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ABSTRACT

This chapter reviews recent advances in understanding how stochastic
dernographic and genetic factors affect population virbility, defined by
the probability of extinction during a given time interval. Stochastic
fluctuations in population growth rate not clnly cause chance extinctions;
they also produce a curnulative deterrninistic component that tends to
decrease populations and drive them toward extinction. Environmental
stochasticity decreases the long-run grolvth rirte of a population when
it is below carrying capacity, and dernographic stochasticity can create
a type of Allee efTect or unstable equilibrium at small population size
below which most population trajectories clecline torvard extinction. In
fragmented habitats, the regional dynamics of zr metapopulation inter-
acts with the stochastic dynamics of local populations. For territorial
species, there exists an extinction threshold or minimum proportion of
suitable habitat necessary for rnetnpopulation persistence. For nonterri-
torial species, habitat occupancy and rnetapopulation persistence de-
pend strongly on the "rescue effect" and the "establishment efhct,"
whereby irnmigrants to local populations clecrease the rate of local ex-
tinction and increase the probability of successful colonization. Positive
temporal and spatial autocorrelations of population fluctuations increase
the risk of extinction. These autocorrelations depend on the temporal
and spatial scales of enr,'ironmental stochasticity ancl on the species' life
history and dispersal pattern. Genetic stochasticity dne to finite popula-
tion size rrlso produces deterministic or erverage recluction of genetic
variance and adaptive potential, and ioss of fitness through inbreeding
depression and accumulation of ner,v rnildly cleleterious rnuti.rtions. The
probability distribution of extinction times has an initial lag befbre a

charracteristic rate of extinction is achieved, ',vhich suggests that popula-
tion viability analyses should consider tirne frnrnes longer than the typi-
cal 100-year limit clictated by political erncl legal cor-rsiclerations, espe-
cially for species rvith long generations.

I thank I. Hanski frrr cliscrrssiou, and S. Errgen anrl ll.-8. S.ether lor cornrnelts on t[e rniulr-

script. This rvork',vas srrpportetl bv NSF grrurt DEB 9fJ06i163.
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\ll lrolrrtirrtiorrs {lrrt'tuitt('sIcllurstit'rrllr. u'itlr <'ot'{'[iticrris o['rrrriirtiorr irr

',,,',,,,,i 
L'('ttstls sizt's ttstlilll\ trr tlrt' ,',,,,gr.'r,l'lrl,orrt l0 to S0% (Pirrrrrr

lll1ll '. Stocltltstir'Ilrrt'trrlrtir,,,rr.',,,rrlrirc lr pollrrllttiorr or spt'c'it's to crtinc-
tiou t'tctt rt'ltt'tt its t'.r1lt't'tt'tI grorvtlr t'ittt'is llositirt'rrt ltoprrlirtiorr sizes

l,t'lorr r';tt't'r irrg t'rtllrt<'itr. l'ollou'in,l Slr;rl'fi'r' ( l0,S I ). lloprrlatiorr vi:rlrilitv
i: gt'rrlrrtlh tlt'[irrctl irr tt't'rrrs o{'tlrr' 1r'ollilrilitr ol't'rtirri:tiorr n'itlrirr a

spr.r'ifictl tirrrt'irttct'r'rtl. SlritlIr'r <lt's<'r'ilrt'rl stoclrirstic lirc.tors ol rk'rrrogra-
pll rrtttl gcrtt'tic's tlrat c'otttribrrtt' to crtirrctiorr risli. "l)errrogrrqtIric sto-
r.lrrrsticitr" is c'iutst'tl lrv t'iurtlorn rru'iatiorr irr iruliri<[rral fitrrr.ss thirt is in-
tk,pt'rrtlt'rtt ilrlorlg irrtlir irlrurls. 'l'lris prrxhrr,t s riurrlorrr {lrrc,tuatiorr,s irr
nl('iul Iitrrt'ss or prrllttllttiort grrnvtlr rirtt' Llrrrt :ut irnt,rst'l.l, proprlrtiorral
i(, l)(,1)ltltttit,tt siz.t'. "lilrr it'()lulr('lltirl stot'lritstic'it\ " r'irrrsr.'tl lrr t-,lrrrrrgt's irr

lrlnsit'rrl or lriologicitl liLctors lf'li'cts tlu' litneis ol'lll irrtlivirlull.s in a

poptrlutirttt itt it sirnilitr litslriorr. Tlris prrlrhrc.t's nuxkrrrr fhrctrrirtiotrs irr
poltttlittiott gt'ou'tlt t'ittt' t't'grtt'rllt'ss ol'lloprrlrrtiorr sizt'. Oat:rstroplres rrre
lrcltl,'tt c'ollltllst's irr poprrlrrtiorr sizt', cirtrst'rl llv e.rtrtrrrr- r,rn-ironrrrc,rrtiil
t'rt'ttts sttc'lt its tlrotrglrt.s. llootls. fin's. iurrI cltiil,'rrric.s. oftt'rr u'ith 1srrb-
strLtttirtl t'ittttlottt ('onrlx)n('rrt irt tirrtt' oc'c'llrrc.nc't' (\ilrrrrg l9tl4), its g'ell
ir\ l)ossil)l('pt'r'iotlic'c'orlrponcnts (lJcissirrgt.r [9t)5). Shaf]i'r (1987) Lrter
irrclrrtlt'tIt'iutr[ottt c'irtustt'o1llr('s irs tht. rrp;;t'r ttil of'rr <listrilrrrtiorr ol't'nvi-
lorrrrrt'rrttl stoc'lurstic,itr' (<,1. l,lrlr arrrl llovc,r' t999).

( icrtt'tit'sto<'lntstic'itt irr [irritt' llr,prrllttions. rrlso lirrourr rrs rarrtlorrr gr,-
rrt'tit'th'ilt. t'rrtitils t'ltttlorr clrutgt's irr gt'rrc'l'r't'rlrerrc,it's c,iursctl lloth lrt'
trtt'irttlct'irr fitrrrilr size's urttl lx'\lt'rrtlt,liurr st,gn'qirtiorr ol ,rllelt,s fU'riglit
llXjS): (ltrxr' ,ttttI Kitntu'ir tst;rlt I'rrrticrrlurh' iri srrrall populations, irr-
l,rt't'tlitrg tlttt'to tttrtting Ilt'tu't't'rr rt'lirtetl irrtlivitlr,,,l, 1rr.,,[,u.,,s,, r11rl9pr
l,,ss ol'irllt'lt's iLrttI iI t't'tlttc'tiott o['gcru'tic r rrrirur('t rerlrrirt-<l Iirr arlaptir,t
,'t t,ltttiort, Irtlrttt'tlirrg ()n ir\'('rirgt' irrt'rt'irst's tlu' lrorrrozvgositr, ,lf piec,x-
istirrq. prtrtialh t't't't'ssivt'tlt'lt'tt'r'iorrs rrrrrt:rtions. lrrrt lx.c,lriurc,r.sorlle (.i1r
,tt'ltit'r c rrpltt't't'iitlrlt' ll't'r1ttt'ttc'it's irr srrnrll llr,prrlrrtit.,rrs. 

'flris t.iurscs "in-
l,r','t',lirrq t[t'1lrt'ssiott." tt'ltit'lt is rrrarrileslt'<[ irs tk'<,rt,irserl inr[ivirhral ftt-
rr{'ss iitl(l lloprrlrrliort gtrxt,tlr nrtr'(llirlls iurtl lJirllorr 19,,S:l: I,'irlc.orrr.r'anrl
\lru'lirn' 199(ir | [rrslrirrrrl rurtl Sclrqrrskt' 199('i).

I lt'tt' I t't'r it's I't'c't'ttt t[t'r t'loprrtt'rrts irr nrrtk'r'stirrrtlirrg irrr<l rnorlt'lirrg
.tr tt'lntstit' lirt'tors ll'[i't'tirrg tlrc risli o1' poprrlrrtiorr ertirrr,tion. inc,lrrclirrg
l' tlrt' r't'littiortslrip lrt'ts'r'r'rr stoc'lnrstic'tk,rrrogrrrpln unrl ,\llet't'f'{'ec,t
it'.. tlrt' r't'tlrtc'tiott ol't'rpct'tt'tl gr',xvtlr lrrte irr srrurll poprrlirtiorrs), (2)

Iir,' r'olt' rr{'stot'ltrtstic lot'rtl th ttirtrtit's irr rrrt'tlrpoprrlirtion pt,r'sistt,rrct, firr
It't.t'itot'iitl ittttl rrorrlt'r'r'itorirrl sPt,r.it's. (il r tlrt' tt,r,,p,,,',rl ruttl spirtiaI sc,ales
,rl t'ttr it'tttuttt'rititl sto<'lrirsticitv irrrtl llrt' sr rrclrrorrr, o['poprrlirtiorr llrrc,trrlr-
tirrrs. rrrrtl (J) gt'rrt'tit. stoc.Iuistit,itr,. l'ss ol'rulrqrtirl. pirtt,rrtirrl rrrrrl re-
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20 Russell Lancle

chrcecl fitness in srnall p<lpulations frorn fixution of both olcl trlcl 1ew
rnuttltions. I sho'uv tliat stochastic clernographic and genetic factors have
deterministic cornpotr"nt:- or average efi'ects r,vith si!'nificernt irnpacts on
population viability. Finally, I clisctiss the probabilii distribution of ex-
tinction tirnes ancl appropriate tin-re spans for population viability analy-
sis (PVA).

Despite the importance of stochastic factors, especially in srnall
populations, it is irnportant to realize that rnost populations initially
becorne thretrtenecl or endangered because of diterrninistic 6urnan
activities caused by. human population gror,vth and economic clevelop-
tnent, primarily- habitat clestnrction attil fragmentation, overexploita-
tion,.introtlucecl species, and pollution (GroJmbridge 1gg2; caughley
1ee4).

STOCHASTIC DEMOGRAPHY AND ALLEE EFFECTS
Stochustic fluctuations in population growth rate contribute to extinction
risk for two reasons. Stochasticity not only causes ranclom encounters
with the "absorbing bou'dary"of extinction from which species cannot
return; it also has tr cttmulative tleterministic tendency to dicrease popu-
lations and clrive thern towtrrd extinction. This o"",rrc because pJp,l"-
tion grollth is fundtrmentally tr multiplicntive process, ancl the long_mn
dynamics of population size nr" gou"*ecl by the geornetric rnean gror,vth
rate. (or.expected rate of increuse of the nai.,ral l-ogarithrn of popi l*tio1
size), rvhich is always less th*n the arithmetic mein growth inte (o, e*-
pected per capita population- growth-rate). For 

"*ornil", uncler clensity-
independent growt}, when.the population is'uvell beL* c.rrying capac-
ity but large-enough to neglect.le,trog.uphic stochasticity, cl"t"rn.rinistic
population dynamics in a constant environment are described by a con-
tin'ous time 

'rodel 
in which the rate of change of population size, N,

with time, f, is given by dN/dt: ,ry,rvhere r'is the per capita growth
rate or rneern Malthusian fitness in the population. Environmenial sto-
chtrsticity causes r to fluctuute randorrtlyiniitne with a rnean F ancl envi-
ronrnental variance_oi rfe expected rate of increase of'ln N (or ..long-

mn grou,th rate") is F - o,,/2 (Tuljaprrrkar lgg2; Lancle ancl orzack lggE;
Lancle l99l]). Thus, ettvironmentJ stochasticity creates a cleterrninistic.
(rr average) decrernent in the long-ru. growth iute of a populatior. This
is rtot an artifuct of using the log scale, since sirnulatitri of stochlstic
cliscrete-time rrtorlels clernonstrates that surviving populations tencl to
grow lrtore slor,vly than the cletennini.stic rzrte thativttjcl occllr in a con-
stunt, average environment r (fig. 2.1).

D e rn ographic stochas ticity producc-s si milar e fl'ects
tions. Denoting the demographic varirrnce in inclividtral

in srnall poprrla-
fitness a.s o,1,, thc:
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Fig. 2.I Te'n simrrl:tted trajectories of a populrtion with initial size of 50 inclividrrals slbject
to denrographic ancl etrvirontnental stochasticily. Dlnarnics obey the simple cliscrete-time
nrodel ,V,*r = tr,N,, '"vhere N, is tlte poprrlrrtion size in year f. At a given poprrlation size the
ftnite rate of itlcreiue, 1,,, is (approxirnately) lognonnally distributed rvith rnean l, : l.0J arrd
viuiance o,l, + ol1/N,, rvhere oj : 0.04 is the environrnental v:rriance unrl oj : 1.0 is the de_
nrographic vtriance' Tlte lrcauy /lntt gives ttre tleternrinistic dynanrics of geornetric grorvth at
the rneltr rate 1,.'Ihe rltslrccl /inc rnarks the unstable erpilibriurn size N* belorv rvhich pop-
rrlation trtjcctories tencl to decrease nrpidly torvartl the extinctiotr bourr{ary at N = I (see
text).

variance in rnean fitness^or population growth rate, r, caulsecl by clerno-
graphic stochusticity is o:1/N. under botli demographic ancl environmen-
tal stochusticity at a given population size weilleiow cnrrying capacity,
r in tlre above rnodel fluctuutes rvith a rnean F a'cl variance 6l i o:,tw
(Leigh 1981; Lancle l9g3; stether et al. 2000). The expectecl rarte of
increaue of ln N is F - 6l/2 - oi/eN) (cf. Lande ts^gaa). Thtrs, in
aclclition to cau'sing ranclom fluctutrtions in population size, particularly
in snrall populations, cletnographic stochastic.ity also creates ,i deterrnin-
istic clecremert in th_e long-run growth rate that is inversely proPortional
to population size. with sufficient clernographic stocharstici!, ih" long_
nrn gror'r,th rate can beconre negartive in-small populations.

\,Vith both clernographic and environrnental it<ichasticiV, n generll-
ized scale trtrnsfbnnation that resernbles ln N fbr l*.g" pop,rlatiins ancl

^/ltl tut srnall populations is necessary to analyze the]rrobabilistic tend-
encies of population trajectories (Lande lFl98a). On this trlnsfblnecl

AR-Yellowstone Bison 3982



22 Russell Lande

scale, demographic
value corresponding

stochasticity creates an
to the population size

unstable equilibrium at a

N*: 6k/4

i - o?/2

Below a population size of N*, most population trajectories tend to de-
crease toward extinction. Again, this is not an artifact of the scale trans-
formation, as simulations of stochastic discrete-time models demon-
strate that populations below N* tend to decrease and become rapidly
extinct (ffg. 2.1).

The existence of an unstable equilibrium on this transformed scale

bears a close resemblance to the classical Allee effect (Allee et al. 1949).
Allee effects usually are defined as a deterministic decrease in individual
fitness (and hence a decrease in mean fttness or population growth rate)
due to a failure of cooperative interactions among individuals in small or
sparsely distributed populations. Some common mechnnisms for Allee
effects include group foraging, group defense against predators, cooper-
artive breeding, chemical or physical conditioning of the environment
(e.g., huddling for warmth during winter), and the difficulty of ftnding
mates (Courchamp et al. 1999). Genetic stochasticity in small popula-
tions also produces similar effects through inbreeding depression and
through random fluctuations in sex ratio in species with genetic sex de-

termination. Both classical Allee effects and the deterministic compo-
nents of demographic and genetic stochasticity can cause populations
below a certain size to decline rapidly to extinction.

Thus, classical Allee effects, demographic stochasticity, and genetic
stochasticity may be indistinguishtrble in terms of their effects on the
dynamics of small populations. Distinguishing them generally will re-
quire detailed studies of the behavioral, ecological, and genetic factors
af'fecting fttness in small populations. Statistical rnethods for joint esti-
mation of demographic :rnd environmental stochasticity and uncertainty
in population parameters are described in Engen et al. (1998), Kendall
(1998), and Srther et al. (1998, 2000).

METAPOPUTATIONS WIIH STOCHASTIC TOCAL DYNAMICS
Metapopulation concepts have become popular for antrlyzing the effects
of habitat fragmentation on populations in which regional persistence
is maintained by a balance betrveen local extinction and colonization
(Levins 1969, 1970; Hansh and Gilpin f997). Assuming that equivalent
patches of suitable territory are either occupied or unoccupied by a spe-
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Incorporuting Stochusticitg in pVA 23

cies. rurtl tlrat tlrer locitl extinctiotr rlte (.?) upcl t|e colrllizurticll rate (c) are
col)still)t, Levitts shorverl that the proprtrtirln of stritalrle habitat patcfies
occtrpiecl at.eqrrilibrirrur is p : L - e/c. Thrrs, regional persistince of
ir rnetttpoprrlation is possible (/ > 0) only rvhen t]re colllizartion rlte
exceecls ther localextittctirtrt rate (c ) er). Tliis 11cls1[setpelt rnetnpop.-
lation rrrotlels reveal tlrat a utetitpopulation rnary be'come extinct in ih"
preser)ce of'srritrtble habitat itntl that crrrrently uiroccupied suitable habl-
tzrt rrrin' lle critical firr Iorrg-terrrr persistence of 

" 
rp""i"r.

H,rru"u'e., ttrost tttetupopulatioi rnoclels still nrake several of'the same
sirlplifyine zrsstur-tptiorts as in the original moclel of Levins (1969, lg70).
Iqnoring the internttl tlynaniics within local populations firils to consicler
iur.y couplirrg behveen local anrl global dynarnics, which is known to be
irttportitttt through the "rcsctrer efl.ect" of inrurigrants reclucing the local
extirtctiotr rttte (Brttrvtt ancl Koclric-Brown 1977). Most rnetapopulati6n
rrtotlels conttritr no tlescription of the arnount of suitable ,rerius unsuit-
able hitbitat, r,vliich preclurles their use in preclicting eff'ects of either
contittttecl haltitat clestrtrctiort zrncl {ragrnentation or habitat irnprove-
tttt'ttt. This sectiotr reviervs trvcl rnetup<lpulation rnodels that relzrx these
sintplilltnu assttmpti<lns for territoriril species ancl nonterritorial species.

For territorial species in u4rich inclividual f'emales or rnirtecl paiis have
exclrrsive or largely nonoverlirppinu territories or horne ,,,r,gir, Llnde
( l9tj7) cleve.lopetl at utetapoprrlation rrrodel that incolporatecl life history,
irrtlivitlual clispersal llehtivior, anrl arn explicit clescription of the ,,,nor.rt
of'srritable habitat in a region. Patches o['habitat the size of incliviclual
tert'ittlries ttre rlssllntetl to be either suitallle or rutstritable fbr survival
itntl reprotlttctitlrt, ancl suittrble habitat patches rue ranclnnrly or evenly
tlistriltrrtetl over a litrge region such thaf suitable habittrt is not cl,rmpei
otr it scitle llrger tharr the flpical incliviclual dispersal distarrc". i["
proportiotr of'srritable habitat in the region is ft. Because indivicluarl ter-
t'it<lties art' itletrtifierl its ther rurit of srritable habitat, local extinction
c'ol'r('spon<ls to the tleitth of an irrrlivicltral f'enrale, ltncl colonizltion
correspolrtls to settlertttettt o1'a tlispersirrg jur.enile on ern unoccupied
suitallle tert'itoty. 'fltt' rnost lrusic rnoclel incolporirtes classical I'ernale-
lriast'rl tlerrrrogmphv rvith aqe strtrctlrre, assurlring that all fernales are
srrccessfirllv rttittecl. Jrtvetriles rlisperse prirlr to reprorhrction, ancl their
srrn'ivnl is ilensitv'-rlepenrl.,rrt, b,u'erl .r,,'tI.," probaliili.y* of'fincling a suit-
irlrle rrnoccrrpictitt'rri-tor1'arrrong a rrrrxirnun-r rru,nbe,iclf potentiil terri-
torres tlrev crrn st'iu'ch lretore rlr,ing frorrr starvation or preclation. The
llroportiotr of'srritalrle lrultitat occupietl at erltrililrrirrur takes the siprple
filrrrr

ii:l-(L-k)/lt.
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Suitable habitat, ft

Fig. 2.2 Equilibrium occupancy of suitable habitat, p, in a metapopulation rnodel for a terri-
torial species as a function of the proportion of suitable habitat, h, randornly or evenly dis-

tributed in a region, for different values of the demographic potential, ft (modiffed from

l,ande 1987).

All information on the life history and dispersal behavior is incolporated
in the composite parameter /c, termed the "demographic potential" be-
cause it gives the maximum proportion of habitat occupied at equilib-
rium in a completely suitable region (p : k when h : L). Even in a
completely suitable region, not all habitat is occupied, because some
time elapses before a territory vacated by the death of a resident female
is settled by a dispersing juvenile. As the amount of suitable habitat
decreases in the region, the equilibrium occupancy declines, evenfually
reaching an "extinction threshold" or minimum proportion of suitable
habitat necessary to sustain the population (h : L - k). For species
with high dernographic potential, the equilibrium occupancy declines
precipitously as the amount of suitable habitat decreases toward the
extinction threshold. The equilibrium population size is proportional to
the product of the amount of suitable habitat (h) and the equilibrium
occupancy of suitable habitat (P). Hence, the equilibrium population
size declines firster tharn the rate of habitat destruction until the extinc-
tion threshold is reached (fig.2.2). when habitat destmction and fras-
rnentation occur on the same time scale as the generation time of a
species,there rnay be little warning that the extinct[n threshold is being
tupproached if the decline in population size lags behind the demo-
grtrphic equilibriurn.

'1 0.8
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€

E 0.6
o
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This nretiipopulation Ino(lel for a territorial species rvas originarlly

"pqli"^,I 
to clataon the dernography ancl liabitat of the northem spotteil

oivl (Stnr ttct'iclt'ntalis courina) in the Pacific North,uvest of the Unitecl
States. It .suegested that-plans_by the U.S. govemrnent to preserve this
subspecies were seriouslv inatclequate due to excessive hab-itat clestruc-
tion trnd friigmentation. This becirrne critical scientific eviclence in litiga-
tion that eventtrally led to greatly 

-increirsecl protection of olcl-gror,ilh
forests on which this subspecies depends (Lande rg88). Subseqrrent
analy^ses using more detailed spatial infbrmation confirmecl the gerieral-
i$ of extinctio_u thresholcls in moclels of habitart fragrnentation (Doak
1989; Nee and lvlay 1992; Larnberson and carroll t-gg,3; McKelvey et
.rl. 1993; Bascornpte nncl sole 1996; Hill and caswell lggg; with and
King 1999).

Incolporating stochastic d)mamics of local populations into rneta-
population rnodels of nonterritorial species has proven rnuch more clif-
ficult. Some initial results were derived by Lancle et al. (lggg), r,vho
rnoclelecl clernographic ancl environrnental stochasticity, and stochastic
disperszrl arnorlg a finite nurnber of local populationi. rhir approach
rrllorvs local extinction ancl colonization rates to be clerived frorn local
population- dynamics and perrnits analysis of the coupling between
local populaliol dlnamics and rnetapopulzrtion cllnarnici. coupline of
local an<l global dyrzrrnics occurs becuuse increasing o"".rp*n"1iof iuit-
able habitat in the metapopulation increases the iate of irnmigration
into local populations. This procluces the rvell-kno\\m "r.escue'eft'e"t"
(Brown ancl Koclric-Brown 1977), 'uvhereby irnmigration clecrelses tfie
rtrte of loctrl extinction. It also procluces irn "establishrnent ef'fect"
(Lancle et al. 1998), r,vhereby cotrtinuecl irnmigration can greartly increase
the probability_of successfirl colonization cluring the critical iniii,rl phase,
rvhen a few indivicluals stnrggle to overcome deniographic ancl 

",ioiro.r-rnental stochasticity (fig. 2.3). These eff.ects can cornbine to create rnulti-
ple equililtritr fbr habitat occlrpancy. This inchrcles a kincl of rnetupopula-
tion Allee ellect or unstable erluilibriurn at lor,v habitat occupancy U"to*
Yhi:h the rnetapoprrlation crrnnot persist, as suggested by^Ilanski ancl
Gvllenberg ( 1993), basecl'n sirnple phenornc-rrological rnoclel.s.

Infinite rttetzrpopulation rnoclels with an trnlirniLcl number of local
pop,u]ations procluce deternrinistic cly'nanrics of habitat occupancy (Lev-
inJ1969, tgzo; Hanski zrncl Gyllerrberg lggjl). [n contrast, ftnite ,,1"inpn-
pulation rlloclels allorv estintation of the risk of n-retapopulation extinc-
tion. lly stochirstic local ertinction anrl colonizatioi. iccounting fbr
stochastic. dlnartrics 'nvithin local populations ancl the corrpling of iocal
arlcl global dp-rttrnic'"s by the rescue and establishurent efTects c,rir greatlv
increttse ntetttpopttlation viability courparecl to claxsicul rnetrrpopirlation
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o 0.2 0.4 q.6 0.8 1

Habitat occupancy, p

Fig' 2.3 Local extinction and colonization rates, e and c, as a function of the occupancy of
suitable habitat, p, in a metapopulation model for a nonterritorial species. Decrease in the
local extinction rate and increase in the c<llonization rate with increasing p (and higher
immigration into local populations) are, respectively, the rescue eff'ect and the establish-
ment effect. Expected local dynamics are logistic rvith carrying cupacity K : s0, mean
intrinsic rate of increase F = 0.01, environmental and demographc variances oj = 0.01
and o3 : 1.0, and a low individual migration rate m = 0.005 (modifietl from Lantle et al.
1998).

models that assume constant rates of local extinction and colonization
(Lande et al. 1993).

TE}IPORAI AND SPATIAI. SCATES OF ENVIRONMENTAT
sTocHASTtCtrY
Temporal and spatial autocorrelations in environmental stochasticity can
have majo: ytpi"F on population viability but often are ignorecl both

Positive temporal autocorrelation in environmental stochasticity in-
creases extinction risk, tm demonstrated by several theoretical stuclies

because of the clifffculty of estimating them from limited'data usually
available on endangered species_and b""",rr" these topics have only re'-
cently received attention.by ecologists. Autocorrelatidns begin at unity
fol.populations separated by zero ti*" and clistan"", g"n"rilty clechn!
with increTj"g time or distance, and may be negativ" ot ,o*" times or
distances. The temporal and spatial scalei of autJcorrelation in environ-
rnental stochasticity,I"!:l*ine appropriate rnethocls for modeling and
incorporating them in PVA.

0)
d
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'l'rrr-r,lli tt)77r I",rlci l{)9 t. lt)t)7r l,rrrrtlt't't:rl. ll)g5; llilrir rrrrtl [,rrrrtllrt,rg
lflfl(jr l'rtltltrlr isL rurtl Lrrrttllicrg l1)l)S).'flris o.'c'rrrs Il.c,.rr.st'lx).siti\. irrrt,-
r,orrt.liititttt 1tt'otlttcrt's t'tttts ol'\'eiu's rt'itlr corrsisterrtlv lriglr oi.krrv lloprrlit-
,i,,', g,',rrttlt t':rlcs. lirtDs,,l'r,l,tt's rritlr rrt,glrtivc groutlt r':.rtt,s c,lur tlr.ir.t, lr

lrolrrrlrrtitrtt t'rtittc't. nltt'rt'its rtuts o['veiu's u'itlr llositive grou,th rutes rrrt:
,1,,"'1,,',l,lrr rlt'trsitv tk'pt'tttlettc't'. 'l'ltt' sirrrplt,st rrrt,tluxl lirr rporlelir-rg
tt,rrrpot'rtl ittttoc'ot't't'llttirltt is to rrrrrltilrlr tlrc t'rrr irrrnrrrt'rrtirl r,:rria,,"* l,y
tlrc srrtrt ot'itttt'gt'rtl of'tlre iurtoc'orrc'lttion Iirrrc.tiorr (1'rrrt'lli lg77; Fgley
199{. l9!17: t,rttttle et rtl. lg!)5). [,'or positive arrtocorrelutiorr. this ef}'ec-
tirt'lv itict't'itst's e'ltvirottttlcrttal stochlsticitv itrrtl thi, col.responrling ex-
tirrc'tiort risli.'fhis itpptrritclt is acc'rrrate onh,if'the terrrpriral ,",,1",rf'
(,rr\il'otllllerrtrrl stoclrirsticitv is rrot,.'n, l,r,rg; otlrenr.ise, it is nercessarv
to t'rplic'itlv lrtotlt'l tlrt' tctrrltortil arrtocorrelrrtiorr irr errvir-orrrrrerrtll sto-
clntstic'itr'.

l'irrrpiricitl strrclit's of iuttocorrel:rtiorr rrsruillr,<leitl dire.ctl.y rvith poprrla-
tiott sizt'r'ittlrt'r tltiur gros,th rlte (Pirrtrrr l99ll Ilrrllev 1996) T",upu.,,l
rrtttot'ot't't'lirtiott itt.ltoptrlittiott size ciur itlso restrlt li'orrilirgs carrse'rl lry ag"
stt'ttt'tttle rrt'polirrlittiorrs ([,ant[e iurrl Orzlck lg,Sij). Strrriies rf'te'rporal
itllt(x'ol'r('l:ttiott ilt itthrlt or totitl poprrlirtion size trpic,ally rl, ',t sep,'rrate
tlrt' t'otttrilltttions ll'rtttr t'rtvirrrttuterrtitl arrtoc.orrt,lirtiori anrl lif'e liirto,v
,lor rrrr t'rceptiorr st't. Rrrtnt,r et al. tg97).

l'ositivt' sllirliitl ittttoc'orrclirtion irr euvirorrprelrtirl st6clrixticitt, also i'-
('r1'rts('s t'rtitlctiott risk. as tlt'tttottstt'ttt'tl in sirnrrlirtiorrs of'classii.iil 

'tet.-1r'Prrlrrtiorrs n,itlr sputialh' corrt'latc.rl locirl c,rtirrctiorrs (Ilarrisorr antl
(.)tlirttt l9li9; (iilllitr t990). arttl sitttttlittiorr.s ol'nrt taPoPrrlatiorrs w'ith spa-
tirrllY c'oIr't'lirte'<l t'tlvirottttterrtiil stoclrintir,itv irr loc,,i <l'r.rr,u'ics (tIeirrJ et
,rl. l!)97; llt'irlo l99tj). Tlti.s oc'crrrs bec,rris,, sl,rrc,hrrrnize:rI fhrctrrtrtions
irr tlrt'sizt's of'loc'itl poltrrLttiotts c'ause tlrt.trr to'l,t.c6rrre e.rti.ct sir'trltn-
rrt',rrsh', *'hiclr inc'r't'irses th. r'isk r1'rt'gi.rrtl rlr gl.lral ertincti.'.

Sllrttiitl rttttttc'ot'rt'littiott in lioprrlirtion sizr,. ,,r "1r,,p,,l,rtion svrrclll-()1\,,"
t','sttlts Iirrrrt ir <'orttlrittittiott o['iprrtirrl rrrrtocorrelatii,r, i,r ,'r,u-i,.,r,r,,-,.,,itul
stot'lrrLstit'itt' itrttl loc'itlizt'rl irrrlivithurl rlispt'r'sirl. St,r.t.r1l strr<lic's lu*.c. irt-
tt'rrrlltt'rl to c'Lrrif\'tlrt' relativt' c'orrtrillrrtious o['ern'irrrrrrrt,rrt.l st.c,lr:is-
tit'itr rtrrtI irrtlivitlrritl tlispersirl to poprrlrrtiou srrrclrlll'(ll.rrta t,t *1. lt)g5,
l!l!)7it'lr). ootttPitrisotts of relittr'<l specics li,ne sh,,ivrr tlrirt poprrllti6p
tr..ttc'ltt'ottt'i-s ltight'r'ort't'sltolt rlist,ui"es lirr slrt'cit'.s n,ith grerrt.r'1r,rru".,

"l tlisllt'r'sitl. 'l-lrt're olit'tr is it lortg-rlistarrr,r' c,onrponr.rrt 6f'p.p^rrlitti<l'
sr ttt'lt l'( )ll\' ot t rt .sc'irlt' nr tc'lr grf irtt,r' tlrlur the ir rrlir irliral ,lirperrul .iirt,,,.,.,..,
rr lric'lr trsrt'tllr- is tttrilrrrtt'tl to t'rrrirorrrrrt,ntrrl ,nrtocornilirtio' (lIi'rski
;rrrrl \\iriu'orl l!)11;l: Srrtc.lifli,ct rrl. tt)t)61 l-itrrlstrrrnr et irl. l996),

['ittttlt' t't irl. (1999) itttitlvzetl it poirrrlrttiorr t.orrtirrrrorrslv rlistribrrte<l
itt s1'ritt't'. rvitlt t'ttvitrrtttttt'rttitl stoc'lr:rsticitv t.rrrrst,tl l1-tt,rr1i.r-al fl.c.trur-
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28 Russell Lande

tions in the intrinsic rate of increase or carrying capacity of local popultr-
tions, assuming the environmental stochasticity was spatially (but not
temporally) autocorrelated. Employing the standard deviation of a func-
tion in a given direction as a measure of scale, for small or moderate
fluctuations in local population size the spatial scale of populntion syn-
chrony (/r) is related to the spatial scales of environmental correlation
(/,) and individual dispersal (/) by the simple general formula t,?, : t! +
mlz/y, where m is the individual dispersal rate and y is the strength of
population density regulation (or ratL of return to equilibrium, F, in the
logistic model). Relative to environmental autocorrelation, the contribu-
tion of individual dispersal to the spatial scale of population synchrony
is magnified by the ratio of the individual dispersal rate to the strength
of density regulation. Even when the scale of individual dispersal is less
than that of environmental autocorrelation, dispersal can substantially
increase the spatial scale of population synchrony for rveakly regulated
populations with low F. This happens because weaker density regulation
allows fluctuations in local population size to build up and spread farther
by individual dispersal before they are damped by density dependence.

Many threatened and endangered species are characterized by di-
rninished values of F due to overexploitation, habitat degradation, intro-
duced species, and pollution (Groombridge 1992; Caughley and Gunn
1996). This not only contributes to extinction risk by mahng local popu-
lntions more susceptible to stochastic declines, but also increases popu-
lation synchrony and the risk of regional or global extinction.

GENETIC SIOCHASTICITY
Incolporating genetic stochasticity into PVA requires that its effects be
expressed in terms of population dynamics and extinction risk. Popula-
tion geneticists have developed rnodels of stochastic evolution in finite
populations of constant size, but work on the interactions between sto-
chastic genetics and demography has barely begun. The great complex-
ity of the genetics of finite populations makes this a daunting task be-
cause thousands of genes affect fitness. Realistic genetic models are,
therefore, far more complex than most demographic models and diffi-
cult to accurately parameterize for particular species. This section re-
views some recent progress in understanding the impacts of genetic sto-
chasticity on population viability.

Genetic Vorionce, Adoptive Evolution, ond Populotion Persistence
in Chonging Environments
Trvo major rnechanisms of population persistence in response to major
environmental change are evolution and change of geographic range.
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Incorporuting Stochasticity in pvA 29

In unfiagntente(l haltitats, theorv^ strqgests t|at c|a1ge of geoer.p6ic
rarnge is the priniary tlrechanistn of population persisternce in a 

"in,rei,rgenvironrnent. Er"en thttugh local poprrlations at a fi.xecl .spatial lo",,"tioii
may evolve rapidly, the areas of highest population ilensity rlove
through sPilce ttncl time to track the enviro,lrn",rt"l conclitions to r,v6ich
a species is alrezlcly trclapted, so that tlie population as a rvhole rnaintlins
a nearly c'onstant-phenotype (Pease et al. lg8g). This occlrrs throueh (l)
irctive habitat selection, lty intlividntil rnovernent alorrg environrnental
griidients klrvard tlte optirnal rnicroenvironrnents fnr a-.spercies, anrl (2)
passive habitat selection, in which locarl populrrtions grow in trreiu to
rvhich tliev are well aclapted ancl clecline in ureas ',vhere they irre poorly
adaptecl. .Paleontological obselations confirrn that splcies 

^often

changed tlieir geoeraphic range in the ptst in response to glacial cycles
rvhile maintaining .r relatively constant phenotype except for body-size
e','olution (Coope 1979; Srnith et al. 1gg5).

Flabitat clestmction trnd fragmentution restrict clispersal ancl recluce
or eliurinate the abilitv of species to alter their ueogrnphi" range (peters
and Lovejoy 1992). Species-restrictecl to isolated liabitat fragrnents lncl
reserves can re.ly only on tlteir limitecl physiological tolerzriices, or orl
evohrtionary aclaptartion in situ, to survive rapicl global warming lncl
other environrtrental charllenges in the corning centudes. The persis-
tetlce of tnany species 'uvill depenrl increasinely on rnaintarining sufhcient
genetic vtritnce fbr acl.rptive evolution.

Finite population size procluc.es stochastic changes in gene frerluen_
cies kno'nvn ers ranclonr genetic drift, cltre to Menrleil"n r"gr"gation :ucl
I'ilriance in f'arnily size, which tenrls to recluce genetic vtrriation. In the
itbsetlce o[ trtrtrtral selection, a frarction of 1/(2N") of the genetic vlrilnce
(eitlier heterozryeosity or the heritable conrponent of'variunce in rpraurti-
tati'e churacters)is expected to be lost frorn a population per glr-,"ro-
tion. rvhere {, is the effective population size. fhe etl'ective size-of'r,viftl
p<lpulatiotts generally is strbstantiallv less than the actual size llecluse
o['r'ariatrce in farnily size. trnequal iex rutio, ancl ternporal flrrctuatigns
in population size (\'vright lg69; \vaples, chap. g in this vrlfirne). T|e
rtttio of efl'ective trl uctrral size of'wilclpoprrlations is <lften on the grcler
of'0.1 to 0.2 (Frankham lgg5; lvaples, .:h,,p. ,s in this voltrrne). To |e
expecterl to lose a large fraction of its g"rr"ti" variance, a Poprrlation
recltrcecl t. a srnall {, rnrrst renrai' yt.r,ill fbr irt least 2{, gl;ratio's
(\\/right 1969). The senetic efl'ects of such a poprrlation boitlerreck are
silnilar to those prochrcecl lly frerpent l<lcal 

"*iir,"tinrr 
ancl color1izltio1,

',r'ltich catn reclttce {. o1'a rnetapopulation rlrclc'rs of'rnngnitlcle below
its acttritl size (Wright 1940; Nlarnrvnrriit untl Kirnura 1980; Ile{rick
le96).
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Based on estimates of mutability in cluantitative characters (Lande
1976; Lynch 1988), Franklin (1930) and Soul6 (1980) recommended a

minimum N, of 500 to maintain typical levels of heritable variance. Re-
cent experiments indicate that a large fraction of the mutational variance
in quantitative characters is associated with recessive lethal and semi-
lethal side effects such that the quasi-neutral, potentially adaptive frac-
tion of mutational variance is about one-tenth as large as previously
thought (lvlackay et al. 1992;Lopez and Lopez-Fanjul l993a,b). Lande
(1995) suggested that the Franklin-Soul6 number should be increased
by a factor of ten (but see Franklin and Frankham 1998). Much larger
populations may be required to maintain rare alleles with rnajor e{Tects

on disease resistance (Lande 1983; Roush and McKenzie 1987). In a

relatively constant environment, however, there may be little need for
adaptive evolution. Several examples exist of populations or species

that recovered after reduction to small numbers, such as the northern
elephant seal (Nlirounga angustirostris; Hoelzel et al. 1993) trnd Amer-
ican bison (Bison bison; Miller 1990, 38-39). Following a population
bottleneck and recovery to large population size, genetic variance can
be replenished by spontaneous mutation, which occurs more rapidly for
quantitative characters than for single-locus moleculeu polymorphisms
(Lande 1976, 1995).

Much of adaptive evolution is based on quantitative (continuously
varying) polygenic characters of molphologr, behavior, and physiologlr.

Quantitative characters usually are subject to stabilizing natural selec-
tion toward an intermediate optimum phenotype that rnay fluctuate with
time, with phenotypes that deviate from the optimum having reduced
fitness. Heritable varriance in quantitative characters, therefore, imposes
a fitness decrement or "genetic load" on a population, which like delete-
rious mutation is an inevitable cost of maintaining adaptive potential
(Crow and Kimura 1970; Lande and Shannon 1996). Thus, there is an
optimal level of genetic variance fbr maintaining both cnrrent fitness trnd
future adaptability. When environmental change is partially predictable
(i.e., when the optimal phenotvoe undergoes prolonged directional
change, long-period high-arnplittrde cycles, or substantial temporal au-
tocorrelation), then genetic variernce in cluantitative characters increeues
rnean fitness and prornotes population persistence (Lande and Shannon
1996). Even for very ltrrge populations, however, there is a miudmum
rate of directionnl or random environmental change to wl'rich u popula-
tion can aclapt without becoming extinct, dependine on the armount of
genetic variability rnarintained (Lynch and Lande 1993; Biirger ancl

Lynch 1995; Gornulkiewicz ancl tlolt 1995; Lande and Shannon 1996).
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rnbreeding Depression ond Fixqtion of New Mirdry Dereterious lhurqtions
Matines behvee' relatecl incliv'icluals tenrl tr ."ar"" offsp-ring viability
and fertility ,ru,".1., trre hornorygous expression uf (p".tiiilyi"r"""]r*
deleterious rnut.tions, rvhich is k.or,wr as inbreecring depression in fit_ness. In historically large, orrtcro-ssing_popuratio.s, a 1070 increase inthe inbreecling coefficie't tvoicaily .;',1;d, ii;;; by a few to severerlpercent. TIds appries for crornestici.t",l ,p""i*, o, ,u"u as e,xperimentar
populations of fnrit flies (Drr.,.s,,pt:ito ,ritunognriur) ,,nd other speciesrecentry isor*ted 

'ro'r 
trre wircr iF,,r"un", -^J vr""r.ay lgg6). Data oncaptive popurations of rnany wircl animar species ,ugg"rt simirar varues(Ralls and Ballou lggs). continued ur"trtir-rirte"r*'mating in clomesti_cated animails generaily resurts in extinction of a high proportion of linesrvithin five or ten generations (Soul6 lg80). d"Ur?_r,r_l heterogeneity

exists arnong rp::::.r^an_d populations in the *ogird" ,i;;;r";ffi"depression (soul6 rgg0; t ,rcy et ar. rgg,; H.,rbancr-aJ;r*-ri"ffif
The genetic ba.sis of inbreecri'g crepres;;il;understoo d,in Dro_sophila species, with ro.ghly eqJar *.,t.ib,,iio;r;- nearly recessivelethal mututions ,rncl from-mor" n"arly r,.rditi* ,ritat"y a"t","rious muta_tions (simrnons rnd crow rgTT), Brtl tyd 

"r-"iiatrns arise at thou-sancls of'loci throtrgho,t.thg genome in eukaryotic .species (simmonsand crow rg77). Giad.ar inbieecling zrilows nolrruiserection to purgerecessive leth*l mutations rr,rn a poptrLrtion 
", 

ar,"y become expressedi' honrorygotes, l'rt inbreecling h'nr littl" ;;,;; ;i;* on the efftciencyof selection.itgairtst ne*rly,t.khtiue or.drlitive, milclly rleleterious muta-tions ([,ande and Schemske lgg4; Chn.l"r*oih'rnnd Charlesworth1987)' For populations rvith extre*"ry hi;irl;i;;iil depression, such*s so.le tree snecies *nd g,rnodi'ec.ious prants, it ,noy be difficult forclose irbreeclirg t9 purge il""sriue lethari ;;;;:;i.nearly a' the in_bred off'spring clie oia-r.ir"oro,l.,..tio.,, tt 
" 

pop.riuai"" i, effectivery out_crossecl (Lande et al. lgg4).
srrclclen reclucticln to. very sr'all population size generalry proclucessrrbsttr'tial inbreeclitrg.,l"prerrio.,, ,irrir, ;h; p;;t,r"tio' quickly growsto a lurse size that ,illurrr natrrrar selection ai i"r*r" the short_termeflbcts rf inbreerri'g uncl rarrcro'r genetic crrift (Keiler et ar. r9g4). The

'rore srad,al the red.ction in pop,ilnti.rr, ;,;;:ilili"nt", the opportu_nity fbr purgine recessive lethal rirutations ur.d n rni,ling a large part ofthe irrlrreerling rlepression. Trrerefbre,. inlrreecling clepression is notsirrrply proportior,,i to trre stantrru.r inbr"";r,il;;Jficient for serec_tiv'ely treutr*l genes, its \vils itssurnetl in rece't rn,lclels of the interactionrf stoc':rstic rlerrrrsraprry r.vith i,,i,r"".ring 1".g., N,rilrs ancr Smouse1994). The nrle ,,,gg"ri"j by rranklin f rg8bl nr?f'sor,fO (1980), basecl

E-
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on extensive data from animal and plant breecling, is that most inbreed-
ing clepression can be avoidecl in populations with N, > 50. However,
inbreeding depression may be more severe in natural than in artiftcial
environments (Jim6nez et al. 1994), and more severe in stressful than
in optimal environments (Keller et al. 1994; Bijlsma et al. lggT).

Saccheri et al. (1998) showed that in a butterfly metapopulation the
rate of extinction of local populations consisting of only a few families
was more closely correlated with local heterorygosity than with local
population size. This, combined with previous experiments demonstrat-
ing a very high inbreeding depression in the species (Saccheri et al.
1996), was used to suggest that genetics was of greater importance than
demography in contributing to local extinctions. Such analyses should be
viewed with caution, becauseheterozygosity may be a better indicator of
effective population size and the tendency for local population fluctua-
tion over time scales of 2N, generations tharr direct observations of re-
cent population sizes. However, in this particular case the conclusion
is likely to be valid, as the mean persistence time of local populations
is only a few years (I. Hansh, personal communication).

Inbreeding depression due to fixation of deleterious partially reces-
sive mutations can be reversed, at least temporarily, by introducing
genes from unrelated individuds into an inbred population, which
allows natural selection to eliminate the deleterious mutations. It can
be permanently prevented by continued immigration every one or two
generations of a single unrelated individual into each local breeding
population regardless of its size (Lande and Barrowclough f987). Such
a plan was recently implemented for the endangered Florida panther,
rnotivated by strong circumstantial evidence of inbreeding depression
and its low genetic divergence from other conspecific populations. Such
genetic augmentation may be sufficient to reverse inbreeding effects
ancl not too high to swamp possible local adaptations (Hedrick 1995).
Nevertheless, the population still faces demographic threats from small
size caused by past habitat destruction.

In contrast to recessive lethal mutations that generally are restricted
to low frequencies by natural selection, random genetic drift can ftx
mildly deleterious mutations in a small population. lVeakly selected
genes become effectively neutral if the magnitude of selection on them
is much less than I/(2N") (Wright 1969). In the long nrn, nearly neutral
rnutations, with selection coefficients close to l/(2N,), do the most clam-
arge to zr population, becuuse strongly selected mutations rarely become
fixed and selectively neutral mutations are easily fixed by random genetic
clrift but have no impact on fitness (Lande 1994; Lynch et al. lggSa,b).
The total genomic rate of rnildly deleterious mutations is on the order
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,l grrt'l)('t'11(')l('l'iltioll itt it Vitt'ictV ol rit'g;rtrisrrts. Srrclr rrrrrtlrtigrrs r.t'rIrr,t'

[ittrt,ss oll rt\'('l'itgt'ltV lt fCrv to st'rt't'ltl l)('l'('(,nl lrrrrl lrrc orrlr'ltartiltllr
tLrrrirriutt (rtt'rtrlv rrtltlitivt't. ,'\lit'r' {irittiorr ol'r'rrorr{lr rrriltl[r' r[.,1"t.,i,,,is
rrrrrlirtiorts. tlrt'llollrrlittiorr ltet'tintt's gt'nt,tit'rrllv irtviitlrlt- (r's o). rrprl t'r-
tirrction ritpi(lh ('llsll('.s, liot'a ptlltrrlatiort irt cirrnintl clltircitr.'irr ir corr-
stirrrt t'rtvit'otttttt'ttt rt'itlt tto tletttogt'itplric stor,ltustic'itv', llre rrrt iur tirrre t9
r'.,uc'lr gt'ttt'tit' irtvirtlrilitv flrrrtr firrttiorr o1'rrcu' tlt,lt,tt,r'iorrs nrrrtltiorrs is
iirsr rrtlttotic'irllr') 1lt'opot'tiorriil to Kt't 'r. 11,lrt.r't, K is the cut'rf itrg carpircitt.
iurrl r-' is tlre c'oc'lTicit'rrt of'r'ut'iittiott o['st'lt'ctiorr ngtrirrst 1ew rrrutirtigls
,l-urttlt 199-1. l9!15). llealistic tlistrilntiorrs ol'sek ctiorr orr rnilt[lr.,rleleter-
riorrs ttttttittirltts ltttve tl \/ttltte filr c on thc rlxler ol'orrr', irs fi;r.,,,', ,,r1r,r,.,r,,-,-

tirrl chstrilrtttion (Kt'iglrtlerr,' 1994).
F-9r'poprrlittiotts n'itlt irritilllv hich prc,ry) fitrrt'ss, i,r't,rr ir[it,r. 1r{rrcti11rr

to retr.-srtritll tttttttlrct's. lrrrrr<lretls of'ge'neratiorrs nrrrst eltrpsc llefirl' fira-
tion of'rtew' tttiltllv tlelt'teriotrs rnutations ciul.s(,s ertinctiori ( l,arrrle tt]g-l).
Irr liu'ge poprrlations, ir(h'alttag€rons, colnP€,nsirtor1,. urrl r(,\.(.l.se nrrrta_
tirtns c'ltt cttrlrplc'tcl,\, 1lrt'r'ettt the crosion of'fitrrc-ss Ilurrr fixittiorr <;l'tlelc.-
tt'r'iorrs ntrttittions (Lanrle 1994, 199,3b; Sclrultz iurrl [,rrrch l9g7). E.r-
tirrc'tiou hrrrtt firittiott of' rterv <leletc.riorrs rnutatiorrs is, therefirr.r.. ir
st'r'iorrs c'oltcenl u'itlrirr tlre tl?ical l(X)-r'ear tinre scitlt, of'c,orrse rlatiorr
plrtrlrtittg onlv firr srrtall poprrlations 'uvith initiallv lorv rrretrr Fitness. Fgr
lloprrlatiorts of'tttotleratt'size, llou'ever', rvith I/,.'rrp t9 a fi,rv lrrrrrrlrt,rl .r
it li'u. tltottsitrltl. fixatiotr of'nt'rv rttr rtations coukl srrltsturrtiullv erorle the,ir
n r(.ru) fitrress ancl tk.creise tlre'ir lorrg-ter.rn viabilitl. ([_arrcle l'gg5, ltjgtjlr),

TIME FRAMES FOR PVAs
'l'lrt' :tc'c'eptalllc' level ol'ertirrc'tiorr risk irr teprrs 6f'tlre tilre fl-^rrre arrcl
tlrt'c'orlc'sp<trrrling Proballilitv ol'extitrctiorr js trltinrrrtt,lv it social (Slraf'fbr.
l9El )rrr prrtctical (()oothnan, clrtll. 2l irr thi.s vr)lrun(': Lrrtlq.ig arrtl Wirl-
tt'r's. clrap. 2'1 in this rrrhrrrte), rather than scitrrti[ic,. rlt'cisi,rrr. lrrlr [,g,rl
;trrrl prilitical t't'itsotts. tltc srttallt'st crtincti6rr lisk rrsrrullr. c'rrsitle,r-t,rl'irr
c'litssilVittg t'ttclitrtgere'tl spt'c'ies is ir l0% c.lriurc,t. of't,rtipc.ti,rr *,itlri. I(X)
\ ('itl's correslx)lltlilrg to the "r'rrlrreralrlt''' c11it,gorv of'tlre Rerl Lists of' tlte
\\'olltl (lottsetlatiort tJrtiorr (lLl( jN 199-l). Ii'ull spgcit,s ef'r,.r-rserr,uti.,
t'ollc't'l'll \vel'(' ll)itltagetl to this rnirrirrrrrrrt viirlrilitr-lc-r'tl, tlrerr s'itlri' tlre
rrt'rt trrillt'ttttittttt it ll'acti<lrr of'l - 0.!)r", or',r1,r,,,t 6S7c ot' tlrerrr, *,orrkl
likt'lr go ertirtc't.'l'lris erc't't'tls lrv a lirc'tol ol'tlrorrsarrrls tlrt'rror.rrritl lxu,k-
gt'rltttttl ritte ol't'rtirtc'tiort fi,r'irliurrrlrurt spt'cit's tlrirt irppear irr tlre li;ssil
t't'r'orrl. u'lric'h tvpic'irlh'persist lirr rrrillirirs of'r'r'1r...; lir,,,, \,irle, 197:j;
.f 
irlrkrrrski tsts(ii.

Sttlc'lrastic' fhrctrrzttiorr itt lloprrlirtiorr sizt't,r't,irtt's ir pnrIirlrilit' clistrilrrr-
tiott o['t-rtitlctiott tirttt's. 'l'he'rnv irrrlicrrtt's tlrirt Iir pollrrlirtirirrs *itlr ir
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positive long-nrn growth rate belor,v carrying capercity, the clistribution
of extinction times has a lag period until a qirasi-stationary clistribution
of population sizes is established, after which there is a relatively lorrg
phase with a nearly constant rate of extinction. Thus, oft", ,oni" r,,g]
the distribution of extinction tirnes is nearly exponential (Nobile 

"t 
nj.

1985; Goodrnan lg87; -L"9*ig 1996). If tle initial population size is
near carrying capacity, the lag period has a relatively low extinction rate.
If the initial population size is lar belorv carrying capacity, however, the
lag period rnay begin with a short interval of iow"extlnction rate followecl
by a burstof high extinction rate. Even populations,,vith a negativeio'g-
run gro'wth.rate generally take some time to become extinct] such hls
are especially problematic for species with long generations if the stai-
dard population viability criteria of a I07o 

"hinl" of extinction within
100 years is applied blindll For example, sukumar and Santiapillai
(1993) sug.gested that a population of 30 Asian elephants (Elephos'rnnx-
imus) rvith demographic param_eters 

-producing a negative long-run
growth rate should be considered viable beca.,sJit satished these"stan-
dard criteria. However, 100 years is only a few elephant generations.
using the same demographic parameteri, extending^the tiile frame to
200 years or longer beyond the lag period, it was shoirrn that the cumula-

9y" pT!"bility of extinction is rather high (Armbruster et al. 1999).
Thus, PVAs should {*uy: consider o ru.[" of time frames, inclucling
some *i+ longer than those dictated by political ancl legal considerl
ations. Although serious statistical difficuliies exist in -uhig long-term
projections (Ludrvig 1996, lggg; Fieberg and Ellner 2000),"urr."?oirrt_
ies are likely to accumulate more slowly with time for species r,vith long
generations than fbr species with short generations.

If we are to have any_lasting 
-effect 

In reclucing the ongoing mass
extinction that is expected to rival the effects of thJ major ,,it"rJi,l i*_
pact 65 rnillion years ago, or a full-scale nuclear *ur, 

"orrr"rvation 
plans

tnust enct)mpass longer tirne frames and lower probabilities of 
"rii.r"-tion. conservationists should increasingly b" concerned not only with

threatened and endangered species anJ Lstablishment of ,"r"-"s, but
also with maintaining and- restoring abundant, healthy populations and
frrnctional ecosysterns in the matrix betr.veen reserv"r. Ti"^proliferation
of threatened and enderngered species rnakes it increasingly obrrio,rs that
eff'ective conservation uncl restoration plans must be ,ton" on a ltrncl-
sc.Te and ecosystern level (Scott et al. lgg3; Kiester et al. lgg6). In
acldition to rnonitoring ecosystem functiorr and species cliversity, lo.g"-
sc:rle conservation .nd restoration plans should ,,1-*y, incolporate pVn
of ecologically important, sensitivg or inclicato, ,p"Li", to confirm zrncl
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rnonitor ther t.:f'ficact' of'largtt-scale plans. PVA shollcl tSerefirre re.ruirr
an inrportant entlerrvor as long n, 

"-*rnr.',.ration 
biokrgists exist.
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