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Abstract—An attempt is made to sum up the results of the many years of using the conception of ecological
strategy in bacterial ecology. Taking into account the specificities of microorganismsand their natural selection
and the coevolution of microorganisms within evolving microbial communities, an inference is derived that the
ecological strategy of most bacteria is the sum of a number of particular canonical strategies, some of which
are common to higher organisms. It is proposed to call these particular strategies ecological tactics. The author

considers thisreview to be abasis for adiscussion.
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THE CONCEPTION OF THE ECOLOGICAL
STRATEGY OF LIVING ORGANISMS

It is known that bacteria may respond differently to
identical changes in environmental conditions. They
can grow rapidly or dowly, producerefractory or lysing
cell forms, synthesize storage substancesin fresh media
or in the late exponential growth phase, utilize growth
substrates efficiently or inefficiently, maintain an equi-
librium population or give peaksin the popul ation den-
sity within certain periods of time, form competitive or
uncompetitive cell forms, and so on. The explanation of
these different responses by the taxonomic or phyloge-
netic differences of bacteria makes little biological
sense.

In attempts to solve this problem, researchers sug-
gested the conception of ecological or life strategies.
The theory of different types of natural selection and
their associated ecological strategies has been formu-
lated by phytocenologists and zoologists. The present
paper isnot intended to review agreat body of literature
on thistopic, asthe reader can find relevant information
in available reviews and monographs [1-9]; it rather
aims at analyzing the application of the conception of
ecological strategies to microbiology and at evaluating
the degree of its success (or failure), whereas the basic
ideas of this conception will be stated only in short.

One of the basic ideas of this theory relies on the
Dobzhansky’ observation [8] that in diverse bio-
cenoses, such as tropical forest and tundra, natura
selection acts in different ways. The effect of atropical
forest on a population depends on the population den-
sity. The latter limits the growth of the population
because of limited resources. An intense speciesforma-
tionintheforest results from severe competition for the

resources; in this case, selection isamed at the survival
of the speciesthat utilize the resources most efficiently.
Steady environmental conditions, which are typical of
this habitat, cause a steady population density. Con-
versely, in the moderate climatic zone, the population
dynamics depends on environmental conditions rather
than on the population density. High death rates caused
by unfavorable conditions, for example, in spring in the
middle and subpolar latitudes or intherainfall periodin
arid areas, |ead to a popul ation that devel ops under con-
ditions of an excess of resources and alow population
density. In such acase, natural selection isaimed at the
survival of the fastest-growing species.

These observations have formed the basis for the
notions of the so-called K-type and r-type ecological
(or life) strategies. Here, K and r are the parameters of
the logistic population equation, which express the
holding capacity of the medium and the reproduction
rate, respectively [3, 4, 6].

The conception of the ecological strategy has been
invoked, with more or less success, by researchers
working in different fields of microbiology since 1971
[10-20]. However, it hasfound particular applicationin
phytopathology for predicting the propagation of phy-
topathogenic bacteria, in microbiotechnology for inter-
preting the transition growth periods of microbia cul-
tures, and in soil microbiology for analyzing the
dynamics of soil microbia populations. It should be
noted that researchers primarily identify two types of
life strategies, r-strategy and K-strategy, in the micro-
bial world, athough as early asin 1975, Whittaker [5]
proposed athird type of ecological strategy, the L-strat-
egy, which is implemented by the microorganisms
(such as spore-forming bacteria) that are well adapted
to the adverse environment. To understand the underly-
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ing reason, we now turn to the methodol ogy used in the
relevant studies.

IDENTIFICATION
OF DIFFERENT ECOLOGICAL STRATEGIES

Whittaker proposed a simple method [5] (suffering,
however, from serious shortcomings) for the differenti-
ation of r, K-, and L-strategies, which lies in the evalu-
ation of the size and dynamics of microbia popula-
tions. K-strategists are characterized by a stable popu-
lation density close to the holding capacity of the
medium. The population density of L-strategistsis also
stable, but it is close to a minimum level below which
the population disappears. The population density of
r-strategists fluctuates between the valuestypical of the
K- and L-strategists.

Some authors determine the type of ecological strat-
egy based on the characteristics of substrate succession.
For instance, the high abundance of amicrobial species
at the late successional stagesis considered to be a suf-
ficient condition for its identification as a K-strategist
[21, 22]. This approach also evokes objections (see
below).

K- and r-strategists can also be identified based on
their growth rates and the efficiency of resource utiliza-
tion. In the absence of competitors, r-strategists must
reproduce more rapidly and utilize resources less effi-
ciently. These characteristics can be easily obtained in
terms of the growth kinetics of microorganisms culti-
vated in a batch or continuous maode. r-Strategists are
considered to possess the maximum rates of growth and
substrate consumption, a high growth rate in response
to the appearance of a substrate in the cultivation
medium, high maintenance expenses, alow yield of the
biomass with respect to the substrate consumed, and a
high minimal concentration of the substrate still capa-
ble of maintaining the growth of the microorganism.
Conversely, K-drategists are believed to possess low
growth rates and maintenance expenses, alow value of
the minimal concentration of the substrate capable of
maintaining the growth of the microorganism, a high
yield of the biomass, etc. [19, 23-25].

INCONSISTENCIES AND CONTRADICTIONS

From the small amount of research along thisline, it
became clear that an organism may implement more
than one life strategy. For instance, the dandelion
accomplishes al three canonica life strategies: r, K,
and L. Among microorganisms, the ability to imple-
ment several canonical life strategies is even more fre-
guent than among plants. To illustrate this, let us con-
sider the results obtained by Panchishkin et al. [21],
who attempted to identify K-strategistsin the temperate
climatic zone soils based on the evidence for their
dense and equilibrium populations. Environmental
conditions in such soils, even in summer, are far from
those satisfying the requirements of K-strategists. Actu-
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ally, the arthrobacters identified by Panchishkin et al. as
the K-strategists presumably accomplish L-strategy,
which alows them to maintain a steady level of the
population when unfavorabl e environmental conditions
set in. On the other hand, these arthrobacters cannot be
called L-strategists, since, according to the definition of
Whittaker [5], the L-strategy implies a very low popu-
lation density.

It should be noted that the population density of
bacilli in natural environments can be relatively high.
For instance, the number of the bacilli in the Kyzylkum
sand at a depth of 5 cm is as high as 107 cells/g [26],
which is uncommon to K-strategists. Furthermore,
under optimum growth conditions, bacilli may exhibit
the values of the growth parameter typical of r-strate-
gists. Therefore, it is reasonable to suggest that the
bacilli accomplish a mixed type of life strategy with
elements of several canonical strategies. Formally, the
results of the investigation of the mixed-type life strat-
egy can be presented as datum points in a multidimen-
sional space, which is an intricate task.

In recent years, there has been decreasing interest in
studying the life strategies of microorganisms. Thiscan
in part be explained by the researchers endeavor to
reveal a pure type of the life strategy, which was not
always possible. On the other hand, the discovery that
many non-spore-forming bacteria may occur in the so-
called viable but nonculturable state (VNS) (for review,
see [27]) considerably enlarged the range of the bacte-
ria that, like bacilli, possess a perfect mechanism for
maintaining their high population densities under unfa-
vorable conditions and, therefore, are L-strategists.

With the discovery of VNS, it became clear that the
dynamics of the microbial populations in natural habi-
tatsisprimarily determined by their ability to survivein
unfavorable conditions and not by the proportion
between the reproduction and death rates. The time
within which bacteria remain viable (i.e., their life
span) may be very long (this explains high population
densities of bacilli in arid environments[26]). Actually,
as compared with the life spans of animals and even
plants, bacteria are immortal.

Taking into account the existence of the VNS, the
interpretation of seasonal variations in the population
density of some bacteria as a manifestation of the
r-strategy is no longer satisfactory [26]. For instance,
the drastic increase in the population of fluorescent
pseudomonads in the temperate-zone soils and bodies
of waters observed at the beginning of summer is obvi-
ousdy due to the resuscitation of dormant
pseudomonads from the VNS and not to their rapid
reproduction. It should be noted that routine culture
methods allow the actual population (i.e., the number of
vegetative, metabolically active cells) and the potential
population (the number of spores) of bacilli to be deter-
mined, since bacillar spores easily germinate in nutri-
tionaly rich media, whereas the resuscitation of dor-
mant bacterial forms from the VNS needs a specia
resuscitating procedure.
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A second reason why the conception of a ecological
strategy in microbial ecology issubject to criticism lies
in the specific properties of facultative oligotrophs, dis-
sipotrophs, extremophiles, and extremotolerant bacte-
ria. Analysis showed that the bacteriawere identified as
K-strategists from the fact of their detection in the late
stages of substrate succession [20, 22, 23] may actually
belong to one of the aforementioned bacterial groups.
Generally, the bacterial phenotype of the late succes-
sion stageis determined by different factors, such asthe
adaptation of bacteria to specific substrates that are
accumulated in the medium by the end of succession. In
particular, arthrobacters and rhodococci that occur at
the late stages of succession begin to utilize organic
acids and various aromatic compounds produced from
the original substrates (plant polymers and easily
metabolizable sugars and amino acids). Such adapta-
tion can hardly be called K-strategy, sinceit isindepen-
dent of the population density. Furthermore, experi-
ments on the long-term starvation of arthrobacters and
rhodococci in tap water showed that these microorgan-
isms maintain their popul ations dueto the high viability
of vegetative cells under unfavorable conditions. This
followsfrom their toleranceto broad ranges of pH, tem-
perature, oxygen concentration, etc. [26]. Genera con-
sideration shows that the arthrobacters and rhodococci
cannot originate from a relatively stable community
due to the action of the K-type selection.

Dissipotrophs, which are adapted to consume dissi-
pated nutrients, can utilize awide range of specific sub-
strates. Therefore, their phenotypes correspond to
ecotypical and phenocenatic patients and not to viola
tors (K-strategists), according to the terminology of
phytocenol ogists.

With the accumulation of data on the kinetic param-
eters of the growth of bacterial populations, it became
clear that r- and K-strategists cannot be differentiated
on the basis of their growth parameters. Indeed, the
characteristics that had been considered to be typical of
K-strategists (the high biomass yield, low maintenance
expenses, etc.) turned out to be also common to olig-
otrophs, i.e., patients [26].

Analysis of the data availablein the literature shows
that the assignment of bacteria to K-strategists is not
always substantiated to a sufficient degree. | do not
mean such stable habitats as humid tropical forests or
equatorial bodies of water, whose conditions are evi-
dently propitious to K-strategists. | mean certain econ-
iches in the temperate climatic zone, where bacterial
populations may depend on their density and the time
of existence of these niches, alow for K-selection.
These are primarily the plant phylloplane [28],
rhizoplane, and rhizosphere [29]. Of interest is the fact
that the rhizosphere fluorescent pseudomonads have
the characteristics of K-strategists [29].

In the temperate climatic zone, the conditions that
favor K-selection exist only during warm seasons.
Therefore, like L-strategists, K-strategists must survive
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unfavorable conditions during cold seasons and then,
like r-strategists, must rapidly reproduce and colonize
the leaf surface. Pseudomonads, which implement
r-strategy when grown in optimum media, can occur in
the VNS (a marker of L-strategy), and presumably
accomplish K-strategy when grown in the phyllo- and
rhizoplane, are a good example of bacteria with a
mixed-type ecological strategy.

Therefore, the ecological strategy of the L-type may
be one of the important mechanismsresponsible for the
regulation of the population of many (or even most)
bacteria in nature. The formation of spores and the
existence of VNS are unambiguous markers of the
L-strategy. However, the bacteria that do not form
spores and cannot transit to theVNS can also be L-strat-
egists. It isunclear whether or not the last variant of the
L-strategy includes some elements of the other strategic
types, asin bacilli and pseudomonads. Rhodococci and,
to alesser degree, arthrobacters are slow-growing bac-
teria [26]. Under conditions close to natural (a flow-
through system with pond water high in nitrogen and
phosphorus and low in carbon), Rhodococcus erythro-
polis and Arthrobacter globiformiswere found to grow
at arate of 0.008-0.016 h™'. Such a slow growth rate
can explain the relatively small increase in the popula-
tion of these bacteriain pondsin June as compared with
their populations in March-April (a 3- to 4-fold
increase in the case of rhodococci and a 5- to 7-fold
increase in the case of arthrobacters). These data sug-
gest (but do not prove) that at least rhodococci may be
pure L-strategists.

Thus, most of the bacteria discussed above probably
accomplish the mixed-type ecological strategy. This
fact, however, adds little to the understanding and clas-
sification of their life strategies in nature.

THE PARADOXES OF SPECIALIZED
AND STRUCTURIZED COMMUNITIES

A search for K-strategists inevitably leads to the
analysis of microbia communities, consortia, and
structurized populations such as biofilms. Methano-
genic and photosynthesizing consortia, cyanobacterial
mats, and the dental plague microflora exhibit a highly
stable composition over long periods of time.

Of great interest isthe dental plague, since its habitat
ischaracterized by very stable environmental conditions,
its composition is fairly constant, and the process of
plague formation takes a long time. Investigations
showed that the microbial compositions of the denta
plaques of the mature inhabitants of New Guinea and
New England (the United States) are almost the same
(although dietsin these countries greatly differ) and that
the process of plague formation takes 16-18 years [30].

It has been recognized that the high stability and
integrity of the dental plaque microflora is due to the
so-called intergeneric coaggregation, rather than due to
nutritional relations between the component bacteria
[31-34]. The coaggregation of the rod-shaped cells of
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actinomycetes (Actinomyces or Bacterionema) with
streptococci givesrise to specific structures reminiscent
of corn cobs. Coaggregation was aso observed
between the morphologically similar cells of Strepto-
coccus sanguis or S mitis and Haemophilus sp., Cap-
nocytophaga and actinomycetes, Bacteroides and other
bacteria[31-33].

The bacteria diversity of the dental plague, the sta-
bility of the microbial composition of its core, and the
presence of endemic genera and species could be con-
sidered as an indication of the long-term K-selection.
However, it should be taken into account that the stabil-
ity of the dental plague community is due to the coag-
gregation of cells and not to their competition for sub-
strates. This contradicts the basic principles of K-strat-
egy and suggests that the plague-forming microflora
accomplishes a new type of life strategy unknown for
higher organisms. It is possible that the dental plaque
resulted from the evolution of the entire heterogeneous
dental microflora due to the action of a severe stabiliz-
ing selection. With such type of selection, any mutation
leading to a deviation from the normal phenotype
impairs the fitness of an organism to the environment
[35]. In the case of the dental plaque, the stabilizing
selection actsto conserve the composition of the plaque
core. Thisisexplained by the fact that, due to the coag-
gregation mechanism, any deviation from the normal
phenotype or any change in the composition of the den-
tal microfloraresultsin adecrease in its fitness. There-
fore, the stabilizing selection causes a coevolution of all
speciesof thedental plague. Inthiscase, the component
species may undergo r-, K-, and L-selections.

Thedental plagueisby no meansaunique microbial
community. However, the communities that are domi-
nated by metabiotic, rather than structural, relations
may possess some of its specific properties. For
instance, the bacterium Acetohal obium arabaticumof a
methanogenic halophilic community acquired the abil-
ity to assimilate glycine betaine (an osmoprotectant
synthesized by other bacteria of the community) in the
process of the evolution of the entire community [36].

BACTERIAL ECOLOGY AND EVOLUTION
ARE SEEKING THEIR SELF-IDENTITY

It is evident that bacteria evolve under the action of
more numerous factors than higher organisms do. Cald-
well et al., who published a paper under the intriguing
title “Do Bacterial Communities Transcend Darwin-
ism?’ [37], were perhaps correct when they formulated
the hypothesis of proliferation as a propellant of bacte-
rial evolution, instead of the theory of natural selection.
Like this theory, the hypothesis implies that an organ-
ism may reproduce faster and more efficiently as a
result of a mutation and/or a genetic recombination.
However, as Caldwell et al. write, “... autoreplicating
macromolecules may proliferate more efficiently if
they are associated and reproduce in a prokaryotic cell
(for instance, by means of membrane formation);
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prokaryotic cells sometimes proliferate more efficiently
if they are associated and reproduce in an eukaryotic
organism (by means of symbiosis or simple attach-
ment); both prokaryotic and eukaryotic organisms
sometimes proliferate more efficiently if they are asso-
ciated and reproduce as communities (by means of
behavioral adaptation) ...” [37].

In my opinion, the foregoing provesthat the concep-
tion of ecological strategy proposed for higher organ-
isms is inapplicable to bacteria. Certainly, different
bacteria may respond in different ways to the same
changes in the environment and, hence, a particular
bacterium may adhereto aparticular ecological (or life)
strategy. However, thelife strategy of bacteriais amost
always the sum of diverse elementary behavioral reac-
tions, some of which may coincide with the canonical
life strategies described above. For instance,
pseudomonads may exhibit not only the behaviors
described as L-strategy (transition to the VNS), r-strat-
egy (rapid growth under optimum conditions), and
K-strategy (high ain the rhizo- and phylloplane) but also
the behaviors that have not yet been classified (such as
the formation of biofilms and the aternation of the life
phases of the free-living state, biofilm, and VNS). Some-
times, these elementd life strategies are difficult to dif-
ferentiate. For instance, the growing vegetative Escheri-
chia coli cellsmay follow either r- or K-strategy, depend-
ing on the cultivation conditions [11, 38].

Various bacterial responses and behavioral reactions
can and should be classified not in terms of ecological
strategies but in terms of ecological tactics [26]. The
ecological strategy of a particular bacterium is a com-
bination of various ecological tactics. The number of
such combinations may be so great that the classifica-
tion of bacteria life strategies will be difficult.

Thus, the application of the ecological paradigms
formulated for higher organisms to bacterial ecology
and evolution may lead to misinterpretations and falla-
cies. Bacteria ecology and evolution are currently at
the very beginning of their way to self-identity.
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