 Relationship between
community dissimilarity and
geographical distance. a Bacterial
community in wet season, b
bacterial community in dry
season, c microeukaryotic
community in wet season, and d
microeukaryotic community in
dry season
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Taxonomic diversity of bacterial and microeukaryotic
communities

The DGGE profiles of bacterial communities generated a total
of 712 bands, averaging about 22 bands per sample, which
were classified into 57 distinct bands. A DNA cloning ap-
proach was used to isolate 16S rDNA fragments from 27
dominant DGGE bands (Fig. S1, Table S2). In total, we phy-
logenetically characterized 493 bacterial bands clustered into
24 OTUs. The taxonomic distribution of bacterial communi-
ties among all samples was as follows: Betaproteobacteria,
45.1 %; Actinobacteria, 26.2 %; Bacteroidetes, 9.4 %;
Alphaproteobacteria, 7.8 %; Firmicutes, 6.3 %; and
Gammaproteobacteria, 5.2 % (Table S2). The majority of
GenBank sequence matches were bacteria isolated from fresh-
water or water associated habitats. In the Jiulong River eco-
systems, Betaproteobacteria was the most diverse and widely
distributed taxon.

For microeukaryotic communities, a total of 398 bands
were detected (ranging from 6 to 22 in samples, averaging
about 12 bands per sample) (Fig. S2). Sequence data of 28
bands were retrieved (Table S3). Thus, we phylogenetically
identified 357 microeukaryotic bands clustered into 26 OTUs.
The Cil iophora (zooplankton) and Chlorophyta
(phytoplankton) were the most common and dominant taxa.
The taxonomic distribution of 18S rRNA gene sequences
among all samples was as follows: Ciliophora, 27.2 %;
Chlorophyta, 25.8 %; Fungi, 17.6 %; Rotifera, 10.9 %;
Chrysophyta, 5.0 %; Dinophyceae, 4.8 %; Stramenopiles,
3.6 %; and Choanoflagellata, 2.5 %.

Discussion

There are a relatively small number of published studies ad-
dressing the identification, estimation, and biogeographical
patterns of both bacterial and microeukaryotic species sam-
pled at the same time in flowing waters (Liu et al. 2013; Read
et al. 2015). We analyzed the spatiotemporal dynamics and
diversity of bacterial and microeukaryotic communities in the
Jiulong River Watershed (Southeast China) in order to better
understand lotic microbial ecology. The composition of bac-
terial and microeukaryotic communities varied significantly in
the Jiulong River between different seasons. More important-
ly, we found that the spatial patterns were closely related not
only to seasonal monsoonal hydrology but also to organism
characteristics. We further attempted to quantify and describe
the role of spatial, temporal, and environmental variables on
the dynamics of bacterial and microeukaryotic communities.

Spatiotemporal patterns of river ecosystem

The Jiulong River has two major tributaries (about 258 km in
length), and more than 130 dams have been constructed along
its length for hydropower stations (Chen et al. 2008; Liu et al.
2011). The changes of certain environmental variables be-
tween the wet and dry seasons at some sampling sites were
found to be significant. Further, the dams might lead to de-
creases of flow rate, thereby promoting particle settling and
water transparency increases and perhaps also enhancing pri-
mary production (Chen and Hong 2012). The dam effects are
particular prominent in dry season, in which the shortage of

Fig. 4 RDA ordination based on the microbial community composition and selected environmental factors. All environmental factors were significantly
related to the variation of microbial community (P < 0.05). a Bacterial community, b microeukaryotic community
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rainfall and water can lead to the increased nutrient loading
and decreased river connectivity.

Our results revealed that bacterial and microeukaryotic
communities exhibited distinct spatial patterns. Geographical
distance affected microbial community composition—pre-
sumably due to dispersal limitation (Yang et al. 2010). How-
ever, bacteriaplankton did not show a significant distance-
decay pattern during the wet season, perhaps indicating that
they were best at dispersing across the river systems during
periods of high water flows. Bacterial, or microeukaryotic,
community dissimilarity increased more slowly with geo-
graphical distance during the wet season than the dry season.
Therefore, the distance-decay patterns exhibited by the micro-
bial community were more evident during the dry season in

the Jiulong River. This was not a surprising finding since wet
season rainfall could result in significant increase in habitat
homogeneity and river connectivity. In dry season, the trans-
location of microbial taxa from the upstream to the down-
stream might decrease due to strong barrier effect of the ubiq-
uitous dams on water flow (Chen and Hong 2012). There was
a reduction on river connectivity in dry season and thereby
promoting the heterogenicity in microhabitats and microbial
communities.

More interestingly, the correlation between geograph-
ical distance and microeukaryotic community (with a
larger size, 5–200 μm) dissimilarity was stronger than
that observed for bacterial community (with a smaller
size, 0.5–5 μm) dissimilarity during both wet and dry
seasons . Tha t i s to say, bac te r ia l communi ty
dissimilarity increased more slowly with geographical
distance than microeukaryotic community dissimilarity.
Our findings concur with Soininen et al. (2011) where
within 100 small lakes, the dispersal ability of
bacterioplankton was higher than that of phytoplankton
and zooplankton. Niche plasticity might be greater
among smaller organisms and is possible that short-
lived and smaller organisms are not as tenacious as
larger organisms in a dynamic colonization-extinction
equilibrium. This finding is consistent with Soininen
et al. (2013), who found that the predictability of phy-
toplankton or zooplankton distributions was stronger
t h a n t h a t o f b a c t e r i a . We a l s o f o u n d t h a t
microeukaryotic communities were much less similar to
each other overall than bacterial communities in both
wet and dry seasons. The observed spatial patterns of
each microbial community could be influenced by po-
tential factors related to its own ecological characteris-
tics and requirements (Soininen et al. 2011). Although
bacterial and microeukaryotic communities responded to
the same environmental conditions, the different popula-
tion abundance, generation time, and organism size of
each community have led to different speciation, extinc-
tion, or dispersal rates (Mazaris et al. 2010; Yang et al.
2010; Hanson et al. 2012).

Fig. 5 Variation partitioning of microbial communities into the spatial,
temporal, and environmental variables. a General outline, b bacterial
community, c microeukaryotic community. The number stands for the
percentage of community variation

Fig. 6 Path diagram obtained with the structural equation modeling. The
chi-square test is performed to assess the adequacy between the original
correlation matrix and the overall causal model. Path coefficients
(numbers on each arrow) indicate the strength of each causal relationship
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Environmental factors regulating the microbial
community

Clearly, variations in both bacterial and microeukaryotic
communities responded to the same environmental fac-
tors with an exception of DO in this study. This syn-
chrony was also reflected in their significant cross-taxon
concordance. Temperature has been previously proven to
have a significant effect on the dynamics and composi-
tion of plankton communities in rivers (Crump and
Hobbie 2005; Chen et al. 2013; Liu et al. 2013) and
in other natural environments such as lakes (Ju et al.
2014), thermal springs (Miller et al. 2009), and marine
environments (Fuhrman et al. 2008). The composition
of the bacterial and microeukaryotic communities may
be both directly and indirectly affected by water temper-
ature which is one of the main seasonal factors. As the
range of optimal growth temperature for each phylotype
is different, water temperature changes can result in
variation of microbial community composition (Pomeroy
and Wiebe 2001).

Further, our findings are consistent with reports of
microbial communities’ responses to nutrient concentra-
tions (Newton and McMahon 2011; Muscarella et al.
2014). Nutrient availability plays a critical role in driv-
ing the activities and large-scale distributions of fresh-
water bacteria and phytoplankton communities (Yang
et al. 2012; Liu et al. 2014). Higher nutrient concentra-
tions of TN, NH4-N, TP, and PO4-P occurred at upper
river sites (sites 1, 2, and 3) that drain livestock farming
areas (Liu et al. 2011). Animal feeding is the most
significant source of NH4-N and PO4-P in existing in-
ventories (Goebes et al. 2003). More recently, Li et al.
(2015) reported that livestock production was the dom-
inant influencing factor for the NH4-N loadings in agri-
cultural watersheds. Although NH4-N is an essential nu-
trient in aquatic ecosystems, it is toxic to aquatic crea-
tures in high concentrations (Ip et al. 2001). The higher
NH4-N concentrations indicate a greater environmental
risk to the aquatic ecosystem. Therefore, regulations
and restrictions on agricultural activities are needed to
restore and maintain water quality in Longyan City re-
gion. In addition, chlorophyll a was significantly related
to bacterial community composition. It is well known
that chlorophyll a can be used as a measure of algal
biomass. During the dry season, the low current velocity
and the high nutrient concentration were favorable to
the growth of algae (phytoplankton) (Yang et al.
2012). Correlations between phytoplankton dynamics
and bacterial composition have been reported (Pinhassi
et al. 2004; Liu et al. 2014). It is possible that bacterial
communities may be more strongly influenced by phy-
toplankton communities during the dry season.

Determinants of bacterial and microeukaryotic
communities

The bacterial and microeukaryotic communities were signifi-
cantly influenced by environmental, spatial, and temporal fac-
tors. For both bacterial and microeukaryotic communities, the
variance explained by environmental factors was higher than
that explained by either spatial or temporal factors. This sug-
gests that the composition of microbial communities may be
more related to site-specific conditions rather than watershed
scale or seasonal factors. Similar results have been observed
by other authors showing that differences in bacterial commu-
nity were more closely related to variability in environmental
factors that to spatial factors (Langenheder and Ragnarsson
2007; Liu et al. 2013, 2015). This suggests that the composi-
tion of microbial communities is largely dependent on niche-
based processes (species distributions due to environmental
factors) rather than on neutral processes (community dissimi-
larity caused by geographically limited dispersal). Fierer et al.
(2007) have argued that environmental factors, not spatial
factors, appear to have significant effects on bacterial commu-
nity composition. It has to be emphasized that some of the
variation was shared between the explanatory variables in
both environmental and spatial factors. One possible explana-
tion is that the spatial and temporal factors affecting commu-
nity composition are closely tied to the changes in environ-
mental factors.

The percentage of bacterial community variance explained
by environmental factors was higher than for the
microeukaryotic community. It is therefore presumed that
niche-based processes played a larger role for bacterial com-
munities. In the study by de Bie et al. (2012), the microorgan-
isms were more strongly determined by the environment and
showed weaker spatial patterns. Conversely, the
microeukaryotic community variance explained by spatial or
temporal factors was higher than that of the bacterial commu-
nity, respectively. Our findings suggest that microeukaryotic
community composition responds more to the changes in spa-
tiotemporal factors than bacterial community, which better
reflects the changes in environmental factors. This is because
bacteria (smaller taxa) perceive the world at smaller spatial
and temporal scales (Azovsky 2002). Recently, Soininen and
Luoto (2014) found that trophic positions and body size of
microorganisms are closely related to the predictability of
aquatic species distributions. However, it should be noted that
about 60 % of the variation in compositions of bacterial and
microeukaryotic communities cannot be explained. The unex-
plained variation in the compositions of microbial communi-
ties might be related to unmeasured environmental factors,
other biotic interactions (such as fish predation), and historical
processes (Hanson et al. 2012). In fact, our species accumula-
tion curves showed that the expected number of OTUs leveled
off for both bacteria and microeukaryotes (Fig. S4); the
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detection limitation in DGGE analyses (estimated to be 1 % of
the total abundance) might be a reason of the high percentage
of unexplained variance (Muyzer et al. 1993).

Variation partitioning and path analysis are both ecological
modeling methods for testing the effects of specific factors.
While the explanatory and response variables are defined a
priori in variation partitioning, path analysis determines the
most likely causal modeling scenarios between different var-
iables (Legendre and Legendre 1998). It seems that the com-
bination of these two approaches should provide complemen-
tary ecological insights (Bienhold et al. 2011). Our path anal-
ysis revealed that both bacterial and microeukaryotic commu-
nities weremost directly affected by the environmental param-
eters. The effect of space and time on microbial community
composition was probably mediated by environmental param-
eters (Fig. 6). Further, the microeukaryotic community played
key roles in shaping bacterial community composition. This
phenomenon can be explained by several mechanisms. We
found Ciliophora were the most dominant and diverse zoo-
plankton taxa. According to the foodweb theory, the predators
play a key role in controlling aquatic microbial communities
(van Hannen et al. 1999). The nutritional mode of most groups
of ciliates is bacterivore; thus, they are important consumers of
bacteria (Mostajir et al. 2015). A rotifer species (Brachionus
plicatilis) detected in our study can also feed on microbial
bacteria and protists (Arndt 1993). Additionally, the predation
of bacteria by ciliates and rotifers allows the recycling of var-
ious nutrients that are mobilized for bacterial growth (Sherr
and Sherr 1987;Mostajir et al. 2015). One genus (Salpingoeca
sp.) of heterotrophic nanoflagellates (HNFs) belonging to the
choanoflagellateswas recorded in our study. HNFs are one of
the most important bacterivorous groups in aquatic ecosys-
tems, and their abundance varies greatly in different pelagic
habitats (Barcina et al. 1991; Pernthaler 2005). Perhaps, riv-
erine conditions (turbulence, turbidity, and nutrient level) and
PCR primers bias could result in a relatively low number of
HNFs taxa detected in our study (Weitere and Arndt 2003;
Pernthaler 2005; Yu et al. 2015). In both mesocosm experi-
ments and natural systems, phytoplankton species are known
to play a key role in shaping bacterial community composition
through complex interactions with nutrients and signaling
molecules (Pinhassi et al. 2004; Kent et al. 2007; Liu et al.
2014; Amin et al. 2015). Dissolved organic matter released
from phytoplankton has been reported as a key good-quality
carbon source to bacteria and it can be consumed and
remineralized by bacteria (Chrost and Faust 1983;
Obernosterer and Herndl 1995). In this study, three important
phytoplankton taxa (Chlorophyta, Chrysophyta, and
Dinophyceae) accounted for 35.6 % of the microeukaryotic
sequences. It has been reported that both Chlorophyta and
Chrysophytawere significantly related with bacterial commu-
nity composition (van Hannen et al. 1999; Liu et al. 2014).
Further, our RDA analysis showed that chlorophyll a was one

of the factors that most influence the variations in the bacterial
communities. This relationship, however, did not account for
other unmeasured parameters which might simultaneously af-
fect bacterial and microeukaryotic communities. Our results
identified that the microeukaryotic community played a key
role in shaping bacterial community—a result relevant to the
understanding of ecosystem functioning and the microbial
loop in river ecosystem, although the interaction mechanism
between microeukaryotic and bacterial communities needs
further study (Amin et al. 2015).

In conclusion, bacterial and microeukaryotic commu-
nities showed similar spatiotemporal variability within
the Jiulong River ecosystem. Both communities were
overall strongly spatially structured in dry season, and
the microeukaryotic communities exhibited a stronger
distance-decay relationship than bacterial communi-
ties—thereby indicating dispersal limitation of microor-
ganisms can matter at organism characteristics and sea-
s o n a l hyd r o l o gy ch ang e . The b a c t e r i a l a n d
microeukaryotic communities were controlled by similar
environmental factors, and variations in both communi-
ties were explained more by environmental factors than
spatial and seasonal factors. However, the spatial or
seasonal factors showed an indirect but significant rela-
tionship with both microbial communities. In addition,
this study suggests that microeukaryotic community may
strongly impact bacterial community through top down
effects and complex interactions, and should be taken
into account in aquatic microbial community analyses.
Due to the existence of a large number of rare microbial
species in the natural ecosystems, next-generation se-
quencing approaches are needed for relatively detailed
analyses of the rare biosphere community (Portillo et al.
2012; Liu et al. 2015). To prove the generality of our
conclusions, complete studies of more microbial taxa at
different spatial scales will be needed. Further research
on river microbial plankton should be helpful in estab-
lishing a relationship between the structure and function
of the microbial food webs and developing better
microbe-based monitoring methods in river ecosystems.
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