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CHAPTER i

Paltern, Scale, and Variahility:
An Ecological Perapective

Simon A. Levin
Feosystems Research Center, and .
Section of Ecology and Systenatics
Corucllgiluivcrsity
lthaca, NY

I INTRONDUCTION

One of the fundamental challenges of ecological science is Lo blend population and
communily theory, to examine the relationships ainong phenomena nccurring on dilferent
scales and the dynamic processes vnderlying the emergence of pattern. 1t is a challengn
incompletely mnet; yet community ecology, In its scarch for integralinn, la Jeagnes ahead of
ecosyslems ecolagy. ‘There, the need and desire far gynthesis are al least as great, hul the gap
separating Lhe subject from population biclogy remains virgin territory. In cach of these
quests, reductinnistic and holistic approaches must be wedded: in each, Lthe goals are to
understand system structure and function in relation Lo the dynamirs al lowet levels of
organizalion, and to understand how changes at higher levels may filter down to influence

lower lovels,

IT. PATTERN

The search to understand any complex system is a search for pattern, for the reduction
of complexity to a few simple rules, principles to ahstract the signal from the naise. As
oceanographers long have recognized, pattern can be found at any level of investigation; and
like the sound of the tree falling in the forest, community pattern makes little sense without
consideration of the observer. Nietsche (1901) said "There are no facts, only interpictations.”
Much of the literature on ecological pattern emphasizes equilibrivm and homogeneity,
reflecting a perspective shaped by historical tradition. When we examine thie system in other
ways, we find new pallerns whose nportance is obscured by the classical approach.

In the early twentieth century, as the attenlion of evologists turned to community
organization, Gleason's emphasis on individualistic and stochastic considetations lost oul to
Clements' more holistic notion of the climax stable state, and his perception of the
communily a3 a snperorganisim whose characteristics were determined by the local propertics
of the physical enviropment (Mclutosh 1985). ‘Ihe mathematical the.ry that emerged ftom
this approach emphasized equilibrium, constancy, homogeneity, stability, and predictability.

A hroader perspective, however, makes clear that these attributes are not ahsolutes,

bt vary in depeee depending on 1he scale of obscrvation. Systewms develop gimultancously on
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many different scales. On any one scale, one miay regard some variables as changing so slowly
thal in effect they ace constant, or so rapidly that only their statistical properties are
relevant. But the siluation is much more coinplicated than that, and recognition of the

interrelationships among acales is one ol the fundamental steps in understanding the
development of structure and pattern.

1. THOUGHTS ON THE DEVELOPMENT OF PATTERN

How does patiern form in the absence of a detailed blueprint? Can shimple, localized,
contextual rules account for the emiergence of pattern at more global scales? ‘I'hiy iy a
pervagive problem in bivlogy, in cosmology, in chemistry, in geolugy, and indeed in alinost
any branch of knowledge. In developmiental bislogy, in linguistics, and elsewhere, a cential
question has been how a few basic rules, largely local in nature, reliably can give rise to
recognizable entities at higher levels of organization. Turing (1952) showed how sytmetry
could be broken Lhrough local autocatalysis, reinforcing random or otherwise insignificant
inhomogeneities. But the breaking of symmelry i3 just the first step in the developinent of
pallern; without some mechanism o retard its spread on nonlocal scales, that initial
inhomogeneity will give rise o a new homogeneous pattern, simply displacing its predecessor.

What is implicit in Turing's original model (see Levin and Segel 1976, 1984) and in
alternative models of pattern generation (see Gierer and Meinhardt 1972, Murray and Oster
1984) is that local activation, a3 expressed in the enhancement of dilferences, is in oppusitivn
to longer—range inhibition that eventoally stabilizes patiern and retardy the spread of
disturbance, ‘The various models propused {or development differ drastically in their
underlying mechanisms, but all successiul ones have these Llwo basic features: shotl—range
activation and long—range inhibition (Meinhardy 1982). Indeed, the Tact that these two
characteristics are all Lhat are necded to produce a very wide range of patterns makes clear
the impossibilily of discovering process from pattern; quite distinct underlying processed can
give rise to identical scts of patterns.

, Paltern involves the coexistence of dilferent elemnents or states, and some regulanity in
their arrangement. In the theory of population genetics, the first ingredient of pattern is
expressed as polymorphisin: Lhe coexistence of alleles and of distinet genotypes. 'The simplest
case of allelic coexistence, that of balanced polymorphisin, arises because of Lhe superiority of
Lhe heterozygote; this may be thought of as gene—level frequency dependence lavuring the rae
allele, since the rare allele (in contrast to the common one} oceurs primarity in the
heterozygous form. More gencratly, whether al the genetical or at the ecological level,
frequency dependence favoring rare Lypes, whatever its underlying basis, can play the dual
role of catalyzing the spread of local inhomogencities (short-range activation) and retarding
its growth when the inhomogeneities are no longer lucalized (long—range inhibition). This by
itsell may not be sulficienl to conslilule pattern, since no obvious regularities in distribation
are expressed; but the essential ingredients are present. ‘Fhis [requency dependence, when
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coupled with a deday in its opecation, can lead to petivdie dynamics, clear rianifestationy of
temporal pattern, or to more complicated tewpural patterns that al least exhibit statistical
tegularity. The delay can be explicit, in which case tenporal paltern can arise even i a
single—variable systemn, ar implicit, operating through the interaction of twa or more lactots
(e.g., predator and prey, or dilferent age classes). o Uhe single wvariable case, the concept of
setection far rare Ly pey is replaced by that of a compensatury mechanizim that rezulty o a
decreasing per capita population growth rate as population densily incitasey
The role of the delay in the alove exatple is to assure that wctivation and indnbition
are expressed on different tine scales, & cestral feature of temporal pattesn Sutlar
considerations and micchanising undedlie the genciation of patterns in spaie, a problen that
lias been studied widely i diverse fickds. Because geometeically sinsilar patterng are ohaerved
whether one is interested in landscape patlerns, anitnal coab markings, chemical mixtures,
Win filns of Buids heated from below, ar a vaticty of other sitaations, it is petural to uy to
abytract those Teatures that ate conmon to those situations and tu develop models that sgaote
incssential detail. The central aspects of the mechanising underlying spatsal pattean
develuptuent ate sonie set of rules lor Jocal growth or kinetics, and suine scheme fur
redistribution of materialy or communication among tocal cuvitonments. Fhe must Tt
moded syslens incerporating these features are those for the diffusion and reaction of
chemicals, although the standard models extend casity Lo more general and nunlocal
tedistribution regines. Whatever the context, these models lead o stinilar consequences
In the discrete (island) version of this model, pattern can atise ad a result of the
existence of multiple giable states in the underlying dynaimnics. The proscuce of multiple
stable states means that the local asymptotic dynamics are influenced by small changes n
initiat conditions, sud hence sall dilferences amueg local enviroumenty buecome exagpetated
due o positive feedback. Thus, we have the first ingredient necessaty for paticin W anise. a
mechanisin fur breaking symmetry thiough short range activation. In the case of population
biwlogy, the initial diffcrences that becwime eabianced wnay arise rom nothing more than the
vagaries of colunization episodus, and the phenomenon uiuadly i deseribed a3 the "founder
effect” (Mayr 1942). Longer- range inhibitivu i3 provided Ly the discrete geonetry, which
places information exchange among patches ui a longer tine scate than the instantapeous
mixing that 13 assumed 16 hold within thew, jutroduciug a dichotomy of scalus botl in ypace
and in thne. )
lo spatially continuous environnents, the stabilization mechanisi associaled with
long -range inhibition is lacking, and for the gimplest environments po stable non unifori
paiterns can result. Mowever, as Matano {1979 hag shown, this result, which holds true in
convex envitonments, breaks dowa in complex geometries that, by fucing malerials o Tuw
through bottlenecks, create environments that are quasi- discrete {(Fig. 1) Simdlaky, it need

not bold even in convex regiony if the dilfusion coclficicuts are spatially non - uniforno, such
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nonuni{otmity may be delermined exlrinsically, or may arise through dependence on the jocal
state. In the latter case, an inilially hemogenecous dilfusion regime can hecome heterogeneous
as a result of symmetry-hreaking through local activation, and this then may give rise Lo the

quasi—discrete environment neeessary 1o provide longer—range activation (Levin 1979; Fife
and Peletier 1980),

Fig. 1: A geometry Lhat can support non—uniform spatial patterng through the

existence of nuiitiple stable states. The key is the existence of bottlenecks.

A more explicit way to get shorl—range activation and long-range inhibition is to

assume that there are two separate agents, e.g., chemical morphopens, that specifically [l

I the madel of Turing, and the related work of Gierer
and Meinharde (1972), Murray (1981}, and others, one assumes that the system has two

fomponents: an activalor species, whose diffusion i spatially limited, and an inhibitar that
diffuses over hroader scaleg.

Lthe roles of activators and inhihitors.

Necause syminetry—hreaking depends in this case upon the
differences in diffusion rates, the phenomenon has heen called diffusive instability; the
resultant nonanilorm pattern is sometimes called a dissipative structure {(Glansdorlf and
Piigogine 1971; see alsa Levin and Segel 1984). Applications to ecological situations, in which
aprey specles sarves as activalor and a predator as inhibitor, are discossed in Sepel and
Jackaow (1972), Levin (1974}, Levin and Segel (1976, 1984), and Segel and Levin (1976).

In two-dimensional systemns, the mechanisms of activation and inhibition neced not be
so clearly separable that each resides in a particitar species. Levin and Segel (1984), in
tonsidering the role of apostatic selection {the tendency of predators to concentrate on
common prey Lypes) in fostering diversity, show that noaunifonn distributions of eharacter
Lypes may arise and be mainlained. In this gystem, aymmetry is broken in two ways: initial
monomosphic assemblages cannot be maintained, as apostasizprovides a mechanism §

avoring

rare Lypes. AL the other extreme, completely equitable distributions of competing types may
become wnatable due to the focusing effects of prey (assortative) mating and reproduction.

More generally, activation and inhibition can arise in higher dimensional systems through
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feedback loops invalving many species, or can arise even in one dimension when different
phenomena are manifest at different spatial or other scales (Levin and Segel 1984).

V. ASYNCHRONIZED LOCAL DISTURBANCE

The above discussion relates Lo the developinent of stable patterns, but such
ennsiderations Jeave oul an important class of patterns, these thal are transient or are
dynamic with some underlying regalarity, inctuding chaotic and spati-rruternpmal patterns.

Following A.S. Watt's prescient preaidential address (Watt 1947) to the Dritish
Feolagical Society in 1947, appreciation grow far the importance of variability in spare and
Lime as a factor strncturing communities, and as a key to coexistence and coevolution. As
Wait's work and a growing body of later work {eg., Levin and Paine 1974, 1975; Paine and
Levir 1981 Picketl and While 1986) have shown, naturat bintic and abiotic disturbance
recyclea limiting resaurces, developing mosaics of sncerssional change that allow species Lo
subdivide resonrces temporally, “The explicit incorporation of disturhance, variability, and
stochasticity as part of the description of the normative community is thus an imperative if
one is 10 caplore the esseatial naluve of such syatems. For many and perhaps most species,
Incal unpredictability globally is the mast predictable aspect of these systems (Levin and
Paine 1974).

Work examining the importance of gaps and mosaic phenotnena has dornonstrated the
inseparability of the concepts of equilihrinm and scale. As one smoves to finer and finer scales
of observation, aystems become more and more variable aver time and space, and the degree
of variahilily changes as a function of the spatial and temporal seales of abservation. Such a
realization Jong has been part of the thinking ol oceanographers, who observe patchiness and
variability on virtually every scale of investigatinn. A major conclusion iz that there is no
single eorrect scale of ohservation, and that the insights one achieves from any investigation
are contingent on the choice of scales. Pattein is neither & property of the systemn alone nor af
the observer, but of an interaction between Lhem,

‘The importance of scales also becomes apparent from an examination of poprlation
madels, hoth in terma of their general dynamic propertics and in terma of their applicability
to real paputations. Much recent mathematical work has demonstrated that even the simplest
madels of populations can exhibit nscillatory and even chaotic behavior; and thal, as a
conscruence, il is impossible to prediet accurately the precise dynamics of populations
governed hy such equationa {e.g., May 1974).

To some extent, such investigations render moot the classical debate over whether
papulations are controlled by density—dependent or density—independent factors. Close to the
theoretical equitihrinm, the dynamics of such populations may be indistingnishable from those
of approptiately chosen stochastic density—independent models; near the equilibrinm, density
dependence is very weak, and will be ohscured by any nverriding dengity—independent
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variation. On the other hand, far from equilibrium, density-dependent faclos assume more
importance because the nonlinearilies are stronger. Thus, deusily dependence i3 the primary
echanisin constraining major excursions in population density and keeping pupuiations
within bounds; but withio those bounds, density-independent phenomena predominate.
Concepts of stability that rely ou asymptotic retuin to an equilibrivin state are seen Lo be
irrelevant on many scales of interest, and snore geueral concepts such as boundedness and
resiliency replace them (Levin 1987).

‘The increasing recognition thal ecological systems are dy namically changing
spatiotemporal mosaics has spurred hterest in the developineut of measures that allow
comparisons of Lthe importance of disturbance and patchiness across systems and acrogs scales,
Hastings ct al. (1982) suggest that one approach is 1o examiue the cumulative frequency
distribulion of patches of various sizes. ‘Iheir investigation of patch distributions for varions
successional classes, based both on ficld data and on the oulput of simulation models,
produces a hyperbolic forin (above some threshold patch size) for the cumulative distiibution
aof patch area greater than a given amount. Thus, vue has a distribution of the forn

li' (1)

prob (A > a) = {const) x a~
where A is patch area for a given successional class. Hastings et al. (1982) transform I3 by the
relation H=2-21 (following Mandeclbrot 1977; see also Mandelbrot 1983) Lo pruduce a
neasure Lhat they term "the fractal exposent ... of successional stage." B typically is larger
early in succession.

The measure described above is a static one, a snapshot of the syster at a particular
point in time. As such, it joing a distinguished set of measures of palchiness that consnunity
ecologists have used for a long time (see, for example, Greig—Smith 1964, Southwood 1978).
But the importance of systemn dynamies is lost in such measures, and Lhus there is a need for
approaches that look across time as well as across space. In occeanography, the Stommel
diagram {Stommel 1963, 1965; Haury et al. 1977) ie one meany for representing the varability
of a system both in space and in time; in geostatistics, various schenes for stratified random
sampling achieve the same objective (Bras and Rodriguez—1lturbé 1985). The application of
such approaches Lo ecological systems holds the potential for producing fundamentally new
perspectives on Lhese systenis, ones Lthat emphasize the changes in the perception ol processes
across dilferent spatial and temporal scales. Ultimately, these methods can be extended to

the consideration of phencmena across organizational scales, and give us powerful new Lools

for understanding systema. ;
With my colleague Linda Buttel, I have begun the analysis of successional systens by

using this methodology, building on a general successional model Lhat can be tailored Lo

forests, to grasslands, or even to intertidal communities (Levin and Buttel [U86). We have

developed a made! incorporating disturbance, colonization, and local competition, and

investigated ity dynainics o the Cornell PSF Supercomputer. b thiy approack, disturbanees

of various sizes are superimposed on & giid composed of 10,600 celly, accurding to a set of

i

o TN e L

stuchastic rules that depend on the focal states of the systen. Disturbancey are ceuterad in
particutar cells, and their size and liequency distribution i3 conditional upon the cucrent

status of the celt (for example, late successional colls are more tikely Lo give tise to laiget

disturbances thiough their effects upon neighboting cells); the distarbance thea is allowud to

P

radiate vulward (o adjacent cells. Lo one version of the maedet, edge related distuibances are
incorporated; that is, in analogy with systesng such ay the balsam Bir forests studied by

Sprugel (1970}, trees on exposed edges of dstwibances are more susceptible Lo dionage: tian

BT, -G

are iore protected tieey.

T

Ounce a gap 18 lormed, that space iy avallable fur recotunization. We assinne thal

colonization comues from a pou!, and Lhat different species bave dilferent probalnlities per unit
time of arriving at a site. 1L ks straighitforward, although computationally wote winpheated,
to extend the culonization model to include nearest neighbor cticets. Competitive abihity os
assumned to be inversely related 10 probalality of aniving at a site. In the simplest version of
the model, a site is occupied by a single individual, sctected tandomly Trom among those i
the highest competitive clasy arriving at tie site. lo more comphbeated versions, a tocal
growlh: simnulator appartions the local resource {spave within a cell) according to a set ol pules
that allows lucal coexistence and that inmplicitly incorporates the thme delays that are
associated with local competitive displacement.

It is clear that, in this model, the ubserved temnporal vadability of any state vairable
will be a function of the scale of observation. In patticular, if one averages & particular
measute, such as the percent occupancy of space by a particolar species, over 8 $quaire bluck ol &

n cells, then the expected temporal variance of thal average (yﬂ — (xl LR x“;/u} is

given by

55w E((y, - EG)Y = Ely,, — B6)®) = o n 4 (n-1)/u)eov, (2)

where 02 i the variance of x and cov i the covariance of Lhe values of x for two poiats
drawn at random from the square bluck of n cdlis. The difficulty s that cov depends on n

in a coplicated way, and thua it is difficult to derive analytically the relationship between
Y
57 and n. |
Clearly, were there uo spatial correlation, the variznce would fa'l olf inversely with n.

Mure generally, the relationship belween Snz and n depends on the relationship between

cov_ and n, a relationship that may be very complicated. The empisically derived
n

/.l
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relationship is somewhat surprising: for every measure that we examined, the relationship
between the variance and n was remar

i)
To
2

The relationship between variability and scale. See text for discussion.
kably well approximated on a log—log plot by a linear

o
model (sce, for example, Fig. 2). That is, our examination of the temporal variability of F @
nested spatial averages led Lo the discovery of hyperbolic relationships hetween variance and Lj
scale. For example, for each species examined, the temporal varlance of the n—paint spatial < [
average (the spatial average for n equally spaced and symmelrically arrayed paints) Q) a
approximately satishied (he refationship Vg
2 -
Sr?; = {const)x n‘z, g ;: N
78 "
whera the expanent 2 iga measure Lhat reflects the degree ol spatial correlation. In general, o §~L - r:
z varies with successional stage, and is closest Lo tmity for Lhose slages where amall-scale ;’J &
patchiness is most imporiant. ‘The deviation from unity 13 a measure of the spatial scale of
disturbance and recovery. L - - E §
The significance of Uhe ahove relationship is that, over a broad range of apatial scales, O in ‘ @
log of the variance of a spatial average is relaled approximalely linearly to the logarithm of Z A =
the area sampled. Because attention is focused on the slope of Lhis line, the expected valiue <—i— j :; E
should be independent of the mesh size used; that is, It should be independent of the scale of oz g { &
investigation, facilitating COMPArisons across systems and across scalos, The model on which ;( é - &
this relationship is hased ig fairly simple one, but the existence of the relationship is very w P o 8
sugeestive: if the system is atructured according Lo a zingle underlying dynamic, then although Le La) -
the ohserved variance in general will be a Tunction of scale, the slope of the log of variance ©
versus the log of area may represent an Invariant, one that is relatively Im!ehendnnt of the - u 3
scale of investigation. I siguilicantly different slopes are found in the investigation of O
different systems, or of the same system studied on dilferent acales {as we have found for more aJ_ o
complicated models), then thig nuggesta that different mechanisms of rateg apply in -
determining those different System structures. More generally, even if a simple relationship @)
hadn't emerged from our investigations, the results would emphasize the importance and O o
value of quantilying the relationship between variability and scale as opposed simply to — " o
measuring variance at a single scale. ! '
. O
O o
V. SUMMARY 1 N S M AR s o e e
The recognition of what organizes and characterizes a syslem i3 a recognition of the Y i h 7 ¥ 0 7
manifold patterns the system exhibits. Bul pattern manifests itgelf dillerently on different Jee on Oagon -
scales, and the description of system paltern i3 inlerwoven with the observer's choice of scales
ol interest. On any scale, patlern arises from the interplay between order and disorder,
hetwean mechanismg upsetting the monotony of homogeneity and those maintaining
heterogeneity against the forces of conformity. ‘
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That pattern forms on multiple scales makes evident that focusing on only one scale
will give a distorted picture of a system, a single frame in a mulli—dimensional notico
picture. [t emphasizes Lhe importance of examining phenomena across scales rather than
conducting a futile search for the true scale of the systemn. Our study of a model of
successional dynamics, and our analysis of the dynamics of that System over a variety of
spatial and temporal scales, has led ys to discuver a number of surprising insights concerning
the relationship between variability and scale.

Itis clear that these investigations Just scratch the surface of what can be learned {rom
examining systems on multiple scales, The escape from single scale studies will provide us
with lundamentally new perspectives on the hierarchical dynamics of ecosystema, and may

bring some basis for order to the Cross—8ystemn examination of commuunity and ecosysten
structure.
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