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ABSTRACT: Aquatic microbes, like all organisms, have biogeographies, but this subject has
attracted relatively little attention. In this review, recent results exploiting techniques of molecular
biology are summarized to place in perspective the studies of this Theme Section. The studies con-
sidered concern large-scale patterns of spatial distribution among heterotrophic planktonic prokary-
otic and eukaryotic microbes. For freshwater bacterioplankton communities, reported patterns are
inconsistent. Taxonomic richness may increase with system size, and composition may be related
among neighboring bodies of water. However, inconsistencies in patterns may be due to differences
in the temporal and spatial scales considered. Among planktonic marine prokaryotes, biogeographic
patterns are known only in terms of high level groups, e.g. Archea are perhaps dominant in deep
oceanic waters. However, studies of large-scale patterns have just begun and they suggest that some
ribotypes or species may be restricted to certain oceanic areas. Eukaryotic microbes appear to char-
acterised by high capacities for both dispersal and gene flow. Recent studies appear to conclude that
we can form morphological, genetic and physiological groupings but their inter-relationships are
obscure at this point in time.
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INTRODUCTION

Biogeography is the observation, recording, and
explanation of the geographic ranges of organisms
(Pielou 1979). Although microbes have biogeographies,
this subject has received very little attention: biogeo-
graphy is generally absent from recent books on micro-
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bial diversity (e.g. Bull 2004, Ogunsseitan 2005) as are
microbes from discussions on biogeography (e.g. Pielou
1979, Lomolino & Heaney 2004) or ecological geography
(Longhurst 1998). To some extent this is probably
because of a perception that there is no interesting
microbial biogeography—all microbes are potentially
everywhere. This is a long-standing assertion. The idea
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that everything is everywhere is generally attributed to
Beijerinck (1913). Indeed, most geographic barriers are
theoretically irrelevant (extreme environments such as
hot springs, deep-sea vents and sea ice may be excep-
tions). Nonetheless, not all taxa are everywhere in signif-
icant quantities. Where a microbe is found with reason-
able ease is where it is able to reproduce. This will
depend upon a balance between the presence and quan-
tities of resources it requires and the mortality it suffers
from biological or physical interactions. Thus, the envi-
ronment selects —the addendum to ‘everything is every-
where’, which is usually credited to Baas-Becking (1934).

Microbial biogeography differs from traditional bio-
geography as historical factors are much less important
(and often of no importance) than biological and
physical factors. Leaving aside the question of a ‘spe-
cies’ for microbes, 3 major characteristics distinguish
microbes from most multicellular organisms: large
absolute population sizes, short generation times, and
of course, high dispersal capabilities. These differ-
ences are fundamental. Consider the temporal scale of
microbial life compared to other organisms. A bloom of
an autotrophic microbe can develop and disappear in a
matter of days compared to the decades needed for the
dominance of a terrestrial autotroph in the form of a
woody plant. Thus microbes are unlikely to provide
clues as to the geological history of an area, compared
to vascular plants (e.g. Humphries & Parenti 1999).

The interest of studying the biogeography of aquatic
microbes is the elucidation of biological and physical fac-
tors controlling the presence or absence of micro-
organisms. However, this field is in its infancy and
contrasting patterns and trends are being described. We
are not yet at the stage of proposing testable hypotheses
to explain agreed upon patterns of distribution. How-
ever, there are some hints of generalities. In this paper, I
describe recent results concerning patterns of different
spatial scales; prokaryotes are considered separately
from eukaryotes with the emphasis being on hetero-
trophic forms. In order to avoid what has been identified
as a flaw of macroecology — the uncritical acceptance of
data and mixing of scales of analysis (i.e. Rahbek
2005) —attempts have been made throughout the paper
to note the scale of analysis relative to the data employed
and the generality of the pattern described.

Two very interesting and promising fields (extreme
environments and symbionts/parasites) are not
reviewed herein: readers interested in these topics are
referred to reviews and reports on microbes from
extreme environments (Fenchel 2003, Staley & Gosnik
1999, Whitaker et al. 2003, Papke & Ward 2004) and
recent reports on symbiotic bacteria (e.g. Bright &
Giero 2005, Taylor et al. 2005). Likewise, with regard
to viruses, see Breitbart & Rohwer (2005), who recently
reviewed biogeographic patterns.

HETEROTROPHIC BACTERIOPLANKTON
IN LAKES

Some of the first attempts to apply the new molecular
approaches to bacterial biogeography in freshwaters
found, not surprisingly, that bacterial communities like
phytoplankton and zooplankton change with the sea-
son and nearby lakes can differ in bacterial community
composition (Konopka et al. 1999, Lindstrom 2000).
Thus it appeared that there need not be a clear rela-
tionship between lake location and bacterial commu-
nity composition.

For example, Lindstrém (2000) compared communi-
ties of 5 small lakes (0.04 to 6.2 ha), all within 75 km of
each other in southern Sweden, using denaturing gra-
dient gel electrophoresis (DGGE). The technique al-
lows separation of 16S rDNA sequences, representing
different taxa, which appear as bands on a gel. Large
volume samples (50 1) were collected in May, July, Oc-
tober and February. DNA was extracted from 0.5 to
9.5 1 subsamples. The number of taxa detected per
sample using DGGE ranged from 6 to 17. Community
composition differed with season as much as it varied
between lakes. Statistical analysis suggested that the
strongest relationships were between the variability
of bacterial community composition and variability in
the biomass of microzooplankton, cryptophytes and
chrysophytes rather than between lake location or size.
A subsequent study of lakes in northern Sweden
yielded very similar results (Lindstrom 2001).

Enlarging the spatial scale, comparison of bacterial
communities in sets of lakes in different climatic zones
(southern Sweden, northern Sweden, Norwegian Arc-
tic) showed little evidence to support the view that
neighboring lakes share bacterioplankton communi-
ties (Lindstrom & Leskinen 2002). The results sup-
ported the view that biological interactions, and/or
physio-chemical conditions within a given lake, are
more important in determining bacterial community
composition than lake location.

A lack of community relatedness among neighboring
lakes can be an artifact of sampling scales— both spa-
tial and temporal. The problem of spatial variability was
considered by Yannarell & Triplett (2004) in a study of
the variability both between zones within a lake and
between lakes. They investigated 13 northern temper-
ate lakes (Wisconsin, USA) in July using a tube sampler
to obtain samples from the entire surface layer. A 250 to
500 ml subsample was analyzed using another 16S
rDNA community fingerprinting technique: automated
ribosomal intergenic spacer analysis (ARISA). The
scales of spatial variability considered were 10s of
meters, 100s of meters—lake basin level, and between
lakes. They found that the bacterial communities
differed less within a lake than between lakes. At the



Dolan: Microbial biogeography 41

basin level within a lake, the average dissimilarity was
17 %, while between lakes it was 75 %. However, they
found no evidence of regional patterns or trends of
taxonomic richness with lake size (range 1 to 4000 ha in
surface area). Within the set of lakes, with a chlorophyll
concentration range from 1.8 to 26 pg I'!, bacterial
diversity was positively related to lake productivity.

Short-term temporal variability in bacterial commu-
nity composition was evaluated in a multi-lake study.
Three Wisconsin lakes were sampled every 2 wk for
2 yr during the ice-free period by Yannarell et al.
(2003). The lakes all showed stable community compo-
sition in the fall and spring but quite variable commu-
nity composition during the summer. The database
was expanded to include a third year and analysis sug-
gested very little similarity in bacterial community
composition from year to year (Kent et al. 2004).

On a larger spatial scale, 2 sets of Wisconsin lakes
(separated by about 300 km) were sampled during the
spring, summer and fall of 2002 by Yannarell & Triplett
(2005). They found that bacterial community composi-
tion was related to both location and lake type (seep-
age lakes compared to drainage lakes) as communities
varied with lake pH and Secchi disk depth.

The relationships between water characteristics,
bacterial community composition and physiological
rates (respiration, growth rates and growth efficiency)
were examined experimentally in communities from 4
Swedish lakes by Langenheder et al. (2005). Bacterial
communities from distinct lakes (dissolved organic car-
bon [DOC] = 6 to 41 mg 1!, phosphorus = 8 to 41 pg I'!)
were inoculated into filtered water from their own and
all the other lakes. Changes in bacterial biomass were
monitored over 11 d and oxygen consumption, DOC
consumption and bacterial community composition
were examined at the end of the experiment. Extracted
16S rRNA sequences were PCR amplified for another
fingerprinting method: terminal restriction fragment
length polymorphism (T-RFLP). This method relies on
separation through electrophoresis of DNA sequences
recognized by restriction enzymes. After 11 d, the
genetic structure of the bacterial community had been
influenced by the origins of both the inoculum and the
water. Interestingly, the physiological rates of the bac-
terial community were related only to the origin of the
water, not to the inoculum.

Overall, studies carried out thus far on northern tem-
perate lakes, both Scandinavian and North American,
suggest that lake location is a poor predictor of bacterial
community composition and taxonomic richness is not
closely related to lake size. These findings are in conflict
with basic predictions from the theory of Island Biogeog-
raphy (MacArthur & Wilson 1967): (1) neighboring lakes
(aquatic islands) should resemble one another in taxo-
nomic composition more than distant lakes; and (2) sys-

tem size (island size) should be related to taxonomic rich-
ness. High dispersal capacity, making location and sys-
tem size simply irrelevant to the presence or absence of
taxa, is a possible explanation. However, 2 recent studies
(Bell et al. 2005, Reche et al. 2005), carried out specifi-
cally to test predictions of Island Biogeography, came to
the conclusion that freshwater bacterioplankton commu-
nities do conform to the theory of Island Biogeography.

The effect of lake location on taxonomic composition
was addressed in a study of 11 small lakes in the Sierra
Nevada of Spain using DGGE (Reche et al. 2005). The
lakes ranged in surface area from 0.4 to 2 ha and chloro-
phyll concentration from 0.2 to 4 pg 1. A single sample
(sampling depth unspecified) was taken from the center
of each lake during the ice-free period (date not speci-
fied). Variable volumes, ranging from 200 to 2500 ml,
from each lake were analyzed. Per sample, 4 to 9 taxa
were detected. In contrast to previous studies, Reche et
al. (2005) reported that nearby lakes contained similar
taxa. Furthermore, they found a positive relationship of
the taxonomic richness of a bacterial community and
lake surface area—a relationship found among many
lake taxa, ranging from micro-crustaceans to insects.

The other attempt to apply the theory of Island Bio-
geography to freshwater bacteria was a study of tree
hole communities in a British forest (Bell et al. 2005).
The tree holes, ranging in volume from about 50 ml to
20 1, were considered to represent islands of various
sizes. For each of ca. 30 tree holes, the entire volume
was removed, homogenized and material from a 50 ml
sample analyzed using DGGE. A plot of the logarithm
of tree hole volume versus the logarithm of the number
of DGGE bands resulted in a linear relationship across
the entire range of tree holes sampled and was taken
as evidence that 'larger islands house more bacteria’ in
the same manner that larger islands contain more spe-
cies of plants and animals than smaller islands (Bell et
al. 2005). Critics pointed out that ephemeral tree holes
of small volumes are likely to differ fundamentally
from large volume communities in ways very distinct
from simply size (Fenchel & Finlay 2005, Mitchell
2005). Indeed, plotting the data presented on linear
scales suggests similar but different relationships for
small, medium and large volume communities (Fig. 1).
Thus, it would appear unwise to extrapolate trends
across systems varying orders of magnitude in size.

Overall, support for the existence of biogeographic
patterns in lake or freshwater bacteria, in terms of
‘species’ as ribotypes, seems to depend on the time and
space scales examined. If the lakes are somewhat
homogenous in terms of size, water chemistry and pri-
mary production, some patterns may emerge. On very
large spatial scales, which likely increases ‘lake diver-
sity’, patterns may emerge only through integrating
seasonal and inter-annual variability.
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Fig. 1. (A) Relationship between bacterial taxonomic richness

and system size (re-drawn from Bell et al. 2005). (B) Same

relationship but for un-transformed data (extracted from an

enlarged version of the published figure); suggests that

small, medium and large tree holes show similar but
distinct patterns

HETEROTROPHIC PROKARYOTES IN THE SEA

In the marine sciences, large-scale patterns often
have a longer history of investigation than small-scale
patterns and bacterial biogeography is no exception.
Thus, one of the first attempts to use molecular tech-
niques to compare bacterial communities concerned a
study of the central Pacific, the Caribbean Sea and the
Long Island Sound (NW Coastal Atlantic). Lee &
Fuhrman (1991) used a DNA cross-hybridization tech-
nique and concluded that total community DNA varies
significantly over time (2 wk periods) and space (basin-
scale, euphotic zone vs. deep water).

Interestingly, these early indications of distinct com-
munities and their temporal variability became lost as
16S rDNA became a focus around the same time (e.g.
Giovannoni et al. 1990). Surveys of bacterial commu-
nity composition employing rRNA gene cloning and
sequencing reported the presence of similar sequences
in diverse systems. The archetypal example is SAR11.
Although later clearly identified as a clade rather than
a single 'species’ (e.g. Rappé et al. 2002), it has entered
the popular imagination as a ubiquitous organism. In a
recent comic novel (Moore 2004), SAR11 plays a role
as a trans-oceanic transmitter of the needs and desires
of whales; its ubiquity is an important characteristic as

it represents the remnant of the fictional era when the
planet earth was a single organism.

Early molecular studies reinforced the view that per-
haps prokaryotic communities were the same in differ-
ent areas of the world ocean (e.g. Mullins et al. 1995).
This view has slowly shifted over the past decade.
Firstly, the apparently ubiquitous forms such as SAR11
bacteria are now known to be a taxonomically, physio-
logically and morphologically diverse group of bacte-
ria (e.g. Malmstrom et al. 2005). Secondly, there is at
least 1 example of a group of prokaryotes characteris-
tic of particular water masses: oceanic Archea, discov-
ered using molecular approaches (Fuhrman et al.
1992), appear to be an especially important part of the
prokaryotic community in deep ocean waters. Interest-
ingly, the metabolism of Archea is obscure but we
know they dominate the prokaryote community at
depths below 100 m in the Pacific (Karner et al. 2001)
as well as in the Atlantic (Herndl et al. 2005).

Archea provide an example of the few distributional
patterns known among planktonic heterotrophic
prokaryotes. Other examples include the finding that
2 proteobacterial groups (alpha- and beta-proteo-
bacteria) differ markedly in their relative abundances
in marine water compared to lakes (Glockner et al.
1999). Members of other groups such as Cytophaga-
Flavobacteria are abundant in both freshwater and
marine systems (Kirchman 2002). Thus, there are some
biogeographical patterns of high-level groupings but
the underlying mechanisms are unclear (Kirchman et
al. 2005). One hypothesis is that bacterial groups which
appear to be more widespread are more diverse, i.e.
they are composed of a higher number of low-level
taxa or low-level taxa which are distinct from one
another (Kirchman et al. 2005). This was examined with
regard to the bacteria found in the Delaware River
Estuary with the result that indeed the 16S rRNA se-
quences of the widespread Cytophaga-Flavobacteria
group were more ‘dissimilar’ than the sequences of the
alpha- or beta-proteobacteria (Kirchman et al. 2005).

Among individual taxa there is an apparent lack of
large-scale distributional patterns; however, there
have been few geographic surveys, and 2 studies in
this Theme Section (Balwdin et al. 2005, Pommier et al.
2005) go a long way towards filling this void.

The distribution of bacterial groups across large spa-
tial scales was examined in 2 distinct fashions: data
mining by Pommier et al. (2005, this issue) and a field
study by Baldwin et al. (2005, this issue). Pommier et
al. (2005) conducted a detailed analysis of data sub-
mitted to GenBank, a follow-up study to Hagstrom et
al. (2002). The authors retrieved about 3000 DNA
sequences that included data on the geographic origin
of the sample. Based on a 97 % similarity level, 1336
bacterial ribotypes were distinguished in samples orig-
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inating from 41 polar sites, 90 temperate sites and 17
tropical sites. Ribotypes were then designated as either
cosmopolitan (occurring in all 3 regions) or restricted to
1 or 2 areas. It was found that 41 % were reported from
both temperate and polar sites, 24 % from temperate
sites only, 23 % from both temperate and tropical sites,
11 % were found in all 3 regions, 8 % were restricted to
polar areas and none were found to be reported from
tropical areas only. Thus, 'restricted ribotypes’ found
only in a single geographic zone were apparent.

Pommier et al. (2005) point out that the finding of no
‘tropical-only ribotypes’ was likely an artifact of the
relatively few tropical sites sampled. Indeed, this
conclusion is supported by plotting the number of
sequences found to be restricted to one of the 3 cli-
matic zones versus the number of sites sampled in the
given zone (Fig. 2). The linear relationship suggests
that the number of ‘endemic taxa' in a climate zone, as
indicated by the GenBank database, is more a function
of sampling intensity than any particular characteristic
of any climate zone.

A completely different approach was taken by Bald-
win et al. (2005). They collected 1 1 samples of surface
water at 40 stations along a transect from 70° N to 68°S
latitude in the Pacific Ocean. Extracted 16S rRNA and
18S rRNA sequences were PCR amplified for analysis
of prokaryotes and eukaryotes, respectively, using
T-RFLP. Only the results concerning prokaryotes will
be considered herein as 1 1 sample volumes are inade-
quate for a robust analysis of eukaryotic community
composition (e.g. Dolan 2005). The prokaryotic com-
munities showed high similarity across the nearly pole
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Fig. 2. Relationship between the number of prokaryotic

ribotypes found only in a climate zone and the number of sites

sampled within that same climate zone. Data from the report

of Pommier et al. (2005) on sequences and sample sites
extracted from GenBank

to pole Pacific transect, perhaps in part because few
ribotypes were detected per station (8 to 14). Cosmo-
politan ribotypes were detected as several were pre-
sent at all or most of the stations. The tropical commu-
nities were distinguished by the presence of a unique
ribotype, possibly that of Prochlorococcus the common
warm water bacterial autotroph.

The apparent consistency of the Pacific prokaryotic
community composition from Arctic to Antarctic
waters may correspond with relative consistency
throughout all seasons and in their ecological role. Dis-
tinct seasonal shifts in community composition have
been reported from the Bermuda time-series study site
(Morris et al. 2005). The seasonal shifts may be related
to DOC dynamics at the site as changes occur with
water column mixing.

As Delong & Karl (2005) stated, a major challenge is
determining the influence of diversity (as well as
physiology and ecology) on the biogeochemical role of
prokaryotic communities. In this regard it should be
noted that, thus far, attempts to determine a relation-
ship between bacterial community composition and
basic community metabolic functions, such as reminer-
alization of dissolved organic matter, have proven
unsuccessful for marine (e.g. Reinthaler et al. 2005)
and lake bacterioplankton (Langenheder et al. 2005).

On the positive side, community composition of
bacterioplankton has been reasonably tied to physical
mixing where one would expect it to be important, i.e.
in an estuary (Crump et al. 2004). The Parker River
estuary (NE USA) was sampled along the salinity
gradient during July, August and September, seasons
of different flow regimes. DNA was extracted from
surface layer samples (volumes unspecified) and
processed using DGGE. Crump et al.'s (2004) study of
estuarine bacterioplankton found that the devel-
opment of a true estuarine community (distinct from a
the freshwater or fully marine community) depended
upon bacterial growth exceeding the flushing rate of
the system.

HETEROTROPHIC EUKARYOTES

With regard to protists, discussions on whether all
species are everywhere (Finlay et al. 1996, Fenchel et
al. 1997, Fenchel & Finlay 2004) or not (Foissner 1999,
Foissner et al. 2003) have given way to the realization
that indeed many, if not most, morphological forms
appear to be very widely distributed, while cryptic
species (forms genetically distinct but morphologically
similar) may be common. Two important questions
remain: (1) Are there biogeographic patterns among
‘morphological forms'? and (2) Do genetically distinct
groups show biogeographic patterns?
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First, we consider patterns among taxa distinguished
via morphology. It may be worth recalling that some
researchers have attributed apparent cosmopolitanism
among protists to ‘force-fitting' taxa— attributing
names based on monographs of European taxa (e.g.
Tyler 1996). Regardless, it is clear that not all species
are everywhere at the same concentrations. Large-
scale patterns do appear to exist. There are, for exam-
ple, latitudinal gradients of species richness. The pat-
terns among eukaryotic microbes, such as foraminifera
(Rutherford et al. 1999) and tintintinnid ciliates (Dolan
& Gallegos 2001), closely resemble those of multi-
cellular organisms in that distinct peaks are often evi-
dent at about 25°N and 25°S latitude. However, once
again microbes differ from multi-cellular organisms.
While tropical systems are indeed species-rich, the
composition of tropical communities differs from that
of multi-cellular organisms in that they contain many

widely distributed taxa as well as some endemic or
specialized forms.

For example, protist taxa encountered at a station in
the tropical South Central Pacific (Fig. 3) included
some typically tropical forms. These forms are often
characterized by morphologies that appear to be ela-
borate relative to taxa found at mid-latitudes. The
morphological features of tropical forms such as
marked asymmetry, keels, etc. have been explained as
adaptations serving to lessen sinking rates as tropical
water has half the viscosity of polar water (Tappan &
Loeblich 1973). However, protists without elaborate
morphological features, forms found widely distrib-
uted, were equally abundant (Fig. 3).

The co-occurrence of tropical forms and widely
distributed taxa suggests that the explanation for the
apparent peak in species-richness found at low latitudes
is possibly a simple temperature range effect (e.g. Bra-

Fig. 3. Examples of the planktonic protist community found at a station in the Southwest Pacific (15°30'S, 132° W) during the

BIOSORPE cruise of the French oceanographic program PROOF. Dinoflagellates of the genus Ceratium included typical tropical

forms with elaborate morphologies such as C. ranipipes (C) and widespread taxa like C. furca (A). Likewise, tintinnids included

widespread taxa such as Codonella nationalis (B) and tropical forms with elaborate lorica architecture like Xystonellopsis
dicymatica (D)



Dolan: Microbial biogeography 45

yard et al. 2005), rather than one of the many interesting
mechanisms suggested to explain the gradients found in
both plants and animals (e.g. Rohde 1999, Macpherson
2002, Hillebrand 2004). A similar phenomenon, but on a
temporal rather than a spatial scale, would be that of
species richness appearing to be highest between
seasons because in the autumn, for example, summer
and winter taxa as well as autumn taxa are present.

Biogeographic patterns do exist among ‘morpho-
logical' species of aquatic microbes. The patterns may
or may not result from the same mechanism driving
patterns among multi-cellular organisms. The temper-
ature range effect described could be a variant of
Rapoport's rule: within a group of organisms, the
average geographic range of species increases with
latitude. This phenomenon has been proposed as one
explanation (among many) of latitudinal diversity gra-
dients known in multi-cellular organisms (Kolasa et al.
1998, Gaston 1999).

Interestingly, cryptic species, in the guise of mating
types, have been recognized for decades among
protists (e.g. Sonneborn 1957), and with the advent of
DNA sequencing appear to have been re-discovered
(Saez & Lozano 2005). Some investigators have sug-
gested the existence of geographic species which
appear intuitively reasonable. For example, Arctic and
Antarctic populations of a species of foraminifer
appear to be genetically distinct (Darling et al. 2004).
Nonetheless SSU rDNA sequences appear identical in
other bipolar species (Darling et al. 2000).

In yet other foraminifera species genetic distance
exists with little geographic isolation. Overlapping
distributions of 3 cryptic species of another foraminifer,
Orbulina universa, have been reported (De Vargas et
al. 1999). Genetically distinct populations occur among
more or less continuously distributed species, such as
the dinoflagellate ‘species complex' of Alexandrium
tamarense (Uwe et al. 2003). The opposite situation of
near genetic identity in separated populations also
exists. Populations of the dinoflagellate Polarella
glacialis in Arctic waters differ by only 6 base pairs in
the sequence of their SSU rDNA from those found in
Anarctica (Montressor et al. 2003).

Protists can at this point in time be characterized as
displaying both high genetic diversity and high gene
flow. Thus one might conclude that genetic shifts in a
population can occur fairly rapidly and are perhaps
dynamic. A precise example of genetic and physiolo-
gical divergence was recently reported by Kim et al.
(2004), who found that different culture media were
needed to culture the same dinoflagellate (Peridinium
limbatum) found in 2 neighboring lakes (separated by
400 m) of different chemical and biological characteris-
tics. They tested the possibilty that the 2 lake popu-
lations were genetically distinct by culturing 5 strains

from each lake and examining ITS sequences. Nuclear
DNA was sequenced at the ITS region of the rDNA
locus (ITS1, 5.8S rDNA, ITS2). ITS analysis showed
that the 2 P. Iimbatum populations, with distinct cul-
ture requirements, were indeed genetically distinct.
Sequence differences between strains from the same
lake were less than 0.5% while between lake popula-
tions differed by nearly 9 %. In comparison, differences
of 2% have been identified as distinguishing species of
ciliates (e.g. Shin et al. 2000). However, some hybrid
sequences were found, suggesting that the 2 popu-
lations may still experience genetic exchange.
Although the authors made no attempt to date the
divergence, it would seem reasonable to assume the
separation to be no older than the last glacial period as
one lake was a bog lake.

The daphnid Eubosmina provides a further example
of genetic divergence in a lake organism. Although
muticellular, Eubosmina is capable of asexual repro-
duction and is presumed to be unaffected by geo-
graphic barriers to dispersal. Haney & Taylor (2003)
examined nuclear and mitochondria DNA sequences
of Eubosmina in widely separated Holarctic sites in
North America and Europe. Morphological similarity
was inversely linked to genetic similarity. Thus, exist-
ing morphologically defined species appear to be the
result of strong selection pressure maintaining mor-
phological differences despite high gene flow between
populations.

Evidence of genetic diversity and high gene flow
was found in oligotrich ciliates by Katz et al. (2005, this
issue). They examined variation in the ITS locus and
found a multitude of distinct haplotypes for the fresh-
water species Halteria grandinella and the marine tide
pool species Strombidium oculatum, but the haplo-
types were not coherent geographically. Genetic
diversity was quite high for some areas (15.7%
sequence divergence for Irish Sea poulations). Thus,
despite apparently high gene flow, genetic diversity
exists for ciliates found in marine and freshwaters.
Interestingly, some marine planktonic ciliates, in com-
parison, seem genetically homogenous (Snoeyenbos-
West et al. 2002).

The results of high genetic diversity in the tide pool
ciliate resemble those reported by Lowe et al. (2005a)
concerning the marine would-be dinoflagellate Oxyr-
rhis marina. Using ITS data and 5.8 SSU rDNA they
found high divergences between strains unrelated to
geographic origin. Lowe et al. (2005a) furthermore
found no clear relation between genetic and physio-
logical groups (defined by salinity-growth response).

Lowe et al. (2005D, this issue) subsequently examined
the relationship between genetic and physiological
groups in the rotifer Brachionus plicatilis. An enzyme
important in osmo-regulation was employed. Genetic
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groups were defined via similarity of sequences coding
for the enzyme, and physiological groups were defined
according to growth rates at various salinities. The
authors discovered that the physiological groups bore no
relation to the genetic groups because sequence similar-
ity was not linked to rates of gene expression. Physiolog-
ical groups were poor indicators of genetic similarity.

Fenchel (2005, this issue) ascribes part of the problem
of attempting to relate geography to genetic groups to
the phenomenon of neutral mutations. According to this
explanation, random, neutral mutations can accumulate
in the sequences commonly employed to define genetic
groups. However, these differences bear no relationships
to geographical isolation or physiological specialization.
Overall, it is difficult to avoid the conclusion that genetic,
physiological and morphological divergence are, at this
time, quite difficult to relate to one another, at least with
regard to eukaryotic aquatic microbes.

Against this background of complexity, the existence
of simple relationships has been asserted, e.g. '‘phyto-
plankton species richness scales consistently from
laboratory microcosms to the world's oceans’ (Smith et
al. 2005). Thus, it would appear that from benchtop
aquaria to the Central Pacific, the number of eukary-
otic and prokayotic autotroph species is a predictable
function of surface area. Such assertions should,
however, be carefully examined, as sampling efforts,
taxonomic expertise and temporal scales are rarely
similar across studies of systems of different size and
complexity.

CONCLUSION

Progress in the biogeography of aquatic microbes
will likely depend on both conceptual as well as tech-
nical advances. Conceptually, we may have to accept
the possibility that different groups may experience
change at different rates —molecular yardsticks devel-
oped for one group simply may not apply to another
group. It should be recognized that molecular 'yard-
sticks' are not infallible. For example, in the intensively
studied Helicobacter, discovered by the Nobel Prize
team of Marshall & Warren (1983), 16S rRNA
sequences now appear much less reliable than 23S
TRNA due to horizontal gene transfer; this has led to a
plea for a greater reliance on phenotypic characteris-
tics for identification (Dewhirst et al. 2005). Further-
more, we perhaps need to accept that reproductive iso-
lation need not require geographic isolation, and vice
versa—everything depends on the scales of time and
space under consideration. Sorting out group-specific
relationships may be contingent on the investigation of
molecules of direct ecological significance to the
organisms (Lowe et al. 2005b).
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