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INTRODUCTION
Individualsdie, populationsdisappear,andspeciesbecomeextinct.Thatis one view
of the world.But anotherviewof the worldconcentratesnot so muchon presence
or absenceas uponthe numbersof organismsand the degreeof constancyof their
numbers.Thesearetwo verydifferentways of viewingthe behaviorof systemsand
the usefulnessof the view dependsvery much on the propertiesof the system
concerned. If we are examining a particular device designed by the engineer to
perform specific tasks under a rather narrow range of predictable external conditions, we are likely to be more concerned with consistent nonvariable performance
in which slight departuresfrom the performancegoal are immediately counteracted.
A quantitative view of the behavior of the system is, therefore, essential. With
attention focused upon achieving constancy, the critical events seem to be the
amplitude and frequency of oscillations. But if we are dealing with a system profoundly affected by changes external to it, and continually confronted by the unexpected, the constancy of its behavior becomes less important than the persistence
of the relationships. Attention shifts, therefore, to the qualitative and to questions
of existence or not.
Our traditions of analysis in theoretical and empirical ecology have been largely
inherited from developments in classical physics and its applied variants. Inevitably,
there has been a tendency to emphasize the quantitative rather than the qualitative,
for it is important in this tradition to know not just that a quantity is larger than
another quantity, but precisely how much larger. It is similarly important, if a
quantity fluctuates, to know its amplitude and period of fluctuation. But this orientation may simply reflect an analytic approach developed in one area because it was
useful and then transferred to another where it may not be.
Our traditional view of natural systems, therefore, might well be less a meaningful
reality than a perceptual convenience. There can in some years be more owls and
fewer mice and in others, the reverse. Fish populations wax and wane as a natural
condition, and insect populations can range over extremes that only logarithmic
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transformations
can easilyillustrate.Moreover,over distinctareas,duringlong or
shortperiodsof time,speciescancompletelydisappearandthenreappear.Different
andusefulinsightmightbe obtained,therefore,by viewingthebehaviorof ecological
systemsin termsof the probabilityof extinctionof theirelements,and by shifting
emphasisfrom the equilibriumstates to the conditionsfor persistence.
An equilibriumcenteredview is essentiallystaticand provideslittle insightinto
the transientbehaviorof systemsthatare not nearthe equilibrium.Natural,undisturbedsystemsare likelyto be continuallyin a transientstate;they will be equally
so underthe influenceof man.As man'snumbersand economicdemandsincrease,
his use of resourcesshifts equilibriumstates and moves populationsaway from
equilibria.The presentconcernsfor pollutionand endangeredspeciesare specific
signalsthatthe well-beingof the worldis not adequatelydescribedby concentrating
on equilibriaand conditionsnearthem.Moreover,strategiesbaseduponthesetwo
differentviewsof the worldmightwellbe antagonistic.It is at leastconceivablethat
the effectiveandresponsibleeffortto providea maximumsustainedyieldfroma fish
populationor a nonfluctuating
supplyof waterfroma watershed(bothequilibriumcenteredviews) might paradoxicallyincreasethe chancefor extinctions.
The purposeof this reviewis to exploreboth ecologicaltheoryand the behavior
of naturalsystemsto see if differentperspectivesof theirbehaviorcan yielddifferent
insightsusefulfor both theoryand practice.
Some Theory
Let us firstconsiderthe behaviorof two interactingpopulations:a predatorand its
prey,a herbivoreand its resource,or two competitors.If the interrelationsare at
all regulatedwe mightexpecta disturbanceof one or bothpopulationsin a constant
environmentto be followedby fluctuationsthat graduallydecreasein amplitude.
Theymightbe representedas in Figure1, wherethe fluctuationsof eachpopulation
over time are shownas the sidesof a box. In this examplethe two populationsin
somesenseare regulatingeach other,but the lags in the responsegeneratea series
of oscillationswhoseamplitudegraduallyreducesto a constantandsustainedvalue
for each population.But if we are also concernedwith persistencewe would like
to know not just how the populationsbehavefrom one particularpairof starting
values,but fromall possiblepairssincetheremightwell be combinationsof starting
populationsfor which ultimatelythe fate of one or other of the populationsis
extinction.It becomesvery difficulton time plots to show the full varietyof responsespossible,and it provesconvenientto plot a trajectoryin a phaseplane.This
is shownby the end of the box in Figure1 wherethe two axesrepresentthe density
of the two populations.
The trajectoryshownon that planerepresentsthe sequentialchangeof the two
populationsat constanttime intervals.Eachpoint representsthe uniquedensityof
each populationat a particularpointin time and the arrowsindicatethe direction
of changeover time. If oscillationsare damped,as in the case shown, then the
trajectoryis representedas a closedspiralthat eventuallyreachesa stableequilibrium.
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Figure 1 Derivation of a phase plane showing the changes in numbers of two
populationsover time.
We can imagine a number of different forms for trajectories in the phase plane
(Figure 2). Figure 2a shows an open spiral which would represent situations where
fluctuations gradually increase in amplitude. The small arrows are added to suggest
that this condition holds no matter what combination of populations initiates the
trajectory. In Figure 2b the trajectories are closed and given any starting point
eventually return to that point. It is particularly significant that each starting point
generates a unique cycle and there is no tendency for points to converge to a single
cycle or point. This can be termed "neutral stability" and it is the kind of stability
achieved by an imaginary frictionless pendulum.
Figure 2c represents a stable system similar to that of Figure 1, in which all
possible trajectories in the phase plane spiral into an equilibrium. These three
examples are relatively simple and, however relevant for classical stability analysis,
may well be theoretical curiosities in ecology. Figures 2d-2f add some complexities.
In a sense Figure 2d representsa combination of a and c, with a region in the center
of the phase plane within which all possible trajectories spiral inwards to equilibrium. Those outside this region spiral outwards and lead eventually to extinction
of one or the other populations. This is an example of local stability in contrast to
the global stability of Figure 2c. I designate the region within which stability occurs
as the domain of attraction, and the line that contains this domain as the boundary
of the attraction domain.
The trajectoriesin Figure 2e behave in just the opposite way. There is an internal
region within which the trajectories spiral out to a stable limit cycle and beyond
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Figure2 Examples of possible behaviors of systems in a phase plane; (a) unstable
equilibrium,(b) neutrallystablecycles, (c) stableequilibrium,(d) domainof attraction,
(e) stablelimit cycle, (f) stablenode.
which they spiral inwards to it. Finally, a stable node is shown in Figure 2f in which
there are no oscillations and the trajectories approach the node monotonically.
These six figures could be combined in an almost infinite variety of ways to produce
several domains of attraction within which there could be a stable equilibrium, a
stable limit cycle, a stable node, or even neutrally stable orbits. Although I have
presumed a constant world throughout, in the presence of random fluctuations of
parameters or of driving variables (Walters 39), any one trajectory could wander
with only its general form approaching the shape of the trajectory shown. These
added complications are explored later when we consider real systems. For the
moment, however, let us review theoretical treatments in the light of the possibilities
suggested in Figure 2.
The present status of ecological stability theory is very well summarized in a
number of analyses of classical models, particularly May's (23-25) insightful analyses of the Lotka-Volterra model and its expansions, the graphical stability analyses
of Rosenzweig (33, 34), and the methodological review of Lewontin (20).
May (24) reviews the large class of coupled differential equations expressing the
rate of change of two populations as continuous functions of both. The behavior of
these models results from the interplay between (a) stabilizing negative feedback or
density-dependent responses to resources and predation, and (b) the destabilizing
effects produced by the way individual predators attack and predator numbers
respond to prey density [termed the functional and numerical responses, as in
Holling (11)]. Various forms have been given to these terms; the familiar LotkaVolterra model includes the simplest and least realistic, in which death of prey is
caused only by predation, predation is a linear function of the product of prey and
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predatorpopulations,andgrowthof the predatorpopulationis linearlyproportional
to the sameproduct.This modelgeneratesneutralstabilityas in Figure2b, but the
assumptionsare veryunrealisticsinceveryfew componentsare included,thereare
no explicitlags or spatialelements,and thresholds,limits, and nonlinearitiesare
missing.

These featureshave all been shown to be essentialpropertiesof the predation
process(Holling 12, 13) and the effectof addingsome of them has beenanalyzed
by May(24). He pointsout thattraditionalwaysof analyzingthe stabilityproperties
of models using analyticalor graphicalmeans (Rosenzweig& MacArthur33,
Rosenzweig34, 35) concentrateaboutthe immediateneighborhoodof the equilibrium.By doingthis,lineartechniquesof analysiscanbe appliedthatareanalytically
tractable.Such analysesshow that with certaindefinedsets of parametersstable
equilibriumpointsor nodesexist (such as Figure2c), while for othersets they do
not,andin suchcasesthe systemis, by default,presumedto be unstable,as in Figure
2a. May(24), however,invokesa little-usedtheoremof Kolmogorov(Minorksy26)
to showthat all thesemodelshaveeithera stableequilibriumpointor a stablelimit
cycle (as in Figure2e). Hencehe concludesthat the conditionspresumedby linear
analysisare unstable,and in factmustlead to stablelimitcycles.In everyinstance,
however,the modelsaregloballyratherthan locallystable,limitingtheirbehavior
to that shown in eitherFigures2c or 2e.
Thereis anothertraditionof modelsthat recognizesthe basicallydiscontinuous
featuresof ecologicalsystemsand incorporatesexplicitlags. Nicholsonand Bailey
initiatedthis traditionwhentheydevelopeda modelusingthe outputof attacksand
survivalswithinone generationas the inputfor the next (29). The introductionof
this explicitlag generatesoscillationsthat increasein amplitudeuntilone or other
of the speciesbecomesextinct(Figure2a). Theirassumptionsare as unrealistically
simple as Lotka'sand Volterra's;the instabilityresults becausethe numberof
attackingpredatorsat any momentis so much a consequenceof events in the
previousgenerationthat thereare "too many"when prey are decliningand "too
few" when prey are increasing.If a lag is introducedinto the Lotka-Volterra
formulation(Wangersky& Cunningham40) the same instabilityresults.
The senseone gains,then, of the behaviorof the traditionalmodelsis that they
areeithergloballyunstableor globallystable,thatneutralstabilityis veryunlikely,
and that when the modelsare stablea limit cycle is a likely consequence.
Many,but not all, of the simplifyingassumptionshavebeenrelaxedin simulation
models,andthereis one example(Holling& Ewing14)thatjoins the two traditions
initiatedby Lotka-Volterra
and Nicholsonand Baileyand, further,includesmore
realismin the operationof the stabilizingand destabilizingforces.Thesemodifications are describedin moredetaillater;the importantfeaturesaccountingfor the
differencein behaviorresult from the introductionof explicit lags, a functional
responseof predatorsthatrisesmonotonicallyto a plateau,a nonrandom(or contagious)attackby predators,anda minimumpreydensitybelowwhichreproduction
does not occur.Withthesechangesa verydifferentpatternemergesthat conforms
mostcloselyto Figure2d. Thatis, thereexistsa domainof attractionwithinwhich
there is a stable equilibrium;beyondthat domainthe prey populationbecomes
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extinct. Unlike the Nicholsonand Bailey model, the stabilitybecomespossible,
althoughin a limited region, becauseof contagiousattack. [Contagiousattack
impliesthatfor one reasonor anothersomepreyhavea greaterprobabilityof being
attackedthanothers,a conditionthatis commonin nature(Griffiths& Holling9).]
The influenceof contagiousattackbecomessignificantwheneverpredatorsbecome
abundantin relationto the prey,for then the susceptibleprey receivethe burden
of attention,allowingmore prey to escape than would be expectedby random
of the predatorallows the system to counteractthe
contact.This "inefficiency"
destabilizingeffectsof the lag.
If this were the only differencethe system would be globallystable,much as
Figure2c. The inabilityof the preyto reproduceat low densities,however,allows
some of the trajectoriesto cut this reproductionthreshold,and the preybecome
extinct.Thisintroducesa lowerpreydensityboundaryto the attractiondomainand,
at the sametime,a higherpreydensityboundaryabovewhichthe amplitudesof the
oscillationsinevitablycarrythe populationbelowthe reproductionthreshold.The
othermodificationsin the model,someof whichhavebeentouchedon above,alter
thispicturein degreeonly.Theessentialpointis thata morerealisticrepresentation
of the behaviorof interactingpopulationsindicatesthe existenceof at least one
domainof attraction.It is quite possible,within this domain,to imaginestable
points,stablenodes,or stablelimitcycles.Whateverthe detailedconfigequilibrium
uration,the existenceof discretedomainsof attractionimmediatelysuggestsimportant consequencesfor the persistenceof the system and the probabilityof its
extinction.
Suchmodels,howevercomplex,arestill so simplethattheyshouldnot be viewed
in a definitiveand quantitativeway. They are morepowerfullyused as a starting
point to organizeand guideunderstanding.It becomesvaluable,therefore,to ask
what the modelsleave out and whethersuch omissionsmakeisolateddomainsof
attractionmore or less likely.
Theoreticalmodelsgenerallyhavenot donewell in simultaneouslyincorporating
realisticbehaviorof the processesinvolved,randomness,spatialheterogeneity,and
an adequatenumberof dimensionsor statevariables.Thissituationis changingvery
rapidlyas theoryand empiricalstudiesdevelopa closertechnicalpartnership.In
whatfollowsI referto realworldexamplesto determinehow the fourelementsthat
tend to be left out mightfurtheraffectthe behaviorof ecologicalsystems.
SOME REAL WORLD EXAMPLES

Self-ContainedEcosystems
In the broadestsense, the closest approximationwe could make of a real world
examplethatdid not grosslydepartfromthe assumptionsof the theoreticalmodels
wouldbe a self-containedsystemthatwas fairlyhomogenousandin whichclimatic
fluctuationswerereasonablysmall.If suchsystemscouldbe discoveredthey would
revealhow the morerealisticinteractionof real worldprocessescould modifythe
to any of
patternsof systemsbehaviordescribedabove.Veryclose approximations
theseconditionsare not likelyto be found,but if any exist, they areapt to be fresh
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wateraquaticones. Freshwaterlakes are reasonablycontainedsystems,at least
withintheir watersheds;the fish show considerablemobilitythroughout,and the
propertiesof the waterbufferthe moreextremeeffectsof climate.Moreover,there
havebeenenoughdocumentedman-madedisturbancesto likenthemto perturbed
systemsin whicheitherthe parametervaluesor the levelsof the constituentpopulationsarechanged.In a crudeway, then,the lakestudiescan be likenedto a partial
explorationof a phasespaceof the sorts shown in Figure2. Two majorclassesof
disturbanceshave occurred:first,the impactof nutrientenrichmentfrom man's
domesticandindustrialwastes,andsecond,changesin fishpopulationsby harvesting.

The paleolimnologists
havebeen remarkablysuccessfulin tracingthe impactof
man'sactivitieson lakesystemsoversurprisinglylongperiods.Forexample,Hutchinson(17) has reconstructed
the seriesof eventsoccurringin a smallcraterlakein
Italy from the last glacialperiodin the Alps (2000 to 1800 BC) to the present.
Betweenthe beginningof the recordand Romantimes the lake had establisheda
trophicequilibriumwith a low level of productivitywhich persistedin spite of
dramaticchangesin surroundings
fromArtemesiasteppe,throughgrassland,to fir
andmixedoak forest.Thensuddenlythe wholeaquaticsystemaltered.This alteration towardseutrophication
seemsto havebeeninitiatedby the constructionof the
ViaCassiaabout171BC,whichcauseda subtlechangein the hydrographic
regime.
The wholesequenceof environmental
changescan be viewedas changesin parametersor drivingvariables,andthe longpersistencein the faceof thesemajorchanges
suggests that natural systems have a high capacity to absorb change without
dramaticallyaltering.Butthis resilientcharacterhas its limits,andwhenthe limits
are passed, as by the constructionof the Roman highway,the system rapidly
changesto anothercondition.
More recently the activitiesof man have acceleratedand limnologistshave
recordedsomeof the responsesto thesechanges.Themostdramaticchangeconsists
of bloomsof algae in surfacewaters,an extraordinarygrowthtriggered,in most
instances,by nutrientadditionsfrom agriculturaland domesticsources.
While such instancesof nutrientadditionprovidesome of the few examples
availableof perturbationeffectsin nature,thereare no controlsand the perturbations are exceedinglydifficultto document.Nevertheless,the qualitativepattern
seemsconsistent,particularlyin those lakes (Edmundson4, Hasler 10) to which
sewage has been added for a time and then divertedelsewhere.This pulse of
disturbancecharacteristically
triggersperiodicalgalblooms,low oxygenconditions,
the suddendisappearance
of some planktonspecies,and appearanceof others.As
only one example,the nutrientchangesin Lake Michigan(Beeton2) have been
accompaniedby the replacementof the cladoceranBosminacoregoniby B. Longirostris, Diaptomus oregonensis has become an important copepod species, and a

brackishwatercopepodEurytemoraaflinisis a new additionto the zooplankton.
In LakeErie,whichhasbeenparticularlyaffectedbecauseof its shallownessand
intensityof use, the mayflyHexagenia,which originallydominatedthe benthic
community,has been almost totally replacedby oligochetes.There have been
bloomsof the diatomMelosirabinderana,whichhad neverbeenreportedfromthe
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UnitedStatesuntil 1961butnowcomprisesas muchas 99%of thetotalphytoplankton aroundcertainislands.In those cases where sewage has been subsequently
divertedthere is a gradualreturnto less extremeconditions,the slownessof the
returnrelatedto the accumulationof nutrientsin sediments.
The overallpatternemergingfromthese examplesis the suddenappearanceor
disappearance
of populations,a wide amplitudeof fluctuations,and the establishment of new domainsof attraction.
Thehistoryof the GreatLakesprovidesnot onlysomeparticularlygoodinformationon responsesto man-madeenrichment,butalsoon responsesof fishpopulations
to fishingpressure.The eutrophication
experiencetouchedon abovecan be viewed
as an exampleof systemschangesin drivingvariablesand parameters,whereasthe
fishingexampleis morean experimentin changingstate variables.The fisheriesof
the GreatLakeshavealwaysselectivelyconcentratedon abundantspeciesthat are
in highdemand.Priorto 1930,beforeeutrophication
complicatedthestory,the lake
sturgeonin all the GreatLakes,the lakeherringin LakeErie,andthe lakewhitefish
in Lake Huron were intensivelyfished(Smith 37). In each case the patternwas
similar:a periodof intenseexploitationduringwhich there was a prolongedhigh
level harvest,followed by a sudden and precipitousdrop in populations.Most
significantly,even thoughfishingpressurewas then relaxed,none of these populationsshowedanysignof returningto theirpreviouslevelsof abundance.This is not
unexpectedfor sturgeonbecauseof their slow growthand late maturity,but it is
unexpectedfor herringand whitefish.The maintenanceof theselow populationsin
recenttimesmightbe attributedto the increasinglyunfavorablechemicalor biological environment,but in the case of the herring,at least,the declinestook placein
the early 1920sbeforethe majordeteriorationin environmentoccurred.It is as if
the populationhad been shiftedby fishingpressurefrom a domainwith a high
equilibriumto one with a lower one. This is clearly not a conditionof neutral
stabilityas suggestedin Figure2b since once the populationswere loweredto a
certainpointthe declinecontinuedeventhoughfishingpressurewas relaxed.It can
be betterinterpretedas a variantof Figure2d wherepopulationshavebeenmoved
from one domainof attractionto another.
Since 1940therehas been a seriesof similarcatastrophicchangesin the Great
Lakesthat has led to majorchangesin the fish stocks.Beeton(2) providesgraphs
the catchstatisticsin the lakesformanyspeciessince 1900.Laketrout,
summarizing
whitefish,herring,walleye, sauger, and blue pike have experiencedprecipitous
declinesof populationsto verylow valuesin all of the lakes.The changesgenerally
conformto the same pattern.After sustainedbut fluctuatinglevels of harvestthe
catchdroppeddramaticallyin a spanof a veryfew years,coveringa rangeof from
one to fourordersof magnitude.In a numberof examplesparticularlyhighcatches
wereobtainedjust beforethe drop.Althoughcatch statisticsinevitablyexaggerate
the step-likecharacterof the pattern,populationsmust have generallybehavedin
the way described.
The explanationsfor these changes have been exploredin part, and involve
variouscombinationsof intensefishingpressure,changesin the physicalandchemical environment,and the appearanceof a foreignpredator(the sea lamprey)and
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foreign competitors (the alewife and carp). For our purpose the specific cause is of
less interest than the inferences that can be drawn concerning the resilience of these
systems and their stability behavior. The events in Lake Michigan provide a typical
example of the pattern in other lakes (Smith 37). The catch of lake trout was high,
but fluctuated at around six million pounds annually from 1898 to 1940. For four
years catches increased noticeably and then suddenly collapsed to near extinction
by the 1950s due to a complete failure of natural reproduction. Lake herring and
whitefish followed a similar pattern (Beeton 2: Figure 7). Smith (37) argues that the
trigger for the lake trout collapse was the appearance of the sea lamprey that had
spread through the Great Lakes after the construction of the Welland Canal. Although lamprey populations were extremely small at the time of the collapse, Smith
argues that even a small mortality, added to a commercial harvest that was probably
at the maximum for sustained yield, was sufficient to cause the collapse. Moreover,
Ricker (31) has shown that fishing pressure shifts the age structure of fish populations towards younger ages. He demonstrates that a point can come where only
slight increases in mortality can trigger a collapse of the kind noted for lake trout.
In addition, the lake trout was coupled in a network of competitive and predatory
interconnections with other species, and pressures on these might have contributed
as well.
Whatever the specific causes, it is clear that the precondition for the collapse was
set by the harvesting of fish, even though during a long period there were no obvious
signs of problems. The fishing activity, however, progressively reduced the resilience
of the system so that when the inevitable unexpected event occurred, the populations
collapsed. If it had not been the lamprey, it would have been something else: a
change in climate as part of the normal pattern of fluctuation, a change in the
chemical or physical environment, or a change in competitors or predators. These
examples again suggest distinct domains of attraction in which the populations
forced close to the boundary of the domain can then flip over it.
The above examples are not isolated ones. In 1939 an experimental fishery was
started in Lake Windermere to improve stocks of salmonids by reducing the abundance of perch (a competitor) and pike (a predator). Perch populations were particularly affected by trapping and the populations fell drastically in the first three years.
Most significantly, although no perch have been removed from the North Basin
since 1947, populations have still not shown any tendency to return to their previous
level (Le Cren et al 19).
The same patterns have even been suggested for terrestrial systems. Many of the
arid cattle grazing lands of the western United States have gradually become invaded and dominated by shrubs and trees like mesquite and cholla. In some instances grazing and the reduced incidence of fire through fire prevention programs
allowed invasion and establishment of shrubs and trees at the expense of grass.
Nevertheless, Glendening (8) has demonstrated, from data collected in a 17-year
experiment in which intensity of grazing was manipulated, that once the trees have
gained sufficient size and density to completely utilize or materially reduce the
moisture supply, elimination of grazing will not result in the grassland reestablishing
itself. In short, there is a level of the state variable "trees"that, once achieved, moves
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the system from one domain of attraction to another. Return to the original domain
can only be made by an explicit reduction of the trees and shrubs.
These examples point to one or more distinct domains of attraction in which the
important point is not so much how stable they are within the domain, but how
likely it is for the system to move from one domain into another and so persist in
a changed configuration.
This sampling of examples is inevitably biased. There are few cases well documented over a long period of time, and certainly some systems that have been greatly
disturbed have fully recovered their original state once the disturbance was removed. But the recovery in most instances is in open systems in which reinvasion
is the key ingredient. These cases are discussed below in connection with the effects
of spatial heterogeneity. For the moment I conclude that distinct domains of attraction are not uncommon within closed systems. If such is the case, then further
confirmation should be found from empirical evidence of the way processes which
link organisms operate, for it is these processes that are the cause of the behavior
observed.

Process Analysis
One way to represent the combined effects of processes like fecundity, predation,
and competition is by using Ricker's (30) reproduction curves. These simply represent the population in one generation as a function of the population in the previous
generation, and examples are shown in Figures 3a, c, and e. In the simplest form,
and the one most used in practical fisheries management (Figure 3a), the reproduction curve is dome-shaped. When it crosses a line with slope 1 (the straight line in
the figures) an equilibrium condition is possible, for at such cross-overs the populaIN GENERATIONt
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Figure3 Examples of various reproductioncurves (a, c, and e) and their derivation
from the contributionsof fecundityand mortality(b, d, and f).
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tion in one generation will produce the same number in the next. It is extremely
difficult to detect the precise form of such curves in nature, however; variability is
high, typically data are only available for parts of any one curve, and the treatment
really only applies to situations where there are no lags. It is possible to deduce
various forms of reproduction curves, however, by disaggregating the contributions
of fecundity and mortality. The three lower graphs in Figure 3b, 3d, and 3f represent
this disaggregation of their counterpart reproduction curves. The simplest types of
reproduction curve (Figure 3a) can arise from a mortality that regularly increases
with density and either a constant fecundity or a declining one. With fecundity
expressed as the percentage mortality necessary to just balance reproduction, the
cross-over point of the curves represents the equilibrium condition. But we know
that the effects of density on fecundity and mortality can be very much more
complicated.
Mortality from predation, for example, has been shown to take a number of
classic forms (Holling 11, 13). The individual attack by predators as a function of
prey density (the functional response to prey density) can increase with a linear rise
to a plateau (type 1), a concave or negatively accelerated rise to a plateau (type 2),
or an S-shaped rise to a plateau (type 3). The resulting contribution to mortality
from these responses can therefore show ranges of prey density in which there is
direct density dependence (negative feedback from the positively accelerated portions of the type 3 response), density independence (the straight line rise of type 1),
and inverse dependence (the positive feedback from the negatively accelerated and
plateau portions of the curves). There are, in addition, various numerical responses
generated by changes in the number of predators as the density of their prey
increases. Even for those predators whose populations respond by increasing, there
often will be a limit to the increase set by other conditions in the environment. When
populations are increasing they tend to augment the negative feedback features
(although with a delay), but when populations are constant, despite increasing prey
density, the percent mortality will inevitably decline since individual attack eventually saturates at complete satiation (the plateaux of all three functional responses).
In Figures 3d and 3f the mortality curves shown summarize a common type. The
rising or direct density-dependent limb of the curve is induced by increasing predator populations and by the reduced intensity of attack at low densities, shown by
the initial positively accelerated portion of the S-shaped type 3 response. Such a
condition is common for predators with alternate prey, both vertebrates (Holling
14) and at least some invertebrates (Steele 38). The declining inverse densitydependent limb is induced by satiation of the predator and a numerical response that
has been reduced or stopped.
Fecundity curves that decline regularly over a very wide range of increasing
population densities (as in Figure 3d) are common and have been referred to as
Drosophila-type curves (Fujita 6). This decline in fecundity is caused by increased
competition for oviposition sites, interference with mating, and increased sterility.
The interaction between a dome-shaped mortality curve and a monotonically decreasing fecundity curve can generate equilibrium conditions (Figure 3d). Two
stable equilibria are possible, but between these two is a transient equilibrium
designated as the escape threshold (ES in Figure 3). Effects of random changes on
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populationsor parameterscould readilyshift densitiesfrom aroundthe lower
equilibriumto abovethis escapethreshold,and in thesecircumstancespopulations
would inevitablyincreaseto the higherequilibrium.
The fecunditycurvesare likely to be more complex,however,since it seems
inevitablethatat someverylow densitiesfecunditywill declinebecauseof difficulties
in findingmatesand the reducedeffectof a varietyof socialfacilitationbehaviors.
Wemightevenlogicallyconcludethatfor manyspeciesthereis a minimumdensity
belowwhichfecundityis zero. A fecunditycurveof this Allee-type(Fujita6) has
beenempiricallydemonstratedfor a numberof insects(Watt42) and is shownin
Figure3f. Its interactionwith the dome-shapedmortalitycurve can add another
transientequilibrium,
the extinctionthreshold(EX in Figure3f). Withthisaddition
there is a lower densitysuch that if populationsslip below it they will proceed
inexorablyto extinction.The extinctionthresholdis particularlylikelysinceit has
beenshownmathematicallythat each of the threefunctionalresponsecurveswill
intersectwith the ordinateof percentpredationat a valueabovezero (Holling13).
Empiricalevidence,therefore,suggeststhat realisticformsto fecundityandmortalitycurveswill generatesinuousreproductioncurveslike thosein Figures3c and
3e with the possibilityof a numberof equilibriumstates,some transientand some
stable.Theseare preciselythe conditionsthat will generatedomainsof attraction,
with each domainseparatedfrom othersby the extinctionand escapethresholds.
This analysisof processhence adds supportto the field observationsdiscussed
earlier.
The behaviorof systemsin phasespacecannotbe completelyunderstoodby the
graphicalrepresentations
presentedabove.Thesegraphsareappropriate
only when
effectsare immediate;in the face of the lags that generatecyclic behaviorthe
reproductioncurveshouldreallyproducetwo valuesfor the populationin generation t + 1 for eachvalueof the populationin generationt. The graphicaltreatment
of Rosenzweig& MacArthur(33)to a degreecanaccommodatetheselagsandcyclic
behavior.In theirtreatmentthey dividephaseplanesof the kind shownin Figure
2 intovariousregionsof increasinganddecreasingx andy populations.Theregions
are separatedby two lines, one representingthe collectionof pointsat which the
preypopulationdoes not changein density(dx/dt = 0, the preyisocline)and one
in which the predatorpopulationdoes not so change (dy/dt = 0, the predator
isocline).Theydeducethatthe preyisoclinewillbe dome-shapedformuchthe same
reasonas describedfor the fecunditycurvesof Figure3f. The predatorisocline,in
the simplestcondition,is presumedto be vertical,assumingthatonlyone fixedlevel
of preyis necessaryto just maintainthe predatorpopulationat a zeroinstantaneous
rate of change.
Intersectionof the two isoclinesindicatesa pointwhereboth populationsare at
equilibrium.Using traditionallinearstabilityanalysisone can inferwhetherthese
equilibrium
statesarestable(Figure2c) or not (Figure2a).Considerable
importance
is attachedto whetherthe predatorisoclineintersectsthe risingor fallingportion
of the preyisocline.As mentionedearlierthesetechniquesareonlyappropriate
near
equilibrium(May24), andthe presumedunstableconditionsin fact generatestable
limit cycles (Figure 2e). Moreover,it is unlikelythat the predatorisocline is a
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verticalone in the realworld,sincecompetitionbetweenpredatorsat highpredator
densitieswould so interferewith the attackprocessthat a largernumberof prey
wouldbe requiredfor stablepredatorpopulations.It is preciselythis conditionthat
wasdemonstrated
by Griffiths& Holling(9) whentheyshowedthata largenumber
of speciesof parasitesdistributetheirattackscontagiously.The resultis a "squabblingpredatorbehavior"(Rosenzweig34, 35) thatdecreasesthe efficiencyof predation at high predator/preyratios.This convertsan unstablesystem(Figure2a) to
a stableone(Figure2c);it is likelythatstabilityis the rule,ratherthantheexception,
irrespectiveof wherethe two isoclinescross.
Theempiricalevidencedescribedaboveshowsthatrealisticfecundityandmortality (particularlypredation)processeswill generateformsthat the theoristsmight
tend to identifyas specialsubsetsof more generalconditions.But it is just these
specialsubsetsthat separatethe realworldfromall possibleones, and these more
realisticformswill modifythe generalconclusionsof simplertheory.Theascending
limb of the Allee-typefecunditycurve will establish,through interactionwith
mortality,a minimumdensitybelow which prey will becomeextinct.This can at
the sametimeestablishan upperpreydensityabovewhichpreywill becomeextinct
becausethe amplitudeof preyfluctuationswill eventuallycarrythe populationover
the extinctionthreshold,as shown in the outer trajectoryof Figure 2d. These
conditionsalone are sufficientto establisha domainof attraction,althoughthe
boundariesof this domainneed not be closed. Withinthe domainthe contagious
attackby predatorscan producea stableequilibriumor a stablenode.Otherbehaviors of the mortalityagents,however,could resultin stablelimit cycles.
Morerealisticformsof functionalresponsechangethispatternin degreeonly.For
example,a negativelyacceleratedtype of functionalresponsewouldtend to make
the domainof attractionsomewhatsmaller,andan S-shapedone larger.Limitations
in the predator'snumericalresponseand thresholdsfor reproductionof predators,
similarto those for prey,couldfurtherchangethe formof the domain.Moreover,
the behaviorsthat producethe sinuousreproductioncurvesof Figures3c and 3e
can add additionaldomains.The essentialpoint,however,is that thesesystemsare
not globallystable but can have distinct domainsof attraction.So long as the
populationsremainwithinone domainthey have a consistentand regularformof
behavior.If populationspass a boundaryto the domainby chance or through
interventionof man,thenthebehaviorsuddenlychangesin muchthe waysuggested
from the field examplesdiscussedearlier.
The Random World
To this point,I havearguedas if the worldwerecompletelydeterministic.In fact,
the behaviorof ecologicalsystemsis profoundlyaffectedby randomevents.It is
important,therefore,to addanotherlevelof realismat this pointto determinehow
the aboveargumentsmay be modified.Again, it is appliedecologythat tends to
supplythe bestinformationfromfieldstudiessinceit is only in suchsituationsthat
data have been collectedin a sufficientlyintensiveand extensivemanner.As one
example,for 28 years there has been a majorand intensivestudy of the spruce
budwormand its interactionwith the spruce-firforestsof easternCanada(Morris
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27). There have been six outbreaks of the spruce budworm since the early 1700s
(Baskerville 1) and between these outbreaks the budworm has been an exceedingly
rare species. When the outbreaks occur there is major destruction of balsam fir in
all the mature forests, leaving only the less susceptible spruce, the nonsusceptible
white birch, and a dense regenerationof fir and spruce. The more immature stands
sufferless damage and more fir survives. Between outbreaks the young balsam grow,
together with spruce and birch, to form dense stands in which the spruce and birch,
in particular, suffer from crowding. This process evolves to produce stands of
mature and overmature trees with fir a predominant feature.
This is a necessary, but not sufficient,condition for the appearanceof an outbreak;
outbreaks occur only when there is also a sequence of unusually dry years (Wellington 43). Until this sequence occurs, it is argued (Morris 27) that various natural
enemies with limited numerical responses maintain the budworm populations
around a low equilibrium. If a sequence of dry years occurs when there are mature
stand of fir, the budworm populations rapidly increase and escape the control by
predators and parasites. Their continued increase eventually causes enough tree
mortality to force a collapse of the populations and the reinstatement of control
around the lower equilibrium. The reproduction curves therefore would be similar
to those in Figures 3c or 3e.
In brief, between outbreaks the fir tends to be favored in its competition with
spruce and birch, whereas during an outbreak spruce and birch are favored because
they are less susceptible to budworm attack. This interplay with the budworm thus
maintains the spruce and birch which otherwise would be excluded through competition. The fir persists because of its regenerative powers and the interplay of forest
growth rates and climatic conditions that determine the timing of budworm outbreaks.
This behavior could be viewed as a stable limit cycle with large amplitude, but
it can be more accurately representedby a distinct domain of attraction determined
by the interaction between budworm and its associated natural enemies, which is
periodically exceeded through the chance consequence of climatic conditions. If we
view the budworm only in relation to its associated predatorsand parasiteswe might
argue that it is highly unstable in the sense that populations fluctuate widely. But
these very fluctuations are essential features that maintain persistence of the budworm, together with its natural enemies and its host and associated trees. By so
fluctuating, successive generations of forests are replaced, assuring a continued food
supply for future generations of budworm and the persistence of the system.
Until now I have avoided formal identification of different kinds of behavior of
ecological systems. The more realistic situations like budworm, however, make it
necessary to begin to give more formal definition to their behavior. It is useful to
distinguish two kinds of behavior. One can be termed stability, which representsthe
ability of a system to return to an equilibrium state after a temporary disturbance;
the more rapidly it returns and the less it fluctuates, the more stable it would be.
But there is another property, termed resilience, that is a measure of the persistence
of systems and of their ability to absorb change and disturbance and still maintain
the same relationships between populations or state variables. In this sense, the

RESILIENCE AND STABILITY OF ECOLOGICAL SYSTEMS

15

budworm forest community is highly unstable and it is because of this instability
that it has an enormous resilience. I return to this view frequently throughout the
remainder of this paper.
The influence of random events on systems with domains of attraction is found
in aquatic systems as well. For example, pink salmon populations can become
stabilized for several years at very different levels, the new levels being reached by
sudden steps rather than by gradual transition (Neave 28). The explanation is very
much the same as that proposed for the budworm, involving an interrelation between negative and positive feedback mortality of the kinds described in Figures 3d
and 3f, and random effects unrelated to density. The same pattern has been described by Larkin (18) in his simulation model of the Adams River sockeye salmon.
This particular run of salmon has been characterized by a regular four-year periodicity since 1922, with one large or dominant year, one small or subdominant, and
two years with very small populations. The same explanation as described above has
been proposed with the added reality of a lag. Essentially, during the dominant year
limited numerical responses produce an inverse density-dependent response as in the
descending limb of the mortality curves of Figure 3d and 3f. The abundance of the
prey in that year is nevertheless sufficient to establish populations of predators that
have a major impact on the three succeeding low years. Buffering of predation by
the smolts of the dominant year accounts for the larger size of the subdominant.
These effects have been simulated (Larkin 18), and when random influences are
imposed in order to simulate climatic variations the system has a distinct probability
of flipping into another stable configuration that is actually reproduced in nature by
sockeye salmon runs in other rivers. When subdominant escapement reaches a
critical level there is about an equal chance that it may become the same size as the
dominant one or shrivel to a very small size.
Random events, of course, are not exclusively climatic. The impact of fires on
terrestrial ecosystems is particularly illuminating (Cooper 3) and the periodic appearance of fires has played a decisive role in the persistence of grasslands as well
as certain forest communities. As an example, the random perturbation caused by
fires in Wisconsin forests (Loucks 21) has resulted in a sequence of transient changes
that move forest communities from one domain of attraction to another. The
apparent instability of this forest community is best viewed not as an unstable
condition alone, but as one that produces a highly resilient system capable of
repeating itself and persisting over time until a disturbance restarts the sequence.
In summary, these examples of the influence of random events upon natural
systems further confirm the existence of domains of attraction. Most importantly
they suggest that instability, in the sense of large fluctuations, may introduce a
resilience and a capacity to persist. It points out the very different view of the world
that can be obtained if we concentrate on the boundaries to the domain of attraction
rather than on equilibrium states. Although the equilibrium-centered view is
analytically more tractable, it does not always provide a realistic understanding of
the systems' behavior. Moreover, if this perspective is used as the exclusive guide
to the management activities of man, exactly the reverse behavior and result can be
produced than is expected.
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The Spatial Mosaic
To this point,I haveproceededin a seriesof stepsto graduallyadd moreand more
reality.I startedwith self-containedclosed systems,proceededto a moredetailed
explanationof how ecologicalprocessesoperate,and then consideredthe influence
of randomevents,which introducedheterogeneityover time.
The finalstepis now to recognizethatthe naturalworldis not veryhomogeneous
overspace,as well,butconsistsof a mosaicof spatialelementswithdistinctbiological, physical,andchemicalcharacteristics
thatarelinkedby mechanismsof biological and physicaltransport.The role of spatial heterogeneityhas not been well
exploredin ecology becauseof the enormouslogistic difficulties.Its importance,
however,wasrevealedin a classicexperimentthat involvedthe interactionbetween
a predatorymite,its phytophagousmiteprey,and the prey'sfood source(Huffaker
et al 15).Briefly,in the relativelysmallenclosuresused,whentherewasunimpeded
movementthroughoutthe experimentaluniverse,the system was unstableand
oscillationsincreasedin amplitude.Whenbarrierswereintroducedto impededispersalbetweenpartsof the universe,however,the interactionpersisted.Thuspopuby
lationsin one small localethat sufferchanceextinctionscould be reestablished
invasionfrom other populationshavinghigh numbers-a conclusionthat is confirmedby Roff's mathematicalanalysisof spatialheterogeneity(32).
Thereis one studythathasbeenlargelyneglectedthatis, in a sense,a muchmore
realisticexampleof the effectsof both temporaland spatial heterogeneityof a
populationin nature(Wellington44, 45). Thereis a peninsulaon VancouverIsland
in whichthe topographyandclimatecombineto makea mosaicof favorablelocales
for the tent caterpillar.From year to year the size of these locales enlargesor
contractsdependingon climate;Wellingtonwas able to use the easily observed
changesin cloudpatternsin any yearto definetheseareas.The tent caterpillar,to
add a furtherelementof realism,has identifiablebehavioraltypes that are determined not by geneticsbut by the nutritionalhistoryof the parents.These types
representa rangefromsluggishto very active,and the proportionof typesaffects
the shapeof the easily visibleweb the tent caterpillarsspin. By combiningthese
defineddifferencesof behaviorwith observationson changingnumbers,shapeof
webs,and changingcloud patterns,an elegantstory of systemsbehavioremerges.
In a favorableyearlocalesthat previouslycould not supporttent caterpillarsnow
can, and populationsare establishedthroughinvasionby the vigorousdispersers
fromotherlocales.In thesenewareastheytendto produceanothergenerationwith
a high proportionof vigorousbehavioraltypes. Becauseof their high dispersal
behaviorandthe smallareaof the localein relationto its periphery,they thentend
to leavein greaternumbersthanthey arrive.The resultis a gradualincreasein the
proportionof moresluggishtypesto the pointwherethe localpopulationcollapses.
But, althoughits fluctuationsare considerable,even underthe most unfavorable
conditionsthereare alwaysenclavessuitablefor the insect. It is an exampleof a
populationwith high fluctuationsthat can take advantageof transientperiodsof
favorableconditionsand that has, becauseof this variability,a high degree of
resilienceand capacityto persist.

RESILIENCE AND STABILITY OF ECOLOGICAL SYSTEMS

17

has beenaddedin a studyof naturalinsectpopulations
A furtherembellishment
by Gilbert& Hughes(7). Theycombinedan insightfulfieldstudyof the interaction
betweenaphidsand theirparasiteswith a simulationmodel,concentratingupon a
specificlocale and the eventswithinit underdifferentconditionsof immigration
from other locales. Again the importantfocus was upon persistenceratherthan
degreeof fluctuation.Theyfoundthat specificfeaturesof the parasite-hostinteractionallowedthe parasiteto makefull use of its aphidresourcesjust shortof driving
the hostto extinction.It is particularlyintriguingthatthe parasiteandits hostwere
introducedinto AustraliafromEuropeand in the shortperiodthatthe parasitehas
rate
beenpresentin Australiatherehavebeendramaticchangesin its developmental
and fecundity.The othermajordifferencebetweenconditionsin Europeand Australiais thatthe immigrationrateof the host in Englandis considerablyhigherthan
in Australia.If the immigrationratein Australiaincreasedto the Englishlevel,then,
accordingto themodelthe parasiteshouldincreaseits fecundityfromthe Australian
level to the Englishto makethe most of its opportunityshort of extinction.This
studyprovides,therefore,a remarkableexampleof a parasiteand its host evolving
togetherto permitpersistence,and furtherconfirmsthe importanceof systems
resilienceas distinctfrom systemsstability.
SYNTHESIS

SomeDefinitions
Traditionally,discussionand analysesof stabilityhaveessentiallyequatedstability
to systemsbehavior.In ecology,at least,this has causedconfusionsince,in mathematicalanalyses,stabilityhas tendedto assumedefinitionsthat relateto conditions
verynearequilibriumpoints.Thisis a simpleconveniencedictatedby the enormous
analyticaldifficultiesof treatingthe behaviorof nonlinearsystemsat somedistance
from equilibrium.On the other hand, more generaltreatmentshave touchedon
questionsof persistenceand the probabilityof extinction,definingthese measures
as aspectsof stabilityas well. To avoidthis confusionI proposethat the behavior
of ecologicalsystemscouldwellbe definedby two distinctproperties:resilienceand
stability.
Resiliencedeterminesthe persistenceof relationshipswithina systemand is a
measureof the abilityof thesesystemsto absorbchangesof statevariables,driving
variables,and parameters,and still persist.In this definitionresilienceis the propertyof the systemandpersistenceor probabilityof extinctionis the result.Stability,
on the otherhand,is the abilityof a systemto returnto an equilibriumstateafter
Themorerapidlyit returns,andwiththe leastfluctuation,
a temporarydisturbance.
the morestableit is. In this definitionstabilityis the propertyof the systemandthe
degreeof fluctuationaroundspecificstates the result.

ResilienceversusStability
With these definitionsin mind a system can be very resilientand still fluctuate
greatly,i.e. have low stability.I have touchedaboveon exampleslike the spruce
budwormforestcommunityiwhich the very fact of low stabilityseemsto intro-
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duce high resilience.Nor are such cases isolatedones, as Watt (41) has shownin
his analysisof thirtyyearsof datacollectedforeverymajorforestinsectthroughout
Canadaby the InsectSurveyprogramof the CanadaDepartmentof the Environment.Thisstatisticalanalysisshowsthatin thoseareassubjectedto extremeclimatic
conditionsthe populationsfluctuatewidelybut havea high capabilityof absorbing
periodicextremesof fluctuation.They are, therefore,unstableusingthe restricted
definitionabove,but highlyresilient.In morebenign,less variableclimaticregions
the populationsaremuchless ableto absorbchanceclimaticextremeseventhough
the populationstend to be moreconstant.Thesesituationsshow a high degreeof
stabilityanda lowerresilience.Thebalancebetweenresilienceandstabilityis clearly
a productof the evolutionaryhistoryof these systemsin the face of the rangeof
random.fluctuationsthey-have experienced.
In Slobodkin'sterms(36) evolutionis like a game,but a distinctiveone in which
the only payoffis to stay in the game.Therefore,a majorstrategyselectedis not
one maximizingeither efficiencyor a particularreward,but one which allows
persistenceby maintainingflexibilityaboveall else. A populationrespondsto any
environmentalchange by the initiationof a series of physiological,behavioral,
ecological,and geneticchangesthat restoreits ability to respondto subsequent
unpredictableenvironmentalchanges.Variabilityover space and time resultsin
variabilityin numbers,and with this variabilitythe populationcan simultaneously
retaingeneticandbehavioraltypesthatcan maintaintheirexistencein low populationstogetherwith othersthat can capitalizeon chanceopportunitiesfor dramatic
increase.Themorehomogeneoustheenvironmentin spaceandtime,the morelikely
is the system to have low fluctuationsand low resilience.It is not surprising,
therefore,that the commericalfisherysystemsof the GreatLakeshaveprovideda
vividexampleof the sensitivityof ecologicalsystemsto disruptionby man,for they
systemswith
representclimaticallybuffered,fairlyhomogeneousandself-contained
relativelylow variabilityand hencehigh stabilityand low resilience.Moreover,the
goal of producinga maximumsustainedyield may resultin a morestablesystem
of reducedresilience.
Nor is it surprisingthat howeverreadilyfish stocks in lakes can be drivento
extinction,it has been extremelydifficultto do the same to insect pests of man's
crops.Pest systemsare highlyvariablein spaceand time;as opensystemsthey are
much affectedby dispersaland thereforehave a high resilience.Similarly,some
Arcticecosystemsthoughtof as fragilemay be highlyresilient,althoughunstable.
Certainlythis is not true for some subsystemsin the Arctic,such as Arcticfrozen
soil, self-containedArctic lakes,and cohesivesocial populationslike caribou,but
these might be exceptionsto a generalrule.
The notionof an interplaybetweenresilienceand stabiltymightalso resolvethe
conflictingviews of the role of diversityand stabilityof ecologicalcommunities.
Elton(5) and MacArthur(22) havearguedcogentlyfromempiricalandtheoretical
pointsof view that stabilityis roughlyproportionalto the numberof linksbetween
speciesin a trophicweb. In essence,if therearea varietyof trophiclinksthe same
flow of energyand nutrientswill be maintainedthroughalternatelinks when a
speciesbecomesrare.However,May's(23) recentmathematicalanalysesof models
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of a large number of interacting populations shows that this relation between increased diversity and stability is not a mathematical truism. He shows that randomly assembled complex systems are in general less stable, and never more stable,
than less complex ones. He points out that ecological systems are likely to have
evolved to a very small subset of all possible sets and that MacArthur's conclusions,
therefore, might still apply in the real world. The definition of stability used, however, is the equilibrium-centeredone. What May has shown is that complex systems
might fluctuate more than less complex ones. But if there is more than one domain
of attraction, then the increased variability could simply move the system from one
domain to another. Also, the more species there are, the more equilibria there may
be and, although numbers may thereby fluctuate considerably, the overall persistence might be enhanced. It would be useful to explore the possibility that instability
in numbers can result in more diversity of species and in spatial patchiness, and
hence in increased resilience.

Measurement
If there is a worthwhile distinction between resilience and stability it is important
that both be measurable. In a theoretical world such measurements could be developed from the behavior of model systems in phase space. Just as it was useful to
disaggregatethe reproductioncurves into their constituent components of mortality
and fecundity, so it is useful to disaggregate the information in a phase plane. There
are two components that are important: one that concerns the cyclic behavior and
its frequency and amplitude, and one that concerns the configuration of forces
caused by the positive and negative feedback relations.
To separate the two we need to imagine first the appearance of a phase space in
which there are no such forces operating. This would produce a referent trajectory
containing only the cyclic properties of the system. If the forces were operating,
departure from this referent trajectory would be a measure of the intensity of the
forces. The referent trajectories that would seem to be most useful would be the
neutrally stable orbits of Figure 2b, for we can arbitrarilyimagine these trajectories
as moving on a flat plane. At least for more realistic models parameter values can
be discovered that do generate neutrally stable orbits. In the complex predator-prey
model of Holling (14), if a range of parameters is chosen to explore the effects of
different degrees of contagion of attack, the interaction is unstable when attack is
random and stable when it is contagious. We have recently shown that there is a
critical level of contagion between these extremes that generates neutrally stable
orbits. These orbits, then, have a certain frequency and amplitude and the departure
of more realistic trajectoriesfrom these referent ones should allow the computation
of the vector of forces. If these were integrated a potential field would be represented
with peaks and valleys. If the whole potential field were a shallow bowl the system
would be globally stable and all trajectories would spiral to the bottom of the bowl,
the equilibrium point. But if, at a minimum, there were a lower extinction threshold
for prey then, in effect, the bowl would have a slice taken out of one side, as
suggested in Figure 4. Trajectoriesthat initiated far up on the side of the bowl would
have amplitude that would carry the trajectoryover the slice cut out of it. Only those
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Figure4 Diagramaticrepresentationshowing the feedback forces as a potential field
upon which trajectoriesmove. The shadedportionis the domainof attraction.
trajectories that just avoided the lowest point of the gap formed by the slice would
spiral in to the bowl's bottom. If we termed the bowl the basin of attraction
(Lewontin 20) then the domain of attraction would be determined by both the cyclic
behavior and the configuration of forces. It would be confined to a smaller portion
of the bottom of the bowl, and one edge would touch the bottom portion of the slice
taken out of the basin.
This approach, then, suggests ways to measure relative amounts of resilience and
stability. There are two resilience measures: Since resilience is concerned with
probabilities of extinction, firstly, the overall area of the domain of attraction will
in part determine whether chance shifts in state variables will move trajectories
outside the domain. Secondly, the height of the lowest point of the basin of attraction
(e.g. the bottom of the slice described above) above equilibrium will be a measure
of how much the forces have to be changed before all trajectoriesmove to extinction
of one or more of the state variables.
The measures of stability would be designed in just the opposite way from those
that measure resilience. They would be centered on the equilibrium rather than on
the boundary of the domain, and could be represented by a frequency distribution
of the slopes of the potential field and by the velocity of the neutral orbits around
the equilibrium.
But such measures require an immeanse amount of knowledge of a system and
it is unlikely that we will often have all that is necessary. Hughes & Gilbert (16),
however, have suggested a promising approach to measuring probabilitiesof extinction and hence of resilience. They were able to show in a stochastic model that the
distribution of surviving population sizes at any given time does not differ significantly from a negative binomial. This of course is just a description, but it does
provide a way to estimate the very small probability of zero, i.e. of extinction, from
the observed mean and variance. The configuration of the potential field and the
cyclic behavior will determine the number and form of the domains of attraction,
and these will in turn affect the parameter values of the negative binomial or of any
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other distribution function that seems appropriate. Changes in the zero class of the
distribution, that is, in the probabilityof extinction, will be caused by these parameter values, which can then be viewed as the relative measures of resilience. It will
be important to explore this technique first with a number of theoretical models so
that the appropriate distributions and their behavior can be identified. It will then
be quite feasible, in the field, to sample populations in defined areas, apply the
appropriatedistribution, and use the parameter values as measures of the degree of
resilience.
APPLICATION
The resilience and stability viewpoints of the behavior of ecological systems can
yield very different approaches to the management of resources. The stability view
emphasizes the equilibrium, the maintenance of a predictable world, and the harvesting of nature's excess production with as little fluctuation as possible. The
resilience view emphasizes domains of attraction and the need for persistence. But
extinction is not purely a random event; it results from the interaction of random
events with those deterministic forces that define the shape, size, and characteristics
of the domain of attraction. The very approach, therefore, that assures a stable
maximum sustained yield of a renewable resource might so change these deterministic conditions that the resilience is lost or reduced so that a chance and rare event
that previously could be absorbed can trigger a sudden dramatic change and loss
of structural integrity of the system.
A management approach based on resilience, on the other hand, would emphasize
the need to keep options open, the need to view events in a regional rather than a
local context, and the need to emphasize heterogeneity. Flowing from this would
be not the presumptionof sufficientknowledge, but the recognition of our ignorance;
not the assumption that future events are expected, but that they will be unexpected.
The resilience framework can accommodate this shift of perspective, for it does not
require a precise capacity to predict the future, but only a qualitative capacity to
devise systems that can absorb and accommodate future events in whatever unexpected form they may take.
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