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Abstract.  Longitudinal studies of survival are valuable because age-specific survival
affects population dynamics and the evolution of several life history traits. We used capture~
mark-recapture models to assess the relationship between survival and sex, age, population,
vear of study, disease, winter weather, and population density in two populations of bighorn
sheep ((hvis canadensis) in Alberta, Canada. The Ram Mountain population, monitored for
20 yr, more than doubled in density; the Sheep River population, monitored for 13 yr,
experienced a pneumonia epizootic. Yearling survival varied among years and was lower
than that of older sheep of the same sex, except for yearling males at Ram Mountain.
Yearling females at Ram Mountain were the only sex-age class exhibiting density depen-
dence in survival. Senescence was evident for both sexes in both populations. Female
survival from age 2 to age 7 was very high in both populations, but males aged 2 and 3
yr enjoyed better survival than males aged 4-6 yr. Our data support the suggestion that
where hunters remove many males older than 5 yr of age, the natural mortality of males
increases at 3—3 yr, possibly because young males suffer a maortality cost of participating
in rueting activity. The decline in survival for sheep older than 7 yr was greater for males
than for females. Survival was lower for males than for females, both among prime-aged
sheep (0.896 vs. 0.939 at Sheep River; 0.837 vs. 0.945 at Ram Mountain) and among older
sheep (0.777 vs. 0.859 at Sheep River; 0.624 vs. 0.850 at Ram Mountain), but not among
yearlings. Survival of sheep aged 2-7 yr was not significantly different between the two
populations. Winter weather did not affect survival. Survival of sheep 2 yr of age and older
did not vary significantly between years, except at Sheep River where survival of prime-
aged sheep of both sexes was lower in the year of the pneumonia epizootic. Studies of
survival of mountain sheep based upon skull collections may have overestimated survival
of young rams. Our results underline the need for aceurate information on age-specific

survival.
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[INTRODUCTION

Variations in survival with sex and age are thoughe
to affect the evolution of mammalian reproductive
strategies (Partridge and Harvey 1988, Stearns 1992)
and have direct effects on population size (Larsen &t
al. 1989, Garrott 1991). Accurate measures of age- and
sex-specific survival, however, are difficult to obtain
because they require long-term monitoring of individ-
uals of known age. In particular, very few langitudinal
survival data exist for long-lived mammals (Clutton-
Brock et al. 1991, Gaillard et al. 1993, Owen-Smith
19934} and references therein). Because of the scarcity
of studies comparing different species and populations,
the general validity of single-population estimates of
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natural survival rates is unknown, making it difficult
to test predictions of life history models (Gaillard et
al. 1994). Some studies have analyzed life history strat-
egies of mammals by assigning ‘‘typical” adult and
juvenile survival rates to each species (Promislow and
Harvey 1[990, Promislow 1991), but the degree to
which age-specific survival varies between years or
hetween populations remains largely unknown. Vari-
ability in survival probability is likely to bhe as impor-
tant as average expected survival in affecting life his-
tory evolution {Stearns 1992), therefore, limited
knowledge of variability in survival is an important
gap in our understanding of reproductive strategies.
Studies of large mammals suggest that adult survival
in general is less sensitive than juvenile survival to
population density or weather (Sauer and Boyce 1983,
Skogland 1985, Fowler 1987, Owen-Smith 1990), but
adult survival decreases at high population density in
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some species (Clutton-Brock and Lonergan 1994). Few
studies of large mammals have experimentally manip-
ulated population density (Choquenot 1991). Density
may neot be correlated with changes in survival either
because there is no relationship between density and
survival, or because the effects of density and resource
availability are confounded: if low density and scarce
resources co-geeur, survival may be low despite low
density (Caughley and Sinclair 1994).

Owen-Smith recently suggested that most informa-
tion on the survival of ungulates comes from popula-
tions where large predators have been eliminated
{Owen-8mith 19934, &). He argued that such popula-
tions may experience mortality rates very different
from those prevalent during their evolution, when they
were subjected to predation. It is therefore useful to
examine survival rates in natural ungulate populations
with large predators, where survival should resemble
that experienced during recent evolutionary history.

Here we present the results of two long-term studies
of individually marked bighorn sheep ((Qvis canaden-
sis). Our data set 1s unique because of the long-term
nature of our studies (20 and 13 yr), the large sample
(over 600) of marked individuals, the comparison of
two natural populations, and the precision of survival
estimates due to a sighting probability clese to 100%.
Both populations varied in density during our study:
one was experimentally kept at low density for 9 yr
(Jorgenson et al. 1993), the other declined by =30%
during a pneumonia epizootic (Festa-Bianchet 1988a).

Previous research an survival of wild sheep sug-
gested that male mortality was very low for young
adults but that it increased after 6-8 yr of age, when
males were thought to take part in the rut (Murie 1944,
Geist 1971, Hansen 1980). More recently it has been
suggested that younger males may also be reproduc-
tively active (Hogg 1987, Singer et al. 1991). The age
at which males participate in the rut is crucial to an
understanding of male mortality patterns. Although
there are no data correlating the rutting behavior of
individual males with their subsequent survival, it has
been proposed that the age-related increase in male
martality is due to their participation in the rut {Geist
1971). If mortality and rutting activity are associated,
removal of old males could favor the participation of
younger males in the rut and therefore increase the
mortality of males aged 4-6 yr (Heimer et al. 1984).
In Soay sheep, rutting activity by very yocung males
carries a survival cost (Stevenson and Bancroft 1993).

The studies of survival of male sheep mentioned
ahove were based upon skull collections and their re-
liability has been questioned hecause of biases in the
probahility of finding skulls of sheep of different ages
and because the assumptions of life table analysis (in
particular a stable age distribution) were not respected
(Murphy and Whitten 1978). The only available data
on age-specific survival of female wild sheep come
from skull collections (Murie 1944) and froem a kill
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sample of Dall sheep (Ovis dalli) (Simmons et al.
1984). No longitudinal data on survival of marked fe-
male wild sheep have been published.

Our goals were to compare survival of different sex-
age classes in two populations at different densities.
We also wanted to assess interpopulation variability in
survival of individuals of the same sex-age class. A
third abjective was to determine whether or not bighorn
sheep showed evidence of senescence. Promislow
(1991) suggested that senescence was more evident in
short- than long-lived mammals. He also claimed that
ameng long-lived mammals, mortality increased im-
mediately after the first repreduction and then again
for older age classes, as shown for red deer (Cervus
elaphus) (Clutton-Brock et al. 1983). Some studies re-
port an increase in mortality for alder ungulates of hoth
sexes (Gaillard et al. 1993, Owen-Smith 19934), buc
others do not (Loison et al. 1994), and Promislow’s
methods and conclusions have been challenged {Gail-
lard et al. 1994).

STUDY AREAS AND METHODS

We studied two populations in Alberta, Canada. Here
we provide a brief description of the study areas and
of the techniques used to mark and census sheep. Fur-
ther details have been published elsewhere (Festa-Bian-
chet 19884, Jorgenson et al. 1993). We monitored the
natural survival of marked individuals. Sheep that were
collected, died during capture attempts, were shot, or
were hit by vehicles were withdrawn from the sample
in the year of their death. In this paper, we consider
the survival of sheep 1 yr of age and older.

Natural causes of death were seldom known, except
for some sheep that died of pneumonia and whose car-
casses were recovered in time to undergo veterinary
examination. Occasionally, we were able to ascertain
the cause of death by finding fresh carcasses with ob-
vious signs of predation (predator tracks, predator
sightings, signs of struggle) or accidents [broken bones
and internal injuries (Festa-Bianchet 1987)]. We never
found any sheep that appeared to have starved.

Rams with horns of at least four-fifths of a curl were
hunted. Hunting resulted in considerable mortality (not
included in this paper) for rams older than § yr; most
rams attained four-fifths of a curl at 5-6 yr (Festa-
Bianchet 1989). In both study areas about half of the
rams whose horns reached “‘legal’ size were shot by
hunters, although some survived [-7 yr after becoming
“legal.” Hunters must register their kills; therefore we
knew the identity, location, and date of death for legally
killed sheep. Hunter registrations also provided us with
some information an shot rams that had emigrated from
our study areas.

In bath study areas we monitored some sheep with
radio collars and relocated them at least once every 2
ma, mostly to document seasonal dispersion and dis-
persal (Festa-BRianchet 19864). Additional information
on dispersal was obtained from reports of tagged sheep
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from hunters, other members of the public, and Alberta
Fish and Wildlife or Forest Service staff.

Ram Mountain.—Ram Mountain (52° N, 115" W,
elevation 10822173 m) is a habitat island for bighorn
sheep, separated from the main Rocky Mountain range
by =30 km of foothills covered with coniferous farests.
The North Saskatchewan River cuts Ram Mountain
from Shunda Mountain, a2 smaller cutcrop with =30
resident sheep. Bighorns (almost exclusively males)
marked on Ram Mountain occasionally moved to Shun-
da, either temporarily or permanently. Shunda was
searched on foot at least once each summer from 1980
to 1992, Information on marked males emigrating to
Shunda Mountain was also obtained from registrations
of hunter kills.

Potential predators included wolves (Canis fupus),
cougars (Felis concalor), black bears (Ursus ameri-
canus), coyotes (Cants larrans), and Golden Eagles
(Agquila chrysaetos). Rams were hunted by humans
from late August through Octaber.

Live-trapping of bighorn sheep at Ram Mountain
began in 1971, and since 1975 we have precise data
on herd size and individual survival because in most
years over 95% of the population was marked. A corral
trap baited with salt allowed multiple captures of most
sheep hetween late May and early Qctaber each year.
We censused the study area at least once per week
during the trapping period and noted the identity of all
sheep seen. Most marked sheep missed in any 1 yr had
maoved to Shunda Mountain. Some of these individuals
were later sighted either on Ram or on Shunda Moun-
tain. Survival data presented here were collected fram
marked sheep hetween 1975 and [994.

Between [972 and 1981, yearly remoevals of 12-24%
of adult ewes kept the population at 95-110 sheep (Jor-
genson et al. 1993). After 1981, the population in-
creased, peaking at 210 individuals in 1992. Data pre-
sented here were collected from 222 ewes and 199 rams
that survived to 1 yr and were marked as lambs or as
yearlings. Sheep first caught when older than 1 yr were
excluded because their small number (15 females and
43 males, mostly caught in 1975 or earlier) relative to
aur averall sample did not justify the technical com-
plexities of analyzing data for animals with different
ages at first capture (Loison et al. 1994). In 19821988,
we installed radio transmitters on 20 males aged 2-13
v, and monitored them for periods ranging from 2 mo
to 2 yr.

Sheep River—The Sheep River population (50° N,
114" W, elevation 14202550 m), 160 km. south of Ram
Mountain, has been studied since 1981, The proportion
of marked sheep increased from 54% in 1982 to an
average of 92% in 1990-1993. Most sheep were cap-
tured by darting (Jorgenson et al. 1990). This popu-
lation experienced pneumonia epizootics in 1978 and
1986 (Festa-Bianchet 1988a). The number of sheep in
March (from total counts of marked and unmarked in-
dividuals) increased from 140 in 1982 to 153 in 1985,
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then declined to 99 following the epizootic in 1986.
Numbers recavered to 121 by 1993, Survival of marked
sheep was monitored by censusing the winter range [—
§ times per month from April 1981 to September 1987,
In 1988-1993 the winter range was censused each year
in April, June, September, and November, with census
effort in other months varying from year to year. Mon-
itoring of survival at Sheep River was facilitated by
the accessibility and openness of the winter range (on
average, 97% of marked females were seen during each
winter census) and by the strong site fidelity of both
sexes (Festa-Bianchet 19864, b).

Bighorns at Sheep River frequently contacted neigh-
boring herds (Festa-Bianchet 19864, b). Potential pred-
atars were cougars, wolves, black bears, coyotes, and
eagles. Because of ongoing cougar research in the area
{Ross and Jalkotzy 1992), we had better information
about predation by cougars than by other predators.
Wolves had been extirpated but returned to the area in
1987. Rams were hunted in September and Gctober
(Festa-Bianchet 1989). Five marked ewes were also
legally harvested during the study. Data presented here
were collected from 96 ewes marked when aged 0-2
yr, and 103 rams marked when aged 0-3 yr. All sheep
included in the sample survived to | yr of age, and
data analysis included the years 1981-1993.

In 19821986, we radio collared seven males aged
2-7 yr and seven adult females older than 3 yr. Sheep
with radios were monitored for periods ranging from
3 mo ta 3 yr. Most radio-collared sheep were nonres-
idents, which spent most of the winter outside the range
of the main study group (Festa-Bianchet 19864, ¢).

Data analysis.—Most lambs are born in the last 2
wk of May and the [st wk of June (Festa-Bianchet
[988¢), thus we calculated yearly survival from 1 June
each year. The word “capture” refers to actual captures
at Ram Mountain and sightings of marked sheep at
either study site.

We obtained weather records for Ram Mountain from
the Enviranment Canada weather station at Nordegg,
=20 km from Ram Mountain. We used the precipitation
and temperature data for December—March te calculate
a modified Lamb's index of weather severity as de-
scribed by Pictaon (1984). We related survival to one
index with five classes of winter severity and one with
two classes of severity. Winter weather varied widely
during cur study, for both average daily temperature
(X £ 1 sp = 8 = 2.8%C, range —3°C ta —13°C, ¢cv
= 36%) and total snowfall (X = 1 sp = 86 = 33.3 m,
range 49-145 cm, cv = 39%). We did not have equiv-
alent weather data for Sheep River.

We estimated survival rates and tested hypotheses
using recent developments of capture—recapture meth-
ods (see Lebreton et al. 1992 for details about the meth-
ods and Gaillard et al. 1993 for an application to un-
gulates). Data analysis followed two steps. First, we
looked for a general model fitting the data. We used
the Cormack-Jolly-Seber (CJS) madel because a good-
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ness-of-fr test of this model can be directly performed
using the program Release (Burnham et al. 1987). Fram
the CIS model, we checked whether a constant capture
probability (assuming ne year-to-year changes in cap-
ture probability) would provide a more parsimonious
model than one based upon different capture proba-
bilities. In all cases we found no yearly changes in
capture probabilities, and these always approached
100%, the lowest being {(mean = 1, sD) 95.5 = 1% for
males at Ram Mountain and the highest 100% for fe-
males at Sheep River. Therefore, we do not present the
analyses that led us to reject models based upon year-
specific capture probabilities. All models are based
upon constant capture probabilities.

Subsequently, we tested for effects of yearly varia-
tion and age on survival as well as for additivity or
interactions between these effects. Because the typical
survival curve of mammals generally is a three-stage
precess (Caughley 1966), we used a three-age-class
model (the Caughley-like model, Gaillard et al. 1993}
with a yearling stage (survival from 1 to 2 yr), a prime-
age adule stage (between 2 and 7 yr of age), and a
senescent stage (individuals older than 7 yr of age).
The cut-off point between prime-age and senescent
stages was chosen from previous knowledge of survival
curves for bighorns (Festa-Bianchet 1989). We first
checked the suitability of the Caughley-like model to
account for age effects on survival. We then compared
the Caughley-like model to a model with cemplete age
dependence (a separate parameter for each year of age)
to see how much of the total variability in age-specific
mortality was captured by the Caughley-like model.
Finally, we tested for the significance of each of the
three stages in the Caughley-like madel by comparing
it with models combining each two adjacent age
groups. Model selection was based on the Akaike In-
formation Criterion (AIC; Sakamoato et al. 1986) as
recommended by Burnham and Anderson (1992) and
Lebreton et al. (1992). AIC can he calculated for any
maodel as deviance plus twice the number of identifiable
parameters. The model with the lowest AIC value is
the best compromise between accuracy and precision.
When two models had very close AJC values (differ-
ence less than 1), model selection was based on bio-
logical considerations {as recommended by Burnham
and Anderson 1992). To test particular biological hy-
potheses, we also used the more classical likelihood
ratio tests.

The second step started from the model retained from
the first step. We locked for a more precise model using
information on population density (Sheep River and
Ram Mountain), occurrence of pneumeonia (Sheep Riv-
er), and weather records (Ram Mountain). AIC values
and likelihood ratig tests were used to select the final
model. All calculations were performed using the pro-
gram SURGE4 (Pradel and Lebreton 1991). To avaid
higher order interactions, which are usually very dif-
ficult to interpret, we considered four separate data sets
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according to sex and study site. In addition, for sexually
dimorphic ungulates like bigharn sheep, it is reasonable
to expect that survival patterns vary according to sex
(Clutton-Brock et al. 1982). We already knew that
males did not live as leng as females in our study
populations, that pneumaonia only affected the Sheep
River population, and that variations in density were
much greater at Ram Mountain than at Sheep River.
Therefore, separating data sets by sex and population
was Justified both biologically and statistically. With
separate data sets, we only had to cope with two-way
interactions between age and year of study. Compari-
sons of survivorship across data sets were performed
using Wald's tests (Rao 1973; see Blondel et al. [1992]
for an example in capture—mark-recapture context).
The symbols used for the different models compared
in our analyses are summarized in the Appendix.

In bighorn sheep, it is possible to measure age pre-
cisely until =10 yr of age in rams, but only until =4
yr in ewes (Geist 1966), by counting the horn annuli.
Therefore, young animals could be reliably aged at first
capture. For the Sheep River population, we included
in our analysis females marked when 2 yr cld (N =
19) as well as those marked as yearlings or younger
(N = 77y and males marked when 3 yr old (N = 11},
2 yr old (N = 16), and yearling (N = 76). Toc few
animals were marked at older ages to be considered
(consistently <<10 individuals), given the increased
practical difficulties of analyzing data sets with dif-
ferent ages at first capture. To analyze the survival
pattern at Sheep River, we used the flexibility allowed
by SURGE4 to include into the same analysis animals
from the same cohort captured at different ages (see
Loison et al. 1994 for detajls about this procedure and
application to chamois (Rupicaprg rupicapra)). Sur-
vival estimates are reported as means * 1 sB. We use
the symbal ¢ to refer to apparent survival, because in
most cases we could not ascertain that animals that
disappeared had actually died.

RESULTS
Ram Mountain

Males—The model selection process for Ram
Mountain males is summarized in Table 1. The Cor-
mack-Folly-Seber model provided a satisfactory fit to
the data and was used as a starting point {¥* = 65.02,
df = 104, P = 0.99). There was no evidence of be-
tween-year changes in survival. We could not find any
averall difference in survival as a function of age when
each year class (from yearlings to 10-yr-olds) was in-
cluded as a distinct category in the model. When we
considered a Caughley-like model with three age
groups (yearlings, 2 to 7 yr old, which we refer to as
“prime-age’” adults and animals aged =7 yr that we
refer ta as “‘older’) to study simultaneously the effects
of age and year of study, we found no significant in-
teraction between year and age and no significant ef-
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TasLE 1. Madelling survival probability of male bighorn sheep at Ram Mountain. The model selected at each step (lowest
Akaike Information Criterien) eccurs in holdface. The final model is boldfaced and underlined.

Madels to be

Biological hypothesis compared AlIC ¥? df P

Time dependence of survival [d, p] 874 34 22.72 18 0.20
[dp] 361.06

Age dependence of survival [, 2] 87477 22.29 18 0.22
[dhp] 861.06

Interaction between age and time effects [drocee 2] 901.91 7.17 29 0.56
an survival [d,ebe 2] 871.08

Time dependence of survival [0 ] 271.08 2232 I8 0.20
[, ) 857.80

Age dependence in survival [d,cecr] 871.08 7.26 2 0.03
[, £l 874.34

Occurrence of a senescent stage [d..2] 857.80 6.2% 1 0.01
[+, #] 262.09

Gccurence of a yearling stage [, 2] 857.80 .39 1 .53
[, p] 856.19

Effect of winter severity (five classes) on [ cews 2] 840.24 8.27 12 .76
age-dependent survivali [..p] 804.51

Effect of winter severity {(two classes}) on [Dyemuz P1 807.26 3.25 3 0.35
age-dependent survivalt [..p] 804.51

Density dependence (number of males) on [ gansme £] 862.41 0.65 1 042
survival [&,] 861.06

Density dependence {(population size) on [ genst £ 862.15 091 1 .34
survival &, 861.06

Density dependence (three classes) on [Bacose Pl 868.99 4.07 6 0.67
age-dependent survival [d..p 857.80

Effect of breeding status on survival [..p) 853.74 6.06 1 .01
[6...P] 857.80

Effect of breeding status an survival [ 2] 851.99 6.20 1 0.01
[¢, p] 856.19

t Model selection was based an minimum AIC values rather than probability values.
T Tested between 1975 and 1993 anly {ne climatic data available 1n 1994).

fects of year. Age group, however, had a marked effect
on survivorship.

Following the overall analysis, the Caughley-like
madel emerged as the best descriptor of male survival
at Ram Mountain, with a yearling survival rate (mean
+ 1 sE) of 0.857 = 0.026, “prime-age™ survival of
0.837 £ 0017, and “older” survival of 0.624 = 0.095.
From this model, the yearly survival probability of
yearlings and prime-aged adults could not be distin-
guished, and a significant decline in survival occurred
after 7 yr of age. We know of no male at Ram Mountain
that survived beyond 13 yr of age.

We then considered two variables that might have
affected survival: winter severity and papulation den-
sity. Winter severity (tested from 1975 to 1993 because
weather data for 1994 were not available) had no ap-
parent effect on male survival. Because males and fe-
males often use different habitats and even different
parts of the study area, we considered separately the
potential effects of total population size and of the
number of males two years of age and older in the
population. We found negative trends but no significant
effects of density (male population: slope = —0.0028
* 0.0097; total population: slope = —0.0035 * 0.0027.
Even when reduced to three levels to account for sus-
pected nonlinearity (<2100, 100150, and =150 sheep),
density was not correlated with the yearly survival of
males,

Because we suspected that males in hunted popu-
lations may take part in the rut beginning at =3 yr of
age (Heimer et al. 1984), we divided “prime-age”
males into two age classes. Males aged 4 to 7 yr had
lower annual survival (¢ = 0.785 * 0.030) than males
aged 2-3 yr (¢ = 0.872 * 0.020; Wald's ¢ = 242, P
= (0.009). An age-dependent model with three classes,
young males (<4 yr of age), males 4-7 yr of age, and
old males (=7 yr of age) was therefore selected as the
final model to describe survival pattern in males at Ram
Mountain (Tables 1 and 2).

Females—The model selection process for Ram
Mountain females is summarized in Table 3. The Cor-
mack-Tolly-Seber model provided a satisfactory fit to
the data and was used as a starting point (x* = 67.46,
df = 104, P > 0.99). Survival did not change between
years, but there was a highly significant variability in
survival according to age. The Caughley-like model
with the same three age classes initially used for males
accounted satisfactorily for this variability: from. this
model survival was estimated at 0.833 * 0.025 for
yearlings, 0.945 * 0.009 for prime-age females, and
0.850 * 0.022 for older females.

When the effects of age and year were considered
together, there was no interaction beiween them and
survival did not change between years. As expected
from previous results, survival varied according to age.
Similarly to what we found for males, the Caughley-
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TABLE 2. Survival estimates for bigharn sheep in two study areas, based on the final models

selected for each sex and each population.

Sex Age group Study area Survival (x 1 SE)
Male yearling Sheep River year dependent (see Fig. 1)
Ram Mountain (1.855 = 0.026
prime age Sheep River 0.836 = 0.022 except year of pneumonia
0.691 * 0.094 in year of pneumonia
Ram Mountain 0.872 = (L.020 (2-3 yr olds)
0.785 = (0.030 (4-6 yr olds)
older Sheep River 0.777 = 0.1
Ram Mountain, 0.628 + 0.095
Fernale yearling Sheep River year dependent {see Fig. [)
Ram Mountain 0.939 + 0.026 (<2100 sheep
0.786 + 0.055 (100-1350 sheep)
0.762 + 0.047 (=100 sheep)
prime age Sheep River 0.939 + 0.015 except year of pneumonia
0.758 = 0.071 in year of pneumonia
Ram Mountain 0.945 = 0.009
older Sheep River 0.859 = 0.040
Ram Maountain 0.850 = 0.022

like model emerged as the best descriptor of female
survival at Ram Mountain. From this-madel, a decline
in survival occurred after age 7 and survival of year-
lings was lewer than adult survival.

Considering what factors could explain variability in
yearly survival, an overall density dependence was ap-
parent {using the number of females: slope = —0.011
+ 0.0095 [P > 0.2]; using total population size: slope
= —0.0072 £ 0.002 [P = 0.008]). Wintet severity from
1975 to 1993, on the other hand, had no effect on ewe
survival. As expected, given that we found independent
age and density effects, a better model for the survival
of Ram Mountain ewes included three age classes, each
with density dependence. From this latter model, it was
evident that the apparent overall density dependence
in ewe survival was explained by the density-dependent
survival of yearling females.

Ta determine if the age-specific patierns of survival
of males and females were the same, we divided prime-
age females into the same two age groups used for
males. The maostly primiparous females aged 2-3 yr of
age survived at a very similar rate as the mastly mul-
tiparous females aged 4-6 yr (¢ = 0.948 = 0.012 and
b = 0941 £ 0014, £ = 039, P = 0.35).

The final model had yearling survival negatively af-
fected by density, a constant “*prime-age’’ survival and
a constant survival for older ewes (Table 2). No ewe
was known to survive beyond 18 yr of age during our
study at Ram Mountain.

Sheep River

Males.—The model selection process for Sheep Riv-
er males is summarized in Table 4. The Cormack-Tolly-
Seber model provided a satisfactory fit to the data (x?
= 4899, df = 62, P = 0.89). There was a strang in-
teraction of year and age effects. The best model to
describe the survival pattern of Sheep River males,
therefore, included that interaction.

To reduce the number of maodel parameters, we at-

tempied to explain the high yearly variability in sur-
vival of the three male age c¢lasses as a function of
density (using three classes of density: <110 sheep,
110-140, and >140 sheep) and of the pneumonia ep-
izoatic of winter 1986. Such a model, however, did not
explain the variability in yearly survival of the three
male age classes. The latter result seemed due mostly
to a very high yearly variability in yearling survival,
independently of density and of the pneumonia epi-
zootic (Fig. 1). The best model to represent the survival
pattern of males at Sheep River included a year-de-
pendent yearling survival, an effect of the pneumonia
epizoctic upon the survival of prime-aged adults, and
a year-independent survival of older rams. It should be
noted, however, that our sample included few older
rams in the year of the pneumania epizootic: there were
only two rams aged =8 yr, and both survived.

When prime-age males were divided into the same
two age classes we had identified at Ram Mountain
according to suspected breeding status, survival did not
differ between the two groups, but the trend was the
same as that found at Ram Mountain, as males aged
2-3 yr tended to survive better than those aged 4-7 yr
(4 =0919 £0.027 vs. & = 0.859 £ 0.041, £ = 1.21,
P =10.11) (Fig. 2).

According to the final model (Tables 2 and 4), year-
ling survival varied greatly from year to year (Fig. 1},
survival of prime-aged males was constant through the
years of the study except during the pneumonia epi-
zootie, and the survival of males aged =7 yr was stable
through the study. At Sheep River as at Ram Mountain,
no male was known to live >13 yr.

Females—The model selection process for Sheep
River females is summarized in Table 5. The Cormack-
Jolly-Seber model provided a satisfactory fit to the data
on female survival at Sheep River (x* = 18.22, df =
62, P > 0.99). The interaction between age and year
effects was significant, but the AIC of the model in-
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Maodelling survival probability of female bighorn sheep at Ram Mountain. The model selected at each step {lowest

Akaike Information Criterion) occurs in boldface. The final model is boldfaced and underlined.

Maodels o be

Biolagical hypothesis campared AIC x? df Pt
Age dependence of survival [d,ere 2] 716.96 32.86 2 0.00
[, p] 745.82
Interaction between age and time effects [daene 2] 719.89 55.07 29 0.00
an survival [doere ] 716.96
Time dependence of survival [$c4, P 716.96 32.84 18 0.02
[d..p] 713.80
Age dependence of survival accounted for (. p] 732.13 13.67 16 0.62
by three age classes [d,.Pp] 713.30
Age dependence of survival [, p] 713.80 32.28 2 0.00
[dp] 742.08
Cecurrence of a senescent stage [b..p] 713.80 19.91 1 0.00
(b, p] 73171
Gecurrence of a yearling stage [d,.r] 713.80 23.33 1 0.00
(4. p] 735.13
Deunsity dependence (number of females) [ gensr 2] 742.77 1.31 1 0.25
of survival (dp] 742.08
Density dependence (population size) of [ genet 2] 737.33 6.75 1 0.01
survival [4p] 742.08
Effect of winter severity (five elasses) an [ ycoms 2] 656.35 9.44 [2 0.66
age-dependent survivali [..p] 641.79
Effect of winter severity (two classes) on [acom B] 644 .47 3.32 3 0.34
age-dependent survivali (.. 2] 641.79
Density dependence (three classes) an [draerae 2] 709.32 16.48 6 0.01
age-dependent survival [Pl 713.80
Density dependence (three classes) of sur- [Paceas P 709.32 4.51 4 0.34
vival accounted for by density depen- [bybd’ p] 705.83
dence for yearlings only
Effect of breeding status on survival [, 5] 715.64 0.16 1 0.69
[d..p] 713.80

t Madel selection was based an minimum AIC values rather than probability values.
t Tested between 1975 and 1993 only (no climatic data available in 1994).

cluding an age X year interaction was greater than for
the additive model.

We subsequently tried to reduce the number of model
parameters to see if we could model yearly differences
in survival using the same three levels of population
density we used for males and the effects of the pneu-
monia epizootic. This new model pravided an accept-
able fit to the survival pattern of females (Table 5).
Similarly to our findings for males, the difference be-
tween the model with interactive effects and the model
using each year as a parameter appeared to be explained
by high yearly variability in survival of yearling fe-

males. As expected, a model with year-dependent year-
ling survival, adult survival affected by the pneumonia
epizootic, and year-independent survival for older ewes
provided the best fit to the survival data for Sheep River
females. The survival of females aged 2-3 yr was not
significantly different from the survival of females
aged 4-6 yr (¢ = 0916 = 0.026 vs. & = 0958 =
0.018, ¢ = 1.32, P = 0.09), therefore a single “prime-
age” class of females aged 2-6 yr was included in the
final model.

According to the final model, yearling female sur-
vival varied greatly during the study (from 0.0 to 1.0}

TaBLE 4. Modelling survival probability of bigharn sheep males at Sheep River. The model selected at each step (lowest
Akaike Information Criterion) occurs in boldface. The final model is boldfaced and underlined.

Models to be
Biological hypothesis compared AlC x? df Pt
Interaction between age and time effects on survival [d,e. 2] 317.18 41.26 I8 Q.00
[brer, ] 322.44
Time dependence of age-dependent survival accounted for  [d,...p] 317.18 44.53 21 0.00
by density dependence (three classes) and effect of pneu-  [d,pneurs: 2] 319.71
monia an survival
Time dependence of age-dependent survival accounted for (4. 2] 317.18 30.79 17 0.02
by time dependence in yearling survival and effect of [dhd b’ pl 313.97
poeumonia an prime-age survival
Effect of breeding status on survival [b* e’ e’ p1 - 31771 .26 2 0.88
[d*d et p] 313.97

t Mode! selection was based on minimum AIC values rather than probahility values.
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Fig. 1. Yearly survival (1 sg) of yearling male () and
female (M) bighorn sheep at Sheep River, Alberta; [] indi-
cates years when survival was 100% for both sexes. No stan-
dard error could be calculated when survival was 100 or 0%
(females in 1981).
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Fig. I}, prime-aged female survival was constant ex-
cept far the year of the epizootic, and survival of older
females was stable during all years of the study (Tables
2 and 3). However, our sample included few females
aged 7 yr in the year of the epizootic. Ewes aged =7
yr in winter 1986 would have been aged at least 3 yr
in 1981, the 1st yvr of our study. Beyond that age, ewes
canngt he aged reliably from horn rings (Geist 1968),
and therefore were not included in the analyses pre-
sented here. Of 19 females estimated to be =8 yr at
the outhreak of the epizootic, only 13 (68.4%) sur-
vived, suggesting that pneumonia had a negative effect
on the survival of cld females. At Sheep River as at
Ram Mountain, no female was known ta survive be-
yvond 18 yr of age.

Comparisons between sexes and populations

Prime-age survival was higher for females than for
males at Ram Mountain (Wald’s test £ = 567, P <
0.0001) (Table 6). At Sheep River there was a similar
trend (9% difference in the year of the pneumonia ep-
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Fig. 2.  Estimated survival (*[ sg) of male () and female () bighorn sheep at Ram Mountain and at Sheep River,
Alberta. Standard errors were too small to be shown for Ram Mountain females aged 2, 3, and 4 yr and cannot be calculated
for age classes with survival of 0 or 100%.
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TABLE 5. Madelling survival probability of bighorn sheep females at Sheep River. The model selected at cach step (lowest
Akaike Information Criterion) occurs in boldface. The final model is holdfaced and underlined.

Madels to be
Biological hypothesis compared AIC ¥? df Pt
Interaction between age and time effects on survival [ yce 2] 292.73 28.24 17 0.04
(&eep) 286.97
Time dependence of age-dependent survival accounted for [, 2] 29273 34.66 21 4.03
by density dependence (three classes) and effect of pneu-  [d,comeusde P] 285.39
monia an survival
Time dependence on age-dependent survival accounted for [, 2] 292.73 18.86 16 .28
by time dependence in yearling survival and effect of [d*d b’ Pl 179.59
preumonia on prime-age survival
Effect of breeding status on survival [b* by’ red’ p] 282,94 .65 2 4.72
(b Denants’ 2] 279.59

1 Model selection was based on minimum AIC values rather than probabhility values.

1zootic; 5% difference in other years) but the difference
in survival between sexes was not significant (£ = 0.57,
P = (.28 in epizoatic year, £ = 1.63, P = 0.10 in the
other years, Table 6.

When differences in the likely breeding status of
“‘prime-aged” males were considered, a clearer picture
emerged. Survival of 2- to 3-yr-olds of different sexes
did not differ at Sheep River, but young females sur-
vived hetter than young males at Ram Mountain (Table
6). On the other hand, in both populations, 4- ta 6-yr-
ald females survived much better than males of the
same age. Among sheep =7 yr, there was a consistent
trend for lower survival of males than of females, but
the difference was significant only at Ram Mountain,
where the survival of older females decreased by 10%
campared to that of prime-aged females, and the sur-
vival of older males decreased by 25% compared to
that of prime-aged males. At Sheep River, survival of
older females was 8.5% lower than that of prime-aged
females and survival of older males was 13% lower
than that of prime-aged males, but the survival of older
males and females was not significantly different (Table
a).

For comparisons between study areas, we excluded
survival during the year of the pneumonia epizootic at
Sheep River and limited comparisons to sheep aged 2—
6 yr. The estimated survival rate of females in the two

TabLE 6. Comparison of survival of male and female big-
horn sheep of different age classes in two study areas.

Differ-
Study area Age encet Wald’s ¢ P

Ram Mauntain -3 7.6 328 <0.001
4-6 15.6 4.74 <0.001

=6 22.2 2.27 0.013

Sheep River 2-3 -0.3 1.12 0.144
{no pneumonia) 46 9.9 4.48 <(0.001
=6 7.7 0.91 0.182

Sheep River 2-3 —0.5 0.04 0.494
(preumania) 4-6 4. .26 0.398

+ Percentage female survival minus percentage male sur-
vival.

populations differed by <1% (¢ = 0.34, P = 0.73).
For males, we compared survival for the 2-3 years and
the 4—6 yr age classes, because our final model for
Ram Mountain retained these two classes, and results
from Sheep River, although not significant, suggested
a trend toward higher survival of 2- to 3-yr-olds than
of 4- to 6-yr-olds. The survival of males at Ram Moun-
tain was 5-7% lower, but neither difference was sig-
nificant (2- to 3-yr-olds: ¢ = 0.919 for Sheep River,
{.872 for Ram Mountain, £ = 1.40, P = 0.08; 4- to
6-yr-olds: & = 0.859 vs. 0.783, ¢ = 1.45, P = 0.075).

Emigration

It appeared that very few sheep left one of our study
populations to join another population. No female at
Sheep River was ever knowr to emigrate. Three fe-
males emigrated from Ram to Shunda Mountain, one
each at ages 1, 2, and 3. Three female yearlings and
one 2-yr-old emigrated elsewhere.

Only one male was known to emtigrate from Sheep
River: he was last seen as a yearling and was shot 4
yr later in another population. Emigration from Ram
Mountain to Shunda Mountain was documented for 13
males, and one 2-yr-old male moved to the main Recky
Mountain range. The age of emigrant males in the year
whern they were last seen on Ram Mountain varied from
1 to 5 yr and averaged 2.4 vr.

DISCUSSION
Population and age effects

Recent comparative studies of life history evolution
(Harvey and Zammuto 1985, Promislow and Harvey
1990, Promislow 1991) have assumed that a single spe-
cies-specific adult survival rate can be identified. Our
results indicate caution about uncritical acceptance of
that assumption, suggesting that it is important to dis-
tinguish specific age classes for interspecific compar-
isons.

The survival of yearling sheep varied considerably
between years in both study areas, and appeared to
differ among populations, making it almost meaning-
less to assign a ‘‘typical” survival rate for this age
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class to use in interspecific comparisons. Yearling sur-
vival appeared to be more sensitive than adult survival
to environmental factors that may vary between years.

Far adult rams, differences in survival between pop-
ulations approached significance, but because these dif-
ferences were rather small, the use of either estimate
should not have a noticeable effect upon the results of
interspecific comparisons. For prime-aged females,
survival rates in the two populations were within 1%
of each other if the year of the pneumonia epizootic at
Sheep River was excluded. Also with the exception of
the prieumonia vear at Sheep River, survival rates of
prime-aged females varied little among years. Our re-
sults therefore suggest that within the adult age groups
we identified, there were strong similarities in the sur-
vival of bighorn sheep in different populations. Cata-
strophic events such as epizootics, however, can have
a great impact on survival.

Perhaps because of their efficient antipredator strat-
egy (Geist 1971}, during our studies bighorn sheep en-
Joyed high survival, despite the presence of predators.
Adult survival in our study populations was compa-
rable to the survival of adult ungulates in Europe,
where predation is minimal (Clutton-Brock et al. 1982,
Skogland 1985, Gaillard et al. 1993, Leison et al.
1994}, and lower than reported for some African un-
gulates (Owen-Smith 1993a) where predators are com-
mon. Papulations of 100-200 sheep, such as those we
studied, may be unable to support populations of large
predators, which probably rely mostly on other ungu-
lates. Alternative prey species in our study areas in-
cluded mocse (Alces alces), wapiti (Cervus elaphus),
mule deer (Qdocoileus hemionus), white-tajled deer (0.
virginianus), and smaller herbivores. Because of the
small size of most bighorn sheep populations, and
changes in availability of alternative prey, however,
predation rates could vary among populations and
among years for the same population.

A recent discussion of the methodological problems
involved in detecting senescence in natural populations
of mammals stressed the need for long-term studies of
marked individuals (Gaillard et al. 1994), therefore our
results are very relevant to understanding senescence.
In both populations and for both sexes we found clear
evidence of senescence: the survival of sheep aged =7
yr was lower than for sheep aged 2-6 yr. Most female
bighorns have their first lamb at 2 or 3 yr of age, but
contrary to Promislow’s (1991) suggestion, reproduc-
tive maturity did not have a strong negative effect on
survival, In a previous analysis of individual life his-
tories, we showed that early maturation did not affect
female survival at Ram Mountain but may have had a
delayed effect on survival at Sheep River (Festa-Bian-
chet et al, 1995).

We do not know the proximate reason for the increase
in mortality of ewes older than 7 yr. Increased tocth
wear may lower feeding efficiency, as suggested by
Gaillard et al. (1993) for roe deer, yet there is no ev-
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idence of a decrease in body mass or in summer mass
gain at that age (Festa-Bianchet et al. 1996). Senes-
cence may be related to cumulative effects of repro-
ductive activities as suggested by Sydeman et al. {(1991)
for elephant seals (Mirounga angustirostris), or to del-
eterious mutations having their effects later in life
(Rose 1991). All of these hypotheses predict an ac-
celerating increase in mortality with age beyond the
onset of senescence. Our data, however, suggest that
ewe survival did not progressively continue to decline
as ewes aged well beyond 7 yr. Survival may further
decrease for very old ewes (Fig. 2}, but because our
sample included only four individuals that survived
beyond 15 yr of age, we could not adequately describe
mortality patterns of very old females. Future research
should investigate the possibility that long-lived in-
dividuals are not a randam sample of the populaticn,
and attempt to identify factors that may explain indi-
vidual differences in longevity. For males, we only
followed eight animals at Ram Mountain and six at
Sheep River beyond 8 yr of age and could not determine
how survival may vary beyond that age.

The onset of reproduction did not depress fermale
survival, but in both populations participation in the
rut may have lowered male survival. Male bighorns are
usually thought to begin active participation in the rut
at =6 yr of age {(Geist 1971}, and skull-collection stud-
ies have suggested that mortality of male Q. canadensis
and O. dafli increases at =68 yr of age (Festa-Bian-
chet 1986c}. These results have been interpreted as
evidence of a survival cast of reproduction: male sur-
vival appears to decline at the age when males begin
to participate actively in the rut. Younger rams are sex-
ually mature but prevented from breeding by older
males {Geist 1971), which are much larger as body
growth in males continues through at least 6 yr of age
and possibly though life (Festa-Bianchet et al. 1996).

In feral sheep, chemically castrated male lambs did
not rut and bad higher survival than intact lambs, who
took part in breeding (Stevenson and Bancroft 1995),
For wild sheep, it has been proposed (Geist 1971, Hei-
mer et al. 1984} that in hunted populations where most
mature rams are removed by hunters, the survival of
younger rams may decline because in the absence of
older rams, younger rams participate actively in the rut
and suffer greater mortality as a result of their repro-
ductive effort. This suggestion is noteworthy because
it underlines a potential implication of life history the-
ory for wildlife management. Qur data appear to sup-
port this suggestion, because hunters removed many
rams aged =4 yr (Festa-Bianchet 1989}, and mortality
increased among rams aged 4-6 yr compared to those
aged 2-3 yr. We did not observe the rut at Ram Moun-
tain, but at Sheep River males aged 3-3 yr were reg-
ularly seen courting ewes and involved in social in-
teractions during the rut. In some populations, rams
aged 2-4 yr take part in the rut via alternative mating
tactics (Hagg 1988). The relatively high mortality of
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males as young as 4 yr may therefore represent a sur-
vival cost of reproduction. Geist (1971) and Heimer et
al. (1984) suggested that if hunter removal of older
rams allows younger rams to take part in the rut, mor-
tality should increase for rams aged 4-6 yr compared
to unhunted populations. Because the results of skull-
collections studies have been questioned (Murphy and
Whitten 1976), a direct comparison of the rutting be-
havior of marked individuals with their subsequent sur-
vival s necessary to determine whether investment in
reproduction increases mortality in males, It would also
be interesting to compare our results with data from
males in unhunted populations. At least four mature
rams died from rut-related injuries at Sheep River (Fes-
ta-Bianchet 1987), and reproductively active rams may
suffer increased predation after the rut, as suggested
by Geist (1971). A recent study of elephant seals re-
ported that male mortality increased following partic-
ipation in reproductive activities but that some highly
successful males also had very high survival (Clinton
and LeBoeuf 1993).

Studies of ram survival in mountain sheep based on
skull collections {see Festa-Bianchet 1989 for areview)
are commonly used as an example of life table analysis
{Ricklefs 1990}, but these studies likely overestimated
survival of yearlings (assigned survival rates of 0.96—
1.0} and of prime-aged males (assigned survival rates
of 0.87-0.99). The high yearly variability in survival
of yearling sheep violates the strict assumptions of life
table analysis for bighorn sheep, and other problems
with applying life table analyses to skull collections
have been discussed (Murphy et al. 1990). Therefore,
itis unclear that our results can be compared with skull-
collection studies. Differences in results may be due
either te real differences in survival or to the numerous
methodological prablems associated with skull collec-
tions. If the results of skull-collections studies were
reliable and the survival of young adult males was
indeed higher in unhunted populations than in our study
areas, then our data would strongly support the hy-
pothesis that removal of older males through hunting
leads to an inerease in mortality of younger males (Hei-
mer et al. 1984).

Sex effects

The survival of adult males was generally lower than
the survival of females of the same age classes. Mast
other studies of polygynous ungulates have reported
greater survival of females than of males (Clutton-
Brock et al. 1982, Anderson 1985, Skogland 1985,
Gaillard et al.1993), but exceptions exist (Berteaux
1993). Because males are larger than females, they
have greater energy requirements and may be subject
to greater mortality during periods of resource short-
ages (Clutton-Brock et al. 1985). In support of this
hypothesis, Owen-Smith (19934) reported that in kudu
(Tragelaphus strepsiceras) sexual dimorphism in body
mass and in mortality are correlated. However, he found
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no clear correlation between sexual dimorphism and
adult sex ratio among African bovids. Roe deer (Ca-
prealus capreolus) males suffer higher mortality than
females (Gaillard et al. 1993), despite limited sexual
dimorphism {=10% for adulis).

At2-3 yrof age, bighorn sheep males are =20-40%
heavier than females {Festa-Bianchet et al. 1998), yet
in only one of our two study area was male mortality
higher than female mortality at 2-3 yr of age. Even at
Ram Mountain, where the difference was significant,
male mortality at 2-3 yr of age exceeded female mor-
tality by only 7.6% (Table 6). At 4-6 yr of age, the
sexual difference in mortality more than doubled at
Ram Mountain, and became significant at Sheep River.
Although sexual dimorphism also increased (to =50-
60%) as sheep aged from 2 to 6 yr, our results suggest
that participation in reproduction by young males likely
had a greater rale than dimorphism in body mass in
determining sexual differences in survival. Yearling
males at Sheep River are more susceptible than yearling
females to parasites and pathogens (Festa-Bianchet
1991}. Therefore, as suggested by Clutton-Brock et al.
(1985), young males may suffer greater martality than
yvoung females when faced with stressful events such
as epizootics. However, contrary to the suggestion of
Clutton-Brock et al. (1985), high population density at
Ram Mountain was associated with an increase in mor-
tality of yearling females and not of yearling males.
Possibly, density led to increased mortality of male
lambs, so that the sample of males surviving to one
year at high population density was biased in favor of
relatively high-quality individuals. For example, none
of the males born in 1992 survived to vearling age.

In both study areas the effects of senescence ap-
peared stronger for males than for females. The sex
difference in rate of senescence could be explained by
several alternative hypotheses, including sex differ-
ences in immediate age-specific costs of reproduction
{supposing that older males make a great investment
in reproductive activities), sex differences in the long-
term costs of reproduction (supposing that older males
suffer high mortality because of the great investment
in reproduction they made aver several years), or rea-
sons not directly related to reproductive strategies: for
example, the rate of tooth wear may be faster in males
than in females, or older males may be more susceptible
than older females to diseases and parasites.

Density and year effects

The survival of females at Ram Mountain was neg-
atively affected by populadon density, but when age
groups were considered separately, the negative effect
of density was significant only for yvearlings. The sur-
vival of yearling females decreased at intermediate
population density, and did not shaw much further de-
crease when density peaked in the last few years of the
study. Young females seem to be particularly sensitive
to changes in population density in this population. The
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age of first reproduction for Ram Mountain females
increased almost as soon as the population began to
increase after the cessation of ewe removals, before we
could detect any other demographic signs of resource
limitation {Festa-Bianchet et al. 1995).

We had expected that the Ram Mountain data would
show a negative effect of density upon male survival
because as population density increased, the adult sex
ratio became mare biased in favor of females (Jorgen-
son et al. 1993). Similar results have been obtained for
red deer, another sexually dimorphic ungulate where
density had a negative effect on the survival of males,
bath yearlings and adults (Clutton-Brock and Lonergan
1994). However, the negative effect of density on adult
male survival was not significant. Therefaore, increased
mortality of males at high density is unlikely to be the
main factor explaining the density-dependent increase
in female bias of the adult sex ratio at Ram Mountain.
We suspect that at high density lamb sex ratio was
biased in favor of females soon after birth (J. T. Jor-
gensen et al., unpublished data). Our results therefore
suggest that survival of adults of either sex is little
affected by changes in population density. Therefore,
population limitation should mostly depend upon
¢hanges in either the production or the survival of
lambs, as suggested, for example, by the density-de-
pendent increase in age of first reproduction among
females at Ram Mountain (Festa-Bianchet et al. 1995},

In the Sheep River population, the pneumonia epi-
zootic of 1986 had a major effect upon the survival of
prime-aged adults, but its impact was limited to 1 yr.
Survivors of the disease likely developed immunity to
it, as continued high summer mortality of lambs fol-
lowing this and other pneumonia epizootics (Festa-
Bianchet 1988a) suggests that the pathegens that led
to the die-off were still present in the populatien for
at least two more years. There was no effect of pop-
ulation density on survival of bighorn sheep of any
sex-age class at Sheep River, possibly because the ep-
izootic prevented the population from reaching a den-
sity at which resource scarcity would have affected
adult survival (see Van Sickle [1990] for a similar
viewpoint).
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APPENDIX
Variables used to model survival in bighorn sheep. Notation follows Lehreton et al. (1992},

Naotation for
survival and

capture
models Biolagical significance
L) Constant survival probability {no age or year effects)
& Caughley-like model with three age classes {yearlings, *‘prime-age’’ [2-7 yr] and *‘older’’ sheep
[=7 yr])
¢, Two age classes (yearlings and adults [>=2 yr])
¢, Two age classes (adults 1-7 yr and ““older”’ [>7 yr])
G ocer Interaction hetween age (three classes) and year effects
¢, Age dependence
&, Time dependence
By Five classes of winter severity in each of the three age classes of the Caughley-like model
e ewd Two classes of winter severity in each of the three age classes of the Caughley-like model
genshd Density dependence (density measured as the total number of males)
densE Density dependence (density measured as the total number of females)
densT Density dependence (density measured as the total population size)
e Density dependence (three classes of total population size) in each of the three age classes of the
Caughley-like model
b Four age classes (yearlings, young adults (24 yr], “‘breeding’” adults [4-7 yr], and older [>7 yr]}
b, Three age classes {(young adults [1-4 yr], “*breeding’’ adults [4-7 yr] and "‘older’ [>7 yr])
b b’ Density dependence in yearling survival and constant survival for “‘prime-age’” and “‘older' indi-
viduals
Bacepreurde Density dependence (three classes of total population size} and effect of pneumonia on each of the
three age classes of the Caughley-like model
&bt Year dependence in yearling survival, effect of pneumonia on *‘prime-age’’ individuals, constant
survival of “‘older'' individuals
d:‘,cbpn‘ud:"pmtb' Year dependence in yearling sucvival, effect of pneumonia on young adults and on “‘breeding™
adults, constant survival of “‘older’’ individuals
[T Additive effects of age (three classes) and year dependence

Note: Asterisks indicate interactions among variables in the model (as opposed to additive effects), not multiplicative
function.





