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Abstract
Conservation and managenenl ofbighorn sheep populations is complicated by the species susccplibility 1() a multirude ofpatho
gens and rhe long lem inluence of diserse upon population dynamics. Small. post-dieoff sheep hcrds are ofren unable to fully
recovef to pre-dieoffdcn\ilics. and researchers have identified sevcral Iactors liniting such population! includirg disease. preda
tiolr, conpetition, climate. nutrilional delicieDcies. and loss ofgenetic variabilil,"-. We studied a small bighom sheep herd in wesr
central Montana fron 1995 to 1997 to idendi-! the rnechanisms responsiblc for poor populaiion performancc subsequeDr to a
dicoflin 198.1.In contfast io the nrigrator,"- pre dieofT population. the cuffent scdcnlary popuiation was restricted !o a sma]l afea
o1 1o$ elevation range throughout lhc ycar. Whereas ive obsened limited annual adull dofality due to disease and predation. ewe
producti!ity and lamb recmitinen!ra|es \!ere low in all years. Lamb production and survival were highl! corrclated lvilh summer
climatic conditions. r'ilh lhc highesl r.rte of disease-mediated lamb nlortalily occuffing during a summer drought and rhe lo\l,esr
r.rte ofe\!.e producti\'it! occurring subsequent to this drought. Our data suggen thet disease continues to play a significanr role rhis
bighorn sheep populatjon. and nulritional quality of sLrmmer foragc influenced not only sheep immunocompecnce and suscepri
bilil,,- to disea\e but also herd produclility. Wi er is generall) considercd thc critical season for ungulale populadons in rhe
nonhem Rock) Mountains, yet summcr clinalic conditions can ha\e important implications for pedormance of scdentary. lolv
clc\alion sheep populations. \Ve suggest that an understandiDg of population- specific limiling lactors is essential ro successful
nranagcmcnl o1 posl dieoff bighorn sheep herds. Data oblained through rigorour field studies lacilitate the developmcnr and
inrplcmcnralion ofefl-icient, biologicall,v sound sEalcgies |o improve performance ofthcse popularions.

Introduction

Susceptibility to discase is a distinguishing fea-
ture of bighorn sheep ecology throughout the
u'estern United States. and epizootics/dieoffs have
contributed greatly to the decline of both mon-
tane and desefi subspccics over the past century
(Buechner 1960). Disease processcs can result in
signifi cant adverse demographic impacts. including
high rates of mortality (>70% of the population)
and reduced population vigor (Onderka and
Wishan 198.1. Ryder et al. 1992). which com-
promise the viability of small post-dieoff sheep
hcrds  (G i lp in  and Sou le  1986.  Bcrger  J990.
Seebeck et al. I qqu ,. S uh\equenl to a disea.e er enr.
sheep populations often stabilize at relatively low
equil ibrial densities and exhibit poor population
pertbrmance due to low rccruitment rates (Cook
1990, Coggins and Matthews 1992, Ryder et al.
1992). Frctors ult imately l imiting such popula-
tions are population-specitic and include loss of
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genetic variabil ity, nutrit ional deticiencies, dis-
ease,  p redat ion ,  compet i t ion ,  and c l imate
(Beuchner  1960,  Berw ick  l968.  ce is t  1971.
Woodard et al. 197,+. 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-
covery of small wildlite populations (Clark et al.
1990. Minta et al. 1990). Management programs
to improve the viability of small post-dieoff big-
hom sheep herds have hadlimited success,largely
due to an inadequate understanding of popula
tion specific l imiting 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-
latiol] performance subsequent to a dieoff event
in 1984. Primary study objectives included iden-
titying sheep range use, dctermining annual rates
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of reproduction and cause-speritlc mo(ality, evalu
ating individual lung$'orm burdens and nut.itional
slatus 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 shccp that inhabited the
BWMA prior to augmentation as 'residcnts".

Study Area

The study area encompassed 111,390 ha in west
central Montana approximately 36 km north of
Helena (Figure l). Eighty percant of the study
area was within the BWMA, l37o in the Gates of
the Mountains Wildemess Area, and 77. on pd-
vate lands. and the Missouri River represented
the westem boundary. Elevations ranged from
I ,091 msl along the Missouri River to >2,,100 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 rccky ridges interspersed by bunch
grass meadow on southerly aspects and conifer-
ous lbrest on northerly aspects.

The local climate is semi-arid, with mean an-
nual precipitation of3l crn. Fitiy-nine percent of

total annual prccipitation falls during summer
nonths (May August), and summer precipitation
determines growing season duration and the avail-
ability of nuffitious forage for herbivores on the
BwMA (Pyrah 1985). Winter climatic conditions
are relatively mild due to warm Chinook winds.
Mean temperatures are +l 8' C and - 1'C in sum-
mer and winter, respectively. Whereas wintertem-
peratures and snowfalls wele relatively norrnal
during this study, summer climatic conditions
varicd considerably. The summers of 1995 and
1997 were relatively wet with precipitation 42%
and 547o above the 30-ye?}I average. Precipita-
tion during the summer of 1996 was 387r below
average, and drought conditions continued into
early fall as cumulative September and October
precipitation uar 4J4 below normrl.

The study area includes extensive grasslands
interspersed by small forest comrnunities. Grass-
lands primarily contained bluebunch wheatgrass
(Agro14-ron spicatun) at lower elevations and
fescue (Fe.rtucd scabrella and F. idahoensis) at
higher elevations. Forest communities included
ponderosa pine (Pir?rj ponderosa) savanna on
southerly aspects and Douglas-fir (Pseudotsugtl
nerse:eil) on northerly aspects. Higher elevations
of the BWMA represented critical winter range
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fbr l,?00 elk (CerLris c/cThris) and 500 mule deer
(Odoco ile us hemioms). Approximately six moun-
tain lions (Fe1i.r concolor) held territories within
bighom shcep range during winter months (Enk
1999). A small bighorn sheep population (<:10
individuals) occupied the adjacent Sleeping Gi-
ant Wildemess Area. Domestic shecp are raised
at two ranches located 5 krn north and 8 km east
of the study area.

Herd H story

Lewis and Clark observed bighorn sheep along
the Missouri River near the Gatcs of the Moun-
tains area in 180,5 (Coues 1893). There are no
historic estimates of the size of this population.
which was exliryated by disease and mffket hunting
in the carly 1930s. The population $as subse-
quently re-established tbllowing the translocation
of I l3 individuals to the Gates ofthe Mountains
area in the 1970s (Rognrud 1983, Hilger 1996).
Rcsu l ts  f rom N4FWP b igh t 'm .heep.ur re ls  in -
dicated that the population grew rapidly between
1978 and 1983 (r = + 0.202) and approached 300
individuals. During this period, the population also
expandcd onto the adjacent BWMA and estab-
lished seasonal elevational migrations (Enk 1999).
Population growth was spurred by high recruir
ment rates. as the mean spring lamb-eu'e ratio
during this period was 58 lambs:100 ewes.

A dieoff in l984 resulted in 80c/. herd monal-
jty, and only 5I survivors werc counted in the
la l l  , ' i  l qb-+ .  C l in ica l  \ \n rp l i , rn :  o f  re .p i ra ror ;
disease were observcd in the field during the dieoff.
Necropsies conducted on 1wo rams rccovered in
September 1984 deternined that both individu
als were in poor nutrit ional condition and Pas-
teLtreua spp. were isolated from each. Causes of
death included vcnrinous pneumonia and Pas,
teurellosis.

During the posfdieoft period (1985- 1993). the
population was relativel)r stable (r = + 0.002) and
appeared to fluctuate around an cquilibrial den-
: i t ;  u l  uppror imr tc l l  5U inJ i r  idua l r

Spring lamb ewe ratios averaged 21:100 dur-
ing  th is  per i , ' , J - .u ! !e \ t ing  lh r l  rc r ' ru i tment  'a les
wers inadequate to stinlulate population growth.
The herd also ccascd seasonal migrations subse-
quent to the dieofI. Necropsy of il dead lamb found
in July l99l diagnosed the cause ofdeath as sn'ep
tococcal pneumonia, and these results suggested
that disease continued to influence bighom sheep
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ecology on the BWMA long after the prinary
dieoffevent.

Methods

In March 1995 and March 1996, l5 ewes and ,1
rams were captured liom the Pema-Paradise herd
near Plains, Montana and 14 ewes and 6 rums
were capturcd tiorn the Rock Creek herd ncar
Phillipsburg, Montana. respectively. Both herds
were growing and relatively healthy at the time,
and histologicaVserological analyses indicated no
signiticant diseasc among captured individuals.
Sheep were captured via helicopter nctgun by
Helicopter Wildlite Management. Inc. (Salt Lake
City. Utah) and fitted with either a radjo tmns-
mitter (n = l7) or an individually identif iable
ncckband (n = 22). Transplants and residents \\, ere
relocated during bi-weekly relocation flights (n
= 28) between January and December 1996 and
May and September l997, and from the ground
throughout the study. We obtained 1.518 visually
confirmed, individual relocatjons that were plot-
ted on United States Geological Sun ey topographic
maps (1:24,000) with Universal Transverse
Mercator (UTM) grid overlays. UTM coordlnates.
date, group size and composition. and physical
cnvironmental characteristics werc recorded for
all locations. Statistical dependence was rrinimized
by maintaining a minimum of 24 hours between
successive relocations of a given individual (Tho-
mas and Taylor 1990).

Relocation data were usgd to dctermine sheep
movements and distribution. Individual movements
were classified as cither explomlory movements
or dispcrsal events depcnding on whether emi
gration from the study area was temporary or
pcnnanent. respeclively. Dispersal events (n = 11)
involved sheep swimming across the Missouri
Rivcr to the Sleeping Giant Wildemess Area, and
most dispersers (n = 8)joined the Sleeping Giant
bighom sheep herd. Thc program CALHOME (Kie
et al. 199,1) was used to analyze overall sheep
distribution via minimum convex polygon (MCP;
MohI 1947) and to identify core rangcs via 907o
harmonic mean (HM; Dixon and Chapman 1980).

Larnb production in 1996 and 1997 was quan-
titied by activcly monitoring lambing grounds until
all erves and lambs dcpaned. Lamb production
lbr 1995 rvas estimated based upon MFWP clas-
sitlcation data. and summer (peak) and subsequcnt
spring lamb-ewe ntios were calculated in all three



)'ears. Prcductivity ol individual ewes was ana-
lyzed k) dctcrmine whether this population ex-
hibited altemate year reproduction (Heimcr 1978).
We conducted linear rcgression analyses to ex-
aminc relations among climate and lanrb produc-
tion and lamb suruival (P= 0.05) using the sofi-
warc package STAIISTICA" (Statsoft . Inc.. Tulsa,
Oklahoma). Kaplan Meier survivorship curvcs
(Pollock et al. 1989) were generatcd to quantify
annual adult and lamb survival and to identify
critical pcriods of lamb mortality. Causes of mor-
tality were classified as disease, predation. or
unknown based on tleld investigations, and necrop
sies were perfbnned at the MFWP Research Labo
ratory in Bozeman when feasiblc. Mo ality data
were analyzed to identity scasonal fends and the
relativc roles of disease and predation in local
population dynarnics.

Sheep pellet groups (n = 152) wcrc randomly
collected from known individuals between March
1996 and August | 997. Pellcts were air dded for
>90 days. and the Baermann technique (Beane
and Hobbs 19133) was used were to determine the
prescnce and abundance of f irst-stage Proto-
s t rongy l id  la rvae on  5-gram sub-sanp les .
Baerrnann results, cxpressed as laNae per gram
(LPG), u'ere transfomed prior to statistical analy-
ses (Uhazy et al. 1973). Sixty adult pellet groups
rvere submittcd to the Montana State University-
Plant and Soils Analytical Laboratory tbr fecal
nitrogen analysis vio the Kjeldahl method
(Horowitz 1975), with rcsults exprcssed as c/cTKN.

We uscd a stratified sampling approach across
seasons to selectpellet grcups tbr Kjeldahl analy-
ses. Baermann and Kjeldahl results were statisti
cally analyzedusing Student'sCtests andANOVA
(P = 0.05) to detect dif'f'erences in individual
Protostrongylid burdens and fecal nitrogen lev-
els between seasons and to comparc these fac-
tors among different sex and age cohofls.

Lincoln-Peterson estirnates (L:rncia et al. I 994).
survcys of the minimum number known alive, and
trnnual MFWP spring censuses were uscd to de-
tennine population trends. Lincoln-Peterson es
timates were developed liom aerial and ground
surveys in which >607c of marked sheep were
relocated. We used the prcgram 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-

scrved" trajectory using parumeten obtained during
this study;and a "no predation" trajectory inwhich
we simulated the elimination of mountain l ion
predation (n =.1 annual events). While we ac
knowledge that the study duration limits model
rcbustness, we do suggest that the model scenaios
are valuablc in identifying general trends and
detemining the relative impodance of prcdation
in this population.

Results

Sheep D str lbut lon

Analyses oftelemctry and observational data in
dicated that sheep distribution rlas limited to 6,000
ha in the westem pofiion 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. Trunsplanted
sheep did integrate with the resident sub groups.
and transplants aDd residents exhibited similar
distdbution and range use patterns (Enk 1999).
Summer and winter distributions were similar. with
sheep activities concentrated in 3,374 ha of low
elevation "wintcr range" habitat (< 1,650 n)
throughout thl: year. The data indicate that the
population has not re-established seas0nal
elevational migrations.

Figure 2. tsighorn sheep distribulion on the BWNIA.

Lamb produc t  on

Total annual reproduction varied between 11 and
l9lambs. with conesponding peak lamb:ewe ra-
tios of 35-40 lambs:l00 ewes (Table 1 ). Annual
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T,{BLE L Annual produclid .rnd mofialit! olbighom sheep Lamb SUrViVal
lamb\ between 1995 and 1997.
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'\ulnber sufvi\'ed/numbcr produced.

variabil it) '  in total lamb production reflected
changing densities of mature ewes in the BWMA
population. with lrn increase subsequent to aug
mentation in 1996 and a decrease in 1997 due to
ewe dispersal and nonality (Table l). Lamb pro-
duction was similar betwcen transplant and resi-
dent ewes (Table I ). Intensive monitoring of lamb-
ing grounds indicated that low lamb production
reflecled poor reproductive succass rather than
post-partum mortality. although it is unknown
whether this was associated with failure to con-
ceive or fctal resorption. Over thc 3-year study
period, lamb productionwas positivcly co.related
with total prccipitation during the previous July
(r = 0.999, P = 0.0I 8) and was negatively corre-
lated with maximum temperatures during the pre-
r i , r u . 4 L r , r . , .  a i l h o u g h  l h i .  r e . u l t  u a :  n o t  . i g -
n i f i can t  ( r=  0 .981.  P  =  0 .112) .

Theproporlion of mature ewes producing lanbs
rvas low in all years ( 1 = 386/c. SD = 2.0), and
remained relativcly unchanged subsequent to
augmentation (Table 1). Annual proporlions of
trunsplant and resident ewes producing lambs were
similar suggesting that t'actors responsible for lov",
productivity were not inherent to BWMA sheep.
lndividual ewes exhibited considerable variabil-
ity. producing 0, l, or 2 lambs during $e studv,
and lhere  ua .  no  cone l l t i , . rn  he tueen prer iou '
year reproductive status and subscquent vear suc-
cess. As a group. none ofthe 1995 tlansplant ewes
produccd lambs in 1996 whercas 737r produced
lambs in 1997. Sevcntv-eight percent of thc 1996
transplanl ewcs produced lambs in 1996 and only
257. produced lambs in 1997. While these data
are suggeslive of alternate year reproduction
(Heiner 1978), thc duration of this study precluded
analyses of ewe reproductive pattens.
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Annual survival of lanbs to age one valied be-
tween 0.32 and 0.6,1 during this study (Table l).
Survivorship cun'es (Figurc 3) identified a critical
period of larnb nortality between July 15 and
September 15 in 1995 and 1996. Cumulatively,
9l7c ofthe lambs surviving to September 15 lived
ltl age one during the three-year study period.
Liimbs bom to resident and transplant ewes had
similar survival rates in all years (Table 1). Re-
sults from regression ;rnalyses indicated that lamb
survival rates were signilicantly correlated with
same-yearAprilMay precipitation and maximum
August temperatures for the 13 years following
the  d ieo f f  ( r=0 .844,P=0.007,n= l3 ) .  There
was nocorrelation between lamb suwival and these
climatic variables fbrthe 7 years prior to the dieoff
( r=  0 .354.  P  =  0 .818,  n  =  7 ) .

Four launb monalities were investigated in 1996
(n = 2) and 1997 (tt = 2). The 1996 modalities
occurred in late July/earlyAugust when the lanbs
were approximately 8-9 weeks old. and were both
associated with disease processes. Necropsy of a
male lamb that died on 6/29196 indicated that the
individual had a low lungworm burden and was
in lair nutritional condition at the time of dearh.
Pleuritis was suggestive of pneumonia processes,
but tissue autolysis prevented histologic and bac-
teriologic analyses (Enh 1999). July and August
of 1996 represented a period of significant lamb
mortality. and 68o/. of all lambs born in 1996 were
dcad by October 1 (Figure 3). This mortality pe
dod coincided with the observation of clinical
syrnptoms of respiratory disease, including cough-
ing, sluggish behavior, and ragged appearance
(Woodmd et al. 1974) among both lambs and ewes.
Cumulatively, necropsyresults and observational
data indicated that 1996 lamb mortalities were
due to pncumonia processes.

Allhough analyses ofcoyote and mountain lion
scats indicated minimal lamb predation dudng
all years ofthis study (Enk 1999), the 1997 lamb
mor ld l i l i e \  $ere  due lo  n reJa l ion  r \pec ie .  un-
known) whilc lambs were on-/adjacent to lamb-
ing grounds in late June. Lamb suruivorship was
relatively high in 1997 (Figure 3). and there was
no evidence that disease caused lamb mortality
during this year.

r995 1996 1991

Numbcr o i  mr lurc e$es
Number of lambs produced
r.-umber ol lambs recruited
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Figurc 3. Lamb survilolship cur\es.

Adult  surviva

Mean annual adult survivorship lor marked indi-
viduals during this study was 0.84, but dispcrsal
of 287. of all transplanted sheep reduced the ewe
densitics within the study area. Thirteen adult
mortalities were investigated, including 4 dispenen
eutside the study area (Table 2). Monalitics within
the study area occurred eithcr in spring (March-
May) and fall (October-Novernber), and were
associated uith mountain lion predation (n = 5).
disease (n = 3), and unknown causes (n = l).
Throughout the study, all spring monalities were
due to mountain lion predation and all tall mor-

TABLE 2. Dares and causcs of adult sheep morlalities duF
ing $e stud). Clorcr t-vpe refef\ to general char_
acteristics of no(alily locatrons.

talities werc caused by disease (Table 2). The sole
cxception to this temporal pattem was a dispers-
ing ewe that died subsequent to her association
with domestic sheep in June 1996. Sheep mor-
talities were locatcd within a variety of habitat
types (Table 2). Predation sites were charaoter-
ized by vegetative or topographic ltatures that
l imited sheep vision of the sunounding environ-
ment.

All disease-related rnortalities oi adult sheep
occurred coincident with the 1996 drought, irnd
affected only transplant ewes. Necropsy ofatans-
plant ewe that dicd in October 1996 indicated the
individual suppoded a "lorlJ lungwonn burden
and was in poor nutritional condition. Severc lung
adhesions. suggestive of a chronic illness, were
obsen'ed and Srrellor:occus spp. wcre isolated via
histological analyses. The cause of death was at-
tributed to bacterially induced bronchopneurno-
nia, although the specific bacteria involved were
unknou'n (Enk 1999). Relative to lungwonn bur-
den, nutritional status. and generalcause and season
of death, these findings are similar to rcsults of
necropsies conducted on BWMA sheep in 1984
and 1991 (Enk 1999). and suggest that disease
has continued to aft'ect this population sincc the
19114 dieoff.

Fecal Ana yses

Prctostongylid larrac were present in 987. ofadult
sheep pellet samples (n = 83). Results tiorn
Baermann analyses indicated rnoderate levels of
lungwotm iniection ( 1 = 86 LPG; range = ()-

535 LPG) and only 1,1% of adult samples exceeded
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Sex Datc Cause Coler llpe

E$e 11/ l5/9s
Ran 1/l /96
Ram 319/96
Ewe 3/29196
E\ie 1/16196
Eue' 5lt1196
Erie'  113/96
Ewe 10/)1/96
E*e: ll/20196
Eucr I l/20/96
E\ie' Il/23/96
Ramr 3/15191
E\ie 512919'7

r I-ocaied outside nudl, area.
I Location unlnown and date ol death approximate.

UDlnosn
Prcdation

Predation
Predadon
Discarc
Disease
Dise.rse

Predrtion
Predation

Gfassland/Shrub
F0rest
Rock/Talus
Rip ian
Riparian
Rock/Talus
Grassland
Bum

N,A.

Rock/Talus
RocLrTulus



l00 LPG. Individual shedding rates u'ere highly
variable and exhibited no discernible seasonal
pattems (Enk 1999). Lamb samples (n =,15) were
negative for Plotostrongylid larvae until August.
trnd shcdding rates remained low throughout their
fi$t 8 months (x = 7 LPG; range =0-4,1LPG).

Mean adult fecal nihogen levels were gener-
ally low (Table 3). and rnean fecal nitrogen dif'-
l'ered between seasons (P = 0.001). Fecal nitro
gen levels peaked in May ( 1 = 2.34) and dcclincd
ttu'ough October 1996 (i = 1.29). Levels remained
belo*, 1.3% through the winter nonths and then
rose slightly in March andApril ( i = 1.36).Ram
aurd ewe levels were similar in throughout the year
(.P = 0.426\. Mean fecal nitrogen levels for the
June-Septenber period were higherin 1997 (i =
2 .14 ;  SD =  0 .36 ;  n  =  11)  than in  1996 (  x  =  1 .92 :
SD = 0.34; n = 13). Latc summcr-carly fall indi-
vidual fecal nitrogen levels declined nore rap-
idly in 1996 compared to 1997 (Enk 1999.). These
data likely reflect the influence of drought con

TABLE 3. Remlts ({TKN) of Kieldahl anr \ses on itcal
samples iiom adult bighon sheep.

ditions on forage quality and associated individual
nu t r i t ion l l  . la lu .  in  lqq6 .  D l t r  l i rn i ta t i , ' n r  n rc -
cluded correlation analyses of precipitation and
fecal nitrogen levels.

Poprlatio'r Fsri-ares ar d l\y'ode s

All estimators indicated that the sheep popula
tion declined over the study period (Table,l). Al-
though confidence inter-vals on Lincoln Peterson
e: \ l imJre \  were  re l l t i r c l l  la lge-  the  min imum
number known alive and MFWP census data re
vcalcd similar declining trends. Population tra-
jectories differed significantly depending upon the
parameteru utilized to construct the model (Fig-
ure ,1). The expected tra.iectory indicated steady
population growth (r = +0.116) throughout the
nodeling period and ends with a final popula-
tion of 21 L The obscrvcd trajcctory indicates a
declining population (r = 0.068) and concluded
with a final population of 17. The no predation
tlajectory indicates that eliminating mountain lion
predation, while slightly improving sheep popn
lation trcnds, did not inducc growth (r = - 0.004).
This model ended with a linal population of 63
sheep.

TABLE,1. Populalion estrmates oI&e BWMAbighom sheep
herd lbr 1995. 1996. and 1997.

1996

Mean (SE) Range

All (n=,19)

Erves (n=36)

Rams (n=13)

Sca!on
Wintef  (n=15)

Sp ng 0r=9)
Sunrner (n= l2)
F a l l ( n = 1 3 )

1.60 (0.06)
1.73 (0.0E)
r.53 (0.49)

1.2,f (0.03)
1.66 (0.r l i )
2 .08  (0 .1  l )
L. l I  (0.09)

0 .73  l . 19
0.90 3.19
0.13'2.5,1

L00-1.37
I  l 8  2 .03
1 .77 -1 . l 9
0 .73 ,1 .88

1995 1997

LincolD Peterson (95'7 CI)

Minimun numbef a l i !e
NIF$'P census

68
(35 100)
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Discussion

The BWMA bighorn sheep herd has pcrlbrmed
poorly subsequent to the 1984 dieoff. and evi-
dence suggcsts that this population has been ex-
posed to disease-inducing pathogens since thc
dieotl-. Our data indicate that thc primary limit-
ing factors during the study period included low
lamb production. disease mortalit ies during pcri-
ods ofnutritional stress. and predation upon adult
sheep.

Quality of hcrbivore populations is laryely
detemined by female nutritional status (Vermc
1969,  Ge is t  1971,  Gunn 1983,Cook 1990.Sodor
et al. 1995). and rates of lamb prcduction observed
during this study were ch aracteristic of a low quiil ity
population (Gcist 1971). ln semi arid habitats,
climate mediates nutritional quality of nalive lbr-
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).

Our results suppod the assenion that nutritional
constmints dudng late summer and early tilll can
reduce herd productivity and lamb survival in
sedentary, low elevation bighom sheep popula
tions fbllowing a dieoff (Douglas and Leslie 1986,
Festa-Bianchet 1986, Cook 1990, Goodson et al.
1991, Hengcl et al. 1992, Kissel 1996). Lamb
produc t ion  u  as  core la ted  u  i th  Ju l l  p re i ip imt ion
in all three years. WhiJe \\"e agrcc that correla
tion does not inrply causality. particularly during
a study of limited duration. we do provide addi-
tional evidence of a sffong relationship bet$'ccn
sunmer climatic conditions and ewe productiv-
it1. Fecal nitrogen u a\ \ l i !:hll\ irhr,! e nririnlcnance
levels during this period (lrwin ct al. 1993.), sug
gesting that tbragc quality was likely inadequate
1br c$,es to attain the physiological condition
necessary to produce a lamb thc following year.
Domestic lamb production on an ldjacent runch
declined by 30% due to drought and associated
nutritional deticiencies during the sumnerof 1996
(Scott Blackman, Sterling Ranch Cornpany. Craig,
Monlana. personal communication ). Additionally.
Ml -WPob\er \ed  i rnprured  pr , rJuc t i r  i l )  in  r  \ car
with 'good ' summer clilnatic conditions after this
study had concluded (Jim Williams, MFWP, per-
sonal communication).

Rocky Mountain bighom sheep are typically
migratory (Fcsla-Bianchet 1986), and the cessa-

tion of seasonal elevational nigrations by the
BWMA population has inportant nutritional im-
plications. Elevational migrations alJow individuals
to follow plant phenological development, pro-
longing ;ivailabil ity ofnutritional forages through
summer months (Hebet 1973, Shackleton 1973,
Stelfox 1976) and lacilitating access to high quality
alpine tbrages ( Klcin I 965). The loss of seasonal
migratory behaviors has been observed in other
bighorn populations (Wakelyn 198,+). On the
BWMA, thecessation of seasonal migrations has
rcst ctcd the current population to a small area
oflow elevation habitat throughout the year. pre-
cluding access to nutrit ional forages at higher el-
evations and forcing sheep to rely on low quality
forages tbr much of the yerr. The loss of migra-
tory behavior has likely negatively influenced the
overall nutritional balance and, accordingly, per
formance of this sheep population (Hebert 1973,
Shackleton 1973, Schwartz and Hobbs 1985).

Di:ca\c-rncdiared lrmb rnortality is a common
residual effect of dieoff events (Couey 1950.
For-rester and Senger 1964, Woodward et al. 1972.
Woodard et al. 1974, Spraker and Hibler 1977.
DeForgc and Scott 1982. Onderka and Wishart
1988, Foreyt 1988, Akenson and Akenson 1992.
Coggins and Matthews l992). Sun"ivorship cun'es
indicated a critical lamb mortality period on the
BWMA between late July and carly September,
and in conjunction with necropsy results and ob-
se ations of respiratory disease symptoms, sug-
gest that disease processes continued to adversely
a t ' le .  l  loca l  popu la t ion  d5  namic . .

Mofiality of lambs and adults due to disease,
primarily during a drought period. suggested in-
creased susceptibil i ty during pcriods ofpoor for-
age quality. Between 1985 and 1997, lamb sur-
vival rates were highly correlated with summcr
climate (April/May precipitation and August
temperatures). [n the study area. April/May pre
cipitation determines fbrage quality and ewe nu-
trit ional status during thc last two months ofges-
tation. and influences lan.rb surr''ival by determining
bith weights iurd colostrum production (Robinson
19193, Subandriyo 1984, Foreyt 1988, Budening
and Kott 1993, Sodor et al. 1995). August tem-
pentures at'fect plant senescence and the avail-
cbilit), ofquality tbragc during a period when lambs
are physiologically stressed due to increased re-
l iance on native fbrage and waning colostral im-
rnunities (Foreyt 1988). These facto$ are particu
larly cmcial in sedentary populations with exposure

Factors Lirniting a Bighorn Sheep Population 281



to pathogens. Necropsy rcsults and fecal nitro
gcn analyses support the assefiion that nutritional
stress increased lamb susceptibil i ty to discasc
(Chandrr and Newburnc 1977, Foreyt 1988).

Necropsies conductcd on BWMA sheep be
tween 198,1 and 1996 indicate that disease has
been present in this population since the primary
dieol'f. During this study, disease-related mortal-
ity of adults was limited to transplants and only
occured coincident $,ith summer drought. Resi-
dent sheep wcre not evaluated for presence of
discase prior to the augmentation program, and
all transplants tested negative fbrpathogens prior
to translocation. Although rcsidents appeared to
be healthy, survivors of dieoft events can shed
pathogenic bacteria fbr cxtcnded periods despite
appearing clinically normal (Foreyt 1988). Pre-
sumably. resident sheep havc acquired relative
immunity to pathogens that were lethal to trans
plantcd sheep. The timing of disease mortalities
indicated that disease affected adult sheep dur-
ing periods when nutritional stress compromised
individual immunoconpetenca.

While pathogen source(s) are unknown, dis-
persai and exploratory movements resulted in at
lcast two individuals coming into contact with
donestic sheep. Although one of these individu-
a1s died in a domestic sheep pasture, the other
did retum to the BWMAatter approximately two
weeks. Given that domestic sheep carry diseases
that are lethal to bighoms (Foreyt 1989), contact
$,ith domestic sheep may rcsult in cbronic per-
sistence ofpathogens 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 Will iams (1992) and
Ross et al. (1997) that sheep can be a seasonal
prey item for some mountlrin lion popuiations.
While this predation rate was low relativc to moun-
tain lion densities on bighom range (- 6 individu-
als). annual predation losses accounEd tbr ap-
proxirnately l0% of thc adult sheep population.
During thc study period, predation losses offset
annual lamb recnritment.

Population models were based upon three years
of data and. while projections should be inter-
preted with caution, they provide some interest
ing trend infomation. A11 estimators reflected a
population decline between 1995 and l998. de
spite the addition of 39 individuals through the
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augmentation program. Models indicated that local
bighorn sheep demographic parameters differed
considerably fiorn those reponed in thc litcraturc
(McCany and Miller 1998). Simulrtions in which
predation was eliminated slowed the population
decline but did not induce growth, confirming our
conclusion that losses to mountain lion predation
genera]ly oftlet annual recruitment. The observed
model, using parameters obtainedduring this study,
ended with an extremely small population. As local
population dynamics appear corelated with sum
mer climate and susceptibil i ty to disease, the ac-
tual population trajectory will likely track annual
climatic variability and be somewhat bettcr than
model forecasts.

During this study period. the BwMA bighorn
sheep population was proximately regulated by
low reproductive succass, poorrecruitmentratgs,
and adult monality. This sedentary. post-dieoff
herd appears to be ultimately limited by disease
and mountain lion predation. Our data support
the conclusions ofCook (1990) and Kissel ( 1996)
that Dutritional quality of forage in late summer
and early fall summer can limitlow elevation big-
horn sheep populations. We suggest that difTcr-
ences between pre- and post-dieoff population
perfomance largely reflects continued exposure
to pathogens. Lamb survival was correlated with
summer climate following, but not pdor to. the
dieotl, which likely ref'lects the presence of le-
thal pathogens during the post-dieoft period that
cause mofiality 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 fbrage at higher
elevations.

Although this study was not designed to ad-
dress the roles of 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 ofelk and deer with bighom sheep
on the study area (Feist et a]. 1994. Enk 1999)
resulted in a low potertial for competition. Poor
reproductive pedbnnance 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 herdst and 2) overall



reproductivl] succcss did not improvc subscqucnt
to augmentation, and transplant 1d resrdent e\\"es
reproductive rates were similar (Enk 1999).

Winter is traditionally considered to be the
crit ical season relalive lo ungulate survival and
population dynanics in the nofihem Rocky Moun
tains (Chappel and Hudson 1978), and studies have
dcrn t rn . lm lcd  Ihc  rd \e r rc  c l ' f cc t :  o f .c \c rc  \ \ in -
ter climatic conditions on bighom lamb survival
(Picton 1984). Our results suggest that in certain
ecological settings, summer can be a crit ical pe-
riod for bighom sheep populations in this region.
Sedentaq. lou ele\ ution populution5 lre panicu-
larly vulnerable to nutrit ional stress, which in-
creases susceptibility to disease and reduces re
producti ve perfbrmance.

Managemcnt programs aimed at improving thc
viability of small. post-dieoff bighorn sheep popu-
Iations have had limited eft-ectiveness largely due
to inadequate understanding of local population
ecology (Armstrong and Mclean 1995). A cru-
cial step towards developing effective bighom
sheep management strategies is cpriorl identif i-
cation of population-specil ic l imiting factors.
Augmentation on the BWMA had limited poten
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