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Experimental tests of the bacterial distance–decay
relationship

Thomas Bell
Department of Zoology, University of Oxford, Oxford, UK

Community similarity declines with increasing geographic distance if species tend to be locally
adapted or if they are dispersal limited. The distance–decay of similarity has been shown for bacteria
previously, but distinguishing between these competing mechanisms is difficult from observational
surveys. I found little evidence of a relationship between geographic distance and similarity in
community composition in an aquatic bacterial community. When bacterial colonization occurred
into initially identical sterile microcosms across a woodland, a strong distance–decay relationship
was observed after 28 days, implying that dispersal limitation created a strong pattern in these
communities in the absence of environmental differences. This conclusion was not supported by the
results of a reciprocal transplant experiment. When microcosms at the extremities of the study area
were transplanted to the opposite end of the study area, the communities converged on the
community composition at the site to which they were transplanted. This convergence did not
depend on whether colonization into the microcosms was prevented, implying a minor role for
dispersal limitation over these spatial and temporal scales. Additional manipulations of colonization
rates were consistent with the hypothesis that dispersal limitation structured these communities
over short time scales (a few days), but that dispersal limitation had a minor role over longer time
scales (47 days).
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Introduction

Ecological communities are likely to become in-
creasingly different as the distance between the
communities increases (Nekola and White, 1999).
In general, two mechanisms might generate this
pattern of declining similarity with increasing
geographical distance. First, environmental condi-
tions are likely to become increasingly different
with distance. If the species within a community
are adapted to local conditions, communities are
expected to become increasingly different as species
are sorted according to their niche requirements.
Under this scenario, dissimilarity among commu-
nities simply parallels the increasing disparities in
current (or recent) environmental conditions with
increasing geographical distance. Second, indivi-
duals are dispersal limited. If individuals tend to
colonize nearby sites, sites that are close together
will tend to have similar communities even if the
species are ecologically equivalent. In this scenario,
a distance–decay relationship would emerge even

without differences in environmental conditions or
niche requirements (Bell, 2001; Hubbell, 2001).

Attempts to describe the distance–decay relation-
ship and to disentangle the ecological mechanisms
involved have relied on comparing observed pat-
terns of distance–decay with model expectations
(Nekola and White, 1999; Bell, 2001; Morlon et al.,
2008). For example, one approach is to analyze
whether there is a relationship between community
similarity and distance once variation because of
known environmental factors has been removed
(Legendre et al., 2005). Unfortunately, identifying
the environmental factors that determine the
distribution of abundance of every species in a
community is arduous, especially for species-rich
communities in which the ecology of the constituent
species is poorly understood. Observational studies
provide an important starting point for generating
hypotheses regarding the relative importance of
dispersal limitation versus local adaptation, but
are unlikely to identify causal mechanisms without
accompanying experimental manipulations. Conver-
sely, although manipulative experiments would
allow stronger inferences, such experiments are
not possible for most ecological communities.

Microbial communities offer an excellent opportu-
nity to test the ecological mechanisms that underlie
macroecological patterns because both observational
studies and manipulative experiments are possible
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under natural conditions (Jessup et al., 2004, 2005). In
the past decade, there have been a number of studies
on the biogeography of microbial species, many of
which have indicated some degree of endemicity
(Green and Bohannan, 2006; Martiny et al., 2006).
Thus, although it may be that many microbial species
are globally distributed, most surveys that use
molecular techniques to identify microbial taxa have
shown that many microbial species are also limited in
spatial extent in the same way as larger organisms
(Martiny et al., 2006; Pommier et al., 2007). Studies
have now identified spatial patterns at spatial scales
that range from a few centimetres (Franklin and Mills,
2003) to hundreds of kilometres (Cho and Tiedje,
2000; Franklin and Mills, 2003; Pommier et al., 2007).
There have now been several observational studies
that attempt to distinguish between environmental
versus dispersal limitation of bacterial communities
(Green et al., 2004; Horner-Devine et al., 2004;
Legendre et al., 2005; Ramette and Tiedje, 2007; Van
der Gucht et al., 2007; Sommaruga and Casamayor,
2009), and have generally found signals of significant
environmental effects on species spatial turnover,
whereas evidence of dispersal limitation has been
implicated particularly at large spatial scales (Whitaker
et al., 2003; Green et al., 2004). Increasingly, there
have been efforts to describe environmental associa-
tions of bacterial taxa to piece together the natural
history of broad taxonomic groups (Fierer et al.,
2007; Suen et al., 2007; Hunt et al., 2008), but
such studies remain rudimentary because of the
enormous taxonomic richness of these communities.
In addition, even if the natural history was well
described, there is still the problem that variation in
the environment is likely to be partially confounded
with geographic distance, making it difficult to
distinguish between these two factors. This study
adds to this growing literature by combining
an investigation of spatial patterns in naturally
occurring bacterial communities with experimental
manipulations to test the mechanisms involved.

Microcosm experiments using artificially assem-
bled communities have often been regarded
as too contrived to have much applicability to
‘real-world’ ecological communities (Carpenter, 1996).
However, it is also possible to conduct experimental
manipulations in situ using natural communities of
microbes, an approach that does not suffer from this
criticism and which offers a convenient intermedi-
ate between artificially constructed microcosm
communities and the full complexity of natural
communities. This study focuses on the bacterial
communities that inhabit pools of rainwater formed
at the base of beech trees in southern England. These
are often permanent bodies of water with a volume
up to several litres. Previous research has identified
a strong relationship between bacterial taxonomic
diversity and the volume of these pools of rainwater,
and that the form of the relationship is similar to the
power law relationship frequently observed for larger
organisms (Bell et al., 2005). Further analysis of the

same data set showed that a neutral model could
explain the distribution of abundance in these
communities based solely on differences in the
number of individuals in the communities (Woodcock
et al., 2007). Importantly, the study showed that the
same parameter values could be used to fit models
across the tree-hole communities, implying that the
same ecological factors were structuring the tree-hole
communities within the woodland. These observa-
tional findings are consistent with the hypothesis that
dispersal limitation and differences in community
size were sufficient to explain differences in the
composition of these communities.

Under the hypothesis that dispersal limitation
explains the spatial distribution of the bacteria in this
woodland, I conducted experiments that attempted to
test the following predictions: (1) bacterial commu-
nities that are increasingly distant will have commu-
nities that are increasingly dissimilar; (2) this distance–
decay in similarity occurs even in the absence of
environmental differences; (3) communities that are
transplanted to new locations will take on a taxonomic
composition of nearby communities; (4) communities
that are transplanted to new locations will not take
on a composition similar to nearby communities if
colonization is prevented; and (5) artificially modu-
lating the colonization rate will affect the final
community composition.

Materials and methods

The tree-hole micro-ecosystem
I used an aquatic micro-ecosystem to test the
distance–decay relationship. The buttressing of
large European beech trees (Fagus sylvatica) often
trap rainwater. The resulting rain-pools are ephe-
meral in exposed locations, but can be permanent if
sufficiently shaded. The beech leaves and mast that
fall into the tree-holes provide an energy source that
supports an array of organisms, including a specia-
lized larval insect community (Kitching, 1971).
The aquatic communities are assumed to represent
discrete, aquatic islands embedded within the
surrounding terrestrial environment. These natural
microcosms (Srivastava et al., 2004) have been used
as convenient replicated communities to test eco-
logical theory (Bradshaw and Holzapfel, 1992;
Srivastava and Lawton, 1998). The principal mode
of bacterial colonization into the tree-holes is
unknown, but it seems reasonable to assume that
colonization occurs particularly after rainfall, and
occasionally through deposition from the air, or by
being transported by other organisms.

Distance–decay in water-filled tree-holes
I conducted surveys of the tree-hole communities
every 2 days for 30 days from 10 July 2008.
The surveys were conducted in tree-holes that
encompassed the entirety of the main concentration
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of beech trees within Wytham Woods, Oxfordshire.
Tree-holes that had not dried up over the previous
2 years were selected for the study. This limited the
study to relatively large tree-holes and minimized
the variation in tree-hole volume, which has
previously been shown to influence bacterial diver-
sity (Bell et al., 2005). The tree-hole surface area
(which is strongly correlated with volume) did not
vary systematically across the study area. During
each survey, the contents of each tree-hole was
homogenized using a sterile pipette and a 2-ml
sample was taken for molecular analysis (see
below). Tree-hole locations were measured using
Garmin GPSMAP 76CSx, and distance between tree-
hole locations was estimated using MapSource
version 6 (Garmin, Southamptom, UK).

Distance–decay in microcosms
Observations of natural communities are unlikely to
disentangle the ecological mechanisms responsible
for explaining spatial patterns because several
ecological mechanisms produce the same observa-
tional patterns. I therefore conducted a series of
microcosm field experiments to identify the mecha-
nisms responsible for distance–decay patterns.
Freshly fallen beech leaves were collected during
2006 and kept at �20 1C until the initiation of the
experiment. A beech-leaf broth medium was created
by autoclaving 0.1 g beech-leaf litter per ml water
(Volvic mineral water, Sainsburys Supermarkets
Ltd, London, UK). The broth was filtered to remove
particulate matter and diluted 16-fold in water.
Glass microcosms were amended with 10ml of the
diluted sterile beech-leaf broth and placed in the
Wytham Woods in the same stand of beech trees as
the survey (above). A total of 112 microcosms were
placed 71-m apart (that is, at: 0, 71, 142, 213, 284,
355, 426, 497m) so that they were distributed
throughout the entirety of the study area (14
microcosms per site). A 2-ml sample was taken
from each microcosm after 14 and 28 days, which
was used for the molecular analysis (below). Of the
14 replicates at each site, 7 were covered with sterile
caps after 14 days until the end of the experiment
(day 28) to prevent further colonization.

Reciprocal transplant experiment
Simply documenting the spatial pattern across the
study area while attempting to control the environ-
mental variables is insufficient to show conclusively
that dispersal limitation occurs. Although effort was
made to ensure that the environment was constant
in microcosms across the study area, I could not
exclude the possibility that gradients of light,
temperature or other environmental variables were
present. I therefore conducted a reciprocal trans-
plant experiment to identify the relative importance
of dispersal limitation versus environmental factors
in determining the dissimilarity among microcosm
communities. Forty additional microcosms were

placed at each extremity of the study area. After
allowing 14 days of colonization, 20 microcosms
from each site were transported to the other site
(that is, a reciprocal transplant experiment). Also at
the 14-day mark, of the 80 microcosms, half were
closed to colonization using a sterile cap. The
experiment therefore consisted of a fully factorial
design with three treatments (site, colonization and
transplanted) each with two levels (site 1 or 2, open
or closed to colonization, transplanted or not) each
of which was replicated 10 times.

For the microcosms closed to colonization, any
change in the communities (relative to those that
remain at the original site) must be due to something
other than dispersal. Therefore, by definition, any
change in the communities must be due to some
environmental component. A second possibility
is that cutting off colonization would result in
a change in the community composition. This
would occur if dispersal was important in main-
taining the observed community composition. If the
observed community composition was solely due to
the continual influx of colonizers, the community
composition would be expected to change substan-
tially once immigration into the microcosms was
eliminated. Finally, it is possible that the amount
of change in community composition after trans-
plantation would depend on whether or not the
microcosm was open to colonization (that is,
whether there was a colonization� transplantation
interaction). Such a result would imply that the
response of the community following changes to
the environment relies on colonization. Reciprocal
transplant studies that simultaneously manipu-
late colonization therefore provide an important
tool for estimating the relative importance of
dispersal limitation and environmental conditions
on community composition.

Manipulation of colonization rate
If environmental conditions alone determined com-
munity composition, manipulating the colonization
rate into microcosms at a specific location (that is,
constant environment) should have no effect on the
final composition. I manipulated colonization rates
into microcosms by opening and closing the micro-
cosms at different rates. For this experiment, 128
microcosms were placed at the centre of the study
area. Microcosms were closed to colonization by
loosely capping the microcosms with sterile screw-
on caps. Caps were added or removed at 2-day
intervals. There were 16 levels of colonization rate
(caps open for 0, 2, 4, y, 28 or 30 days) with 8
replicates per colonization level. Within the con-
straint of the colonization rate treatment assigned to
each microcosm, the pattern of cap removal/replace-
ment was determined at random. The sterile zero-
colonization controls were uncontaminated at the
end of the experiment and so were excluded from
further statistical analysis.
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Molecular analysis of bacterial communities
Samples were returned to the laboratory on the day
they were collected. The samples were centrifuged for
10min at 13000 revolutions per minute, the liquid
phase was decanted and the samples were then stored
at �20 1C until the conclusion of the experiment. The
bacterial communities were described using a mole-
cular fingerprinting technique (terminal restriction
fragment length polymorphism (tRFLP)), which
allows descriptions of broad-scale changes in the
taxonomic composition of these communities (Liu
et al., 1997). tRFLP only identifies the most abundant
taxa or those that are amplifiedmost readily. All of the
conclusions from the study therefore come with the
caveat that they apply to what can be detected
using tRFLP, whereas many more bacterial taxa
undoubtedly occur in these communities.

Total nucleic acids were first extracted from
microcosm communities (Bailey, 1995). Briefly, the
samples were resuspended in 500 ml of lysis buffer
containing 0.5% sodium dodecyl sulfate, 20 mgml–1

proteinase K, 20mgml–1 of a mixture of lysing
enzymes (Sigma, Gillingham, UK). The samples
were left to stand at room temperature for 60min,
followed by incubation at 55 1C for 30min. A
solution containing 80 ml of 10% cetyl trimethylam-
monium bromide solution and 100 ml of 5M NaCl
was added and incubation continued at 65 1C
for 10min. Nucleic acids were extracted with
24:1 isoamyl alcohol:chloroform and precipitated
with isopropanol. DNA pellets were cleaned
with glacial ethanol, and suspended in 50ml
sterile deionized water. Bacteria-specific primers
were used to amplify a roughly 500 bp locus.
Each PCR reaction contained 25 pm D4 labelled
primer 63f (50-CAGGCCTAACACATGCAAGTC-30)
(Marchesi et al., 1998) and unlabelled 519r (50-
GTATTACCGCGGCTGCTG-30) (Lane, 1991), 0.2mM

deoxynucleotide triphosphate (dNTPs), 1.25U Taq
DNA polymerase, 5 mg bovine serum albumin and
5ml of 10� PCR buffer in 50 ml volumes. PCR
amplification consisted of an initial denaturing step
at 94 1C for 1min 30 s; 29 cycles of 94 1C for 45 s, 55 1C
for 1min and 72 1C for 1min 30 s; final extension of
72 1C for 5min. Millipore (Watford, UK) multiscreen
filter plates were used to remove excess PCR reagents,
and the remaining nucleic acids were resuspended in
25ml deionized water. The nucleic acids were
subjected to digestion in a 10ml total reaction volume
containing 10U msp1 enzyme, 1ml of 10� enzyme
buffer, 1mg bovine serum albumin and approximately
50ng PCR product. The reaction was incubated for
2h at 37 1C and tRFLP profiles were analyzed on a
Beckman CEQ2000 (Beckman coulter UK Ltd,
Gillingham, UK) capillary sequencer. This produced
a data matrix consisting of the relative abundances of
detected peak sizes (species or operational taxonomic
units) contained in each community. Peaks were
assigned manually using GeneMarker 1.6 (Soft-
Genetics, State College, PA, USA) using the settings
described by the company (Hulce and Liu, 2006).

Statistical analysis
This study attempts to explain dissimilarities between
communities. I used the Bray–Curtis index to describe
the pairwise dissimilarity between communities,
in which the pairwise dissimilarity between sample
i and j is dij ¼

PS
k¼1 jxij � xik j=

PS
k¼1 ðxij þ xikÞ, and

where xik is the abundance of taxon k in sample i. The
qualitative conclusions of this study were unchanged
when different dissimilarity measures (Euclidean dis-
tance) or correlation (Pearson correlation) were used.

The study attempts to explain the degree of
pairwise dissimilarity among communities in terms
of several qualitative and quantitative explanatory
variables. I use a multivariate version of the analysis
of variance based on dissimilarities (Anderson,
2001) implemented in the adonis function of the
vegan package (Oksanen et al., 2008) using R 2.8.1
(www.r-project.org). This non-parametric method
partitions variation in dissimilarities into explained
and unexplained portions in a manner analogous to
analysis of variance. The reason the ‘adonis’ method
was used rather than the more commonly used
analysis of similarities (Clarke, 1993) is that adonis
can accommodate both continuous and categorical
predictors and their interactions. Mantel- and
partial-Mantel tests, which examine correlations
between dissimilarity matrices using randomization
tests (Legendre, 1998), are frequently used for
distance–decay studies, but produced the same
qualitative results so are not reported here.
In addition, Mantel tests could not be used for
all of the analyses because some included catego-
rical variables. All P-values are based on 999
permutations.

Results

Distance–decay in water-filled tree-holes
Surveys of water-filled tree-holes were conducted
in Wytham Woods in 2008. Of the 14 surveys that
were conducted in 2008, 2 were removed from the
analysis because several of the DNA extracts could
not be amplified. Of the remaining 12 surveys dates,
11 produced nonsignificant distance–decay rela-
tionships (adonis test; all P40.1). There was a
strong, positive relationship between community
dissimilarity and geographic distance in the remain-
ing survey (R2¼ 0.41, adonis test P¼ 0.005), which
is marginally nonsignificant when the threshold
P-value conservatively corrected for multiple tests
using Bonferonni correction applied over the 12
tests (adjusted level¼ 0.004). When the mean rela-
tive abundance of each taxon (tRFLP band) in each
tree-hole was averaged over time, there was no
evidence of a distance–decay relationship (adonis
test P¼ 0.16; Figure 1).

Distance–decay in microcosms
Microcosms containing sterile media were placed
throughout the study area and colonization was
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allowed for 28 days. Of the 112 microcosms, 10 were
either lost over the course of the experiment or did
not yield DNA, leaving 102 microcosms (52 closed
to colonization, 50 open to colonization). There was
a significant positive relationship between geo-
graphic distance and community dissimilarity
after 28 days in the microcosms that were open to
colonization throughout (adonis test F1, 48¼ 3.21,
P¼ 0.006, Figure 2a). The relationship seems to
reach an asymptote in microcosms that are around
150m apart, after which there is little increase in the
degree of dissimilarity with increasing distance. The
qualitative pattern of distance–decay was similar
when the microcosms were closed to colonization
(Figure 2b), and the relationship is also significant
(adonis test F1, 50¼ 6.71, P¼ 0.001). As for the
microcosms open to colonization throughout the
28 days (Figure 2a), the slope of the distance–decay
relationship seems to decline when microcosms
were around 150m apart. An analysis of covariance
using the mean dissimilarities at each distance
indicated that the slope of the distance–decay
relationship was marginally higher in the closed
microcosms (F2, 12¼ 4.6, P¼ 0.03). When the raw
dissimilarities were analyzed, there was a signifi-
cant main effect of geographic distance (adonis test,
F1, 98¼ 7.00, Po0.001) but not of whether the
microcosms were open to colonization (adonis
test, F1, 98¼ 1.41, P¼ 0.16). There was, however,
a marginally significant interaction between geo-
graphic location and whether or not the micro-
cosm was closed to colonization (distance�
colonization: F1, 98¼ 1.81, P¼ 0.048), confirming that
the slope of the distance–decay pattern was steeper

in microcosms that were closed to colonization over
the last 14 days.

Reciprocal transplants
Some of the microcosms at the extremities of the
study area were transplanted to the other end of the
study area. Of the 80 microcosms, 12 microcosms
were lost or the DNA was not successfully ampli-
fied, leaving 68 microcosms. Within the set of the
transplanted and the non-transplanted microcosms,
the mean Bray–Curtis dissimilarity was approxi-
mately 0.58. Mean dissimilarity was higher (mean
dissimilarity¼ 0.74) when the transplanted micro-
cosms were compared with the microcosms from
their site of origin, indicating that the transplanta-
tion affected community composition.
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Figure 1 Distance–decay relationships in the water-filled tree-
holes of Wytham Woods. Pairwise dissimilarities (Bray–Curtis
index) are plotted as a function of the distance between the tree-
holes. The data are pairwise dissimilarities between the commu-
nities of 22 tree-holes.
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Figure 2 Distance–decay relationships in microcosms placed in
Wytham Woods. Pairwise dissimilarities (Bray–Curtis index) are
plotted as a function of the distance between the microcosms.
Bacterial communities are described using tRFLP. Microcosms
were left open to colonization for 2 weeks. The communities were
then sampled after a further 2-week period during which the
communities were (a) open to further colonization (b) closed
to colonization. There was a significant relationship between
geographic distance and community dissimilarity for both plots
(adonis test, Po0.001).
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The following factors were entered into an adonis
model to assess their effect on dissimilarity among
the community composition: (1) site (location with-
in the study area); (2) whether or not the microcosm
was transplanted to the other site; (3) whether or
not the microcosm was closed to colonization; and
(4) all interactions among these treatments (Table 1).
The analysis found a significant effect of site
(F1, 60¼ 5.26, Po0.001), thus supporting the results
of the microcosm distance–decay experiment
(above) that spatial location explains variation in
community composition.

In the transplantation experiment, dispersal
limitation would be implied if the effect of trans-
planting the microcosm depended on whether or not
the microcosm was closed to colonization (that is, if
there is a significant colonization� transplantation
interaction). The lack of a significant interaction
term (Table 1) therefore provides evidence that
dispersal limitation is unimportant in these experi-
ments. Transplanting the microcosms altered the
communities whether or not they were open to
colonization (Table 1, Po0.001), indicating that
simply putting the microcosm in a new location
altered the communities. Since this did not depend
on whether or not the microcosms were open to
colonization, the only remaining possibility is that
there must be some environmental factor that is
affecting the communities. The results therefore
provide little evidence for dispersal limitation, but
that the communities are significantly altered when
they are moved to a new location.

Manipulation of colonization rate
Colonization rate was manipulated by opening
and closing microcosms. Of the 120 microcosms,
1 did not yield DNA and so was excluded from
the analysis. There was an overall negative relation-
ship between colonization rate and community
dissimilarity (Figure 3). The steep decline in
community similarity with increasing colonization
rate was highly significant (F1, 117¼ 4.24, P¼ 0.0001,

R2¼ 0.04). The data for colonization rates of 2 and 6
days seemed to be driving the pattern. When these
were removed from the analysis, the negative
relationship remained highly significant (F1, 97¼
4.80, P¼ 0.0001, R2¼ 0.05) although the relationship
was not as steep. Overall, it would seem that a few
days is sufficient time period for most colonizing
bacteria to arrive in the microcosms.

Discussion

The turnover of bacterial taxa over space and time is
central to understanding their ecology and evolu-
tion. I showed that there was little evidence of a
distance–decay relationship in the water-filled tree-
holes studied here, at least at the spatial scales used
in this study. In this respect, the study replicated the
results of a number of recent surveys of microbial
communities by showing that natural bacterial
communities have the potential to produce dis-
tance–decay relationships, but that these tend to be
weak (that is, shallow slopes) or non-existent
over scales of metres to hundreds of metres
(Horner-Devine et al., 2004).

Much of the variation in dissimilarity remains
unexplained for the surveys of natural communities.
One possibility is that community composition was
determined principally by environmental factors
that did not have a spatial pattern. For example, a
previous study has shown that the volume of these
communities has a pivotal role in determining
taxonomic diversity (Bell et al., 2005), which did
not vary systematically over the study area. Alter-
natively, the survey might have been conducted at
an inappropriate spatial scale. For example, local
adaptation of bacterial populations have been

Table 1 Non-parametric analysis of pairwise dissimilarities

Source of Variance Df SS MS F P

Site 1 1.01 1.01 5.26 o0.001
Colonization 1 0.26 0.26 1.35 0.19
Transplanted 1 0.85 0.85 4.42 o0.001
Site� colonization 1 0.10 0.10 0.50 0.85
Site� transplanted 1 0.39 0.39 2.01 0.05
Colonization� transplanted 1 0.20 0.20 1.06 0.41
Site� colonization�Transplanted 1 0.25 0.25 1.32 0.22
Residuals 60 11.54 0.19
Total 67 14.61

Abbreviations: Df, degrees of freedom; F, F-test statistic; MS, mean
squares; P, proportion of randomization trials with more extreme
values of F; SS, sums of squares. There were two sites at the
extremities of the experimental transect. Microcosms could be
transplanted from one site to the other, and/or closed to colonization.
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Figure 3 Effect of colonization rate on mean pairwise commu-
nity dissimilarity. Colonization rate was manipulated by leaving
microcosms open to colonization for 2–28 days. Error bars are
standard errors.
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shown to occur at the scale of a few centimetres in
soil (Vos et al., 2009) as well as at scales of tens to
hundreds of metres (Belotte et al., 2003). Some
observational surveys have only discovered signifi-
cant distance–decay patterns once the surveys
have been extended over hundreds of kilometres
(Whitaker et al., 2003; Green et al., 2004) and the
same might be true for the tree-hole ecosystem.
Similarly, using more variable genetic loci to
identify bacterial taxa might have identified variants
that were dispersal limited (see below).

In spite of the lack of a distance–decay relation-
ship in the natural tree-holes, there was consider-
able variation in community composition in the
bacterial communities. Although there might be a
spatial component that explains some of the varia-
tion in composition, there was no straightforward
effect of geographic distance on community dissim-
ilarity. Even if geographic distance was responsible
for explaining some of the variation in community
composition, these observational data are insuffi-
cient to identify the mechanisms that determine
variation in composition. Several experimental
manipulations were conducted to overcome the
difficulties involved in conducting purely observa-
tional studies. The first manipulation placed micro-
cosms containing sterile media in the woodland in
which the observational surveys were conducted,
thus attempting to minimize any environmental
differences over space. The manipulation resulted
in a highly significant distance–decay relationship,
but could not identify the mechanisms that created
the pattern. Assuming that environmental condi-
tions were identical across the study area, the result
indicates that dispersal limitation is acting on these
communities, and that distance between micro-
cosms was significant in determining the composi-
tion of the tree-hole communities in the absence of
environmental differences. However, although the
initial habitat was the same within each microcosm,
there was the opportunity for environmental differ-
ences to arise across the study area, for example, if
there was a subtle gradient of temperature or light, a
possibility that could not be excluded from this
experiment alone. Microcosms that were more
exposed to sunlight might have both had warmer
temperatures and allowed for the development of
significant autotroph communities. Both of these
factors would be expected to have considerable
implications for bacterial community composition.

The distance–decay relationship became margin-
ally more pronounced when the microcosms were
closed to colonization for the final 2 weeks. This
result shows that the distance–decay relationship
persisted even when colonization was completely
cut off. If the observed pattern was solely the result
of continuing colonization (for example, community
dynamics were neutral), it seems plausible that the
distance–decay relationship would be expected to
deteriorate as nearby communities became as differ-
ent as distant communities in the absence of further

colonization. One possible explanation is that there
was an unobserved environmental gradient across
the study area. If such a gradient existed, halting
colonization might have allowed locally adapted
individuals to increase in abundance and would
therefore have produced a distance–decay relation-
ship. Another possibility is that there were priority
effects in combination with some degree of dispersal
limitation, such that the first to arrive were able to
exclude later colonists, and the pattern persisted
even in the absence of further colonization. So far as
I am aware, the only way to test these competing
hypotheses is to conduct transplant experiments
that simultaneously cut off colonization into the
communities and alter environmental conditions
by transplanting whole communities. I conducted
a reciprocal transplant experiment to distinguish
between these possibilities. As expected, there was
greater similarity within communities at the same
site compared with similarity between communities
at different sites and microcosms transplanted to a
new site took on the characteristics of communities
at the new site. Unexpectedly, there was no effect on
between-community dissimilarity of closing trans-
planted microcosms to colonization. The result
implies that there were subtle environmental differ-
ences within the woodland that were responsible for
driving community composition at least at these
sites. On the basis of these results, of the possible
hypotheses to explain the distance–decay relation-
ship in initially sterile microcosms, the most likely
would seem to be that there was an unobserved
gradient in environmental conditions across the
woodland. Certainly, the results of experiment
provide little evidence of dispersal limitation at
least over these spatial and temporal scales.

Another way of testing for dispersal limitation
is to artificially mediate the amount of time that
microcosms are open to colonization. I conducted
such tests in microcosms at a single location by
opening and closing microcosms to colonization at
2-day intervals over 30 days. There was a tendency
for microcosms that were only open for a few days
to be more dissimilar to the other communities
compared with microcosms that were open to
colonization for longer than a few days (Figure 3).
The result suggests that any dispersal limitation
would have been acting over a few days, but that
most of the potential colonists would reach the
microcosms over longer time scales. For the other
experiments (Figure 2, Table 1), colonization was
allowed into the microcosms for at least 2 weeks, so
it would be anticipated that all colonists would have
the opportunity to reach every microcosm over that
time scale.

The combination of experimental and observa-
tional data allows a consistent picture of the
microcosm communities to emerge. There was a
clear distance–decay pattern in the microcosms
which was maintained in microcosms closed
to colonization (Figure 2). Transplanting the
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microcosms to new locations altered the commu-
nities, and this alteration was unaffected by closing
the microcosms. The result provides a transparent
demonstration of an environmental affect on the
communities, and little evidence for distance dis-
persal, at least over these temporal and spatial
scales. Finally, altering the colonization rate affected
community dissimilarity over a few days, but was
little affected after microcosms were open to
colonization for longer than around 6 days. The
temporal scale of the dispersal limitation was
therefore likely to be over a few days, which might
explain in part why dispersal limitation was not
detected in the transplant experiment.

The molecular method used here (tRFLP) to
describe the bacterial communities provides only a
coarse description of these communities. Only the
most abundant species are documented using this
technique, and the patterns observed here might not
hold for the many more taxa that were not detected
using this method (Blackwood et al., 2007). The
technique also suffers from some significant caveats,
including sampling bias during the polymerase
chain reaction, and the possibility that a single
taxon produces multiple restriction fragment sizes
(for example, Lueders and Friedrich, 2003). It is
possible that the biases inherent in tRFLP resulted
in conservative estimates of dispersal limitation. For
example, it is plausible that the rarest taxa are those
that are the most dispersal limited. The inability
of the experiments to detect significant dispersal
limitation might therefore reflect the inability of
tRFLP to detect rare taxa rather than the importance
of dispersal limitation in these communities. Future
work will undoubtedly entail more fine-scaled
efforts to estimate dispersal limitation for both
common and rare taxa. Nonetheless, the consistent
differences observed here in the tRFLP profiles
reflect real differences in the composition or
distribution of abundance in these communities.
Another important caveat to the study is that the
surveys and field experiments were conducted
within a single woodland. Considerable research is
still required to analyze whether the results apply to
bacterial communities more generally or to tree-hole
communities in other woodlands.

Assessing the importance of environmental dif-
ferences on distance–decay relationships by mea-
suring environmental variables (Green et al., 2004;
Horner-Devine et al., 2004; Legendre et al., 2005;
Ramette and Tiedje, 2007; Van der Gucht et al., 2007;
Sommaruga and Casamayor, 2009) requires a good
understanding of how the constituent species of
complex microbial communities perceive the world
around them. Although some environmental
variables seem to have large effects on most bacteria
species, such as pH (Fierer and Jackson, 2006),
there remains an enormous amount of unexplained
variation in bacterial community composition.
One of the great advantages of studying bacterial
communities is that whole communities can be

manipulated under relatively natural conditions.
In situ manipulations of bacterial communities,
such as the transplant experiments described in this
study, have the potential to be useful tools for
understanding how environmental conditions in-
fluence the distribution and abundance of bacterial
taxa. Overall, the experimental results here suggest
that subtle environmental differences can quickly
overcome dispersal limitation operating over time
scales of a few days and at spatial scales of a few
hundred metres.
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