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Abstract: I simulated population dynamics of cougars to
predict the minimum areas and levels of immigration
needed to avoid population extinction caused by demo-
graphic and environmental stochasticity for a period of 100
years. Under mast plausibie parameter values, the model pre-
dicted very low extinction risk in aveas as small as 2200
km?, and (in the absence of immigration) increasing risk as
area decreased below 2200 knt’. If as few as one to four
animals per decade could immigrate into a small popula-
tion, the probability of population persistence increased
markedly. Thus a corridor for immigration will benefit a
small population in an area where further loss of babitat
will occuy. :

The model was applied to the cougar population in the
Santa Ana Mountain Range of sowuthern California (2070
km??, with about 20 adults). Field data support the model’s
conclusion that this population is demographically unsia-
ble. There will be a bigh risk of extinction if the babitat is
reduced to currently protected and connected areas (1114
knt®). A movement corridor allowing immigration from the
adjacent population and intra-range corridors would
greatly enbance the prognosis. However, the last corridor for

immigration bas been degraded by recent buman activity.

Within the mountain range, cougars recently became extinct -

in a 75.km* babitat fragment recenitly isolated by develop-
ment, and cougars will become extinct in anotber 150-knt°
of babitat if a proposed bousing profect occludes a critical
corridor. Radio tracking bas confirmed use of this and otber
important corridors.

Netther the model nor the field data alone would bave
much influence in the face of development pressure; togetber
they bave stimzulated interest in restoring and protecting crit-
ical corridors in this range. Nonetheless, the long-term prog-
nosis for this popuiation is bleak, because 22 local govern-
ments review potential impact on a case-by-case basis

*Current address: School of Forestry, Northern Arizona University,
Flagstaff, AZ 86011, USA

Paper submitted September 3, 1991; revised manuscript accepted
February 12, 1992.

9%

» son Biol
Volaroe 7, No. 1, March 1993

Determinando drcas minimas de hibitat y hibitat en
corredes parz pumas

Resumen: Simulé la dindmica de la pobiacién de pumas
para predeciy dreas minimas y niveles de inmigracion ne-
cesarios para evitar la extincion de la poblacion debido a
estocasticidad demogrdfica y ambiental por un periodo de
100 avios. Usando los pardmetros mds viables, el modelo
Dredice riesgos de extincidn muy bajos en dreas tan peque-
fias como 2200 kn’, y (en ausencia de inmigracion) un
riesgo creciente a medida que el drea decrece por debajo de
2200 km?’. Si tan solo 1—4 animales por década puediesen
inmigrar a una pequenia poblacién, la probabilidad de per-
sistencia se incrementaria marcddamente. Por consiguiente,
un corvedor para la inmigracion puede beneficiar una pe-
quesiz poblacion en un drea donde ocurrird una mayor pér-
dida del bdbitat

El modelo fue aplicado a la poblacion de pumas en Ia
cadena Montasiosa de Santa Anag, al Sur de California (2070
knt’, con unos 20 adultos aproximddamente). Datos de
campo apoyan las conclusiones del modelo, que indican
una poblacion demogriificamenie inestable. 5i el bdbitat es
reducido a las actuales dreas protegidas y conecladas (1114
k) babria un alto riesgo de extincion. La prognosis se
paodria meforar ampliamente con un corredor de mo-
vimiento que permitiera la inmigracion desde poblaciones
en dreas adyacentes y corredores dentvo del dreq de distribu-
cidn. Sin embargo, el siltimo corvedor para la inmigracion
ba sido degradado por el reciente impacto bumano. Deritro
de la cadena monitaniosa, ios pumas se ban extinguido re-
cientemente en un fragmento de bdbitat de 75 km’ aislado
a causa del desarrollo: los pumas se extinguiran en otros
150 km? de bébitat si un proyecto de viviendas propuesto
obstriye un corredor critico. El uso de este y otros impor-
tantes corredores.ba sido confirmado a través de telemetria

Ni el modelo ni los datos de campo por si solos tendrian
mucho impacto ante la presion por el desarrolio; juntos ban
estimulado el interés en restaurar y proteger corvedores que
son critcos en esta cadena. A pesar de todo, la prognosis a
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Effective land-use planning must be spatially explicit and
regional in scope. Because cougars need corridors and be-
cause telemetered cougars can quickly kientify movement
corridors, cougar research is an efficient and appropriate
way to infect biological dala into such planning efforts.

Introduction

As landscapes are fragmented into ever-smaller patches
of habitat isolated by high-speed barriers (Harris & Gal-
lagher 1989), it has become important to determine the
minimum area needed to preserve functioning ecosys-
tems. Because there are no methods to determine the
minimum areas of reserves with reference only to eco-
system properties, biologists are forced to conduct via-
bility analyses for 2 few “indicator” or “umbrella” spe-
cies as an efficient way to address the viability of the
whole system (Soulé 1987a:8; Noss 1991).

Species such as the grizzly bear (Ursus arctos borribi-
1is), the wolf (Canis lupus), and the cougar or moun-
tain lion (Felis concolor) make ideal candidates for such
analysis because they exist at low density and require
large areas. Of these, only the cougar plays 2 significant
ecological role in much of the lower forty-eight states.
Therefore, viability analysis for this species would have
widespread utility. Shaffer (1983) presented an analysis
for the grizzly bear. In this paper, I present such an
analysis for the congar.

" I focus solely on the issue of identifying the minimum
area and immigration rate needed to avoid extinction
caused by demographic and environmental stochastic-
ity, ignoring inbreeding effects. Previous analyses have
shown that the areas needed to avoid inbreeding de-
pression in the long term are so large “that the only
recourse in most situations will be to establish the spe-
cies in scveral sites since there won't be enough space
in any given site” (Soulé 1987b:177). My analyses ad-
dress the issue of how large each of these “several sites”
must be so that management intervention can be limited
to that needed to maintain genetic variability.

Simulation models are superior to analytic models
when addressing a particular species, because the ana-
lytic calculations are possible only for unduly simplified
models (Ewens et al. 1987:67). But there are pitfalls to
the simulation approach, especially with small popula-
tions. For example, most simulation models account
only for females and make no allowance for an “Allee
effect” whereby animals at low density may have diffi-
culty finding mates. This creates an inverse density-
dependence in fecundity when numbers of one sex are
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largo plazo para esta poblacitn es yerma ya que 22 gobier-
nos locales revisaron los impactos potencigles caso por caso.
Una effectiva planificacion del uso de la tierra debe ser ex-
Diicita espacialmente y regional en extensiton. La investiga-
cion sobre pumas es una via eficiente y apropiada de intro-
ducir datos biologicos en los esfuerzos de planificacion. Esto
es asi porgue los pumas necestian corredores y al esiar mar-
cados telemétricamente permiten identificar rdpidamente
los corredores de movimiento.

very low (Begon & Mortimer 1981:30), which has been
documented in a cougar population (Padley 1990). An-
other problem is that most subroutines for incorporat-
ing stochastic variation in survival rates introduce cru-
cial errors when simulated populations become small
(see Methods section). Most important, even though
“habitat fragmentation . .. is the primary cause of the
present extinction crisis” (Wilcox & Murphy 1985:
884), few simulation models allow analysis of the effects
of movement corridors; such analysis requires explicitly
modeling various levels of immigration.

In this paper 1 describe 2 model that realistically sim-
ulates the population dynamics of small populations of
cougars. My goal was to predict the conditions under
which a cougar population can avoid extinction in the
short term (100 years), ignoring inbreeding effects. My
main conditions of interest were those that humans can
control, namely, area of habitat (controlled by restric-
tions on human development) and the amount of immi-
gration into the population (controlled via provision for
wildlife movement corridots to adjacent populations).
In addition, I examined how estimates of extinction risk
depends on estimates of life history parameters, many of
which vary geographically or are difficult to measure.

Finally, I apply the model to the cougar population in
the Santa Ana Mountains of southern California, which 1
have studied since 1988, and 1 summarize some of the
relevant field observations from that study. This reai-
world application illustrates that model results have lit-
tle impact on land-use decisions unless they are supple-
mented by field study to identify actual or potential
movement corridors. My goals in this illustration are to
promote the use of data from telemetered cougars to
identify and protect wildlife corridors, and to advocate
that regional planning efforts based on geographic infor-
mation systems {GIS) replace current piecemeal ap-
proaches.

Methods
Simulation Model

The simulation model used standard Leslie-matrix com-
putations, with subroutines that controlled immigration
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and adjusted survival and fecundity rates for density-
dependence, demographic and environmental stochas-
ticity, and an Allee effect. For each combination of input
conditions, the population dynamics were simulated
100 times; each simulation was 100 years in duration. In
cach case, the initial number of adults (animals 2 or
‘more years of age ) was set equal to the carrying capacity
and evenly distributed among age classes. Initial num-
bers of 0-year-olds and 1-year-olds were set at 2 half and
a quarter, respectively, of the number of adult females.

The question of what constitutes preservation is “the
most crucial and least addressed” issue in conservation
biology: "“Does a 95% probability of persistence for 100
years make extinction sufficiently remote or all too im-
manent?” (Shaffer 1987:81,84). 1 advocate planning for
. an extinction risk of less than 1%, and I label “signifi-
cant” any extinction risk 2% or more.

For each set of 100 runs, the program recorded the
population trajectory by sex and age class, the number
of runs on which the population went extinct, mean
population size in year 100, and other summary statis-
tics.

INPUT CONDITIONS

The main factors of concern were area of habitat and
level of immigration. Simulations were run with habitat
areas as small as 200 km? and in increments of 200 km?
until extinction risk declined to less than 2% . Four lev-
els of immigration were considered. The first level de-
picted no wildlife movement corridor (no immigra-
tion). The second and third levels reflected 2 marginal
corridor, allowing immigration of one or two males per
decade, respectively. The fourth level of immigration
was three males plus one female per decade. These lev-
els reflect the finding that about 80% of juvenile males,
but only about 25% of juvenile females, dispersed out of
their natal mountain range, often crossing inhospitable
desert habitat to reach another range (Ashman et al.
1983).

For each combination of habitat area and level of im-
migration, simulations were run under many combina-
tions of estimates for life history and environmental at-
tributes (Table 1). We have poor estimates for some of
these parameters (for example, male and female equi-
librium densities, juvenile survival rates) and some pa-
rameters may vary geographically, so I used many com-
binations initially. A smaller subset was obtained by
dropping values that produced unrealistic outcomes
and variables that did not influence the resules.

Litter size Mean litter size (Table 1) was based on
reports of Robinette et al. (1961), Ashman et al. (1983),
and Anderson’s (1983:34) compilation of data from 407
litters. In the simulations, up to 40% of the 2-year-old
- females bred each year and no kittens or yeatling fe-
males bore young, based on minimum and mean ages of
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Table 1. Input states for biological parameters wsed in
simlhh! population dysamics of cougars.
Parameter Possibie States
Mean litter size 24*
28
3.2
Juvenile® survival 0.55 (0.50)*
Q.65 (0.60)
0.75 (0.70)
Adult® survival 0.65*
0.75
0.85
Carrying capacity Sex ratio of 2 femles per male:
(breeding adults 0.4 females, 0.2 males
per 100 km?) 0.6 females, 0.3 males

0.8 females, 0.4 males
1.0 females, 0.5 males
1.2 females, 0.6 males
Sex ratio of 3—4 fernales per male:
0.8 females, 0.2 males
1.2 females, 0.4 males
Sex ratio near unity:
0.4 fcmales, 0.4 males
0.8 females, 0.6 males
None (constant
carrying capacity)

Severity of catastrophe 20% in years 2527, 50-53, 75-77
(loss of carrying 40% in years 25-27, 50-53, 75-77
capacity )

“ Ihis value was dismissed because it produced unrealistically low

population sizes even when used in concert with optimistic esti-

matles for otber variables. See first section of Resulls.

® This value was dismissed because it produced extinction probabil-

ities that did not differ from tbase under a mean litler size of 2.8,

and this value is best supported by field studies. See first section of

Results.

€ 0- and 1-year olds of both sexes, and 2-year-old maies.

“ Survival of 1-year-old males indicated in parentbeses.

* Females =2 years old and males =3 years old

I This value was dismissed because extincrion probabitities varied

only trivially from the 20% case See first section of Resuits.

primiparous females of 25 and 32 months (Ashman et al.
1983). Because the mean interval between births (ex-
cept when a litter dies) is usually about 24 months
{Hornocker 1970:16, Robinette et al. 1961:215), the
model excluded from breeding those fernales with sur-
viving litters from the previous year. The model as-
sumed that a female whose litter dies comes into estrus
and breeds the next year (Hornocker 1970:16; Seiden-
sticker et al. 1973:56; Eaton & Velander 1977:65).
Juvenile survival rates. There are few estimates of
survival of 0-year-olds. Comparing mean litter sizes near
birth and at 12 months (not the same litters followed
through time ) Ashman et al. (1983) suggested a value of
0.78. Similar data in Robinette et al. (1961:213, inferring
age from weight) suggested a survival rate of (.73. To
the extent that entire litters died, this is 2 high estimate
(Robinette et al. 1961:213); it is also higher than the
adult survival rate reported by Lindzey et al. (1988).
Survival rates of African felid cubs (lion, cheetah) are
about 0.50 (Schaller 1972:191,300). Preliminary analy-
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sis of 172 cougar-months of telemetry data (0- and
1-year-olds combined) suggests an annual survival rate
for cougar cubs of 0.48 (Beier, unpublished data).
Hemker et al. (1986) reported a survival rate of 72% for
cubs between 3 and 10 months of age in an area of
extremely low cougar density (gross density of 0.5 cou-
gars per 100 km?); this rate may reflect density-depen-
dent enhancement of survival rates at low density. In
any event, if additional mortality during 0—3 months of
age is considered, 0.75 is probably 2 high estimate and
'was used as the highest estimate in the simulations.
. There are no published estimates of survival of 1-year-
olds. Hemker et al. (1986) reported a survival rate of
92% for cubs from 10 months to dispersal at 16-19
months, from the same low-density population. This fig-
ure ignores higher post-dispersal mortality (Hornocker
1970:18). Lacking better evidence, I set yearling sur-
vival rates equal to O-yéar-old survival rates. In the sim-
ulations kittens died when orphaned in the year of birth,
but kittens orphaned in the year after birth had the same
survival rate as nonorphans.

Adult survival rate. 1 used adult survival rates of 65%
(Robinette et al. 1977:123, Ashman et al. 1983), 75%
(Lindzey et al. 1988), and 85% (Anderson et al. 1989).

Longevity. A maximum longevity of 12 years was used

in all simulations. The longest lifespan reported for a
wild cougar is 13—15 years (Hopkins 1989:23); I found
no other reports of wild cougars living past 12 years of
age. Extreme longevities for captive cougars are 12, 15,
and 18 years (Young 1946:59), and 12 and 19 years
(Eaton & Velander 1977:56). My preliminary analyses
showed that risk of extinction decreased only slightly as
maximum longevity increased past 12 years, especially
in the critical right tail (Figs. 3-6) of the extinction
curve.
Carrying capacity. Although they are not tetritorial,
social intolerance among aduft females is thought to
regulate their density, whereas territoriality among
males separately regulates male density (Seidensticker
et al. 1973). Apparently female density is calibrated to
vegetation, topography, and prey availability, whereas
males compete for access to females (Seidensticker et al.
1973:59,56). To model density-dependent survival
rates, separate estimates of carrying capacity for males
and females were needed.

Estimates of densities for male and female adult cou-
gars vary widely (Hornocker 1970; Seidensticker et al.
1973; Sitton & Wallen 1976; Currier ct al. 1977; Shaw
1977; Hemker et al. 1984; Logan et al. 1986; Neal et al.
1987; Hopkins 1989). Because many study sites were
selected because of expected high cougar density, some
reported densities are atypically high. Also, not all stud-
ies reported how many of these adults were nonbreed-
ing transients as described by Hornocker (1970) and
Seidensticker et al. (1973).

In light of these uncertainties, I ran the model under
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a variety of carrying capacities (Table 1). Because most
studies (excluding male-biased summaries of hunting
returns) report a 2:1 ratio of breeding adults (females:
males) (Seidensticker et al. 1973:17, first 3 years; Cur-
rier et al. 1977; Ashman et al. 1983; Murphy 1983;
Hemker et al.1984; Logan et al. 1986; Neal ct al, 1987;
Hopkins 1989:23), most simulations used this ratio be-
tween carrying capacities for males and females. How-
ever, other adult sex ratios have been reported, for ex-
ample, 3:1 (Currier et al. 1977; Shaw 1977; Quigley et
al. 1989; M. Jalkotzy and I. Ross, Calgary, Alberta, un-
published data), 1.3:1 (Hornocker 1970:15), and 1:1
(Seidensticker et al. 1973:17, last 3 years; Hopkins
1981). Therefore I also used similar ratios (Table 1).

I excluded high densities due to winter concentra-
tion. The markedly lower gross density of 0.4/100 km?
reported by Hemker et al. (1984) and the markedly
higher adult density of 3/100 km* reported by Neal et al.
(1987) were also excluded as outliers which may devi-
ate from the actual long-term carrying capacity.

Catastrophic reductions in carrying capacity. On
each run, simulated carrying capacity decreased by ei-
ther 0%, 20%, or 40% during years 2628, years 51-53,
and years 76~78. This modeled prey die-offs due to
droughts or severe winters.

DENSITY-DEPENDENCE IN FECUNDITY

Because the gestation period is only 92 days and neo-
nates weigh only 500 grams (Anderson 1983:33-34),
cougar pregaancy is relatively cheap; therefore simu-
lated litter sizes were independent of density and ma-
ternal age. When the simulated number of adult females
was less than carrying capacity, all femates over 2 years
old (except those with a surviving litter from the pre-
vious year) and 40% of 2-year-old females (Ashman et
al. 1983) bore litters. The program allowed females in

. excess of carrying capacity to breed with probability

equal to 0.20, and assigned the youngest females to non-
breeding starus, reflecting the inhibition of reproduc-
tion in young females until home range establishment
{Seidensticker et al. 1973).

The probability of a female breeding was inversely
density-dependent when numbers of breeding males
were below the carrying capacity for adult males. When
there were vacant male territories, the proportion of
adult females that were bred was reduced by a factor of

A Ly e
KM

where KM = carrying capacity for breeding males and
#AdM = number of adult males. Under this expression,
cach adult male increases his home range size by 15%
for each “deficit male”; thus the effect is very mild ex-
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cept at very small population sizes; for example, when
KM = 5 and #AdM = 4, 92% (not 80% ) of the females
are bred. '

DENSITY DEPENDENCE IN SURVIVAL RATES

In preliminary analyses, some simulations were run
without any density dependence in survival rates; re-
sulting extinction rates were about ten times higher
than those produced using density-dependent survival
rates for ail ages. Other simulations were ran with mild
density dependence in juvenile survival rates (Fig. 1,
curve A) and density independent adult survival rates,
producing extinction rates about five times higher than
when survival rates for all ages were density-dependent.
In simulations lacking density-dependent survival rates,
the mean numbet of adults in year 100 (in surviving
populations) far exceeded carrying capacity. Because
density independence produced such uncealistic ending
population sizes, I ran all remaining simulations with
density-dependent survival rates (Fig. 1, Table 2).

In the model, density dependence operated most
strongly on 0- and 1-year-olds, whose survival rates de-
pended on the number of adult females; survival of
1-year-old males also varied with the number of adult

max | -
w ;
< H
(1 i
-l st
.
>
>
x
pow
mnm s feensson
0 K 2K 3K &K

K
POPULATION SIZE

Figure 1. Density-dependent functions relating sur-
vival rates to population density. Lines A and J, re-
spectively, illustrate the adult and juvenile survival
Junctions (Table 2) used in all simulations illus-
trated in Figures 3—7. Simulations using stronger
density-dependent functions (dasbed lines) did not
change the risk of extinction. In all simulations the
Juvenile survival function was one line steeper than
the adult survival function. K = Carrying capacity
Jor the appropriate sex. Max = 0.95 (adulis) or 0.9
(fuveniles). Min = 0.5 (adults) or 0.3 (juveniles). S
= Survival rate at carrying capacity. '
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Tsble 2. Equations wsed to cresie density-dependence in cougar
survival rates. S = the 12-month survival rate at carrying

capacity; KF and KM = carrylag capacity for breeding femnles
and males respectively; #AdRemales and #AdMales = aumber of
=2-yenr-old femsles and males, respeciively.
Expression for Density-Dependent

Age  Sex Survival Rate”
0 both  § * (KF'#AdFemales)®®
1 F $ * (KF/#AdFemales)>*

M Minimum of: § * (KF/#AdFemales)®> or

$ * (KF/#AdFemales)™? * (KM/#AdMales )™

2 F $ * (KFr#AdFemales)™*
M $ * (KM/#AdMales)®>

3+ F § * (KF/#AdFemales)®-2*
M $ * (KM/#AdMalcs)***

*T0 avoid unrealistic results that the above expressions yield under
certain conditions {such as when a divisor approaches or eguals
zero), the program truncated all survival rates lo values bettween 0.3
and Q.9 for animals under 3 years of age, and between 0.5 and 0.95
Jor adults.

males, reflecting density-dependent mortality of young
males during dispersal. Density«lependence was rela-
tively mild for anirnals less than 2 years old. There is no
empirical data to support these particular functions (Ta-
ble 2); they were chosen for computational simplicity.
In light of the markedly changed outcomes when den-
sity dependence was added to the model (above), 1
tested the model using more severe density-dependent
functions. Neither risk of extinction nor ending popula-
tion size varied among the functions illustrated in Fig
ure 1.

STOCHASTIC VARIATION

Most simulation models introduce stochastic variation
into survival rates by randomly selecting a rate from a
normal distribution and then multiplying this rate by the
number of individuals in an age-sex class. When there
are only one or two animals in a sex-age class, this ap-
proach introduces rounding errors that increase the sur-
vival rate to near 100% and, ironically, eliminate sto-
chastic variation (Beier, unpublished data). To avoid
this problem, the model applied the appropriate proba-
bility to each individual animal in the population. For
example, if the survival rate for yearling males was 0.60
and there were two yearling males in a given year, alt
outcomes (2, 1, or 0 survivors) were possible (with
binomial probabilities 0.36, 0.48, and 0.16, respec-
tively) in a biologically realistic manner.

Similar procedures introduced stochasticity into pri-
mary sex ratio, litter sizes, and immigration rates. Each
newborn had a 50% chance of being male. Each litter
had two, three, or four cubs with probabilities appro-
priate to the specified mean value. Each year one male
or one female immigrated with the appropriate proba-
bility, and the immigrant was assigned to the l-year,
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2-year, or 3-year age class with probability equal to 0.3, about 2070 km? of habitat (Fig. 2) (Beier & Barrett

0.5, and 0.2, respectively.

1992b). The surrounding urban areas do not offer even
marginal cougar habitat. About 1270 km? of this habitat

Field Work in the Senta Ana Mountains (61%) is protected from urban uses, primarily within

lands owned by the US. Forest Service and US. Navy

The cougar population in the Santa Ana Mountain Range (Table 3). Of the protected land, about 1114 km? forms
of southern California consists of about twenty adults on a contiguous block; if all private lands were developed,

PACIFIC OCEANM

SAN BERNARDIND COUNTY
RIVERSIDE COUNTY

o

1

R

PALOMAR
RANGE

Figure 2. The beavy solid line encloses three areas: 2070 km’ of cougar babitat in the Santa Ana Mouniain
Range (including the Chino Hills); 75 kn?® of suitable babitat in the San Joaguin Hills ( recently extinct), and
(east of Highway 15) a portion of the babitat in the adjacent Palomar Range The beavy dashed line encloses
1114 kn? of protected and connected parcels (Table 3). All roads shoun are 6- to 10-lane freeways.

Conservation Biology
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Table 5. mhmdmmmwm«!ﬂmmwzmmmuﬁm
Areas Forming a Large Areas Strvounded by
Ownersbip and Parcel Name Contiguous Block Unprotected Land
Federal
Cleveland National Forest 53,604
Cleveland National Forest (6 parcels) 626
Camp Pendieton 49,292"
Fallbrook Naval Weapons Station 3,099
Bureau of Land Management (7 parcels) 550
Bureau of Land Management (1 parcel) 364
State
Chino Hills State Park 5,059
San Diego State University Field Station 1,805°
Dept Fish & Game Coal Canyon Preserve 385
Orange County Parks
Caspers 3,085
Limestone Canyon 2,169°
O'Neill 805
Whiting Ranch 632
Irvine 193
‘Wagon Wheel 178
Santiago Oaks 142
Private Reserves
Santa Rosa Plateau Preserve 2,803
National Audubon Society Starr Ranch 1,578
Rancho Mission Viejo Conservancy ' 486
Total 111,407 15,448
= Excludes private inboldings

® Includes land leased ro San Onofre Beach State Park; excludes 1700 bectaves in urban use and airfield; includes some severely affected

that may not be suitable babitat

bombing ranges
€ Includes 510 bectares of Bureau of Land Management land administered by the field station.

% Expected to be transferred to county from private ownersbip.

* Administered by The Nature Conservancy (INC); includes lands owned by TNC, State of California, and Riverside County.

the other 154 km? of protected land would be isolated
into fragments unusable by cougars.

The six counties of southern California contain 5% of
the US. human population. The human population of
the eastern half of Orange County and the western sixth
of Riverside County is projected to grow from 1.15 mil-
lion in 1987 to 2.09 million by 2010 (Anonymous
1989). Most of this growth is expected to occur in tract
homes built in privately-owned open spaces, including
most of the best cougar habitat. In addition to outright
habitat destruction, some wildlands are lost to the cou-
gar population because they become isolated by free-
ways and other development. For example, after urban-
ization isolated a 75-km? fragment of cougar habitat
(Fig. 2, San Joaquin Hills) in the late 1970s, cougars
became extinct there by June 1990 (Beier & Barrett
1990a).

In early 1988, field work began in the southern half of
the range, focusing on seven telemetered adult females.
In January 1988, one such female had 3-month-old trip-
lets and a second had a single yearling cub at heel. After
the death of 2 mature male cougar in February 1988,
there was no additional reproductive activity and no
sign of a breeding male for over 12 months (Padley
1990:40—43). When two young males established them-
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selves as breeders in early 1989, their tracks and vocal-
izations were obvious. In April 1989 we heard copula-
tory vocalizations involving four telemetered females,
and that summer six of the seven females bore cubs
(Padley 1990). The presumed sires of these litters (two
adult males subsequently captured and radio-tagged)
were both 2 years old at the time they became breeders.
Therefore, all evidence suggests that there was no adult
male and no reproduction in the southern half of the
range for a full year.

In 1989 the study expanded to include the entire
mountain range. We intensified our efforts to collar pre-
dispersing animals, and four times per month we se-
lected a focal animal whose location was determined
every 15 minutes from 1 hour before sunset until 1 hour
after sunrise. This rescarch has focused on (1) identifi-
cation of existing or potential corridors for immigration
into the population as a whole; (2) identification of
lands within the mountain range that connect nearly-
isolated patches of habitat; and {3) documentation of
the travel paths used by cougars, especially dispersing
anjmals, and especially paths between areas designated
as permanent open space. If protected, such paths can
be expected to become corridors as future human ac-
tivitles affect the adjacent habitat.
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Results
Rejection of Unrealistic or Uninformative Parameter Values

To reduce the results to a digestible mass, I first rejected
parameter values that produced unrealistic outcomes or
that did not influence the results. For example, the mean
number of adults in year 100 was 70-80% of carrying
capacity whenever adult survivorship equalled 0.65,
even with a habitat area of 3000 km? and the highest
estimates for juvenile survival rate, mean litter size, and
carrying capacity. If carrying capacity is ever to be ob-
servable in nature, it should be so under these condi-
tions, so I excluded the adult survival rate of 0.65 from
consideration.

Similarly, because a mean litter size of 2.4 tended to
produce ending population sizes about 15% below car-
rying capacity, this litter size was excluded. Extinction
rates decreased only trivially when mean litter size in-
creased from 2.8 to 3.2. Because available data best sup-
port a mean litter size of 2.8, the mean litter size of 3.2
was also excluded from further consideration. Finally,
extinction risk increased only trivially as the severity of
the catastrophe (temporary loss of carrying capacity)
increased from 0% to 20% to 40% . All results reported
herein used the 20% reduction.

Influence of Habitat Area and Level of Immigration

The main factors of interest were those under human
control, i.e., area of habitat and the presence {(or ab-
sence) of a corridor allowing various levels of immigra-
tion. As expected, both factors influenced the probabil-
ity of extinction (Figs. 3-5).

Despite variation in modet predictions due to uncer-
tainty in biological parameters, 98% or more of simu-
lated populations persisted for 100 years when there
was 2200 km’ or more of habitat available, except un-
der the most pessimistic estimates of biclogical param-
eters (carrying capacity of 0.4 or fewer adult females
and 0.2 adult males per 100 km?, in concert with adult
survivorship of 0.75 or less).

As expected, the probability of extinction increased
as area of habitat decreased. With only 1000 km® of
habitat and no immigration, simlated populations had
98% persistence only under the most optimistic esti-
mates of biological parameters (carrying capacities of
1.0 or more adult females and 0.5 adult males per 100
km?, in concert with adult survivorship of 0.85 or more
and juvenile survivorship of 0.65 or more). In the ab-
sence of an immigration corridor, therefore, the criti-
cally small habitat area lies between 1000 and 2200
km?. Within this range, the critical size depends on de-
mographic parameters (next section).

Immigration improved the probability of survival at
surprisingly low levels—as low as one male per decade.
For any given combination of biclogical parameter esti-

Minimum Habitat Areas for Cougars 101

Juv Sury = 0.83
Ad Surv = 0.78

107

s 88

PERCENT OF POPULATIONS EXTINCT WITHIN 100 YEARS

10
30: Ad Sury = 0.85
20
10
AN Sy = 0.T5
30 Ad Surv = 0.85
20
10
12 14 18 18
SQ KM OF HABITAT X 100

Figure 3. Effect of babitat area and immigration on
cougar population persisience given a carrying ca-
pacity of 0.6 breeding adult females and 0.3 breed-
ing adult males per 100 km. In each graphb the top
through bottom lines give the percent of simulated
Dpopulations that went extinct within 100 years when
the numbers of immigrants per decade were 0, 1
male, 2 males, or 3 males and 1 female, respectively.
Juv Surv (juvenile survival rate) and Ad Surv (adult
survival rate) are defined in Table 1.

mates, the critical habitat area was 200-600 km? smaller
with an immigration corridor than without. immigration
had no inflnence on the mean size of the adult popula-
tion in year 100 for populations that survivex,

Influence of Biological Parameters

Predictions were sensitive to all of the biological param-
eters, especially the estimates of carrying capacity (Figs.
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Figure 4 Effect of babitat area and immigration on
cougar population persistence, given a carrying ca-
Dacity of 1.2 breeding aduit females and 0.4 breed-
ing adult males per 100 k. In each graph tbe top
through boitom lines give the percent of simulated
populations that went extinct within 100 years when
the numbers of immigrants per decade were 0, 1
male, 2 males, or 3 males and 1 female, respectively.
Juo Surv (juvenile survival rate) and Ad Surv (adult
survival rate) are defined in Table 1.

3-5; graphs for carrying capacities listed in Table T but
not illustrated herein are available on request). Both
juvenile and adult survivorship values also had impor-
tant influences on model results (Figs. 3—5).

The adult sex ratio (the ratio of carrying capacity for
females to that for males) was also important. When the
adult sex ratio was skewed toward females (Figs. 3—4),
immigration of one or two males per decade had the

Canservation Biology
Yolume 7, No. 1, March 1993

Dol yvh i e
gm \x
§10
Z%
-
O 30f
zzo
Sw:
gao:— n Sy = 08
Sl
B
=
Eso'
220
e
£ KM OF HABITAT x 100

Figure 5. Effect of babitat area and immigration on
cougar population persistence, given a carrying ca-
Dacity of 0.4 breeding adult females and 0.4 breed-
ing adult males per 100 knt’. In each graph the top
through botiom lines give the percent of simulated
populations that wert extinct within 100 years when
the numbers of immigrants per decade were 0, 1
male, 2 males, or 3 males and 1 female, respectively.
Juv Surv (juvenile survival rate) and Ad Surv (adult
survival rate) are defined in Table 1.

most pronounced rescue effects. This was most evident
with a highly skewed sex ratio (Fig. 4). In contrast, im-
migration of one or two males had a relatively muted
rescue effect on populations with equal sex ratios.
These populations, however, benefited dramaticalky
from 2 corridor that allowed four immigrants (including
one female) per decade (Fig. 5).
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Population Trajectory

For populations with low extinction risk, the population
trajectory on a run of 100 years fluctuated near carrying
capacity (for example, see Fig. 6A.). Despite this relative
stability, the age and sex composition of the simulated
population showed considerable variation, even when
smoothed by taking 5-year running means (Fig. 6B). Sur-
prisingly, most trajectories showed no response 10 the
simulated “catastrophes,” despite 20—40% reductions in
carrying capacity in years 26-28, 51-53, and 76-78
(see Fig. 6A).

Populations at greater risk of extinction showed even
greater demographic instability (Fig. 6C). When the sex
ratio was skewed toward females, the most common
extinction scenario was loss of breeding males at a time
when no male cubs survived.
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YEAR OF SIMULATION

. Figure 6. Trajectories of simulated cougar popula-
tions with juvenile survivorship = 0.55, adult survi-
vorsbip = 0.85, carrying capacity = 0.6 female and
0.3 male adults/100 km’, no immigration, and a
20% loss of carrying capacity lasting 3 yeéars every
25 years. A. With 2200 ke’ of babitat, all popula-
tions persisted. As in this typical trajectory, age and
sex composition of the population varied markedly
over time B. Five-year running means from panel A,
showing that even with five years of observation,
Dopulation demographics varied considerably. C.
With 1200 km’ of babitat, demograpbic instability
tncreased and 25% of the simulated populations
went extinct As in this typical trafectory, extinction
was usually initiated by loss of adult males
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Applying the Population Model in the Santa Ana Mountains

Given the best local estimates for survivorship rates and
carrying capacity, the model predicted that the cougar
population in the Santa Ana Mountains is clearly endan-
gered. Although there is less than 3% risk of extinction
in the next 100 years with the current 2070 km® of
habitat and no immigration, every parcel of habitat lost
increases the risk of extinction (Fig. 7). If the population
is confined to the 1114-km* block of contiguous pro-
tected lands, extinction risk rises to about 33%; an im-
migration corridor, necessarily including some lands
now in private ownership, would greatly improve the
Prognosis.

The only population that can potentially supply immi-
grants to the cougar population in the Santa Ana Moun-
tain Range is that i the Palomar Range. Interstate High-
way 15 and the urban developments along it present the
most formidable barrier to wildlife movements between
these ranges. A bridged river provides the only safe un-
dercrossing of Highway 15, and there is only one po-
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Figure 7. Extinction risk for the cougar population
in the Santa Ana Mouniains, The top through bottom
lines give the percent of simulated populations that
went extinct within 100 years when the numbers of
immigrants per decade were 0, 1 male, 2 males, or 3
males and 1 female, respectively. From right to left,
the vertical lines indicate total avatlable bhabitat in
1992, total available babitat if the Chino Hills is
lost, and total area of the protected and intercon-
nected babitat block. Stmulations were run with the
Jollowing estimates: carrying capacity = 0.7 adult
females and .35 breeding adult males/100 km’, ju-
venile survivorsbip = 0.50, and adult survivorsbip
= 0.80
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derpass (Beier & Barrett 19905, 1992b). The potential
corridor is about 4,5 km long and follows an intermitent
watercourse {Pechanga Creck) and the wooded ridges
south of this creek (Fig. 2: Pechanga Corridor). Al-
though creeks tend to be natural travel corridors, the
utility of lower Pechanga Creek as a corridor is compro-
mised by night lighting from adjacent tract homes,
streambed degradation by recent construction, a con-
crete embankment on portions of the north bank, and
removal of woody vegetation for golf courses on. the
south bank. There are also several residences, an aban-
doned quarry, a two-lane paved road, and a golf course
in the wooded ridges south of the creek

Although no single one of these obstacles occludes
the corridor, collectively they probably prevent immi-
gration by mountain lions into the Santa Ana Range.
Field evidence suggests that the corridor almost works,
On 3 August 1990, a dispersing male mountain lion
failed to negotiate the corridor, wandering into a rural
residential arez where he was captured by wardens. On
29 October 1990, another cougar was killed on 1-15 just
south of the bridged underpass. On 21 January 1992, a
telemetered dispersing male successfully used the cor-
Tidor to e¢migrate from the Santa Ana Mountains to the
Palomar Range. However, he avoided the bridged un-
dercrossing and the lower 4 kilometers of Pechanga
Creek, and was lucky not to have been struck crossing
I-15. The pattern of topography and habitat degradation
makes it even less likely that a west-bound immigrant
would successfully find the undercrossing (Beier & Bar-
rett 1992b).

Intra-Range Corridors and Travel Paths

Our data on cougar travel paths (including detailed ob-
servations on dispersal routes) have identified specific
areas that now prevent intra-range fragmentation. The
most threatened link is that connecting the Chino Hills
(about 150 km? of cougar habitat, including a 57-km?
state park) to the rest of the mountain range (Fig 2:
Coal Canyon Corridor). State Route 91 and adjacent
developments present the greatest obstacle to move-

ment between these areas. The Coal Canyon corridor

provides an excellent natural travel route to the freeway
and two usable passageways under it (Beier & Barrett
19904 1991). At least two (probably three) cougars
successfully used the Coal Canyon corridor and its un-
derpasses to cross Route 91 into the Chino Hills. In
addition, one telemetered cougar was struck by a vehi-
cle attempting to cross the freeway at the mouth of Coal
Canyon. One telemetered male dispersed from over 60
kilometers away to establish a home range that now
straddles Route 91; he has used the Coal Canyon corri-
dor to cross the freeway at least 16 times during May--
December 1991. A pending proposal to build 1500
homes on a 150-ha parcel in Coal Canyon would sever
this link, eliminating cougars from the Chino Hills.

Conservation Biology
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Discussion

Population Model
In the absénce of immigration, a habitat area of 1000—

2200 km? (depending on the demographics of a partic-
ular population) is needed to support a cougar popula-
tion with 2 98% or more probability of persistence for

100 years; these minimum areas would hold about 15—

20 adult cougars. These arcas are far smaller than the
area assumed necessary to support a population of large
carnivores for several centuries without loss of genetic
variability (Franklin 1980). It must therefore be stressed
that provision of the minimum areas suggested by this
model will not guarantee long-term survival of a popu-
lation. In cases where no immigration corridor is pro-
vided, populations confined to such small areas will re-
quire monitoring and perhaps periodic intervention—
such as introduction of new genetic material through
translocation.

The attempt to eliminate some of the values for bio-
logical parameters (Table 1) yiclded two biological in-
sights. First, natural catastrophes of moderate severity
(up to 40% loss of carrying capacity), frequency (every
25 years), and duration (3 years) appear unimportant to
cougar population persistence. Shaffer (1983) similarty
concluded that catastrophes were relatively unimpor-
tant to the population dynamics of grizzly bears. Future
modeling efforts can investigate whether this surprising
result also holds for disturbances of greater severity and
frequency. Second, because adult survivorship of 0.65
or less prevented simulated populations from reaching
carrying capacity, management of small populations
should include attempts to control factors—such as
depredation permits, construction of road undercross-
ings—that might influence adult survival rate.

These minimum areas and the number of cougars
present therein are comparable to the minimum arez
and number suggested by Shaffer (1983) for grizzly
bears. Both my model and Shaffer’s incorporated density
dependence and produced minimum areas and popula-
tions much smaller than predicted by analytic models
(see Belovsky 1987) or simulation models lacking den-
sity dependence (Captive Breeding Specialists Group
1989; Ginzburg et al. 1990; this paper, Methods).

Ginzburg et al. (1990) advocated use of density-
independent modeis to generate conservative estimates
of extinction risk when it is highly sensitive to the shape
of the density-dependent function (assuming the true
function is unknown). However, to the extent that a
density-independent analysis misclassifies viable popu-
lations as “hopelessly” small, it can be a less conserva-
tive approach. Furthermore, extinction risk in my model
was not sensitive to the shape of the density-dependent
function (Fig. 1). Therefore I chose a density dependent
model because it is more realistic. In general, “all natu-
ral populations are . .. influenced by density-dependent
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processes” (Begon & Mortimer 1981:162). For cougars
in particular, long-term observation in Iidaho (Hor-
nocker 1970; Seidénsticker et al. 1973; Quigley et al.
1989) and the Ruby Mountains of Nevada (Ashman et al.

1983) show the stability characteristic of populations

with density-dependent regulation. The data of Quigley
et al. (1989) also suggest that cougar numbers track
major long-term changes in carrying capacity (prey
abundance). Finally, simulated populations with den-
sity-independent survival rates (when they persisted)
often had unrealistically high ending densities (see
Methods, Density-Dependence in Survival Rates).

If a wildlife movement corridor is available to allow
immigration of up to three males and one female per
decade, an area as small as 600-1600 km? (depending
on the demographics of a particular population) can
support a cougar population without significant extinc-
tion risk in 100 years. Doubtless higher levels of immi-
gration would allow even smaller areas to support cou-
gars. Thus, in areas where isolation or fragmentation of
a cougar population appears imminent, protection and
enhancement of any remaining corridor is valuable.

The model predicts that south Florida, with 8800 km*
of occupied range and an adult density of about 0.6
adults per 100 km?® (Maehr 1990) has adequate habitat
for demographic persistence. Captive Breeding Special-
ists Group (1989), also using a simulation approach,
concluded that the Florida population faced 2 high risk
of extinction. These predictions do not necessarily con-
flict, however, because the CBSG model included ex-
tinctions caused by inbreeding effects and excluded en-
hancement of survival rates when populations were
below carrying capacity. In any event, the best panther
habitat in Florida is privately owned (Machr 1990), and
rapid agricultural and urban development could soon
fragment this habitat into dangerously small parcels. The
aggressive protection of habitat and movement corri-
dors is essential t0 ensure the persistence of Florida
panthers.

Two Caveats in Applying this Model
Two caveats apply to this model. First, the model is

sensitive to the estimates for carrying capacities for

adult males and females. Uncritical use of estimates from
a different area or habitat type should be avoided. Be-
cause cougars are K-selected, it is probably reasonable
to estimate carrying capacity from locally observed den-
sities. However, the great variation in sex and age com-
position in simulated populations suggests that at least
five years of study are needed for reliable estimates (Fig,
GA-B). Also, the carrying capacities used in this model
must be estimated by numbers of breeding adult males
and females, excluding the pool of nonbreeding male
and female transients that characterize most populations
(Seidensticker et al. 1973). Categorizing all individuals
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over 1 year of age as adult breeders would lead to overly
optirhistic predictions.

Second, sutvival rates observed for a population oc-
cupying a large area will probably decrease as area de-
creases and degree of isolation increases, due to in-
creased highway mortality (Beier & Barreu 1992a) and
decreased dispersal success. A conservative approach
necessitates use of lower-than-observed survival rates in
making projections for a population that has not yet
been fragmented or isolated.

Application to the Santa Ana Mountain Range: Site- c
Data along with Medel Conclusions Can Save Land

If survival of this population is a goal, the model yields
several clear conclusions (Fig. 7). Developments that
isolate or destroy large tracts of habitat should be
avoided. A corridor for immigration is of paramount im-
portance. Within the mountain range, corridors are also
needed to interconnect the protected parcels (Table 3).

Unfortunately, these conclusions alone have little
power to save land in the prodevelopment political cli-
mate of southern California. For example, although the
admonition to “avoid destroying large tracts”™ can be
implemented without additional data, few planning de-
cisions involve tracts that are “large” relative to the hab-
itat needed to support a cougar population. The other
conclusions cannot be heeded without additional data,
especially on the location of movement corridors.

Field data suggest that habitat degradation probably
prevents any regular inflow via the last potential corri-
dor for immigration (Fig, 2: Pechanga Corridor). Except
for the 15-year-old freeway, the obstacles to the
Pechanga Corridor are less than 5 years old. If a regional,
spatially-explicit land-use plan had been in place in
1986, the importance of this corridor would have been
obvious and the obstacles preventable. Strict protection
of the remaining habitat and additional habitat modifi-
cation and restoration will now be necessary if the
Pechanga Corridor is to function (Beier & Barrett
1992b). The Nature Conservancy is actively interested
in taking such steps but faces an uphill struggle.

Our work has also spotlighted a critical corridor nec-
essary to prevent intca-range fragmentation (Fig. 2: Coal
Canyon). The City of Anabeim is now considering ap-
proval of a housing project that would destroy this cor-
ridor. Qur documentation of both the importance and
use of this corridor should result in a scaled-back proj-
ect that leaves the corridor intact. The population
model convincingly predicts that loss of this corridor

. would guarantee the extinction of cougars from the 150

km? of habitat north of the freeway, reducing by 7.5%
the total habitat available to our population and pushing
the population leftward to the steeply rising part of the
risk curve (Fig 7). The field work shows that the cor-
ridor is in fact used. Thus the model and the field work
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together may provide sufficient documentation to pro-
tect this corridor; certainly neither could do so alone.

In another application, the model and complementary
fieldwork are having limited success in mitigating the
effects of a planned freeway; its proposed route slices
through a pristine area with no human residents along
its 21-kilometer length (Anonymous 1990). This free-
way would affect wildlife movement between the buik
of habitat on one side of the road and five smaller areas
of dedicated open space on the other side. By all-night
radio-tracking of individual focal animals, we have
learned the actual routes by which cougars travel
among these areas. Although these routes now traverse
pristine open space, they will become corridors (at
best) as freeway-induced growth removes the adjacent
habitat. The transportation agency has responded to this
information by planning bridged undercrossings at the
five most important crossing points. Previously, the
agency had planned on only one of these bridges, and
the location was based on geological rather than biolog-
ical considerations.

Unfortunately, preserving a corridor is not as simple
as building 2 bridge at one point along the corridor. The
road-building agency has acinowledged that the free-
wiy, by providing “critical infrastructure to large ex-
panses of open space,” will induce massive urban
growth (Anonymous 1990:5.13); such growth could
sever all of the wildlife corridors, rendering the under-
passes pointless. The agency has refused requests to pur-
chase easements to the three most itportant corridors
as mitigation for this induced growth, and it currently
faces a lawsuit on this issue.

Conclusions

The cougar is an ideal species for identification of move-
ment corridors for two reasons. First, cougars are an
area-sensitive species; therefore a corridor identified on
the basis of cougar use will benefit at least one species.
Second, a hunting cougar travels an average of 5.5 miles
per night (Beier, unpublished data) and thus generates a
lot of corridor data in a short time. Collection of com-
parable data for a less wide-ranging species may take
years or generations,

I do not advocate using cougars as a proxy for all
species of concern. However, management decisions
will not await the conclusion of long-term studies on
more sedentary species. In western North America, use
of data from telemetered cougars may be the most ex-
pedient way to interject biological facts into the analysis
of environmental impact and mitigation related to
movement corridors. It is certainly a big step above
current practices, which include (1) looking at aerial
photos in an office and guessing where a corridor ought
to be; or (2) labeling the leftover shards of habitat, or
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the bridge built according to geological constraints, as
the “wildlife corridor.”

Effective protection of wildlife corridors requires
putting them on the map, Unfortunately, the current
mechanism for sach protection is for concerned citizens
to detect and force mitigation on each proposed project
that threatens the corridor. For the cougar population in
the Santa Ana Mountains, this requires monitoring and
being prepared to litigate decisions made by five county
govermments, seventeen municipal governments, two
transportation authorities, and the world's largest water
district. Because a corridor is only as strong as its weak-
est link, a single oversight or failure on the part of con-
servationist volunteers is sufficient to lose the linkage.

Putting wildlife corridors and critical habitat on a
planner’s map can best be done through a geographic
information system covering a regional landscape. Al-
though General Plans are mandated for each county in
California, such plans are rarely site-specific in any rec-
ommendations and are almost never tied to a GIS. Fur-
thermore, as the present case illustrates, a single popu-
lation or wildland may span several counties, and land-
use planning is nonexistent at the regional level.

A spatially-explicit planning tool such as a GIS is es-
sential because it provides the only efficient means of
addressing cumulative impact and an accessible forum
on which developers, conservationists, and other citi-
zens cxpress their vision of the regional landscape at
build-out. Scott et al. (1990) describe a GIS-based ap-
proach that would admirably serve a regional plan, and
Hollings (1978) gives practical advice that should in-

spire such planning.
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