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Patterns of microbial distribution represent the integrated effects of historical and biological processes and are thus a central
issue in ecology. However, there is still active debate on whether dispersal limitation contributes to microbial diversification in
strongly connected systems. In this study, sediment samples were collected along a transect representing a variety of seawater
pollution levels in the East China Sea. We investigated whether changes in sediment bacterial community structures would indi-
cate the effects of the pollution gradient and of dispersal limitation. Our results showed consistent shifts in bacterial communi-
ties in response to pollution. More geographically distant sites had more dissimilar communities (r = —0.886, P < 0.001) in this
strongly connected sediment ecosystem. A variance analysis based on partitioning by principal coordinates of neighbor matrices
(PCNM) showed that spatial distance (dispersal limitation) contributed more to bacterial community variation (8.2%) than any
other factor, although the environmental factors explained more variance when combined (11.2%). In addition, potential indica-
tor taxa (primarily affiliated with Deltaproteobacteria and Gammaproteobacteria) were identified; these taxa characterized the
pollution gradient. This study provides direct evidence that dispersal limitation exists in a strongly connected marine sediment
ecosystem and that candidate indicator taxa can be applied to evaluate coastal pollution levels.

Atmospheric deposition and agricultural and industrial efflu-
ents transport a continuous supply of nitrogen (N) into the
marine environment (1), producing a pollution gradient in
coastal zones. It is probable that this trend will continue in the
near future, with unknown ecological consequences (2). A high
and unbalanced N supply is changing the nutrient stoichiometry
(3), resulting in substrates that resist decomposition by microor-
ganisms. Eventually, these substrates are deposited into the ben-
thic sediment via the microbial carbon pump (4). Much of the
marine environment is historically resource limited, especially in
N (5). In particular, it is estimated that up to 80% of the nitrogen
required by phytoplanktonic organisms is derived from sediment
microbial remineralization in shallow seas (6). Thus, sediment mi-
crobes can potentially make marine sediment either a source or sink
for the nutrient pool (7). It has been extensively documented that the
magnitude and direction of remineralization depend on the local sed-
iment characteristics and resident microbial communities (8, 9). Ac-
cordingly, identifying microbial community variation and its driving
forces along N pollution gradients is important in predicting ecosys-
tem consequences based on environmental changes.

There is good evidence from empirical research and theoretical
ecology that N pollution exerts strong selective pressures on the
variation of microbial communities. For instance, an excess N
supply could select for nitrophilic microbes that require more N
and decompose recalcitrant carbon substrates more efficiently
(10). Accordingly, community composition may shift to favor or-
ganisms that are physiologically better adapted to such conditions
(11). However, reciprocal transplantation experiments have pro-
vided extensive evidence that resident and immigrant microbial
communities respond differently to the same disturbance (10, 12),
indicating the apparent involvement of the microbial community
in responses to environmental changes. Recently, increasing evi-
dence has shown that the spatial distributions of microbes are
nonrandom and that distance decay of similarity occurs for mi-
crobial compositional (13, 14) and functional (15) structures, al-
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though the results of certain studies are not consistent with these
findings (16, 17). In particular, we have found that geographic
distance imposed greater constraints on community variation
than any of the individual sediment variables selected (18). Simi-
larly, it has been shown that geographic distance (historical con-
tingencies) is the dominant factor driving variation in bacterial
diversity, in which geographic distance is applied as a proxy of past
evolutionary and ecological events because of the spatial dissimi-
larity (19). Therefore, dispersal limitation might be more impor-
tant than previously inferred (16, 17). Moreover, a comprehensive
study revealed that sediment microbial assemblages show a low
turnover rate (14). As mass effects would be greater in strongly
connected systems (i.e., those with minor physical barriers), we
therefore examined marine benthic sediments to test whether the
distance decay of similarity of the microbial community in marine
sediment mirrors that detected in physically isolated sites (18).
This information is essential to include marine microorganisms
on the biogeographic map on a global scale (13, 20).

The East China Sea is particularly important in fisheries, ship-
ping, and environmental issues (21). However, increasingly seri-
ous eutrophication in this region, due to industrial and agricul-
tural discharge, results in frequently harmful algal blooms (22).
Nevertheless, how and to what extent the structure of the sedi-
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ment bacterial community varies in response to N pollution in situ
has not yet been investigated in the East China Sea. As a result, it is
unclear whether microbial assemblages can be applied to indicate
N pollution levels, mirroring the results obtained for contrasting
cases, such as polycyclic aromatic hydrocarbons (23) and arsenic
pollution (9). The present study was conceived because we ob-
served native community effects and the uncertainty of dispersal
limitation in interconnecting systems. Thus, we collected benthic
sediment samples along a transect (corresponding to an array of
seawater pollution levels) in the East China Sea (see Fig. S1 in the
supplemental material) to determine the relative importance of
local characteristics and spatial limitation in shaping the variation
in the microbial community. We analyzed the bacterial commu-
nity structure with 16S rRNA gene amplicon pyrosequencing and
correlated it with environmental variables and spatial distances to
achieve the following goals: (i) to evaluate how sediment bacterial
communities respond to a pollution gradient, (ii) to determine
the driving forces in shaping the bacterial community distribu-
tions, i.e., environmental heterogeneity, geographic distance, or
both, and (iii) to explore taxa serving as indicators of such a pol-
lution gradient.

MATERIALS AND METHODS

Sample collection. Sediment samples were collected from the East China
Sea during a cruise conducted by the Marine Environmental Monitoring
Center of Ningbo on 25 October 2012. Five sites were chosen to cover a
gradient of seawater pollution levels along a specified transect (see Fig. S1
in the supplemental material). At each site, five biological replicates were
collected within a 50-m by 50-m area for a total of 25 samples. To avoid
minor stochastic mass variation, surface sludge was discarded before ho-
mogenization. The samples were packaged in airtight sterile plastic bags
with dry ice during the cruise and stored at —80°C after transport to the
laboratory. The global positioning system (GPS) coordinates recorded at
each sampling point (from 29°22'58"N 122°2'30"E to 29°22'43"N
122°34'48"E) were imported into the NOAA website (http://www.nhc
.noaa.gov/gccalc.shtml) to calculate the pairwise geographic distance be-
tween samples.

Sediment geochemical analyses. The pH values were measured using
aprobe (Starter 2100; Ohaus, USA) with a 1:2.5 (wt/vol) ratio of sediment
to water. The sediments were immediately freeze-dried to analyze their
geochemical characteristics. Sulfate (SO,%>~) was measured by barium
chloride titration. The concentrations of total phosphorus (TP) were
measured using inductively coupled plasma mass spectrometry (ICP-MS)
(ELAN 9000/DRC-¢; PerkinElmer, USA). Total organic carbon (TOC)
and total nitrogen (TN) were measured with a CN analyzer (Vario Max
CN; Elementar, Germany). Ammonium, nitrate, and nitrite were ex-
tracted by adding 50 ml of 1 M KCl to 10 g fresh sediment, shaking for 1 h,
and filtering through filter paper and were determined with an automated
procedure (Skalar SAN plus segmented flow analyzer). The dissolved in-
organic nitrogen (DIN) content was calculated as the sum of NH, ™,
NO; ™, and NO, ™.

DNA extraction and purification. Community DNA was extracted
from 0.5-g amounts of sediments using a FastDNA spin kit (Bio 101,
Carlsbad, CA, USA) according to the manufacturer’s protocol. The
genomic DNA (gDNA) extracts were quantified with a NanoDrop ND-
1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA) and stored at —80°C until amplification.

Bacterial 16S rRNA amplification and 454 pyrosequencing. An ali-
quot (50 ng) of purified DNA from each sample was used as the template
for amplification. The V4 to V5 hypervariable regions of bacterial 16S
rRNAs (Escherichia coli positions 515 to 907 [24]) were amplified using
the primer set F515 (GTGCCAGCMGCCGCGG), with the Roche 454 “A”
pyrosequencing adapter and a unique 11-bp barcode sequence, and R907
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(CCGTCAATTCMTTTRAGTTT), with the Roche 454 “B” sequencing
adapter at the 5" end of each primer. Each sample was amplified in tripli-
cate in a 50-ml reaction mixture under the following conditions: 30 cycles
of denaturation 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 10 min. The PCR
products were pooled and purified with a PCR fragment purification kit
(TaKaRa). The purified PCR products were quantified using the Quant-It
Pico Green kit (Invitrogen, Carlsbad, CA).

Equimolar amounts of PCR products (assuming that amplicons of the
same size had similar molar masses) for each sample were combined in a
single tube and run on a Roche FLX 454 pyrosequencing machine (Roche
Diagnostics Corporation, Branford, CT, USA), producing reads from the
forward direction (F515 with barcode).

Processing of pyrosequencing data. Sequencing reads were quality
filtered, chimera checked, and PyroNoise analyzed using the Quantitative
Insights Into Microbial Ecology (QIIME 1.6.0) workflow (25). Briefly,
bacterial phylotypes were identified using uclust (7) and assigned to op-
erational taxonomic units (OTUs, 97% similarity). Representative se-
quences from each phylotype were aligned using PyNAST (26), and the
most abundant sequence in the OTU was selected as the representative
sequence. The taxonomic identity of each phylotype was determined us-
ing the RDP database (27). The sequence data generated in this study were
deposited in the DDB]J (http://www.ddbj.nig.ac.jp/) Sequence Read Ar-
chive and are available under the project number DRA001258. To correct
for sequencing depth, we used a randomly selected subset of 4,800 se-
quences (corresponding to the smallest sequencing effort for any of the
samples) per sample for further analysis.

Statistical analysis. A SIMPER (similarity percentage) analysis was
used to identify the taxa primarily responsible for the differences observed
among the sample sites based on PAST (28). Several analyses were imple-
mented in R version 3.0.2 (29). Specifically, nonmetric multidimensional
scaling (NMDS) was used to evaluate the overall differences in microbial
community structure (30). Partial Mantel tests were used to calculate the
correlation between the distances separating the bacterial communities
and the sediment characteristics or geographic distance in PASSaGE (31).
To minimize the autocorrelation between spatial distance and environ-
mental variables, a principle coordinates of neighbor matrices (PCNM)
analysis was used to reduce the number of explanatory variables to retain
only the most significant and important ones (32-34). The OTU abun-
dance data contained many null abundances, and thus, a Hellinger trans-
formation was made prior to the subsequent analysis (35). Before de-
trending, we tested whether the trend was significant, and then the
bacterial community was detrended by regressing all variables on the x
and y coordinates and retaining the residuals (34). Then, a forward selec-
tion procedure was employed to select the best PCNM variables (no spa-
tial correlation). The forward selection was stopped if significance level
alpha (P > 0.05) was reached (36). Variation partitioning enabled us to
determine the various unique and combined fractions of variation ex-
plained in the bacterial community data by the environmental data, the
broad-scale spatial pattern (trend surface analysis), and the fine-scale spa-
tial patterns (PCNMs) (32).

RESULTS
Geochemical characteristics of sediments. The concentrations of
NO; -N and DIN in the sediment decreased consistently (Fig. 1)
from nearshore to offshore (see Fig. S1 in the supplemental mate-
rial) as the salinity and depth increased (see Table S1), indicating
N pollution due to coastal effluents. Conversely, the concentra-
tions of TP and SO,>~ increased along the transect (Fig. 1). In
contrast, the contents of PO, ~,NH, ", and NO, ~ in the sediment
did not vary linearly (see Table S1) but varied among sites. More-
over, pH and TOC were relatively stable along the pollution gra-
dient.

Taxon-specific patterns. Across all sediment samples, we ob-
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FIG 1 Linear changes in parameters along the pollution gradient. The data
represent the means * standard deviations (n = 5). Different small letters
indicate significant differences between sites for that parameter. Means were
compared using one-way ANOVA; P < 0.05.

tained a total of 148,925 quality sequences, 4,873 to 6,869 se-
quences per sample (mean, 5,957). We were able to classify 88.4%
of those sequences at the phylum level. The dominant phyla across
all sediments were Gammaproteobacteria, Deltaproteobacteria,
Planctomycetes, Bacteroidetes, and Chloroflexi (relative abundance,
>5%) (see Fig. S2 in the supplemental material), representing
more than 57% of the bacterial sequences. Consistent patterns
(linear increases or decreases) were observed for the dominant
phylum or class. For example, the relative abundances of Delta-
proteobacteria and Bacteroidetes decreased, whereas those of Nitro-
spirae and Alphaproteobacteria increased along the pollution gra-
dient (see Fig. S2). Regardless of the parameters, i.e., phylogenetic
diversity, number of OTUs (phylotypes), and Shannon diversity,
the alpha diversity was relatively stable, although it appeared to
show a peak at the moderately polluted site C (see Fig. S3).
Bacterial community structure. Based on the OTUs detected
across the samples, an NMDS ordination analysis clearly revealed
differentiation in the bacterial communities along our monitored
pollution gradient (Fig. 2), although the community diversities
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FIG 2 Nonmetric multidimensional scaling (NMDS) ordination of the dis-
similarity (Bray-Curtis distance) in bacterial community composition (OTU
level 0.03, NMDS stress = 0.09). Symbols are coded by sampling site. The
shades of gray indicate the pollution gradient. 2D, 2 dimensional.
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TABLE 1 Community dissimilarity test based on analysis of similarity
using Bray-Curtis distance”

Site A B C D E
A

B 0.0258

C 0.0483 0.1410

D 0.0068 0.0084 0.0082

E 0.0071 0.0092 0.0068 0.1503

@ Values in boldface represent significant differences (P < 0.05) between bacterial
communities in pairs of sampling sites.

did not change markedly (see Fig. S3 in the supplemental mate-
rial). The patterns were further corroborated by an analysis of
similarity (ANOSIM), which demonstrated that the sampling site
was an important determinant of community composition
(global r = 0.668, P = 0.001). Note that the community compo-
sition did not vary markedly between adjacent sites, such as site B
versus C and site D versus E (Table 1). However, the communities
separated well from nearshore to offshore (Fig. 2). In addition, the
linear function showed a significant correlation (Pearson coeffi-
cient) between NMDS axis 1 (as a proxy for the bacterial commu-
nity dissimilarity) and DIN (p = —0.504, P = 0.01), TP (p =
0.640, P = 0.001), and SO,*~ (p = 0.835, P < 0.001) (see Fig. S4).
Taken together, the results clearly revealed the spatial dynamics of
bacterial composition along this pollution gradient.

Spatial distance decay of similarity for the bacterial commu-
nity. To test whether spatial distance was an important factor
triggering the shifts in the bacterial community, a distance decay
of similarity model was employed (14, 18). Due to minor distances
among the biological samples within a given site, we calculated the
average of community similarities between the samples within
each pair of sites to represent the similarity between the two sites.
The slope of the distance decay of similarity relationship was esti-
mated by a linear regression between the similarity between the
two sites and the corresponding geographic distance. As a result, a
significant (r = —0.879, P = 0.002) distance decay of similarity
relationship was observed, with a turnover of 0.002 (Fig. 3). Partial
Mantel tests further supported the distance effect if the effect of
the sediment environmental similarity matrix was held constant
(P < 0.001). In addition, the overlaps of OTUs between sites were
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FIG 3 Correlation between community dissimilarities (Bray-Curtis distance)
and geographic distances. Error bars represent means * 1 standard error.
Regression line, y = —0.002x + 0.313; r = 0.494; P < 0.001.
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FIG 4 Variation partitioning by principal coordinates of neighbor matrices
(PCNM)-based analysis for the phylogenetic structure of bacterial communi-
ties into an environmental component (top left), a linear trend (top right), and
a broad-scale spatial pattern (bottom). A forward selection procedure was
used to select the best PCNM variables (no spatial correlation) important to
the bacterial community structure. Sediment environmental variables in-
cluded dissolved inorganic nitrogen (DIN) and sea depth, which constrained
5.8% and 5.4% of the variation, respectively.

greater between adjacent sampling sites than between distant pairs
and decreased consistently along the transect (see Table S2). To-
gether, the results showed that spatial distance affects community
structure, presumably due to dispersal limitation, even in this
strongly interconnected ecosystem.

Linking bacterial community structure to sediment vari-
ables and geographic distances. To better assess the effects of
spatial distances (as a proxy for dispersal barriers) and sediment
environmental parameters on the variations of the bacterial com-
munities, we conducted a variance partitioning analysis of the
combined PCNM output and illustrated our results using a mod-
ified variation partitioning diagram (Fig. 4). Two geochemical
variables (no spatial correlation), sea depth (P < 0.001) and DIN

OTU 36402: Nitrospirae;Nitrospirales; Thermodesulfovibrionaceae;GOUTA19
OTU 11599: Chloroflexi;Anaerolineae;SB-34

OTU 20070: Acidobacteria;0S-K
OTU 28256: Gemmatimonadetes;Gemm-2 1

OTU 37508: Gammaproteobacteria;Xanthomonadales
OTU 3200: Gammaproteobacteria;Xanthomonadales 4
OTU 20720: Gammaproteobacteria;Xanthomonadales
OTU 2574: Gammaproteobacteria;Chromatiales -
OTU 41689: Gammaproteobacteria;Chromatiales
OTU 2106: Gammaproteobacteria -
OTU 35580: Deltaproteobacteria;Syntrophobacterales
OTU 19635: Deltaproteobacteria;Syntrophobacterales; Desulfococcus

OTU 28637: Deltaproteobacteria;Desulfuromonadales;Desulfuromonadaceae | O

OTU 24733: Deltaproteobacteria; Desulfobacterales;Desulfobulbaceae 1 © o
OTU 41623: Deltaproteobacteria;Desulfobacterales;Desulfobulbaceae o o O

(P = 0.005), and geographic distance (P < 0.001) were then se-
lected for a subsequent variance partitioning analysis. Together,
the whole set (environmental component, linear trend, and broad
scale) of spatial and sediment environmental variables explained
19.4% of the variation in the undetrended (32) bacterial commu-
nities. The spatial variables (broad scale plus linear trend) alone
explained 8.2% of the variations, and the sediment environmental
variables explained 11.2% (among them, 5.7% of the variation
was spatially structured) (Fig. 4). The interactions between envi-
ronmental variables and spatial distance were moderate, indicat-
ing that the effects of spatial scales and environmental variables
were to a certain extent dependent on each other. However, a large
part (80.6%) of the variation was unexplained. Overall, both sed-
iment properties and geographic distance are important factors
shaping bacterial community structure.

The abundances of taxa correlated with pollution. At the
highest level of taxonomic resolution, a total of 15 OTUs were
detected in the sediment samples. These OTUs were primarily
responsible for the differences (31.6% overall) in the bacterial
communities among the sites (Fig. 5). These taxa were dominated
by populations of the marine benthic group from the Deltapro-
teobacteria (members of Desulfobulbaceae and Desulfuromon-
adaceae) and Gammaproteobacteria (members of Xanthomon-
adales and Chromatiales). Cumulatively, these two groups of
Proteobacteria contributed 14.2% and 12.8%, respectively, to the
overall difference. A striking general pattern was that the abun-
dance of members affiliated with the Deltaproteobacteria consis-
tently increased along the pollution gradient, whereas those
affiliated with the Gammaproteobacteria decreased (with the ex-
ception of OTUs 3200 and 37508) along the same gradient (Fig. 5).
In addition, the abundances of these taxa were significantly corre-
lated with the concentrations of DIN and TP along the pollution
gradient (Table 2).

Contributionto  Cumulative
dissimilarity (%) contribution (%)

O O O o o°of 1y 1.44
O O o O Of o 2.20
Q © © © = 1.07 327
© o o O O] o086 413
0 o o O O] os8 5.01
o o O O Of 178 6.79
O O O O O] 618 13.57
O O O o o 1.93 15.50
o O 0O o 0.82 16.32
O O O o o | 254 18.86
o o O O O 1.02 19.88
o o o O O 085 20.73
o O O 156 2229
o O O 242 2471
O Of 689 31.60
A B C D E
Sites

FIG 5 Taxonomic identities of the 15 OTUs serving as indicator taxa along the pollution gradient, with their relative contributions to community dissimilarities.
The diameters of the circles are proportional to the abundances of the OTUs, with the size of the circle indicating the average abundance (square root

transformed) of each OTU at a given site.
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TABLE 2 Pearson correlation coefficients between the 15 indicator OTUs and pollution variables”

DIN TP SO,

OTU Taxa p P p P p P
36402 Nitrospirae, Nitrospira, Thermodesulfovibrionaceae, GOUTA19 —0.683 <0.001 —0.749 <0.001
11599 Chloroflexi, Anaerolineae, SB-34 —0.645 <0.001 —0.750 <0.001
20070 Acidobacteria, OS-K —0.507 0.009 0.397 0.049
28256 Gemmatimonadetes, Gemm-2 0.429 0.032 —0.457 0.022 —0.665 <0.001
20720 Gammaproteobacteria, Xanthomonadales 0.476 0.016 —0.491 0.013 —0.659 <0.001
3200 Gammaproteobacteria, Xanthomonadales —0.518 0.008 —0.616 0.001
37508 Gammaproteobacteria, Xanthomonadales —0.342 0.047 0.492 0.012 0.700 <0.001
2574 Gammaproteobacteria, Chromatiales —0.485 0.014 —0.561 0.004
41689 Gammaproteobacteria, Chromatiales 0.474 0.017
2106 Gammaproteobacteria 0.477 0.016 0.620 0.001
19635 Deltaproteobacteria, Syntrophobacterales, Desulfococcus —0.562 0.003 0.473 0.017 0.664 <0.001
35580 Deltaproteobacteria, Syntrophobacterales —0.645 <0.001 0.504 0.010 0.674 <0.001
28637 Deltaproteobacteria, Desulfuromonadales, Desulfuromonadaceae —0.422 0.036 0.545 0.005 0.806 <0.001
41623 Deltaproteobacteria, Desulfobacterales, Desulfobulbaceae —0.500 0.011 0.611 0.001 0.874 <0.001
24733 Deltaproteobacteria, Desulfobacterales, Desulfobulbaceae —0.481 0.015 0.566 0.003 0.744 <0.001

“ Only the significant coefficients (P < 0.05) are listed.

DISCUSSION

The effects of heavy metal contamination gradients on microbial
community structure and function are well established (9, 37). In
contrast, far less attention has been paid to nutrient pollution
gradients in marine coastal ecosystems, especially in terms of the
apparent community effects. In this study, we analyze the relative
effects of a pollution gradient and geographic distance (for histor-
ical contingencies, see references 19 and 18) on the fluctuations of
the sediment bacterial community, with particular emphasis on
the identification of bacterial taxa as indicators of such a pollution
gradient.

Important factors influencing sediment bacterial commu-
nity structure. Anthropogenic effluents have produced a pollu-
tion gradient in this coastal zone; e.g., DIN increased consistently
along the transect (Fig. 1). However, bacterial communities can
respond rapidly to pollution (9, 37, 38). A high level of diversity is
considered an important aspect of ecosystem health (39). How-
ever, the diversity did not change linearly along the pollution gra-
dient studied, which had its peak diversity at the moderately pol-
luted site C (see Fig. S3 in the supplemental material). This pattern
is in line with the intermediate disturbance hypothesis, which
states that a maximum of diversity is found in communities expe-
riencing intermediate disturbance (40). It has been reported that
diversity can recover due to the divergence and proliferation of
tolerant species over time (37). Thus, diversity might be a poor
indicator of ecosystem stress in long-term and chronically pol-
luted ecosystems, whereas the bacterial community might serve as
a good indicator.

The bacterial communities investigated in this study were
dominated by Gammaproteobacteria, Deltaproteobacteria, and
Planctomycetes. This dominance pattern is distinct from those
found in lake sediments (18) and marine coastal waters (41).
However, this pattern is similar to those found in other marine
sediments worldwide (23, 37, 42), suggesting that a deterministic
process (habitat specialization) has shaped the sediment bacterial
community (14). We consistently observed robust dynamics of
bacterial assemblages among sites (Fig. 2 and 3), and such varia-
tions were significantly correlated with DIN and sea depth (Fig. 4).
Sea depth, which is most likely related to unmeasured variables,
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such as oxygen availability and pressure, explained 5.4% of the
variation of the community, similar to the amount explained by
the pollution parameter DIN (5.8%) (Fig. 4). Although it is widely
accepted that depth is an important factor in controlling the ver-
tical distribution of bacteria in the soil and in the water column
(38, 43), our emphasis in this study is on the role of depth in a
landscape, rather than along a vertical column.

Dispersal limitation in a strongly connected sediment eco-
system. An issue relevant to our study and to many other biogeo-
graphic studies is whether spatial distance creates genetic variation
(18, 34, 44). This information is essential to put microorganisms
on the biogeographic map and, subsequently, to predict the asso-
ciated functional relationships on the global scale (13, 20). We
detected a close correlation between variation in the bacterial
community and geographic distances (Fig. 3), even when a local
geochemical role was excluded (P < 0.001, partial Mantel test).
The overlaps of microbial assemblages were linearly decreased
along the transect, resulting in relatively low similarities. There-
fore, dispersal limitation could exist in a strongly connected ma-
rine sediment ecosystem such as this. In addition, the geographic
distance explained more variation in community structure than
any other individual factor (Fig. 4). The proportion of unex-
plained variation is comparable with that in a comprehensive bio-
geographic study (45). This result may be due to additional factors
not measured in this study, such as the redox state of the sediment
(46). However, some of the unexplained variation could also be
due to ecologically neutral processes of diversification (i.e., evolu-
tionary noise produced through random ecological drift) (39).

Many studies have shown that dispersal between distant envi-
ronments is limited (14, 18). In contrast, water flow and tidal
activity primarily govern the dispersal of bacteria and their trans-
portation to the benthic zone (47). For these reasons, high disper-
sal rates (mass effects) in the marine sediment investigated in this
study may produce a random distribution of bacterial composi-
tion (48). Thus, geographic distance would have minor or negli-
gible effects on taxon diversification. However, this is not the case
in the current study. One potential explanation of this outcome is
that the dispersal capabilities of bacterial groups vary greatly (49),
resulting in a legacy effect associated with geographic distance.
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Alternatively, the observed patterns may reflect the interactive ef-
fects of biotic and abiotic pressures, which impose variations in
reproductive success across individuals and species (14, 50). In-
deed, the importance of geographic distance in structuring bacte-
rial communities does not erase the effect of local features in driv-
ing compositional responses. Consistently, we observed that local
geochemical factors have a stronger effect on variation than geo-
graphic distance (Fig. 4), accompanied with a low spatial turnover
rate (w = 0.002) (Fig. 3). This is in concert with the notion that
dispersal limitation alone, however, is not enough to cause spatial
turnover in community composition (50). In such a case, dis-
persed bacteria are filtered by new habitats (species sorting) or by
competitive interactions with resident taxa (50, 51), resulting in
the diversification of physiologically better adapted organisms
(11). Overall, our results showed that the spatial distribution of
bacterial communities is controlled not only indirectly, through
complex trophic interactions, but also directly, by dispersal limi-
tation. Thus, the study of global patterns in microbial communi-
ties should integrate the effects of dispersal limitation, even in
highly connected marine ecosystems on a regional scale, to im-
prove prediction models.

Bacterial taxa indicating the pollution gradient. The samples
from a range of levels of seawater pollution collected in this study
allowed us to obtain bacterial taxa that showed sensitivity to the
pollution gradient. As a result, we identified 15 abundant taxa that
cumulatively contributed 31.7% of the variation among sample
sites (Fig. 5). Thus, these taxa may be good indicator species for
environmental monitoring; their abundances changed linearly
along the pollution gradient and were significantly correlated with
the pollution parameters measured (Table 2). The key indicator
taxa displayed markedly different ecological strategies across en-
vironments (52). Thus, changes in their abundance may be asso-
ciated with the ecological consequences of anthropogenic con-
tamination. For instance, the candidate indicator taxa belonging
to the Syntrophobacterales/ Desulfuromonadales are strictly anaer-
obic genera belonging to the known sulfate-reducing bacteria
(SRB) (53). In sulfate-rich marine sediments, SRB typically min-
eralize organic matter, coupled with sulfate reduction, which con-
tributes up to 50% of the total organic mineralization in coastal
ecosystems (53, 54). The abundances of these SRB are positively
correlated with the concentrations of SO,>”. This positive corre-
lation implies that the SRB are, most likely, active there. Thus, the
abundant and active SRB potentially play a substantial role in N
remineralization in this region (6, 55). In contrast, the abundances
of Chromatiales and Xanthomonadales (OTU 20720) (affiliated to
Gammaproteobacteria) decreased consistently along the pollution
gradient (Fig. 5). This pattern is in concert with the notion that the
heterotrophic Gammaproteobacteria grow rapidly at high levels of
marine nutrients (55). Although individual classes contain a range
of phylogenetic diversity, the members from certain classes appear
to share a consistent set of attributes that respond to pollution. In
combination, these taxa might be applied to evaluate coastal pol-
lution levels, at least in this case.
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