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Summary

It has been suggested that the distribution of microor-
ganisms should be cosmopolitan because of their
enormous capacity for dispersal. However, recent
studies have revealed that geographically isolated
microbial populations do exist. Geographic distance
as a barrier to dispersal is most often invoked to
explain these distributions. Here we show that uni-
que and diverse sequences of the bacterial genus
Sulfurihydrogenibium exist in Yellowstone thermal
springs, indicating that these sites are geographically
isolated. Although there was no correlation with geo-
graphic distance or the associated geochemistry of
the springs, there was a strong historical signal.
We found that the Yellowstone calderas, remnants
of prehistoric volcanic eruptions, delineate biogeo-
graphical provinces for the Sulfurihydrogenibium
within Yellowstone (c2: 9.7, P = 0.002). The pattern of
distribution that we have detected suggests that major
geological events in the past 2 million years explain
more of the variation in sequence diversity in this
system than do contemporary factors such as habitat
or geographic distance. These findings highlight the
importance of historical legacies in determining con-
temporary microbial distributions and suggest that the
same factors that determine the biogeography of mac-
roorganisms are also evident among bacteria.

Introduction

Many studies have examined the extent to which the
identity, abundances and distributions of microorganisms
vary with contemporary environmental conditions, but few
have explored how their distribution may be influenced by

historical factors (Martiny et al., 2006). Baas-Becking’s
statement ‘everything is everywhere, but the environ-
ment selects’ held that the distributions of microorganisms
are cosmopolitan because of their enormous capacity
for long-distance dispersal, whereas influences of habitat
and environmental variables determine where local popu-
lations occur (de Wit and Bouvier, 2006). However, recent
studies have revealed the existence of geographically
isolated microbial populations (Papke et al., 2003;
Whitaker et al., 2003). Geographic distance as a barrier to
dispersal is most often invoked to explain these distribu-
tions (Martiny et al., 2006).

The geographic distributions of organisms reflect both
the effects of contemporary environmental conditions and
the legacies of historical geological and climatic condi-
tions on the origins and spread of lineages (for a review
see Martiny et al., 2006). A large body of literature shows
how the distributions of macroorganisms can be classified
into biogeographic provinces, which reflect the historic
effects of plate tectonics, sea-level changes and barriers
to dispersal such as mountain ranges (Hedges et al.,
1996; Wares and Cunningham, 2001; de Bruyn et al.,
2005). Methodological difficulties have hindered a com-
parable treatment of microbial biogeography. Advances in
molecular techniques have found significant correlations
of microbial distributions with environmental factors such
as salinity or oxygen (Franklin et al., 1999; Casamayor
et al., 2002), but there is little evidence of the latitudinal
patterns of diversity or geographic provinces seen in
macroorganisms (Morris et al., 2002; Knittel et al., 2005).
If dispersal of microorganisms is limited by geographical
barriers, biogeographical provinces should be apparent,
such as those reported for terrestrial thermophiles from
separate continents (Papke et al., 2003; Whitaker et al.,
2003).

Recently, a framework for microbial biogeography was
proposed to consider the relative influence of habitat (con-
temporary environmental factors) and province (historical
legacies) by evaluating four alternatives hypotheses: (i)
the null hypothesis that microorganisms are randomly
distributed, (ii) that contemporary environmental variation
is necessary and sufficient to account for current distri-
butions, (iii) that contemporary distributions show clear
legacies of historical events, such as tectonic events
and geographic barriers, and (iv) that the distribution of
microorganisms is due to both environmental effects and
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historical events (Martiny et al., 2006). The apparent influ-
ence of habitat and province is affected by the scale of
sampling (Martiny et al., 2006). On smaller scales, envi-
ronmental factors are believed to be of primary impor-
tance in determining presence or absence of patterns of
genetic variation, whereas on an intercontinental scale,
isolation distance is believed to override environmental
effects (Papke et al., 2003). It has been suggested that
the joint influence of both environmental factors and his-
torical contingencies should be most apparent at interme-
diate scales (10–3000 km) (Martiny et al., 2006).

Here we apply this framework to determine the relative
influence of habitat and province on the distribution of
members of the bacterial genus Sulfurihydrogenibium in
thermal springs of Yellowstone National Park. Using
molecular phylogenetic approaches, combined with
environmental data and dispersal-vicariance analyses,
we found geographically isolated microbial populations
within the Yellowstone thermal ecosystem. The distribution
pattern we detected was correlated with the boundary of
Yellowstone’s calderas (or volcanic craters) and suggests
that volcanic eruptions in the past 2 million years explain
more of the DNA sequence divergence than do contempo-
rary factors such as habitat or geographic distance. These
findings highlight the importance of historical legacies in
determining contemporary microbial distributions and
suggest that the same factors that determine the biogeog-
raphy of macroorganisms are also evident among bacteria.

Results and discussion

We surveyed 18 thermal springs (Table 1) from essentially
every major thermal area in the Yellowstone. Sites sepa-
rated by 5–79 km were screened for bacterial 16S rRNA
gene sequences belonging to the Sulfurihydrogenibium,
which are members of the order Aquificales. Sulfurihydro-
genibium spp. often dominate near-neutral Yellowstone
springs (Barns et al., 1994; Hugenholtz et al., 1998;
Reysenbach et al., 2000; Spear et al., 2005) and have
been found in many terrestrial thermal systems world-
wide, often contributing up to 95% of the biomass
(Reysenbach et al., 2000; Takacs et al., 2001). Thirty-
three unique 16S rRNA gene sequences (of 1728
screened clones) were retrieved from eight springs. Simi-
larity of the Sulfurihydrogenibium sequences ranged from
97.1% to > 99% over 1446 nucleotides (based on uncor-
rected distance). One explanation for the observed
sequence divergence is that the unique sequences reflect
temperature ecotypes. However, there was no relation
between the GC content of the sequences and the tem-
perature of the spring from which they were collected
(r2 = 0.062, n = 33, P = 0.14).

Sulfurihydrogenibium sequences from the eight sites
were distinct, suggesting that geographic isolation exists Ta
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among the sites we assayed. The level of genetic varia-
tion among the eight sites was computed by Weir and
Cockram’s FST parameter (Wier and Cockerham, 1984;
Ronquist, 1997), which is a measure of differentiation
among samples. All FST values were large and signifi-
cantly different, indicating that each of the sites was
genetically distinct (P < 0.05; FST values ranged from
0.420 to 0.938, Table 2). The amount of genetic variation
among sites is consistent with a hypothesis of isolation
and diversification. Our FST values were in the same range
as values computed between regions separated by 254–
6305 km in a biogeographical study of the archaeon
Sulfolobus (Whitaker et al., 2003), and higher than values
reported for bacteria associated with recent volcanic
deposits 42–300 years old (Dunfield and King, 2004;
2005).

Spatial differentiation among the surveyed sites is sup-
ported by phylogenetic analysis. Sequences from six geo-
graphically distinct thermal areas of the park (Mammoth,
Hot Spring Basin, Seven Mile Hole, Smoke Jumper, Shos-
hone and Cascade Corner) formed clades well supported
by bootstrap analysis regardless of whether parsimony,
maximum likelihood or neighbor-joining algorithms were
used to construct the tree. The remainder of the tree
topology was composed of sequences that did not form

geographically distinct clades, which suggests that these
sequences are cosmopolitan or that dispersal may occur
between these sites (Fig. 1).

Unlike previous biogeographical studies of micro-
organisms, we did not find that geographical distance or
geochemistry correlated significantly with the distribution
of sequence types (Mantel test of FST values or genetic
distance, compared with geographical distance and major
ion chemistry, P = 0.174, pH, temperature, alkalinity, con-
ductivity and sulfate combined, P = 0.691 or temperature
alone, P = 0.231). From these results it would seem that
there was no geographical or ecological pattern in the
distribution of Sulfurihydrogenibium. However, a plot of
genetic divergence as a function of geographic distance
indicated a strong linear relationship (r2 = 0.55, P <
0.0001) among sites up to 49 km apart, compared with a
much weaker pattern across all sites (r2 = 0.13 P <
0.0001, Fig. 2). Recognizing that this pattern may result
because environmental parameters may be autocorre-
lated to distance at sites < 49 km, we repeated the Mantel
tests described above for these sites, but did not find
a significant relationship (P = 0.128–0.882). Therefore,
these genetic–geographic patterns suggest that (i) dis-
persal is largely responsible for the genetic divergence we
observed at distances < 49 km, and (ii) there is a thresh-

Table 2. FST values estimated from 16S rRNA gene sequences and tested for significance against 1000 randomized bootstrap replicates with
ARLEQUIN 3.1.

FST

Between areas within regions
Inside the calderas Lonestar Shoshone 0.420

Smoke Jumper 0.642
Cascade Corner 0.651

Shoshone Smoke Jumer 0.682
Cascade Corner 0.691

Outside the calderas Seven Mile Hole Hot Spring Basin 0.468
Joseph’s Coat 0.666
Mammoth 0.674

Hot Spring Basin Joseph’s Coat 0.672
Mammoth Hot Spring Basin 0.680

Joseph’s Coat 0.914
Between regions
Inside:outside Lonestar Seven Mile Hole 0.422

Hot Spring Basin 0.430
Joseph’s Coat 0.620
Mammoth 0.632

Shoshone Seven Mile Hole 0.459
Hot Spring Basin 0.466
Joseph’s Coat 0.663
Mammoth 0.672

Smoke Jumper Seven Mile Hole 0.684
Hot Spring Basin 0.690
Mammoth 0.894
Joseph’s Coat 0.926

Cascade Corner Seven Mile Hole 0.693
Hot Spring Basin 0.670
Mammoth 0.903
Joseph’s Coat 0.938

Significant (P < 0.001) differentiation was detected between all sites.
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old beyond which dispersal no longer dominates com-
munity assembly (although some dispersal is evident
among sites separated by > 49 km, e.g. the ‘cosmopoli-
tan’ sequences in Fig. 1 and the less divergent sequences
in Fig. 2). This led us to explore alternate explanations for

the distribution of sequence types, especially among sites
greater than 49 km apart.

Geographic barriers and geological events offer two
potential explanations for the abrupt breakdown of the
genetic divergence–geographic distance relationship for

Fig. 1. Phylogenetic tree of sequences
detected in this study. Trees were constructed
by maximum parsimony, neighbor-joining and
maximum likelihood methods, which resulted
in the same overall topology. Tree given was
generated by maximum parsimony, numbers
at nodes represent bootstrap proportions for
clades with significant support based on 1000
or 100 resamplings for maximum likelihood
(parsimony/neighbor-joining/maximum
likelihood, the asterisks represent bootstrap
proportions below 50%). Tree was rooted with
Aquifex aeolicus (AJ309733) and
Thermocrinis ruber (AJ005640). Accession
numbers for the remainder of sequences
analysed are DQ906005 to DQ906039 and
AJ113542 (pBB Calcite Springs clone). Scale
bar represents 0.5 fixed mutations per 100
nucleotide positions. Clades that were
comprised solely of sequences from a single
geographic region are indicated by the bars
with region names on the side of the figure.
Sequences that did not cluster geographically
were interpreted to be cosmopolitan.

Fig. 2. Pairwise comparisons of uncorrected
genetic divergence plotted against geographic
distance (km). Regression line was fitted to
data points < 49 km apart (r2 = 0.55,
P < 0.001). Dashed portion of line is given to
illustrate the lack of correlation for distances
> 49 km apart. Note that sequence
comparisons with low divergence from sites
> 49 km apart result from the cosmopolitan
sequence types found in Fig. 1.
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the more distantly separated sites. However, there were
no apparent geographic barriers or corridors, such as
mountain ranges or rivers, that explained our data, nor
did the prevailing south-west wind across Yellowstone
(Houston, 1973) or rhyolite lava flows and faults (Chris-
tiansen, 2001) correlate with the distributions. Subterra-
nean dispersal is one factor that is not possible to assess,
but is not believed to be important across the Yellowstone
ecosystem because of the ring fracture system formed
by the calderas, the high temperatures at shallow depth
(~350°C) and lack of hydraulic connectivity between
recharge zones (Fournier, 1989; Bonheyo et al., 2005).
The eight sites where Sulfurihydrogenibium sequences
were detected occur in either the northern or southern
region of Yellowstone, suggesting a latitudinal trend.
However, analysis of molecular variance (AMOVA) indi-
cated no genetic structure among sites when placed into
north or south groups (Fixation index = -0.004, P =
0.565). More of the molecular variation among sites could
be attributed to between and within site variation, rather
than variation between north and south groups of sites.

Inspection of Yellowstone geological maps revealed
that the distance between sample sites that are inside and
outside of the historic caldera boundaries was greater
than 49 km, which suggested a relationship between
genetic divergence among sequences and the calderas.
Most geothermal activity in Yellowstone occurs within
calderas that formed from volcanic eruptions during the
past 2 million years. The most recent was 640 000 years
ago, following earlier eruptions 1.3 and 2 million years ago
(the 1.3 million year caldera lies to the west of the Park
boundaries, Fournier, 1989). We found a significant
relationship (c2: 9.7, P = 0.002, Pearson’s phi = 0.113,
n = 528) between the level of genetic divergence among
the sequences (i.e. pairwise comparison of sequences

that had a low < 1% and high > 1% difference) and the
origin of the sequence with respect to the calderas (i.e.
inside or outside of the calderas). Four sites were inside
the caldera (Cascade Corner, Smoke Jumper, Lone Star
and Shoshone) and four sites were outside the calderas
(Mammoth, Seven Mile Hole, Joseph’s Coat and Hot
Spring Basin). The c2 result was confirmed by performing
a Monte Carlo simulation upon the contingency table
(5000 permutations, P = 0.001). Randomization proce-
dures such as Monte Carlo provide a means for verifying
a statistical pattern that is not dependent on the number of
samples or any of the underlying assumptions of a para-
metric test such as the c2 (Eddington, 1995). Examination
of the pairwise comparison of the sequences showed that
the more divergent sequences most often resulted when
one sequence was from outside the calderas (Fig. 3) and
genetic divergence was the greatest when sites on oppo-
site sides of the caldera boundaries were compared.
Thus, it appears that historic volcanic eruptions have
left their imprint on the genetic variation of thermophilic
Sulfurihydrogenibium within Yellowstone. Calderas, sur-
face expressions of past volcanic activity delineate bio-
geographical provinces among these microorganisms,
although dispersal at sites < 49 km apart also seems to
play a role in the distribution of Yellowstone Sulfurihydro-
genibium sequences.

The phylogeographic history of a taxon may be inferred
from the distribution of the most basal members. Two
contrasting conclusions have been drawn: either the most
basal members should occupy the region of its origin or
they survive only in the peripheral areas (reviewed in
Briggs, 2004). We reconstructed the history of Yellow-
stone Sulfurihydrogenibium sequence distribution by a
dispersal vicariance approach based on the distribution
and phylogeny of the 16S rRNA gene sequences using

Fig. 3. Plot of observed frequencies used in
c2 test. Number of pairwise comparisons of
16S rRNA gene sequences with low and high
genetic divergence from sites found within the
calderas (Same Region) or when at least one
of the sites was located outside the calderas
(Different Region). Four sites were inside the
calderas (Cascade Corner, Smoke Jumper,
Lone Star and Shoshone) and four sites were
outside the calderas (Mammoth, Seven Mile
Hole, Joseph’s Coat and Hot Spring Basin). A
significant relationship was found between
level of genetic divergence and geographic
position with respect to calderas (c2: 9.7,
n = 528, P = 0.002) and was supported by a
Monte Carlo simulation based on 5000
permutations (P = 0.001).
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the DIVA software package (Ronquist, 1997). DIVA, a
parsimony method, was used because it does not make
assumptions about the existence or shape of a bio-
geographic pattern and is appropriate even when area
relationships may be reticulate, rather than hierarchic.
Furthermore, DIVA searches for optimal reconstruction of
ancestral distributions by assuming vicariant speciation,
but incorporating the potential for dispersal and extinction
events in shaping contemporary distributions. The DIVA
analysis suggested two possible ancestral distributions
of the Sulfurihydrogenibium sequences: (i) within the
youngest caldera, specifically the Shoshone spring, or (ii)
within both the youngest caldera and totally outside the
calderas, specifically the Shoshone and Mirror Plateau
springs. Shoshone appears to be a special case within the
calderas; all the other springs within the calderas were
founded by dispersal events from outside the calderas.
Additionally, the DIVA analysis indicated that three dis-
persal events were responsible for the distribution
(Fig. 4). One dispersal event occurred from out of the
calderas to the ancestor of the communities at Cascade
Corner and Smoke Jumper, followed by a second dis-
persal back out of the caldera to Mammoth. The third
dispersal was from out of the caldera to Lone Star. Either
the ancestor of the Shoshone sequences is now extinct
everywhere except Shoshone or it now exists in some
other spring that has not been surveyed yet.

One scenario that could explain the DIVA results and
that is consistent with our hypothesis that the calderas
delineate biogeographical provinces for Sulfurihydro-
genibium sequences in Yellowstone is that with each of
the volcanic eruptions in Yellowstone, ancestral thermo-
philes went extinct within the calderas and as new springs
formed, they were subsequently colonized from periph-
eral sites that survived outside the calderas. While we
recognize that infinite dispersal and extinction events may
not be accounted for in the static approach of using phy-
logeographic analysis tools such as DIVA, this approach
provides a means for developing and testing phylogeo-
graphic hypotheses of microbial distributions. An alternate
explanation for the relationship between Sulfurihydro-
genibium sequence distribution and the calderas is that
this observation reflects some as yet unrecognized under-
lying factor that is autocorrelated with the outline of the
calderas.

Environmental factors appear to have little influence on
the distribution of Sulfurihydrogenibium in the thermal
springs that were the focus of this study. This finding may
be an artefact of our site selection (near-neutral thermal
springs only), or the limited number of sites assayed in
this study. We recognize that the patterns we have
detected are based on the current data set only, but the
data and analyses presented here provide strong evi-
dence that Yellowstone calderas delineate Sulfurihydro-

Fig. 4. Map of sampling sites where
Sulfurihydrogenibium 16S rRNA gene
sequences were detected. Exact geographic
location of the sites is given in Table 1. Green
and yellow lines represent the approximate
topographic rim of the 640 ka and 2 my
calderas today respectively. Ring fracture and
rim of the actual calderas lie within these
boundaries. Therefore, Seven Mile Hole and
Joseph’s Coat are classified as outside of the
calderas. Four sites were inside the caldera
(Cascade Corner, Smoke Jumper, Lone Star,
and Shoshone) and four sites were outside
the calderas (Mammoth, Seven Mile Hole,
Joseph’s Coat and Hot Spring Basin). The
sites circled on the map indicate locations that
are phylogenetically similar and collectively
are areas of genetic sources and sinks
(i.e. the Mirror plateau sequences clustered
phylogenetically and were the ancestral
source of the population now found in the
Lone Star site). Backbone of the overall
phylogeny among the sequences is used to
illustrate the biogeographic history of the sites
sampled, including dispersal events (red
lines), inferred by DIVA analysis.
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genibium biogeographical provinces. Although future
analysis of additional sites will be necessary to further
explore our findings, this report provides a framework for
hypothesis development and future study. The precise
mechanism by which Yellowstone calderas form barriers
between the thermal springs is not clear, but Sulfurihydro-
genibium sequences from these regions appear to reflect
the historical events that formed them. If similar rela-
tionships are found for other groups of thermophiles in
Yellowstone, then vicariance rather than a barrier to dis-
persal would be indicated for thermal communities.
Finally, our study provides evidence that a legacy of geo-
logical history, which has been instrumental in describing
the biogeography of macroorganisms, is also evident
among present-day distributions of microorganisms.

Experimental procedures

Sampling sites

The microbial communities of 18 thermal springs within
Yellowstone National Park were sampled during 2003 and
2004 (Table 1). Prior to collecting biomass, spring water was
collected for geochemical analysis by sampling the water
directly overlying the biomass. All water was filtered (0.2 mm)
and preserved as appropriate for the analysis to be
performed. Geochemical analysis, including anions, cations,
trace metals, sulfide and various gases, was conducted using
standard USGS methods (McCleskey et al., 2005). Environ-
mental DNA was extracted from samples as described pre-
viously (Auchtung et al., 2006).

Phylogenetic analysis of 16S rRNA gene sequences

Amplification of the 16S rRNA gene from environmental
DNAs was performed with universal primers 8F (5′-
AGAGTTTGAT-CCTGGCTCAG-3′) and 1492R (5′-GGT
TAC CTT GTT ACG ACT-3′) and cloned using the TOPO-TA
cloning kit (Invitrogen, Carlsbad, CA). Libraries were
screened (96 clones each) by restriction fragment length
polymorphism analysis and clones with unique patterns
were fully sequenced (both strands, 2X coverage).
Assembled sequences were submitted to Check Chimera
(http://rdp8.cme.msu.edu/cgis/chimera.cgi) to test for the
existence of PCR artefacts. GenBank accession numbers of
the sequences determined in this study are DQ906005 to
DQ906039. The 16S rRNA gene sequences were aligned
with published sequences from Thermocrinis ruber
(AJ005640), Aquifex pyrophilus (M83548), and the uncul-
tured Yellowstone relative, pBB (AJ113542). The alignment
was manually checked using established secondary struc-
ture and conserved sequence regions of the 16S rRNA,
thus ensuring that only homologous regions were com-
pared. Of the approximately 1600 nucleotides sequenced
for each sequence type, 1446 bases were used in the dis-
tance matrices, phylogenetic analysis and ARLEQUIN analy-
sis; sites that were not conserved in more than 50% of the
aligned sequences or that were ambiguously aligned were

not considered. Phylogenetic tree topologies were explored
by parsimony, neighbor-joining and maximum likelihood
analyses using heuristic search in PAUP (Swofford, 2003). A
general time reversible model, plus gamma = 0.5 was used
for the neighbor-joining and maximum likelihood analyses.
Bootstrap proportions were determined on the final tree
from 1000 resamplings of the data (100 resamplings for the
maximum likelihood tree). We were concerned that the high
level of within-site sequence variation was contributing to
our results and repeated all analyses possible using one
representative sequence from each site, which did not
change or dampen the conclusions made here. Additionally,
we conducted the complete analysis presented here using
sequences downloaded from public sequence databases
from other Yellowstone sites such as Joseph’s Coat (W.
Inskeep, unpublished) and Washburn and Obsidian springs
(Spear et al., 2005). Again, the overall results of our analy-
ses were the same, but these data were not included here
because they tended to heavily skew the data set towards
sites outside the calderas. Furthermore, the methods for
identifying unique sequences among our data sets were not
identical and a portion of the database sequences were not
completely sequenced. Although our results are based on
one sample per spring, Yellowstone Sulfurihydrogenibium
(Reysenbach et al., 2005) communities are known to be
temporally stable and the sequence types we detected
were consistent with previous studies (Barns et al., 1994;
Hugenholtz et al., 1998; Reysenbach et al., 2000; Bonheyo
et al., 2005; Spear et al., 2005).

Geographic positioning and visualization

Geographic location of sample sites was determined in
the field using a Trimble GeoXM (< 3 m accuracy) and dif-
ferentially corrected to the GPS base station at Old Faithful
using Pathfinder Office. Caldera layers were obtained
from the Yellowstone Volcano Observatory (http://volcanoes.
usgs.gov/yvo/) and represent the approximate topographic
rim of the 640 ka and 2 my calderas today. The ring fracture
and actual rim of the calderas lie within these boundaries
(J.B. Lowenstern, USGS, pers. comm.). Therefore, Seven
Mile Hole and Joseph’s Coat are classified as outside the
calderas.

Statistical analysis

Chi-squared test was performed on uncorrected pairwise
sequence differences (1446 bp) grouped into categories
(columns) that were distinguished by whether the two
sequences came from sites within the same region (inside –
Cascade Corner, Smoke Jumper, Lone Star and Shoshone,
or outside of the calderas – Mammoth, Seven Mile Hole,
Joseph’s Coat and Hot Spring Basin) or different regions
where at least one sequence was from outside the calderas
and into groups of low (< 1%) and high (> 1%) levels of
genetic divergence (rows). Monte Carlo simulations were
performed to estimate a significance level of the chi-
squared statistic. Contingency tables with the same mar-
ginal sums were generated 5000 times and the computed
chi-squared statistic was compared with the observed
chi-squared statistic. Site pairwise differences (FST
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values, shown in Table 2) and AMOVA were performed in
ARLEQUIN version 3.1 (Schneider et al., 2005), a software
program for population genetics analysis that is appropriate
for FST estimation regardless of the ploidy of an organism
(L. Excoffier, pers. comm.). FST values were estimated for
each site and were tested for significance against 1000
randomized bootstrap resamplings. The Mantel test was
performed on matrices of (i) FST values or a matrix of uncor-
rected distance of one sequence representative from each
site, (ii) geographical distance between sites and (iii)
geochemistry. Geochemistry included major ions, pH, tem-
perature, conductivity, alkalinity, and sulfate or temperature
alone. These parameters were selected using non-metric
multidimensional scaling analysis and principal components
analysis of over 40 geochemical parameters measured for
the sites, and by examining a piper diagram of major ion
geochemistry.

History of the observed distribution was reconstructed
using a dispersal vicariance approach with the DIVA soft-
ware package (Ronquist, 1997) based on the distribution
and phylogeny of the 16S rRNA gene sequences (Fig. 1).
Biogeographic methods most often search for a single
branching relationship among areas of endemism although
the sites may have different histories and reticulate relation-
ships. Additionally, dispersal and extinction are rarely incor-
porated into these models. DIVA is a unique tool in that it
does not rely on area cladograms. DIVA searches for
optimal reconstruction of ancestral distributions by assum-
ing vicariant speciation, but incorporates the potential for
dispersal and extinction events in shaping contemporary
distributions. Ancestral states of a character at each node
are inferred based on parsimony, but unlike other methods,
it does not restrict widespread distributions to terminals or
force ancestral distributions to one area. As with all biogeo-
graphic inference methods, it is a static approach based on
the data at hand. The addition of data from other sites may
radically change the outcome, but nevertheless, DIVA is a
robust hypothesis testing tool. In this case the ancestral
state of interest was the geographic location of the ances-
tor. The three possible states were (i) within the 2 my
caldera, (ii) within the 600 k caldera or (iii) outside of the
calderas. The phylogenetic tree in Fig. 1 was used for the
analysis, each terminal node was assigned one of the three
possible geographic states. This kind of analysis may, and
in this case did, result in different but equally parsimonious
states at a given node.
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