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The abundance of individuals in microbial species is so large that dispersal 
is rarely (if ever) restricted by geographical barriers. This "ubiquitous" 
dispersal requires an alternative view of the scale and dynamics of 
biodiversity at the microbial level, wherein global species number is 
relatively low and local species richness is always sufficient to drive 
ecosystem functions. 

During the great age of natural history explora- 
tion in the 19th century, it became abundantly 
clear that many animal species-especially the 
larger ones-had restricted geographical distri- 
butions. In many cases, isolation had apparently 
led to speciation, resulting for example in dis- 
tinctive island faunas (1). A rather different 
picture was provided by the small band of trav- 
eling naturalists who were equipped with micro- 
scopes. Most hoped to discover new and exotic 
species of microbial eukaryotes (e.g., protozoa, 
diatoms, and other microalgae), but their hopes 
were dashed by the lack of novelty they found. 
As early as 1887, the microscopist W. H. 
Maskell conceded that the ciliated protozoa liv- 
ing in the fresh waters of New Zealand were 
basically identical to those known from Europe 
(2). At around this time, similar ideas also began 
to appear with respect to the prokaryotes (bac- 
teria). Beijerinck's pioneering use of enrichment 
culture techniques showed that diverse types of 
bacteria could be cultured from almost any type 
of natural material (3), and species recorded 
from a particular habitat type located in geo- 
graphically distant places were usually similar if 
not identical to each other. 

Traces of Ubiquitous Eukaryotes 
Recent evidence indicates that these ideas can 
be extended to the microbial eukaryotes. There 
is, for example, no evidence that flagellated 
protozoan morphospecies have biogeographies 
(4)-communities from adjacent sites are not 
more similar to each other than they are to those 
from more distant sites. The same flagellate 
genotype has been isolated from a shallow in- 
land fjord in Denmark and from hydrothermal 
vents in the Pacific (5). The same planktonic 
foraminiferan morphospecies are common to 
both Arctic and Antarctic waters, and some of 
these are also genetically identical (6). All 86 
freshwater ciliated protozoan morphospecies 
identified from a volcanic crater lake in Aus- 
tralia in the late 1990s were already known 
from Northern Europe by the mid-1930s (7, 8). 

There are strong indications that protozoa 
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(Fig. 1) and other microbial eukaryotes in 
general do not have biogeographies, and one 
obvious explanation is that they are simply so 
abundant that continuous large-scale dispers- 
al sustains their global distribution. The local 
abundance of microbial eukaryote species is, 
indeed, impressively large. An average-sized 
protozoon with a mass of about 1 ng typically 
has an areal abundance roughly 12 orders of 
magnitude greater than that of an average- 
sized mammal (Fig. 2A), so sheer weight of 
numbers might be expected to drive large- 
scale dispersal for purely statistical reasons. 
When we consider the many forces in the 
natural environment that must drive the dis- 
persal of small organisms (e.g., hurricanes, 
global oceanic circulation, labyrinthine 
groundwater networks, damp fur and feath- 
ers), it is not surprising that some spectacular 
examples have been recorded by explorer- 
naturalists. While the Beagle was sailing in 
oceanic waters of the tropical Atlantic, Dar- 
win (9) scraped from the mast and sails a fine 
layer of dust that was rich in freshwater 

diatoms. These had been deposited by the 
combined agency of a tornado and the Har- 
mattan blowing from West Africa. 

Local/Global Species Ratios 

Doubtless, most of these diatoms were dead 
by the time they were recovered, but many 
microbial species can exist for long periods in 
states such as resting cysts or spores. For 
example, when a small sample of sediment 
was collected from a freshwater pond and 
examined microscopically, 20 ciliate species 
were detected and identified, but after a va- 
riety of enrichment techniques were used 
over a period of 100 days, the species number 
had risen to 137 (10), indicating that the 
"seedbank" of species was very large. 

If ubiquitous dispersal is typical of most (if 
not all) microbial eukaryotes, we would expect 
relatively low global species richness. This ap- 
pears to be true for one of the best studied 
groups, the free-living ciliates [-3000 species 
(11)], and independent estimates place the spe- 
cies richness of all free-living protozoa some- 
where in the range of 10,000 to 20,000 (12, 13). 
These are relatively small numbers compared 
with 5 million species of insects (14). The main 
difference, of course, is that many insect spe- 
cies have geographically restricted ranges, and 
similar niches located in geographically isolat- 
ed regions of the world tend to be occupied by 
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Fig. 1. A small sample from the variety of free-living protozoan species, drawn to scale next to a 
pinhead. Virtually all species fall within the size range 0.002 to 2 mm. 
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dissimilar species, which in many cases 
evolved in these regions. We can expect the 
local/global species ratio to be significantly 
higher for microbial eukaryotes than it is for 
larger animals, and this too appears to be the 
case (15). Whereas the numbers of species of 
bivalves and gastropods living in the 2-hectare 
semi-enclosed Niva Bay (Denmark) represent 
<0.1% of the global marine totals, the number 
of ciliate species there represents more than 
10% of the global marine total-a figure that 
continues to increase with current intensive 
studies. 

The proportion of the global species number 
that can be found in a local area is partly a 
function of sampling effort. In one of the most 
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Fig. 3. (A) Frequency of detection 100 
of 95 ciliate species in 150 soil - A 
samples from a 1-hectare upland 90 L 
grassland in Scotland, and of the * Local 0 World 
same species in 606 soil samples ^ 80 
collected worldwide. Spearman's X 70 
rank correlation coefficient indi- ' 
cates that the level of agreement ' 60 - 
between the local and global data o 
sets is highly significant (P < o 
0.001). [Adapted from (22)] (B) 40 - 
Spatial distributions of six rare c 
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species of their endemic status (18-20). In any 
event, the virtual impossibility of disproving the 
existence of endemic species elsewhere in the 
biosphere probably makes the argument for 
endemic microbial eukaryotes untenable. 
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microbial Microbial eukaryotes are probably dispersed by 

forces that are essentially random, implying that 
the primary spatial distributions should also be 
random. This is not usually obvious, especially 
when the randomness is masked by subsequent 
population growth in nonrandom spatial niches. 
But for those species that are dispersed to plac- 
es where there is little probability of population 
growth (e.g., a soil type for which a species is ill 

Ciliates adapted), the spatial distribution of the species 
should remain close to random. The signature 
of this randomness has recently been detected 
(22) (Fig. 3B). 
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structure of the feeding apparatus (26)] and the 
way the protozoon functions in the natural en- 
vironment (12). But morphospecies may hide 
layers of variation of different types, including 
clonal or sexual lifestyles (or a combination of 
the two). In sexual populations, periodic sex 
occurs between individuals in closed gene pools 
known as sibling species (27). Different sibling 
species may be genetically extremely divergent. 
Others may be genetically identical to each oth- 
er [e.g., the ciliate Tetrahymena americanis har- 
bors eight sibling species, each with an identical 
sequence of 190 bases in a variable region of the 
23S rRNA (27)], so in some ciliates at least, 
genetic isolation and genetic divergence are not 
correlated. 

It is possible that different, morphologically 
indistinguishable sibling species carry unique 
phenotypic traits that enable specialized exploi- 
tation of resources within their natural habitat, 
but there is no conclusive evidence supporting 
this. One example could have been provided by 
the three genotypes discovered (28) within the 
foraminiferan morphospecies Orbulina uni- 
versa. Each genotype appeared to be adapted to 
specific environmental conditions in the ocean, 
but upon closer examination by scanning elec- 
tron microscopy, it was discovered that the ge- 
notypes could actually be distinguished accord- 
ing to morphological features. Even if it is dis- 
covered that they do fill different ecological 
niches, recall that individual sibling species can 
have very wide geographical distributions, and 
isolates from various parts of the world have 
been shown to be capable of mating with each 
other (29, 30). 

Morphospecies might also harbor large 
numbers of physiological species that conceiv- 
ably could have disjunct distributions, but this is 
unlikely. The remarkable ability of microbial 
eukaryotes to tolerate or adapt to very wide 
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Fig. 4. Large mammal species obviously have 
biogeographies, whereas microbial species do 
not. Shown here is a hypothetical model of the 
ubiquity-biogeography transition, which is be- 
lieved to be located in the species size range 1 
to 10 mm. The real slopes of the "ubiquity" and 
"biogeography" curves are not yet known. 

ranges of ecologically important factors such as 
temperature and salinity (31) indicates that the 
number of physiological "species" lying within 
morphospecies may not be great. Tom Fenchel 
(32) has recently isolated a marine Paraphy- 
somonas that grows well in fresh water, and an 
isolate of the ciliate Uronema from the high 
Arctic could be adapted to grow at 37?C. Local 
adaptation in combination with ubiquitous dis- 
persal will increase the probability of finding the 
same morphospecies, sibling species, or "phys- 
iological species" in the same suitable habitat 
type, wherever that habitat exists worldwide 
(18, 33, 34). 

Conclusions 

First, free-living microbial eukaryotes, all of 
which have body sizes less than about 2 mm, 
are probably sufficiently abundant to have 
worldwide distribution. And as prokaryotes are 
much smaller and several orders of magnitude 
more abundant (35, 36), they are even less 
likely than microbial eukaryotes to be restricted 
by geographical barriers (37). This view is 
supported by analyses of recombination rates in 
the natural environment indicating very high 
migration rates [e.g., intercontinental exchange 
of viable bacterial cells on time scales similar to 
bacterial generation time (38)]. 

Second, the species richness that consti- 
tutes the microbial "seedbank" of any recog- 
nizable ecosystem is large, and probably a 
significant proportion of global diversity. 
This implies that microbially mediated eco- 
system functions will never be compromised 
by lack of microbial diversity (39), and this 
appears to be the case so long as the "eco- 
system" remains within the physicochemical 
limits of microbial life. 

Finally, the fundamental characteristics of 
biodiversity at the microbial level (astronomical 
abundance of individuals within species popu- 
lations, potentially very short generation times, 
high dispersal rates, low speciation rates, and 
relatively flat species-area curves) differ mark- 
edly from those of macroscopic organisms, and 
one might have reservations about inserting 
such alien organisms into any of the contempo- 
rary neutral theories of biodiversity and bioge- 
ography [e.g., (40)]. But microbes merely pro- 
vide extreme values for the parameters on which 
these theories are based, and they may even 
have something to offer-particularly in testing 
how far the theoretical framework can be 
stretched while retaining the capacity to predict 
microbial species richness and relative species 
abundance. 
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