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Abstract: Habitatdestructionis oneof theprimarycauses of speciesextinction in recenthistory. Even if the
destruction is restrictedto a local andsmall area,its accumulation increasestherisk of extinction. To study
localdestruction of habitat,wepresentalatticeecosystemcomposedof prey (X) andpredator(Y). Thissystem
correspondsto a latticeversionof theLotka-Volterramodel,whereinteraction is allowedbetweenneighboring
lattice points. The lattice is partly destroyed,anddestructedsitesor barriersare randomlylocatedbetween
adjacentlattice pointswith the probability p. The barrierinterruptsthereproductionof X, but the speciesY
suffers no direct damageby barriers. This systemexhibits an extinction dueto an indirect effect: whenthe
densityp of barriersincreases,thespeciesY goesextinct. On theotherhand,an initial suppressionof X may
later leadto theincreaseof X. ThepredatorY decreasesin spiteof theincreaseof X. Theseresultscannotbe
explainedby a mean-fieldtheorysuchastheLotka-Volterraequation.Wediscussthatendangeredspeciesmay
becomeextinct by a slight perturbation to theirhabitat.
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1 INTRODUCTION

Humanbeingshave various influenceson natural
ecosystems.Suchinfluencesoften causethe loss
of biodiversity. In recentyears,lossof biodiversity
becomeoneof themostimportantissuesin ecology
andconservationbiology, asaglobalenvironmental
problem.

In ecologicalstudiesof endangeredspecies,over-
hunting was consideredas a most important fac-
tor of extinction. [Wilson, 1992; Soule, 1987;
Batabyal,1998] However, recentlyenvironmental
andhabitatdestructionwasrealizedtobeanequally
important factor causingextinction. [Soule,1986;
FrankelandSoule,1981;Soule,1987]Furthermore,
such habitat destruciton has no possibility of re-
covery for endangeredspeciesunlessthedestructed
habitatis recontructedthat is currentlyalmostim-
possible. [Frankeland Soule,1981;Soule,1987]
Wealsorecognizesthatnaturalhabitats/ecosystems
ontheearthhave beenalreadycompletelymodified
andin a sensedestructedin part, even in the deep
forestsof Amazonor ice fields of the North Pole.
[Soule,1986;FrankelandSoule,1981;Soule,1987]

Global habitatdestruction is alwaysdamagingto

the species. The effects of habitat destructions
have beenstudiedempiricallyor theoretically, e.g.,
species-areacurves[MacArthur andWilson, 1967;
Durrett and Levin, 1996; Ney-Nifle and Mangel,
1999]andspecies-habitatprinciple [NossandMur-
phy, 1995]. But many local (restricted)small de-
structions should be eqally critical to the endan-
geredspecies.

Habitatdestruction bymanis thefastestof Through
out theevolutionaryhistoryof life, habitatdestruc-
tion by man is the fastestand strongestdamages
on naturalecosystems.The most importantcause
of extinction in the presentdaysshouldbe habitat
destructiondirectly or not directly. [Frankel and
Soule,1981] This implies that the causal relation
betweenspeciesextinction andlocal destructionof
habitatis verycomplicated.It maybeimpossibleto
know theorigin of theextinction becauseof “the in-
directeffect” [Yodzis,1988;Pimm,1993;Tainaka,
1994;Schmitz,1997]. The purposeof the present
article is to illustratesuchan indirect relationbe-
tweenextinction andhabitatdestruction.

Recently, co-workersin our laboratorypresenteda
paperson “contactpercolationprocess”[Tao et al.,
1999]. In this work, the contactprocess[Harris,
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1974;Liggett,1985,1994],whichdenotesbirthand
deathprocessesof a singlespeciesX, wascarried
out on a partially destroyed lattice. The destroyed
sites,or barriers, are locatedon the boundary be-
tweenneighboring lattice sites,andthey represent
local destructionof habitat. The reproduction of
X is prohibited by barriers. With the increasein
the numberof barriers,the steady-statedensityof
X is decreased,andeventuallyX becomes extinct.
Namely, this systemexhibited a phasetransition
betweena phasewherethe speciessurvived anda
phasewhereit wasextinct. Thephaseboundarybe-
tweensurvival andextinct phaseswasfound to be
representedby a scalinglaw of mean-fieldtheory
(MFT). In thepresentpaper, we applythesamede-
structedlatticeto amorecomplicatedsystemwhich
containstwo kindsof species;through the interac-
tion betweenbothspecies,the effect of habitatde-
struction in this systembecomesentirely different
from thatin thecontactpercolationprocess.

2 THE MODEL

We focuson a predator-prey system[Hofbauerand
Sigmund,1988; Pacheco et al., 1997; Hanceand
Van Impe, 1998]. Considera two-dimensionallat-
ticeconsistingof twospeciesof prey (X) andpreda-
tor (Y). Eachlattice site is labeledby X, Y, or O,
where X (or Y) is the site occupiedby prey (or
predator),andO representsthevacantsite. We as-
sumethe following interaction [HofbauerandSig-
mund,1988;TainakaandFukazawa,1992;Tainaka,
1994;Satulovsky andTome,1994;Sutherlandand
Jacobs,1994]:
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The above reactionsrespectively representthepre-
dation(,.-0/ * ), reproductionof prey (- ) andthedeath
(
*21

,
*43

) of prey andpredator.

The destroyedsites, or barriers, are put on the
boundary (link) betweenneighboring lattice sites,
where the barrier meansthe local destructionof
habitat.For simplicity, we randomlyputbarriersin
sucha way thateachlink hasa barrierby theprob-
ability , . Thus, , measuresthe intensity of habitat
destruction. We assumethat the interactions(1a)
and(1b)occursbetweenadjacentlatticepoints,and
that the barrier prohibits only (1b). Namely, the
destruction only disturbs the reproductionof prey

(X); in contrastpredators(Y) receivenodirectdam-
age. It is well known in the field of physicsthat
thebarrierdistributionshowspercolation transition
[Stauffer, 1985;Sahimi,1993]. When, takesanex-
tremelysmall value,no barriersmay connectwith
eachother. On the contrary, when , takesa large
value(nearunity), almostall barriersareconnected.
Below, wecall cluster for aclumpof connectedbar-
riers, and percolation in the casethat the largest
clusterreachesthewholesizeof system.Theprob-
ability of percolationtakesa nonzerovalue,when
, exceedsa critical point ,05 ; this valueis givenby
,+57698 # : in our case(link percolation in a square
lattice). Percolationecologically meansthat the
habitatregion of speciesX maybefragmentedinto
smallsegmentsfor ,<;=, 5 .
We carry out a perturbation experiment [Paine,
1966;May, 1973;Pimm,1993;Tilman andDown-
ing,1994;Yokozawa etal., 1999]by computersim-
ulationof alatticemodel.In thispaper, weapplythe
lattice Lotka-Volterra model [Tainaka,1988;Mat-
sudaet al., 1992;Itoh andTainaka,1994]. Before
theperturbation,thesystemis assumedto stayin a
stationarystateof ,>6?8 # At time @A6?8 thebarrier
densityis jumpedfrom zeroto anonzerovalueof ,
asschematically. We recordthepopulation sizesof
bothspeciesX andY for @B;C8 .

Evolution methodof latticemodelis definedasfol-
lows:

(1) Distribute two kinds of species,X andY, over
somesquare-latticepoints in sucha way that each
point is occupiedby only oneindividual(particle).

(2) Eachreactionprocessis performedin the fol-
lowing two steps.

(i) We performa singleparticlereactions(1c) and
(1d). Chooseonesquare-latticepoint randomly;if
thepoint is occupiedby a X (or Y) particle,it will
becomeO by a probability

*D1E�GF - *23$�
.

(ii) Next, weperformtwo-bodyreaction, thatis, the
reactions(1a) and (1b). Selectone square-lattice
pointrandomly, andthenspecifyoneof thenearest-
neighborpoints. The numberof thesepoints is
calledthecoordinatenumber( H ); for square-lattice,
this is given by HI6KJ . Whenthe pair of selected
points are X and O, and when thereis no barrier
(barrier)betweenthem,thenthelatterpoint will be-
comeX by a probability - . On theotherhand,the
barriernevereffectsthepredationof Y: whenthese-
lectedpointsareX andY, theformerpointbecomes
Y. Herewe employperiodic boundaryconditions.
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(3) Repeatstep2) by L�MNL times,where LCMNL is
thetotalnumberof thesquare-latticesites.Thisstep
is calleda MonteCarlostep[Tainaka,1988,1989].
In this paper, we set LO6 � 8.8 .

(4)Repeatthestep(3) for 1000– 2000MonteCarlo
steps.

3 MEAN-FIELD THEORY

Wefirstdescribetheoreticalresultsof MFT whichis
calledLotka-Volterraequation[HofbauerandSig-
mund,1988;Takeuchi,1996].Timeevolutionin the
mean-fieldlimit( PRQ ST6�PUQVPWS ) is representedby

XP 1 6 �Y� P 1 P 3 � � - ��� � , � P 1 PUZ � * ! P 1 �[� � �+�
XP 3 6 � P 1 P 3 � *43 P 3Y� � � �&�

where P 1 , P 3 and PWZ aredensitiesof X, Y andO,

respectively ( P(Z=6 � � P 1 � P 3 ), andthedotsde-
notethederivativeswith respectto thetime @ which
is measuredby the Monte Carlo step [Tainaka,
1988,1989]. In the above equations,the effect of
barrierconnection(clusterformation)is neglected;
thefactor

� � , in (2a)denotestheprobability that
the barrier is absent. This factor can be obtained
from the cordinatenumber H which is the number
of nearestneighbors ( H\6�J for squarelattice). The
effective coordinatenumber]?H[; whichtakesinto
accounttheeffectof barrier. Themeanvalue ]?H�;
averagingover H canbeobtainedby

]^H�;�6
_

`
acb H
J
H

�
� � , � ` , _2d ` #

It follows ]eH<;�6fJ ��� � , �g# Thus,theprobability
that the barrieris absentis given by ]hHN;hi J=6��� � , � .
Thedensitiesof both P 1 and P 3 reachthestation-
aryvalues.When

* ] � , they areexpressedby

P 1 6
* 3
� � P 3 6 - ��� � , �
��� � � 'j � � 'j �&k b d ��l ��Y� - ��� � , �

#
�nmU�

When
* ; � , we have P 1 6 �

and P 3 6o8 .
Accordingto thelinearstability analysis[Hofbauer
andSigmund,1988], the steady-statedensities (3)
arestablein thecase

* ] � . Hence,we cananswer
theresultof theperturbation experiment.Justafter

Figure 1: An example of population dynamicsfor
the lattice model (

� 8.8pM � 8q8 ). The time depen-
denceof both speciesX and Y are shown, where
the appliedperturbation is that the barrierdensity
, is jumped from zero to 0.2. We put -K6r8 # : ,*41 6s8 # 8 : and

*q3 6t8 # u . Perturbation startsat
t=0.

Figure 2: SameasFig. 1, but the resultof MFT.
Perturbationstartsat t=0.

the perturbation, the abundanceof prey X always
decreases(short-termresponse),but thesteady-state
densityof X is unchangedby , ; duringa long pe-
riod, theprey populationrecoversthesamedensity
asbeforetheperturbation (long-termresponse).On
the otherhand,thesteady-statedensityof Y is de-
creased with increasing, . Note that Y never be-
comesextinct for any valueof , (8v]=,w] �

).

4 SIMULATION RESULTS

We describethe resultof perturbation experiments
in the lattice model. Before the perturbation, the
systemis assumed to be in a stationarystate.After
the perturbation, the systemchangesinto the other
stationarystate.In Fig. 1, a typicalexampleof time
dependenceof densitiesof both speciesis plotted,
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wherethevalueof , is jumpedfrom 0 to 0.2at time
@x6y8 . Justafter this perturbation, the prey X de-
creases, but later, it increasesin a new stationary
state. Fig. 2 shows the resultof meanfield theory
is alsodepicted.Thetheorypredictsthattheprey X
increasesin anew stationarystateafterit decreases.
In Fig. 3, typical spatialpatternsin stationarystate
are illustratedfor several valuesof , . It is found
thatthesteady-statedensityof Y decreaseswith in-
creasing, ; in particular, Y becomesextinct for large
valuesof , . Figures4 and5 show theplotsof densi-
tiesof bothspeciesX andY in thestationarystates
for variousvalueof , , wheretheresultsof MFT is
alsodepicted. The lattice model in Figs. 4 and5
revealsthefollowing results:

i) With theincreaseof barrierdensity, , thedensity
P 3 of predatordecreases. Especially, when
,<;p,Dz , thepredatorbecomesextinct.

ii) The prey density P 1 increaseswith , , and it
takesthe maximumvalueat ,^6e, z . When
,<;p, z , theprey densityconversely decreases
with , .

The speciesY goesextinct, even though it suffers
no direct damageby barriers,andthereexist a lot
of prey. Moreover, we find from Figs. 4 and5 that
thedensityP 1 (or P 3 ) for thelatticemodelis much
larger(or smaller)thanthatpredictedby MFT.

WhenthespeciesY becomesextinct (,{;f,.z ), our
system(1) is representedonly by reaction (1b). It
is thereforethoughtthat the prey (X) occupiesthe
wholelattice points. Nevertheless,this argumentis
not true: X cannotincreases,sincethe fragmenta-
tionof habitatof X becomesseverefor a largevalue
of , . In particular, when , exceedsthepercolation
transition , 5 (, 5 6 � i � ), theprey X is enclosedin
smallsegments. Hence,the prey densitydecreases
with increasing, (Fig. 4). In thetheory(MFT), the
effect of fragmentationis not takeninto account.

5 CONCLUSION

In summary, we have developeda model ecosys-
tem consistingof prey X andpredatorY. The de-
stroyedsitesor barriersrepresentsthelocaldestruc-
tion of habitatas introducedin the contactperco-
lation process[Tao et al., 1999]. The systemin
the presentarticle exhibits an extinction dueto in-
direct effect: althoughpredatorssuffer no direct
damageby thedestruction,they go extinct. In both
casesof the presentmodelandcontactpercolation
process,the barriers give the same influence on

Figure 3: Typical spatialpatternsof lattice model
for variousvaluesof , (-^6|8 # : ,

*}1 6|8 # 8 : and*43 6O8 # u ). Thegrey andblackmeanthesitesoccu-
piedby X andY, respectively; andthewhite repre-
sentsthevacantsite(O).

Figure 4: The steady-statedensityof speciesX is
plottedagainstthebarrierdensity, (-w6�8 # : ,

* 1 6
8 # 8 : and

* 3 6�8 # u ). The theoreticalresultsof the
MFT is alsoshown. Eachplot is obtainedby the
long-timeaveragein thestationarystate(� 8q8�]p@Y~� 8.8.8 ) with

� 8q8\M � 8.8 lattice.
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Figure 5: SameasFig. 4, but thevertical axisde-
notesthesteady-statedensityof speciesY.

theshort-termresponseof speciesX. However, the
long-termeffectof barriersareentirelydifferentbe-
tweenbothmodels:in thecontactpercolationpro-
cess,the steady-statedensityof X was intuitively
decreased by the increaseof the numberof barri-
ers. On the otherhand,in the caseof the present
model, an initial damageand suppressionof prey
X may later leadto enhancement of theprey popu-
lation; the steady-statedensityof X increaseswith
, (seeFig. 4 for ,^]�, z ). In this article, we put
->6�8 # : ,

* 1 6�8 # 8 : and
* 3 6�8 # u . For otherval-

uesof parameters- and
*
, thespeciesY (X) usually

decreases (increases).The MFT never sufficiently
explain resultsof oursimulation.

In the absenceof predators(,9;�,}z ), prey con-
verselydecrease.This result is relatedto the per-
colation transition [Stauffer, 1985;Sahimi,1993].
When , takesan extremely small value, no barri-
ersmay connectwith each other. On the contrary,
when , takesa large value,almostall barriersare
connected.The probability of percolationtakesa
nonzerovalue,when, exceedsa transitionpoint , 5 ;
, 5 6?8 # : in our lattice. With increasing, , theprey
X is thereforeenclosedin smallsegments(seeFig.
3). In particular, , exceeds the percolationtransi-
tion , 5 (, 5 6 � i � ), thehabitatregionof X becomes
small. Hence,the prey densitydecreaseswith in-
creasing, (Fig. 4). In the system(1), the death
processof X is ignored. If we introducethe death
of X, thenthisspeciesmaygoextinct for ,<;N, 5 .
The extinction of predator(Y) observed in simula-
tionthought tobeunderstoodby thefollowingargu-
ment:TheonlywaythatspeciesY mayreproduceis
byconsumingX. A domaincontainingonlyY isun-
stable,dueto thedeathof predators[reaction(1c)].
The speciesY will eventuallydie out, unlessthere
is an influx of prey (X) into theregion. As theden-

sity , of barriersincreases,suchan influx thought
to becomeimpossible,andY goesextinct. How-
ever, this argumentis not completelycorrect,since
the steady-statedensityof prey increaseswith the
increaseof , . More refinedtheoriesandarguments
arenecessary to explain theextinction of Y.

Sofar, weconsideredthepressperturbation thatthe
barrier density is jumpedfrom zero to a nonzero
value of , . Now we can considermore general
cases; namely, , is increasedfrom , b to , j . If
, b ]9, z ]9, j is satisfied,thenthe speciesY be-
comesextinct; nomatterhow thedifference, j � , b
is small,theextinctionoccurs.Whenthereis anen-
dangeredspecies,it maybecomeextinct by a slight
perturbation to its habitat.

In conclusion,we emphasizethat the approaches
of modelingandsimulation areusefulto studythe
real relationshipsbetweenhabitatdestruction and
speciesextinction. At leastwecancountthefollow-
ing threeadvantagesof the presentapproachover
empiricalstudies:(i) in our caseof theoryor sim-
ulation, we have foundthetruecauseof extinction;
in thepresentwork, Y goesextinct by the increase
of , . In wild habitats,however, no onemaybelieve
suchanindirecteffect, sincetheprey populationin-
creases. (ii) in realecosystems,it takesa very long
timetoknow thelong-termresponse.(iii) wecannot
carryoutrealexperimentsof extinction,if speciesis
to beconverved.

As we show, indirect extinction is easily happen
in a simple ecosystem. Real ecosystemsare far
morecomplex thanany ecosystemmodels. How-
ever, the basic principle should be same in any
ecosystem.Our resultssuggestthat indirecteffects
may play an important role in habitatdestruction.
Many known unexpectedextinction may be dueto
suchan indirect effect in an ecosystem.Therefore,
we shouldkeepin mind that the conservation of a
species(especiallyanendangeredspecies)maynot
be achieved without the conservation of the whole
ecosystemin which the speciesinhabits. Thuswe
statethat the conservation of the entireecosystem
is theonly certainmethodof conservingthespecies
inhabiting in it.
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