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One of the main problems of modern ecology, from my
point of view, is the great gap between the “primary pro-
duction” of data and its’ theoretical “assimilation”. As far
back as three decades ago MacArthur (1968) called on
ecologists to seek generalized principles: “Ecological pat-
terns, about which we construct theories, are only interest-
ing if they are repeated. They may be repeated in space or
time, and they may be repeated from species to species. A
pattern... which has repetition is of special interest, because
of its generality…”. In other words, we should seek out the
general patterns in our data, linking them to the general
ideas produced by theorists.

Among the many possible ways of making such a syn-
thesis, the concept of scale seems to be very promising as
the integrative basis for modern ecology. It is not yet a full-
blown theory but rather a flexible and progressively devel-

oping methodology to outline future unifying theories. It
provides a powerful conceptual framework for describing a
wide range of ecological phenomena and generating testa-
ble hypotheses (see recent reviews: Levin 1992, Shneider
1994, Peterson and Parker 1998).

The notion of scale (in sensu lato) is quite broad and
covers many other concepts which could be “clustered” by
key terms such as heterogeneity, hierarchy and size (Fig.1).
The first one, including both spatial patchiness and varia-
bility in time, is now recognized as an essential property of
nature (Kolasa and Pickett 1991). Furthermore, ecological
systems are always hierarchically organized (O’Neill et al.
1986, Kolasa 1989) and this forces us to consider an or-
ganizational scale. Lastly, the evident size-dependence of
species’ features (Peters 1983) adds one further scaling axis
to the general picture. Spatio-temporal heterogeneity, or-
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ganizational hierarchies and size allometry are the main
scaling factors for ecological patterns and processes.

Here we face the difficult problem of linking all these
factors, or dimensions, to answer how space and time are
arranged for living things. The more interesting findings
are expected from comparative studies in several such di-
mensions. Below I shall briefly give a few selected examples
where such a cross-scaling approach uncovers some simple
but rather nontrivial regularities. The aim of the article is
to attract the reader’s attention to some key aspects and to
provoke further discussion, rather than to present the re-
sults of any particular study. The paper is deliberately spec-
ulative, and it should be read in that spirit.

Patterns and scales of spatial
heterogeneity

The first example concerns spatial heterogeneity and in-
volves the size of organisms as scaling factor. The “total”
heterogeneity of nature is widely acknowledged known: all
ecological structures are heterogeneous at a broad range of
(perhaps at any) scales. As a rule, the wider range of scales
one considers, the more levels of patchiness are recognized
with some hierarchical order. The fact seems trivial now,
but are there any regularities in this irregularity, and if so,
what are their reasons? This question, a central one for
comprehending this changeable mosaic as a whole picture,
goes to the heart of the problem of scale (Kolasa and
Pickett 1991).

 We have studied the distribution of soft-bottom inter-
tidal communities (Azovsky and Chertoprood 1997,
Chertoprood and Azovsky 2000, Azovsky et al. 2000) and
found different types of patterns changing along the scale
of study (Fig. 2a). At small scale there is mosaic of random-
ly arranged micropatches without any obvious autocorre-
lation, i.e. average structural similarity of every two points
sampled at this scale does not depend on the distance be-
tween them. Then it gives way to a nested hierarchy of
patches. This range is particularly noteworthy, because the
distribution there not only has several levels of patchiness,
but also demonstrates noticeable self-similarity (Azovsky
and Chertoprood 1997, 1998, Azovsky et al. 2000). Thus,
we couldn’t pick out any specific scale of spatial variability

for such fractal-like patterns: they look equally heterogene-
ous at a range of scales! These fractal-like patterns, in turn,
change to large-scale zonality or gradients. It is particularly
interesting that this order (random mosaic – fractal patch-
iness – gradient) remains for all the groups studied – from
microalgae and ciliates to macrofauna, but the ranges oc-
cupied by patterns of different kinds correlate with organ-
isms’ body size. The boundaries coincide well if spatial di-
mension is allometrically rescaled (Fig. 2b). It should be
noticed, however, that the real transitions are rather gradu-
al, without any obvious cut-offs, so the ranges shown here
are rather rough estimates. The demarcations were made
by comparing a number of nested sample sets at different
extent and resolution (Chertoprood and Azovsky 2000,
Azovsky et al. 2000).

Three relative levels could be tentatively distinguished
in this complex patterns, all defined generally as regions
that are more-or-less homogeneous with respect to a spe-
cies composition. Patches – smallest elements of mosaic,
which appear due to local predominance of one or other
species. Adjacent set (sometimes – fractal) of the patches I
define as a Local community – an area with a common set
of dominant species. Collection of such local communities
forms a Type of community – a certain set of the life-forms
occupying some certain type of habitat (the similar notions
are the “parallel communities” of Thorson (1958), or asso-
ciations in phytocenology). Following this way, let us now
add a time dimension to this hierarchy. Using both origi-
nal and literature data, we approximately estimated the
corresponding ranges (as the typical sizes and times of ex-
istence) for both micro- and macrofauna, from single
patches to community types. The “life-span” for these
units shows how long they hold their specific composition
and position, and reflects their dynamics: rate of move-

Fig. 1. Main scaling dimensions in ecology and related terms.
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Fig. 2. Spatial ranges of different distribution patterns for various
groups of intertidal benthos (axis is logarithmic).
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ment and life history – for the patches, rate of succession –
for communities (Burkovsky et al. 1994, Azovsky and
Mokievsky 1996). It is clear that spatio-temporal scales for
ciliates, looking through a human eye, are rather smaller
than for macroorganisms (Fig. 3a). But animals perceive
neither distances in meters nor time in weeks! Let’s convert
them from metric to ecological units: space – in body sizes,
and time – in generations. After such rescaling, the corre-
sponding domains match closely (Fig. 3b). Recently
Holling (1992) showed that terrestrial vertebrates also
“measure” their environment and “make their decisions”
with grain defined as a function of their size. So we can say
that different groups are guided by the unified plan of
world-creation but use their own measures to create it!

Species-area curves and body size
Another size-scaling rule could be found in well-known
species-area relations. It has been noted that the smaller the
organisms are, the more widespread or cosmopolitan
forms are among them (Fenchel 1993, May 1994, Finlay
et al. 1996). However, robust numerical analyses of differ-
ences in biodiversity trends are scarce because of the diffi-
culties in obtaining comparable data for different groups.
In Fig. 4, data on species richness are presented for some
groups of the Arctic benthos. The data pool (both original
and compiled from a number of sources) covers a wide
range of areas from single samples to the whole seas. To
make the graphs comparable, the values are expressed as a
percentage of total species number in the group. We can
see that the number of small species (ciliates and diatom
algae) does increase more slowly than the number of bigger
ones. The slopes estimated by log-linear regression appear
to depend strongly on the average body size (Fig. 5). The
similar results were obtained for zooplankton (McGowan
1971). Thus, both α- and β-components of species diver-
sity are size-dependent, at least for aquatic communities.
As a consequence, the actual relations between species
numbers and their physical size are spatially scale-depend-
ent: there are many more species in smaller size classes in
any one local community, but at a global scope the situa-
tion changes drastically (Fenchel 1993, Finlay et al. 1999).
To understand fully the species diversity patterns we
should consider properly how the species measure their
habitat diversity. Phylogenetic considerations (e.g., evolu-
tionary age) could also be important (Tchesunov 1981).
And again, body size appears here as the key scaling factor.
It would be rather interesting to test the similar patterns for
land ecosystems.

Co-occurrence of congeners as scale-
dependent phenomenon
Some patterns which look random at a one single scale
might show up regularities when different scales are com-
pared. To illustrate this fact I consider the problem of co-
occurrence of taxonomically related species. Should conge-
ner species be found living together more frequently be-
cause of their common ecological requirements? Or, con-
versely, should they exclude each other because of strong
competition, as it follows from the Gause Law (Gause
1934)? These two opposite views are the subject of keen
debates, and data used to support each argument are rather
controversial (Den Boer 1985, Connor and Bovers 1987,
Azovsky 1992). I reconsidered the issue, treating the distri-
bution of congeners as a statistical phenomenon in terms
of null-hypotheses testing and taking into account the
scale of examination (Azovsky 1992, 1996). For various
groups (marine Ciliata and Polychaeta, fresh-water Gastro-
poda and terrestrial Carabidae beetles), observed probabili-

Fig. 3. Spatio-temporal ranges occupied by various entities of
micro- (open) and macrofauna (shaded). PATCH: micropatches,
LC: local community, TC: community type.
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ties of co-occurrence for congeners were compared with
the expected values. The analysis was made separately at
different scales: for local data sets (communities or single
samples), for combined sets (habitat types or regional fau-
nas) and for “global” data (total species lists or sea faunas).
I found that taxonomically related species do tend to coex-
ist at large scale choosing the same regions or
macrohabitats. However, they often replace each other at

local scale, occupying different sites, microhabitats or
niches. The superimposition of both these tendencies just
could result in mosaic patterns of species occurrence. At
“biogeographic” level (fauna of particular seas and oceans
as samples from the World Ocean fauna), the congener
species were found together no more frequently than ex-
pected. I treated these patterns as result of combined effect
of the main factors determining the species presence/ab-

Fig. 5. Species/area curve slopes as function of mean individual body size (R2=0.91).

Fig. 4. Species-area curves for various groups of Arctic benthos (both axes are logarithmic). ◆: All macrofauna, ●: Polychaeta, ▲:
Diatomea,    : Ciliata, ■:: Nematoda.
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sence: biotic (competition) – at local scale, abiotic (envi-
ronmental requirements) – at regional scale, and evolu-
tionary ones (speciation, extinction) – at biogeographical
scale (Fig. 6). Thus, in fact the controversy between coex-
istence and exclusion principles proves imaginary. Both
principles can coexist perfectly while operating at the
proper scales.

Spatio-temporal ranges of ecological
hierarchies

The last, more general example concerns the spatio-tem-
poral ranges of ecological hierarchies. Ecologists study
complex systems that span many levels of organization and
hence can be viewed as discrete hierarchical entities. Enti-
ties of each level have some specific spatio-temporal ranges
of functioning, and connections between them are effected
by some integrative processes of energy, matter or informa-
tion transfer (Urban et al. 1987, Kolasa 1989). The nature
of the integrative processes determines the mode of linking
the levels of organization in the hierarchy.

There are several ways to build such hierarchies, and a
number of them have been described for various kinds of
patterns or processes. One of the best-known examples is
known as Stommell’s diagram and presents the characteris-
tic scales of plankton variability: from micropatches up to
biogeographical provinces and oceanic fronts (Haury et al.
1978). Similar “Stommel’ diagrams” were recently pre-
sented both for terrestrial (Holling 1992) and benthic
(Azovsky and Mokievsky 1996, Fig.3 in this article) com-
munities. Some other examples for vegetation patterns and
processes from leaf to landscape were given by Urban et al.
(1987). On each level of a hierarchy, the units could be
characterized by certain specific ranges: spatial (as an area
occupied by pattern or involved into the process) and tem-
poral (as span of existence or development).

Regardless of the nature of hierarchy, the spatial and
temporal scales of its levels are closely correlated. I compare
the average time and space ranges of different units report-
ed for some hierarchical systems (Table 1) and have found
good correlations between both scales. The idea of cou-
pling these scales is certainly not new in general, but I
would like to draw attention to some special points. First
of all, there is a wonderful similarity in the form of scaling

Fig. 6. Comparative role of ecological factors influencing species occurrence at different spatial scale (schematically, changed from
Azovsky 1992).
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relations. For quite different systems, no matter what their
nature, criteria for organization and construction princi-
ples are, the data fit well to the power relation:

[T] = a [L]D ;

where [T] and [L] are average temporal and spatial scales
for individual entities of different levels. Thus, for various
hierarchical biosystems, there is the universal relation be-
tween size of certain structure and its characteristic time of
development. Similar relations are known for developing
systems from physics and economy, with every dynamical
process resulting in its own specific scaling constant, from
2 for random dispersal or diffusion processes to 1 for direct
transfer (Table 2). Smaller values are typical only of coop-
erative self-organized systems (Hastings and Sugihara
1993). One example is so-called “blow-up” processes of
self-organization in dissipative structures (Kurdiumov
1990).

Now, look at the scaling parameter D measuring the
ratio between time and space in our case. We can see that
the plankton systems related with water masses have inter-
mediate values between 1 and 2 (Table 1, middle panel). Is
this an intrinsic property or does it reflect the physical pe-
culiarity of water environment? – the question is still open.

In contrast, all terrestrial and benthic hierarchies, which
are surface-contact systems, have values less than one. I as-
sume that this indicates a significant coherence of struc-
ture-generating processes in lower-level units. Finally, for
the units of one and the same organization level, scaling
values are significantly higher and close to 2 (diffusive dy-
namics) or more (rigid spatial limitation) (examples are at
the bottom panel). Thus, the development of many eco-
logical structures looks dynamically like diffusion or grad-
ual growth, but their putting in the higher-level order is a
qualitative leap forward and demands some cooperative
organizational process. We can only speculate as yet on its
reasons and nature, but the prospects here seem really ex-
citing.

Final conclusions
Almost all ecological systems show significant variability
on a range of scales. From this obvious fact it follows that
to choose some single scale most appropriate for the study
is sometimes important, but insufficient and often may be
impossible. To outline the whole picture one should look
for general regularities at multiple scales. I presented here
only few examples of such a cross-scaling approach. I use

Table 2. Scaling parameter (time/space ratio) characteristic for  pattern-generating processes of different nature.

Value Type of process Examples

2 Diffusion-like processes Diffusion, stochastic propagation,
random-walk migrations

1 Direct (deterministic) Matter flows, simple growth,
transfer processes directed migration

<1 Synergetic (cooperative) Synergetic development,
processes, coherence turbulence, self-exciting growth

Table 1. Reciprocal scaling of temporal and spatial ranges for ecological hierarchies: [Time] = a [Space]D

Type of hierarchy Slope of regression, D Coeff. of correlation, r Data sources

Landscape elements for boreal forests 0.523 0.984 Holling 1992
Syntaxons of marine benthos 0.547 0.983 Original
Carbon/biomass dynamics in landscape 0.683 0.868 King 1991
Ecological decisions made by birds 0.724 0.975 Holling 1992
Vegetation patterns 0.819 0.988 Urban et al. 1987
Scales of variability of ocean plankton 1.260 0.902 Haury et al. 1978
Patchiness and turbulence  in waters 1.800 0.972 Bowden 1970
Ecological processes  in phytoplankton 2.000  * Harris 1986
Vegetation patches and gaps 1.667 * Urban et al. 1987
Succession stages of forest parcels 2.793 0.962 Smirnova et al. 1990

* Regressions or slopes were published without primary data.
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them to illustrate a variety of ways to search for apparently
simple “scaling rules” for patterns in multiple dimensions,
like space, time, organization and body size. Discovering
uniformly scaled patterns, of course, is only the first step
toward understanding them. The next step is to explain
what causes and generates these regularities. And here it
may be a long way toward the future progress.
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