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ABSTRACT 

Until recently, microbial diversity was the least well understood component of biodiversity. But free-living microbes have 
some unique characteristics, and it is now believed that these may simplify the task of understanding biodiversity at the micro- 
bial level. Microbes have astronomical abundance on a global scale. As a consequence, species are ubiquitous, so speciation 
and extinction are rare, the global number of microbial species is relatively small, and local species richness is a large pro- 
portion of global species richness. At some critical point on the continuum of increasing organism size, loca1:global species 
richness ratios will begin to decrease and the proportion of the world’s taxa represented at a single site will begin to fall. The 
organism size range marking this ‘ubiquity-biogeography‘ (U-B) transition is unknown but is unlikely to extend below I mm. 
As “everything (microbial) is everywhere”, ecosystem functions will rarely, if ever, be limited by lack of microbial diversity. 
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RESUMEN 

Hasta muy recientemente, la diversidad microbiana ha sido el irea peor comprendida de la biodiversidad. Sin embargo, debido 
a que 10s microorganismos de vida libre presentan caracteristicas incomparables, es ahora cuando se cree que dichas carac- 
teristicas puede que aclaren la comprension de la biodiversidad en tCrminos microbianos. Los microorganismos tienen abun- 
dancias astronomicas a escala mundial. Como consecuencia de esta abundancia, las especies son ubicuas y, por tanto, la evolu- 
cidn especifica y la extincidn son raras; el numero mundial de especies microbianas es relativamente pequefio; y la riqueza de 
especies a nivel local es una proporci6n grande de la riqueza de especies a nivel mundial. La continuidad en el increment0 de 
tamafio de 10s organismos debe presentar un punto critico en el cual la proporcion de la riqueza de especies 1ocal:mundial debe 
empezar a disminuir; punto critico tambiCn a partir del cual la proporcidn de 10s taxones del mundo que se pueden encontrar 
en un sitio determinado, empieza a caer. La escala de tamafio en la transici6n “ubicuidad-biogeografia” (U-B) no se conoce 
pero muy probablemente no se extienda por debajo de 1 mm. Como a nivel microbiano“todo esti por todas partes”, las fun- 
ciones propias del ecosistema van a verse muy raramente limitadas por una falta de variedad microbiana. 

Palabras clave: biodiversidad, ciliados, distribucih geografica, protozoos, ubicuidad 

INTRODUCTION 

Microbes are fundamentally different from ani- 
mals and plants. The most obvious difference is 
in size, for a typical microbe has a biomass many 
orders of magnitude smaller than any macroscop- 
ic organism. But another, equally important cha- 
racter of microbes is also derived from small 
body size - extraordinarily large abundance. 
Natural aquatic communities tend to support 
roughly similar biomass in each logarithmic size 

class (Sheldon et al., 1972; Fenchel, 1987a), so 
the number of individuals in each class will be 
inversely proportional to size. Thus we expect 
much greater numbers of bacteria and protozoa, 
than of larger organisms such as zooplankton and 
fish. This of course is what is found - and in the 
case of microbes, p o p u l a t i o n  sizes in the natural 
environment are, in relative terms, astronomical- 
ly large. It is, for example rather difficult to find 
a sample of freshwater that contains fewer than 
1 O6 bacteria or 1000 flagellated protozoa per mil- 
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ranges, sea water) that will inevitably impede the 
progress of a freshwater fish and most other 
macroscopic organisms. 

Here, we focus mainly on microbial eukary- 
otes. There are two reasons for doing so. The first 
is that we avoid the more intractable arguments 
about the nature and definition of microbial 
species. Species definitions of microbial eukary- 
otes are by no means unambiguous and free from 
controversy (Finlay et al., 1996a) but in some 
groups, such as the protozoa, and the ciliated pro- 
tozoa in particular, there are well-defined mor- 
phospecies with conservative features, and obvi- 
ous correlation of form and function (Fig. 1). For 
example, the size and shape of a protozoon, to- 
gether with the presence or absence of endosym- 
bionts, method of feeding and structure of feed- 
ing apparatus, tell a lot about the ecological niche 
that the organism occupies. 

Second, protozoa are especially relevant 
because they are among the largest of micro- 
organisms. Bigger micro-organisms are 
less abundant than small ones, so if it can be 
shown that big microbial species are ubiquitous, 
it is good evidence that the smaller, consi- 
derably more abundant microbial species, are 
ubiquitous also. 

The argument expressed in this article can be 
explained in four sequential steps, as follows: 

1. Microbes have astronomical abundance on 
a global scale 

The numerical density of a species increases with 
the inverse of body mass (Peters, 1983). For all 
large groups of animals it appears that the slope 
of this relationship is always approximately -1, 
and this applies over a size range of at least 20 
orders of magnitude (Marquet, 2000; Schmid et 
al., 2000). Thus a mammal species of intermedi- 
ate size might be represented by about 10-5 m-2 , 
an invertebrate species living in a stream by 10-’ 
m-2 , and a protozoan species by about 105 m-2. 
There does not appear to be any information of 
this type available for bacteria, mainly because of 
the difficulty in deciding what is a species, but as 

bacteria are about 1000 times more abundant 
(and lOO0x smaller in mass) than the smallest 
protozoa, we can assume that the relation extends 
downwards for at least a further three orders of 
magnitude. The protozoan data shown (Fig. 2) 
include a wide range of functional types from 
freshwater (Finlay & Esteban, 1998a) and terres- 
trial (Finlay et al., 2000) environments collected 
by the authors and colleagues. There are some 
obvious gaps in the data but it looks as if a more 
comprehensive protozoan dataset will fill out a 
large ellipse centred on an abundance of approxi- 
mately 106 m-2. 

2. Most if not all microbial species are global- 
ly ubiquitous 

Australian ciliates 

Finlay et al. (1999) and Esteban et al. (2000) 
investigated the ciliated protozoa in a habitat that 
is separated from Northern Europe by geographi- 
cal barriers and great distance - the sediment of a 
Holocene volcanic crater-lake with brackish water, 
in Australia. Eighty-five ciliate species were 
recorded, but none was ‘new’ and most were 
already known from Northern Europe by the 
1930s. The ciliates in the crater appeared to have 
arrived from a variety of habitats - thus 10 species 
were typical of soil, 54 of fresh waters, 8 of brack- 
ish waters, and 13 of marine waters. Remarkably, 
the large and fragile marine interstitial ciliate 
Tracheloruphis cuudatu was also found. It pre- 
sumably arrived in the crater from the Southern 
Ocean, which is curious as this species is not 
known to form a protective cyst. Remarkably, AI- 
Rasheid (1996) too, has found this species and 
other similarly fragile ‘marine’ species, in oases 
with slightly salty water in the Arabian desert. 

All of the Australian crater-lake ciliate species 
are morphologically identical to species that live 
in Europe. As such, they are presumably repre- 
sentative of the large number of microbial species 
that are ubiquitous. Wherever they find a suitable 
habitat - in this case the soft sediment of a brack- 
ish-water lake - they flourish. 
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Figure 2. The numerical density of species increases with the inverse of body mass (Peters, 1983). Here, our collected data for protozoa have 
been superimposed as an extension of the data for metazoans (see Marquet, 2000; Schmid et d., 2000) to emph ‘e the extraordinary abun- 
dance (up to about 10’ m-?) of the smallest ‘animal-like’ organisms. For all taxonomic groups, the slope of the relationship appears to be about 
- 1 .  La densidad nutnirica de especies se incrementu con Iu inversu de s n  musa corporul (Peters, 1983). Aqui. nuestros datos paru protozoos 
han sido afiudidos como unu extensidn de 10s datos puru 10s m e t a x o s  (ver Murquet, 2000; Schmid et al., 2000) paru enfatbur lu extruordi- 
naria ahundaticia (superior a 10’ m-2) de l o s  orgunismos mcis pequrAos ‘pnrecidos a unirnalrs ’_ Para todos 10s grupos raxondmicos, lu pen- 
diente de la relacidn purece esta ulredrdor dr -1. 

Paraphysomonas covering all continents. We recently removed a 
very small sample (<0.1 cm2) of superficial sedi- 

The flagellated protozoa in this genus have ment from a productive freshwater pond (Finlay 
species-specific scale types, and forty-one & Clarke, 1999a,b), and spent several months 
species have been recorded in published surveys examining it with transmission electron 
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microscopy, looking for scales and cell parts of 
Paraphysomonas. As we had previously deter- 
mined the number of scales required to make a 
whole cell of each species, we could then calcu- 
late the abundance of each species in the pond 
sediment. We found remains of 32 of the 41 
species (i.e. 78%) recorded in surveys carried out 
around the world. Furthermore, it was found that 
species that are globally rare or abundant are like- 
wise rare or abundant in the pond. Thus l? vestita 
and 19 imperforata - species found in almost all 
samples worldwide, are also the most abundant 
species in the pond; whereas l? planus and l? 
runciniferopsis, present in less than I %  of sam- 
ples worldwide, are among the least abundant 
species in the pond. One explanation is as fol- 
lows. Species such as P. imperjorata that can live 
in a broad range of conditions (everything from 
almost distilled water to 2 . 6 ~  full strength sea 
water [Lee, 19781) will thrive in a wide range of 
natural environments, and global abundance will 
be high. This will drive a high rate of dispersal, 
and raise the probability that newly-created habi- 
tats are colonised at an early stage by what is 
in effect a protozoan ‘weed’. Thus species that 
are globally abundant, will also be locally abun- 
dant. In contrast, a species such as I? plunus, 
which may be more discriminating in its require- 
ments is thereby much rarer, globally and locally, 
yet still able to find its specific niche in the pond 
environment. 

Cryptic species within morphoespecies 

The obvious link between form and function in 
many microbial eukaryotes and microfauna 
means that there is at least some consensus on 
what a morphospecies is for these groups. 
However, it is recognised that most if not all 
microbial eukaryote morphospecies probably 
harbour further layers of diversity - whether 
genetically fixed physiological variants (e.g. dif- 
fering with respect to the range of temperature or 
salinity in which growth and survival are possible 
[see Fenchel, 1987b]), or genetic variation, which 
may be uncoupled from function and fitness (e.g. 
rDNA or ribosomal ITS [Bowers et al., 1998; 

Coleman et al., 1994; Larsen & Medlin, 1997; 
Kusch, 1998; Wright, 1999]), but which reflects 
phylogenetic relationships between constituent 
organisms. For example, the morphospecies 
Paraphysomonas imperjorata may include dif- 
ferent physiological strains. Choi & Peters (1992) 
showed that isolates from different latitudes had 
different genetically-fixed optimum temperatures 
at which growth rate was maximal. The same 
phenomenon was documented by Lee & Fenchel 
(1972) for ciliates. The picture that emerges then 
is of morphologically identical individuals filling 
out what appears to be a continuum of slightly 
differing genotypes, each of which may or may 
not be ubiquitous (but this is not yet known). 

With respect to genetic (ribosomal DNA base 
sequence) variation within morphospecies, there 
is no evidence that this is correlated with geogra- 
phy. Kusch (1998) carried out genotypic charac- 
terisation of the very large ciliate Stentor 
coeruleus found in ponds in Germany. He found 
sequence variation, but genetic distance was not 
correlated with geographic distance. Ciliates in 
neighbouring ponds or in water bodies separated 
by hundreds of kilometers could, in each case, 
have genetic sequences that are either identical, 
or quite different. And Atkins et al. (2000) have 
shown that flagellates associated with hydrother- 
mal vents separated by thousands of kilometers in 
the Pacific can be genetically identical to each 
other and to specimens isolated from surface 
waters in Northern Europe. 

3. As there are no effective barriers to disper- 
sal, speciation will be rare, so the global num- 
ber of microbial species will be relatively 
small, and local species richness will be a large 
proportion of global species richness. 

Global number of species 

There is no universal agreement on what consti- 
tutes a ‘species’ of protozoon or almost any other 
type of microbial eukaryote. The most widely 
used concept is the morphospecies, but this often 
contains genetic and physiological variants which 
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are occasionally referred to as separate species. 
And there is also at least one other complicating 
factor - namely ‘sex’. Protozoa probably spend 
most of their existence as asexual organisms, but 
some do reproduce sexually, if only periodically, 
and in some well-studied cases, morphologically- 
indistinguishable biological species (i.e. repro- 
ductively isolated gene pools, also known as si- 
bling species) have been studied thoroughly 
(Nanney, 1999). Much is known about the gene- 
tics of these, but relatively little is known about 
their ecological differences, if any. Sibling 
species may carry specific phenotypic traits, but 
this has not been demonstrated (Nanney et al., 
1998). The same sibling species can be found on 
different continents and there is no firm evidence 
that any of them has biogeography. The real prob- 
lem of using a biological species concept for pro- 
tozoa is that it is so impractical. Most protozoan 
species have never been cultivated, and neither 
the frequency nor character of their sexual beha- 
viour (if any) is known, or is likely ever to be 
known. Most people who study protozoa in the 
natural environment use the morphospecies con- 
cept because it is practical, because it embodies 
the close link between form and function, and 
because it is the morphospecies that appears to fill 
the niche, if not always the minutest niches that 
are perceived by protozoa. The morphospecies 
may contain genetic (rRNA) variants, phenotypic 
variants (differing in response to temperature and 
salinity, e.g. PCrez-Uz, 1995), and genetically iso- 
lated populations (sibling species) but the accu- 
mulated evidence indicates that the morphos- 
pecies and their constitutent parts have wide- 
spread, and probably global, distributions. Thus 
the evidence at present indicates that morphos- 
pecies and their constituent genetic and physio- 
logical variants, may be ubiquitous. 

Various estimates have been made of the glo- 
bal number of protozoan morphospecies. The 
term Protozoa does of course include a very 
diverse collection of organisms, so it is necessary 
to specify the taxonomic coverage we are dealing 
with. For our present purpose, one workable de- 
finition of ‘protozoa’ is ‘free-living phagotrophic 
microbial eukaryotes’. Corliss (1999, and pers. 

comm.) estimated the number in this group by 
honing down his total (83,000 species) for all 
protozoa. He removed 5 1,000 fossil forms, 
10,000 symbiotic/parasitic species, and 3,000 
pigmented non-heterotrophic euglenids and 
dinoflagellates, to produce a total of 19,000 free- 
living phagotrophic species. From a completely 
independent analysis of published and unpu- 
blished sources, Finlay (2000) too estimated 
global (morpho)species richness of extant free- 
living protozoa as follows: 

Amoeboid protozoa 
Flagellated protozoa 
Ciliated protozoa 

Total 

6570 
2260 
3060 

11890 

It is rather difficult to obtain reliable data of this 
type for the protozoa, so it is remarkable that the 
independent estimates from Corliss and Finlay 
(19,000 and 12,000 respectively) are as close as 
they are. The biggest problems are associated with 
the biggest taxonomic groups. For example, in the 
amoeboid protozoa, the benthic foraminiferans are 
represented by roughly 4000 nominal species, but 
it is generally accepted that this number is grossly 
inflated by synonyms - especially in the shallow- 
water benthic species. It is unlikely that estimates 
of global (morpho) species richness will increase 
greatly in the future if as much effort is given to 
taxonomic revisions and the removal of synonyms, 
as to describing new species. Thus we may con- 
clude that the global number of protozoan mor- 
phospecies is relatively low and is unlikely ever to 
approach the species richness typified by those 
higher taxa whose species do, typically, have bio- 
geographies (e.g. the insects, represented by 
roughly 5 million species; Gaston, 1992). 

Loca1:global species ratios 

The term ‘local’ means different things to diffe- 
rent people. Even if it appears to refer to some- 
thing as specific as a discrete one-hectare pond, it 
is still impossible to investigate the whole pond 
and in reality only a tiny proportion will be exa- 
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mined. Nevertheless, in such a pond in England 
(Priest Pot) more than 25% (i.e. >270 spp.; Finlay 
et al., 1998; Finlay & Maberly, 2000) of the glo- 
bal number of ciliate species have been found so 
far. But even this may be an underestimate, 
because many ciliate species are typically rare or 
cryptic and not easily detected. To test this, a 
small sample of sediment (a single Jenkin core - 
internal area 36 cm2) was taken from Priest Pot 
and the top 1 cm was manipulated (exposed to 
various temperatures, redox gradients, food 
sources, light regimes, etc.) to produce a variety 
of niches to support a range of species (Finlay et 
al, 1996b; Fenchel et al, 1997). These procedures 
created conditions suitable for population growth 
by a previously hidden ‘seedbank’ of species. At 
the beginning of the experiment 20 species were 
active and detectable in the surface sediment of 
the core. Subsequent manipulations over a three- 
month period raised this number to 135 species. 
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Figure 3. Species-area relationships for freshwater benthic and 
marine interstitial ciliates (upper and lower curves respectively). 
The regression drawn for the insects uses the data for various 
regions of the world assimilated by Gaston (1992). Modified after 
Finlay et al. (1998). Reluciones especies-areu puru ciliados ben- 
to’nicos de uguu d u k e  e intersticiules marinos (curvu superior e 
inferior respectivumente), La regresicin dibujadu puru 10s insectos 
usu los dutos de vurius regimes del mundo recogidus pos Guston 
(1992). Modificudo de Findluy et al. (1998). 

The local : global species ratio for microbial 
eukaryotes can apparently be very high. It can be 
placed in perspective by comparing the species- 
area curve for free-living ciliates with that for 
insects (Fig. 3) - a group in which many species 
do, undoubtedly, have biogeographies. The 
curves for ciliates are remarkably flat and the 
majority of their global species richness can be 
found in a relatively small area. 

Ubiquity-Biogeography transition. 

At some critical point on the continuum of 
increasing organism size, local : global species 
richness ratios are expected to decrease and the 

Protists Micro -meio fauna 
m ~ a m s m m s  

.5:: .::.: g :<< :<< :<: 3.8 ys 3:: ... .. 

1 mm 
Log length 

Figure 4. The prediction is that with increasing body size of species, 
the proportion of species that are ubiquitous will fall, and the pro- 
portion with biogeographies will increase. Thus all bacterial species 
are expected to be ubiquitous, whereas all large mammal species are 
expected to have biogeographies. The location of the ubiquity-bio- 
geography (U-B) transition, is still unknown, but unlikely to extend 
below 1 mm. Lu prediccidn es que con el incremento del tumurio del 
cuerpo de lus especies, lu proporcidn de especies uhicuas bajurk, y 
lu proposcidn con disrribucidn hiogeogsaficu limirudu uirmentasu. 
Asi .se esperu que todas las especies de hucterias seun ubicuus, 
mientrus que se esperu que todus lus especies de grundes mumye- 
ros tengun unu distrihucidn biogeograficu restringidu. La posicicin 
del punto de trunsicidn ubicuidad-distsibucidn hiogeogruficu limi- 
tudu (U -8)  es ulin desconocidu, uunyiie dificil de e.rtender pos 
debujo de I mm. 
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proportion of the world's taxa represented at a 
single site will begin to fall. The location of this 
region, which we here refer to as the ubiquity- 
biogeography (U-B) transition, is unknown, 
although it is believed (Lawton, 1998) to be in the 
region of 1 mm (see Fig. 4). One objective for the 
future will be to identify the taxa, and define the 
organism size range, that span the U-B transition. 

Are there any microbial endemics? 

Most (if not all) microbial eukaryotes will be on 
the ubiquity side of the U-B transition but there 
remains the possibility that some endemics do 
exist. Free-living microbial eukaryotes appear 
not to have biogeographies but a case for restric- 
ted distribution could, perhaps, be made for some 
very large ciliate species (Fenchel, 1993), for 
these are considerably less abundant than small 
species (Finlay et al., 1999). In recent years there 
has been a serious attempt to find large microbial 
eukaryotes that might be endemics - so far with- 
out success. Even the largest of ciliates, such as 
Loxodes rex (Dragesco, 1970) - previously 
believed to be endemic to tropical Africa, has 
recently been found in Thailand (Esteban et al. 
2001). We remain unconvinced that there is a sin- 
gle example of an endemic protist species. Some 
species may appear to be endemic - e.g. the 
unusual desmid species from Tasmania (Tyler, 
1986). But another possible explanation is that 
unusual (and locally restricted) habitats - created 
perhaps by unusual endemic plants - provide 
local microhabitats for specific types of micro- 
organisms. Thus the unusual desmids may still be 
dispersed over large areas - they may even be 
ubiquitous - but remain rare and undiscovered 
outside of their places of origin, because of the 
global scarcity of suitable habitat. 

Species richness is a function of sampling effort. 

It is likely that undersampling has been a serious 
problem contributing to underestimates of local 
species richness and to the unjustified erection of 
species as endemics. One clear example of the 
value of increased sampling effort is provided by 
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Figure 5. Ogden & Hedley ( I  980) provided notes on the geograph- 
ical distribution of 95 species of freshwater testate amoebae. The 
authors included data for (a) the number of published works refer- 
ring to each species. and (b) the number of locations worldwide 
where each species had been found. It is apparent that the more 
often a testate species is recorded (this presumably being correlated 
with its global commonness), the wider does its apparent geograph- 
ical distribution become. This suggests that the ubiquity model is 
appropriate, and that additional sampling at any site will reveal 
more (or all) of the rarer species. Ogclen y Hedley (1980J propor- 
cionuron clutos sohre lu distribucidn geogruji'ca de 95 especies de 
umebns teccidus de ugua dulce. Los uutores incluyeron informacidn 
de (U )  rl nu'mero dr trcihajos puh1icudo.s que se refiriu ci cadu 
rspecie, y (hj e l  numero de loculidudes de toeko el mundo rlonde 
cudu rspecie huhiu sidv hulladu. Se p e d e  observur que cuunto mus 
freciiente es citadu unu rspecie tecudu (esto estu presutnihlemente 
correlucionado con su uhundunciu glohnl). mas amplia se vuelve su 
distrihucicin geogruficu upurente. Esto sugiere qiie el tnodelo de 
uhicuidud es upropiudo, y que 10s muestreos cidicionciles en 
cuulquier loculidud revrlurun mas (o todusJ de lus especies rarus. 

the testate amoebae, where it  is shown that the 
more often a testate species is recorded, the wider 
does its apparent distribution become (Fig. 5) .  If 
any of these species had been endemics they 
would have fallen into the bottom right of the fi- 
gure, and this clearly is not so. 
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Figure 6. Microbial activity and diversity are inextricably embed- 
ded in ecosystem functions such as carbon fixation and decomposi- 
tion, and nutrient cycling. There is continuous interaction between 
microbial activities (e.g. oxygen consumption, nitrogen excretion) 
and physical-chemical factors (e.g. water temperature, SLIb-SUrfdce 
light penetration, concentrations of dissolved oxygen and nutrients). 
These interactions create a continuous turnover of microbial niches, 
which are immediately filled from the seedbank of rare or cryptic 
species, especially those ‘waiting’ in the sediment. Thus the active 
microbial biodiversity is a dynamic quantity. On the one hand it is 
the consequence of previous interplay between biological and non- 
biological factors and the types of microbial niches provided from 
these interactions. On the other hand, the active microbial biodiver- 
sity is what determines how the ecosystem functions at that moment 
in time. Modified from Finlay et al., 1997. Actividad y diversidad 
microbianu estaiz inextricuhlemente encajados en funciones del 
ecosistema tales como la fijacion de curbono y la desconiposicidn, 

el ciclo de 10s nutrientes. Hay una continuu interuccidn entre 
actividades microhianas (p.e. consumo de oxigeno, excrecidn de 
nitro’geno) y ,factores fi~sico-quimicos (p.e.  temperatura del agua, 
penetracidn subsuperficial de lu luz, concentraciones de oxigeno 
disuelto y nutrientes). Estas interucciones crean un cumhio conti- 
nuo de 10s nichos miCr(JhiUnoS, que son inmediutumente ocupudos a 
partir del hanco de semillus de especies ruras o crr‘pticus, especial- 
mente de aquellas que estbn “aguardundo” en el sedimento. Asi la 
diversiiliid microhianu activa es una cuntidad dinamica. Por un 
ludo es una consecuenciu de la interelucidn previa entre fuctores 
hioldgicos y no hioldgicos y 10s t i p s  de nichos microhianos pro- 
ducidos por estas interucciones. Por otro ludo, In diversidad micro- 
hiana activa es la que determina cdmo el ecosistema funciona en 
cadu momentci. Modqicado de Finlay et al., 1997. 

4. As everything (microbial) is everywhere, 
ecosystem functions will rarely be limited by 
lack of microbial diversity. 

Ubiquitous dispersal of microbial species means 
that each ecosystem will contain a large ‘seed- 
bank’ of microbial species that are imported by 
random dispersal and which will not normally 
thrive in that particular ecosystem. Rather, they 
persist as spores, cysts, or relatively rare trophs - 
waiting for suitable conditions to arrive. The full 
potential of this seedbank has never been 
explored, although analysis of specific taxonomic 
groups (e.g. ciliates, see above) indicates that it 
may be very large. This seedbank may be cru- 
cially important in allowing the ecosystem to 
respond to perturbation, and continue to function. 
This is illustrated in the dynamic reciprocal inter- 
actions between microbial, physical and chemical 
factors in temperate freshwater lakes (e.g. Finlay 
et al., 1997). For example, seasonal warming and 
stratification of the water column leads to 
enhanced microbial activity, deoxygenation of 
the bottom water and sediment, and creation of a 
niche for nitrate respirers, which quickly become 
abundant. When nitrate is exhausted, sulphate 
reducers produce hydrogen sulphide, and a niche 
is created in anoxic water for photosynthetic bac- 
teria, which grow to form a thick layer just above 
the sediment, preventing the upwards diffusion of 
inorganic nitrogen. These in turn support popula- 
tion growth of anaerobic protozoan grazers. In 
autumn, the physical factors of wind and surface 
cooling cause ammonia to be lifted up into oxy- 
genated water, thus a niche is created for nitrifiers 
that supply oxidised nitrogen to the upper water. 
These are just a few examples of reciprocal inter- 
actions driving the creation of microbial niches 
which are then quickly filled from the seedbank 
of waiting microbes. In any natural ecosystem, 
the real complexity of interactions between hun- 
dreds of species and dozens of ecosystem 
processes is unimaginably large. But the net 
result of all physical-chemical-microbial interac- 
tions is the way the ecosystem functions, and it is 
apparent that microbial activity and diversity are 
both inextricably and dynamically linked with 
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ecosystem function (Fig. 6). The ciliate species 
living in a pond are probably like any other 
microbial group in the plankton (Fig. 7) - none of 
which ever achieves anything resembling equi- 
librium abundance. They ‘appear’ and ‘disap- 
pear’ at fairly irregular intervals in response to 
the generation of a continuous turnover of micro- 
bial niches. 
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