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A. CENSUS OF POPULATIONS
I 

BADLANDS NATIONAL PARK SIGHTABILITY MODELLING OF BIGHORN 
SHEEP: PROGRESS REPORT

I 
I 
I 
I 
I 
I FRANCIS J. SINGER1 AND MICHAEL Eo MOSES2 

I INTRODUCTION 

Aerial surveys are used to assess ungulate population, composition and 

I distribution. However, aerial counts may be inaccurate due to unknown sources of bias 
and general lack ofprecision of the estimated population parameters. Failure to observe 
all animals is called visibility bias and is a primary cause of inaccuracy in aerial surveys 

I (Samuel 1984). Even under ideal conditions, it is likely that some portion ofanimals will 
not be seen during aerial surveys. Previous research indicates this visibility bias may be 
caused by a variety of factors including group size, observer experience, and 

I environmental conditions. 

The National Park Service (NPS) has a need for a more accurate aerial census 

I technique. At present, aerial count methodologies are not adequate to evaluate the effects 

I 
of management actions such as translocations, removals or habitat restorations. Improved 
aerial censusing methods may provide better estimates ofherd size and population trends. 

I u.s. Geological Survey, Midcontinent Ecological Science Center, 4512 McMurry Avenue, Fort Collins, CO 80525, 

I and Natural Resource Ecology Lab, Colorado State University, Fort Collins, Colorado 80523·1499 
2U.S. Geological Survey, Midcontinent Ecological Science Center, 4512 McMurry Avenue, Fort Collins, CO 80525 
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captUre and removal for translocations. The goal ofour project was to measure the 
important variables affecting visibility so that aerial counts could be corrected for the Ibiases resulting from sighting conditions (Samuel 1984). 

Sightability models were first developed in Idaho for elk using radiocollared Ianimals (Samuel 1984). Radiocollared elk were recorded during an aerial survey and the 
sighting conditions under which they occurred were recorded. Any radiocollared animals 
not seen during the survey were located from a second aircraft and the sighting conditions Iunder which they occurred were also recorded. The dependent, dichotomous variable 
was radiocollared groups ofanimals that were observed or missed. Environmental 
variables, search rates, and observer were treated as independent variables in the logistic I
regression equation. This model approach has since been extended to elk in other 
situations (Singer and Garton in prep.), to mule deer (Ackerman 1988), and to bighorn 
sheep (Garton in prep.). I 

Sightability technique advantages over more traditional mark-resight techniques: 

I
~ A smaller proportion of the population need be marked,
 
~ Fewer overflights (4-5 total) are required for model development,
 
~ After model completion - only one flight per year required for census
 Iestimate,
 
~ The model should work indefinitely for the NPS unit where it was developed,
 
~ Technique has been extensively tested & applied during the last six years.
 I 

GROUP SAMPLING I 
Animals were sampled at the group level instead ofat the individual level. 

Animals typically occur in groups, therefore visibility bias cannot be appropriately Iapplied to a single individual but should instead be applied homogeneously to all animals 
in the group. The use ofgroups in sample survey design is termed cluster sampling and 
this approach recognizes that individual animals within a group are not independently nor Irandomly sampled from the population. Cluster sampling of animal populations results 
in lower estimates ofvariance than individual based sampling (Samuel 1984). 

I 
METHODS 

IBadlands National Park (BADL) study area was divided into 12 units based on 
topographic attributes such as cliff lines, riverbanks and other features easily 
distinguishable from the air. I
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Helicopter survey crews and ground crews were deployed to observe bighorn 

I sheep and record the following sighting variables: unit number, time, temperature, cloud 
cover, wind, precipitation, group size, group composition, activity, topographic position, 
solar condition, vegetative cover, helicopter position, and geologic formation. A

I complete description ofeach sighting variable can be found in Table 1. 

I A helicopter survey crew consisted ofthe pilot, a primary observer, and a 
secondary observer. Observers counted and classified the groups. The most experienced 

I 
observer determined classification. For each group sighted, the helicopter observers 
recorded each of the sighting variables. The units were flown systematically at 50 mph 
and at 0.5 krn contour intervals. Search patterns typically started at the lowest contour in 
the unit and progressed upward. As many units as possible were surveyed for each 

I
 census given the limitations of weather, personnel and helicopter availability.
 

I
 
Ground personnel located bighorn sheep with radio telemetry equipment,
 

binoculars or spotting scopes at several locations within the study area in the few hours
 
preceding the fly-over by the helicopter, and kept the animals under observation. As the
 

I
 
helicopter surveyed each group, the ground"Personnel recorded the sighting variables.
 
Ground personnel detennined whether or not their bighorn sheep groups were seen by the
 
helicopter observers through immediate radio contact or post-flight data sheet
 
comparison. 

I 
I Groups ofanimals detected by the ground crews and either observed or missed by 

the helicopter crew were used to develop the sightability model. Effects of independent 
variables on visibility bias were evaluated using chi-square tests for univariate analysis 
and logistic regression for multivariate analyses. 

I RESITLTS 

I
 A total of five sightability censuses were carried out in just over two years.
 
Helicopter survey crews detected 98 groups of sheep. Ground crews detected 62 groups 
of sheep. It was determined that the helicopters spotted 40 (64.5%) of the groups 

I observed by the ground crews. Exact chi-square pennutation analysis (Berry and Mielke 

I 
1986) indicated that cover vegetation (p<0.088) and topographic position (p<0.076) were 
marginally significant. Activity (P< 0.999), group size (P<0.812), and solar condition 
(P<0.329) were not significantly related to sightability. Helicopter position, geologic 
formation and percent vegetative cover sighting variables did not have enough data 
values to allow calculation ofa valid statistic. 

I
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Table 1. Sighting variables for Badlands National Park, 1992-94. 

Sighting Variable Description 

Unit number One of the 11 study area units 

Time Start time and end time for helicopter survey ofthe unit 

Temperature Air temperature 

Cloud cover Estimated percent cloud cover during survey 

Wind Estimated wind speed during survey 

Precipitation Estimated precipitation rate during survey 

Group size Total number ofanimals within a group 

Group 
composition 

Number of yearling ewes, adult ewes, lambs, and age-class rams 

Activity Animals noted as either moving or not moving 

Topographic 
position 

Topographic location of sighted group: badlands peak/pinnacle/ridge, 
badlands midslope, badlands base, badlands dome, slump, wash/riparian, 
elevated sod butte, lowlands sod table, vegetated lowlands, or badlands 
cave 

Solar condition Animal group in sun, cloud shadow or shade 

Vegetative cover Group location classified by general vegetation type: no vegetation, 
ponderosa pine, juniper, juniper/ponderosa, cottonwood/riparian shrubs, 
rabbitbrush, fescue/blue grama, needle-and-thread/needleleaf sedge, 
wheatgrass w/silver sage, sedge, blue gramma, buffalograss, needlegrass, 
or sand dropseed 

Helicopter 
position 

Recorded as either above, below or even with the animal group 

Geologic 
formation 

Geologic formation on which group is sighted: sod butte, slump, 
badlands mound (chadron), badlands pinnacle (brule), or perched 
resistant outcrop (arikara) 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I
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Regression analysis ofall possible combinations of significant sighting 
parameters was performed and the most parsimonious model was chosen utilizing Akaike 
Information Criteria (AlC) as the selection index (Anderson 1994). The results indicated 
that a regression model based strictly on vegetative cover produced the model with the 
best fit. A description of survey results, including uncorrected raw count values, is 
presented in Table 2. 

Table 2. Sightability census results for Badlands National Park, 1992-94. 

Number of Helicopter Sighting Status of 
Groups Groups Monitored by Ground 

Number Unco"ecled Observed Survey Crews (i.e. Data Points for 
Census of Units Number of by Regression Analysis) 

Date Surveyed Animals Seen Helicopter 
Unseen Seen Total 

Sep.'92 5 71 15 4 9 13 

Mar.'93 9 69 18 4 8 12 

Sep.'93 10 78 21 1 9 10 

Mar.'94 11 103 23 3 8 11 

Oct. '94 8 87 21 10 6 16 

A software program from the Idaho Department ofFish and Game entitled 
"Aerial Survey: Bighorn Sheep Sightability Model" (Unsworth et aI. 1994) employs a 
similarly derived logistic regression model that adjusts population estimates to account 
for unseen animals. The software module implements two of the variables, activity and 
topographic position, that were!lQt shown to be significant in the analysis ofBadlands 
data. With permission of the software authors (Unsworth et aI. 1994), the program was 
modified to incorporate the linear regression coefficients derived from sightability flights 
conducted in BADL. For comparison purposes, the raw census data from the BADL 
sightability surveys were corrected based upon the BADL-derived parameters 
(provisional estimates) as well as the default Idaho parameters. The resulting population 
estimates are presented in Figures 1 through 6 and Tables 3 through 8. 
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.DISCUSSION 

I
Population estimates were reasonably consistent except for the September 1992 
survey. The high overall estimate resulting from this survey was the product ofa few 
large ewe groups (>20) being observed in the five count units surveyed. The estimates 
would likely be lower had more units been surveyed. The Idaho model provided higher I
 
estimates than the provisional model with the greatest difference occurring in the
 
estimation of ram populations. The provisional model was consistently conservative in
 I
all population corrections. The preliminary indication that cover vegetation may be the 
most significant sighting parameter in the BADL has important implications for further 
model development. Other sightability work (Unsworth et al. 1994, Singer et aI. 1995) I
has identified activity and topographic position as the critical parameters, but these other 
models were developed in regions which differ significantly from BADL in topography, 
vegetation, soils and hydrology. I
 

Sixty-two data points for sightability model development have been gathered in
 
five aerial surveys. To further refine and improve the robustness ofthe BADL model, it
 I
is recommended that two more sightability census surveys be conducted to collect
 
approximately 20-30 more data points.
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Figure I. Estimated total bighorn sheep herd size for Badlands National Park. 1992-94. 
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Figure 3. Estimated number of bighom lambs for Badlands National Park, 1992-94. 
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Figure 4. Estimated number of bighorn rams for Badlands National Park, 1992-94. 
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Figure 5. Estimated bighorn ramlewe ratios for Badlands National Park. 1992-94. 
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 Figure 6. Estimated bighorn lamb/ewe ratios for Badlands National Park. 1992-94.
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Table 3. Bighorn sheep population estimates for Badlands National Park using the 
provisional model, 1992-94. IDate Total Ewes Rams Lambs 

Sep. '92 163 108 21 32 

Mar. '93 88 32 17 4 I 
Sep. '93 90 31 39 6 

Mar. '94 108 41 46 21 I
Oct. '94 125 58 43 25 

I 
Table 4. Bighorn sheep population estimates for Badlands National Park using the Idaho 
model (Unsworth et aI. 1994), 1992-94. I 

Date Total Ewes Rams Lambs 

Sep. '92 226 149 29 45 IMar. '93 123 40 27 5 
Sep. '93 135 40 68 8 

Mar. '94 165 53 83 29 I 
Oct. '94 163 71 62 30 

Ewes Rams Lambs 

195 129 25 

106 36 22 
113 36 54 

137 47 65 25 
144 65 53 28 

Table 6. Bighorn rarn/ewe and lamb/ewe ratio estimates for Badlands National Park 
using the provisional model, 1992-94. 

tDate 

Sep. '92 

Mar. '93 
Sep. '93 

Mar. '94 

pct. '94 

RamlEwe 

19 

53 

126 

112 

74 

LamblEwe 

30 

13 

19 

51 

43 

12 
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I Table 7. Bighorn ram/ewe and lamb/ewe ratio estimates for Badlands National Park
 

I
 
using the Idaho model, 1992-94.
 

lDate RamlEwe LamblEwe
 

Sep. '92 19 30
 

~ar. '93 68 13
 

I Sep. '93 170 20
 

I
 
lMar. '94 157 55
 

pet. '94 87 42
 

I
 Table 8. Average ram/ewe and lamb/ewe ratio estimates for Badlands National Park,
 
1992-94. 

RamlEwe LamblEwe

I 19 30 

61" 13 

I 151 20 

137 53 

I 
81 43 
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CANYONLANDS NATIONAL PARK SIGHTABILITY MODELLING 
OF BIGHORN SHEEP: PROGRESS REPORT I
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FRANCIS J. SINGER! AND MlCHAEL E. MOSES2 I
 
INTRODUCTION I
 

Aerial surveys are used to assess Wlgulate population, composition and 
distribution. However, aerial COWltS may be inaccurate due to unknown sources ofbias I
 
and general lack ofprecision of the estimated population parameters. Failure to observe 
all animals is called visibility bias and is a primary cause of inaccuracy in aerial surveys 
(Samuel 1984). Even under ideal conditions, it is likely that some portion ofanimals will I
 
not be seen during aerial surveys. Previous research indicates this visibility bias may be 
caused by a variety of factors including group size, observer experience, and 
environmental conditions. I
 

The National Park Service (NPS) has a need for a more accurate aerial census 
technique. At present, aerial count methodologies are not adequate to evaluate the effects I
 
ofmanagement actions such as translocations, removals or habitat restorations. Improved 
aerial censusing methods may provide better estimates ofherd size and population trends. 
Estimates ofabsolute population size would be useful in determining permissible rates of I
 

1 U.S. Geological Survey, Midcontinent Ecological Science Center, 4512 McMurry Avenue, Fort Collins, CO 80525,
 
and Natural Resource Ecology Lab, Colorado State University, Fort ColIins, Colorado 80523-1499
 I
 
2 U.S. Geological Survey, Midcontinent Ecological Science Center, 4512 McMurry Avenue, Fort Collins, CO 80525
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capture and removal for translocations. The goal ofour project was to measure the 

I important variables affecting visibility so that aerial counts could be corrected for the 
biases resulting from sighting conditions (Samuel 1984). 

I Sightability models were fIrst developed in Idaho for elk using radiocollared 
animals (Samuel 1984). Radiocollared elk were recorded during an aerial survey and the 
sighting conditions under which they occurred were recorded. Any radiocollared animals 

I not seen during the survey were located from a second aircraft and the sighting conditions 
under which they occurred were also recorded. The dependent, dichotomous variable 
was radiocollared groups ofanimals that were observed or missed. Environmental 

I variables, search rates, and observer were treated as independent variables- in the logistic 
regression equation. This model approach has since been extended to elk in other 
situations (Singer and Garton in prep.), to mule deer (Ackerman 1988), and to bighorn 

I sheep (Garton in prep.). 

Sightability technique advantages over more traditional mark-resight techniques: 

I 
)io> A smaller proportion of the population need be marked, 
)io> Fewer overflights (4-5 total) are required for model development, 

I )io> After model completion - only one flight per year required for census
 
estimate,
 

)io> The model should work indefmitely for the NPS unit where it was developed,
 

I )io> Technique has been extensively tested & applied during the last six years.
 

I STRATIFICATION 

The Canyonlands study area contains subareas with varying densities ofanimals.

I An accurate estimate ofmean density was obtained by dividing the subareas into 
different strata of similar densities (Samuel 1984). Sampling intensity could then be 
allocated separately for each stratum and the data analyzed separately. 

I 
I GROUP SAMPLING 

I 
Animals were sampled at the group level instead ofat the individual level. 

Animals typically occur in groups, therefore visibility bias cannot be appropriately 
applied to a single individual but should instead be applied homogeneously to all animals 
in the group. The use ofgroups in sample survey design is termed cluster sampling. This 

I approach recognizes that individual animals within a group are not independently nor 
randomly sampled from a population. Cluster sampling ofanimal populations results in 
lower estimates of variance than methods based on individual sampling (Samuel 1984). 

I 
15 

I
 
I
 



I
 
I
 

METHODS 

The Canyonlands (CANY) study area was divided into 26 units based on I 
topographic attributes such as cliff lines, riverbanks and other features easily 
distinguishable from the air. Helicopter survey crews and ground crews were deployed to 
observe bighorn sheep and record the following sighting variables: unit number, time, I 
temperature, cloud cover, wind, precipitation, group size, group composition, activity, 
topographic position, solar condition, vegetative cover, helicopter position, and geologic 
formation. A complete description ofeach sighting variable can be found in Table 1. I 

A helicopter survey crew consisted of the pilot, a primary observer, and a 
secondary observer. Observers counted and classified the groups. The most experienced 
observer determined classification. For each group sighted, the helicopter observers I 
recorded each ofthe sighting variables. The units were flown systematically in a Jet 
Ranger II helicopter at 50 mph and at 0.5 Ian contour intervals. Search patterns typically Istarted at the lowest contour in the unit and progressed upward. As many units as 
possible were surveyed for each census given the limitations ofweather, personnel and 
helicopter availability. I 

Ground personnel located bighorn sheep with radio telemetry equipment, 
binoculars or spotting scopes at several locations within the study area and kept the Ianimals under observation during the fly-over by the helicopter. As the helicopter 
surveyed each group, the ground personnel recorded the sighting variables. Ground 
personnel determined whether or not the bighorn sheep were seen by the helicopter Iobservers through immediate radio contact or post-flight data sheet comparison. Groups 
ofanimals detected by the ground crews and either observed or missed by the helicopter 
crew were used to develop the sightability model. Effects of independent variables on Ivisibility bias were evaluated using univariate chi-square tests and logistic regression for 
multivariate analyses. 

I 
I 
I 
I 
I 
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Table 1. Sighting variables for Canyonlands National Park area 1992-94 aerial census 

I surveys. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Sighting Variable Description 

One ofthe 26 study area units 

Start time and end time for helicopter survey ofthe unit 

Unit number 

Time 

Temperature Air temperature 

Estimated percent cloud cover during survey . 

Estimated wind speed during survey 

Estimated precipitation rate during survey 

Total number ofanimals within a group 

Number of yearling ~wes, adult ewes, lambs, and Class I-IV rams 

Animals noted as either moving or not moving 

Topographic location of sighted group: mesa top, top of cliff, cliff, 
base ofcliff, open slope/talus, bench, ledge, alcove, large rock rubble, 
pinyon/ juniper clump, shrubs/grassy flats, or riparian 

Cloud cover 

Wind 

Precipitation 

Group size 

Group 
composition 

Activity 

Topographic 
position 

Solar condition Animal group in sun, cloud shadow or shade 

Group location classified by general vegetation type: 
snakeweedlsaltbrush, snakeweed/ephedra, saltbrush/cheatgrass, Indian 
rice/needle and thread, galleta/Indian rice grass, blackbrush/ephedra, 
saltbrush/sagebrush, tamarisk/salix, or pinyon/juniper 

Vegetative cover 

Helicopter 
position 

Recorded as either above, below or even with the animal group 

Geologic formation of sighted group: Navajo, Kayenta, Wingate, 
Chinle, Moenkopi, White Rim, Cutler, or Hermosa 

Geologic 
formation 

RESULTS 

I A total offoUf sightability censuses were carried out between February 1992 and 
November 1994. Helicopter survey crews detected 222 groups of sheep. Ground crews 
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detected 43 groups of sheep. It was determined that the helicopters spotted 30 (70%) of 
the groups observed by the ground crews. Univariate chi-square statistics indicated that I
activity (P< 0.013) and topographic position (P<0.086) were significantly related to 
sightability. Group size (P<0.772), helicopter position (p<O.l21), cover vegetation 
(p<0.289), and solar condition (p<0.435) were not significantly related to sightability. I 

Regression analysis of all possible combinations of significant sighting 
parameters was performed and the most parsimonious model was chosen by utilizing I
Akaike Information Criteria (AlC) as the selection index (Anderson 1994). The results 
indicated that a regression model based on activity and topographic position produced the 
model with the best fit. Since fewer than 50 data points were collected during the four I
surveys (Table 2) and statistical analysis demonstrates a high significance for only one 
sighting parameter (p<0.013 for activity) with a marginal significance for one other 
(P<0.086 for topographic position), regression coefficients for a sightability model I 
derived from the CANY survey data would embody a high degree of uncertainty. Until 
more data points can be collected and a more robust regression model designed, a 
software program from the Idaho Department ofFish and Game (IDFG) entitled "Aerial I 
Survey: Bighorn Sheep Sightability Model" (Unsworth et aI. 1994) will be utilized to 
perform population estimates. The program employs a similarly derived logistic 
regression model that adjusts population estimates to account for unseen animals. The I 
software module implements the same two variables, activity and topographic position, 
that were shown to be significant in the analysis of CANY data. Another possible model 
development scenario that may be pursued in the future would pool data from CANY and I 
IDFG to create a synthesis model representing both of the data sets. 

The raw census data from the CANY sightability surveys were processed based I 
upon the existing Idaho parameters, and the resulting provisional census estimates are 
presented in Figures 1 through 6. To assist resource managers in the assessing effects of 
different management strategies, additional population estimates which split the CANY I 
herd into three sub-populations (West Potash, East Potash and Island in the Sky) are 
presented in Appendices A and B. The three sub-populations represent regions both 
inside and outside of Canyonlands National Park (Appendix B, Table 3). I 

The population estimates from the survey conducted in February of 1992 were not 
within the 90% confidence intervals of the other three surveys. This survey was the only I 
census conducted in February and it reflects consistently smaller group sizes, which 
result in a lower population estimate. Since data from other late winter surveys are 
unavailable to collaborate this trend, population estimates presented in this progress I 
report will focus on survey flights conducted in November. 

I
 
I
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Table 2. Sightability census results for Canyonlands National Park area 1992-1994 aerial census 

I sUIVeys. 

I 
Helicopter Sighting Status of 

Groups 
Number of 

Groups Monitored by Ground 
UncorrectedNumber Survey Crews 

of Units 
Observed 

Number of 

I 
by
 

Census
 (i.e. Data Points for Regression Animals Seen Surveyed Helicopter 
Date Analysis) 

I Unseen Seen Total 

1385 

I
 
I
 

Feb.'92 25 159 50 

Nov. '92 22 224 78 3 10 13 

Nov. '93 16 110 33 4 5 9 

Nov.'94 16 174 61 1 7 8 

I DISCUSSION 

I
 Excluding the February 1992 census flight, the three remaining population
 

I 
estimates did not significantly differ (P>0.45). The results indicate a stable population 
and demographic structure. The most important need at this stage is to gather more data 
points so that any differences between the Idaho parameters and the sighting variables in 
CANY can be quantified. Once the regression parameters are more robustly defined, a 
sightability model specific to the CANY region can be implemented which will give 

I
 more accurate population estimates.
 

I
 
More census flights during February would be an option, but continuation of
 

November flights would take advantage of the demonstrated consistency. Numerous
 

I
 
groups have been aerially observed during each of the sightability flights, but only 43
 
data points have been gathered due to limitations of personnel and inherent difficulties in
 
ground tracking bighorn sheep in the CANY region. Since November through the first
 
week of December is the desired time for local agencies, and since classification data is 
maximized, we suggest all future census and model building be focused on this period. 

I 
I If continued tracking ofpopulation estimates is considered important, attempts 

should be made to sample at least some count units that are representative of each of the 
sub-populations so that gaps do not occur as they did in November 1993 when none of 
the Potash count units were flown. Population estimates of the three sub-populations 
appear to be in general agreement, but further model building is recommended. We 

I 
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recommend two more November· early December census flights, in which 15-20 data 
points could be obtained during each survey. We suggest this occur as soon as possible I
(fall 1995, no later than fall 1996) while radiocollared animals remain in the study area. 
Non-radiocollared animals, when they can be located, can also be used as data points in 
model completion. I
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Figure Ia. Estimated total herd size for Canyonlands 

National Park area 1992-94. 
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Figure 2a. Estimated number of rams for Canyonlands 
National Park area 1992-94. 
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Figure 3a. Estimated number of ewes for Canyonlands 
National Park area 1992-94. 

Census 
nate 

Herd Lower 
QO%CJ 

Upper 
QO%CJ 

Nov. '92 352 290 414 

Nov. '93 274 19-1. 357 

Nov. '94 338 261 415 

Figure I b. Estimated total herd size for Canyonlands 

National Park area 1992-1994. 

Census 
nate 

Ram Lower 
QO%CT 

Upper 
QO%CT 

Nov. '92 120 95 145 

Nov. '93 116 78 154 

Nov. '94 139 97 181 

Figure 2b. Estimated number of rams for
 
Canyonlands National park area 1992-94.
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Figure 4a. Estimated number of lambs for Canyonlands 
National Park area 1992-94. 
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Figure Sa. Estimated ram/ewe ratio for Canyonlands 
National Park area 1992-94. 
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Figure 6a. Estimated lamb/ewe ratio for Canyonlands 
National Park area 1992-94. 
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ratio for Canyonlands National Park 
area 1992-94. I 

Census LamblEwe I 
Date Ratio 

Nov. '92 32.0 I 
Nov. '93 61.9 

Nov. '94 43.2 I 
Figure 6b. Estimated lamb/ewe 
ratio for Canyonlands National Park 
area 1992-94. I
 

I
 

Census Ewe Lower Upper 

Nov. '92 169 138 200 

Nov. '93 97 66 128 

Nov. '94 139 107 171 

I 
I 
I 
I 
I 

Figure 3b. Estimated number of ewes for Canyonlands 
National Park area 1992-94. I 

UpperLowerLambCensus I 
6840Nov. '92 54 I 

35 85Nov. '93 60 

7545Nov. '94 60 IFigure 4b. Estimated number of lambs for Canyonlands
 
National Park area 1992-94.
 

Census RamlEwe I 
Nov. '92 71.0 I 
Nov. '93 119.6 

Nov. '94 100.0 I 
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Appendix A. Stacked Bar Graph Presentation ofThree Herd Analysis 

Figure 7. Estimate ofherd size for three desert bighorn sheep herds in Canyonlands 
National Park area, 1992-94. 
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Figure 8. Estimate ofewe numbers for three desert bighorn sheep herds in Canyonlands 
National Park area, 1992-94. 
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I Figure 9. Estimate of ram numbers for three bighorn sheep herds in Canyonlands 

National Park area.. 1992-94. 
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I Figure 10. Estimate oflamb numbers for three desert bighorn sheep herds in 
Canyonlands National Park area, 1992-94. 
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Appendix B. Tabular Values for Three Herd Analyses 

Table 3. List ofunit numbers and survey history for three desert bighorn sheep herds in 
t s N' he Canyonland atlOnaI P ark area, 1992 94 

Unit 
Numbers Name of Herd 

1-8 East Potash 

9-10 West Potash 

11-26 Island in the Sky 
a _ East and West Potash Herds were not surveyed In 1993 

Table 4. Estimated total herd size for three desert bighorn sheep herds in the 
C I ds Nfl Par 199294anyon an a IOna k area, 

Date EPOT WPOT ISLE Total 

Nov. '92 86 55 206 347 

Nov. '93 NA NA 169 169 

Nov. '94 56 39 290 385 

Table 5. Estimated number of ewes for three desert bighorn sheep herds in the 
C I d N . al P kanyon an s atlOn ar 

Date EPOT WPOT 

Nov. '92 40 25 

Nov. '93 NA NA 

lNov. '94 24 13 

1992 94 area, 
ISLE 

101 

61 

123 

Total 

166 

61 

160 

26
 

Number of Units Surveyed 

Region 

Nov. 
'92 

Nov. 
'93 

Nov. 

'94 

Moab Canyon to E. Schafer 
Canyon 

8 o· 7 

Mineral and Hell Roaring 
Canyon 

2 o· 2 

Canyonlands National Park 12 16 7 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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Table 6. Estimated number of rams for three desert bighorn sheep herds in the 
CanyonIands N'atlona1P ark area, 1992 94 -


Date EPOT WPOT 

!Nov. '92 27 16 

Nov. '93 NA NA 

Nov. '94 23 17 

ISLE 

74 

72 

122 

Total 

117 

72 

162 

. 
Table 7. Estimated number oflambs for three desert bighorn sheep herds in the 
enIdanyo an s Nfla lana Park area, 1992 94 -

Date EPOT WPOT 

Nov. '92 15 8 

Nov. '93 NA NA 

Nov. '94 9 9 

ISLE 

30 

37 

44 

Total 

53 

37 

.62 
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B.	 CONSERVATION BIOLOGY AND FACTORS RELATING TO
 
SUCCESS OF TRANSLOCATIONS
 I 

SIMULATING DESERT BIGHORN SHEEP POPULATIONS TO SUPPORT
 
MANAGEMENT DECISIONS: EFFECTS OF PATCH SIZE, SPATIAL
 ISTRUCTURE, AND DISEASE· 

JOHN GROSSi, MICHAEL E. MOSES2
, AND FRANCIS 1. SINGER3 I 

ABSTRACT 

IWe developed an individual-based, stochastic model to simulate the dynamics ofdesert 
bighorn sheep populations inhabiting single or multiple patches. Our model permits 
dispersal between patches, incorporates density dependence in recruitment rates, and Iincludes the effects ofdisease. Simulated population growth and recruitment rates of 
single-patch populations were similar to observations. Under the conditions ofour 
simulations, desert bighorn sheep populations in single patches less than about 75 km2 Iwere likely to require active intervention to ensure their long-term persistence. Disease 
epizootics had an overwhelming effect on populations, and even the largest populations 
we simulated, in 500 km2 patches, were not immune to extinctions directly attributable to Idisease. Our simulations suggested that a population inhabiting a single large patch is 
more likely to avoid extinction than a population divided among two or three smaller 
patches with the same total area. I 
Key words: population dynamics, persistence, metapopulation, stochastic model, disease 

I 
INTRODUCTION 

IOne ofthe most fundamental responsibilities ofwildlife managers is to make 
decisions that maximize the probability that a population will persist. Wise decisions on 
management strategies are highly dependent on information about the potential Iconsequences ofa particular action, but it is often impossible to conduct experiments at 
the population level. Simulation models can thus be an important tool for evaluating the 
relative consequences ofalternative management actions by providing insight to the Ieffect ofdecisions on harvest, translocation, or habitat modification. 

I 
• This paper is reprinted with permission. It was published in the Desert Bighorn Council Transactions.
 
I Natural Resource Ecology Laboratory, Colorado State University, Ft. Collins, CO 80523-1499
 I2 U.S. Geological Survey, Midcontinent Ecological Science Center, 4512 McMurry Avenue, Ft. Collins, CO 80525
 
3 U.S. Geological Survey, Midcontinent Ecological Science Center, 4512 McMurry Avenue, Ft. Collins, CO
 
80525, Wld Natural Resource Ecology Laboratory, Colorado State University, Ft. Collins, CO 80523-1499
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Populations ofdesert bighorn sheep pose a particularly interesting challenge for 

I population modeling. Desert bighorns often inhabit small, isolated patches of habitat 
(Bleich et al. 1990), populations are exposed to highly variable and harsh winter 
conditions or severe drought (Leslie and Douglas 1979), and bighorn sheep are 

I susceptible to a variety ofdiseases that can produce in catastrophic mortality (see 
Methods). Because of the difficulties involved with parameterizing and simulating the 
entire complex of factors that detennine bighorn sheep population dynamics, most 

I previous models have incorporated only one or two factors regulating populations, such 
as disease (Hobbs and Miller 1991), or weather-induced variation in recruitment and 
density dependence (Leslie and Douglas 1986, Lenarz and Conley 1980, but see Hobbs et

I al. 1990). We simultaneously evaluated the effects of spatial structure, density 
dependence, and disease on the persistence ofdesert bighorn sheep. 

I To better meet the needs ofmanagers ofdesert bighorn sheep, we developed a 
comprehensive model to simulate the dynamics of bighorn sheep subjected to 
management actions that might occur in western national parks. Our model was 

I specifically designed to support decisions on the management of bighorn sheep in highly 
variable environments, and it explicitly includes spatial (metapopulation) structure, 

I 
effects ofdisease, and environmental and demographic stochasticity. We use our model 
to evaluate questions fundamental to decisions on desert bighorn sheep translocation, 
habitat manipulation, or disease suppression. 

I 
OBJECTIVES 

I In this paper, we describe our modeling approach and the general structure of the 

I 
model. We use the model to address three fundamental questions, and in responding to 
these questions we discuss the behavior of the model and the implications ofour results 
for management of desert bighorn sheep. Finally, we use the model to defme and expose 
areas where existing information is inadequate. 

I We used our model to address these questions: 

I 1. How does habitat patch size influence the probability of persistence ofa desert 
bighorn sheep population inhabiting a single patch? 

I 
2. When habitat area is held constant, is the probability ofpersistence greater for 

a population spread across several smaller patches (metapopulation 
structure) or for a population in a single large patch? 

I 
3. How does the occurrence ofdisease influence the relative ability of single or 

multiple patch environments to sustain a desert bighorn sheep population? 

I
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METHODS 

IModel Structure 

We employed an individual-based model to simulate the dynamics ofdesert 
bighorn sheep. Individual-based models are particularly useful for simulating the I 
dynamics ofpopulations that are small, subject to rare events (e.g., dispersal), or where 
individual variation is important (Lomnicki 1988, Huston et al. 1988, DeAngelis and IGross 1992). Because ofthese features, individual-based models are especially well 
suited for population viability analysis (Burgman et al. 1993) and probabilistic population 
analysis. Our model explicitly simulated the sex, age, location, and disease status ofeach Iindividual in the population, and uses age and sex-specific rates (probabilities) for 
fecundity and mortality. The outcome ofeach event (recruitment, death, and dispersal) is 
determined by comparing a random number to a probability, thus stochastic demographic Ieffects that are important in small populations are implicitly incorporated in the model. 
The model has a time step ofone year. 

IWe described the landscape by specifying the location, size, and quality of 
individual patches. Habitat within a patch is considered suitable for occupation by desert 
bighorn sheep, while the matrix between patches can be traversed by sheep, but it will not Isupport them. Patch quality determines the density ofanimals (i.e., carrying capacity) 
that a patch can support, and an average quality and standard deviation (between-year 
variation) are specified for each patch. For simulations ofdesert bighorn sheep Ipopulations reported here, we adjusted patch quality so that populations fluctuated around 
an average density ofabout 1 animal/km2

• 

ITo begin a model run, the user instructs the program to read a series of files that 
define the initial population and landscape. These files include information describing 
the sex, age, and location (patch) ofeach individual. Population processes are I
represented by recruitment, age-specific mortality, and dispersal between patches (Fig. 
1). Disease influences population processes by affecting vital rates, but not the timing of 
events. I 
Model Input Parameters 

IWe derived age-specific mortality and fecundity rates from observations of 143 
radiocollared bighorn sheep that were monitored by our research crews from 1992-95. 
Most of these animals (n = 108) were desert bighorns that were captured in or near the I
Canyonlands National Park area ofsoutheastern Utah. These animals were closely 
followed on the ground and during the summer and fall and their production and survival 
of lambs was documented. I
 

I
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Data for desert bighorn sheep are too limited to clearly define yearly changes in 

I vital rates, therefore, we subdivided the population into 5 age classes with stage-specific 
vital rates. Although reported survival rates of bighorn sheep are similar for desert and 
mountain populations, desert sheep populations are often characterized by large 

I fluctuations in lamb-ewe ratios due to periodic and frequent droughts (McQuivey 1978, 
Leslie and Douglas 1986, Wehausen et al. 1987). We thus adjusted mean recruitment 
rates to achieve an average annual growth rate (A.) of 1.11 for populations not influenced 

I by density dependence (Haas and Decker 1980, Jorgenson and Whishart 1986). All 

I 
simulations were initialized with 29 individuals that matched the sex and age distribution 
ofgroups (n = 117) of sheep translocationed in the 6-state intermountain region (Singer 
and Symonds, unpublished data). 

I Most existing evidence suggests that density dependence operates primarily or 
exclusively on the recruitment of lambs, rather than influencing adult survivorship 
(Jorgenson et al. 1997; reviewed by McCarty and Miller 1997). We thus implemented 
density dependence so that recruitment is independent ofdensity until a threshold density I	 of0.8 animals/km2 is reached, then the probability ofrecruitment declines linearly to zero 
as animal density increases to 1.15 animals/knl. 

I	 Bighorn sheep are poor at dispersing to and colonizing new habitat, but there are 

I 
few studies that provide data useful for parameterizing a mathematical dispersal function. 
We observed colonization rates from 31 translocated subpopulations of bighorns sheep 
into or near 14 national parks in the 6-state intermountain region. Rates ofcolonization 

I 
of77 unoccupied patches ofhabitat were observed for the duration of the translocated 
populations (average = 17 ± 12 years post release/subpopulation; Singer and Moses, 

I 
unpublished. data). Each year, all nearby patches were scored as either colonized or not 
colonized. We used these rates ofcolonization to parameterize a normal distribution that 
best described observed colonization rates. 

I 
To address the questions posed above, we conducted a series of single-patch 

simulations with patches containing 25, 50, 75, 125, and 500 km2 of suitable habitat. 

I 
Patch area and quality were held constant between runs, although the model permits the 
user to specify that patch quality to vary randomly between runs with a fixed mean 
quality and variance. To examine the effects of spatial structure, we simulated 
landscapes composed of 1, 2, or 3 same-sized patches of suitable habitat, separated by 
areas that did not support desert bighorn sheep but permitted sheep to freely move 

I	 between patches. For landscapes composed of more than one patch, each patch was 

I 
equidistant (10 km) from all other patches. To evaluate the effects of fragmentation, we 
designed landscapes so that the total area ofall patches was the same, regardless of the 
number of individual patches that comprised a landscape. 

I
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Bighorn sheep are highly susceptible to a variety ofdiseases (Jessup 1985), and 
many catastrophic die-offs have been observed in both mountain and desert populations. 
To reflect the variety ofdiseases that cause significant mortality in bighorn sheep I 
(Onderka and Wishart 1984, Coggins and Matthews 1992, Festa-Bianchet 1988, Festa
Bianchet 1989, Woodard et al. 1974), we employed a generic, statistical disease model to Icapture the most profound effects ofdisease on fecundity, survivorship, and dispersal. 
Our model represented disease as a catastrophic event with a fixed occurrence. 
Populations were infected either once at year 20 or every 20 years. We represented the Iconsequences ofdisease by reducing fecundity and survival rate~consistent with 
observed die-offs of bighorn sheep. The effects ofan epizootic on the survivorship of 
desert bighorns were estimated from two sources. First, we evaluated published Iinformation on the demographic consequences of epizootics on the survival of bighorn 
sheep (Stelfox 1971, Coggins and Matthews 1992, Onderka and Wishart 1984, Thome et 
al. 1979), emphasizing data from Festa-Bianchet (1988b). Second, we used our own Iunpublished information for radio marked animals in the Beaver Creek subpopulation 
(Dinosaur National Monument metapopulation) before, during and after an active 
epizootic, and information on marked animals in the infected Needles and South San Juan I
subpopu1ations. In our model, disease effects persisted for five years, and the magnitude 
of the effect varied between years. In the first four years of infection, recruitment rates 
were reduced to 33% ofnormal. Mortality rates of yearlings were increased by a factor I
of four in the first year of infection, resulting in an average survival ofonly 10%. From 
two to five years after infection, male yearling survival was reduced by 41 % and female 
yearling survival was reduced by 50%. In the absence ofconflicting information, we I 
estimated that dispersal rates ofall bighorns were reduced by 50% during the first year of 
infection, and by 33% from years two through four after infection. All individuals in a 
local population remained infective for 10 years, and if an animal dispersed from an I 
infected population (source) to an uninfected population (target), the target population 
began an infective cycle at the beginning ofthe next time step (Fig. 1). I 

We used Monte Carlo techniques to examine the effects ofpatch area, disease, 
and landscape configuration. For each set ofparameter values, we conducted 1000 
model simulations; each simulation ran for 200 years or until the entire population I 
became extinct. 

RESULTS I 
Single-Patch Simulations I 

Simulated desert bighorn sheep populations exhibited fluctuations in population 
size were consistent with observations from wild populations (Fig. 2). Although the size 
ofa population averaged over many simulation runs appeared to be reasonably I 
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consistent, the use ofaveraged results masks the variance inherent to individual 

I simulations (Fig. 2B). 

Both patch size and disease had dramatic effects on the persistence of simulated

I desert bighorn sheep populations (Fig. 3). Even without disease, simulated populations 
in small patches « 50 km2

) had high rates ofextinction. Fewer than 25% ofthe 
simulated populations inhabiting 35 km2 patches survived the 200-year simulation period 

I and almost 50% of these populations perished by 100 years. Few populations in large 
patches (> 100 km2

) perished during the 200 year simulation period. 

I Subsequent to a single simulated disease infection at year 20, extiRction rates 
increased dramatically for several decades following the infection (compare Fig. 3A and 
3B). While a single infection increased the overall probability ofextinction in patches of

I all sizes over the entire period, the rate ofpatch extinctions (extinctions/year) actually 
decreased after about year 50. This apparently resuhed from the increase in extinction 
rate of small populations after they became infected. Populations sufficiently large to 

I escape disease-induced extinction were generally large enough to recover and persist for 
an extended period. A single disease episod,e resulted in more than a 10% probability of 
extinction for populations even in moderately large patches (e.g., 125 km2

).

I 
Populations subjected to repeated infections experienced very high rates of 

extinction, and populations in even the largest patches we simulated (500 km2
) had a 10% 

I probability ofextinction within 100 years and a 15% probability ofextinction over a 200 

I 
year period (Fig. 3C). In the face ofrepeated infections, small populations were virtually 
certain to perish. 

Multiple-Patch Simulations 

I Under the conditions ofour simulations, the probability ofpersistence ofdesert 
bighorn sheep populations was greater in a single large patch than in a series of2 or 3 

I smaller patches with the same total area. In the absence ofdisease, the influence ofa 
spatial structure (metapopulation structure) was relatively insignificant when individual 
patches were about 75 km2 or larger (Fig. 4). Probability ofpersistence for 200 years was 
greater than 97% for all simulations (without disease) when the total area was greater I than 225 km2 (individual patches were always at least 75 km2

). 

I Disease always increased the probability ofextinction, but the effect ofdisease 
interacted with patch size. A single disease infection reduced the probability of 
persistence in smaller patches by about 10%, but had only about half this effect (-5%) in 

I larger patches (Fig. 4). For the largest single patches we simulated, a single disease 
infection increased the likelihood ofextinction by only a few percent, and the effect ofa 
single infection would be undetectable in natural populations (Fig. 3B). In contrast to a 
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single disease infection, multiple infections caused significant extinction rates under all 
conditions (Fig. 4). Extinction rates were always lowest in a single large patch when Icompared to multiple smaller patches ofthe same area. However, when populations were 
exposed to repeated infections a more developed spatial structure enhanced the 
probability ofpersistence (Fig. 4, bottom plots), and populations inhabiting three-patch Ienvironments had higher persistence rates than those in two-patch environments. 

DISCUSSION I 
Single-patch simulations appeared to reflect the magnitude and variability of 

observed growth rates (Fig. 2) in population size ofdesert bighorn sheep (Leslie and IDouglas 1986; Wehausen et al. 1987). We feel that our model may be used with 
reasonable confidence to gain insight to the potential management implications of 
introducing desert bighorn sheep into new habitats or attempting to maintain them in Iexisting areas. For example, Fig. 3 clearly indicates that desert bighorn sheep 
populations in small « 75 km2

) habitat patches are likely to require intervention to persist 
even in the absence ofdisease. In small populations, a single disease incident similar to Ithat represented in our model dramatically increased the probability ofpopulation 
extinction. Repeated infections resulted in rates ofextinction in even the largest 
populations we simulated (inhabiting 500 km2 patches) that are usually considered I
unacceptable for ensuring the long-term survival ofa viable population (e.g., Burgman et 
al. 1993). 

I
Results of multi-patch simulations appear reasonable, but they must be interpreted 

with more caution than single-patch results because we have little hard data on which to 
estimate dispersal rates for desert bighorn sheep. However, our conclusion (Fig. 4) that a I
single large patch is likely to be superior to multiple, smaller, patches is consistent with 
theory (Burkey 1993). The generality ofthis result to disease-infected populations is 
unclear (Hess 1996), and the specific outcome in a particular population obviously I 
depends on the spatial structure of the host population, dynamics oftransmission, and 
virulence of the disease (May and Anderson 1984, Barlow 1993). Our model used the 
simplest possible representation ofdisease, and did not account for the high variance in I 
effects of infection on mortality or recruitment rates exhibited by natural populations. An 
important enhancement to our model will thus be to include an abstraction ofdisease 
dynamics more faithful to the mechanisms ofdisease transmission and the effects of I 
specific diseases. 

We presented results on the effects ofpatch size, but it is important to recognize I 
that the probability ofpersistence ofa particular population is an indirect function of 
patch size, and a direct function ofpopulation size. Management actions that influence 
the long-term ability ofa habitat to support a higher density of animals are thus I 
equivalent to an increase in patch size. Simulation results indicate that habitat 
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manipulations that increase habitat area will have virtually no effect on improving the 

I probability of persistence unless they increase carrying capacity by a very large 
percentage. 

I Our efforts to simulate desert bighorn sheep populations identified several areas 
that merit further study. Perhaps most importantly, our results suggest that epizootics 
have an overwhelming influence on the persistence ofdesert bighorn sheep. We clearly 

I need better information to evaluate the consequences ofdisease, and to identify factors 
that can ameliorate the effects ofa disease or reduce transmission. In addition, the lack 
of information on rates ofpatch colonization or investigative movements ofanimals

I currently limits our ability to predict the rate or extent of the spread ofdisease among 
bighorn sheep. 
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FIGURE LEGENDS 

I
Figure 1. Flow chart ofthe simulation model showing factors influencing population 
dynamics and the scheduling ofevents. 

I
Figure 2. Simulated population dynamics ofdesert bighorn sheep inhabiting a single, 75
 
km2 patch ofhabitat in the absence ofdisease. (A) Average population trajectory (solid
 
line) and standard deviation for 20 simulation runs. (B) Individual data points for each of
 I
the 20 simulations in (A), and the trajectory (solid line) ofa single population 

Figure 3. Effects ofpatch size and disease on persistence ofsimulated desert bighorn I
sheep populations inhabiting a single ratch. (A) Probability ofpersistence ofpopulations
 
inhabiting patches from 35 to 500 kIn in the absence ofdisease. (B) Same as A, but with
 
one infection occurring at year 20. (C) Same as A, but with repeated infections every 20
 I
 years. 

Figure 4. Effects of the number ofpatches and disease on persistence of simulated desert I

bighorn sheep populations inhabiting one, two, or three patches with the same total area. 
In all plots, the single large patch had the highest probability ofpersistence. The dashed 
line represents two-patch simulations. Note that the area ofpatches in the bottom plots I
 
(multiple infections) is greater than that ofthe upper plots. 

I
 
I
 
I
 
I
 
I
 
I
 
I
 
I
 

38
 

I
 
I
 



I 

I
 
I
 

Figure 1. 

I 
Pop 
Sizel 

I
 
I
 
I Increment 

Year 

I
 
I
 
I
 

Lambs
 
Recruitedt
 

~ 

Pop 
Size• 

Pop 
Size, 

• +IlII....~!---~ 

I 
Pop 
Sizel 

I 
I 
I 
I 
I 
,I 

39 

I
 
I
 



I 

A. 

Figure 2. 

100 
I 
I 

80 

CD 
I 

N en 60 It: 
0

; 
ta 
:; ICo 400 
11. 

20 I 

0 
0 25 50 75 100 

Year 

125 150 175 200 

I 
I 

B. 100 I 
••• . .. • I80 . • •

• .. 
CD IN en 60 
t: 
0 I; 
ta 
:; 
Co 400 
11. .. . . - I. ..- ...... .. .. . ... . . . •••• 

20 
.... . . ... 

I.. . . .-.. . 

0 
0 25 50 75 100 

Year 

• 
-_ I 

125 150 175 200 I 
I 
I 

40 I 



I Figure 3. 
500 km2 

A. 1.0 125 km2 

I 75 km2 

en 0.8 

I 
()
c: en en 

Cii 
~ 

en 0.6 

I 
Q. 

"0 
~
 
~ 0.4
 

I 
co 

J:I e 
Q. 

0.2 

I No disease 

0.00 
25 50 75 100 125 150 175 200 

I 1.0 500 km2 

B. 125 km2 

I B 0.8 
c: 

75 km2 

I 
~ 
en 
Cii 
~ 

en 0.6 
Q. 

"0 

I ~ 50 km2 

~ 0.4 
co 

J:I e 

I 
a.. 

0.2 

35 km2 

Single infection 

I 0.00 
25 50 75 100 125 150 175 200. 

1.0I c. 

I 0.8 

-
~ c: 
en

I 
en 
Cii 
~ 

en 0.6 
Q. 

"0 

~ 0.4 
coI 
~ 

J:I 
0 

I 
~ 

D... 
0.2 

I 0.0 
0 25 50 75 100 125 150 175 200 

Year 

50 km2 

35 km2 

500 km2 

125 km2 

75km2 

50km2 

I 41 



I
 
I
 

Figure 4. 

I' 
1.0	 1 1.0
 

--2
 /
I, 2. and 3 palelle. 

0.8	 0.83 patches 3	 3 I 
i c: 
;; ~ e., 0.6	 e 0.6

l.a.. 
"0"0 I 

i5"" 0.4	 ~ 0.4:a	 
~ 

CD CD 
,Q ,Q e e a.. a.. 

0.2	 0.2 Total area· 225 km2Total area· 150 kfn2 I 
0.0 

1.0 

0.88c:.. 
j 

0.6..
 
a.. 
"0 
~ a 0.4 
CD 

,Q 

e 
a.. 

0.2 

0.0 
0 25 50 75 100 125 150 175 200 

1.0 

0.88c: s..
 
i!., 0.6 
a.. 
"0 

"" 0.4I... 
~ a.. 

0.2 

No disease No disease 

0.0 a 25 50 75 100 125 150 175 200 a 25 50 75 100 125 150 175 200 I
Vear	 Vear 

1.0 
-~---_._---

I 
... ~------- --------.. 

8c: 
! 
;; 
~ 

0.8 

0.6 

I 
a.. 
"0 
~ 
~ 0.4 I 
CD 
,Q 

e a..	 

I0.2Total area· 150 km2 Total area· 225 km2 

Single infection Single Infection 

0.00 

Vear 

1.0 

0.8 

'-"';;;:	 1 ............
 3 e 0.6.. a.. -------- I 

"0 

~ 

2 pald1a 
~ 
~ 0.4 
,Q 

e a.. 
0.2Total area· 225kfn2 

MUltiple infections 

25 50 75 100 125 150 175 200 

Vear I
 
I
 

"----'--- I
 
I
 

Total area - 375 km2 

Multiple infedlons I 
0.00 

25 50 75 100 125 150 175 200 0.00 25 50 75 100 125 150 175 200 

Vear Vear I 
42 

I 
I 



I
 
I
 

TRANSLOCATION AS A TOOL FOR RESTORING POPULATIONS OF

I BIGHORN SHEEP, Ovis canadensis 

FRANCIS J. SINGER1
, CHRISTOPHERM. PAPOUCmS2

, AND KATE K. 

I SYMONDS3 

I ABSTRACT 

I 
Factors contributing to the success of translocations of bighorn sheep (n = 100) 

within six western states wer.e analyzed through a survey ofall state and federal 
restorations conducted between 1923 and 1997. We categorized the populations as 
either: WlSuccessful (= extirpated or remnant, defmed as < 29 animals), ofonly modest 

I success (30-99) and successful (100-350) by the end of the study period in 1997. Thirty 

I
 
(30%) ofthe translocated populations were unsuccessful (n = 13 were extirpated and n =
 

17 were remnant), 29 were ofonly modest success (30-99), and 41 were successful (100

350 animals) (x =21±1.3 years of information per translocation, x ±SE).
 

I
 
Translocations were less successful when domestic sheep were located within 6 kIn from
 
the known bighorn sheep use areas (logistic"regression, p = 0.052). Grazing ofcattle on
 
the same range also negatively influenced success (p = 0.004). The genetic diversity
 
hypothesis was partially supported. Use of indigenous versus previously translocated 
source stocks increased success (p = 0.084). When indigenous herds were used as 

I sources, the translocation was twice as likely to be successful (number ;:::100 animals) in 
1997 (p = 0.043). But mixing of stocks did not influence success (p = 0.381) and the 
influence of later additional augmentations on success was equivocal (p =0.095).

I Annual migrations by the translocated population increased success (p = 0.014). We 
recommend translocations of bighorn sheep founder groups from indigenous sources 
into large patches of habitat that are configured or managed to promote movements and 

I migrations between subpopulations and with no domestic sheep present in the area. 

Keywords: restoration, translocations, bighorn sheep, Ovis canadensis nelsoni, D.c.

I canadensis 

I INTRODUCTION 

I 
Restoration through the translocation ofnew populations into former habitats can 

be an effective tool for the conservation of many endangered or rare wildlife species. 
However, translocations of large ungulates or carnivores can be expensive, time 

I I u.s. Geological Survey, Midcontinent Ecological Science Center, 4512 McMurry Avenue, Ft. Collins, CO 80525 
U.S.A., and Natural Resource Ecology Lab, Colorado State University, Ft. Collins, CO 80523 U.S.A. 

I 2 U.S. Geological Survey, Midcontinent Ecological Science Center, 4512 McMurry Avenue, Ft. Collins, CO 80525 
U.S.A. 
) U.S. Fish and Wildlife Service, 2140 Eastman Avenue, Suite 100, Ventura, CA 93003 U.S.A. 
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consuming, and logistically and politically challenging (Beck et al. 1994; Biggins and 
Thorne 1994; Wolf et al. 1996; Fritts et al. 1997; Dunham 1997). I 

Few guidelines exist to increase the success of translocation programs, although 
recent analyses and guidelines (Nielsen 1988; Griffith et al. 1989; Wolf et al. 1996; IStubbs 1988; World Conservation Union 1993; Gordon 1994; IUCN 1995) serve to fill 
this void. In many cases, the successes or failures of translocations are inadequately 
documented (Griffiths et al. 1989; Short et al. 1992) and the fate of translocated animals Iis not monitored (Short et al. 1992). Translocation techniques are seldom tested and 
many translocation projects are based partly or entirely on subjective beliefs, i.e. field 
savvy, which mayor may not be correct (Hein 1997). Poor restoration techniques waste I
valuable fiscal resources and limited source stocks ofanimals. 

Only speculations exist on the former numbers (Seton 1929; Buechner 1960) of IOvis canadensis canadensis (Rocky Mountain bighorn sheep subspecies), D.c. nelson;; 
(desert subspecies) and D.c. audubon;; (badlands subspecies) (c.f. Wehausen and Ramey 
1994). These subspecies ofbighorn sheep were historically widespread and ubiquitous, Iinhabiting a vast range including all of the mountains and foothills ofthe Rocky 
Mountains, the canyons and slickrock country ofthe Colorado Plateau and the river 
breaks and rugged prairie badlands of the Dakotas (Cowan 1940; Buechner 1960; I
McCutcheon 1981; Bailey 1980; Wishart 1978). However, due to catastrophic declines 
in the late 1800s and early 1900s, the species was eliminated from the Dakotas, Utah, 
Nevada, New Mexico, Washington; and nearly eliminated from Oregon and Colorado. I 
Most extant populations now exist as small, isolated groups occurring in a highly 
fragmented distribution. One population ofbighorn sheep, the Peninsular population of 
California, was recently listed as a federally endangered population (U.S. Federal I 
Register: May 1992, Vol. 57, page 19837). 

Efforts to restore populations ofbighorn sheep have included extensive I 
translocations (Bailey 1990; Jessup et al. 1995), water developments in desert 
environments (Leslie and Douglas 1979; Hanson 1980; Turner and Weaver 1980), 
prescribed burning to open up ranges (Elliott 1978; Hurley and Irwin 1986; Seip and I 
Bunnell 1985; Bentz and Woodard 1988), feeding of treated bait to control parasites and 
pathogens (Schmidt et al. 1979), and purchase or exchange ofdomestic sheep grazing 
allotments to relocate them from proposed bighorn sheep restoration sites (Desert I 
Bighorn Council 1990). In spite of these efforts, most restoration programs have failed to 
result in demonstrable successes (Risenhoover et al. 1988). For example, only 53% of 87 
translocated populations in nine western states were rated as successful (Leslie 1980). I 
The purpose ofthis survey was to analyze factors contributing to the success or failure of 
all translocated populations of bighorn sheep in a 6-state area ofthe western U.S. to 
provide better restoration procedures for the species. At the onset ofour analysis, we I 
predicted: 
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I 1. The presence ofdomestic sheep would be negatively correlated to the success of 

bighorn sheep translocations. 
2. Translocations into desert environments should be more successful because fewer 

I predators and fewer competitors exist in deserts (Dunham 1997). 
3. Higher genetic variability would promote the success oftranslocations (Bailey 

1990). We explored this concept through the following indices of inferred

I increased genetic heterozygosity: 

I 
A. Founder group sizes (Griffith et al. 1989), since more of the source herd's 

total genetic heterozygosity will be captured in a larger founder group; 
B. Number ofaugmentations, for the same reason; 

I 
C. Number ofsource stock mixed in the founder group - the genetic mixing 

hypothesis ofBailey (1990); 
D. The use of indigenous versus dilution (= previously translocated) stocks 

I 
(Bailey 1990), since indigenous populations generally have higher genetic 
heterozygosity than translocated populations (Fitzsimmons et al. 1997); 

E. Any gene flow between translocated populations or any nearby resident 
populations could increase genetIc heterozygosity. 

I 4. Migratory translocated populations would be more successful than sedentary 
populations (Risenhoover et al. 1988). 

I METHODS 

Definitions 

I We defmed a translocation as any purposeful release ofa new population of 

I 
bighorn sheep into an area with no other bighorns present. If multiple releases occurred, 
within a I-year period, we considered them part of the initial translocation. Any releases 
conducted> 1 year apart were defined as augmentations. Successful populations were 
defined as all populations numbering ~100 animals in 1997. Populations ofmodest 

I success were defined as numbering 30-99, although some of these populations may yet 

I 
fail at some time in the future. Unsuccessful translocations were defmed as any 
translocated population that was extirpated or was a remnant population (1-29 animals) in 
1997 and with essentially zero possibility ofever recovering (Thorne et al. 1985; Leopold 
and Krausmann 1986; Berger 1990; Krausmann et al. 1993; Goodson 1994). These 
categories generally follow the definition ofa minimum viable population (mvp) of 100 

I (± 20%) bighorn sheep adopted by the Bureau ofLand Management (1996). This mvp 
was supported by Berger (1990) who documented high persistence ofpopulations ~100 

animals for five decades, modest persistence for populations of 50-99 animals, and low 

I persistence for populations numbering ~49. We relaxed Berger's criteria for a remnant 
population slightly, down to ~9 based on data presented by Krausman et al. (1993) and 
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Goodson (1994) indicating that a few populations of30-50 might persist and later 
recover. I 
The Survey 

IThe survey was mailed to state and federal managers in a 6-state area (Colorado, 
Montana, North Dakota, South Dakota, Wyoming, and Utah). A total of36 simple 
questions requiring only numbers or yes/no answers were asked, including: what was the Iyear of translocation, number of releases, number ofanimals released, sex and age and 
estimated maximum potential Ne (genetic effective number) ofthe founder group (Ne 
here defmed as potential breeding-aged animals), release method (hard or soft), any Iaugmentations, any known contact with domestic sheep, distance to domestic sheep, 
presence/absence ofcattle grazing on the same range, population trend, annual census 
estimates, any population estimation techniques and corrections, range expansions, Ihabitat condition and trend, any large fires, whether or not the area was historic range for 
native bighorn sheep, any documented outbreak(s) ofdisease, hunting, and distance to the 
nearest other wild bighorn sheep population (either indigenous or previously I
translocated). We also asked managers if the translocated population was either: (a) non
migratory and resident year-round on the same range, (b) partially migratory, i.e. 25-75% 
ofthe population migrated each year, or (c) fully migratory, i.e. most or all (>76 %) of I
the population migrated each year. We asked the managers the total distance to the 
nearest whole km the animals migrated. In addition to the mailed survey, we augmented 
our information with telephone calls to the managers, and by reviewing additional I 
population and range studies of the translocated herds provided in government reports 
(Steel et aI. 1987; Smith and Butler 1988; Coates and Schemnitz 1988), two graduate 
theses (Barmore 1962; Fairaizl 1978), and nine publications (Rutherford 1972; Ravey and I 
Schmidt 1981; Cook et al. 1980; Stevens and Hanson 1986; Creeden and Schmidt 1983; 
Kopec 1982; Irby and Andryk 1987; Smith et al. 1988; Creeden and Graham 1997). I 
Population Estimates and Rates ofPopulation Growth 

The translocated populations ofbighorn sheep we used in this analysis included I 
only those for which frequent population estimates were available, as well as monitorings 
of mortality, range expansion, and general health ofthe animals. We excluded from all 
further analyses 33 populations that had insufficient census information or survey I 
responses. Of 100 translocations we used, 82 populations had a sample ofanimals 
marked or radio collared while 18 had no markers (a total of489 neck collars and 249 
radio collars were placed on 738 animals). Corrected population estimates (mark-resight I 
or Idaho sightability model for helicopter surveys or harvest models) were provided for 
68 of the translocated populations, but no population corrections were provided for the 
other 32. To be consistent, we used only corrected population estimates in the analyses. I 
For those 32 uncorrected counts, we multiplied the total raw count by 200% (± 18% 
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C.l.), based on average visibility corrections obtained from five populations occurring in 

I a variety ofhabitats (Neal et al. 1993; Kissell 1996; Bodie et al. 1995; Moses and Singer 
1996). 

I Population growth rates (r) were calculated from the annual population change 

I 
averaged over the period of information (r = population size (N) at time (t)/ N (t-l). 
Because all but two of the 100 translocations we analyzed occurred in historic habitat, we 
deleted from consideration historic versus non-historic habitat as a variable. Also, only 
three releases were soft releases (animals held in enclosures for extended periods prior to 

I
 release), which was too few for statistical analyses.
 

Univariate Analysis 

I 
I We conducted univariate logistic analysis on all the variables. Systat version 7.0 

was used for all univariate statistical analyses. We used Akaike Information Criteria 
(Akaike 1973,1985) to rank. the effect of the independent variables on success of 

I 
translocations. For categorical independent variables, we used FisherOs exact tests 
(Berry and Mielke 1987, 1988; Mielke and Berry 1992) to compare the differences 
between successful and unsuccessful translocations. For continuous variables we used t 
tests to compare the means for successful and unsuccessful translocations. We used 
Levene's test to check for the equality ofvariance. 

I RESULTS 

I Many (30%) bighorn sheep translocations were unsuccessful. Thirteen 
translocated populations were extirpated and another 17 were renmant (<29 animals) at 
the end of the study period. Twenty-nine (29%) of the translocations were ofonly

I modest success (numbered 30-99), and only 41 (41%) were successful (100-350 
animals). Of the modestly successful and successful populations, 43 increased steadily 
following initial translocation, 11 increased initially but then declined, 15 increased,

I declined, but then recovered, and 1 population fluctuated widely. The number of years of 
information from the initial translocation to the present or to the year ofextirpation 
averaged 21 ± 1.33 (x ±SE) and ranged from one year for an extirpation to 74 years of

I information. Eleven ofthe translocations were of the desert bighorn subspecies, 81 were 
of the Rocky Mountain subspecies, and eight were ofthe California subspecies. 

I As we predicted, bighorn sheep released into desert environments increased at a 

I 
higher rate (r) than did animals released into Rocky Mountain habitat, or those released 
into the prairie badlands habitats ofSouth and North Dakota (Kruskal-Wallis test, p = 
0.018, Fig. 1). Contact with domestic sheep and distance to domestic sheep were the 

I 
most significant variables (I.e., had the lowest AlC values). Success oftranslocated 
populations was negatively correlated to the presence ofdomestic sheep on their range 
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(logistic regression, p = 0.052, Table 1). Presence ofdomestic sheep increased the 
probability that the translocation would be unsuccessful by 2-fold (Fisher's exact test, p = I0.068, Fig. 2). Unsuccessful translocated populations (0-29 animals) were located closer 
(x = 6 ± 2 km) to domestic sheep than were modestly successful or successful 
translocations (x ~O km) (Fig. 3). Grazing ofdomestic cattle on the range was also I 
negatively correlated to rate of increase (r) of translocated populations of bighorn sheep 
(p = 0.004, Fig. 4). Twenty-seven percent fewer translocations were successful when 
cattle grazed the area (Fig. 5). The presence ofdomestic sheep had a greater negative I 
impact on success than did the present ofcattle. 

Migratory tendency of the translocated population was associated with success as I 
was the annual distance migrated (Table 1). Only 65% ofnon-migratory populations 
were successful, but 81% ofpartially migratory and 100% of fully migratory populations 
were successful (logistic regression, p = 0.04). Hunting of bighorn sheep was also I 
positively associated with success of the translocation (Fisher's exact test, d.f= 1, P = 
0.001). I 

The genetic diversity hypotheses were only partially supported. When an 
indigenous population was used as a source (with generaIly higher genetic heterozygosity 
following Fitzsimmons et aI. 1995) versus a previously translocated herd, the new I 
translocation was twice as likely to be successful (Fisher's exact test, p = 0.043, Table 2). 
Larger founder sizes also increased the success of translocations (p = 0.060). The 
average size of founder groups for successful translocations was 41.3 ± 4.3 animals, but I 
the average size for less successful translocations was 29.5 ± 3.5 (Fig. 6). However, 
neither gene flow between populations (p = 0.623), nor use ofsingle versus multiple 
source herds (p = 0.293) influenced success. The effect of later augmentations (which I 
would also increase ofgenetic heterozygosity) was equivocal (p = 0.095). 

IDISCUSSION 

Our fmding ofa negative association between the success of bighorn sheep Itranslocations and domestic sheep was expected, based on the death ofmost or ail 
bighorn sheep in penned experiments with domestic sheep (with no ill effects on the 
domestic sheep) (Bunch et al. 1989; Foreyt 1989; Callan et aI. 1991). Twenty-eight Iinstances ofa die-offor decline in free ranging bighorn sheep herds immediately 
following contact with domestic sheep have been reported (Jessup 1981; Blaisdell 1982; 
Foreyt and Jessup 1982; Onderka and Wishart 1984; Clark et aI. 1988; Sandoval 1988; I
McCarty and Bailey 1994). The cause and effect relationship is ambiguous. However, 
stress (Spraker et aI. 1984), overpopulation (Wishart et aI. 1980; Festa-Bianchet 1988), an 
immigrating wild bighorn carrier (Onderka and Wishart 1984; Singer et al. 1998), and I
spontaneous outbreaks ofPasteurellosis (Miller et aI. 1991) have been known to cause 
die-offs in bighorn sheep with no known or immediately prior contact with domestic 

I 
48 

I
 
I
 



I
 
I
 

sheep. Apparently pathogenic varieties of Pasteurella haemolytica (serotypes 3,4 and 

I biotypes T) can persist in immune individual bighorns and can be passed on to 
immunologically naive individuals (Miller et al. 1991). Therefore, wild bighorn sheep 
populations are also now reservoirs for the exotic pathogens (and also some native 

I pathogens). The typical vector for transmission is a wild bighorn ram that may visit a 
flock ofdomestic ewes in estrus and then return to other wild bighorns. Bighorn rams 
may travel long distances between mountain ranges during the rut season (Ough and 

I DeVos 1986; Bleich et aI. 1996) when their chances of encountering a flock ofdomestic 
sheep are increased. 

I The periodic nature of pneumonia outbreaks in some bighorn sheep populations 
may represent a gradual accumulation of susceptible individuals, especially in rapidly 
growing populations, in a density-dependent fashion (Miller et aI. 1991). The only prior 

I attempt to look at the status ofa large number of bighorn sheep populations resulted in a 

I 
non-statistical but negative relationship between free ranging bighorn sheep and domestic 
sheep (Goodson 1982). In that review, die-offs were reported in seven bighorn sheep 
populations following the introduction ofdomestic sheep to the range. Eight other herds 

I 
increased significantly following the removal ofdomestic sheep from the range. No 
bighorn sheep herds increased with domestic sheep present on their range, but several 
other declines and die-offs occurred with no known contact with domestic sheep 
(Goodson 1982). 

I Our survey suggested that the presence ofdomestic sheep within 6 kIn ofa 

I 
translocated population was highly negatively associated with the success ofa 
translocation, while a separation of>20 kIn between the species was positively associated 
with success. Several authors recommend no direct, physical contact ofany kind 
between domestic sheep and wild bighorn sheep (Jessup 1981; Blaisdell 1982; Spraker 

I and Adrian 1990; Onderka et aI. 1988). Resource management agency guidelines 
recommend distances of 13.5 kIn (Desert Bighorn Council 1990) or 16 km (U.S. Dept. 
Interior, Bureau ofLand Management 1992) separate any domestic sheep and free 

I
 ranging bighorn sheep 0 a guideline that is also generally supported by our analysis.
 

I
 
Jessup et aI. (1995) recommended testing of the wild bighorn source stock for active
 
pathogens before translocating them to a new area. We agree with Real (1996) that
 
diseases and their pathogenic effects on wildlife must be incorporated into any ecosystem
 
restoration management strategy. 

I We found a negative association between cattle grazing and the success and 
population growth rates of translocated populations of bighorn sheep. The biological 
evidence for this negative association is equivocal. Bighorn sheep may prefer not to 

I graze on areas already heavily grazed by cattle (Spraker and Adrian 1990). Bighorn 
sheep were reported to actively avoid cattle in some situations (Wilson 1969; Irvine 
1969; Spraker and Adrian 1990) and diet overlaps were large between the two species in 
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mountainous habitats (King and Workman 1988). But other studies did not document 
any active avoidance ofcattle by bighorns (Dodd and Brady 1986) and habitat overlap I
was minimal. Habitat overlaps between the two species were <10% because cattle prefer 
slopes of less than 30%, or the lower parts of slopes <50%, while bighorn sheep prefer 
slopes >70% (Tilton and Willard 1982; Cunningham and Ohmart 1986; King and I
Workman 1988; Dodd and Brady 1986). Also, diet overlap between the two species in 
desert environments was minimal (Dodd and Brady 1986). But several authors report 
concern that bighorn sheep might contract several pathogens from domestic cattle (Jessup I 
1981; Spraker and Adrian 1990). Several pathogens such as parainfluenza type 3 (PI-3), 
bovine respiratory syncytail virus, and bluetongue, could be transmitted from cattle to 
bighorn sheep at sites ofcontact such as a shared water source (Jessup 1985; Spraker and I 
Adrian 1990). The presence ofdomestic cattle was implicated in the decline of two 
bighorn herds in California (DeForge et aI. 1981; DeForge and Scott 1982). P. 
haemolytica biotype A from cattle directly inoculated into eight captive bighorn sheep I 
killed five ofthe animals from fatal septicemia and fibrinous bronchopneumonia 
(Onderka et aI. 1988). Several other authors, however, reported no evidence for 
transmission ofpathogens from free ranging domestic cattle to free ranging bighorn I 
sheep (Mouton et aI. 1991; McCarty and Bailey 1994). We recommend further research 
into potential conflicts between cattle and wild bighorns. I 

Migration of bighorn sheep was associated with success of translocations, as we 
predicted. Most, or all, mountain dwelling, indigenous populations from the forest biome 
migrate distances of 10-64km annually (Smith 1954; Geist 1971; Shank 1979; Demarchi I 
and Mitchell 1973), and most indigenous desert populations, although not as clearly 
migratory, also shift ranges a few km to 30 km annually (Bleich et aI. 1990; Ough and 
DeVos 1986). Nonmigration, or sedentariness, in the forest biome appears to be a recent I 
consequence ofhuman-caused habitat fragmentation and habitat alteration, including 
forest succession due to fire suppression which limits use ofhabitats (Wakelyn 1987, 
Risenhoover and Bailey 1985). Isolation and declining population status serve to reduce I 
migration and dispersal in many populations (Lenarz 1979; Bailey 1980; Risenhoover et 
al. 1988). Confinement year-round on the same range may increase transmission rates 
for lungworms (Protostrongylus spp.), increase search efficiency for predators, and result I 
in higher use ofthe available forage (Risenhoover et aI. 1988). Bailey (1980) suspected 
that bighorn sheep were more mobile and migrated and dispersed more extensively Ibefore the arrival ofEuropean man and developments. We recommend management that 
will facilitate the movements of bighorn sheep, including: translocating bighorns into 
large blocks ofhabitat with a variety ofpotential seasonal habitats, translocating into Iareas with the potential for> 1 subpopulation, burning or easements to open the habitat 
and encourage the use ofmovement corridors, and conducting additional translocations to 
expand the ranges of sedentary populations. I
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Few soft (enclosed) releases were conducted (n = 3) for statistical analysis,
 

I because the practice was largely discontinued by about 1980 due to observations of
 

I
 
crowding, disease, and poor survival inside the exclosures (Wilson and Douglas 1982;
 
Desert Bighorn Council 1990). We suspect the correlation between hunting and success
 
oftranslocation is a product of success more than a cause for success. Hunting of large,
 
increasing populations is more likely to be allowed by sport hunting by wildlife agencies 
than hunting ofsmall, declining populations. 

I 
I 

Our finding that translocations of bighorn sheep into desert environments were 
more successful, was predicted by Dunham (1997), who felt that deserts support fewer 
predators and competitors and desert ungulates were more varied and fle~ible in their 

I 
diets and habitat use. In support, several authors report desert bighorn sheep have more 
variable and flexible diets than Rocky Mountain populations and they eat many desert 
shrubs, forbs and graminoids (Krausman et aI. 1989; Miller and Gaud 1989; McCarty and 

I 
Bailey 1994). Desert bighorn sheep are also apparently well adapted to life in the desert, 
being smaller with longer extremities, lighter colored, and with a sleek, glossy coat that 
reflects light (McCutcheon 1981). Desert bighorn sheep ewes also mature one year 
earlier than the Rocky Mountain subspecies (Berger 1982; McCutchen 1981), a factor 

I that can contribute to higher population growth rates during favorable periods in the 
desert. Perhaps most importantly, all ofthe desert populations we studied inhabited the 
northern, cold deserts of the Colorado Plateau. This area is vast, inaccessible, extremely 

I rugged and little disturbed by any major human developments. There are relatively few 

I 
domestic sheep or cattle in this area and relatively few breaks or barriers to the suitable 
habitat. Because it is a desert environment, succession to forest (Risenhoover and Bailey 
1985) has not occurred this century with fIre suppression, as is the case on many Rocky 

I 
Mountain forest biome habitats (Wakelyn 1987). It is our opinion that the highly suitable 
characteristics ofthis Colorado Plateau desert environment may explain our finding of 
greater success of translocations into deserts. 

I 
I 
I 
I 
I 
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The genetic heterozygosity hypothesis was only partially supported, from the 
indices of inferred genetic heterozygosity that we investigated. Use of indigenous versus 
dilution founding sources and larger founder sizes promoted success of translocation, but I 
gene flow between populations and mixing founder stocks did not, while the effect of 
augmentations was equivocal. Other genetic studies indicated that indigenous 
populations in Wyoming possessed greater genetic heterozygosity than did dilution I 
(translocated) populations (Fitzsimmons et al. 1997). National Park Service (NPS) policy 
stresses genetic conservation and urges that only subspecies and stocks as closely related Ias possible to the extirpated population should be used in a translocation (USDI, NPS 
1988, USDI, NPS 1991; Ramey 1993). Also, augmentations ofexisting, native 
populations should only be conducted when genetic variation is shown to be limited, the Idiminished population is threatened with extirpation, and when the diminished status is 
the result ofhuman activities (USDI, NPS 1991). Greig (1979) argued that locally 
adapted genotypes should not unnecessarily be mixed and heavy~handed interference for Ithe sake of"...doing something" should be avoided. Mixing the sources ofbighorn sheep 
also carries the danger of introducing novel pathogens from one herd to the next, and 
possibly to a herd that is more susceptible (Sandoval 1980; Miller et al. 1990). We Irecommend larger founders and use of indigenous (versus previously translocated) 
populations for source stock, whenever possible, but we recommend more research 
before routinely mixing source stocks. For example, LeBerg (1993) found fish I
populations from mixed source stocks possessed higher heterozygosity and higher 
fecundity, but rates ofpopulation increase and total population sizes were not higher. 

I
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Table 1. Results oflogistic analysis on success or failure ofbighorn sheep 
translocations. I
 

Variable P -2Log Parameters Ale
 

Contact with Domestic Sheep 0.052 66.556 2 70.556
 I
 
Distance to Domestic Sheep 0.021 77.912 1 79.912
 

Migratory Tendency 0.014 75.198 3 81.198
 I
 
Distance Migrated 0.04 88.256 1 90.256 

I
Presence ofLivestock 0.019 105.334 2 109.334 
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Table 2. Effect of indigenous versus dilution source herd on the success of

I translocations for bighorn sheep, Intermountain western U.S., 1923 to 1997. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Status in 1997 

No. of animals 

UnsuccessfUl (0-29) 

Modest Success (30-99) 

SuccessfUl (100-350) 

TOTAL 

Type of Source Herd (% of total) 

Indigenous Previously Translocated 

19 (27) 11 (38) 

18 (25) 11 (38) 

34 (48) 7.(24) 

71 (100) 29 (100) 
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FIGURE LEGENDS 

I
Figure 1. Nwnber ofpopulations in size categories as following 100 translocations into 
western U.S. states, 1923 to 1997. 

I
Figure 2. Population rate of increase (r) for translocations of bighorn sheep into three 
major ecoareas. Different letters denote statistical differences. 

I
Figure 3. Success of bighorn sheep translocations in relation to presence ofdomestic 
sheep, western U.S. states, 1923 to 1997. 

I
Figure 4. Success of bighorn sheep translocations in relation to distance to the nearest 
domestic sheep, western U.S. states, 1923 to 1997. 

I
Figure 5. Success oftranslocations of bighorn sheep and cattle grazing on the same 
range, western U.S. states, 1923 to 1997. 

I
Figure 6. Rate of increase (r) of translocated bighorn sheep populations and cattle 
grazing on the same range, western U.S. states, 1923 to 1997. 

I

Figure 7. Founder size and success oftranslocations ofbighorn sheep in the western 
U.S. states, 1923 to 1997. 
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DISPERSAL AND COLONIZATION RATES OF UNOCCUPIED PATCHES BY
 
MOUNTAIN SHEEP: THE ROLE OF DISEASE, CORRIDOR FEATURES, AND
 

PATCH SIZES
 I 
F. J. SINGER', M. MOSES2

, S. BELLEW3 and W. SLOAN4 I 
ABSTRACT 

IMost (64-88%) extant populations of bighorn sheep in the Intermountain West 
consist of <1 00 individuals and occur in a fragmented distribution across the landscape. 
More than one-halfofthese populations stem from purposeful translocations. Many of 
the translocated populations have been characterized by limited population growth and I 
limited dispersal rates. Sedentariness (lack of migrations and movements), low dispersal 
rates, and slow population growth rates hamper the restoration of bighorn sheep to their Ihistoric ranges. The purpose of this study was to investigate the pioneering movements 
and success ofcolonization of79 nearby unoccupied patches by 31 released populations 
ofbighorn sheep. Only 18 (58%) of the released populations grew steadily (only nine I[29%] achieving a population size>100 individuals), one (3%) population declined but 
then recovered, and the remaining 12 (39%) populations declined to extirpation or 
remnant (defmed as <30 animals) status. On the average, populations that were released 
onto smaller habitat patches (x = 60 ± 30 km2 of suitable habitat) declined, while I 
populations released onto larger habitat patches (x =490 ± 90 km2

) increased in size. 
Population growth rates were correlated to Ne ofthe founder group and early contact with I 
a second released population (logistic regression, P = 0.08). Largest population size of 
the released population at the end of the study in 1994 was correlated to Ne of the founder 
group, the number ofdifferent source populations represented in the founder, and early I 
contact with a second population (P = 0.016). Dispersal rates were 100% higher in rams 
compared to ewes (P = 0.001). Twenty-four (30%) ofthe 79 new patches were colonized 
by animals from released populations. Successful new colonizations were associated I 
with rapid growth rates in the released population, greater number ofyears since release, 
larger population size in the release, a migratory tendency in the released population, and 
fewer water barriers, more open vegetation and more rugged, broken terrain in the I 
intervening habitat (P = < 0.005). Success of restorations and colonizations ofbighorn 
sheep will be enhanced by placing large founder groups from mixed stock into clusters of 
large areas of suitable habitat (>100 km2

) where few barriers exist to movements between I 
habitat patches, but with low risks ofcontacts with domestic sheep. 

I 
Keywords: bighorn sheep, dispersal, Ovis canadensis canadensis, 0. c. nelsoni. 

I u.s. Geological Survey, Midcontinent Ecological Science Center, 4512 McMurry Avenue, Ft. Collins, CO 80525 IU.S.A., and Natural Resource Ecology Lab, Colorado State University, Ft. Collins, CO 80523 U.SA 
2 U.S. Geological Survey, Midcontinent Ecological Science Center, 4512 McMurry Avenue, Ft. Collins, CO 80525 
U.SA I3 National Park Service, Dinosaur National Monument, Dinosaur, Colorado 81610 
4 Canyonlands National Park, Moab, Utah 83532 
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I INTRODUCTION 

Small isolated populations of animals may be at higher risk of extirpation than 

I large, contiguous populations (Gilpin & Soule 1986). Beier and Noss (1998) recently 
argued that landscape connectivity enhances population viability for many species, and 
that, historically, most species lived in well-connected landscapes. Bighorn sheep 

I currently occur in small, isolated populations within their former vast range that included 
all of the mountains, canyons, slick rock, prairie badlands, and river breaks ofthe 
Dakotas, Intermountain Rockies, and Colorado Plateau region (Buechner 1960~ Wishart

I 1978~ Bleich et al. 1990). Unregulated hunting, habitat destruction, overgrazing of 
rangelands and diseases contracted from domestic livestock contributed to large-scale 
declines in populations during the period from 1870 to 1950 (Cowan 1940~ Buechner

I 1960~ Wishart 1978~ Monson 1980~ Thorne et al. 1985). Bighorn sheep most likely 
occurred historically in subpopulations that occupied the discrete patches of cliffy habitat, 
separated by forests or flat areas (Schwartz et al. 1986~ Bleich et al. 1990), but gene flow, 

I at least by males, occurred across large landscapes (Luickhart and Allendorf 1996). 

I 
These naturally occurring metapopulations ekperienced additional fragmentation due to 
population extirpations resulting from disease-related die-offs, overharvests, and 
increasing barriers to movement as a result of human activities such as settlements, 
canals, reservoirs, and the proliferation of interstate highways (Bleich et al. 1996). 

I Most (64-88%) extant populations of bighorn sheep within the Intermountain 

I 
West and the Colorado Plateau of the U.S. west currently consist of fewer than 100 
individuals (McCutcheon 1981~ Thorne et al. 1985~ Singer 1994). Translocations have 
met with mixed success. Most translocated populations released into open patches within 

I 
the forest biome are sedentary, yet most indigenous populations in the forest biome that 
have been studied were strongly migratory (many desert populations are only partially 
migratory [Monson 1980~ Bleich et al. 1990]). The use of five to seven different seasonal 
ranges, separated by distances of 8-18 km, was typical in most indigenous forest biome 

I populations (Geist 1971~ Demarchi & Mitchell 1973~ Thome et al. 1979). Distinct 
lambing, post lambing, rut, summer, and winter ranges were identified (Murie 1944; 

I 
Geist 1971, 1975). In translocated populations, the new animals may establish strong 
initial fidelity to localized lambing or feeding areas and this fidelity might limit future 
movements and population growth rates (Dodd 1983). Bighorn sheep are a K-selected 
species whose exploitation of new ranges within the forest biome is dependent upon fires 

I or discovery ofunoccupied ranges. But these discoveries are limited by their gregarious 
social system and their dependence on prior knowledge of movement routes and home 
ranges (Geist 1975). Bighorn sheep are adapted to exploit relatively stable, climax 

I grassland communities (Geist 1971, 1975). The species is characterized by high 
individual longevity, low reproductive rates, slow maturation, and social mechanisms that 
transmit home ranges and migration routes from generation to generation. Learning and 

I 
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memory are critical in the transmission of the knowledge of migration routes (Geist 1967,
 
1971, 1975).
 I
 

Dispersal by bighorn sheep has been more often observed in non-forested, desert 
habitats where patches of steep, cliffy habitat are separated by flat open deserts 
supporting only scattered shrubs, than in forested, Rocky Mountain habitats (Schwartz I
 
et aI. 1986~ Bleich et aI. 1990, 1996). Movements of radio-collared desert bighorn rams,
 
and to a lesser extent ewes, between occupied mountain patches, has been documented
 
(Cochran and Smith 1983~ Ough and deVos 1988~ Bleich et aI. 1980). But even in desert
 I
 
environments, new movement into previously unoccupied patches is rare (McQuivey
 
1978~ Bleich et aI. 1990~ J. Wehausen, unpubl. data). Bleich et aI. (1996) reported only
 I
one instance ofemigration by a femaIe from her natal area with subsequent reproduction 
in the new area. Another four instances ofapparent female dispersal are reported in 
McQuivey (1978). These authors added the caveat that while intermountain movements I
increased gene flow, they also increased the possibility ofthe transmission of diseases 
between populations (Bleich et aI. 1990), a concern supported by the model ofHess 
(1994). I
 

Translocated populations must explore and learn the successful migration routes 
used by the now extirpated historic population. But low rates ofdispersal and low I
reproductive rates are typicaI in many translocated populations (Risenhoover et aI. 1988). 
Sedentariness of many extant bighorn populations, especially translocated populations, 
was found to be a significant factor limiting population persistence (Risenhoover et aI. I
1988). Sedentariness can increase transmission oflungworms (Protostrongylus sp.) and 
other pathogens~ increase local predator:prey ratios and vulnerabilities to predators since 
predators can repeatedly search and test restricted groups of sheep~ and increase I
vulnerability to extirpation (Risenhoover et aI. 1988~ Berger 1990). 

Dispersal is the entire process of emigration, transience across unfamiliar terrain, I
and settling into and eventual reproduction in a new range or habitat patch (Safriel & 
Ritte 1983~ Stenseth & Lidicker 1992~ Wolff 1994). Dispersal is favored when the 
probability of successful reproduction in the new patch is greater than in the patch that is I
presently occupied (Grinnell 1904; Stenseth 1983). Thus, dispersal will be advantageous 
when environmental fluctuations vary from patch to patch and there are some patches 
with better conditions than others. Although the evidence of the positive value of I
corridors in a fragmented landscape is not overwhelming, and the value of corridors has 
been questioned in relation to some factors such as the spread ofdisease (Simberloff and 
Cox 1987), Beier and Noss (1998) concluded that a landscape well connected by I
corridors is preferable to species conservation. Philopatry and the retention ofjuvenile
 
females into matrilinear groups is characteristic of bighorns (Geist 1971, 1975). Higher
 
rates of dispersal in juvenile males is consistent with femaIe philopatry (Dobson 1982;
 I

Wolff 1994) and in the case of bighorn sheep, dispersal by juvenile males may reduce the
 
possibility ofbreeding of close relatives (Geist 1971).
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I The presence of other bighorn sheep may be critical to the dispersing animals
 

remaining in a new patch. Ifother animals are not found, the dispersers may return to
 
their original patch (Geist 1971). Bighorns may gain many advantages from living in


I cohesive groups with familiar individuals, particularly in the detection of predators by a
 
greater number ofanimals, especially females with young, and transmission of that
 
information to other members ofthe group through alert and alarm postures (Geist 1971 ~
 

I Risenhoover et al. 1988). Typically, females with young or older rams, are the leaders
 
during long movements (Altman 1956~ Geist 1971~ Singer 1977). Studies ofmtDNA
 
(female inherited) support these contentions~ there was high differentiation of mtDNA,


I inferring little dispersal by females (Bleich et al. 1996) even between mountain ranges
 

I
 
separated by only a single valley (Ramey 1995). There was less differentiation of
 
satellite DNA or allosymes in males across large areas (Luickhart and Allendorf 1996),
 
however, inferring greater dispersal and gene flow in males than in females (Bleich et al.
 
1990, 1996~ Ramey 1995). 

I One theory, based on research with small mammal populations, suggests
 

I
 
maximum dispersal rates will be observed during the period of most rapid population
 
increase and well prior to reaching the ecological carrying capacity (ECC) of the patch
 

I
 
(MGR, or maximum growth rate, is achieved at about 0.5-0.7 ofECC). This is referred
 
to as the presaturation or increaser dispersal (Lidicker 1976~ Krebs 1978~ Stenseth 1983).
 
But Sinclair (1992:232-233) felt that increaser dispersal was peculiar to cyclic small
 

I
 
mammal populations and predicted a second dispersal mechanism, saturation dispersal,
 
should be more typical in ungulates, when the core population has saturated the available
 
habitat and the population growth trajectory has become stationary.
 

I 
We studied rates ofexpansion within release patches, rates of passage through 

corridors and colonization of unoccupied patches by 31 released populations of bighorn 
sheep. We investigated four predictions: 

I 1. Higher dispersal rates should be observed by subdominant males than by older 
males and higher rates by males than females (Geist 1971~ Bleich et al. 1990, 
1996). 

I
 2. Dispersal rates should be higher when the population rate of increase is higher (A.
 
= 1.0) and well before the ECC of the habitat is reached - the presaturation or 
increaser dispersal hypothesis (Krebs 1978~ Lidicker 1976~ Beacham 1979). 

I Alternatively, the stationary dispersal of Sinclair (1992:232) should be observed, 
i.e., dispersal will be more frequent when the ECC of the habitat is reached. 

3. We predicted that nearer patches would be colonized more often than distant 

I patches in a linear fashion and also that the probability of colonization of a new 
patch would increase linearly through time. We also hypothesized that the 
probability ofa successful colonization ofa new patch(es) would be positively 

I 
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correlated to: (a) Ne of founder group, (b) absence of domestic sheep in the area
 
(Jessup 1985; Coggins 1988; Goodson 1992; Foreyt 1989), and (c) size of the new
 
patch (i.e., a magnet hypothesis where bighorns will be more attracted to, or more
 I 
likely to stay in, larger new patches). 

4.	 The probability of successful colonization ofa new habitat patch should be higher
 
if the intervening habitat or movement corridor possesses: (a) fewer water barriers
 I 
to movement, (b) less resistance in the form ofdense tree cover, (c) less human 
development or man-made barriers, and (d) more continuous escape terrain I(Hansen 1980; Van Dyke et al. 1983; Risenhoover & Bailey 1985; Schwartz et al. 
1986; Wakelyn 1987; Risenhoover et al. 1988; Smith et al. 1991). 

ISTUDY AREAS 

We selected for study 31 discrete populations.ofbighorn sheep that were located in or Iimmediately adjacent to 13 national parks, monuments, or recreation areas. These 
populations occupied lands administered by the National Park Service (NPS), while 
adjoining lands were administered by the Bureau ofLand Management (BLM) or U.S. IForest Service (USFS). Fourteen of the 31 populations were located within National Park 
unit boundaries and the remaining 17 were located within a few kilometers ofthe NPS 
units. The study populations were located in five western states: Colorado, Wyoming, INorth Dakota, South Dakota, and Utah. Colorado Plateau canyons and slick rock, Rocky 
Mountain peaks and foothills, and prairie badlands were representative of habitats 
occupied by the study populations. Each released population was the result of either a Ipurposeful translocation (n = 27) or the release of a severely suppressed «30 animals) or 
newly colonized population. All populations were released into habitat that had 
historically (until 1906-1969) supported populations of bighorn sheep. The population Ireleases all occurred between 1945 and 1991. 

MEmODS I 
Dispersal ofTranslocated Populations 

IWe defined two types ofdispersal for purposes of our study. First, we defined 
expansion within the release patch as the slow, incremental expansion without any 
movements or passages (sensu Beier and Noss 1998) across intervening habitat to a new Ipatch. This was evaluated through observations in the increase in occupied range by all 
marked and unmarked animals. Second, successful initial colonizations ofa new habitat 
patch were defined as the dispersal or passage through a corridor from the release patch I
to a new patch with residency by at least one animal ofeach sex and the production of 
young in the new patch (Fig. 1). 

I
Colonizations and passages were determined by the first presence of marked and 

unmarked animals in previously unoccupied patches ofhabitat. Five management 
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agencies (NPS, BLM, Colorado Division of Wildlife, Utah Wildlife Resources, U.S. 

I Forest Service) closely monitored any colonizations ofnew patches by released animals. 
Our own study crews monitored any pioneering movements by radioed or marked 

I
 animals dispersing from released populations.
 

I 
A total of143 sheep were radio-collared at the time ofrelease in 12 ofthe 31 

released populations (eight populations of the desert subspecies, four populations of 
Rocky Mountain subspecies). We captured these animals in 1992 and 1993 through net 

I 
gunning from a helicopter (n = 134) or by a drop net over bait (n = 9). Each animal was 
instrumented with a radio-collar, and sex and age were estimated from hom annuli (Geist 
1966). 

I The radio-collared animals were located at intervals ofone to four weeks for 

I 
approximately three years post-release. We concluded that no successful colonizations 
could have gone undetected. However, some short-term forays, pioneering, and transient 
exploratory movements by unmarked individuals, followed by their rapid return to the 
source herd, might have gone undetected. 

I 
I We investigated the characteristics of79 occupiable patches ofhabitat located 

adjacent to the 31 released populations of bighorn sheep (n = 27 translocations and 4 
releases). Only new patches S40 lan from those released populations with ~5 years of 
time elapsed post-release were included in the analysis (x = 17±12 [x ±S.E.] of post
release/time elapsed, range 5-47 years post-release). The dichotomous variable of 
initially successfully colonized or not successfully colonized for the 79 unoccupied 

I patches was recorded. A successful colonization was defined as the year-round 
occupation ofa previously unoccupied patch by both adult sexes with the successful 
production of young. Pioneering events by only one sex, or sporadic visits by either sex 

I to a patch, were not considered successful colonizations, although these pioneering 

I 
events often preceded colonizations. 

Population size, total founder size, effective population (Ne) of founders, average rate 
ofpopulation growth of the released population (average A, positive or negative), years 
since release, disease status (healthy, diseased, recovering), and distance to the nearest 
domestic sheep (lan) were recorded for each released population during the study period. 

I We judged that the release population responsible for any potential colonization would be 
certain for 26 ofthe 31 released populations, since 26 populations contained many 
marked individuals (see Movements) and since, additionally, 25 ofthese populations were 

I isolated by great distances from any other populations. For our analyses of the remaining 
five populations, we assumed the colonization occurred from the closest release 
population, but colonization could have come from other, more distant but nearby 

I populations, and, if so, this represents a minor potential source oferror. 
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We measured the length ofthe corridor (to the nearest km) between the unoccupied 
and the release patch for all significant breaks (>1 km) in continuous occupiable escape I
terrain. We quantified continuously occupiable escape terrain using GIS following Smith 
et al. (1991) and Johnson and Swift (1995) as all areas ~300 m from escape terrain with 
slopes ranging from 27 degrees to 85 degrees. We rated water barriers to movement I 
across the intervening habitat from least (1) to most (4) as follows: (1) no water barriers 
or small streams; (2) small river(s) present; (3) medium river(s) present; or (4) large 
river(s), reservoir(s), or large steep-sided canal(s) present. We rated resistance to I 
movement in the form of vegetative cover following Risenhoover and Bailey (1985), 
Risenhoover et al. (1988), and Hurley and Irwin (1986) from low resistance to high 
resistance to movement as follows: (1) open, low substrates (grasses, bare soil, low I 
shrubs); (2) areas oftall shrubs or scattered trees; (3) tall shrubs and patches of mature 
trees; or (4) dense, continuous coniferous forest. Escape terrain within the corridors or 
intervening areas was rated from low to high resistance to movement as follows: I 
(1) continuous or extensive broken terrain with small cliffs; (2) scattered escape terrain; 
or (3) large, flat expanses following Bailey (1980); Risenhoover and Bailey (1985); 
Hurley and Irwin (1986); Bentz and Woodard (1988); Risenhoover et al. (1988); and I 
Woodard and Vanest (1988). 

Factors influencing successful colonization of new patches, rates of spread in the I 
release patch, and growth rates of released populations were inspected with logistic 
regression. We investigated all combinations of two, three, and four variables to select 
the most parsimonious or best biological model, as a trade-off between the number of I 
parameters, model bias, and variance of the estimate following guidelines ofBurnham & 
Anderson (1991). We employed the lowest AlC value (Akaike Information Criteria) for 
the best model selection (Sakamoto et al. 1986). The AlC value for each model is I 
calculated as AlC = -2 (log-likelihood) + 2p, where p = number ofparameters in the 
model. Acceptance level was P ~ 0.10. I 

Geographic Information System (GIS) procedures were used to quantify the amount 
of suitable (= permanently occupiable) habitat in the release patches and in the 
unoccupied patches. The GIS habitat model implemented a step-by-step process of I 
elimination using successive map overlays (Smith et al. 1991; Johnson & Swift 1995). 
First, all occupiable escape terrain (slopes 27°-85°) and any adjacent flat areas <300 m 
from that escape terrain, or any adjacent areas ~500 m with escape terrain on two sides I 
were mapped as potentially suitable (Buechner 1960; Van Dyke et al. 1983; Hurley & 
Irwin 1986; Bentz & Woodard 1988; Smith & Flinders 1991). All areas defined as 
occupiable in step one, but with dense vegetation defined as ~55% visibility were I 
removed from potentially suitable habitat (Risenhoover & Bailey 1980; Smith & Flinders 
1991). In successive steps, areas near natural and man-made barriers, areas developed by 
humans, and areas with excessive snowpacks were also removed from potentially suitable I 
habitat (Smith et al. 1990). 
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Movements

I All dispersal events and movements of radio-collared animals were monitored by 
both aircraft and from the ground at weekly more frequent intervals in seven of the 31

I populations. The frequent monitorings in these populations suggest that the likelihood is 
very low that any colonization events would have gone undetected, however some short
term (few days) forays might have gone undetected. Average duration of monitoring of

I	 individual radioed animals was 30.3 ± 1.8 months (range 1-45, n = 143 animals). All 
radiocollars operated for 36 months and all durations less than that were mortalities. 

I Additional radiotelemetry studies were conducted in 15 other released populations (n 
= 22 radiocollared populations total) (n = 412 total radiocollared animals, 19 ± 3 
radiocollars per release) and number marking only in four other populations by state and 

I federal agencies. The 124 numbered visual collars plus the radiocollars provided 

I 
individual marking and movement information for 536 animals total. Additionally, all 
National Park units encourage all ranger, interpretive, resources management staff, 
researchers, and park visitors that hike, raft, bike, and drive in the park to record any 
unusual or interesting wildlife sightings on Wildlife Observation Cards. These sightings 

I represent the product of many thousands (often hundreds of thousands) ofkm of 
backcountry travel by human observers within each park unit. We used the bighorn 

I 
sheep locations from these ground wildlife sightings within park, together with locations 
gathered during helicopter surveys and radiotelemetry surveys in all of the areas, to 
estimate an approximate largest area occupied by each population. This was done by 
connecting the outennost observations using the convex polygon method (Mohr 1947; 

I	 White and Garrott 1990: 148-155). For the remaining five populations with no marking 

I 
collars, four ofwhich were located in open prairie badlands habitats where bighorn sheep 
moving into new areas were easy to detect, we used herd distribution maps provided by 
area managers based upon their observations of population. We rougWy estimated the 
area occupied for these five populations, and therefore we excluded them from the 
analysis of rates of spread. We estimated the largest area occupied by released bighorn 

I	 sheep within the release patch for the other 26 populations and we divided by years since 

I 
release to obtain an approximate rate of spread by the expanding (or contracting) released 
populations. We stress that these are approximations ofrates ofspread, since animals 
were not monitored daily. 

RESULTS 

I	 Population Growth Rates ofthe 31 Study Populations 

I	 Growth rates ofthe 31 populations varied widely apparently due to the role of 

I 
infectious diseases, sizes of the release habitat patch, Ne of founders and early contact 
with a second population. Populations classified as healthy and increasing during the 
period ofobservation (n = 18,55% of populations) followed what appeared to be mostly 
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a logistic or S-shaped growth curve and were either still growing in 1994, or growth was 
leveling off at an apparent asymptote. Mean rate of increase for these healthy 
populations was A. = 1.17 +0.04 (range 1.04-1.23). Only nine (29%) of the 31 I 
populations grew to a size of> 100 by 1994. For the healthy, increasing study 
populations, there were no verified contacts and only one suspected contact with 
domestic sheep. The area of suitable bighorn habitat for the initial release was much I 
larger for the populations that stayed healthy and increased in size (x = 490 ±90 km2

, 

range 35-1,145 km2
) than for those that declined (x = 60 ± 30 km2

, range 5-350 knl). I 
Twelve (39%) of the populations increased initially, but then declined rapidly to 

either extirpation or to a remnant status of< 30 individuals and were not expected to 
recover (size ofrernnant populations, x = 14.5 ± 30, range 7-30). This group of I 
declining populations grew at a lower positive rate (A. = 1.11 ±0.03 during growth) 
before they declined (A. = 0.77 ±0.07 during declines). Disease was the likely cause of Ithe declines in four populations based on evidence such as documented mortality, 
coughing, intact carcasses, or documented bronchopneumonia. Small area ofavailable 
habitat (defmed as < 30 km2 ofpotentially suitable habitat in the release patch) was the I
likely factor in the decline of two populations. Both disease and small habitat area 
combined were implicated in five other declines and unknown factors in one decline. 
There were known contacts with domestic sheep in three of the declining populations and I
suspected contact in two other declines. 

Only one population was able to rebound from the remnant category. A period of I 
adjustment and adaptation was the suggested reason for this population's survival. This 
population was released into a relatively large expanse ofhabitat (560 km2

), but visibility 
ratings were low (visibilities of40-54%) due to extensive pinyon-juniper and tall shrub I 
cover. Managers suspected the bighorns were initially subjected to excessive mountain 
lion predation, but bighorns then apparently learned avoidance and grouping behaviors 
(groups were larger) that allowed them to persist and increase. I 

Logistic regression models suggested population growth rates of all 31 populations 
were correlated with both total Ne of founder group and early contact with a second I 
released population (f = 0.08). Population size in 1994 for each population was 
correlated with Ne of founders, the number ofdifferent source populations represented in 
the founder group, and early contact with a second released population ~ = 0.016). I 
Rates ofSpread Within the Release Patch I 

Approximate linear rates of spread through the first or release patch averaged 11.4 ± 
0.2 km/year and ranged from 0.2 to 6.4 km/year for increasing populations (Fig. 2). 
Twenty-five populations spread in one direction with 11 of them spreading in two I 
directions simultaneously. Area rates of spread for populations in the increasing phase 
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averaged 5.1 ± 0.9 km2/year (Fig. 3), but declining and/or diseased populations lost 0.3 ± 
0.2 km oflinear (Fig. 2) and 1.2 ± 0.8 km2 ofarea range/year (Fig. 3). Rate of spread 
through the first patch (km/year) was positively correlated with Ne founders, rate of 
increase in population size, number of source populations represented in the founder 
group, and early contact with a second translocated group (p = 0.07). In one case animals 
were released too close to resident animals, and before the new group established 
residency (about 1 month post-release) they abandoned the release site and moved 10 km 
to join a previously-released, established group. In a second case, bighorns that were 
released only 10 km from their capture site returned to their original home ranges. 

Dispersal ofTranslocated Populations from the First Patch 

Rates of ram dispersal events were 50-1000Jio greater than ewe dispersal events (z = 
4.5, P = 0.001). Rams often pioneered habitat patches before ewes colonized the patch. 
For example rams pioneered the southeast patch in Badlands National Park for 14 years 
before ewes colonized the patch. Ewes sometimes also pioneered habitat patches before 
colonization occurred. In the Pryor Mountains, Montana, a group of ewes and young 
pioneered a new habitat patch for three summers, but they returned each fall to spend the 
winter in the first patch (Kissell 1996). Finally, in the fourth year and subsequent years, 
the members ofthe group remained all year in the new patch and produced young. 

Age of bighorn rams did not appear to influence dispersal events of males (X2 = 1.0, 
P = 0.99, d.f = 16). We observed all ages of rams (yearling to eight years) disperse to 
establish new areas of residency. While younger rams dispersed during any season, all 
dispersal events observed in older rams occurred during the breeding season. We 
observed five older rams disperse to new habitat patches during the breeding season; four 
returned following the rut, but one remained. One of the rams that returned again 
traveled to the new patch the subsequent breeding season and then it established 
residency there. 

We documented the successful initial colonization of24 (30%) of 79 new patches of 
unoccupied habitat located adjacent to 20 translocated and released populations of 
bighorn. Many colonizations occurred during the first 15 years following the release 
(Fig. 4). On the average, a successful colonization occurred every 13.5 years for each 
dispersing population (24 colonizationsl325 years of population information on releases) 
or once every 22 years for all populations (24/527 years). Probability of successful 
colonization of new patches was positively correlated with four factors in the released 
population including: rate of positive population increase (P = 0.0001), (Fig. 5), number 
ofyears since release (P = 0.02) (Fig. 4), larger population size in the release patch in 
1994 (P=0.05), and tendency of the release population to migrate (P = 0.004) ~ < 0.10) 
(Fig. 6) (Table 2). 
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As we predicted, the characteristics of the intervening habitat influenced the 
probability ofa colonization occurring. Fewer water barriers, more open vegetation, and 
more rugged, broken terrain in the intervening habitat were correlated with successful I 
colonization (Table 2, Figs. 7 through 9). The single, most parsimonious model 
explaining successful colonizations (lowest relative AlC value of 59.5) included high 
population growth rates (P = 0.002), fewer water barriers (P = 0.13), fewer vegetation I 
barriers (P = 0.02), and more rugged terrain (P = 0.03). Distance did not explain 
colonizations in a linear fashion. Thus, we estimated colonization rates based on the Idistance between patches using the equation: 

Equation 1. I 

. [1 [distance f-L]] I 
pr (dIspersal) =a sd.J2 e°.5 sa 

I 
Where a = 0.973, f.J == 12.28, and sd = 5.17. This function describes a normal distribution I 
with a maximum probability ofdispersal (0.075) for patches separated by 12.3 km. 
Equation 1 reflects the observation that bighorn colonize patches at an intermediate 
distance more readily than patches that are nearby, perhaps due to their gregarious nature. I 
For example, 18 patches were separated by <5 km, but only five (28%) ofthose close 
patches were colonized. I 
DISCUSSION 

Dispersal I 
We observed much higher rates ofdispersal and colonization by bighorn sheep than 

expected on the basis of prior observations in the forest ecotone (Geist 1971, 1975; I 
Bailey 1986, 1990; Risenhover et al. 1988). Contrary to expectations, we also observed 
higher rates of colonization in largely unoccupied desert habitats than have been observed 
in native, fully occupied desert ranges (McQuivey 1978; Schwartz et al. 1986; Bleich et I 
a!. 1990, 1997). But our study populations included mostly unoccupied habitat with a 
greater probability of detecting colonization by released animals. As we predicted, we 
found dispersal probability was related to size of the founder group. As we predicted, I 
bighorn sheep were more likely to disperse across corridors that were more open, with 
fewer water, development, or forest barriers, and with some broken terrain. Large rivers, Icontinuous conifer forest, and flat terrain constituted significant barriers to bighorn sheep 
dispersal. We stress many ofthe colonizations we report on are too recent to provide 
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conclusions to their eventual long-term persistence. In contrast to the saturation ofECC

I or stationary growth hypotheses of Sinclair (1992:232), we observed higher rates of 
dispersal from rapidly increasing populations that had not yet reached ECC, i.e., the 
presaturation or increaser dispersal hypothesis (Lidicker 1975; Krebs 1978; Stenseth 

I 1983) was supported for bighorn sheep. Contrary to our expectations, new patch 

I 
colonization through time was not linear but followed a logistic-shaped curve. Most new 
colonizations occurred between five and 15 years post-release during the time when the 
released populations were growing the fastest. Probability ofcolonization was also not 

I 
related linearly to distance. Most colonizations were of patches 10-15 km distant, with 
colonizations dropping approximately linearly beyond 15 km. Patches <10 km were 
colonized less than expected, possibly due to the highly gregarious nature of the animals 
and the possibility that, following short forays, animals returned to the release patch to 

I
 rejoin groups.
 

I
 
As predicted (Geist 1971; Ribble 1992), we observed higher rates ofdispersal by
 

rams than by ewes. We found no effect ofage of rams on their rate ofdispersal, in
 

I
 
contrast to Geist (1971) who predicted that mostly subadult rams would disperse. All of
 
the dispersal by older rams initially occurrci:l during the breeding season and may have
 
been motivated by the search for mates. But two of those older rams remained in the new
 
patches and did not return to their established home range. Festa-Bianchet (1986) also 
observed dispersal by older, mature rams. 

I 
I Several lines ofevidence suggested that the presence of other bighorns, or their trails, 

signs, or odors, increased the probability ofdispersal to an unoccupied patch (Geist 
1971). Pioneering events by both sexes, but especially by males, often preceded 
successful colonization. The rate ofexpansion within a patch was greater when contact 
was likely with a second translocated population, apparently since bighorn sheep 

I
 somehow rapidly find newly translocated animals nearby (Stevens and Hanson 1986; M.
 
Barousa, B. Bessken and M. Baroussa, pers. obs. 1997, Badlands National Park, South 
Dakota).

I We conclude that the low rates ofdispersal reported of many translocated populations 
may be the result ofpoor prior restoration procedures. Most prior translocations 

I consisted of small founder groups (typically <25 animals) released into small, isolated 
patches of habitat (Risenhoover et al. 1988). This is a prescription for failure. 
Additionally, prescribed burning for translocated groups was conducted in many 

I instances in too limited a fashion, since small bums attract and concentrate animals year
round onto small areas. Sedentariness, or overconcentration, of translocated populations 
ofbighorn sheep may be the single biggest obstacle to restoration ofbighorn sheep 

I (Risenhoover et al. 1988). Sedentariness may result in higher transmission rates of 
lungworms, overcrowding on restricted habitats, and overuse of forages due to year
round grazing of the same ranges (Risenhoover et al. 1988). Ne of founders was 
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positively correlated with population increase and rate of spread, yet managers are 
reluctant to transport adult rams since adult rams are harder to trap and they may injure 
other animals ifnot transported separately. Typically only a few young rams are I 
translocated (which reduces founder Ne) with new founder groups. 

IDispersal is important to bighorn sheep for the successful recolonization ofhistoric, 
but unoccupied habitat patches, for gene flow between populations, and for the discovery 
ofnewly-created suitable habitat due to fires or the recent removal of livestock leases and Igrazing (Geist 1975; Goodson 1982; Stenseth 1983; Risenhover et al. 1988; Bleich et al. 
1990, 1996). Male-biased dispersal during the breeding season in bighorn sheep may 
decrease deleterious inbreeding by close relatives in a mostly female matrilineal social Isystem (Geist 1971, 1975; Wolff 1994). Survival of self-perpetuating metapopulations of 
bighorn sheep that do not require constant augmentations and restorations will depend 
upon the encouragement and maintenance ofat least moderate rates ofdispersal. The Iprice for dispersal might be greater exposure to predation while moving through 
unknown habitats and marginal escape terrain, as Watts and Schemnitz (1985) described, 
and greater exposure to diseases from direct contact with domestic livestock. The Irestoration ofmetapopulations ofbighorn sheep into large patches ofsuitable habitat with 
a low risk ofdisease contacts is recommended to preserve genetic diversity (Schwartz 
et al. 1986; Fitzsimmons et al. 1995, 1997), increase population persistence, and increase Ithe probability ofrecolonization ofextirpated patches following any epizootics. 
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Table 1. Bighorn sheep populations released into or near 10 national park units in six western states, 1996-1997. All releases 
occurred into historic range for bighorn sheep. 

Population 

No Name 

National 
Park 
Unit 

Areal 

Year of 
Historical 

Extirpation 
or Decline 

to Remnant 
(r) Status 

State Subspecies 
Translocation 
(T) or Natural 

Release (R) 

Year of 
Trans

location or 
Release 

1994 status 

Moody 
Canyon 

CARE 1948 Utah Desert T 1975 Increasing 

2 Red Slide CARE 1969 Utah Desert T 1984 Increasing 

3 Mesa 
Verde 

MEVE -1900 Colorado Rocky 
Mountain -, 

T 1946 Remnant 

4 Dillon 
Pinnacles 

CURE 1960s Colorado Rocky 
Mountain 

T 1974 Declining 

5 Lake Fork CURE 1975 Colorado Rocky 
Mountain 

T 1975 Near 
extirpated, 40 

6 Black 
Canyon 

BLCA 1984 Colorado Rocky 
Mountain 

T 1986 Declining 

7 Colorado 
Monument 

COMO 1906 Colorado Desert T 1979 Increasing 

8 Beaver 
Creek 

DINO Colorado/ 
Utah 

Rocky 
Mountain 

T 1983 Near 
extirpated, <10 
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Population Year of 

No Name 

National 
Park 
Unit 

Area8 

Historical 
Extirpation 
or Decline 

to Remnant 

State Subspecies 
Translocation 
(T) or Natural 

Release (R) 

Year of 
Trans

location or 
Release 

1994 status 

(r) Status 

9 Bear DINO 1960s Colorado Rocky T 1983 Increasing 
Mountain Mountain 

10 Sheep DINO 1960s Utah Rocky T 1989 Increasing 
Creek Mountain 

11 Hole-in- DINO 1960s Utah Rocky T 1989 Increasing 
Rock Mountain 

12 Cross DINO 1940s Colorado Rocky T 1977 Near 
Mountain Mountain extirpated, <10 

13 Ladore DINO 1951 Colorado Rocky T 1952 Increasing 
Canyon Mountain 

14 Pool DINO 1951 Colorado Rocky T 1984 Increasing 
Creek Mountain 

15 Badlands BADL 1927 S. Dakota Rocky T 1967 Increasing 
Mountain 

16 Maze CANY 1971 Utah Desert T 1982 Increasing 
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Population Year of 

No Name 

National 
Park 
Unit 
Area-

Historical 
Extirpation 
or Decline 

to Remnant 

State SUbspecies 
Translocation 
(T) or Natural 

Release (R) 

Year of 
Trans

location or 
Release 

1994 status 

(r) Status 

26 Magpie THRO 1910 N. Dakota California T 1959 Declining 
Creek 

8 CARE = Capitol ReefNational Park; MEVE = Mesa Verde NP; CURE = Curecanti National Recreation Area; BLCA = Black Canyon National 
Monument; COMO = Colorado National Monument; DINa = Dinosaur National Monument; CANY = Canyonlands NP; BLCA = Bighorn Canyon 
National Recreation Area; THRO = Theodore Roosevelt NP; BADL = Badlands NP; ARCH = Arches NP. 
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Table 2. Parameters associated with colonizations of unoccupied patches by 31 released populations of bighorn sheep in the 
Intennountain U.S. West, 1946-97. 

Maximum-Likelihood
Parameter Standard Error P Value 

Estimate 

Domestic sheep <10 km 

Distance to patch 

Population growth rate 

Population size 

Water barrier 

Human barrier 

Vegetation barrier 

Escape terrain barrier 

Years since release 

Area of ftrst patch 

Subspecies type 

Effective population size 

Number of founder sources 

Source type 

0.106 

0.012 

28.689 

0.0002 

" 

-0.075 

-0.001 

-0.015 

-0.020 

-0.225 

0.284 

0.033 

7.432 

0.004 

0.033 

0.001 

0.013 

0.021 

0.262 

0.710 

0.706 

0.001 * 

0.950 

0.080* 

0.176 

0.025* 

0.050* 

0.023* 

0.713 

0.251 

0.353 

0.391 

0.239 
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Maximum-Likelihood
Parameter Standard Error PValueEstimate 

Population growth pattern 0.071 

Migration tendency 0.004* 

Contact with domestic sheep 0.197 

Contact with second bighorn population 0.149 

1994 population size 0.005 0.003 0.050* 

*Logistic regression analysis, P<0.05. 
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FIGURE LEGENDS 

I 
Figure 1. Schematic demonstrating two types ofdispersal events analyzed in this paper;
 
pioneering events or forays (where animals return), and successful colonizations of


I nearby unoccupied patches by bighorn sheep following their release into a release patch.
 

I
 
Figure 2. Linear rate of spread observed in 31 populations during increasing (A. ~ 1.0)
 
and decreasing (A. <1.0) phases ofpopulation growth, Intennountain U.S. West, 1946-97.
 

I
 Figure 3. Area rate of spread observed in 31 populations during increasing (A. ~ 1.0) and
 
decreasing (A. <1.0) phases ofpopulation growth, Intennountain U.S. West, 1946-97. 

I Figure 4. Probability ofcolonization ofnew habitat patches by bighorn sheep and years 
since release of the founder group into the first patch for 31 released populations in the 
Intennountain U.S. west, 1946-97. 

I Figure 5. Probability ofsuccessful colonization ofnew patches correlated to population 
growth rates (A.) ofthe 31 released populatIOns ofbighorn sheep in the Intennountain 

I
 U.S. west, 1946-97.
 

Figure 6. ·Probability of successful colonization ofnew patches by bighorn sheep, 1946

I 1997, in relation to migratory tendency in the release patch. 

Figure 7. Probability ofsuccessful colonization ofnew patches by bighorn sheep, 1946

I 1997, in relation to escape terrain in the intervening corridor. 

Figure 8. Probability of successful colonization ofnew patches by bighorn sheep, 1946

I 1997, in relation to vegetation in the intervening movement corridor. 

Figure 9. Probability ofsuccessful colonization of new patches by bighorn sheep, 1946

I 1997, in relation to n relation to water barriers in the intervening corridor. 

I 
I 
I 
I 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 7. 
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Appendix A. Logistic regression analysis of independent variables potentially 
influencing population growth rate, 1946-97, and population size in 1994 of 31 released 
populations of bighom sheep in the Intermountain U.S. West. 

Response Variable Independent Variable P Value 

I Population growth rate Linear growth rate (km) 0.073 * 

I Area growth rate (km2
) 0.112 

Linear and area growth rate 0.166 

I 
Population size in 1994 Linear growth rate (km) 0.268 

I Area growth rate (km2
) 0.220
 

•

Linear and area growth rate 0.430

I *Significance at the 0.10 level. 

I 
I 
I 
I 
I 
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ASSESSING RESTORAnON DECISIONS TO ENHANCE THE PERSISTENCE IOF TRANSLOCATED POPULAnONS OF BIGHORN SHEEP: IMPLICATIONS 
~. OF DISEASE 

IRunning Head: Assessing decision on bighorn sheep restoration 

JOHN E. GROSSI, FRANCIS J. SINGER2 AND MICHAEL E. MOSES3 I 
Key words: fragmentation, disease, Ovis canadensis, bighorn sheep, population model, 
extinction, landscape, simulation, dispersal, population viability analysis I 
ABSTRACT I 

Biologists are increasingly confronted with the need to conserve populations that 
are fragmented, subject to catastrophes, and that inhabit highly variable environments. I 
Bighorn sheep (Ovis canadensis) epitomize this situation. Bighorn sheep once occupied 
most of the mountainous and steep terrain in the western United States, but they are now 
restricted to discrete populations. Bighorn sheep suffer from habitat loss and I 
fragmentation, insularity, and large-scale epizootics that can result in death rates of 75% 
over 1-3 year periods. Most extant populations ofbighorn sheep in the Western United 
States originated from a translocation, but more than half of all restoration attempts were I 
unsuccessful. To support decisions on restoration and management ofbighorn sheep in 
the Badlands National Park-LaKota Sioux Tribal Reservation ecosystem we simulated 
population dynamics of native sheep subjected to various changes that represented I 
potential management actions and rates of disease-causing infection. Our model 
simulated a population that was reintroduced into a landscape with six patches of suitable 
habitat and that was subject to disease. Simulated diseases varied in severity from mild I 
(about 12% mortality) to severe (about 67% mortality) and occurred once, at regular 
intervals, or with a given probability each year. In the absence of disease, 200-year 
extinction rates were uniformly low and were insensitive to changes in colonization rates I 
or area of suitable habitat. A single infection in conjunction with changes in area or 
colonization rate resulted in extinction rates of up to 40% and large changes in average 
population size (up to 10-fold changes with a change in area; 4-fold with changes in I 
colonization rate). Simulations with multiple infections, which are probably most 
realistic, generally resulted in extinction rates that exceeded 20% over a 200 year period. 
Our results clearly identified efforts directed towards reducing the frequency or severity I 
ofdisease as the highest priority for improving the success of attempts to restore bighorn 
sheep populations. Resources directed to acquiring new habitat or enhancing corridors I 

I Natural Resource Ecology Laboratory, Colorado State University, Fort Collins, Colorado 80523-1499, U.S.A.
 
2 U.S. Geological Survey, Midcontinent Ecological Science Center, 4512 McMurry Avenue, Ft. Collins, CO 80525
 I 
U.S.A., and Natural Resource Ecology Lab, Colorado State University, Ft. Collins, CO 80523 U.S.A. 
3 U.S. Geological Survey, Midcontinent Ecological Science Center, 4512 McMurry Avenue, Ft. Collins, CO 80525 
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sheep populations. Resources directed to acquiring new habitat or enhancing corridors 

I between existing habitat patches were far less likely to improve persistence of simulated 
sheep populations. Although theory predicts that enhanced movements may exacerbate 
effects ofdisease, increased colonization rates resulted in relatively small but consistent 

I increases in persistence and average population size for all combinations of parameters 
we examined. 

I 
INTRODUCTION 

I Habitat loss and fragmentation are often viewed as the foremost threats to native
 

I
 
animarpopulations. As a consequence ofhuman activities, bighorn sheep (Ovis
 
canadensis) populations that were once widespread are now confined to patches of
 
habitat that are either completely isolated or sufficiently separated so that dispersal
 

I
 
between remaining patches is restricted. Fragmentation ofbighorn sheep populations has
 
resulted from changes in habitat availability and from disease outbreaks that have
 

I
 
periodically decimated populations ofnative North American sheep (Goodson 1982).
 
There is a growing awareness that many spedes are similarly faced with simultaneous
 
threats ofhabitat loss as well as periodic catastrophes due to disease, fire, or weather
 

I
 
(Goodman 1987; Mangel & Tier 1993; Hess 1994, 1996; Young 1994). In particular,
 
large mammals typically require large home ranges and a variety of seasonal habitats, and
 
they thus require very large areas of secure habitat to ensure their long-tenn persistence.
 
Species that are large and prone to epizootics may be especially vulnerable to extirpation 
(Dobson & May 1986; Lande 1988; May 1988; Scott 1988; Cohn 1991). 

I 
I Bighorn sheep (the Rocky Mountain, California, and desert subspecies, Ovis 

canadensis canadensis, O. c. calijomiana, O. c. nelsoni, respectively) once occupied 
most of the mountainous terrain in the western United States, and their total population 
was thought to be of the order of 1,500,000 to 2,000,000 individuals (Buechner 1960; 
Wishart 1978; Bleich et al. 1990). The combined effects of overharvest, habitat 

I fragmentation, and disease reduced this population to a current total of about 45,000 
sheep inhabiting less than one-third oftheir original range (Wishart 1979; Thome et al. 
1985). Eighteen National Parks are within the historical range ofbighorn sheep, but 

I native populations ofbighorn sheep continuously survived the period ofdecline in only 
five of these parks. Bighorn sheep epizootics can kill 35-75% of the population in a 
single year and can reduce recruitment for an additional three to seven years (Stelfox 

I 1976; Spraker & Hibler 1982; Onderka & Wishart 1982; Jessup 1985). Most epizootics 
in bighorn sheep can be traced to bronchopneumonia resulting from contact with 
domestic sheep (Goodson 1982; Foreyt & Jessup 1982; Foreyt 1989). 

I Attempts to move bighorn sheep into previously occupied areas have met with 
mixed success. Only 53% of 87 translocations in the western states resulted in successful 

I 
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populations (Leslie 1980). Despite the poor success of efforts to reintroduce bighorn 
sheep, over half ofall extant populations in the western United States stem from 
translocations (McCutcheon 1980). In many areas, bighorn sheep occupy habitat that is I 
naturally fragmented, resulting in small, isolated populations that may be subject to very 
high rates ofextinction (Berger 1990). About two thirds ofall populations ofthe Rocky 
mountain (0. c. canadensis) and California (0. c. ca/ijomiana) subspecies consist ofless I 
than 100 individuals (Thome et al. 1985), and only 41% oftranslocations have resulted in 
populations ofmore than 100 bighorn sheep (Singer et al. 1999; n = 100 translocations). I 

An evaluation ofpotential consequences ofmanagement actions is central to 
developing wise management plans to conserve animal populations. In this report, we Idescribe and apply a simulation model that can be used to support decisions on 
restoration and management of species such as bighorn sheep. The model simulates both 
males and females, and accounts for age-specific breeding behavior. We were Ispecifically interested in using the model to evaluate the effects ofmanagement decisions 
on the persistence ofbighorn sheep in the Badlands Ecosystem (Badlands National Park 
and some surrounding LaKota Sioux Reservation land), but we also use our simulation Iresults to explore issues generally relevant to the conservation ofspecies strongly 
affected by catastrophes such as disease and that occupy fragmented habitats. We 
examined the relative consequences ofdecisions that managers typically face in Iattempting to reintroduce wildlife. To do so, we simulated the effects ofactions that 
influence habitat quality (burning, chaining, creating movement corridors, etc.), reduce 
variance in population performance (i.e., supplemental feeding in bad years, develop I
water holes), or that modify the virulence or frequency ofdiseases. 

MEmODS I 
Simulation Model Design 

I 
We developed an individual-based model that simulated the birth, movement, and 

death ofeach animal in a population on a yearly time schedule. We assumed that the 
modeled population was isolated from all other populations, but the population consisted I 
ofa set of local populations connected by dispersal and colonization. The landscape was 
composed ofpatches that could support a local population and a background matrix 
through which animals moved, but in which a population could not persist. This spatial I 
structure was represented by parameters for the size, quality, and annual variation in the 
quality of each patch, and the distance between the patches. At each yearly time step, 
changes in the size of local populations resulted from breeding and recruitment oflambs, I 
natural mortality, and dispersal. 

Individual-based models are particularly useful for simulating the dynamics of I 
populations that are small, subject to rare events (e.g., dispersal and colonization), or 
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where individual variation is important (Lomnicki 1988~ Houston et al. 1988~ DeAngelis 
& Gross 1992). Our model explicitly simulated the sex, age, location (by patch), and 

I 
disease status of each individual in the population, and the model used sex and age
specific fecundity and mortality rates. We used Monte Carlo techniques (Manly 1991) to 
assess the probability ofextinction for each set ofmodel parameters by conducting 250 
simulations that were each 200 years long. Assuming binomial sampling, the 95 % CIon 
extinction (or persistence) ranged from 1.33 % at a% to ±6.7 % at 50 %.I 

I 
Bighorn sheep live in environments characterized by high seasonal and yearly 

variations in temperature and rainfall. In mountain environments, severe winters can 

I 
reduce recruitment by bighorn sheep (Murie 1944; Hoefs & Cowan 1979),. while in arid 
environments recruitment may be tied to precipitation (Douglas & Leslie 1986, Douglas 
1991). In the Badlands ecosystem, severe spring ice storms are thought to result in high 

I 
mortality rates for lambs. We accounted for environmental variation by selecting an 
annual probability of recruitment from a beta distribution. For each individual sheep, we 
compared a uniform random deviate to this value. Recruitment rates were reduced when 
sheep density exceeded a threshold, but animal density did not influence adult 
survivorship (Woodgerd 1964; Leslie & Douglas 1979~ Wehausen et al. 1987). 

I Management Scenarios 

I To evaluate the relative merits ofmanagement actions we simulated bighorn 
sheep population dynamics using data from the spatial arrangement of habitat patches in 

I 
the Badlands ecosystem. We first evaluated the sensitivity ofthe model to demographic 
parameters with and without simulated epizootics. To do so, we varied rates of 
recruitment, mortality, colonization, and the yearly variation in model parameters. We 
examined the consequences ofdisease scenarios that represented mild, moderate, and 

I severe epidemics, and we explored the interaction of disease frequency and intensity with 
other treatments. 

I Our simulations were specifically designed to represent the effects of 
management actions relevant to species like bighorn sheep. Simulations that varied 
habitat area indicated the effects of habitat alterations that either increase or decrease 

I carrying capacity, such as burning to increase forage production or reduce visual cover, 
or other changes that made habitat suitable for occupation. Reductions in habitat area 
could result from encroachment ofvegetation or loss ofa critical habitat feature such as a 

I water source. Management actions that facilitate or inhibit dispersal, such as fencing, 
reducing visual cover, or hazing, were directly simulated by changing rates of 
colonization. We also simulated changes in annual variation in population performance 

I that could result from weather or other acute events. Managers can potentially mitigate 
the impact of these effects by, for example, providing supplemental food in years ofpoor 
forage production. 

I 
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Reference Input Conditions I 
We estimated model parameters from studies ofbighorn sheep in Badlands 

National Park, South Dakota, and from published information on other bighorn Ipopulations. All simulations began with an initial population of29 sheep that matched 
the average sex (8 males, 21 females) and age composition ofgroups ofbighorn sheep 
translocated in the intermountain region (n = 100 groups; Singer et aI., 1999a). I 
Landscape Attributes 

We used a habitat evaluation model based on topographic features (Smith et aI. I 
1991; Iohnson & Swift 1994) to identify patches that constituted potential habitat for 
bighorn sheep. Bighorn sheep rely on steep slopes to escape from predators, and thus 
habitat patches consisted ofcontiguous areas (> 17 km2

) with appropriate terrain for I 
lambing and escape, a nearby source ofwater, and sufficient horizontal visibility. Nearly 
all (> 95%) bighorn sheep activity occurs in close proximity to escape terrain (Smith & I
Flinders 1991). Application ofthe habitat model to the Badlands system identified 6 
areas that could be occupied by bighorn sheep. Habitat patches varied in size from 51 to 
274 km2 and each patch was separated from the nearest adjacent patch by 10 to 15 km I
(Figure 1). 

Demographic Parameters and Density Dependence I 
We estimated age and sex specific parameters for recruitment and survivorship by 

monitoring 165 radio-collared sheep animals over 4 years and from published data on I 
bighorn sheep (Hansen 1967; Woodgerd 1964; Festa-Bianchet 1988a; Geist 1971; 
Wishart 1978; Hansen 1980; Leslie & Douglas 1986; Leslie 1980). Radio-collared 
animals were captured from 3 healthy populations (including Badlands National Park) I 
and 3 diseased populations. We pooled the data and calculated vital rates of 5 age-based 
classes (Table 1). I 

To establish reference rates for recruitment of lambs, we first estimated maximum 
recruitment rates for each stage, and then uniformly reduced these rates to achieve lamb 
to ewe ratios consistent with observations from growing bighorn sheep populations that I 
appeared to be minimally influenced by density dependence (Leslie & Douglas 1979; 
Douglas 1991; Sloan 1996). The maximum longevity ofany modeled animal was 14 
years (Murphy & Whitten 1976; McQuivey 1978). I 

We found no evidence that survival rates ofadult bighorn sheep were influenced 
by herd density, but previous studies suggested a density-dependent response in lamb I 
recruitment rates (Woodgerd 1964; Murphy & Whitten 1976; Douglas & Leslie 1986; 
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Wehausen et aI. 1987~ Jorgenson et al. 1997). We employed a simple density dependent 

I function whereby recruitment was unaffected by density until a threshold density was 
attained. When herd density exceeded the patch threshold, we multiplied the current 
recruitment rate by a factor that declined linearl! from 1 to O. Our reference parameters 

I included a threshold density of sheep ofO.8/km , above which recruitment declined to 0 
at 1.16 sheep/km2 (45% greater than the density threshold). These parameters resulted in 
populations that stabilized at about 1 sheep/km2 with fluctuations about the mean density 

I that were consistent with estimated densities of stable populations of bighorn sheep in 
habitats within the Badlands system. 

I Disease Dynamics 

I Bighorn sheep are host to a wide variety of diseases that increase mortality and 
reduce lamb recruitment (Godson 1982~ Jessup 1985). The severity of these diseases is 
highly variable. In light of the complexities associated with modeling this range of 
diseases, we choose to use a statistical model to simulate the range of diseases that cause 

I
 
I significant mortality in bighorn sheep (Woodard et aI. 1974; Goodson 1982; Onderka &
 

Wishart 1984; Festa-Bianchet 1988b~ Festa·Bianchet 1989; Coggins & Matthews 1992).
 
To do so, we multiplied mortality, recruitment, and dispersal rates by variables that
 
accounted for the response ofbighorn populations to diseases with mild, moderate, or 
severe effects (Table 2). We obtained estimates ofthe effects ofepizootics on the 
survivorship ofdesert bighorns from two sources. First, we extracted data on the survival 

I 
I ofbighorn sheep from published information (Stelfox 1971; Thorne et aI. 1979~ Onderka 

& Wishart 1984; Coggins & Matthews 1992), emphasizing data from marked animals 
(Festa-Bianchet 1988b). Second, we used records from radio marked animals in the 
Beaver Creek (Dinosaur National Monument, Colorado), Needles (Utah), and South San 
Juan (Utah) populations before, during and after an active epizootic. 

I 
I We simulated three levels ofseverity ofdisease effects on bighorn sheep to reflect 

the high variability ofeffects observed in wild populations. Simulated infected animals 
remained infectious (i.e., were transmissible) for five years, but the magnitude of the 
effects diminished each year (Table 2). The mild disease scenario modified mortality and 
fecundity rates only during the first three years of infection, while moderate and severe 

I disease scenarios included effects that persisted for the full five years that the individuals 
were infectious. There were no reliable data on effects of infection on dispersal rates, so 
we estimated that dispersal rates ofall bighorns were reduced during an active epizootic. 

I This served to reduce the likelihood of transmitting an infection to an uninfected 
subpopulation. When an animal dispersed from an infected source population to an 
uninfected (target) population, the target population began an infective cycle in the next 

I time step. 

I
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To evaluate the effects ofdisease events that occur on different schedules we 
simulated infections that occurred once, at regular intervals, or with a fixed probability 
each year. To evaluate a single epizootic, we introduced disease once into the population I 
at year 20 of the simulation. We modeled the consequences of regular, repeated 
infections by introducing disease at regular intervals from 15 to 60 years. Finally, we 
estimated the probability (described below) that any patch would be infected during a I 
yearly time step. 

IPrevious studies (Goodson 1982) found a strong relationship between the 
incidence ofdisease in wild bighorn sheep populations and the distance separating wild 
and domestic sheep. We estimated the probability of disease as a function of distance Ifrom domestic sheep by examining the disease status of 100 populations ofbighorn sheep 
(period of observation 23.5 ±12.9 years after removing herds with < 10 years of data 
from the analysis; Singer et at. 199a). For each population, we estimated the distance to Idomestic sheep and calculated the probability ofdisease as the reciprocal of the number 
of years that the bighorn sheep remained uninfected. Because some herds never 
contracted a detectable disease, we estimated an upper and lower bound for the Iprobability of infection. We estimated the upper bound as either the reciprocal of the 
number of years before a herd became infected, or the reciprocal of the number of years 
ofobservation for herds that were not infected during the period ofobservation. We Iestimated the lower bound as either the reciprocal ofthe number ofyears before a herd 
became infected, or we assigned a zero to herds that never contracted a detectable 
disease. We aggregated observations into 4 distance categories and used the resulting I
mean probabilities as model parameters (Figure 2). 

It was not possible to simply characterize the effects of disease severity in a I
spatially structured model because dispersal and infection complicated interpretation of 
the results. We therefore evaluated the effect of disease on population growth rates from 
the results of 250 simulations ofa population restricted to a single 400 km2 patch. I 
Colonization ofPatches 

I 
The spatial structure of our model required an estimate of the probability that 

sheep would colonize unoccupied habitats subsequent to reintroduction. Bighorn sheep 
are reputed to be poor at dispersing to and colonizing unoccupied habitats, but we found I 
little information suitable for estimating model parameters. We therefore obtained 
information from 183 radio-collared sheep monitored over a 4-yr period from 31 
translocated populations in the 6-state intermountain regions (mean period of observation I 
per animal 30.3 ± 1.8 mo). We evaluated rates of colonization of 77 nearby unoccupied 
patches that were observed for the duration of the translocation (mean duration 17 ± 12 
yrs post-release per population). Each year, all nearby patches were scored as either I 
colonized or not colonized. Based on movements of these animals, we estimated 
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colonization rates as a function ofdistance where 

I 
Equation 1. 

I 1 ( clistaDce.PfJ 
probability of colonization = a ( & e-, sd 

sd 21f 

I 
I and a = 0.973, ~ = 12.28, and sd = 5. 17. This function describes a nonnal "distribution 

with a maximum probability ofdispersal (0.075) for patches separated by 12.3 lan. This 

I function (Eq. 1) reflected observations that bighorn colonize patches at an intennediate 

I 
distance more readily than patches that are nearby, perhaps due to their gregarious nature. 
When a simulated colonization occurred, a group of 1 male and 4 females moved from 
the source to target patch. No dispersal occurred from source populations that consisted 
of fewer individuals than the greater of 10 or.l0 % ofthe threshold density (as defined 
above) for the patch. 

I Stochastic Variation 

I Demographic processes were simulated by comparing a unifonn random number 
(0-1) to the parameter for recruitment or mortality rate. Ifthe random number was less 
than the parameter, a lamb was recruited into the local population or an individual died. 

I By comparing rates to random numbers, stochastic effects characteristic of small 
populations were implicit to the model. Sex ratio at birth, recruitment, dispersal, and 
mortality occurred with frequencies defined by such a process, and the frequency of 

I
 outcomes thus followed a binomial distribution.
 

An additional source of variation in recruitment could be due to environmental
 

I effects that cause average rate to change over time. We examined two types of
 
stochasticity to account for environmental variation. The first source represented density

independent effects that influenced average recruitment rate. We simulated these effects
 

I by multiplying the average recruitment rate ofeach age class by an environmental
 
multiplier drawn from a beta distribution. This sort ofvariation could be due, for
 
example, to a severe stonn or other acute event. A second source ofannual variation
 

I represented effects that were density-dependent and temporarily modified the average
 
capacity of a patch to support bighorn sheep. Density-dependent effects operated only on
 
local populations when their density surpassed the threshold ofa particular patch (as
 

I defined above in Demographic Parameters). In simulations that included density

dependent variation, we implemented this type ofvariation by multiplying the estimated
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carrying capacity of each patch by a random number from a normal distribution with a 
specified mean and variance. I 

We estimated the magnitude ofnormal (reference) environmental variation by 
first evaluating the contribution ofenvironmental variation to yearly fluctuations in lamb 
production following Kendall (1998). We used maximum likelihood methods to separate I 
variation in yearly recruitment rates ofdesert bighorn sheep (Table 8 in Leslie & Douglas 
1979) into variation attributable to the binomial sampling process and that due to outside 
(environmental) variation. In our simulations, we multiplied recruitment rates by a beta I 
distributed random deviate and compared the maximum likelihood estimate ofvariance 
in lamb:ewe ratios from our simulated populations to those reported by Leslie and 
Douglas (1979). To do so, we conducted 500 simulations of a disease-free population in I 
a single patch (e.g., without dispersal) parameterized to prevent density-dependent 
processes. From the output of these runs, we used the bootstrap method (Efron & Gong 
1983) to create 100 samples of8 years ofdata for which the number ofewes was within I 
the range of observations reported by Leslie and Douglas (1979). We then calibrated our 
reference parameter for environmental variance until the maximum likelihood estimate of 
variance of model output matched observations. We evaluated effects of increases or I 
decreases in environmental variation by changing the variance (but not the mean) of the 
beta distribution. I 

We evaluated effects ofvariability in habitat quality by conducting simulations in 
which the ability of each patch to sustain bighorn sheep was varied each year. Changes 
in patch quality modified the threshold density ofbighorn sheep at which density I 
dependent reductions in recruitment occurred. We modified patch quality by drawing a 
random deviate from a beta distribution defined by a mean and variance. We imposed a 
maximum possible density of9.6 bighorn sheep per km2

. Patch quality remained I 
constant (no annual variation) during reference runs. 

ISimulation Treatments 

We first investigated model behavior by using reference parameters without Iintroducing disease. Initial simulations evaluated changes in vital rates, patch area, 
dispersal, and stochasticity (Table 3). We then imposed disease introductions that varied in 
intensity (mild to very severe) and frequency (once, regular intervals, high and low probability of 
infection), and we crossed some treatments (e.g., dispersal rate by disease severity and frequency). I 
RESULTS I 

Model projections using reference parameters were qualitatively similar to 
observations of successful bighorn sheep populations. Implicit variation due to sampling 
error and stochastic variation in vital and process rates resulted in a wide range of model I 
behaviors. Nonetheless, the estimated size ofthe current population ofbighorn sheep in 

I112 

I
 
I
 



I
 
I
 

the Badlands system (about 200) is nearly the same as the median (205) of the

I distribution of 250 simulations after a similar length of time (33 years after introduction; 
range = 15-620). 

I Variation in Mortality, Recruitment, Habitat Area, and Colonization Rates Without 
Desease 

I Our reference parameters resulted in populations that tended to grow rapidly
 
following reintroduction, and they resulted in no total extinctions in 250 simulations for
 
200 years. Modeled populations typically grew to a size where density-related reductions
 

I in fecundity prevented further population growth and the total population averaged 410
 

I
 
individuals (SD = 112) at year 200. When evaluated by extinction rates, simulated
 
populations were very robust to changes in mortality and fecundity rates. A 35%
 
increase in mortality rate increased the extinction rate to only 5% at year 200. While
 

I
 
extinction rate was relatively insensitive to changes in mean vital rates, population sizes
 
varied dramatically (Figure 3), and a 35% increase in mortality rates resulted in a 50%
 
reduction in overall population size.
 

In the absence of disease, large changes in habitat area led to very small changes 
in extinction rates. A 50 % reduction in area resulted in a very small increase in the rate I 

~ 

I 
ofextinction (0 to 3 %), but population sizes directly reflected overall habitat area. 
Because density dependence ultimately controlled population size, the average size of the 
bighorn population was strongly related to area and a 50% reduction in area resulted in a 
reduction in average population size of from 410 (SD = 112) to 119 individuals 

I (SD = 59). Other treatments that modified carrying capacity by a similar degree would 
result in the same rather small changes in the probability ofextinction (e.g., changing 
mean habitat quality). 

I 
I It was difficult to estimate yearly variation in habitat quality and recruitment, and 

we thus simulated a wide range ofparameters to reflect this uncertainty (Table 3). Even 
relatively large increases in yearly variability in recruitment rate resulted in virtually no 

I 
long-term effects on population size or viability. Similarly, extinction rates were not 
sensitive to increases in environmental variation. In contrast, total population sizes were 
sensitive to environmental variation that affected carrying capacity and increases in 
variation resulted in lower average population sizes. As variation increased, the 
distribution ofending population sizes shifted towards smaller sizes (Figure 4), 

I
 dramatically so when the coefficient of variation in patch quality exceeded 0.5.
 

I 
We modeled a wide range of colonization rates to reflect the difficulty in 

estimating parameters to describe movement rates. Extinction rates did not differ from 0 
in simulations with colonization rates from 0.10 to 4 times the reference rate. However, 
average total population sizes after about year 20 diverged widely with changes in 
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colonization rates. Larger populations~ higher colonization-rates-reflected the ability 
of simulated populations to colonize new patches and thereby delay the depressing effects 
ofdensity dependence-oo.recruitment (Figure 5). Differences in average population size I 
persisted throughout 200 years of simulation and the distribution ofpopulation sizes at 
the end ofthe runs shifted towards larger sizes with increases in colonization rates. I 
Effects ofDisease 

IThe three levels ofdisease severity resulted in single-patch population reductions 
of 12 to 67 % (Figure 6), and all resulted in populations that Arecovered@ sufficiently to 
attain a positive growth rate by the second (mild), fifth (moderate), or forth (severe) year Iafter infection. 

In the fully spatial model, we evaluated the consequences ofdisease events on Ibighorn sheep by simulating a single disease-causing infection once at year 20, multiple 
infections at regular intervals, and disease that occurred with a yearly probability 
reflecting the current distribution ofdomestic sheep in the Badlands ecosystem. For each Irate of infection we simulated three levels ofdisease severity that ranged from mild to 
severe (Table 2). Results below apply to the fully spatial model. 

IResults from all model simulations were profoundly affected by the occurrence of 
disease. Even a single disease event depressed population growth for periods that 
exceeded two decades, and less severe disease events tended to have more persistent Ieffects than severe infections (Figure 7). 

Multiple infections resulted in dramatic decreases in mean population size and a Ilarge shift in the distribution ofpopulation sizes (Figure 8) and at year 200,33 to 88 % of 
all populations contained 40 or fewer individuals. Recurrent infections with moderate or 
severe effects resulted in 200-year extinction rates of 18 to 75 %. Extinctions continued Ithroughout the entire 200 years simulated, thus populations that initially survived 
infection did not grow to a size where they were immune to the potentially catastrophic 
effects of subsequent disease events, even with a 60-year interval between infections. I 

Simulations that subjected populations to infection rates estimated from the 
proximity ofexisting domestic sheep exhibited extinction rates of 11 % (low probability I
ofinfection, high dispersal) to 91% (high probability of infection, low dispersal rate; 
(Figure 9). In general, higher rates ofdispersal resulted in fewer extinctions, but 
populations sizes at year 200 were not strikingly different for simulations with dispersal I 
rates that varied by a factor of40 (Figure 9). For all combinations ofdisease probability 
and dispersal rate, more than 50% ofall simulations had populations at year 200 with 
fewer than 40 animals. I
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DISCUSSION

I 
Our analyses clearly demonstrate that disease, even of mild severity, has a more
 

profound influence on bighorn sheep population dynamics than any other factor we
 

I examined. Efforts to prevent introduction of pathogens by keeping domestic sheep
 
separate from wild sheep are thus central to successful restoration of bighorn sheep.
 
Habitat loss and fragmentation are most commonly identified as causes of imperilment


I (Flather et al. 1994), but disease may be the factor that finally results in extirpation or
 

I
 
extinction. The importance of disease in conservation biology is likely to increase as
 
humans restrict traditional movement patterns ofanimals and increase rates of contact
 
with exotic organisms (Levins et al. 1994; Schrag & Wiener 1995). Epizootics are more
 

I
 
likely to occur among species whose habits permit efficient disease transmission, either
 
by aggregating or, as with bighorn sheep, from a social structure that predisposes animals
 
to frequent contact. Catastrophically high rates ofmortality due to diseases appear to be
 

I
 
much more common than traditionally recognized, and recent examples among species of
 
particular conservation interest include mass mortality among seals (Geraci et al. 1982)
 
and other marine mammals (Harwood & Hall 1990), black-footed ferrets (Thome &
 
Williams 1988), and amphibians (Kiesecker& Blaustein 1997). 

I 
I Conservation plans are increasingly emphasizing the role ofcorridors to mitigate 

the effects of habitat fragmentation and loss. While the potential advantages of corridors 
are obvious, few studies ofcorridor efficacy have included costs to animal movements 
(Hess 1996; Heinen & Merriam 1990; Soule & Gilpin 1991). Epidemiological models 
almost always show that increased movement rates are associated with increased 

I prevalence and spread ofdisease (reviewed by Mollison & Levin 1995). However, our 

I 
analyses ofthis specific situation suggest that rates of movement have relatively little 
influence on 200-year persistence rates ofdiseased or healthy populations, but high rates 
ofcolonization results generally lead to much higher growth rates and larger populations. 
Among Badlands habitat patches the probability ofcolonization was low and a single 
disease infection could result in extinction within the infected patch. With low 

I movement rates, the disease usually did not persist in the population because it was not 
carried to other local populations. The effects of movement rates served to increase 
disease transmission, but it also buffered the effects ofan epizootic through an existing 

I spatial structure. With low colonization rate, the infected population was frequently the 
only local population, and its extinction thus represented extinction of the entire 
population. Populations that consisted of more than one local population at the time of 

I infection, or local populations that survived an infection with a moderate number of 
individuals, had a high probability of survival. 

I In contrast, high rates of colonization were associated with populations that 
consisted of more than one local population. When a single population was infected, 
dispersal events could result in transmission ofdisease to other local populations, where 
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the infection by dispersing animals initiated a new cycle of disease and from which 
dispersing animals could carry disease to other patches. There was clearly a tradeoff 
between high rates of colonization that resulted in more rapid and sustained population I 
growth rates, and transmission of disease that could result in extinctions of one or more 
local populations. In our model, the advantages of increased growth rates and a spatially 
structured population outweighed the disadvantages associated with enhanced I 
transmission ofdisease, and extinction rates were generally lower as dispersal rates 
increased. I 

Our observations ofthe interaction between colonization rates and disease effects 
were clearly driven by the use of larger habitat areas and the consequently lower impacts Iofdensity-dependent processes. Hess (1994, 1996) emphasized caution when designing 
reserves where disease may be a factor and he identified general factors that could lead to 
increased risk ofextinction with enhanced movement rates between spatially structured Ipopulations. Hess (1996) concluded that highly contagious diseases of intermediate 
severity posed the greatest conservation risk. Such a disease reduced population growth 
rates below unity but they persisted sufficiently long to be transmitted within the Ipopulation. Highly virulent diseases tend to kill their hosts prior to transmission, and 
they thus tended to disappear rapidly. Our simulations of multiple infections were 
consistent with these conclusions, and disease-caused reductions in growth rates were Imost persistent in simulations of mild disease effects. Most theoretical analyses conclude 
that increased movement rates exacerbate disease effects because movements tend to 
enhance transmission and thereby permit diseases to remain in the population. In I 
contrast, we found the advantages ofcolonization invariably outweighed the potential 
disadvantages with regard to disease transmission and we observed higher rates of 
persistence and larger populations sizes as dispersal rates increased. I 
Implications for Management 

ISimulations ofthe Badlands population show that disease poses a much greater 
threat than other factors we examined. Thus the most important management decisions 
are those that reduce the potential for disease transmission between domestic stock and I
bighorn sheep. These could include fencing, modifying grazing patterns, or other factors 
to discourage contact between native and domestic sheep. In the absence of disease, 
bighorn sheep have the biotic potential to reproduce rapidly and they appear to be robust I 
to substantial variation in annual rates of recruitment or mortality. 

Restoration efforts that enhance dispersal or acquire additional habitat are not I 
likely to result in substantial changes in populations dynamics of bighorn sheep in the 
Badlands system, assuming our reference parameters are close to those in operation. 
Simulations were far more sensitive to a reduction in mobility or area than to a gain of I 
similar magnitude, thus it is important to prevent the loss ofexisting resources. 
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Similarly, simulations were sensitive to annual variability in patch quality, and relatively 

I short-term and inexpensive actions during the infrequent years when conditions are 
particularly harsh will help ensure growth and persistence of the population. These 
actions may include supplemental feeding, establishment oftemporary water sources that 

I permit the use ofareas far from existing sources, or a schedule of burning that helps 
ensure the continuous supply of nutritious forage. 

I Our results emphasize the need to use multiple criteria when evaluating the 
outcome ofsimulation models. For example, a reduction of suitable habitat or decrease 
in colonization rate had virtually no impact on population persistence, but changes in

I these parameters resulted in large changes in average population size and a noteworthy 
shift in the distribution ofpopulation sizes. 

I CONCLUSIONS 

Results from our model provide strong support for decisions on management of

I bighorn sheep, and they underscore the need to fully consider the importance ofdisease 

I 
when developing restoration or conservation" plans. Despite the recent emphasis 
connectivity and movement between local populations, we found that dispersal was far 
less important than other factors (i.e., disease). 
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Table 1. Age-specific rates for mortality and recruitment of desert bighorn sheep used in 
reference simulations. 

Age (yrs) Stage 

Females 

Mortality 
Rate 

Recruitment 
Rate 

I 
I 

o 
1 

1 

2 

0.00 

0.20 

0.00 

0.26 I 
2 

3-8 

9-14 

3 

4 

5 

0.05 

0.07 

0.20 

0.37 

0.47 

0.42 
I 

Males 

o 1 0.00 
I 

1 

2-3 

2 

3 

0.30 

0.16 I 
4-7 

8-14 

4 

5 

0.08 

0.12 I 
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Table 2. Multipliers used to account for effects of disease infections with varying levels 

I of intensity on bighorn sheep mortality, recruitment, and dispersal rates. Years of 
infection with no effects are omitted; no effects or transmission persisted after five years. 

I 
I 
I 

Year of 
Infection 

Mild 

1 

Mortality Multiplier 

Male Female 

Yearling ~2 Yearling ~2 
yrs yrs 

2.00 1.50 2.00 1.50 

Recruitment 

0.50 

Colonization 

0.50 

I 
I 
I 
I 

2 

3 

Moderate 

1 

2 

3 

4 

5 

1.35 

1.35 

3.33 

1.70 

1.70 

1.70 

1.70 

3.00 

2.00 

1.50 

1.50 

4.00 

2.00 

2.00 

2.00 

2.00 

3.00 

2.00 

0.70 

0.33 

0.33 

0.33 

0.33 

0.66 

0.50 

0.66 

0.66 

0.66 

I Severe 

1 3.33 5.00 4.00 4.00 0.10 0.50 

I 2 

3 

2.50 

1.80 

3.00 

2.00 

2.50 

1.80 

2.50 

1.80 

0.20 

0.40 

0.50 

0.50 

I 4 

5 

lAO 

1.20 

1.50 

1.30 

1.40 

1.20 

1.40 

1.20 

0.80 

0.90 

0.50 

I 
I 
I 
I 
I 
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Table 3. Range ofparameter values and treatment used in bighorn sheep simulations, 
Most ranges are expressed as a percentage of the reference value. I

Factor	 Reference Minimum Maximum 

Value 

I
Recruitment	 100% 85% 110% 

Mortality	 100% 90% 135% I
 
Variance in recruitment (cvi	 .43 0 uniform (0-1) 

Dispersal	 100% 10% 400% I
 
Habitat area	 100% 50% 200% 

Variance in habitat quality	 0 cv = 10% cv = 1000/c! I
 
Disease frequency (cycle)	 0 60 years 15 years 

I
Disease frequency ( / year)	 0 0.076 0.20 

Initial year disease severitl	 0 8% 38% I

1Annual recruitment rates conformed to a beta distribution. 
2 Average population decrease in :first year of infection; see results. 

I
 
I
 
I
 
I
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FIGURE LEGENDS 

I 
Figure 1. Map ofthe Badlands ecosystem with locations of bighorn sheep habitat (thick 
broken lines), domestic sheep (shaded ovals), and boundaries ofBadlands National Park, 

I Buffalo Gap National Grasslands, and the Pine Ridge Reservation. Area (km2
) in each 

habitat patch refers to total area of suitable habitat within the patch. 

I Figure 2. Upper (solid bars) and lower (shaded bars) bounds of the probability of 
infection ofbighorn sheep as a function ofdistance from domestic sheep. See text for 

I derivation. 

Figure 3. Average population size of simulated bighorn sheep populations with 

I mortality rates that were 90 % to 135 % of reference values (Table 1), without disease. 
Lines, from top, are results from runs with 90,95, 105, 110, 115, 120, 125, and 135% of 
reference values. 

I 
I Figure 4. Effects of annual variation in patch quality on the distribution of simulated 

bighorn sheep population sizes at year 200, Without disease. Populations were grouped 
into categories of40 (e.g., 0-40, 41-80, etc.) and the lines, from the right, are results from 
simulations with coefficients ofvariation in patch quality of 10, 25, 50, 75, and 100 %. 

I Figure 5. Effects of dispersal on growth rates and average population sizes ofbighorn 
sheep without disease. Lines, from top, are results from simulations with dispersal rates 
that were 400, 200, 10~, 50, 25, and 10 % ofreference values. 

I Figure 6. Effects ofsimulated diseases with different severities on growth ofbighorn 
sheep populations limited to a single 400 km2 patch. Disease did not influence any 

I parameter after five years from the time of infection. 

I 
Figure 7. Effects of a single disease event of mild, moderate, or severe severity and rate 
ofdispersal. Lines on graphs, from top at year 200, are for dispersal rates that were 10, 
25,50, 100.200, or 400 % of the reference value. 

I Figure 8. Effects of disease severity and frequency of infection on extinction rate by 
year 200 of simulated bighorn sheep populations. Populations were infected at regular 
intervals of 15 to 60 years. 

I Figure 9. Persistence rates and average population sizes ofsimulated bighorn sheep 
populations subject to infection from nearby domestic sheep, using the lower bounds for 

I the probability of infection (see text for explanation). Note the change in scale on the 
vertical axis in the lower plots. 
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Figure 3. 
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Figure 5. 
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Figure 6. 
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C. DISEASES AND IMPLICATIONS FOR CONSERVATION
I 
I 

INVESTIGATIONS OF INFECTIOUS KERATOCONJUNCTIVITIS (PINKEYE) 
IN MULE DEER 

SHELLI DUBAY· AND ELIZABETH WILLIAMS· 

I INTRODUCTION 

Infectious keratoconjunctivitis (IKC), or pinkeye, is characterized by excessive 

I lacrimation, blepharospasm, and corneal ulceration and opacity in domestic and wild 
animals. Blindness develops in severe cases and free-ranging animals may die from 
accidents or decreased foraging due to impaired vision. The disease and its etiologies 

I have been well studied in domestic animals, especially sheep and cattle, but little is 
known about IKC in free-ranging wild species. 

I Infectious keratoconjunctivitis in wild ruminants 

Rosenfeld and Beath (1944) described an outbreak ofIKC (contagious


I panophthalmitis) in male mule deer (Odocoileus hemionus) in the spring of 1943 in the
 
Medicine Bow National Forest, Wyoming. Cattle in adjacent areas were also affected.
 
They postulated the outbreak was due to an infectious organism, probably viral or


I bacterial, but the agent was not isolated. Animals appeared to recover within a few
 

I
 
weeks after onset ofclinical signs. Infectious keratoconjunctivitis was also reported in
 
mule deer near the North Platte River drainage in Wyoming (Honess and Winter, 1956).
 
Outbreaks occurred in late winter and spring in young males and blindness was common.
 
Conjunctivitis and severe keratitis with corneal ulceration and opacity were seen. The 

I
 authors believed that permanent blindness resulted, but Rosenfeld and Beath (1944)
 
reported that individuals recovered from IKC if not taken by predators. During the fall 
and winter of 1991-1992, an IKC epizootic occurred in the Owyhee County, Idaho deer 

I population. Between 300 and 400 animals of600 examined at hunter check stations 
showed either unilateral or bilateral disease, and Moraxella ovis was isolated from 
conjunctival swabs from approximately 20 deer. The hunt took place during a warm 

I weather phase in the late fall. In addition, Owyhee County had experienced drought for 
approximately five years prior to the outbreak, and both domestic and wild ruminants 

I 
were often sharing water sources. Moose (Alces alces) with IKC have also been 
examined in Idaho (D. Hunter, personal communication). One individual was euthanized 

I 
during the fall of 1993 due to its condition. A second report ofIKC in moose came from 
near Salmon, Idaho in fall of 1995. Moraxella ovis was isolated from both ofthese cases. 
An outbreak ofIKC in mule deer near Meeteetse, Wyoming was investigated during fall 
and winter 1990-1991. The outbreak was attributed toM hovis, but recently M ovis was 

I
 1 Wyoming State Vet Lab, 1174 Snowy Range Road, Laramie, Wyoming 82070
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isolated from another case ofIKC from a mule deer from the same area (S. Dubay, 
Chapter II). Moraxella sp. has also been isolated from cases ofIKC in mule deer, moose Iand pronghorn antelope (Antilocapra americana) from Wyoming, but the isolates were 
not identified to species (Thome, 1982). Moraxella sp. was isolated from conjunctival 
swabs from one mule deer during an IKC outbreak which occurred in Zion National Park, IUtah during the winters of 1992-1993 and 1993-1994 (Taylor et al., 1996). However, 
biochemical tests which differentiate M ovis from M bovis were not conducted on the 
isolates, so it is possible that the isolates were M ovis (K. Mills, personal I
communication). Chlamydia psinaci was also isolated from two of seven deer examined, 
but the authors did not discuss the relevance of these findings. Individuals with unilateral 
and bilateral disease were observed, and epiphora, blepharospasm, and corneal opacity I
were common clinical signs. 

Webber and Selby (1981a) attempted to isolateM bovis from conjunctival swabs I 
from 293 hunter-killed white-tailed deer (Odocoileus virginianus) from Missouri. 
Animals were sampled from three harvest sites and all appeared clinically normal. All 
swabs were negative for M bovis, and authors concluded that white-tailed deer were not I 
important in the epizootiology ofIKC in Missouri. 

Outbreaks ofIKC in red deer (Cervus elaphus) have been reported on game farms I 
in New Zealand (Wilson et al., 1981; Pearson, 1984). Moraxella lacunatawas isolated 
from two conjunctival swabs from one outbreak which occurred in 1982, but because M 
lacunata is closely related to M ovis, and because differentiation between species is I 
difficult (Enright et al., 1994), this isolate may have beenM ovis. Keratitis was the 
primary clinical sign in another outbreak in red deer in New Zealand, but conjunctivitis 
and epiphora were also seen. The causative agent was not identified (Wilson et al., I 
1981). This outbreak occurred in August, winter for New Zealand, and 25 of40 deer on 
the farm were affected. The authors suspected M bovis to be the cause, so they 
inoculated a virulent strain obtained from infected cattle into the conjunctival sacs of two I 
red deer yearlings and a two-week old beef calf. The calf developed IKC lesions, but the 
red deer remained healthy, suggesting that a different pathogen was responsible for IKC 
in red deer. I 

Chlamydia psittaci induced keratoconjunctivitis has been reported in free-ranging 
wildlife. Meagher et al. (1992) reported a C. psittaci IKC outbreak in Rocky Mountain I 
bighorn sheep from Yellowstone National Park, Wyoming in late fall and winter of 1981. 
A 60 % mortality rate in the herd was attributed to this outbreak. The authors suggested 
predation and accidents increased due to impaired vision. I 

Mycoplasma conjunctivae infection has also been reported in wild ruminants. An Ioutbreak of IKC in chamois in July and August 1977 in the northern French Alps was 
described by Loison et al. (1996). Mycoplasma conjunctivae was the only pathogen 
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identified from affected chamois, but disease could not be reproduced in healthy chamois 

I through experimental exposure to the organism. A 37 % population reduction over two 
years was attributed to the epizootic. Thirteen years after the epizootic, the chamois 
population had recovered to pre-epizootic numbers. However, animals with IKC were 

I shot to decrease the spread of disease, and if culling had not been conducted, the 
population probably would have recovered in six years. The authors proposed that 
another pathogen or stress could induce IKC in chamois when M conjunctivae is present.

I 
I
 

CHAPTER I - BACTERIA AND Thelazia californiensis FOUND IN THE
 
CONJUNCTIVAL SACS OF LIVE AND HUNTER-KILLED MULE DEER
 

(Odocoileus hemionus) FROM WYOMING AND UTAH
 

I Introduction 

I
 
Infectious keratoconjunctivitis (IKC) has been well studied in cattle (Wilcox,
 

1968; Baptista, 1979) and domestic sheep (Jones et al., 1976; Egwu et al., 1989;
 
Wilsmore et al., 1990), but little has been reported from free-ranging ruminants (Thome,
 

I
 
1982; Loison et al., 1996; Taylor et al., 1996). Thome (1982) defined IKC as broad
 
inflammatory changes of the conjunctiva and cornea initiated by an infectious organism.
 
Infectious keratoconjunctivitis can cause temporary blindness and free-ranging animals
 

I
 
may be killed by predators or have fatal accidents due to impaired vision. Moraxella
 
hovis has been implicated in outbreaks ofIKC in cattle (Baldwin, 1945; Pugh and
 
Hughes, 1972; Timoney et al., 1988), while M ovis, Chlamydia psittaci, and 

I 
Mycoplasma conjunctivae cause IKC in domestic sheep· (Lindquist, 1960; Shewen, 1980; 
Van Halderen et al., 1994). The etiologies ofIKC in wild animals vary among species 
affected and differ with geographic location. 

I Our objective was to determine bacterial species which occur naturally in the 
conjunctiva of mule deer and to compare them to known etiologic agents of IKC in wild 
animals. In addition, we sampled desert bighorn sheep (0. c. nelsoni) for bacteria that 

I
 cause IKC.
 

Materials and Methods 

I 
I Hunter-killed mule deer were sampled from three check stations near Laramie, 

Wyoming and one station near St. George, Utah during October of 1994. During 
October, 1995, two hunter check stations in Wyoming and one in Utah were used. A 
total of226 adult male mule deer were sampled, 98 from Utah and 128 from Wyoming. 
Swabs (Culturettes, Baxter Scientific, MacGaw, lllinois) ofconjunctiva under the 

I nictitating membrane or portions of nictitating membrane were taken to test for bacterial 
species, with particular interest in Moraxella spp., Chlamydia sp., and Mycoplasma spp. 
Swabs were immediately inoculated onto one Columbia blood agar (CBA) plate (5% 

I 
137 

I
 
I
 



I
 
I
 

sheep blood) and one MacConkey (MAC) plate (Fraser and Gilmour, 1979). The plates 
were streaked with sterile disposable loops (Baxter Scientific), one per eye, and placed Iinto a heater powered through a cigarette lighter in a vehicle. (IGLOO Products, Corp., 
Houston, Texas). Agar plates were examined each day and bacteria were replated in the 
field if plates did not reach WSVL within two days. The plates were then transferred to a I
5% C02 incubator kept at 37° C. Bacterial identifications were conducted with the 
PASCO (DIFCO Laboratories, Detroit, Michigan) or BIOLOG (BIOLOG, Hayward, 
California) identification system. When an isolate was identified as a Moraxe/la spp. by I 
BIOLOG, the isolate was examined by darkfield microscopy and a nitrate reduction test 
was conducted. All samples collected during October 1994 were identified to species 
(n=138), whereas only potential pathogens were identified in 1995. I 

Mycoplasma cultures were only conducted in 1995. Conjunctival swabs were 
placed in 3 ml vials ofmycoplasma broth (Difco Laboratories, Detroit, Michigan), and I 
vials were placed in a 5% CO2incubator for approximately 48 hr and seven serial ten fold 
dilutions were made to dilute past contaminant bacteria. The vials were incubated for an 
additional 7 to 10 days and the first dilution which showed no cloudiness was plated onto I 
mycoplasmal agar and further incubated for seven to 10 days. Plates were then examined 
for "fried-egg" shaped colonies with a dissecting scope. A stock culture ofMycoplasma 
sp. (American Type Culture Collection, Rockville, Maryland) was grown in a parallel I 
manner as a control. 

Sections ofnictitating membrane were collected in Bovamick's medium I 
(Bovamick et al., 1950) containing gentamycin for C. psittaci isolation attempts. They 
were conducted by the method of Schacter and Dawson (1979) and Brown and White 
(1982), as modified by Taylor et al. (1996). Briefly, detection ofChlamydia sp. was I 
conducted by determining cytopathic effect on McCoy cells (rabbit kidney, American 
Type Culture Collection), and by fluorescent antibody examination. Samples ofknown 
Chlamydia psittaci and wells containing only media served as positive and negative I 
controls and were run concurrently with the samples. Thelazia sp., nematode parasites of 
the conjunctival sac ofmammals, were collected from the conjunctiva and placed in vials 
containing 70% ethanol and identified based on morphological characteristics (Kofoid et I 
al.,1937). 

IDuring January, 1995 twenty live mule deer were sampled from multiple sites in 
Zion Canyon in Zion National Park, Utah (112°59'S, 37°16'W). Twelve males (three 
fawns) and eight females (one fawn) were captured. During January 1996,24 Iindividuals, three males and 21 females (three fawns), were sampled. 

Animals were captured by drop net, masked, blood samples were drawn via Ijugular venipuncture (see Chapter ill), swabs ofthe conjunctiva were taken for bacterial 
and chlamydial analyses, and Thelazia sp. were collected. Deer were also examined for 
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evidence of IKe. All bacteria isolated from deer captured in 1995 were identified, but 

I only pathogenic species were identified from deer captured in 1996. Deer sampled in 
1996 were also tested for Mycoplasma sp. as described for hunter-killed deer. 

I During December 1995, twelve desert bighorn sheep in Zion National Park were 
captured by net gun and swabs ofconjunctiva were taken for bacterial culture and 
Mycoplasma sp. and Chlamydia sp. isolation attempts. Swabs for each pathogen were 

I handled as described above and possible pathogens were identified. 

I 
Results 

I
 
Thirty-eight (28 %) of 138 hunter-killed deer sampled in October 1994 were
 

culture negative and four (20 %) of20 live deer sampled in January 1995 were culture
 
negative. Forty-nine bacterial taxonomic categories (27 gram negative and 22 gram
 

I
 
positive) were identified from conjunctival swabs from hunter-killed or live deer (Tables
 
1 and 2~ see Appendix A for all species identified). Certain isolates found only in hunter

killed deer were grouped by genus. Enterobacter spp., Escherichia coli and
 

I
 
Pseudomonas spp. were the most common gram negative bacteria isolated.
 
Staphylococcus spp. were the most common gram positive isolates. Micrococcus spp.,
 

I
 
Streptomyces spp. and Bacillus spp. also were isolated from numerous deer. Non

hemolytic M bovis was isolated from one live and one hunter-killed animal, while M
 
ovis was cultured from two live animals. Chlamydia sp. and Mycoplasma sp. were not
 
isolated. 

I 
I 
I 
I 
I 
I 
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TABLE 1. Gram negative bacteria isolated from the conjunctiva oflive and hunter-killed 
mule deer from Wyoming and Utah, 1994. I
 

# from live deer # from hunter-kill deer
 
Bacterial species 0=20 0=138
 I
 
Acinetobacter spp. 0(0%) 5 (4%) 

Aeromonas hydrophila 2 (10%) 0(0%) I
 
Aeromonas spp. 0(0%) 2 (1%) I
 
Actinobacillus sp. 0(0%) 1 (1%) 

Agrobacterium radiobacter 1 (5%) 0(0%) I
 
Chromobacterium violaceum 2 (10%) 0(0%) I
 
Citrobacterfreundii 0(0%) 2 (1%) 

I
Eikenella corrodens 2 (10%) 0(0%) 

Enterobacter agglomerans 5 (25%) 10 (7%) I
 
Enterobacter cloacae 2 (10%) 2 (1%) 

I
Enterobacter jaeca/is 1 (5%) 3 (2%) 

Escherichia coli 0(0%) 10 (7%) I
 
Escherichia vulnaris 1 (5%) 0(0%) 

I
Flavobacterium spp. 1 (5%) 5 (4%) 

Kingella spp. 0(0%) 3 (2%) I
 
Klebsiella pneumoniae 0(0%) 1 (1%) 

I

Pasteurella spp. 0(0%) 5 (4%) 

Proteus spp. 0(0%) 8 (6%) I
 
I
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I Bacterial species 

I Pseudomonas ma/tophi/a 

Pseudomonas paucimobi/is 

I Pseudomonas stutz 

I Pseudomonas spp. 

Psychrobacter immobi/is 

I Se"atia marsescens .. 

I Vibrio mimicus 

Weekse//a zoohe/cum 

I Yersinia enterocolitica 

# from live deer 
n=20 

2 (10%)
 

1 (5%)
 

1 (5%)
 

0(0%)
 

0(0%)
 

1 (5%)
 

0(0%)
 

.,	 0 (0%)
 

0(0%)
 

# from hunter-kill deer
 
n = 138
 

6 (4%)
 

1 (1%)
 

1 (1%)
 

8 (6%)
 

1 (1%)
 

0(0%)
 

2(1%)
 

2 (1%)
 

1 (1%)
 

I 
I 
I 
I 
I 
I 
I 
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TABLE 2. Gram positive bacteria isolated from the conjunctiva of live and hunter-killed 
mule deer from Wyoming and Utah, 1994. I
 

# from live deer # from hunter-kill deer
 
Bacterial species n=20 n= 138
 I
 
Aerococcus spp. 0(0%) 4 (3%) 

Actinomyces sp. 0(0%) 1 (1%) I
 
Arthrobacter histidinolovorans 0(0%) 4 (3%) I
 
Arthrobacter simplex 0(0%) 6(4%) 

I
Bacillus spp. 2 (10%) 29 (21%) 

Cellulomonas spp. 0(0%) 5 (4%) I
 
Corynebacterium spp. 0(0%) 14 (10%) 

I
Erysipelothrix rhusiopathiae 0(0010) 1 (1%) 

Gemella haemolysans 0(0%) 1 (1%) I
 
Kurthia spp. 0(0%) 2 (1%) 

I
Lactobacillus lactis 0(0%) 1 (1%) 

Microbacterium arborescens 0(0%) 1 (1%) I
 
Micrococcus spp. 8 (40%) 24 (17%) 

I

Rhodococcus spp. 0(0%) 8 (6%) 

Staphylococcus auricularis 4 (20%) 7 (5%) I
 
Staphylococcus capitis 4 (20%) 4 (3%) 

I
 
Staphylococcus cohnii 2 (10%) 5 (4%) 

Staphylococcus xylosus 1 (5%) 4 (3%) I
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I 
I Bacterial species 

Staphylococcus spp. 

Streptococcusfaecalis 

I Streptococcus spp. 

I
 Streptomyces spp.
 

# from live deer
 
n=20
 

0(0%)
 

3 (15%)
 

0(0%)
 

2 (10%)
 

# from hunter-kill deer
 
n= 138
 

30 (22%)
 

0(0%)
 

4 (3%)
 

12 (<JO!cJ)
.
 

I TABLE 3. Potentially pathogenic bacteria isolated from the conjunctiva of live and 
hunter-killed mule deer from Wyoming and Utah, 1994-1995. 

I # from live deer # from hunter-killed 
Bacterial species D=44 deern=226 

I Moraxel/a bovis (non 1 (2.3%) 1 (0.4%) 
hemolytic) 

I Moraxella ovis 2 (4.5%) 0(0%) 

I
 
I Clinical signs ofIKC were not observed in any deer captured in 1995. Thelazia
 

californiensis was found in eight (40 %) of20 deer captured, and both fawns and adults
 
were parasitized.
 

One aduh female captured in the Park had conjunctivitis, corneal opacity,
 

I blepharospasm, and epiphora in 1996, and corneal opacity and blepharospasm were
 
observed in two adult males. Pathogenic bacteria were not isolated from these
 
individuals, but M ovis was isolated from two clinically normal individuals (Table 3),
 

I one adult female and one female fawn. Thelazia californiensis were present in 16 (66 %)
 
of24 animals captured.
 

I Thelazia californiensis was found in nine (15 %) of60 hunter-killed deer sampled
 
in Utah in 1994 and from three (8 %) of38 animals sampled in 1995. Thelazia
 
californiensis was not seen in animals sampled from check stations in Wyoming. No


I potentially pathogenic bacteria were isolated from swabs ofconjunctiva from bighorn
 
sheep.
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Discussion 

ISpradbrow (1968) conducted a survey of bacterial flora ofthe conjunctival sac of 
domestic sheep. He took swabs from 100 normal animals and found that 60 swabs were 
culture negative on blood agar. Moraxella ovis was the most common bacterium isolated I
from the conjunctival sacs of sheep, but Micrococcus spp., Streptococcus spp., Bacillus 
spp, Moraxella spp. and Corynebacterium spp. were also isolated. Dagnall (1994) also 
sampled the conjunctival sacs of clinically healthy sheep for presence ofbacteria, and I
isolated bacteria from 11 of3? eyes sampled. Staphylococcus spp. were the most 
common bacteria isolated, but M ovis, Streptomyces spp., Streptococcus spp., and 
Bacillus spp. were also isolated. Both authors suggested that M ovis naturally occurs in I 
the conjunctival sacs of sheep, but it may contribute to IKC when predisposing factors 
are present, such as ultraviolet light or trauma. Similar bacteria to those isolated from 
sheep were recovered from hunter-killed and live mule deer from Wyoming and Utah I 
(Tables 1 and 2). 

Several ofthe isolates found in deer were only cultured from hunter-killed I 
animals. This suggests that they colonized the eyes post-mortem or were contaminants 
due to handling after the animals were killed. Many of the gram negative bacteria 
isolated from the conjunctiva were environmental contaminants (Kreig and Holt, 1984). I 
For instance, Enterobacter spp. are commonly isolated from animal and human feces and 
Pseudomonas spp. are cultured from plants and soil. Aeromonas spp. have been found in 
water and sewage, also. The gram positive bacteria isolated from conjunctival swabs I 
were considered contaminants or normal flora ofmammalian skin (Sneath et al., 1994). 

Moraxella spp. are commensals of mucous membranes of animals and may cause I 
IKe. Moraxella sp. and M ovis have been isolated previously from IKC cases in free
ranging ruminants (D. Hunter, personal communication; Taylor et aI., 1996). In contrast, 
Webber and Selby (1981) did not isolateM bovis from 293 healthy hunter-killed white I 
tailed deer (Odocoileus virginianus). The study did not attempt to identify other bacteria. 
The M bovis isolates from mule deer in Wyoming and Utah were non-hemolytic, 
suggesting they may be non-pathogenic commensals since hemolysin production is I 
correlated with virulence (Pugh and Hughes, 1968; Beard and Moore, 1994). Isolates of 
M ovis from live deer closely resembled those from cases ofIKC in moose and mule 
deer from Wyoming (see chapter II). Moraxella ovis may have contributed to IKC in the I 
Zion National Park deer herd. Deer with conjunctival and comeallesions were observed 
prior to capture in 1996. However, M ovis was not isolated from three individuals Ishowing clinical signs. It is possible that another organism, such as Mycoplasma sp. or 
Chlamydiapsittaci, was responsible for IKC in these deer and was not isolated due to the 
sensitivity of the tests. Moraxella ovis was isolated from one clinically normal fawn and Ione adult female; perhaps the deer with M ovis were sampled before or after clinical 
disease or they could have been asymptomatic carriers of the bacterium. 
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I The eye nematode, T. californiensis, has been found in several wild species 

including coyotes (Canis latrans) and mule deer (Beitel et aI., 1974; Pence and Custer, 
1981). In addition, Thelazia spp. are often found in normal animals, especially in larger 

I species (Soulsby, 1982). Beitel et al. (1974) reported the presence of T. californiensis in 
33% ofdeer sampled in northwest Oregon. Lesions were not seen in infected animals. It 
is unlikely that T. californiensis alone increases the likelihood for IKC to develop in an 

I individual, because eye nematodes were found in clinically normal deer eyes. 

Clinical signs of IKC were not seen in bighorn sheep and pathogenic bacteria 

I were not detected. It appears that IKC has not affected the bighorn herd tn the Park. 

In conclusion, this survey did not provide evidence to support M ovis 

I contributing to IKC in deer in Zion National Park as a primary pathogen. In addition, 
many bacteria isolated from conjunctival swabs oflive and hunter-killed mule deer were 

I
 
environmental contaminants.
 

I 
CHAPTER II - ATTEMPTED INFEOTION OF MULE DEER WITH Moroxella 

ovis ISOLATED FROM A MULE DEER WITH KERATOCONJUNCTIVITIS 

Introduction 

I 
I Moraxella ovis has been implicated in outbreaks ofIKC in domestic sheep and 

goats (Bulgin and Dubose, 1982; Dagnall, 1994a), but it has also been isolated from 
outbreaks in cattle (pedersen, 1972). Dagnall (1994b) claimed that M ovis could be 
isolated from both healthy sheep and those with IKC, but isolation occurred at a higher 
rate in diseased animals. In addition, Chlamydia psittaci and Mycoplasma conjunctivae 

I have been shown to cause disease in sheep and goats (Wilsmore et al., 1990; Van 
Halderen et al., 1994). Both have been shown to cause disease when experimentally 
inoculated into sheep (Wilsmore et al, 1990; Dagnall, 1994a). 

I 
I Infectious keratoconjunctivitis in free-ranging ruminants has not been studied 

extensively, but the known etiologies are similar to those in domestic species. Our 
objectives in this study were to determine the etiology ofIKC cases presented for 
diagnosis at the Wyoming State Veterinary Laboratory, Laramie, Wyoming, and to 
determine if the isolates ofM ovis were pathogenic in mule deer. 

I Materials AndMethods 

I During the fall and winter of 1995-1996, six cases of IKC in free-ranging 
ruminants were investigated at the Wyoming State Veterinary Laboratory (WSVL). Most 
were affected animals euthanized by gunshot to the head or neck due to severity of 
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disease. Samples from two adult and one yearling male mule deer and two 2-yr-old male 
and one adult female moose were delivered or sent to the laboratory from Teton, 
Sweetwater, Sublette, Park and Lincoln counties in western Wyoming. One mule deer I 
case was submitted from near Meeteetse, Wyoming where IKC had been observed in 
mule deer during the fall and winter of 1990-1991 (K. Hurley, personal communication). 
Swabs of the conjunctiva (culturette, Baxter Scientific, McGaw Park, Illinois) from under I 
the nictitating membrane were taken for mycoplasmal and routine bacterial culture. 
Swabs for bacterial and chlamydial analyses were handled as in Chapter I. I 

Four healthy hand-reared 9-mo-old mule deer fawns, two males and two females, 
were obtained from the Sybille Wildlife Research and Conservation Center (Sybille), IWyoming Game and Fish Department, Wheatland, Wyoming. Infectious 
keratoconjunctivitis was not observed in the fawns or other captive cervids while they 
were housed at Sybille. Three fawns were housed separately from a single fawn in two Irooms of an isolation facility (WSVL) for 2 wk prior to inoculation and for 4 wk 
afterward. Blood was drawn via jugular venipuncture and sera were tested for presence 
of antibodies to C. psittaci via complement fixation (Texas Veterinary Medical IDiagnostic Laboratory, College Station, Texas). Deer were each fed 2 flake alfalfa hay 
and approximately 75 g mixed grain each day. Water was available ad libitum. 

I
Moraxella ovis isolated from the conjunctiva of an adult male mule deer with 

severe IKC was used as the inoculum. The isolate was obtained in December 1995 and 
passed fewer than four times before being frozen at -70 C. The isolate was grown on I
CBA for 24 hr and then removed from the plates and placed in sterile saline (0.85%) with 
a sterile swab until 55-59 % light transmissibility as measured by a refractometer was 
achieved. This yielded an approximately 3.0 x 108 bacterial suspension per mI. To I 
confirm the bacterial concentration, serial dilutions on CBA and plate counts after 24-hr 
growth were performed. By this method, 6.0 x 108 colony forming units (CFU) per mI 
were determined to be present in the inoculum. I 

During the pre-inoculation period, conjunctival swabs were taken three times 
from all deer for bacterial and mycoplasmal cultures. Animals were manually restrained I 
during inoculation, and three deer received 0.5 ml of theM ovis inoculum (3.0 x 108 

CFU) into the left conjunctival sac with a syringe. The eyelid was lightly held shut for 
approximately 30 seconds (Aikman et al., 1985). The control deer received only sterile I 
saline. The conjunctiva and cornea of all deer were examined each day for 30 days post 
inoculation. Conjunctival swabs for culture were taken from both eyes on days 1,2,3,5, 
and 7, after inoculation and then twice weekly for three weeks. I
 

I
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I Results 

Gross lesions observed in specimens from three moose were severe conjunctivitis 

I and keratitis with corneal ulceration. Mule deer had purulent lacrimation, keratitis, 
conjunctivitis and corneal opacity. 

I Moraxella ovis was isolated from conjunctival swabs taken from one 2-yr-old 
male moose, one adult female moose, one yearling male mule deer, and one adult male 
mule deer. All isolates were similar and were identified as M ovis because they were 

I off-white, hemolytic cocci which reduced nitrate. Chlamydial and mycoplasmal 
isolations were negative, but controls for cultural techniques were positive. 

I Clinical disease was not observed in deer or mice during the experimental"period, and M 
ovis was not isolated from conjunctival swabs prior to or during these experiments. The 

I
 deer had Chlamydia titers of 1:16 or below.
 

Discussion 

I Isolation ofM ovis from clinical cases ofIKC in free-ranging cervids is unusual. 

I 
In the past, most isolates ofMoraxella from .free-ranging cervids have been identified as 
M bovis. This may be due to the confusion over the taxonomy in this group ofbacteria 
(Enright et al., 1994). Moraxella ovis isolates could have been misidentified asM bovis 
because morphological characteristics and nitrate reduction may not have been 

I considered. Moraxella ovis has contributed to cases of IKC in sheep, but it was not 
considered a primary pathogen (Wilsmore et al., 1990~ Dagnall, 1994a). On the other 
hand, Bulgin and Dubose (1982) suggested M ovis was the primary cause of IKC in an 

I
 outbreak in goats.
 

I
 
Pathogenic bacteria were not isolated from one moose and one mule deer. Only
 

the eyes were submitted from the moose, so contamination may have occurred during
 
excision ofthe eyes, leading to overgrowth and failure to identify pathogens. Only one 
eye from the deer was intact and suitable for culture, and the head had been frozen and 

I
 thawed. This may have reduced the chance of recovering the pathogen.
 

I
 
There are several possibilities why disease was not observed in experimentally
 

exposed deer. First, M ovis may not have been a primary pathogen in any of the cases of
 

I
 
IKC, even though other pathogens were not isolated. Perhaps Mycoplasma sp. or
 
Chlamydia psittaci induced disease, allowing M ovis to colonize the eyes, but neither M
 
conjunctivae nor C. psittaci were recovered. Both Mycoplasma spp. and Chlamydia spp.
 
are difficult to culture and perhaps the tests used were unable to detect the presence of 
these pathogens. However positive controls grew under the same conditions. 

I Several factors which increase the virulence ofM bovis have been identified, and 
perhaps they were lost in passage or not present in the M ovis isolate (Gillespie and 
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Timoney, 1981; Mims, 1987). The presence of pili is believed to allow the bacteria to 
adhere to corneal and conjunctival surfaces, therefore delivering toxins directly to 
receptors on cells (Beachey, 1981~ Ruehl et al., 1993). It is unknown if the isolates ofM I 
avis were piliated before or after passage. Secondly, hemolysin production increases 
pathogenicity by causing red blood cells and epithelial cells to rupture through pore
forming cytolysis (Clinkenbeard and Thiessen, 1991). It seems unlikely that virulence I 
factors would have been lost with the isolate being passed less than four times and 
pathogenic M bovis isolates passed more than four times have caused disease. I 

In a free-ranging situation, deer are naturally exposed to ultraviolet light, but in 
our studies, deer were not exposed to ultraviolet light before or during the trial. In 
addition, mechanical insult, such as abrading the corneas and conjunctiva to give the I 
bacteria an entry route, was not done. In the wild, deer could naturally damage corneal 
and conjunctival tissue on forage or through altercations during the rut. In addition, dust 
could cause mechanical damage. Experimental inoculation ofM bovis obtained from I 
cases of IKC cases in cattle do not consistently cause IKC without exposing the eyes to 
ultraviolet light (Hughes et al., 1965), therefore it is possible that ultraviolet light Icontributes to IKC caused by M ovis in wildlife. 

The fawns could have been exposed to M ovis previously and developed Iimmunity to infection, although an IKC outbreak was not observed at Sybille during the 
time the fawns were being hand-raised. 

IIn conclusion, M ovis does not appear to be a primary pathogen ofmule deer, 
even though it was the only potential pathogen isolated from four of six cases ofIKC 
examined. The etiology ofIKC is multifactorial, involving bacterial, environmental and Iimmunological components. Environmental and mechanical insult may be required for 
IKC due toM ovis to develop. It is unlikely that wild animals could transmitM ovis to 
domestic species, but since domestic sheep carry M ovis naturally in the conjunctival sac, I
they may transmit the bacterium to wildlife. This sporadic and occasionally epizootic 
disease in free-ranging cervids may have population impacts (Meagher et aI., 1992~ 

Loison et al., 1996), but even limited outbreaks may be ofconcern to the public and I
wildlife managers (Taylor et aI., 1996). 

CHAPTER ill - A SEROLOGIC SURVEY FOR BACTERIAL AND VIRAL I 
PATHOGENS IN MULE DEER FROM ZION NATIONAL PARK, UTAH 

Introduction I 
An outbreak of infectious keratoconjunctivitis was observed in mule deer 

(Odocoileus hemionus) during the winters of 1992-1993 and 1993-1994; Chlamydia I 
psittaci was isolated from two animals and Moraxella sp. was isolated from one (Taylor 
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et al., 1996). In addition, the National Park Service was concerned about the health of the
 
mule deer herd because deer in poor condition were commonly seen in the Park. Desert
 

I
 
bighorn sheep (Ovis canadensis nelsoni) were reintroduced into the Park in the 1970s,
 
and there also was concern about the potential exchange of pathogens between the
 
bighorn sheep and deer.
 

I Materials and Methods 

Deer were captured by darting and drop net from several sites in Zion Canyon, 
Zion National Park, Utah (l12059'S, 37016W). Blood was drawn via jugular 

I
 
I venipuncture from 17 deer during the 1995 capture, and from 24 deer during the 1996
 

capture. Eight animals (one fawn) sampled in 1995 were female and nine (three fawns)
 
were male. In 1996,21 animals (three fawns) were female and three were male.
 
Serology was conducted within two weeks of arrival at the laboratory. Antibodies 
against Chlamydia sp. were detected via complement fixation at the Texas Veterinary 

I Medical Diagnostic Laboratory (College Station, Texas). Antibodies against 
parainfluenza 3 virus (pI 3), bovine respiratory syncytial virus (BRSV), bovine viral 

I 
diarrhea virus (BVD), and infectious bovinel'hinotracheitis virus (IDR) were detected by 
serum neutralization (Talens et al., 1989). Antibody titers of~ 1:16 were considered 
evidence of previous exposure to the pathogen or a closely related organism for BRSV, 
PI 3, BVD, IDR, and C. psittaci. Antibodies against EHD and bluetongue viruses were 

I detected via agar immunodiffusion (pearson and Jochim, 1979). In addition, a 

I 
commercial competitive ELISA for antibodies against bluetongue virus was conducted on 
all samples (Veterinary Medical Research and Development, Pullman, Washington), 
following instructions. A microagglutination test was used to detect antibodies against 
Leptospira interrogans serovars grippotyphosa, icterohemorrhagiae, hardjo, canicola, 
and pomona, and a titer 2: 1: 100 suggested previous exposure (Cole et al., 1979). Plate 

I agglutination was used to detect antibodies against B. abortus and a titer of> 1:25 was 
considered positive (Standard Agglutination Test Procedures, National Animal Disease 
Laboratory Diagnostic Manual 65D and 65E). 

I Results 

I Serologic results are shown in Table 4. In 1995, eight deer were seropositive for 
EHD virus exposure and eleven had antibodies against bluetongue virus by 
immunodiffusion; however, only one animal had antibodies against bluetongue virus by 

I competitive ELISA. In addition, four individuals had antibodies against Chlamydia sp. 
All sera were negative for antibodies against Leptospira interrogans serovars, B. abortus, 
and BVD in 1995. 

I
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Table 4. Results of serology for viral and bacterial pathogens in mule deer from Zion 
National Park, 1995 and 1996. I 

Number (0/0) Number(%) Number(%) 
positiveC fawns positiveC Number (%) I1995 positive 1996 fawns
 

Pathogen n=17 n=4 n=24 positive n=3
 

IElIDa 8 (47) 0(0) 8 (33) 0(0) 

BTV' 11 (65) 1 (25) 8 (33) 1 (33) I 
ELISAc 1 (6) 1 (25) 3 (13) 1 (33) 

I
BRS~ 9 (53) 4 (100) 8 (33) 2 (67) 

PI3e 9 (53) 0(0) 15 (63) 1 (33) I 
BVDf 0(0) 0(0) 1 (4.2) 0(0) 

IIBRg 1 (6) 0(0) 1 (4.2) 0(0) 

Brucella 0(0) 0(0) 0(0) 0(0) I 
Lepto. 0(0) 0(0) 0(0) 0(0) I 
Chlamydia 4 (24) 2 (50) 2 (8.3) 0(0) 
sp. I 

aElID = epizootic hemorrhagic disease virus 
~TV = bluetongue virus I
~LISA = competitive ELISA for bluetongue virus 
~RSV = bovine respiratory syncytial virus 
epI 3 = parainfluenza 3 virus I
fBVD = bovine viral diarrhea virus 
gIBR = infectious bovine rhinotracheitis virus 
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In 1996, eight deer had antibodies against EHD virus and bluetongue virus, but 

I only three were positive for antibodies against bluetongue virus via the competitive 
ELISA. Only two deer had detectable antibodies to Chlamydia sp. and all animals were 
negative for L. interrogans serovars and B. abortus.

I 
Four adult female deer captured in 1995 were recaptured in 1996. One deer had 

detectable antibodies against BRSV in 1996, but was negative in 1995. All other 

I recaptures did not have antibodies to BRSV either year. All recaptures had antibodies 
against PI 3 virus in 1995 and 1996, but the titers were lower in 1996 in two individuals, 
and they did not change in the other two. One deer did not have antibodies to the

I hemorrhagic disease viruses either year, but three had antibodies against:BHD virus both 
years. 

I Many deer had antibodies against BRSV and PI 3 virus in both 1995 and 1996. In 

I 
1995, all juvenile deer were negative for PI 3 virus, but all had antibodies to BRSV. In 
1996, one fawn had titers of 1: 16 for both pathogens, one was negative for both, and one 
had a significant titer to BRSV only. 

I There were no apparent differences in seroprevalence between adult males and 
females for any of the pathogens. 

I Discussion 

I 
Serologic evidence of exposure to Chlamydia sp., BRSV, bluetongue virus, EHD 

virus and PI 3 virus were found in deer from Zion National Park. Bovine respiratory 
syncytial virus and PI 3 are respiratory pathogens commonly found in cattle. Antibodies 
to both pathogens have been reported in free-ranging ruminants. Johnson et aI. (1986) 

I surveyed hunter-killed mule deer and white-tailed deer (Odocoileus virginianus) for 
antibodies against BRSV in Nebraska and found 29 % of35 mule deer and 37 % of 41 
white-tailed deer with titers above 1: 5. Antibodies against PI 3 virus have also been 

I
 reported from wild ruminants. Ingebrigtsen et al. (1986) tested sera from 504 white

tailed deer in Minnesota and 20 % had detectable antibodies. When only those with a 
titer of~ 1: 16 were considered, 10% were seropositive. The authors believed that the 

I deer were often exposed to PI 3 because it is a common livestock pathogen and deer 
densities were correlated to cattle densities. Sadi et aI. (1991) used titers of> 1:8 to 
indicate previous exposure to PI 3 virus in white-tailed deer in Quebec. Between 82 and 

I 84% of the animals were seropositive from 1985 to 1987. Sample sizes ranged from 103 
to 185 over three years. In 1995, no juvenile deer tested from Zion National Park had 
antibodies against PI 3 virus, suggesting that PI 3 was not active in the Park from July 

I through December. On the other hand, all juveniles tested had antibodies against BRSV, 
indicating that BRSV or a similar respiratory syncytial virus was active in the herd during 
the previous summer and faIl. In 1996, two fawns had antibodies to BRSV and one had 
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antibodies to PI 3 virus. Since the deer were seven months old when captured, maternal 
antibodies would not be present. Conclusions are difficult to draw with such a small Isample size, but both a respiratory syncytial virus and PI 3 virus appeared to be 
circulating in the herd during summer and fall, 1995. All animals appeared in good 
health, and no evidence of respiratory disease was seen. I 

In 1995, four individuals from Zion National Park had antibodies to Chlamydia 
sp., while only two in 1996 were considered seropositive. Taylor et aI. (1996) isolated IChlamydia sp. from two of seven deer with IKC from Zion National Park in 1993, 
indicating that C. psittaci had been active in the Park. Two fawns captured in 1995 had 
antibodies, while none had antibodies in 1996, suggesting that animals captured in 1995 Iwere recently exposed to C. psittaci. Deer with IKC were not observed in the Park 
during fall and winter 1994-1995, however. Animals with IKC were observed in 1995
1996, but all fawns were seronegative for Chlamydia sp. In addition, the three deer with I
clinical IKC did not have antibodies to Chlamydia sp. Therefore, Chlamydia psi/laci was 
probably not the primary cause ofIKC in mule deer in the Park. 

I
Antibodies to bluetongue virus and EHD virus were detected in serum samples 

taken both in 1995 and 1996. Outbreaks of hemorrhagic disease are common in deer in 
North America and cases have been reported from Utah (Nettles et aI., 1992). Antibodies I 
against both viruses have been detected from mule deer and white-tailed deer from 
Nebraska. Johnson et aI. (1986) reported 24 % of hunter-killed mule deer and 24 % of 
white-tailed deer were positive for bluetongue virus antibodies by the immunodiffusion I 
test. In addition, 30 % of mule deer and 27 % ofwhite-tailed deer had been exposed to 
EHD. Several ofthe Zion animals which were positive for both bluetongue and EHD 
virus antibodies were negative by competitive ELISA for bluetongue, indicating that I 
these deer were probably exposed to EHD virus and not bluetongue virus. One fawn was 
positive for antibodies against bluetongue virus by competitive ELISA each year, but 
with such a small sample size, conclusions are very difficult to draw. Perhaps animals I 
captured in both years were exposed to hemorrhagic disease viruses, but abnormally high 
mortaIity was not observed in the deer herd in the park either year. As a result, it is 
probable that animals were exposed to hemorrhagic disease viruses, but clinical disease I 
was not apparent at the time ofthe capture. 

With the exception of IKC, the Zion National Park mule deer herd does not I 
appear to be affected by infectious disease. The poor condition of certain individuals 
may be due to overpopulation pressure or poor nutrition. The deer have been exposed to 
several viral and bacterial pathogens which cause disease in domestic species. It is I 
probable that the pathogens have circulated and are maintained in wildlife and/or 
domestic animals near the Park. Given the presence of antibodies against Chlamydia sp. 
in sera from deer and the isolation of the bacterium from affected deer (Taylor et aI., I 
1996), it is possible that C. psittaci contributed to the IKC outbreak in the Park in the 
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past, but no evidence was found to support C. psittaci contributing to the outbreak in 

I 1995-1996. 
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THE ROLE OF INFECTIOUS DISEASES ON FECUNDITY,
 I SURVIVORSHIP AND DISPERSAL IN RECOVERING
 
POPULATIONS OF BIGHORN SHEEP
 

I	 FRANCIS 1. SINGER', ELIZABETH WILLIAMS2
, MICHAEL W. MILLER3 AND
 

MICHAEL E. MOSES4
 

I ABSTRACT. The single greatest obstacle to the restoration oflarge, healthy, 
metapopulations ofbighorn sheep (Ovis canadensis) in the western U.S. is epizootic 

I outbreaks ofbronchopneumonia that may kill 20-100% of the animals in agiven 
population. Although the species is capable of rapid initial growth rates following 
restoration into new habitat (A = 1.23-1.30 have been observed), these rates of increase

I are typical only for a few y~ars following the release ofa population, and then most 
populations either decline to extirpation or remnant status «30 animals) or stagnate at 
<100 individuals. We studied the fecundity and survivorship of three healthy and three 

I diseased subpopulations ofbighom sheep located in or near several large western U.S. 
national parks, 1992-96. Both healthy and djseased populations were exposed to the 
bacteria Pasteurella haemoIytica serotypes 3~ 4~ and 3, 4, 10~Moraxella sp., and 

I parainfluenza-3 and bluetongue viruses. Pregnancy rates of adult ewes were not different 
in diseased vs healthy populations (0.98), but pregnancy rates of yearlings were lower 
(0.00 vs. 0.33), annual recruitment oflambs was lower (0.14 vs. 0.66) and ratio of

I females:males (1.0 vs. 0.65) was less in the diseased versus healthy populations (p < 

I 
0.05). In one area, adult survival was lower during the first year ofan epizootic, 0.62, but 
recovered to 0.85 by the second and subsequent years of the epizootic. Survival ofadult 
rams was variable in diseased populations~ in two populations rams appeared to be 
disproportionately impacted, but in a 3ed population rams survived better during the 
epizootic. In all healthy populations, adult ram survival (0.94 ± 0.01) was higher than 

I 
I adult ewe survival (0.89 ± 0.02). Dispersal rates of radiocollared animals were about 

50% higher in healthy versus diseased populations (p = 0.001) and ram dispersal rates 
were about 100% higher than ewes in all populations (p = 0.001). 

Keywords: epizootics, Ovis canadensis, bighorn sheep, survivorship, fecundity, dispersal 

I 
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INTRODUCTION 

I
The importance ofdisease has been largely ignored in the restoration of 

ecosystems and biodiversity (Real 1996). A more integrative approach to ecosystem 
restoration may be necessary given the ubiquitous occurrence ofdisease, emergence of I 
new diseases, and limitations of control of diseases (Real 1996). There are several 
examples ofrestoration ofNorth American species that are challenged or thwarted by 
virulent pathogens: (a) the American chestnut (Castanea dentata) is highly susceptible I 
to the chestnut blight introduced in 1904, (b) the U.S. threatened desert tortoise 
(Gopherus agassiz;;) is threatened by a new species of mycoplasma (Mycoplasma 
agassiz;;) that causes respiratory disease, and (c) endangered black-footed ferret I 
populations (Mustela nigripes), both in the wild and in captive breeding facilities, are 
highly susceptible to outbreaks ofcanine distemper and sylvatic plague. One North 
American vertebrate, the bighorn sheep (Ovis canadensis) ofthe western U.S., Canada, I 
and Mexico, is highly susceptible to bronchopneumonia that may kill 25-100% of 
animals in a population. A variety of pathogens (Pasteurella, Actinomyces, 
Mycoplasma) have been implicated and predisposition to the outbreaks may be associated I 
with the viruses bluetongue (BT), epizootic hemorrhagic disease (EHD), parainfluenza-3 
(PI-3), lungworm (Protostrongylus spp.), or crowding and stress (Spraker and Hibler 
1982; Jessup 1985). Often the pathogen involved in the outbreak of bronchopneumonia I 
is Pasteurella haemolytica, likely introduced from direct contact with domestic sheep 
(Lange et al. 1980; Foreyt and Jessup 1982; Onderka and Wishart 1984; Sandoval 1988; 
Coggins and Matthews 1992). Bronchopneumonia often occurs in bighorn sheep when I 
they have been exposed to domestic sheep in penned situations, even though the domestic 
sheep exhibit no health problems (Onderka et al. 1988; Foreyt 1989). Vertebrates that are 
subjected to severe disease epizootics that can kill large numbers of individuals and I 
additionally are prone to fragmentation of habitats, such as bighorn sheep, are vulnerable 
to extirpations (Dobson and May 1986; Lande 1988; May 1988; Scott 1988; Cohn 1991). I 

A 90% decline in numbers of domestic sheep that graze the mountainous west has 
recently made conditions more conducive to restoration ofbighorn sheep to their once Ivast range. Most populations ofbighorn sheep currently exist in small, isolated, sedentary 
populations (Geist 1975; Bailey 1980; McCutcheon 1982; Risenhoover et al. 1988). In 
general, restoration efforts for bighorn sheep in the western states have met with mixed Isuccess (Leslie 1980; Cook et at. 1990). First, epizootics continue to impact populations 
because of contacts with domestic sheep on western ranges, and reservoirs ofvirulent 
Pasteurella now also exist in wild bighorn sheep populations (Stelfox 1976; Foreyt and IJessup 1982; Festa-Bianchet 1988; Onderka et al. 1988). Second, bighorn sheep are 
habitat specialists requiring steep, rocky areas with good visibility such as grasslands or 
open shrublands located on or near cliffy areas that occur as islands of suitable habitat I(Smith 1954; Bailey 1980; Tilton and Willard 1982; Risenhoover and Bailey 1985). 
Many bighorn sheep habitats and intervening travel corridors were maintained in their 
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open state by wildfires. Suppression offires this century by humans, however, resulted 

I in encroachment by conifers and tall shrubs and these areas are now unsuitable, or are 
only marginally occupiable, by bighorn sheep (Stelfox 1976; Peek et al. 1979; Wikeem 
and Strang 1983; Wakelyn 1987). Third, several features of bighorn sheep life history 

I and social behavior make them difficult to restore. The species lives in social groups 
where transmission of the knowledge of travel routes and migrations is passed on from 
older to younger individuals. When a population is extirpated, the knowledge of

I movement routes is lost and must be reestablished by the translocated animals. 

I 
Bighorn sheep are capable of rapid growth rates following restoration into a new 

area and annual rates of increase with A= 1.28 are possible (Buechner 1900; Woodgerd 
1964; McCarty and Miller 1999). Nevertheless, few populations attain these rapid 

I growth rates and then only for brief periods. After initial encouraging growth rates 

I 
following release, many populations dwindle or stagnate at population sizes of less than 
100 individuals, while other populations experience disease epidemics and decline 
rapidly to extirpation or remnant (defined as <30 individuals) status (Cook et al. 1990; 

I 
Risenhoover et al. 1988). Few studies, however, have quantified the effects of disease on 
survivorship and recruitment dynamics ofbtghorn sheep. Exceptions include Wehausen 
et al. (1987) and Festa-Bianchet (1988), although those studies examined only single 
populations. 

I The purpose of this work was to investigate the population dynamics, rates of 
population increase, and dispersal rates of several healthy and diseased populations in 
western U.S. national parks. Our goal was to sample a range of population and 

I
 metapopulation parameters (survivorship, recruitment, dispersal, and population trends)
 
in populations ofvarious health classifications (healthy, epizootic, chronic disease) for 
application during metapopulation planning and restoration decisions. 

I STUDY AREAS 

I Healthy Populations 

I 
Two healthy populations of cold desert bighorn sheepl were selected for study in 

and near Canyonlands National Park, Utah: (1) the Potash and (2) the Island in the Sky 

I 
(CNP-IS) populations. The Island in the Sky population was reduced to a remnant status 
by 1960. Less than 30 animals remained that year and they were restricted in distribution 
to the southeastern portion of the Island. The declines were due to a combination of 
overharvest associated with past mining activity, overgrazing by livestock, and two 
outbreaks of scabies due to the mite (Psoroptes sp.) - one in the 1930s and a second in the 

I 1960s (Buechner 1960; Wilson 1968). With the establishment of Canyonlands National 

I
 
1 Habitat differences suggest bighorn sheep occupy three ecoareas: cold desert (Colorado Plateau);
 

mountainous, forest biome habitats in the Rocky Mountains; and prairie badlands habitat (Singer et aI. 1999).
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Park in 1964, mining was eliminated and grazing phased out by 1975 (Follows 1969; 
Bates, 1. W., T. D. Bunch, B. K. Gilbert, C. 1. Hurst, G. K. Jense, F. G. Lindzey, and T. IWylie. 1982. Desert bighorn sheep habitat utilization in Canyonlands National Park.
 
National Park Service Report, Project YNE-165-0. Canyonlands National Park, Moab,
 
Utah. 118 pp.; NPS 1993). A helicopter survey failed to locate a single sheep in 1969,
 
although a handful ofanimals were sporadically observed by ground observers and park I
 
staff estimated #30 animals remained. The elimination of mining, grazing, and the strict
 
protection ofbighorn sheep in 1964 effectively released the population. The study
 Ipopulation subsequently grew rapidly in the 1970s and 1980s when animals repopulated 
the western and northern portions ofthe Island in the Sky (Dean, H. C., 1. 1. Spillett, G. 
W. Workman, D. D. May, and J. W. Bates. 1977. Desert bighorn sheep in Canyonlands I
National Park. Final report to National Park Service, Project UNWRH-007-1. 
Canyonlands National Park, Moab, Utah. 86 pp.; Douglas 1991). About 1978, bighorns 
also dispersed into our second healthy study population, the Potash area located to the I
northwest and northeast ofIsland in the Sky (Wylie and Bates 1979), an area ofhistoric 
range that had remained unoccupied since the 1940s (Wilson 1968). The Potash 
population subsequently grew rapidly after the recolonization. I 

Elevations in the Canyonlands National Park study areas range from 1,110 m to 
2,100 m. Cliffs, talus slopes, sheer waIls, and wide benches separate high plateaus from I 
the deep canyon bottoms (Baars and Molenaar 1971), and provide extensive escape 
terrain. The Colorado and Green Rivers separate the Island in the Sky and Potash 
populations from the Maze, Needles, and San Juan populations (Wilson 1968; Wylie and I 
Bates 1979; Sweanor, T., M. Gudorf, and F. Singer. 1995. Bighorn sheep assessment of 
the greater Canyonlands!Arches National Park area. Final report, National Biological 
Service (now U.S. Geological Survey), 4512 McMurry Avenue, Fort Collins, Colorado I 
80525. 57 pp.). The climate ofthe area is classified as cold desert and is characterized 
by cool, dry winters and hot, dry summers. Precipitation averages only 22.5 cm annuaIly. 
July temperatures average 32.8°C (1965-75 mean) and January temperatures average I 
2.3°C. Vegetation is sparse, averaging OB30% ofthe ground cover and consists ofa 
variety of cold desert grasses (Hi/aria jamesii, Oryzopsis hymenoides, Stipa comata, S. 
viridula, Bouteloua gracilis, Sporobolus cryptandrus) and cold desert shrubs (Atriplex I 
spp., Coleogyne ramosissima), alI ofwhich are potential forages for desert bighorn sheep 
(Dean, H. C., 1. 1. Spillett, G. W. Workman, D. D. May, and 1. W. Bates. 1977. Desert 
bighorn sheep in Canyonlands National Park. Final report to National Park Service, I 
Project UNWRH-007-1. Canyonlands National Park, Moab, Utah. 86 pp.; J. W. Bates, 
T. D. Bunch, B. K. Gilbert, C. 1. Hurst, G. K. Jense, F. G. Linzey, and T. Wylie. 1982.
 
Desert bighorn sheep habitat utilization in Canyonlands National Park. National Park I
 
Service Report Project YNE-I64-0. Canyonlands National Park, Moab, Utah. 118 pp.).
 

Our third healthy study population, located in Badlands National Park, South I 
Dakota, was originally inhabited by the Audubon's or Badlands subspecies ofbighorn 
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sheep (0. c. audubonii) (Cowan 1940) (although audubonii has since been synonymized 

I with the Rocky Mountain subspecies - Wehausen and Ramey this volume). Market 

I 
hunting and diseases transmitted from domestic livestock resulted in the decline and 
extirpation ofbighorn sheep in the area by 1925 (Buechner 1960). Restoration efforts 
included the release of 14 bighorn sheep (0. c. canadensis) into the park in 1967 but 13 

I 
years later in 1980, the subpopulation had grown to only about 30-40 animals. But the 
population then increased rapidly and by 1992 the population in the North Unit (BNP-N) 

I 
was estimated at 150-200 animals (T. Benzon, unpublished data, 1992, South Dakota 
Department of Game, Fish, and Parks, Rapid City, 23 pp). Bighorn sheep from this 
subpopulation dispersed 20 kIn and subsequently colonized the adjacent nearby South 

I 
Unit (BNP-S). Ninety bighorns were counted from a helicopter in the North Unit in the 
fall of 1991 and 67 were counted during a similar survey on 17 September 1992; 38 
bighorns were also counted in the South Unit during this latter inventory. This herd was 

I 
presumed to be relatively free ofdisease-induced mortality because of its rapid 
population growth rate, but other ungulates could introduce pathogens into BNP bighorn 
populations. BNP bighorn range is in close proximity to domestic cattle, and bighorns 
share water sources with bison (Bison bison). 

I Average annual precipitation ofBadlands National Park is 40 em. July mean 
temperature is 33°C and January temperatures is -15°C. Elevations range from 700 m to 
1,000 m. Topography is an eroded ancient floodplain. Buttes, gorges, and pinnacles 

I separate the upper mixed grass prairie steppe from the lower, eroded grass steppe. 
Bighorn sheep use the eroded, clay badlands slopes as escape terrain and they find 
forages on the adjacent steppes or eroded sod buttes. 

I Diseased Populations 

I Three unhealthy populations of bighorn sheep were selected for study. The 
Needles (CNP-N) and Lockhart (CNP-L) subpopulations ofcold desert bighorn sheep 
occupy areas with similar geology, climate, and vegetation to the Island in the Sky and 

I Potash populations. These populations are located only 10-20 km east across the 
Colorado River from the Island in the Sky subpopulation. These bighorn sheep were 
either extirpated or reduced to a remnant status in the Needles area by 1964. Bighorns

I were completely extirpated in the Lockhart area by 1964 (Wilson 1968, Wylie and Bates 
1979). Desert bighorn sheep subsequently invaded the Needles area, possibly from the 
indigenous, surviving San Juan River populations to the south. By 1978, 70 animals 

I were counted in the Needles, and by 1983,86 were counted (Wylie and Bates 1979). 
Dispersal into the Lockhart area occurred sometime during the 1980s. On two occasions 

I 
during 1983-1984 however, wild desert bighorn rams were observed in a flock of 
domestic sheep in the area (1. Cresto, Bureau Land Management, pers. corres. 1995. 

I 
Moab, Utah). As a possible consequence ofthese contacts, an all-age epizootic and die
off spread into the wild bighorn populations beginning in winter 1984-85, in the Needles 
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District, North San Juan, and South San Juan herds. Dead and sick bighorns were found 
near the rivers and water holes throughout 1985 and 1986. Ten wild sheep sampled by I
the Bighorn Research Institute in summer 1986, at the apparent peak ofthis epizootic, 
had antibody titers to the viruses bovine viral diarrhea (BVD), bovine respiratory 
syncytial virus (BRSV), and contagious ecthyma (CE) (Scott, 1. E. 1987. Report of I
disease testing of Canyonlands bighorn sheep. Canyonlands National Park, Resources 
Division. 15 pp.). One bighorn captured in 1986 showed clinical signs ofpneumonia, 
and Pasturella spp. was isolated. Despite abundant evidence of resident bighorns' I 
exposure to pathogens, however, the infectious agent(s) responsible for the CNP die-off 
and source(s) of those agents were never ascertained. I 

The third unhealthy population, the Beaver Creek (BC) population, was located 
on the Colorado-Utah border 16 km north ofDinosaur National Monument. Indigenous 
bighorn sheep of the Rocky Mountain subspecies were extirpated from the area sometime I 
between the 1930s and 1940s apparently due to the combined effects ofovergrazing by 
livestock, poaching, and infectious diseases (H. Evison. 1935. Letter to Superintendent, 
Dinosaur National Monument, Colorado; MeHaffey, D. E. 1942. Range management I 
plan, the Blue Mountain unit, Meeker district, Colorado. Dinosaur National Monument 
files. Dinosaur, Colorado; Murie, A. 1952. Some wildlife observations at Dinosaur 
National Monument. Memorandum to Superintendent ofDinosaur National Monument, I 
July 31, 1952. Park files; Pillmore 1958; Barmore 1962). Restoration efforts included 
translocation of21 animals from the Basalt, Colorado population in 1983. The 
population grew to an estimated 45 animals in 1989-90, but after 1990 declined. Our I 
population studies began in January of 1991 when we captured and radio-collared nine 
adults. At present, rams outnumber ewes in this herd; more typically, ratios in unhunted Iherds are 65 rams: 100 ewes. The BC herd is unhunted. Population estimates in 1992 
were 17-22 animals. 

IElevations ofthe area range from 1,500 to 3,000 m. Many high, steep cliffs of 
several hundred meters in height are located right along the Green River canyon. The 
geological structure ofthe Dinosaur National Monument area includes metamorphosed Isandstones and limestones that form high steep cliffs and talus slopes that are preferred 
by bighorn sheep. The climate is more mesic and cooler than Canyonlands (mean annual 
precipitation = 29 em, mean annual temperature = 7.9°C), and the vegetation is more I
dense than the other study populations. About 68% ofthe vegetated area is covered by 
pinyon/juniper and another 16% by tall, big sagebrush (Artemesia tridentata) stands. 
Only 13% ofthe area is open grasslands/shrublands and recent bums, and is considered I 
suitable bighorn sheep habitat (Fiedlander and Weather. 1983. Botanical surveys of 
Dinosaur National Monument. Dinosaur National Monument files, Colorado). 
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METHODS

I 
Captures and Monitoring ofMovements and Dispersal 

I A total of 143 bighorn sheep were captured by net gunning (n = 134) or drop net 
over bait (n = 9) in the study populations. Each animal was radiocollared, sexed, and 
aged by estimates from hom annuli in the case of rams, or placed into age categories 

I based on tooth eruption (Deming 1953) and tooth wear in the case of ewes (Geist 1967, 
1971; Festa-Bianchet 1988, 1989). We recorded location, health, presence/absence of 
lambs, and group composition for each observation of radio-collared animals at weekly

I or bi-weekly intervals, and at more frequent intervals during the lambing"and rut periods. 

I 
The radiocollared individuals were located at intervals of 1-4 weeks by ground and fixed
wing aircraft for three years post-release. Only ground locations when the animal was 
observed were used in the analysis, due to the large errors associated with triangulation 

I 
locations in canyon country. We defined dispersal events as all outward movements from 
established home ranges by radiocollared individuals. 

Disease Investigations 

I 
I A number of samples were collected from each bighorn sheep captured for 

evidence of exposure to potential pathogens. Blood (about 20 ml), fresh feces (about 10
25 g), and nasal (n = 2), pharyngeal (n = 1), and ear swabs (n = 2) were collected from 
each bighorn for later analysis of parasites and infectious diseases. Handling time for 
animals averaged about 11 minutes while these samples were gathered. 

I 
I Ofthe two nasal swabs collected from each sheep, one was placed immediately in 

minimum essential medium with 44% sucrose for later use in virus isolation, the other in 
cWamydia transport medium for cWamydial isolation. Swabs in respective transport 
media were then frozen on dry ice for shipping and stored at -70° C until used for culture. 
Pharyngeal swabs were plated immediately on 5% sheep blood agar, and plates were held 

I at about 20° C until incubated 1-3 days after collection; these swabs were subsequently 
placed in modified Cary and Blair (port-a-Cul) tubes and stored at about 5° C for 1-3 
days following collection. At the laboratory, these swabs were inoculated onto TSA 

I plates with 5% sheep blood, Columbia agar with 10% sheep blood, and MacConkey agar. 
Plates were incubated at 35° C in 10% CO2 for 24 hours and examined for growth. 

I 
Suspect colonies were subsequently inoculated into biochemical media. Isolates that 
fermented dextrose, sucrose, and/or lactose, and were urease negative, non-motile, and 

I 
nitrate positive were reported as Pasturella spp. These isolates were biotyped by sugar 
fermentation (G. Frank, National Veterinary Services Laboratory, Ames, Iowa) and 
serotyped using rapid plate agglutination (Frank and Wessman 1978). Pasturella spp. 

I 
and Moraxella spp. isolates were lyophilized and stored at _70° C for further 
characterization. 
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One adult desert bighorn ewe from CNP-N and two Rocky Mountain bighorn 
lambs died during capture. A radio-collared adult desert bighorn ram was found dead on I 
top of the benches at CNP-IS about one month after capture. Routine necropsies were 
performed on these animals, including collection oftissues for histopathology, 
microbiology oftonsils and lung, and immunohistochemical staining on lung tissue for I 
bovine respiratory syncytial virus (BRSV) antigen. 

Parasitology included sugar flotation of feces for gastrointestinal parasites I 
(Soulsby 1982), lungworms by Baermann technique (SouIsby 1982), and Psorptes spp. 
by ear swabs and microscopic examination and the ELISA technique (Boyce et al. 1991). 

I 
Serology included tests for antibodies for Brucella ovis and Brucella spp. by 

ELISA or standard plate test (USDA, undated); Mycobacterium paratuberculosis by 
immunodiffusion (rapid Johnes test lmmuCell Corporation), Leptospira inte"ogans by I 
microscopic agglutination (NSL 1987), Chlamydia spp. by the complement fixation 
method and Pasteurella sp. By ELISA (K. Mills, unpublished data). Sera were tested for 
antibody titers against BVD virus, BSRV, PIE virus, and infectious bovine rhinotracheitis I 
virus by virus neutralization techniques. Briefly, sera were serially diluted 2-fold in 96
well tissue culture plates. Virus (102 TCIDso) was added to the diluted sera, incubated at 
37°C for one hour, followed by addition ofbovine nasal turbinate cells or bovine fetal I 
kidney cells. At 4-7 days, cytopathic effect (CPE) as a result of virus infection was 
noted. The dilution in the last well without CPE was reported as the antibody titer. I 

Titers for BT, EHD, and ovine progressive pneumonia (OPP) virus were 
determined using immunodiffusion (Veterinary Diagnostic Technology, Inc.). 
Competitive ELSA tests were also used to delete antibodies against BT virus. Pregnancy I 
was detected using the pregnancy-specific protein B (PSPB), RIA test on serum (Ruder 
et al. 1988). I 

For isolation of respiratory viruses, 1 ml of supernatant from viral transport tubes 
was pooled within herds (about 10 animals per pool) and centrifuged at 1500 x g for 15 Iminutes. Supernatant was filtered (0.45 Ilm) onto confluent bovine nasal turbinate, 
bovine embryonic teshel cells, or primary bighorn nasal turbinate cells. Cells were 
observed daily for CPE. Respiratory syncytial virus and PI3 virus isolates were identified Iby typical CPE and positive fluorescent antibody tests. 

For chlamydial cultures, samples were pooled by herd. Samples were centrifuged Iat 500 x g for 30 minutes. Supernatant was inoculated directly onto McCoy cells and 
cultures were observed every other day for CPE. At 5-7 days prostinoculation, cells 
were fixed in acetone at -20° C for 10 minutes. Chlamydial isolates were identified by I 
fluorescent antibody tests. 
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Aliquots of fresh or frozen feces (about 1 g) were examined by sugar flotation
 

I (Soulsby 1982). In addition, up to 20 g feces were examined for lungworm larvae by the
 
Baermann technique (Soulsby 1982).
 

I Individual bighorn sheep were classified during handling as either healthy (no
 
evidence ofactive pathogens or scabies mites on the skin), or diseased/parasitized
 
(coughing, mucopurulent exudate on nose, rough pelage, extensive parasite loads). Any
 

I sick animals that later died were necropsied and subjected to postmortem examinations
 
including collection of tissues for histopathology, microbiology of tonsils and lung, and
 
appropriate special staining techniques by either Beth Williams (University ofWyoming,


I Wyoming State Veterinary Laboratory) or Terry Spraker (Colorado Stat~ University,
 
Veterinary Diagnostic Laboratory).
 

I Diagnostic data were analyzed to detect differences in pathogen exposures among
 

I
 
herds. For each test conducted, we tested the null hypotheses that distributions of
 
positive results did not differ among six herds (BC, CNP-IS pooled with CNP-P, CNP-N,
 
CNP-L, BNP-N, BNP-S). We compared proportions of sampled bighorns culture


I
 
positive for Pasturella spp., ELISA-positive for BT virus exposure, and RIA-positive for
 
PSPB using Fishers exact tests (EXR.C.EXE; P.W. Mielke, unpublished). Rank


I
 
transformed antibody titers to PH virus and Chlamydia and rank-transformed OD
 
readings for serotype-specific P. haemolytica ELISAs were compared across herds using
 
the Kruskal-Wallis test (ANOVA with rank data); we also used the Wilcoxon text to
 
compare populations within BNP and CNP (SAS Institute, Inc. 1988). 

I Population Dynamics 

I 
Subpopulations were classified as healthy or diseased on the basis of the presence 

ofany active pathogens that caused mortality within the subpopulation. Demographic 
parameters were estimated for all of the populations based on birth and death events for 
radioed animals, annual helicopter population censuses, and aerial and ground sex and 

I
 age classifications. Early production of lambs, survival of lambs to the end ofsummer,
 

I
 
and recruitment of lambs to one year ofage were determined from close monitoring and
 
observation ofewes. Recruitment was estimated from the presence of lambs at the heel
 
ofmaternal ewes prior to weaning and separation following guidelines ofFesta-Bianchet
 
(1988). We pooled animals into five age classes for both ewes and rams: 1 = 0 to 1 year; 
2 =yearling, age 1-2; 3 = age 3-4; 4 = 5-9 years; 5 = >9 years based on logical 

I groupings due to differences in survival and fecundity between the classes (Woodgerd 
1964; Hansen 1965; Festa-Bianchet 1988). We calculated four indices of fecundity 
(pregnancy, lamb production, lamb survival through the summer, recruitment oflambs)

I for each age class ofewes. 

I
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I 
For each population we developed patterns of age-specific annual survivorship I 

from the number of animals alive in each age class each lambing season that were still 
alive the following lambing season, and fecundity schedules set on recruitment rates of 
each ewe alive in each age class each lambing season. We then estimated average age, I 
mean generation time, and incremental rate of increase (Lambda = A.) for each period of 
increase (A. >1.0) or decrease (A. <1.0) for each population from the demographic 
parameters. I 

We calculated a second estimate of rate of population increase (A.) from estimated Ipopulation sizes determined from trends in annual aerial helicopter censuses of each 
population using the formula, A. =Nt / Nt-I, where N = population size at time t. 
Population size was estimated by correction ofcensus counts based on sightability factors Irecorded during and specific to the day of the survey following the techniques of Samuel 
et aI. (1988). We developed our own correction factors and logistic regression values for 
sightability factors ofbighorn sheep specific to the populations under study. We also I
sampled ratios of lambs and rams to ewes for each population during the helicopter 
surveys. Lambs at heel observed for all radio-collared ewes (x = 0.685 ± 0.27) was 
similar to the ratio oflambslewes sampled during helicopter surveys (x = 0.645 ±0.27) I 
and, therefore, we pooled lamb ratios gathered from both techniques. 

RESULTS I 
Infectious Diseases I 

Evidence of previous exposure to P. haemolytica (serotypes 3, 4, 10) did not 
differ among subpopulations (P = 0.29)~ all bighorns tested were seropositive for 1 or 
more serotypes (Table 1). Moraxella sp., a bacterium closely related toP. haemolylica, I 
was isolated from 3 of 5 CNP-N bighorns but not from 21 CNP-IS or BNP bighorns. 
Moraxella sp. was implicated in the death of one desert bighorn ram (CNP-IS). Exposure 
to PI3 virus was higher in the CNP-N population (57%) than in the CNP-IS population I 
(21% prevalence) (P =0.0012), and was present in most bighorns in BNP. Exposure to 
BT virus was also higher in CNP-N (70%) than in CNP-IS (45%) (P = 0.0004). I 

The role of infectious pathogens was clearly documented in the BC population 
(Fig. 1). In November of 1992, a sick and coughing radiocollared bighorn ram (No. 311) 
that had left on an earlier foray, returned to BC population. This animal's 4-month I 
pioneering foray had led it to an unoccupied habitat located 13 km away, and during this 
and possibly other undocumented travels during his 4-month absence, this animal was 
exposed to a virulent strain ofP. haemolytica. A band of domestic sheep was grazed I 
close to his probable travel routes and he might have had contact with the animals. 
Within three weeks of his return, the majority ofBC population was coughing. By the 
end of that winter, four ofnine adult radiocollared animals and seven total adults were I 
found dead ofbronchopneumonia. P. haemolytica serotypes 3 and 4 were isolated from 
lungs of recently dead animals and were the likely pathogens causing the mortality. I 
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I 
I Chronic low lamb survival persisted in subsequent years and by 1995, only nine sheep 

remained in the population. Ironically, ram 311, the index case, survived the epizootic 
and returned to the patch he had earlier explored. He remained in that patch for the next 
two years, at which time his radiocollar ceased to function. Since this population was 
below the point where any recovery was possible, and due to persistent chronic low lamb 

I recruitment, the population was humanely depopulated by the state of Colorado Division 
ofWildlife, in January of 1997. 

I Population Dynamics 

Pregnancy rates were consistently high (P = 0.57) in both the healthy and in the 

I diseased populations (0.96-1.00) and initial production oflambs did not differ. Most of 
the differences in fecundity between healthy and diseased populations were due to greatly 
reduced summer survival of lambs. Our sample ofneonatal lamb production (lambs 

I produced and surviving to 2-3 weeks) was identical in healthy (x = 0.85 ± 0.06) and 

I 
diseased populations (x = 0.85 ± 0.06, n = 201 ewe-years, P = 0.45). Most lamb losses in 
diseased populations occurred at two to six weeks of age. Some additional mortality 
occurred during August. This high summer loss of lambs was associated with coughing, 
mucopurulent exudate on nose, and lackluster pelage. As many as 50% of individual 

I nursery groups were observed coughing during mid-summer. No lamb carcasses were 
found, however, possibly because they are consumed so rapidly by scavengers or 

I 
decompose rapidly in the summer heat. Observed recruitment by yearling ewes was 0.33 
in both the healthy and diseased populations, but there was no recruitment in the 

I 
population experiencing an active epizootic (Table 2). Twinning rate was 0.03 in the 
healthy populations and 0.00 in the diseased populations. By late fall, lamb recruitment 
rates were x= 0.66 ± 0.09 in the healthy populations, but only 0.19 ±0.06 in the diseased 
populations (P =0.01). 

I
 Population growth rates were significantly affected by the presence ofdisease.
 
The three healthy populations increased at moderate rates (A = 1.17), but the diseased
 
populations were declining (A = 0.77). During the period ofthe active epizootic, the BC
 

I population declined dramatically (A = 0.52, Fig. 1).
 

Survivorship of neither adult rams (P = 0.31) nor adult ewes (P = 1.00) differed
 

I between the healthy versus the diseased populations. Sex ratios at birth favored females
 
in healthy, increasing populations (0.65 males: 1.0 females), but ratios did not differ from
 
parity (1.0: 1.0) in diseased populations. Adult sex ratios were 0.95 rams: 1.0 ewes in
 

I healthy populations, but only 0.43 rams: 1.0 ewes in two of the diseased populations
 
(X2 

= 32.25, d.f = 6, P = 0.001). In the BC population, adult sex ratios were biased
 
toward males following the epizootic (1.20 males: 1.0 females), although ram survival
 

I
 
I (0.81) did not differ from ewe survival (0.79) over the 3-year study (X2 =0.08, P =0.99).
 

The rams in this population migrated seasonally, albeit only 4 km, but the ewes did not,
 
and this migration might have contributed to slightly higher ram survival (sensu
 
Risenhoover et al. 1988). Adult survival the year ofthe BC epizootic dropped to 0.62,
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but adult survival increased to 0.85 by the second and subsequent years following the 
epizootic. In all the remaining populations, ram survival (0.94 ±0.01) also exceeded ewe 
survival (0.89 ±0.02, z = 1.13, P = 0.10). We observed great longevity among our I 
sample of radiocollared rams. Seven radio tagged rams died at ages 9-12, while another 
three tagged rams were still alive when their collars stopped functioning at the ages of 10, 
11, and 14 years. I 
Dispersal Rates ofRadiocollared Individuals I 

Rates of all dispersal events by radiocollared animals in healthy populations were 
about 500.10 higher than rates in diseased populations (Table 3, Z = 4.5, P = 0.001). Ram Idispersal events were about double those of ewes (z = 4.5, P = 0.001). 

DISCUSSION I 
The Role ofInfectious Diseases 

IDisease was the single greatest obstacle to restoration ofboth the indigenous and 
the translocated populations of bighorn sheep that we studied. One diseased population 
declined to only five animals by 1997, at which time local management agencies Idepopulated the herd after concluding the population could not recover and constituted an 
undesirable disease threat to other nearby herds. Only one of the unhealthy populations 
appeared to be recovering by 1997 (Lockhart). Additionally, subsequent to termination I
of our radiotelemetry studies, during 1996-1998, a former healthy population (BNP-N) 
experienced an unknown epizootic, failure of lamb recruitment, and a decline ofabout 
51 % during this 3-year period. Surveys of the healthy and diseased bighorn populations I 
indicate that a variety of potentially serious infectious agents were circulating in all the 
herds. With the exception of the Be population, which had pasteurellosis, the exact 
cause of disease in declining herds was not determined. Because loss of the lamb cohort I 
during the summer was the most important factor in the population declines in diseased 
herds, understanding the cause of lamb mortality should be a focus of future studies. In 
addition, testing young age classes allows for the assessment of more current activity of I 
various potential pathogens within the herds. 

When possible, bighorn sheep from herds infected with a particular pathogen I 
should not be introduced into herds suspected to be free of that agent. Mixing of 
bighorns from several source herds with significantly different potential pathogens should 
also be avoided. Similarly, there should be vigilance to prevent contact ofbighorn sheep I 
with domestic sheep that may carry pathogenic strains ofPasteurella. The expanding 
knowledge of the biology ofP. hameolyytica indicates a variety of strains of this I
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organism exist, some ofwhich may be particularly virulent for bighorn sheep. Thus, 

I continued surveillance of transplant source herds, as well as possible recipient herds for 
potential pathogens is important due to changes in microbial profiles over time. 

I Population Dynamics 

Our findings suggest the single largest difference between the dynamics of

I chronically diseased and healthy populations was in the much lower summer survival of 
lambs in the unhealthy populations. Although adult survival was lower during the first 
year ofan epizootic in one population, the lowered adult survival lasted only one winter. 

I (presumably, the surviving adults were then resistant to whatever pathog~n had caused 

I 
the infectious outbreak.) Rates of recruitment we observed were very similar to 0.69 for 
a healthy, increasing population (we observed 0.66) and 0.13 for a diseased population 
(we observed 0.14) reported by Festa-Bianchet (1988). 

I Our average rate of annual increase for increasing populations (A. = 1.17) was 

I 
lower than maximum rates observed on Wild Horse Island, Montana (A. = 1.305) 
(Woodgerd 1964); A. = 1.288 observed on tfie National Bison Range, Montana (Haas 
1989); and A. = 1.268 on East Fork Salmon River, Idaho. Also, 17 successful translocated 

I 
populations in Colorado achieved a higher growth rate, on the average, of A. = 1.231 
(McCarty and Miller 1999). The lower potential growth parameters we observed 
appeared to be related to a slightly lower observed yearling pregnancy rate (0.33). Many 
authors report higher yearling pregnancy rates of0.50-0.60 (Woodgerd 1964; McQuivey 
1978; Leslie and Douglas 1986). Although our observed pregnancy rate of0.93 agrees 

I with some studies (0.92-Festa-Bianchet 1988; 0.87-Thorne et al. 1979), most authors 
assume a higher pregnancy rate of 1.00 (Buechner 1960; Hansen 1965; Lenarz and 
Conley 1980; McCarty and Miller 1999), which would contribute to higher growth rates. 

I We documented higher female: male ratios at birth in healthy populations which would 
also contribute to higher growth rates in increasing populations over time. This finding 
contrasts with all other field studies (Woodgerd 1964, Nichols 1978, Hoefs and Cowan 

I 1979) and models (Hansen 1965; Lenarz and Conley 1980; McQuivey 1978; McCarty 
and Miller 1999), which reported equal sex ratios at birth. But field sample sizes for 
those field studies were small and experimental evidence with Dall sheep (0. dalli)

I supports our observations. Captive Dall sheep fed supplemental diets that resulted in 15
20% body weight gains, produced more female offspring at a rate of 0.63-0.68 males: 
1.00 females (Hoefs and Cowan 1979). Our finding ofa higher birth ratio offemale

I progeny in rapidly expanding populations when ewes are in better condition, is also 

I 
supported by observations in other ungulates (Robinette 1966; Mitchell and Lincoln 
1973; Reimers et al. 1983) and the ungulate model of Saltz (1998). In contrast, a number 
ofstudies of other ungulates reported high birth ratio of males when dams were in better 

I 
body condition (Trivers and Willard 1973; Clutton-Brock et al. 1983). We suggest 
additional investigations into this topic. 
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Our finding of higher adult ram survival rates compared to ewes is unique and I
may be related to the lack of hunting or predation on most of the populations. Lower 
survival ofadult rams, and adult sex ratios favoring females, are reported in populations 
where wolves (Canis lupus) are present and in hunted populations (Murphy and Whitten I 
1976~ Murphy et al. 1991~ Aldous 1957~ Murphy and Whitten 1976~ McQuivey 1978). 
Both wolf predation and sport hunting selectively remove adult males (Murphy and 
Whitten 1976~ Murphy et al. 1991~ Hoefs and Cowan 1979~ Festa-Bianchet 1989). We I 
had insufficient sample sizes to evaluate survival rates for yearling males. In spite of 
slightly higher survival of rams ~ years, sex ratios in our study populations slightly 
favored ewes (0.91-0.99 rams: 1.00 ewes), possibly a direct consequence of the female I 
biased sex ratios at birth in increasing populations. 

Dispersal I 
As expected, dispersal rates of radiocollared animals were lower for diseased 

compared to healthy populations. But, surprisingly, some dispersal events by bighorn I 
sheep occurred even in diseased populations, although no successful colonizations 
resulted from these events. Male-biased dispersal was predicted by Geist (1971) and is 
consistent with female philopatry (Dobson 1982~ Wolff 1994). Studies of satellite and I 
mtDNA support our observation that male bighorn sheep disperse more and across larger 
distances than do females (Ramey 1995; Bleich et al. 1996; Luickhart and Allendorf 
1996). Dispersal by bighorn sheep is necessary to repopulate habitat patches made I 
vacant by epizootics or other causes (Gross et al. 1999), although too much reconnection 
of populations and movement through corridors may increase the risk of disease 
transmission and extirpation of the remaining isolated populations (Simberloff and Cox I 
1987~ Hess 1994; Bleich et al. 1996). 

I 
I 
I 
I 
I 
I 
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Table 1. Results oftesting bighorn sheep from healthy (CNP-IS, BNP-N, BNP-S) and 

I diseased (BC, CNP-N) populations for selected bacterial and viral pathogens. 

Herds 

I Test 

I 
P. 

haemolytica 
antibodies 

I P. 
haemolytica 

isolation

I PI3 virus 
antibodies 

I BT virus 
antibodies 

I Chlamydia 
antibodies 

Be- CNP-ISb 
CNP-~ 

9/9 21/21 5/5 (100%) 
(100%l (100%) 

5/9 (56%) 14/29 9/14 (64%) 
(48%) 

7/9 (78%) 6/29 (21%) 8/14 (57%) 

0/7 13/29 9/13 (69%) 
(45%) 

7/9 (78%) 27/29 10/12 
(93%) (83%) 

I "Beaver Creek herd 
bCanyonlands - Island in the Sky 
cCanyonlands - Needles 
<13adlands National Parle - North Unit 

I "Badlands National Park - South Unit 
tNumber of sheep positive for parameter/number ofsheep tested (percent) 

I 
I 
I 
I 
I 
I 
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NBP-~ BNP-Se 

20/20 7/7 (100%) 
(100%) 

5/20 (25%) . 7/7 (100%) 

14/20 7/7 (100%) 
(70%) 

4/20 (20%) 1/7 (14%) 

13/19 3/7 (43%) 
(68%) 
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Table 2. Survival and fecundity of three unhealthy and three healthy populations of 
bighorn sheep, 1991-95, located in or near three National Parks in Utah, Colorado, and ISouth Dakota based upon radiocollared-years of information (no. animals x no. years) for 
219 ewes and 155 radiocollared-years for rams. 

No. Populations I 
Parameter by 
Age/Stage Classes 
(x± SE) 

Unhealthy 

(n=3) 

Healthy 

(n=3) 
I 

Survival of ewes by age class: I 
I LambB 

0.21 ± 0.06 0.65 ±O.OI 

IT Yearling 0.75 ±O.06 0.77 ±O.06 I 
ill 

IV 

2-3 years 

4-8 years 

0.91 ±O.03 

0.89 ±O.Ol 

0.89 ±O.04 

0.91 ±O.Ol I 
V 9+ years 0.76 ±O.Ol 0.77 ±O.03 I 
Sample, number ewe-years 120 99 

No. Study years 5 5 I 
Survival of rams by age class: I 
I 

IT 

Lamb 

Yearling 

0.22 ±0.02 

b 

0.65 ± 0.01 

0.70 ± 0.03 I 
III 2-3 years 0.84 ±O.03 1.00 ± 0.00 I 
IV 4-7 years 0.84 ±O.02 0.96 ± 0.20 

V 8+ years 0.83 ±O.04 0.88 ± 0.01 I 
Sample, number of ram-years 73 82 

I 
I 
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Table 2. Continued. 

I No. Populations 

I Parameter by Unhealthy Healthy 
Age/Stage Classes 

(0=3) (0=3)(if SE) 

I Fecundity: 

Sex ratio at birth, m: f 

I % twinning rate 

Pregnancy rate of~ year-old

I ewes 

Lamb production 

I Ratio lambs/100 ewes 

I A= 

I 
Adult rams/1.0 ewes 

Recruitment of lambs by ewes: 

I Lamb ewes 

I II Yearling ewes 

I
 m 2-3 year-old ewes
 

I 
IV 4-8 years 

V 9-14 years 

Sample, number ewe-years 

I 

1.0 0.85 

0 3 

0.60-1.00 c 0.96 

0.86 ±0.06 0.85 f 0.06 

7-20 70 

0.52-0.77 1.17 

0.43-1.20 0.95 

0 0 

0.22 fO.07 0.33 f 0.01 

0.08 f 0.03 0.52 ±0.04 

0.30 ± 0.06 0.75 ±0.02 

0.10 f 0.06 0.75 f 0.03 

108 98 

I
 
a Calculated from observed loss rate of lambs 0-1 year to the radiocollared ewes.
 
b insufficient data.
 
e Pregnancy rates were 1.0 in two diseased populations but only 0.60 in the third (Beaver Creek) population.
 
The reason for the anomalous low pregnancy rate at Beaver Creek was either disease or perhaps some other 
factor, such as old age of the few remaining ewes, or chance. 

I
 
I
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Table 3. Rates ofdispersal events by radiocollared bighorn sheep in six healthy and diseased 
populations in or near National Parks in the U. S. west, 1992-97. 

Dispersal Events/tOO AnimalslYear 
I 

Ewes Rams I 
Population Status Mean SE na Mean SE n a 

Healthy 0.09 0.003 153 0.14 0.05 103 I 
Diseased 0.05 0.009 79 0.10 0.12 36 

8 Number of radiocollared animal-years of data. I 

176 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I
 
I
 

LITERATURE CITED

I 
Aldous, M. C. 1957. Status ofbighorn sheep on the Desert Game Range. Transactions of
 

the Desert Bighorn Council 1:35-37.


I Baars, D. L., and C. M. Molenaar. 1971. Geology ofCanyonlands and Cataract Canyon.
 
Four Comers Geological Society, Sixth Field Conference. 99 pp.
 

Bailey, J. A. 1980 Desert bighorns, forage competition, and zoogeography. Wildlife Society
 

I Bulletin 8: 208-216.
 
Barmore, W. 1. 1962. Bighorn sheep and their habitat in Dinosaur National Monument.
 

I
 M.S. thesis, Utah State University, Logan. 134 pp.
 
Beier, P. 1993. Determining minimum habitat areas and habitat corridors for cougars.
 

I
 
Conservation Biology 7: 94-101.
 

Bleich, V. C., 1. D. Wehausen, R. R. Ramey ill, and 1. L. Rechel. 1996. Metapopulation
 

I
 
theory and mountain sheep: implications for conservation. Pages 353-373 in D. R.
 
McCullough, editor. Metapopulations and Wildlife Conservation. Island Press,
 
Washington, D.C.
 

Boyce, W. M., A. K. Mazet, 1. Mellies, R. A. Clark, and D. A. Jessup. 1991. Kinetic ELISA 
for detection antibodies ofPsoroptes sp~ in bighorn sheep. Journal ofParasitology 

I 77: 642-696. 
Buechner, H. K. 1960. The bighorn sheep in the U.S., its past, present, and future. Wildlife
 

Monographs 4: 1-174.
 

I Clutton-Brock, F. E. Guiness, and S. D. Albon. 1983. Red deer: behavior and biology of
 
two sexes. University ofChicago Press, Chicago, llIinois. 378 pp.
 

Coggins, V. L. and P. E. Matthews. 1992. Lamb survival and herd status ofthe Lostine
 

I bighorn herd following a Pasteurella die-off Biennial Symposium of the Northern
 
Wild Sheep and Goat Council 8: 147-154.
 

Cook, J. G., E. B. Arnett, L. L. Irwin, and F. G. Lindzey. 1990. Population dynamics oftwo


I transplanted bighorn sheep herds in south central Wyoming. Biennial Symposium of
 
the Northern Wild Sheep and Goat Council 7: 19-30.
 

Cowan, I. MeT. 1940. Distribution and variation in the native sheep ofNorth America.


I American Midland naturalist 24:505-580.
 
Dobson, A. D., and R. M. May. 1986. Disease and conservation. Pages 345-365 in M.
 

Soule, editor. Conservation biology: The science of scarcity and diversity. Sinauer


I Associates, Inc. Sunderland, Massachusetts.
 

I 
Festa-Bianchet, M. 1988. Birth date and survival in bighorn lambs (Ovis canadensis). 

Journal ofZoology (London) 214: 653-661. 
Festa-Bianchet, M. 1989. Survival of male bighorn sheep in southwestern Alberta. Journal 

I 
ofWildlife Management 53: 259-263. 

Follows, D. S. 1969. Desert bighorn in Canyonlands National Park. Desert Bighorn 
Council Transactions 13:32-42. 

I 
177 

I
 
I
 



I
 
I
 

Foreyt, W. J., and D. A. Jessup. 1982. Fatal pneumonia ofbighorn sheep following 
association with domestic sheep. Journal ofWildlife Diseases 18: 163-167. I 

Frank, G. H., and G. E. Wessman. 1978. Rapid plate agglutination procedure for serotyping 
Pasteurella haemolytica. Journal ofClinical Microbiology 7: 142-145. 

Geist, V. 1971. Mountain sheep: a study in behavior and evolution. University ofChicago I 
Press, Chicago. 383 pp. 

Geist, V. 1975. On the management ofmountain sheep. Theoretical considerations. Pages 
77-98 in J. B. Trefethen, ed. The Wild Sheep ofNorth America. Boone and Crockett I 
Club, Alexandria, Virginia. 302 pp. 

Gross, J., M. E. Moses and F. J. Singer. 1997. Simulating desert bighorn sheep populations 
to support management decisions: effects ofpatch size, spatial structure and disease. I 
Desert Bighorn Council Transactions. 

Haas, C. C. 1989. Bighorn lamb mortality: predation, inbreeding and population effects. 
Canadian Journal ofZoology 67: 699-705 I 

Hansen, C. G. 1965. Growth and development ofbighorn sheep. Journal ofWildlife 
Management 29: 387-391. IHess, G. 1994. Disease in metapopulation models: implications for conservation. Ecology 
77: 1617-1632. 

Hickey, W. D. 1982. Productivity and population dynamics ofbighorn sheep. Idaho IDepartment of Fish and Game, Project W-160-R. Boise. 16 pp. 
Hoefs, J. T., and I. McT. Cowan. 1979. Ecological investigations ofa population ofDall 

sheep. Syesis 12: 1-81. I
Jessup, D. A. 1985. Diseases ofdomestic livestock which threaten bighorn sheep 

populations. Transactions ofthe Desert Bighorn Council 29: 29-33. 
Lande, R. 1988. Genetics and demography in conservation. Science 241: 1456-1460. I 
Lange, R. E., A. V. Sandaoval, and W. P. Meleny. 1980. Psoropic scabies in bighorn sheep 

(Ovis canadensis mexicana) in New Mexico. Journal ofWildlife Disease 16:77-82. 
Lenarz, M. S., and W. Conley. 1980. Demographic considerations in reintroduction I 

programs ofbighorn sheep. Acta Theriologica 25: 71-80. 
Leslie, D. M. 1980. Remnant populations ofdesert bighorn sheep as a source for 

transplantation. Desert Bighorn Council Transactions 24: 36-44. I 
Leslie, D. M., Jr., and C. L. Douglas. 1986. Modeling demography ofbighorn sheep: 

Current abilities and missing links. Transactions ofthe Fifty-first North American 
Wildlife and Natural Resources Conference 51: 62-73. I 

Luickart, G. and F. W. Allendorf 1996. Miochondrial-DNA variation and genetic 
population structure in Rocky Mountain bighorn sheep (Ovis canadensis canadensis). 
Journal ofMammalogy 77:109-123. I 

May, R. M. 1988. How many species are there on earth? Science 241: 1441BI449. 
McCarty, C., and M. Miller. 1999. Modeling the population dynamics ofbighorn sheep. IColorado Division ofWildlife, Special Report. Fort Collins, Colorado. (In press). 

I 
178 

I
 
I
 



I
 
I
 

McCutcheon, H. E. 1982. Desert bighorn sheep zoogeography and adaptation in relation to

I historic land use. Wildlife Society Bulletin 9: 171-179. 
McQuivey, R. P. 1978. The desert bighorn sheep of Nevada. Nevada Department of 

Wildlife Biology Bulletin 6. Reno. 81 pp.

I Mitchell, B. and G. A Lincoln. 1973. Conception dates in relation to age and condition in 
two populations of red deer in Scotland. Journal Zoology (London). 171:141-152. 

Mullens, B. A, and C. E. Dadg. 1992. Spatial and seasonal distribution of potential vectors 

I ofhemorrhagic disease viruses to peninsular bighorn sheep in the Santa Rosa 
Mountains of southem California. Journal ofWildlife Diseases 28: 192-205. 

Murphy, E. c., and K R. Whitten. 1976. Dall sheep demography in McKinley Park and a 

I reevaluation ofMurie's data. Journal ofWildlife Management 40: 597-609. 

I 
Murphy, E. c., F. 1. Singer, and L. K Nichols. 1991. Effects ofhunting on survival and 

productivity ofDall sheep. Journal ofWildlife Management 54: 284-290. 
National Veterinary Services Laboratory. 1987. Microtiter technique for detection of 

Leptospira antibodies. Proceedings of the U.S. Animal Health Association 91: 65

I 73. 

I 
Nichols, L. 1978. Dall sheep reproduction. Journal of Wildlife Management 42: 570-580. 
Onderka, D. K, and W. D. Wishart. 1984. A major bighorn sheep die-off from pneumonia 

in southern Alberta. Biennial Symposium North Wild Sheep and Goat Council 
4: 356-363. 

Onderka, D. K, S. A Rawluk, and W. D. Wishart. 1988. Susceptibility ofRocky Mountain
 

I bighorn sheep to pneumonia included by domestic livestock strains ofPasteurella
 
haemolytica. Canadian Journal ofVeterinary Research 52:439-444.
 

Peek, 1. M., R A Riggs and 1. L. Lauer. 1979. Evaluation offall burning on bighorn sheep
 

I winter range. Journal ofRange Management 32:430-432.
 
Pillmore, R. E. 1958. Lungworm and its relationship to bighorn sheep management.
 

Proceedings of the Thirty-seventh Annual Conference ofthe Western Association of


I State Fish and Game Commissioners 37: 189-205.
 
Ramey, R. R. III. 1995. Mitochondrial DNA variation, population structure, and evolution
 

of mountain sheep in the southwestern United States and Mexico. Molecular Ecology
 

I 4:429-439.
 
Real, L. A 1996. Sustainability and the ecology of infectious disease. BioScience 46:88


I 
97.
 

I 

Reimers, E., D. R. Klein and R. Sorumgard. 1983. Calving time, growth rate, and body size 
ofNorwegian reindeer and different ranges. Arctic Alpine Research 15: 107-118. 

Risenhoover, K L., and 1. A Bailey. 1985. Foraging ecology ofmountain sheep: 
implications for habitat management. Journal of Wildlife Management 49: 797-804. 

I 
Risenhoover, K L., 1. A Bailey, and L. A Wakelyn. 1988. The Rocky Mountain bighorn 

sheep management problem. Wildlife Society Bulletin 16: 346-352. 
Robinette, W. L. 1966. Mule deer home ranges and dispersal in Utah. Journal of Wildlife 

Management 30:335-349. 

I 
179 

I
 
I
 



I
 
I
 

Ruder, C. A., 1. N. Stelflug,1. 1. Dahmen, and R. G. Susser. 1988. Detection of pregnancy 
in sheep by radioimmunoassay of sera for pregnancy-specific protein B. ITheriogenology 29: 905-912. 

Saltz, D. 1998. Environmental conditions and primary sex ratio in ungulates: truth or 
consequences? Page 135 in Fifth Annual Wildlife Society Conference, Abstracts. ISeptember 22-26, Buffalo, New York. 

Samuel, M. D., E. O. Garton, M. W. Schlegel, and R. G. Carson. 1987. Visibility bias 
during aerial surveys ofelk in north-central Idaho. Journal Wildlife Management I
51:622-630. 

Sandoval, A. 1988. Bighorn sheep die-off following association with domestic sheep: case 
history. Desert Bighorn Council Transactions 32:36-37. I

Simberloff, D. and 1. Cox. 1987. Consequences and costs of conservation corridors. 
Conservation Biology 1:63-71. 

Singer, F. J., V. C. Bleich, and M. Gudorf 1999. Restoration of bighorn sheep I 
metapopulations into and near 15 national parks; conservation biology of a severely 
fragmented species. This volume. 

Smith, D. R. 1954. The bighorn sheep in Idaho--its status, life history and management. I 
Idaho Department ofFish and Game Bulletin No.1, P-R Proj. 99-R. 

Soulsby, E. 1. L. 1982. Helminths, arthropods, and protozoa of domestic animals. 7th 
edition, Lea and Fibiger, Philadelphia, Pennsylvania. 809 pp. I 

Spraker, T. R., and C. D. Hibler. 1982. An overview of the clinical signs, gross and 
histological lesions ofpneumonia complex in bighorn sheep. Proceedings of the 
Biennial Symposium on North Wild Sheep and Goat Council 3: 163-172. I 

Stelfox, 1. G. 1976. Range ecology ofRocky Mountain bighorn sheep. Canadian Wildlife 
Service Report Series No. 39. 50 pp. 

Thome, E. T., G. Butte, T. Varcalli, K. Becker, and S. Hayden-Wing. 1979. The status, I 
mortality and response to management of the bighorn sheep of Whiskey Mountain. 
Wyoming Game and Fish Department Technical Bulletin 7. 198 pp. 

Tilton, M. E., and E. E. Willard. 1982. Winter habitat selection by mountain sheep. Journal I 
ofWildlife Management 46: 359-366. 

Trivers, R. L. and D. E. Willard. 1973. Natural selection ofparental ability to vary the sex 
ratio ofoffspring. Science 179:90-92. I 

USDA. Undated. Diagnostic Reagents Manual 64. National Animal Disease Laboratory. 
Ames, Iowa. 57 pp. IWakelyn, L. A. 1987. Changing habitat conditions on bighorn sheep ranges in Colorado. 
Journal of Wildlife Management 51:904-912. 

Wehausen, 1. D., V. C. Bleich, B. Blong, and T. L. Russi. 1987. Recruitment dynamics in a Isouthern California mountain sheep population. Journal of Wildlife Management 
51: 86-98. 

Wehausen, 1. D., V. C. Bleich, and R. A. Weaver. 1987. Mountain sheep in California: A Ihistorical perspective on 108 years of full protection. Western Section Wildlife
 
Society, Transactions 23: 65-74.
 

I 
180 

I
 
I
 



I
 
I
 

Wikeem, B. H. and R. M. Strang. 1983. Prescribed burning on British Columba rangelands:
 

I the state-of-the-art. Journal ofRange Management 36:3-8.
 
Wild, M.A. and M. W. Miller. 1991. Detecting nonhemolytic Pasteurella haemolytica
 

infections in healthy Rocky Mountain bighorn sheep: influences ofsample site and
 

I handling. Journal ofWildlife Diseases 27:53-60.
 
Wilson, L. O. 1968. Distribution and ecology ofthe desert bighorn sheep in southeastern
 

Utah. M.S. thesis, Utah State University, Logan. 220 pp.


I Wolff, 1. O. 1994. Sex-biased natal dispersal in mammals. Northwest Science 68:159.
 
Woodgerd, W. R. 1964. Population dynamics ofbighorn sheep on Wildhorse Island.
 

Journal ofWildlife Management 28: 381-391.
 

I Wylie, T. C. and J. W. Bates. 1979. Status ofdesert bighorn sheep in Canyoruands National
 
ParkC1978. Desert Bighorn Council Transactions 23:79-80.
 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

181 

I
 
I
 



I
 
I
 

Figure 1. Population trends in (a) three healthy study populations, and (b) three diseased 
study populations of bighorn sheep, Utah, South Dakota and Colorado, 1965-1977. I
 
Figure 2. Ram and ewe survival rates of bighorn sheep populations that were healthy (h), 
unhealthy (uh), or subjected to an active epizootic (e) during the study years. I
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Figure l(a). Healthy Populations
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Figure l(b). 
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Figure 2. 

Age Specific Ram Survivorship 
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Figure 2. (continued) 

Age Specific Ewe Survivorship 
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D. GENETIC AND MORPHOMETRIC CONSIDERATIONS IN 
I RESTORATION 

I 
MORPHOMETRIC ANALYSIS OF SKULL AND HORN VARIATION 

IN THE NORTHERN REGIONS OF OVIS CANADENSIS 

ROB ROY RAMEY III AND JOHN D. WEHAUSEN2 

I 
ABSTRACT 

I Univariate and multivariate statistical methods were used to examine the geographic 

I 
variation in skull and hom characters of bighorn sheep (Ovis canadensis) from the Great 
Basin north to British Columbia and Alberta to test previous taxonomic designations as 
hypotheses. Substantially more morphometric variation in skull and hom size and shape was 

I 
found west of the Rocky Mountains than within the Rocky Mountains. Our results did not 
support the recognition of Audubon's bighorn (0. c. auduboni) as a separate subspecies from 
Rocky Mountain bighorn sheep (0. c. canadensis). California bighorn (0. c. calijomiana) 
from Washington and British Columbia were not distinguishable from Rocky Mountain 

I bighorn, but differed notably from populations in the Sierra Nevada considered part ofthat 
subspecies. Extirpated populations from northeastern California, Oregon, and southwestern 
Idaho, also considered to be O. c. 'calijomiana, shared with Nelson bighorn (0. c. nelsoni) 

I from the Great Basin (cold) desert a hom related character that distinguishes them from 
Rocky Mountain bighorn. Bighorn from the Sierra Nevada were found to be distinguishable 
from those of the adjacent cold desert region. Our morphometric results were concordant in 

I
 geographic patterns with molecular data. We synonymize 0. c. auduboni with 0. c.
 
canadensis. We also assign extant and extinct populations ofO. c. calijomiana from British 
Columbia and Washington to O. c. canadensis. Finally, we assign extinct populations of0. 
c. calijomiana from Oregon, southeastern Idaho, northern Nevada, and northeastern 

I 
I California to the cold desert form of 0. c. nelsoni, recognizing that some transition to Rocky 

Mountain bighorn probably occurred along this northern boundary, as is evident for native 
bighorn from the Salmon River. This leaves 0. c. calijomiana only in the central and 
southern Sierra Nevada. 

I INTRODUCTION 

I
 The long accepted taxonomy ofNorth American wild sheep (Shackleton 1985,
 
Bowyer and Leslie 1992), based on comparisons by Cowan (I940) of skull measurements, 
has separated bighorn sheep (Ovis canadensis) into three northern and four desert subspecies. 

I While this taxonomy represented a pioneering attempt to introduce quantitative methods to 

I 
1 Environmental, Population, and Organismic Biology, University ofColorado, Boulder, Colorado 
80309-0334 
2 White Mountain Research Station, University of California, 3000 East Line Street, Bishop, California 
93514 187 
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describe variation and test taxonomic hypotheses, the resolution and results were influenced 
by small sample sizes, age related effects on size, and violation of statistical assumptions. As I
a result, statistical reanalysis ofCowan's (1940) original data has not found support for most 
of his subspecies, including all four desert subspecies (Ramey 1993). Consequently, there 
has been need for a major taxonomic revision of this group based on new data sets. I 

Patterns ofmtDNA variation also were not concordant with Cowan's subspecies 
definitions (Ramey 1993, 1995), but were consistent with the reanalysis of Cowan's (1940) I 
data. Analysis of a new cranial morphometric data set has produced similar results. On the 
basis ofconcordant morphometric and mtDNA results, Wehausen and Ramey (1993) 
synonymized Peninsular bighorn sheep (0. c. cremnobates) with Nelson bighorn sheep (0. c. I 
nelsoni). However, previously unrecognized cranial morphometric variation was found 
within the Nelson bighorn subspecies (0. c. nelsoni), and bighorn from the desert regions 
appeared to have general north-south differentiation into two basic forms: a hot (Mohave, I 
Sonoran, and Chihuahuan) desert sheep; and a cold (Great Basin) desert sheep whose range 
extended east to southern Utah (Wehausen and Ramey 1993, 1994). Here, we extend cranial 
morphometric analyses further north to investigate variation within the region designated as I 
O. c. californiana,o. c. canadensis and 0. c. auduboni by Cowan (1940). Our previous 
analyses left the northern limit ofthe cold desert morphological form ofNelson bighorn 
undefined. Because the range ofthis cold desert sheep connects the southern extremes ofthe I 
ranges ofO. c. californiana and 0. c. canadensis as defined by Cowan (1940), we included 
cold desert sheep in our analysis. Consequently, the southern boundary of our analysis 
includes the southern Sierra Nevada and adjacent desert to the east in California, all but very I 
southern Nevada, and the Rocky Mountains ofColorado. We do not include the canyon 
habitats of southern Utah in this analysis. I 

Within this region ofconsideration, Cowan (1940) identified four subspecies: (1) the 
extinct Audubon subspecies that occupied river break and badland habitats immediately east 
ofthe Rocky Mountains in eastern Montana and Wyoming, North and South Dakota, and I 
western Nebraska; (2) the Rocky Mountain subspecies that ranged from the southern Rocky 
Mountains to Alberta; (3) the California subspecies that ranged west ofthe Rocky Mountains 
from British Columbia south through eastern Washington and Oregon, southwestern Idaho, I 
northwestern Nevada, and northeastern California, to the southern Sierra Nevada; and (4) the 
Nelson subspecies, occurring across the Great Basin desert of California and Nevada, east of 
the southern and central Sierra Nevada. I 

Because the study of morphological variation reflects the contribution ofboth genetic Iand environmental components to individual development, it describes both genetic and 
ecophenotypic variation. Therefore we consider our morphometric studies to be 
complementary to studies ofDNA sequence variation, which address strictly heritable Icharacters. 
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MATERIALS AND METHODS

I Ball and Avise (1992) suggested that subspecies should represent major subdivisions 
of the gene pool diversity within species where such subdivisions can be supported by the 

I concordant patterns of multiple genetically based traits. This criterion requires that 
subspecies be "distinguishable" and that they have an evolutionary basis. We based our 
general approach on these criteria and treated Cowan's (1940) subspecies designations as 

I hypotheses to test. We considered differences between reputed subspecies in the context of 
variation on a larger geographic scale. In so doing, we also looked for variation not 
accounted for by current subspecies designations. 

I 
I 

We used univariate and multivariate statistical methods to examine geographic 
variation in skull and hom characters and to test previous taxonomic designations as 
hypotheses. Our specimens were limited to native populations and we used measurements 

I 
developed previously (Wehausen and Ramey 1993, 1994) to describe four attributes of 
skulls: lengths, widths, height, and horns (Table 1). To the extent possible, these were based 
on homologous landmarks such as intersections of suture lines (Bookstein 1990). Our hom 

I 
measurements for rams included five circumferences of the largest horn, which were used to 
calculate an index of hom volume. We previously found important discriminating variation 
among rams in hom core length relative to hom volume (Wehausen and Ramey 1993). 

I 
Consequently, in this study we measured hom core circumferences that allowed calculation 
of the rate at which cores taper between two fixed distances back from the basal burr 
(TAPERJ-6). This also provided the variable CORC3 (core circumference at three inches), 
which replaced our previous measure ofbasal core circumference necessarily taken at 

I varying distances from the burr due to variation in the burr and basal flare of the core. We 
revisited as many skulls previously measured as possible to add these new variables to our 
data base. For the region ofthis analysis our sample size totaled 434 ram and 260 ewe 

I
 speCImens.
 

I 
Based on previous analyses ofage effects (Wehausen and Ramey 1993), we 

eliminated this variation by limiting ages to >7 for rams and >3 for ewes except where noted. 

I 
Most specimens from regions now lacking native populations consisted largely of incomplete 
skulls without horns, which precluded assigning precise ages. We assigned a conservative 
minimum age to these specimens based on tooth wear. As a result, we dropped the minimum 
age of rams in a few univariate analyses to provide adequate sample sizes. No ewe skulls 
were available from northeastern California and Oregon. 

I We utilized Principal Components Analysis (PCA) as a descriptive exploratory tool 
(Reyment 1990) to look for geographic patterns in the distribution of variation across the 

I study area and to identify variables that contributed strongly to overall morphological 
variation. PCA was performed on covariance matrices derived from pairwise analyses of 
natural log transformed variables (Reyment et al. 1984). Because we eliminated age-related 
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size variation in our sample before analysis, we did not employ shearing (Humphries et al. 
1981), nor did we assume that PC1 represented only size variation lacking a genetic basis I
(Reyment 1990). 

We tested how distinguishable subspecies and other regional groupings were on a I
univariate level using Analysis ofVariance (ANOVA) with the Bonferroni correction for 
multiple comparisons. Fifteen variables were used for each sex. For 0. c. auduboni, the ram 
sample contained only two skulls from North Dakota (ages 3,6); two from South Dakota I 
(ages 4,4); and three from eastern Montana (ages 7, 7, 8). In order to use all these ram 
specimens, we used ANCOVA with an age covariate, or simple ANOVA when there was no 
significant age effect. On a multivariate level, we tested distinguishability using linear I 
discriminant analysis (DA). Discriminant functions developed from regional comparisons 
were used to classify "unknown" specimens from intermediate geographic regions, most of 
which lacked sufficient sample sizes to be treated as known groups (e.g. northeastern I 
California). We limited variables in DA to those that showed significance in equivalent 
ANOVAs. I 

We also further explored the relationship between hom core length and hom volume 
oframs as a discriminating shape variable to distinguish Rocky Mountain and desert bighorn 
(Wehausen and Ramey 1993). This was done for the region of northeastern California and I 
Oregon, where small samples oflargely fragmentary specimens precluded the use ofDA to 
classify most specimens. I 

We divided the northern range ofOvis canadensis initially into the following 
subregions: Sierra Nevada, northeastern California, Oregon, cold desert (most ofNevada and 
neighboring California east of the Sierra Nevada), Salmon River (central Idaho), I 
Washington, British Columbia (non Rocky Mountains), Alberta, Montana (including 
Waterton Provincial Park on the southern border ofAlberta), Wyoming, Colorado, and 
specimens from the reputed audubon subspecies from North and South Dakota and eastern I 
Montana. When analyses yielded no justification for separation, we combined regions as 
needed depending on the question. I 

Our previous work showed that hom volume was the variable that exhibited the 
greatest overall variation. While some of this variation may represent useful genetic 
variation (Wehausen and Ramey 1993), we recognize that much ofthis variation may derive I 
from nutrition and represent environmental noise. Consequently, to assess what other 
variables might be developmentally linked to hom growth, we investigated relationships 
between ram hom volume and other skull variables via regressions,·including log and I 
reciprocal transformations to account for curvilinearity. We added samples from the hot 
desert to those from our study region for these analyses. I
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The few samples from native populations at Rock Creek, Montana and Battlement 

I Mesa, Colorado were not included in the samples for their respective geographic regions. 
These were small, isolated, remnant populations that had abnormally small body sizes, 
presumably due to poor nutrition and/or inbreeding (Berwick 1968, Cunningham 1991). 

I Therefore, we considered them to be anomalies not representative of "natural II variation 
within their respective regions. 

I RESULTS 

Con-elations between Ram Hom Size andSkull Variables

I 
All variables except PREMAX were significantly correlated with hom volume. 

Relationships were largely curvilinear with natural log of hom volume accounting for more 

I variation in almost all cases. Due to large sample sizes, most regressions were highly 

I 
significant, yet many explained small proportions of the variation (Table 2). Notable 
exceptions were variables that involve some aspect of frontal bone development (HEIGHT, 
POSTORB, CORC3) and explained greater percentages ofhom volume variation, indicating 

I 
that skull and hom size do covary. However, rate ofcore taper (TAPER3-6) had a much 
lesser correlation because this variable includes important geographic variation not related to 
hom size (Wehausen and Ramey 1993). Variables that describe the facial (anterior) region 

I 
(pM2, CHEEK, INTERORB, TOOTH) were least correlated with hom size, indicating that 
this skull region may develop largely independently ofthe cranial region. Therefore, 
contrasts ofvariables in these two areas ofthe skull can provide information on shape 
differences among geographic regions that is largely independent ofsize. 

I Principal Components Analyses 

I For rams, hom and core variables had the highest loadings, as found previously 
(Wehausen and Ramey 1993) and no principal components plots showed any regional 
variation for components beyond PC3. The best geographic separation occurred with all 

I skull and hom core variables included. PC1 (44.0% ofvariation) loaded primarily to 
TAPER3-6 and secondarily to CORC3, and partly separated Rocky Mountains (high values) 
from the cold desert and Sierra Nevada (Figure 1). California bighorn specimens from 

I Washington and British Columbia almost completely overlapped the Rocky Mountains on 
this axis. The Salmon River samples fell within the range ofthe cold desert and Sierra 
Nevada and partly overlapped the Rocky Mountains. PC2 (23.2% ofvariation) loaded 

I strongest to CORL and CORC3 and secondarily to POSTORB and TAPER3-6 (negative 
loading) but effected no geographical separations. PC3 (14.3% ofvariation) loaded first to 
PM2, second to CORL (negative loading), and third to CHEEK, INTERORB, and CORC3 

I (negative loading), and effected substantial separation between the cold desert and Sierra 
Nevada, with the Rocky Mountains and Salmon River in the middle ofthe distribution. The 
plot ofPC1 and PC3 suggested three types of sheep in this northern region (Rocky Mountain, 
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cold desert, and Sierra Nevada), with California bighorn specimens from Washington and 
British Columbia falling largely within the polygon for the Rocky Mountains (Fig. 1). I 

When the number ofPCA variables was reduced to 9 (CRANIAL, TOOTH, PM2, 
CHEEK, POSTORB, HEIGHT, CORL, CORC3, TAPER3-6) in order to utilize more I
specimens, the same basic patterns emerged, but with more overlap among basic regions. 
The single Audubon bighorn specimen fell barely below Rocky Mountain range on PC1 but 
in the middle of the Rocky Mountains distribution for PC3. Specimens from Oregon and I
northeastern California fell entirely within the cold desert polygon, but also overlapped the 
Sierra Nevada, the Rocky Mountains, and Salmon River somewhat. 

I 
Loadings for PCA of ewe specimens indicated that major variation was vested in hom 

core length and circumference, hom length, and PM2, in that order. PCA plots for ewes 
produced notably less regional separation than for rams. All geographic regions substantially I 
overlapped the polygon for the Rocky Mountains, and only the cold desert exhibited a 
substantial domain of its own. When the number ofvariables was decreased to 9 to allow 
inclusion of3 Audubon bighorn specimens, those specimens also all fell within the domain I 
ofthe Rocky Mountains. 

Analysis of Variance - Rams I 
A comparison between northeastern California and Oregon for rams at least six years 

old (to increase sample size) yielded significant differences for only two hom-related I 
variables (POSTORB and CORC3), both ofwhich were larger for NE California. 
Consequently, we lumped these two adjacent regions that lacked biogeographic barriers. 
Similarly, in the northern range of 0. c. califomiana, only CORC3 was found to be different I 
between specimens from Washington and British Columbia for age at least eight years; thus, 
we also lumped these adjacent regions that similarly lacked biogeographic barriers. I 

We then compared univariate differences within four regions west of the Rocky 
Mountains (Sierra Nevada, cold desert, NE California & Oregon, and Washington & British 
Columbia) and four within the Rocky Mountains (Alberta, Montana, Wyoming, and I 
Colorado), using ages >6 in order to include an adequate sample from NE California & 
Oregon. The region west of the Rocky Mountains showed much regional distinction, while Ithe Rocky Mountains showed little (Table 3). Colorado dominated the differences within the 
Rocky Mountains, having smaller means for CRANIAL, PALATE, CHEEK, and TOOTH. 
Because differences in sample sizes could underlie apparent difference in regional variation, Ithe average absolute differences between group means for the 4 western regions were 
compared with the 4 Rocky Mountain regions (excluding TAPER3-6, which had not been 
measured for many Colorado skulls). The same pattern resulted. The differences among Imeans within the region west of the Rocky Mountains were 4.2 times greater than those 
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within the Rocky Mountains on average, and no variable in the western region showed 

I smaller differences than within the Rocky Mountains. 

A comparison of California bighorn from Washington and British Columbia with 

I Rocky Mountain bighorn from Alberta and Montana (age >7) yielded six significant 
differences (CRANIAL, PREMAX, POSTORB, HEIGHT, HORNVOL, and TAPER3-6) out 
of 15 variables, with Rocky Mountain bighorn having larger values for all variables except 

I TOOTH, and hom volume greater by 1.72 liters on average. 

ANCOVA results comparing Audubon bighorn samples with adjacent Montana and 

I Wyoming combined found a significant difference only for PALATE ~ =.001). All 
Audubon bighorn rams had notably short palates, but only barely exceeded the lower range 
for the Montana & Wyoming specimens. For comparisons with the entire Rocky Mountains, 

I CRANIAL joined PALATE in significance ~ =.013 for CRANIAL, ~<.001 for PALATE). 
For CRANIAL, the mean was greater for Audubon bighorn and the range slightly exceeded 
that of the Rocky Mountains at the upper end. Because many of these skulls were quite 

I weathered, loss of palate bone and separation along its midline suture probably caused an 

I 
apparent increase in CRANIAL and related decrease in PALATE lengths. The combined 
length was not different ~ = 0.836); consequently, we consider these differences as artifacts. 

Analysis 0/ Variance - Ewes 

I Comparison ofCalifornia bighorn from Washington and British Columbia found 
difference only for INTRAORB ~ = 0.048); therefore, these two regions were again 

I combined, leaving three geographic regions west of the Rocky Mountains. Comparison of 
the four Rocky Mountain states found only three significant differences, all involving 

I 
Colorado. Consequently, we combined Alberta and Montana to result in three geographic 
regions for comparison with the area to the west. 

I 
As with rams, comparisons within the three western areas found considerable 

differentiation for ewes, while the Rocky Mountains showed little, all involving Colorado 
(Table 4). The average differences between group means for ewes from the western regions 
were 71.6% greater than for the Rocky Mountains, which is much less than for rams. Also, 

I
 the Rocky Mountains has greater differences for five out of 15 variables.
 

I
 
When California bighorn ewes from Washington and British Columbia were
 

compared with the Rocky Mountains ofAlberta and Montana only INTRAORB was found to
 
be significantly different ~ =.048). 

I The sample of Audubon bighorn ewes consisted of three skulls from eastern Montana 
(ages 4,4,5) and one from North Dakota (age 6). Comparisons with Montana and Wyoming 
combined yielded no significant differences. Comparisons with the entire Rocky Mountains 
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yielded one difference; TOOTH was longer for O. c. audubon; ~ =.018), but fell entirely 
within the range for Rocky Mountains. Neither CRANIAL nor PALATE showed differences I
as they did for rams. 

Discriminant Analyses - Rams I 
Comparison between the Sierra Nevada and cold desert produced good discrimination 

(Figure 2). There was only one misclassification out of 56 (1.8%) and 87.5% of specimens I
were classified with posterior probabilities of at least ~ = 0.95. A DA between the Sierra 
Nevada and California bighorn from Washington and British Columbia, produced yet 
stronger separation: one misclassified out of 43 (2.3%) and 97.7% classified correctly at ~ ~ I
0.99 (Figure 3). 

In contrast, DA (excluding HORNVOL) for California bighorn from Washington and I 
British Columbia vs Rocky Mountain bighorn from Alberta, Montana, and Wyoming had 
poor discrimination ability (Figure 4). It misclassified 17.7% of the specimens and classified 
only 31.7% at ~ ~ 0.95. When HORNVOL was added to the analysis, these percentages only I 
changed to 14.5% and 40.3% respectively. 

A DA between the cold desert and Rocky Mountains combined with California I 
bighorn from British Columbia yielded good discrimination. Only 2.2% were misclassified 
and 81.5% were correctly classified at ~ ~ 0.95. When classified by this function, Sierra 
Nevada bighorn clearly did not fit in either group (Figure 5). In contrast, specimens from the I 
Salmon River and Oregon fell entirely within the domains of the two groups, but showed an 
intermediate status, although more allied with the Rocky Mountains (Fig. 5). I 

An attempt was made to develop a discriminant function between the cold desert and 
Rocky Mountains to classify intermediate regions containing only fragmentary skulls (skull Icaps with horn cores). Many of these specimens were aged conservatively as ~ 5 years; 
consequently this minimum age was used in the analysis. Using only core variables (CORL, 
CORC3, and TAPER3-6) only 40% of the specimens were classified correctly at P ~ 0.95, Iand 10% were misclassified. Thus, while core shape showed considerable geographic 
variation, alone it proved to be insufficient to discriminate the Rocky Mountains from the 
cold desert reliably. I 
Discriminant Analyses - Ewes 

IA DA of cold desert vs Sierra Nevada ewes produced good discrimination (Figure 6); 
there was only one misclassification out of38 (2.6%) and 84.2% of the specimens were 
classified at ~ > 0.95. The cold desert showed even more distinction from the Rocky I
Mountains north ofColorado (Figure 7), with no misclassifications and 91.2% of the 
specimens classified with posterior probabilities ofP ~ 0.95. This discriminant function 
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classified 23 of29 (79.3%) California bighorn specimens from Washington and British 

I Columbia and all of seven Colorado specimens as Rocky Mountains. In contrast, 
comparison of California bighorn from Washington and British Columbia with the Rocky 
Mountains north ofColorado had poor discrimination ability, with 14.0% of specimens

I misclassified and only 41.9% correctly classified at ~ ~ 0.95 (Figure 8). A comparison of 
California bighorn specimens from Washington and British Columbia with the Sierra Nevada 
produced similar results: 17% were misclassified and only 34% were classified correctly at ~ 

I ~ 0.95 (Fig. 9). 

I Relationship between Horn Core Length/or Rams and Horn Volume 

The relationship between hom volume and hom core length for the cold desert was 
linear, but is curvilinear for the Rocky Mountains (Figure 10). ANCOVA results could not 

I distinguish specimens from northeastern Nevada from the cold desert in this relationship (~ = 

I 
0.973). Northeastern California and Oregon combined similarly were not distinguishable 
from the cold desert ~ = 0.931), despite some particularly large hom volumes where the cold 
desert and Rocky Mountains are most divergent in this relationship (Figure 10). 

I DISCUSSION 

o. c. auduboni 

I 
I Cowan (1940) reported that Audubon bighorn ewes had wider nasal and maxillary 

width's, and possibly also mastoid breadth, while rams had wider basioccipital and possibly 
upper tooth row. Cowan's (1940) sample of Audubon bighorn included only two males (both 
immature at four years) and two females (one immature and one 6-years old). Because his 
sample sizes were so low, he used the variance from his Rocky Mountain sample to derive a 
standard deviation for 0. c. auduboni and calculate probabilities of significance. This is not 

I 
I a valid statistical technique. Cowan (1940:543) cautiously stated that "0. c. auduboni based 

as it is on slight cranial characters presented by a small number of specimens is to be 
regarded as a weak race." We consider this evidence to be insufficient support for 

I 
subspecific distinction. 

With our larger sample, we found only a single difference between Audubon and 
Rocky Mountain ewes, and two questionable differences for rams. These few differences 

I 
must be interpreted in the context of larger geographic variation. IfAudubon bighorn were 
to be considered a valid subspecies on the basis of the few differences found, then the 
Colorado Rockies must similarly be considered a separate subspecies in that region, which is 
not supported by molecular data or the few morphometric differences. It is difficult to 
imagine any biogeographic barriers that would have separated Audubon and Rocky 

I Mountain bighorn, especially given that during periods ofPleistocene glacial advance, most 
of the foothills of the Rocky Mountains and plains to the east were open steppe habitat 
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(Barnosky et aI. 1987) and, therefore, open to bighorn dispersal. We synonymize 0. c. 
auduboni with 0. c. canadensis. I 
O. c. califomiana 

Mitochondrial DNA analysis found 0. c. ca/ijomiana to be polyphyletic, because I 
specimens from the Sierra Nevada were on the desert bighorn clade while British Columbia 
samples had the same haplotype as Rocky Mountain bighorn to the east, thus were part ofthe IRocky Mountain clade (Ramey 1993). Our morphometric results showed the same pattern. 
California bighorn from Washington and British Columbia were not distinguishable from 
Rocky Mountain bighorn, but were notably different from those in the Sierra Nevada I 

California bighorn rams are generally considered to have smaller horns than Rocky 
Mountain bighorn (Cowan 1940). However, we measured Rocky Mountain bighorn I 
specimens with similarly small horns; thus, when hom volume was included as a variable in 
DA, California bighorn ram specimens from Washington and British Columbia still could not 
be distinguished reliably from Rocky Mountain bighorn. Variation in hom growth within the I 
Rocky Mountains has been well documented (Shackleton 1973, Wishart and Brochu 1982) 
and this variation has been attributed to variation in annual diet quality as affected by soil, 
climate, and migratory patterns (Wishart 1969, Blood et aI. 1970, Shackleton 1973, Wishart I 
and Brochu 1982). We suggest that the perceived tendency to smaller size among bighorn 
rams west ofthe Rocky Mountains in British Columbia may reflect environmental, rather 
than genetic variation. Bighorn sheep in this region live mostly along low elevation river I 
breaks, are largely non-migratory, and therefore, do not have the nutritional benefits of 
seasonal altitudinal migration and alpine forage (Hebert 1973). I 

During the last glacial advance ofthe Pleistocene, which ended approximately 10,000 
years ago, glaciers covered the Rocky Mountains ofCanada and areas west to the Coastal 
Mountains, south to approximately 47.5 degrees latitude (Flint and Skinner 1977). I 
Therefore, mountain sheep now inhabiting these regions are derived from populations that 
persisted south ofthe glacial advance (e.g. Montana and Idaho) and have colonized this area 
within the past 10,000 years with the opening of habitat in the Holocene. A reasonable I 
explanation for the existence of two subspecies in this region would require two Pleistocene 
refugia, one in the Columbia River Valley for 0. c. ca/ijomiana and one farther east in 
northern IdaholMontana for 0. c. canadensis. While it appears that the Columbia River may I 
have been a major north-south biogeographic barrier during the Pleistocene, there is no 
support for an east-west biogeographic barrier to separate bighorn into two refugia. I 

The recognition of0. c. ca/ijomiana as a separate subspecies requires that there be a 
degree ofgenetic isolation between these regions that (1) is detectable by several Iindependent measures, (2) is greater than the variation found within subspecies (e.g. Rocky 
Mountain bighorn), and (3) has resulted in distinguishability from the Rocky Mountain 
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subspecies to the east. Lacking such support, we assign extant and extinct native populations 

I of 0. c. califomiana populations from Washington and British Columbia to 0. c. canadensis. 

The regional differences that we found south of Washington, including the cold 

I desert, suggest that either there was considerable genetic differentiation among these 
subregions and/or it represents extensive eco-phenotypic variation from environmental 
influences. Our findings of consistent concurrence ofgenetic and morphometric results, 

I suggest that these regional differences have a strong genetic component. Also, morphometic 

I 
results alone are not consistent with an interpretation ofenvironmental (nutritional) variation 
underlying regional differences. Sierra Nevada rams have particularly wide skulls but small 
horns, while cold desert rams immediately adjacent to the east have larger horns but narrower 

I 
skulls. If environmental nutritional constraints underlay such differences, we would expect 
hom and skull characteristics to covary (Wehausen and Ramey 1993). In the absence of such 
covariance, we believe that this is meaningful shape variation with a genetic component. 

I We also consider the relationship between hom core length and hom volume to be an 
important shape variable that distinguishes Rocky Mountain bighorn from those in the hot 

I 
and cold desert regions. On the basis of this shape variable, the northern boundaries for cold 
desert bighorn apparently included all of northern Nevada, Oregon, and the southwest comer 
ofIdaho. However, this is just one shape variable, and this northern cold desert region was 

I 
probably transitional with Rocky Mountain bighorn, as suggested by specimens from the 
Salmon River. 

I 
Of the California su.bspecies range defined by Cowan (1940), this leaves only the 

Sierra Nevada. Bighorn sheep from the Sierra Nevada have a clear affinity with the 

I 
southwestern desert region, but show considerable distinction on the basis ofmtDNA 
(Ramey 1993) and cranial morphology (Wehausen and Ramey 1993). Therefore they fit the 
subspecies criteria ofBall and Avise (1992). 

o. c. canadensis 

I 
I We found little morphometric variation within the Rocky Mountains, most ofwhich 

involved differences between Colorado and the northern Rocky Mountains, as might be 
expected under an isolation by distance model. Similarly, Luikart and Allendorf (1996) 
found no evidence of long-term population isolation or differentiation within the Rocky 
Mountains from mtDNA markers, and suggested that the Rocky Mountains have lacked 

I subdivision by long-term biogeographic barriers. Even during periods ofglacial advance 
much of the Rocky Mountains supported open steppe habitat (Barnosky et al. 1987) that 
would have favored gene flow among populations. 

I The native Salmon River bighorn have not been included in DNA studies. 
Morphometric data indicated that they were somewhat inuermediate between the cold desert 
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and Rocky Mountains, although this region had a greater affinity to the Rocky Mountains. 
The Snake River Plain in southern Idaho would have presented a partial biogeographic 
barrier separating Salmon River region from the cold desert to the south. Gene flow between I 
these regions would have been most likely via the west near the border with Oregon, and to 
the east via mountains near the WyomingfUtah border. I 
Conservation 

IConservation is dependent upon accurate information on patterns ofgenetic variation 
in the natural world and the evolutionary processes that brought about those patterns of 
variation. However, much ofpast taxonomy at or below the species level is antiquated 
because it lacks an adequate quantitative basis, and reflects an archaic typological view of I 
species and subspecies not consistent with an evolutionary perspective (Mayr 1982). 

Our revisions to the taxonomy of0. canadensis are made with the goal of identifying I 
units ofconservation using the concordant distributions of independent measures ofvariation 
to the maximum extent possible (morphological and molecular) and placing these Iconservation units within an evolutionary context. Once identified, these units can be used to 
allocate conservation effort to preserve unique genetic resources, to choose genetically 
similar populations for reintroductions, and to better understand the evolutionary history of Ithese groups. Because we examined variation among adjoining regions within a larger 
geographic context and used the criterion that subspecies be distinguishable based on 
concordant distributions of several genetically based traits (Ball and Avise 1992), our results Ihave not supported much of the geographic subspecies divisions currently in use. One result 
is that some regions (e.g. Oregon, northwestern Nevada, and southwestern Idaho) have been 
restocked during reintroductions with sources different from the original populations. I 

The finding ofboth morphological and molecular genetic distinction of Sierra Nevada 
bighorn sheep suggests that this is a unique gene pool more deserving of conservation I
attention than any other group ofbighorn sheep, given its small geographic distribution, 
small overall population, and recent population declines (Wehausen 1996). It is currently 
one ofthe rarest North American mammalian taxa. I 
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Table 1. Descriptions of skull and hom measurements used in this study. Abbreviations are 

I in parentheses. 

Cranial length (CRANIAL): Distance from anterior lip of foramen magnum to posterior edge 

I ofpalate at midline suture. 

I 
Palate length (pALATE): Distance from posterior edge ofpalate at midline suture to 
posterior margin of the most intact anterior palatine foramen. 

I Premaxilla length (pREMAX): Distance from posterior margin ofanterior palatine foramen 
to tip of premaxilla along midline. 

I Upper tooth row length (TOOTH)l: Length oflongest tooth row measured as the greatest 
alveolar length ofcombined upper molars and premolars. 

I
 Palate width (PM2): Least distance across palate between alveoli of second premolars.
 

Cheek width (CHEEK): Greatest distance betWeen malar eminences on the maxillary bones. 

I Interorbit width (INTERORB)l: Least distance in a straight line taken with calipers resting 
in notch on inferior orbital rim at lower edge of lachrymal bones. 

I Intraorbit width (INTRAORB): Width oflargest orbit measured as greatest width of interior 
lip oforbit. 

I Zygomatic width (ZYGO)l: Greatest distance between external margins of zygomatic arches 
taken on the jugo-squamosal suture. 

I Post orbital width (pOSTORB): Greatest width of frontal bone as measured posterior to 
orbits and anterior to hom cores. 

I 
I Cranial height (HEIGHT): Males: Greatest distance from anterior lip offoramen magnum to 

crest ofcranium along midline suture. Females: Greatest distance from anterior lip of 
foramen magnum to crest ofcranium along midline suture even with the anterior edge of 
hom cores. 

I Hom core length (CORL): Length of hom core measured along the superior edge from the 
burr to the tip using a steel tape. 

I Hom core basal circumference (CORC)l: Circumference oflargest hom core, measured 
around core near burr, at right angle to the axis of the core at that point, using a steel tape. 

I 
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Hom core taper (TAPER3-6): The rate of change ofcore circumference between three and 
six inches distance from the burr along the superior edge. I
 
Hom core circumference at 3 inches (CORC3): Hom core circumference measured at three 
inches from the burr along the superior edge. I
 
Hom basal circumference (HORNci: Circumference of largest hom base, measured 
nearest its base using a steel tape. I
 
Hom length (HORNL)l: Measured along the superior hom keel from orbital comer to tip of 
hom. I
 
Hom volume (HORNVOL): Volume of largest hom estimated from lengths and 
circumferences. The hom length was divided into four quarters and the circumference ofthe I
 
hom was measured with a steel tape at the base, each quarter, and at a measured length near 
the end just short of any brooming. The radius ofthe hom at its base and at each quarter was 
estimated by treating each circumference as a circle. Hom volume was estimated by I
 
calculating and summing the volumes between each circumference calculated as frustrums of 
conical sections. A final conical section was added from the last circumference to 
approximate brooming loss using a constant taper for all specimens. An analysis of the ends I
 
ofunbroomed horns yielded a constant taper across all populations (distance between 
circumferences accounted for 96% of the variation in circumference differences; n = 19). I
 
Age (AGE): Growth years determined from annual hom growth rings. For specimens 
missing hom sheaths, a minimum age was determined from tooth replacement and wear. I
 
1 Measurements used by Cowan (1940). 
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Table 2. Results of correlations between hom volume and skull variables of rams including 

I desert forms. 

ALL AGES AGE >7 

p p 

I 
I Variable N .-z N .-z 

CORL .00 
561 .644 .000 300 .288 0 

CORC3 .00

I 397 .581 .000 218 ..430 0 

HEIGHT .00 

I 574 .510 .000 319 .372 0 

POSTORB .00 

I 610 .448 .000 329 .464 0 

INTERORB .00 
556 .418 .000 301 .165 0

I INTRAORB .00 
569 .070 .000 309 .082 0 

I ZYGO .00 
565 .381 .000 305 .212 0 

I LENG1 .00 
576 .179 .000 308 .077 0 

I PALATE .00 
473 .141 .000 261 .115 0 

I PREMAX .11 
400 .008 .075 231 .011 2 

I TAPERJ-6 .00 
399 .041 .000 219 .043 2 

I
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Table 3. Numbers ofvariables out of 15 that were significantly different ~:5; 0.05) in 
ANDVA's with Bonferroni multiple comparisons tests for ram skulls from four Rocky IMountain and four western regions. 

Cold Sierra NE CA 
Desert Nevada & OR AL MT WY I 

Sierra 
Nevada 10 MT 1 I 
NECAlOR 11 7 WY o o I 
WAlBC 12 10 6 co 4 o o 

I
 
I
 

Table 4. Numbers ofvariables out of 15 that were significantly different ~:5; 0.05) in 
ANDVA's with Bonferroni multiple comparisons tests for ewe skulls from three Rocky IMountain and three western regions. 

Cold 
Desert 

Sierra 
Nevada 

AL& 
MT WY 

I 
Sierra 
Nevada 8 WY 0 

I 
WA+BC 12 5 CO 1 1 I 

I 
I 
I 
I 
I 
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I
 Figure 1. Plotting of principle components 1 and 3 for rams. Crosses are California bighorn
 

from British Columbia and Washington, and squares are from the Salmon River ofIdaho. 
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Figure 2. Plot ofMahalanobis distances from discriminant analysis of ram skull 
measurements for the cold desert vs the Sierra Nevada. 
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I Figure 3. Plot ofMahalanobis distances from discriminant analysis of ram skull 

measurements for California bighorn from British Columbia and Washington vs the Sierra 

I Nevada. 
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Figure 4. Plot ofMahalanobis distances from discriminant analysis of ram skull 
measurements for California bighorn in British Columbia and Washington vs the Rocky I
 
Mountains north ofColorado. 
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I Figure 5. Plot ofMahalanobis distances from discriminant analysis of ram skull 

measurements for California bighorn in British Columbia and Washington combined with the 
northern Rocky Mountains vs the cold desert. The discriminant function was used to plot 

I specimens from the Sierra Nevada (stars) and the Salmon River ofIdaho plus Oregon 
(squares). 
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Figure 6. Plot ofMahalanobis distances from discriminant analysis of ewe skull 
measurements for the cold desert vs the Sierra Nevada. 
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I 
I Figure 7. Plot ofMahalanobis distances from discriminant analysis ofewe skull 

measurements for California bighorn in British Columbia and Washington vs the cold desert 
The discriminant function was used to plot California bighorn specimens from British 
Columbia and Washington. 
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Figure 8. Plot ofMahalanobis distances from discriminant analysis of ewe skull 

measurements for California bighorn in British Columbia and Washington vs the Rocky 
Mountains north ofColorado. I 
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I Figure 9. Plot ofMahalanobis distances from discriminant analysis of ewe skull 

measurements for California bighorn from British Columbia and Washington vs the Sierra 
Nevada.

I 
I 5------------------

EWES 

+ 

I + 

4I 
-W
 

+
 "'I"""
WA&BC / +JI o 

Z3 
~ 
UJI -C 

2I
 
I
 

1 

I o 1 2 3 4 5 
DISTANCE(2) 

I 
I 
I 
I 
I 

213 

I
 
I
 

~:;..---_. 

/+ + + • 
++++++ ~ 

/+'+ +++... /+
+ + 

+ 
+ + 



I
 
I
 
I
 

Figure 10. The relationship between hom core length and hom volume for ram skulls from 
four regions: northeastern California, Oregon, and southwestern Idaho; the cold desert of I 
California and Nevada; the Sierra Nevada Mountains of California; and the Rocky 
Mountains. I 

50 
I 

• NE CA, OR, SW ID 

E45 -() COLD DESERT • I 
(,) + ROCKYMTNS. ()- ()•. 

~ ().()0 SIERRA NEVADA () . I::I: 40 I- () ® ~ 
() 0 () + •

C) •()~ ()~ ~-tr +
 
- 00'0 ;r~...+ +*'F "Ie+++ + +
ffi 35 I()'?9> ~ + + +...J +

() o~~ • +*+ +t? t+:f+ -j--ff- ++* 
~ 30 - :t- ~.-t +~~o ~-I* I0 () 80 + 

0+ ()eD+ ++0 () + ++ 
Z 25 - + + 

o () I0:: 
,.. () 0+

~ 20 + 
0 I 

15 ....._+__....1 ........1 11.... ....__---'
1 

o 2 4 6 8 10 I 
HORN VOLUME (I) 

I 
I 
I 
I 

214 

I
 
I
 



I
 
I
 

FURTHER MORPHOMETRIC ANALYSES OF MOUNTAIN SHEEP IN

I SOUTHWESTERN UNITED STATES AND MEXICO: A REPORT TO 
COOPERATORS 

I JOHN D. WEHAUSEN1 AND ROB R. RAMEY 112 

ABSTRACT

I 
This report extends our previous morphometric analyses of southwestern bighorn 

sheep skulls into the region of transition between southwestern deserts and the Rocky 

I Mountains. Specific questions addressed were the affinities of specimens froiD the Utah 

I 
Canyonlands region and EI Malpais National Monument relative to questions of 
reintroduction stock. These specific questions were addressed in a larger geographic analysis 
encompassing the Sonoran, Mojave, Great Basin, and Chihuahuan Deserts and Colorado 
Rockies. Our data base now totals about 600 skulls measured primarily from the Southwest 

I and southern Rockies. Nevertheless, additional specimens are still needed from various 
locations within the region reported on here. Both univariate and multivariate statistical 
analyses were used to address questions of morphometric patterns and affinities. 

I Our results support a distinction between the Rocky Mountains and the deserts as a 

I 
whole. Within the desert region, what continues to emerge is a distinction between the warm 
Mojave Desert and the cold Great Basin Desert. Although sampling and analyses of the 
Sonoran Desert are not complete, there appear to be two latitudinal bands of sheep: (1) a 
southern warm desert band extending from the Mojave Desert across the Sonoran Desert of 

I Arizona and Sonora Sonoran Desert to the Chihuahuan Desert ofNew Mexico and 

I 
Chihuahua; and (2) a cold desert band beginning around the south end ofDeath Valley and 
extending east across all but very southern Nevada and all ofUtah. There is some indication 
of some distinction at the eastern ends ofboth of these bands, which would be expected in 

I 
terms of isolation by distance, as well as habitat transition. This predicts a cline along the 
Colorado River from warm desert to cold desert affinities. We found a Mojave Desert 
affinity for sheep along the Colorado River in the Lake Mead area of southern Nevada and a 
strong Great Basin affinity for sheep from the Canyonlands region of Utah. The Grand 
Canyon area already exhibited considerable Great Basin characteristics, but was suggested to 

I be a transition region. Consequently, it is most probable that native sheep in southwestern 

I I University ofCalifornia, White Mountain Research Station, 3000 East Line Street, Bishop, California 93514 
2 Section ofEcology and Systematics, Cornell University, Ithaca New York 14853 
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Utah were of the Great Basin race. The transition between these two desert sheep types 
appears to occur between 36° and 37° N. latitude, which is also about where a shift in Ilambing period pattern occurs {Bunnell 1982, Thompson and Turner 1982). However, this 
should not be viewed as a distinct line of demarcation, nor should these cold and warm desert 
types be viewed as distinct taxa. We suggest that they be viewed as geographic races that I
intergrade from one to the other, and may prove to be part of a larger geographic pattern as 
yet uncovered. 

I 
Specimens from the area ofEI Malpais National Monument in northwestern New 

Mexico indicated an intermediate position between the Colorado Rockies and the hot 
Sonoran and Chihuahuan deserts, but a considerably stronger desert affinity. I 
INTRODUCTION 

I 
The currently accepted taxonomy ofNorth American wild sheep (Shackleton 1985, 

Bowyer and Leslie 1992) is based on comparisons of skull measurements among populations 
made by Cowan (1940). In the Southwest, Cowan described four desert subspecies of I 
mountain sheep: Nelson's bighorn (0. canadensis nelsoni) in the Mojave and Great Basin 
Deserts; Mexican bighorn (0. c. mexicana) in the Sonoran and Chihuahuan Deserts; 
Peninsular bighorn (0. c. cremnobates) in northern Baja California and extreme southern I 
California; and Weems' bighorn (0. c. weemsi) in southern Baja California; as well as 
California bighorn, (0. c. calijomiana) in the Sierra Nevada. For haIfa century, state and 
federal conservation programs have relied on Cowan's work as a guide to the differentiation I 
ofmountain sheep. 

IOn the basis ofmitochondrial DNA data and a reanalysis ofthe original data used by 
Cowan (1940), Ramey (1993) found no support for several ofCowan's southwestern 
subspecies. Instead, unequal age distributions in small samples were hypothesized to have 
been responsible for differences found by Cowan (1940). I 

We recently developed a new morphometric data set to test this hypothesis for the 
Peninsular subspecies. We found age effects on ram skulls to extend well past adulthood. I 
When age effects were removed, we could find very few differences between Peninsular 
bighorn skulls and those from the adjacent Mojave Desert. On the basis ofthis finding and Ithe lack ofgenetic support for this subspecies, we synonymized O. c. cremnobates with O. c. 
nelsoni (Wehausen and Ramey 1993). We also found specimens from the northern (Great 
Basin) portion ofthe Nelson's bighorn range in California and Nevada to have numerous Imorphometric differences from Mojave Desert specimens in California, as well as from the 
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Sierra Nevada immediately to the west. This report extends our morphometric analysis 

I further east. 

In describing the boundaries for O. c. nelsoni, 0. c. mexicana, and 0. c. canadensis in

I the Southwest, Cowan (1940) designated zones of intergradation between subspecies, thereby 
leaving some subspecies boundaries indefinite, while acknowledging uncertainty in others. 
One description of the transition between 0. c. mexicana and O. c. canadensis was as 

I follows: 

I "Along the valley of the Colorado River the open homed, heavy toothed, pale desert 
sheep of Arizona gradually give way to the close homed, light toothed, dark colored 

I 
sheep inhabiting the Rocky Mountains. The trend is so gradual that it is impossible to 
draw an arbitrary line between the two" (p.521). 

I 
Similarly, he considered eastern Nevada to be a zone of intergradation between 0. c. 

nelsoni and 0. c. canadensis, although he admitted that the fragmentary data were too 
inconclusive to classify those populations as either. 

I While Cowan (1940) was somewhat cautious about designating firm boundaries 

I 
between desert subspecies and Rocky Mountain bighorn, his description ofthe southern-most 
distribution ofRocky Mountain bighorn in the state ofNew Mexico was particularly 
speculative, considering that he never examined a single specimen from that entire state, 
instead making a "logical assignment for purely geographic reasons" (p.553): 

I "The bighorn ofthe Rocky Mountains at one time ranged into northern New Mexico 
along the Sangre de Cristo Mountains as far south as Truchas Peaks, Pecos Baldy, 
and Santa Fe Baldy on the east side of the Rio Grande Valley, and probably through 

I the San Juan Mountains to Jemez [near Bandolier National Monument] on the west 
side ofthe valley." (p.540) 

I
 In Utah Cowan (1940) considered all bighorn to be the Rocky Mountain subspecies,
 
except for small zones of intergradation with desert forms. However, this was based on his 
examination of only two specimens from that state: one from north ofthe Green River, and 

I one from the Uinta Mountains. 

In summary, Cowan's (1940) assignment of taxonomic status in the entire transition 

I zone between the Rocky Mountains and deserts was based on essentially no data, amounting 
to nothing more than unsupported opinion. Our goal in this report has been to begin looking 
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at affinities and patterns in this transition zone on the basis of morphometric data. We have 
been requested to consider two specific morphometric questions: (1) the affinities of native Isheep in Canyonlands National Park and related nearby habitats relative to the 
appropriateness of reintroduction stock from Lake Mead National Recreation Area versus 
native Utah sheep~ and (2) the affinities ofthe few specimens from the extinct population at I
El Malpais National Monument in northwestern New Mexico. This first set of analyses will 
be oriented toward those two questions. Various related questions remain, such as validity of 
the Mexican and Weems bighorn subspecies. These will be taken up later when sampling is I
more complete from Arizona and Baja California. 

METHODS I 
DataSet 

I
Our previous sample of208 ram and 163 ewe bighorn skulls measured contained only 

sparse representation from regions outside of California. To this sample, we added 132 ram 
and 74 ewe skulls from Nevada, Arizona, Utah, New Mexico, and Colorado for this I 
investigation, as well as a few more from California. Despite major efforts to develop 
significant sample sizes relative to the specific questions of this investigation, these sample 
sizes remain less than adequate in some regions for at least one sex (Table 1). This reflects a I 
long term and widespread lack of any reasonable attempt by a variety of resource 
management agencies to see that such biological materials are saved and eventually 
deposited where they will be properly curated. Exceptions to this were few, but greatly I 
appreciated. 

We used the same measurements developed previously (Wehausen and Ramey 1993) to I 
describe four attributes of skulls: lengths, widths, height, and horns. To the extent possible, 
these were based on homologous landmarks (Bookstein 1990), e.g. intersections of suture 
lines. Our hom measurements on rams included those necessary to calculate Boone and I 
Crockett scores (circumferences at each hom quarter), but we used those measurements to 
calculate an index ofhom volume. Table 2 lists the skull and hom variables we use in the 
analyses presented here. I 
Analyses I 

We used both univariate and multivariate analyses and treated rams and ewes 
separately. For both sexes, univariate analyses were performed on specimens ~4 years and 
were carried out for 11 skull measurements and two hom-related measurements for each sex. I 
Previous analyses found substantial age effects on measurements of ram skulls up to nine 
years ofage (Wehausen and Ramey 1993). These were removed in univariate analyses via Ianalysis of covariance (ANCOVA) using age covariates. Three age covariates were 
employed: AGE, lnAGE, and 11AGE. Each was tried for every univariate analysis and the 
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one that accounted for the most variation in the ANCOYA was used. If age effects were not 

I significant, or did not have parallel slopes, simple analysis of variance (ANOYA) was used 
instead. The Bonferroni multiple comparisons test was then used to compare differences 
among the geographic regions and these results were tabulated for all 13 measurements for 

I comparison. We used ~ = 0.05 as our cutoff for rejecting the null hypothesis in all statistical 
analyses. 

I Multivariate methods of analysis used were principal components analysis (PCA), 

I 
discriminant function analysis (DFA) and associated canonical variates analysis, and cluster 
analysis. PCA lacks any inferential statistical power, but is an important exploratory tool 
(Reyment et al. 1984) to look at potential size and shape differences and geographic patterns 

I 
on a multivariate level. Since an age covariate cannot be used in PCA, we used the results on 
age effects to choose appropriate age ranges for PCA to eliminate this source of variation: ~4 

years for ewes, and ~8 years for rams. The same age ranges were used for other multivariate 
analyses. PCA's were based on covariance matrices derived from pairwise analyses of108e 

I
 transformed variables. Pairwise analyses allowed the maximum amount ofdata to be used.
 

I
 
This was important because many skulls did not permit all measurements to be taken due to
 
missing parts or horn sheaths that could not be removed. Only a limited subset of the
 
specimens having measurements for all variables used in the analysis could be used for
 

I
 
plotting principal component scores. L08e transformed variables were used for PCA so that
 
the first principal component (pC1) might be interpreted as a size component (Reyment et al.
 
1984, James and McCulloch 1990).
 

Group Definition 

I 
I Univariate analyses require meaningful definitions ofgroups to be used as categorical 

independent variables. Of particular interest in this effort was the group assignment of sheep 
from southern Nevada relative to the question ofappropriate reintroduction stock to use in 
Utah. The specimens of interest in this regard were those from very southern Nevada along 
the Colorado River (River and Eldorado Mountains) versus those from the Desert Game 

I Range somewhat further north. Ifone or both of these areas were found to be closely allied 
with the Mojave Desert ofCalifornia, specimens could be lumped with the latter and Utah 
compared with the entire region. We approached this question from multiple directions. 

I Principal components analysis (PCA) was used to see if any particular affinity was 
suggested. Univariate analyses (ANCOYA) were performed comparing the Desert Game 
Range with adjacent regions previously defined: the Great Basin Desert of California and 

I Nevada~ the Mojave Desert ofCalifornia~ and the Sonoran Desert of Arizona and Sonora. 
The paucity of specimens from the southern extreme ofNevada prevented meaningful 
inclusion ofthat area in these univariate analyses, as did the small sample size for ewes from 

I the Sonoran Desert. Based on group definitions from the univariate analyses, DFA was used 
to develop a function that discriminated between Mojave Desert specimens and the Desert 
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Game Range and Mojave Desert and the Great Basin. Southern Nevada specimens were then 
classified using those functions. I 

For EI Malpais National Monument, the question concerned the position of specimens 
from that area ofNew Mexico relative to surrounding regions: Sonoran and Chihuahuan IDeserts, Utah, and Colorado. This also was investigated via PCA and DFA. 

RESULTS I 
Southern Nevada 

I 
PCA for ewes restricted to California and Nevada based on 11 skull and two hom I

variables separated regions only along the PC1 axis. This PC axis was strongly influenced 
by variation in hom size. It accounted for 55% ofthe variation and had all positive loadings, 
thus represented largely size variation, primarily ofhom and secondarily of skull dimensions. I 
Specimens from the southern Nevada populations along the Colorado River exhibited 
alliance with the Mojave Desert ofCalifornia, whereas those from the Desert Game Range 
north ofLas Vegas Valley greatly overlapped the Great Basin specimens, but barely the I 
Mojave Desert (Fig. 1). As found previously (Wehausen and Ramey 1993), PCA without 
hom variables failed to differentiate any southwestern geographic regions. I 

Univariate analyses ofMojave, Great Basin, and Desert Game Range regions 
reemphasized the Mojave-Great Basin differences and supported PCA results in suggesting 
greater alliance ofthe Desert Game Range with the Great Basin than with the Mojave Desert I 
(Table 3). 

A DFA between the Great Basin and the Mojave Desert for ewes ~4 years old using I 
the same skull and hom variables as PCA and univariate analyses correctly classified all 
Mojave Desert and Great Basin specimens with high posterior probabilities (p~.987). Oftwo 
southern Nevada specimens from Colorado River habitats, one was classified by this function I 
as Mojave Desert (P =.973), while the other could not be assigned to either group (P =.500). 
Canonical variate scores from this analysis reemphasized the greater Mojave Desert alliance Ifor extreme southern Nevada and Great Basin alliance for the Desert Game Range (Fig. 2). 

I 
PCA for rams using 11 skull variables plus hom volume and hom core length yielded 

a first PC that accounted for 62.4% ofthe variation and had all positive loadings dominated Iby hom volume and secondarily by hom core length. As for ewes, this PC 1 could be 
interpreted as representing primarily size variation. While the PCl axis separated Wyoming 
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and Montana specimens from Colorado, the Desert Game Range substantially overlapped 

I both the Mojave Desert and the Great Basin distributions (Fig. 3). Relative to this PCl axis 
the single specimen from Colorado River habitat of southern Nevada fell (1) well within the 
Mojave Desert distribution, (2) just outside of the range for the Great Basin, and (3) just

I inside the upper extreme ofthe Desert Game Range distribution. PC2 accounted for 13.1% 
ofthe variation and separated larger skulls with shorter hom cores (Rocky Mountains and 
Sierra Nevada) from smaller skulls with longer hom cores (Mojave, Sonoran, and Great 

I Basin deserts). The Chihuahuan Desert appears to bridge these two types (Fig. 3). The 

I 
specimen from extreme southern Nevada again overlapped distributions from both the 
Mojave Desert and Desert Game Range, as well as the lower extreme of the Great Basin 
distribution. PC3 did not separate any geographic regions. 

I Univariate analyses found almost no difference between the Desert Game Range and 
Great Basin, but many differences between Desert Game Range and Mojave Desert. Also, 
the Sonoran Desert ofArizona and Sonora yielded no differences from the Mojave Desert 

I (Table 4). Consequently, for further univariate analyses the Mojave and Sonoran Deserts 
were combined, as were the Desert Game Range and Great Basin. 

I A OFA for the Mojave Desert versus Desert Game Range based on the same skull 

I 
measurements plus hom volume and core length correctly classified all 13 Desert Game 
Range specimens with P~.95, and 25 of26 Mojave Desert specimens, ofwhich 23 were 
classified with P~.95. The single complete specimen from extreme southern Nevada was 
classified by this discriminant function as Mojave Desert with high certainty (P =.992). 
Consequently, for additional analyses, extreme southern Nevada was lumped with the 

I
 Mojave Desert region.
 

Utah Canyon Habitat 

I 
I PCA for desert and Rocky Mountain regions surrounding Utah using 10 skull 

(TOOTH excluded to include two Grand Canyon specimens) and two hom variables 
generated a PCl again heavily loaded to hom length and secondarily to hom circumference,

I and which accounted for 51.7% of the total variation. This axis separated Great Basin and 
Colorado specimens from the Mojave Desert, and mostly separated the Chihuahuan Desert as 
well. The two Utah specimens fell well below the range of the Mojave Desert on this axis, 

I instead overlapping the Great Basin, Colorado, and Chihuahuan Desert distribu~ions (Fig. 4). 
The Colorado River specimens from southern Nevada again fell in the middle of the 
distribution for the Mojave Desert, while two Grand Canyon specimens plotted outside of

I the Mojave Desert distribution about halfway between the two southern Nevada and two 
Utah Canyonlands specimens. While PC1 was substantially a size component, a weak 
negative loading to palate length added some shape element to it. PC2 accounted for 14.4% 
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ofthe variation and separated large skulls with shorter horns (Colorado) from smaller skulls 
with longer horns (all the desert ranges). Utah was allied with the deserts on this axis (Fig. I4). PC3 effected no geographic separation. These results suggest a desert affinity for the 
Utah Canyonlands region, but a Great Basin rather than Mojave Desert alliance. The Grand 
Canyon specimens already show the beginning ofa Great Basin affinity, and suggest that Ithere may have been a cline up the Colorado River. 

A DFA between the Mojave Desert and Great Basin classified all 12 Mojave Desert I
and eight Great Basin specimens correctly at P~.968. This function classified one Utah 
specimen as Great Basin with certainty (P = 1.000) while the other could not be classified as 
either (P = .500). Canonical variate scores from this analysis emphasized the apparent Great I 
Basin affinities ofUtah, Grand Canyon, and Desert Game Range specimens (Fig. 5). 

Adding Colorado in a 3-way DFA correctly classified all 12 Mojave Desert I 
specimens (P~.995), all seven Colorado specimens (P = 1.000), and all eight Great Basin 
specimens (P = 1.000 for seven, and P = .752 for one). One Utah specimen was classified as 
Great Basin with certainty (P = 1.000) and the other fell between Colorado and the Great I 
Basin, being weakly classified (P = .571) as Colorado. Both Grand Canyon specimens were 
classified as Great Basin (P = 1.000, 0.946). A plotting ofcanonical variate scores illustrates 
these affinities (Fig. 6). I
 

I
 
The PCA plots used to evaluate southern Nevada ram specimens also suggested a 

greater Great Basin alliance ofsheep from the Canyonlands region than with the warm 
deserts (Fig. 3). Utah specimens barely overlapped the Mojave/Sonoran Desert distribution I 
on the PC1 axis and fell completely below Colorado, but were in the middle ofthe Great 
Basin distribution. Utah specimens were allied with the Mojave, Sonoran, and Great Basin 
Deserts on the PC2 axis, as opposed to the Chihuahuan Desert and Rocky Mountains. The I 
single Grand Canyon specimen plotted within the region defined by the Utah specimens, and 
at the lower extreme ofMojave/Sonoran Desert specimens on the PC1 axis. This suggests an 
affinity similar to what was found for ewes (Fig. 3). I 

Univariate analyses corroborated PCA results. Approximately twice a many Ivariables were significantly different between Utah and Colorado, Utah and the Chihuahuan 
Desert, and Utah and the Mojave/Sonoran Desert as between Utah and the Great Basin 
(Table 5). Overall, Utah rams exhibited some apparent distinction from all surrounding Iregions. 

For ewes, PCA, DFA, and canonical variates plots all completely separated the IMojave Desert from the Great Basin region (Fig. 1,4,5,6). For rams, PCA plots did not effect 
complete separation (Fig. 3). This was corroborated by DFA and canonical variates. A 3
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way DFA for Mojave Desert, Great Basin, and Colorado completely separated Colorado 

I from the desert regions~ all five Colorado specimens were correctly classified with certainty 
(P = 1.000). However, only eight of 11 Mojave Desert specimens and nine of 10 Great Basin 
specimens were correctly classified, while only five and two of these, respectively, were 

I classified at P>.95. While this lack of complete separation is evident in Fig. 7, this plot also 
shows the strong Great Basin affinity of Utah specimens and the intermediate position of 
Grand Canyon. All five specimens from Utah were classified as Great Basin (p~.939 for

I four and P = .863 for one). One Grand Canyon specimen was classified as Great Basin (P = 

I 
.920) and one very weakly as Mojave Desert (P = .631). As was found for ewes, these results 
suggest a Great Basin affinity for the Utah Canyonlands region and a cline along the 
Colorado River. . 

I EI MaJpais National Monument Area 

I 
I PCA based on 10 skull variables and two hom core variables for four regions around 

EI Malpais National Monument yielded partial separation of these regions. PC1 reflected 
overall hom core size variation and little else, accounted for 51.1% of the total variation, and 

I 
essentially separated the Sonoran Desert from Colorado. However, the Chihuahuan Desert 
was intermediate and substantially overlapped both regions along this axis. The EI Malpais 
specimen fell well out the distribution for Colorado and even slightly above the Chihuahuan 

I 
Desert, but in the middle of the range for the Sonoran Desert (Fig. 8). PC2 accounted for 
17.3% ofthe variation and represented large skulls with narrow hom cores vs small skulls 
with wide cores. Again, it separated Sonoran Desert specimens from Colorado, while the 

I 
Chihuahuan Desert overlapped both substantially. The EI Malpais specimen overlapped the 
Sonoran and Chihuahuan Desert ranges, but again not Colorado (Fig. 8). PC3 was a shape 
component that accounted for only 9.8% ofthe variation. It substantially separated Colorado 

I 
from the Chihuahuan Desert. The EI Malpais point again overlapped the Sonoran Desert, as 
well as Colorado, but not the Chihuanhuan Desert (Fig. 9). These findings would put EI 
Malpais most allied with the Sonoran Desert, less so to the Chihuahuan Desert, and least to 
Colorado. 

I When the single Utah female specimen containing the necessary measurements was 
excluded and a DFA was run to distinguish the remaining three regions, a different outcome 
resulted. The canonical variates were able to completely separate All three groups were 

I higWy distinguishable with all of the four Sonoran Desert, 12 Chihuahuan Desert, and five 
Colorado specimens correctly classified with certainty (P = 1.000). When applied to the EI 
Malpais specimen, this function classified it as Colorado with high certainty (P = .998).

I However, a plot of canonical variate scores from this analysis shows the specimen falling 
between Colorado and the Sonoran Desert, although toward Colorado (Fig. 10). What these 
two types of results mean is that in overall sample variation (PCA) the EI Malpais skull was 
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more like those from the hot deserts but, for those variables that best distinguish Colorado 
ewe skulls from hot desert ones, this specimen was intermediate with a leaning toward I
Colorado. 

I 
PCA for rams ";Z.7 years old for the same regions and skull and core variables used for 

ewes generated somewhat more distinction between geographic regions than found for I 
females. PC1 was a size component with all positive loadings dominated by hom core 
length, and accounted for 46.6% of the total variation. It produced clinal variation among the 
three desert regions from Utah canyon habitat (small skulls and cores) to Sonoran Desert I 
(large skulls and cores), with Chihuahuan Desert and Colorado both intermediate. The two 
specimens from the EI Malpais area fell in the overlap zones ofthe Sonoran and Chihuahuan 
deserts and Colorado, but not Utah (Fig. 11). PC2 accounted for 20.0% ofthe variation and I 
separated large skulls with short hom cores from smaller skulls with long cores. It largely 
separated Colorado from the three desert regions, especially the Sonoran and Chihuahuan 
Deserts. The EI Malpais area specimens overlapped all three desert regions on this axis, but I 
not Colorado (Fig. 11). PC3 was a shape component primarily of the feeding apparatus and 
accounted for 10.1% ofthe variation. It did not separate any of the 4 regions from each 
other. These PCA results for rams suggest a Sonoran or Chihuahuan Desert affinity for the I 
native bighorn sheep ofthe EI Malpais area. 

IA 3-way DFA to distinguish specimens from Colorado, the cold desert of Utah, and 
the hot desert (Sonoran and Chihuahuan combined) for rams ";Z.7 years old based on the same 
12 variables strongly separated Colorado from the deserts, but did not completely separate 
the 2 deserts (Fig. 12). It also largely separated the hot and cold desert groups, I 
misclassifying only one Chihuahuan Desert specimen as Utah. It classified 34 skulls 
correctly with high certainty (P ";Z. 0.979) and one with less certainty (P = 0.898). Similar to 
the result the for ewe specimen, the two ram specimens from the EI Malpais area were I 
somewhat intermediate (Fig. 12) but, unlike the ewe specimen, both classified strongly as 
one ofthe two deserts (p::::: 0.999, 0.918) and somewhat less strongly as hot desert (P = .943, I.799). 

Use ofDFA to separate the Sonoran and Chihuahuan Desert and Colorado ram Ispecimens again yielded a clear distinction between Colorado and the deserts, with all 
specimens classified with certainty (P = 1.000) as one or the other. However, the two hot 
desert regions were not entirely separated with four misclassifications out of29 and only 14 I
(48.3%) classified at P ";Z. 0.95). The two EI Malpais region skulls again showed an 
intermediate position between Colorado and the desert, but with a strong desert leaning (P = 

1.000,0.845). However, between the two desert regions the affinity was not clear. One I 
specimen had a very weak affinity to the Sonoran Desert (P =0.574) and the other weak 
Chihuahuan Desert affinity (P =0.762). 
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I A shape variable consisting of the ratio of hom core length to skull height produced a 

clear cline from Colorado to the Sonoran Desert (Fig. 13). This measure allowed the use of 
all five ram specimens from the EI Malpais area. Analysis of variance of these data with a 

I Bonferroni multiple comparisons test found the northern New Mexico samples from the EI 
Malpais area to be significantly different from the Colorado Rockies (P = 0.001) and from 
the Sonoran Desert (P = 0.013), but not from the Chihuahuan Desert or Utah (P = 1.000).

I 
DISCUSSION 

I Utah 

I While a much larger sample size for ewes from Utah is needed, the results already 
point strongly to the conclusion that the sheep from the Utah Canyonlands region are 

I 
morphometrically quite different than sheep from the Lake Mead area. While the analyses 
for both sexes indicate desert rather than Rocky Mountain affinities, the alliance is much 
greater with the Great Basin than with the hot deserts to the south. Additionally, Grand 
Canyon also exhibits Great Basin tendencies, although is best viewed as transitional. This 

I would predict that probably all of river canyon habitat ofUtah was originally allied with the 

I 
Great Basin rather than the warm deserts. The shorter hom cores for two Utah specimens in 
Figure 16, suggests some distinction from the Great Basin specimens further west, as do 
ANCOVA results (Table 5). 

I 
Ramey (1993) found the most common desert mtDNA haplotype for seven samples 

from Canyonlands National Park. Our finding ofsome morphometric differentiation ofUtah 
sheep from the desert is not in conflict with this result. Both types ofdata clearly indicated 
an affinity with deserts rather than the Rocky Mountains. Since mtDNA is maternally 

I inherited, it may not exhibit the same patterns as traits based on nuclear genes. Also, the 
small sample size provided little opportunity to find any rare unique haplotype that might 
exist in this region. 

I 
I The greater affinity ofUtah with Great Basin sheep is consistent with latitude, 

climate, and habitat. The finding that sheep from the Desert Game Range are also more 
allied with the Great Basin suggests that this is a geographic race or ecotype that can be 
largely latitudinally defined. Morphometrically, the transition appears to occur between 36° 
and 37° N. latitude (e.g. between Lake Mead and the Arizona/Utah border. An additional 

I important character that allies Utah sheep with the Great Basin is their short, late, lambing 
period (Douglas 1991, Wehausen 1991). The transition between desert and northern lambing 
patterns also occurs around 37° N. latitude (Thompson and Turner 1982, Bunnell 1982). If

I lambing season differences are genetically based, this character would represent an important 
adaptation relative to climate (Wehausen 1991). Transplants to Utah of sheep with long 
lambing seasons from hot deserts may be less successful than those using native sheep. If
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such transplants result in mixing with native Utah sheep, the different lambing seasons could 
potentially create a situation ofoutbreeding depression. I 
EIMalpais 

IOverall, analyses of specimens from northern New Mexico in the EI Malpais area 
have suggested an intermediate position between the Colorado Rockies and the southwestern 
deserts, but with a much stronger affinity to the Sonoran and Chihuahuan hot desert region Ithat is immediately adjacent. Geographically these results make sense. 

CONCLUSIONS I 
While sampling from the Sonoran Desert, southern Baja California, and the San 

Gabriel Mountains of California is not yet complete, a partial morphometric picture is Ibeginning to emerge for southwestern U. S. and Mexico. Geographically, there are two 
major morphometric groups that appear to occur as latitudinal bands. In the south, the 
Peninsular Ranges of southern California and northern Baja California, the Mojave Desert, I
and the Sonoran Desert appear to have only slight morphometrically distinction from each 
other, thus form a natural grouping. Further east, this southern latitudinal band shows some 
possible differentiation in the Chihuahuan Desert, and possibly some intergradation with the I 
south end of the Rocky Mountains. The western end of this band also may prove to have 
some differentiation in the San Gabriel Mountains, where habitat is notably different from 
the adjacent desert. I 

To the north is a major band that coincides with a shift to Great Basin habitat, 
including the southern Sierra Nevada, most of southern and central Nevada, and southern I 
Utah. It also appears to shows differentiation at both ends: an apparent discontinuity 
between the Sierra Nevada and Great Basin and differences in Utah. The northern extent of 
this band has not yet been investigated. While the abrupt genetic and morphometric I 
distinction in the Sierra Nevada is yet to be explained, these morphometric patterns make 
general sense in terms of north-south habitat changes from warm to cold deserts, and east
west in terms of isolation by distance differentiation as well as habitat shifts. In the region of I 
California and Nevada, historically there was a continuous distribution of sheep between the 
warm and cold desert regions. Consequently, a sudden shift from one sheep type to another 
is not to be expected. However, further east, beginning with the Coconino Plateau in I 
Arizona, a major plateau system south of the Colorado River lacked adequate habitat for wild 
sheep, and probably isolated northern and southern desert sheep. In the four comers area a 
north-south connection likely reappeared. Although specimens from native sheep along the I 
southwestern edge of Colorado area lacking, it is reasonable to expect that they may have 
been most closely allied with Utah sheep from the Canyonlands region. I 
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Ifgenetically based, much of this morphological variation may be under very weak or


I no selection (neutral). For instance, this might explain the lack ofany geographical
 
differentiation for some of the principal component axes that represent shape differences.
 
However, other aspects may be adaptive, such as hom size and core differences relative to


I heat loss and use (Wehausen 1991, Wehausen and Ramey 1993). Lambing period is almost
 

I
 
certainly adaptive and likely to be under strong selection (Wehausen 1991). It is also related
 
to temperature. The important difference for sheep between cold and warm deserts may be
 
winter and spring temperature regime rather than other seasons. This has an elevational
 

I
 
element as well. It is perhaps no coincidence that the apparent rapid change in lambing
 
pattern and morphometric affinities coincides with a latitudinal band of notably higher
 
mountain ranges in California and Nevada compared with immediately south..
 

I
 The analyses reported here concern patterns of morphological differences only.
 
While there may be a genetic basis to all or some ofthese differences, this remains uncertain~
 

thus, systematic implications are equally uncertain. This uncertainty will be decisively 

I dispelled only with experimental rearing of sheep from different regions under identical 

I 
conditions, and through comparisons of populations transplanted to different habitats with 
their source herds. Much of the recorded variation could be an expression ofphenotypic 
plasticity, reflecting only environmental variation. However, previous analyses suggested 
otherwise. The Sierra Nevada and Great Basin ram populations are both small homed 
relative to others, but highly divergent in skull size. The Sierra Nevada has the overall 

I largest skulls of southwestern sheep, while the Great Basin falls at the other extreme. Ifthis 

I 
variation were all environmentally driven, skull and hom size would be expected to correlate 
across populations. The implication is that more than phenotypic plasticity is involved 
(Wehausen and Ramey 1993). 

I 
Uncertainty regarding the genetic basis ofmorphological variation in skulls is likely 

to remain for some time. Until there is evidence to the contrary, from a conservation 

I 
standpoint it is safest to err on the side caution and assume a genetic basis (Wehausen 1991). 
Ifsome of the variation, such as lambing periods, is adaptive and under strong selection, it 
would be wise to try to match habitat of source and reintroduced populations as closely as 
possible, and to find the nearest acceptable source to the reintroduction site. We recommend 
such an approach. Given the availability ofnative Utah stock in the Canyonlands region, we 

I recommend it as the preferred stock for southern Utah. 

For the El Malpais area there is some indication ofan intermediate status for the 

I original sheep. A possible approach would be to mix stock from surrounding areas with the 
idea ofgenerating an intergrade more like what was originally there, and let natural selection 
generate a new intergrade. Potential benefits of this should be weighed against potential 

I disease problems resulting from combining sheep from different sources (Sandoval et al. 
1987). It should be accepted that a reintroduced population will be different from the 
original population. Given our finding ofthe Sonoran and Chihuahuan Desert as the 
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strongest affinity, these would be the best source of reintroduction stock. It is probable that 
New Mexico stock from the Red Rock facility geographically represents the closest source, Ithus should be given first consideration. 
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Table t. Numbers of measured specimens by region used for this study and symbols used in
 
principal components plots.
 I
 

peA EWE RAM 
REGION SYMBOL SKULLS SKULLS I
 
Baja California B 13 16
 

California Mojave and Colorado Desert M 60 81
 I
 
San Gabriel Mountains, California G 4 4
 

Sierra Nevada N 25 24
 I
 
CalifornialNevada Great Basin W 27 34
 

I
Desert Game Range H 23 22
 

Southern Nevada (Colorado River) L 5 3
 I

Sonoran Desert S 20 51
 

Grand Canyon A 6 4
 I
 
Chihuahuan Desert C 27 39
 

El Malpais National Monument E 2 5
 I
 
Utah Canyonlands Region U 2 16
 

Colorado Rockies T 11 19
 I
 
WyomingIMontana Rockies R 9 5
 

I
 
I
 
I
 
I
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Table 2. Skull and hom measurements made for this study. Abbreviations are 10

I parentheses. 

I 
CRANIAL LENGTH (CRANIAL): Distance from anterior lip of foramen magnum to 

posterior edge ofpalate at midline suture. 

I 
PALATE LENGTH (pALATE): Distance from posterior edge ofpalate at midline suture to 

posterior margin of the most intact anterior palatine foramen. 
PREMAXILLA LENGTH (pREMAX): Distance from posterior margin ofanterior palatine 

I 
foramen to tip ofpremaxillae along midline. 

AVERAGE UPPER TOOTH ROW (TOOTHi: Average length ofupper tooth rows 

I 
measured as the greatest alveolar length of combined upper molars arid premolars. 

PALATE WIDTH (PM2i: Least distance across palate between alveoli of second 
premolars. 

I 
CHEEK WIDTH (CHEEK): Greatest distance between malar eminences on the maxillary 

bones. 
INTERORBIT WIDTH (INTERORB)l: Least distance in a straight line taken with calipers 

I 
resting in notch on inferior orbital rim at lower edge of lachrymal bones. 

INTRAORBIT WIDTH (INTRAORB): Widtlfoflargest orbit measured as greatest width of 
interior lip oforbit. 

I 
ZYGOMATIC WIDTH (ZYGOi: Greatest distance between external margins ofzygomatic 

arches taken on jugo-squamosal suture. 
POST ORBIT WIDTH (pOSTORB): Minimum width of frontal bone as measured posterior 

I 
to orbits and anterior to hom cores. 

CRANIAL HEIGHT (HEIGHT): Males: Greatest distance from anterior lip offoramen 
magnum to crest ofcranium along midline suture; Females: Greatest distance from 

I 
anterior lip of foramen magnum to crest of cranium along midline suture even with 
the anterior edge of hom cores. 

HORN CORE LENGTH (CORL): Length of hom core measured along the superior edge 
from the burr to the tip using a steel tape.
 

HORN CORE BASAL CIRCUMFERENCE (CORci: Circumference of largest hom core,
 

I measured around core near burr at right angle to the axis of the core at that point,
 
using a steel tape.
 

HORN CORE VOLUME (CORVOL): The estimated volume of ram hom cores when treated
 

I as a cone using the previous two measures as basal circumference and height.
 
HORN BASAL CIRCUMFERENCE (HORNC)l: Circumference of largest hom measured
 

nearest its base using a steel tape.
 

I HORN LENGTH (HORNL)l: Measured along the superior hom keel from orbital comer to
 
tip of hom with steel tape.
 

HORN VOLUME (HORNVOL): Volume oflargest hom estimated from lengths and
 

I circumferences. The hom length was divided into four quarters and the
 
circumference ofthe hom was measured with a steel tape at the base, each quarter,
 
and at a measured length near the end just short ofany brooming. The radius of the
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hom at its base and at each quarter was estimated by treating each circumference as a 
circle. Hom volume was estimated by calculating and summing the volumes between I
each circumference calculated as frustrums ofconical sections (Hogman et al. 1961). 
A final conical section was then added from the last circumference to approximate 
brooming loss using a constant taper for all specimens. An analysis ofthe ends of I
unbroomed horns yielded a constant taper across all populations (distance between
 
circumferences accounted for 96% ofthe variation in circumference differences; n =
 

19).
 I

AGE (AGE): Growth years determined from annual hom growth rings. For specimens 

missing hom sheaths, a minimum age was determined from tooth replacement and 
wear. Specimens with minimum age estimated only from wear were not use in I

analyses where age was the independent variable. 

j Measurements from Cowan (1940) I
 
I
 
I
 

Table 3. Numbers ofvariables out of 11 skull and two hom variables that were significantly I
 
different (p~O.05) between desert regions in California and Nevada for ewe skulls ~4 years
 
old from Bonferroni multiple comparisons tests.
 I


Mojave Great 
Desert Basin 

I
Great Basin 12
 

Desert Game Range 7 4
 I
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Table 4. Numbers of variables out of 11 skull and two hom variables (hom volume and core 
length) significantly different (p:S0.05) for rams ~4 years old between desert regions in 
California, Nevada, and Arizona/Sonora. The Bonferroni multiple comparisons test was used 

I 
with age effects removed via a covariate. 

Sonoran Mojave Great 
Desert Desert Basin 

I Desert 

Mojave Desert o 

I Great Basin Desert 11 10 

I 
Desert Game Range 10 8 1 

I 
I 
I Table 5. Numbers of variables out of 11 skull and two hom variables (hom volume and core 

length) significantly different (p:S0.05) for rams ~4 years old between five southwestern 
regions. The Bonferroni multiple comparisons test was used with age effects removed via a 

I covariate. 

Mojave! Great Utah Chihuabuan 

I 
Sonoran 
Desert 

Basin 
Desert 

Canyon 
Habitat 

Desert 

I 
Great Basin Desert 

Utah Canyon Habitat 

10 

10 5 

I Chihuahuan Desert 

Colorado Rockies 

4 

5 

7 

10 

9 

11 5 

I 
I 
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Figure 1. Principal components analysis plot for skulls of ewes ~4 years old from California 

and Nevada with hom variables included. Symbols are listed in Table 1. 
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I Figure 2. Medians and related distribution data for canonical variate scores for ewes skulls 

I 
from the Desert Game Range, Great Basin, Mojave Desert, and southern Nevada. Analysis 
was based on discriminating the Great Basin and Mojave Desert groups. The other two 
groups were scored subsequently. . 
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Figure 3. Principal components analysis plot for skulls of rams 28 years old from the 
Southwest and Rocky Mountains with hom variables included. Symbols are listed in Table 
1. I 
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I	 Figure 4. Principal components analysis plot for skulls of ewes ~4 years old from the 

Southwest and Colorado with hom variables included. Symbols are listed in Table 1. 
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Figure 5. Medians and related distribution data for canonical variate scores for ewes skulls 
from the Desert Game Range, Grand Canyon, Great Basin, Mojave Desert (including I
southern Nevada), and Utah Canyonlands region. Analysis was based on discriminating the 
Great Basin and Mojave Desert groups. The other groups were scored subsequently. 
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I Figure 6. Canonical variate scores plot for ewes skulls from the Grand Canyon (A), Great 

Basin (W), Mojave Desert (M), southern Nevada (L), Utah Canyonlands region (0), and 
Colorado Rockies (T). Analysis was based on discriminating Great Basin, Mojave (including 
southern Nevada) and Colorado groups. Other specimens were scored subsequently. 
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Figure 7. Canonical variate scores plot for ram skulls from the Grand Canyon (A), Great 
Basin (W), Mojave Desert (M), S. Nevada (L), Utah Canyonlands region (U), and Colorado 
Rockies (T). Analysis was based on discriminating Great Basin, Mojave (including southern 
Nevada) and Colorado. Other specimens were scored subsequently. 
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Figure 8. Principal components analysis plot for skulls of ewes ~4 years old from the region 
surrounding EI Malpais National Monument. Symbols are listed in Table 1. 
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Figure 9. Principal components analysis plot for skulls of ewe ~4 years old from the region I
surrounding EI Malpais National Monument. Symbols are listed in Table 1. 
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Figure10. Canonical variate scores plot for ewes skulls from the Sonoran (S) and 
Chihuahuan (C) Deserts, Colorado Rockies (T), and El Malpais Nat. Monument (E).

I Analysis was based on discriminating the Sonoran, Chihuahuan, and Colorado groups. The 
El Malpais specimen was scored subsequently. 
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Figure 11. Principal components analysis plot for skulls of rams ;z.7 years old from the 
region surrounding El Malpais National Monument. Symbols are listed in Table 1. 
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Figure 12. Canonical variate scores plot for ram skulls from the Sonoran (S) and 
Chihuahuan (C) Deserts, Colorado Rockies (T), and EI Malpais Nat. Monument (E).

I Analysis was based on discriminating the Sonoran, Chihuahuan, and Colorado groups. The 
EI Malpais specimen was scored subsequently. 
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Figure 13. Medians and related distribution data for the ratio of hom core length to skull I
height for ram skulls from the Sonoran (SO) and Chihuahuan (CH) Deserts, Utah
 
Canyonlands (UT), Colorado Rockies, and northwestern New Mexico (NNM) in the EI
 
Malpais National Monument area. Sample sizes from left to right are 26, 18, 13, 17,5.
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I
 COMPARATIVE ANALYSIS OF ALLOZYME AND MICROSATELLITE DNA
 

VARIATION IN MOUNTAIN SHEEP (OVIS CANADENSIS) POPULATIONS:
 
IMPLICATIONS FOR CONSERVATION
 

I 
I 

A POPULATION GENETIC ANALYSIS OF DATA COLLECTED 
UNDER COOPERATIVE AGREEMENT CA-1468-1-9009, PROJECT 

RMRO-ROI-0172 

I
 ROB ROY RAMEY III, 1. JOHNSON:Z, AND F. SINGER)
 

INTRODUCTION 

I 
I Concern over loss ofgenetic variation within reintroduced and isolated native 

mountain sheep populations prompted the National Park Service to fund a survey of levels of 
genetic variation found within bighorn populations in and near National Park Service units of 

I 
the intermountain west. That survey ofgenetic .variation, using allozyme and microsatellite 
DNA makers, was conducted for selected bighdrn sheep herds by Buskirk and Johnson 
(1994, 1995) under agreement CA-1468-1-9009. The original intent that genetic survey was 

I 
to contrast heterozygosity in translocated populations (that were started from limited number 
offounders) with native populations. The objective of this report is to present an in-depth 
analysis of the genetic data generated by Buskirk and Johnson (1994, 1995), compare these 
results with those of other studies, and use this information to answer specific questions that 
are relevant to the management of mountain sheep on public lands. 

I Because different types ofgenetic markers may reveal information about different 
evolutionary processes, much can be gained from a comparative analysis ofallozymes,

I nuclear microsatellite DNA, and mitochondrial DNA markers (Karl and Avise 1992, Beny 
and Kreitman 1993). The analysis of nuclear allozyme markers involves the separation of 
different protein variants by charge or molecular weight using starch gel electrophoresis. A 

I study ofallozyme variation can reveal information about loci that are physiologically 
important and therefore may be subject to the effects of natural selection. In contrast, 
microsatellites are regions of non-coding nuclear DNA whose alleles differ in the length of

I simple repeats (e.g. ATATATATA). Because microsatellites loci have a high mutation rate 
and do not code for proteins, they represent "neutral" genetic variation (unless tightly linked 
to functional loci) and are suited to the study of intra and interpopulation variation. For

I example, an excess ofheterozygotes at allozyme but not microsatellite loci, would indicate 

I I P.O. Box 386, Nederland, Colorado 80466
 
2 Deportment ofBiology, University ofWyoming, Laramie, Wyoming
 
3 U.S. Geological Survey, Midcontinent Ecological Science Center, 4512 McMurry Avenue, Ft. Collins, CO 80525 U.S.A.,
 
and Natural Resource Ecology Lab, Colorado State University, Ft. Collins, CO 80523 U.S.A.
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the study of maternally inherited mitochondrial DNA sequence variation, using restriction 
endonucleases, can reveal the evolutionary history (phylogeny) ofpopulations and species, as I
well as population structure and patterns ofgene flow on a local scale. 

The levels ofgenetic variation within individuals (heterozygosity) has been shown to I
be correlated with a various indicators offitness (Mitton 1997). Therefore, wildlife 
managers have been concerned about the potential loss ofgenetic variation within bighorn 
sheep populations (Schwartz et aI. 1986~ Bleich et aI. 1990) because ofsevere reductions in I 
population size (bottlenecks), the limited number of founders used for reintroduced 
populations, (founder effects) and genetic isolation ofpopulations due to habitat 
fragmentation (no current gene flow among populations). I 

Although three different types ofgenetic markers were surveyed by Buskirk and 
Johnson (1994, 1995), only the allozyme data are directly comparable with one other study I 
(Fitzsimmons 1992~ Fitzsimmons et aI. 1995). That is because the same loci were screened 
by the same laboratory (Savannah River Georgia Ecology Lab), using the same methods, and 
overseen by the same personnel. No such comparisons are possible for microsatellite I 
markers because there were no shared microsatellite loci between Buskirk and Johnson 
(1994, 1995) and the two other studies ofmicrosatellite variation (Forbes et aI. 1996; Boyce 
et aI. 1997) (Table 1). Similarly, the mtDNA data are not compatible with other studies of I 
restriction site variation (Ramey 1993; Luikhart and Allendorf 1996) or DNA sequence 
variation (Ramey in prep; Boyce et aI in prep.). Such incompatibility limits the 
interpretations that can be made from Buskirk and Johnson's microsatellite and mtDNA data. I 

Because four ofthe seven study populations sampled by Buskirk and Johnson (1994, 
1995) came from transplants or were augmented with bighorn sheep from other populations I 
(Table 2), these non-native populations allow a comparison ofgenetic variation reintroduced 
and native population. Ideally, tests for the loss ofheterozygosity would involve both source 
populations and reintroduced populations from that source, however, so such comparisons I 
were made by Buskirk and Johnson (1994, 1995), probably because of the difficulty in 
obtaining the necessary samples. I 

The most interesting aspect ofthe Buskirk and Johnson (1994, 1995) data is that the 
same individuals were screened for both microsatellite and allozyme markers, allowing a Icomparative analysis ofthese different genetic markers, and therefore different evolutionary 
processes at the individual and population levels (e.g. natural selection, genetic drift from 
small population size). Such an approach was used by Boyce et aI. (1997) for a comparative Ianalysis ofvariation at major histocompatibility and microsatellite loci in bighorn sheep 
across the Southwest. 

I
 
I
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I METHODS 

I 
The populations surveyed by Buskirk and Johnson (1994, 1995) included both native 

and reintroduced populations ofdesert bighorn sheep (0. canadensis nelsoni) and Rocky 
Mountain bighorn sheep (0. canadensis canadensis). The population locations and 
transplant histories are listed in Table 2. 

I 
I For both allozyme and microsatellite data, allele frequencies, F statistics, deviations 

from Hardy-Weinberg expectations, and genetic distances for unweighted pair group analysis 
were calculated using the program Genes In Populations (May et al. 1992), using the data 

I 
from Buskirk and Johnson (1994, 1995). The description ofthe enzyme systems used to 
score the 29 nuclear allozyme loci, may be found in Buskirk and Johnson (1994, 1995) and 
Fitzsimmons (1995). Because the same loci were screened using the same methods and 

I 
laboratory in those two studies, some direct comparisons can be made between these data 
sets. Raw data used in analyses is listed in Appendix 1. The primer pairs and sequences 
used in the analysis ofmicrosatellite variation by Buskirk and Johnson (1994, 1995) are 
listed in Table 3. 

I To test the hypothesis that there has been a reduction in the heterozygosity of the 
reintroduced bighorn sheep herds in Badlands National Park, Dinosaur National Monument 
(Beaver Creek), and Zion National Park, populations from this study and those of 

I Fitzsimmons were ranked by allozyme heterozygosity, and the levels of variation compared 
to other indigenous herds. 

I Because two different subspecies were compared, FST (a measure ofpopulation 
subdivision) was calculated by region (e.g. desert vs Rocky Mountain). The exception was 
that Canyonlands were also compared with populations from Colorado (Waterton Canyon, 

I Georgetown) to understand the extent ofhistoric gene flow among populations from the 
eastern cold desert and those in the Rocky Mountains. Values for FST range from 0 
(indicating complete separation of populations) to 1 (populations freely interbreed enough to 

I be considered a single randomly breeding population). 

To test for a trend toward heterozygote excess or deficiency at allozyme and 

I microsatellite loci across all populations for polymorphic loci, a sign test was used Sokal and 
Rohlf 1981). This was done because the standard chi-squared test is relatively insensitive 
with small sample sizes, and natural selection acting at individual loci may not be strong 

I enough to cause a significant deviation from Hardy-Weinberg expectations. Sign tests were 

I 
also carried out for adults ofeach sex in each population (e.g. rams ~ 3 years, ewes ~ 2 
years). 

I
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RESULTS 

I 
As reported by Buskirk and Johnson, five allozyme loci (GLOI, LDH2, MPI, PP, and 

TRF) and four micrcosatellite loci (TGLAII6, TGLAII8, TGLAI36, TGLA427) were 
found to be polymorphic. Allele frequencies and Fis values (inbreeding coefficient) are I 
reported in Appendix 2. 

No significant correlation was found between Nei's genetic, distance among I 
populations for allozymes and microsatellites (adj ~= 0.002, P =0.322).. Similarly, there 
was no significant correlation between individual or population heterozygosities at allozyme 
and microsatellite loci (adj ~= 0.000, p = 0.6; adj ~= 0.009, P = 0.84 respectively). I 

There was a trend toward heterozygote excess for allozyme loci (12 loci with a 
heterozygote excess, six with a heterozygote deficiency, and one equivalent; sign test, I 
p<0.035), but not for microsatellite loci (10 with loci heterozygote excess, 11 with a 
heterozygote deficiency, and one equivalent; sign test, p-I.O). A1lozyme locus PP showed a 
significant excess ofheterozygotes in Beaver Creek (X2=3.645, df= 1, p<0.05) but a I 
significant deficiency ofheterozygotes in the Needles population (X2 

= 4.2, df= 1, p<0.05). 
In Waterton Canyon, a significant deficiency ofheterozygotes was found at the LDH2 locus 
(X2 = 5.182, df= 1, p<0.05). MicrosatelIite locus TGLAI88 showed a significant deviation I 
from Hardy-Weinberg expectations in Zion (X2 = 9.1, df= 1, p<O.OI) and Badlands North (X2 

= 4.789, df= 1, p<0.05), while TGLAII6 (X2 = 4.789, df= 1, p<0.05) had a heterozygote 
deficiency in Georgetown (X2

= 9.571, df= 1, p<O.OI), and TGLA137 also showed a I 
heterozygote deficiency iIi Badlands North (X2 = 4.997, df= 1, p<0.05). When sexes were 
considered separately, samples sizes limited comparisons to two or three populations I(Canyonlands, Badlands, Beaver Creek). For male and female allozyme data analyzed 
separately, there was no significant trend towards heterozygote excess or deficiency (sign 
test, p>0.05). There was also no significant trend towards heterozygote excess or deficiency I
for microsatellite loci (sign test, p-1.0). 

On a local scale, FST values for both allozyme and microsatellite loci revealed a very I
low degree ofdifferentiation, even for Canyonlands and Needles, which are separated by the 
Colorado River (Table 4). On a regional geographic scale, FST values increased and were 
similar for allozymes and microsatellites (Table 4). For allozymes and microsatellites, a I 
higher degree ofsimilarity (low FST, low Nei's D) was found between the Canyonlands 
(desert bighorn) and Georgetown (Rocky Mountain bighorn) populations, than between 
Canyonlands and other desert bighorn sheep from Zion (Table 4, Figures 1 and 2). I 

In cOmparison with other populations ofmountain sheep using data from 
Fitzsimmons et aI. (1995), levels ofallozyme heterozygosity in the transplanted Rocky I 
Mountain bighorn sheep populations (Badlands North, South; and Beaver Creek) were some 
ofthe highest values observed (Table 5). The lowest values ofany populations were for Zion I 
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I and Tetons, however, the sample sizes for these populations were quite low (n = 4 and 9 

respectively) and their standard errors relatively high. 

I DISCUSSION 

I 
The levels ofgenetic variation in mountain sheep revealed in this study suggest that 

there is a substantial amount ofgenetic variation in the populations surveyed, even in 
transplanted populations that have undergone population bottlenecks for several generations 

I 
(e.g. Beaver Creek, Badlands). Another significant finding is that balancing selection (e.g. 
heterozygote advantage) may be maintaining genetic variation at functional loci in 
populations. And finally, there is no evidence to support the hypothesis that inbreeding 
(mating between relatives) occurs in the populations sampled. 

I Genetic Variation Within Populations 

I Levels ofallozyme heterozygosity in the transplanted populations ofRocky Mountain 

I 
bighorn sheep (Badlands North, South; and Beaver Creek) were some of the highest values 
observed relative to other Rocky Mountain bighorn sheep populations. This result suggests 
that concern over potential loss ofgenetic variation in these populations through founder 

I 
effects and genetic drift is not supported by the data. The observation that the transplanted 
desert bighorn sheep population at Zion showed the lowest level ofallozyme variation must 
be viewed as equivocal because of the small sample size and incomplete sampling of loci 
(Appendix 1). Also, Jessup and Ramey (1995) reported a lower average heterozygosity in 
desert bighorn sheep (0.01) compared to Rocky Mountain bighorn sheep (0.049). While it is 

I possible that the Zion population has lost significant levels ofallozyme variation through the 
process ofgenetic drift, they also have some of the highest levels ofmicrosateIIite variation 
(Table 6). As discussed above, sampling error is the most likely explanation for this 

I discrepancy. 

Fitzsimmons (1992) reported that differences in multilocus heterozygosity among 

I indigenous founder herds and reintroduced herds was not significant, and that mulitlocus 
heterozygosity was not correlated with transplant size. In that and another study, 
Fitzsimmons et al. (1995) reported a significant correlation between the effective population 

I size of indigenous populations and their observed multilocus heterozygosity (adj r2 =0.421, 
P = 0.049). However, because the heterozygosity for the Teton population was determined 
by Fitzsimmons (1992) from only 4 individuals (and had the highest relative standard error), 

I it must be considered suspect. When I deleted the Teton sample and reran the regression, the 
correlation was no longer significant (adj r2 = 0.047, P =0.307). The conclusion to be 
reached from this result and the results above, is that there appears to be no detectable effect 

I ofeffective population size or transplant size on aIIozyme heterozygosity ofa population. 
This conclusion is similar to that reported by Scribner and Stuwe (1994) for alpine ibex 

I 
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(Capra ibex). In that study, captive breeding and subsequent translocation did not reduce the 
heterozygosity pop~lations below that ofthe source population. I 
Evidence for balancing selection and consequences for levels ofvariation within populations: I 

Balancing selection refers to any type of natural selection that maintains genetic 
variation within populations, such as: heterozygote advantage, frequency dependent 
selection, and spatially or temporally varying selection. The hypothesis that balancing I 
selection is operating in bighorn populations is supported by the result showing that there is a 
significant trend towards heterozygote excess for allozymes but not for microsatellite 
(neutral) loci. Also, the patterns ofgenetic variation for allozymes and microsatellites were I 
substantially different (Figures 1 and 2), and there was no correlation between allozyme and 
microsatellite heterozygosity at either an individual or population level. Furthermore, the 
microsatellite tree topology more closely approximates the expected evolutionary I 
relationships among populations under a neutral isolation-by-distance model of population 
differentiation, whereas the pattern ofallozyme variation was not concordant with this 
expectation. I 

A trend towards heterozygote excess was also found by Jessup and Ramey (1995) in 
their study ofallozyme variation in bighorn sheep of the Southwest. The authors concluded I 
that either balancing selection or outbreeding (the avoidance ofbreeding with close relatives) 
may have contributed to that pattern or variation. In a recent study of loci important to Iimmune response (MHC) and microsatellite markers, Boyce et al. (1997) concluded that 
balancing selection has maintained substantial variation at MHC loci. From the results 
reported here, the trend towards heterozygote excess in allozyme but not microsatellite loci Isuggests that selection, rather than outbreeding, may be the evolutionary force contributing 
more to heterozygote excess. 

IFitzsimmons et al. (1995) previously demonstrated the correlation between individual 
allozyme heterozygosity and hom size in adult rams. Because body and hom size are 
potentially important in determining the outcomes ofmating competition among males, and Ibody size of females may affect productivity and survivorship ofoffspring, balancing 
selection through heterozygote advantage clearly appears to have a role in individual fitness 
in mountain sheep populations. I 

Concern of managers over the heterozygosity of mountains sheep herds must be 
tempered by the understanding that fitness is a relative term that depends upon the I
environment that a given genotype is found in. A ram in one population may have a lower 
heterozygosity and smaller horns than a highly heterozygous ram in another population, 
however, their Darwinian fitness (reproductive output) may be the same. Therefore, from a I 
management perspective, a lower individual heterozygosity is not necessarily deleterious, nor 
is a low population heterozygosity. A low population heterozygosity may simply limit the 
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I
 potential for that population to respond to environmental change, including disease. Also,
 

high heterozygosity may be of no benefit to a population because it may not contain the 
"right" variation to deal with exotic diseases during an epizootic. 

I Historic Gene Flow 

I
 The relatively low FST value for allozyme and microsatellite loci of the
 

I 
CanyonlandslWaterton/Georgetown comparison suggests that historic gene flow may have 
occurred between desert bighorn sheep from the cold desert and the Rocky Mountains 
populations even across the Colorado River (Table 4). Similarly, the topology of the 

I 
UPGMA trees (Figures 1 and 2) suggests a higher genetic affinity ofCanyotiIands to the 
Colorado Rockies, rather than Zion. These results are in contrast with the results ofRamey 
(1993) and ofBuskirk and Johnson (1994, 1995) where no shared mitochondrial DNA 

I 
haplotypes were found between the Rocky Mountains and the desert bighorn sheep of the 
Southwest. Similarly, Wehausen and Ramey (1993, 1996) were able to readily discriminate 
between Rocky Mountain and desert bighorn sheep using morphometric analyses ofsize and 

I 
shape ofhorn and skull measurements. The lack ofconcordance between the mtDNA and 
nuclear markers (allozymes and microsatelliteS) however, can be explained by the fact that 
ewes disperse less frequently and over shorter distances than rams (Ramey 1995; Bleich et al. 
1996) and that numerous intennediate populations between the central Colorado Rockies and 
Canyonlands were not sampled (in part, because many were extirpated). 

I SUMMARY AND MANAGEMENT RECOMMENDAnONS 

I Genetic Variation Within Populations 

I 
Similar levels ofgenetic variation were found in transplanted and native herds, and 

there was no support for the hypothesis that reintroduced populations have a lower 
heterozygosity than native bighorn populations. It appears that allozyme variation is being 
maintained in populations by balancing selection (heterozyogote advantage). 

I Taxonomy and Reintroduction Stock 

I Although the sample size for Needles is small, there appears to be negligible 
differentiation between that population and Canyonlands. Reintroductions east of the 
Colorado Rivers should therefore involve desert bighorn sheep from Canyonlands to restore a 

I genetically similar population. The results reported here support the separation ofcold desert 
bighorn sheep (Canyonlands) from Rocky Mountain bighorn sheep (Colorado), although the 
low FST values for allozymes and microsatellites relative to the fixed mtDNA differences 

I suggest some historic male-mediated genet flow among these regions. 

I
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Table 1. Microsatellite primer pairs used in three studies on bighorn sheep genetic variation. 

Note that only one primer pair is shared between Forbes et aI. (1995) and Boyce et aI. (1997), 
and none are shared between those studies and Buskirk and Johnson (1994, 1995). I
 
Study Primer Name and Source I
 
Buskirk and Johnson (1994, 1995) 

Forbes et aI. (1996) 

Boyce et aI. (1997) 

TGLA48 (Research Genetics, Inc.) I

TGLA188 (Research Genetics, Inc.) 
TGLA427 (Research Genetics, Inc.) 
TGLA116 (Research Genetics, Inc.) I

TGLAlJ7 (Research Genetics, Inc.) 

MAF33 (Research Genetics, Inc.) I
 
MAF48(Research Genetics, Inc.) 
MAF65(Research Genetics, Inc.) 
MAF209(Research Genetics, Inc.) I
 
OarFCB 11(Research Genetics, Inc.) 
OarFCB128(Research Genetics, Inc.) 
OarFCB266(Research Genetics, Inc.) I
 
OarFCB304(Research Genetics, Inc.) 

OarFCB11(Research Genetics, Inc.) I
 
DRB3
 
D5S2 (ETH152)
 I
 

I
 
I
 
I
 
I
 
I
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Table 2. Population histories and locations of bighorn sheep populations sampled by 
Buskirk. Additional information about transplanted and augmented populations may be 

I obtained from Bailey (1990), Ramey (1993), and McCutchen et al. (1994). 

Rocky Mountain Bighorn Sheep (0. c. canadensis)


I Waterton Canyon, Colorado: an indigenous population along the South Platte River
 

I
 
Georgetown, Colorado: a mixed indigenous and augmented population, with animals from
 
Tarryall Mountains, Colorado (an indigenous herd) being released in 1946 (0 =33) and 1949
 
(n = 14) 

I Badlands, South Dakota: (Badlands National Park), a transplanted population from Pikes
 

I
 
Peak, Colorado (22 bighorn originally captured, 12 released) in 1964
 

-Badlands North (northern herd, site of release)
 
-Badlands South (presumed to have dispersed from North Unit during mid 1980's)
 

I
 Beaver Creek, Colorado: (Dinosaur National Monument), a transplanted population from
 
Basalt, Colorado (an indigenous population) (20 bighorn released in 1983) 

I
 Desert Bighorn sheep (0. c. nelsoni)
 
Canyonlands, Utah: an indigenous population west ofthe Colorado River, in Canyonlands 
National Park 

I Needles, Utah: an indigenous population east ofthe Colorado River, now extinct.
 

I
 Zion, Utah: transplanted population from Lake Mead, Nevada (12 bighorn introduced
 
into a holding pen in 1973, 13 released from the pen in 1977, and the 
remaining 19 released from the pen in 1978). 

I 
I 
I 
I 
I 
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Table 3. Microsatellite primers and sequences used by Buskirk and Johnson (1994, 1995). I
 
All of these primers are available as Ovine MapPairs™ from Research Genetics, Inc., 
Huntsville, Alabama (800-533-4363). In the Buskirk and Johnson (1994, 1995) report, each 
primer pair was referred to by its numeric designation (e.g. primers TGLA188 UP1 and I
 
TGLA188 DN1 were jointly referred to as primer188). 

Primer name Primer Sequence I
 
TGLA188 UP1 (TCC TCA TCT GTG TAT CTT CAT TGA A) 
TGLA188 DN1 (GAT CTT TGC AAA TOO TAT TTC TGA T) I
 
TGLA427UP1 (CTT AGC CCA AAT AAG ACA ATT TGC T)
 
TGLA427DN1 (ACT GCA GTG CTC CTA TTA TGA TAA T)
 
TGLAl16-F: (TOO AGA AGA TTT GGC TGT GTA CCC A)
 I
 
TGLA1l6-R (GCA CAG TAA TAA GAG TGA TOO CAG A)
 
TGLA137-F (GTT GAC TTG TTA ATC ACT TGA CAG CC)
 
TGLA137-R (CTT AGA CAC ACG TGA AGT CCAC)
 I
 

I
 
I
 
I
 
I
 
I
 
I
 
I
 
I
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Table 4. Comparison of population subdivision as measured by FST for allozyme and 
microsatellites for two different spatial scales. The values for FST were very similar for both 
allozyme and microsatellites. FST values were not calculated for the comparisons involving 
Waterton Canyon because that population was not sampled for microsatellite variation. 

I Populations Being Compared Allozyme FST Microsatellite FST 

I Local scale: 
Canyonlands / Needles 0.098 0.080 

I Badlands North· / Badlands South • 0.005 0.049 

Georgetown·· / Waterton Canyon 0.064 

I Regional scale: 
Canyonlands (including Needles) / Zion· 0.391 0.321 

I Canyonlands (including Needles) / Georgetown*· 0.132 
/ Waterton Canyon 

I Badlands North and South·/ Beaver Creek· 0.216 
/ Georgetown··/ Waterton Canyon 

I Canyonlands (including Needles) 0.295 0.327 

I 
!Badlands North and South·/ Beaver Creek· 
/ Georgetown·· / Waterton Canyon 

I +transplanted population 
++augmented population (indigenous and transplanted) 

I 
I 
I 
I 
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Table 5. Rank order of populations based on observed multilocus heterozygosity for 29 

allozyme loci. Data from Fitzsimmons (1992), Fitzsimmons et aI. (1995) and Buskirk and 
Davis (1995). No standard errors were calculated for the four transplanted populations from IFitzsimmons (1992) because the original data was not available and the mean multilocus 
heterozygosity was recalculated, using the same 29 loci from Fitzsimmons et aI. (1995) and 
Buskirk and Johnson (1995), rather than the original 34 loci in Fitzsimmons (1992). IAlthough the Zion population had the lowest heterozygosity, this value is close to the 
heterozygosity of 0.01 found in desert bighorn sheep by Jessup and Ramey (1995). In that 
study, Rocky mountain bighorn sheep had a higher heterozygosity, 0.049. I 
Population 

Desert bighorn sheep:
 
Zion, UT*
 
Custer State Park, SD*
 

Rocky Mountain bighorn sheep:
 
Tetons, WY
 
Canyonlands, UT
 
Trout Peak, WY
 
Encampment River, WY
 
Douglas Creek, WY*
 
Georgetown, CO**
 
Younts Peak, WY
 
Jackson, WY
 
Whiskey Mtn, WY
 
Badlands(South)*
 
Wapiti Ridge, WY
 
Waterton, Canyon CO
 
Francs Peak, WY
 
Clarks Fork, WY
 
Beaver Cr, CO*
 
Badlands (North)*
 
Bighorn Canyon, WYfMT*
 

*Indicates a transplanted population 
**lndieates an augmented population 

Heterozygosity 

0.009 
0.025 

0.026 
0.03 
0.034 
0.032 
0.036 
0.037 
0.042 
0.042 
0.043 
0.044 
0.048 
0.052 
0.053 
0.053 
0.061 
0.062 
0.066 
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SE 

0.009 

0.016 
0.018 
0.017 

0.018 
0.019 
0.02 
0.018 
0.027 
0.021 
0.026 
0.025 
0.024 
0.035 
0.029 

n I 
9 I20 

I4
 
61
 
22
 I9
 
24
 
21
 I28 
11 

107 
7 

I 
51
 
12
 
43 

I 
12 
10 
20 

I 
16 

I 
I 
I 
I 
I 



I
 
I
 
I
 Table 6. Rank order of populations based on observed multilocus heterozygosity for the four
 

polymorphic microsatellite loci. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Population Heterozygosity 

Georgetown., CO** 0.105 
Canyonlands,UT 0.137 
Needles, UT 0.240 
Badlands (North)* 0.247 
Beaver Cr, CO* 0.267 
Zion, UT* 0.309 
Badlands(South)* 0.343 

*Indicates a transplanted population 
**Indicates an augmented population 
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SE n 

0.068 21 
0.104 22 
0.147 5 
0.119 19 
0.114 9 
0.129 10 
0.147 7 
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I
 

LIST OF FIGURES I
 
Figure 1. Tree topology for four polymorphic allozyme loci (GLOI, LDH2, MPI, TRF) 
using UPGMA and Neils standard genetic distance. PP was not included in the analysis 
because of incomplete sampling in the Canyonlands, Zion, and Waterton Canyon I
 
populations. Output is from the computer program: Genes in Populations (May et at. 1992). 

Figure 2. Tree topology for four microsatellite loci using UPGMA and Nei's standard I
 
genetic distance. Output is from the computer program: Genes in Populations (May et at.
 
1992).
 I
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Figure 1. 

Pop	 .0 61 - Canyonlands IslSky;CanyonlandsiI	 Pop 1 10 - Beaver Cr;
 
Pop 2 5 - .Needles.;
 
Pop 3 9 - Zion;
I Pop 4 21 - Georgetown;
 
Pop 5 20 - BadlandsNorth;
 
Pop 6 7 - Badlands south Coffin B;


I Pop 7 12 - Waterton Canyon CO;
 

SUtnmaIy Stats 0 •••••••••••••••••••••••••••••••••••••••• 

I 
I Number of populations 8
 

Number of Loci 28
 
Biggest Allele Type 3
 
Total Individuals 145
 
Mean	 Individuals per population 18.1.3 

I
 
•••••••• ,., •••••••••••••••••••••••••• "."O ••••••••• E>	 .
 

I
 UPGMA using NEI. • . . . . . . . . • • • • . • • • • • • . . • • • . • • • • • • • • • • • • • • • • . • • . • . . . • • • • . • . • •.
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Figure 2.	 I 
Genes in Populations .	 ·1 
POP -# N NAME
 
Pop 0 9 -BeaverCreek;
 I 
Pop 1 22 - Canyonlands;
 
Pop 2 5 - Needles;
 
Pop 3 10 - Zion;
 
Pop 4 21 - Georgetown; I
 
Pop 5 19 - Badlands North;
 
Pop 6 7 - Badlands South;
 

Summary Stats '	 1 
Number .of Populations ":/ I 
Number of Loci 4 
Biggest: Allele Type -4 
Total Individuals 93 

~~~~.~~~~~~~~~.~~~.~~~~~~~~ ~~~::	 1 
IUPGMA using NEI •..•..•. 411	 . 

0.139 0.278 0.417	 0.556 I················1-·_···········1··············1······· \ 

I3 ------------------------------------------------------------ 

1 ---- 
1---------------------------- I2 ---- 

5 -------  I1--------------------
6 ------- 

o ---- .. ------  I1----------------
4 ----------- 

I················1··············1··············1··············1
0.139 0.278 0.417	 0.556 

I 
POP1 POP2 MERGE at NODE 

1 2 0.043 A 
5 6 0.073 B Io 4 0.106 C
 
B C 0.277 D
 
A D 0.317 E
 

g I
 
I
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I E. HABITAT SUITABILITY MODELS FOR RESTORATION 

PLANNING 

I A TEST OF A BABITAT EVALUATION PROCEDURE FOR ROCKY MOUNTAIN 
BIGHORN SHEEP 

I THERESE L. JOHNSON} AND DAVID M. SWIFT2 

ABSTRACT 
We tested a habitat evaluation procedure for Ovis canadensis canadensis (Ro~ky Mountain 

I 
I bighorn sheep) developed by Smith et aI. (1991) using a geographic information system. We 

applied this model to eight past bighorn translocation sites in Colorado and compared the 
model's habitat suitability assessments with translocation results. The model considered the 
habitat unsuitable for four failed translocations, but did not recognize suitable habitat for four 
successful translocations. We performed a sensitivity analysis to determine how individual 

I parameters affected model suitability assessments. To improve the model's ability to 
distinguish between suitable and unsuitable habitat we relaxed the suitability criteria for four 
parameters: barriers created by dense vegetation, barriers created by fences, buffer zones on 

I human use areas, and horizontal visibility. The refined model can be useful to bighorn 
restoration efforts by facilitating evaluation of large areas of potential habitat, but numerical 
thresholds for required amounts ofsuitable habitat must consider the scale ofdata used for 

I analysis. 

Key words: Habitat evaluation procedure test, geographic information system, Rocky 

I Mountain bighorn sheep, Ovis canadensis canadensis, population restoration. 

INTRODUCTION

I 
I 

Habitat analysis is often an important component in the process ofanimal population 
restoration. Models that describe important habitat characteristics and their relationships to 
each other can be very useful in guiding habitat analysis (Chalk 1986; Schamberger and 

I 
O'Neil 1986). To ensure model usefulness, it is critical that models are tested prior to general 
application, but this is rarely done (Berry 1986; Chalk 1986). 

I 1 Rocky Mountain National Park, Estes Park, Colorado 80517 
2 Department of Rangeland Ecosystem Science and Natwal Resource Ecology Laboratory, Colorado State 
University, Fort Collins. Colorado 80523 
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In the past century, Ovis canadensis canadensis (Rocky Mountain bighorn sheep) 
populations have suffered massive declines and local extinctions (Buechner 1960). As a I
result, bighorns have been eliminated from most of their former range in the western United 
States. Human activities, including grazing domestic sheep and land management practices 
that have altered bighorn habitat, have been largely responsible for population declines (Bear I 
and Jones 1973; Wishart 1978; Wakelyn 1987). 

Bighorn population restoration has depended extensively upon translocating bighorns I 
to unoccupied range, but the success of translocation efforts has been variable (Rowland and 
Schmidt 1981; Bailey 1990). A variety of factors are thought to have contributed to 
unsuccessful translocation attempts (Rowland and Schmidt 1981). Some failures likely I 
resulted from habitat deficiencies that hampered herd growth and persistence (Smith et al. 
1991). Inadequate range, competition with other ungulates, disease transmission through 
contact with domestic livestock, improper juxtaposition ofkey habitat components, I 
inadequate critical seasonal ranges, and excessive harassment by humans are thought to have 
contributed to frequent failures of translocated populations to increase (Smith et al. 1988). I 

The goal ofmany bighorn sheep restoration programs is to establish populations 
which persist over the long-term. It has been suggested that many bighorn populations are 
small and isolated making them prone to extirpation due to stochastic events and susceptible I 
to detrimental effects of inbreeding (Berger 1990). In attempting to establish populations, it 
is critical that there are sufficient quantities of suitable habitat to support a minimum viable 
population (MVP). This has been defined as the population size which, with a given I 
probability, will ensure the existence of a population for a stated period of time (Ewens et al. 
1987). The wildlife manager must define desired persistence criteria for each restoration 
effort. I 

Translocations are expensive and difficult to carry out. More significantly, often 
adequate source stocks are not available to meet demand. Failure to adequately assess habitat I 
before translocations can result in unsuccessful attempts. To increase the probability of 
success it is critical that proposed translocation sites are rigorously evaluated prior to Iimplementing translocations. 

Thorough habitat evaluations can be difficult and time consuming. The habitat Ievaluation procedure (HEP) process was developed by the U.S. Fish and Wildlife Service 
(USFWS) to provide a tool to assist land managers in evaluating wildlife habitat (U. S. 
Department of Interior Fish and Wildlife Service 1980). The resulting models facilitate Ithorough evaluations by consolidating relevant information on the physical and biological 
habitat attributes thought to be important to particular animal species. Smith et al. (1991) 
developed a lIEP for the Rocky Mountain subspecies ofbighorn sheep, based on literature Ireview and bighorn research conducted at Bear Mountain in northeastern Utah (Smith and 
Flinders 1991). The procedure is a step-wise model designed to use a geographic information 

I 
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system (GIS) to assist biologists and managers in evaluating occupied or proposed bighorn 

I ranges. It was designed to focus attention on critical aspects ofbighorn habitat, identify 

I 
probable range boundaries, assess the juxtaposition ofkey habitat components, and identify 
population limiting factors. The model critically examines ranges with regard to minimum 
areas necessary to support a MVP of bighorn sheep. The procedure is comprised of two 
components. Part one was designed to estimate the quantity of suitable habitat at a site, and 

I
 was intended for use throughout the historical range ofRocky Mountain bighorn sheep. Part
 

I
 
two was designed to evaluate habitat quality and estimate potential population density. Part
 
two was designed specifically for the Bear Mountain area, and was not intended to be used in
 
other locations without modification.
 

I
 
Few habitat models are tested prior to being applied for management purposes,
 

increasing the risk that habitat evaluations are not adequate (Berry 1986; Chalk 1986).
 

I
 
Habitat model tests that have been conducted (Lancia et al. 1982; Clark and Lewis 1983; Bart
 
et al. 1984; Cook and Irwin 1985; Thomasma et al. 1991), including those for desert bighorn
 
sheep (Grunigen 1980; Bleich et al. 1992), have often been conducted on small spatial and
 

I
 
temporal scales. Frequently model habitat assessments are compared to site specific habitat
 
use by individual animals. We were interested in how well the model developed by Smith et
 
al. (1991) predicts translocation success, so we tested it across larger geographic areas over
 

I
 
longer time frames. The objectives of our study were, 1) to test the predictive reliability of
 
part one of the bighorn sheep HEP developed by Smith et al. (1991), and 2) to determine the
 
contributions of individual parameters to the procedure's performance, and refine the
 
procedure if necessary. 

I METHODS 

I 
To test the model's predictive capability we examined its performance for eight past 

bighorn translocations in Colorado. We determined how well the model predicted 
translocation success by comparing the model's habitat suitability assessments with observed 
translocation results. We did this using a two step process. First, we applied the procedure 

I retrospectively to each translocation site. For each site, we used the sequential process 
required by the model to: 1) determine the predicted range boundaries; 2) determine whether 
juxtaposition of habitat components was appropriate; 3) compare the total area ofsuitable 

I habitat with the model's MVP criteria; and 4) determine if adequate quantities of winter, 
lambing, and summer ranges existed. This analysis determined whether the model would 
have predicted each area to support a MVP of bighorn sheep, corresponding to a prediction 

I oftranslocation success or failure. The model suggests a MVP of 125 individuals is a current 
best estimate for bighorn populations based on work by Geist (1975). Second, we compared 
the prediction with the actual translocation result at each site. 

I
 
I
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Study Area Selection 

IWe selected study areas from bighorn sheep translocations conducted prior to 1982 
into unoccupied habitat in Colorado. We reviewed annual population trend data compiled by 
the Colorado Division ofWildlife (CDOW) and summarized by Bailey (1990) for 30 bighorn Itranslocations in the state. We considered translocations successful when herds persisted to 
the present time with population growth to, and fluctuation around, at least 125 individuals, 
corresponding to the MVP used by Smith et al. (1991) in the model. We considered Itranslocations to be failures when herds abandoned the area or failed to increase, or when an 
initial population increase was followed by a reduction to 25 or fewer animals. For each 
failed translocation we considered potential reasons for failure in consultation with local Ibiologists. We eliminated sites in which a factor besides habitat deficiencies, such as extreme 
weather conditions immediately following the translocation, likely contributed to 
translocation failure. To minimize confounding effects of other factors related to I
translocation success, we reviewed information on translocation size, composition, and 
procedures, and selected only translocations with similar characteristics (Table 1). 

I 
Our study areas were on land managed by the state ofColorado, U.S. Bureau ofLand 

Management (BLM), U.S. National Park Service (NPS), U.S. Forest Service (USFS), and the 
Ute Mountain Indian Reservation (Figure 1). All study areas were in mountainous terrain, I 
with elevation ranging from 1750 m to 3380 m. At each site dominant vegetation included 
mosaics of montane forest, shrubland, grassland, and rocky outcrops. I 
Database Development 

For each study area we developed a spatial database in a GIS for each model I 
parameter (Table 2). These were based primarily on U.S. Geological Survey (USGS) digital 
data, including 1: 100,000 scale Digital Line Graph (OLG), Defense Mapping Agency 
1:250,000 scale Digital Elevation Model (OEM), and 1:250,000 scale Land Use Land Cover I 
(LULC) data. We processed raw data to a format suitable for analysis using GRASS GIS 
software (Geographic Resource Analysis and Support System version 4.1, U.S. Army Corps 
ofEngineers) using standard methods on a SUN SPARC n workstation. We obtained paper I 
maps indicating fence lines and grazing allotments from BLM, NPS, and USFS staff and 
manually digitized them. I 

We created a thematic map for each parameter by coupling the spatial database with 
data relevant to the suitability criterion (Table 2) for that parameter, obtained from agency 
records, staff consultation, and field surveys. Criteria for barriers created by roads, rivers, and I 
cliffs, and detrimental elk and cattle concentrations were poorly defined in the model, and 
have generally been poorly defined in previous studies. We consulted local wildlife 
managers, evaluated bighorn distribution relative to given conditions, and used professional I 
judgement to assess the expected effects of these parameters. 
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I We spent one to two weeks at each study area between June and August in 1992 and 

1993. We assessed the presence and characteristics ofescape terrain, potential barriers, water 
sources, human use areas, and distribution of cover types. We measured horizontal visibility 

I for each vegetation cover type delineated on the LULC map for each study area, following 
the procedure used to develop this criterion for the model (Smith and Flinders 1991 ~ Johnson 
1995). This entailed viewing a square meter target from 28 m with the observer's eyes 90 cm 

I above ground level, and recording the proportion of the target obstructed from sight. We 

I 
characterized visibility for each cover type by calculating the mean percent visibility and 
associated 95% confidence interval. We considered cover types suitable when the model 
criterion for a minimum value of80% visibility fell within the 95% confidence interval. 

I Data Analysis 

I 
We used GRASS in a GIS to combine thematic maps for all habitat parameters and 

evaluate their juxtaposition using the procedure described in the model. The model states that 
bighorn sheep can be expected to stay within a 15-mile (24 km) radius of a translocation 

I 
release site once they have adjusted to the area. ,Based on that criterion, we focused the 
analysis for each study area on the region within 15 miles of the release site. The model uses 
core habitat, defined as escape terrain and an adjacent buffer zone, as the basis for habitat 
analyses. We defined the patch ofcore habitat contiguous with each translocation release 

I site. We delimited the range boundary and considered the potential for use of multiple 
patches of suitable habitat by overlaying map layers depicting barriers to routine movement. 
We combined criteria for summer, winter, and lambing habitat to determine the extent of 

I
 these ranges within generally suitable habitat.
 

I
 
We used GRASS to predict quantities of suitable habitat and seasonal ranges in the
 

region contiguous with the release site in each study area. We compared these values to the
 

I
 
habitat quantities recommended by the model. The model suggests that to support a MVP of
 
125 animals, translocation sites should contain a minimum area of 17 km2 of suitable habitat,
 
including 6.5 km2 of winter range, 360 ha of lambing area, and 8.4 km2 of summer range. For
 
each study area, we determined whether the model predicted a successful translocation based 
on whether the recommendations for an adequate quantity of suitable habitat were met. 

I We intended to use Fisher's exact test to test the null hypothesis that there is no 
relationship between the model's suitability assessment and translocation results. However, 

I as evident in our results section, this became impossible due to the pattern ofresults 
obtained. 

I
 
I
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Model Refinement 

ITo determine the relative contribution of individual habitat parameters to model 
performance we examined the extent to which each parameter individually reduced core 
habitat for each study area. To improve the model, we individually varied suitability criteria 
for parameters that contributed to incorrect predictions. We refined criteria based on I 
conditions in areas known to be used by bighorns within successful translocation areas. 
Using the refined criteria, we again applied the model retrospectively to the translocation Isites and compared model predictions to translocation results. 

RESULTS I 
The procedure predicted all eight translocations would fail based on lack of suitable 

habitat (Table 3). The one-sided pattern of our results made it impossible to statistically test Ithe discriminatory power of the model using Fisher's exact test or other statistical tests. But, 
since the model failed to detect suitable habitat at four successful translocation sites, it is 
clear that the model does not work appropriately. I 
Model Refinement 

I
None of the study areas we evaluated had known elk or cattle concentration areas, nor 

barriers created by cliffs, man-made watercourses, nor centers ofhuman activity. Therefore, 
we were not able to evaluate the effects of these parameters on core habitat, so we retained I 
the original model criteria. All other model parameters reduced core habitat in at least one 
study area (Figures 2 and 3). Limited visibility and barriers created by dense vegetation had 
the most pronounced effects on core habitat in all study areas. I 

Since the model correctly predicted all of the failed translocations but none ofthe 
successful translocations, our objective was to refine the model to distinguish between I 
habitat in successful versus failed sites. We examined the effect of each parameter, focusing 
on those that reduced core habitat at successful translocation sites. We relaxed the suitability 
criteria for horizontal visibility, dense vegetation and fences as barriers, and buffers on I 
human use areas (Table 2) based on the following reasoning: 

HORIZONTAL VISIBILITY -- We relaxed the criterion for horizontal visibility from I 
~80% in the original model to ~62%. Limited visibility had the most pronounced effect on 
model performance because cover types meeting the model criterion of 80-100% horizontal 
visibility (Table 4) occurred in few areas. In developing the original criterion, Smith and I 
Flinders (1991) disregarded features that obstructed visibility if they believed a potential 
predator could not effectively hide behind the feature (Tom Smith, pers. com.). To ensure 
comparability between different investigators and study areas we believe it is critical that I 
subjective judgements be removed from the evaluation process. We maintained objectivity 
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by strictly recording visual obstruction, without rendering judgement about value to potential

I predators. Mixed range (mixed grasslshrubland) in the successful Upper Poudre translocation 
site had the lowest visibility (62%) ofareas known to be used by bighorn (Table 4). Based on 
this, we recommend visibility 2:62% be considered suitable. 

I DENSE VEGETATION BARRIERS -- We relaxed the model criterion for dense
 
vegetation as a barrier to movement from <80% horizontal visibility and>100 m wide to
 

I <30% horizontal visibility and >100 m wide, or 30-61% horizontal visibility and >4.5 Ian
 
wide. Our analysis indicated the model criterion for dense vegetation as a barrier to
 
movements was too stringent. Translocated bighorns traveled up to 4.5 Ian through cover
 

I types with horizontal visibility as low as 30% to use scattered patches of suitable habitat
 
(Conejos, Rampart, and Upper Poudre).
 

I FENCE BARRIERS -- We relaxed the model criterion to state the presence of fences
 

I
 
should not preclude translocations in areas that are otherwise suitable. While we agree it is
 
preferable to conduct translocations in fence-free areas, our analysis indicated that fences did
 
not constitute a barrier to routine movement in the four translocation sites in which they
 

I
 
occurred (Upper Poudre, Trickle Mountain, Conejos, and Lower Lake Fork). In all cases,
 
bighorn used areas on both sides offences that potentially created barriers to movement.
 
During field observations we noted fences generally had gaps due to disrepair and road
 
crossmgs. 

I 
I BUFFERS ON HUMAN USE AREAS -- We eliminated model criteria routinely 

excluding areas adjacent t~ human use areas. In all four successful translocations bighorn 
sheep were frequently seen using areas adjacent to roads and developments, including 
residential areas and active rock quarries. Bighorn can habituate to a wide range of 
predictable human activities (McCarty and Bailey 1994). Exclusion of buffer zones may be 

I
 justified in extremely high use areas~ these should be evaluated individually.
 

I 
LAMBING AREAS AND SUMMER RANGE -- We relaxed the horizontal visibility 

criterion for lambing areas and summer range from 2:80% to ~62%, consistent with revisions 
for visibility in general habitat. Using the original criteria, the model underestimated lambing 
and summer habitat, mostly due to the stringent visibility criterion. 

I We retained suitability criteria for the remaining model parameters (Table 2) based on 
the following reasoning: 

I POTENTIAL FOR CONTACT WITH EXOTIC RELATIVES -- We concur with 
Smith et al. (1991) that because of the potential for disease transmission (Jessup 1981~ Foreyt

I 1990) bighorn sheep should not be translocated to ranges that might allow contact with any 
oftheir exotic relatives. However, our results indicated that the potential for contact with 
exotic relatives is not a reliable predictor of translocation results. Successful translocations 
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occurred at two ofthe four sites where domestic sheep were present (Conejos and Upper 
Poudre), indicating that even when the potential for contact with exotic relatives is present, I
diseases mayor may not be transmitted. 

WATER AVAILABILITY -- We believe the model criterion for water availability is I
appropriate. Our analysis indicated water availability limited suitable habitat at three 
translocation sites (Conejos, Lower Lake Fork, and Mesa Verde). At two ofthese sites 
(Conejos and Lower Lake Fork) limitations resulted from the resolution ofavailable digital I 
data, rather than true lack ofwater. Digital hydrography data available through USGS often 
do not include all potential water sources. Therefore we recommend databases be edited to 
include all known accessible, perennial sources before using them to evaluate potential I 
release sites. 

WATER BARRIERS -- We maintained the model criterion that swift and/or wide I 
rivers be considered barriers to routine movement. However, the potential for rivers or lakes 
to provide a barrier to movement is poorly defined. In two translocation sites (Conejos and 
Upper Poudre) bighorn primarily used one side ofa river, while at another site (Lower Lake I 
Fork) bighorn used both sides ofa larger river, indicating the variability in the extent to 
which moderate sized rivers (100-250 cubic feet per second average annual flow) function as 
barriers to movement. Our data suggest such rivers may hinder movement, or act as barriers I 
to casual movement. However, they are not absolute barriers and may not eliminate 
purposeful movement, particularly if suitable habitat exists on both sides ofthe river. I 

HIGHWAY BARRIERS -- We maintained the model criterion that major highways 
and high use roadways be considered barriers to routine movement. However, the potential 
for roads to function as barriers is poorly defined. In two translocation sites (Conejos and I 
Upper Poudre) bighorn sheep were known to use only one side ofa state highway that 
bisected potential range. In both sites the highway coincided with a river and limited area 
with suitable visibility existed on the unused side ofthe highway, making it difficult to I 
determine the relative contribution ofeach factor to the lack ofuse on one side ofthese 
canyons. However, average daily traffic data for these roads suggest that roads with moderate Itraffic levels (600-1200 vehicles per day) may hinder movement or act as barriers to casual 
crossing. 

IWINTER RANGE -- We maintained the model's criteria for winter range. The 
model's accuracy in predicting known winter range was variable, and no clear pattern of 
incorrect predictions was evident. I 
Application ofthe Refined Model 

IUsing our relaxed criteria, the model better distinguished between habitat at 
successful and failed translocation sites (Table 5). However, predicted suitable habitat at 
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successful sites was still 37-56% less than the 17 km2 area recommended in the model. In 

I addition, a bighorn herd was successfully established at Rampart with less habitat deemed 
suitable than at the failed Lower Lake Fork site. 

I DISCUSSION 

I We believe rigorous habitat analysis should be an important component of bighom 
sheep restoration programs. Habitat models can be an important tool to facilitate objective 
habitat evaluation because they provide a framework for structuring qualitative infonnation 

I for decision-making (Schamberger and O=NeiI1986). But, a habitat model is a 

I 
simplification ofthe system it depicts, and will never completely reflect the real world. Smith 
et al. (1991) used conservative criteria as comparative standards in their bighorn lIEP. While 
this directs managers toward identifying restoration sites with the highest quality habitat, few 

I 
areas meeting those criteria may be available. We found four areas where bighorn 
populations have been reestablished meet less stringent criteria than those included in the 
model developed by Smith et al. (1991). 

I 
Clearly, bighorn translocation success is influenced by factors other than those 

incorporated in the model. Stochastic variables, such as local weather conditions following 
translocations, may have affected translocation results. Various management treatments, 
including drug treatment for disease and population reductions, were carried out 

I intermittently on several herds (Rampart, Trickle Mountain, and Upper Poudre). These 
treatments may have affected herd perfonnance, but lack ofcontrolled application and 
monitoring precludes detennining effects (Bailey 1990). Furthennore, traits inherent in the 

I founding animals may have influenced translocation results. Transplants conducted in 
Colorado up to 1982 used relatively few source populations (Bailey 1990). Founding animals 
for three of four successful translocations we evaluated came from the native Tanyall herd in 

I Colorado, while founding animals for three of four failed translocations we evaluated came 
from the previously translocated Trickle Mountain herd (Tanyall source herd). While 
animals with outward signs ofdisease were not translocated, animals were not tested to rule

I out extant disease. Genetic differences among founding animals may have contributed to 
translocation results, but genetic data were not collected from source herds so this can not be 
evaluated. Translocations derived from a herd that initiated from a translocation have been 

I referred to as dilution transplants (Bailey 1990)~ genetic diversity may be reduced in these 
founding animals. 

I Effects ofData Scale on GIS Analyses 

I 
Results from this analysis were highly dependent upon data scale (Therese Johnson 

and David Swift, unpublished data). To evaluate each parameter consistently across study 

I 
areas, we used the largest scale data available for each parameter in all study areas. This 
limited us to using relatively small scale (1 :250,000) elevation and cover type data. This 
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limitation had the most significant effect on analyses for escape terrain and visibility, 
resulting in underestimates of suitable habitat. I 

Smith et al. (1991) based recommendations for the quantity of suitable habitat 
necessary to support a MVP of 125 bighorn sheep on bighorn densities reported in the Iliterature. These recommendations did not account for variability due the scale ofdata used 
for analyses. Using 1:250,000 DEM and LULC data we detected only 6.25-9.48 km2 of 
suitable habitat at three successful translocation sites (using refined model criteria), while 
Smith et al. (1991) suggested 17 km2 of suitable habitat are necessary. Different scale data I 
would have yielded different results (Lam and Quattrochi 1992; Bian and Walsh 1993; Bian 
1997). Therefore, it is critical that data scale be considered when recommending area Irequirements based on GIS analyses. Our work suggests that for GIS analyses conducted 
using 1:250,000 scale data, 6 to 9 km2 may be an adequate quantity of suitable habitat for 
bighorn sheep. More work is needed to determine requirements for different scales of Ianalysis. 

Model Limitations I 
Using our refined criteria the model provides a better basis to distinguish between 

potentially suitable and unsuitable translocation sites, however the refined model remains I 
insensitive to some areas in which populations have successfully been reestablished. 
Topographic cover is a fundamental component ofbighorn habitat (Buechner 1960; Geist 
1971), but no standard definition has been agreed upon by different investigators (McCarty I 
and Bailey 1994). In their ~odel, Smith et aI. (1991) based habitat analysis on core habitat, 
defined as escape terrain (slopes >27 degrees) and adjacent buffer area (300 m buffer, 
including areas up to 1000 m between adjacent cliffs). This definition worked well in our ' I 
study areas that were characterized by well-defined canyons with patchy areas having 
variable horizontal visibility. However, this definition was not appropriate for the highly 
successful Trickle Mountain translocation site, which was characterized by widely scattered I 
bluffs and rock outcroppings within expansive rolling hills with very high horizontal 
visibility. This supports the beliefthat requirements for escape terrain and visibility interact 
to provide security (McCarty and Bailey 1994), such that in areas with high visibility escape I 
terrain requirements are reduced. 

Additional Research Needs I 
Additional work is needed to further strengthen the model. The reliability of model 

predictions using our refined suitability criteria should be tested using independent study I 
areas. Site specific bighorn location data should be used to test the model's ability to predict 
site specific habitat use. Furthermore, we assumed a MVP of 125 is appropriate for bighorn 
populations. The successful herds that we considered have maintained between 125 and 650 I 
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individuals for 20 to 52 years. These herds mayor may not persist in the longer-term. More 

I data on bighorn population persistence are needed to test this assumption. 

CONCLUSIONS

I Using our refined criteria, the model differentiates between habitat at successful and 
failed translocation sites. The model can facilitate evaluating large areas of potential habitat 

I when GIS databases are available. It is especially useful for identifying risks associated with 
habitat deficiencies at translocation sites, and identifying needs for habitat improvement. But, 
the model must be used with judgement. Numerical thresholds for required amounts of

I suitable habitat must consider data scale. Used as guidance with good judgem.ent the model 
can help biologists and managers prioritize translocation sites, so that limited resources 
available for bighorn restoration are used most efficiently. 

I 
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Table 1. Translocation date, composition, and source herds for eight bighorn sheep translocation sites evaluated using the 
habitat evaluation procedure developed by Smith et al. (1991). 

Study Area	 Translocation Translocation Composition 
Date Results RamlEwelYrlLamb 

Lone Pine	 31 March 1977 failure unknown 

L. Lake Fork 14 Jan 1975 failure 5/11/0/0 

Mesa Verde Jan 1946 failure 3/7/0/4 

".
Monument 8 March 1978 failure 3/7/0/10 

Conejos 9 Feb 1978 success 0/11/0/9 

Upper Poudre 6 Dec 1946 success 3/6/3/4 

Rampart Feb 1946 success 2/10/0/2 

Trickle Mtn. 15 Feb 1951 success 3/8/0/4 

• Eight animals had been translocated to the vicinity in 1970.
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Total Source 
Herd 

19 Trickle Mtn., CO 

168 Trickle Mtn., CO 

14 Tarryall, CO 

20 Trickle Mtn., CO 

20 Upper Poudre, CO 

16 Tarryall, CO 

14 Tarryall, CO 

. 
15 Tarryall, CO 



-------------------

Table 2. Habitat parameters and suitability criteria defined in the Rocky Mountain bighorn sheep habitat evaluation 
procedure developed by Smith et al. (1991) and refined criteria. 

Parameter Criteria Recommended by Smith et al.(1991) Refined Criteria 

Core habitat 

Range ofexotic 
relatives 

Natural barriers to 
movement: 
1. Water 

2. Dense vegetation 

Areas with slopes >27 degrees that have occasional
 
rock outcroppings, along with a 300 m bufTer~
 

adjacent segments of range ~1000 m wide that are
 
bounded on at least two sides by slopes >27 degrees
 
should also be included.
 

Any portion of range that might allow contact
 
between bighorn and their exotic relatives should be
 
excluded from consideration. This includes mouflon,
 
ibex, and barbary sheep, as well as domestic sheep
 
and goats.
 

Consider swift and/or wide rivers and lakes barriers
 
to routine movement.
 
Consider vegetation community types with <80%
 
horizontal visibility that are >100 m wide barriers to
 
routine movement.
 

NO CHANGE 

NO CHANGE 

NO CHANGE 

Consider vegetation communities with 
<30% horizontal visibility that are >100 
m wide, or with 30-61% horizontal 
visibility that are >4.5 km wide, barriers 
to routine movement. 
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Parameter Criteria Recommended by Smith et al.(1991) Refined Criteria 

3. Cliffs 

Man-made barriers to 
movement: 
1. Water 

2. Fences 

3. High use roads 

4. Centers of 
human activity 

Water availability 

Consider continuous, sheer, vertical cliffs without 
negotiable terrain barriers to movement. 

Consider concrete lined canal systems, reservoir 
impoundments, and aqueduct structures barriers to 
routine movement. 
Consider fences notmeeting the description of 
passable fencing provided by Helvie (1971) barriers 
to routine movement. 
Consider major highways and high use roadways 
(interstate, federal, or state highways) barriers to 
routine movement. 
Consider high density centers of human activity, such 
as airports, campgrounds, and ski resorts barriers to 
routine movement. 

Consider areas >3.2 km from accessible, perennial 
water sources unsuitable. 
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NO CHANGE 

NO CHANGE 

Consider wildlife-proof exclosures 
barriers to movement. Minimize other 
fences in the area to the extent possible. 
NO CHANGE 

NO CHANGE 

NO CHANGE 



-------------------

Parameter Criteria Recommended by Smith et al.(1991) Refined Criteria 

Human use areas 

Horizontal visibility 

Elk or cattle 
concentrations 

Winter range 

Lambing area 

Consider human use areas (including roads, trails and 
developments) unsuitable. In addition, exclude an 
adjacent butTer zone according to use levels: 
A. 100 m buffer around low to moderate use areas 
«500 visitors/year). 
B. 150 m butTer around high use areas (>500 
visitors/year). 

Consider areas with horizontal visibility <80% 
unsuitable. 

Consider areas that support concentrations of elk or 
cattle unsuitable. 

A. Consider areas that are not SW-S-SE exposures 
unsuitable. 
B. Consider areas that typically accumulate >25 cm 
of snowpack unsuitable. 

A. Consider areas with slopes <27 degrees 
unsuitable. 
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Consider areas covered by roads, 
buildings, or other developments or high 
use areas unsuitable. Consider a 100-150 
m buffer zone unsuitable only in 
extremely high use areas. 

Consider areas with horizontal visibility 
<62% unsuitable. 

NO CHANGE 

A. NO CHANGE 

B. NO CHANGE 

A. NO CHANGE 



-------------------
Parameter Criteria Recommended by Smith et al.(1991) Refined Criteria 

Summer range 

B. Consider northerly aspects (270-90 degrees) 
unsuitable. 
C. Consider areas with horizontal visibility <80% 
unsuitable. 
D. Consider areas >1000 m from usable water 
sources unsuitable. 
E. Consider areas smaller than 2 ha unsuitable. 

A. Consider areas with slopes >27 degrees 
unsuitable. 
B. Consider areas with horizontal visibility <80% 
unsuitable. .. 

B. NO CHANGE 

C. Consider areas with horizontal 
visibility <62% unsuitable. 
D. NO CHANGE 

E. NO CHANGE 

A. NO CHANGE 

B. Consider areas with horizontal 
visibility <62% unsuitable. 
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Table 3. Predicted suitable habitat at the release site for eight bighorn sheep translocations 
in Colorado, determined using the habitat evaluation procedure developed by Smith et aI. I
(1991). 

LambingStudy Area Translocation Suitable I
AreaResults Habitat 
(km2

) (km2
) 

I
 
Lone Pine Failure o o o o 

I
 
Lower Lake Fork failure o o o o 

I
 
Mesa Verde failure o o o o 

I
 
Monument failure o o o o 

I
 
Conejos success o o o o 

I
 
Upper Poudre success o o o o 

I
 
success 0.18 o o 0.12 

I
 
Trickle Mtn. success 0.65 0.22 o 0.55 

I
 
a Analysis conducted on the patch of escape terrain where the herd became established (approximately I

7 km from release site). 

I
 
I
 
I
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Table 4. Mean horizontal visibility measured at eight bighorn translocation sites in Colorado 
using methods described in Smith et at. (1991). 

Study Area 

I
 
I
 

Lone Pine 

I 
Lower Lake Fork 

I 
Mesa Verde 

I 
Monument 

I 
Conejos 

I 
Upper Poudre 

I 
Rampart 

I 
Trickle Mtn. 

I 

Mixed
 

Range
 

% (95% c.i.)
 

48 (40-56)
 

55 (47-63)
 

40 (33-47)
 

~N/A8 

90-100b 

62 (52-72) 

N/A 

93 (89-97) 

Coniferous Mixed 
Forest Forest 

% (95% c.i.) % (95% c.i.) 

30-40c N/A 

46 (40-52) ·57 (50-64) 

18 (14-22) 0_20d 

29 (23-35) N/A 

45 (39-51) 48 (42-54) 

36 (29-43) 35 (28-42) 

30 (22-38) N/A 

53 (45-61) 51 (44-58) 

• NtA indicates cover type did not occur in the study area. 
b Visibility estimated based on similar conditions measured in mixed grasslshrubland at Trickle

I Mountain. 

I 
o Visibility estimated based on similar conditions measured in coniferous forest at Upper Poudre. 

d Visibility estimated because very dense understory made measurements impractical. 

I
 
I
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Table 5. Predicted suitable bighorn sheep habitat within 15 miles (24 km) of the release site 
for seven bighorn translocations in Colorado using our refined criteria for the 
evaluation procedure developed by Smith et al. (1991). 

Study Area· Translocation	 Suitable Winter Lambing 
Habitat AreaResults Ran,e 
(km2

) (km ) (km2
) 

Lone Pine Failure	 0.01 0 0 

L. Lake Forkb Failure 6.77 1.09 0.24 

Mesa Verdeb Failure 2.13 0.46 0.06 

Monument Failure 0 0 0 

Conejosb Success 9.48 5.68 2.52 

Upper Poudreb Success 9.61 7.33 1.38 

RampartC Success 6.25 0.84 0.33 

Revised analysis did not consider Trickle Mountain because the model criteria for core habitat were 
determined to be inappropriate.
 
b Revised analysis omitted potential for contact with domestic sheep to illustrate the performance of
 
other parameters.
 
C Analysis was completed for the area where the introduced herd became established. 
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habitat 

Summer
 
Ran,e
 
(km)
 

0.01
 

5.83
 

1.59
 

0
 

5.89 

7.12 

5.31 
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Figures 1(a) & (b). Study areas evaluated using the bighorn sheep habitat evaluation 

I procedure developed by Smith et al. (1991). 

I
 Figure 2. Relative influence of individual model parameters on core habitat (defined
 

I 
as escape terrain and adjacent buffer zone) at three successful translocation sites in 
Colorado, determined using the bighorn sheep habitat evaluation procedure developed 
by Smith et al. (1991). 

I Figure 3. Relative influence of individual model parameters on core habitat (defined 
as escape terrain and adjacent buffer zone) at three failed translocation sites in

I 
Colorado, determined using the bighorn sheep habitat evaluation procedure developed 
by Smith et al. (1991). 

I
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A SUMMARY OF BIGHORN SHEEP HABITAT PATTERNS IN BADLANDS

I NATIONAL PARK 

I R. SCOTT GAM01
, STEVE CORDTS2

, BRUCE B. BESSKEN3 AND FRANCIS SINGER2 

ABSTRACT 

I Bighorn sheep were radio-collared and monitored over two years in Badlands 
National Park, South Dakota. Habitat type and topographic position were recorded on 

I collared and randomly encountered sheep groups. Ewes and rams in both the-North and 
South Units ofthe park were most often observed on grass vegetation types. Bighorn sheep 
groups were most often encountered on sod buttes. Sheep utilized midslope areas void of

I vegetation for escape terrain. Seasonal preferences for four habitat characteristics were 
analyzed for North Unit ewes: topographic position; cover type; distance to escape terrain; 
and slope. Values were determined using analysis ofvariance and chi-square analysis. 

I Significant differences were found between habitat preferences in five behaviorally defined 
seasons. 

I Key words: Bighorn sheep (Ovis canadensis), Badlands National Park, habitat, ewes, rams. 

I INTRODUCTION 

Historically, bighorn sheep (Ovis canadensis) have occupied larger geographic ranges 

I than they do now (Buechner 1960, Geist 1971). Among areas where sheep have been 
extirpated are the western Great Plains. The subspecies that occupied this area (0. c. 
audouboni) was eradicated earlier this century. Recent efforts have reintroduced bighorn 

I sheep from the Rocky Mountains (Benzon 1990) into some of the Audubon's bighorn sheep 
historic range; namely Badlands National Park, and Theodore Roosevelt National Park. 

I
 
I
 
I I University ofWyoming, Department of Zoology and Physiology, Wildlife Cooperative Unit, Laramie, Wyoming 82070 

2 U.S. Geological Swvey, Midcontinent Ecological Science Center, 4512 McMurry Avenue, Ft. Collins, CO 80525, and 
Natural Resource Ecology Laboratory, Colorado State University, Ft. Collins, CO 80523-1499 
J Resources Management Division, Badlands National Park, Box 6, Interior, South Dakota 57750 
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Most habitat studies ofbighorn sheep have occurred in mountainous environments 
(Buechner 1960; Geist 1971; Risenhoover and Bailey 1985; Tilton and Willard 1982; Cook 
1990) and have made some reference to seasonal habitat associations. Habitat characteristics I 
such as slope, aspect, distance to escape terrain, and vegetation types have been recognized 
as important features of mountainous sheep environments (Geist 1971; Risenhoover and 
Bailey 1985; Cook 1990). Few studies have involved low-elevation non-mountainous I 
prairie regions (Fairbanks et al. 1987). Badlands National Park presented a unique 
opportunity to study seasonal habitat characteristics ofa self-sustaining low-elevation non
mountainous prairie bighorn sheep herd. The objectives ofthis study were to quantify I 
habitat associations ofbighorn sheep in the North and South Units ofthe park and to further 
determine North Unit bighorn ewe seasonal preferences for four habitat characteristics: 
topographic position, cover type, distance to escape terrain, and slope. I 
Study Area I 

The study area was located at Badlands National Park in southwest South Dakota. 
The park is divided into a North Unit and a South Unit. Although surrounded by gently 
rolling grassland, the Badlands are a rugged landscape formed by erosion and exposure by I 
the White river near the park's southern boundary (Thornbury 1965). At elevations ranging 
from 850 m to 1025 m, topography is variable including gentle prairies to the north and west, 
perterbated by eroded draws and gullies. The southern portion of the North Unit consists of I 
steep sloped, sod-covered buttes and exposed ridges, and lowland grassy tables. The South 
Unit consists of rugged landscapes and large grassland tables. Average annual precipitation 
usually does not exceed 50 cm. Summer temperatures may exceed 380 C and winter I 
temperatures may drop below _180 C. 

IThe park's flora was characterized by mixed-grass prairie found on the lowlands, 
tables, and tops ofbuttes. Many grass species such as blue grama (Boute/oua gracilis), green 
needlegrass (Stipa viridu/a), western wheatgrass (Agropyron smithii), and porcupine grass I(Stipa comata) occurred. Shrubs and herbaceous plants such as silver sage (Artemisia 
/udovisciana), rubber rabbitbrush (Chrysothamnus nauseosus), prickly pear (Opuntia 
po/yacantha), and scarlet globemallow (Sphaera/cea coccinea) were found (Butler and Batt I1995). Trees, such as cottonwood (Popu/us de/toides), were found along riparian areas. 
Rocky mountain juniper (Juniperos scopu/orom) and some ponderosa pine (Pinus 
ponderosa), particularly in the South Unit occurs in on buttes or protected eroded sides of Ibuttes and in ravines. 

I
 
I
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METHODS

I 
Data Collection 

I Bighorn sheep, both rams and ewes, were captured with a net gun from a helicopter in
 
March 1992. Six ewes and eight rams were collared in the North Unit of the park. Two rams
 
and five ewes were collared in the South Unit. We located groups ofbighorn sheep on the
 

I ground during daylight hours from June 1992 to September 1994. A group was defined as at
 
least one individual. Sheep were located by tracking radio-collared individuals using a T-4
 
receiver and a handheld two-element antenna (Telonics Inc., Mesa, AZ). Non-collared sheep
 

I locations were also recorded. Tracking was maintained until sheep were within visual range.
 

I
 
Spotting scopes and binoculars were used to observe sheep to minimize disturbance. Sheep
 
groups were observed for up to an hour and specific data were recorded including: location,
 
group size, group composition, behaviors, topographic position, cover type, forage type,
 

I
 
slope (in degrees from horizontal), and distance to escape terrain. Locations were later
 
recorded as U.T.M. coordinates from U.S. Geologic survey 7.S-minute quadrate topographic
 
maps.
 

I
 Topographic position was divided into nine categories: ridge/peak, midslope,
 
badlands base, badlands slump, riparian, elevated sod butte, lowland sod table, vegetated 
lowlands, and cave. Cover type was recorded as no vegetation, ponderosa pine, juniper, 
juniper/ponderosa, cottonwood/riparian, silver sage/wheatgrass, and grass. Escape terrain 

I 
I was defined as steep rocky terrain with at least a 30° (from horizontal) slope. Smith et aI.
 

(1990) defined escape terrain as being at least a 27° slope. This terrain type would enable
 
bighorn sheep to outmaneuver or outdistance predators (Gionfriddo and Krausman 1986).
 
The distance to escape terrain was visually estimated and then measured on topographic 
maps. Slope was visually estimated in the field as degrees from horizontal. 

I Analysis 

I Data were insufficient for thorough analysis of variables. Habitat relationships are 

I 
useful for wildlife managers, however, specific variables must be known including habitat 
use and habitat availability. Our study monitored bighorn habitat use to a degree. However, 
the question of habitat availability could not be addressed at the time of this study due to the 

I 
study design and lack of vegetation information. Data collected were summarized to present 
information regarding the habitat association for bighorn sheep. Hopefully, this will suggest 
areas of further investigation for future research. Where statistically applicable, further 
analyses were made. 

I Home ranges were determined for Badlands bighorn sheep using minimum convex 
polygons (CALHOME, U.S. Forest Service, Pacific Southwest Research Station and Calif 
Dept. Game and Fish). For the North Unit sheep and South Unit ewes, we used the UTM 

I 
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locations collected during the year 1993 since this was the only year that had locations during 
each season. The South Unit ram locations were so limited that we had to use all of the 
locations obtained during the entire study. I 

Data were summarized seasonally for both North and South Unit sheep. Seasons of
 
different years were combined and divided into five groups: spring (March-April), lambing
 I 
(May-June), summer (July-September), rut (October-November) and winter (December
February). These divisions were chosen to correspond with observed seasonal differences in 
behavior. Seasonal differences of topographic position, cover type, slope, and distance to I 
escape terrain were further analyzed for North Unit ewes. 

Analysis of variance (ANOVA) (Neter et a1. 1990) was used to determine whether I 
there were significant differences (P ~ 0.05) between the seasonal means of slope and 
distance from escape terrain. Chi-square tests were used to determine whether bighorn sheep 
locations in cover type and topographic positions differed (P ~ 0.05) seasonally. Chi-square I 
tests were then used to test for differences between habitat characteristics ofadjoining 
seasons: spring-lambing, lambing-summer, summer-rut, rut-winter, and winter-spring. All 
data were summarized and lor analyzed using SPSS 6.1 for Windows. I 
RESULTS I 
Home Ranges 

IOver 500 groups were observed for both rams and ewes in the North Unit, whereas 
the South Unit had 30 ram groups and 146 ewe groups observed. The mean home range size 
ofNorth Unit ewes was 1234.6 (SE ± 164.3) ha. South Unit ewes averaged 431.7 (SE ± I55.5) ha. North Unit ram home ranges averaged 1469.1 ha (SE + 272.7). Only two rams 
were monitored in the South Unit and the number oflocations for these rams was limited. 
However, both rams had home ranges near 500 ha in size. I 
~Topography and Cover Types 

INorth and South Unit ewes were observed most often on elevated sod buttes and
 
midslope areas throughout most of the year (Tables 2 & 3). A similar pattern was displayed
 
by North Unit rams (Table 4). So few observations occurred for South Unit rams that it was
 Idifficult to suggest a pattern. All Badlands bighorn sheep in both Units were most often
 
observed in grass or bare cover types (Tables 6-9). These patterns are consistent with those
 
previously reported by Garno et aI. (1993).
 I
 

I
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Table 1. Individual bighorn sheep home ranges in hectares. 

North Sheep (1993) Area (ha) South Sheep (1993) Area (ha) 

ewe # 10 348.5 

ewe #15 524.7 

ewe #19 529.9 

ewe #23 323.5 

ram #11 (92,93,94') 523.3 

r~m #34 (92,93,94') 500.3 
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ewe #12 

ewe #14 

ewe #16 

ewe #17 

ewe #18 

ewe #29 

ram #4 

ram #9 

ram #24 

ram #25 

ram #26 

ram #27 

1110.0
 

587.5
 

1816.0
 

1200.0
 

1271.0
 

1423.0
 

1587.0
 

1887.0
 

1805.0
 

1668.0
 

6859.0 (went to
 
South Unit)
 

398.6 
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Table 2. Percent ofNorth Unit ewe groups located in each topographic position, by season. 

Season I 
Topographic 

Position 
Spring 
(n =84) 

Lambing 
(n =132) 

Summer 
(n =100) 

Rut 
(n =83) 

Winter 
(n =146) I 

PeakJRidge 

Midslope 

7.0 

22.1 

24.6 

38.8 

18.3 

27.9 

13.4 

20.7 

7.5 

10.9 I 
Badlands 
Base 

4.7 3.0 2.9 6.8 1.0 

I 
Badlands 
Slump 

Elevated Sod 

11.6 

48.8 

9.7 

17.2 

13.5 

21.2 

17.1 

17.1 

26.5 

42.4 
I 

Butte 

Lowland Sod 4.7 1.0 4.8 3.7 2.0 I 
Table 

Vegetated 
Lowlands 

Others 

0.0 

1.1 

2.2 

3.5 

3.8 

7.6 

13.4 

7.8 

8.8 

0.9 

I 
I 
I 
I 
I 
I 
I 
I 
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Table 3. Percent of South Unit ewe groups located in each topographic position, by season. 

I Season
 

Topographic Spring Lambing Summer Rut Winter
I Position (n =17) (n =20) (n = 47) (n = 28) (n =33)
 

PeaklRidge 0 5.0 14.9 10.7 12.1
 

I
 
I Midslope 17.6 55.0 34.0 42.9 36.4
 

Badlands 0.0 0.0 4.3 14.3 12.1
 
Base 

Badlands 0.0 0.0 6.4 0.0 0.0

I Slump 

I 
Elevated Sod 41.2 20.0 25.5 14.3 27.3 
Butte 

Lowland Sod 0.0 0.0 2.1 3.6 3.0 
TableI 

" 

I 
Vegetated 35.6 15.0 2.1 10.7 6.1 
Lowlands 

Others 5.6 5.0 10.7 3.5 3.0 

I 
I 
I 
I 
I 
I 
I 
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Table 4. Percent ofNorth Unit ram groups located in each topographic position, by season. 

Topographic 
Position 

Peak/Ridge 

Midslope 

Badlands 
Base 

Badlands 
Slump 

Elevated Sod 
Butte 

Lowland Sod 
Table 

Vegetated 
Lowlands 

Others 

Spring 
(n =134) 

5.2 

9.7 

3.7 

6.7 

56.0 

13.4 

3.0 

2.3 

Lambing 
(0 = 110) 

19.1 

26.4 

5.5 

8.2 

24.5 

8.2 

4.5 

3.6 

Season 

Summer 
(0 =88) 

6.8 

20.5 

3.4 

6.8 

18.2 

17.0 

9.1 

18.2 

Rut 
(n = 68) 

11.8 

20.6 

4.4 

10.3 

20.6 

16.2 

7.4 

8.7 

Winter 
(n = 138) 

8.7 

5.8 

0.0 

13.0 

65.2 

3.6 

2.2 

1.5 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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Table 5. Percent of South Unit ram groups located in each topographic position, by season. 

I Season 

Topographic Spring Lambing Summer Rut Winter

I Position (n = 4) (n =3) (n = 13) (0 =5) (0=5) 

PeaklRidge 0.0 0.0 23.1 20.0 20.0 

I Midslope 50.0 66.7 23.1 40.0 20.0 

I Badlands 25.0 0.0 0.0 0.0 0.0 
Base 

Badlands 0.0 0.0 0.0 0.0 0.0

I Slump 

I 
Elevated Sod 0.0 0.0 7.7 20.0 60.0 
Butte 

I 
Lowland Sod 0.0 33.3 , 0.0 0.0 0.0 
Table 

Vegetated 25.0 0.0 30.8 0.0 0.0 
Lowlands

I Others 0.0 0.0 15.3 20.0 0.0 

I 
I Table 6. Percent ofNorth Unit ewe groups located in each cover tyPe, by season. 

Cover Type Spring Lambing Summer Rut Winter 

I 
No 39.5 56.0 51.0 24.4 22.4 

I Vegetation 

Juniper 5.8 2.2 2.9 17.1 18.4 

I Rubber 1.0 2.2 6.7 2.7 1.4 
Rabbitbrush 

I Grass 53.5 37.3 37.5 54.9 55.8 

Others 0.2 2.3 1.9 0.9 2.0 

I 
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Table 7. Percent of South Unit ewe groups located in each cover type, by season. I 
Cover Type Spring Lambing Summer Rut Winter I 

No 17.6 25.0 45.8 32.1 51.5
 
Vegetation
 I 
Juniper 0.0 0.0 0.0 2.0 0.0 

IShrub 0.0 0.0 4.2 7.1 0.0 

Grass 64.7 75.0 37.5 46.4 42.4 I
Others 17.7 0.0 12.5 12.4 6.1 

I 
I 

Table 8. Percent ofNorth Unit ram groups located in each cover type, by season. I 
Cover Type Spring Lambing Summer Rut Winter 

I 
No 29.1 55.5 47.2 33.8 15.2 
Vegetation I 
Juniper 3.0 0.9 2.2 7.4 3.6 

Shrub 0.0 2.7 3.4 0.0 0.7 I 
Grass 67.9 40.9 47.2 57.4 80.4 

Others 0.0 0.0 0.0 1.4 0.1 I 
I
 
I
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Table 9. Percent of South Unit ram groups located in each cover type, by season. 

I Cover Type Spring Lambing Summer Rut Winter 

I No 75.0 0.0 46.2 60.0 40.0 
Vegetation 

I Juniper 0.0 0.0 0.0 0.0 20.0 

Shrub 0.0 0.0 0.0 0.0 0.0 

.Grass 25.0 100.0 53.8 40.0 40.0I 
Others 0.0 0.0 0.0 1.4 0.1 

I 
I Habitat Use - North Unit Ewes 

A total of 554 ewe groups were observed in the North Unit during this study, utilizing 

I seven ofthe nine topographic positions. Chi-square analysis showed a difference (P < 0.001) 
in topographic position according to season. There was a significant difference (P < 0.001) 

I 
in topographic position between spring and lambing. During spring, 7.0% ofewe groups 
were found on peak/ridge areas, 22.1% midslope, and 48.8% on elevated sod buttes (Table 

I 
2). During lambing, 24.6% of ewe groups were located on peak/ridge positions, 38.8% were 
midslope, and only 17.2% were on elevated sod buttes. Differences in position between 
lambing and summer, and summer and rut were insignificant. Topographic positions 
between rut and winter were different (P< 0.001). During rut, 13.4% of bighorn ewe groups 

I were located on peak/ridges, 20.7% were midslope, 17.1% were on badlands slump and 
17.1% were on elevated sod buttes. During winter, 7.5% were on peak/ridge, 10.9% at 

I 
midslope, 26.5% on badlands slump, and 42.4% on elevated sod butte. Winter positions also 
differed significantly from spring (P < 0.001). During winter, ewes were more often on 
badlands slump, vegetated lowlands, and peak/ridge topography than during spring. Spring 
had a higher percentage ofewes located in the remaining categories. 

I 
I Bighorn ewe groups were located in four major cover types (Table 6). Significant 

differences of seasonal ewe locations in cover types were revealed by Chi-square analysis. 
There was a difference (P <0.05) in cover type locations between spring and lambing. Ewe 

I 
groups were found on no vegetation areas 39.5% ofthe time in spring compared to 56.0% of 
the time during lambing. Grass locations were higher in the spring (53.5%) than during 
lambing (37.3%). Percentages of summer cover types were significantly different (P <0.001) 
from rut. No vegetation constituted 51% of the summer cover type locations and only 24.4% 
of the rut locations. During rut, groups were found more often in juniper (17.1 %) and grass 

I 
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(54.9%) cover types than during summer (2.9 and 37.5%, respectively). No significant
 
differences were found between lambing and summer, and winter and rut. Winter locations
 
were different from spring (P <0.01). Winter cover type locations were higher in juniper
 I 
(18.4% compared to 5.8%) than spring or any other season. Spring no-vegetation locations 
were higher (39.5% compared to 22.4%) than winter. I 

Table 10. Average distance (m) to escape terrain and average slope (degrees from horizontal). I 
Season Spring Lambing Summer Rut Winter 

Distance to 9.0 ±3.4 5.1 ±2.7 14.0 ± 3.1 29.6 ±3.5 19.6 ±2.6 I 
Escape 
Terrain I 
Slope 23.1 ±2.4 37.7 ± 1.9 29.3 ±2.2 19.8 ±2.5 14.5 ± 1.9 

I 
Analysis with ANOVA revealed significant differences between seasons in
 

distance to escape terrain of ewe groups (Table 10). Lambing season had the lowest
 I 
average distance to escape terrain at 5.1 m (SD ±2.7). Other distances to escape 
terrain by season were: spring at 9.0 m (SD ± 3.4), summer at 14.0 m (SD ±3.1), and 
winter at 19.6 m (SD ±2.6). Rut had the greatest average distance to escape terrain at I 
29.6 m (SD ±3.5). Slope 8lso exhibited significant (P < 0.001) seasonal differences.
 
Lambing season showed groups located on the steepest slopes averaging 37.7° (SD ±
 
1.9). Summer had the second highest average slope of29.3° (SD ± 2.2) followed by I
 
spring 23.1° (SD ±2.4), rut 19.8° (SD ±2.5), and winter 14.5° (SD ±1.9).
 

IDISCUSSION 

Home Ranges I 
Both North Unit ewes and rams, on average, had larger home ranges than their
 

counterparts in the South Unit ofthe park. The larger home ranges displayed by North Unit
 Isheep may have been due to the fact that their range lies within the Sage Creek Wilderness
 
area. This area is free of roads and has minimal human disturbance. In contrast, several
 
roads access the South Unit and livestock grazing also occurs there. The South Unit Sheep
 Imay have smaller ranges because either 1) all their needs are met within the smaller areas, or
 
2) they are confined or restricted to the smaller areas due to some outside influence. We tend
 
to favor the second explanation, however, defining exactly what the influence is may be
 I
difficult. Perhaps livestocklhuman activity restricts the South sheep or perhaps their 

I
 
I
 
I
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confinement is a function ofhabitat and only a small proportion ofavailable habitat is 

I suitable for these sheep. The information available at this time can only lead to speculation. 
A habitat availability and subsequent use model would help in determining if South Unit 
bighorns' needs were being met within the smaller ranges. Such a model might further 

I identify a lack of important habitat which could confine the South Unit animals to small 
areas. 

I Topography and Cover Types 

Bighorn sheep in both Units were most often observed on grassy areas such as sod buttes and 

I slumps. It is true that these areas were easier for observers to locate sheep. They were also 

I 
attractive to bighorn sheep, as grassy areas on sod buttes provide abundant forage and allow 
for an almost unrestricted field ofview for the sheep. Sheep were often observed feeding in 
these areas. Other commonly utilized cover types were non-vegetated or bare areas, which 
also offer an unobstructed line of sight for sheep. Bighorns were also observed on midslope 

I
 positions which generally corresponded to escape terrain.
 

Habitat Use-North Unit Ewes 

I 
I Bighorn sheep should select habitats that offer the best combination ofbiotic and 

structural resources (Risenhooverand Bailey 1985). This habitat is described as open 
grasslands that are near steep, rocky escape terrain (Geist 1971; Wakelyn 1987; Risenhoover 
and Bailey 1985; Fairbanks et aI. 1987) The Badlands bighorn ewe groups were found in 
this type ofhabitat and displayed seasonal variations in habitat selection. 

I 
I Ewe groups selected different topographic positions, cover types, distance to escape 

terrain, and slope according to the season. Spring found ewes mostly on elevated sod buttes 
and in a grass cover type. Spring green-up would likely entice ewes onto these grassy buttes 
to forage on nutritious early plant growth. Goodson et aI. (1991) found that ewes selected 
areas of high green-up concentration that became visible after snowmelt. In a study of 

I
 bighorns at Trout Peak, Hurley (1985) noted that sheep preferred grassland type vegetation
 

I
 
during the spring. Foraging efficiency of sheep was negatively associated with distance from
 
escape terrain and positively associated with visibility (Risenhoover and Bailey 1985).
 
Predictably, foraging efficiency would be high on these treeless, sod covered buttes.
 
Visibility was unobstructed; hence, the ewes averaged only 9.0 m away from escape terrain. 

I Ewes have been observed to select rugged, steep terrain for their lambing areas (Geist 
1971) which offers ample protection from predators. Ewes travel to these areas prior to 
parturition (Festa-Bianchet 1988). During lambing season, ewe groups were located in areas 

I averaging over 37° slopes, essentially escape terrain (Badlands ewes were observed in 
extremely inaccessible terrain). Ewe-juvenile groups were often found on rugged, 
precipitous terrain (Gionfriddo and Krausman 1986). When not on these steep slopes, the 
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ewes were found on average 5.1 m away from escape terrain. Lambing season ewes were 
found at midslope positions 38.8% and peak/ridge positions 24.6% of the time, usually (56%) Ion no-vegetation cover types. To a lesser extent, groups were located on elevated sod buttes 
(17.2%) in grass cover types (37.3%), presumably for foraging. 

I
Summer selection of topographic position was not significantly different than 

lambing or rut (Table 2). Ewe groups displayed more variability in their preferences for 
topographic position during the summer. They were most often located on midslopes or I
elevated sod buttes which corresponded to an average slope of29.3° and to the no-vegetation 
type. Perhaps some of the locations in these steep bare areas were a consequence of seeking 
out shade. The steep slopes offer shade and were devoid of vegetation. The Badlands often I 
have had very warm days during the summer and sheep have been observed bedded in 
shaded areas. In Arizona, Gionfriddo and Krausman (1986) reported that bighorns sought 
out shade possibly as a means of moderating the effects of high temperatures. Summer I 
topographic positions and cover types were quite similar (Tables 2 and 6) to lambing season 
and the average slope (29.3°) was still quite steep. This was probably due to ewes with 
lambs maintaining maternal ranges while ewes without lambs moved into summer habitats I 
(Geist 1971). The summer data suggest the influence of the presence oflambs. 

The period of rut in Badlands included the months of October and November. During I 
this period, ewe groups exhibited the greatest average distance from escape terrain at 29.6 m. 
Group locations during rut were the most evenly distributed across the topography positions. 
This may have been in part due to a behavioral response ofbeing chased by rams. I 
Topographic position during rut was not much different than during summer. However, ewe 
groups were found less often on bare ground than in summer, and were found more often in 
grass cover types (Table 6). Compared to winter, rut topographic position and cover type I 
selection were quite different. 

IWinter selection oftopographic positions was different from spring and rut. Ewe 
groups were found 42.4% ofthe time on elevated sod buttes usually in a grass cover type 
(55.8%). The sod buttes were exposed to wind minimizing snow accumulation. Tilton and 
Willard (1982) found that, in winter, bighorn sheep prefer open areas in which forage is most I 
available. Locations ofgroups on elevated sod tables may have also been influenced by their 
behavioral adaptation offeeding during daylight (generally midday during the winter) (Geist 
1971). This behavior may reduce energy costs. The second most often observed winter I 
topographic position was badlands slump (26.5%). The cover type ofjuniper was relatively 
high also. Juniper growths were often found on slumps on southern exposures ofelevated Isod buttes. Arnett (1990) reported that sheep tended to avoid north aspects in winter. These 
areas may have provided some protection from the elements and also provided forage 
because they were usually close to or interspersed with grassy areas. Part of the ofthe grass Icover type may include locations on treeless grass-covered slumps. 
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SUMMARY

I The information presented is a summary of three years of monitoring bighorn sheep 
in Badlands NP. This portion of the study was only a part of a larger study which also 

I investigated bighorn diets, foraging, and disease occurrence. Data collected was meant to 
provide basic information for managers to help in the management of the park=s bighorn 
population. We further tried to use the data for various analyses to provide statistical 

I confirmation of observed patterns. However, much of the data and the way in which it was 

I 
collected did not lend itself to appropriate statistical evaluation. Also, there are cases where 
lack of information prohibits further examination ofthe data. A lack of habitat availability 
information at this time hinders an in depth statistical analysis ofbighorn habitat use. We are 
hopeful that future information may be applied to our data and a thorough analysis would 

I
 become a reality.
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UNIQUE ASPECTS OF THE ECOLOGY OF BIGHORN SHEEP 

I OCCUPYING A CLAY HILLS-PRAIRIE ENVIRONMENT IN BADLANDS 
NATIONAL PARK 

I
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I ABSTRACT 

I 
Bighorn sheep (Ovis canadensis) numbers throughout western North America 

declined dramatically during the late 1800s and early 1900s (Seton 1927, Cowan 1940). 
Nearly a century after experiencing catastrophic losses, many bighorn populations have yet 

I to recover to historical levels (Hoefs, 1984). Restoration and maintenance ofviable 
populations is the primary goal of bighorn sheep management. This paper investigates the 

I 
incidence of lungworm disease, effects of fire on forage quality~ dietary content~ and habitat 
selection by bighorn sheep that occupy a clay hills-prairie environment in Badlands National 
Park, South Dakota. Bighorn sheep herds in the North and South Units ofBadlands National 

I 
Park differ in their founding history, total population and population density. The incidence 
oflungworm larvae in bighorn sheep fecal samples was higher in the North Unit. Infestation 
levels were unrelated to variation in yearly rainfall totals. For five forage plant species, only 
minor changes in dry weight, percent nitrogen, percent protein, and dry matter digestibility 

I were detected in the two years following seasonal bum treatments. Microhistological 
analysis of fecal samples indicated that Agropyron spp. were the dominant forage in the 
North Unit and Stipa spp. were dominant in the South Unit. Seasonal habitat use data showed 

I that ewe groups were most often observed on elevated sod buttes during the winter and 
spring~ on shadier midslopes and ridges during the summer~ on or near the steepest escape 
terrain during lambing~ and farthest from escape terrain during the rut. 

I
 
I
 
I
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INTRODUCTION 

I
Historically, bighorn sheep (Ovis canadensis) occupied larger geographic ranges than they do
 
now (Buechner 1960, Geist 1971). Population levels ofbighorn sheep declined dramatically
 
throughout western North America during the late 1800s and early 1900s (Seton 1927,
 I
Cowan 1940). Bighorn sheep are influenced by many factors including habitat quality, 
population density, weather, and disease. While unregulated market hunting, habitat loss to 
domestic grazing, and human development contributed to the demise, various virulent I
diseases are suspected to have played the key role in historic declines (Seton 1927, Cowan 
1940, Risenhoover et al. 1988, Smith et al. 1991). Some combination of factors continues to 
limit the abundance of wild sheep. Nearly a century after experiencing catastrophic losses, I
many bighorn populations have yet to recover to historical levels (Hoefs, 1985). Among 
areas where sheep have been extirpated are the western Great Plains. The Audubon's 
subspecies that occupied the Badlands area (O.c. auduboni) were eradicated earlier the I
1920's. Recent efforts have reintroduced bighorn sheep from the Rocky Mountains into 
some of the Audubon's bighorn sheep's historic range within Badlands National Park 
(Benzon 1990). I
 

In 1964,22 Rocky Mountain bighorns from Pikes Peak, Colorado were place within 
an enclosure inside Badlands National Park. Following a disease die-off attributed to I

Pasteurella, the 14 surviving bighorn sheep were released from the enclosure into the North
 
Unit ofthe park in 1967. The herd grew very slowly and still numbered only 27 in 1980
 
(McCutcheon 1980). The herd subsequently increased and, by 1990, 93 bighorn sheep were
 I
 
reported by observers. During the 1980s, sporadic observations ofdispersing bighorn sheep 
occurred in the South Unit. In 1991, an aerial survey confirmed the presence of 30 Rocky 
Mountain bighorn sheep in the South Unit, in a locale centered over forty kilometers to the I
 
southwest of the North Unit. 

Data from five census flights flown between September 1992 and October 1994 were I
 
corrected for sightability bias with Aerial Survey software (Unsworth et al. 1994). Estimates
 
indicate a population of 120 sheep in the North Unit and 45 sheep in the South Unit in 1994.
 
Based on the amount of habitat area available to bighorn sheep (Sweanor et al. 1995),
 I
 
estimates ofbighorn sheep densities are substantially higher in the North Unit than in the
 
South Unit (0.86 sheeplkm2 and 0.17 sheeplkm2

, respectively). A lamb: ewe ratio of42: 100
 
for the entire park population estimated from the October 1994 census flight suggests a stable
 I
 
or slightly increasing population trend (Singer et al. 1995). 

I
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To monitor and manage the bighorn sheep population in Badlands National park, a 

I research plan was developed to address the following objectives: 1) quantify current levels of 
lungworm larvae occurrence in bighorn sheep fecal samples as a baseline condition for future 
monitoring, 2) determine bighorn sheep dietary components, 3) analyze the possible use of

I different seasonal fires to improve grazing habitat for bighorns, and 4) determine bighorn 
ewe seasonal habitat preferences. Bighorn sheep herds in the North and South Units of 
Badlands National Park differ in their founding history, total population and population 

I density. We hypothesized that: 1) the incidence oflungworm larvae incidence in the South 

I 
Unit would be lower due to the lower population density, 2) bighorn dietary content in the 
two units would differ due to inherent variations in plant availabilities and would reflect a 
greater opportunity for sheep in the lower-density South Unit to demonstrate preference, 3) 

I 
fires in the mixed grass prairie habitat would have a positive effect on grassland biomass and 
quality, and 4) habitat use by ewe groups in the North Unit would vary by season. 

Lungworm Larvae Incidence 

I 
I Infectious and parasitic diseases pose significant obstacles to successfully restoring 

and managing populations of bighorn sheep. Pmtection from disease will be an integral part 
of the successful management and expansion of existing populations (Singer et aI. 1993). 
The level ofdisease induced mortality in the Badlands National Park herd has never been 
thoroughly evaluated. In February of 1992, 20 Rocky Mountain bighorns were captured in 

I the North Unit and seven in the South Unit (Singer et aI. 1993). Both herds were examined 
and found to be infected with lungworms (Protostrongylus stilesi and P. rushi). Annual 

I 
fluctuations in snail numbers may affect infection rates in bighorns. Snails may be more 
abundant in moist conditions. Areas in Montana with the most severe lungworm infections 
in bighorns also had the highest densities of snails (Forrester and Senger 1964). 

I Diet Selection 

I 
Herbivore diet selection may directly influence ecosystem structure (Ellis et al. 1976). 

Selective feeding behavior may be influenced by a number of factors including forage 
availability (Hobbs and Swift 1988) and population density (McNaughton 1979). Fecal 
analysis has proven useful in estimating seasonal diets (Hansen and Dearden 1975, Hansen 

I
 and Reid 1975) and evaluating diets based on spatial location (Hansen and Clark 1977,
 
Hansen et aI. 1977). 

I Effects ofFire on Forage Quality 

I 
Large and frequent fires were part of the historic setting of the mixed grass prairie, 

including what is now Badlands National Park. Fires in the mixed-grass prairie increased 
biomass of forages (Kelting 1957, Adams et aI. 1982, Peet et aI. 1975, Rice and Parenti 
1978), increased flowering ofgrasses (Peet et aI. 1975), and increased the relative proportion 
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of forbs (Daubenmire 1968). Responses ofbighorn sheep to burning have been extensively 
studied in Rocky Mountain environments, but to a much less degree in a prairie environment. 
Bighorn sheep populations benefit from burning in most forested situations. Bighorn I 
foraging efficiency is greater (Hurley and Irwin 1986), their diet quality is higher (Hobbs and 
Spowart 1984), their horns grow faster and their lungworm infestation rate is lower (Seip and 
Bunnell 1985) on burned ranges. Forages on burned bighorn ranges greened up earlier and I 
greenup lasted longer, in some instances through the entire first winter following spring 
burning (Hobbs and Spowart 1984). Similar information, however, does not exist for Ibighorns occupying mixed grass prairie badlands habitat. 

Evidence ofbenefits from both spring and fall burning can be found in the literature. ISpring burning is felt to enhance grasslands more than fall burning since the time to growth 
initiation is less (Anderson 1965, Owensby and Anderson 1967). However, other studies 
suggest greater enhancement from fall burning, or no difference (James 1985). Burning just Iprior to a drought period can result in poor results from burning, regardless of the season of 
burning. Prescribed fire is one of the few active management measures that park staff could 
take to benefit bighorn sheep. Fire suppression may have resulted in unnatural conditions on Ibighorn ranges. Burning may reduce lungworm rates and increase the area used by bighorns. 

Habitat Selection I 
Most habitat studies ofbighorn sheep have occurred in mountainous environments 

(Buechner 1960; Geist 1971; Risenhoover and Bailey 1985; Tilton and Willard 1982; Cook I
1990) and have made some reference to seasonal habitat associations. Habitat characteristics 
such as slope, aspect, distance to escape terrain, and vegetation types have been recognized 
as important features of mountainous sheep environments (Geist 1971; Risenhoover and I 
Bailey 1985; Cook 1990). Few studies have involved low-elevation non-mountainous 
prairie regions (Fairbanks, Bailey and Cook 1987). Badlands National Park presents a 
unique opportunity to study seasonal habitat characteristics of a self-sustaining low-elevation I 
non-mountainous prairie bighorn sheep herd. 

STUDY AREA I 
Badlands National Park is located in southwest South Dakota. Surrounded by gently 

rolling grassland, the rugged landscape varies in elevation from 850 m to 1025 m., to form I 
steep canyons, exposed ridges, pinnacles, and buttes. Erosive influences from the White 
River near the park's southern boundary resulted in the diverse park topography (Thornbury 
1965). Mixed-grass prairie occurs on the upland plateau and lower grasslands, as well as on I 
the tops of buttes and lower sod-covered slumps. Annual precipitation averages 40 cm. 
Summer temperatures may exceed 380 C and winter temperatures may drop below _180 C. I
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The park's flora is characterized by mixed-grass prairie found on the lowlands, tables, 

I and tops ofbuttes. Many grass species such as blue grama (Bouteloua gracilis), green 
needlegrass (Stipa viridula), western wheatgrass (Agropyron smithii), and porcupine grass 
(Stipa comata) occur. Shrubs and herbaceous plants such as silver sage (Artemisia

I ludoviciana), rubber rabbitbrush (Chrysothamnus nauseosus), prickly pear (Opuntia 
polyacantha), and scarlet globemallow (Sphaeralcea coccinea) are found. Trees, such as 
cottonwood (Populus deltoides) occur along riparian areas. Rocky mountain juniper 

I (Juniperus scopulorum) is often found in groves on the southern exposures ofbuttes and 
scattered within ravines. 

I METHODS 

Incidence ofLungworm Larvae

I 
I 

Fresh bighorn sheep fecal piles were collected by field personnel from the June 1992 
through the August 1993. The Baennann technique was used to determine the number of 
first-stage larvae per gram (LPG) of dry feces. A multi-response pennutation procedure 

I 
(MRPP, Biondini 1988 and Mielke 1991) was uSed to compare the following: levels of 
lungworm larvae incidence in the North and South Unit samples; presence or absence of 
lungworm larvae in North and South Unit samples; and levels of lungworm larvae incidence 
in different seasons in North Unit samples. Annual data on lungworm infection levels was 

I
 used to test for relationship to annual precipitation.
 

Diet Selection 

I 
I Bighorn sheep fecal piles were collected by field staff during 1992-94 in the North 

and South Units ofBadlands National Park. Samples were kept in frozen storage until 
analyzed. A sample representing a population's diet on a specific area during a certain time 
period can be obtained by sub-sampling (Anthony and Smith 1974). Based on collection 
date, fifty-two samples were selected as representative sub-sample. These samples were 

I microhistologica1ly analyzed to estimate bighorn sheep dietary selection. A detailed park 

I 
vegetation map was not available that would have allowed estimates ofactual forage 
preference. The analysis included all plant genus found at a relative frequency 10% or more 
in the sampling. A multi-response permutation procedure (Biondini 1988 and Mielke 1991) 
was used to test for differences in dietary composition between the North and South Units. 

I Effect ofFire on Forage Quality 

Four elevated sod buttes and four groups (three tables per group) oflower sod tables 

I were chosen as sites for burning treatments. Each site was divided into three treatment areas. 
One-third ofeach site was burned during the fall of 1992, one-third was burned during the 
spring of 1993, and one-third was left as a control. A pretreatment sampling was performed 
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in August of 1992 on the four major buttes. Biomass and species composition were taken on 
the various treatment areas prior to the experiments through a sample of 8-1 0 
randomly-located m2 plots per treatment. Post-bum plots were located on each treatment for I 
biomass sampling. There were 18 plots on each of the four major buttes (six plots per 
treatment) and 12 plots on each ofthe low sod table sites (four plots per treatment). Using a 
clipping frame, a .25 square meter area was clipped both inside and outside the exclosure. I 
Clipped plants were separated by species, dried and weighed. For five selected forage plant 
species (Agropyron smithii, Bouteloua gracilis, Carex eleocharis, Carex/ilifolia, and Stipa 
coma/a), four variables were measured: dry weight, percent nitrogen, percent protein, and dry I 
matter digestibility. Multivariate analysis of variance (MANOVA) tests was used to 
determine, for each species and each measured variable, whether the difference between the Itwo years was constant across all the treatments. ANOVA tests were used to determine for 
each species whether the measured variables showed a significant treatment effect within a 
year. Biomass samples were taken twice during both the 1993 and 1994 growing season, as Iwell as once at the end of the winter of 1993-94. The first clipping was done during the peak 
ofcool season (C-3) plants, the second for warm season (C-4) plants, and the third was a 
winter-offtake clipping. I 
Habitat Selection 

IThis analysis presents data collected from bighorn ewes in the North Unit of 
Badlands National Park. Six bighorn ewes were captured and collared in March 1992. 
Ground crews gathered data on bighorn sheep from June 1992 to November 1994 (n = 554). IHabitat data was recorded on collared and randomly encountered ewe groups. The following 
data was recorded: location, group size, group composition, behavior, topographic position, 
cover type, forage type, slope (in degrees from horizontal), and distance to escape terrain. ISeasonal selection was determined using ANDVA and chi-square analysis for four habitat 
characteristics: topographic position, cover type, distance to escape terrain, and slope. Five 
seasonal divisions were chosen to correspond with observed seasonal differences in behavior: Ispring (March-April), lambing (May-June), summer (July-September), rut (October
November) and winter (December-February). ANOVA was used to determine if there were 
significant differences between the seasonal means of slope and distance from escape terrain. I
Chi-square tests were used to determine whether bighorn sheep locations in cover type and 
topographic positions differed seasonally. Chi-square tests were then used to test for 
differences between habitat characteristics of adjoining seasons: spring-lambing, lambing I
summer, summer-rut, rut-winter, and winter-spring. 

RESULTS I 
Lungworm Larvae Incidence 

I
Lungworm larvae levels were higher in the North Unit than South Unit (Figure 1, 

P<O.05, North Unit mean = 12.1 LPG, South Unit mean = 3.9 LPG). Lungworm larvae were 
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detected in the North Unit samples more often (94% n = 34) than the South Unit samples 

I (60% n = 15). The yearly rainfall total for 1992 was more than 50% greater than the yearly 
rainfall for 1993 (65 cm. and 42 cm. respectively), but seasonal levels oflungworm in the 
North Unit did not vary (P = 0.94).

I 
Diet Selection 

I Relative density ofplant fragments in the fecal samples differed significantly between 

I 
the North and South Units of the park (Figure 2, P<O.OI). Agropyron was identified at higher 
densities in the North Unit than the South Unit (P<0.01, 30.2% and 10.3% respectively). 
Conversely, Stipa was found to be much less prevalent in the North Unit than the South Unit 

I 
(P<0.01, 14.4% and 34.2% respectively). The 5 other genus that occurred in different 
relative frequencies in the North and South Units are: Carex (P<0.05, 17.9% and 7.7%), 
Artemisia (P<0.01, 3.ZOAI and 8.3%), Astragalus (P<0.01, 2.5% and 6.0%), Symphoricarpos 
(P<0.01, 2.9% and 5.5%), and Yucca (P<0.01, 1.5% and 4.7%). 

I Effects ofFire on Forage Quality 

I Few significant differences were found in the measured variables for two years after 

I 
the bums. The mean dry matter digestibility values for Stipa comata varied between years by 
treatment (Figure 3, P<0.05). During the first year after the bums, the mean dry matter 
digestibility values for Stipa comata were higher in the fall treatment, followed by the control 
treatment, and then the spring treatment (P<0.05; Fall = 46.8%, Control = 44.1 %, Spring = 
42.0%). Also in the first y~ar following the bums, mean values for percent nitrogen of 

I Agropyron smithii were higher in the spring treatment, followed by the fall treatment, and 
then the control treatment (P<0.05; Spring = 0.82%, Fall = 0.72%, Control = 0.66%). 

I 
Planned future work includes the analysis of forage biomass data taken during pretreatment 
sampling and winter offiake sampling. 

Habitat Selection 

I 
I During lambing, ewe groups were most often found in rugged topographic locations 

(midslope, 38.8%; peak/ridge, 24.6%). While during spring, ewe groups utilized the elevated 
sod buttes most often (48.8%) and were rarely found on peak/ridge sites (7.0%) (Table I). 
The topographic positions at which ewe groups were observed during the winter differed 
from both rut (P< 0.001) and spring (P < 0.001) locations. In winter, ewe groups were often 

I seen on elevated sod buttes (42.4%) and badland slumps (26.5%). Whereas during spring, 
ewe groups were spotted infrequently on badland slumps (11.6%). Observations ofewe 
group topographic position during the rut indicated the most balanced use oftopography by 

I the ewes with only one position above 20% (midslope, 20.7%). 
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Bighorn ewe groups were located in four major cover types that differed by season 
(Table 2). There was a difference (P <0.05) in cover type locations between spring and 
lambing. In spring, ewe groups were found less often on areas without vegetation (39.5%) I 
and more often on grass cover (53.5%) than during lambing season (no vegetation = 39.5%, 
grass = 37.3%). Percentages of summer cover types were significantly different (p <0.001) Ithan during the rut. Cover type locations with no vegetation constituted a higher amount in 
summer (51%) than during rut (24.4%). During rut, groups were found more often in juniper 
(17.1%) and grass (54.9%) cover types than those for summer (2.9 and 37.5%, respectively). IWinter locations were different than spring (P <0.01). Winter cover type locations in 
juniper were higher (18.4% compared to 5.8%) than spring or any other season. Spring 
locations in no-vegetation were higher (39.5% compared to 22.4%) than winter. I 

Distance to escape terrain of ewe groups varied by season (Table 3, P<O.OOl). The 
average distance that bighorns were observed from escape terrain was shortest during the 
lambing period (5.1 m SD ±2.7) and longest during the rut period (29.6 m SD ± 3.5). The I 
slope ofthe terrain at which bighorns were observed varied seasonally (P < 0.001). Ewe 
groups were observed on the steepest slopes during lambing season (37.7° SD ± 1.9), and on Ithe mildest slopes during winter (14.5° SD ±1.9). 

DISCUSSION I 
Lungworm Larvae Incidence 

I 
Historically, bighorns in Badlands National Park probably migrated longer distances 

and dispersed more, thus reducing disease and parasite loads resulting from sedentariness 
(Bailey 1980, Risenhoover et al. 1988). We found a higher relative infestation of lungworm I 
in the North Unit heard which may be explained by the higher bighorn density in the North 
Unit. Variation in annual precipitation rates did not produce a significant seasonal variation 
in lungworm infestation I 
Diet Selection I 

The diets ofbighorn sheep in the North and South Units ofBadlands National Park 
were similar in their plant diversity, but were dominated by different genus. It is reasonable 
to assume that plant availabilities are going to be different in the two units due to natural I 
variations in soils, topography, and hydrology. Different plant availabilities would alter diet 
selection. Also, the population density ofthe South Unit is much lower than the North Unit, 
which may allow the bighorns in the South Unit to seek out more highly preferred forage I 
species. Only after completion ofa vegetation map and sampling of plant availabilities can 
the dietary preferences of the North and South Unit be determined. I
 

I

314 

I
 
I
 



I
 
I
 

Effects ofFire on Forage Quality 

I 
We documented few positive effects due to the burning treatments. These results 

were unexpected. Other authors have noted that protein concentrations and digestibility of

I grasses are quantitatively more enhanced by burning. Fibrous constituents, which reduce 

I 
digestibility, are often decreased (Allen et aI. 1976). In our study, the only advantages 
accrued from burning were short-term increased nitrogen concentrations in the single most 
common bighorn forage species (A. smithii) and increased digestibility from the fall bum 
only in the second-most utilized forage genus (Stipa spp.) 

I Habitat Selection 

I Bighorn sheep typically select open grassland habitat near steep, rocky escape terrain 
(Geist 1971; Wakelyn 1987; Risenhoover and Bailey 1985; Fairbanks et al. 1987) Ewe 
groups selected for different topographic positions, cover types, distance to escape terrain, 

I
 and slope according to the season. In spring, ewes were most often found on elevated sod
 

I
 
buttes. Spring green-up would likely entice ewes onto these grassy buttes to forage on
 
nutritious early plant growth. Goodson (1991) round that ewes selected areas ofhigh green

up concentration that became visible after snowmelt. In a study ofbighorns at Trout Peak,
 

I
 
Hurley (1985) noted that sheep preferred grassland type vegetation during the spring.
 
Foraging efficiency of sheep was positively associated with proximity escape terrain and
 
positively associated with visibility (Risenhoover and Bailey 1985). Predictably, foraging
 

I
 
efficiency should be high on these treeless sod covered buttes. Ewes have been observed to
 
select rugged steep terrain for their lambing areas (Geist 1971) which offer ample protection
 
from predators. Ewes travel to these areas prior to parturition (Festa-Bianchet 1988). Ewe

juvenile groups are often found on rugged precipitous terrain (Gionfriddo and Krausman 
1986). During lambing season in the Badlands, ewe groups were located in extremely 

I remote areas. Ewe groups displayed an affinity for midslopes and peak/ridge areas during the 
summer. Perhaps some of the locations in these steep bare areas were a consequence of 
seeking out shade. The steep slopes offer shade and were devoid of vegetation. 

I Temperatures in the Badlands during the summer can exceed J8°e and sheep have been 

I 
observed bedded in shaded areas. In Arizona, Gionfriddo and Krausman (1986) reported that 
bighorns sought out shade possibly as a means ofmoderating the effects ofhigh 
temperatures. Summer topographic positions and cover types were Quite similar (Tables 1 
and 2) to lambing season and the average slope was still Quite steep. This effect was 
probably due to ewes with lambs maintaining maternal ranges while ewes without lambs 

I moved into summer habitats (Geist 1971). 

The period ofrut in Badlands included the months of October and November. During 

I this period, ewe groups exhibited the greatest average distance from escape terrain. By 
moving farther away from escape terrain, Ewe groups were able to spend more time in grass 
cover types (Table 2). Group locations during rut were the most evenly distributed across the 
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topography positions. This may have been in part due to a behavioral response ofbeing 
chased by rams. During winter, ewe groups were most often observed foraging on elevated 
sod buttes. The sod buttes were exposed to wind minimizing snow accumulation. Tilton and I 
Willard (1982) found that, in winter, bighorn sheep prefer open areas in which forage is most 
available. Locations ofgroups on elevated sod tables may have also been influenced by their Ibehavioral adaptation offeeding during daylight (generally midday during the winter) (Geist 
1971). This behavior helped in reducing energy costs. Also, ewe groups were frequently 
seen on badland slumps in winter. Juniper growths were often found on slumps on southern Iexposures ofelevated sod buttes. Arnett (1990) reported that sheep tended to avoid north 
aspects in winter.. The badland slumps and juniper cover may have provided some protection 
from the strong, cold winds during the winter. Additionally, the slumps likely provided Iadequate forage because the juniper patches were usually interspersed with grassy areas. 

MANAGEMENT IMPLICATIONS I 
The bighorn sheep ofBadlands National Park occupy a prairie-grassland 

environment, much different than the montane environment inhabited by most well studied I
bighorn herds. Analysis oflungworm infection was problematic. There is no clear-cut 
evidence that fecal larvae counts correlate with infection intensity in bighorns (Festa
Bianchet 1991). No evidence suggests that lungworm infection is associated with pneumonia I
(Festa-Bianchet 1991). Also, larvae counts are an inaccurate indicator ofherd health because 
counts may be influenced by numerous factors including pellet weight, daily fecal 
production, reproductive effort, nutritional stress, immune system status, and body condition I 
(Festa-Bianchet 1991). Th~ lungworm larvae counts contained in this report may imply a 
higher infection rate in the North Unit, but should be interpreted with discretion. 

I 
Differences in bighorn sheep dietary content between the North and South Units 

indicate a critical need for a complete community vegetation map for Badlands National 
Park, so that the influence offorage availability can be properly evaluated. Fire effects were I 
minimal for our bum study in a mixed-grass prairie. The only detected benefits were 
associated with the green up immediately following the bum. These results are in 
disagreement with other work that examined the effects of fire on bighorn sheep habitat in I 
Rocky Mountain habitats. In our study ofhabitat use, bighorn ewe groups exhibited 
selectivity in their habitat requirements on a seasonal basis. Our results emphasize the 
varying seasonal requirements ofbighorn ewes and the need to manage for year-round I 
habitat requirements. 
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Figure 1. Incidence of lungworm larvae in fecal samples collected in the North and South 
Units ofBadlands National Park, SD. I
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I Figure 2. Relative density of plant fragments from microhistological analysis of bighorn 

I 
sheep fecal samples collected in Badlands National Park, SD. Asterisks (*) denote genus 
with significantly different relative densities in the North and South Units. 

I 
I 
I 
I 

321 

I
 
I
 



I
 
I
 
I
 

50,---------------------------,	 I
 
y~ -~ o 

-48 I
P 
:0 
+::i 46 Ien 

CO
.2> 
Cl IL... 44 

CO;:: 
as I~ 42 

~ 
Cl I40 -'--	 ----J 

Spring Fall Control 
Treatments I
 

I
 
Figure 3. Percent dry matter digestibility ofStipa comata biomass samples collected during 
the two years following bum treatments in the North Unit ofBadlands National Park, SD. I 
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I Table 1. Percent ofewe group locations in topographic positions by season in the North 

Unit ofBadlands National Park, SD. 

I Topographic Spring¥ Lambing- Summer Rutb Winterb,c: 
Position 

I Peak/Ridge 7.0 24.6 18.3 13,4 7.5 

Midslope 22.1 38.8 27.9 20.7 10.9 

I Badlands 4.7 3.0 2.9 6.8 1.0 
Base 

I Badlands 11.6 9.7 13.5 17.1 26.5 
Slump 

Elevated Sod 48.8 17.2 21.2 17.1 42,4

I Butte 

I 
Lowland Sod 4.7 1.0 4.8 3.7 2.0 

Table 

I 
Vegetated 0.0 2.2 3.8 13,4 8.8 
Lowlands 

I 
• Spring versus lambing season P < 0.000 l.
 
b Rut versus winter P < 0.000 I.
 
e Winter versus spring P < 0.001.
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Table 2. Percent of ewe group locations in cover type per season in the North Unit of IBadlands National Park, SD. 

Cover Type Springa,c Lambing- Summerb Rutb WinterC 

I 
No 39.5 56.0 

Vegetation 

Juniper 5.8 2.2 

Rubber 1.0 2.2 
Rabbitbrush 

Grass 53.5 37.3 
• Spring versus lambing season P < 0.05. 
b Summer versus rut P < 0.0001. 
C Winter versus spring P < 0.01. 

51.0 

2.9 

6.7 

37.5 

24.4 

17.1 
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54.9 

22.4 
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1.4 

55.8 
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I Table 3. Average percent distance (m) to escape terrain and average slope (degrees from 

horizontal) in the North Unit ofBadlands National Park, SD. 

I
 Season
 

I
 
Distance to
 

Escape
 
Terrain-


Slope-


I
 
8
 Both variables varied significantly between seasons (P < 0.001). 
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Spring Lambing Summer Rut Winter 

9.0 ±3.4 5.1 ±2.7 14.0 ±3.1 29.6 ±3.5 19.6 ±2.6 

23.1 ±2.4 37.7 ± 1.9 29.3 ±2.2 19.8 ±2.5 14.5 ± 1.9 
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A TEST OF THE EFFECT OF DATA SCALE ON GEOGRAPIDC INFORMATION
 
SYSTEM ANALYSES OF HABITAT SUITABILITY FOR RESTORATION OF
 IBIGHORN SHEEP 

THERESE L. JOHNSON] AND DAVID M. SWIFT] I 
INTRODUCTION 

IGeographic information systems (GIS) provide a valuable tool for making land 
management decisions on broad spatial scales. However, results from GIS analyses are 
dependent upon data scale. Digital maps are comprised of pixels that are each assigned a Ivalue. For continuous data the pixel value is based on an average. For categorical data the 
pixel value is based on the condition represented by the majority of the area within the pixel. 
Small-scale data provide less accurate representations than larger scale data, because small Iscale maps are based on information with poorer resolution, resulting in loss ofdetail. It is 
often important to determine the size ofan area meeting given criteria. A GIS representation 
of an area meeting a given criterion may under Of over estimate the size of the area, Idepending on how the criterion value compares to the average or majority value within each 
pixel. 

I
Smith et al. (1991) developed a habitat evaluation procedure for Rocky Mountain 

bighorn sheep (Ovis canadensis canadensis) designed to use a GIS to assist biologists and 
managers in evaluating occupied or proposed bighorn ranges. The model critically examines I
ranges with regard to the minimum area necessary to support a minimum viable population 
ofbighorn sheep. We used a GIS to test the predictive reliability of this procedure (Johnson 
and Swift in prep.). In the process it became clear that results were highly dependent upon I 
the scale of data used for the analysis. However, the authors of the model did not address 
data scale. To evaluate the effect of data scale on the analysis we compared results using data 
at two different scales for an 1800 km2 area in and around Mesa Verde National Park and a I 
600 km2 area within Dinosaur National Monument. 

METHODS I 
The bighorn habitat model developed by Smith et al. (1991) uses core habitat, defined 

as areas ofescape terrain (slopes ~ 27 degrees) along with an adjacent buffer zone, as the I 
basis for the analysis. We determined the amount ofcore habitat in Mesa Verde National 
Park and Dinosaur National Monument using both 1:24,000 scale (U.S. Geological Survey 
digital elevation model) and 1:250,000 scale (Defense Mapping Agency digital elevation I 
model) elevation data. We imported raw data into GRASS GIS software (Geographic 
Resource Analysis and Support System version 4.1, U.S. Army Corps ofEngineers) using I 

1 Department of Rangeland Ecosystem Science and Natural Resource Ecology Laboratory, Colorado State IUniversity, Fort Collins, Colorado 80523. 326 
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standard methods on a SUN SPARC II work station. We generated slope maps and 

I	 determined areas meeting the model's criteria for core habitat using both data sources. 

I 
RESULTS AND DISCUSSION 

We detected different amounts ofcore habitat using data at two different scales in 
both Mesa Verde National Park and Dinosaur National Monument. In the area in and around I	 Mesa Verde, we detected 629 km2 of core habitat using 1:24,000 scale elevation data, while 
we detected only 401 km2 of core habitat using 1:250,000 scale elevation data (Fig. 1). In 
Dinosaur, we detected 550 km2 of core habitat using 1:24,000 scale elevation data, while weI	 detected only 303 km2 of core habitat using 1:250,000 scale elevation data. • 

I	 Using GIS analyses to determine the true size of an area meeting given criteria is 

I 
difficult, largely because results from GIS analyses are data scale dependent. While analyses 
conducted using 1:250,000 data average information over 90 m pixels, analyses conducted 
using 1:24,000 data average information over 30 m pixels. In our analysis, we could not 

I 
detect rock outcrops that may serve as bighorn escape terrain if they occurred within a pixel 
with average slope less than 27 degrees. We found that small patches of suitable escape 
terrain were more likely to be omitted in analyses using 1:250,000 scale data than those using 
1:24,000 scale data. 

I	 Smith et at. (1991) based recommendations for the amount of suitable habitat 

I 
necessary to support a minimum viable population of 125 bighorn sheep on bighorn densities 
reported in the literature. These recommendations do not account for variability related to 
the data scale used for analysis. Successful bighorn transplants have occurred in areas 

I 
determined (using 1:250,000 data) to have only one third to one half the amount of suitable 
habitat recommended by Smith et al. (1991) (Johnson and Swift in review). Our results from 
comparisons at Mesa Verde National Park and Dinosaur National Monument demonstrated 

I 
that the same analysis repeated using data at different scales may yield different results. It is 
critical that data scale be considered when making land management decisions based on GIS 
analyses. 
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Figure 1. Core habitat for bighorn sheep in and around Mesa Verde National Park 
detennined using 1:24,000 scale U. S. Geological Survey digital elevation model (DEM) 
and 1:250,000 scale Defense Mapping Agency digital elevation model (DMA) data. 
Core habitat is defined as areas with slopes greater than 26 degrees and an adjacent buffer 

I 
zone, following Smith et aI. (1991). 
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INFLUENCE OF SCALE AND TOPOGRAPHY ON GIS-BASED
 
BIGHORN SHEEP HABITAT MODELS
 I
 

PATRICIA Y. SWEANOR1
, MICHELLE GUDORF2 AND FRANCIS 1. SINGER3 

I
ABSTRACT 

Habitat mapping is a vital step when reintroducing rare, native wildlife such as North I
American bighorn sheep. A Geographic Information System (GIS) facilitates mapping and 
evaluation of habitats. Evaluations of habitat variables in a GIS may involve data sources, 
data resolutions, and procedures that vary from those used in past analyses. One such habitat I
variable, important to mountain ungulates, is steep slope. Steep slopes (> 60%), termed 
escape terrain in our study ofbighorn sheep, function as refugia from predators and 
disturbance. In our study, estimates of escape terrain were significantly affected by the I

resolution of elevation data, typically digital elevation models (DEMs), used in a GIS. The 
effect of elevation data resolution on estimates of escape terrain varied among study areas, 
and was correlated with mean slope of escape terrain, highest elevation, and maximum I
 
elevation variation in an area. More escape terrain was identified when conventional 
measurements of topographic contours were used, compared with either resolution ofDEM 
data. Areas of escape terrain identified using DEMs were inconsistent with estimates based I
 
on topographic contours and were affected by DEM resolution and study area topography. 
Resolution of elevation data most critically affected estimates ofescape terrain in study areas 
with the least amount ofhabitat. Standardized spatial data sets used in GIS habitat studies I
 
should be scrutinized to evaluate their effects on habitat evaluations. 

I
 
INTRODUCTION 

Reestablishing populations of rare, native wildlife requires thorough evaluations of I
habitats at reintroduction sites as well as evaluations of habitat distribution across 
landscapes. Many uncommon species are plagued by habitat fragmentation. By mapping 
the distribution of disjunct habitats, we can examine the possibility of establishing linkages I

of subpopulations in metapopulation structures. Metapopulation structures may improve 
probabilities for long-term species viability, and may be the only management option in 
areas where habitats are heavily fragmented. Analyses ofhabitat distributions that enable I
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metapopulation function may also highlight the importance of preserving small but 

I critically arranged patches ofhabitat. 

Habitat mapping is an important step in determining the potential for species
 

I reintroductions and population sustainability. A Geographic Information System (GIS) is a
 
versatile tool for mapping and integrating habitat variables from large geographic areas.
 
For studies ofspecies, such as bighorn sheep, that occur in small herds within an extensive
 

I range distribution, GIS can be used to map both the areas ofhabitat that can support herds,
 
and the small patches and corridors of habitat that enable movements between herds.
 

I Bighorn sheep occur in naturally fragmented habitats, in the pockets and belts of steep,
 
sparsely-treed or treeless slopes in western North America. The essential core ofbighorn
 
sheep habitat is escape terrain (Buechner 1960~ Geist 1971 ~ McQuivey 1978~ Hanson 1980~


I Wakeling and Miller 1990~ Smith et aI. 1991). Escape terrain, defined as slopes of60% (31°)
 
or more (Wilson et al. 1980~ Holl 1982~ Cunningham 1989), provides shelter from predators
 
and disturbance. Terrain roughness, such as rocky outcrops, may affect the quality ofescape


I terrain (McCarty and Bailey 1994), but steep slopes are the primary feature defining it
 
(Buechner 1960~ Ferrier and Bradley 1970~ Wilson et al. 1980~ Van Dyke et al. 1983).
 
Bighorn sheep usually forage, bed, lamb, and use water sources within flight distance of


I escape terrain (Buechner 1960~ McCarty and Bailey 1994).
 

I
 
Slope values used in GIS applications are typically derived from digital elevation models
 

(DEMs) that are available in 30 m and 3-arc-second resolutions. The significance of these
 

I
 
data resolutions on projections of bighorn sheep escape terrain is not inherently evident.
 
Data used in habitat analyses should be at resolutions that are biologically relevant for a
 
species (Laymon and Reid 1986), but both the 30 m DEM (30 m x 30 m grid size) and the 3

arc second grid size (90 m x 50 m grid size) may seem like plausible resolutions for data in 
habitat analyses ofa species that has a home range size of 15-30 km2

. GIS data sources and I procedures for deriving slope also differ significantly from past analyses where contours 
were measured on topographical maps. Therefore, we wanted to know if the available data 

I sources and methods used to determine areas ofescape terrain would affect habitat 

I 
projections to the extent that the different results could influence management actions. We 
evaluated bighorn sheep escape terrain in five study areas in the western United States using 
conventional contour measurements as well as different resolutions ofDEM data in a GIS 
application. 

I STUDY AREAS 

I 
We selected five study areas that historically supported native bighorn sheep populations in 
and around five National Parks and Monuments in the United States (Fig. 1). The five study 
areas consisted of the area represented in 20, 7.5 minute USGS topographical quadrangles 
that intersected historical bighorn sheep habitat. Due to data-processing constraints, each 
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study area was represented by four quadrangles randomly selected from the block of20. 
Each quadrangle encompassed approximately 130 km2

, and each study area was therefore I
represented by approximately 520 km2

. 

The study areas encompassed diverse topography. Two mountain canyon study areas were Ilocated along the western border ofColorado, and included portions ofDinosaur National 
Monument (DINO) and Colorado National Monument (COMO). One desert, slick-rock 
canyon study area was located in Canyonlands National Park (CANY), Utah. Two river I
badland areas included portions ofTheodore Roosevelt National Park (THRO), and Badlands 
National Park (BADL), in North and South Dakota, respectively. 

I
METHODS 

We derived slope values from digital elevation models (DEMs).. DEMs consist of I 
point elevations arranged in a grid pattern (Clarke 1990). Slope values are determined from 
DEMs by comparing changes in elevation in neighboring grid cells. We used a slope 
algorithm described by Ritter (1987) that compares elevation in one grid cell to those in four I 
adjacent cells. 

DEMs in the United States are produced by the U. S. Geological Survey (USGS) in I 
two resolutions: a 7.5 minute, 1:24,000-scale, 30 m DEM, and a 1°, 1:250,000-scale, 3-arc
second DEM. In 30 m DEMs, a 30 m x 30 m area is represented by one averaged elevation. 
In 3-arc-second DEMs the size ofthe area represented by an average elevation varies with I 
latitude. At 38 ° - 47°, the latitude range ofthe study areas, a 3-arc-second DEM is 
approximately 90 m x 50 m (Elassal and Caruso 1983). I 

We also estimated slope by measuring topographic map contours relative to linear 
distance. Elevation data on a topographic map is continuous along contour lines. Changes in 
elevation between lines do not exceed an established interval of 10,20 or 40 ft (3, 6, or 12 I 
m). 

IContour intervals, 30 m DEMs, and 3-arc-second DEMs represent different qualities 
or resolution of elevation data. We compared area of slopes 2: 60° identified using contour 
measurements, 30 m DEMs, and 3-arc-second DEMs to evaluate how elevation data affects 
estimates ofescape terrain. We increased the number ofdifferent resolutions ofelevation I 
data by resampling the 30 m DEMs at 60 m and 90 m resolutions, and resampling the 3-arc
second DEMs at 120 m and 150 m resolutions to look for trend effects. To resample DEM 
data, a larger grid cell size was superimposed over the original DEMs and new elevations I 
were determined for the new cells. For example, when 30 m DEMs were resampled at 90 m, 
nine, 30 x 30 m cells were combined to derive a new elevation. In GIS habitat studies habitat Ivariables are often resampled from spatial data sets so that maps ofseveral habitat variables 
can be overlaid at a consistent scale. 
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I We calculated patch size of escape terrain, distance between escape terrain, 

elevational change, highest elevation, and the slope of escape terrain. Initial measurements 
indicated strong correlations between elevational change, mean slope of escape terrain, and 

I highest elevation with effects of elevation data resolution on predictions of escape terrain. 
Elevational change (difference between highest and lowest elevations), highest elevation, and 
mean slope (rise over run in 15 randomly selected, 90-m-Iong segments of escape terrain) 

I were measured in the 20 test quadrangles. Mean slope varied less than 1% when we 
increased slope samples from 15 to 30 in two randomly chosen quadrangles. 

I We looked for relationships in the amount of escape terrain detected using contour 

I 
measurements, 30 m OEMs, and 3-arc-second OEMs with the topographic conditions, i.e., 
maximum elevational change, highest elevation, and mean slope of escape terrain, in the 
study areas. To evaluate topographic variability among the five study areas, we used one-way 

I 
analysis of variance and Fisher's least significant difference t-tests to compare maximum 
elevational change, highest elevation, and mean slope of escape terrain among the five study 
areas. We used one-way analysis ofvariance to determine if the amount of escape terrain 
identified in an area differed significantly wheIl'we used contour intervals or different 

I resolutions ofOEM data. We used linear regression to evaluate the relationship between 
data resolution and topographic features on detection ofescape terrain. 

I RESULTS 

I 
The amount ofbighom sheep escape terrain detected was dependent on the type of 

elevation data used in the GIS application (Fig. 2). Less escape terrain was detected when 

I 
slopes were measured using OEM data than when slopes were measured using contour 
intervals. The amount of escape terrain identified decreased with decreasing resolutions ofthe DEM 
data. 

I 
The effect of the type of elevational data used to identify escape terrain varied among 

the five study areas (ANOV~ P < 0.05, Table 1). Reducing the resolution of elevation data 
had the least effect on estimates of escape terrain in OINO and CANY and the greatest effect 
in BADL and THRO. No escape terrain was identified in BADL and THRO when we used 
resolutions of elevation data coarser than 30 m OEMs. Escape terrain is rare in those areas. 

I 
I In the 8-quadrangle, approximately 1040 km2 area, comprising BADL and THRO we 

identified >16 km2 of escape terrain when using contour measurements, < 1 km2 of escape 
terrain when using 30 m OEMs, and no escape terrain when using three arc-sec OEM data. 

I 
The study areas varied topographically. Maximum elevational change, highest 

elevation, and mean slope of escape terrain were different in the five study areas (P < 0.05, 
Table 2). The effect of elevation data resolution on the amount ofescape terrain detected was 
related to the topography in an area (Fig. 3). Escape terrain was more dramatically 
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underestimated by low-resolution elevation data in areas where the mean slope of escape 
terrain was near the threshold of60%, highest elevation was below 1000 m, and elevational Ichange was less than 200 m. 

The amount of escape terrain detected using 30 m OEMs compared with contour 
measurements was correlated to elevational change (r = 0.84, P < 0.0001), highest elevation I 
(r = 0.80, P < 0.0001), and mean slope of escape terrain (r =0.79, P < 0.0001). The amount 
of escape terrain detected using 3-arc second OEMs compared to 30 m OEMs was also 
correlated to mean slope of escape terrain (r = 0.86, P < 0.0001), elevational change (r = I 
0.79, P < 0.0001), and to a lesser degree, highest elevation (r = 0.66, P < 0.0001). 
Additionally, when the resolution of the elevation data decreased, the extent and patch sizes Iof escape terrain were reduced, and the patch boundaries of escape terrain became straighter 
(Fig. 4). 

IDISCUSSION 

The amount ofbighom sheep escape terrain identified in an area decreased as the I
elevational data coarsened from contour measurements, to 30 m OEMs, to 3-arc second 
OEMs. When the resolution ofOEM data is lowered, grid size increases, elevation is 
averaged over a greater area, and slope values decrease. Thus, escape terrain can seem to I
disappear when low resolution elevation data is used, since narrow areas of steep slope are 
depicted as wide areas ofgradual slope (Evans 1979). The choices of slope algorithms and 
elevation data structure also affect slope values (Carter 1990), but the resolution of the I 
elevation data has a dominant effect (Theobald 1989). In both our study, using Ritter's 
(1987) slope algorithm, and in Chang and Tsai's (1991) cartography study, using a 
triangulated irregular network, slope decreased with decreasing resolution ofelevation data. I 

The resolution requirements ofdata in a habitat model are dependent on study 
objectives (Theobald 1989). Choosing an appropriate data resolution (Baker et aI. 1995) is as I 
important as accurately sampling and parameterizing model variables. Yet, some degree of 
error in quantifying habitat variables is unavoidable (Walsh et aI. 1987; Hunter and 
Goodchild 1995), especially when continuous phenomena such as elevation are described as I 
discrete data like OEMs. Model results that underestimate habitat can still be useful, for 
example, to identify release sites for translocations. However, undetected habitat cannot be 
included in management. We need to know how habitat estimates are affected by data I 
resolution, and what resolution ofdata is required to meet study objectives. 

There are no definitive guidelines to determine appropriate data resolution for a I 
study, and often many levels of resolution must be scrutinized to fully understand the effects 
on model results (Meentemeyer and Box 1987). Generally, the spatial integrity of data must 
be below the smallest unit for which the user requires information (Walsh 1992), and the I 
resolution of data used should be based on the scale at which a species perceives its 
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environment. One indicator of the appropriate scale for a species study is home range size 
(Laymon and Barrett 1986). Bighorn sheep typically have home ranges averaging 15-30 km2

, 

and historical distributions of bighorn sheep populations often span entire canyons or 
mountainsides. Thus, data at resolutions of30 x 30 m or 50 x 90 m may initially seem 

I adequate for studies of escape terrain. However, our study shows that elevation data at these 
resolutions may be ineffective for many studies ofbighorn sheep habitat. DEMs homogenize 
extreme topography, obscuring critically steep slopes. As a further complication, the 

I resolution ofslope data, derived from DEMs, is not the same as that ofthe elevation data. 
Hodgson (1995) determined that slope data derived from gridded elevation data represents a 
larger surface area than the elevation data does. Hodgson (1995) suggests that when slope is 

I derived from algorithms involving four neighboring cells in a three-by three window (e.g., 

I 
Ritter's 1987 algorithm), slope values represent a cell size 1.6 times larger than the DEM 
grid cell. 

I 
Environmental heterogeneity, another factor to consider when choosing data 

resolution (Laymon and Barrett 1986), was variable in our five study areas. Areas ofescape 
terrain in THRO and BADL were more fragmented than in DINO or CANY, and although 

I 
resolution ofelevation data affected estimates ofbighorn sheep escape-terrain in all the study 
areas, the effect was greatest in areas that had the most fragmented escape terrain. Thus, the 
same GIS procedure applied to different areas had differing precision in detecting habitat, a 
complication that constrains habitat comparisons among areas. 

I 
I Topographical measurements can be used to predict what effect elevation data 

resolution will have on estimates of bighorn sheep escape terrain. These relationships are not 
corrective, since the location of the missing escape terrain is not known, but they can be used 
to determine if the elevation data are adequate for the purpose of the study. In areas where 
habitat is rare, fragmented and/or marginal, as are the river badland regions for bighorn 

I
 sheep habitat, poor resolution data severely hinders habitat identification.
 

I
 
In our study, habitats sufficient to sustain herds ofbighorn sheep were concealed by
 

the effects ofcoarse resolution elevation data. Habitat parameters are often the first thing
 

I
 
that is adjusted when a habitat model is run and results do not agree with what is known
 
about species habitat use. However, the effect ofdata resolution should be investigated first.
 
Model inaccuracies will be compounded if parameters are adjusted to fit known habitat
 

I
 
when misclassifications of habitat are caused by poor data resolution. USGS spatial data
 
sets, such as DEMs, are not developed at resolutions specifically for wildlife habitat studies.
 
Thus, the effect ofusing such standard spatial data should be quantitatively evaluated in
 
GIS habitat model applications. 

I As the populations and habitat of mountain species, such as bighorn sheep, are 
reduced and fragmented (Risenhoover et al. 1988), there is danger ofoverlooking small but 
critical patches of habitat (Bleich et at. 1990). Viability of metapopulations is dependent on 
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the spatial arrangement of such patches (Akcakaya 1994). Too often bighorn sheep herds
 
are viewed as isolated entities, and only the immediate habitat around a herd is considered
 Iin management. GIS offers us the opportunity to examine how herds are distributed across 
the landscape and to investigate metapopulation function. To avoid misinterpretations of 
GIS habitat analyses, we must understand how the resolutions of standardized spatial data I
sets affect habitat estimates. 
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Table 1. Effect of elevation data resolution on projections ofbighorn sheep escape terrain 

I compared among five study areas in the western United States. Values for each study area 
were averaged from four USGS 7.5 minute quadrangles. Means in a column not followed by 
a common letter are different (P < 0.05, df= 3). Standard deviations are in parentheses. 

I 
% Escape Terrain Detected % Escape Terrain Detected 

I Study Area Using Contour Intervals Also Using 30 m DEMS Also 

Detected Using 30 m DEMs Detected Using 3-Arc Sec DEMs 

I DINO 73.5 a (13.4) 46.3 a (18.0) 

I CANY 67.8 a (15.1) 28.3 ab (20.0) 

I COMO 63.4 a (8.8) 24.8 b (10.6) 

BADL 10.2 b (8.2) 0 c (0) 

I THRO 3.5 b (2.7) 0 c (0) 

I 
I 
I 
I 
I 
I 
I 
I 
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Table 2. Comparison of topographical measurements in five study areas where bighorn 
sheep escape terrain was evaluated. VaIues for each study area were averaged from four IUSGS 7.5 minute quadrangles. Change in elevation is the difference between the highest and 
lowest elevations. Means in a column not followed by a common letter are different (P < 
0.05, df= 3). Standard deviations are in parentheses. I 
Study Area 

DINO 

CANY 

Highest Elevation 
(m) 

2620.4 a (53.5) 

1907.1 b (139.8) 

Change in Elevation 
(m) 

926.8 a (190.9) 

664.0 b (67.5) 

Mean Slope of 
Escape Terrain (%) 

93.8 a (15.4) 

84.1 a (14.9) 

I 
I 
I 

COMO 2030.1 b (324.6) 645.2 b (244.8) 79.5 a (5.0) I 
BADL 907.2 c (50.4) 150.0 c (35.8) 61.0 b (0.9) I 
THRO 823.2 c (12.2) 188.3 c (27.3) 62.1 b (0.9) I 

I 
I 
I 
I 
I 
I 
I 
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FIGURE LEGENDS 

I Figure 1. The effect of elevation data resolution on estimates of bighorn sheep escape 
terrain was studied in five study areas in the western United States. Each study area was 

I defined by 20 contiguous USGS 7.5 minute quadrangles that encompassed the primary 
terrain features of the National Park or Monument ofconcern. Bighorn sheep escape terrain 
was estimated and topography was measured in four randomly selected quadrangles in each 

I 20-quadrangle study area. 

Figure 2. Projections ofbighorn sheep escape terrain decreased as the resolution of

I elevation data coarsened in five study areas (CANY, DINO, COMO, BADL, THRO) in the 
western United States. Resolution levels of elevation data are as follows: 1) 1:24000 
topographic map contours, 2) 30 m OEMs, 3) 30 m OEMs resampled at 60 m, 4) 30 m OEMs

I resampled at 90 m, 5) 3 arc-second OEMs, 6) 3 arc-second OEMs resampled at 120 m, and 
7) 3-arc-second OEMs resampled at 150 m. 

I Figure 3. The amount ofescape terrain detected using 30 m OEMs compared to contour 

I 
measurements, and the amount of escape terraiJL.detected using 3-arc-second OEMs 
compared to 30 m OEMs were correlated to: a) mean slope of escape terrain, b) change in 
elevation, and c) highest elevation. Each topographic characteristic was measured in 20, 7.5 
minute USGS quadrangles, four in each of the five study areas. 

I Figure 4. Effects of elevation data resolution on projections of bighorn sheep escape terrain 

I 
in two USGS 7.5 minute q!Jadrangles. The Loop quadrangle was in the CANY study area and 
Marble Canyon quadrangle was in the COMO study area. Projections of escape terrain are 
based on: A) contour measurements on 1:24000 USGS quadrangles, B) 30 m OEMs, and C) 
3-arc second OEMs. 

I 
I 
I 
I 
I 
I 
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Figure 1. 
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Figure 2. 
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APPLYING GIS TECHNOLOGY TO HABITAT USE BY A TRANSPLANTED
 
BIGHORN SHEEP HERD IN THEODORE ROOSEVELT NATIONAL PARK
 I 

STEPHEN T. LEWIS l 

IINTRODUCTION 

Audubon bighorn sheep (Ovis canadensis auduboni) were widespread and thriving along Ithe Little Missouri River breaks ofNorth Dakota in the early 19th century. Overhunting, 
improper land management practices, and introduced diseases extirpated most populations in the 
state by the end of the 1800s (Buechner 1960, Lawson and Johnson 1982, Dunbar 1992). The IKilldeer Mountains, located in the western portion ofNorth Dakota, were the home of the last 
documented Audubon bighorn, which was killed in 1905 (Buechner 1960). A series of bighorn 
sheep transplants was initiated during the early 1950s to restore sheep populations to the Little IMissouri Breaks but has resulted in limited success. Two subspecies ofbighorn sheep, Rocky 
Mountain (0. c. canadensis) and California (0. c. califomiana), have been released in North 
Dakota. Releases involving the California subspecies have been the most successful, and 200 I
300 individuals currently are present in various herds located along the Little Missouri River of 
western North Dakota. However, continued transplant efforts may be needed to maintain sheep 
populations at viable levels (Roy and Irby 1994). I 

Two of the most important management goals for Theodore Roosevelt National Park 
(TRNP) are the reintroduction of extirpated species and management of resident species I 
(Andrascik 1996, pers. comm.). California bighorn sheep were transplanted into the South Unit 
ofTRNP during the 1960s and 1970s, but the transplants were considered unsuccessful due to 
poor recruitment (Sayer 1996, Lawson and Johnson 1982). One sheep that originated from a I 
North Dakota Game and Fish Department transplant (Lone Butte herd) was resident in the North 
Unit ofTRNP at the beginning of this study. California bighorn sheep (14 ewes and five rams) 
were released into the North Unit in January of 1996. A two-year ecological study of this I 
transplanted herd was initiated in 1996 to evaluate this transplant. 

Many biologists perceive sheep as responding poorly to management strategies that have I 
worked successfully in the reintroduction of deer (Odocoileus hemionus and virginianus) and elk 
(Cervus elaphus) into former habitat (Jensen 1988, 1992). Release ofelk and deer into ad,equate 
habitat (as defined by field biologists), and reasonable protection from excess harvest, have I 
produced a large number of successful, expanding populations. These populations may decline 

I 
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following periods of overharvest or unfavorable weather or forage conditions, but they seem to 

I respond quickly and positively when favorable conditions return (Jensen 1988). If these 

I 
differences in response to management are true, they are likely related to high habitat specificity 
and the social organization ofsheep (Geist 1971, Roy and Irby 1994). Preferred habitat for 
bighorn sheep can be simplistically defmed as open grassland associated with steep terrain 

I 
(Lawson and Johnson 1982). This type of habitat is apparently more limited, more fragmented, 
and/or more susceptible to changes imposed by human land use patterns than that preferred by 
native cervids (Geist 1971). The gregariousness ofbighorns concentrates them in habitat islands 

I 
and may discourage colonization (Geist 1971). Living in herds may increase the potential for 
local over utilization of forage and the impacts ofepizootics when pathogens enter a population. 
This could be especially evident if behavioral patterns encourage animals to temain in a habitat 

I 
island long enough to reduce food quality to the extent that individual physical condition of 
animals declines and compromises immune responses (Forrester 1971, Stelfox 1976, Dunbar 
1992). 

I Additional factors could also playa crucial role in the dynamics of bighorn sheep 

I 
populations. Domestic livestock, other native ungulates, and the systems under which they are 
managed can result in major impacts on bighorn sheep. Disease transmission from domestic 
animals (especially domestic sheep) to bighorn sheep has been reported and may be a major 
factor in bighorn survival in some areas (Goodson 1982). Forage competition between bighorns 

I 
and other ungulates has frequently been cited as a possible reason for herd declines (Buechner 
1960, Picton and Picton 1975, Stelfox 1976). 

Utilization of forage by other ungulates could also operate indirectly. Grazing-induced 

I declines in forage quality could decrease bighorn productivity and/or resistance to mortality 
factors as diverse as parasites, predators, and abnormal weather conditions (Dunbar 1992). 
Human land management systems which promote long term overuse of vegetation, long term fire 

I suppression, and changes in predator mixes can make preferred habitat less desirable for sheep or 
more desirable for other ungulate species (Etchberger et al. 1989). These changes would reduce 
the carrying capacity for bighorns or force them to seek food in less desirable habitats. 

I Other ungulate species and associated management activities could also have beneficial 
impacts. Predator control could reduce bighorn losses as well as losses to livestock. Grazing by 

I elk and cattle may increase forage quality in grasses or convert vegetation to seral communities 
more desirable to sheep (Coughenour 1991, Frank and McNaughton 1992). Intentional and 
unintentional fires set by humans can eliminate tree cover and open habitat for sheep as 

I effectively as wild fires. Parasite and disease control efforts on behalf of livestock may reduce 
the incidence of parasites and diseases in bighorns (Hobbs 1996). 

I
 
I
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The release ofCalifornia bighorn sheep in the North Unit ofTRNP provided an 
opportunity not only to restore a native species but to use the introduction to test a habitat Isuitability model developed by Smith et aI. (1991) and modified by Gudorf (1994) for TRNP. 
This habitat model is unique in that it was designed specifically for the California bighorn sheep 
species in a Badlands type of habitat. It also incorporates a process ofelimination, where land Iarea is systematically removed from consideration if it does not meet specific habitat constraints. 
These types of models appear to be very useful in predicting suitable habitat for various animal 
species (Verner et aI.1984). Mosher et aI. (1984) and Lancia et al. (1981, 1982) showed that I
"habitat suitability" can be predicted on an acceptable level for raptor and mammal species, 
respectively. Smith and Flinders (1992) have also demonstrated that habitat evaluation 
methodology and GIS technology can be used effectively in determining optimum habitat for I
bighorn sheep where minimum viable populations are a necessity. However, Laymon and 
Barrett (1986) explain that Habitat Suitability Indexes (HSI) lend no credible support to habitat 
management without sound research management involving clear objectives. I 

Comparison of actual sheep use of habitat in the North Unit ofTRNP with the 
predictions of the modified Smith et al. (1991) model was used to determine how well we, as I 
biologists, can identify sheep habitat at the landscape level. The Smith et al. (1991) habitat 
model represents one ofthe more systematic strategies to defining suitability of release sites and 
the potential for a population to occupy habitat at a landscape level that is currently available. I 
Modifications of the model suggested by Gudorf (1994) and ground surveys were incorporated 
into maps predicting suitable habitat in the North Unit of TRNP on the basis of evaluations 
presented by Gudorf(1994) and Sweanor et aI. (1994). Close monitoring of released sheep I 
allowed me to determine the fit of this map to habitat choices actually made by sheep in the 
North Unit ofTRNP and thus refine habitat assessment procedures. I 

The transplant also enabled me to learn more about how sheep make habitat use decisions 
in a new environment. If they are to be successful, translocated sheep must 1) locate adequate 
forage, water sources, and escape terrain~ 2) successfully produce lambs and recruit individuals I 
to reproductively active age classes~ 3) reach population levels that minimize small population 
demographic effects and stochastic catastrophes~ and 4) pioneer new habitat as populations Iincrease to minimize overutilization of preferred sites and exposure to pathogens. 

Several objectives were addressed in this thesis study. These can be broken down into Itwo categories: 

1.) Test the fit ofthe modified Smith et aI. (1991) habitat suitability model by examining critical Ivariables such as escape terrain, horizontal visibility, water sources, natural barriers and land 
management constraints (i.e. human-use areas). Only this objective is addressed in this paper. 

I2.) Describe bighorn sheep seasonal habitat use, movement patterns, food habits and interactions 
with other animal species during the first two years following the release. 

I 
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STUDY AREA

I 
Geology 

I 
I The 3,494 Ian2 study area was located in McKenzie and Billings counties ofwestern
 

North Dakota. The North and South Units, and the historic Elkhorn Ranch ofTRNP, and
 
portions of the Little Missouri National Grasslands are included in this area (Figure 1). The
 

I 
changing course ofthe Little Missouri, which bisects the study area, has shaped the Badlands 
topography over geologic time through erosion of sedimentary rock present in the Great Plains 
upland prairie. HigWy erosive siltstones, bentonite clay, shale, and sandstone along with less 
erosive caprocks of lignite and scoria contribute to the complex landforms o(the study area. 

I 
Badlands topography occurs from 19-32 Ian on both sides ofthe current course of the Little 
Missouri River. Elevations in the study area vary from 600 m to 1,050 m. 

Vegetation 

I 
I A large portion ofthe Badlands consists of mixed-grass prairie situated on the flat tops 

of plateaus and buttes. The prairie regions support a wide array ofgrass species including 
western wheatgrass (Agropyron smithii), needle grasses (Stipa comata., Stipa viridu/a), blue 

I 
grama (Boute/oua gracilis), and big bluestem (Andropogon scoparius). The rugged topography 
ofthe area has created several microhabitats where juniper (Juniperus scopu/arum and J. 
horizonta/is), ash (Fraxinus pennsy/anica), and aspen (Popu/us tremu/oides) stands occur in 
coulees and along moderate slopes ranging from 15-40%. Silver sage (Artemisia cana) and big 
sagebrush (A. tridentata) are the predominate species in shrublands. 

I Climate 

I The climate in western North Dakota is continental in that the winters are typically long and 
harsh while the summers are brief in duration and hot. Annual precipitation averages 35.5 cm. 
July and January are usually the warmest and coldest months of the year, respectively. The 

I average temperature is 300 C for the former and -180 C for the latter. Snow fall ranges from 23 
cm to 28 cm (Jensen 1972). 

I 
I 
I 
I 
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Figure 1. 

..-.-+-1- South Unit 

North Unit 4--__'1'0 

Elkhorn4-.-iU 
Ranch 

(,J Habitat Assessment 

LJ S.ludy Area10k 

Figure 1. The study area included the North and South Units of the Theodore Roosevelt National 
Park and a portion of the Little Missouri National Grasslands that surround the park. The study 
animals .dispersed throughout the designated habitat as~essment are~. 
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Landuse

I 
I 

The study area consists of a matrix of private, National Park Service, Bureau of Land 
Management, Forest Service, and state land ownership. The North Unit, Elkhorn Ranch Historic 
Site, and South Unit of the Theodore Roosevelt National Park are relatively undisturbed areas 

I 
with the exception of visitor support facilities. Oil and gas development has become a very 
important source of economic income in the Little Missouri River Grasslands. The study area is 
situated within the Williston Basin, which is one of the most productive basins for oil and gas 

I 
development in the United States. This area encompasses a majority ofwestern North Dakota, 
northwest South Dakota, eastern Montana, and southern Saskatchewan, Canada. TRNP and 
Little Missouri National Grasslands include abundant oil and gas reserves. The number ofactive 
oil wells in the Little Missouri National Grasslands is increasing and encroaching on potential 

I bighorn sheep habitat. Presently, there are approximately 1,500 functional wells in this region 
(excluding North Unit, South Unit, and Elkhorn Ranch ofTRNP) while several hundred wells 
are in the planning stages and will likely be drilled within the next 10 years. 

I 
I Oil and gas extraction and livestock grazing have been the dominant land use practices in 

the study area outside TRNP. Recreational activities include hunting, hiking, scenic viewing, 
horseback riding, mountain biking, and snowmobiling. Sport hunting, along with scenic 
viewing, account for the greatest proportion ofRecreation Visitor Days (USFS 1995). 

I AssociatedAnimal Species 

Domestic cattle, mule deer (Odocoi/eus hemionus), white-tailed deer (0. virginianus),

I antelope (Anti/ocarpa americana), and occasional elk (Cervus e/aphus) occurred within the 
range ofthe transplanted bighorn sheep herd. Potential predators of sheep included the coyote 
(Canis /atrans), bobcat (Felis rufus), and golden eagle (Aquila chrysaetos). 

I METHODS 

I Capture and Transplant ofStudy Animals 

Nineteen California bighorn sheep, 14 adult females and five adult rams, were captured 

I with the use of helicopters and netguns in Kamloops, British Columbia during late January of 
1996. Eighteen of these sheep were fitted with radio-collars. One collar malfunctioned~ 

therefore, one ewe in the transplanted herd was not equipped with a collar. All individuals were 

I marked with numbered ear tags. Sheep were taken from four different herds near the Fraser and 
South Thompson Rivers. The sheep were transported via horsetrailer from British Columbia to 

I the North Unit ofTRNP where they were released on 31 January 1997. One ewe died from 
capture myopathy during the trip from British Columbia to the North Unit ofTRNP. 

I
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Sheep Observation 

IEach radio-collared bighorn sheep was located and observed at 2-3 day intervals with the 
aide ofa Lotek telemetry receiver (Kamloops, British Columbia) and directional H-antenna. 
Observation schedules for individual sheep were randomized and divided into three categories, Iearly morning (sunrise-1100 hours), mid-day (1100 hours to 1600 hours), and evening (1600 
hours to sunset). The point locations were plotted on United States Geological Survey (USGS) 
1:24,000 topographic maps to the nearest 20 m using the Universal Transverse Mercator (UTM) Igrid system. The data used to test the Smith et al. (1991) model were limited to visual 
observations ofthe animals from the ground and aerial locations. Triangulation techniques were 
not used to pinpoint precise locations ofthe study animals because significant errors can be Ifrequently attributed to signal bouncing caused by the topographic features of the terrain in the 
Badlands within the North Unit and surrounding areas (Jensen 1988, Fox 1989, Wollenburg 
1990). Aerial locations were limited to instances when the sheep could not be located on the Iground due to movements ofthe animals. UTM coordinates ofanimals located from the air 
were identified using the LoranlGPS navigation instrumentation. 

IHabitat configurations used by individual study animals were noted, and use was 
compared with availability for locations within TRNP. Availability was determined from GIS 
layers created for the habitat suitability model (Smith et al.1991). I 
Test ofthe Modified Smith et aJ. (1991) Model Premctions and Habitat Use 

I
Parameters considered in the Smith et al. (1991) model include geophysical, biological, 

and human management constraints on the availability ofoptimum bighorn sheep habitat. The 
values for these parameters were collected from field observations; historical records; aerial I 
photos; USGS digital elevation models (DEMs); USGS land use and cover maps; USGS 
topographical maps; GeoResearch Inc. oil and gas well development maps, and U.S. Forest 
Service, private, and federal land use and development maps. Geophysical, biological, and I 
human management variables were then incorporated in a system of GIS layers which identified 
spatially explicit areas with suitable year-round habitat, escape terrain, summer habitat, winter 
habitat, and lambing habitat (Figures 2,3,4,5, and 6). Data I collected from point locations of I 
sheep allowed me to compare actual use by sheep with the areas the model predicted sheep 
would use for each respective GIS layer. Point locations were evenly distributed among the study 
animals on a seasonal basis. Variation from predicted use patterns was used as an index of I 
model validity and to identify changes in the model that would improve it. A test ofproportions 
(Devore and Peck 1986) was used to detect significant differences for point locations that were 
classified as within 25 m of the designated GIS habitat layer and greater than 25 m away from I 
the designated GIS habitat layer. These locations were then compared with expected availability 
for each GIS layer in the entire study area. Additional data were not available to conduct more 
intensive analysis of point locations. I
 

I
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RESULTS

I 
Efficacy ofSmith et aL 1991 Model (Large Scale Selection) 

I The GIS model was tested against the observed distribution (n = 975 point locations) of 

I 
19 bighorn sheep. Three of the study animals (rams #16,17 and 20) were excluded from part of 
this analysis because they migrated from the study area for a portion ofboth 1996 and 1997. 
Separate proportion tests were conducted on each layer in the model (lambing habitat, escape 
terrain, basic suitable habitat, summer habitat, and winter habitat). 

I 
I The model identified 2.4 km2 of steep terrain near water as suitable lambing habitat (LH). 

Lambing habitat represented 1% of the entire study area. Utilization of these areas by ewes with 
or without lambs during lambing season (April 15 to June 30) was low during this time period in 

I 
1996. Only 22% of the observations were within 25 m of GIS-designated lambing areas. During 
the next lambing season (April 15 to June 1997), the proportion ofobservations within 25 m of 
lambing habitat increased to 49%. A test of proportions revealed significant differences during 

I 
1996 and 1997 for the proportion of locations within 25 m and greater than 25 m away from this 
type of habitat when compared to expected availability (p<0.05). Six of the study animals (ewes 
#1, #3, #5, #6, #8, and #14) occupied locations during the lambing season that did not come 
within 500 meters ofthe predicted use areas. However, only one ofthese sheep (ewe #6) 
actually gave birth to a lamb that survived through December. 

I 
I The model identified 368.5 km2 as escape terrain (ET) within the study area. This area 

represented 11% of the study area. This sheep habitat requirement in the GIS model was simply 
defined as land areas within 300 m of slopes 27° through 85° and did not include all geophysical, 
biological, and human management land constraints. Therefore, the total area for this layer is 
greater than the area for basic suitable habitat. The study animals utilized areas >25 m from 

I defined escape terrain in 53% of the observations for January 1996 to May 1996. During the 
1996 summer (June 1996-September 1996), 62% of the observations for males and females were 
within 25 m ofescape terrain. The proportion of observations within 25 m ofescape terrain 

I decreased during the summer field season of 1997 (1 May to 30 September) to 36%. Analysis 
with the aid ofa test of proportions uncovered significant statistical differences for the 1996 and 
1997 field seasons when the proportion of point locations within 25 m and greater than 25 m of

I escape terrain were compared with expected availability (p<0.05). Individual animals varied 
widely in their use of escape terrain habitat predicted by the model. Point locations of ewe #6 
and ewe #14 were seldom in areas identified as suitable by the model. 

I 
The two years offield monitoring showed consistent use ofbasic suitable bighorn sheep 

habitat (BSH) in the study area. In 1996,69% of all sheep observations were within 25 m of the 

I 
I 203 km2 identified in this layer of the model. This habitat layer represented 6% of the study 

area. During 1997, the study animals were located within or ~5 m from basic suitable habitat in 
71% ofobservations. Again, a test of proportions showed significant differences (p<0.05). 
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Figure 2. The habitat evaluation process for the GIS habitat suitability model (Smith et al. 1991). I
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Figure 3. Suitable bighorn sheep habitat in the greater Theodore Roosevelt National Park area 

(from Smith et al. 1991). 
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Figure 4. Suitable bighorn sheep summer habitat in the greater Theodore Roosevelt National 
Park area (from Smith et al. 1991). I 
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Figure 5. 

B	 Study Area boundary 

E9 Theodore Roosevelt 
National Park boundary 

1'=:":-:1	 Suitable bighorn sheep 
winter habitat 

Figure 50 Suitable bighorn sheep winter habitat in the greater Theodore Roosevelt National Park 

area (from Smith et al. 1991). 
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Figure 6. 
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Figure 6. Suitable bighorn sheep lambing habitat in the greater Theodore Roosevelt National 

Park area (from Smith et al. 1991). 
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I Bighorn sheep use ofGIS designated summer habitat (SH) was very consistent for the 

two summers (June to August 1996 and June to August 1997) following the transplant. The 
model considered 197.6 km2 to be suitable summer habitat in the study area. Summer habitatI represented 6% ofthe study area. The proportion ofobservations ~5m from summer habitat 

I 
was 84% for both summers and a proportions test did result in significant differences for both 
1996 and 1997 (p<0.05). Sixty-four percent of winter (January 1996 to March 1996 and 
September 1996 to December 1996) sheep observations were in areas identified as winter habitat 

I 
(WH) in the model. The model considered 75.2 km2 (2% ofthe study area) available as winter 
habitat. A test of proportions for the winter habitat layer also resulted in significant statistical 

I 
differences (p<0.05). As with lambing habitat, a few sheep consistently used" areas that were not 
identified as year-round or seasonal habitat by the model. Table 2 shows a more detailed 
breakdown of point locations by distance category and by gender on a seasonal basis. 

I 
Table 2. Distribution of sheep locations (%) relative to the predicted model spatial 
distribution ofGIS designated habitat layers. 

USH· Er LH· W~ SH· 

I Total Number of 975 368 76 72 168 
Point Locations 

I 1996 
Rams (n =) (78) (61) NA (16) (22) 
~5m: 16 25 NAb 22 29

I ~500m: 0 7 NA 0 0 

I 
Ewes (n =) (412) (172) (36) (56) (55) 
~5m: 68 76 42 51 58 
~500m: 16 14 58 26 13 

I 
1997 

Rams (n =) (23) (11) NA NA (10) 
~5m: 5 6 NA NA 10 

I
 
~500m: 0 2 NA NA 1
 

Ewes (n =) (467) (124) (40) NA (81)
 
~5m: 87 77 63 NA 74
 
2:500m: 9 15 38 NA 15
 

I • BSH - basic suitable habitat; ET = escape terrain; LH = lambing habitat; SH = summer habitat; 

I 
WH = winter habitat 
b NA = animals occupied areas outside GIS database or data were not collected. 

I
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DISCUSSION 

IGIS Model Suitability 

Field observations indicated that the GIS model (Smith et al. 1991, Gudorf 1994) was Iuseful in predicting bighorn sheep habitat use but may be too conservative in identifying lambing 
areas and water availability. Ewe #6 deviated more from predicted habitat use than any other 
sheep. The core area inhabited by this ewe and her offspring featured the essential elements of Ithe model with 1 exception, water sources. Her home range was located greater than 3,000 m 
from a perennial water source suggesting that California bighorn sheep can supplement perennial 
water resources with water from vegetative materials and/or runoff from seasonal snowstorms or Irainstorms which accumulate in isolated pools or stock reservoirs. Clearer documentation of 
secondary water sources (i.e seasonal streams and/or stockwater ponds) is needed to gain a better 
understanding ofthis matter. I 

The constraints built into the GIS designated lambing habitat also seem too restrictive. 
Six ofthe 15 transplanted ewes made extensive use ofareas outside the lambing habitat indicated Iby the model during the lambing seasons. Ewe #6 successfully produced a lamb in a site 900 m 
from escape terrain, an adjacent water resource, and the non-south facing slopes used to 
designate lambing habitat. I 

Laymon and Barrett (1986) suggest that models such as the Smith et al. (1991), along 
with other Habitat Suitability Indexes (HSI), need several years oftesting in order to gain I 
credibility. Schamberger and O'Neil (1986) note that most habitat models are based on assumed 
relationships between species and their environment, and attempts to validate habitat models 
have had confusing results. The Smith et al. (1991) model will require several more years of I 
testing in other areas to determine its reliability. 

CONCLUSIONS I 
The predictions ofthe modified North Unit GIS habitat model (Smith et al. 1991, Gudorf 

1994) were generally validated by our field observations over the course ofthe 1996 and 1997 I 
field seasons. However, the data collected during the two years ofthis study suggests that the 
model could be modified in the following areas: I 

1) Increase the model's recognition ofwater sources to include seeps, which occur at the
 
lignite coal layer within the Badlands.
 
2) Relax the topographic constraints on lambing habitat built into the model.
 I
 

I
 
360 

I
 
I
 



I
 
I
 
I
 
I 

3) Increase the flexibility of the model by including a "bum sub-routine." Bums could be 
used in the western portion of the park to increase visibility and forage. 
4) An intensive evaluation of bighorn sheep forage utilization appears to be a necessity in 
the evaluation of "basic suitable habitat." The current GIS model does not consider this 

I variable in the habitat evaluation process. 

The model could prove to be a useful tool in future transplants in other areas not included 

I in the NPS designated study area. The transplanted herd utilized a small proportion of 
designated suitable habitat. Approximately 200 km2 (Smith et at. 1991, Gudorf 1994) are still 
available in the study area for future transplants, and several thousand square kilometers of likely

I habitat are available along the Little Missouri and other badlands river systems in North Dakota. 

I During the first two years after bighorn sheep were released into the North Unit of 
TRNP, the population has increased in numbers, and, to a lesser degree, interacted with bighorn . 
sheep herds adjacent to the Park. Therefore, two of the main objectives (increase in number of 

I
 bighorn sheep and increase in genetic diversity) of this transplant have been achieved.
 
California bighorn sheep apparently acclimated moderately well in TRNP in spite of severe 

I 
winter and summer weather, high numbers ofother ungulate species, abundant medium-sized 
predators, presence of oil development, and tourism. 
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IF. RESPONSES TO VISITORS 

EFFECTS OF INCREASING RECREATIONAL ACTIVITY ON DESERT BIGHORN ISHEEP IN CANYONLANDS NATIONAL PARK, UTAH 

ICHRISTOPHER M. PAPOUCHIS, U. S. Geological Survey, Midcontinent Ecological Science 
Center, 4512 McMurry Avenue, Fort Collins, Colorado 80525 USA 
FRANCIS 1. SINGER, U.S. Geological Survey, Midcontinent Ecological Science Center, 4512 I 
McMurry Avenue, Fort Collins, Colorado 80525 USA, and Natural Resource Ecology 
Laboratory, Colorado State University, Fort Collins, Colorado 80523-1499 USA 
WILLIAM SLOAN, Canyonlands National Park, 22825 West Resources Boulevard, Moab, Utah I 
USA 

ABSTRACT I 
The southwestern deserts of the United States have experienced a staggering growth in human 

visitation in recent years, with national parks bearing a significant portion ofthe increase, I 
including Canyonlands National Park, Utah, where recreational visitation increased 325% from 
1979 to 1994. To gauge the impacts of this increase on desert bighorn sheep (Ovis canadensis Inelsonii) in the Canyonlands NP, we compared their behavioral responses to recreational activity 
between a high visitor use area and a low visitor use area during 1993 and 1994. We found hikers 
caused more severe responses in desert bighorn sheep (animals fled in 61 % of encounters) than Ivehicles (17% fled) or mountain bikers (6% fled) (~< 0.001), apparently because hikers were 
more likely to be in unpredictable locations and they sometimes directly approached sheep. Our 
findings suggested some bighorn sheep that resided along a road corridor in the high-use area I
were adapting to road traffic through a combination ofa few apparently habituated radio-collared 
animals found close to the road, a lower frequency of responses by ewe groups in the spring 
~ = 0.062), smaller overall average response times to vehicles (~ = 0.039), and lower overall I 
frequency of responses to bicycles (~= 0.054) when compared to the low-use area. However, the 
reduced responsiveness was partially a consequence of an avoidance of the road corridor by other 
desert bighorn sheep. All groups in the high-use area were found, on average, 39% farther from I 
the roads than in the low-use area (489 ± 19 m versus 353 ± 36 m, ~ = 0.001). This increased 
acreage distance from the road corridor in the high-use area represents a 15% loss of suitable 
habitat over the low-use area. We observed an increased responsiveness to hikers in the high-use I 
area by both ewe and ram groups during critical spring and fall seasons (~ <0.05). Other factors 
determining behavioral responses to disturbance are discussed. We recommend managers confine 
hikers to designated trails during critical times in desert bighorn sheep habitat. I
 

I
Keywords: desert bighorn sheep, national parks, Ovis canadensis nelsonii, recreation activity. 
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I The southwestern United States deserts have experienced a rapid increase in human 

development and recreational activity in recent years. The warm, dry climates, especially the mild 

I spring and fall seasons, appeal to U.S. residents, who have flocked to the desert to build vacation 
homes and to hike, mountain bike, rock climb, raft, and operate off-road vehicles through 
sensitive desert ecosystems. Many communities have expanded, including Moab, Utah, where the 

I number of year-round residents has grown exponentially in the past 15 years. Visitation to nearby 
Canyonlands National Park has increased 325% in the same period, an average of22% per year 
(Fig. 1). Park managers need to know what effects increasing visitation is having on sensitive 

I wildlife. 

I 
One sensitive species that may be adversely impacted by the continued increase in human 

influence is the desert bighorn sheep (Ovis canadensis neJsonii). An enigmati<>species that is 
plentiful in some areas, but uncommon across vast areas of former range, the desert subspecies 

I has declined due to anthropogenic changes including habitat development, overgrazing by 

I 
livestock, diseases contracted from domestic livestock, overexploitation, and loss of water 
sources (Beuchner 1960, Bailey 1980, 1984, Graham 1980, McCutchen 1981, Geist 1985). 
Increasing human recreation and development are two of the primary factors that prompted the 
listing of the California Peninsular population ofdesert bighorn sheep as an endangered 
population (17 CFR 13134, March 18,1998).. 

I There are two lines of thought concerning the effects of recreational activity on bighorn sheep. 
The first is that human presence in bighorn sheep habitat may cause sheep to vacate suitable 

I habitat and the loss of useable habitat is significant enough to reduce the population's carrying 
capacity (K) or rate ofgrowth (r). For example, human recreation caused bighorn sheep to 
abandon habitat in the Pusch Ridge Wilderness, Arizona (Etchberger et al. 1989), the San Gabriel 

I Mountains, California (Graham 1971), and some canyons in southeastern Utah (King 1985). 
Bighorn sheep altered their use of water sources when disturbed (Cambell and Remington 1979, 
Leslie and Douglas 1980) and frequent vehicle activity caused sheep to reduce or abandon their 

I use ofwater sources and surrounding areas (Jorgensen 1974). Energetic losses due to 

I 
disturbances (flight, loss of foraging time, increase in cortisol and stress levels) might also result in 
deleterious effects on physiology, behavior or fat reserves of sufficient magnitude to reduce 
survival and reproductive success of the individual (MacArthur et aI. 1979, 1982, DeForge 1981, 
Stemp 1983, Miller and Smith 1985, Belden et aI. 1990). 

I The second line of thought is that bighorn sheep may habituate to predictable human activity 

I 
(Geist 1975, Horesji 1976, Wehausen et al. 1977, Hicks and Elder 1979, Kovach 1979) or may 
compensate by using alternate habitat located away from the disturbance, provided adequate 

I 
alternate habitat is available (Wilson et aI. 1980). For example, bighorn sheep have habituated to 
highway traffic in the mountains of southern Alberta, Canada (Horesji 1976), to heavy hiker 
activity in California's Sierra Nevada (Hicks and Elder 1979) and San Gabriel Mountains 
(Hamilton et al. 1982, Holl and Bleich 1983), and to low altitude overflights (Krausman et al. 
1998).

I 
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I 
IBighorn responses to recreational activity are strongly influenced by their relative security, 

especially their proximity to escape terrain, relative position above or below the human 
disturbance, and distance from the human disturbance. Bighorn sheep farther from escape terrain 
react more severely to disturbances (Geist 1971b) and flee farther 0Nehausen 1983) than animals I 
located closer to escape terrain. Responses were more severe when bighorn were approached 
from an elevation equal to or above their location than from below. Bighorn sheep typically fled Ito steep habitats located above the disturbance (MacArthur et al. 1982, Miller and Smith 1985, 
Hicks and Elder 1979). Human disturbances at close distances elicit more extreme responses than 
those farther away (Hamilton et al. 1982, Holl and Bleich 1983), especially when the disturbances I
are located above the sheep (y/ehausen 1980, Wehausen et al. 1977). Aircraft flight disturbances 
for bighorn sheep were greater in open terrain than in or near rocky canyons. 

I 
The purpose ofthis study was to investigate the population of desert bighorn sheep located in 

and near Canyonlands National Park, Utah, for evidence of habituation to human recreational 
activity, or the avoidance of human use areas. We compared the behavioral responses of bighorn I 
sheep, distances fled, response distances, and duration of response to vehicles, mountain bikers, 
and hikers between a low-use and high-use area of this park. I 

We hypothesized that bighorn sheep were avoiding human activity, and used animal locations 
to test the following theories: (1) home range sizes will be altered by human activity level; I(2) animals with home ranges that include both the low- and high-use areas will spend more time 
in the low-use portion of their range; (3) animals whose home ranges are bisected by roads will 
use the road corridor less than areas outside the road corridor; and (4) animals captured in the Ihigh-use area will disperse to the low-use area at a higher rate than animals captured in the low
use area will disperse to the high-use area. 

ISTUDY AREA 

Canyonlands National Park, located on the Colorado Plateau in southeastern Utah, includes I
834,137 ha oftowering cliffs, broad benches, and deeply incised canyons. The Colorado and 
Green Rivers trisect the park into three distinct geographical districts: Island in the Sky, Needles, 
and Maze. The Island in the Sky District, the area of focus for this study, rises up to 2,100 m I 
above the Colorado and Green Rivers and sits atop seven major geological formations. These 
formations are, from youngest to oldest: the Navajo Sandstone, Kayenta Formation, Wingate 
Sandstone, Chinle Formation, Moenkopi Formation, and the Cutler Formation, which includes the I 
White Rim Sandstone (Fig. 2). 

There are no estimates of the desert bighorn sheep population ofIsland in the Sky prior to I 
1969, when an extensive aerial survey failed to observe any sheep within the park (y/ylie and 
Bates 1979) and population estimates based on intermittent ground sightings ranged from only 60 
to 70 animals. Before its designation as a National Park, the Canyonlands National Park area was I 
utilized for cattle grazing and uranium mining. Mining reached its peak in the 1950s and illegal 
hunting of sheep and disturbance by mining and grazing activities may have been detrimental to I 
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I the bighorn sheep population. Following designation of the park in 1964 and the cessation of 

mining and cattle grazing in 1964 and 1975 respectively, the Canyonlands bighorn sheep herd 

I rapidly increased in size. Aerial censuses in 1993 and 1994 counted 109 and 111 sheep 
respectively. 

I The Island in the Sky District has experienced a huge increase in visitation in recent years, 
both in front country and back country use (unpublished visitor use data National Park Service, 
Moab, Utah). The majority ofvisitor activity is concentrated along the roads, though there has 

I also been an increase in hikers exploring the canyons above and below the White Rim. For 

I 
example, climbers now frequently scale the pinnacles in Monument Basin, core bighorn sheep 
habitat. Day hiking has increased in the more accessible parts of the Island and mountain bikers 
frequently challenge the 100-mile (161 krn) White Rim Road, a 4wd road on the White Rim 

I 
Formation which loops around the base of the mesa for which the Island in the Sky District is 
named. Day use along the Shafer trail and White Rim road exceeded 17,500 vehicles during the 

I 
study period, 1993-1994 (Fig. 3). This use was concentrated from March to October with peak 
use of 134 vehicles per day in May. Overnight back country use peaked in the spring and fall 
(Fig. 3). The numbers of bicycles and hikers declined during the summer due to high daytime 
temperatures (July mean maximum 32.8° C). 

I
 We divided the study population into two study areas~ the low-use area and high-use area.
 
The low-use area was located along the White Rim road south ofLathrop Canyon and included 
the area west ofthe Island in the Sky mesa. Approximately one vehicle per hour passed along 

I roads during peak months in the low-use area. The high-use area was located along the Shafer 
Trail and White Rim and Potash Roads, and was bounded by Lathrop Canyon to the south and 
extended to < 5 miles east of the park boundary into BLM land. This area experienced between 

I five and 13 vehicles per hour during peak visitor months. 

METHODS

I 
Disturbance Trials 

I Disturbance trials were conducted using both radio-collared and non-collared sheep from each 

I 
study area. All ram, ewe, and mixed groups found within 3 krn of the White-RimIPotash Roads 
were chosen as subjects. All observations ofvehicle and mountain biker disturbances by park 

I 
visitors were made while the observer was undetected. But opportunistic sightings of visitors 
hiking near bighorn sheep were rare and consequently field assistants initiated 98% of hiking 
trials. Researcher initiated disturbance trials comprised 24% ofall trials in the high-use and 77% 
in the low-use area. 

I When we located a group ofdesert bighorn sheep, we recorded the following independent 

I
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I 
variables: the study area (low-use, high-use), season (spring, summer, fall), activity I 
(feeding/watering, moving, bedded/sleeping, standing) group size, sex and age composition, major 
geologic formation (Navajo, Kayenta, Wingate, Chinle, Moenkopi, White Rim, Cutler), 
topographic position (mesa top, top of cliff, cliff, base ofcliff, open slope/talus, bench, ledge, I 
alcove, large rock rubble, pinyon/juniper, shrubs/grassy flats) and general vegetation type. When 
an approaching hiker, vehicle or bicycle was observed, we recorded the type ofdisturbance, ,Iposition ofthe disturbance relative to the sheep (above, level, below), the difference in elevation 
between sheep and the disturbance, the sheep's distance to the road, and the sheep's distance to 
escape terrain. Field crews also recorded the distance from the disturbance at which the sheep first Ialerted (if alerted), response behavior (see below), distance fled, ifany, and duration of response. 
When field researchers conducted hiker disturbances, they approached the sheep until noticed or 
until they reached as close as 150 m, although park visitors approached closer. Behavior of single Isheep was recorded and when two or more sheep were observed, the most severe response was 
recorded. Behavioral responses in larger groups were classified based on how the majority of the 
group responded as follows: I 

No reaction: Bighorn maintained behavior, exhibited no overt sign of response to
 
disturbance.
 
Alert: Bighorn terminated their behavior, noted presence of disturbance, exhibited alert
 I 
behavior.
 
Walked away: Bighorn terminated their behavior, immediately walked away from
 
disturbance or exhibited alert behavior and then walked away.
 I 
Ran away: Bighorn terminated their behavior, immediately ran away from disturbance or 
exhibited alert behavior and then ran away. 

Responses were also grouped as: I 
Non flight = No reaction or alert; and
 
Flight = Walked away or ran away.
 I 

Mapping ofSuitable Habitat with Geographic Information System 

ISuitable bighorn sheep habitat was mapped in the study areas using the geographic 
information system (GIS) habitat evaluation procedure developed by Smith et al. (1991) for 
Rocky Mountain bighorn sheep, with modifications made by T. Johnson and D. Swift (1995. IUnpublished final report. A test of a habitat evaluation procedure for Rocky Mountain bighorn 
sheep. National Park Service, Denver, Colo. 25 pp.). More detailed methodology for the GIS 
habitat suitability model is presented in those publications and only the basic model criteria will be I
repeated here. Six key habitat criteria identified in these bighorn sheep habitat models were 
integrated in a GIS to determine areas ofhabitat suitable for viable populations ofbighorn sheep. 
Slope is the first of the six criteria considered. Slopes of27-85° were identified from standard I 
USGS Digital Elevation Models. These slopes, with the addition of adjacent land within 300
500 m, provided the potential suitable habitat from which the remaining five criteria were 
sequentially removed. These five criteria were evaluated for their suitability to bighorn habitation: I 
(1) distance to perennial water sources; (2) manmade and natural barriers to routine bighorn 
movement; (3) adequate horizontal visibility; (4) urban or developed areas; and (5) consideration I 
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I of livestock grazing allotments for either competition for forage or the likelihood of contact with 

domestic livestock with the potential of transferring diseases. Accurate data identifYing water 

I sources were not available. Sheep use numerous seeps and water-holding depressions that are not 
mapped but provide water at various times throughout the year. Resource managers determined 
that water availability was sufficient throughout the study area and this criterion was not used in

I the GIS assessment. In the modification of the Smith model, the horizontal visibility criterion was 
relaxed from 80% visibility to 55% visibility (T. Johnson and D. Swift 1995. Unpublished report. 
A test of a habitat evaluation procedure for Rocky Mountain bighorn sheep. National Park 

I Service, Denver, Colorado. 25pp.). 

I 
In order to assess the impact of human disturbances on habitat used by bighorns, we first 

determined the entire amount of suitable habitat, and the total length of roads"aIld trails in the 
high- and low-use study areas using the GIS model. Roads and trails through large areas of 

I unsuitable habitat on the mesa top were removed from the analysis. Then, the amount of suitable 

I 
habitat affected by disturbances within the road corridors was determined by measuring the 
average distance of desert bighorn sheep to the road within each study area (353 m in the low-use 
area; 489 m in the high-use area). 

I 
A total of42 desert bighorn sheep were captured with net gun in the study areas in 1992 and 

1993 and were monitored from both the ground and by aircraft at regular intervals (p. Singer et 
al. 1999. Unpublished report. The role of infectious diseases on fecundity, survivorship and 
dispersal in populations of bighorn sheep in national parks. Final report to National Park Service, 

I Denver, Colorado). Distances from the roads were sampled using arial radiotelemetry locations 
and ground locations (only visual obstructions were used for ground work due to inherent errors 
in triangulation in steep canyon country). 

I Statistical Analysis 

I Field researchers made 1,046 observations of bighorn sheep responses to human recreational 

I 
activity; 901 in the high-use area, and 145 in the low-use area, during the spring, summer, and fall 
of 1993 and 1994. We excluded from analysis 241 observations involving multiple disturbance 
types (i.e., a bicycle and a vehicle). Of the remaining 805 observations, 237 were ofhikers (87 and 

I 
150 in the low-use and high-use areas, respectively), 370 were ofvehicles (36 and 334, 
respectively), and 198 were of mountain bikers (nine and 189, respectively). For comparison 
between disturbance types, we analyzed observations involving a single stimuli (i.e., one hiker, 
one vehicle, one mountain biker). 

I 
I The influence ofeach independent variable on bighorn behavioral response to a hiker and a 

vehicle was analyzed using univariate logistic regression. We compared the relative weight of 
each significant variable using Akaike Information Criteria (AlC) (Akaike 1973). Logistic 
regression analysis ofdisturbances involving mountain bikers was not conducted because of the 
limited number ofobservations in the low-use area (n = 9). Geologic formation and topographic 

I position were excluded from logistic regression analysis because they were intercorrelated with 
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I 
approach position. I 

We compared the effects of independent variables on bighorn sheep response between and 
within study areas using Fisher's Exact tests for 4x2, (Mielke and Berry 1992), 3x2 and 2x2 tables I 
(Berry and Mielke 1988). Larger tables (4x3, 4x4) were analyzed using non-asymptotic chi
square analysis (Berry and Mielke 1988). I 

The effects of independent variables on the distance fled by bighorn sheep and the duration of 
bighorn sheep response to disturbances were analyzed with analysis ofvariance (ANaVA) and t Itests. Variables that did not meet the criteria for ANaVA were analyzed with the nonparametric 
Kruskall-Wallis I-way ANOVA (Siegel 1956). Distance ofbighorn sheep to a road, distance to 
escape terrain, and bighorn sheep group sizes were log-transformed and their effects on distance I
fled were analyzed using least-squares regression techniques. Except for Fisher's Exact and non
asymptotic chi-square tests, we used Systat 7 for all analyses. We report only the probability 
values for Fisher's Exact tests and non-asymptotic chi-square tests. Probability values ~0.10 were I 
recorded as significant. 

RESULTS I 
Bighorn Sheep Responses to Humans I 

Desert bighorn sheep responded more severely to a hiker than to a vehicle or a mountain 
biker, as evidenced by greater flight frequencies, distances fled, and duration of responses. 
Bighorn sheep fled from a hiker in 61 % of encounters, but they fled from a vehicle in only 17% I 
and mountain biker in only 6% of interactions (Fisher's Exact, ~ <0.0001; Fig. 4). Distances fled 
from a hiker averaged 110 m farther than distances fled from a vehicle and 143 m farther than Idistances fled from a mountain biker (E = 12.280, ~ <0.0001; Fig. 5). Response durations to a 
hiker were approximately 10 minutes longer than those to a vehicle or mountain biker (E = 24.68, 
~ <0.0001; Fig. 6). However, hikers surprised bighorns and the distance at which bighorn sheep Ifirst visibly responded to vehicles and mountain bikers was greater than to hikers (Kruskall-Wallis 
I-way ANaVA ~ <0.0001; Fig. 8). 

I
Avoidance of heavy road traffic was suggested by the greater average distance from the road 

in the high-use area (489.55 ± 18.85 m, range = 0-2590) than in the low-use area 
(353.51 ± 36.44 m, range = 0-672) (1 = 3.32, 76.7df, ~ = 0.001). Our GIS analysis indicated this I 
greater avoidance of the road corridor represented a loss of 15.34% more of suitable habitat in the 
hi-use area than in the low-use area (Table 3). Although animals were further from the road, on 
the average, in the high-use area, we found some evidence ofadaptation (not necessarily I 
habituation, since animals were further from the road) to road traffic in the high-use area 
compared to the low-use area. Overall, responses to a vehicle were of a shorter duration in the 
high-use area (2 ±0.19 min, range = 0.1-20), (± SE) than in the low-use area (4.4 ± 1.32 min, I 
range = 0.6-40) (t =1.81,30.2 df, ~ = 0.079). During the spring, ewe groups in the high-use area 
were four times as likely to respond to vehicles than in the low-use area (Fisher's Exact, I 
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I 
I ~ = 0.062) although ram groups showed no difference (~= 0.751). However, we were unable to 

determine whether differences occurred in the summer or fall because sample sizes in the low-use 
area were too small for analysis during these seasons. In the high-use area, responses of bighorn 
sheep to mountain bikers were less frequent than in the low-use area (Fisher's Exact, ~ = 0.054). 
Bighorn sheep also fled less often in the high-use area when feeding (Fisher's Exact, ~ = 0.039)

I and alerted more often when resting and bedded (Fisher's Exact, ~ = 0.018). 

Bighorn sheep in the high-use area demonstrated a greater sensitivity to hikers than in the 

I low-use area. Ram groups in the high-use area alerted to hikers 11% more often during the spring 
(Fisher's Exact, ~ = 0.032) and fled 51% more often in the fall (Fisher's Exact, ~ = 0.096) when 
compared to responses in the low-use area. In the spring, ewe groups fled farther from a hiker in 

I the high-use area (468 ± 122 m, range = 24-1706) than those in the low-use area (140 ± 26 m, 
range = 24-427) (1 = 2.62, 16.4 df, ~ = 0.018). 

I AlC criteria suggested that proximity to the road (for vehicles), approach distance, distance to 
escape terrain and group characteristics were also significant determinants of responses to hikers 

I and vehicles (Tables 1 and 2). Proximity to the road was the single most influential factor in 
determining bighorn sheep responses to a vehicle, with sheep close to the road reacting more 
severely than those farther away (Fig. 7). 

I 
I Human activity approaching from the same elevation as bighorn sheep caused more severe 

responses than activity approaching from above or below (Tables 1 and 2; Fig. 9). Bighorn fled 
from a hiker at the same level in 87% of occurrences, from a vehicle in 25%, and from a bicycle in 
12% (Fisher's Exact, ~ <0.001). 

I Close proximity ofbighorn sheep to escape terrain reduced the severity of responses to 
disturbance (hikers: ~ <0.0001, vehicles: ~ = 0.002). Proximity to escape terrain was also 
positively correlated with the distance fled by bighorn sheep from a hiker (i = 0.60, E= 40.6465,

I ~ <0.0001) or vehicle (i= 0.10, E= 7.1074, ~ <0.01). Sheep in the high-use area ventured an 
average of28.15 ±2.74 m (range = 0-966) from escape terrain, nearly twice as far as in the low
use area (17.03 ±4.42 m) (range = 00300) (t = 2.14,258.7 df, ~ = 0.033). Severity of response

I was negatively correlated to the size of the bighorn group (hikers, ~ = 0.036, vehicles, ~ = 0.079). 

I Season also had a significant impact on bighorn sheep responses to disturbance. When 
disturbed by a hiker, responses of bighorn sheep were more severe in spring, when they fled in 
73% (Fisher's Exact, ~ = 0.006) ofthe occurrences and fled further (231.69 ± 36.1 m, range = 9

I 1707) than in summer (152.19 ±27.37 m, range = 6-579) (1..= 1.75, 104.5 df, ~ = 0.082). When 
disturbed by a vehicle, bighorn sheep responded most often in summer (86% ofoccurrences) and 
least often in the fall (54% ofoccurrences; Fisher's Exact ~ = 0.0001), but fled farther in spring 
(61.75 ±12.09 m, range = 3-274) and summer (172.40 ±50 m, range = 5-671) than in fallI (48.68 ±23.54 m, range = 2-396) (Kruskall-Wallis I-way ANOVA, ~ = 0.032). 

I 
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I 
Avoidance ofRoad Corridors I 

We found some evidence ofavoidance of the road corridors by desert bighorn sheep. First, 
bighorn sheep in the high-use area were observed 135m further from the road, on average, than I 
animals in the low-use area. Radio-collared bighorn sheep whose home ranges were bisected by 
road corridors spent more of their time in the areas outside ofthe road corridors (65% vs. 35%, 
r = 0.03). Animals captured in the high-use area (n = 12) later used both the high- and low-use I 
areas equally; however, no bighorn sheep that were captured in the low-use area (n = 11) later 
dispersed to or ever used the high-use area. I 

The evidence for avoidance was not unambiguous or always consistent; however, as 
mentioned earlier, bighorn sheep reacted less to vehicles and bikers in the high-use area, Isuggesting some level ofadaptation (not habituation, per se, since this adaptation included being 
found further from the road.) We suspected some animals that lived close to the road were 
habituated, at least at certain times ofthe year. When we considered animals whose home ranges Iwere entirely located within the high-use area (those most likely to be habituated), those animals 
actually used the road corridor area more than areas away from the road corridor (64% vs. 36%, 
r = 0.089). I 
DISCUSSION I 

Desert bighorn sheep fled more often, further, and responded longer to hikers than to vehicles 
or mountain bikers. Mountain bikers caused the least and mildest responses. This finding concurs 
with those ofMacArthur et al. (1979). We speculate the greater sensitivity to hikers was I 
associated with the greater unpredictability oftheir locations because, unlike road traffic, nearly 
all hiker disturbances were off trail and in variable and unpredictable locations. Hikers more often 
surprised desert bighorn sheep at closer distances. I 

Some evidence of habituation or adaptation, by some animals, to road traffic in the high-use Iarea was suggested by a lower frequency of responses by ewe groups in spring and shorter 
response times of all groups to vehicles, although this was associated with a greater average 
distance from the road. Additionally, visible responses to mountain bikers were less frequent in Ithe high-use area. The greater distance ofbighorn sheep to escape terrain in the high-use area 
provided further evidence ofhabituation. Other studies also found evidence ofhabituation by 
bighorns to human activity (Geist 1975, Hicks and Elder 1979, DeForge 1981, Stanger et al. 1986 Iand Horejsi 1976). 

Most bighorn sheep were generally avoiding the heavier used road corridor to reduce I 
disturbance as evidenced by the greater average distance ofdesert bighorn sheep from the road in 
the high-use area, no dispersal to the high-use area, and use of road corridors by most radio
collared animals. (However, a few radio-collared animals that were both captured near the road I 
and spent all of their time in the high-use area apparently were habituated to the road traffic and 
used the road corridor more.) These findings ofgeneral avoidance concur with Wilson et al. 
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I 
I (1980). The avoidance of this habitat may be biologically significant since the area receiving less 

use represented 15.34% of total suitable habitat available to bighorn sheep. We recommend 
further study to detennine the long term impacts of this reduced use of suitable habitat by most 
animals. 

I Our results suggest desert bighorn sheep were more sensitive to hikers in the high-use area. 
During the summer, ewes in the high-use area fled from hikers more than three times further than 
ewes in the low-use area. Moreover, rams demonstrated greater sensitivity to hikers in the high

I use area during the spring and fall. The increased sensitivity of bighorn sheep to hikers, especially 
during the spring lambing season and the fall rut, is of concern because of the potentially negative 
effects on fitness. During the spring, hikers could have a detrimental impact on lactating or

I lambing ewes (Moen 1981). Any avoidance of high visitor use areas could forte ewes and lambs 

I 
into less optimal habitat, making lambs more vulnerable to predation. Excessive disturbances of 
rams during the rut could alter their opportunity to find mates. Summer can also be a critical 
period for bighorn because nutrient content available to local vegetation is particularly low 
relative to the requirements for lactating ewes and lambs (Hull 1984). 

I MANAGEMENT IMPLICAnONS 

I Contrary to our original expectations and the concerns ofpark managers, the increase of 

I 
mountain bikers does not appear to be a serious threat to desert bighorn sheep, probably because 
mountain bikers are restricted to predictable situations such as the currently designated road 
corridors. However, these results should not be extrapolated to public lands where mountain 
bikers are not confined to designated trails and may surprise sheep in novel situations. 

I Hikers appear to be causing the greatest stress to bighorn sheep. We recommend hikers be 
confined to maintained trails where their movement will be more predictable to sheep. 
Additionally, known lambing habitat should be closed to all hiking during the lambing season. 

I Public education could help reduce stress to bighorn sheep by explaining the impact hikers can 
have on sheep and cautioning them to not directly approach sheep. 

I Though some bighorn sheep in the Canyonlands appear to be habituating to vehicles and 

I 
mountain bikers in some seasons, other animals that were subjected to a lower rate of 
disturbances, and apparently all animals that are subject to human disturbances in novel locations 
(off-trail hikers) were disturbed by humans. Our observations of habituation in some animals were 

I 
consistent with those ofKrausman et al. (1998) and Workman et al. (1992) who found that 
bighorn sheep habituated to aircraft overflights. Our study verifies the need to couple field studies 
with experimental studies under artificial conditions. Although both Krausman et al. (1998) and 
Workman et al. (1992) documented habituation of bighorn sheep in experiments in penned 

I
 situations, our study of free-ranging desert bighorn sheep verified that only some, not all, radio

collared desert bighorn sheep habituated to road traffic, while no animals habituated to off-trail 
hikers. 

I 
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However, we documented some avoidance ofthe road corridor by other desert bighorn sheep I
 

at levels that were probably biologically important (zones ofless use along road = 20-36% of all 
suitable habitat), and we recommend that park managers manage levels ofback country activity at 
conservative levels. We also recommend conservative removals for translocation purposes of I
 
animals from along the road corridor that might be replaced with recruitment alone, since animals 
from other areas apparently do not readily disperse to the high-use road corridor. I
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Table 1. Summary of the relative influence of significant environmental factors (independent 

variables) on bighorn behavioral response to a hiker (no response, alert postures, walk away, run
 
away), Canyonlands National Park, Utah, 1993-94, using logistic regression analysis (n = 237).
 
Variables are listed in order of increasing Ale values suggesting decreasing degrees of influence I
 
(Akaike 1973).
 

Parameter l -21n(L) Parameters Ale McFadden's Rho I
 
Disturbance approach position <0.0001 554.0165 3 560.0165 0.0658 I

Distance to escape terrain <0.0001 574.5449 1 576.5449 0.0500 
Group behavior 0.0076 578.1277 4 586.1277 0.0419 
Group composition 0.0026 579.4778 3 587.4778 0.0385 I

Group size 0.0361 596.2667 1 598.2667 0.0141 
Study area 0.0762 597.9344 2 601.9344 0.0114 
Season 0.0913 604.8047 3 610.8047 0.0107 I
 

I
 
I
 
I
 
I
 
I
 
I
 
I
 
I
 
I
 
I
 

378
 

I
 
I
 



I
 
I Table 2. Summary of the influence of significant environmental factors (independent variables) on 

bighorn behavioral response to a vehicle (no response, alert postures, walk away, run away), 

I Canyonlands National Park, Utah, 1993-94, using logistic regression analysis (n = 370). Variables 
are listed in order of increasing AlC values suggesting decreasing degrees of influence. 

I 
I 
I 
I 

Parameter l 

Bighorn distance to road <0.0001 
Approach position of disturbance 0.0039 
Group size 0.0789 
Season <0.0001 
Bighorn distance to escape terrain 0.0016 
Study year 0.0031 
Group behavior 0.0890 

-21n(L) Parameters 

670.9711 1 
744.7479 3 
759.3548 1 
791.2236 3 
805.1149 1 
811.3733 2 
808.8752 4 

Ale McFadden's Rho 

672.9711 0.1448 
750.7479 0.0321 
791.3548 0.0798 
797.2236 0.0412 
807.1149 0.0186 
813.3733 0.0168 
816.8752 0.0183 
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Table 3. Results ofGIS analysis of suitable habitat within the high- and low-use study areas, 

Canyonlands National Park, Utah, 1993-94. 

Study Area 
Variables Low-Use High-Use 

Total suitable habitat (SH) 
Average distance ofdesert bighorn sheep to road 
Suitable habitat mapped within average distance to road 
Adjusted suitable habitat (total- zone ofless use along 

road corridor) 
Percent of suitable habitat within zone of less use along 

road corridor 

532.0 km2 

353 m 
107.3 km2 

424.7 km2 

20.2% 

I
197.1 km2 

489m 

I
70.0 km2 

127.1 km2 

I
 
35.5% 

I
 
I
 
I
 
I
 
I
 
I
 
I
 
I
 
I
 
I
 
I
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I FIGURE CAPTIONS 

I
 Figure 1. Growth ofvisitation to Canyonlands National Park, Utah, from 1979 to 1994.
 

I
 
Figure 2. Exposed geological fonnations in the Island in the Sky District of Canyonlands
 

National Park, Utah, and percent of responses by desert bighorn sheep to (a) vehicles
 

I
 
and (b) visitors in 1993 and 1994.
 

Figure 3. Number ofvehicles driven by park visitors on backcountry roads in Canyonlands
 
National Park, Utah, 1993 to 1994.
 

I Figure 4. Responses ofdesert bighorn sheep to human disturbance in CanyonJands National
 

I
 
Park, Utah, 1993 to 1994.
 

Figure 5. Distance fled by desert bighorn sheep in response to human disturbances in
 
Canyonlands National Park, Utah, 1993 to 1994.
 

I Figure 6. Duration of response by desert bighorn sheep in response to human disturbances in
 
Canyonlands National Park, Utah, 19?3 to 1994.
 

I Figure 7. Distance ofdesert bighorn sheep to associated road from human disturbances in
 
Canyonlands National Park, Utah, 1993 to 1994.
 

I Figure 8. Distance ofdesert bighorn sheep to human disturbance in Canyonlands National Park,
 
Utah, 1993 to 1994.
 

I Figure 9. Position of the visitor disturbance in relation to responses ofdesert bighorn sheep in
 
Canyonlands, National Park, Utah, 1993 to 1994. 
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Figure 2(a). 
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Figure 2(b). 
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Figure 3. 
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Figure 5. 
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