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~bwzaee I simukued polnaatlon dynamics o f  couga~ to 
p r ~ i c t  the m i n i m u m  areas and  levels o f  immigration 
needed to avoid populat ion extinction caused by demo- 
gra~ic  and ~ s ~ t i d t y  for a per~d of  100 
yem~ Under most  plausthl~ parameter v a l u ~  the model pre- 
dicted very low extinction risk in areas as small  as 2200 
kn~, and ( in the absence o f  immigration) ingyeasing risk as 
area dotyoas~ below 2200 kn~. I f  as f e w  as one to f our  
animals per decade could immigrate into a small  popula- 

the probabili ty o f  populat ion persistence increased 
markedly. Thus a corridor f o r  immigration will  benefit a 
small  populat ion in an area tohe~ further loss o f  habitat 
wil l  occur. 

The model was applied to the cougar populat ion in the 
Santa Aria Mountain Range o f  southern California (2070 
k m  ~, with about 20 adults). Fteid data support the model's 
conclusion that this population is demographical~ unsta- 
bl~ There will be a high risk of extinction if the habitat is 
reduced to currently protected and connected areas (1114 
kn~). A movement corridor allowing immigration from the 
adjacent  p o p u l a t i o n  and  intra-range corridors would  
great~F e n h a n ~  the prognosi~ Howovor, the last corridor f o r  
i m m t ~  has been degraded by recent bu~u~ acti~ty. 
Within the mountain range, cougars recently became ex~nct 
in a 75-kin ~ h ~ i m t  ~ t  recently isolated by develop. 
meng and cougars wil l  become exVlnct in another 150-kn~ 
o f  habitat i f  a proposed housing project occludes a critical 
corridor. Radio tracking has confirmed use o f  this and other 
important corridor~ 

Neither the model nor the f ie ld data alone would have 
much influence in the face of deoelopment ~ together 
they bare stimulated interest in resining aml ~ crit- 
ical corridors in this range  Noneth¢les~ the long.Wrm pro&- 
nosis f o r  this populat ion is blea~ because 22 local govern. 
me~ts review potent ial  impact  on a case-by-case basi~ 
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Deterngmndo ~reas minimas de l~bitat  y l~bi tat  en 
corredes para pumas 

Resumea:  Simuld ia dindmica de la poblaci6n de p u m a s  
para predectr dreas min imas  y nivcles de imnigtrgt6n he. 
cesartos para evitar la extinci6n de la poblaci6n debido a 
estocasticidad demogrdflca y ambiental  por  un portodo de 
100 a f~x  Usando los pardmeW~ nu~ v t a b l ~  el m o ~ l o  
pmaice r~osgos de extinci6n muy  bajos en dreas tan peque. 
fuas como 2200 k ,n  2, y (en auseacla de inmtgraa6n)  un  
ri~'go creciente a medida que el drea decreos por debajo de 
2200 kn~. $i tan solo 1--4 antmales por  ddoada 
inmigrar a tma ~ p o b l a c i ~  la probabilidad de per. 
sistencia se inorementarla ~ t ~  Por consiguien~ 
un corredor para ia inmtgraci6n pued t  ben~flctar una l~-  
q u e ~ a p o b l a a 6 n e n u n ~ , e a d 6 n ~ o c u n ~ u n a m a y o r p ~ r -  
dida del hdbitat 

E! modelo f ue  aplicado a la poblaci6n de pum as  en la 
cadena M ~  de Santa Ana, al Sur de California (2070 
kn~, con unos 20 adultos a p r o x t ~ t e ) .  Datos de 
campo apoyan las conclusioncs del model~ que indtcan 
una po~iaci6n demogrdflcamente inmtable si el h ~ i t a t  es 
reducido a l a s  actuales dreas prote~das y conectadas (1114 
k n ~ )  habrla un alto riesgo de extinci6~ La prognosis se 
podr ia  mejorar amp l iamen te  con un corredor de mo- 
vimiento que pormitiera la onntgract6n desde p o b ~ s  
en dreas adyacontes y corredores dentro del drea de distrtbu- 

Sin embargo, el tMttmo corredor para la inmigraci6n 
ha sido degradado por  el reciente impacto h u n u m ~  Dentro 
de la cadena m o n t a g o ~  los pumas  se ban extingutdo re. 
ctontemente en un f rasmento  de hdbttat de 75 k m  ~ atslado 
a causa del desarrollo; los pumas  se extinguifan en oWOS 
150 k n ~  de hdbitat si un p r o y ~ t o  de triviendas propuesto 
obsWuye un c ~  crttica El uso de este y otros impor- 
tantos cofrodomxha sido confirmado a t r a t ~  de telemetrta 

Ni  el modelo ni  los datos de campo por  si solos ~ndrlan 
m~Jho impacto ante la presiOn por  el desarrollo; juntos  hart 
estimulado el inter6s en restaurar y proteger ~ que 
son critcos en esta cader~ A pesar de todo, ia prognosis a 
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Effective land.use p lanning  mus t  be spatially explicit  and  
regional in scope Because cougars need ~ and be. 
cause telemetered cougars can quickly  identify ~ t  
corrtdo~ cougar research is an  efficient and appropriate 
ugty to inject biological data into such p lanning  efforf~ 

largo p lazo  para esta poblaci6n es ~ r n m  y a  que 22 gobier- 
nos lomles  r ~ s a m n  los impactos potencmles caso p o t  caso. 
Una effec~va p l a n t f ~ . a a ~  del uso ae la tierra debe se t  ex- 
pl ici ta  espacialmente y regional an extensi6~ La investiga- 
ci6n sobre p u m a s  es una via eficiente y apropiada de Intro- 
ducir datos biol6gicos en los es fue~os  de plani f lcaci6~ Esto 
es aM porque los p u m a s  necesitan correvlores y a l  estar mar- 
cados telem~tricamente ~ i t e n  identificar rdptdamente 
los ~ de mov imien ta  

I n t r o d u c t i o n  

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 
m i n i m u m  area needed  to  preserve functioning ecosys- 
tem~ Because there are no methods to determine the 
m i n i m u m  areas of  reserves with reference only to eco- 
system properties, biologists are forced to conduct  via- 
bility analyses for a few "indicator" or "umbrella" spe- 
cies as an eff ldent  way to address the viability of the 
whole  system (Soul~ 1987tt-8; Noss 1991). 

Species such as the g r i~ iy  bear (Ursus arctos horr/bt-  
l/s), the wol f  (Can/s lupus),  and the cougar or  moun- 
tain l ion (Fel /s  concolor)  make ideal candidates for such 
analysis because they exist at low density and require 
large areas. Of these, only the cougar plays a 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 griT-Ay bear. In this paper, I present  such an 
analysis for  the cougar. 

I focus solely on  the issue of  identifying the minimum 
area and immisration 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 o n l y  
recourse in most situations will be t o  establish the spe- 
d e s  in several sites since there  won ' t  be enough space 
in any given tSte" (Souh~ 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 
t o  that needed  to maintain genetic variability. 

Simulation models are superior to analytic models 
when  address~g a particular species, because the ana- 
lytic calculations are po~__ible only for unduly simplified 
models (Ewens et aL 1987:67). But there  are pitfalls to 
the simulm.ion approach, especially with small popnla- 
tions. For example, most  simulation models account  
only for females and make no allowance for an "Allee 
effect" whereby  ~ at low density may have diffi- 
culty finding mates. This creates an inverse density- 
dependence  In fecundity when  numbers of one sex are 

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 
'q3abitat fragmentation . . .  is the primary cause of  the 
present  ext inct ion crisis" (Wilcox & Murphy 1985: 
884), few s '~ulat ion models allow analysis of  the effects 
of movement  corridors; such analysis requires expl idt ly  
modeling various levels of  immigration. 

In this paper I describe a 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 extinct ion in the 
short term ( 100 years), ignoring inbreeding effects. My 
main conditions of  interest were  those that humans can 
control,  namely, area of habitat (control led  by restric- 
tions on human development)  and the amount  of immi- 
gration into the population (control led via provision for 
wildlife movement  corridors to adjacent populations). 
In addition, I examined how estimates of  ext inct ion risk 
depends on estimmes 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 Arm Mountains of  southern California, which I 
have studied since 1988, and I summarize some of  the 
relevant field observations from that study. This rosl- 
world application illustrates that model  results have fit- 
fie 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 te lemetered cougars to 
identify and protec t  wildlife corridors, and to advocate 
that regional planning efforts based on geographic infor- 
mation systems (GIS) replace current  piecemeal  ap- 
proaches. 

Metheds 

Simulation Model 

The simulation model  used standard Leslie-matrix com- 
putations, with subroutines that control led immigration 
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and adjusted survival and fecundity rates for density- 
dependence,  demographic  and environmental  stochas- 
t i c i t y ,  and an Allee effect. For each combinat ion of input  
conditions, the  popula t ion  dynamics we re  simulated 
100 times; each simulation was 100 years in duratiorL In 
each case, the initial num be r  of  adults (animals 2 or  
m o r e  years of  age ) w a s  set equal to the carrying capacity 
and evenly distr ibuted among  age classes. Initial nnm- 
bets  of  O-year-olds and 1.year-olds we re  set  at a half and 
a quarter, respectively,  of  the  n u m b e r  of  adult females. 

The question of  what  consti tutes preservat ion is "the 
most  c ru~al  and least addressed" issue in conservation 
biology: "Does a 95% probabil i ty of  persis tence for 1 0 0  
years make ext inct ion sufficiently r em o t e  or  all too im- 
manent?" (Shaffer 1987:81,84). I advocate  planning for 
an extinct ion risk of  less than 1%, and I label "signifi- 
cant" any ext inct ion risk 2% or more.  

For each set o f  100 runs, the program recorded  the 
populat ion t rajectory by sex and age class, the number  
of  runs on  wh ich  the populat ion w e n t  extinct, mean  
populat ion size in year  100, and other  summary statis- 
tics. 

mlNrr om~mom 

The main factors of  concern  were  area of  habitat and 
level of  immigration. Simulations were  run with habitat 
areas as small as 200 km 2 and in increments  of  200 km 2 
until ext inct ion risk declined to less than 2%. Four lev- 
els o f  immigrat ion w e r e  considered. The  first level de- 
p ic ted  no wildlife m o v e m e n t  cor r idor  (no  immigra- 
tion). The second and third levels reflected a marginal 
corridor, allowing immigrat ion of  one  or  two males pe r  
decade, respectively. The fourth level of  immigration 
was three  males  plus one female per  deck_de. These lev- 
els reflect the finding that about  80% of  juvenile males, 
but  only about  25% of  juvenile females, dispersed out  o f  
their  natal mounta in  range, often crossing inhospitable 
desert  habitat to reach another  range (Ashman et al. 
1983). 

For each combinat ion  of habitat area and level of im- 
migration, simulations w e r e  run under  many combina- 
tions of  estimates for  life history and environmental  at- 
tr ibutes (Table 1). We  have poo r  est imates for some of 
these parameters  ( for  ~ m p l e ,  male and female equi- 
librium densities, juvenile survival ra tes)  and some pa- 
rameters  may vary geographically, so I used many com- 
binatious initially. A smaller subset  was  obtained by  
dropping values that  p roduced  unrealistic ou tcomes  
and variables that did not  influence the results. 

L i t t e r  size Mean titter size (Table 1 ) was based on 
reports  of  Robinet te  et  al. ( 1961 ), Ashman et  al. ( 1983), 
and Anderson's  (1983:34)  compilat ion of data from 407 
litters. In the simulations, up  to 40% of  the 2-year-old 
females b red  each  year  and no kittens or  yearling fe- 
males bore  young, based on min imum and mean ages of  

Table 1. lalmt tUtes for b l o l o l ~  lmmmeN~ mind ta 

Parameter  Possible States 

Mean litter size 

Juvenile c survival 

Adult e survival 

Carrying capacity 
(breeding adults 
per 100 lma 2) 

Severity of catastrophe 
(loss of carrying 
capadty) 

2 .4  a 

2.8 
3.2 b 
0.55 (0.50) d 
0.65 (0.60) 
0.75 (0.70) 
0.65* 
0.75 
0.85 
Sex ratio of 2 ferules per male: 

0.4 females, 0.2 males 
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 females per male: 
0.8 females, 0.2 males 
1.2 females, 0.4 males 

Sex ratio near unity: 
0.4 females, 0.4 males 
0.8 females, 0.6 males 

None (constant 
carrying capacity) 

20% in years 25-27, 50-53, 75--77 
40% in years 25--27, 50-53, 75--7"~ 

a This value was dismissed because i t  p r o d u c ~  unmditsticdily low 
populat ion sizes even  w h e n  u s e d  in concert with optimistic estt. 
m a ~  fo r  oa~r  var~aU~ see D m  ~ o f  P, mat& 
b This value was dismissed because itproalucwl e x ~  probabil- 
ities that did not differ f rom those under a moan litter size o f  2.~ 
and this value is best stqTportl~ by field $ ~  $ e e . ~ g  section o f  
Result& 
cO. and l.year old, o f  both seueg and 2.ywr-oid 
d Survivai o f  1-ymr-oid males indtcatod in 
"Femaios >>-2 years old and males ;D3 years old 
f This value was dismissed becquse e x t i ~  probabilities taarled 
only trivially from the 2096 cas~ See first section o f  Result& 

primiparous females of  25 and 32 months  (Ashman et  al. 
1983). Because the mean interval be tween  births (ex-  
cept  when  a litter dies) is usually about  24 months  
(Hornocker  1970:16, Robinette e t  al. 1961:215), the 
model  excluded f rom breeding those females wi th  sur- 
viving fitters f rom the previous year. The model  as- 
sumed that a female whose  titter dies comes  into estrus 
and breeds  the next  year (Hornocker  1970:16; Selden- 
sticker et  at. 1973:56; Eaton & Velander 1977.65). 

J u v e n i l e  s t a ~ v a l  r a t e ~  There  are few estimates of  
survival of  0-year-olds. Comparing mean  titter sizes near  
birth and at 12 months  (not  the same fitters fol lowed 
through t ime)  Ashman et al. ( 1983 )  suggested a value of  
0.78. Similar data in Robinette e t  al. ( 1961:213, inferring 
age f rom weight)  suggested a survival rate of  0.73. To  
the extent  that entire titters died, this is a 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 fetid cubs  (lion, chee tah)  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 km2); this rate may reflect dcm~ty-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 a 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 postMispersal mortality (Hornocker 
1970:18). Lacking better evidence, I set yearling sur- 
vival rates equal to 0-year-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 nonorphaus. 

Adult survival rate I used adult survival rates of 65% 
(Robinette et al. 1977:123, Ashman et al. 1983), 75% 
(Lindzey et al. 1988), and 85% (Anderson et at, 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 
C u r v e .  

Carrying capacity. Although they are not territorial, 
social intolerance among adult 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 (Seideusticker et al. 
i973:59,56). 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 (Homocker 1970; Seidensticker et al. 
1973; Sitton & Wallen 1976; Currier et 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 
Seideusticker et al. (1973). 

In light of these uncertainties, I ran the model under 

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) (Seideusticker et al. 1973:17, first 3 years; Cur- 
tier et al. 1977; Ashman et al. 1983; Murphy 1983; 
Hemker et al.1984; Logan et al. 1986; Neal et 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 2 
reported by Hemlmr et aL (1984) and the markedly 
higher adult density of 3/100 ]fgn2 reporg~ 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 26-28, years 51-53, 
and years 76-78. This modeled prey die-offs due to 
droughts or severe winters. 

INaqSITyollq]l~NI)mq~ IN lq~U-NDITY 

Because the gestation period is only 92 days and neo- 
nates weigh only 500 grams (Anderson 1983:33-34), 
cougar pregnancy is relatively cheap; therefore simu- 
lated Utter sizes were independent of density and ma- 
ternal age. When the simulated number of adult females 
was less than carrying capacity, all females over 2 years 
old (except those with a surviving Utter from the pre- 
vious year) and 40% of 2-year-old females (Ashman et 
al. 1983) bore Utters. The program allowed females in 
excess of carrying cal~_city to breed with probability 
equal to 0.20, and assigned the youngest females to non- 
breeding status, 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 

KM - (#AdM 

KM 
.1.15 gM-#~,0~t, 

where KM = carrying capacity for breeding males and 
#AdM = nnmi~=r of adult males. Under this expression, 
e0_ch 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 populat ion sizes; for example,  when  
KM = 5 and #AdM = 4 ,92% (not  SO% ) of  the females 
are bred. 

DBHNI)IN~ IN SUIVIY&I, BAI"gS 

In pre l iminary  analyses, some  simulations w e r e  run 
wi thout  any density dependence  in survival rates; re- 
suRin 8 extinct ion rates we re  about  ten t imes higher 
than those p roduced  using densi ty-dependent  survival 
rates for  all ages. O t h e r  s i m u l a t i o n s  were  run  with  mild 
density dependence  in juvenile survival rates (Fig 1, 
curve A) and density Independent  adult survival rates, 
producing extinct ion rates about  five times higher than 
when  survival rates for all ages were  density-dependent.  
In simulations lacking density-dependent survival rates, 
the mean  number  of  adults in year 100 ( in  surviving 
populat ions)  far exceeded  carrying capacity. Because 
density independence p roduced  such unrealistic ending 
populat ion sizes, I ran all remaining simulations with 
densi ty-dependent  survival rates (Fig 1, Table 2). 

In the model ,  density dependence  opera ted  most  
strongly o n  0- and 1-year-olds, whose  survival rates de- 
pended  on  the num ber  of  adult females; survival of  
1-year-old males also varied with  the number  of  aduR 

e r  

. J  

Y=S/X 2', ", Y=S/X J 
fJ~ MIN . . . . . . . .  

I I I I I I I ' ' 

0 K 2K 3K 4K 

POPULATION SIZE 
Figure 1. Densi ty .dependent  func t ions  relating sur- 
vival rates to popu la t ion  density. Lines A a n d  J, re- 
spectively, illustrate the adul t  a n d  juven i le  survival 
func t ions  (Table 2 )  used in all  s imulat ions  illus= 
trated in Figures 3--7. S imulat ions  using s~ronger 
densi ty .dependent  func t ions  (dashed lines) d id  not  
change the risk o f  ext inct io~ In  all  s imulat ions  the 
juven i l e  survival f u n c t i o n  was  one line steeper than 
the adu l t  survival  funct iort  K = Carrying capacity 
f o r  the appropriate se~ Max  = 0.95 (adul ts)  or 0.9 
(juveniles). Min  = 0.5 (adul ts)  or 0.3 (juveniles). S 
= Survival rate a t  carrying capacity. 

T ~ k 2 .  ~pmeom reed to erme t k ~ t t T ~  in eoqm' 
sm~val rmu. S = the l~ smdh  s s rv i~  rme m cmTyi~ 
m i m e ,  ~ ~ ~ = m n ~  ~ t y  ~ t N e ~  t ~ a m  
aad roles ~ # ~ m i m  ,-,a #~lltlales = ~ e r  ef 

Expression for  Density.Dependent 
Age Sex Survival R a ~  

0 both 
1 F 

M 

2 F 
M 

3+ F 
M 

S • (I~/#A(~emales) °s  
s * (KF/#AdFemales) °'s 
Minimum of: S * (KF/#AdFemales) °'s or 
S • (gF/#AdFemales) °s  * (KM/#AdMales) °s  
S • (KF/O~'atFemales) °s  
S * (KM/#AdMales) °'s 
s ~ ( g F / # A ~ e m ~ e s )  °~'  
S (KM/#AdMales) °25 

To avoid unrealistic results that the above egpmsslons yield under 
certain condtUons (su~ as when a divisor a p ~  or 
zero), the prosram truncated all survival rates to t~ues betw~n 0.3 
and 0.g for animals under 3 yea~ of agg and between 0.5 and 0.95 
f o r  a d u l  t* 

males, reflecting densi ty-dependent  mortali ty of  young 
males during dispersal. Densi ty-dependence was rela- 
tively mild for animals less than 2 years old. There  is no 
empirical  data to  suppor t  these particular functions (Ta- 
ble 2); they were  chosen for computat ional  simplicity. 
In light of  the markedly changed ou tcomes  w h e n  den- 
sity dependence  was added to the model  (above) ,  I 
tested the model  using more  severe densi ty-dependent  
functions. Neither risk of  ext inct ion nor  endin 8 popula- 
tion size varied among the functions illustrated in Fig- 
ure 1. 

sr0alAfrl¢ YMIIATION 

Most simulation models  introduce stochastic variation 
into survival rates by  randomly selecting a rate  f rom a 
normal  distribution and then  mulbplying 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- 
p roach  introduces rounding errors  that increase the sur- 
vival rate to near 10096 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,  all 
ou tcomes  (2, 1, or  0 survivors)  we re  possible (wi th  
binomial  probabi l i t ies  0.36, 0.48, and 0.16, respec-  
tively) in a biologically realistic manner.  

Similar procedures  in t roduced 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 wi th  probabili t ies appro- 
priate to the specified mean  value. Each year  one  male 
or one female immigrated wi th  the appropriate  proba- 
bility, and the immigrant  was assigned to the I-year,  

Conservation Biology 
Volume 7, No. I, March 1993 



~ e r  ~ Habit areas for Coqggs 99 

2-year, or  3-year age class with probability equal to 0.3, 
0.5, and 0.2, respectively. 

F l d d  Wedk in tlhe ~ m z  A m  M o m ~ d ~  

The cougar population in the Santa Aria Mountain Range 
of southern California c ~  of  about twenty adults on  

about 2070 km 2 of habitat (Fig 2) (Baler & Barrett 
1992b). The surrounding urban areas do not offer even 
marginal cougar habitat. About 1270 lan z of thig habitat 
(61% ) is protected from urban uses, primarily within 
lands owned by the U.S. Forest Service and U.S. Navy 
(Table 3). Of the protected land, about 1114 lan z forms 
a contiguous block; if all private lands were devdoped, 
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Figto~ 2. The heavy solid line encloses three avea~ 2070 kn~  of  cougar habitat it= the Santa Ana Mountain 
Range (including the Chino Hills); 75 kn~ of  suitable habitat in the San Joaquin Hills (recently extinct); and 
(east o f  Higbgwy 15) a portion o f  the habitat in the adjacent Palomar Range The heavy dashed line encloses 
1114 k m  2 o f  protected and connected parcels (Table 3). AH roads shown are 6- to lO.lane f r e e u ~ ¢  
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Areas  F o r m i n g  a Large Areas  S u o D t m d e d  b y  
O u m e t ~ i p  a n d  P ~ e l  N a m e  C o n t i g u o u s  B l o c k  Unprotec ted  l a n d  

Federal 
Cleveland National Forest 
Cleveland National Forest (6 parcels ) 
c_a~ Pend~on 
Fallbrook Naval Weapons Station 
Bureau of Land Management (7 parcels) 
Bureau of Land Management (1 parcel) 

State 
Chino Hills State Park 
San Diego State University Field Station 
Dept Fish & Game Coal Canyon Preserve 

Orange County Parks 
Caspe~ 
Limestone Canyon 
O~etU 
whiting Sanch 
Irvine 
Wagon Wheel 
SanWcgo Oaks 

Private Reserves 
Santa Rosa Plateau Preserve 
National Audubon Society Start Ranch 
Rancho Mission Viejo Conservancy 

Total 

53,604" 

49,292 b 
3,099 

364 

385 

3,085 

626 

550 

5,059 
1,805 c 

2,169 d 
805 
632 
193 
178 
142 

2,803 c 
1,578 

486 
111,407 15,448 

Fac/ud~ prWate tnho/d~ng~ 
* ' l n c l ~  land leased to San Onofre Beach State Parle; excludes 1700 im~ares in urban use anal atr~la~ includes some severely affected 

m n ~ s  that may not  be s ~ t ~ i e  b a ~ t ~  
"Includes 510 hectares o f  Bureau o f  Land Manasement  land administered by the f ie ld  station 
a F2cpected to be transferred to county f rom  pr i va~  ~ i ~  
Adminisfered by The Nature Conservancy (TNC); includes lands owned by TN¢: State o f  CalObgni~ and Riverside Cotmty. 

the other  154 km 2 of  p ro tec ted  land would  be  isolated 
into fragments unusable by cougars. 

The six counties of  southern  California contain 5% of  
the U~. human  population. The human populat ion of 
the eastern half of  Orange County and the wes tern  sixth 
of  Riverside County is p ro jec ted  to g row f rom 1.15 mil- 
lion in 1987 to 2.09 mill ion by  2010 (Anonymous  
1989). Most of  this growth is expec ted  to occur  in tract  
homes  built in pr ivately-owned open  spaces, including 
most  of  the best  cougar  habitat. In addition to outright 
habitat destruction, some wildlands are lost to the c o w  
gar populat ion because  they b e c o m e  isolated by free- 
ways and o ther  development .  For example,  after urban- 
ization isolated a 75-kin 2 f ragment  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 te lemetered  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  a mature  male cougar  in February 1988, 
there was no additional reproduct ive  activity and no 
sign of a breeding male for over  12 months  (Padley 
1990:40--43). When  two young males established them- 

selves as breeders  in early 1989, their  tracks and vocal- 
izations were  obvious. In April 1989 we  heard copula- 
tory vocalizations involving four te lemetered females, 
and that summer  six of  the seven females bore  cubs  
(Padley 1990). The  presumed sires of  these fitters ( two  
adult males subsequently captured  and radio-tagged) 
were  bo th  2 years old at the t ime they became  breeders.  
Therefore, all evidence suggests that there was no adult 
male and no reproduct ion 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 t imes per  mon th  w e  se- 
lected a focal animal whose  location was de te rmined  
every 15 minutes f rom 1 hour  before sunset until 1 hour  
after sunrise. This research has focused on  ( 1 )  identifi- 
cation of existing or  potential corridors for immigrat ion 
into the populat ion as a whole;  (2 )  identification of  
lands within the mountain range that connec t  nearly- 
isolated patches of  habitat; and ( 3 )  documenta t ion  of  
the travel paths used by cougars, especially dispersing 
animals, and especially paths be tween  areas designated 
as permanent  open  space. If  protected,  such paths can 
be  expec ted  to b e c o m e  corridors as future human  ac- 
tivities affect the adjacent habitat. 
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Results 
Rejection of U ~  or Unlafermmive Parmmer  Values 

To reduce  the results to a digestible mass, I first rejected 
parameter  values that p roduced  unrealistic outcomes or 
that did not  influence the result& For example, the mean 
number of  adults in year  100 was 70--8096 of  carrying 
capacity wheneve r  adult survivorship equalled 0.65, 
even wi th  a habitat area of  3000 km 2 and the highest 
estimates for juvenile survival rate, mean fitter 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 populat ion sizes about  15% below car- 
wing capacity, this litter size was excluded. Extinction 
rates decreased only trivially w h e n  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 consideratiotL 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 d Habitat Area and Level of  i m m i ~ t i o n  

The main factors of  interest we re  those under  human 
control, i.e., area of  habitat and the presence (or  ab- 
sence)  of  a corr idor  allowing various levels of  immi~t'a- 
tiorL As expected,  bo th  factors influenced the probabil- 
ity of extinc~on (Figs. 3-5). 

Despite variation in model  predict ions due to uncer- 
tainty in biological parameters, 98% or  more  of simu- 
latcd populations persisted for 100 years when  there 
was 2200 km 2 or  more  of  habitat available, except  un- 
der the most  pessimistic estimates of  biological param- 
eters (carrying c~_~rntcity of 0.4 or  fewer adult females 
and 0.2 adult males pe r  100 km 2, in concer t  with adult 
survivorship of  0.75 or  less). 

As expected,  the probability of  ext inct ion increased 
as area of  habitat d ~ .  With only 1000 km 2 of  
habitat and no immigration, simnlated populations had 
98% persistence only under  the most  optimigtic esti- 
mates of  biological parameters (carrying capacities of 
1.0 or more  adult females and 0.5 adult males per  100 
km 2, in concer t  wi th  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 be tween  1000 and 2200 
ima 2. Within this range, the critical size depends on  de- 
mographic parameters (nex t  section).  

Immigration improved the probability of  survival at 
surprisingly low levels--as low as one  male per  decade. 
For any given combination of  biological parameter  esti- 
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Figure ~ Effect of  habitat area and immigration on 
cougar population persistencg given a carrying ca. 
paa ty  o f  O. 6 ~ ,ed tng  adult females and 0.3 ~ , e d -  
ing adutt m a ~  per 100 kn~. In each graph the top 
through bottom lines give the porcent o f  simulated 
populations that went extinct within 100 years when 
the numbers o f  immigrants per decade were O, 1 

2 male& or 3 males and I female, respectively. 
Juv Sum (juvenile survival rate) and Ad Surv (adult  
survival rate) are defined in Table L 

mates, the critical habitat area was 200--(300 km 2 smaller 
with an immigration corridor than without. Immigration 
had no influence on the mean size of  the adult popula- 
tion in year 100 for populations that survived. 

Influence of mological Pagmnetem 

Predictions were  sensitive toal l  of  the biological param- 
eters, especiafiy the estimates of carrying capacity (Figs. 

Conservaeon Biology 
Volume 7, No. 1, March 1993 



!- 
10 

i I ' \  Jwlk~" O.MI 

i 
_o 

|1o  
Figure 4 Effect o f  habitat area and immigration on 
cougar population persistencg given a carrying ca- 
pacify o f  1.2 breeding adult females and O. 4 breed. 
ing adult  males per 100 kn~. In each graph the top 
d~x~gh bottom lines give the percent of  simulated 
populations that went  extinct within 100 years when 
the numbers o f  immigrants per decade were O, 1 
malg 2 male~ or 3 males and I femalg respectively. 
Juv Suro (jut~ntle survival rate) and Ad Suro (adult 
survival rate) are defined in Table 1. 

3-5; graphs for carrying capacities listed in Table 1 but  
not  illustrated here in  are available on request).  Both 
juvenile and adult survivorship values also had impor- 
tam influences on  mode l  results (Figs. 3-5) .  

The adult sex ratio ( the  ratio of  carrying capad ty  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 pe r  decade had the 
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Figure 5. Effect o f  habitat area and immigration on 
cougar population per~tencg  given a carrying ca- 
pacity o f  0.4 breeding adult females and 0.4 breed- 
ing adult males per 1 O0 km 2. In each graph the top 
~ n ~ g h  bottom lines give the percent o f  simulated 
populations that went extinct within 100 years when 
the numbers o f  immigrants per decade were O, 1 
male, 2 male~ or 3 males and 1 female  respectively. 

Juv  Surv ~ t l e  survival rate) and Ad Surv (adult  
suruival rate) are defined in Table 1. 

most  p ronounced  rescue effects. This was mos t  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  popula t ions  wi th  equal  sex  ratios. 
These populat ions,  however ,  benef i t ed  dramat ical ly  
f rom a corr idor  that al lowed four immigrants  ( including 
one female) per  decade (Fig. 5). 
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l~pulation Trajectory 

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

Populations at greater risk of  ¢~inction 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 

A • 

Appi#ag the l~pnlation Model in the Santa Am M o m m d n s  

Given the best local estimates for muarivorship rates and 
carrying capacity, the model predicted that the cougar 
population in the Santa Ana Mountains is dearly endan- 
gered. Although there is less than 3% risk of extinction 
in the next 100 years with the current 2070 km 2 of 
habitat and no iTnmi~'ation, evet'y parcel Of habitat lost 
increases the risk of extinction (Fig. 7). If the population 
is confined to the 1114-kin 2 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. 

lmer-guCge Corridor 

The only population that can potentially supply immi- 
grants to the cougar population in the Santa Arm Moun- 
tain Range is that in 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- 
tential corridor between the Palomar range and this un- 

C 

• Figure ~ Trajecton'es o f  simulated cougarpopula. 
t iom with juvenile survivorsbip = 0.55, adult  survi- 
vorship = 0.85, carrying capacity = 0.6female and 
0.3 male adults/lO0 km  2, no immigratior, and a 
20% loss o f  carrying capacity lasting 3 years every 
25yearn ~ With 2200 km  2 o f  habitag all popula- 
tions persistecL As in this typical trajectory, age and 
sex compositi6n o f  the populat ion varied markedly 
over timm B. Five-year running means from panel  
showing that even wi th  f ive years o f  observatl"o~ 
population demographics var~d considerably. C. 
With 1200 km 2 o f  habitag demographic instability 
increased and 2596 of  the simulated populations 
went extinct As in this typical trajectory, extinction 
was u~ually initiated by loss o f  adult male~ 

8 0 0  1 2 0 0  1 8 0 0  2 0 0 0  

AREA OF HABITAT (SQ KM) 
Figure 7. Extinction risk for  the cougar populat ion 
in the Santa Ana Mountain~ The top thcn~gh bottom 
lines give the percent o f  simulated populations that 
went extinct within 100 years when the numbers o f  
immigrants per decade were 0, I male  2 male~ or 3 
males and I female, respectively. From right to left, 
the vertical lines indicate total available habitat in 
1992, total available habitat i f  the Chino Hills is 
los~ and  total area o f  the protected and in~mon- 
nected habitat block Simulations were run with the 
fol lowing estimate~, carrying capacity = O. 7 adul t  
females and 0.35 breeding adult  males/1 O0 km  2, ju-  
venile survivorship = 0.50, and  adul t  survivorship 
= 0.80. 
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derpass (Beier & Barrett 1990b, 1992b). The potential 
corridor is about 4.5 km long and follows an intermitent 
watercourse (Peclmga Creek) 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 o n  the 
south bane 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 creeg 

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 a l m o s t  works. 
On 3 August 1990, a dispersing male mountain lion 
failed to negotiate the corridor, wandering into a rural 
residential area where he was captured by wardens. On 
29 October 1990, another cougar was killed on I-15 just 
south of the bridged underpass. On 21 January 1992, a 
telemetered dispersing male successfully used the cor- 
ridor to emigrate from the Santa Aria 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-hound immigrant 
would successfully find the undercrossing (Beler & Bar- 
rett 1992b). 

imm-llmge (amqders and Travel Paths 

Our data on cougar travel paths ( i n d u i n g  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 I-Ii!1£ 
(about 150 km 2 of cougar habitat, including a 57-kin 2 
state park) to the rest of the mountain range (Fig 2: 
Coal Canyon Corridor). State Route 9I 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 (Beler & Barrett 
1990~ 1991). At least two (probably three) cougars 
succ~___essfully 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 
Idlometers 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. 

D i s c u s s i o n  

l~psli lon Model 

In the absence of immigration, a habitat area of 1000- 
2200 km 2 (depending on the demographics of a partic- 
ular population) is needed to support a cougar popula- 
tion with a 98% or more probability of persistence for 
100 years; these minimum areas would hold about 15- 
20 adult cougars. These areas are far smaller than the 
area assumed necessary to support a population of large 
carnivores for several centuries without loss of genetic 
variability (Fravklin 1980). It must therefore be stressed 
that provision of the m i p i m q m  a r ~  s u g g e s t e d  b y  th is  

model will not guarantee Ions-term survival of a popu- 
lation. In cases where no immigration corridor is pro- 
vided, populations confined to such small area.swill 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) yielded 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) similarly 
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 disnLrbances 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 area 
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 models to generate conservative estimates 
of extinction risk when it is highly sensitive to the shape 
of the density-dependent function (assurnln~ the true 
function is unknown). However, to the" extent that a 
density-independent analysis miselassifies 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 a re . . ,  influenced by density-dependent 
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processes" (Begon & Mortimer 1981:162). For cougars 
in particular, long-term observation in Idaho (Hor- 
hocker 1970; Seidensticker et aL 1973; Quigley et al. 
1989) and the Ruby Mountains of Nevada (Ashinan et al. 
1983) show the stability characteristic of populations 
with densityMependent 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 2 (depending 
on the demographics of a particular population) can 
support a cougar population without significant extinc- 
t.ion 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 appcms imminent, protection and 
enhancement of any remaining corridor is valuable. 

The model predicts that south Florida, with 8800 km 2 
of occupied range and an adult density of about 0.6 
adults per 100 km 2 (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 a high risk 
of c~iinctiotL These predictions do not necessarily con- 
fllct, however, becau~  the CBSG model included ex- 
tinctions caused by inbreeding eff~a~ 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 (Maehr 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 to ensure the persistence of Florida 
panthers. 

Two caveats in Mplytng ~ 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, 
6A--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 

over 1 year of age as adult breeders would lead to overly 
optimistic predictions. 

Second, survival 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 & Barrett 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 isolate~ 

Application to the S a m  Am Mountain gm~ge: Site-Specific 
Data along with Model Cenclmtons Can Save Laad 

If survival of this population is a goal, the model yields 
several dear  condusions (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 populatiotx The other 
conclusions cannot be heeded without additional data, 
especially on the location of movement corridors. 

Field data suRRest 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 intra-range fxagmentation (Fig. 2: Coal 
Canyon). The City of Anaheim is now considering ap- 
proval of a homing project that would destroy this cor- 
ridor. Our documentation of both the importance and 
use of this corridor should result in a ~ded-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 2 of habitat north Of the freeway, reducing by 7.556 
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 documentat ion 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 bulk 
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  wh ich  cougars  travel 
among these area,. Although the ,  e routes now t raver~  
pristine open  space, they will become  corridors (at 
best) as freeway-induced growth removes the adjacent 
habitat. The tmmlx~rtation agency has responded to this 
information by planning bridged undercro~ings  at the 
five most  important  crossing points. Previously, t h e  
agency had planned on  only one  of  these bridges, and 
the loo_Y_!on was based on  geological rather than biolog- 
ical considerations. 

Unfortunately, preservin_g a corr idor  is not  as simple 
as building a bridge at one  point  along the corridor. The 
road-building agency has acknowledged that the free- 
way, by providing "critical infrastructure to large ex- 
panses of  ope n  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  important corridors 
as mitigation for this induced growth, and it currently 
faces a lawsuit on this issue. 

~ n d m i o n s  

The cougar is an ideal species for  identification of  move- 
ment corridors for two reasons. First, cougars are an 
area-sensitive species; therefore a corr idor  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  corr idor  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 te lemetered cougars may be the most ex- 
pedient way to interject  biological facts into the analysis 
of  envi ronmenta l  impact  and mitigation re la ted 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 corr idor  ought 
to be; or (2 )  labeling the leftover shards of habitat, or  

the bridge built according m geological constraints, as 
the '~didlife corridor." 

Effective pro tec t ion  of wildlife corr idors  requires  
put t ing  ~ on the map. Unfortunately, the current  
mechanism for such protect ion 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 
governments, seventeen municipal governments,  two 
transportation authorities, and the world's largest water  
district. Because a corridor is only as strong as its weak- 
est l ink 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 r~g/ona/ 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 wi ldhnd  may span several counties, and land- 
use planning is nonexistent at the regional level. 

A spatially-explicit plarming 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 express 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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