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pH is an important factor that shapes the structure of bacterial communities. However, we have very limited information about
the patterns and processes by which overall bacterioplankton communities assemble across wide pH gradients in natural fresh-
water lakes. Here, we used pyrosequencing to analyze the bacterioplankton communities in 25 discrete freshwater lakes in Den-
mark with pH levels ranging from 3.8 to 8.8. We found that pH was the key factor impacting lacustrine bacterioplankton com-
munity assembly. More acidic lakes imposed stronger environmental filtering, which decreased the richness and evenness of
bacterioplankton operational taxonomic units (OTUs) and largely shifted community composition. Although environmental
filtering was determined to be the most important determinant of bacterioplankton community assembly, the importance of
neutral assembly processes must also be considered, notably in acidic lakes, where the species (OTU) diversity was low. We ob-
served that the strong effect of environmental filtering in more acidic lakes was weakened by the enhanced relative importance of
neutral community assembly, and bacterioplankton communities tended to be less phylogenetically clustered in more acidic
lakes. In summary, we propose that pH is a major environmental determinant in freshwater lakes, regulating the relative impor-
tance and interplay between niche-related and neutral processes and shaping the patterns of freshwater lake bacterioplankton
biodiversity.

Bacterioplankton are a crucial component of aquatic ecosys-
tems, and they play an important role in the ecological pro-

cesses of freshwater lakes (1, 2). Understanding the mechanisms
governing bacterioplankton community assembly (e.g., commu-
nity composition, diversity, and phylogenetic structure) in natural
freshwater lakes is a longstanding challenge in microbial commu-
nity ecology. There is increasing evidence that the community
structure of freshwater lake bacterioplankton is influenced by
niche-related (deterministic) and neutral (stochastic) processes
(2–4). Niche-related processes (5) include selection imposed by
the abiotic environment (environmental filtering) and species in-
teractions (competition, facilitation, mutualism, and predation),
whereas neutral effects (6) include stochastic processes, such as
unpredictable disturbances, probabilistic dispersal, and random
birth/death events (7, 8). Neutral processes likely result in random
fluctuations in community composition along a given environ-
mental gradient (9). The observation that both niche and neutral
processes are important in shaping bacterioplankton community
assembly raises the question of what affects the relative contribu-
tions and interplay between stochastic and deterministic processes
in structuring lacustrine bacterioplankton assembly.

Multiple environmental factors regulate the distribution of
bacterioplankton communities in freshwater lakes (10–16). pH is
proposed to be an important environmental factor influencing
both overall bacterioplankton community composition (BCC) (2,
17) and the compositions of abundant bacterioplankton groups,
including Polynucleobacter and Limnohabitans (e.g., 18, 19), in
freshwater lakes. Newton et al. (20) performed clone library se-
quencing and observed that pH was also a key environmental
determinant of the phylogenetic relatedness of the freshwater lake
Actinobacteria acI lineage; acidic lakes (pH 5.1 to 6) contained
more closely related acI clades than would be expected at random.
However, so far, few papers have systematically discussed the as-
sembly of overall lacustrine bacterioplankton communities across

wide pH gradients with more detailed phylogenetic information,
and therefore, we do not know much about the patterns of overall
lacustrine bacterioplankton diversity and community composi-
tion across wide pH gradients. Furthermore, how pH influences
the relative importance and interplay between niche-related and
neutral processes in structuring overall communities is also largely
unknown.

One promising approach to understanding the underlying
niche-related versus neutral processes in shaping community as-
sembly is the use of a community phylogenetic structure test (21–
23). By comparing community phylogenetic structure with ran-
domization procedures, known as null models, and estimating the
deviations from null-model expectations, the changes in the rela-
tive influences of deterministic and stochastic processes across
environmental gradients can be inferred (21–23). The foundation
of this phylogenetic framework is the assumption that closely re-
lated taxa are more likely to have similar niches, often termed
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phylogenetic niche conservatism (21, 24). If the phylogenetic
niche conservatism is supported, then a nonrandom community
phylogenetic structure is expected to indicate the occurrence of
niche-based processes, such as environmental filtering and com-
petitive interactions (24). Although the phylogenetic framework
has several notable advantages, it is rarely used to study bacterial
communities in freshwater lakes, especially when the communi-
ties span a broad range of environmental characteristics (25).
However, freshwater ecosystem studies have observed that fresh-
water bacterial communities tend to be more clustered in more
“stressful” habitats; for example, there is increased clustering of
Betaproteobacteria in less productive freshwater mesocosms (25)
and increased clustering of the Actinobacteria acI lineage in more
acidic lakes (20).

The intracellular pH of most microorganisms is usually within
1 pH unit of neutral pH (26). Therefore, we hypothesized that the
“stress” habitats, such as acidic lakes in our study, might directly
impose greater environmental filtering on the community assem-
bly, thereby decreasing overall bacterioplankton diversity and
shifting the community composition to taxa that can better adapt
to the environments. Additionally, the increased pH filtering ef-
fects in acidic lakes might increase the phylogenetic clustering of
the bacterioplankton communities. Although environmental fil-
tering is an important determinant of community assembly (20,
25), other mechanisms, such as neutral processes, must also be
considered. Recent researches have shown that neutral processes
have a strong impact on the accumulation of rare taxa in a com-
munity, and the relative influence of neutral processes on com-
munity assembly may increase when community populations are
small (6, 7). Therefore, we also hypothesized that the enhanced
neutral assembly processes in small bacterioplankton communi-
ties might balance or weaken the relative importance of environ-
mental filtering for overall bacterioplankton communities and
would also alter the phylogenetic assembly patterns of overall
communities across the pH gradient. To test these two hypothe-
ses, we selected 25 discrete freshwater lakes in central Jutland,
Denmark. The pH of freshwater lakes, including bog humic lakes,
is generally between 4 and 9, but pH values can be lower than 4 in
extreme volcanic or mining water (27). To sample a wider pH
range, we included two lakes with pH values of �4 in our study;
these lakes were formed from abandoned mining operations ap-
proximately 70 years ago. Using high-throughput pyrosequenc-
ing, we analyzed the compositions and diversity of the bacterio-
plankton communities in 25 discrete freshwater lakes with pH
values ranging from 3.8 to 8.8. We also analyzed the bacterio-
plankton phylogenetic community structure across the pH gradi-
ent and studied the mechanisms shaping this structure.

MATERIALS AND METHODS
Sample collection and chemical analyses. During May and June 2012, we
collected water samples from 25 discrete freshwater lakes in central Jut-
land, Denmark. These lakes are located in the same geographical area, and
pairwise distances between the lakes are less than 40 km. They have no
surface water inputs and span a pH range of 3.8 to 8.8 (see Table S1 in the
supplemental material). Some acidic lakes, such as lakes No Name 1 and
No Name 2 (see Table S1 in the supplemental material), were formed
from mining activities conducted in the 1940s. Based on the lake shape
and size (area � 0.76 km2; see Table S1 in the supplemental material), we
selected six different sampling points in each lake. The sampling points
were generally distributed uniformly. At each sampling point, bacterial
samples (400 to 500 ml of water) were collected from surface waters (the

top 50 cm) and filtered through 0.2-�m-pore-size Isopore filters (Milli-
pore, Billerica, MA, USA). The filters were stored at �20°C. Water pH and
conductivity were measured in the field at each location. Untreated sur-
face water samples (approximately 300 ml) were collected from each sam-
pling point for chemical analysis. Using standard methods (28), the total
organic carbon (TOC), total nitrogen (TN), total phosphorus (TP), total
iron (TFe), and nitrate nitrogen (NOx

�) content of the water were deter-
mined. Additionally, historical data were obtained for most of the exam-
ined lakes and are cited in our study. The geographical, physical, and
chemical characteristics of the examined lakes are shown in Table S1 in the
supplemental material. Environmental variables, including conductivity,
TOC, TN, TP, TFe, NOx

�, and lake area, were transformed by log (x � 1)
in all subsequent analyses.

DNA extraction, amplification, and 454 sequencing. Genomic DNA
was extracted from the biomass collected on the filters using a standard
phenol-chloroform extraction method (11) and purified using the Wiz-
ard DNA cleanup kit (Promega, Madison, WI, USA). The bacterial 16S
rRNA genes were amplified with the forward primer 341F (5= CCT ACG
GGA GGC AGC AG 3=) with the Roche 454 A pyrosequencing adapter
and a unique 7-bp barcode sequence and with the reverse primer 1073R
(5=ACG AGC TGA CGA CAG CCA TG 3=) with the Roche 454 B sequenc-
ing adapter at the 5= end. Three replicates of each sample were amplified in
20-�l reaction mixtures under the following conditions: 24 cycles of de-
naturation at 94°C for 30 s, annealing at 55°C for 30 s, and extension at
72°C for 30 s, with a final extension at 72°C for 5 min. The PCR products
were visualized by electrophoresis, and the replicates were pooled. The
purified PCR products were combined in equimolar ratios and then se-
quenced using a Roche 454 FLX� pyrosequencing machine.

Pyrosequencing data analysis. Raw reads of the 16S rRNA gene se-
quences were processed using the software package Mothur (v. 1.30.0)
(http://www.mothur.org) according to the standard 454 operating proce-
dure (SOP) (29). In brief, the raw reads were denoised, trimmed, quality
filtered, and aligned to the Silva database (30) using Mothur. Clean se-
quences of six replicates for each lake were then aggregated into one
group. To build the operational taxonomic unit (OTU) matrix, we first
generated a distance matrix from the clean sequences using the dist.seqs
command in Mothur. In the process, we excluded any pairwise distance
larger than 0.15. Next, we clustered the clean sequences into OTUs based
on the newly created distance matrix by using the cluster command and
the furthest-neighbor algorithm method in Mothur. Finally, we generated
an OTU-shared file at a cutoff value of 0.03 (OTU0.03s) using the make-
.shared command in Mothur. To correct for sequencing bias, we ran-
domly subsampled the minimum number of sequences (i.e., 19,000 se-
quences) from each lake, and OTUs with fewer than 3 sequences were
excluded from the OTU table using the Remove.rare command in
Mothur. Representative sequences of OTU0.03s were generated within
Mothur and then classified into taxonomic groups using the typical fresh-
water bacterial database provided by Newton et al. (2) at the recom-
mended bootstrap threshold of 80% (31). Unclassified representative se-
quences of OTU0.03s were further identified using the Silva bacterial
database and by BLAST against GenBank entries (http://blast.ncbi.nlm
.nih.gov/Blast.cgi). A phylogenetic tree was constructed using the Fast-
Tree algorithm (v. 2.1.3) (32) (FastTree flagged conditions: -fastest, -gtr,
and -nt). By matching with the corrected OTU table, a new phylogenetic
tree was generated by using the match.phylo.comm command in the pi-
cante package in the R statistical language (R Development Core Team
[2008]).

Diversity analyses. Taxonomic richness (i.e., the number of
OTU0.03s) (33) and Pielou’s evenness (34) were calculated using the vegan
package in R. Faith’s phylogenetic diversity (PD) (35) was measured using
the phylogenetic tree and the OTU0.03 table with the pd command in the
picante package in R. The BCC dissimilarities between lakes (beta diver-
sity) were examined using the taxonomy-based Bray-Curtis distance and
the phylogeny-based UniFrac distance, which were calculated using the
vegan package and the picante package, respectively, in R.
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Community phylogenetic structure. To exclude the impact of OTU
richness on PD variation, we compared the PD of a particular community
to those of randomized null communities of the same size and calculated
the standardized-effect size of PD (SES.PD) using the ses.pd command
in the picante package in R. The null model was performed by shuffling
taxon labels 999 times across the tips of the phylogenetic tree using a given
tree topology and branch lengths to randomize phylogenetic relationships
among OTU0.03s. SES.PD equals the differences in PD between the ob-
served communities and the mean value of the 999 null communities
divided by the standardized deviation of the PD in the 999 null commu-
nities (21).

The phylogenetic signal was examined by conducting Mantel correlo-
grams with 999 randomizations between the pairwise matrix of OTU0.03

phylogenetic distances and OTU0.03 ecological-niche distances (i.e., the
difference in habitat requirements for each OTU0.03) (36, 37) as proposed
by Wang et al. (37). The metrics measuring the mean phylogenetic dis-
tance to each taxon’s closest relative (the mean nearest taxon distance
[MNTD] and the standardized-effect size of the MNTD [SES.MNTD])
(22) were also examined in our study. Using the ses.mntd command in the
picante package of R, the abundance-unweighted MNTD and SES.MNTD
were calculated. The null model used for SES.PD was also used for
SES.MNTD. SES.MNTD equals the differences in MNTD between the
observed communities and the mean value of the 999 null communities
divided by the standard deviation of the MNTD in the 999 null commu-
nities (21). Using a sample t test, the mean SES values of PD and MNTD
across all lakes were compared with zero, which is the value expected when
the average phylogenetic structure of local communities is the same as that
of the null communities. SES values greater than zero indicate phyloge-
netic overdispersion (taxa more distantly related than would be expected
at random), and SES values less than zero suggest clustering (taxa more
closely related than would be expected at random).

Statistical analyses. A heuristic method was used to estimate the rel-
ative weight of each environmental variable in relation to the relative
abundances of the different phyla in multiple regression (38). Both the
relative abundances and the numbers of OTUs of the main lineages or
clades of bacterioplankton communities along the pH gradient were de-
picted in a heat map using the pheatmap command in the pheatmap
(Pretty Heatmaps) package in R.

The taxonomy-based and phylogeny-based distances were visualized
using nonmetric multidimensional scaling (NMDS) in the vegan package
in R. By using the mantel.partial command in the vegan package in R, the
partial Mantel statistic with 9,999 permutations (39) was performed to
calculate the partial matrix correlation between three dissimilarity matri-
ces: the BCC matrix, one of the examined environmental variables, and
the conditioned matrix of the rest of the environmental variables. Analy-
ses of similarity (ANOSIM) were also performed to test the differences in
BCC across different pH categories (pH 3 to 4, 5 to 6, 6 to 7, and 7 to 9)
using the anosim command in the vegan package of R. Additionally, mul-
tiple regression on distance matrices (MRM) with 9,999 permutations
(40) was used to partition the variations in BCC into pure environment,
pure space, mixed space/environment, and unexplained components by
using the MRM command in the ecodist package of R. The best subset of
environmental parameters applied in the MRM analysis was chosen by the
BIOENV procedure using the vegan package in R (41).

We also performed univariate models to predict bacterioplankton al-
pha diversity and the metrics of community phylogenetic structure with
various environmental characteristics by using the lm command in the
stats package of R. In each case, we fitted a linear and a quadratic model,
and the results are shown for the model with the lowest Akaike informa-
tion criterion (AIC) value.

Nucleotide sequence accession numbers. The sequence data were
submitted to the National Center for Biotechnology Information (NCBI)
Sequence Read Archive (SRA) (http://www.ncbi.nlm.nih.gov/sra) under
the study accession number SRP034651. The accession numbers for each
lake are listed in Table S1 in the supplemental material.

RESULTS

From the entire sample set (see Table S1 in the supplemental ma-
terial), we obtained 638,782 quality sequences with an average
read length of 566 bp. The number of quality sequences per lake
ranged from 19,168 to 34,881 (see Table S1 in the supplemental
material). After rarefaction to an equal sequencing depth (19,000
sequences per lake), we obtained 9,401 OTUs with 97% similarity
across the entire sample set, with an average of 780 OTUs per
sample. To avoid possible sequencing bias, OTUs with fewer than
3 sequences were excluded from the OTU table. We then obtained
a total of 3,168 OTUs; 5 OTUs contained more than 10,000 se-
quences, with a maximum value of 18,098 sequences. In addition,
the numbers of OTUs with sequence counts ranging from 1,000 to
10,000, 100 to 1,000, 10 to 100, and 3 to 10 were 73, 333, 915, and
1,842, respectively. Among the quality sequences, 92% were clas-
sifiable at the phylum level, and a total of 28 phyla (subphyla) were
identified. The predominant phyla (subphyla) across all lakes were
Betaproteobacteria, Actinobacteria, Gammaproteobacteria, Bacte-
roidetes, and Alphaproteobacteria, representing approximately
26.9%, 25.8%, 12.0%, 10.5%, and 10.2% of all sequences, respec-
tively (see Fig. S1 in the supplemental material). In addition, Fir-
micutes (4.7%), Verrucomicrobia (1.3%), Deltaproteobacteria
(0.25%), TM7 (0.10%), and Acidobacteria (0.06%) were present
in most lakes, but at relatively low abundances (see Fig. S1 in the
supplemental material).

We observed that the relative abundances of some phyla, such
as Actinobacteria, Bacteroidetes, Alphaproteobacteria, Betaproteo-
bacteria, and Acidobacteria, were best explained by pH among all
of the environmental variables included in our study (see Table S2
in the supplemental material). The relative abundances of Actino-
bacteria (Fig. 1a) and Bacteroidetes (Fig. 1b) were positively corre-
lated with pH, and the abundances of Alphaproteobacteria (Fig.
1c), Betaproteobacteria (Fig. 1d), and Acidobacteria (Fig. 1e) de-
creased with pH. However, the abundance of Gammaproteobacte-
ria showed no obvious relationship with any environmental vari-
able (Fig. 1f; see Table S2 in the supplemental material). The
impact of pH on the BCC was also evident at the lineage and clade
levels. In the two most acidic lakes, the main lineages or clades
were mostly composed of the specific bacteria Ferrovum (on aver-
age, 65% of all sequences; Betaproteobacteria) and Acidocella
(20%; Alphaproteobacteria) (Fig. 2). Furthermore, we observed
that the relative abundances of acI-A1, acI-B2, and acI-B4 of Ac-
tinobacteria; alfI of Alphaproteobacteria; and PnecC of Betaproteo-
bacteria were greater in moderately acidic lakes (pH 5 to 7),
whereas the abundances of acI-B1, acIV-A, acIV-B, Luna1, and
acSTL of Actinobacteria; LD12 of Alphaproteobacteria; Lhab-A1
and PnecB of Betaproteobacteria; and Acin of Gammaproteobacte-
ria were greater in neutral and alkaline lakes (Fig. 2).

The bacterioplankton community composition was also
strongly influenced by the water pH at the species-like level. An
NMDS plot revealed that both the taxonomic (OTU) and phylo-
genetic compositions of different pH groups (pH 3 to 4, 5 to 6, 6 to
7, and 7 to 9) aligned along NMDS axis 1 (Fig. 3a and b), suggest-
ing the existence of strong linkages between water pH and com-
munity structure. Furthermore, we observed that the bacterio-
plankton communities from different lakes within the same pH
group (pH 3 to 4, 5 to 6, 6 to 7, and 7 to 9) tended to be similar in
composition (Fig. 3a and b; see Table S1 in the supplemental ma-
terial). Conversely, substantial heterogeneity in community com-
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position was detected between different pH groups (ANOSIM
analyses; R � 0.63 [P � 0.001] for taxonomic composition [Fig.
3a] and R � 0.61 [P � 0.001] for phylogenetic composition [Fig.
3b]). The taxonomic and phylogenetic distances between bacterial
communities (beta diversity) were significantly correlated with
the pH differences between lakes (Fig. 3c and d), and they in-
creased with increasing pH differences (R2 � 0.54 [P � 0.001] for
taxonomic composition; R2 � 0.50 [P � 0.001] for phylogenetic
composition [Fig. 3c and d]). A partial Mantel test indicated that,
among the environmental characteristics examined, pH was the
best predictor of bacterioplankton community composition
(Spearman’s R � 0.725 [P � 0.001] for taxonomic composition;
R � 0.789 [P � 0.001] for phylogenetic composition [Table 1]),
followed by TOC (Spearman’s R � 0.340 [P � 0.05] for taxo-
nomic composition; R � 0.328 [P � 0.05] for phylogenetic com-
position [Table 1]). MRM analysis revealed that the best subset of
environmental variables (including pH and TOC) selected by the
BIOENV procedure explained 38% of the taxonomic composi-
tion and 46% of the phylogenetic composition (see Table S3 in the
supplemental material). The geographical distances between lakes
also displayed significant correlation with community composi-
tion, but the effect of pure geographical distance was much weaker

than that of pure environmental variables (see Table S3 in the
supplemental material).

We observed that pH was the best predictor of community
composition at different taxonomic resolution levels; pH was also
the strongest predictor of overall bacterioplankton alpha diversity
(Fig. 4a). We observed that bacterioplankton OTU richness (at
97% similarity) varied across the lakes (Fig. 4a) and that water pH
was the best predictor of OTU richness among all of the examined
environmental parameters (Table 2). The best model relating
OTU richness and pH followed a quadratic (hump-shaped) pat-
tern (R2 � 0.78; P � 0.001), with peak diversity in nearly neutral
lakes and the lowest diversity in the most acidic lakes (Fig. 4a).
Furthermore, we observed that among all the environmental vari-
ables examined, pH best explained Pielou’s evenness of bacterio-
plankton communities (Table 2). This variable had a quadratic
relationship with pH (R2 � 0.79; P � 0.001); the evenness peaked
in nearly neutral lakes and reached a minimum in the two most
acidic lakes (Fig. 4b).

To refine our quantification of alpha diversity by adding an
evolutionary dimension, we calculated Faith’s PD, which focuses
on summing the total phylogenetic branch length contained in a
community. We observed that PD had a significantly positive cor-

FIG 1 Relative abundances of Actinobacteria (a), Bacteroidetes (b), Alphaproteobacteria (c), Betaproteobacteria (d), Acidobacteria (e), and Gammaproteobacteria
(f) across the pH gradient. The relative abundances of Actinobacteria and Bacteroidetes positively correlated with pH; the abundances of Alphaproteobacteria,
Betaproteobacteria, and Acidobacteria decreased with pH; Gammaproteobacteria showed no significant relationship with pH. The formulas, R2 values, and
significances are given in each panel.
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relation with OTU richness (R � 0.902; P � 0.001; n � 25) and
also showed the best relationship with pH (quadratic model; R2 �
0.74; P � 0.001) (Fig. 5a) among all the environmental variables
examined (Table 2). However, this quadratic pattern of PD across
the pH gradient might simply be due to differences in OTU rich-
ness, as the PD increases as species (OTUs) are added to a com-
munity. Therefore, to exclude the effect of OTU richness on PD
variation, standardized PD was examined using a null-model
analysis. Notably, we observed that, in contrast to PD, the SES.PD
showed extremely different patterns across the pH gradient (Fig.
5b). The SES.PD decreased linearly with increasing pH (R2 � 0.66;
P � 0.001) (Fig. 5b), suggesting that the overall degree of phylo-
genetic relatedness of phylogenetic relatives in communities was

lower in more acidic lakes. Furthermore, a sample t test revealed
that, across all local lakes, the mean of the SES.PD (mean � �10.8;
t � �16.6; P � 0.001) was significantly less than zero, indicating
that the overall bacterioplankton communities across all the lakes
tended to be more phylogenetically clustered than would be ex-
pected by random dispersion.

Our results also revealed a significantly positive relationship
between OTU phylogenetic distances and OTU ecological-niche
distances across relatively short phylogenetic distances (�13% of
the maximum phylogenetic distance) (see Fig. S2 in the supple-
mental material). This relationship indicates that closely related
taxa (OTUs) possess niche conservatism (24), and hence, there
might be strong interactions between closely related taxa (36, 37).

FIG 2 Heat map describing the relative abundances of the main lineages or clades of bacterioplankton communities (y axis) across the pH gradient (x axis). High
heterogeneity in community composition was also evident at the lineage and clade levels across the pH gradient.
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We therefore calculated the MNTD metric and observed that wa-
ter pH was the strongest predictor of MNTD among all the envi-
ronmental characteristics examined (Table 2). However, unlike
OTU richness and PD, MNTD showed a U-shaped quadratic pat-
tern across the pH gradient (R2 � 0.86; P � 0.001) (Fig. 5c), with
the lowest MNTD in nearly neutral lakes and the highest MNTD
in the most acidic lakes (Fig. 5c). To exclude the potential impact
of OTU richness on MNTD changes, we performed a null-model
analysis to estimate the standardized MNTD. A sample t test re-
vealed that, similar to SES.PD, the mean of the SES.MNTD across

all the lakes was also significantly negative (mean � �9.6; t �
�16.5; P � 0.001), suggesting that niche-related processes were
more important than neutral effects in shaping bacterioplankton
community assembly in these lakes, and the terminal phylogenetic
dispersion of the overall bacterioplankton communities across all
lakes was more phylogenetically clustered than would be expected
by chance. However, we observed that, similar to SES.PD, the
SES.MNTD also decreased linearly with increasing pH along the
pH gradient (R2 � 0.64; P � 0.001) (Fig. 5d). Therefore, although
environmental filtering was determined to be the most important
determinant of bacterioplankton community assembly in these
lakes, the relative importance of neutral community assembly
processes increased in more acidic lakes, and the most closely
related bacterioplankton OTUs were more phylogenetically dis-
tant from each other in more acidic lakes.

DISCUSSION

In this study, we examined changes in freshwater bacterioplank-
ton community assembly and the mechanisms underlying these
changes, including the relative importance of and interplay be-
tween niche-related and neutral processes across the pH gradient.
We observed that pH was the key environmental determinant of
the assembly processes in bacterioplankton communities in fresh-
water lakes, and apparent pH-related patterns of composition,
diversity, and phylogenetic structure were observed across the pH
gradient.

pH acts as a major environmental determinant of bacterial
community assembly in freshwater lakes. Recent studies have

FIG 3 (a and b) NMDS plots derived from the taxonomy-based Bray-Curtis distance (a) and the phylogeny-based UniFrac distance (b), with symbols showing
pH categories. (c and d) Relationships between pH differences and the taxonomic (Bray-Curtis) (c) and phylogenetic (UniFrac) (d) dissimilarities of lakes
compared pairwise. Substantial heterogeneity in BCC was observed between different pH groups (pH 3 to 4, 5 to 6, 6 to 7, and 7 to 9). The taxonomic and
phylogenetic BCC dissimilarities between lakes increased with increasing pH differences. The formulas, R2 values, and significances are given in each panel.

TABLE 1 Spearman’s correlations (R values) between transformed
environmental variables and taxonomic (Bray-Curtis distance) and
phylogenetic (UniFrac distance) community compositions as
determined via partial Mantel tests

Factor

Taxonomic
composition

Phylogenetic
composition

R P R P

pH 0.725 0.001a 0.789 0.001a

TOC (mg · liter�1) 0.340 0.010b 0.328 0.016b

TFe (mg · liter�1) �0.020 0.563 �0.059 0.736
Area (km2) �0.164 0.926 �0.197 0.967
NOx

� (mg · liter�1) 0.223 0.076 0.187 0.077
TP (mg · liter�1) �0.115 0.783 �0.111 0.811
Conductivity (�S · cm�1) �0.114 0.862 �0.068 0.733
TN (mg · liter�1) �0.168 0.967 �0.164 0.960
a P � 0.01.
b P � 0.05.
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shown that both niche and neutral processes are important in
shaping freshwater lake bacterial community assembly (2, 3). Our
study also revealed that both environmental variables and geo-
graphical distance were significant for explaining variations in the
BCC; however, environmental variables had a much stronger ef-
fect than geographical distance. This finding suggests that niche-
based assembly has an important role in generating spatial pat-
terns of the lacustrine BCC across pH gradients. The potential but
weak effect of geographical factors suggests that air, dust, rain, and
seepage do not serve as strong vectors of bacterioplankton disper-
sal in discrete lakes (42–44). Furthermore, we observed similar
compositions in geographically distant lakes with similar pHs
(Fig. 3; see Table S1 in the supplemental material); therefore, dis-
persal limitation might be impossible within the narrow region
included in this study. Among all the environmental variables
examined, we observed that pH was the strongest determinant of
community assembly, including its composition, diversity, and
phylogenetic structure. This result is consistent with those of
Newton et al. (2), who used detrended correspondence analysis
(DCA) and observed that, compared to the ratio of TP to dissolved
organic carbon (DOC) concentrations and to the latitudinal po-
sitions of the lakes, pH showed the best correlation with the axis
that explained the major fraction of freshwater lake bacterial com-
munity distribution.

High heterogeneity in community composition across the
pH gradient. Similar to the results for soil bacterial communities
(45, 46), our results revealed that both BCC taxonomic and phy-
logenetic dissimilarities increased with increasing pH differences.
This powerful effect of pH was also evident at coarse levels of
taxonomic resolution. For instance, we observed that, in line with
the findings of Kampe et al. (47), bacterioplankton communities
in the two most acidic mining lakes were mostly dominated by
Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacte-
ria, whereas Actinobacteria, and Bacteroidetes were rarely present
(see Fig. S1 in the supplemental material). At the lineage or clade
level, we also observed large shifts in BCC in the two acidic mining
lakes compared with other lakes with pH values over 5, suggesting
a potential threshold effect or regime shift in the filtering impact of
pH on BCC. This hypothesis is supported by the observation that
the bacterioplankton communities in the two mining lakes were
predominantly composed of the specific bacteria Ferrovum and
Acidocella rather than the common lineages or clades in the other
lakes. These two clades, Ferrovum and Acidocella, comprise acido-

philic iron-oxidizing (48) and acidophilic iron-reducing (49) bac-
teria, respectively. Both types of bacteria can tolerate high proton
concentrations in the surrounding water (47); the dominance of
Ferrovum and Acidocella has been observed in other mining lakes
with pH values below 4 (47, 49, 50). Except in the most acidic
mining lakes, high composition heterogeneity was observed in
lakes belonging to different pH categories (pH 5 to 6, 6 to 7, and 7
to 9). As shown previously (2, 18, 19), Pnec (Betaproteobacteria)
was abundant in moderately acidic lakes; within this clade, PnecB
preferred neutral and alkaline lakes, whereas PnecC was present in
all lakes but maximally abundant in moderately acidic lakes. Ad-
ditionally, we found, consistent with the research of Newton et al.
(20), that there was potential ecological diversification within the
Actinobacteria acI lineage: acI-A1, acI-B2, and acI-B4 prefer mod-
erately acidic lakes, whereas acI-B1 favors more alkaline lakes.

Bacterioplankton OTU richness peaked in nearly neutral
lakes and decreased in more acidic lakes. We observed that the
OTU richness of the bacterioplankton communities shared a qua-
dratic (hump-shaped) relationship with pH, with peak diversities
occurring in nearly neutral pH lakes and the lowest diversities
occurring in the most acidic mining lakes. A hump-shaped rela-
tionship between pH and bacterial alpha diversity has rarely been
observed in lake ecosystems, possibly because earlier studies
spanned a narrower pH range. However, a similar pattern was
observed in soil ecosystems (51, 52). Our results are also consis-
tent with those of previous studies on acidification-impacted lakes
that show low diversity with respect to bacteria (53) and higher
organisms (54, 55) because of their acidification.

There are several potential explanations for the observed alpha
diversity pattern. The intracellular pH of most microorganisms is
usually within 1 pH unit of neutral (26); therefore, acidic habitats
may directly impose a strong physiological stress on bacteria, alter
competitive outcomes, or restrict the net growth of bacterial pop-
ulations. Some taxa may be unable to survive or actively reproduce
when the pH is outside a certain range (26). pH also affects other
factors, including nutrient availability (e.g., decreased labile or-
ganic carbon in acidic mining waters [47, 56]) and cationic metal
solubility (e.g., increased toxic metal solubility in acidic lakes
[49]), that are crucial for the maintenance of bacterial diversity. In
addition, the idea that higher environmental heterogeneity (such
as a complex food web and complex biotic interactions) supports
higher biodiversity may be applied to bacterioplankton, as the
food web is much simpler in acidic lakes (57, 58).

FIG 4 Bacterioplankton OTU richness (a) and community equitability, as indicated by Pielou’s evenness (b), along the pH gradient. OTU richness and Pielou’s
evenness showed quadratic (hump-shaped) relationships with pH; the OTU diversity and Pielou’s evenness peaked in nearly neutral lakes and were lowest in the
most acidic lakes. The formulas, R2 values, and significances are given in each panel.
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Less phylogenetic clustering and increased neutral assembly
processes of bacterioplankton communities in more acidic
lakes. We performed a community phylogenetic-structure test to
incorporate phylogenetic data into analyses of community assem-
bly (22, 23). This approach allows us to obtain insight into the
potential processes underlying the patterns of phylogenetic struc-
ture (22). Our study revealed that, among the environmental vari-
ables examined, the patterns of community phylogenetic struc-
ture (SES.PD and SES.MNTD) correlated best with pH, and
phylogenetic clustering of both overall phylogenetic relatives and
the most closely related OTUs decreased linearly with decreasing
pH. This observation raised the following question: why is the
phylogenetic dispersion of bacterioplankton communities less
phylogenetically clustered in more acidic lakes? In our analyses of
bacterioplankton diversity and composition, we observed that pH
was a key environmental determinant that restricted the compo-
sition and decreased the taxonomic richness of bacterioplankton
communities in more acidic lakes. Only those taxa that can adapt
well to habitats with high proton concentrations are able to ac-
tively reproduce and reach prevalence in acidic lakes (26). We
therefore propose that the direct or indirect filtering effect of pH
must increase in more acidic lakes. Under these conditions, pH
likely determines whether the niche-conservative taxa are good
competitors, fugitives, or dormant in a habitat with a certain pH;
therefore, a clade of good competitors is likely predominant and
overrepresented in competitive communities, as observed for the
most abundant acidophilic bacteria, Ferrovum (Betaproteobacte-
ria; the highest number of OTUs [5 OTUs] per lake) and Acido-
cella (Alphaproteobacteria; 3 OTUs), in the most acidic mining
lakes and for the thriving clade PnecC (Betaproteobacteria; 6
OTUs) in moderately acidic lakes. This filtering effect of pH may
have caused the increased phylogenetic clustering of overall bac-
terioplankton communities in more acidic lakes, as shown by
Newton et al. (20), who performed clone library sequencing and
observed that acidic lakes (pH 5.1 to 7) tended to contain more
closely related Actinobacteria acI clades. However, in our study,
overall bacterioplankton communities tended to be less phyloge-
netically clustered in more acidic lakes.

Our contradictory results might be due to the numbers of rare
taxa (OTUs) observed in our study using deep pyrosequencing,
and these rare taxa were as important as the abundant taxa in the
calculations of SES.PD and abundance-unweighted SES.MNTD.
Most of these rare OTUs arose by neutral assembly, such as un-
predictable disturbances, probabilistic dispersal, and random
birth/death (7). Previous studies have suggested that neutral pro-
cesses have a stronger influence on community assembly when
community populations are small (6, 7). In our study, we also
found that the relative importance of neutral community assem-
bly processes increased in more acidic lakes, where the OTU rich-
ness was low (Fig. 4a). Thus, the rare OTUs found in the most
acidic mining lakes and the moderately acidic lakes were most
likely caused by the enhanced neutral processes, and many of
them accumulate over time in communities (7). Because of the
rigorous physiological stress of low pH, these rare OTUs in acidic
lakes might have low metabolic or reproductive activity (probably
dormant taxa), and thus, many of them might have fewer conge-
ners (59). Such taxa in the two most acidic mining lakes probably
included some of the common lineages or clades in the lakes with
pH values above 5.0, such as acIV-C (with the highest number of
OTUs [1 OTU] per lake), acIV-D (1 OTU), Luna1 (1 OTU), and
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acSTL (2 OTUs) of Actinobacteria; bacIII (1 OTU) and Muci (1
OTU) of Bacteroidetes; Brev (3 OTUs), alfIII (2 OTUs), LD12
(1 OTU), and alfVI (1 OTU) of Alphaproteobacteria; Lhab-A4 (2
OTUs), Rhodo (1 OTU), PnecC (1 OTU), and betVII-A1 (2
OTUs) of Betaproteobacteria; and gamII-A1 (2 OTUs), gamII-A2
(1 OTU), Acin (6 OTUs), Pseudo-A1 (7 OTUs), and gamV (4
OTUs) of Gammaproteobacteria (see Fig. S3 in the supplemental
material), while such taxa in the moderately acidic lakes likely
included some of the common lineages or clades in the neutral and
alkaline lakes, such as acI-A7 (1 OTU), acI-B1 (7 OTUs), acIV-A
(3 OTUs), and acIV-B (11 OTUs) of Actinobacteria; bacIV (1
OTU) and bacV (5 OTUs) of Bacteroidetes; and alfVI (2 OTUs) of
Alphaproteobacteria (see Fig. S3 in the supplemental material).
Besides the good competitors and seemingly dormant taxa, many
of the taxa that arose by neutral assembly in acidic lakes might be
unable to survive or actively reproduce (fugitives), like some of the
absent taxa in the two most acidic mining lakes, which probably
included some of the common lineages or clades in the lakes with
pH values above 5.0, such as acI-A1, acI-A7, acI-B1, acIV-A,
acIV-B, and acTH1 of Actinobacteria; bacIV and bacV of Bacte-
roidetes; alfI and Pyxis of Alphaproteobacteria; Lhab-A1, Lhab-A2,
Lhab-A3, PnecB, LD28, and betVII-A1 of Betaproteobacteria; and
gamI of Gammaproteobacteria (see Fig. S3 in the supplemental
material). Altogether, we found that the overall bacterioplankton
communities in more acidic lakes were composed of fewer good
competitors, which also involved fewer phylogenetic relatives and
closely related OTUs, and that more dormant taxa, as well as more
fugitive bacterioplankton taxa, arose by neutral assembly. Thus,
both overall phylogenetic relatives (SES.PD) and the most closely
related OTUs (SES.MNTD) were less phylogenetically clustered in
more acidic lakes.

Conclusion. This study systematically demonstrated that pH is

the key environmental factor in determining the patterns and pro-
cesses of freshwater lake bacterioplankton community assembly.
More acidic lakes imposed stronger environmental filtering,
which decreased the richness and evenness of overall bacterio-
plankton OTUs and largely shifted the community composition.
Although environmental filtering was the most important deter-
minant of bacterioplankton community assembly in our studied
lakes, the importance of neutral processes must also be consid-
ered, notably in more acidic lakes, where the species (OTU) diver-
sity was low. We propose that enhanced relative importance of
random community assembly processes in more acidic lakes
weakened the strong effect of environmental filtering on overall
communities, resulting in more distantly related bacterioplank-
ton communities in more acidic lakes.
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