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EXECUTIVE SUMMARY 
The decline of desert bighorn sheep on the Kofa National Wildlife Refuge (KNWR) beginning in 

2003 stimulated efforts to determine the factors limiting survival and recruitment. We 1) determined 
pregnancy rates, body fat, and estimated survival rates of adults and lambs; 2) investigated the 
relationship between precipitation, forage conditions, previous year’s reproductive success, and adult 
body condition; 3) assessed the relative influence of body condition of adult females, precipitation, and 
forage characteristics on apparent survival of lambs; and 4) determined the prevalence of disease. To 
assess the influence of potential limiting factors on female desert bighorn sheep on the KNWR, we 
modeled percent body fat of adult females as a function of previous year’s reproductive effort, age class, 
and forage conditions (i.e., seasonal NDVI and seasonal precipitation). In addition, we assessed the 
relative influence of the body condition of adult females, precipitation, and forage conditions (NDVI) on 
length of time a lamb was observed at heel.  

Adult female survival was high in both 2009 (0.90 [SE = 0.05]) and 2010 (0.96 [SE = 0.03]). 
Apparent lamb survival to 6 months of age was 0.23 (SE = 0.05) during 2009-2010 and 0.21 (SE = 0.05) 
during 2010-2011 lambing seasons.  Mean body fat for adult females was 12.03% (SE = 0.479) in 2009-
2010 and 11.11% (SE= 0.486) in 2010-2011 and was not significantly different between years. 
Pregnancy rate was 100% in 2009 and 97.5% in 2010. 

Models containing the previous year’s reproductive effort, spring NDVI and previous year’s 
reproductive effort and spring precipitation best approximated data on percent body fat in adult females 
in 2009-2010.  In 2010-2011, the two highest-ranking models included the previous year’s reproductive 
effort and winter NDVI and previous year’s reproductive effort, and winter and spring NDVI. None of 
the models assessing the influence of maternal body fat, precipitation, or forage conditions were 
particularly useful for predicting apparent lamb survival. 

The high pregnancy rates and body fat levels in excess of 11% do not indicate that this 
population of desert bighorn was nutritionally stressed during our study and are thus likely not 
contributing to the low lamb survival estimates we observed. However, body condition data during the 
population decline is not available and whether this population was nutritionally limited during the 
initial population decline remains unknown. 

The prevalence of disease in the Kofa herd may be a limiting factor; however, due to a lack of 
disease monitoring during the population decline it is uncertain if disease contributed to the decline. 
Further research is needed to fully understand the complex interaction of disease in this population at the 
individual and population level and determine to what extent disease predisposes individuals to 
predation or other causes of mortality.  
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BACKGROUND 
Concern regarding the decline of desert bighorn sheep on the Kofa National Wildlife Refuge 

(Refuge) stimulated efforts to identify factors that were limiting reproduction, survival and recruitment 
(USFWS 2007). The cause of the population decline is unknown, but potential factors include decreased 
adult ewe survival, decreased lamb survival, effects of decreased adult ewe body condition due to 
drought impacts on forage resources, predation by a new or expanding mountain lion (Puma concolor) 
population, disease (USFWS 2007) or some combination of these factors. Therefore, there was a need to 
assess whether population growth was limited by nutritional stress, poor survival, declining parturition, 
disease, predation or some combination of these factors.   

The goal of this research was to examine some of the potential limiting factors influencing the 
population desert bighorn sheep on the Refuge. Specifically, we: 1) determined pregnancy rates; 2) 
investigated the relationship between precipitation, forage conditions, previous year’s reproductive 
success, and adult body condition; 3) assessed the relative influence of body condition of adult females, 
precipitation, and forage characteristics on apparent survival of lambs; and 4) determined the prevalence 
of disease. 
 

METHODS 
Animal Capture and Body Condition 

Thirty-four adult female desert bighorn sheep were captured using a net gun fired from a 
helicopter (Krausman et al. 1985) in November 2009. Thirty-six animals were captured in 2010, which 
consisted of 28 animals that were originally captured in 2009 plus an additional eight animals to replace 
those lost to mortality or collar failure. In total, 42 different sheep were captured for this study. Captured 
animals were transported via helicopter to a staging area for processing. Age was estimated by tooth 
eruption patterns (Mahon 1975) and counting horn annuli (Geist 1971). All captured animals were 
marked with numbered and colored ear-tags and fitted with either GPS (North Star Inc., King George, 
Maryland, USA) or VHF radiocollars equipped with a mortality sensor (Sirtrack, Auckland, New 
Zealand); GPS collars were programmed to acquire three locations per day. All animals were returned to 
the site of capture for release. Capture and handling procedures followed acceptable methods established 
by the American Society of Mammalogists (Sikes et al. 2011) and were approved by the New Mexico 
State University Institutional Animal Care and Use Committee (IACUC protocol #2008-009). Body 
condition was assessed using ultrasonography (Stephenson et al. 1998, 2002). A portable ultrasound was 
used to measure maximum subcutaneous fat thickness immediately posterior to the cranial process of the 
tuber ischium (Maxfat) and maximum thickness of the longissimus dorsi between the 12th and 13th ribs 
(Stephenson et al. 1998, 2002). Overall body condition was estimated using a scoring system similar to 
that described by Cook et al. (2001). Rump body condition score (rBCS) was estimated by palpating the 
sacral ridge and soft tissue of the rump at the base of the tail; measurements were scored on a scale of 1 
to 6, in intervals of 0.25, where 1 = emaciated and 6 = obese. Total body fat (BF) was estimated using 
two predictive equations from ultrasound measurements of rump fat when present (Stephenson et al., 
1998, 2002; Cook et al., 2007):  
 

(1) BF = (13.28*Maxfat) + 7.78 
 

If no measurable subcutaneous fat (Maxfat) was detected, we calculated body fat using body condition 
scores (rBCS) as: 
 

(2)  BF = (3.92*rBCS) -1.48  
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In most cases, pregnancy was determined by ultrasonography (Harper and Cohen 2008). When 
pregnancy could not be determined using ultrasound, serum samples were assayed for pregnancy-
specific protein B (Bio Tracking Inc., Moscow, Idaho, USA; Drew et al. 2001). Serum samples and 
nasal swabs were also collected and assayed for Mycoplasma ovipneumoniae, Bluetongue virus, 
epizootic hemorrhagic disease (EHD), bovine respiratory syncytial virus (BRSV) and contagious 
ecthyma. 

 
Demographic Monitoring  
 GPS-collared animals were monitored daily via satellite downloads. In addition, all collared 
adults were relocated via VHF signals on a monthly basis from January 1st through August 1st during 
which time, the observer confirmed if a collared female was rearing a lamb through visual observation 
of maternal care (i.e., nursing). When each study animal was relocated, the location was recorded with a 
handheld GPS unit, and survival status (live or dead), and presence of a lamb was noted. Length of time 
an adult was with a lamb was calculated by summing the number of days between the date of the first 
observation with a lamb and the 1st of August, or six months of age, or the last date observed with a 
lamb, whichever came first. Lamb age was estimated based on the period of time (i.e., number of 
monthly observations) that adult females were observed with lambs, and age-specific characteristics 
described in Hansen (1965), Hansen and Deming (1980).  

Necropsies were conducted in the field in an effort to identify cause of death. Mortalities of 
collared females were investigated and classified as disease, accidental, or predation. Predation-related 
mortalities were classified based on mortality site characteristics (e.g., blood splatter, presence of drag 
trails, signs of a struggle, cache site, removal of rumen, rib bones clipped, organs removed, 
subcutaneous hemorrhaging, and canine puncture wounds; Shaw et al. 2007). Predation was not 
classified as mountain lion related unless subcutaneous hemorrhaging, consistent with the canine 
spacing of mountain lions, was found during the necropsy in an effort to reduce the possibility of 
misidentifying scavenging as predation (Bauer et al. 2005). Mortalities occurring within 30 days 
following a capture were censored from survival analyses (Berringer et al. 1996). 
 
Home Ranges 
 Animal locations obtained during relocation of animals with VHF collars as well as those 
recorded via GPS collars were mapped for each season in ArcGIS 9.3 (Environmental Systems Research 
Institute [ESRI], Redlands, California, USA). Seasonal designations were based on long-term seasonal 
precipitation and temperature data from Kofa Mine weather station on the Refuge (WRCC 2011), and 
the reproductive cycle (i.e., parturition, lactation, mating, early gestation and late gestation) of desert 
bighorn sheep in Arizona: winter (1 December - 31 March) as the cool and wet season-time of 
parturition, spring (1 April to 30 June) as the hot and dry season-time of lamb weaning, summer (1 July 
- 30 September) as the hot and wet season-mating season, and fall (1 October - 30 November) as warm 
and dry season with females in mid to late gestation. The Hawth’s Tools extension (Beyer 2004) was 
applied in ArcGIS to estimate 50% core use areas (Worton 1989), and least squares cross validation to 
determine the smoothing parameter (Worton 1989, Seaman and Powell 1996, Seaman et al. 1998). The 
50% core use area was selected because of the more intense use of these areas, particularly when a 
newborn lamb was present, which would restrict movements of females and result in a disproportionate 
influence of forage conditions within the core area on adult female body condition.  
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Forage Conditions and Precipitation 
Normalized difference vegetation index (NDVI) was derived from satellite imagery collected by 

the MODIS Terra platform as a measure of forage conditions (Pettorelli et al. 2007).  MODIS data were 
downloaded from NASA land processes distributed active archive center (NASA 2011). We used the 
HDF-EOS GeoTIFF Conversion Tool to extract the NDVI layer and re-project the NDVI data from a 
sinusoidal projection to WGS 84. The NDVI layers were assessed in16-day intervals to capture 
vegetation response to precipitation at a spatial resolution of 250 x 250 m. The NDVI images were 
collected for each 16-day period and organized seasonally. All images were rescaled using the Spatial 
Analyst General Math Tools in ArcGIS 9.3 (ESRI, Redlands, California, USA). A seasonal NDVI raster 
was created using the Cell Statistics in the Spatial Analyst Tools to average the values of each 
overlapping NDVI pixel across NDVI images within each season. All seasonal NDVI raster data files 
were clipped using a 3 kilometer buffer around the boundaries of the Refuge. We extracted the seasonal 
NDVI data for each individual core area, and calculated the mean NDVI for each core use area (50% 
kernel). To account for the asymptotic nature of NDVI data, NDVI values were transformed using the 
natural log (ln) transformation (Fan et al., 2009; Ryan et al., 2012).      

Twenty Rainwise™ rain gauge data loggers (Rainwise Inc., Bar Harbor, ME) were spaced 8 km 
apart throughout occupied sheep habitat to collect precipitation data. Rain gauge locations were plotted 
in ArcGIS 9.3 and overlaid with the seasonal core use areas.  For each rain gauge, precipitation was 
totaled for each season and year of the study. Seasonal precipitation totals for each rain gauge within 2 
km of each seasonal core area were extracted to estimate the average total seasonal precipitation for each 
animal’s seasonal core use area. Monthly precipitation was compared with long-term average (1952-
2011) obtained from the Arizona Kofa Mine (024702) data summary, Western Regional Climate Center 
(Accessed 25 April 2013; http://www.wrcc.dri.edu/climatedata/climsum/).  

 
ANALYSES 

Demographic analysis  
The known fate model in program MARK (White and Burnham 1999) was used to estimate 

survival rates of adult females. Although we had originally planned to model the survival of adult 
females in relation to individual covariates (e.g., percent body fat, age class, seasonal NDVI, seasonal 
precipitation), the limited number of adult mortalities precluded a meaningful analysis using individual 
covariates. Therefore, annual survival of adult females was estimated.  

The Lukacs young survival model in program MARK (White and Burnham 1999) was used to 
estimate apparent survival of lambs to six months of age. Apparent survival was then calculated over the 
entire lambing period by the product of the survival estimates for each observation period (i.e., month) 
and standard error of apparent survival was calculated using the delta method (Cooch and White 2012). 
Originally, the Lukacs Young Survival model in program MARK was to model the apparent survival of 
lambs in relation to individual covariates (e.g., percent body fat, age class, seasonal NDVI, seasonal 
precipitation); however, inconsistent and infrequent lamb detections precluded use of program MARK 
to incorporate covariates in models of lamb survival.  

 
Adult body condition 

Mean percent body fat was compared between 2009-2010 and 2010-2011 using a paired t-test in 
SPSS 17.0 (IBM, Chicago, Illinois). Percent body fat of adult females was modeled as a function of 
previous year’s reproductive effort (i.e., length of time with lamb at heel), age class, and forage 
conditions (i.e., seasonal NDVI and seasonal precipitation) using general linear models in SPSS 17.0. 
Several sets of a priori models (Appendices 1 and 2) were developed to evaluate the relative influence of 
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previous reproductive effort, age class, and forage conditions on percent body fat in adult females. 
Model structures assessed the relative influence of forage conditions and precipitation on adult female 
percent body fat during specific seasons.  

Using general linear models in SPSS 17.0, total length of time a lamb was observed with a 
collared female was modeled as a function of age class, maternal body fat, seasonal NDVI, and seasonal 
precipitation. A set of a priori models (Appendix 3) was developed to evaluate the relative influence of 
forage conditions and maternal body condition, on the total length of time a lamb was observed with a 
female. Model structures were developed to assess the relative influence of forage conditions and 
precipitation during specific periods in the reproductive cycle: late gestation (i.e., fall NDVI and 
precipitation), early parturition (i.e., winter NDVI and precipitation), and the post-weaning period (i.e., 
spring NDVI and precipitation). 

Although two indices of forage conditions (NDVI and seasonal precipitation) are highly 
correlated, both were used in the analyses. To assess the utility of each index for modeling female body 
condition, NDVI and precipitation were not included in the same models to avoid issues with 
multicollinearity, but they were included in the same model set. Rain gauge data was not available for 
the fall period of 2009; thus, models containing fall precipitation were not included for the 2009-2010 
analyses.  

An information-theoretic approach was used to select the most parsimonious models using AIC 
corrected for a small sample size (AICc) to evaluate a priori models. Models with ΔAICc <2.0 were 
considered to have equivalent support (Burnham and Anderson 2002, Anderson 2010). Model 
uncertainty was accounted for by calculating model-averaged parameter estimates (± standard error, SE) 
using multi-model averaging for individual covariates in the highest-ranking models (Burnham and 
Anderson 2002). 
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RESULTS 
Precipitation 

Precipitation was 104.9 mm in 2008-2009, 309.8 mm in 2009-2010, and 105.5 mm in 2010-
2011. The long-term annual precipitation averaged 163.01 mm.  Notably, this study spanned periods 
with both below and above average precipitation conditions (Table 1). 

 
Pregnancy 

Pregnancy was 100% in 2009. Ultrasound revealed that 28 of the 34 sheep were pregnant and 
five were pregnant based on protein B assays. One test using the protein B was a false-negative (i.e., we 
know this animal subsequently had a lamb within 4 months of capture, thus we know that it was 
pregnant at the time of capture). In 2010, 97.5% of the animals were pregnant with one yearling ewe not 
pregnant. However, primiparity as yearlings is rare in bighorn sheep (Festa-Bianchet et al. 1995). 
 
Cause-specific Mortality and Survival Rates 

Presence of mountain lion and coyote (Canis latrans) at mortality sites was determined by 
tracks, scat, cache methods, and canine tooth width. Three mortalities occurred from 2009 to 2010. One 
female died of unknown causes, one was a probably mountain lion predation, and one mortality was 
attributed to mountain lion predation. Mountain lions were present at the two of the three mortality sites 
and coyotes were detected at one of the three mortality sites. From 2010 to 2011, one adult female died 
due to mountain lion predation and two females died of unknown causes.    

Adult female survival was high in both years. Thus, a meaningful assessment of the influence of 
the individual covariates on adult female survival was not possible due to the small number of adult 
female mortalities. Survival of adult females was 0.90 (SE = 0.05) from October 2009 through 
September 2010 and 0.96 (SE = 0.03) from October 2010 through September 2011. Apparent lamb 
survival to 6 months-of-age was 0.23 (SE = 0.05) during 2009-2010 and 0.21 (SE = 0.05) during 2010-
2011 lambing seasons.        

  
Factors Influencing Adult Female Body Condition  

Mean body fat for adult females was 12.03% (SE = 0.479) in 2009-2010 and 11.11% (SE= 
0.486) in 2010-2011 and was not significantly different between years ( 𝑥 ��� difference = 0.388, SE = 
0.542, t27 = 0.716, P = 0.480). 

Adult body condition 2009-2010. When comparing all potential models for factors influencing 
percent body fat in 2009-2010, we found that the model containing the previous year’s reproductive 
effort and spring NDVI best explained the results (Table 2). The second highest ranking model included 
previous year’s reproductive effort and spring precipitation. However, Akaike weight (wi), suggested 
that the top model (wi = 0.468) had nearly twice as much support as the next best candidate model (wi = 
0.283; Table 2). 

Percent body fat of adult females was associated with spring precipitation (slope = 74.3 [SE = 
16.66]) and spring NDVI (slope = 16.8 [SE = 3.55]) within the 50% core use area, as well as with the 
previous year’s reproductive effort (Table 3). Summer seasonal precipitation (slope = 5.3 [SE = 22.97]) 
and NDVI (slope = 2.2 [SE = 6.98]) were positively associated with percent body fat of females in the 
fall, but slopes were not as large as spring precipitation and NDVI (Table 3). 
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Table 1. Climatic conditions during 2009 – 2011 in comparison with the seasonal long-term (59 years;  
1952-2011 at Kofa Mine), average daily high and low temperatures and average total seasonal 
precipitation on the Kofa National Wildlife Refuge, Arizona. 
Climate Variable Fall (1 October - 30 November) 

 
2009 2010 2011 Long-term Average 

Average daily high temp (oC) 27.1 25.8 26.9 26.5 
Average daily low temp (oC) 15.5 15.4 15.7 19.9 
Precipitation (mm) 0.00 13.7 26.4 22.1 

 

 
Winter (1 December - 31 March) 

 
 2008-2009   2009-2010 2010-2011 Long-term Average 

Average daily high temp (oC) 21.0 19.5 21.3 19.5 
Average daily low temp (oC) 10.4 9.7 10.0 8.7 
Precipitation (mm) 67.5 185.1 39.4 65.0 

 

 
Spring (1 April - 30 June) 

 
2009 2010 2011 Long-term Average 

Average daily high temp (oC) 32.9 31.6 32.2 32.4 
Average daily low temp (oC) 19.5 17.5 18.6 18.4 
Precipitation (mm) 4.1 4.1 7.4 8.6 

 

 
Summer (1 July - 30 September) 

 
2009 2010 2011 Long-term Average 

Average daily high temp (oC) 39.8 39.2 39.7 37.9 
Average daily low temp (oC) 26.8 26.2 27.0 24.9 
Precipitation (mm) 33.3 106.9 32.3 67.5 

 
 
Table 2. Five highest-ranking a priori models assessing the influence of previous reproductive effort1, 
precipitation, and seasonal forage conditions on the percent body fat of female desert bighorn sheep on 
the Kofa National Wildlife Refuge, Arizona, 2009-2010. Number of parameters (K), Akaike’s 
Information Criterion adjusted for small sample size (AICc), ΔAICc, and Akaike weights (wi). Models 
ranked according to AICc from best to worst. 

Model Structure K AICc ΔAICc wi 
0809 Total Days + Spring NDVI 4 36.39 0 0.468 
0809 Total Days + Spring Precip 4 37.39 1.01 0.283 
0809 Total Days + Spring NDVI + Summer NDVI 5 39.21 2.82 0.115 
0809 Total Days + Spring Precip + Summer Precip 5 40.15 3.76 0.072 
0809 Total Days + Spring NDVI + Summer NDVI + Fall NDVI 6 41.54 5.15 0.036 

1Defined as the length of time a female was observed with a lamb the previous year (2009-2010 Total Days) 
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Table 3. Model averaged regression coefficient estimates, standard errors (SE), and 95% confidence 
limits for variables in the best approximating models assessing previous year’s reproductive effort, 
precipitation, and seasonal forage conditions on percent body fat of female desert bighorn sheep on the 
Kofa National Wildlife Refuge, Arizona, 2009-2010. 

 
   Model Averaged Coefficient  95% Confidence Limits  

Variable Estimate SE Lower CL Upper CL 
Spring Precip 74.3 16.66 41.62 106.91 
Spring NDVI 16.8 3.55 9.79 23.74 
Summer NDVI 2.2 6.98 -11.45 15.90 
0809 Total Days 0.01 0.01 0.001 0.030 

 
 
Adult body condition 2010-2011. In the analysis of the relationship between body fat, reproductive 
effort, age class, and forage conditions in 2010-2011, the highest-ranking model included the previous 
year’s reproductive effort and winter NDVI (Table 4). The second-ranked model included previous 
year’s reproductive effort, winter, and spring NDVI. However, the top model (wi = 0.320) had twice as 
much support as the next best candidate model (wi = 0.173; Table 4).  

The percent body fat of adult females in fall was positively related to NDVI during the previous 
winter (slope = 14.2 [SE = 8.35]) and negatively associated with length of time a ewe was observed with 
a lamb the previous year (slope= -0.002 [SE = 0.01]). NDVI during spring (slope = -7.02 [SE = 6.97]) 
and fall (slope = -4.99 [SE = 5.10]) were both negatively associated with percent body fat of adult 
females (Table 5). However, the confidence limits for the regression slopes all included zero, indicating 
that zero is a plausible value for the slope (i.e., no relationship) between the predictor variables and 
percent body fat during 2010-2011. 

 
 

Table 4. Five highest-ranking a priori models assessing the influence of previous reproductive effort 
and seasonal forage conditions on the percent body fat of female desert bighorn sheep on the Kofa 
National Wildlife Refuge, Arizona, 2010-2011. Number of parameters (K), Akaike’s Information 
Criterion adjusted for small sample size (AICc), ΔAICc, and Akaike weights (wi). Models ranked 
according to AICc from best to worst. 

Model Structure K 
 

AICc 
 

ΔAICc       wi 
0910 Total Days + Winter NDVI 4 54.25 0.00 0.32 
0910 Total Days + Winter NDVI + Spring NDVI 5 55.48 1.23 0.17 
0910 Total Days + Fall NDVI + Winter NDVI 5 56.35 2.10 0.11 
0910 Total Days + Fall NDVI + Winter NDVI + Spring NDVI 6 57.52 3.26 0.06 
0910 Total Days + Winter NDVI + Spring NDVI + Summer NDVI 6 58.27 4.02 0.04 
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Table 5. Model averaged regression coefficient estimates, standard errors, and 95% confidence limits 
for variables in the best approximating models assessing previous year’s reproductive effort and 
seasonal forage conditions on percent body fat of female desert bighorn sheep on the Kofa National 
Wildlife Refuge, Arizona, 2010-2011. 

 
Model Averaged Coefficient 95% Confidence Limits 

Variable Estimate SE Lower CL Upper CL 
Winter NDVI 14.2 8.35 -2.23 30.54 
0910 Total Days -0.002 0.01 -0.02 0.02 
Fall NDVI -4.99 5.10 -14.99 5.00 
Spring NDVI -7.02 6.97 -20.70 6.67 

 
 
Factors Influencing Length of Time Lambs Were Observed with Adult Females  

Lamb 2009-2010. There were no individual models with the majority of support that described 
the relationship between the length of time a ewe was observed with a lamb in 2009-2010 and the 
individual covariates. When comparing all potential models we found that a model containing the age 
class of the adult ewe best approximated the data; however, support was low and there was substantial 
model selection uncertainty (Table 6). The high degree of model selection uncertainty indicated that 
none of the covariates were particularly useful in modeling the length of time a ewe was observed with a 
lamb at heel (Table 7). 

Lamb 2010-2011. There were no individual models with overwhelming support that described 
the relationship between the length of time a ewe was observed with a lamb and the individual 
covariates. When comparing all potential models for influencing the length of time a ewe was observed 
with a lamb, we found that a model containing the winter NDVI best approximated the data (Table 8). 
However, there were also several competing models (i.e., ΔAICc values <2.0). Support for the top 
model was low (wi = 0.128) but was 35% higher than the second highest-ranking model (wi = 0.083; 
Table 8).  

Summer NDVI, percent body fat, and winter precipitation were all positively related to the 
length of time a ewe was observed with a lamb (Table 9). Spring, fall and winter NDVI had negative 
associations with the length of time a ewe was observed with a lamb (Table 9); however, all confidence 
limits included zero indicating that there was no relationship between these predictor variables and the 
length of time a ewe was observed with a lamb. 

 
 

Table 6. Six highest-ranking a priori models assessing the influence of age class, precipitation, and 
seasonal forage conditions for the length of time lambs (n = 31) were observed with a female desert 
bighorn sheep on the Kofa National Wildlife Refuge, Arizona, 2009-2010. Number of parameters (K), 
Akaike’s Information Criterion adjusted for small sample size (AICc), ΔAICc, and Akaike weights (wi). 
Models ranked according to AICc from best to worst approximating model. 
Model Structure K AICc ΔAICc wi 
Age Class 3 244.64 0.00 0.11 
Winter NDVI 3 245.61 0.97 0.07 
Age Class + Spring Precip 4 245.91 1.26 0.06 
Age Class + Winter NDVI 4 246.12 1.48 0.05 
Age Class + Summer Precip 4 246.25 1.61 0.05 
Age Class + Winter Precip 4 246.73 2.09 0.04 
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Table 7. Model averaged regression coefficient estimates, standard errors, and 95% confidence limits 
for variables in the best approximating models assessing the influence of maternal body fat, age class, 
seasonal forage conditions for the length of time lambs (n = 31) were observed with a female desert 
bighorn sheep on the Kofa National Wildlife Refuge, Arizona, 2009-2010. 

 Model averaged coefficient 95% Confidence limits 
Variable Estimate SE Lower CL Upper CL 
Spring Precip 298.02 294.472 -279.15 875.18 
Winter NDVI 122.93 109.849 -92.38 338.23 
Age Class 21.88 13.874 -5.32 49.07 
Winter Precip -0.95 2.785 -6.41 4.51 
Summer Precip -1.56 1.282 -4.07 0.96 
 
 
Table 8. Six highest-ranking a priori models assessing the influence of maternal body fat and seasonal 
forage conditions for the length of time lambs (n = 37) were observed with a female desert 
bighorn sheep on the Kofa National Wildlife Refuge, Arizona, 2010-2011. Number of parameters (K), 
Akaike’s Information Criterion adjusted for small sample size (AICc), ΔAICc, and Akaike weights (wi). 
Models ranked according to AICc from best to worst. 
Model Structure      K AICc ΔAICc wi 
Winter NDVI 3 233.33 0.00 0.13 
Percent Body Fat + Winter NDVI 4 234.20 0.87 0.08 
Fall NDVI + Winter NDVI 4 235.03 1.70 0.05 
Winter Precip 3 235.09 1.76 0.05 
Summer NDVI 3 235.29 1.97 0.05 
Spring NDVI 3 235.78 2.45 0.04 

 
 
Table 9. Model averaged regression coefficient estimates, standard errors, and 95% confidence limits 
for variables in the best approximating models assessing the influence of maternal body fat and seasonal 
forage conditions for the length of time lambs (n = 37)  were observed with a female desert bighorn 
sheep on the Kofa National Wildlife Refuge, Arizona, 2010-2011. 

 Model averaged coefficient  95% Confidence limits  
Variable Estimate SE Lower CL Upper CL 
Summer NDVI 65.34 60.225 -52.70 183.38 
Percent Body Fat 2.02 2.412 -2.71 6.74 
Winter Precip 1.53 1.535 -1.48 4.54 
Spring NDVI -23.64 60.745 -142.70 95.42 
Fall NDVI -39.71 61.611 -160.47 81.04 
Winter NDVI -130.94 73.016 -274.05 12.17 
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Disease Prevalence 
 Disease testing in 2009-2010 and 2010-2011 revealed 76% and 57% of the population was 
exposed to M. ovipneumoniae, respectively. Eighty eight percent tested positive for exposure to 
contagious ecthyma in 2009 and 79% in 2010. Positive Bluetongue titers were detected in 2.9% and 
2.8% of the samples in 2009 and 2010, respectively. EHD was not detected in any samples in 2009, but 
was detected in 2.8% of the captured sheep in 2010. Positive titers for BSRV and PI3 were detected in 
most of the study animals. Seventy nine percent of the samples tested positive for BSRV titers in 2009, 
increasing to 100% in 2010, whereas titers for PI3 were detected in 71% of the samples in 2009 and 
89% in 2010. 

 
DISCUSSION 

From 1957 to 2003, the Refuge supported one of the largest and most stable populations of 
desert bighorn sheep in North America, serving as a primary source of bighorn sheep for translocations 
throughout the Southwest. Beginning about 2003, the population at the Refuge declined from an 
estimated 812 to 428 (95% CI 376-492) animals by 2012 (Arizona Department of Fish and Game 2012).  

During 2009-2010, precipitation was almost twice (305.01 mm) the long-term annual mean of 
(163.01 mm). Abundant winter rainfall likely increased vegetation greenness during the 2009-2010 
winter and subsequent spring. However, during 2010-2011, winter and summer precipitation was below 
average. The timing and storage of body fat is largely dependent on the amount of rainfall and 
subsequent vegetation response during the seasons prior to body fat measurements (Marshal et al. 2008, 
Cook et al. 2013). The previous spring precipitation and NDVI of 2009 were positively associated with 
body fat during the fall. The spring is a critically important season for adult females and is characterized 
by high temperatures and low precipitation prior to the monsoon season. Thus, fat deposits (i.e., body 
fat) sampled in fall during late gestation were apparently influenced by the prior spring precipitation and 
NDVI during the dry year only. Models were inconclusive for 2010. We hypothesize that the reason for 
the inconsistent relationship was due to difference in rainfall between years.  In 2009, winter and spring 
rainfall were approximately average, while summer rainfall was 50% below average, thus small amounts 
of rainfall during the spring could be expected to have a larger effect.  Whereas body condition assessed 
during 2010 was influenced by rainfall that was 300% and 58% above average during the preceding 
winter and summer, respectively. The high 2009-2010 winter rainfall likely resulted in good foraging 
conditions that carried over into the spring season, minimizing the influence of the limited spring 
rainfall.  Alternatively, the differing results between rainfall, forage conditions, and percent body fat 
may have also been due to the limitations of NDVI in wet years. The spatial scale of NDVI 
measurements either did not detect differences in forage conditions that might have influenced body 
condition or that forage conditions across home ranges of individual animals were high enough to result 
in mean body fat measurements in excess of 11%, even for those animals that occupied home ranges 
with lower NDVI values.    

An animal’s ability to survive and reproduce is dependent upon environmental constraints and 
their ability to meet nutritional demands (Parker et al. 2009). Body condition (i.e., accrued body fat) of a 
female bighorn is a measurable correlate linking the animal to the landscape. The late winter in north-
temperate regions represents a period of nutritional stress for adult females due to the increase in 
energetic demands associated with fetal growth during late gestation during when forage abundance and 
quality typically are limited. Nutritional demands increase during the spring due to costs of lactation 
however forage quality and quantity typically increase during the post-parturition period for north-
temperate ungulates (Parker et al. 2009, Cook et al. 2001).  For desert bighorn sheep in the Southwest, 
however, winter is a more favorable season, both nutritionally and physiologically. Abundant and high 
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quality forage is widely available across the landscape and thermal and water stressors are minimal. 
Conversely, the spring period or pre-monsoon summer (April – June) with its high temperatures and low 
rainfall is arguably the most nutritionally and physiologically stressful season. Unlike ungulates 
inhabiting north-temperate environments, those inhabiting the Southwest likely reach their lowest body 
condition during spring and summer, particularly during years with below average precipitation. 

We sampled body fat only during late fall or mid- to late-gestation because we chose to not 
capture animals during the heat of summer to lessen the risk of capture mortalities. Although our 
sampling period did not correspond directly with the hypothesized stressful seasons, spring and summer, 
mean percent body fat did not differ between years when sampled in the fall. An average percent body 
fat in excess of 11% across both years does not indicate that this population was nutritionally limited 
during this study. For example, body fat levels representative of good body condition are > 8% for elk 
(Cook et al. 2013) and caribou (Gerhart et al. 1996). Furthermore, the 98-100% pregnancy rate during 
the time of study also reflects that individuals sampled in this population were not nutritionally stressed. 

Across both years (2009-2010 and 2010-2011), no individual models garnered overwhelming 
support describing the relationship between the numbers of days a female was observed with a lamb at 
heel. Support for the top models was low and there was substantial model selection uncertainty 
indicating that none of the covariates were particularly useful in modeling the length of time a ewe was 
observed with a lamb at heel. A major limitation of the lamb analyses was that the fate of lambs and 
causes of lamb mortality could not be determined. While adult survival was high during both years, 
apparent lamb survival to 6 months of age was less than 25%. Although we were unable to model 
apparent lamb survival to recruitment age, juvenile recruitment may be hampering the recovery of this 
desert bighorn population.   

Mountain lion predation on bighorn sheep populations is commonplace throughout the western 
United States (Wehausen 1996, Mckinney et al. 2006a,b). For example Mckinney et al. (2006a,b) 
concluded that bighorn sheep can be limited by predation from mountain lions, particularly when facing 
lower quality forage conditions during drought. We attempted to measure adult female mortality caused 
by predation; however, predator control was occuring at the time of this study and we were unable to 
assess how predation might have influenced the population in the absence of predator removals. Due to 
the initial design of this project, lambs were not fit with radiocollars. Consequently, we were unable 
detect lamb predation or to examine how lamb predation may have impacted juvenile recruitment. In 
addition to mountain lions, coyotes, bobcat (Lynx rufus), golden eagles (Aquila chrysaetos), and gray 
fox (Urocyon cinereoargenteus) have all been reported as predators on bighorn sheep lambs (Hass 1989, 
Parsons 2007, Karsch 2014, Smith et al. 2014). While we were unable to determine the cause of lamb 
mortalites in this study, two studies in New Mexico on desert bighorn lamb mortality found that 
predation was the leading proximate cause of mortality (Parsons 2007, Karsch 2014). In addition, 
previous work on lamb mortality of Dall’s sheep (Scotton and Pletcher 1998, Arthur and Prugh 2010), 
and Rocky Mountain bighorn sheep (Hass 1989) also reported predation as the primary cause of lamb 
mortailty, whereas Smith et al. (2014) reported that disease was implicated in 36% and predation 30% of 
the mortalities of Rocky Mountain bighorn lambs in the Black Hills, South Dakota. 

Previous research postulated that body fat of adult females was correlated to birth mass of 
offspring and neonate survival (Smith et al. 1998, Cook et al. 2004). Our models, however, showed no 
significant influence of female body condition on reproductive performance which may be due to the 
timing of our assessment. Due to the variability in precipitation across home ranges, percent body fat 
would likely have also varied between the fall and spring at which time nutritional demands increased 
due to lactation. Thus, animals can have similar body condition during the fall following a favorable 
monsoon season, but inherent differences between individual home ranges in the abundance or quality 
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of forage might manifest themselves as changes in body condition during the spring when nutritional 
demands are high and forage quality and quantity are limited. Individuals with home ranges containing 
higher quality and quantity of forage would be expected to lose disproportionately less body fat during 
the spring, produce higher quality milk and lambs born to these animals would be exposed to better 
forage conditions. In addition, the high levels of body fat observed indicated that the population was not 
nutritionally limited during this study. 

The introduction of disease into bighorn sheep populations throughout the western United States 
has dramatically affected population growth and abundance (Cassirer and Sinclair 2007, McClintock 
and White 2007). We directly sampled all captured sheep across both years for diseases common to 
desert bighorn sheep. Across both years of the study, prevalence of all diseases for which we tested was 
found in the Kofa population. The prevalence of disease in the Kofa herd may be a limiting factor. 
However, we do not have data on disease prevalence during the population decline. Further research is 
needed to fully understand the complex interaction of disease in this population at the individual and 
population level, and determine to what extent disease predisposes individuals to other causes of 
mortality.  

 
MANAGEMENT RECOMMENDATIONS 

Accrued body fat of individual females is a metric of past forage quality and nutritional 
expenditures that can be used by managers to predict adult survival and recruitment (Stephenson et al. 
2002). Continued assessment of individual body fat pre- and post-parturition would provide a working 
baseline to determine herd condition over time with varying climatic conditions. Furthermore, continued 
monitoring of body fat would enable limiting factors to be identified at the population level.  

Establishing a long-term program for monitoring body condition would be beneficial to 
managers. Moreover, identifying a herd-specific body fat average pre- and post-parturition would enable 
managers to identify a herd carrying capacity and estimate a harvestable surplus for translocations (Cook 
et al. 2001). Establishing a herd-specific body fat average would also enable managers to monitor 
population growth by having a metric to gauge carrying capacity. When long-term body condition 
averages begin to stabilize or decline over time, biologists can use this information in combination with 
population estimates, to estimate a harvestable surplus for translocation. Furthermore, desert bighorn 
sheep in optimal condition when used in translocations would potentially be less affected from capture 
and handling stress, adjust more quickly, have higher survival, and be less likely to be preyed upon after 
release at the translocation site.  

Continued validation of the body fat predictive equation is needed to further refine the ability to 
predict small amounts of accrued body fat at the lower end of the range (where body condition scores 
rather than ultrasound measurements are used) in bighorn sheep found in arid ecosystems. Further, 
research should be conducted to gain a more comprehensive understanding of female body condition 
and its influence on lamb recruitment. To gain a better understanding of lamb survival and factors 
influencing recruitment, capturing and collaring of lambs could provide valuable information for the 
management of desert bighorn on the Kofa NWR. 
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Appendix 1. Model structure for a priori models assessing the influence of previous reproductive 
effort1, age class2, and seasonal forage conditions3 on the percent body fat of female desert bighorn 
sheep on the Kofa National Wildlife Refuge, Arizona, 2009-2010. 
Model Model Structure 
1 0809 Total Days + Spring NDVI 
2 0809 Total Days + Spring Precip 
3 0809 Total Days + Spring NDVI + Summer NDVI 
4 0809 Total Days + Spring Precip + Summer Precip 
5 0809 Total Days + Spring NDVI + Summer NDVI + Fall NDVI 
6 Spring NDVI 
7 Spring Precip 
8 Spring NDVI + Summer NDVI + Fall NDVI 
9 Spring NDVI + Summer NDVI 
10 Age Class + Spring NDVI 
11 Spring Precip + Summer Precip 
12 Age Class + Spring Precip 
13 Age Class + Spring NDVI + Summer NDVI 
14 Age Class + Spring Precip + Summer Precip 
15 Age Class + Spring NDVI + Summer NDVI + Fall NDVI 
16 0809 Total Days  
17 0809 Total Days + Summer NDVI + Fall NDVI 
18 0809 Total Days + Summer NDVI 
19 0809 Total Days + Fall NDVI 
20 Age Class  
21 Summer NDVI 
22 Summer Precip 
23 Age Class + Summer NDVI 
24 Fall NDVI 
25 Age Class + Fall NDVI 
26 Summer NDVI + Fall NDVI 
27 Age Class + Summer NDVI + Fall NDVI 
1Defined as the length of time a female was observed with a lamb the previous year (2008-2009 Total Days) 
2 Age classes were organized by three subcategories (age class 1 (1-2), age class 2 (3-4), and age class 3 (5+)) due to the 
difficulty in age identification in horn annuli of desert subspecies.  

3 Seasons defined: Winter (1 December - 31 March) as the cool and wet season-time of parturition, spring (1 April - 30 June) 
as the hot and dry season-time of lamb weaning, summer (1 July - 30 September) as the hot and wet season-mating season, 
and fall (1 October - 30 November) as warm and dry season with females in mid to late gestation.
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Appendix 2. Model structure for a priori models assessing the influence of previous reproductive 
effort1, age class, and seasonal forage conditions on the percent body fat of female desert bighorn sheep 
on the Kofa National Wildlife Refuge, Arizona, 2010-2011. 
Model  Model Structure 
1 0910 Total Days + Winter NDVI 
2 0910 Total Days + Winter NDVI + Spring NDVI 
3 0910 Total Days + Fall NDVI + Winter NDVI 
4 0910 Total Days + Fall NDVI + Winter NDVI + Spring NDVI 
5 0910 Total Days + Winter NDVI + Spring NDVI + Summer NDVI 
6 0910 Total Days  
7 0910 Total Days +Fall Precip + Winter Precip +Spring Precip + Summer Precip 
8 0910 Total Days +Spring Precip + Summer Precip 
9 0910 Total Days + Summer NDVI 
10 0910 Total Days + Winter Precip 
11 0910 Total Days + Fall NDVI 
12 0910 Total Days + Fall NDVI + Winter NDVI + Spring NDVI + Summer NDVI 
13 0910 Total Days + Spring Precip 
14 Winter NDVI 
15 0910 Total Days + Winter Precip + Spring Precip + Summer Precip 
16 0910 Total Days + Winter Precip + Spring Precip 
17 0910 Total Days + Spring NDVI 
18 0910 Total Days + Fall Precip 
19 Age Class + Winter NDVI 
20 0911 Total Days +Fall Precip + Winter Precip + Spring Precip 
21 0910 Total Days + Fall Precip + Winter Precip 
22 Fall NDVI + Winter NDVI 
23 0910 Total Days + Spring NDVI + Summer NDVI 
24 Winter NDVI + Spring NDVI 
25 Fall NDVI + Winter NDVI + Spring NDVI 
26 Age Class  
27 Winter NDVI + Spring NDVI + Summer NDVI 
28 Fall NDVI 
29 Age Class + Fall NDVI 
30 Age Class + Fall Precip 
31 Summer NDVI 
32 Age Class + Summer NDVI 
33 Winter Precip 
34 Age Class + Spring NDVI 
35 Fall Precip 
36 Spring NDVI 
37 Age Class + Spring Precip 
38 Spring Precip 
39 Age Class + Spring Precip + Summer Precip + Fall Precip 
40 Age Class + Summer Precip + Fall Precip 
41 Age Class + Spring Precip + Summer Precip 
42 Age Class + Summer NDVI + Fall NDVI 
43 Age Class + Spring NDVI + Summer NDVI 
44  Spring + Summer NDVI-50 
45  Age Class + Spring + Summer + Fall NDVI-50 
1Defined as the length of time a female was observed with a lamb the previous year (2009-2010). 
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Appendix 3. A priori models to assess influence of maternal body fat, age class, and seasonal forage conditions 
on the observation of lambs with female desert bighorn on the Kofa National Wildlife Refuge, 2009-2010. 
Model  Model Structure 
1 Age Class 
2 Winter NDVI 
3 Age Class + Spring Precip 
4 Age Class + Winter NDVI 
5 Age Class + Summer Precip 
6 Age Class + Winter Precip 
7 Spring Precip 
8 Summer NDVI 
9 Spring NDVI 
10 Winter Precip 
11 Summer Precip 
12 Fall NDVI 
13 Percent Body Fat 
14 Age Class + Summer NDVI 
15 Age Class + Spring NDVI 
16 Age Class + Fall NDVI 
17 Age Class + Spring Precip + Summer Precip 
18 Winter NDVI + Spring NDVI 
19 Fall NDVI + Winter NDVI 
20 Percent Body Fat + Winter NDVI 
21 Age Class + Winter Precip + Spring Precip 
22 Age Class + Winter NDVI + Spring NDV 
23 Age Class + Fall NDVI + Winter NDVI 
24 Winter Precip + Spring Precip 
25 Percent Body Fat + Summer NDVI 
26 Spring Precip + Summer Precip 
27 Percent Body Fat + Spring Precip 
28 Spring + Summer NDVI-50 
29 Percent Body Fat + Spring NDVI 
30 Percent Body Fat + Winter Precip 
31 Percent Body Fat + Summer Precip 
32 Percent Body Fat + Fall NDVI 
33 Age Class + Winter Precip + Spring Precip + Summer Precip 
34 Age Class + Spring NDVI + Summer NDVI 
35 Percent Body Fat + Winter NDVI + Spring NDVI 
36 Winter NDVI + Spring NDVI + Summer NDVI 
37 Fall NDVI + Winter NDVI + Spring NDVI 
38 Percent Body Fat + Fall NDVI + Winter NDVI 
39 Age Class + Winter NDVI + Spring NDVI + Summer NDVI 
40 Winter Precip + Spring Precip + Summer Precip 
41 Age Class + Fall NDVI + Winter NDVI + Spring NDVI 
42 Percent Body Fat + Winter Precip + Spring Precip 
43 Percent Body Fat + Spring NDVI + Summer NDVI 
44 Percent Body Fat + Spring Precip + Summer Precip 
45 Percent Body Fat + Fall NDVI + Winter NDVI + Spring NDVI 
46 Percent Body Fat + Winter NDVI + Spring NDVI + Summer NDVI 
47 Fall NDVI + Winter NDVI + Spring NDVI + Summer NDVI 
48 Percent Body Fat + Winter Precip + Spring Precip + Summer Precip 
49 Age Class + Fall NDVI + Winter NDVI + Spring NDVI + Summer NDVI 
50 Percent Body Fat + Fall NDVI + Winter NDVI + Spring NDVI + Summer NDVI 
 




