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The microbial cosmopolitan dispersion hypothesis often invoked to
explain distribution patterns driven by high connectivity of oceano-
graphic water masses and widespread dispersal ability has never
been rigorously tested. By using a global marine bacterial dataset
and iterative matrix randomization simulation, we show that ma-
rine bacteria exhibit a significantly greater dispersal limitation than
predicted by our null model using the “everything is everywhere”
tenet with no dispersal limitation scenario. Specifically, marine bac-
teria displayedbipolar distributions (i.e., species occurringexclusively
at both poles and nowhere else) significantly less often than in the
null model. Furthermore, we observed fewer taxa present in both
hemispheres but more taxa present only in a single hemisphere than
expected under the nullmodel. Each of these trends diverged further
from the null expectation as the compared habitats became more
geographically distant but more environmentally similar. Our meta-
analysis supported a latitudinal gradient in bacterial diversity with
higher richness at lower latitudes, but decreased richness toward the
poles. Bacteria in the tropics also demonstrated narrower latitudinal
ranges at lower latitudes and relatively larger ranges in higher lat-
itudes, conforming to the controversial macroecological pattern of
the “Rapoport rule.” Collectively, our findings suggest that bacteria
follow biogeographic patterns more typical of macroscopic organ-
isms, and that dispersal limitation, not just environmental selection,
likely plays an important role. Distributions of microbes that deliver
critical ecosystem services, particularly those in polar regions, maybe
vulnerable to the same impacts that environmental stressors, climate
warming, and degradation in habitat quality are having on biodiver-
sity in animal and plant species.
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Bipolar distributions refer to the presence of identical taxa in the
polar or subpolar provinces of the Northern and Southern

hemispheres without evidence for connecting populations that span
the tropics. The oceanographic literature first described bipolar-
distributed fauna and flora, among the oldest of biogeographic
patterns, more than 160 y ago during early voyages to polar prov-
inces (1, 2). In the past decade, molecular approaches also con-
firmed bipolarity in the microbial eukaryotes (e.g., planktonic
foraminifera and dinoflagellates) (3–5), whereby molecular evi-
dence suggested that the same species recurrently migrated between
both hemispheres through the equator (3). Bipolar species dis-
tributions as a biogeographic pattern hypothesize that a historically
cosmopolitan-distributed species experienced an event that limited
its range to both polar provinces or that a species restricted to one
pole dispersed to the other. The marine fossil record supports
a cosmopolitan distribution of diatoms (6), but suggests limited
dispersal-driven biogeography near polar provinces for this group.
The Baas-Becking (BB) tenet, “everything is everywhere, but the

environment selects” (ref. 7, p. 15), may describe the current bio-
geography of microorganisms. The first part of the BB tenet, “ev-
erything is everywhere” explains the seemingly cosmopolitan
distribution of microorganisms (8) by invoking a lack of dispersal
limitation. The second component of the BB tenet accounts for
regional distinctions by invoking environmental selection in a pro-
cess equivalent to “species sorting” in metacommunity theory (9).
Arguments for “everything is everywhere” cite enormousmicrobial
population sizes (10) or the presence of strong passive dispersal

forces (i.e., thermohaline circulation and oceanic currents) (11) or
their ability to hitchhike on larger species (12). However, recent
molecular evidence describes microbial biogeographical patterns
that suggest limited gene flow (13, 14) and indicate the potential
for limited species dispersal for “cosmopolitan” diatoms (15).
The recent application of deep sequencing to determine micro-

bial community structures frommany latitudinal zones in theworld’s
ocean offers an opportunity to examine bacterial macroecological
distribution patterns (16, 17). In a synthesis of data from the first
marinemicrobial census, we first observed the pattern of shared taxa
common to samples from opposite poles (16). However, this pre-
liminary investigation showed that the most abundant taxa in the
polar regions were also found elsewhere and thus failed to conclu-
sively demonstrate the classical “bipolar” species distribution. In the
present study, we investigated the distribution of bacteria over lat-
itudinal zones by analyzing 277 epipelagic bacterial communities
from the Arctic, Atlantic, Pacific, and Southern Oceans spanning
latitudes 72.4°N to 75.6°S (Fig. 1 and Dataset S1). Our dataset
consisted of 4.23 million bacterial small-subunit (SSU) rRNA gene
V6 hypervariable pyrotag sequences that clustered into 65,545 op-
erational taxonomic units (OTUs). We conservatively treated
OTUs as taxa, approximately equivalent to the smallest unit of
bacterial diversity for testing biogeographical patterns (18).
We hypothesized that species sorting coupled with some degree

of dispersal limitation best explains current microbial distributions.
We compared global-scale observations vs. a null model that as-
sumes no limitation on dispersal (i.e., everything can be everywhere)
and no environmental selection (i.e., the environment does not fa-
vor the growth of specific microbes). Our null model is similar to
Hubbell’s neutral theory (19) in that it lacks environmental forcing;
however, it is distinct in that it assumes no limits on taxon dispersal.
Our approach offers a quantitative means of assessing classical
biogeographic patterns in nature on the microbial scale.

Results and Discussion
A bipolar species is a taxon that occurs in both poles and does not
occur in intervening latitudes (Fig. 2A). We compared numbers of
observed bipolar-distributed taxa vs. the numbers of expected
bipolar-distributed taxa based on a null model. To assess the null
model, we used an iterative matrix randomization process to ob-
tain the expected number of bipolar-distributed taxa. Starting
from a taxon by sample matrix of instances of the occurrence of
a taxon in a sample (i.e., counts), the randomization process
shuffled counts among taxa and samples without replacement,
while holding constant the number of counts per sample and the
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absolute abundance of each taxon across all samples. This process
controlled for the sampling design and taxon abundance, and
returned results expected if populations had unlimited dispersal
and were free of selection pressures. It is likely that environmental
selection does play an important role in structuring marine mi-
crobial populations, but, by strategically comparing null expect-
ations and observations across environmental gradients, we can use
this minimal null expectation to highlight the relative importance of
dispersal limitation and selection. By comparing populations in in-
creasingly selectively similar environments at increasingly large dis-
tances one can discriminate between distributions generated under
the BB tenet, and amodel in which limited dispersal plays a role (i.e.,
everything is not everywhere, and the environment selects).
We first summarized the distributions of bipolar distributed taxa

in a collection of 1,000 shuffled matrices at latitudinal increments
of 5° above 55°. The numbers of observed bipolar distributed taxa
at absolute values of 55° and 60° fell within the expected bipolar
distributed taxon values from the null model (Fig. 2A). In contrast,
we observed fewer bipolar-distributed taxa (Table S1 provides
their taxonomy) at absolute latitudes 65° or 70° than expected,
consistent with a biogeographical pattern characterized by limited
dispersal (Fig. 2A). This pattern of increasing divergence from

expectation as environments became more distant and more se-
lectively similar was a consistent feature in our results.
Our observed bacterial bipolarity led us to measure whether

“paired-taxon” distributions also deviated from the null model.
Under our definition, a paired taxon is one that occurred in both
hemispheres at or higher than an absolute boundary latitude,
without regard to the taxon’s occurrence between these latitudes.
By this definition, all bipolar taxa at each boundary latitude are
paired taxa, but many paired taxa are not bipolar taxa. First, we
counted the numbers of observed paired taxa at latitudinal incre-
ments of 5° above 20°, and then compared this number to the
number of expected paired taxa by using the same iterative matrix
randomization process described earlier. At all examined lat-
itudes, we observed significantly fewer paired taxa than expected
under the null model (Fig. 2B). The ratios of observed to expected
paired taxa decreased sharply from 0.35 to 0.11 toward higher
boundary latitudes (Fig. 2B, red line). This incremental divergence
from 1:1 in the ratio of observed to expected paired taxa as habitats
became further apart and more selectively similar suggested an
increasing barrier to dispersal over increasing latitudinal distance.
We also explored a hemisphere-asymmetrical taxon distribution

(Fig. 2C), whereby taxa only occurred poleward of an absolute
boundary latitude in one hemisphere and were excluded from
other latitudes. After using the same iterative matrix randomiza-
tion process, we observed more hemisphere-asymmetrical taxa
than expected under the null hypothesis. If one assumes that en-
vironmental characteristics of the two hemispheres at similar lat-
itudes are comparable (Fig. S1), this result suggested that tropical/
subtropical provinces may serve as barriers to dispersal of marine
microbial taxa. Also, we noted that the ratio of observed to
expected hemisphere-asymmetrical taxa diverged strongly from
one with increasing boundary latitude (Fig. 2C). This pattern di-
verged from expectations under the BB tenet and further sup-
ported the notion that as distances between selectively similar
habitats increase, dispersal between them is increasingly rare.
Our study is one of few (20–23) that address large-scale gradients

in diversity. The observations of a latitudinal gradient in bacterial
diversity (22, 23) with higher latitudes being less diverse than lower
latitudes (Fig. 3 andDataset S1) reinforce the concept that bacteria
display biogeographical patterns (24). Interestingly, the Southern
hemisphere exhibited a steeper diversity gradient than did the
Northern hemisphere (Fig. 3). Recently, Ghiglione et al. (25),

Fig. 1. Sampling locations of 277 marine epipelagic bacterial communities
from theArctic,Atlantic, Pacific, and Southernoceans spanning latitudes 72.4°N
to 75.6°S. Samples include ones from the International Census of Marine
Microbes and Palmer Station in Antarctica as part of the Microbial Inventory
Research Across Diverse Aquatic Long Term Ecological Research Sites project.

Table 1. Linear regression statistics on median latitudinal ranges and latitude, and median SST ranges and SST

Taxonomic group

Latitude and median latitudinal ranges SST and median SST ranges

Slope ± SEM Adjusted R2 P value Slope ± SEM Adjusted R2 P value

Bacteria 0.61 ± 0.02 0.77 <0.001 −1.30 ± 0.08 0.51 <0.001
Acidobacteria −0.08 ± 0.03 0.04 0.008 0.04 ± 0.07 0 0.596
Actinobacteria 0.36 ± 0.04 0.20 <0.001 −0.47 ± 0.12 0.05 <0.001
Bacteroidetes 0.62 ± 0.03 0.58 <0.001 −0.85 ± 0.13 0.12 <0.001
Chlamydia 0.09 ± 0.03 0.04 0.008 −0.28 ± 0.08 0.06 0.001
Chloroflexi 0.02 ± 0.03 0 0.457 0.01 ± 0.08 0 0.915
Cyanobacteria 0.16 ± 0.03 0.08 <0.001 −0.47 ± 0.07 0.17 <0.001
Deferribacter 0.31 ± 0.03 0.25 <0.001 −0.48 ± 0.08 0.10 <0.001
Firmicutes 0.15 ± 0.02 0.12 <0.001 −0.47 ± 0.07 0.13 <0.001
Gemmatimonadetes 0.06 ± 0.03 0.02 <0.001 −0.10 ± 0.09 0 0.310
Planctomycetes 0.10 ± 0.03 0.03 0.001 −0.38 ± 0.08 0.07 <0.001
α-Proteobacteria 0.62 ± 0.02 0.79 <0.001 −1.23 ± 0.07 0.56 <0.001
β-Proteobacteria 0.42 ± 0.04 0.33 <0.001 −0.83 ± 0.10 0.20 <0.001
γ-Proteobacteria 0.71 ± 0.03 0.66 <0.001 −1.66 ± 0.14 0.33 <0.001
δ-Proteobacteria 0.30 ± 0.03 0.34 <0.001 −0.92 ± 0.07 0.38 <0.001
e-Proteobacteria 0.14 ± 0.03 0.08 <0.001 −0.20 ± 0.10 0.01 0.044
Verrucomicrobia 0.31 ± 0.03 0.23 <0.001 −0.23 ± 0.10 0.02 0.017

Boldface indicates Adjusted R2 value was equal or higher than 0.2.
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found a nonsignificant latitudinal gradient in bacterial diversity;
however, our more comprehensive dataset supported a significant
latitudinal gradient. Variability in the slope of latitudinal diversity
gradients (26) in the Southern vs. the Northern hemisphere also
supported hemisphere-asymmetrical distributions, suggesting
that the tropics may serve as a barrier to bacterial dispersal.
We looked over latitudinal range sizes to see if theRapoport rule

(27) explained the observed bacterial latitudinal diversity gradient.
By measuring each OTU’s latitudinal range size (i.e., the ranges
between the northernmost latitude and southernmost latitude

where an OTU occurred), we found that overall bacterial lat-
itudinal ranges conformed to the Rapoport rule (i.e., narrower
median latitudinal taxon range sizes occurred at lower absolute
latitudes than at higher absolute latitudes; Fig. 4 and Fig. S2).
Closer inspection of latitudinal range sizes of individual OTUs by
phylum (or, in the case of Proteobacteria, by class), revealed that
bacterial OTUs belonging to the phylum Bacteroidetes, Cyano-
bacteria, and the α-, β-, and γ-classes of Proteobacteria showed that
OTUs in these groups have broader habitat ranges at higher lat-
itudes than those compared with lower latitudes (Fig. 4, Fig. S2, and
Table 1). OTUs assigned to Firmicutes, Chlamydiae, Chloroflexi,
Planctomycetes, and e-Proteobacteria, however, did not conform
to the Rapoport rule, showing less significant or nonsignificant
correlations between latitudinal range and latitude (Fig. 4, Fig. S2,
and Table 1). Some genera of Chloroflexi and Firmicutes are ca-
pable of forming spores, and therefore it is possible that these taxa
may passively (or stochastically) disperse as propagules. The
oceans are fully connected through thermohaline circulation on
the time scale of ∼1,000 to 2,700 y (28), and, therefore, if these
propagules can remain viable during that time period, the few
spore-forming taxa may truly disperse globally, even through
environments hostile to their reproductive success.
These phylum- or class-level differences in the latitudinal range

sizes of OTUs implicate characteristics such as morphology, size,
and fitness to new environments, as drivers for new colonization
via dispersal, extinction (i.e., narrow-range taxa possess higher
extinction rates), and, ultimately, biogeographical patterns. Obvi-
ously, phylum and class taxonomic levels were coarse groupings to
examine; however, it is noteworthy that trends of bacterial lat-
itudinal range sizes deviated by even these taxonomic groupings
and thus finer taxonomic levels such as species-specific groupings
may yield further insights.

Fig. 2. Nonrandom global biogeographical patterns of marine epipelagic bac-
teria. (A) A schematic illustration of the bipolar taxon distribution, where taxa
occur only above the subtropics on both sides of the equator. Table (Right)
compares observed bipolar-distributed taxa vs. expected ones. (B) A schematic
illustration of a paired-taxon distribution. The numbers of observed, expected,
and the ratio of observed-to-expected paired taxa are shown in the graph (Right).
(C) A schematic illustration of a hemisphere-asymmetrical taxon distribution,
whereby taxa occur only above a boundary latitude in a selected hemisphere. The
numbers of observed, expected, and the ratio of observed-to-expected hemi-
sphere-asymmetrical taxaare shown in thegraph (Right). All expectednumbers of
taxa and P values were obtained from null-simulation (i.e., random-distribution)
based matrix randomization processes with 1,000 iterations.

Fig. 3. A latitudinal gradient in marine epipelagic bacterial diversity. We
calculated bacterial richness by using parametric methods implemented in
the CatchAll program (44). Pearson correlation r values were between nat-
ural log-transformed estimated richness values and absolute latitudes. A
similar correlation was obtained with richness estimation with normalized
datasets (subsampling to minimum numbers of reads). Our correlation val-
ues between latitude and estimated richness were also similar to those from
previous amplified ribosomal intergenic spacer analysis results (23) with 100
data points at 57 locations (Pearson r = −0.422).

2344 | www.pnas.org/cgi/doi/10.1073/pnas.1212424110 Sul et al.
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OTUs in abundant taxa—for instance, α- and γ-Proteobacteria
in the epipelagic zone—tended to distribute more widely across
datasets and had broader latitudinal range sizes; however, not all
abundant OTUs exhibited broad latitudinal range sizes (Fig. S3).
We hypothesize that very abundant bacteria may migrate to or
emigrate from adjacent regions through passive transport (19, 29).
Thus, latitudinal gradients in diversity and latitudinal range size
differences of OTUs by phylum (or class) or by abundance suggest
nonuniform bacterial distributions and dispersal capability (30)
driven by passive processes or by fine-scale sensitivity to different
environmental factors.

We also measured temperature range sizes of OTUs along with
temperature to test how contemporary environmental factors re-
lated to bacterial distribution patterns. Temperature range sizes of-
ten mirrored latitudinal range sizes as a result of strong correlations
between temperature and absolute latitude (Fig. S1), with some
exceptions; i.e., bipolar-distributed taxa had broad latitudinal and
narrow temperature range sizes. Bacteria at higher temperatures
(likely at lower absolute latitudes) exhibited narrower median tem-
perature ranges than those at lower temperature (likely at higher
absolute latitudes; Fig. 5 and Fig. S4). Temperature range sizes of
OTUs in Actinobacteria, Bacteroidetes, Deferribacteres, and

Fig. 4. Limited bacterial latitudinal ranges by taxonomic group. Relationship between bacterial latitudinal range sizes and latitude to test conformation to
the Rapoport rule. Each point represents a median latitudinal range for each sample with taxa of a given taxonomy (n = numbers of taxa used in the cal-
culation; “slope” indicates slope of linear regression).

Fig. 5. Limited bacterial temperature ranges by taxonomic group. Relationship between bacterial temperature range sizes and temperature to see if
broader mean temperature range sizes were measured in colder locations than in moderate or warmer locations. Each point represents the median tem-
perature range for each dataset with taxa of a given taxonomy (n = numbers of taxa used in the calculation; “slope” indicates slope of linear regression).

Sul et al. PNAS | February 5, 2013 | vol. 110 | no. 6 | 2345
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Verrucomicrobia did not correlate with temperature gradients even
though their latitudinal range sizes conformed to theRapoport rule
(Table 1). This discrepancy, conformation to the Rapoport rule
with no correlation between temperature range sizes and temper-
ature (i.e., Bacteroidetes, Cyanobacteria; Figs. 4 and 5), suggested
that latitudinal distances (dispersal limitation as a component of
deterministic processes) and current environmental conditions
(species sorting) are bona fide factors that affect contemporary
bacterial biogeography.
We suggest that contemporary environmental factors and his-

torical events, including dispersal limitation, drive the biogeog-
raphy of epipelagic marine bacteria. The driving forces for current
epipelagic marine bacterial biogeography likely include environ-
mental differences, e.g., in temperature and water mass composi-
tion (31), but also likely include differential dispersal, e.g., con-
nectivity among communities as a result of ocean currents and
physical barriers such as the landlocked nature of the Arctic Ocean.
A recent study (25) suggested that environmental selection is the
primary driver in differentiating epipelagic bacterial community
composition between polar regions, that is, the environmental
differences between the Arctic and Southern Ocean. However,
here we demonstrate that stochastic processes likely play a role in
global bacterial biogeography (32, 33). Our data show that obser-
vations become increasingly divergent from expectations with in-
creasingly selectively similar but increasingly distant environments;
this strongly suggests that dispersal limitation is playing an impor-
tant role before environmental selection is making a difference.
Our data also have important implications for microbial allopatric
speciation (34) among bipolar species separated by a tropical bar-
rier even though they exist in the high connectivity of the epipelagic
zone. Understanding microbial distributions has important impli-
cations for climate change, asmicrobes drivemajor biogeochemical
cycles (35) in the oceans. A growing concern is that increases in
water temperature in temperate and polar provinces could lead to
the decline of microbial diversity restricted to colder temperatures,
including so-called bipolar species. Therefore, perturbations in
microbial biogeography may serve as sentinels to irreversible
change in the environment, particularly the global ocean.

Materials and Methods
Meta-Analysis of Epipelagic Bacterial Community V6 Hypervariable Region of
SSU rRNA Gene. We collected V6 hypervariable region SSU rRNA gene pyrotag
data from277epipelagicbacterial samples fromtheArctic,Atlantic, Pacific, and
Southern Oceans spanning latitudes 72.4°N to 75.6°S (Fig. 1 and Dataset S1) as
part of the International Census of Marine Microbes (ICoMM) effort and
Palmer Station in Antarctica as part of theMicrobial Inventory Research Across
Diverse Aquatic Long Term Ecological Research (MIRADA-LTER) Sites project.
Coordinates of latitude and longitude, depth, temperature, and numbers of
reads for each sample are reported in Dataset S1. Palmer Station sampleswere
collected and sequenced as previously described (36, 37) in amanner consistent
with that used for the ICoMM samples. We sequenced the hypervariable V6
region (Escherichia coli positions 967–1046) using pyrosequencing on the GS-
FLX systemand trimmed sequences of adapter andprimer sequences, removed
low-quality reads as described previously (38), and assigned OTUs (referred to
throughout the text as taxa) using the 2% single linkage preclustering and
pairwise alignment with average linkage clustering method (39). This ap-
proach minimizes OTU inflation (40), and is considered comparable to se-
quencing error noise-reduction methods such as PyroNoise (41). All bacterial
V6-pyrotag SSU rRNA gene sequences were clustered into 65,545 OTUs at the
97% similarity level. Taxonomic identifications for OTUs based on represen-
tative sequences were assigned by using Global Assignment of Sequence
Taxonomy (39). National Center for Biotechnology Information Sequence
Read Archive (SRA) accession numbers, including newly submitted Palmer

Station bacterial SRAs (SRA059385), are located in Dataset S1. To ensure
compliance with community standards (42), the open-source Investigation/
Study/Assay (43) metadata-tracking framework was used to curate the data-
sets and format them for submission to the SRA database.

Iterative Matrix Randomization Process. We built an observed taxon-by-
sample matrix summarizing the absolute abundance (sequenced counts) of
each of the 97% identical OTUs in each sample. To compare the observed
results vs. null expectation patterns given the same sampling scheme and
absolute OTU abundances, we permuted our observed taxon-by-sample
matrix, and then analyzed the resulting permuted dataset.
Permutation. We randomly permuted counts across our taxon-by-sample
matrix, maintaining row and column sums, (i.e., the total number of counts
per sample and the global absolute abundance of each OTU). This allowed us
to generate matrices of populations with neither dispersal limitation nor
sample or location specific selection, while controlling for sampling design
and global taxon abundance.We permuted thematrix 1,000 times and stored
the resulting matrices. We performed all permutations by using custom
scripts in the R program (R Development Core Team).
Null distributions. From these permutedmatrices, we built a null expectation of
the likelihood of three particular latitudinal distributions: bipolar, paired, and
hemisphere-asymmetrical. Here, bipolarity is defined as a taxon occurring
only poleward of a specified boundary latitude in both the northern and
southern hemispheres, but not at any lower latitude (Fig. 2A). A paired
distribution is defined as a taxon occurring poleward of specified boundary
latitudes in both the northern and southern hemispheres, without regard to
whether it occurs at any lower latitude (Fig. 2B). Finally, a hemisphere-
asymmetrical distribution is defined as a taxon occurring poleward of
specified boundary latitudes in a single hemisphere, and not occurring at
any other latitude (Fig. 2C). For each permuted matrix we counted the
number of taxa exhibiting each of the three distributions of interest (bi-
polar, paired, hemisphere-asymmetrical), at varying boundary latitudes as
follows. For bipolarity, we considered boundary latitudes from 55° to 70° in
steps of 5°; for paired-taxon, we considered boundary latitudes from 20° to
70° in steps of 5°; and for hemisphere-asymmetrical we considered boundary
latitudes from 0° to 70° in steps of 5°. At each boundary latitude for each
permuted matrix, we counted the number of taxa exhibiting the distribution
in question and thereby built a null expectation distribution across all
1,000 matrices.

By comparing the permutation distribution to the number of taxa that
exhibited the distribution in the nonpermuted, observed dataset, we can
calculate a P value, estimating the nonparametric likelihood of the observed
data under null expectations. In each case, the P value equals the number of
permuted values more extreme than the observed value divided by the
number of permutations minus one [P = #Extreme/(N − 1)].

Richness Estimation of Epipelagic Bacterial Communities. We calculated bac-
terial richness by using parametric richness estimation methods implemented
in the CatchAll program (44). We used the best parametric model estimation
with frequency count data selected by CatchAll. We ran our analyses using
full datasets and datasets sampled down to the lowest sampling effort by
using in-house scripts that randomly resampled our original dataset matrix.

Latitudinal and Temperature Range Size Measurements. Latitudinal range size
was defined as the range between the northernmost latitude and southern-
most latitude where taxa for a given taxonomic unit occurred. Temperature
range size was defined as the range between the highest and lowest-tem-
perature where taxa occurred for a given taxonomic unit. In this analysis, we
used measured temperature of seawater at the time of sampling or the mean
estimated SST corresponding to the week the sample was taken (Dataset S1).
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