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Abstract

Conservation and management of bighorn sheep populations is complicated by the species” susceptibility to a multitude of patho-
gens and the long-term inlluence of disease upon pepulation dynamics. Small. post-dieoff sheep herds are often unable to fully
recover to pre-dieoff densitics, and researchers have identified several factors limiting such pepulations including disease, preda-
tion, competition, climate, nutritional deficiencies, and loss of genetic variability. We studied a small bighorn sheep herd in west
cenlral Montana from 1995 to 1997 to identify the mechanisms responsible for poor population performance subsequent to a
dicoll in 1984. In contrast to the migratory pre-dieoff population, the current sedenlary population was restricted to a small area
of low elevation range threnghout the year, Whereas we observed limited annual adult mortality due to disease and predation, ewe
productivity and lamb recruitment rates were low in all years. Lamb production and survival were highly corrclated with summer
climatic conditions, with the highest rate of disease-mediated lamb moriality occurring during a summer drought and the lowest
rute of ewe productivity occurring subsequent to this drought. Qur data suggest that disease continues to play a significant role this
bighorn sheep population, and nutritional quality of summer forage influenced not only sheep immunocompetence and suscepti-
bility to disease but also herd productivity. Winter is generally considered the critical seasen for ungulate populations in the
northemn Rocky Mountains, yet summer climatic cenditions can have important implications for performance of sedentary, low
clevation sheep populations. We suggest that an understanding of population-specific limiting factors is essential to suecessful
management of post-dieoff bighorn sheep herds, Data obtained through rigerous field studies facilitate the development and
implementation of efficient, biologically sound strategies to improve performance of these populations.

Introduction genetic variability, nutritional deficiencies, dis-
ease, predation, competition, and climate
(Beuchner 1960, Berwick 1968, Geist 1971,
Woodard et al. 1974, Horejsi 1976, DeForge and
Scott 1982, Skiba and Schmidt 1982, Douglas and
Leslie 1986, Hass 1989, Jones and Worley 1992,

Wehausen 1996).

Detailed knowledge of local population dy-
namics is essential in the conservation and re-

Susceptibility to discase is a distinguishing fea-
ture of bighorn sheep ecology throughout the
western United States, and epizootics/dieoifs have
contributed greatly to the decline of both mon-
tane and desert subspecics over the past century
(Buechner 1260). Disease processcs can resultin
significant adverse demographic impacts, including
high rates of mortality (>>70% of the population)

and reduced population vigor (Onderka and
Wishart 1984, Ryder et al. 1992), which ¢com-
promise the viability of small post-dieoff sheep
herds (Gilpin and Soule 1986, Berger 1990,
Seebeck et al. 1990). Subsequent to a disease event,
sheep populations often stabilize at relatively low
equilibrial densities and exhibit poor population
performance due to low recruitment rates {Cook
1990, Coggins and Matthews 1992, Ryder et al.
1992). Factors ultimately limiting such popula-
tions are population-specific and include loss of
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covery of small wildlife populations (Clark et al.
1990, Minta et al. 1990). Management programs
to improve the viability of small post-dieoff big-
horn sheep herds have had limited success, largely
due to an inadequate understanding of popula-
tion—specific limiting factors (Wishart 1975,
Risenhoover et al. 1988, Armstrong and McLean
1995). We studied bighorn sheep population dy-
namics on the Beartooth Wildlife Management
Area (BWMA) from 1995 to 1997 in an effort to
identify the factor(s) responsible for poor popu-
lation performance subsequent to a dieoff event
in 1984. Primary study objectives included iden-
titying sheep range use, determining annual rates



of reproduction and cause-specific mortality, evalu-
ating individual lungworm burdens and nutritional
status throughout the year, and modeling sheep
population trends. The study was conducted co-
incident with a Montana Department of Fish,
Wildlife and Parks (MFWP) sheep augmentation
program, and we refer to the relocated sheep as
“transplants” and the sheep that inhabited the
BWMA prior to augmentation as “‘residents”.

Study Area

The study area encompassed 18,390 ha in west
central Moentana approximately 36 km north of
Helena (Figure 1). Eighty percent of the study
area was within the BWMA, 13% in the Gates of
the Mountains Wilderness Area, and 7% on pri-
vate lands, and the Missouri River represented
the western boundary. Elevations ranged from
1,091 ms] along the Missouri River to >2,400 msl
at the southeast boundary, and slopes varied from
nearly level meadows to steep limestone cliffs.
The study area was characterized by parallel south-
east-northwest rocky ridges interspersed by bunch-
grass meadow on southerly aspects and conifer-
ous forest on northerly aspects.

The local climate is semi-arid, with mean an-
nual precipitation of 31 em. Fitty-nine percent of

total annual precipitation falls during summer
months (May-August), and summer precipitation
determines growing season duration and the avail-
ability of nutritious forage for herbivores on the
BWMA (Pyrah 1985). Winter climatic conditions
are relatively mild due to warm Chinook winds.
Mean temperatures are +18° C and -1°C in sum-
mer and winter, respectively. Whereas winter tem-
peratures and snowfalls were relatively normal
during this study, summer climatic conditions
varied considerably. The summers of 1995 and
1997 were relatively wet with precipitation 42%
and 54% above the 30-year average. Precipita-
tion during the summer of 1996 was 38% below
average, and drought conditions continued into
early fall as cumulative September and October
precipitation was 43% below normal.

The study area includes extensive grasslands
interspersed by small forest communities. Grass-
lands primarily contained bluebunch wheatgrass
{Agropyron spicatum) at lower elevations and
fescue (Festuca scabrella and F. idahoensis) at
higher elevations. Forest communities included
ponderosa pine (Pinus ponderosa) savanna on
southerly aspects and Douglas-fir (Pseudotsuga
mensezeii) on northerly aspects. Higher elevations
of the BWMA represented critical winter range
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Figure 1. Study arca location map.
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for 1,700 elk (Cervus elaphus) and 500 mule deer
{Odocoileus hemionus). Approximately six moun-
tain lions {Felfs concolor) held territories within
bighorn sheep range during winter months (Enk
1999). A small bighorn sheep population (<4
individuals) occupied the adjacent Sleeping Gi-
ant Wilderness Area. Domestic sheep are raised
at two ranches located 5 km north and 8 km east
of the study area,

Herd History

Lewis and Clark observed bighorn sheep along
the Missouri River near the Galcs of the Moun-
tains area in 1805 (Coues 1893). There are no
historic estimates of the size of this population,
which was extirpated by disease and market hunting
in the early 1930s. The population was subse-
quently re-established following the translocation
of 113 individuals to the Gates of the Mountains
area in the 1970s (Rognrud 1983, Hilger 1996),
Results from MEFWP bighorn sheep surveys in-
dicated that the population grew rapidly between
1978 and 1983 (r = + 0.202) and approached 300
individuals. During this period, the population also
expanded onte the adjacent BWMA and estab-
lished seasonal elevational migrations (Enk 1999).
Population growth was spurred by high recruit-
ment rates, as the mean spring lamb-ewe ratio
during this period was 58 lambs: 100 ewes.

Adieoff in 1984 resulted in 80% herd mortal-
ity, and only 51 survivors were counted in the
fall of 1984. Clinical symptoms of respiratory
disease were observed in the field during the dieoff,
Necropsies conducted on two rams recovered in
September 1984 determined that both individu-
als were in poor nutritional condition and Pas-
teurella spp. were isolated from each. Causes of
death included verminous pneumonia and Pas-
teurellosis.

During the post-dieoff period (1985-1993), the
popalation was relatively stable (r = + 0.002) and
appeared to fluctuate around an equilibrial den-
sity of approximately 50 individuals.

Spring lamb-ewe ratios averaged 21:100 dur-
ing this period, suggesting that recruitment rates
were inadequate to stimulate population growth,
The herd also ceased seasonal migrations subse-
quent to the dieoff. Necropsy of a dead lamb found
in July 1991 diagnosed the cause of death as strep-
toceccal pneumonta, and these results suggested
that disease continued to influence bighomn sheep
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ecology on the BWMA long after the primary
dieoff event.

Methods

In March 1995 and March 1996, 15 ewes and 4
rams were captured from the Perma-Paradise herd
near Plains, Montana and 14 ewes and 6 rams
were captured from the Rock Creek herd necar
Phillipsburg, Montana, respectively. Both herds
were growing and relatively healthy at the time,
and histological/serological analyses indicated no
significant disease among captured individuals.
Sheep were captured via helicopter netgun by
Helicopter Wildlite Management, Inc. (Salt Lake
City, Utah) and fitted with either a radio trans-
mitter (n = 17) or an individually identifiable
neckband (n = 22). Transplants and residents were
relocated during bi-weekly relocation flights (n
= 28) between January and December 1996 and
May and September 1997, and from the ground
throughout the study. We obtained 1,518 visually
confirmed, individual relocations that were plot-
ted on United States Geological Survey topographic
maps (1:24,000) with Universal Transverse
Mercator (UTM) grid overlays. UTM coordinates,
date, group size and cormtposition, and physical
environmental characteristics were recorded for
all locations. Statistical dependence was minimized
by maintaining a minimum of 24 hours between
successive relocations of a given individual (Tho-
mas and Taylor 1990).

Relocation data were used to determine sheep
movements and distribution. Individual movements
were classified as cither exploratory movements
or dispersal events depending on whether emi-
gration from the study area was temporary or
permanent, respectively. Dispersal events (n = 11)
involved sheep swimming across the Missouri
River to the Sleeping Giant Wilderness Area, and
most dispersers (n = 8) joined the Sleeping Giant
bighorn sheep herd. The program CALHOME (Kie
et al. 1994) was used to analyze overall sheep
distribution via minimum convex polygon (MCP;
Mohr 1947) and to identify core ranges via 90%
harmonic mean (HM; Dixon and Chapman 198()).

Lamb production in 1996 and 1997 was quan-
tified by activcly monitoring lambing grounds until
all ewes and lambs departed. Lamb production
for 1995 was estimated based upon MFWP clas-
sification data, and summer (peak} and subsequent
spring lamb-ewe ratios were calculated in all three



years. Productivity of individual ewes was ana-
lyzed to determine whether this population ex-
hibited alternate year reproduction (Heimer 1978).
We conducted linear regression analyses to ex-
aming relations amoeng climate and lamb produc-
tion and lamb survival (P= 0.03) using the soft-
ware package STATISTICA® (StatSoft. Inc., Tulsa,
Oklahoma). Kaplan Meier survivorship curves
(Pollock et al. 1989) were generated to quantfy
annual adult and lamb survival and to identify
critical periods of lamb mortality. Causes of mor-
tality were classified as disease, predation, or
unknown based on field investigations, and necrop-
sies were performed at the MFWP Research Labo-
ratory in Bozeman when feasible. Mortality data
were analyzed to identify scasonal trends and the
relative roles of disease and predation in local
population dynamics.

Sheep pellet groups (n = 152) were randomly
collected from known individuals between March
1996 and August 1997. Pellets were air-dried for
>90 days, and the Baermann technique (Beane
and Hobbs 1983) was used were to determine the
presence and abundance of first-stage Proto-
strongylid larvae on 5-gram sub-samples.
Baermann results, expressed as larvae per gram
(LPG), were transformed prior to statistical analy-
ses (Uhazy et al. 1973). Sixty adulkt pellet groups
were submitted 1o the Montana State University-
Plant and Soils Analytical Laboratory for fecal
nitrogen analysis via the Kjeldahl method
(Horowitz 1973), with results expressed as %TKN.
We used a stratified sampling approach across
seasons to select pellet groups for Kjeldahl analy-
ses. Baermann and Kjeldahl results were statisti-
cally analyzed using Student’s t-tests and ANOVA
(P = 0.05) to detect differences in individual
Protostrongylid burdens and fecal nitrogen lev-
els between seasons and to compare these fac-
tors among different sex and age cohorts.

Lincoln-Peterson estimates (Lancia et al. 1994),
surveys of the minimum number known alive, and
annual MFWP spring censuses were used to de-
termine population trends. Lincoln-Peterson es-
timates were developed from aerial and ground
surveys in which >60% of marked sheep were
relocated. We used the program BOPEEP
{McCarty and Miller 1998) to generate determin-
istic, discrete population models based upon an-
nual reproduction and mortality rates. We devel-
oped alternative population scenarios including:

an “expected” trajectory using population param-
eters from McCarty and Miller (1998); an “ob-
served’” trajectory using parameters obtained during
this study; and a “no predation” trajectory in which
we simulated the elimination of mountain lion
predation (n = 4 annual events). While we ac-
knowledge that the study duration limits medel
robustness, we do suggest that the model scenarios
are valuable in identifying general trends and
determining the relative importance of predation
in this population.

Results

Sheep Distribution

Analyses of telemetry and observational data in-
dicated that sheep distribution was timited to 6,000
ha in the western portion of the BWMA and ad-
jacent lands (Figure 2). The population included
two sub-groups that exclusively utilized distinct
portions of the study area, and there was little
interaction between these subgroups. Transplanted
sheep did integrate with the resident sub-groups.
and transplants and residents exhibited similar
distribution and range use patterns (Enk 1999).
Summer and winter distributions were similar, with
sheep activities concentrated in 3,374 ha of low
elevation “winter range” habitat (< 1,650 m)
throughout the year. The data indicate that the
population has not re-established seasonal
elevational migrations.

10 Kliemeters

Figure 2. Bighorn sheep distribution on the BWMA.

Lamb production

Total annual reproduction varied between 11 and
19 lambs, with corresponding peak lamb:ewe ru-
tios of 35-40 lambs:100 ewes (Table 1). Annual
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TABLE 1. Annual production and mortality of bighorn sheep
lambs between 1995 and 1997.

1995 1996 1997
Number of mature ewes 37 47 31
Number of lambs preduced 14 19 11
Number of lambs recruited 8 6 7
Lamb:ewe ratio' 38:22 40:13 35:23
Unmarked survival® NA 39 3/4
Marked survival? NA 3/10 47

‘Number of lambs per 100 cwes at peak of lambing/subse-
quent spring.
"Number survived/number produced.

variability in total lamb production reflected
changing densities of mature ewes in the BWMA
population, with an increase subsequent to aug-
mentation in 1996 and a decrease in 1997 due to
ewe dispersal and mortality (Tuble 1). Lamb pro-
duction was similar between transplant and resi-
dent ewes (Table 1). Intensive monitoring of lamb-
ing grounds indicated that low lamb production
reflected poor reproductive success rather than
post-partum mortality, although it is untknown
whether this was associated with failure to con-
ceive or fetal resorption. Over the 3-year study
period, lamb production was positively correlated
with total precipitation during the previous July
{r=0.999, P =0.018) and was negatively corre-
lated with maximum temperatures during the pre-
vious August. although this result was not sig-
nificant (r=0.981, £ =0.112).

The proportion of mature ewes producing lambs
was low in all years (X = 38%, SD = 2.0), and
remained relatively unchanged subsequent to
augmentation (Table 1). Annual proportions of
transplant and resident ewes producing lambs were
similar, suggesting that factors responsible for low
productivity were not inherent to BWMA sheep.
Individual ewes exhibited considerable variabil-
ity, producing 0, 1, or 2 lambs during the study,
and there was no correlation between previous
year reproductive status and subsequent vear suc-
cess. As a group, none of the 1995 transplant ewes
produced lambs in 1996 whercas 73% produced
lambs in 1997. Seventy-eight percent of the 1996
transplant ewes produced lambs in 1996 and only
25% produced lambs in 1997. While these data
are suggestive of alternate vear reproduction
{Heimer 1978), the duration of this study precluded
analyses of ewe reproductive patterns.
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Lamb survival

Annual survival of lambs to age one varied be-
tween 0.32 and 0.64 during this study (Table 1).
Survivorship curves {Figure 3) identified a critical
period of lamb mortality between July 15 and
September 15 in 1995 and 1996. Cumulatively,
91% of the lambs surviving to September 15 lived
to age one during the three-year study period.
Lambs born to resident and transplant ewes had
similar survival rates in all years {Table 1). Re-
sults from regression analyses indicated that lamb
survival rates were significantly correlated with
same-year April/May precipitation and maximum
August temperatures for the 13 years following
the dieoff (r= 0.844, P = 0.007, n = 13). There
was no correlation between lamb survival and these
climatic variables for the 7 years prior to the dieoff
(r=0354, P=0818,u=7).

Four lamb mortalities were investigated in 1996
(n =2) and 1997 (n = 2). The 1996 mortalities
occurred in late July/early August when the lambs
were approximately 8-9 weeks old, and were both
associated with disease processes. Necropsy of a
male lamb that died on 6/29/96 indicated that the
individual had a low lungworm burden and was
in fair nutritional condition at the time of death.
Pleuritis was suggestive of pneumonia processes,
but tissue autolysis prevented histologic and bac-
teriologic analyses (Enk 1999). July and August
of 1996 represented a period of significant lamb
mortality, and 68% of all lambs born in 1996 were
dead by October 1 (Figure 3). This mortality pe-
riod coincided with the observation of clinical
symptoms of respiratory disease, including cough-
ing, sluggish behavior, and ragged appearance
{Woodard et al. 1974) among both lambs and ewes,
Cumulatively, necropsy results and observational
data indicated that 1996 lamb mortalities were
due to pneumonia processes.

Although analyses of coyote and mountain lion
scats indicated minimal lamb predation during
all years of this study (Enk 1999), the 1997 lamb
mortalities were due to predation (species un-
known) while lambs were on/adjacent to lamb-
ing grounds in late June. Lamb survivorship was
relatively high in 1997 (Figure 3), and there was
no evidence that disease caused lamb mortality
during this year.



20

,’“*c
’ ~
16 - “e

-E rd

E

R o2

L r

c 4

2 8 |- Jr

E

7z

-

MAY 1 JUNE 1

JULY 1 AUG 1

SEP 1 OCT 1 NOV 1 DEC 1 JAN 1

Month

Figure 3, Lamb survivorship curves.

Adult survival

Mean annual adult survivorship for marked indi-
viduals during this study was 0.84, but dispersal
of 28% of all transplanted sheep reduced the ewe
densities within the study area. Thirteen adult
mortalities were investigated, including 4 dispersers
outside the study area (Table 2). Mortalities within
the study area occurred either in spring (March-
May) and fall (October-November), and were
associated with mountain lion predation (n = 3),
disease (n = 3), and unknown causes (n = 1).
Throughout the study, all spring mortalities were
due to mountain lion predation and all fall mor-

TABLE 2. Dates and causes of adult sheep mortalities dur-
ing the study. Cover type refers to general char-
acteristics of mortality locations.

Sex Date Cause Cover lype
Ewe 11/15/95 Uuknown Grassland/Shrub
Ram 31796 Predation Forest
Ram 3/9/96 Predation Rock/Talus
Ewe 3/29/96 Predation Riparian
Ewe 416/96 Predation Riparian
Ewe' 5/14/96 Predation Rock/Talus
Ewe' 713/96 Discase Grassland
Ewe 10721796 Disease Burmn

Ewe? 11720/96 Diseuse NA

Ewe? 11720/96 [isease NA

Ewe! 11/23/96 Predation Forest
Ram!’ 3415197 Predation Rock/Talus
Ewe 5/29/97 Predation Rock/Talus

".ocared outside study area.
* Lacation unknown and date of death approximate.

talities were caused by disease (Table 2). The sole
gxception to this temporal pattern was a dispers-
ing ewe that died subsequent to her association
with domestic sheep in June 1996. Sheep mor-
talities were located within a variety of habirtat
types (Table 2). Predation sites were character-
ized by vegetative or topographic features that
limited sheep vision of the surrounding environ-
ment.

All disease-related mortalities of adult sheep
occurred coincident with the 1996 drought, and
affected only transplant ewes. Necropsy of a trans-
plant ewe that died in October 1996 indicated the
individual supported a “low” lungworm burden
and was in poor nutritional conditjon. Severe lung
adhesions, suggestive of a chronic illness, were
observed and Streprococcus spp. were isolated via
histological analyses. The cause of death was at-
tributed to bacterially induced bronchopneumo-
nia, although the specific bacteria involved were
unknown (Enk 1999}, Relative to lungworm bur-
den, nutritional status, and general cause and season
of death, these findings are similar to results of
necropsies conducted on BWMA sheep in 1984
and 1991 (Enk 1999). and suggest that disease
has continued to affect this population since the
1984 dicoff.

Fecal Analyses

Protostrongylid larvae were present in 98% of adult
sheep pellet samples {n = §3). Results from
Baermann anatyses indicated moderate levels of
lungworm infection (X = 86 LPG; range = 0-
535 LPG) and only 14% of adult samples exceeded
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100 LPG. Individual shedding rates were highly
variable and exhibited no discernible seasonal
patterns (Enk 1999). Lamb samples (n =45) were
negative for Protostrongylid larvae until August,
and shedding rates remained low throughout their
first 8 months (X =7 LPG; range = 0-44 LPG).

Mean adult fecal nitrogen levels were gener-
ally low (Table 3), and mean fecal nitrogen dif-
fered between seasons (£ = 0.001). Fecal nitro-
gen levels peaked in May (X =2.34) and declined
through October 1996 (x = 1.29). Levels remained
below 1.3% through the winter months and then
rose slightly in March and April (X =1.36). Ram
and ewe levels were similar in throughout the vear
(P = 0.426). Mean fecal nitrogen levels for the
June-September period were higherin 1997 (X =
2.14;8D=0.36;n=11Dthanin 1996 (X =1.92;
SD =0.34; n = 13). Late summer-carly fall indi-
vidual fecal nitrogen levels declined more rap-
idly in 1996 compared to 1997 (Enk 1999). These
data likely reflect the influence of drought con-

TABLE 3. Results (%TKN) of Kjelduhl analyses on fecal
samples {rom adult bighorn sheep.

dittons on forage quality and associated individual
nutritional status in 1996, Data limitations pre-
cluded correlation analyses of precipitation and
fecal nitrogen levels.

Population Estimates and Models

All estimators indicated that the sheep popula-
tion declined over the study period (Table 4). Al-
though confidence intervals on Lincoln-Peterson
estimates were relatively large, the minimum
number known alive and MFWP census data re-
vealed similar declining trends. Population tra-
jectories differed significantly depending upon the
parameters ufilized to construct the model (Fig-
ure 4). The expected trajectory indicated steady
population growth (r = +0.116) throughout the
modeling period and ends with a final popula-
tion of 211. The observed trajectory indicates a
declining population (r = —0.068) and concluded
with a final population of 17. The no predation
trajectory indicates that eliminating mountain lion
predation, while slightly improving sheep popu-
lation trends, did not induce growth (r=-0.004),
This model ended with & final population of 63
sheep.

Mean (SE) Range
All (n=49) 1.64 (0.06) 0.73-3.19 TABLE 4. Population estimates ol the BWMA bighorn sheep
Ewes (n=36} 1.73 (0.08) 0.90-3.19 herd tor 1995, 1996, and 1997,
Rams (n=13) 1.53 ((.49) (.73-2.54
1595 1996 1997
Season
Winter (n=15) 1.24(0.03) 1.00-1.37 Linceln-Peterson (95%: CI) 68 64 38
Spring (n="" 1.66 (0.18) 1.18-2.03 (35-100y  {38-89) (27-48)
Summer (n=12) 2.08(0.11) 1.77-3.19 Minimum number alive 52 42 33
Fall (n=13) 1.41(0.09) (.73-1.88 MFWP censes 45 30 20
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Figure 4. BWMA bighern sheep population trajectories.
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Discussion

The BWMA bighorn sheep herd has performed
poorly subsequent to the 1984 dieoff, and evi-
dence suggests that this population has been ex-
posed to disease-inducing pathogens since the
dieoft. Qur data indicate that the primary limit-
ing factors during the study period included low
lamb production, disease mortalities during peri-
ods of nutritional stress, and predation upon adult
sheep.

Quality of herbivore populations is largely
determined by female nutritional status (Verme
1969, Geist 1971, Gunn 1983, Cook 1990, Sodor
etal. 1995). and rates of lamb production observed
during this study were characteristic of a low quality
population (Geist 1971). In semi-arid habitats,
climate mediates nutritional quality of native for-
ages and is a primary determinant of ungulate
reproductive success (Talbot and Talbot 1963,
Verme 1967, Sadlier 1969, Thorne et al. 1979,
Clutton-Brock et al. 1982, Hamlin and Mackic
1989, Hengel et al. 1992).

Qur results support the assertion that nutritional
constraints during late summer and early fall can
reduce herd productivity and lamb survival in
sedentary, low elevation bighorn sheep popula-
tions following a dieofl (Douglas and Leslie 1986,
Festa-Bianchet 1986, Cook 1990, Goodson et al.
1991, Hengel et al. 1992, Kissel 1996), Lamb
production was correlated with July precipitation
in all three years. While we agrec that correla-
tion does not imply causality. particularly during
a study of limited duration, we do provide addi-
tional evidence of a strong relationship betwecen
summer climatic conditions and ewe productiv-
ity. Fecal nitrogen was slightly above maintenance
levels during this period (Irwin et al. 1993), sug-
gesting that forage quality was likely inadequate
for ewes to attain the physiological condition
necessary to produce a lamb the following year.
Domestic lamb production on an adjacent ranch
declined by 30% due to drought and associated
nutritional deficiencies during the summer of 1996
(Scott Blackman, Sterling Ranch Company. Craig,
Momtana, personal communication). Additionally,
MFWP observed improved productivily in a year
with “good” summer climatic conditions after this
study had concluded (Jim Williams, MFWP, per-
sonal communication).

Rocky Mountain bighorn sheep are typically
migratory (Festa-Bianchet 1986), and the cessa-

tion of seasonal elevational migrations by the
BWMA population has important nutritional im-
plications. Elevational migrations allow individuals
to follow plant phenological development, pro-
longing availability of nutritional forages through
summer months (Hebert 1973, Shackleton 1973,
Steifox 1976) and facilitating access to high quality
alpine forages (Klein 1965). The loss of seasonal
migratory behaviors has been observed in other
bighorn populations {Wakelyn 1984). On the
BWMA, the cessation of seasonal migrations has
restricted the current population to a small area
of low elevation habitat throughout the year, pre-
cluding access to nutritional forages at higher el-
evations and forcing sheep to rely on low quality
forages for much of the year. The loss of migra-
tory behavior has likely negatively influenced the
overdll nutritional balance and, accordingly, per-
formance of this sheep population (Hebert 1973,
Shackleton 1973, Schwartz and Hobbs 1985).

Diseasc-mediated lamb mortality is a common
residual effect of dieoff events (Couey 1950,
Forrester and Senger 1964, Woodward et al. 1972,
Woodard et al. 1974, Spraker and Hibler 1977,
DeForge and Scott 1982, Onderka and Wishart
1988, Foreyt 1988, Akenson and Akenson 1992,
Coggins and Matthews 1992}, Survivorship curves
indicated a critical lamb mortality period on the
BWMA between late July and early September,
and in conjunction with necropsy results and ob-
servations of respiratory disease symptoms, sug-
gest that disease processes continued to adversely
affect local population dynamics.

Mortality of lambs and adults due to disease,
primarily during a drought period, suggested in-
creased susceptibility during periods of poor for-
age quality. Between 1985 and 1997, lamb sur-
vival rates were highly correlated with summer
climate (April/May precipitation and August
temperatures). In the study area, April/May pre-
cipitation determines forage quality and ewe nu-
tritional status during the last two months of ges-
tation, and influences lamb survival by determining
birth weights and colostrum production (Robinson
1983, Subandriyo 1984, Foreyt 1988, Burfening
and Kott 1993, Sodor et al. 19935). August tem-
peratures atfect plant senescence and the avail-
ability of quality forage during a period when lambs
are physiologically-stressed due to increased re-
liance on native forage and waning colostral im-
munities {Foreyl 1988). These factors are particu-
larly crucial in sedentary populations with exposure
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to pathogens. Necropsy results and fecal nitro-
gen analyses support the assertion that nutritional
stress increased lamb susceptibility to discasc
(Chandra and Newburne 1977, Foreyt 1988).

Necropsies conducted on BWMA sheep be-
tween 1984 and 1996 indicate that disease has
been present in this population since the primary
dieoff. During this study, disease-related mortal-
ity of adults was limited to transplants and only
occurred coincident with summer drought. Resi-
dent sheep were not evaluated for presence of
disease prior to the augmentation program, and
all transplants tested negative for pathogens prior
to translocation. Although residents appeared to
be healthy, survivors of dieoff events can shed
pathogenic bacteria for extended periods despite
appearing clinically normal (Foreyt 1988). Pre-
sumably, resident sheep have acquired relative
immunity to pathogens that were lethal to trans-
planted sheep. The timing of disease mortalities
indicated that disease affected adult sheep dur-
ing periods when nutritional stress compromised
individual immunocompetence.

While pathogen source(s) are unknown, dis-
persal and exploratory movements resulted in at
least two individuals coming into contact with
domestic sheep. Although one of these individu-
als died in a domestic sheep pasture, the other
did return to the BWMA after approximately two
weeks. Given that domestic sheep carry diseases
that are lethal to bighorns (Foreyt 1989), contact
with domestic sheep may result in chronic per-
sistence of pathogens in this bighorn population.

We estimate that mountain lions killed 3-5 adult
sheep annually on the BWMA.. Predation was lim-
ited to winter and spring seasons, and our data
support the conclusions of Williams {1992) and
Ross et al. (1997) that sheep can be a seasonal
prey item for some mountain lion populations,
While this predation rate was low relative to moun-
tain lion densities on bighorn range (~ 6 individu-
als). annual predation losses accounted for ap-
proximately 10% of the adult sheep population.
During the study period, predation losses offset
annual lamb recruitment.

Population models were based upon three years
of data and, while projections should be inter-
preted with caution, they provide some interest-
ing trend information. All estimators reflected a
population decline between 1995 and 1998, de-
spite the addition of 39 individuals through the
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augrmentation program. Models indicated that local
bighorn sheep demographic parameters differed
considerably from those reported in the literature
(McCarty and Miller 1998). Simulations in which
predation was eliminated slowed the population
decline but did not induce growth, confirming our
conclusion that losses to mountain lion predation
generally offset annual recruitment. The observed
model, using parameters obtained during this study,
ended with an extremely small population. As local
population dynamics appear correlated with sum-
mer climate and susceptibility to disease, the ac-
tual population trajectory will likely track annual
climatic variability and be somewhat better than
model forecasts.

During this study period, the BWMA bighorn
sheep population was proximately regulated by
low reproductive success, poor recruitment rates,
and adult mortality. This sedentary, post-dieoff
herd appears to be ultimately limited by disease
and mountain lion predation. Our data support
the conclusions of Cook (1990) and Kissel (1996}
that nutritional quality of forage in late summer
and early fall summer can limit low elevation big-
horn sheep populations. We suggest that differ-
ences between pre- and post-dieoff population
performance largely reflects continued exposure
to pathogens. Lamb survival was correlated with
summer climate following, but not prior to, the
dieoff, which likely reflects the presence of le-
thal pathogens during the post-dieo!f period that
cause mortality during periods of nutritional stress.
The pre-dieoff population was not subjected le-
thal pathogens, and seasonal elevational migra-
tions likely mediated late summer nutritional stress
by providing access to nutritious forage at higher
elevations.

Although this study was not designed to ad-
dress the roles ot inter-specific competition and
loss of genetic variability in local population dy-
namics, anecdotal data suggest these factors are
of limited significance. Limited spatial and tem-
poral overlap of elk and deer with bighorn sheep
on the study area (Feist et al. 1994, Enk 1999)
resulted in a low potential for competition. Poor
reproductive performance was not likely due to
inherent genetic problems in this population as:
1) the herd was founded from the genetically di-
verse Sun River sheep population (Luikart and
Allendort 1996) and the population has been aug-
mented from 2 other Montana herds; and 2) overall




reproductive success did not improve subsequent
to augmentation, and transplant and resident ewes
reproductive rates were similar (Enk 1999).

Winter is traditionally censidered to be the
critical season relative {o ungulate survival and
population dynamics in the northern Rocky Moun-
tains (Chappel and Hudson 1978}, and studies have
demonstrated the adverse effects of severe win-
ter climatic conditions on bighorn lamb survival
(Picton 1984). Our results suggest that in certain
ecological settings, summmer can be a critical pe-
riod for bighom sheep populations in this region.
Sedentary, low elevation populations are particu-
larly vulnerable to nutritional stress, which in-
creases susceptibility to disease and reduces re-
productive performance,

Management programs aimed at improving the
viability of small, post-dieoff bighorn sheep popu-
lations have had limited effectiveness largely due
to inadequate understanding of local population
ecology (Armstrong and McLean 1993). A cru-
cial step towards developing effective bighorn
sheep management strategies is g prior{ identifi-
cation of population-specific limiting factors.
Augmentation on the BWMA had limited poten-
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