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Abstract: Habitatdestructioris oneof the primary cause of speciesxtinctionin recenthistor. Evenif the
destructia is restrictedto a local andsmall area,its acaumulation increasegherisk of extinction. To study
localdestructia of habitat,we presentlatticeecosystentomposedf prey (X) andpredator(Y). Thissystem
correspond$o alattice versionof the Lotka-Volterramodel,whereinteradion is allowed betweemeighboing
lattice points. The lattice is partly destroyedand destructedsitesor barriersare randomlylocatedbetween
adjacentattice pointswith the probabiity p. The barrierinterruptsthe reproductiorof X, but the speciesy
suffers no direct damageby barriers. This systemexhibits an extinction dueto an indirect effect: whenthe
densityp of barriersincreasesthe speciesy goesextinct. Onthe otherhand,aninitial suppressiomf X may
laterleadto theincreaseof X. The predatorY decrease spiteof theincreaseof X. Theseresultscannotbe
explainedby a mean-fieldheorysuchastheLotka-\oblterraequation We discusghatendangeredpeciesnay
becomeextinct by a slight perturbatio to their habitat.
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1 INTRODUCTION the species. The effects of habitat destructios
have beenstudiedempirically or theorettally, e.g.,
species-areaurves[MacArthur andWilson, 1967;

Human beingshave variousinfluenceson natural X .
Durrett and Levin, 1996; Ney-Nifle and Mangel,

ecosystems.Suchinfluencesoften causethe loss

of biodiversity In recentyears,lossof biodiversity
becomeoneof themostimportantissuesn ecology
andconserationbiology, asaglobalervironmental
probkem.

In ecologicalstudiesof endangeredpecies,over-
huning was consideredas a mostimportantfac-
tor of extinction. [Wilson, 1992; Soule, 1987,
Batabyal,1998] However, recently environmental
andhabitatdestructiorwasrealizedto beanequally
impor@ant factor causingextinction. [Soule,1986;
FrankelandSoule, 1981;Soule,1987]Furthermore,
such habitat destrucita has no possiblity of re-
covery for endangeredpecieainlesshedestructed
habitatis recontructedhatis currentlyalmostim-
possibé. [Frankeland Soule,1981; Soule,1987]

We alsorecognizeghatnaturalhabitats/ecosystems

onthe earthhave beenalreadycompletelymodified
andin a sensedestructedn part, even in the deep
forestsof Amazonor ice fields of the North Pole.
[Soule,1986;FrankelandSoule, 1981;Soule,1987]

Global habitatdestructio is always damagingto
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1999]andspecies-habitgtrinciple [NossandMur-
phy, 1995]. But mary local (restricted)small de-
structiors should be eqally critical to the endan-
geredspecies.

Habitatdestructio by manis thefastesof Through
out the evolutionary history of life, habitatdestruc-
tion by man is the fastestand strongestdamages
on naturalecosystems.The mostimportantcause
of extinction in the presentdaysshouldbe habitat
destructiondirectly or not directly [Frankeland
Soule,1981] This implies that the causa relation
betweenspeciesextinction andlocal destructiorof
habitatis very complicated It maybeimpossibleto
know theorigin of theextinction becausef “the in-
directeffect” [Yodzis,1988;Pimm,1993;Tainaka,
1994; Schmitz,1997]. The purposeof the present
article is to illustratesuch an indirect relation be-
tweenextinction andhabitatdestruction.

Recently co-workersin our laboratorypresentedh
paperson “contact percolationprocess”[Ro et al.,
1999]. In this work, the contactprocess[Harris,



1974;Liggett, 1985,1994],which denotedirth and
deathprocesse®f a single speciesx, was carried
out on a partially destrod lattice. The destroyed
sites,or barriers, are locatedon the boundhry be-
tweenneighbonng lattice sites,andthey represent
local destructionof habitat. The reproducion of
X is prohbited by barriers. With the increasein
the numberof barriers,the steady-statelensityof
X is decreaed,andeventually X become extinct.
Namely this systemexhibited a phasetransitbn
betweena phasewherethe speciessurvived and a
phasewhereit wasextinct. Thephaseboundarybe-
tweensurvival and extinct phasesvasfoundto be
representedy a scalinglaw of mean-fieldtheory
(MFT). In the presenpaper we applythe samede-
structedattice to amorecomplicatedsystemwhich
containstwo kinds of speciesthroud the interac-
tion betweenboth speciesthe effect of habitatde-
structbn in this systembecomesentirely different
from thatin the contactpercolatiorprocess.

2 THEMODEL

We focuson a predatosprey system[Hofbauerand
Sigmund,1988; Pacheo et al., 1997; Hanceand
Van Impe, 1998]. Considera two-dmensionallat-
tice consisting of two specief prey (X) andpreda-
tor (Y). Eachlattice site is labeledby X, Y, or O,
where X (or Y) is the site occupiedby prey (or
predator)and O representshe vacantsite. We as-
sumethe following interadion [Hofbauerand Sig-
mund,1988;TainakaandFukazava, 1992;Tainaka,
1994; Satulosrsky and Tome, 1994; Sutherlandand
Jacobs1994]:

X+Y 2749y, (1a)
X+0 52X, (1b)
X % 0. (1c)
Y % 0. (1d)

The above reactionsrespectiely representhe pre-
dation(pred), reproductnof prey (r) andthedeath
(dx,dy) of prey andpredator

The destroyedsites, or barriers, are put on the
bounary (link) betweenneighbeing lattice sites,
where the barrier meansthe local destructionof
habitat.For simplicity, we randomlyputbarriersin
sucha way thateachlink hasa barrierby the prob-
ability p. Thus,p measureshe intensiy of habitat
destructio. We assumethat the interactions(1a)
and(1b)occursbetweeradjacentattice points,and
that the barrier prohilits only (1b). Namely the
destructia only disturts the reproductionof prey
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(X); in contraspredatorgY) receve nodirectdam-
age. It is well known in the field of physicsthat
thebarrierdistribution showvs percolation transition
[Staufer, 1985;Sahimi,1993] Whenp takesanex-
tremely small value, no barriersmay connectwith
eachother On the contrary whenp takesa large
value(nearunity), almostall barriersareconnected.
Below, we call cluster for aclumpof connectedbar
riers, and percolation in the casethat the largest
clusterreacheghewhole sizeof system.The prob-
ability of percolationtakesa nonzerovalue,when
p exceedsa critical point p.; this valueis given by
p. = 0.5 in our case(link percolation in a square
lattice). Percolationecologically meansthat the
habitatregion of speciesX maybe fragmentednto
smallsggmentsfor p > p..

We carry out a perturbatn experiment [Paine,
1966;May, 1973;Pimm, 1993;Tilman and Down-
ing, 1994;Yokozava etal., 1999]by computersim-
ulationof alatticemodel. In thispaperweapplythe
lattice Lotka-\blterra model [Tainaka,1988; Mat-
sudaet al., 1992;Itoh and Tainaka,1994]. Before
the perturlation, the systemis assumedo stayin a
stationarystateof p = 0. At time ¢t = 0 the barrier
densityis jumpedfrom zeroto anonzerovalueof p
asschematicallyWe recordthe populaton sizesof
bothspeciesX andY for¢ > 0.

Evolution methodof lattice modelis definedasfol-
lows:

(1) Distribute two kinds of species X andY, over
somesquare-latticgpoints in sucha way thatead
pointis occupiedby only oneindividual (particle).

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

(i) We performa single particlereactions(1c) and
(1d). Chooseonesquare-latticgpoint randomly;if
the pointis occupiedby a X (or Y) particle,it will
becomeO by a probabiity dx (ordy).

(i) Next, we performtwo-body readion, thatis, the
reactions(la) and (1b). Selectone square-lattice
pointrandomly andthenspecifyoneof thenearest-
neighborpoins. The numberof thesepoins is
calledthe coordiratenumber(z); for square-lattice,
thisis givenby z = 4. Whenthe pair of selected
point are X and O, and when thereis no barrier
(barrier)betweerthem,thenthelatterpoirt will be-
comeX by a probabiity . Onthe otherhand,the
barriernever effectsthepredatiorof Y: whenthese-
lectedpoins areX andY, theformerpointbecomes
Y. Herewe employperiodt boundaryconditins.



(3) Repeatstep2) by L x L times,whereL x L is
thetotalnumberof thesquare-latticsites. Thisstep
is calleda Monte Carlostep[Tainaka,1988,1989].
In this paperwe setL = 100.

(4) Repeathestep(3) for 1000—2000MonteCarlo
steps.

3 MEAN-FIELD THEORY

Wefirstdescribeaheoreticatesultsof MFT whichis
called Lotka-\blterra equation[Hofbauerand Sig-
mund,1988;Takeuchi,1996]. Time evolutionin the
mean-fieldimit(#; = P P)) is representety

PX = 72P)(PY + 2’!‘(1 *p)PXPO - dXP)(, (20,)

Py =2PxPy — dypy, (2b)

wherePx, Py and Py aredensitieof X, Y andO,

respectiely (Po = 1 — Px — Py), andthedotsde-
notethederivativeswith respecto thetime¢ which

is measuredby the Monte Carlo step [Tainaka,
1988,1989]. In the above equationsthe effect of

barrierconnection(clusterformation)is neglected;
thefactor1 — p in (2a) denoteghe probabiity that

the barrieris absent. This factor can be obtained
from the cordinatenumberz which is the number
of nearesneighbes (» = 4 for squardattice). The
effective coordinatenumber< z > whichtakesinto

accountheeffectof barrier Themeanvalue< z >

averagingover z canbeobtainedby

4
<z>= Zz (j) (1 —p)*p*==.
z=1

It follows < z >= 4(1 — p). Thus,the probabiity
thatthe barrieris absentis givenby < z > /4 =

(1-p).

Thedensitieof both Px and Py reachthe station-
aryvalues.Whend < 2, they areexpressedy

dy r(l=p)(1 - % - 505)
2’ o 1+7(1—p) '

(3)

Whend > 2, we have Px = 1 and Py = 0.
Accordingto thelinearstability analysigHofbauer
and Sigmund,1988], the steady-statelensites (3)
arestablein thecased < 2. Hence,we cananswer
theresultof the perturbatio experiment. Justafter
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Figure 1: An example of populaton dynamicsfor
the lattice model (100 x 100). The time depen-
denceof both speciesX andY are showvn, where
the applied perturbatia is that the barrier density
p is jumpedfrom zeroto 0.2. We putr = 0.5,
dx = 0.05 anddy = 0.6. Perturbatn startsat
t=0.
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Figure 2: SameasFig. 1, but the resultof MFT.
Perturbatiorstartsat t=0.

the perturbatbn, the abundanceof prey X always
decreass(short-ternresponselhutthesteady-state
densityof X is unchangedy p; duringa long pe-
riod, the prey popubtionrecosersthe samedensity
asbeforetheperturbatio (long-termresponse)On
the otherhand,the steady-statelensityof Y is de-
creasé with increasingp. NotethatVY never be-
comesextinct for ary valueof p (0 < p < 1).

4 SIMULATION RESULTS

We describethe resultof perturbatbn experiments
in the lattice model. Before the perturlation, the
systemis assumd to bein a stationarystate. After
the perturbaibn, the systemchangesnto the other
stationarystate.In Fig. 1, atypicalexampleof time
dependencef densitiesof both speciess plotted,



wherethevalueof p is jumpedfrom Oto 0.2attime
t = 0. Justafterthis perturlation, the prey X de-
creaseshbut later, it increasesn a new stationary
state. Fig. 2 shaws the resultof meanfield theory
is alsodepicted.Thetheorypredictsthattheprey X
increasedn anew stationarystateafterit decreases
In Fig. 3, typical spatialpatterndn stationarystate
are illustratedfor several valuesof p. It is found
thatthe steady-statdensityof Y decreasswith in-
creasing; in particular Y becomesxtinct for large
valuesof p. Figures4 and5 shaw theplots of densi-
tiesof bothspeciesX andY in the stationarystates
for variousvalueof p, wherethe resultsof MFT is
alsodepicted. The lattice modelin Figs. 4 and5
revealsthefollowing results:

i) With theincreasef barrierdensityp, thedensity
Py of predatordecreaes. Especially when
p > po, thepredatotbecomesxtinct.

ii) The prey density Px increaseswith p, andit
takesthe maximumvalueatp = py,. When
p > po, theprey densitycorversdy decrease
with p.

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

Whenthe speciesY becomesextinct (p > pg), our
system(1) is representeanly by readion (1b). It

is thereforethoughtthat the prey (X) occupiesthe

wholelattice points. Neverthelessthis agumentis

nottrue: X cannotincreasessincethe fragmenta-
tion of habitatof X become severefor alargevalue
of p. In particular whenp exceedsthe percolation
transiton p. (p. = 1/2), theprey X is enclosedn

smallsggments. Hence,the prey densitydecreasge
with increasing (Fig. 4). In thetheory(MFT), the
effect of fragmentations nottakeninto account.

5 CONCLUSION

In summary we have developeda model ecosys-
tem consistingof prey X andpredatorY. The de-
stroyedsitesor barriersrepresentthelocal destruc-
tion of habitatasintroducedin the contactperco-
lation process[Tao et al., 1999]. The systemin
the presentarticle exhibits an extinction dueto in-
direct effect: although predatorssuffer no direct
damageby the destructionthey go extinct. In both
casesof the presentmodeland contactpercolation
process,the barriers give the same influence on
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Figure 3: Typical spatialpatternsof lattice model
for variousvaluesof p (r = 0.5, dx = 0.05 and
dy = 0.6). Thegrey andblackmeanthesitesoccu-
piedby X andY, respetively; andthewhite repre-
sentghevacantsite (O).
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Figure 4: The steady-statelensityof speciesX is
plotted againsthe barrierdensityp (r = 0.5, dx =
0.05 anddy = 0.6). The theoreticalresultsof the
MFT is alsoshovn. Eachplot is obtainedby the
long-ime averagein thestationarystate(200 < t <
1000) with 100 x 100 lattice.
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Figure 5: SameasFig. 4, but the vertical axisde-
notesthe steady-stateensityof speciesy.

the short-termresponsef speciesX. However, the

longtermeffect of barriersareentirelydifferentbe-

tweenboth models:in the contactpercolationpro-

cess,the steady-state@lensityof X was intuitively

decrease by the increaseof the numberof barri-

ers. On the other hand,in the caseof the present
model, an initial damageand suppressiorof prey

X may laterleadto enhancemat of the prey popu-
lation; the steady-statelensityof X increasesith

p (seeFig. 4 for p < pg). In this article, we put

r = 0.5, dx = 0.05 anddy = 0.6. For otherval-

uesof parameersr andd, thespeciesy (X) usually
decreasse (increases).The MFT never sufficiently
explain resultsof our simulation

In the absenceof predators(p > pg), prey con-

verselydecrease.This resultis relatedto the per

colationtransiton [Staufer, 1985; Sahimi, 1993].

Whenp takesan extremely small value, no barri-

ersmay connectwith eac other On the contrary

whenyp takesa large value, almostall barriersare
connected. The probabiity of percolationtakesa

nonzerovalue,whenp exceedsatransiton pointp,;

pe = 0.5 in our lattice. With increasing, the prey

X is thereforeenclosedn small segments(seeFig.

3). In particular p exceeds the percolationtransi-
tionp. (p. = 1/2), thehabitatregion of X becomes
small. Hence,the prey densitydecreaeswith in-

creasingp (Fig. 4). In the system(1), the death
processof X is ignored. If we introducethe death
of X, thenthis speciegnaygo extinctfor p > p..

The extinction of predator(Y) obsenedin simula-
tionthough to beunderstoodby thefollowing argu-

ment: Theonly waythatspeciesy mayreproduces
by consumingX. A domaincontainingonly Y isun-
stable,dueto the deathof predatorgreaction(1c)].
The speciesY will eventuallydie out, unlessthere
is aninflux of prey (X) into theregion. As theden-
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sity p of barriersincreasessuchan influx thowght

to becomeimpossible,andY goesextinct. How-

ever, this algumentis not completelycorrect,since
the steady-state&ensityof prey increaseswith the

increaseof p. More refinedtheoriesandarguments
arenecessgy to explaintheextinction of Y.

Sofar, we consideredhepressperturbatbn thatthe
barrier densityis jumpedfrom zero to a nonzero
value of p. Now we can considermore general
cases; namely p is increasedfrom p; to po. If
p1 < po < po is satisfied,thenthe speciesY be-
comesextinct; no matterhow thedifferenceps — pq
is small,theextinction occurs.Whenthereis anen-
dangeredspeciesjt may becomeextinct by a slight
perturbatbnto its habitat.

In conclusion,we emphasizethat the approaches
of modelingand simulatbn are usefulto studythe
real relatiorships betweenhabitatdestructio and
speciesxtinction. At leastwe cancountthefollow-
ing three advantagesf the presentapproachover
empirical studies: (i) in our caseof theoryor sim-
ulation we have foundthetrue causeof extinction;
in the presentwork, Y goesextinct by the increase
of p. In wild habitatshowever, no onemay believe
suchanindirecteffect, sincethe prey populatonin-
creasa. (ii) in realecosystemst takesa very long
timeto know thelongtermresponse(iii) we cannot
carryoutrealexperimentof extinction,if speciess
to becorvened.

As we shaw, indirect extinction is easily happen
in a simple ecosystem. Real ecosystemsare far
more complex thanary ecosystenmmodels. How-
ever, the basic principle should be samein ary
ecosystemOur resultssuggesthatindirecteffects
may play an impor@antrole in habitatdestructio.
Many known unexpectedextinction may be dueto
suchanindirect effectin an ecosystemTherefore,
we shouldkeepin mind thatthe conseration of a
speciegespeciallyan endangeredpecies)nay not
be achiesed without the conseration of the whole
ecosystenin which the speciesnhabits. Thuswe
statethat the conseration of the entire ecosystem
is theonly certainmethodof conservinghespecies
inhabiing in it.
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