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ABSTRACT

Over the past decade, neutral theory has gained attention and recognition for its capacity to explain bacterial community
structure (BCS) in addition to deterministic processes. However, no clear consensus has been drawn so far on their relative
importance. In a metacommunity analysis, we explored at the regional and local scale the effects of these processes on the
bacterial community assembly within the water column of 49 freshwater lakes. The BCS was assessed using terminal
restriction fragment length polymorphism (T-RFLP) of the 16S rRNA genes. At the regional scales, results indicated that the
neutral community model well predicted the spatial community structure (R2

mean = 76%) compared with the deterministic
factors – which explained only a small fraction of the BCS total variance (less than 14%). This suggests that the bacterial
compartment was notably driven by stochastic processes, through loss and gain of taxa. At the local scale, the bacterial
community appeared to be spatially structured by stochastic processes (R2

mean = 65%) and temporally governed by the water
temperature, a deterministic factor, even if some bacterial taxa were driven by neutral dynamics. Therefore, at both regional
and local scales the neutral community model appeared to be relevant in explaining the bacterial assemblage structure.
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INTRODUCTION

One of the key issues in microbial ecology is to identify and
quantify ecological processes that drive bacterial community
assembly in aquatic environments. Freshwater bacterial com-
munities appear to be shaped by environmental conditions or
dispersal-related processes (e.g. Martiny et al. 2006; Lindström
and Langenheder 2012). Taxa selection by local environmen-
tal conditions was suggested to be the main mechanism con-
trolling aquatic bacterial biogeography (e.g. Beisner et al. 2006;
Langenheder and Ragnarsson 2007; van der Gucht et al. 2007).
Environmental factors, such as water temperature, osmotic con-
ditions or nutrient availability, are known to shape the bacte-
rial community at the regional and local scale (e.g. Muylaert
et al. 2002; Yannarell and Triplett 2004, 2005; Kent et al. 2007;
Lindström, Kamst-Van Agterveld and Zwart 2005; Shade et al.
2007; Jones, Newton and McMahon 2009). Inversely, dispersal-
related mechanisms were less often identified as having an
influence on aquatic bacterial metacommunities (e.g. Logue
and Lindström 2010; Östman et al. 2010; Soininen et al. 2011),
which is likely due to an underestimation or a difficulty in
taking into account these processes (Lindström and Langen-
heder 2012). Dispersal-related mechanisms are represented by
(i) dispersal limitation, i.e. the extent to which taxa reach an-
other location (Martiny et al. 2006), (ii) the mass effect that
corresponds to a massive supply of an exogenous taxa that
disturbs the composition of a local community (Hubbell 2001;
Leibold et al. 2004) and (iii) the neutral model that describes the
stochastic balance between the immigration, speciation, emi-
gration and extinction of organisms (Hubbell 2001; Leibold et al.
2004).

To date, only a few studies using statistical approaches, such
as variation partitioning analysis (Borcard, Legendre and Dra-
peau 1992), have conjointly quantified the relative importance of
local environmental factors and processes involved in the spa-
tial dispersion of the bacterial taxa (e.g. Langenheder and Rag-
narsson 2007; van der Gucht et al. 2007). The neutral assembly
theory has seldom been included in these studies (e.g. Drakare
and Liess 2010; Langenheder and Székely 2011), although it can
correctly explain on its own the bacterial community structure
(BCS) in diverse aquatic environments at the regional and local
scales (e.g. Sloan et al. 2006; Woodcock et al. 2007; Ofiţeru et al.
2010).

In this study, we investigated the spatial distribution of fresh-
water bacterioplankton in a set of 49 shallow and artificial lakes
located in the same hydrographical basin around Paris (France)
for three consecutive years in summer. These ecosystems con-
stitute a useful model to determine the relative importance of
local environmental factors and spatial and neutral processes
since they display large environmental gradients and strong
variations in variables that could impact the distribution of bac-
teria (e.g. river or watershed connections) (Catherine et al. 2008,
2010). Our study had three specific aims. First, we sought to
determine to what extent local environmental characteristics
and spatial factors shaped the regional distribution of the bac-
terial community. Then, in an attempt to confirm or refute the
role of environmental and spatial factors in explaining the ob-
served BCS, we evaluated whether stochastic dynamics could
accurately predict the metacommunity structure. Finally, be-
cause the different processes could also shape the BCS at the
local scale, the importance of environmental, spatial and neu-
tral processes was evaluated in a single lake by monthly moni-
toring over 2 years. Bacterioplankton community structure was
assessed using terminal restriction fragment length polymor-

phism (T-RFLP) targeting a fragment of the 16S rRNA gene that
allows screening of a large set of samples.

MATERIALS AND METHODS
Study area and sampling

This study was conducted in the Paris area (Fig. 1), which is the
most populated area in France (with 18% of the metropolitan
French population) and covers about 12 000 km2 (INSEE 2013).
This region displays a large gradient of land use. In spite of large
industrial towns and residential suburbs, half of the Paris area
territory is used for agricultural purposes, while 26% is still cov-
ered by forests (INSEE 2012). Among the 248 water bodies larger
than 5 ha referenced in the hydrological database Carthage 3.0 R©
(IGN, Paris, France), 49 lakes (Fig. 1 and Supplementary Table S1)
were selected using a random and stratified sampling strategy
(Catherine et al. 2008). Briefly, the 49 lakes were chosen to rep-
resent an unbiased set of water bodies that reflects the whole
range of environmental conditions (e.g. land use, hydrology, al-
titude and surface) found within the Paris area. All the 49 lakes
have an artificial anthropogenic origin and can be considered as
shallow according to the definition of Scheffer (2004). The lakes
were sampled yearly in late July from 2011 to 2013. Each sam-
pling campaign was conducted in less than 15 days to reduce
the variability caused by short-term changes in meteorological
conditions and nutrient inputs.

For each lake, three equidistant sampling stations were se-
lected. At each station, water samples were collected at three
discrete depths (depending on the depth of the water column)
using aNiskin bottle (General Oceanics Inc., Miami (FL), USA). All
samples were then pooled to obtain an integrated sample. Im-
mediately after sampling, water was filtered through a 0.22 μm
pore-size Sterivex GP filter (Millipore, Billerica (MA), USA) after
prefiltration through 50 μm pore-size nylon mesh. Sterivex fil-
ters were kept at 4◦C during transport and then stored at −20◦C.

Among the 49 lakes, Créteil Lake (Figs 1 and 2) was moni-
tored monthly at three different stations from December 2011
to December 2013 (25 sampling dates) in order to identify spatial
and temporal variability in the BCS. This is a mesotrophic lake
(Table 1) covering 40 ha in an urbanized area (Val-de-Marne,
France). It is a former sandpit mainly supplied by alluvial
groundwater. A storm sewer outlet drains an impermeable sur-
face of 100 ha and releases its effluent into the lake. The water
residence time of this lake is greater than 180 days.

A horizontal and a vertical transect were studied (Fig. 2). Sub-
surface samples were obtained at three stations along the inlet–
outlet axis of the lake (Storm outlet (S1), center of the lake (C1),
and lake outflow (O1)). At the central station, the vertical axis of
the lake was sampled at three depths (C1, C2 and C3). In addi-
tion, for all sampling dates, a pooled sample (M) was obtained
as previously described to estimate the BCS variation in the in-
tegrated sample obtained in summer during the 49 lake cam-
paigns. The average point M was the mix of the three stations
at the three depths (S1, S2, S3, C1, C2, C3, O1, O2 and O3). All
samples were stored at 4◦C in the dark until preparation (3–4h
after collection). For each sample, 1 L of lake water was filtered
through a Sterivex GP filter cartridge as previously described and
then stored at −20◦C prior to analysis.

DNA extraction

For each sample, the membrane inside the Sterivex units was
extracted under sterile conditions and cut into small pieces of
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Figure 1. Position of the 49 lakes in the Paris area (France). Créteil Lake is indicated by an open circle.

Figure 2. Sampling strategies in the Créteil Lake. (A) Location of the three stations. (B) Representation of the two transects: the horizontal transect (S1, C1 and O1) and
the vertical transect (C1, C2 and C3).

approximately 1 mm2. All membrane pieces were pooled in a
sterile tube and DNA was extracted using the FastDNA R© SPIN
Kit (QBiogene, Carlsbad (CA), USA) according to the manufac-
turer’s instructions. Two modifications of this protocol were ap-
plied: bacterial cells were lysed in a FastPrep bead beater three
times for 30 s at 4.0ms−1 and an additional washwas performed
on the SPIN filters.

T-RFLP analysis

A 1326 bp fragment of the 16S rRNA gene was amplified by PCR
using the primer set 63F (5′-CAGGCCTAACACATGCAAGTC-3′;

labeled with 6-carboxyfluorescein) and 1392R (5′-ACG
GGCGGTGTGTACAAG-3′) targeting the bacterial domain (Os-
born, Moore and Timmis 2000). Each 20 μL reaction contained
20 ng of template DNA, 0.2 μM of each primer (Microsynth,
Balgach, Switzerland), 120 μM of each deoxynucleoside triphos-
phates (Promega, Madison (WI), USA), 1 mM of MgCl2, 0.1 mg
mL−1 of bovine serum albumin (BSA), 1× GoTaq R© Colorless
buffer and 0.5 U of GoTaq DNA polymerase (Promega, Madison
(WI), USA). Reactions were carried out in a T1 thermocycler
(Biometra, Göttingen, Germany) with the following cycle: initial
denaturation at 94◦C for 2 min, 20 cycles of denaturation at
94◦C for 1 min, annealing at 55◦C for 1 min, extension at
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Table 1. Characteristics of Créteil Lake. Values are the means (stan-
dard deviations) of data obtained from December 2011 to December
2013.

Parameter Values

Location 48◦46.50′N 2◦27.10′E
Surface area (km2) 0.40
Mean depth (m) 4.5
Max depth (m) 6.0
Trophic status Mesotrophic
Total phosphorous (μg P L−1) 64.7 (41.8)
Chlorophyll a (μg L−1) 6.3 (4.3)
Secchi depth (m) 2.4 (0.9)
DOC (mg C L−1) 6.1 (0.6)
POC (mg C L−1) 0.8 (0.3)
Total suspended solids (mg L−1) 4.1 (1.5)
pH 7.8 (0.5)
Conductivity (μS cm−1) 1509 (63)

DOC, dissolved organic carbon; POC, particulate organic carbon.

72◦C for 2 min, and a final extension at 72◦C for 10 min. The
amplification and the size of the amplicons were checked on a
1% agarose gel. Amplicons were digested using the restriction
enzyme AluI (Promega, Madison (WI), USA) (Osborn, Moore and
Timmis 2000) with 10 U for 3 h at 37◦C. Restriction digests were
desalted by ethanol precipitation in the presence of glycogen
and subsequently resuspended in deionized formamide and
size standard GeneScan 500 LIZ (Life Technologies, Carlsbad
(CA), USA).

The terminal restriction fragments (T-RFs) were separated
using the automated sequencer ABI Prism 3130 (Life Technolo-
gies, Carlsbad (CA), USA) at the IMRB facility (Institut Mon-
dor de Recherche Biomédicale at University Paris-Est Créteil).
The resolution was of ∼1 bp for fragments up to 500 bp. Raw
data files containing peak information were tabulated in the
Peak ScannerTM software v 1.0 (Life Technologies, Carlsbad (CA),
USA). Only peaks between 60 and 500 bp were selected. T-
RFLP data were then processed and analysed with the on-line
tool T-REX (Culman et al. 2009). Data were subjected to qual-
ity control procedures: noise filtering (peak area, standard de-
viation multiplier = 2) and T-RF alignment (clustering thresh-
old = 0.5). T-RFs detected in only one sample were not taken
into account. Relative abundances were calculated using peak
areas.

Bacterial enumeration

Bacterial counts (heterotrophic bacteria and cyanobacteria) from
the Créteil Lake samples were assessed by flow cytometry us-
ing a Becton Dickinson FACScan (BD Biosciences, Oxford, UK)
instrument equippedwith a 15mW488 nm laser. Pigmentedmi-
croorganisms were identified based on the autofluorescence of
the chlorophyll a thanks to the orange fluorescence (FL2, 585/42
bandpass filter) vs red fluorescence (FL3, 650 nm longpass fil-
ter). Cells containing chlorophyll awere distinguished using side
scatter (SSC) vs FL3 and distinct size classes were clustered to
discriminate cyanobacteria from small and large picoeukary-
otes. A subsample of each sample was stained with the nucleic
acid stain SYBr Green I (Marie et al. 1997) in order to visualize
populations of heterotrophic organisms using SSC vs green flu-
orescence (530/30 bandpass filter). Chlorophyll a-containing or-
ganisms were gated off plots of SSC vs FL1, having been iden-
tified in plots of FL3 vs FL1. Populations were enumerated us-
ing a syringe-pump calibrated to 0.5 and 1 μm microspheres

(Polysciences, Eppelheim, Germany) according to Zubkov and
Burkill (2006).

Environmental and meteorological parameters

For the 49 lakes, the total nitrogen and phosphorus concentra-
tions were assayed by colorimetry using a Cary 50 Scan spec-
trophotometer (Varian Inc., Palo Alto (CA), USA) respectively ac-
cording to Rogora et al. (2006) and the French standard (AFNOR
NF T 90–023).

Secchi depth and vertical profiles of physicochemical pa-
rameters were determined for each lake at the three stations
(49 lakes and Créteil Lake). Chlorophyll a (Chl a) concentration
was determined using a FluoroProbe in situ fluorometer (BBE-
Moldaenke GmbH, Kiel, Germany). Conductivity, temperature,
pH and oxygen profiles weremeasured using a submersible CTD
profiler SBE 19 Seacat (Sea-Bird Electronics Inc., Bellevue (WA),
USA).

Concentrations of total suspended solids (TSS) were quanti-
fied after filtration of 1 L of lake water on a precombusted tarred
Whatman GF/F filter. Dissolved organic carbon (DOC) concentra-
tions were measured using a TOC-VCSN carbon analyzer (Shi-
madzu, Columbia (MD), USA).

Meteorological data (temperature and precipitation) were
also collected during the Créteil Lake campaigns using aweather
real-time transmitter WXT520 (Vaisala Inc., Boulder (CO), USA)
placed on a sensing platform LakeESP (PME Inc., Vista (CA), USA).

Watershed land use assessment

Upstream watersheds were delineated for each of the 49 lakes
based on the digital elevation model (DEM) BD ALTI R© 15 m (IGN,
Paris, France) using ArcGIS 10.0 (ESRI Inc., Redland (CA), USA).
Then, they were adjusted to take into account physical barriers
that potentiallymodify thewater flow (e.g. roads or underground
drainages). Land use of the adjusted watershed was classified
into four categories (i.e. natural, agricultural, open peri-urban
and dense urbanized areas) using the MOS R© GIS 2012 database
(IAURIF, Paris, France).

Data analysis

Drivers of bacterioplankton spatial distribution in the Paris area
Based on the 49 lakes dataset, we first checked if the intra-
annual variability of the BCS among lakes differed significantly
from inter-annual variability within each lake using the Mann–
Whitney test based on the Bray–Curtis dissimilarity index. The
beta diversity index or the dissimilarity between lakes was cal-
culated for each sampling year based on the Sørensen index.
Beta diversity was then partitioned into two components fol-
lowing the framework proposed by Baselga (2010) to quantify
the fraction of dissimilarity explained by the T-RF replacement
(turnover, based on Simpson’s dissimilarity index) and from the
random variations of the T-RF richness (nestedness) (Azeria et al.
2011). These parameterswere estimated using the beta.pair func-
tion from the ‘betapart’ package (Baselga et al. 2013).

Then, the relative importance of environmental and spatial
factors was assessed by decomposing the total bacterial com-
munity variation (Peres-Neto et al. 2006) using a variance par-
titioning analysis (VPA). Among all the environmental param-
eters measured, only six non-collinear variables were retained
for the statistical analysis, i.e. water temperature, conductivity,
pH, DOC concentration, trophic status and dominant land use
index of the watershed. Trophic status (TS) was determined for
each lake according to OECD (1982). Dominant land use index
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was included to assess the putative role of land use on the bacte-
rial community. It was assessed as the land use (among the four
categories) with the highest percentage of occupation. Spatial
factors comprised two components, (i) variables reflecting the
dispersal of bacterial taxa, i.e. with the presence of storm sewer
outlet into the lake and the type of link to the hydrographic net-
work, and (ii) variables integrating the community structuring
at the regional scale, evaluated using the eigenvectors derived
from the principal components of neighbor matrices of spatial
coordinates (PCNM) (Borcard and Legendre 2002; Legendre and
Gauthier 2014). The type of linkage to the hydrographic network
was decomposed into three categories (which roughly charac-
terized the lake water retention time): (i) isolated lakes, which
were mainly filled by alluvial water; (ii) lakes crossed by rivers
and located in the riverbeds; and (iii) connected lakes, which
were linked to a river but only by a single connection (e.g. small
bond, pipe) and thus received water from both groundwater and
river. VPA estimated the proportion of BCS variation (adjusted
R-squared (R2

adj)) that can be attributed to local environmen-
tal characteristics [E] and spatial [S] components, environmen-
tal conditions without spatial component [E|S], spatial without
environmental component [S|E], variation explained by the in-
teraction between both components [E∩S] and the unexplained
variation (1 − [E + S]). The significance of the partial contribu-
tion of both components was also evaluated with a Monte Carlo
permutation test (999 permutations under the reduced model).
Analyses were conducted using the varpart function from the
‘vegan’ package (Oksanen et al. 2015). Prior to VPA, forward selec-
tionswere performed for both components according to Borcard,
Gillet and Legendre (2011) and Legendre and Gauthier (2014).

To assess the neutral assembly of the bacterial communities,
we used the method developed by Sloan et al. (2006) to fit the
regional relative abundance of the T-RFs and their observed de-
tection frequency. Contrary to Hubbell’s discrete model (Hubbell
2001), this continuous model is particularly suited for bacterial
communities (i.e. with large population size) detected by finger-
printing methods (Sloan et al. 2006). The parameter NTm depicts
the relationship between detection probability and regional rel-
ative abundance, with NT corresponding to the size of the meta-
community andm to the immigration rate (the probability that a
dead individual is replaced by an immigrant). By considering the
metacommunity size to be roughly equal among regions, NTm
estimates the dispersal connectivity between each lake commu-
nity. This parameter was estimated using the best fit between
detection frequency of T-RFs and their regional relative abun-
dance, by minimizing the sum of squares of errors. The detec-
tion limit was fixed to 0.005, which corresponds approximately
to the threshold of the T-RFLP method (i.e. electrophoregram
peaks with more than 0.5% of the total peak area of the sam-
ple). The goodness of fit was evaluated using the determination
coefficient R2.

Spatio-temporal variability of BCS in Créteil Lake
The beta diversity as well as the turnover and the nestedness in-
dex were calculated over the 2 years of survey, considering con-
secutive pairwise months. Impacts of the environmental factors
on the three indexes were investigated using a linear model.
Data from Créteil Lake were used to test for significant vari-
ability in BCS along the horizontal and vertical transects. The
presence of a space–time interaction was first evaluated using
a two-way ANOVA crossed design as described by Legendre, de
Cáceres and Borcard (2010). Included in the ‘STI’ package (Leg-
endre, Borcard and de Cáceres 2012), this method is particularly
recommended for datawithout replication. As no space–time in-

teraction was identified (data not shown), the samemodel with-
out interaction was then implemented (STI Model 2, STI2) to test
the significance of spatial and temporal variability along the two
transects. Moreover, the environmental factors (water tempera-
ture, cumulative precipitation on 1, 5 and 15 days, pH, saturated
oxygen, TSS, Chl a, DOC and total phosphorous concentrations)
shaping the BCS over the 2-year survey were then investigated
onHellinger-transformed data using redundancy analysis (RDA),
considering the sampling date as covariable. The neutral com-
munity model was performed as previously described to evalu-
ate the importance of stochastic dynamics on the spatial dis-
tribution (between S1, C1, C2, C3 and R1) of the bacterial as-
semblage for each of the 25 campaigns. The parameter NT was
estimated from the bacterial counts. Moreover, on the average
sample M, we used the model developed by Ofiţeru et al. (2010)
to evaluate to what extent the neutral model could explain the
temporal variations of the relative abundance for each T-RF.

All statistical analyses were conducted using the statistical
environment R version 3.1.1 (R Development Core Team 2014).

RESULTS
Spatial distribution of the BCS at the regional scale

A total of 295 T-RFs were detected by T-RFLP analysis. Overall,
43% of T-RFs were removed after quality control. The 167 re-
maining T-RFs were used for the statistical analyses with a me-
dian of 33 T-RFs per lake. The majority (69%) of the T-RFs were
found every summer in at least one lake, while 24% of the T-RFs
were detected twice and 7% once. Furthermore, if only two T-RFs
were present in all the 49 lakes, none was restricted to a single
lake.

Per lake, the BCS dissimilarity was on average 54% between
the years 2011 and 2012, and 53% between 2012 and 2013. These
variations were significantly smaller than the beta diversity, i.e.
the inter-lake variability considering the same year of sampling
(Mann–Whitney test, P < 0.001). Indeed, the beta diversity dis-
played 63, 59 and 54% of dissimilarity for 2011, 2012 and 2013, re-
spectively. Overall, by partitioning the beta diversity for the three
years of campaigns, we observed that the variations between
lakes were dominated by T-RF replacements that explained re-
spectively 76, 70 and 67% of the beta diversity, whereas the ran-
dom shift of T-RFs richness explained only 24, 30 and 33% of the
beta diversity.

Whatever the year of sampling, environmental conditions
and spatial factors explained only a small portion of the BCS
variations, as evaluated by the variance partitioning analysis
(VPA) (Table 2). On average over the 3 years of monitoring, the
environmental variables alone (mainly the trophic status) and
the spatial processes alone (i.e. the type of connection to the hy-
drological network and the spatial structuring of the bacterial
community characterized by PCNM variables) and their interac-
tion explained respectively 3, 4 and 3% of the BCS variations.
Consequently, a large amount of the variance (on average 90%)
remained unexplained by these variables (Table 2).

The neutral model explained a large fraction of the relation-
ship between the occurrence frequency of T-RFs and their rel-
ative abundance variations (Fig. 3), with 82, 75 and 70% of ex-
plained variance for 2011, 2012 and 2013 databases. However,
assuming a similar NT in each case, large variations of the im-
migration rate m were observed over the 3 years of sampling.
Indeed, the value of NTm increased from 13 in 2011 to 79 in
2013. Furthermore, since all the relationships seemed strongly
constrained by two T-RFs (which were present during the three
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Table 2. Variation partitioning analysis of the bacterial community structure for the three years of sampling.

Relative variance explained (adjusted R-squared) Variables selected

Year of Env. factors Spatial factors Env. factors Spatial factors Interaction[E∩S] Residuals Env. Spatial
sampling [E] [S] alone [E|S] alone [S|E] factors factors

2011 0.05 0.06 0.03∗ 0.04∗ 0.02 0.91 TS, pH Hydro, PCNM
(no. 6)

2012 0.08 0.11 0.03∗ 0.06∗ 0.05 0.86 TS, DOC Hydro, PCNM
(no. 2, 4, 7, 9)

2013 0.06 0.03 0.04∗ 0.01NS 0.02 0.93 TS Hydro, PCNM
(no. 2, 7, 9)

Mean (SD) 0.06 (0.02) 0.06 (0.04) 0.03 (0.01) 0.04 (0.03) 0.03 (0.02) 0.90 (0.04)

Symbols associated with adjusted R2 correspond to the significance (∗P < 0.05; NS, non significant) of the partial contribution of factors tested alone in the presence of
the other. Abbreviations: Env, environmental; TS, trophic status; DOC, dissolved organic carbon concentration; Hydro, type of linkage to the hydrographical network;
PCNM (principal components of neighbor matrices), reflect the community structuring at the spatial scale using PCNM variable; SD, standard deviation.

campaigns), simulations without these points were performed
again. The same values of NTm but a decrease of about 3% of
total explained variance were obtained (data not shown), sug-
gesting that these two T-RFs did not bias the immigration rate
estimates.

Spatial and temporal monitoring in Créteil Lake

In Créteil Lake, the 2-year monitoring of the bacterial commu-
nity by T-RFLP allowed the detection of 311 T-RFs. As for the 49
lakes, about 47% of the T-RFs were removed after quality control.
A total of 166 T-RFs were used for the statistical analysis with a
median value of T-RFs per month close to the one obtained per
lake for the 49 lakes (i.e. 37 T-RFs).

There was no significant heterogeneity in the BCS along the
horizontal transect over the 2 years of survey (STI2, R2 = 0.01,
F= 0.296, P= 0.998). This result suggested that therewas no obvi-
ous impact of the storm sewer effluent on the BCS at the surface
water, as found in the analysis of the 49 lakes. Similarly, no verti-
cal difference in the BCS was observed at the central point (STI2,
R2 = 0.01, F = 0.742, P = 0.713), even when the lake was strati-
fied (8 out of the 25 campaigns, data not shown). Since no spa-
tial variability was encountered, we then focused on the pooled
samples (M) to analyse the temporal variation in the BCS.

Redundancy analysis of T-RFLP profiles revealed (R2
adj = 14%)

that the temporal variations in BCS were significantly explained
by water temperature (P = 0.001). Moreover, quite important dis-
similarities in BCS were observed from month to month, with
values ranging from 23 to 77% (Fig. 4). No clear temporal pat-
tern in the beta diversity fluctuations could be reported (Fig. 4).
However, when decomposing the beta diversity into its turnover
and nestedness components, we observed distinct temporal
variations (Fig. 4) strongly linked to variations in water temper-
ature (linear models: R2 = 0.46, F = 20.220, P < 0.001 for turnover
and R2 = 0.38, F = 5.825, P = 0.004 for nestedness). Indeed, a posi-
tive relationship between the temperature and the turnover was
observed (Supplementary Fig. S1a), indicating that T-RF replace-
ment was higher in summer. In contrast, the negative relation-
ship between temperature and nestedness (Supplementary Fig.
S1b) suggested that the composition of T-RFs was strongly influ-
enced by richness variations in winter.

At the local scale, the neutral communitymodel significantly
explained the relationship between the T-RFs’ occurrence fre-
quency and their relative abundance variations in 22 out of the
25 campaigns (Supplementary Fig. S2). Over the 22 campaigns,
the neutral model explained on average 65% of the total vari-

ance with values ranging from 33 to 91%. Contrary to the tem-
poral BCS variations, neither the total variance explained by
the neutral model (rPearson = −0.34, P = 0.116), nor the immigra-
tion probability appeared to be related to the water temperature
(rPearson = −0.25, P = 0.267; Supplementary Fig. S2). Regarding
the temporal dynamics of the T-RFs’ abundance on the average
sample M, the neutral time-series model proposed by Ofiţeru
et al. (2010) could explain the relative abundance variations of
only one T-RF (R2

adj = 76%, P < 0.001). The lack of relevance of
thismodel to our datamay come from the presence of numerous
zeros in the dataset corresponding to the T-RFs that were not de-
tected during campaigns. Indeed, the single T-RF that fitted the
neutral model was the only one detected several times in the 2
years. Besides, when performing the neutral time-series model
on the average relative abundance of the five Créteil Lake points
(S1, C1, C2, C3 and R1), four out of the nine T-RFs detected over
all the 25 campaigns had a relative abundance variability signif-
icantly explained by the neutral model with an average R2

adj of
34% (data not shown).

DISCUSSION
The main goal of this study was to investigate not only the rel-
ative influence of deterministic processes (i.e. environmental
conditions and spatial factors) but also the influence of neu-
tral processes on the bacterioplankton metacommunity within
a large set of shallow lakes. One of the original aspects of this
study lies in the 2-year monthly monitoring of the Créteil Lake
combined with the three repeated summer samplings of 49 con-
trasted lakes to take into account inter-annual variability. In-
deed, metacommunity surveys in continental aquatic systems
integrating more than a single sampling campaign are rare (e.g.
van der Gucht et al. 2007; Logares et al. 2013). Our results sug-
gested that stochastic processes were relevant at both regional
and local scales to explain the bacterioplankton metacommu-
nity assembly.

Fingerprinting methodology considerations

Factors and processes influencing BCS were explored using a
fingerprinting method that may create a bias by underesti-
mating the contribution of rare members from the sampled
bacterial community (Pedrós-Alió 2006). Thus, if non-detected
taxa are generalists, spatial and temporal BCS variation would
be buffered. Inversely, differences would be enhanced if non-
detected taxa happened to be specialists of local environ-
mental conditions (Székely and Langenheder 2014). Although



Roguet et al. 7

Figure 3. Relationship between the detection frequency of T-RFs and their mean

relative abundance from the three years of monitoring. Each point represents
a different T-RF. The lines show the best fit to the neutral model with random
immigration from a common source pool as described by Sloan et al. (2006). NTm

values represent the meta-community size multiplied by the immigration rate.

The percentages represent the R2 value of the fit.

high-throughput sequencing yields a greater coverage of the
bacterial diversity and may avoid this potential bias, compara-
ble patterns in terms of diversity and structure were obtained on
the same samples with fingerprinting methods including the T-
RFLP (e.g. Castro-Carrera et al. 2014; Elsayed et al. 2014; van Dorst
et al. 2014; Thomson et al. 2015) whatever the primer set used.
Thus it seems reasonable to validate our conclusions regarding
the relative impact on BCS of environmental conditions, spatial
factors and stochastic processes.

Minor influence of deterministic processes on the BCS
at the regional scale

Our results indicate that environmental conditions and spatial
factors play a minor role in shaping the BCS at the regional

Figure 4.Temporal variations of the bacterial community beta diversity, turnover

and nestedness determined by comparing pairwise successive sampling cam-
paign (n = 24).

scale, as suggested by the low amount of total variance ex-
plained by these two factors. Several reasons could lead to this
result. First, according to Lindström and Langenheder (2012),
the large proportion of the BCS variance that remains unex-
plained (90%) could be explained by the absence of relevant
variables taken into account in the statistical models. For ex-
ample, van der Gucht et al. (2007) showed in the de Maten re-
serve, a well studied system of connected ponds, that 89% of
the total BCS variance was explained by environmental and
spatial factors. Local factors used in the de Maten analysis in-
cluded classical physicochemical parameters (e.g. conductivity,
pH), but also biological variables (i.e. phytoplankton and zoo-
plankton biomass) that could directly structure the BCS owing
to top-down control. Second, since all lakes are different regard-
ing the local parameters, it is possible that overall the statistical
analysis does not detect any tendency. Third, the small influ-
ence of deterministic factors on the bacterial community assem-
bly could also originate from the dominance of generalist taxa
in these ecosystems. However, the relatively high beta diversity
tends to invalidate this hypothesis. Finally, Gilbert and Bennett
(2010) demonstrated that variance-partitioning analysis tends
to underestimate the relative importance of the deterministic
factors.

Although only a small amount of total variance was ex-
plained by these factors, several variableswere identified as hav-
ing a significant effect on the BCS. Among the environmental
factors, the trophic status was the only variable systematically
considered significant over the 3 years of sampling. This param-
eter has already been characterized in the literature to shape
the BCS (Lindström 2000; Yannarell et al. 2003; Yannarell and
Triplett 2004). Among the spatial factors, a relative similar frac-
tion of total BCS variations was weakly explained by the poten-
tial ability of bacteria to disperse (characterized by the type of
linkage to the hydrographical network) and the spatial structure
of the bacterial community at the regional scale (characterized
by the PCNMs variables) (Supplementary Table S2). Furthermore,
in this analysis, no significant direct influence of storm sewer
discharges into the lakes was identified. Similarly, no influence
of the dominant watershed land use (i.e. natural, agricultural,
open or dense urban area) was detected, though previous liter-
ature suggested an impact of land use on BCS in rock biofilms
or on bacterial population (Scopel, Harris and McLellan 2006;
McLellan et al. 2007; Lear and Lewis 2009).
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Bacterial assembly shape by neutral processes at the
regional scale

The neutral community model was very powerful in explaining
the T-RF proportion observed in our panel of contrasted lakes
(mean R2 = 76%). This result suggested that the bacterial com-
munity was shaped by a stochastic balance between loss and
gain of taxa (Hubbell 2001; Sloan et al. 2006). Although numer-
ous microcosm or environmental experiments found evidence
that bacterial assembly was jointly shaped by local factors and
neutral processes (Ayarza and Erijman 2011; Langenheder and
Székely 2011; Lee et al. 2013; Pholchan et al. 2013), our results are
in an agreement with the study performed by Drakare and Liess
(2010) on 13 Swedish lakes. Indeed, these authors also reported
the predominance of neutral processes comparedwith local fac-
tors. Our results could be explained by the strong adaptability
and plasticity of the bacterial compartment to environmental
perturbations and gradients, reducing the apparent sensitivity
to local factors (Östman et al. 2010). Although our data well fitted
the neutral community model, it is difficult to infer the absence
of the influence of deterministic factors on BCS (Chisholm and
Pacala 2010), especially as the fraction of variance unexplained
by the VPA could not be attributed to stochastic processes (Vel-
lend et al. 2014). Moreover, as discussed in Anderson et al. (2011),
the neutral and the deterministicmechanismsmight coinciden-
tally mirror the same patterns. Therefore, isolating the impor-
tance of both components separately could be perilous without
experimental approaches.

Regarding the immigration rate, large inter-annual discrep-
ancies were observed with an increase from 2011 to 2013. Ac-
cording to the neutral theory (Hubbell 2001), this is consistent
with the decrease in the beta diversity over the 3 years of sam-
pling. The inter-annual variation of the immigration rate could
also result from meteorological conditions that may have led to
higher bacterial dispersion in 2013 (e.g. strong wind). However,
these variations could also result from a difference in the meta-
community size and not from the immigration rate.

Furthermore in this study, we didn’t identify any other im-
portant mechanism apart from the neutral processes that could
influence the assembly of communities. Indeed, we were unable
to clearly identify a mass effect in lakes linked to rivers as ob-
served by Lindström et al. (2006) and Nelson, Sadro and Melack
(2009). According to the literature, this absence of effect could
be due to the trophic status of the 49 lakes (mainly ranging from
eutrophic to hypereutrophic levels). Indeed, a mass effect ap-
pears to be more effective in oligotrophic lakes (van der Gucht
et al. 2007), whereas more productive lakes seem to be domi-
nated by stochastic processes compared with deterministic pro-
cesses (Chase 2010).

This survey showed the importance of the neutral dynam-
ics on the bacterioplanktonmetacommunity assembly at the re-
gional scale. However, this sole approach did not allow identifi-
cation of spatial and temporal mechanisms that govern the BCS
at the scale of a single ecosystem though these processes could
have a direct influence on the dynamics at the regional scale.
These issues were explored at the local scale within the Créteil
Lake.

Influence of deterministic and neutral processes at the
local scale

In Créteil Lake, we expected a spatial structure to exist as from
the storm sewer outlet to the lake outlet as it may represent an
important source of exogenous taxa (Sercu et al. 2009). In ad-

dition, lakes that have a long water retention time (>180 days
for Créteil Lake) are characterized by significant dissimilarities
in BCS between the lake water column and the inlet (Lindström
et al. 2006; Nelson, Sadro and Melack 2009). However, our 2-year
monthly survey did not reveal any impact of the storm sewer
effluent on the dominant bacterial taxa in the surface waters,
even after strong rainfall events. The lack of intra-lake horizon-
tal heterogeneitymay originate from themoderate size of Créteil
Lake and thus the small distance between the three sampling
points. Indeed, important in-lake BCS spatial variation has gen-
erally been described in larger lakes (e.g. Yannarell and Triplett
2004; de Wever et al. 2005; Jones et al. 2012) contrary to smaller
lakes (Jones et al. 2012). In Créteil Lake, this result only applies to
three surface locations and cannot be generalized to the whole
lake or other compartments such as the sediments. In addition,
the T-RFLP technique only assesses dominant taxa (Bent, Pier-
son and Forney 2007) and we cannot exclude an impact of storm
sewer outlet on less abundant taxa such as pathogens or fecal in-
dicators. Regarding the vertical profile, no BCS stratification was
observed at the central station, even when the water column
was stratified for several days (from 3 to 30 days of stratifica-
tion). These two results showed a relative spatial homogeneity
of the dominant bacterioplankton community on the different
sampled points that could result from neutral processes. Over-
all, the neutral community model explained a large proportion
of the bacterial assemblage variance per campaign (R2

mean =
65%). However, no distinct seasonal pattern of neutral model pa-
rameters (R2 and NTm) was observed over the 2 years of survey,
suggesting that the influence of stochastic processes was rather
constant through the year.

Furthermore, the BCSwithin Créteil Lake displayed amarked
temporal variation all along the sampling campaigns, essen-
tially driven by the water temperature. Such importance of this
deterministic parameter has already been reported in the litera-
ture in a wide range of aquatic habitats (e.g. Muylaert et al. 2002;
Stepanauskas et al. 2003; Jardillier et al. 2004). Moreover, this tem-
poral analysis revealed that the taxa replacement was the main
process shaping BCS in summer while random variation in T-RF
richness occurred in winter. This pattern could result from the
consequence of a trade-off between competitive abilities and re-
sistance to predators over low and high productivity levels (Lei-
bold 1999; Horner-Devine et al. 2003) or simply be due to purely
random input of bacterial taxa, for example owing to the sed-
iment resuspension or the sewer outlet input during rainy pe-
riods after a long period of dry weather. In addition to the im-
portance of the water temperature on the BCS, some T-RFs dis-
played neutral time-series dynamics that explained up to 80% of
their relative abundance variability. However, with our results, it
is difficult to generalize the importance over time of the neutral
processes on BCS since a large fraction of the T-RFs were not ob-
served to be shaped by stochastic processes, indicating that bac-
terial groups were not all governed by the same processes (e.g.
Barberán and Casamayor 2010; Székely and Langenheder 2014),
probably due to specific ecological traits (Philippot et al. 2010).

This study showed that the bacterial assembly in the 49 lakes
located in the Paris area appeared to be strongly governed by
stochastic processes. Coupled to this approach, the finer moni-
toring performed on Créteil Lake revealed that neutral dynamics
spatially structured the bacterial community. BCS was tempo-
rally governed by a deterministic factor, i.e. the water tempera-
ture, and also by stochastic processes for some T-RFs.

Further studies on artificial shallow lakes, performed on a
balanced group in terms of trophic status and type of linkage
to the hydrographical network, should be carried out in order to
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develop a more robust overview of the mechanisms shaping the
bacterial community.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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