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A positive power-law relationship between the number of species
in an area and the size of that area has been observed repeatedly
in plant and animal communities'. This species—area relation-
ship, thought to be one of the few laws in ecology?, is fundamental
to our understanding of the distribution of global biodiversity.
However, such a relationship has not been reported for bacteria,
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and little is known regarding the spatial distribution of bacteria,
relative to what is known of plants and animals’. Here we
describe a taxa—area relationship for bacteria over a scale of
centimetres to hundreds of metres in salt marsh sediments. We
found that bacterial communities located close together were
more similar in composition than communities located farther
apart, and we used the decay of community similarity with
distance to show that bacteria can exhibit a taxa—area relation-
ship. This relationship was driven primarily by environmental
heterogeneity rather than geographic distance or plant
composition.

In the 1920s, the empirical relationship between the number of
species and area was generalized*® as a power-law, S = cA*, where S
is the number of species, A is the area sampled and c is the intercept
in log-log space. The species—area exponent, z, is a measure of the
rate of change of the slope with increasing area, that is, the rate of
turnover of species across space. Variation in the values for ¢, and
especially for z, is of interest because it may indicate that different
processes underlie the species—area relationship at different spatial
scales®’”. Although not as well studied as species—area relationships,
other taxa—area relationships (for example, genera—area and family—
area) have been identified for plants and animals; such relationships
conform to the same power-law as species—area relationships,
although they differ in their values of ¢ and z*°.

Bacteria are among the most abundant and diverse groups of
organisms on earth'® and mediate important ecosystem processes,
including trace gas emissions, decomposition and nitrogen cycling.
Whereas taxa—area relationships have been observed repeatedly for
numerous plant and animal taxa regardless of ecosystem type', they
have not been explicitly examined for bacteria. Unique aspects of
bacterial biology may prevent bacteria from exhibiting taxa—area
relationships. For example, if most bacteria are not dispersal limited
(for example, owing to small size and environmental hardiness)"’
and if they exhibit a high degree of ecological redundancy (for
example, if bacteria are flexible in habitat requirements and phys-
iological abilities, or if they can easily obtain traits through hori-
zontal gene transfer that are necessary for survival in a given
habitat), then one would not expect to observe a taxa—area relation-
ship’.

Here we investigated whether bacteria exhibit a taxa—area
relationship in a New England salt marsh. We conducted our
work in a salt marsh because the spatial ecology of salt marshes is
especially well understood'”. There is an extensive literature regard-
ing the main physical gradients in salt marshes, the spatial distri-
bution of plant species and the ecological processes that underlie
this distribution. This information provides an ideal reference point
from which to investigate the spatial distribution of bacteria. We
sampled 1-cm-diameter sediment cores in a nested manner over a
scale of centimetres to hundreds of metres. With the possible
exception of the most extreme and depauperate environments'?,
the diversity of bacterial communities is too high to be exhaustively
sampled. Therefore we used a previously refined distance decay
approach™, which uses data on the spatial turnover of taxa, to
determine the taxa—area exponent, z. This approach uses compari-
sons of community composition rather than richness estimations to
describe taxa—area relationships. For comparison, we also estimated
the relationship between the number of plant species and area in this
ecosystem, using the same distance decay approach.

Because a large proportion of microbes cannot be cultured with
current laboratory techniques', bacterial taxa are often identified
from the sequences of indicator genes extracted from environmen-
tal samples'®. We determined the bacterial community composition
of our salt marsh samples by amplifying via the polymerase chain
reaction (PCR), cloning and sequencing a region of 16S ribosomal
DNA (rDNA), the most commonly used indicator gene for bacterial
biodiversity. Because the bacterial diversity of salt marshes is often
very high, we used PCR primers targeting a subset of the bacterial
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biota (the -proteobacteria and relatives) to constrain the potential
community we sampled. Proteobacteria are commonly found in
many different environments, including salt marshes, and are often
numerically dominant'’. Because there is no single best definition of
‘species’ using this sequencing approach'®, taxa are usually defined
as operational taxonomic units (OTUs) based on sequence simi-
larity groupings. We used the three most commonly used group-
ings—95%, 97% and 99% sequence similarity—to define OTUs
in our study. Using multiple OTU definitions is analogous to
comparing different taxonomic resolutions (for example, compar-
ing genus, species and sub-species)'®.

We sequenced a total of 945 partial 16S rDNA sequences. These
sequences grouped into 88 OTUs, using a taxon resolution of
97% sequence similarity. Approximately 34% of the OTUs were
singletons (n = 30), and 15 OTUs were represented by more than
ten sequences. Five-hundred and twenty-three sequences were
members of the 3-proteobacteria; the remainder were members of
the ~y-proteobacteria and the §-proteobacteria.

Bootstrapping of linear regressions between log-transformed
values of bacterial similarity and geographic distance revealed
significant distance decay curves for all taxonomic resolutions;
that is, samples that were located closer in space were significantly
more similar in bacterial composition than samples that were
located farther apart (Table 1; see Supplementary Methods 2). We
then computed the taxa—area z-value for bacteria from the slope of
these distance decay curves (Table 1; Fig. 1).

We also observed a significant species—area relationship for plants
in this same marsh (Fig. 1a). The plant z-value was significantly
larger than those observed for bacteria but was similar to values
estimated for other wetland plant communities”. To determine
whether taxonomic focus (the particular group of taxa analysed)
also affects the taxa—area relationship among different bacterial
taxa, we repeated the analyses above for a subgroup of the
sequences, restricting our analyses to the B-proteobacteria

Table 1 Taxa-area z-values

OTU resolution z-value Regression coefficient t P

All sequences

99% 0.040 —0.081 —6.53 <0.001*
97% 0.020 —0.039 —4.92 <0.001*
95% 0.019 —0.037 —5.44 <0.001*
3-proteobacteria

99% 0.019 —0.038 —2.40 0.013*
97% 0.048 —0.096 —-1.14 0.396
95% 0.008 -0.015 -1.57 0177

The z-values shown were determined using the distance decay approach. Asterisks denote
regressions that were significant at the P < 0.05 level. The z-value was determined as
—(regression coefficient)/2. Percentages refer to the 16S rDNA sequence similarities assumed
when defining taxonomic units.

Table 2 The influence of geographic distance and habitat heterogeneity on bac-
terial community composition

Effect of: Env. simil. Geog. dist. Plant simil.
Controlling for: Geog. dist. Env. simil. Env. simil.

r P r P r P
All sequences
99% —0.36 0.0002* -0.15 0.11 —0.069 0.17
97% —0.37 0.0001* —0.0089 0.46 —0.10 0.080
95% —0.36 0.0002* —0.056 0.27 —0.085 0.13
-proteobacteria
99% -0.32 0.0004* 0.012 0.47 —0.043 0.27
97% —0.29 0.0004* 0.11 0.11 —0.022 0.35
95% —0.26 0.0009* 0.082 0.17 0.0014 0.51

Partial Mantel tests showed that environmental heterogeneity may underlie the bacterial taxa—area
relationship. Sites that were similar in environmental characteristics (env. simil.) were similar in
bacterial composition when we removed the effect of geographic distance (geog. dist.) and plant
community composition (plant simil.). r represents the Mantel statistic, and asterisks denote
significance at the P < 0.05 level (9,999 permutations)
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(Table 1). The z-value for the 99% sequence similarity grouping
of the B-proteobacteria was significantly lower than that of the
entire group of sequences at the 99% resolution (Fig. 1b). This
suggests that the turnover in space of 3-proteobacteria was lower
than that of the other bacteria we sampled.

The z-value also varied by taxonomic resolution, increasing with
increased taxonomic resolution for bacteria. The estimated z-value
for all sequences at the 99% resolution was significantly larger than
those estimated at the 97% and 95% resolutions. Similarly, the
z-value at the 99% resolution for B-proteobacteria had a signifi-
cantly positive z-value, whereas the z-values at the 97% and 95%
resolutions were not significantly different from zero (Table 1;
Fig. 1b). A similar increase in z-values with increasing taxonomic
resolution has been observed for plants® and animals® (that is, from
family to genera to species). We expect that the z-value will continue
to change with taxonomic resolution at both higher and lower
resolutions. We did not present the 100% sequence similarity OTUs
because of the possibility that even minor PCR and/or sequencing
errors could result in artefactual OTUs at this resolution. The
taxonomic resolutions we used probably include a greater diversity
of ecological types than contained within an animal or plant species.
However, the presence of a taxa—area relationship for bacteria at this
relatively coarse resolution suggests that a taxa—area relationship
would probably also be present at finer resolutions, resolutions that
may more closely correspond to the ecological breadth of animal
and plant species.

Environmental heterogeneity often increases with increased area.
The increase in heterogeneity with area together with the specificity
of taxa for different habitats is the most common explanation of
taxa—area patterns', especially at scales where dispersal is not limit-
ing to the distribution of taxa. Environmental heterogeneity may
also underlie the bacterial taxa—area relationship observed here.
When we removed the effect of geographic distance, partial Mantel
tests showed that sites that were similar in environmental charac-
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Figure 1 The taxa—area relationship for salt marsh organisms varied with taxonomic
focus (a) and taxonomic resolution (b). a, Plants and bacteria both exhibited significant
taxa—area relationships, but the z-value for plants (z= 0.103) was significantly greater
than the z-value for bacteria (z= 0.040; coeff. = 0.0198, t= 159.51, P = 0.001).
b, Both taxonomic resolution and taxonomic focus influenced the taxa—area relationship
for salt marsh bacteria. Lower resolution OTUs (that is, those defined using the criteria of
97% or 95% sequence similarity) had a lower slope (z= 0.020 and z= 0.019,
respectively; coeff. = —0.041, t = —3.32, P = 0.0008) than the higher resolution
0TUs (99% sequence similarity). The 3-proteobacteria only exhibited a significant taxa—
area relationship for the 99% resolution (grey solid line, z= 0.019).
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teristics were also similar in bacterial composition (Table 2). In
contrast, there was no effect of geographic distance on community
similarity when we removed the effect of environmental similarity
(Table 2). Although there was a significant relationship between
environmental similarity and plant community composition
(r=10.36, P <0.001), there was no relationship between plant
similarity and bacterial similarity independent of environmental
similarity (Table 2).

The z-values for bacteria reported here are among the lowest
z-values reported for any organisms (Fig. 2), suggesting that turn-
over of bacterial taxa at these spatial and taxonomic scales may be
lower than that of most other organisms. Bacterial z-values may be
low, in part, because it is unlikely that bacteria are dispersal limited
within a salt marsh. Bacteria can probably disperse easily by air and
tidal waters at this scale, and indeed we found no evidence for an
effect of geographic distance on bacterial community composition
when controlling for environmental heterogeneity and plant com-
munity composition. However, it is unlikely that the plants, which
have a z-value at least two times higher than the bacteria, are
dispersal limited at these spatial scales either, suggesting that
dispersal alone cannot be responsible for the low bacterial z-values.
We can think of at least three other potential explanations. First, the
levels of taxonomic resolution we examined for bacteria probably
reflect a broader ecological breadth than the plant species units, and
thus the lower z-values for bacteria may be a reflection of taxonomic
resolution. In other words, if we could define bacterial OTUs
in terms that were equivalent to the ecological breadth of a
typical plant species, then perhaps the bacterial species—area curve
would have a z-value similar to that observed for many macro-
organisms. Second, although environmental factors were related to
community composition, the bacteria we sampled could have low
habitat specificity (relative to the plants), reducing the spatial
turnover of taxa relative to the plants in this system. Third,
horizontal transfer of ecologically relevant genes could uncouple
the relationship between phylotypes (phylogenetically distinct
groups) and ecotypes (ecologically distinct groups), resulting in a
lower z-value’.

We saw no evidence that the bacterial z-value was scale-
dependent (that is, the slope of the distance decay curve did not
vary with distance). However, it is possible that the z-value may
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Figure 2 A comparison of zvalues for both microbial and macrobial taxa in different
ecosystems. The bacterial z-values observed in this salt marsh system represent some of
the lowest values observed so far. Representative z-values were selected from a review of
taxa—area relationships (see Supplementary Methods 3)
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increase at larger spatial scales, as has been observed for plants®, or
even at smaller scales, where microscale environmental heterogen-
eity can be very high’. Indeed, recent reports demonstrate that
dispersal limitation is possible at large spatial scales for some
microbes® (although not for all’'), and this would tend to increase
the z-value.

For over two-hundred years, ecologists have repeatedly docu-
mented that there is a relationship between the number of eukary-
otic species found in a given area and the size of the area. Our study
demonstrates that both prokaryotes and eukaryotes can exhibit
taxa—area relationships, although the quantitative form of the
relationship may differ. The taxa—area relationship seems to be a
universal law. O

Methods

Sampling

We collected samples from a salt marsh on Prudence Island, Rhode Island in July 2002.
Twenty-six sediment samples for bacterial community composition were collected from a
nested grid that ranged from 300 X 300 m to 0.03 X 0.03 m (see Supplementary
Methods 1).

We sampled plant community composition in two ways. First, we sampled along three
transects at the 300-m and 30-m scales, with transects spaced at 100-m and 10-m intervals,
respectively. We recorded the presence and per cent cover of each species in 1 X 1 m
quadrants every 20 and 10 m, respectively, and used these data to determine the plant
species—area relationship. Second, we recorded similar data in a 10 X 10 cm quadrant at
each bacterial sampling point and used these data to examine the influence of plant
composition on bacterial community composition.

We collected porewater samples adjacent to each sediment core to measure salinity, pH
and nutrient concentrations (phosphate, ammonium and sulphate). Water was filtered
with a 40-micron filter immediately after collection. Sulphate, ammonia and phosphate
were measured in the field using Hach portable colorimeters (http://www.hach.com).
Salinity was measured with a refractometer and pH with a calibrated probe.

DNA analyses

DNA was extracted from the top 0.5 g of each sediment core using a combination of
phenol/chloroform extraction and a MoBio Ultraclean Soil DNA Kit (MoBio
Laboratories). We chose primers (BAMOf and AMOr) that amplify 16S rDNA from a
subset of the domain Bacteria, as it is not tractable to sufficiently sample bacteria in our
samples using domain level primers®. We reduced PCR biases by limiting the PCR cycles
to twenty-five and included BSA in the reaction mix*. Each cycle consisted of 30 s at 94 °C,
30sat57°Cand 90 s at 72 °C. Gel-extracted and purified amplicons were cloned using the
TOPO-TA cloning kit for sequencing (Invitrogen). We used an ABI 377 automated DNA
sequencer to determine the sequence of the 5" terminal 600 nucleotides of 945 of the
cloned rDNA amplicons.

Phylogenetic analysis

We used the RDP database®* and ARB software® to align the rDNA sequences from our 26
clone libraries. Ambiguously and incorrectly aligned positions were aligned manually on
the basis of conserved primary and secondary structure. We identified and excluded
potential chimaeras using the Chimera_Check program of the RDP** and using ARB to
compare trees generated from the 5'-end versus the 3'-end sequences separated at the
break point suggested by Chimera_Check. Similarity matrices were generated using 510
unambiguously aligned positions. We grouped sequences into OTUs on the basis of IDNA
sequence similarity, using DOTUR?. We used the three most commonly used groupings—
95%, 97% and 99% sequence similarity—to define OTUs in our study and to examine how
the taxa—area relationship varies with taxonomic resolution.

Community similarity

First, we calculated turnover using the Sorensen index, for use in estimating the z-values'.
Second, we calculated the Bray—Curtis similarity coefficient (Spc) for each pair of samples,
for use in the Mantel tests”’. We calculated Spc on square-root-transformed data to
decrease the influence of highly dominant sequences, because the most dominant
sequences in a clone library may not be the most active or dominant types in the actual
community, owing to primer bias*®.

To control for unequal sampling (numbers of sequences) between sediment cores, we
used a form of community rarefaction when calculating the pairwise community
similarity indices. We randomly sampled the lowest number of sequences found at any
point from each core and calculated the similarity values between all cores. We then
repeated this randomization 1,000 times to get a rarefied community similarity matrix.

Taxa-area relationships

We used linear regression to examine the relationship between geographic distance
between samples and similarity in bacterial composition. Because our data consisted of
pairwise comparisons and thus were not independent, we used bootstrapping (10,000
replications) to test if the slope of the regression was significantly different from zero (see
Supplementary Methods 2). We estimated the power-law exponent z with a distance decay
approach™, using the equation log(Ss) = constant — 2zlog(D), where Sg is pairwise
similarity in community composition and D is distance between two samples. Because
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some similarity values were equal to zero (that is, no OTUs in common), we coded the
similarity data by adding 0.01 before log transforming each value®. The approach outlined
in ref. 14 allowed us to use relative comparisons of bacterial community composition
rather than richness to examine the taxa—area relationship; richness is very difficult to
estimate accurately in hyperdiverse communities such as bacterial communities. There is
no reason to believe that undersampling and/or PCR biases will co-vary with intersample
distance or will result in preferential sampling of those taxa most likely to be shared among
samples located close together in space; thus, these factors, although likely to be present,
are unlikely to influence the z-values we observed. In addition, we can think of no model in
which PCR biases and/or undersampling could generate a taxa—area relationship that was
completely artefactual.

We compared the z-values for different taxon definitions by testing if the slopes of
the regressions differed (see Supplementary Methods 2). We used the same distance
decay approach to determine the z-value for plants, using data from the transect
quadrants.

Influence of habitat heterogeneity

We used partial Mantel tests (9,999 permutations) to examine the influence of abiotic
factors and aboveground plant composition on bacterial community composition, while
holding geographic distance constant and vice versa.

We constructed a distance matrix for plant community composition from per cent
cover estimates for the four dominant species (Spartina alterniflora, Spartina patens,
Salicornia virginica and Limonium nashii). We constructed a matrix of environmental
distance from the abiotic factors identified as most important to community composition
(phosphate and ammonia concentrations), using BIO-ENV?*. The BIO-ENV procedure
selects a subset of available abiotic variables to maximize rank correlation between
community similarity and abiotic dissimilarity matrices. We then used these matrices to
test for additional distance and plant effects.
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Modern theories of learned vocal behaviours, such as human
speech and singing in songbirds', posit that acoustic communi-
cation signals are reproduced from memory, using auditory
feedback®. The nature of these memories, however, is unclear.
Here we propose and test a model for how complex song
structure can emerge from sparse sequence information acquired
during tutoring. In this conceptual model, a population of
combination-sensitive (phrase-pair) detectors is shaped by
early exposure to song and serves as the minimal representation
of the template necessary for generating complete song. As
predicted by the model, birds that were tutored with only pairs
of normally adjacent song phrases were able to assemble full
songs in which phrases were placed in the correct order; birds
that were tutored with reverse-ordered phrase pairs sang songs
with reversed phrase order. Birds that were tutored with all song
phrases, but presented singly, failed to produce normal, full
songs. These findings provide the first evidence for a minimal
requirement of sequence information in the acoustic model that
can give rise to correct song structure.

Songbirds must hear conspecific song during a ‘sensitive period’
early in life to later generate a normal song; birds fail to produce
normal song if raised from the egg or the nestling stage, in acoustic
isolation>*. From this early acoustic experience, birds form a
memory (acquired template) of the song>®. Later, during the
sensorimotor phase of song development, birds use auditory
feedback to compare their vocalizations with the memorized
representation of the tutor song’. The neural representation of
this acquired template is largely unknown.

A central question with regard to the nature of the acquired
template is whether a representation of the full song (Fig. 1a) is
required for assembling normal song. Here we propose and test a
model of how correct song structure could emerge even if the full
song was never experienced. Theoretically, correct phrase order
could be deduced if only information about the temporal order of
adjacent phrases is represented separately in the tutor model (as
phrase pairs, Fig. 1b, ¢), but not when birds are tutored with phrase
types presented in temporal isolation. In support of the latter, Soha
and Marler’ found that white-crowned sparrows (Zonotrichia
leucophrys) tutored with multiple models, each consisting of repe-
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