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FEDERAL AID IN WILDLIFE RESTORATION
ANNUAL PROJECT PERFORMANCE REPORT

State: Idaho
Grant number: F12AF00801

Grant name: State Wildlife Research

Project titles: Statewide Ungulate Ecology
Statewide Bird Ecology

Studies: Statewide Ungulate Ecology
| Survival and population modeling of mule deer
1 Effects of wolf predation on elk and moose populations
] Hells Canyon/Lower Salmon River Bighorn Sheep
Studies: Statewide Bird Ecology
| Greater-Sage Grouse (Centrocercus urophasianus) habitat and population
trends in southern Idaho
1 Pheasant ecology and management
] Support for Columbian Sharp-tailed Grouse

Report Period: July 1, 2012 to June 30, 2013
Report due date: September 28, 2013

Location of work: Panhandle, Clearwater, McCall, Southwest, Magic Valley, Southeast, Upper
Snake, and Salmon regions (statewide).

Objectives:

Conduct research on mule deer, wolves, elk, moose, bighorn sheep, sage-grouse,
pheasants, and sharp-tailed grouse; and their habitats to gather biological information to
provide valid, scientifically-based information for wildlife managers to make sound
wildlife conservation and management decisions.

If the work in this grant was part of a larger undertaking with other components and
funding, present a brief overview of the larger activity and the role of this project.

Studies under Statewide Ungulate Ecology and Statewide Bird Ecology projects are part
of a larger wildlife research program. Graduate student projects represent contributing
subsets of the main project studies. Overall, the Wildlife Research Program is designed
to collect information, analyze results, and disseminate information for wildlife managers
and policy makers to assist with conservation and management actions.



Describe how the objectives were met.

STUDIES: STATEWIDE UNGULATE ECOLOGY

STUDY I: Survival and Population Modeling of Mule Deer

Job I: Functional Analysis of NDVI Curves Reveals Overwinter Mule Deer Survival
is Driven by Both Spring and Fall Phenology, Not Just Spring

ABSTRACT: Juvenile survival is an important driver of population dynamics of large
herbivores. While most studies in seasonal environments have focused on the effects of
spring plant phenology on juvenile survival, recent studies demonstrated that fall
nutrition plays a crucial role. We tested for both direct and indirect (through body mass)
effects of spring and fall phenology on winter survival of 2,315 mule deer fawns across a
wide range of environmental conditions in Idaho, USA. We first performed a functional
analysis that identified spring and fall as the key-periods for structuring the among-
population and among-year variation of primary production (approximated from 1-km
AVHRR Normalized Difference Vegetation Index, NDVI) along the growing season. A
path analysis showed that early winter precipitation and direct and indirect effects of
spring and fall NDVI functional components accounted for 45% of observed variation in
overwinter survival. The effect size of fall phenology on body mass was about twice as
much as that of spring phenology, while direct effects of phenology on survival were
similar between spring and fall. We demonstrate that the effects of plant phenology vary
across ecosystems, and that in semi-arid systems, fall may be more important than spring
for overwinter survival.

STUDY I, Job I1: Estimate the Effect of Habitat Quality of Summer Range on
Survival and Recruitment of Fawns

ABSTRACT: Weather conditions and plant composition will determine the nutritional
quality of mule deer summer ranges. Nutrition of the adult female and fawns has been
shown to influence the growth rate of fawns, a quality strongly related to winter survival.
To link nutritional quality to mule deer vital rates, we measured seasonal forage quality
and plant composition of adult female summer ranges. Forty-seven phenology plots were
initiated in May and June, 2012 in all 3 of the major ecotypes in southern Idaho and
revisited 157 times in 2012 and 139 in 2013 during mid to late summer. We collected
plant samples at each phenological stage for analysis of crude protein and digestible
energy. We will then link actual measured nutritional quality of a vegetation type to
remotely sensed measures of NDVI to produce a broad scale estimate of seasonal habitat
quality. Plant cameras were deployed at phenology plots as another intermediate step to
link RGB levels of the photograph (n = 48,000) to the MODIS spectral signature. To
understand how summer range selection influence fawn survival, we estimated plant
composition of 38 home ranges of adult females with GPS collars distributed across the
ecotypes in 2013 (18 in 2012). We averaged 5 transects per home range to adequately
characterize the vegetation composition for each deer (85 transects in 2012 and 196 in
2013). Fecal samples were collected in each home range to estimate diet composition



and selection. The summer range specific, nutritional quality estimates will be backcast
using the NDVI values to include the years 1998-2013 for which empirical estimates of
mule deer fawn survival and fawn ratios are available. Relationships of these vital rates
to summer range nutritional quality will be modeled to determine the effect on mule deer
population dynamics. To test the importance of different vital rates to population growth,
we have developed an integrated population model and are testing it for functionality.
Inputs for this model include; age and sex ratios, age specific survival, harvest, and
intermittent population estimates. We added modules for estimating survival and
visibility bias in aerial surveys in 2013.

STUDY II: Effects of Wolf Predation on Elk and Moose Populations

ABSTRACT: During FY 13, we captured 31 elk including 11 cows, and 3 bulls, and 17
calves in the North Fork study area. Thirteen elk collars were recovered from the
Lowman site when their GPS successfully dropped on schedule. Two elk were
recaptured in the Lowman study area to remove GPS collars and download location
data. The final two wolf GPS collars were recovered from the study area. Elk in the
North Fork were fitted with GPS radio collars and we obtained various measurements and
biological samples. We measured rump fat on captured elk either by palpation or a
combination of palpation and ultrasonography. Cow elk serum was evaluated for levels
of PSPB to determine pregnancy. We extracted a canine tooth from all elk >3.5 years age
and teeth were sectioned to determine age. Elk fecal samples were examined to
determine the presence of giant liver fluke ova and all were negative. We captured 13
wolves in the North Fork that were fitted with GPS-Argos radio collars. We conducted
monitoring flights on a biweekly basis to determine survival status of elk and wolves.

We conducted necropsies on 15 elk and 5 wolves. We downloaded location data from
GPS collars obtained from dead animals and collars recovered following release. We
currently have 56,532 wolf GPS locations and 560,080 elk GPS locations. We conducted
aerial surveys in the North Fork during March to measure the spatial distribution and
abundance of elk and alternate ungulate prey. We measured snow depth and sinking
depth at 5 sites. We continue to populate an Access database with data from captures,
monitoring flights, necropsies, and GPS data from collars.

STUDY Il1: Hells Canyon/Lower Salmon River Bighorn Sheep
Job I: Hells Canyon Initiative to Restore Rocky Mountain Bighorn Sheep

ABSTRACT: The Hells Canyon Initiative is a state, federal, and private partnership to
restore Rocky Mountain bighorn sheep (Ovis canadensis canadensis) in the Hells
Canyon area of Oregon, Idaho, and Washington. During 2012—2013, 138 radio-
collared bighorn sheep were monitored regularly in 14 populations. Average annual
survival of radio-collared ewes was 0.84 and annual ram survival was 0.78. Pneumonia-
caused mortality of lambs was confirmed in 4 populations and suspected in 5 others.
The overall metapopulation was estimated at 780 bighorn sheep, an increase from an
estimate of 740 sheep in 2011—2012.

Multi-year collaborative projects were continued with the University of Idaho Caine
Veterinary Teaching Center (CVTC) and the Department of Veterinary Microbiology and



Pathology at Washington State University to better understand the clinical causes of
disease, in particular Mycoplasma ovipneumoniae, in bighorn sheep. Three papers were
published in peer-reviewed journals.

The goals of the Salmon River bighorn sheep study are to evaluate population and
genetic structure of bighorn sheep in the Salmon River drainage in Game Management
Units (GMU) 14, 19, 19A, 20, and 20A, and to assess connectivity between these sheep
and other Idaho sheep populations. A final report (MS Thesis) is expected by the end of
2013.

STUDY I11, Job Il: Spatio-Temporal Dynamics of Pneumonia in Bighorn Sheep

ABSTRACT: Bighorn sheep mortality related to pneumonia is a primary factor limiting
population recovery across western North America, but management has been
constrained by an incomplete understanding of the disease. We analysed patterns of
pneumonia-caused mortality over 14 years in 16 interconnected bighorn sheep
populations to gain insights into underlying disease processes.

We observed four age-structured classes of annual pneumonia mortality patterns: all-age,
lamb-only, secondary all-age and adult-only. Although there was considerable variability
within classes, overall they differed in persistence within and impact on populations.
Years with pneumonia-induced mortality occurring simultaneously across age classes
(i.e. all-age) appeared to be a consequence of pathogen invasion into a naive population
and resulted in immediate population declines. Subsequently, low recruitment due to
frequent high mortality outbreaks in lambs, probably due to association with chronically
infected ewes, posed a significant obstacle to population recovery. Secondary all-age
events occurred in previously exposed populations when outbreaks in lambs were
followed by lower rates of pneumonia-induced mortality in adults. Infrequent pneumonia
events restricted to adults were usually of short duration with low mortality.

Acute pneumonia-induced mortality in adults was concentrated in fall and early winter
around the breeding season when rams are more mobile and the sexes commingle. In
contrast, mortality restricted to lambs peaked in summer when ewes and lambs were
concentrated in nursery groups. We detected weak synchrony in adult pneumonia
between adjacent populations, but found no evidence for landscape-scale extrinsic
variables as drivers of disease. We demonstrate that there was a >60% probability of a
disease event each year following pneumonia invasion into bighorn sheep populations.
Healthy years also occurred periodically, and understanding the factors driving these
apparent fade-out events may be the key to managing this disease. Our data and
modelling indicate that pneumonia can have greater impacts on bighorn sheep
populations than previously reported, and we present hypotheses about processes
involved for testing in future investigations and management.



STUDIES: STATEWIDE BIRD ECOLOGY

STUDY I: Greater Sage-grouse (Centrocercus urophasianus) Habitat and
Population Trends in Southern Idaho

Job I: Factors Influencing the Ecology of Greater Sage-Grouse Inhabiting the Bear
Lake Plateau and Valley, Idaho-Utah

ABSTRACT: The purpose of this research is to describe the ecology, seasonal
movements, and habitat-use patterns of greater sage-grouse (Centrocercus urophasianus)
that inhabit the Bear Lake Plateau and Valley relative to existing land-uses. Because the
Bear Lake Plateau and Valley is subject to both natural and anthropogenic barriers and
fragmentation, defining population vital rates, seasonal movements, and habitat-use
relative to land use and jurisdictional boundaries of this population will provide an
important foundation for management cooperation among Idaho, Utah, and Wyoming.
Preliminary data are provided. Sage-grouse land use research will also define the core
use areas of important seasonal and temporal habitats in the Bear Lake Plateau and
Valley. The student has completed her field work and is planning on defending her thesis
during fall 2013.

STUDY I, Job I1: A Method for Estimating Population Sex Ratio for Sage-Grouse
Using Non-Invasive Genetic Samples

ABSTRACT: Population sex ratio is an important metric for wildlife management and
conservation, but estimates can be difficult to obtain, particularly for sexually
monomorphic species or for species that differ in detection probability between the sexes.
Noninvasive genetic sampling (NGS) using polymerase chain reaction (PCR) has become
a common method for identifying sex from sources such as hair, feathers or feces, and is
a potential source for estimating sex ratio. If, however, PCR success is sex-biased,
naively using NGS could lead to a biased sex ratio estimator. We measured PCR success
rates and error rates for amplifying the W and Z chromosomes from greater sage-grouse
(Centrocercus urophasianus) fecal samples, examined how success and error rates for
sex identification changed in response to fecal sample exposure time, and used simulation
models to evaluate precision and bias of three sex assignment criteria for estimating
population sex ratio with variable sample sizes and levels of PCR replication. We found
PCR success rates were higher for females than males and that choice of sex assignment
criteria influenced the bias and precision of corresponding sex ratio estimates. Our
simulations demonstrate the importance of considering the interplay between the sex bias
of PCR success, number of genotyping replicates, sample size, true population sex ratio
and accuracy of assignment rules for designing future studies. Our results suggest that
using fecal DNA for estimating the sex ratio of sage-grouse populations has great
potential and, with minor adaptations and similar marker evaluations, should be
applicable to numerous species.

STUDY 1, Job I11: Effects of Landscape-Scale Environmental Variation on Greater
Sage-Grouse Chick Survival

ABSTRACT: Effective long-term wildlife conservation planning for a species must be
guided by information about population vital rates at multiple scales. Greater sage-
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grouse (Centrocercus urophasianus) populations declined substantially during the
twentieth century, largely as a result of habitat loss and fragmentation. In addition to the
importance of conserving large tracts of suitable habitat, successful conservation of this
species will require detailed information about factors affecting vital rates at both the
population and range-wide scales. Research has shown that sage-grouse population
growth rates are particularly sensitive to hen and chick survival rates. While considerable
information on hen survival exists, there is limited information about chick survival at the
population level, and currently there are no published reports of factors affecting chick
survival across large spatial and temporal scales. We analyzed sage-grouse chick
survival rates from 2 geographically distinct populations across 9 years. The effects of 3
groups of related landscape-scale covariates (climate, drought, and phenology of
vegetation greenness) were evaluated. Models with phenological change in greenness
(NDVI) performed poorly, possibly due to highly variable production of forbs and
grasses being masked by sagebrush canopy. The top drought model resulted in
substantial improvement in model fit relative to the base model and indicated that chick
survival was negatively associated with winter drought. Our overall top model included
effects of chick age, hen age, minimum temperature in May, and precipitation in July.
Our results provide important insights into the possible effects of climate variability on
sage-grouse chick survival

STUDY I, Job 1V: Mapping Sage-Grouse Fence-Collision Risk: Spatially Explicit
Models for Targeting Conservation Implementation

ABSTRACT: Recent research suggested greater sage-grouse (Centrocercus
urophasianus; hereafter, sage-grouse) fence collision may be widespread, and fence-
marking methods have been developed for reducing prairie-grouse collision in sagebrush-
steppe habitats. However, research also suggested sage-grouse collision was highly
variable, and managers implementing mitigation desire targeting tools to prioritize
mitigation efforts as a function of risk. We fit collision-risk models using widely
available covariates to a sage-grouse fence-collision data set from Idaho, USA, and
developed spatially explicit versions of the top model for all known sage-grouse breeding
habitats (i.e., within 3 km of leks) in 10 of 11 western states where sage-grouse are found.
Our models prioritize breeding habitats for mitigation as a function of terrain ruggedness
and distance to nearest lek, and suggest that a relatively small proportion of the total
landscape (6—-14%) in each state would result in >1 collision over a lekking season.
Managers can use resulting models to prioritize fence-marking by focusing efforts on
high risk landscapes. Moreover, our models provide a spatially explicit tool to efficiently
target conservation investments, and exemplify the way that researchers and managers
can work together to turn scientific understanding into effective conservation solutions.

STUDY I, Job V: Greater Sage-Grouse Lek Attendance Rates in Southern Idaho:
Visibility Bias for Sage-Grouse Lek Counts

ABSTRACT: Declining breeding populations of greater sage-grouse necessitates
careful assessment and accurate estimates of trends at the population level. The primary
method for monitoring sage-grouse is by comparing numbers of males observed at groups
of traditional lek sites among years. The sightability of male sage-grouse on leks is likely
<1 for numerous reasons. The result is termed visibility bias and has generally been
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overlooked when considering lek counts. Our objectives were to identify variables that
influence sightability of male sage-grouse during lek route surveys and to develop a
model to correct for visibility bias. We conducted simultaneous counts of sage-grouse
from a truck using standard lek-counting procedures and from blinds positioned <20 m
from the edge of the leks. We built candidate models for predicting visibility bias using
logistic regression with variables specific to the lek and time of observation. Sightability
in our study varied from <50% under certain circumstances to 100% under others. Our
analysis revealed strong evidence that sightability of sage-grouse was negatively
correlated with lek area, visual obstruction, distance, and time. Alternatively, hen
presence increased sightability, as did direct sunlight until 30 min past sunrise.
Estimating and correcting for variation in these counts due to visibility bias should
improve their power to detect differences among populations or through time, making
results more reliable and defensible.

STUDY 1, Job VI: Phytochemistry Predicts Habitat Selection by an Avian
Herbivore at Multiple Spatial Scales

ABSTRACT: Animal habitat selection is a process that functions at multiple,
hierarchically structured spatial scales. Thus multi-scale analyses should be the basis for
inferences about factors driving the habitat selection process. Vertebrate herbivores
forage selectively on the basis of phytochemistry, but few studies have investigated the
influence of selective foraging (i.e., fine-scale habitat selection) on habitat selection at
larger scales. We tested the hypothesis that phytochemistry is integral to the habitat
selection process for vertebrate herbivores. We predicted that habitats selected at three
spatial scales would be characterized by higher nutrient concentrations and lower
concentrations of plant secondary metabolites (PSMs) than unused habitats. We used the
Greater Sage-Grouse (Centrocercus urophasianus), an avian herbivore with a seasonally
specialized diet of sagebrush, to test our hypothesis. Sage-Grouse selected a habitat type
(black sagebrush, Artemisia nova) with lower PSM concentrations than the alternative
(Wyoming big sagebrush, A. tridentata wyomingensis). Within black sagebrush habitat,
sage-grouse selected patches and individual plants within those patches that were higher
in nutrient concentrations and lower in PSM concentrations than those not used. Our
results provide the first evidence for multi-scale habitat selection by an avian herbivore
on the basis of phytochemistry, and they suggest that phytochemistry may be a
fundamental driver of habitat selection for vertebrate herbivores.

STUDY I, Job VII: Response of Greater Sage-Grouse to Wind Power Development
in Idaho: Final Report

ABSTRACT: The Idaho Department of Fish and Game (IDFG) has been studying this
greater sage-grouse (Centrocercus urophasianus) population continuously since 2002 for
multiple studies and formally initiated research on the impacts of wind power to sage-
grouse beginning 1 July, 2011; commencing with the establishment of a funding
agreement between IDFG and the Western Association of Fish & Wildlife Agencies
(WAFWA) in conjunction with the wind farm developer. The research project involved a
Before-After-Control-Impact (BACI) design utilizing both a treatment (Browns Bench)
and control (Mary’s Creek) area. The treatment area encompassed the proposed China
Mountain Wind Farm Project. Funding from the Federal Aid for Wildlife Restoration
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was used for supervision of field crews and writing the final report. Seventeen sage-
grouse (15 females, 2 males) were captured and fitted with solar-powered satellite
platform terminal transmitter (PTT) during 2012. Battery-powered very high frequency
(VHF) transmitters were placed on 58 sage-grouse (31 females, 27 males) and monitored
for movements, survival, and nest success.

Survival was 83 + 16% for females and 73 + 33% for males on the proposed treatment
area (January—July, 2012). Female survival was 33 + 20% and male was 51 + 17% on
the control area (February-October, 2012). Apparent nest success was 33% on the
proposed treatment area and 63% on the control area. Movements were similar to past
research projects on both areas and grouse continued to use the proposed wind farm
impact zone for seasonal habitat. No further work is being conducted on this project
other than retrieval of PTT transmitters as mortalities occur.

STUDY I, Job VIII: Estimating Grass Height at Nest Initiation for Greater Sage-
Grouse in Idaho

ABSTRACT: Quality nesting habitat is important for increasing populations of greater
sage-grouse (Centrocercus urophasianus). Past research has combined grass species and
measured after nests hatched. My research focused on individual grass species at nests
and random plots. I also calculated grass height at the beginning of incubation based on
grass growth within 50 m of 100 nests actively being incubated. Grass structure was
measured on 3 drupe height structures (residual, live, flower), number of flower stalks,
and horizontal cover (effective height). Percent ground cover was also measured.

Six grass species were the most abundant and occurred at a majority of the nests:
Sandberg bluegrass (81% of nests, Poa secunda), bluebunch wheatgrass (49%,
Pseudoroegneria spicata), bottlebrush squirreltail (47%, Elymus elymoides), cheatgrass
(39%, Bromus tectorum), Idaho fescue (17%, Festuca idahoensis), and Indian ricegrass
(16%, Achnatherum hymenoides). Cheatgrass residual height increased 8%, Idaho fescue
increased 3% and the rest of the common grasses decreased 6-37% in residual height with
Indian ricegrass declining the most. Nest sites had taller residual grass height for two of
the four native bunchgrasses (bluebunch wheatgrass and Idaho fescue) than occurred at
random. Bluebunch wheatgrass and Sandberg bluegrass had taller live grass height at
nests than at random. Bluebunch wheatgrass had taller flower stalks whereas cheatgrass
had shorter flower stalks at nests than at random. Nests had significantly more bluebunch
wheatgrass ground cover (7.8%) than available at random (5.4%).

Female sage-grouse might be selecting for sites with greater bluebunch wheatgrass
because this species provides taller plant structure for concealment of nests. Future work
includes developing variables from the dataset that allows for multivariate statistical
analysis to determine if nest success is influenced by species specific habitat selection.



STUDY II: Pheasant Ecology and Management
Territorial Male Pheasant Density Response to Habitat Changes

Progress during the performance period was limited to data editing, compilation, and
accuracy verification.

STUDY Il Support for Columbian Sharp-tailed Grouse Research

Results for this project will be reported in the annual performance report for project W-
184-R-1 (Columbia Sharp-tailed Grouse Research) due 31 December, 2013.

Discuss differences between work anticipated in grant proposal and grant agreement, and
that actually carried out with Federal Aid grant funds.

The work accomplished during the reporting period corresponds closely with that
described in the grant project statement.

List any publications or in-house reports resulting from this work.
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Biology 18:153-163.
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APPENDIX I
PROGRESS REPORTS FOR STUDIES IN STATEWIDE UNGULATE ECOLOGY

STUDY I: SURVIVAL AND POPULATION MODELING OF MULE DEER

Job I: Functional analysis of NDVI curves reveals overwinter mule deer survival is driven
by both spring and fall phenology, not just spring

Submitted for publication in the Philosophical Transactions of the Royal Society B

Mark A. Hurley', Mark Hebblewhite™?, Jean-Michel Gaillard*, Stéphane Dray*, Kyle A.
Taylor'”, K.W. Smith®, Pete Zager’, Christophe Bonenfant®

"daho Department of Fish and Game, Salmon, ID, USA.

Wildlife Biology Program, Department of Ecosystem and Conservation Sciences, University of
Montana, Missoula, Montana, USA.

3 Dept. Biodiversity and Molecular Ecology, Research and Innovation Centre

Fondazione Edmund Mach, San Michele all'Adige, Trentio, Italy.

* Laboratoire Biometrie & Biologie Evolution, CNRS-UMR-5558, Univ. C. Bernard - Lyon I
Villeurbanne, France.

> Department of Botany, University of Wyoming, Laramie, Wyoming, USA.

% Numerical Terradynamics Simulation Group, Department of Ecosystem and Conservation
Sciences, University of Montana, Missoula, Montana, USA.

"1daho Department of Fish and Game, Lewiston, ID, USA.

Abstract

Juvenile survival is an important driver of population dynamics of large herbivores. While most
studies in seasonal environments have focused on the effects of spring plant phenology on
juvenile survival, recent studies demonstrated that fall nutrition plays a crucial role. We tested
for both direct and indirect (through body mass) effects of spring and fall phenology on winter
survival of 2315 mule deer fawns across a wide range of environmental conditions in Idaho,
USA. We first performed a functional analysis that identified spring and fall as the key-periods
for structuring the among-population and among-year variation of primary production
(approximated from 1-km AVHRR Normalized Difference Vegetation Index, NDVI) along the
growing season. A path analysis showed that early winter precipitation and direct and indirect
effects of spring and fall NDVI functional components accounted for 45% of observed variation
in overwinter survival. The effect size of fall phenology on body mass was about twice as much
as that of spring phenology, while direct effects of phenology on survival were similar between
spring and fall. We demonstrate that the effects of plant phenology vary across ecosystems, and
that in semi-arid systems, fall may be more important than spring for overwinter survival.

Key words: Demography, NDVI, Phenology curve, Population dynamics, Ungulate, Winter
severity
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1. INTRODUCTION

Like most other large herbivores of temperate and northern areas, mule deer (Odocoileus
hemionus) population growth is more sensitive to a given change in adult female survival than to
the same change in other demographic parameters, although adult female survival tends not to
vary in mule deer[1, 2]; [3] for a general discussion. In contrast, juvenile survival shows the
widest temporal variation, often in response to variation in weather [4-6] and population density
[7]. This large variation in juvenile survival, especially overwinter survival, often drives
population growth of mule deer [1, 2, 8]. Fawns accumulate less fat than adults during the
summer, which increases their mortality because variation in late summer nutrition interacts with
overwinter severity [1, 9]. While previous studies have shown that spring NDVI correlates with
early juvenile survival, summer survival is only one component of recruitment, and is not
necessarily more important than overwinter survival to shape overall juvenile survival. Yet, to
date, the effect of changes in fall plant phenology on overwinter juvenile survival remains
unexplored.

Focused by the pioneering experimental work on elk (Cervus elaphus)[10], there is a
growing recognition that in temperate areas, late summer and fall nutrition are an important
driver of overwinter survival and demography of large herbivores [10, 11]. Lactation during
summer is a nutritionally demanding part of the annual nutritional cycle [12, 13]. Summer
nutrition first affects adult female body condition [11], which predicts pregnancy rates [10, 11,
14], overwinter adult survival rates [11, 15], litter size [16], as well as birth mass and early
juvenile survival [8, 16, 17]. Nutrition during winter (energy) minimizes body fat loss [8], but
rarely changes the importance of late summer and fall nutrition for survival of both juveniles and
adults [10]. Winter severity interacts with body condition to shape winter survival of ungulates
[11, 18], and can, in severe winters, overwhelm the effect of summer/fall nutrition in driving
overwinter survival of juveniles.

There has been a recent explosion of the integration of remote sensing data into wildlife
conservation and management [19-21]. With satellites like AVHRR, MODIS, SPOT [22, 23],
and growing tool sets for ecologists [24], derived metrics are being commonly used to analyze
the ecological processes driving wildlife distribution and abundance [21]. Indices such as the
Normalized Difference Vegetation Index (NDVI) and the Enhanced Vegetation Index (EVI)
strongly correlate with vegetation productivity, track growing season dynamics [25, 26] and
differences between landcover types at moderate resolutions over broad spatio-temporal scales
[22]. For large herbivores NDVI has become the gold standard for indexing habitat quality
across large spatio-temporal scales [21, 27, 28]. This is because large herbivores select for
intermediate forage biomass to maximize forage quality [29]. Phenological parameters extracted
from NDVI correlate with maximum forage quality for a variety of ungulates [27, 30, 31]. As a
result of the link between NDVI metrics and forage quality, NDVI can be predictive of ungulate
nutrition [27], home range size [32], migration [28], and movements [31, 33]. An increasing
number of studies have also linked NDVI to body mass and demographic parameters of
vertebrates. Most of these studies (reviewed in Table 1) only focused on just spring phenology,
although recent field studies on ungulates emphasized the critical importance of late summer and
fall nutritional ecology. Moreover, all but one [34] were based on pre-defined metrics assumed to
provide a reliable description of the NDVI curve.

Thus, ecologists have increasingly used a number of standardized growing season
parameters describing the onset, peak, and sensation of plant growth. Unfortunately, these useful
parameters are often highly correlated. In Wyoming for instance, the start of the growing season
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was delayed and the rate of green-up decreased following winters with high snow cover [35].
Thus, one main barrier to understanding the complex influence of growing season dynamics on
ungulate survival is how to disentangle correlated plant phenology metrics. Another
underappreciated barrier is the challenge of harnessing the time series nature of NDVI data,
which requires appropriate specific statistical tools, but that few previous studies have addressed.
This explains why no previous study has attempted to describe the entire NDVI function across
the entire growing season. To fill this important gap, the joint use of functional analysis [36] to
characterize seasonal variation in NDVI curves and path analyses [37] to assess both direct and
indirect effects of plant phenology offers a powerful way to address such entangled relationships.

Our first goal was to identify the key-periods for structuring the among-population and
among-year variation of primary production, measured remotely using NDVI curves along the
growing season. Second, with the main periods of NDVI variability identified, we assessed both
direct and indirect (through fawn body mass) effects of these key-periods on overwinter mule
deer fawn survival. We took advantage of a uniquely long-term (1998 — 2011) and large spatial
scale approach to disentangle plant phenology effects on mule deer survival, encompassing 13
different populations spread over Idaho while most previous studies have focused only within 1
or 2 populations. These populations represent diverse ranges of elevation, habitat quality, and
climatological influences. We focus here on overwinter fawn survival because previous studies
[1, 2] have demonstrated that this parameter is of paramount importance driving overall
population growth rate of mule deer. However, the influences of plant phenology during the
growing season and of winter severity on winter survival are not independent because they both
involve a strong indirect effect of body mass. Mysterud et al. [38] used a path analysis to
separate independent effects of summer versus winter effects on body mass and survival. We
propose a novel methodological framework in which we analyze direct remote sensing NDVI
measurements using functional principal component analysis in an effort to discriminate regions
with differing fall and spring phenology. We then use Hierarchical Bayesian path analysis
approach to identify drivers of overwinter mule deer survival. We predicted, based on previous
studies, that plant phenology should drive body mass of mule deer at 6 months of age, and that
body mass and winter severity should be the primary drivers of overwinter survival. We
expected direct effects of plant phenology on winter survival to be weaker. We also expected
early winter severity would affect overwinter fawn survival more than late winter severity based
on previous studies [39].

2. Materials and methods

(a) Study Areas

The study area spanned ~ 160,000km?, representing nearly the entire range of climatic conditions
and primary productivity of mule deer in Idaho. We focused on 13 populations with winter
ranges corresponding to 13 Idaho game management units (GMUs); hereafter we use GMU
synonymous with population (Fig. 2). All deer populations were migratory with an average
winter range size (see (b) mule deer monitoring below) for each GMU was 430km® and average
summer range size of 3360km”. There are three main habitat types (called ecotypes hereafter)
within the study area based on the dominant overstory canopy species on summer range,
including; coniferous forests, shrub-steppe, and aspen woodlands. The populations were
distributed among the ecotypes with 5 populations mostly in conifer in the western or north-
central portion of the state (GMUs 32, 33, 36B, 39, 60A), 2 in shrub-steppe ecotype in the central
to eastern area (GMUs 54, 58), and 6 in aspen primarily in the east and south (GMUs 56, 67, 69,
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72, 73A, 76). Elevation and topographic gradients within GMUs affect snow depths and
temperature in winter, and precipitation and growing season length in the summer. The general
gradient of elevation increased from the southwest to the North and East. Conifer GMUSs ranged
in elevation from 1001 — 1928m, but most were <1450m. Winter precipitation (winter severity)
varied widely (from 10 to 371mm) in coniferous GMUSs. Coniferous ecotype summer ranges are
dominated by conifer species interspersed with cool season grasslands, sagebrush, and
understory of forest shrubs. Shrub-steppe GMUs ranged from 1545 to 2105 m, with winter
precipitation from 24 to 105 mm. Summer range within shrub steppe ecotypes was dominated by
mesic shrubs (e.g., bitterbrush (Purshia tridentata) sagebrush spp. Artemsia, rabbitbrush
Chrysothamnus spp., etc). Aspen ecotype GMUSs were located in the east and south with winter
use areas ranging from 1582 to 2011m, with 5 of the 6 GMUs above 1700m with early winter
precipitation ranging from 25 to 146mm. In summer, productive mesic Aspen (Populus
tremuloides) woodlands were interspersed with mesic shrubs.

(b) Mule deer monitoring

We radiocollared mule deer fawns at 6 months of age in the 13 GMUs (Fig. 1), resulting in 2315
mule deer fawns from 1998 — 2011. We captured fawns primarily using helicopters to move deer
into drive nets [40], but occasionally by helicopter netgun [41] or clover traps [42]. Mule deer
capture and handling methods were approved by IDFG (Animal Care and Use Committee, IDFG
Wildlife Health Laboratory) and University of Montana IACUC (protocol #02-11MHCFC-
031811). Fawns were physically restrained and blindfolded during processing with an average
handling time of < 6 minutes. Collars weighed 320 - 400 grams (< 2% of deer mass), were
equipped with mortality sensors and fastened with temporary attachment plates or surgical
tubing, allowing the collars to fall off the animals after approximately 8-10 months. We
monitored between 20 and 34 mule deer fawns in each study area for a total of 185 to 253
annually from 1998 —2011. We measured fawn mass to the nearest 0.4 kilogram with a
calibrated spring scale.

We monitored fawns with telemetry for mortality from the ground every 2 days between
capture and 15 May through 2006, and then once at the 1* of each month during 2007-2011.
Missing fawns were located aerially when not found during ground monitoring. When a
mortality signal was detected, we determined cause of death using a standard protocol [43] and
included all sources of mortality in survival analyses. In addition, we kept a minimal annual
sample of ~ 600 adult females with radiocollars, using the same capture techniques as fawns. We
used aerial locations from these deer to estimate herd unit home ranges.

(c) Defining Mule Deer Population Ranges

We used the mule deer winter range for each GMU as the main spatial unit of analysis, and we
extracted NDVI data and winter weather for each year from each population. Relocation points
for all individuals and years in a single study site were combined to estimate a 95% adaptive
kernel home range for both summer and winter [44] for mule deer captured within a population.
Migratory periods, 1 April to 1 June and 1 October to 15 November, were excluded from the
home range estimates, animal locations between 1 June and 30 September were used for
summer, 1 December to 31 March for winter. Climate and habitat information was then
summarized by the aggregate home range of radio-collared deer for winter and summer within
each population.
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(d) Functional Analysis of NDVI curves

We measured growing season phenology for each population-year using the NDVI [45]. We
used the 1-km resolution AVHRR conterminous United States and Alaska NDVI data obtained
from the NOAA-14,-16, and -17 AVHRR satellites, a 1km, 7-day composite dataset compiled by
[46] and maintained by the USGS (http://phenology.cr.usgs.gov/index.php) from 1997 — 2010
(e.g., NDVI from the growing season preceding winter). Because our study period extended
beyond the period of MODIS availability, we opted to use the continuously available AVHRR
composite product, though this AVHRR dataset and MODIS show strong correspondence [47].
This dataset was corrected for radiometric sensor anomalies, cloud cover contamination and
geometric registration accuracy (Eldenshink [46]. Phenological changes in NDVI only directly
represent ungulate forage dynamics in non-forested vegetation types, thus we extracted NDVI
values from (non-burned) grass and shrub community types characterized by the SAGEMAP
(2005 USGS, Forest and Rangeland Ecosystem Science Center, Snake River Field Station,
Boise, ID) and North West Regional GAP analysis models of vegetation cover within each of the
mule deer ranges. To encompass the entire growing season for each population-year, but
excluding winter anomalies caused by varying snow condition, we restricted NDVI data to 15
March to 15 November. This time period provided a standardized measure of growing season
while capturing the variability both within and between populations for comparing curves.

We first assessed among population-year variation in NDVI curves to test direct and
indirect (i.e., through body mass) effects of changes in plant phenology on overwinter survival of
fawns. In most previous studies (see table 1 for a review), ecologists have either used a-priori
summary statistics of NDVI, or extracted a-priori defined phenology variables such as peak of
NDVI, integrated NDVI, or timing of maximum rate of change in spring NDVI [20].
Unfortunately, while elegant, this approach has led to the use of only a few variables to define
the growing season in any ecosystem. As we do not expect patterns of variation in plant
phenology along the growing season to be the same everywhere, we proposed a new approach to
identify the key-periods along the NDVI curve. Instead of defining these periods a priori, our
approach is based on a multivariate functional analysis of variation in observed NDVI curves.
We used a functional principal component analysis (FPCA), a particular type of functional data
analysis (FDA) to analyze among-population and among-year variation in NDVI curves. FDA is
specifically designed to describe, summarize and model information in multivariate time series
[36]. FPCA techniques are relatively recent [36] and surprisingly rarely used in ecology (but see
[48] for a recent application) even if they offer a very powerful way to analyze temporal
ecological data such as NDVI time series. FPCA was applied to NDVI curves to identify the
main patterns of vegetation changes and how these temporal trends vary across space. While a-
priori defined metrics estimated from NDVI data has sometimes been treated by a standard PCA
to identify the main patterns vegetation [49], standard PCA is not optimal for time series data.
Indeed, weeks would be considered as independent (and thus interchangeable) vectors of values
whereas FPCA takes explicitly into account the chronology of weeks. Hence, in FPCA, the
statistical units (in rows) is the whole NDVT curve rather than a vector of NDVI values
irrespective of time like in standard PCA. The main advantage of FPCA is that similarities
among populations are thus measured using the full NDVI curves while standard PCA would
only consider sets of date-specific NDVI values. This ensures that the patterns identified by
FPCA are constrained to be temporal trends within the growing period (i.e., portions of the
curve) and not due to few independent NDVI values. As in standard PCA, FPCA produces
eigenvalues (that measures the amount of variation explained by each dimension) and principal
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component scores for sampling units (that summarize the similarities among NDVI curves).
However, eigenvectors are replaced by eigenfunctions (harmonics) that show the major
functional variations associated to each dimension.

To facilitate the application of FPCA by ecologists we provided in electronic
supplementary materials the data and the full R code (based on the fda package) to reproduce the
analysis performed in the paper. As these methods are poorly known in ecology, we also
provided an expanded description of the mathematical theory but the reader could consult the
original books by [36, 50] for additional information.

Sampling units (population-years) were partitioned using the k-means algorithm applied
on the first two principal component scores. We computed the Calinski & Harabasz criterion for
partitions between 2 and 7 groups and select the optimal number of clusters that maximizes the
criterion. We also computed the amount of variation in the first two principal component scores
(NDVI curves) that were explained by space (i.e., population) and time (year). This allowed us to
understand which source of variation contributed most to differences in growing season
dynamics. We then used principal component scores in subsequent analyses as explanatory
variables of mule deer fawn mass and survival.

(e) PRISM Weather Data

We characterized winter (1 November to 31 March) weather conditions using 4km gridded
PRISM observations of minimum monthly temperature and total monthly precipitation from
1995 — 2011 [51](available from http://www.prism.oregonstate.edu). Temperature and
precipitation data were averaged across the winter range for each population, and then summed
(averaged) across months for precipitation (temperature) to produce climate covariates that
represented measures of winter severity, respectively. We produced variables for early winter
(November — December) and late winter (January — March) for both precipitation and
temperature. These variables were highly correlated (r > 0.4), thus we selected the variable with
the highest first order correlation to our response variable, overwinter survival of fawn, as our
winter severity index.

(F) Environmental Effects on Body Mass and Overwinter Survival of Fawns

We estimated population- and year-specific estimates of overwinter fawn survival (from 16
December to 1 June) using staggered Kaplan-Meier non-parametric survival models. We then
employed path analysis [37] to test the population-level effects of body mass and winter weather,
and to tease apart the direct from the indirect effects (through fawn body mass, see Fig. 3) of key
periods of NDVI on overwinter survival. For the path analysis, we transformed our response
variable with an arcsin-square root function because survival is obviously bounded between 0
and 1 [52]. We used mass of female fawns in December to measure the cohort quality of the
birth year [53] to account for sexual size dimorphism [2]. A first, indirect, mechanistic link
between environmental conditions early in life and overwinter survival could be that variation in
NDVI curves affects the body development of fawns, which in turn, drives overwinter survival.
An alternative could be that variation in NDVI curves is directly related to overwinter survival as
a result of the availability and quality of winter forage. Because winter precipitation was
recorded in November-December at the same time as the weighing of fawns, we could not test
for an indirect effect of winter precipitation through body mass on overwinter survival. Our
model included a population effect entered as a random factor on the intercept to account for the
repeated measurements of overwinter survival in different years within a population.
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We used a Bayesian framework to fit the path analyses to our data [54]. We used non-
informative normal (mean of 0 and a standard deviation of 100) and uniform (range between 0
and 100) priors for the regression coefficients and variance parameters respectively. Using JAGS
[55], we generated 50 000 samples from Monte-Carlo Markov Chains (MCMC) to build up the
posterior distributions of estimated parameters after discarding the first 5 000 iterations as a
‘burn in’. We checked convergence graphically and based on Gelman's statistics [54]. Estimated
parameters were given by computing the mean of the posterior distribution, and the 2.5th and
97.5th percentiles of the distribution provided its 95% credibility interval. We considered a
variable as statistically significant if the credibility interval of its posterior distribution excluded
0. We assessed the fit of the model by computing the squared correlation coefficient between
observed and predicted values [56]. Finally, to compare the relative effect sizes of the
explanatory variables on overwinter survival we replicated the analyses using standardized
coefficients.

3. Results

(a) Functional Analysis of NDVI Curves

Functional PCA analysis of NDVI data led to the identification of two independent
eigenfunctions (hereafter FPCA components), which reflected contrasting patterns of plant
phenology in spring and fall. Both FPCA components corresponded to continuums of increasing
NDVI intensity, in early and late growing seasons, and were used as explanatory variables of
overwinter survival of mule deer fawns.

The first FPCA component described the late season phenology, after peak value and
accounted for 51.4 % of the total variation in NDVI curves. The second FPCA component
represented the early season phenology and accounted for approximately half as much variation
as the first FPCA component (27.6 %; Fig. 1). FPCA components can be interpreted as the
amount of deviation from the overall average NDVI curve in terms of overall primary
productivity at different times within the growing season. For example, high FPCA component 1
scores mean both high primary productivity in open habitats in fall, but also a longer fall
growing season compared to lower FPCA component 1 scores (Fig. 1a, ¢). Similarly, positive
values of FPCA component 2 reflect both higher spring primary productivity and early onset of
plant growth (e.g., Fig. 1b, c; Type 4 dark green).

Combining both continuums in a factorial plane allowed us to distinguish five NDVI
types of curves in reference to the overall mean trend (Fig. 1c). For example, NDVI in fall was
close to the average for the NDVI curve type 3 (light green, Fig. 1¢) but NDVI in spring was the
lowest of all curve types in Fig. 1c. Conversely, NDVI curve type 2 (dark blue, Fig. 1c) has
NDVI values above average in both spring and fall. The NDVI curve type 1 (light blue, Fig. 1c)
has the highest NDVTI in fall, while NDVI curve type 5 (red, Fig. 1c) had lowest fall productivity.
Generally, a given population fell into one NDVI curve type, with some extreme values
belonging to a different type (Fig. 2, see also supplemental figure S1). Decomposition of the
among-population and among-year variance in NDVI curves in fact shows that most (70%) of
the observed variation in NDVI curves was accounted for by population (i.e., spatial variation),
and much less (25%) by annual variation within a population, with a high degree of synchrony
between populations within a year (only 5% of the variation in NDVI curves is unexplained).
This suggests that the 5 NDVI types we identified (Fig. 1) strongly reflect the distribution of
ecotypes and vegetation characteristics among populations (Fig. 2).
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(b) Environmental Effects on Body Mass and Overwinter Survival of Fawns

The average body mass of female fawns in December was 34.0 kg (SE = 2.55). In agreement
with our hypothesis, body mass of 6-month-old fawns was positively related to NDVI in both
spring and fall (Fig. 3 & 4). From the estimated standardized regression coefficients, the effect of
NDVTI in fall (FPCA component 1) on autumn body mass of fawns (f = 0.888, SE =0.201) was
twice the effect of NDVI in spring (FPCA component 2; 3 =0.444, SE = 0.0195). The fall was
thus of more importance to the body development of mule deer fawns at the onset of winter than
spring (Fig. 3 & 4).

The annual overwinter survival of mule deer fawns averaged 0.55 (SE = 0.24, range = 0
to 0.94) across populations. Our best model accounted for 44.5% of the observed variation in
overwinter survival, including the additive effects of autumn body mass of female fawns, early
winter precipitation, and of spring and fall NDVI. As expected when mean body mass reflects
the average demographic performance of a given cohort, the annual overwinter survival of fawns
was associated positively with the mean cohort body mass in late autumn (Fig. 3 & 5A). Total
precipitation during early winter from November to December (ranging from 11 to 372 mm) was
associated with decreased fawn survival (Fig. 3 & 5B). Once the effect of body mass and winter
precipitations were accounted for, spring and fall had both counterintuitive negative impacts on
the overwinter survival of fawns (Fig. 3, 5C & 5D) so that the greater the NDVI during the plant
growth season, the lower overwinter survival was. Winter precipitation has the greatest effect
size on overwinter survival of fawns (standardized § =-0.238, SD = 0.040), followed by spring
(standardized B =-0.123, SD = 0.045) and fall (standardized  =-0.096, SD = 0.052), while fawn
body mass in fall has the weakest relative effect size (standardized = 0.071, SD = 0.030). The
observed relationships between environmental conditions and overwinter survival of fawns
differed slightly among populations but differences were not statistical significance (electronic
supplemental materials).

4. Discussion

Our results linked among-populations and among-year variation observed in plant phenology to
that observed in body mass and survival of juvenile mule deer during winter. We used a new
statistical approach to identify the key-periods of plant phenology from NDVI curves
encompassing the entire growing season. Most previous studies have reported effects of NDVI
on body mass and demographic parameters in several species of mammals and birds (see table 1
for a review). However, all these studies but [34]’s one were based on a-priori defined metrics
mostly focusing on spring, explaining why spring is generally considered to be the critical period
for early life performance in populations of large herbivores (see Table 1). By defining the
critical periods a-posteriori, we found that mule deer fawns survived better in populations with
higher NDVI during fall, and thus longer fall growing seasons, in open canopied habitats. The
effect size of fall NDVI on winter fawn survival was twice as strong in predicting 6-month old
body mass as the effect size of spring NDVI. Body mass was, as expected, positively related to
overwinter survival, but winter severity during early winter decreased survival with an effect size
almost 3 times as strong as body mass. Previous studies on large herbivores reported an effect of
the preceding winter conditions when the juvenile was in utero [34, 38, 49, 57], or an effect of
spring conditions [49] on body mass. As expected, winter severity had the strongest effect on
overwinter survival, similar to many previous studies of winter ungulate survival [2, 58, 59]. Our
results highlight the importance of primary production during in fall within a semi-arid
ecosystem compared to previous studies emphasizing spring. The patterns of variation in NDVI
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curves translated to spatial variation in plant growth during fall, and hence mule deer body mass
and survival. First, we found almost twice as much variation in the NDVI curves occurred in the
fall (FPCA component 1, Figure 1a) compared to spring (FPCA component 2, Figure 1a). Thus,
plant phenology during the fall was more variable than spring in our semi-arid system. Second,
we found almost three times the variation in NDVI curves was explained by spatial variation
among populations in a given year compared to among-year variation. The high proportion of the
variance explained among populations indicates that variation among NDVI curves within a
population was consistent year-to-year and also synchronous between units within a year. These
patterns of stronger variation during fall (vs. spring) and among populations (vs. among years)
contributed to fall NDVI having double the effect size on body mass, and hence survival. Thus,
the most variable period of the growing season (e.g. fall) had the strongest effect size on mass
and survival. These results mirror results from studies of just the spatial variance in survival
(Lukacs et al. 2009), and suggest that plant phenology may also synchronize population
dynamics. With the recent focus on fall nutrition of elk [10], however, many ungulate managers
in North America are focusing increasingly on fall nutrition. Our results emphasize that, at least
for large herbivores, focusing a priori on just one season without a specific analysis of the
spatiotemporal variation in the entire curve of plant phenology could be misleading.

Forage availability for large herbivores varies by habitat and with precipitation and
temperature during the growing season [14, 60]. Our results of increased body mass at the onset
of winter and hence, overwinter survival with high NDVTI in late summer-fall, the period of
lowest rainfall in the arid intermountain west, highlights the importance of forage available to
fawns during and post weaning. Increased rainfall in summer, reflected in increased NDVI in
fall, will promote growth of forbs [60] a highly selected forage for mule deer [60, 61] can
promote new growth in fall germinating annual graminoids (e.g., Cheatgrass Bromus tectorum)
and delay senescence of herbaceous forage and shrubs, all of which prolongs the access of
ungulates to higher quality forage [31]. Increased summer-fall nutrition improved calf and adult
female survival, fecundity rates, and age of first reproduction in captive elk [10]. Rainfall during
the growing season also increases quality and quantity of winter forage [60], which increases
survival of fawns and adult female mule deer [8]. Tollefson et al. [16] showed that summer
forage has the greatest impact on mule deer juvenile survival and overall population growth rate.
In Kruger National Park, while most species abundances were more strongly affected by wet
season precipitation, several species were more strongly affected by dry season precipitation
[62]. Therefore, especially in arid or semi-arid systems, we expect that future studies will
identify strong signatures of fall NDVI and climate on demographic parameters of large
herbivore populations.

One obvious difference between our ecosystem and previous studies of NDVI and large
herbivores is that NDVI curves were not a classic bell shape. Instead, plants in open-habitats
have a very left-skewed growth curve, with a rapid green up in spring, but then a long right tail
in the NDVI distribution, and, occasionally, secondary growth peaks in late summer and fall
(e.g., Fig. 1c¢). Most other studies that examined NDVI curves found more symmetric shapes,
with a rapid plant green up and senescence [49, 63]. However, [64] found the classic bell-shaped
NDVI curve for Norwegian and Scottish Red deer, but a similarly earlier and flatter NDVI curve
in southern Spain. This may also be because previous studies did not extract NDVI only in open
habitats in combination with landcover data. Open habitats are more reflective of ungulate forage
quality [65]. If there are differences between phenology of trees versus herbaceous landcover,
this may explain our left-skewed growing season distribution. Nonetheless, the variability among
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studies in the shape of the NDVI curves emphasizes the importance of identifying key periods of
the growing season a-posteriori.

Functional analysis provides a powerful approach to identify the key-periods of the
growing season and to assess their differential effects on life history traits. Our functional
analysis applied to year- and population-specific NDVI curves allowed us to identify two distinct
components of variation that corresponded closely to contrasting spring and fall phenology. Of
course, many remote sensing studies have used NDVI for decades to examine spring and fall
phenology differences [22]. Yet functional analysis allowed us to identify key periods a-
posteriori and to summarize NDVI curves into only 2 independent components instead of 5-12 a-
priori defined metrics that are strongly correlated (see Table 1). Functional analysis thus appears
to provide a novel approach, applicable to studies of the ecological effects of NDVI (see
supplemental materials for R code and NDVI data used in this paper for an example).

One puzzling result from our study was the negative direct effects of both spring and fall
NDVI on overwinter survival of mule deer fawns. Spring NDVI had a slightly greater direct
effect size on overwinter survival than fall NDVI, in contrast to the stronger effect size of fall
NDVI on body mass, and of body mass on overwinter fawn survival. There could be several
competing explanations for this puzzling result. First, despite the inherent power of path analysis
at disentangling complex relationships (Shipley 2004), there could still remain some
confounding effects of body mass. There could also be negative covariance between winter
severity, which, because spring NDVI is correlated to winter severity of the preceding winter
[35], could lead to negative correlation between spring NDVI and subsequent winter severity.
Another potentially important mechanism could be the process of viability selection operating on
mule deer cohorts [66]. Counter-intuitively, if good spring growing conditions enhance summer
survival, a large proportion of the cohort will survive until the onset of the winter, including
frailty [67] individuals with short life expectancy (often considered to be low quality individuals,
[68]. On the other hand, only a small proportion of fawns will survive to the onset of winter in
cohorts born under harsh spring conditions. As individual early mortality in populations of large
herbivores is tightly linked with maternal condition and home range quality ([5]), fawns
surviving to the winter will be mostly high quality fawns enjoying rich maternal home ranges.
Those fawns would thus be expected to be robust enough to survive winter. Bishop et al. [8]
suggested this exact viability selection process for mule deer fawns in Colorado, supporting our
interpretation of this counterintuitive spring NDVI effect. Viability selection could also be
compounded through the interaction between winter severity and predation, important for mule
deer in our study area given the preponderance of predator-caused mortality in winter [2]. There
might also be negative covariance between neonate and overwinter survival [8], driven as we
suggest here by different spring and fall phenology patterns.

In conclusion, in large parts of world that are semi-arid or deserts, our results strongly
show that it may not be just spring phenology that matters to ungulate population dynamics. Our
new approach using functional analysis of the entire NDVI curve provides a powerful method to
identify first key periods within the growing season and then disentangle their respective role
when combined with hierarchical path analysis. Our approach thus allowed us to determine the
most likely pathways that plant growth influenced mule deer overwinter survival of fawns. We
showed that the among-year and among-population variation in plant phenology involves more
than simply spring phenology alone, and we suspect this will be true for many other ecosystems.
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Table 1. A brief literature survey of the studies that investigated relationships between NDVI metrics and life history traits linked to
performance and population abundance. The literature survey was performed using ISI web of knowledge using the key-words
“NDVI and survival”, “NDVI and body mass”, “NDVI and body weight”, “NDVI and reproductive success”, “NDVI and
recruitment”, “NDVI and population growth”, and “NDVI and population density”. Only studies performed on vertebrate species
were retained. For each case study, the table displays the focal trait(s), the focal species, the NDVI metric(s) used, the outcome (“+”:

TN

positive association between NDVI and performance, “-*“: negative association between NDVI and performance”, “0”: no
statistically significant association between NDVI and performance”), the reference, and the location of the study.

Trait Species NDVI metrics Outcome Location Reference
Protein mass Caribou Average NDVI in Protein mass: + Québec-Labrador [69]
Body mass Rangifer tarandus June Other traits: 0 (Canada)
Carcass mass
Body fat
Birth mass Caribou Average NDVI in Québec-Labrador [70]
Juvenile autumn | Rangifer tarandus June + (Canada)
mass
Population Semi-domesticated | Summed NDVI over Juvenile mass: 0 Norway [71]
density reindeer the breeding season Population density: + (across populations)
Juvenile body Rangifer tarandus (in populations with
mass poor winter ranges
only)
Population size Lesser grey shrike NDVI in May-June France [72]
Lanius minor (breeding areas) Spain (breeding areas)
NDVI in January- Kalahari (wintering
March (wintering areas)
areas) +
Reproductive Sheep NDVI in March-May NDVI in May: + North Western [73]
performance Ovis aries NDVI in May Patagonia
(lamb/ewe in NDVI in March-May:
December) 0
Survival African elephant Seasonal maximum Juvenile survival: + Kenya [74]

Loxodonta africana

NDVI

Adult survival: 0
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Table 1 Continued

Trait Species NDVI metrics Outcome Location Reference
Parasite loading | Red-legged partridge | Yearly mean NDVI Spain [75]
Alectoris rufa +
Body mass Red deer Monthly NDVI Spring NDVI: + Europe [64]
Cervus elaphus (Spain only) (across population)
Other
metrics/populations: 0
Wing length Barn swallow NDVI in December- Male wing length, Italy (breeding area) [76]
Tail length Hirundo rustica February male and female tail Africa (wintering
Clutch size (wintering areas) length, clutch size: + areas)
Body mass Other traits: 0
(Males and
females)
Juvenile and adult White stork NDVI in October- Eastern Germany [77]
Survival Ciconia ciconia November (Sahel) Poland
NDVI in December- + (breeding areas)
February (Eastern
southern Africa)
Adult survival Barn swallow NDVI in September- Denmark [78]
Hirundo rustica November
NDVI in December-
February
NDVI in March-May +
(wintering areas in
Africa)
Conception rates African elephant Seasonal NDVI (wet Kenya {Wittenmyer
Loxodonta africana vs. dry seasons) + etal. 2007 ;

Rasmussen et
al. 2006}




Table 1 Continued

Trait Species NDVI metrics Outcome Location Reference
Juvenile and adult Egyptian vulture Yearly NDVI Spain [79]
survival Neophora (wintering areas)
percnopterus NDVI in September-
June +
(breeding areas)
Survival Red-backed shrike | NDVIin September- | Survival: + (NDVI in Germany [80]
Reproductive Lanius collurio October (Sahel) December to March)
success NDVIin December- | Reproductive success:
March (South Africa) + (NDVIin
NDVIin April September-October)
(Germany)
Juvenile survival | Greater sage grouse | NDVI in May-August + (trends only) Idaho [81]
Centrocercus NDVI and Max Utah
urophasianus NDVI in May, June, Strong co-variation
July, and August among NDVI metrics (USA)
Body mass Red deer NDVI in the 1% of Norway [82]
Cervus elaphus May +
Juvenile body Roe deer Summed NDVI in France [83]
mass Capreolus capreolus April-May + (Chizé population)
Summed NDVTI in 0 (Trois Fontaines
August-October population)
Kidney mass Hystricognath Yearly NDVI South America [84]
rodents (calculated from - (across species
monthly NDVI)
Body mass Moose 7 NDVI metrics Norway [49]
Alces alces (PCA) +
Body mass Wild boar Summed NDVI over Poland [85]
Sus scrofa the growing season Roe deer: 0
Roe deer
Capreolus capreolus Wild boar: 0
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Table 1 Continued

Trait Species NDVI metrics Outcome Location Reference
Body condition Raccoon dog 4 NDVI metrics Onset of spring: - Finland [86]
Nyctereutes (onset of spring, peak Peak NDVI and
procyonoides NDVI, Summed Summed NDVI: +
NDVI over the Rate of NDVI
growing season, and increase: 0
rate of NDVI
increase in spring)
Juvenile body Reindeer EVI (Enhanced Norway [34]
mass Rangifer tarandus Vegetation Index)
Reproductive Modelled using a
success double logistic S and mEVI on both
function. Use of the mass and reproductive
parameters S (onset success: +
of spring), mS (rate
of EVI increase), and
mEVI (plant
productivity)
Juvenile body Elk NDVI correlated with |  Exposure to higher Canada [31]
mass Cervus elaphus bi-weekly forage predicted forage
Pregnancy rate biomass and quality quality :
over the previous + juvenile body mass
growing season + female pregnancy
Juvenile mass Sheep NDVI in late May NDVlI in late May: + Norway {Nielsen et
Ovis aries Summed NDVTI in Summed NDVI in al. 2012 ;
(2 breeds) June-August June-August: 0 or — Nielsen et al.
depending on the 2013}
breed
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Table 1 Continued

Trait Species | NDVI metrics Outcome Location Reference
Population size Common House- NDVI in December- Italy [87]
Martin February
Delichon urbicum (wintering areas in +
Common swift Africa)
Apus apus
Juvenile body Chamois 5 NDVI metrics France [88]
mass Rupicapra rupicapra (NDVI slope in +
spring, NDVI (Summed NDVTI in
maximum slope in March the best
spring, maximum predictor)
NDVI, date of NDVI
peak, Summed NDVI
in March
Juvenile growth Mountain Goat Summed NDVIin | Rate of NDVI change: Canada [89]
Juvenile survival Oreamnos May - Italy
americana Summed NDVI over
Bighorn sheep the growing season Other metrics: 0
Ovis canadensis Rate of NDVI change
Alpine ibex
Capra ibex
Population American redstarts | NDVI in December- North America [90]
abundance Setophage ruticilla March + (breeding areas)
(wintering areas) Carribean — Cuba
(wintering areas)
Reproductive White-tailed deer Summed NDVI in Anticosti [91]
success Odocoileus May-August Summed NDVI in Québec
Survival virginianus Rate of NDVI change May-August on (Canada)
between May and reproductive success:
June +
Maximum change
between May and Rate of NDVI change
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Table 1 Continued

June and Maximum change
on reproductive
success: -
Effects on Survival: 0
Population Murine rodent Seasonal NDVI Argentina [92]
density Akodon azarae +
Population rate of Kangaroos NDVI for 6 months Australia [93]
increase Macropus sp. and 12 months +
(but not better

predictor than rainfall)
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Figure Captions

Figure 1. Results of Functional Principal Component Analysis of the typology of NDVI curves
in Idaho, USA, from 1998 — 2011 from April (A) to November (N) for each population-year
(dot) identifying two key periods, the spring (2" FPCA component, the Y-axis) and the fall
components (1st FPCA component, X-axis). a) Variation in NDVI curves among populations
and years was best explained by FPCA 1, which explained 51.4% of the variation, and
characterized primary production from June to October (e.g., summer/fall). b) FPCA 2 (Y-axis)
characterized primary production in May and June and explained 27.6% of the seasonal
variation. ¢) NDVI typology was best characterized by 5 clusters, shown in different colors, that
corresponded to different patterns of spring and fall primary production, compared to the mean
NDVI curve across all of Idaho. For example, typology 5 was characterized by low NDVI
intensity in both spring and fall, typology 2 by high NDVI intensity in both spring and fall, and
typology 4 by high NDVI intensity in spring, but low in fall, etc.

Figure 2. Distribution of the 5 NDVI typologies shown in Figure 1, with corresponding colors
(inset) across the 13 mule deer populations (GMU’s) in Idaho, USA, from 1998 - 2011. The size
of the pie wedge is proportional to the frequency of occurrence of each NDVI typology within
that mule deer population. For example, population 56 had all but one population-year occurring
in NDVI typology 4 (Fig. 1) indicating low primary productivity during spring but higher during
fall.

Figure 3. Hierarchical Bayesian Path Analysis of the effects of spring and fall growing season
functional components (from Fig. 1) and winter precipitation on mule deer fawn body mass and
overwinter survival from 1998 — 2011 in Idaho, USA. This model explained 44.5% of the
variation in survival. Beta coefficients and their standard deviation are shown, with solid lines
indicating the indirect effects of NDVI on survival mass through their effects on body mass, and
dashed lines indicate the direct effects of NDVI on survival.

Figure 4. Results of hierarchical Bayesian path analysis showing the standardized direct effects
of a) FPCA component 1 from the functional analysis (Fall NDVI), and b) FPCA component 2
(Spring NDVTI) on body mass (kg) mule deer fawns in Idaho, USA, from 1998 — 2011.

Figure 5. Results of hierarchical Bayesian path analysis showing standardized direct effects of a)
body mass (kg), b) cumulative winter precipitation (in mm), ¢) FPCA component 1 from the
functional analysis (Fall NDVI), and d) FPCA component 2 (Spring NDVI) on the overwinter
survival of mule deer fawns in Idaho, USA, from 1998 —2011.
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STUDY I, Job I1: Estimate the effect of habitat quality of summer range on survival and
recruitment of fawns.
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ABSTRACT: Weather conditions and plant composition will determine the nutritional quality
of mule deer summer ranges. Nutrition of the adult female and fawns has been shown to
influence the growth rate of fawns, a quality strongly related to winter survival. To link
nutritional quality to mule deer vital rates, we measured seasonal forage quality and plant
composition of adult female summer ranges. Forty-seven phenology plots were initiated in May
and June, 2012 in all 3 of the major ecotypes in southern Idaho and revisited 157 times in 2012
and 139 in 2013 during mid to late summer. We collected plant samples at each phenological
stage for analysis of crude protein and digestible energy. We will then link actual measured
nutritional quality of a vegetation type to remotely sensed measures of NDVI to produce a broad
scale estimate of seasonal habitat quality. Plant cameras were deployed at phenology plots as
another intermediate step to link RGB levels of the photograph (n = 48,000) to the MODIS
spectral signature. To understand how summer range selection influence fawn survival, we
estimated plant composition of 38 home ranges of adult females with GPS collars distributed
across the ecotypes in 2013 (18 in 2012). We averaged 5 transects per home range to adequately
characterize the vegetation composition for each deer (85 transects in 2012 and 196 in 2013).
Fecal samples were collected in each home range to estimate diet composition and selection.
The summer range specific, nutritional quality estimates will be backcast using the NDVI values
to include the years 1998-2013 for which empirical estimates of mule deer fawn survival and
fawn ratios are available. Relationships of these vital rates to summer range nutritional quality
will be modeled to determine the effect on mule deer population dynamics. To test the
importance of different vital rates to population growth, we have developed an integrated
population model and are testing it for functionality. Inputs for this model include; age and sex
ratios, age specific survival, harvest, and intermittent population estimates. We added modules
for estimating survival and visibility bias in aerial surveys in 2013.

INTRODUCTION

Preliminary results from job 1 indicate weather and remotely sensed measures of habitat quality
are insufficient to predict population trends in all population management units. Although these
metrics may predict well in some PMUSs, modeled predictions of winter fawns survival may vary
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widely from observed survival in other PMUs. This result may be partially explained by plant
community structure. Vastly differing plant communities may have similar NDVI values, as this
metric provides a general measure of photosynthetic activity and is not directly correlated to
forage quality (e.g. invasive vs. native plant communities). The relationship between the broad
scale metrics, precipitation and NDVI, must be validated with known measures of plant
nutritional composition to be a reliable measure of forage quality. Once validated, NDVI and
weather conditions will become a valuable index across large spatial and temporal extents.

This ability to assess spatial and seasonal distribution of nutrition will become critical for
estimating survival and population growth of mule deer within various ecotypes in Idaho.
Nutrition affects juvenile survival, age of first reproduction, pregnancy, birth mass and adult
survival (Bender et al. 2007, Bishop et al. 2009, Tollefson et al. 2010). Lactation is the most
nutritionally demanding part of the annual nutritional cycle (Sadleir 1982), leading researchers to
conclude that summer nutrition may be more important to population growth than winter
nutrition (Cook et al. 2004). When nutrition is partitioned into the two basic components, energy
is critical for survival whereas protein obtained during summer is required for reproduction
(Parker et al. 2009). Nutrition during winter (energy) minimizes body fat loss, but rarely
changes the importance of growing season nutrition (protein) because the primary factor in
winter is expenditure of energy which was stored during summer. For example, Tollefson et al.
(2010) recently investigated the effects of nutrition on mule deer production and concluded that
summer forage quality has the greatest impact on mule deer populations. However, the
mechanistic link between nutrition from summer forage and population dynamics is lacking,
limiting our ability to predict population responses to environmental variation. An enhanced
understanding of the relationship between estimates of forage quality of a community,
assimilated nutrition, and resulting vital rates will provide that link.

Forage quality for herbivores is manifested by a combination of plant occurrence and plant
phenology (Parker et al. 2009, Hebblewhite et al. 2008). Plant species within a community have
an inherent difference in forage quality for forage depending on growth type with herbaceous
understory plants (graminoid, forbs) generally higher quality than woody vegetation (e.g.,
Hebblewhite et al. 2008). Ungulate forage quality is a function of both abundance and, more
importantly, digestibility (Van Soest 1982, Parker et al. 2009). We will focus on summer forage
quality because nutrient during this period is likely the primary determinant of fawn survival,
adult survival and production (Cook et al. 2004, Parker et al. 2009). The abundance of summer
forage quality will dictate the ultimate nutritional carrying capacity of a particular landscape
(Wallmo et al. 1977). Recent studies have successfully examined landscape-scale nutritional
ecology of ungulates using new remote sensing tools to link forage quality, phenology and
landcover (Mysterud et al. 2001, Pettorelli et al. 2007, Hebblewhite et al. 2008, van Beest et al.
2010).

Therefore, in this job, we will develop landscape models for summer forage quality to define
potential habitat quality of mule deer in summer and winter. We will then link seasonally and
annually varying forage quality to remotely sensed measures of phenology to estimate the effect
of changes in available nutrition on mule deer vital rates (survival and productivity).
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METHODS

We will include habitat quality to increase the predictive ability of survival models where
weather conditions alone are inadequate as covariates. We will determine forage quality at 2
scales, first the individual level and then the PMU. We will use previously collared deer data to
estimate kernel density home range size and shape in each of the 3 represented ecotypes and then
apply these home range polygons to a random sample, stratified by ecotype, of 150 VHF collared
adult females. Availability and quality of forage will move up through spatial resolution from
the very fine scale individual plant to estimation of annual variation with freely available remote
sensed imagery.

We mapped detailed forage species within fawn rearing ranges in the aspen, shrub/steppe and
conifer ecotypes of eastern Idaho. The sampling methods for this work include a detailed
estimation of availability within an adult female fawn rearing home range. Seven to ten 100 m
point intercept transects will be completed for each of 200 adult female home ranges each year.
These samples will form the lowest level of the plant species modeling of the higher hierarchical
levels. Fresh mule deer fecal samples from the focal collared animals will be collected for
microhistological analysis to determine forage species use by the adult female. Individual plant
species frequently selected by deer will be collected during plot sampling and analyzed for
digestible energy (DE), crude protein (CP), neutral detergent fiber (NDF), acid detergent fiber
(ADF), and total percent dry matter digestibility %(DMD); with nutrition adjusted for secondary
compounds (Freeland and Janzen 1974, Hanley et al. 1992, Villalba et al. 2002, Baraza et al.
2005). Adult female home ranges will be ranked in nutritional quality by the digestibility,
energy, and protein content of the plants used versus available plants.

To scale up to the remote sensing level, we will produce a fine scale model map of forage
quality. Using the fine scale vegetation plot data, a forage composition and ground cover model
will be constructed using high resolution imagery. An abbreviated sampling scheme (focused on
most selected plants) to capture plant composition will be used to ground truth the forage quality
map within randomly selected adult female home ranges. One final scaling is required to move
the forage quality map to freely available remote sensing imagery. A combination of Aster and
spot has promise to provide a high resolution vegetation map of predicted plant compositions at a
15 m resolution. We will perform a supervised classification of the combined images using the
previously produced forage model as the training image.

Phenology was determined at approximately 2 week intervals [16 day Moderate Resolution
Imaging Spectroradiometer (MODIS)] for representative community types at the 2 extreme
elevation gradients in which these species communities occur (July through August). Because
we require fine spatial resolution, MODIS data will be used to calculate the Enhanced
Vegetation Index (EVI) and NDVI prior to MODIS availability in 2000. Vegetation phenology
plots consisted of 10 nested species composition plots along a 100m transect stratified by
elevation, community type, and aspect. Plant cameras were deployed at plots to document the
daily growth cycle of plants within each MODIS window with plant samples collected for
nutritional analyses. Plots were revisited and re-estimated on approximately a 4-week cycle
from May through September. Plants frequently used by mule deer were be collected and
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analyzed for quality change to link EVI data to plant phenology stage and resulting availability.
The primary function of interest is the rate of quality decline from growth initiation to
desiccation. The final product of this work will include a vegetation composition and quality
map of mule deer summer/fall range that can be adjusted annually for quality using EVI derived
data from MODIS.

Survival models developed for primary ecotypes in Idaho will be validated against survival
estimates of individual PMUs to determine the model that best predicts fawn and adult survival
specific to that PMU. The existing ecotype models will be modified with forage quality data to
reflect PMU heterogeneity. Once PMU survival models are completed, they will be incorporated
into a population model based on survival, fawn ratios, and 4-year interval population surveys
(Idaho Mule deer Management Plan 2008). Integrated population models (Johnson et al. 2010)
will be constructed with an R base, incorporating an interface for data entry and predictive
modeling scenarios. These Bayesian state-space models allow for the combination of several
metrics (i.e. survival, fawn ratios, population estimates) with inherently varying data quality.
The final produce will include a detailed manual including instructions for spatial data
acquisition and model usage.

RESULTS

Vegetation classification and phenology

Vegetation sampling was our primary fieldwork component for this reporting period. Forty-
seven phenology plots were initiated in May and June, 2012 in all 3 of the major ecotypes in
southern Idaho and revisited 157 times in 2012 and 139 in 2013 during mid to late summer
(Table 1). The plots were placed within mule deer summer range in homogeneous vegetation
types large enough to contain a single MODIS pixel to facilitate linking vegetation phenology to
the MODIS value for that area. Plant cameras were deployed at 70% of the transects in 2012 as
another intermediate step to link RGB levels of the photograph to the MODIS spectral signature.
In 2013, we concentrated the cameras on the flat open sites (4-6 cameras/site) to maximize the
likelihood of a season long stream of daily photos. We collected plant samples for nutritional
analysis and each phenological stage of maturity and location.

We estimated plant composition of 38 home ranges of adult females with GPS collars distributed
across the ecotypes (Table 1). Point intercept and line transects were conducted in each of the
vegetation types contained within a home range to inform high-resolution SPOT imagery. We
averaged 5 transects per home range to adequately characterize the vegetation composition for
each deer (85 transects in 2012 and 196 in 2013).

Integrated population models
To test the importance of different vital rates to population growth, we have developed an
integrated population model and are testing it for functionality. Inputs for this model include;
age and sex ratios, age specific survival, harvest, and intermittent population estimates. We
added modules for estimating survival and visibility bias in aerial surveys in 2013. An R-based
interface is currently under design to input data and extract data from databases to estimate
population size with the IPM. This interface will include the final survival models described in
the previous section. The IPM will be finalized in 2014.
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Table 1. Phenology and composition plots conducted during summer 2013.

Composition
Plots Phenology plots by stand type
Open south  Coniferous
Home Open flat slope forest Aspen forest

Ecotype GMU ranges Transects Plots Visits Plots Visits Plots Visits Plots Visits
Aspen 56 1 4 2 4 1 4 0 0 1 4
Aspen  73A 1 6 0 0 0 0 0 0 0 0
Aspen 65 0 0 0 0 1 4 1 4 1 4
Aspen 66 11 61 0 0 0 0 0 0 0 0
Aspen 76 1 4 1 4 1 4 1 4 1 4
Conifer 22/32A 3 13 1 4 1 4 1 4 0 0
Conifer 23/24 0 0 1 4 0 0 2 4 0 0
Conifer 36 1 4 2 4 0 0 2 4 0 0
Conifer 36B 4 27 1 4 1 4 1 4 0 0
Conifer 39 3 13 2 4 1 4 3 3 0 0
Conifer 43 1 4 0 0 0 0 0 0 0 0
Conifer 60A/62A 2 9 2 4 0 0 1 4 1 4
Shrub ~ 29/30/30A 3 12 0 0 0 0 0 0 0 0
Shrub  49/50 3 18 2 4 1 4 1 4 1 4
Shrub 54 3 15 2 4 0 0 0 0 1 4
Shrub 59/59A 1 6 2 4 2 4 1 4 0 0
Totals 38 196 18 44 9 32 14 39 6 24
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ABSTRACT: During FY13, we captured 31 elk including 11 cows, and 3 bulls, and 17 calves in
the North Fork study area. Two elk were recaptured in the Lowman study area to remove GPS
collars and download location data. Elk in the North Fork were fitted with GPS radio collars and
we obtained various measurements and biological samples. We measured rump fat on captured
elk either by palpation or a combination of palpation and ultrasonography. Cow elk serum was
evaluated for levels of PSPB to determine pregnancy. We extracted a canine tooth from all elk
>3.5 years age and teeth were sectioned to determine age. Elk fecal samples were examined to
determine the presence of giant liver fluke ova and all were negative. We captured 13 wolves in
the North Fork that were fitted with GPS-Argos radio collars. We conducted monitoring flights
on a biweekly basis to determine survival status of elk and wolves. We conducted necropsies on
15 elk and 5 wolves. We downloaded location data from GPS collars obtained from dead animals
and collars recovered following release. We currently have 56,532 wolf GPS locations and
560,080 elk GPS locations. We conducted aerial surveys in the North Fork during March to
measure the spatial distribution and abundance of elk and alternate ungulate prey. We measured
snow depth and sinking depth at 5 sites. We continue to populate an Access database with data
from captures, monitoring flights, necropsies, and GPS data from collars.

INTRODUCTION

There is considerable debate over the influences of wolf predation on elk population dynamics.
Much of the currently available information comes from work done in various studies on the
northern Yellowstone herd. The effect of wolves on northern Yellowstone elk is intensely
debated among scientists and resource managers with some (Eberhardt et al. 2003, White and
Garrot 2005) describing more substantial effects than others (Smith et al. 2003, 2004; Wright et
al. 2006). Because wolves often select calves, senescent elk, or elk with poorer body condition,
researchers have speculated that wolf mortality might be largely compensatory (Smith et al.
2003, 2004). However, wolf predation on prime age elk and elk in “good” condition can be
substantial (Kunkel and Pletscher 1999, White and Garrott 2005). Calf:cow ratios typically
decline appreciably in the presence of wolf caused mortality, and low recruitment is a driving
force of population decline (Raithel et al. 2007). With the reestablishment of wolves in the
northern Rocky Mountains, the addition of wolf predation caused reduced elk survival rates
(Kunkel and Pletscher 1999), lower population growth rates (Hebblewhite et al. 2002, Garrott et
al. 2005), lower calf recruitment (White and Garrott 2005), and elk abundance declines (Kunkel
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and Pletscher 1999, Garrott et al. 2005), in some herds. Additionally, the effect of wolf
predation on ungulate demographics can be exacerbated in the presence of additional large
carnivores (Messier 1994, Van Ballenberghe and Ballard 1994).

Wolf kill rates (number of prey or mass of prey killed/wolf/unit time) tend to be somewhat
constant over wide ranges of prey densities (Eberhardt 1997, 2000; Eberhardt and Petersen 1999;
Boutin 1992; Smith et al. 2004; Garrott et al. 2005; although see Hebblewhite et al. 2003),
declining only at very low prey densities (Eberhardt 1997, 2000). This suggests wolf kill rates
can be largely independent of prey density. Alternatively, wolves have responded to changes in
prey density functionally or numerically in a density dependent fashion (type II functional
response) (Dale et al. 1994, Messier 1994). At present, the regulatory (density dependent) nature
of wolf predation is unclear (Boutin 1992, Messier 1994, Van Ballenberghe and Ballard 1994).

Although wolf kill rates tend to be somewhat constant, rates of wolf caused mortality often vary
widely spatially and temporally, even within individual study areas (Garrott et al. 2005).
Consequently, the impacts of wolf caused elk mortality cannot be generalized. The variation
largely may be a function of differences in relative densities of elk and wolves. When present,
elk are often the preferred prey of wolves (Carbyn 1983, Huggard 1993, Hebblewhite et al. 2003,
Garrott et al. 2005), and kill rates are generally a direct function of the prey biomass required by
wolves (Thurber and Peterson 1993, Dale et al. 1994, Ballard et al. 1997, Carbyn 1983).
Additionally, wolf predation on elk is potentially influenced by other covariates including the
relative abundance and vulnerability of alternate prey (Carbyn 1983, Kunkel et al. 1999), the
presence of other large predators (Messier 1994, Van Ballenberghe and Ballard 1994, Atwood et
al. 2007), habitat characteristics (Kunkel et al. 2004, Creel and Winnie 2005, Mao et al. 2005,
Bergman et al. 2006, Atwood et al. 2007), season (Smith et al. 2004), and winter weather
severity, especially related to snow accumulation (Huggard 1993, Jaffe 2001, Mech et al. 2001,
Hebblewhite et al. 2002, Smith et al. 2004). Wolves tend to selectively prey on calves (Carbyn
1983, Husseman et al. 2003, Smith et al. 2004, Creel and Winnie 2005, Wright et al. 2006), older
and senescent elk (Carbyn 1983, Kunkel et al. 1999, Atwood et al. 2007, Wright et al. 2006,
Eberhardt et al. 2003), and may select adult bulls over adult cows (Hamlin 2006, Atwood et al.
2007). Thus, the relative abundance of various sex, age, and condition classes of elk might
influence predation rates on other classes, in much the same manner as alternate prey.

We will model wolf-caused mortality of elk (wolf caused mortality rates) as a function of wolf
abundance, relative to elk abundance (wolf-days/elk). To an extent, this approach assumes
density independent predation impacts (Gasaway et al. 1983), whereas the impact of wolf
predation on survival might vary with elk density (Messier 1994), because the ratio relationship
ignores functional responses of wolves (Messier and Crete 1985). Beyond the primary
relationship between wolf-days/elk and survival, we will attempt to explain additional variability
with other covariates such as snow and alternate prey densities. This work will provide a basis
for measuring the additivity of wolf predation and will provide a tool for predicting wolf caused
elk mortality. This will mirror similar work previously conducted on moose-wolf systems
(Messier 1994, Eberhart et al. 2003) and it will further preliminary work on elk-wolf systems
(Eberhardt et al. 2003). Our findings will have immediate application for wolf and elk managers
in Idaho and elsewhere.
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We have the following predictions: 1) Wolf caused mortality of elk will increase with increasing
wolf-days/elk; 2) The abundance of alternate prey biomass, relative to wolf-days, will dilute the
effect of wolf predation; 3) Wolf caused mortality will increase with increasing snow
accumulation; 4) The risk of detection, and conditional risk of elk mortality will vary with
topography and vegetation composition (Sensu Hebblewhite and Merrill 2007), and 5) Wolf
caused mortality will vary seasonally.

STUDY AREA

We conducted this work on 2 study areas in Idaho. The North Fork of the Clearwater River
study area (North Fork) in north central Idaho included the upper reaches of the North Fork of
the Clearwater River drainage and the Kelly Creek drainage in Game Management Unit (GMU)
10. The area was characterized by steep, rugged, mountainous terrain ranging in elevation from
650m to 2,400m. Forest vegetation types ranged from ponderosa pine (Pinus ponderosa) and
Douglas fir (Pseudotsuga menziesii) types on xeric sites to western red cedar (Thuja plicata)
types on mesic sites. Higher elevations included Engelmann spruce (Picea engelmannii) and
subalpine fir (Abies lasiocarpa) forest stands. Upland meadows were common throughout the
area. Many of the south exposures at low elevations were dominated by extensive shrub-fields
that resulted from large wildfires in the early 1900s. The Lowman study area in southwest Idaho
included the upper reaches of the South Fork of the Payette River drainage in GMUs 33, 34, and
35. The study area was mountainous and ranged in elevation from 900m to 2,700m. Vegetation
associations were drier than those on the North Fork study area. Most of the lower elevation
habitats along the South Fork of the Payette River included seral shrub-fields and meadows
resulting from an extensive wildfire in 1989.

METHODS

We captured and radio-collared adult male and female elk, and calf elk during winter via
helicopter darting, ground darting, and in a corral trap. Darted elk were immobilized with
Carfentanil and reversed with Naltrexone. We fitted elk with VHF and GPS telemetry collars
(Telonics, Mesa, Arizona; Lotek, Newmarket, Ontario, Canada; Vectronic Aerospace, Berlin,
Germany; Telemetry Solutions, Concord, California). Elk were monitored with fixed-wing
flights biweekly to detect mortality signals. If a mortality signal was detected, the carcass was
investigated to determine cause of death as described by Hamlin et al. (1984). Blood samples
were drawn from each adult female for pregnancy testing, with analysis for Pregnancy Specific
Protein-B (Biotracking, Moscow, Idaho; Noyes et al. 1997). Chest girth was measured to
estimate body weight (Millspaugh and Brundige 1996, Cook et al. 2003). Elk <3.5 years of age
were aged via tooth wear and replacement (Quimby and Gaab 1957). A canine tooth was
extracted from anesthetized adults >3.5 years age to determine age via cementum annuli
(Matson’s Laboratory, Milltown, Montana; Hamlin et al. 2000). Annual sex and age specific
survival rates were calculated following Pollock et al. (1989). We used 2 methods to measure
body condition that related directly to fat composition. When practical, we measured maximum
rump fat thickness via ultrasonography (Stephenson et al. 1998, Cook et al. 2001a, 2001b).
However, this method requires use of an ultrasound device, which was not practical in many
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field situations. Alternatively, body fat was evaluated with a body condition score (Gerhart et al.
1996; Cook et al. 2001a, 2001b).

Wolves were captured via leg-hold trapping and helicopter darting. Wolves were immobilized
with either Telazol or a combination of Medetomidine and Ketamine. The effects of
Medetomidine were reversed with Atipamezol. Wolves were fitted with VHF and GPS
telemetry collars, that were capable of data download through the Argos satellite system
(Telonics, Mesa, Arizona; Lotek, Newmarket, Ontario, Canada).

We will investigate elk and moose survival as a function of wolf exposure as well as covariates
related to weather and habitat conditions. Data analysis will be performed with a model-based
approach using Cox’s proportional hazards analysis (Hosmer et al. 2008). The required data
will include: 1) temporally explicit space use of elk, moose, and wolves 2) dates and locations
of elk/moose mortalities and 3) spatially and temporally explicit GIS layers depicting habitat
and weather (e.g., snow conditions). All of these parameters vary spatially and temporally
across the study sites.

The abundance of elk and ungulate alternate prey (deer, moose) was determined with sightability
surveys of study areas (Unsworth et al. 1994). Survey estimates were obtained twice annually
corresponding to summer and winter range use. Summer surveys were conducted in late June so
that composition ratios could be used to measure early, neonate mortality, and winter surveys
were conducted pre-capture during December and January, to estimate additional calf mortality,
using composition ratios and estimated cow survival. Those elk abundance estimates were
adjusted continuously, post-survey, using age/sex-specific elk survival rates and movements data
from radio-marked elk. As elk died or move across the landscape, age and sex-specific densities
were adjusted proportionately. The initial resolution was at the level of the survey search units
which encompassed 20-60km”.

The level and spatial distribution of wolf exposure were determined with GPS-Argos marked
wolves. Study area boundaries were defined by wolf pack territories using GPS location data
from pack members. Territory boundaries were defined by Brownian bridge movement models
(Horne et al. 2007). GPS collars were programmed to obtain a fix every 7.5 hours and Argos
downloads occurred every 15 days.

The presence of elk among varying levels of wolf exposure will be determined with GPS
locations of radio-collared elk. The majority of elk collars were programmed to obtain locations
every 2 hours, during the entire year.

Alternate ungulate prey densities were measured during elk surveys. Moose and mule deer are
the dominate alternate ungulate prey and their abundance was estimated using the sightability
procedure (Unsworth et al. 1994), during summer and winter study area surveys conducted for
elk. Other less abundant ungulate species included mountain goats and white-tailed deer. We
indexed white-tailed deer and mountain goat abundance with survey observations.
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Winter weather severity, especially related to snow characteristics, can substantially affect wolf
caused mortality and forage availability. Snow effects are complex and relate to depth, density,
and crusting that all vary with aspect, slope, temperature, etc. Snow water equivalent (SWE),
which is a function of depth and density (SWE/density = snow depth), is an often used metric in
ungulate research. SWE and depth are typically highly correlated. Sinking depth is potentially
more informative than depth alone, and is a function of depth, density, and can be influenced by
crusting. Depth alone has been used to predict the influence of snow on wolf predation on elk
(Hebblewhite et al. 2002, Huggard 1993). We measured snow accumulation in 2 ways. First,
data on depth and SWE are available from SNOTEL sites. The SNOTEL data is available at no
cost and is reliable, although the sites are typically at much higher elevations than wintering
ungulates. We established permanent snow measuring sites on the Lowman (3 sites) and North
Fork (2 sites) study areas. The sites were at low elevation, on southerly slopes and included
areas occupied by elk during winter. We measured snow depth and indexed sinking depth with a
drop penetrometer, biweekly at each site. This snow condition data will be used to evaluate
regional snow cover models (SNODAS) that may be used to extrapolate snow conditions across
both study sites.

Our data indicate that malnutrition may be an important mortality factor for elk during some
years. It is important, therefore, to understand how forage conditions change throughout the
growing season and annually across Idaho’s dynamic landscapes. We are exploring the use of
Normalized Difference Vegetation Index (NDVI) using remotely sensed data collected via the
MODIS satellite system by USGS (eMODIS, Jenkerson et al. 2010) as a means of estimating
available forage across the landscapes that are used by ungulates.

RESULTS

On the Lowman study area, adult female elk survival ranged from 0.86 to 0.92 during calendar
years 2009-2012 but was 0.74 during 2008 (Table 1). The pattern in adult bull mortality was
similar, except that survival was also low in 2010. Low survival during 2008 was attributed to
exceptional snow accumulation. Survival of calves captured at 6-months-old averaged 0.35,
except during the exceptionally mild winter of 2010, when survival was 0.78 (Table 1).

Both adult and calf survival were substantially higher during 2010 than during 2009 and 2011 in
the North Fork study area, as well (Table 1).
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Table 1. Annual survival rates of adult elk, and 6-month (capture (approx. Jan) — 31 May)
survival rates of calf elk, radio-collared on the North Fork and Lowman study areas in Idaho.

Study Area Bulls Cows Calves
Year S*  (SE) S (SE) S (SE)
Lowman

2008 0.42 (0.08) 0.74  (0.05) 0.35 (0.06)
2009 0.65 (0.09) 0.92 (0.04) 0.30 (0.06)
2010 0.47 (0.08) 0.87 (0.04) 0.78  (0.09)
2011 0.75 (0.11) 0.86 (0.05) 0.40 (0.11)
2012 0.85 (0.32) 0.90 (0.06) NA
North Fork

2009 0.71 (0.10) 0.79  (0.06) 0.09 (0.03)
2010 0.88  (0.06) 0.95 (0.03) 0.60 (0.10)
2011 0.71  (0.09) 0.80 (0.06) 0.23  (0.10)
2012 0.82 (0.10) 0.85 (0.06) NA

* Survival rates and standard errors calculated following Pollock et al. (1989).

On the Lowman study area wolf predation was the primary source of mortality (Table 2).
Malnutrition alone was also a significant source of mortality (Table 2). Most deaths associated
with malnutrition occurred during the winter of 2008, when snow accumulation was substantial.
The primary cause of bull elk mortality was hunter harvest.

Table 2. Cause-specific mortality of radio-collared elk on the Lowman study area in Idaho,
2008-2012 (calendar year); expressed as a percentage of mortalities (n) in which cause-of-death
could be assigned based on available evidence.

Cause of Death Bulls (n =36) Cows (n =20) Calves (n =36)
Wolf 25% 35% 44%
Wolf/malnutrition® 6% 10% 31%
Cougar 0% 10% 6%
Predation, species unknown 3% 0% 3%
Malnutrition 6% 20% 11
Natural accident 3% 0% 3%
Auto accident 0% 0% 3%
Legal hunter harvest 58% 20% 0%
Illegal hunter harvest 0% 0% 0%
Old age 0% 5% 0%

* Necropsy revealed that the death was caused by predation, but malnutrition was indicated by mostly or
entirely depleted bone marrow fat.
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On the North Fork study area, wolf predation was the primary source of mortality (Table 3).
Pregnancy rates for adult cow elk varied considerably (Table 4), although sample sizes were
insufficient to draw any solid conclusions.

Table 3. Causes of death determined from necropsies of dead radio-collared elk on the North
Fork study area in Idaho, 2009-2012 (calendar year).

Cause of Death Bulls (n =10) Cows (n =8) Calves (n =27)
Wolf 60% 63% 85%
Wolf/malnutrition® 0% 13% 4%
Cougar 10% 13% 7%
Predation, species unknown 0% 0% 4%
Malnutrition 0% 0% 0%
Natural accident 0% 0% 0%
Auto accident 0% 0% 0%
Legal hunter harvest 30% 0% 0%
Illegal hunter harvest 0% 13% 0%
Old age 0% 0% 0%

* Necropsy revealed that the death was caused by predation, but malnutrition was indicated by mostly or
entirely depleted bone marrow fat.

Table 4. Pregnancy rates of adult (2 year +) elk captured on the Lowman and North Fork study
areas in Idaho during Jan or Feb of indicated year.

Study Area Lowman North Fork
Year % Pregnant” (n) % Pregnant (n)
2008 77 (24)
2009 80 (4) 100 (9)
2010 67 (18) 75 (12)
2011 100 (7) 0 (1)
2012 38 (8) 100 (1)

* Pregnancy determined from levels of Pregnancy Specific Protein-B following Noyes et al. (1997).

Limitations imposed by helicopter and capture crew availability, and project personnel turn-over
resulted in a reduced capture effort in January—Febuary 2012 compared to previous years. This
was most evident in the lack of 6-month-old calves, the cohort that typically experiences the
highest mortality rate. We maintained monitoring and data collection schedules throughout this
period. We began preliminary data analysis, focusing on the Lowman study area, during this
reporting period.
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STUDY Ill: HELLS CANYON AND SALMON RIVER BIGHORN SHEEP

Job I: Hells Canyon Initiative to Restore Rocky Mountain Bighorn Sheep
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ABSTRACT: The Hells Canyon Initiative is a state, federal, and private partnership to restore
Rocky Mountain bighorn sheep (Ovis canadensis canadensis) in the Hells Canyon area of
Oregon, Idaho, and Washington. During 2012—2013, 138 radio-collared bighorn sheep were
monitored regularly in 14 populations. Average annual survival of radio-collared ewes was 0.84
and annual ram survival was 0.78. Pneumonia-caused mortality of lambs was confirmed in 4
populations and suspected in 5 others. The overall metapopulation was estimated at 780 bighorn
sheep, an increase from an estimate of 740 sheep in 2011—2012.

Multi-year collaborative projects were continued with the University of Idaho Caine Veterinary
Teaching Center (CVTC) and the Department of Veterinary Microbiology and Pathology at
Washington State University to better understand the clinical causes of disease, in particular
Mycoplasma ovipneumoniae, in bighorn sheep. Three papers were published in peer-reviewed
journals.

The goals of the Salmon River bighorn sheep study are to evaluate population and genetic
structure of bighorn sheep in the Salmon River drainage in Game Management Units (GMU) 14,
19, 19A, 20, and 20A, and to assess connectivity between these sheep and other Idaho sheep
populations. A final report (MS Thesis) is expected by the end of 2013.

KEY WORDS: Bighorn sheep, disease, gene flow, Mycoplasma ovipneumoniae, Ovis
canadensis

The Hells Canyon Initiative was started in 1995 as a program to accelerate restoration of bighorn
sheep in Hells Canyon and the surrounding areas of Idaho, Oregon, and Washington and to focus
research applicable to bighorn sheep restoration and management throughout the western United
States and Canada. The concept was formalized in 1997 with the completion of an interagency
memorandum of agreement and restoration plan (Hells Canyon Bighorn Sheep Restoration
Committee 1997). The restoration plan was updated in 2004 (Hells Canyon Bighorn Sheep
Restoration Committee 2004).

The Salmon River Bighorn Sheep Project was initiated in 2007 and is a collaborative effort
between the Nez Perce Tribe, the Idaho Department of Fish and Game, the USDA Forest
Service, and the USDI Bureau of Land Management. Data are being collected on bighorn sheep
distribution and movements, temporal and spatial use patterns, as well as survival, lamb
production and recruitment. The objective of this study is to use genetic tools, habitat, and
movement and survival data to investigate connectivity and the risk of contact between and
within subpopulations.
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STUDY AREA

The Hells Canyon Initiative project area encompasses 2,273,194 ha (5,617,062 ac) in the Snake
River drainage in Oregon, Idaho, and Washington from the mouth of Clearwater River, Idaho,
south to Brownlee Reservoir. It is bounded on the east by the hydrologic divide between the
Salmon and Snake rivers near Riggins, Idaho, south to Brownlee Creek on the Payette National
Forest, Idaho, and extends just west of the Eagle Cap Wilderness, Wallowa-Whitman National
Forest, Oregon. Major drainages include the Snake, Grande Ronde, Imnaha, and lower Salmon
rivers. There are currently 16 bighorn sheep populations, or herds, established in the project area
(Fig 1). Over 1.3 million acres (24%) of the project area is potential bighorn sheep habitat, 68%
of which is publicly owned, primarily managed by the U.S. Forest Service (USFS). Other public
land managers are the states of Oregon, Idaho, and Washington and the Bureau of Land
Management (BLM).
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Figure 1. Hells Canyon Initiative Project Area

The greater Salmon River study area includes the portion of Hells Canyon in Idaho, the Salmon
River drainage and tributaries downstream from Sunbeam, ID and the Lemhi and Lost River
mountain ranges (Fig. 2). Landscapes are rugged and mountainous and elevations range from
245m in river canyons to >3,600m in the Lost River Range. The Salmon River Project focal area
(Fig. 3) is contained within the larger study area and includes the Little Salmon River drainage,
the mainstem Salmon River upstream from Riggins, ID to Big Mallard creek, the lower part of
the South Fork Salmon River, and upper portions of the Payette River drainage.
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Figure 2. Central Idaho Bighorn sheep subpopulations in the greater Salmon River Study area.

Figure 3. Salmon River Project Area, Payette National Forest, and bighorn sheep
subpopulations in central Idaho.
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METHODS

Population Monitoring

One hundred thirty-eight radio-collared bighorn sheep (93 ewes, 45 rams) were monitored in 14
Hells Canyon bighorn sheep populations from 1 May 2012 to 30 April 2013. We monitored
radio-collared ewes weekly from mid-April through September to determine productivity and as
needed to document summer lamb survival and we monitored movements and survival of all
sheep a minimum of biweekly year round. We also captured and radio-collared additional
bighorn sheep via helicopter netgun and at a corral trap during this reporting period. The state
wildlife agencies of Idaho, Oregon, and Washington conducted surveys from a helicopter
(Robinson 44 and Hughes 500) and on the ground in 2012—2013 to estimate total population
size.

RESULTS AND DISCUSSION

Adult survival

Twenty-five radio-collared adult bighorn sheep (15 ewes, 10 rams) died in Hells Canyon during
this period in the Redbird (5), Asotin (3), Lower Hells Canyon (3), Downey Saddle translocation
(2), Imnaha (2), Wenaha (2), Saddle Creek (2), Muir Creek (2), Big Canyon, Black Butte, Myers
Creek, Upper Hells Canyon Oregon, Sheep Mountain, and Lostine (1 ea) populations. Cause of
death could be determined for 7 animals. Known causes of mortality were trauma (3) and
harvest (4 rams Asotin (2), Black Butte, Imnaha). Averaged over the metapopulation, annual
survival of radio-collared ewes was 0.84 (78/93) and rams was 0.78 (35/45). By population,
annual survival of ewes in populations (8) with 5 to 14 radio-collared females ranged from a low
in Redbird of 71%, to 100% in Asotin, Lostine, Mountain View, and Black Butte (Tables 1 and
2).
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Table 1. Annual ewe survival in 10 Hells Canyon bighorn sheep populations, 1 May 1997 to 30

April 2012.
Year Black Redbird Wenaha Asotin Lostine Imnaha Big  Muir Mountain  Sheep

Butte Canyon Creek View  Mountain
1997-1998 | 0.92 1.0 0.91
1998-1999 | 1.0 1.0 1.0 0.88 1.0 1.0
1999-2000 | 0.58 1.0 1.0 0.86 093 0.93
2000-2001 | 0.71 1.0 0.73 1.0 1.0 0.86 0.57 0.67
2001-2002 | 0.80 0.92 1.0 1.0 1.0 1.0 1.0 1.0
2002-2003 | 1.0 0.91 1.0 080  0.94 1.0 0.88  0.50
2003-2004 | 0.84 0.73 075 083 094  0.80 029 0.88
2004-2005 | 0.75 1.0 1.0 0.80  0.81 0.92 1.0 1.0
2005-2006 | 1.0 0.91 089 0.88 080 091 1.0 078
2006-2007 | 1.0 0.86 093 073 088 1.0 1.0 086 1.0 1.0
2007-2008 | 0.93 0.91 062 1.0 0.92 0.80 1.0 1.0 0.60 0.88
2008-2009 | 0.75 1.0 1.0 1.0 1.0 0.56 0.70 1.0 1.0 0.71
2009-2010 | 0.83 1.0 1.0 083 1.0 0.89 1.0 1.0 0.67 1.0
2010-2011 | 0.80 1.0 1.0 080  0.92 1.0 1.0 1.0 1.0 1.0
2011-2012 | 0.83 0.82 093 067 10 1.0 1.0 10 1.0 1.0
2012-2013 | 1.0 0.71 0.91 1.0 1.0 0.92 0.70 1.0 0.80
Average |[0.86 0.92 092 0.87 093 0.90 0.87  0.90 0.90 0.91
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Table 2. Annual ram survival in 9 Hells Canyon bighorn sheep populations, 1 May
1997 to 30 April 2013.

Year Black  Redbird Wenaha Asotin Lostine Imnaha Big Muir ~ Mountain
Butte Canyon Creek View
1998-1999 1.0 1.0
1999-2000 1.0 1.0
2000-2001 1.0 1.0 0.67 0.80 0.67 0.80 0.50
2001-2002 0.8 0.80 1.0 1.0 1.0 0.75 0.50
2002-2003 0.3 0.75 1.0 0.80 1.0 0.33
2003-2004 0.5 0.83 1.0 0.8 0.80 0.67 1.0 1.0
2004-2005 1.0 0.60 0.88 0.75 0.83 0.67 1.0 1.0
2005-2006 1.0 1.0 033 1.0 0.50 1.0
2006-2007 1.0 0.83 0.83 1.0 0.78 0.83 1.0
2007-2008 1.0 0.75 0.71 0.60 1.0 0.63 1.0 0.67
2008-2009 1.0 0.83 0.86 0.92  0.88 0.83 1.0
2009-2010 0.75 1.0 1.0 0.82 0.86 0.60
2010-2011 0.67 0.60 1.0 0.78 1.0 0.88 1.0 1.0 1.0
2011-2012 1.0 0.82 1.0 088 1.0 1.0 1.0 1.0 1.0
2012-2013 1.0 0.75 1.0 0.79  0.83 0.5 1.0 1.0
Average 0.84 0.81 0.92 0.77  0.89 0.75 0.88 0.86 0.95

Lamb Survival

In 2013, summer lamb survival in the 4 populations where lambs were diagnosed with
pneumonia was 50% or less (Tables 3, 5), and recruitment in these populations ranged from 12
to 26 lambs/100 ewes (Table 4). Pneumonia-caused lamb mortality was suspected in another 5
populations where summer survival was 0—50% and recruitment was 0 to 24 lambs/100 ewes
(Table 4), although no dead lambs were recovered.
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Table 3. Observed productivity and summer lamb survival in 9 herds in Hells Canyon, 2012.

Herd No radio-collared ewes % summer
observed with lambs (%) survival
Asotin Creek, Washington 9/10 (90) 38%
Black Butte, OR/WA 10/11 91) 50%
Imnaha, Oregon 12/13 91) 50%
Mtn View/Wenaha, WA OR 17/18 (94) 39%
Muir Creek, OR 2/2 (100) 0%
Redbird, Idaho 7/14 (50) 33%
Lower Hells Canyon, OR 6/7 (86) 0%
Upper Hells Canyon, OR 3/3 (100) 0%
Sheep Mountain, Oregon 0/5 (0) 0%

4 Survival from birth to 1 October. Herds in bold are those where lambs were recovered with
pneumonia.

Table 4. Hells Canyon bighorn sheep population counts, 2012—2013.

Herd Survey date(s) Total | Ewes | Lambs | Rams E(S)gm?a'l[%%n
Asotin, WA? 3/2/2013 64 32 5 27 70
Bear Creek, OR July 2012 47 29 2 16 60
Big Canyon, ID? Mar-Apr 2013 22 10 4 8 25
Black Butte, WA/OR? 3/1/2013 52 30 8 14 55
Lostine, OR? Feb 2013 71 36 18 17 75
Lower Hells Canyon, OR?  NA 26 16 0 10 35
Lower Imnaha, OR? 4/2/2013 109 67 16 26 135
Mtn View/Wenaha, April 2013 108 57 12 39 125
WA/OR?
Muir Creek, OR? 2/14/2013 16 10 0 6 20
Myers Creek, ID Dec—Mar 2012 3 2 0 1 5
Redbird, ID? 3/9-10/2013 91 63 8 22 95
Saddle Creek, OR NA 47 28 11 8 55
Sheep Mountain, OR? 4/3/2013 10 10 0 0 10
Upper Hells Canyon, ID 12/5/2012 5 2 1 2 5
Upper Hells Canyon, OR  11/2012, 5/2013 8 5 0 3 10
Total 678 780
Average 52

a Populations monitored intensively under the Hells Canyon Initiative.
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Table 5. Dead pneumonic bighorn lambs submitted to the Washington Animal Diagnostic Laboratory 1 May 2012 to 30

April 2013.
Animal ID | WADDL Mortality Herd Sex Age (approx Weight (kg)  Mycoplasma
ID Date days) ovipneumoniae PCR

12WAO01  [2012-6349  6/1/2012  Black Butte M 17 9.8 Pos
12WA02 [2012-6349  6/1/2012  Black Butte M 17 8.9 Po
12WA05 [2012-7000  6/7/2012  Black Butte ~ F 23 11.6 Po
12WA06  [2012-7496  6/24/2012  Black Butte M 40 10.0 Po
120R04  [012-9613  8/22/2012  Mt. View F 99 20.9 Po
12IDO1  [2012-6165  5/29/2012 Redbird F 14 6.8 Neg
120R02  [2012-7763  7/1/2012 Wenaha F 47 10.4 Po




Capture

Fifteen bighorn sheep were captured via helicopter net-gunning, radio-collared and released in
Asotin Creek in October 2012. We recaptured 6 collared ewes, as well as 2 unmarked ewes and
7 unmarked rams. All sheep were sampled for bacteria, parasites, trace elements and exposure to
respiratory pathogens. All sheep were radio-collared with VHF collars and rams were also
collared with satellite GPS collars.

Thirty-five bighorn sheep (28 ewes, 4 rams, and 3 lambs) were captured in a corral trap or by
immobilization with xylazine at the Lostine winter range and 25 of these were captured more
than once to test for Mycoplasma ovipneumoniae shedding patterns.

Population Monitoring

Approximately 780 bighorn sheep are estimated to occur in 16 herds or populations within the
project area (Table 4). This is an increase in numbers from an estimate of 740 last year. This
increase was primarily due to increases in the Saddle Creek, Bear Creek, and Lostine Oregon
populations and few declines in other populations. We have incorporated the sightability model
we have developed for bighorn sheep in Hells Canyon into the R software program sightability
package to better estimate population size and to obtain confidence limits on the estimates.

Disease Research and Management

An intensive analysis of pneumonia dynamics in Hells Canyon bighorn sheep was continued in
collaboration with the Center for Infectious Disease Dynamics at Penn State University,
Washington State University, and the USGS Rocky Mountain Research Center in Bozeman, MT.
Investigation into patterns of Movi shedding in the Lostine population through repeated testing
of marked individuals revealed that some individuals tested consistently negative (resistant),
others consistently tested positive (chronic shedders), and others switched back and forth
(intermittent shedders. This suggests that sheep that survive initial exposure may fall into three
categories of Movi infection:

e Chronic-shedders become chronically infected and continue to readily transmit Movi.
e Resistant individuals clear infection following exposure, and do not subsequently
transmit Movi.

e Incompletely resistant individuals periodically shed and can transmit Movi, but they also
intermittently test negative.

Additional work is planned over the next winter to test this idea.
Three manuscripts were published during this period:

Besser, T.E., Cassirer, E.F., Highland, M.A., Wolff, P., Justice-Allen, A., Mansfield, K.M.,
Davis, M.A. & Foreyt, W.J. (2012) Bighorn sheep pneumonia: Sorting out the etiology of
a polymicrobial disease. Journal of Preventive Veterinary Medicine.

Cassirer, E.F., Plowright, R.K., Manlove, K.R., Cross, P.C., Dobson, A.P., Potter, K.A. &
Hudson, P.J. (2013) Spatio-temporal dynamics of pneumonia in bighorn sheep (Ovis
canadensis). Journal of Animal Ecology, 82, 518-528.
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Plowright, R.K., Manlove, K.R., Cassirer, E.F., Cross, P.C., Besser, T.E. & Hudson, P.J. (2013)
Use of exposure history to identify patterns of immunity to pneumonia in bighorn sheep
(Ovis canadensis) population. PLoS ONE.

Hells Canyon Bighorn Sheep Restoration Committee

The Hells Canyon Bighorn Sheep Initiative is conducted by the Hells Canyon Bighorn Sheep
Restoration Committee. The committee is comprised of state, federal, tribal, and private
organizations, of which each provide an administrative (A) and technical (T) committee member.
Organizations and committee members in 2012 were:

Idaho Department of Fish and Game
Brad Compton, Wildlife Program Coordinator (A)
Frances Cassirer, Hells Canyon Project Coordinator/Wildlife Research Biologist (T)

Oregon Department of Fish and Wildlife
Nick Myatt, (A)
Pat Matthews, District Wildlife Biologist (T)

Washington Department of Fish and Wildlife
Rich Howad, Big Game Program Manager (A)
Paul Wik, District Wildlife Biologist (T)

USDA Forest Service
Kevin Martin, Forest Supervisor, Umatilla National Forest (A)
Mark Penninger, Full Curl Coordinator, Wallowa-Whitman Forest Biologist (T)

USDI Bureau of Land Management
Tom Rinkes, Wildlife Biologist, Idaho State Office(A)
Craig Johnson, Wildlife Biologist, Salmon-Clearwater Resource Area (T)

Wild Sheep Foundation
Gray Thornton, CEO (A)
Kevin Hurley, Conservation Director (T)

Nez Perce Tribe (Ad hoc member)
Keith Lawrence, Wildlife Biologist (A)
Curt Mack, Wildlife Biologist (T)
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Summary

1. Bighorn sheep mortality related to pneumonia is a primary factor limiting population
recovery across western North America, but management has been constrained by an incom-
plete understanding of the disease. We analysed patterns of pneumonia-caused mortality over
14 years in 16 interconnected bighorn sheep populations to gain insights into underlying dis-
ease processes.

2. We observed four age-structured classes of annual pneumonia mortality patterns: all-age,
lamb-only, secondary all-age and adult-only. Although there was considerable variability
within classes, overall they differed in persistence within and impact on populations. Years
with pneumonia-induced mortality occurring simultaneously across age classes (i.e. all-age)
appeared to be a consequence of pathogen invasion into a naive population and resulted in
immediate population declines. Subsequently, low recruitment due to frequent high mortality
outbreaks in lambs, probably due to association with chronically infected ewes, posed a sig-
nificant obstacle to population recovery. Secondary all-age events occurred in previously
exposed populations when outbreaks in lambs were followed by lower rates of pneumonia-
induced mortality in adults. Infrequent pneumonia events restricted to adults were usually of
short duration with low mortality.

3. Acute pneumonia-induced mortality in adults was concentrated in fall and early winter
around the breeding season when rams are more mobile and the sexes commingle. In con-
trast, mortality restricted to lambs peaked in summer when ewes and lambs were concen-
trated in nursery groups.

4. We detected weak synchrony in adult pneumonia between adjacent populations, but found
no evidence for landscape-scale extrinsic variables as drivers of disease.

5. We demonstrate that there was a >60% probability of a disease event each year following
pneumonia invasion into bighorn sheep populations. Healthy years also occurred periodically,
and understanding the factors driving these apparent fade-out events may be the key to man-
aging this disease. Our data and modelling indicate that pneumonia can have greater impacts
on bighorn sheep populations than previously reported, and we present hypotheses about
processes involved for testing in future investigations and management.

Key-words: bacterial pneumonia, livestock-wildlife interface, Markov model, time series

Introduction

Over the past 20 years, considerable advances have been
made in understanding the spatio-temporal patterns of
disease persistence and fade-out following invasion into
*Correspondence author. E-mail: frances.cassirer@idfg.idaho.gov susceptible host populations. Infections that generate
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rapid mortality such as Ebola virus, burn through suscep-
tible populations until there are no more hosts and
effectively die out (Sanchez et al. 2001). Infections with a
strong immunizing effect, such as measles in England and
Wales, persist in populations and exhibit biannual epi-
demic peaks that coincide with the birth and aggregation
of sufficient susceptibles (Bjornstad & Grenfell 2008). The
dynamics of strong immunizing or fatal infections can
leave a distinct spatio-temporal signature, although an
infection that results in predictable disease in one
instance, may appear almost chaotic in another setting;
for example, contrast the dynamics of measles in the UK
and Niger (Ferrari et al. 2008). Describing these spatio-
temporal patterns can reveal underlying processes and this
approach can be especially important in understanding
infections that have recently invaded a population where
the transmission routes or actiological agents are not clear
(Cleaveland et al. 2007). In this article, we examine the
spatio-temporal dynamics of pneumonia in bighorn sheep,
where the disease has been described for at least 80 years
(Rush 1927), but debate continues about the identities
and roles of causal agents, and disease remains an impor-
tant factor limiting recovery of populations.

Bighorn sheep (Ovis canadensis) are social, sexually dimor-
phic ungulates. The species commonly occurs in spatially
structured, demographically independent, interconnected
populations in steep, rugged terrain. Males and females pur-
sue different life-history strategies (Bleich et al. 1996; Rubin,
Boyce & Caswell-Chen 2002). Interactions between the
sexes are concentrated around the breeding season which is
relatively short in northern latitudes and high altitudes
(Bunnell 1982; Thompson & Turner 1982; Bleich, Bowyer &
Wehausen 1997; Valdez & Krausman 1999). Seasonal
breeding also governs contact patterns between age classes,
and each year a pulse of neonates is reared in female-juve-
nile nursery groups. Outside the breeding season, mature
males and females generally occur in male-only, female-only
or female-offspring associations. Males are more mobile
and more likely than females to contact conspecific hosts in
adjacent populations, or potential disease reservoirs such as
domestic sheep (Bleich, Bowyer & Wehausen 1997; Rubin
et al. 1998; DeCesare & Pletscher 2006).

Pneumonia is a significant factor limiting the distribu-
tion and abundance of bighorn sheep (Gross, Singer &
Moses 2000; Cassirer & Sinclair 2007; Boyce et al. 2011).
The disease is associated with infection by directly trans-
mitted bacteria, principally thought to be Mycoplasma
ovipneumoniae and Mannheimia haemolytica, but, as is
often the case with pneumonia, the precise aetiology
remains unclear (Foreyt, Snipes & Kasten 1994; Besser
et al. 2008, 2012b; Dassanayake et al. 2009, 2010). Ini-
tially, infection probably originates in domestic sheep, but
once it has spilled over into bighorn sheep populations it
is most likely maintained in the population and spread by
bighorn sheep. Bighorn sheep appear highly susceptible to
infection from domestic sheep: nearly all (98%) of a total
of 90 bighorn sheep that were co-pastured with domestic
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sheep in 11 experimental commingling studies conducted
between 1979 and 2009 died of pneumonia within
100 days, while the domestic sheep remained healthy
(summarized in Besser et al. (2012a). Although these
captive experimental results support field observations by
naturalists and field biologists (Grinnell 1928; Shillenger
1937; Goodson 1982; George et al. 2008), they do not
replicate the range of demographic variation in pneumo-
nia events observed under natural conditions. Pneumonia
described in free-ranging bighorn sheep populations
includes acute die-offs with wide ranges in all-age mortal-
ity (10-90%), chronic or sporadic low levels of adult mor-
tality, and annual or sporadic epizootics with high
mortality rates restricted to juveniles from 1 to many
(>20) years following all-age outbreaks (Rush 1927,
Jorgenson et al. 1997; Aune et al. 1998; Enk, Picton &
Williams 2001; Hnilicka ez a/. 2002). The aim of this
paper was to use empirical data to describe these mortal-
ity patterns in detail and to develop hypotheses about the
underlying processes involved. Indeed, a lack of data has
so far constrained models of pneumonia dynamics in
bighorn sheep (Hobbs & Miller 1992; Gross, Singer &
Moses 2000; Clifford et al. 2009; Cahn et al. 2011). Our
objective was to develop an understanding of the disease
that will ultimately aid in identifying and assessing inter-
vention options.

Materials and methods

STUDY AREA

We studied bighorn sheep in a 22 732 km?> area encompassing
Hells Canyon of the Snake River in the Blue Mountain and
Columbia Plateau ecoregions of Idaho, Oregon and Washington
(—117-875°, 46-500° to —116-250°, 44.750°, Fig. 1). Bighorn
sheep occupy three climate zones within this diverse area from
lowest to highest elevation: Snake River, Blue Mountains and
Wallowa Mountains. The low elevation Snake River canyon is
warm and dry with temperatures averaging 17-6 °C at Lewiston,
ID. Average annual precipitation of 31-4 cm occurs fairly evenly
year-round except during the months of July and August. The
adjacent uplands including the Blue Mountains in Washington,
are cooler and wetter with average temperatures of 10 °C in
Pomeroy, Washington (WA) and average annual precipitation
of 61 cm at Asotin, WA and 66 cm in Pomeroy. The upper ele-
vations in the Wallowa and Seven Devils mountains receive
annual precipitation of up to 205 cm, over two-thirds of which
occurs as snow. Temperature averages 7 °C at the base of the
Wallowa Mountains in Enterprise, OR and annual precipitation
averages 76 cm. Seasonal temperature patterns in all three cli-
mate zones are similar, with highs in July and August and lows
in December and January (Johnson & Simon 1987; Western
2008).

Bighorn sheep are native to Hells Canyon, but were extir-
pated by 1945, probably through a combination of unregulated
hunting, competition with livestock for forage and diseases
introduced from domestic sheep (Smith 1954; Johnson 1980;
Coggins & Matthews 1996). From 1971 to 1995, wildlife
agencies in Idaho, Oregon and Washington translocated a total
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Fig. 1. Distribution of the 16 bighorn sheep populations in the
Hells Canyon metapopulation, Idaho, Oregon and Washington.
AS = Asotin; WE = Wenaha; BB = Black Butte; BC = Big
Canyon; BRC = Bear Creek; IM = Imnaha; LHC = Lower Hells
Canyon; LO = Lostine; MU = Muir; MV = Mountain View;
MY = Myers Creek; RB = Redbird; SC = Upper Saddle Creek;
SM = Sheep Mountain; UHCID = Upper Hells Canyon, Idaho;
UHCOR = Upper Hells Canyon, Oregon.

of 329 bighorn sheep into Hells Canyon and moved 79 within
the metapopulation, establishing 12 interconnected populations
prior to our study (Figure S1). Another four populations were
established and one population supplemented with transloca-
tions 1997-2005, during our study. Populations were delineated
by movement patterns of females (Rubin ez al. 1998). Females
rarely move between populations whereas males may move
seasonally or disperse among populations. Periodic pneumonia
outbreaks were documented prior to this study, although
monitoring was sporadic and most pneumonia events were doc-
umented following reports of sick and dying sheep. Over the
same time period, domestic sheep grazing declined dramatically.
However, reduced numbers of domestic sheep and goats con-
tinue to graze intermittently on public and private lands. Active
management is ongoing to prevent contact between species: 22
bighorn sheep, five domestic goats and three domestic sheep
were removed from areas where there was risk of contact during
the study, nonetheless, some potential for disease transmission
from domestic sheep and goats existed for all bighorn sheep
populations throughout the study.

MONITORING

In 1995 and 1996, all-age pneumonia outbreaks occurred in five
populations in the northern part of the project area (Cassirer et al.
1996). In 1997, we started monitoring movements and survival of
radio-collared bighorn sheep in three of these populations (Red-
bird, Black Butte and Wenaha) as part of an unsuccessful vaccina-
tion trial to improve lamb survival (Cassirer ef al. 2001). We
collared animals in additional populations in 1998, 1999, 2000,
2006 and 2010 including animals that were translocated and, as
animals left the study due to death or were censored due to radio
failure, we replaced them by collaring new individuals.

State wildlife agencies have conducted periodic ground and
aerial surveys since initial reintroductions in 1971. Between 1997
and 2010, annual helicopter surveys were conducted between
February and April. Visibility of sheep is high (87%), as deter-
mined by detection of radio-collared animals (Idaho Fish and
Game data) and population estimates were derived by combining
helicopter counts with observations from ground and observa-
tions from fixed-wing monitoring of radio-collared animals. Most
lambs were born in May and we conducted our population anal-
yses on a biological year, May—April. Annual exponential rate of
population increase was calculated as r = In(N;/N). During this
period, 735-900 bighorn sheep were estimated to occur within the
metapopulation. Estimated population sizes ranged from 5 to
190, with a median of 35.

We calculated annual adult survival by sex as the proportion
alive in May that survived to the following May in populations
with at least five radio-collared animals. Summer lamb survival
was the proportion of known offspring of radio-collared ewes that
survived until October (approximately to weaning). We classified a
female as having a lamb when she was observed alone with, or
nursing a lamb. We assumed lambs were dead when the female was
no longer associating with a lamb. We located dead lambs through
visual observation. We defined recruitment as the ratio of lambs to
ewes recorded in the annual February—April surveys.

We located radio-collared sheep at least bi-weekly from the
ground or from fixed-wing aircraft. We located females up to sev-
eral times per week during lamb-rearing to monitor productivity
and lamb survival. Radiocollars were equipped with a motion-
sensitive switch. When no movement was detected for 4 h, the
switch was activated and we conducted an investigation on site
and collected the entire carcass or tissue samples for analysis at
the Washington Animal Disease and Diagnostic Laboratory
(WADDL), Washington State University, Pullman. On the basis
of site investigations and necropsy results, we classified causes of
death as disease, predation, accident or injury, human-caused or
unknown. We censored animals that died within 30 days of cap-
ture and animals translocated to Hells Canyon did not enter the
study until the start of the biological year following translocation
(2—4 months following release).

PATHOLOGY

We based diagnoses of pneumonia on gross and histological
examination of lung tissue at WADDL. Gross features used to
diagnose pneumonia included consolidation, presence of lung
adhesions, abscesses, bronchiectasis or pleuritis. Affected areas of
the lung were characterized by tissue colour, consistency and
ability to float in formalin. Histological features of acute
pneumonia included fibrin and oedema, increased presence of
pulmonary macrophages, neutrophils, necrotic neutrophils,
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necrosis, haemorrhage and bacterial colonies in lung tissue.
Chronic pneumonia was characterized by the presence of fibrosis,
abscesses or bronchiectasis. Bronchiolar epithelial hyperplasia
and peribronchiolar lymphocytic infiltrates in the absence of
fibrosis or abscessation was designated as subacute pneumonia.
Severity (mild, moderate or severe) was based primarily on the
percentage of both right and left lung fields affected on gross
examination. Severity assessed by histopathology was based on
the total percentage of affected tissue on individual sections of
lung. Five to 15% total affected lung or tissue was considered
mild, >15-50% was moderate and > 50% was severe.

HEALTH STATUS

We used confirmed and suspected (for lambs) pneumonia-caused
mortalities to characterize the seasonality, duration and intensity
of four types of pneumonia events by population and year: (i)
all-age pneumonia, (ii) secondary all-age pneumonia, (ii) adults
only, and (iv) lambs only. We classified a population-year as
healthy if animals were radiocollared in the population, but we
did not detect any pneumonia in adults or detect or suspect pneu-
monia in lambs as described in the results.

ANALYSIS

We used Mann—Whitney’s U test and Wilcoxon’s Rank Sum
(Siegel & Castellan 1988) to compare median survival rates of
adults and juveniles and population growth by health class due
to lack of normality in the data (Shapiro-Wilks test P < 0-0001).
We analysed seasonal patterns in lamb survival to weaning by
translocation status and climate zone with Kaplan—Meier esti-
mates and log-rank tests (Kaplan & Meier 1958).

We fit Bayesian survival models to analyse the effect of pneu-
monia on the daily mortality risk from birth to 140 days in
lambs. Starting at day 0 (birth), we used a piecewise-constant
hazard approach where the instantaneous daily mortality hazard,
h (a), was assumed to be constant for each day. Daily hazard
estimates were smoothed using a first order conditional autore-
gressive approach, /i (a) = exp (B + y (a)), where B is a global
intercept with an improper flat prior distribution and y (a) was
specified using the car.normal function in WinBUGS assuming a
Uniform(0,10) hyperprior on o, and T, the car.normal precision
parameter, set equal to % (Besag, York & Mollie 1991; Heisey
et al. 2010). We used Markov chain Monte Carlo methods to
generate separate posterior distributions for daily mortality haz-
ards by health class (pneumonia or healthy). We ran three Mar-
kov chains for 100 000 iterations, discarded the first 50 000 steps,
and thinned the remaining steps so that our posterior included
every 10th iteration. The Markov chains readily converged
(Gelman-Rubin statistic <1-13 for healthy years, and <1-02 for
pneumonia-years). Further details are provided in Appendix SI.

To identify significant seasonal clustering in adult pneumonia
mortalities, we fit a logistic regression model to a series of sea-
sons. The response was a binomial equal to the proportion of
adult pneumonia mortalities occurring in that season weighted by
month, and the predictor was a binary season indicator for ‘sum-
mer’ or ‘winter’. We varied the months categorized as summer by
starting with the lamb-rearing months, May-August, and classify-
ing all other months as ‘winter’ and systematically extended the
endpoints of the summer season. We present the grouping that
showed the greatest difference between seasons.
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In populations where we documented pneumonia during the
study (we excluded the healthy Asotin and Upper Saddle Creek
populations), we used health status in the current year (a categor-
ical predictor taking on separate values for all-age pneumonia,
adult-only pneumonia, lamb-only pneumonia or healthy, with
healthy as the baseline) as a predictor for future pneumonia
(coded as 0 if the next year was healthy, and 1 otherwise). To test
for differences among translocated and resident populations,
logistic regression models were of the form, lf%\,):e“*”'
where ¢% is the odds of pneumonia this year given last year’s
health status and eP¥ is the multiplicative adjustment to these
odds accounting for the population’s translocation status, X;
(an indicator taking on the value 0 for resident populations and
1 for translocated populations). We used Firth’s bias-reduction
technique for complete separation (Firth 1993) because we always
observed pneumonia the year following all-age pneumonia.

We estimated annual transition probabilities between pneumo-
nia classes for populations that had experienced epizootics by
building a matrix from the frequency of transitions between clas-
ses during the study. Since the transition matrix was regular and
irreducible (any state could potentially transition to any other
state), we derived the stationary distribution by repeatedly multi-
plying the probability transition matrix by itself until row values
converged (c. 15 iterations) (Taylor & Karlin 1998).

To assess the evidence for spatial synchrony of pneumonia, we
used logistic regression to evaluate the influence of pneumonia
status in neighbouring populations on a population’s odds of
pneumonia. We calculated centroids of 95% contours of fixed
kernel home ranges of radiolocations of resident animals by pop-
ulation in Hawth’s Tools (Beyer 2004) and ArcMap 9-3 (ESRI
2008). We defined a population’s neighbours to be all populations
with centroids within a designated Euclidean distance (from 10 to
70 km) of the population of interest. Pneumonia in neighbours
was a categorical predictor that took on the value 1 if any neigh-
bouring population had pneumonia in the year of interest, and 0
otherwise. We included years when pneumonia was known to be
present in the neighbourhood, even if some neighbours were not
sampled. We recognize that our probability of detecting pneumo-
nia was less than 1, so we excluded data points (range from 26 to
53% of points at each distance category) where no pneumonia
was detected in neighbours, but not all neighbours were sampled.
Since a population’s pneumonia status in year t-1 altered its
pneumonia odds in year t, we included last year’s pneumonia sta-
tus in both the population of interest and the neighbouring popu-
lations as predictors in the models. To evaluate the effect of
translocations, we added an indicator variable for translocated
populations in the neighbourhood.

Data were analysed in the R statistical computing environment
(R Development Core Team, 2008) through the lme4 (Bates,
Maechler & Dai 2008) and logistf (Pioner er al. 2006) packages.
The lamb mortality hazard model was fit in WinBUGS
version 1-4 (Lunn ez al. 2000) through R version 2-13-0 using the
R2WinBUGS package (Sturtz, Ligges & Gelman 2005).

Results

PNEUMONIA IN ADULTS

Between 1997 and 2010, 477 bighorn sheep were radiocol-
lared (313F, 164M) in 14 populations (Fig. 1) and
monitored for a total of 141 population-years (1-14 years
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per population). On average, 117 radio-collared adults
(range 35-146) were monitored each year, with a median
of 24% (range 5-100%) of adults collared in each study
population (Table S1). This included 339 resident sheep
monitored for 1220 sheep-years. Another 104 sheep
translocated to Hells Canyon from presumably healthy
populations in British Columbia, Alberta and Montana
1997-2002, and 34 sheep that were moved within the
Hells Canyon metapopulation 1999-2005 were monitored
for a total of 459 sheep-years. The translocations estab-
lished the Big Canyon, Muir Creek, and Myers Creek and
Saddle Creek populations, and supplemented existing
populations at Asotin, Upper Hells Canyon Oregon,
Lostine and Bear Creek (Table S1 and Figure S1).

We determined a cause of death for 179 of 264 radio-
collared bighorn sheep (94M, 170F) that died and 53
(30%) were diagnosed with bacterial pneumonia (17M,
36F). We also found 12 (8M, 4F) unmarked dead adult
sheep that were diagnosed with bacterial pneumonia.
Pneumonia-caused mortality of radio-collared sheep was
27% (28 of 104) of translocated animals and 7% of
radio-collared resident animals (25 of 339, x> = 28-87,
1 d.f., P<0-01).

PNEUMONIA IN LAMBS

We submitted 129 unmarked dead lambs from 14 popula-
tions for necropsy and euthanized 11 live lambs in four
populations. We determined a cause of death for 104
lambs and 92 (88%) were diagnosed with pneumonia
including 9 of 11 euthanized lambs (Besser et al. 2008).
Although juveniles of all ages died from pneumonia, most
mortality was prior to weaning, between 4 and 14 weeks
of age (Fig. 2). We found no differences in the summer
survival distribution functions of lambs in years with
pneumonia among the Snake River, Blue Mountains and
Wallowa Mountains climate zones ()(2 =01, 2df,
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Fig. 2. Daily mortality hazard from 0 to 140 days of lambs born
to radio-collared ewes in population-years where no pneumonia
was documented (in black, 267 lambs) and where pneumonia was
diagnosed (in red, 262 lambs). Solid line is the smoothed daily
hazard, dark and light bars represent 50% and 95% credible
intervals from a conditional autoregressive model. The 95% cred-
ible intervals for lamb hazards in pneumonia and healthy popula-
tion-years did not overlap between the ages of 27 and 101 days.

P =0-97) or between lambs of translocated and resident
ewes (x> = 1.5, 1 d.f., P = 0-23).

Due to the difficulty of detecting freshly dead
unmarked lambs in a large, relatively inaccessible and
rugged landscape, we assigned a class of ‘suspected pneu-
monia’ in lambs based on (1) the distinct temporal signa-
ture of documented pneumonia-induced mortality in 37
lamb-only or secondary all-age population-years (Fig. 2);
and (2) observations of clinical signs of pneumonia
including lethargy, coughing, nasal discharge and discov-
ery of intact dead lambs that were too autolysed for diag-
nosis. We were conservative in assigning the suspected
class of pneumonia to lambs. Median summer lamb sur-
vival and recruitment (lamb : ewe ratio) were higher or
did not differ in population-years with documented vs.
suspected pneumonia (Fig. 3).

HISTOPATHOLOGY

Lung lesions observed at necropsy included acute fibrin-
ous bronchopneumonia and pleuritis, sub-acute broncho-
interstitial pneumonia with lymphocytic cuffing of airways
and bronchiolar hyperplasia, and chronic pneumonia with
fibrosis and abscessation. Acute lesions were observed in
approximately half of the mortalities regardless of age
class (30 of 65 adults and 33 of 66 lambs). Chronic lesions
were present in about half (33) of the adult mortalities
compared with about a quarter of the lambs (15). Sub-
acute lesions were more common in lambs (n = 18, 27%)
than in adults (n = 2, 3%).

SEASONAL PATTERNS

There was no difference between sexes in monthly pat-
terns of pneumonia-caused adult mortality (x> = 677,
d.f. =11, P =0-82). In both sexes, the odds of pneumo-
nia-caused mortalities were almost three times higher
between October and February than during the rest of the
year (odds ratio 2-85, 95% CI 1.74-8, P < 0-0001). The
seasonal pattern was driven by mortalities with acute
lesions (odds ratio 4-29, 95% CI 1.7-10-9, P = 0-002).
Deaths of animals with chronic lesions were more evenly
distributed across seasons (odds ratio 19, 95% CI 1-0-
4.0, P =0-05). No acute pneumonia was detected in
adults between May and July, the period when most
(80%) pneumonia mortalities were detected in lambs.
Peak pneumonia mortalities in lambs at 1-3 months of
age corresponded to the period when ewes congregated in
nursery groups and mortalities associated with pneumonia
in adults peaked during the breeding season when mixed
sex group sizes were largest (Fig. 4).

TEMPORAL AND SPATIAL PATTERNS

Pneumonia was detected or suspected in 33-77% of the
study populations each year. Two populations remained
healthy throughout the study: Asotin and Saddle
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Fig. 3. Summer lamb survival and recruitment in healthy, adult-
only, all-age and lamb pneumonia-years vs. suspected all-age or
lamb pneumonia-years. The horizontal line denotes the median,
the box encloses 50% of the observations and the whiskers
show the 2-5th and 97-5th percentiles. Median summer lamb
survival and recruitment did not differ significantly between all-
age pneumonia population-years when pneumonia was detected
in both adults and lambs and population-years when pneumonia
was detected in adults and suspected in lambs (W < 48,
P > 0-10).

Creek (Fig. 5). Survival and population growth patterns
differed significantly among age-structured health classes,
indicating that pneumonia was a dominant and additive
source of mortality (Table 1).

Pneumonia restricted to lambs (lamb-only) was the
most frequent class of pneumonia observed, and popula-
tions usually remained stable (Table 1). Pneumonia in
both adults and lambs simultaneously (all-age) occurred
in translocated populations in biological years 2000, 2002
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and 2003. This accounted for 68% (19 of 28) of the pneu-
monia mortalities in translocated animals and resulted in
immediate population declines. Secondary all-age pneu-
monia events occurred in both resident and translocated
sheep in populations that had previously experienced all-
age outbreaks. These events were characterized by sum-
mer pneumonia outbreaks in lambs followed by lower
rates of pneumonia-induced mortality in adults. Pneumo-
nia in adults only was an infrequent, usually low mortal-
ity event (Table 1).

We observed high survival and stable to increasing pop-
ulations in population-years classified as healthy, even in
populations with a previous history of pneumonia. How-
ever, once pneumonia invaded a population, healthy peri-
ods were usually of short duration (median 1 year, range
1-3 years, Table 1, Fig. 5).

Median  Euclidian  distance population
centroids was 67 km with a range from 1 (populations
separated by the Snake River) to 156 km (Fig. 5). We
detected no significant differences in probability of
pneumonia relative to distance to neighbouring
populations with pneumonia. There was a slight, but
insignificant increase in probability of adult or all-age
pneumonia-years in populations centred 20 km or less
apart (Beighbuoren = 0-97, SE = 0-76, P = 0-20) and no
spatial correlation of pneumonia in lambs (Figure S2).
Adding a 1-year lag or an indicator for the presence of
translocated populations in the neighbourhood did not
alter this result (P > 0-32).

We found a significant predictive effect of current pneu-
monia class on health status of the population the follow-

between
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ing year. Continued pneumonia, usually in lambs, was
most likely following all-age and secondary all-age (98%)
or lamb-only pneumonia-years (83%). The probability of
a pneumonia-year following adult-only and healthy years
was similar (63% and 62%, respectively, P = 0-98), and
pneumonia was significantly less likely after healthy years
than all-age (P < 0-05,
Table 2).

We used the observed frequency of transitions between
health classes to develop a transition matrix (Table 2)

or lamb pneumonia-years

with Markov properties: there were a finite number of
health classes (or states), health class in the current year
was dependent on health in the previous year, and any
health class could transition to any other health class.
Thus, we could predict the stationary distribution of
health classes. Assuming transition probabilities among
health classes remain constant, pneumonia is predicted
in 81% of populations annually: lamb-only pneumonia
57%, all-age and secondary all-age pneumonia combined
17%, adult-only pneumonia 7%. To further illustrate the
dynamics of pneumonia-induced mortality, we combined
the stationary distribution with mortality and transition
rates (Tables 1 and 2) for a visual representation of the
impact of disease over time (Fig 6).

Discussion

Analysis of a 14-year time series of pneumonia in 16
interconnected bighorn sheep populations revealed that

age-structured classes of pneumonia and healthy years
had markedly different demographic impacts on popula-
tions. All-age pneumonia was consistently associated with
population declines, but ultimately, lambs carried the
greatest burden of disease. Rates of pneumonia-induced
mortality in lambs can vary significantly by population
and year, but on average, pneumonia in lambs had an
even greater impact than previously reported (Clifford
et al. 2009; Cahn et al. 2011). Recurring annual pneumo-
nia epizootics in lambs may pose the greatest threat to
population recovery, and when accompanied by high
adult survival, the true consequences of disease may not
be realized until senescent adults die and are not
replaced.

While pathogen invasion, reinvasion, persistence and
fade-out can’t be confirmed in the absence of known dis-
ease agents, we can evaluate evidence for these processes
to develop hypotheses for future investigation. High initial
all-age mortality, when compared with subsequent adult
mortality in translocated and resident populations is con-
sistent with invasion of pathogens into groups of appar-
ently naive individuals. Pneumonia in lambs after all-age
events must be due to infection from carrier ewes as
lambs have little contact with other potential sources of
pathogens prior to weaning (Festa-Bianchet 1991; Bleich,
Bowyer & Wehausen 1997). Lamb pneumonia outbreaks
have also been described in captivity with similar conclu-
sions (Foreyt 1990; Ward er al. 1992; Cassirer et al.
2001). Pneumonia in lambs is thus a good indication of
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Table 2. Temporal pattern of pneumonia within affected populations: annual probabilities of transition among health states and annual
probability of any pneumonia. Populations that remained healthy throughout the study, population-years before the initial observation
of pneumonia, and years where no adults were radiocollared were excluded from analyses (Fig. 5 and Table S2)

Transition state

Probability of any pneumonia

following initial state (95% CI;

Initial state n All-age® Healthy Adult Lamb P-value relative to healthy state)
Healthy 24 0-13 0-33 0-08 0-46 0-62 (04, 0-8)

All-age® 17 0-18 0-00 0-06 0-72 097 (0-8, 1; P < 0-01)

Adult 11 0-18 0-36 0-09 0-36 0-63 (0-3, 0-9; P = 0-98)

Lamb 54 0-15 0-19 0-07 0-59 0-82 (0-6, 0-9; P = 0-05)

#All-age and secondary all-age classes combined.

All-age

o
vt

Adum

Healthy

N

Lamb

.

Fig. 6. Long-term patterns of pneumonia mortality in bighorn
sheep populations experiencing epizootics, Hells Canyon 1997-
2010. Stationary distribution of four age-structured population
health classes (all-age includes secondary all-age) and the proba-
bilities of staying within a class or transitioning out. Pneumonia
classes are circles scaled by relative frequency multiplied by med-
ian death rates of ewes (black) and/or lambs (grey) in the class.
The healthy class is not scaled. The thickness of arrows between
classes is proportional to transition probabilities (Table 2).

and no possibility to monitor genetic variation in the path-
ogen over time. Given these limitations, as well as the
usual constraints of marking and monitoring animals in
the field, a primary concern is an imperfect detection prob-
ability for pneumonia, which could lead to overestimating
healthy population-years. However, the likelihood of
detecting pneumonia was not correlated with the intensity
of monitoring as measured by the proportion of the popu-
lation that was radiocollared (median in suspected and
detected pneumonia-years = 0-22; in healthy years = 0-28,
U = 3331-5, 1 d.f.,, P=0-09, Tables S1 and S2), or the
frequency of locations (median locations per animal per
year in suspected and detected pneumonia-years = 30; in
healthy years = 32; U = 2427.5, 1 d.f., P = 0-45). There-
fore, there was no bias towards monitoring populations
with pneumonia and, despite potentially misclassifying
some lower mortality pneumonia events, we still detected
significant differences in population dynamics between
several different classes of pneumonia and healthy years.
Survival and population growth were also similar in years

classified as healthy in populations with and without a his-
tory of pneumonia, suggesting that healthy years, with
true absence of disease-related mortality (but not necessar-
ily true absence of infection), did occur, even in popula-
tions with previous pneumonia, and these classifications
are useful and appropriate for describing the system.

Our observations concur with many of the results of
previous studies, but also raise questions about disease
models that assume all-age pneumonia outbreaks followed
by lamb mortality at a constant or declining rate for a
period of usually 1-6 years (Gross, Singer & Moses 2000;
Clifford et al. 2009; Cahn et al. 2011). We observed that
pneumonia persisted within populations (or was periodi-
cally reintroduced) consistently longer than previous mod-
els have assumed, and, as indicated by the Markov model
stationary frequency distribution, continued to affect all-
age classes, not just lambs. The consequence is that all-
age pneumonia events can result in sporadic or chronic,
long-term reduction of survival of both adult and juvenile
age classes. The disparity between our findings and previ-
ous studies may be due to the greater sampling intensity,
duration and spatial scale of our study. Furthermore,
whereas initial invasion associated with high rates of mor-
tality is fairly easy to detect, the end of an epizootic is
not always clear. Previously published models assume that
low mortality or healthy years represent the pathogen
extinction and the end of the epizootic. However, if dis-
ease in a long-lived animal like bighorn sheep is accompa-
nied by latent periods and low rates of mortality in
chronically infected animals, absence of mortality may
not reflect absence of pathogens. Long-term dynamics
could be a function of changes in immune status in indi-
viduals and include stochastic events common to small
populations, such as dispersal, colonization, recruitment,
death, intermittent pathogen shedding or lambing status
of asymptomatic carriers.

By analysing long-term patterns, we have generated
hypotheses about the disease processes associated with
pneumonia epizootics in bighorn sheep. As with other
diseases with high levels of heterogeneity, these processes
are probably affected by a number of factors, including
previous exposure of hosts, pathogen dose or virulence,
and spatial structuring and contact rates in host popula-
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tions (Grassly & Fraser 2008; Salkeld et al. 2010; Wend-
land et al. 2010; Jesse & Heesterbeek 2011). On the basis
of the patterns we observed, the disease appears to be
an infection that, in some ways is similar to measles and
other immunizing diseases in humans in that it spreads
through all-age classes during invasion, but subsequently
mainly affects susceptible juveniles. However, in contrast
with measles, pathogens apparently persist, occasionally
causing fatal pneumonia in previously exposed adults,
and the variable lung lesions and associated bacteriology
suggest a polymicrobial aetiology, thus secondary patho-
gens may play a role in severity and recurrence (Besser
et al. 2012b). The course of the disease may also be
affected by the timing of pathogen invasions relative to
contact rates associated with seasonal breeding and par-
turition. The importance of between-population trans-
mission and recurrent infection from domestic sheep
deserves additional investigation as do the conditions
that lead to disease and pathogen fade-out.

Acknowledgements

This project would not have been possible without the support of many
Hells Canyon Initiative Bighorn Sheep Restoration Committee members
and collaborators. We are especially indebted to wildlife managers in Ore-
gon, Washington and Idaho who re-established bighorn sheep in Hells
Canyon and funded, coordinated and conducted monitoring and
management before and during this project. Many thanks to P. Zager and
to field personnel including W. Lammers, J. Ratliff, C. Strobl, M. Vekasy,
M. Hansen, C. Kallstrom, D. Gadwa, J. Myers, J. Spence, R. Ward and
others. Funding was provided by Idaho Department of Fish and Game
(IDFG), Oregon Department of Fish and Wildlife, Washington Depart-
ment of Fish and Wildlife, Bureau of Land Management, U. S. Forest
Service, Wild Sheep Foundation National, chapters and affiliates, Shikar-
Safari Club International, Idaho Wildlife Disease Research Oversight
Committee, Morris Animal Foundation and Federal Aid to Wildlife Res-
toration Project W-160-R administered through IDFG. RKP was sup-
ported by the Cedar Tree Foundation through the Smith Fellows
program, New York Community Trust, EcoHealth Alliance and Pamela
Thye. PJH was supported by the NIH RAPIDD initiative. Any use of
trade, product or firm names is for descriptive purposes only and does not
imply endorsement by the U.S. Government.

References

Altizer, S., Dobson, A., Hosseini, P., Hudson, P., Pascual, M. & Rohani,
P. (2006) Seasonality and the dynamics of infectious disease. Ecology
Letters, 9, 467-484.

Aune, K.E., Anderson, N., Worley, D., Stackhouse, L., Henderson, J. &
Daniel, J.E. (1998) A comparison of population and health histories
among seven Montana bighorn sheep populations. Proceedings Northern
Wild Sheep and Goat Council, 11, 46-69.

Bates, D., Maechler, M. & Dai, B. (2008) Ime4: Linear mixed-effects mod-
els using S4 classes. R package version 0.999375-28. http://Ime4.r-forge.
r-project.org/

Besag, J.P., York, J. & Mollie, A. (1991) Bayesian image-restoration, with
two applications in spatial statistics. Annals of the Institute of Statistical
Mathematics, 43, 1-20.

Besser, T.E., Cassirer, E.F., Potter, K.A., VanderSchalie, J., Fischer, A.,
Knowles, D.P., Herndon, D.R., Rurangirwa, F.R., Weiser, G.C. &
Srikumaran, S. (2008) Association of Mycoplasma ovipneumoniae infec-
tion with population-limiting respiratory disease in free-ranging Rocky
Mountain bighorn sheep (Ovis canadensis canadensis). Journal of Clini-
cal Microbiology, 46, 423-430.

Besser, T.E., Cassirer, E.F., Yamada, C., Potter, K.A., Herndon, C.N.,
Foreyt, W.J., Knowles, D.P. & Srikumaran, S. (2012a) Survival of big-
horn sheep (Ovis canadensis) commingled with domestic sheep (Ovis

Pneumonia in bighorn sheep 527

aries) in the absence of Mycoplasma ovipneumoniae. Journal of Wildlife
Diseases, 48, 168—-172.

Besser, T.E., Highland, M., Baker, K., Cassirer, E.F., Anderson, N.J.,
Ramsey, J.M., Mansfield, K.M., Bruning, D., Wolff, P., Smith, J.B. &
Jenks, J.A. (2012b) Causes of pneumonia epizootics among bighorn
sheep, western United States, 2008-2010. Emerging Infectious Diseases,
18, http://dx.doi.org/10.3201/eid1803.111554.

Beyer, H.L. (2004) Hawth’s Analysis Tools for ArcGIS. http://www.spa-
tialecology.com/htools.

Bjornstad, O. & Grenfell, B. (2008) Hazards, spatial transmission and tim-
ing of outbreaks in epidemic metapopulations. Environmental and Eco-
logical Statistics, 15, 265-277.

Bleich, V.C., Bowyer, R.T. & Wehausen, J.D. (1997) Sexual segregation in
mountain sheep: resources or predation? Wildlife Monographs, 134, 1-
50.

Bleich, V.C., Wehausen, J.D., Ramey III, R.R. & Rechel, J.L. (1996)
Metapopulation Theory and Mountain Sheep. Implications for Conserva-
tion. Island Press, Washington, DC, USA.

Boyce, W.M., Weisenberger, M.E., Penedo, M.C. & Johnson, C.K. (2011)
Wildlife translocation: the conservation implications of pathogen expo-
sure and genetic heterozygosity. BMC Ecology, 11, 5.

Bunnell, F.L. (1982) The lambing period of mountain sheep - synthesis,
hypotheses, and tests. Canadian Journal of Zoology-Revue Canadienne
De Zoologie, 60, 1-14.

Cahn, M.L., Conner, M.M., Schmitz, O.J., Stephenson, T.R., Wehausen,
J.D. & Johnson, H.E. (2011) Disease, population viability, and recovery
of endangered Sierra Nevada bighorn sheep. Journal of Wildlife Man-
agement, 75, 1753-1766.

Cassirer, E.F. & Sinclair, A.R.E. (2007) Dynamics of pneumonia in a big-
horn sheep metapopulation. Journal of Wildlife Management, 71, 1080—
1088.

Cassirer, E.F., Oldenburg, L.E., Coggins, V.L., Fowler, P., Rudolph,
K.M., Hunter, D.L. & Foreyt, W.J. (1996) Overview and preliminary
analysis of a bighorn sheep dieoff, Hells Canyon 1995-96. Biennial Sym-
posium Northern Wild Sheep and Goat Council, 10, 78-86.

Cassirer, E.F., Rudolph, K.M., Fowler, P., Coggins, V.L., Hunter, D.L. &
Miller, M.W. (2001) Evaluation of ewe vaccination as a tool for increas-
ing bighorn lamb survival following pasteurellosis epizootics. Journal of
Wildlife Diseases, 37, 49-57.

Cattadori, I.M., Haydon, D.T. & Hudson, P.J. (2005) Parasites and cli-
mate synchronize red grouse populations. Nature, 433, 737-741.

Cleaveland, S., Mlengeya, T., Kaare, M., Haydon, D., Lembo, T., Lauren-
son, M.K. & Packer, C. (2007) The conservation relevance of epidemio-
logical research into carnivore viral diseases in the Serengeti.
Conservation Biology, 21, 612-622.

Clifford, D.L., Schumaker, B.A., Stephenson, T.R., Bleich, V.C., Cahn,
M.L., Gonzales, B.J., Boyce, WM. & Mazet, J.A.K. (2009) Assessing
disease risk at the wildlife-livestock interface: a study of Sierra Nevada
bighorn sheep. Biological Conservation, 142, 2559-2568.

Coggins, V.L. & Matthews, P.E. (1996) Rocky mountain bighorn sheep in
Oregon, history and present status. Biennial Symposium Northern Wild
Sheep and Goat Council, 10, 87-92.

Dassanayake, R.P., Shanthalingam, S., Herndon, C.N., Lawrence, P.K.,
Cassirer, E.F., Potter, K.A., Foreyt, W.J., Clinkenbeard, K.D. &
Srikumaran, S. (2009) Mannheimia haemolytica serotype Al exhibits dif-
ferential pathogenicity in two related species, Ovis canadensis and Ovis
aries. Veterinary microbiology, 133, 366-371.

Dassanayake, R.P., Shanthalingam, S., Herndon, C.N., Subramaniam, R.,
Lawrence, P.K., Bavananthasivam, J., Cassirer, E.F., Haldorson, G.J.,
Foreyt, W.J., Rurangirwa, F.R., Knowles, D.P., Besser, T.E. & Srikum-
aran, S. (2010) Mycoplasma ovipneumoniae can predispose bighorn
sheep to fatal Mannheimia haemolytica pneumonia. Veterinary microbi-
ology, 145, 354-359.

DeCesare, N.J. & Pletscher, D.H. (2006) Movements, connectivity, and
resource selection of Rocky Mountain bighorn sheep. Journal of Mam-
malogy, 87, 531-538.

Enk, T.A., Picton, H.D. & Williams, J.S. (2001) Factors limiting a bighorn
sheep population in Montana following a dieoff. Northwest Science, 75,
280-291.

ESRI. (2008) ArcMap 9.3, Service Pack 1. http://www.esri.com. Redlands,
CA.

Ferrari, M.J., Grais, R.F., Bharti, N., Conlan, A.J.K., Bjernstad, O.N.,
Wolfson, L.J., Guerin, P.J., Djibo, A. & Grenfell, B.T. (2008)
The dynamics of measles in sub-Saharan Africa. Nature, 451, 679—
684.

© 2013 The Authors. Journal of Animal Ecology © 2013 British Ecological Society, Journal of Animal Ecology, 82, 518-528



528 E. Frances Cassirer et al.

Festa-Bianchet, M. (1991) The social system of bighorn sheep: grouping pat-
terns, kinship and female dominance rank. Animal Behaviour, 42, 71-82.
Firth, D. (1993) Bias reduction of maximum likelihood estimates. Biomet-

rika, 80, 27-38.

Foreyt, W.J. (1990) Pneumonia in bighorn sheep: effects of Pasteurella
haemolytica from domestic sheep and effects on survival and long-term
reproduction. Biennial Symposium Northern Wild Sheep and Goat Coun-
cil, 7, 92-101.

Foreyt, W.J., Snipes, K.P. & Kasten, R.W. (1994) Fatal pneumonia follow-
ing inoculation of healthy bighorn sheep with Pasteurella haemolytica
from healthy domestic sheep. Journal of Wildlife Diseases, 30, 137-145.

George, J.L., Martin, D.J., Lukacs, P.M. & Miller, M.W. (2008) Epi-
demic pasteurellosis in a bighorn sheep population coinciding with
the appearance of a domestic sheep. Journal of Wildlife Diseases, 44,
388-403.

Goodson, N.J. (1982) Effects of domestic sheep grazing on bighorn sheep
populations: a review. Biennial Symposium Northern Wild Sheep and
Goat Council, 3, 287-313.

Grassly, N.C. & Fraser, C. (2008) Mathematical models of infectious dis-
ease transmission. Nature Reviews Microbiology, 6, 477-487.

Grenfell, B.T., Wilson, K., Finkenstadt, B.F., Coulson, T.N., Murray, S.,
Albon, S.D., Pemberton, J.M., Clutton-Brock, T.H. & Crawley, M.J.
(1998) Noise and determinism in synchronized sheep dynamics. Nature,
394, 674-677.

Grinnell, G.B. (1928) Mountain sheep. Journal of Mammalogy, 9, 1-9.

Gross, J.E., Singer, F.J. & Moses, M.E. (2000) Effects of disease, dis-
persal, and area on bighorn sheep restoration. Restoration Ecology, 8,
25-37.

Heisey, D.M., E., O.E., Cross, P.C., Joly, D.O., Langenberg, J.A. & Miller,
M.W. (2010) Linking process to pattern: estimating spatiotemporal
dynamics of a wildlife epidemic from cross-sectional data. Ecological
Monographs, 80, 221-240.

Hnilicka, P.A., Mionczynski, J., Mincher, B.J., Hinschberger, M., Oberlie,
S., Thompson, C.B., Yates, B. & Siermer, D.D. (2002) Bighorn sheep
lamb survival, trace minerals, rainfall, and air pollution: are there any
connections? Biennial Symposium Northern Wild Sheep and Goat Coun-
cil, 13, 70-94.

Hobbs, N.T. & Miller, M.W. (1992) Interactions between pathogens and
hosts: simulation of pasteurellosis epizootics in bighorn sheep popula-
tions. Wildlife 2001: Populations, (eds D.R. McCullough & R.H. Bar-
rett), pp. 997-1007. Elsevier, London

Jesse, M. & Heesterbeek, H. (2011) Divide and conquer? Persistence of
infectious agents in spatial metapopulations of hosts. Journal of Theo-
retical Biology, 275, 12-20.

Johnson, R.L. (1980) Re-introduction of bighorn sheep in Washington.
Biennial Symposium Northern Wild Sheep and Goat Council, 2, 106-112.

Johnson, C.G. & Simon, S.A. (1987) Plant associations of the Wallowa-
Snake province. U.S. Forest Service Pacific Northwest Region Report
R6-ECOL-TP-255B-86, Baker City, Oregon, USA.

Jorgenson, J.T., Festa-Bianchet, M., Gaillard, J.-M. & Wishart, W.D.
(1997) Effects of age, sex, disease, and density on survival of bighorn
sheep. Ecology, 78, 1019-1032.

Kaplan, E.L. & Meier, P. (1958) Nonparametric estimation from incom-
plete observations. Journal of the American Statistical Association, 1, 53,
457-481.

Lunn, D.J., Thomas, A., Best, N. & Spiegelhalter, D. (2000) WinBUGS -
A Bayesian modelling framework: concepts, structure, and extensibility.
Statistics and Computing, 10, 325-337.

Pioner, M., Dunkler, D., H., S. & Heinze, G. (2006) Logistf:Firth’s bias
reduced logistic regression. R package version 1.06., http://www.med-
uniwien.ac.at/msi/biometrie/programme/fl/index.html.

R Development Core Team. (2008) R: A Language and Environment for
Statistical Computing. R Foundation for Statistical Computing, Vienna,
Austria.

Raberg, L., Graham, A.L. & Read, A.F. (2009) Decomposing health: tol-
erance and resistance to parasites in animals. Philosophical Transactions
of the Royal Society B: Biological Sciences, 364, 37-49.

Rajala, P. & Castrén, H. (1995) Serum Immunoglobulin concentrations
and health of dairy calves in two management systems from birth to
12 weeks of age. Journal of Dairy Science, 78, 2737-2744.

Rubin, E.S., Boyce, W.M. & Caswell-Chen, E.R. (2002) Modeling demo-
graphic processes in an endangered population of bighorn sheep. Jour-
nal of Wildlife Management, 66, 796-810.

Rubin, E.S., Boyce, W.M., Jorgenson, M.C., Torres, S.G., Hayes, C.L.,
O’Brien, C.S. & Jessup, D.A. (1998) Distribution and abundance of big-
horn sheep in the Peninsular Ranges, California. Wildlife Society Bulle-
tin, 26, 539-551.

Rush, W.M. (1927) Notes on diseases in wild game mammals: mountain
sheep. Journal of Mammalogy, 8, 163-165.

Salkeld, D.J., Salathe, M., Stapp, P. & Jones, J.H. (2010) Plague out-
breaks in prairie dog populations explained by percolation thresholds of
alternate host abundance. Proceedings of the National Academy of Sci-
ences of the United States of America, 107, 14247-14250.

Sanchez, A., Khan, A.S., Zaki, S.R., Nabel, G.J., Ksiazek, T.G. & Peters,
C. J. (2001) Filoviridae: Marburg and Ebola viruses. Fields Virology
(eds D.M. Knipe & P.M. Howley), pp. 1279-1304. Lippincott Williams
& Wilkins, Philadelphia, USA.

Shillenger, J.E. (1937) Disease relationship between domestic animals and
wildlife. Transactions North American Wildlife and Natural Resources
Conference, 2, 298-302.

Siegel, S. & Castellan, N.J.J. (1988) Nonparametric statistics for the behav-
ioral sciences, 2nd edn. McGraw-Hill, New York.

Smith, D.R. (1954) The bighorn sheep in Idaho: its status, life history, and
management. Wildlife Bulletin No. 1, Federal Aid to Wildlife Restoration
Act., Idaho Project 99R, pp. 154. Idaho Department of Fish and Game,
Boise, Idaho, USA.

Spraker, T.R., Hibler, C.P., Schoonveld, G.G. & Adney, W.S. (1984)
Pathologic changes and microorganisms found In bighorn sheep during
a stress-related die-off. Journal of Wildlife Diseases, 20, 319-327.

Sturtz, S., Ligges, U. & Gelman, A. (2005) R2WinBUGS: a package for
running Win BUGS from R. Journal of Statistical Software, 12, 1-16.
Taylor, HM. & Karlin, S. (1998) An introduction to stochastic modeling,

3rd edn. Academic Press, San Diego, CA.

Thompson, R.-W. & Turner, J.C. (1982) Temporal geographic variation in
the lambing season of bighorn sheep. Canadian Journal of Zoology-
Revue Canadienne De Zoologie, 60, 1781-1793.

Valdez, R. & Krausman, P.R. (1999) Mountain sheep of North America.
University of Arizona Press, Tucson.

Ward, A.C.S., Hunter, D.L., Jaworski, M.D., Lane, M.V., Zaugg, J.L. &
Bulgin, M.S. (1992) Naturally occurring pneumonia in caesarian-derived
Rocky Mountain bighorn sheep lambs. Biennial Symposium Northern
Wild Sheep and Goat Council, 8, 164—173.

Wendland, L.D., Wooding, J., White, C.L., Demcovitz, D., Littell, R.,
Berish, J.D., Ozgul, A., Oli, M.K., Klein, P.A., Christman, M.C. &
Brown, M.B. (2010) Social behavior drives the dynamics of respiratory
disease in threatened tortoises. Ecology, 91, 1257-1262.

Western, R.C.C. (2008) Historical Climate information. Desert Research
Insititute, Reno, NV, http://www.wrcc.dri.edu/.

Received 22 April 2012; accepted 31 October 2012
Handling Editor: Andrew White
Supporting Information

Additional Supporting Information may be found in the online version
of this article.

Appendix S1. Lamb mortality hazard analysis.

Figure S1. Demographic histories of Hells Canyon bighorn sheep
populations.

Figure S2. Spatial synchrony of pneumonia-years across popula-
tions.

Table S1. Number and proportion of adult bighorn sheep radio-
collared in each population by year and translocation status.

Table S2. Health classification of population-years (141) used to
estimate demographic characteristics and transition probabilities
of pneumonia and healthy years in Hells Canyon, 1997-2010.

© 2013 The Authors. Journal of Animal Ecology © 2013 British Ecological Society, Journal of Animal Ecology, 82, 518-528



APPENDIX 11
PROGRESS REPORTS FOR STUDIES IN STATEWIDE BIRD ECOLOGY

STUDY 1: GREATER SAGE-GROUSE (Centrocercus urophasianus) HABITAT AND
POPULATION TRENDS IN SOUTHERN IDAHO

Job I: Factors Influencing the Ecology of Greater Sage-Grouse Inhabiting the Bear Lake
Plateau and Valley, Idaho-Utah

CASEY J. CARDINAL, Utah State University, Department of Wildlife Resources, Logan UT
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JOHN W. CONNELLY, ldaho Department of Fish and Game, Department of Biological
Sciences, Idaho State University, Pocatello, ID 83209, USA
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ABSTRACT: The purpose of this research is to describe the ecology, seasonal movements, and
habitat-use patterns of greater sage-grouse (Centrocercus urophasianus) that inhabit the Bear
Lake Plateau and Valley relative to existing land-uses. Because the Bear Lake Plateau and
Valley is subject to both natural and anthropogenic barriers and fragmentation, defining
population vital rates, seasonal movements, and habitat-use relative to land use and jurisdictional
boundaries of this population will provide an important foundation for management cooperation
among Idaho, Utah, and Wyoming. Preliminary data are provided. Sage-grouse land use
research will also define the core use areas of important seasonal and temporal habitats in the
Bear Lake Plateau and Valley.

INTRODUCTION

Greater sage-grouse (Centrocercus urophasianus; hereafter sage-grouse) was designated as a
candidate species in March 2010 by the U.S. Fish and Wildlife Service (USFWS) for protection
under the Endangered Species Act. In the 12- month finding, the USFWS determined that sage-
grouse range wide warranted protection under the ESA but their listing was precluded because of
higher conservation priorities.

Sage-grouse occupy sagebrush-steppe (Artemisia spp.) and require large expanses of sagebrush
habitat. Sage-grouse currently occupy < 60% of the presettlement range, which includes 11 states
and 2 Canadian Provinces. Declines in sage-grouse populations have mainly been attributed to
habitat loss and degradation of the sagebrush-steppe ecosystem.

The Bear Lake Plateau and Valley (BLPV) sage-grouse population occurs at the edge of the
Wyoming Basin in the southeastern subpopulation. Populations of sage-grouse at the edge of the
range-wide distribution, such as the BLPV population, often depend on dispersal from connecting
leks to sustain the genetic variation of these populations.

Because sage-grouse are capable of migrating considerable distances, the sage-grouse inhabiting my
study area are believed to use habitats in three states. Pilot research conducted in 2010 confirmed this
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belief, but the magnitude and importance of the interchange is uncertain (C.J. Cardinal, unpublished
data). Obtaining this information could aid in the conservation of the BLPV sage-grouse population
if the seasonal movements include multiple states where they are subjected to the jurisdiction of
different state laws and management plans.

OBJECTIVES

1. Document population(s) vital rates of sage-grouse that inhabit the Bear Lake Plateau and
Valley, Idaho, Utah, and Wyoming.

2. Document sage-grouse seasonal distribution and habitat-use patterns in the Bear Lake Plateau
and Valley.

3. Determine if any differences observed in movement and habitat-use patterns are related to sex,
age class, or land-use patterns.

4. Document how natural and anthropogenic land-use patterns and activities may contribute to
habitat loss by fragmentation of sage-grouse habitats in the Bear Lake Plateau and Valley.

STUDY AREA

The Bear Lake Plateau and Valley Study Area (BLPV) consists of 207,500 hectares of area in
Bear Lake County, Idaho, Rich County, Utah, and Lincoln County, Wyoming. The elevation of
the study area ranges from 1,800 m to 2,500 m above mean sea level. The BLPV is comprised of
many different land ownership and management entities but includes mostly private land, with
some blocks of U.S. Forest Service, U.S. Fish and Wildlife Service, Bureau of Land
Management, and state-owned land.

Vegetation is dominated by sagebrush-grassland plant communities. The main vegetation
includes shrubs: Artemisia spp. Chrysothamnus spp.; grasses such as: Agropyron cristatum,
Bromus tectorum, Poa spp.; and forbs such as: Pholx spp., Agoseris glauca, Crepis acuminata,
Baccharis salicina, and Antennaria rosea. The climate of the study area is typical of
intermountain highlands and is characterized by cold winters and hot summers. Temperatures
range from lows of about -10°C in January, and highs of 29°C in July. The average precipitation
is 36.1 cm, and the average annual snowfall is 104.4 cm (Western Regional Climate Center).

The primary land use is for grazing by domestic livestock. However, because of the presence of
Bear Lake, the BLPV is a major seasonally recreation area, with most of the use occurring in
summer. Additional residential development is occurring at the base of Bear Lake on both the
east and west sides of the study area.

METHODS

Sage-grouse were trapped on and near leks beginning in March 2010 and additional birds were
trapped through spring 2012. Spotlights were used to locate roosting grouse, and they were
captured using a dip net, and fitted with radio-collars (Connelly et al. 2003). We attempted to
capture and collar up to 40 male and 40 females with about half the collars deployed on grouse
associated with leks along the Utah/Idaho border but in Utah and half in Idaho. We attempted to
distribute them evenly on yearling and adults using size and plumage to classify grouse (Dalke
1963). Radio-collared grouse were located at least once a week from 1 April to 1 November and
once a month from 1 November to 15 March 2012, depending on access.
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Radio-collared females were located on nests by approaching and observing them under the
same bush for several days but care is taken not to flush nesting birds. Nest success was
measured by monitoring nest incubation time, and locating nest remains after success or failure.
Brood success was determined by walking up females and counting the number of chicks, or by
using night spotlighting.

Nest and brood vegetation was recorded beginning in 2011. A Robel pole was used to measure
visual cover at nests, and four 15 meter line intercept transects at 90 degree angles from the nest
were used to measure vegetation cover. Along these transects herbaceous cover was measured
using Daubenmire frames. Aspect and the slope of the nest location were also recorded. Brood
sites were measured using the line-intercept method at four 30 meter transects at 90 degree to
measure shrub cover, and Daubenmire Frames were used to measure ground cover (grass, forb,
bare ground, litter, rock) at 4 locations along these transects. Random vegetation points were
taken for each nest and brood discovered to compare selected habitats to habitat points in the
study area (Connelly et al. 2003).

Habitat fragmentation will be measured using GIS technology. Sage-grouse habitat use,
production, and seasonal movements will be plotted relative to anthropogenic landscape features
(Connelly et al. 2011). These metrics will be used to develop indices of habitat fragmentation to
determine if the fragmentation observed constitutes functional habitat loss (USFWS 2010) or a
possible barrier to movements. Sage-grouse movements will also be plotted relative to natural
landscape barriers to determine how habitat-use is affected in this area.

RESULTS

2012 Research Progress

Captures

The 2012 snow melt came much earlier this year than the previous year. We were able to access
the study site at the beginning of March to start trapping. The capture distribution from the 2012
trapping season can be found in Table 1. We captured 37 new birds- 13 females and 24 males.
In addition, we captured 4 males with dead collars and recollared these as well. With the collars
deployed, the season started with 47 cocks and 30 hens on air.
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Table 1. The distribution of radio-collars deployed on greater sage-grouse in the Bear Lake
Study Area during 2012.

Gender Adult Yearling

Bloomington (2B025) / Paris (2B003)

Female 1 0

Male 5 4
Eden (2B014 and 2B015)

Male 5 1

Indian Creek (2B042 and 2B043)

Female 6 1
Male 3 2
Sheep Creek (2B032)
Female 4 1
Male 7 1
TOTAL
Female 11 2
Male 20 28
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Leks
This spring we assisted Idaho Dept. of Fish and Game in their lek routes. We also investigated
some leks that have not been observed in recent years. High lek counts can be found in Table 2.

Table 2. 2012 Lek Observations for the Bear Lake Valley and Plateau Study Area.

Lek Date Males Females
2B002 04/07/2012 10 2
2B003 04/21/2012 23 0
2B012 03/29/2012 6 9
2B014 04/28/2012 43 7
2B015 04/28/2012 38 5
2B023 04/04//2012 0 0
2B024 04/04//2012 0 0
2B025 03/05/2012 39 2
2B032 03/29/2012 34 41
2B033 04/04/2012 0 0
2B038 04/25/2012 0 0
2B039 04/25/2012 0 0
2B040 04/25/2012 0 0
2B042 04/04/2012 16 6
2B043 03/29/2012 33 45

Nesting

At the beginning of the season, we started with 30 hens on air. As of 1 July, we have a total of
23 hens on air. A total of 19 nests were found during the 2012 spring and summer. Two hens
are currently still nesting. Of the 17 completed nests, 7 were successful hatches and 12 were
failures. Of the 7 dead hens, 4 were killed on nest, and 3 were killed post- nest failure. Of the
nest failures it appeared that 5 depredations resulted from avian predators, and 7 depredations
resulted from mammalian predators. As of 23 June, 6 of the 7 successful nesting hens were still
observed to have chicks.

Movements

As during previous years, sage-grouse were found to move between states to different leks (Fig
1). This is mostly observed in males and females on the east side of the lake moving between
Idaho and Utah. During 2012, sage-grouse were found to cross natural and anthropogenic
barriers including Bear Lake, Bear River, highways, and residential areas. This spring, we
observed our first sage-grouse to permanently relocate from the west side of the lake to the east
side.
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Figure 1. Movements of radio-marked sage-grouse on the Bear Lake Plateau, 2012.

Mortalities

During 2012, there have been 12 mortalities- 6 from mammalian predators (5 hens, 1 cock), and
6 from avian predators (2 hens, 4 cocks). The majority of the male mortalities happened during
April and May when the cocks were in their breeding plumage. The hen mortalities occurred
during May and June, and of the 7 hens killed, 4 mortalities occurred on nests. In addition to the
mortalities, 3 collars were slipped by males during the spring.

Future Work Plan

The student has completed her field work and is planning on defending her thesis during fall
2013.
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MANAGEMENT IMPLICATIONS

If sage-grouse in the Bear Lake Plateau and Valley Study Area do use habitat in all 3 states, this
study will be useful for management cooperation between Idaho, Utah, and Wyoming. If birds
are documented using habitat in the 3 states a conservation plan similar to the California-Nevada
border plan could be constructed. This research will also be important to define the core use
areas of valuable habitat for sage-grouse on the BLPV and thus help develop targeted
conservation efforts in the future. If possible human impact could be reduced in vital breeding or
wintering habitat, to promote sustainable populations in this area. Our results will also help
define if or when migration of this population may occur. In future monitoring, this will aid in
tracking birds, and studying habitat selection at different times of the year.
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Abstract

Population sex ratio is an important metric for wildlife management and conservation, but estimates can be difficult
to obtain, particularly for sexually monomorphic species or for species that differ in detection probability between
the sexes. Noninvasive genetic sampling (NGS) using polymerase chain reaction (PCR) has become a common
method for identifying sex from sources such as hair, feathers or faeces, and is a potential source for estimating sex
ratio. If, however, PCR success is sex-biased, naively using NGS could lead to a biased sex ratio estimator. We mea-
sured PCR success rates and error rates for amplifying the W and Z chromosomes from greater sage-grouse (Centro-
cercus urophasianus) faecal samples, examined how success and error rates for sex identification changed in response
to faecal sample exposure time, and used simulation models to evaluate precision and bias of three sex assignment
criteria for estimating population sex ratio with variable sample sizes and levels of PCR replication. We found PCR
success rates were higher for females than males and that choice of sex assignment criteria influenced the bias and
precision of corresponding sex ratio estimates. Our simulations demonstrate the importance of considering the inter-
play between the sex bias of PCR success, number of genotyping replicates, sample size, true population sex ratio
and accuracy of assignment rules for designing future studies. Our results suggest that using faecal DNA for estimat-
ing the sex ratio of sage-grouse populations has great potential and, with minor adaptations and similar marker
evaluations, should be applicable to numerous species.

Keywords: Centrocercus urophasianus, genetic sampling, greater sage-grouse, noninvasive molecular sexing, population
sex ratio, sex ID
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by differences in behaviour and ecology that exist

Introduction
between sexes such that most methods of sampling are

The sex ratio of free-ranging wildlife populations is an
important metric for management and conservation as
well as for understanding the evolutionary ecology of a
species (Whittingham & Dunn 2000). Population sex
ratios are useful for modelling offspring sex allocation
and sex differences in survival (Donald 2007), are a nec-
essary component for determining effective population
size and modelling population viability (Lens et al. 1998;
Seether et al. 2004), and can be used as a metric of habitat
suitability or food abundance (Wiebe & Bortolotti 1992;
Stauss et al. 2005). Quantifying sex ratio is often difficult,
especially for sexually monomorphic species, or for spe-
cies where one sex is difficult to census (Donald 2007).
Accurate estimates of sex ratio are further complicated
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sex-biased (Donald 2007).

Analysis of noninvasive genetic samples offers an
alternative method for estimating the sex ratio of a popu-
lation from hair, feathers or faeces that does not require
capture or handling individuals (Waits & Paetkau 2005;
Regnaut et al. 2006). The efficacy of DNA sexing tech-
niques has been demonstrated for numerous species
using feathers (Sacchi et al. 2004; Bush et al. 2005; Costan-
tini ef al. 2008; Gebhardt & Waits 2008), hair (Sloane et al.
2000; Banks et al. 2003; Fontanesi et al. 2008) and faeces
(Robertson et al. 1999; Dallas et al. 2000; Segelbacher &
Steinbriick 2001; Eggert et al. 2003; Idaghdour et al. 2003;
Regnaut et al. 2006).

Due to the minute amount of DNA typically obtained
using NGS techniques, errors from allelic dropout and
PCR-generated false alleles are common (Taberlet et al.
1996; Broquet et al. 2007). To minimize the probability of
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assigning the wrong sex due to these problems, research-
ers have suggested techniques such as PCR replication
using the multiple-tube approach and rigorous assign-
ment criteria (Taberlet et al. 1996, Gagneux et al. 1997).
When the primary objective is estimating sex ratio, a sec-
ondary source of error could be introduced by using a
sex assignment method that is biased, (i.e. has a greater
probability of accurately assigning one sex over the
other). This occurs because the probability of allelic
dropout may be higher for one sex than the other due to
differences in fragment length or priming site mis-
matches and because confidence in assigning heterozyg-
otes (females in the case of birds, males for mammals) is
typically achieved with lower numbers of PCR replicates
than confidence in assigning homozygotes (Taberlet et al.
1996).

Greater sage-grouse (Centrocercus urophasianus, hereaf-
ter sage-grouse) are an ideal candidate for using NGS to
estimate population sex ratio. Sage-grouse have a lek
mating system where males congregate on traditional
display grounds each spring and females visit infre-
quently to select a mate and to copulate (Wiley 1978; Gib-
son & Bradbury 1986). Because of the conspicuousness of
displaying males and the persistence of lek sites, number
of males attending a lek or group of leks is commonly
used as an index for detecting inter-annual population
trends (Dalke et al. 1963; Connelly et al. 2000; Garton et al.
2011). However, since hens are considerably less conspic-
uous and their use of leks is much more variable than
that of males (Gibson & Bradbury 1986; Schroeder et al.
1999), lek counts are ineffective for censusing females
and therefore cannot be used to estimate sex ratios for
sage-grouse.

In this study, we (1) determined PCR success rates
and error rates for amplifying the W and Z chromosomes
from faecal samples of sage-grouse using known sex
samples, (2) examined how success and error rates for
sex identification change in response to faecal sample
exposure time in the field, and (3) used simulation mod-
els to determine how many PCR replicates are needed
while evaluating bias and precision of 3 different sex
assignment criteria for estimating population sex ratio
for sage-grouse with various sample sizes.

Materials and methods

We collected sage-grouse faecal samples from birds of
known sex that were radio-marked for a separate study.
Sex of sage-grouse is easily distinguished by overall size
and plumage (Dalke et al. 1963). This study was con-
ducted on Browns Bench, Idaho, USA, which receives
approximately 24 cm of precipitation annually and
ranges in elevation from 1524 m to 2300 m. Major cover
types include little sagebrush (Artemisia arbuscula)/black

sagebrush (A. nova)/grass, Wyoming big sagebrush
(A. tridentata wyomingensis)/grass, mountain big sage-
brush (A. t. vaseyana)/ grass, mountain shrub and crested
wheatgrass (Agropyron cristatum) seedings (Hironaka
et al. 1983; Klott et al. 1993).

Field Sampling

We flushed 11 individual females and 7 individual males
from roost sites in early morning of 12 February 2010,
after the birds had deposited numerous faecal pellets in
‘roost piles” over the course of the night. We chose to use
faeces because sage-grouse defecate rectal faeces in a
pellet form that, relative to feathers, are easy to locate for
both sexes and not likely to be confused with that of
other species. Location of each roost pile was recorded
with a hand held GPS unit and marked with a pin flag to
facilitate re-visitation. Sage-grouse roost on the ground
in openings of sagebrush (Patterson 1952) and there is no
evidence that they have any fidelity to a nightly roost
site. Age of faecal pellets associated with each bird
appeared similar and was assumed to be <1 day old.
Sage-grouse have well developed ceca and defecate cecal
faeces separately: these are easily distinguishable from
the typical rectal faeces (Klasing 2005). For this study, we
collected and analysed only rectal faeces. Faecal samples
were placed in a coin envelope in an airtight plastic bag
with silica until DNA extraction. A single faecal pellet
was collected on the day birds were flushed (Time 0) and
at the following time intervals after deposition: 2 days,
4 days, 6 days, 8 days, 15 days, 23 days, 34 and
124 days (18 June). Over this time, daily high tempera-
tures ranged between 1.1 and 28.9 °C, daily low temper-
atures ranged between —8.8 and 13.3 °C, and a total of
11.7 cm of precipitation was measured 60 km from our
field site at the Joslin Field-Magic Valley Regional
Airport (National Climatic Data Service, NOAA 2012).
Number of pellets was noted at time of each visit to
ensure no new pellets had been added since day 0. Varia-
tion in faecal DNA degradation can depend on environ-
mental factors such as precipitation and ambient
temperature (Brinkman et al. 2010). For this study, we
only considered the effects of time, so no weather covari-
ates were considered.

DNA analysis

DNA was extracted in a room dedicated to low quantity
DNA samples using a DNeasy Blood and Tissue kit
(Qiagen, Inc.). We had compared this extraction tech-
nique previously to using the Qiamp DNA Stool Mini
Kit (Qiagen, Inc.) and found a higher success rate with
the tissue kit (unpublished data). We used 2-3 mm from
each end of one pellet in the extraction. All samples were
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amplified three times using a multiplex PCR that we
developed to include two sets of fluorescently labelled
sex ID primers 1237L/1272H (Kahn et al. 1998; hereafter
Kahn) and 2550F/2718R (Fridolfsson & Ellegren 1999,
hereafter Frid). The Frid primers amplify a portion of the
CHD gene flanking an intron where the sex-dependent
fragment (on the W chromosome) found only in females
is shorter than the sex-independent fragment (on the
Z chromosome) found in both males and females
(W: 450 bp, Z: 600 bp). The Kahn primers amplify a different
intron of the CHD gene, and the sex-dependent fragment
is longer than the sex-independent fragment for most
birds (Z: 240 bp, W: 270 bp for sage-grouse). We ampli-
fied all samples in a multiplex containing 3.5 x Qiagen
Master Mix (from the Multiplex PCR Kit), 0.5 x Q solu-
tion, 0.14 uM each of Kahn primers and 0.57 uM each of
Frid primers. PCR conditions started with a 95 °C dena-
turation step for 15 min, followed by 45 cycles of 94 °C
for 30 s, 5148 °C for 90 s (stepping down 0.5 °C per
cycle until reaching 48 °C) and 72 °C for 30 s, and a final
annealing step of 60 °C for 30 min. PCRs were performed
with a Tetrad 2 DNA Engine thermal cycler (Bio-Rad,
Hercules, CA, USA) and PCR products were separated
with a 3130xl Capillary Sequencer (Applied Biosystems,
Foster City, CA, USA) and visualized using GENEMAPPER 3.7
(Applied Biosystems, Foster City, CA, USA).

We estimated PCR success rates and genotyping error
rates for each primer set across all time points. PCR suc-
cess rates were estimated for males and females com-
bined as the number of successful amplifications for each
primer set divided by the total number of PCRs
attempted for each primer set (Broquet & Petit 2004). We
estimated allelic dropout error rates for females as the
failure to amplify the W or the Z chromosome divided
by number of successful amplifications and we estimated
the false allele error rates for males as the number of
times the W chromosome amplified for a male sample
out of the total number of successful PCRs (Broquet &
Petit 2004). We tested for a linear relationship between
total PCR success and days of exposure. Since PCR data
consists of binary responses, we used logistic regression
with Generalized Estimating Equations (Liang & Zeger
1986), treating each sample from the same faecal pile as a
repeated observation.

We evaluated sex assignment success rates and result-
ing sex ratio estimates across all time points from the
three replicates of the two primer sets using three possi-
ble criteria for assigning sex ID. Criterion 1 required two
Z/W or W chromosome results to assign the sample as
female and three Z chromosome results to classify a
male. The basis of this criterion is that the weight of
evidence to confirm a heterozygote is less than that
required to confirm a homozygote because allelic drop-
out is a much more common artefact of NGS analysis
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than generation of a specific false allele (Gagneux et al.
1997), and is often used in NGS studies for this reason
(e.g., Stenglein et al. 2011). However, this conservative
criterion might lead to a skew in estimated sex ratios
because success rates for females (requiring two positive
PCRs) could be higher than success rates for males
(requiring three successful PCRs). Criterion 2 required
two Z/W or W chromosome results to classify as female
and two Z chromosome results for male. This criterion
was designed to ensure accuracy through duplication,
but attempts to equalize opportunity for successful iden-
tification of males and females. Criterion 3 required a
single Z/W or W chromosome result to classify as female
and only a single Z chromosome result for male. The
third criterion was the least conservative and was
designed to maximize the number of samples assigned
one sex or the other and thereby increase sample size
used to estimate sex ratio. As a tradeoff, this criterion
has a higher likelihood of misclassifying females as
males when the W chromosome drops out. All results
that did not meet requirements for a given criterion were
considered inconclusive and were not used for estimating
the sex ratio.

We calculated sex assignment success as the propor-
tion of all the samples that were assigned a sex for each
of the three criteria. Estimated sex ratio was determined
from number of samples successfully assigned either sex
and expressed as proportion female estimated.

Simulations

We simulated a population of sage-grouse faecal samples
to investigate the effects of sample size and true sex ratio
on the efficacy of the three sex assignment criteria for
estimating sex ratio. We used the frequencies of results
for each sex from the first eight observations (day 0-day
34) of the 18 roost piles to estimate the probabilities of
PCR amplification for our simulations. We treated the
repeated measures through time as independent samples
and considered the three PCR replicates for each primer
set and the results from the two primer sets as indepen-
dent. While there may be some autocorrelation between
loci amplified in the same reaction, the high level of effi-
ciency of the enzymes used in this reaction should have
minimized this effect. We simulated samples with a bal-
anced sex ratio (1:1), modestly skewed sex ratios of
1:1.25 in favour of both males and females, and a more
extreme skew of 1:2.5 in both directions using sample
sizes of 50, 100, 150, 300 and 500, and replicated each
simulation 5000 times. We analysed each sex assignment
criterion with three PCR replicates, and also analysed the
second and third assignment criteria with only two PCR
replicates for both primer sets. For each combination of
sex ratio, sample size and number of replicates, we simu-
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lated the sampling distribution of estimated sex ratio,
and calculated the mean, mean bias and mean variance
for the estimated sex ratio for each assignment criterion.
Simulations were performed in program R (R Develop-
ment Core Team 2009).

Results

DNA analysis

PCR success rates for both primers for the first eight time
periods were higher for females than males and greater
for the Kahn primers than the Frid primers (Table 1).
Average success with Kahn primers for collection inter-
vals 1-8 were 83% and 76% for female and male, respec-
tively, and with Frid primers were 44% and 23% for
female and male respectively. There was no evidence of
a linear trend in total PCR success from day 0 to day 34
(slope = 0.015, SE = 0.019, Z = 1.23, P = 0.218); however,
success dropped to 0 for both sexes with the Frid primers
and 15% and 14% for female and male, respectively, with
the Kahn primers at day 124. Average PCR error rates
for failure to amplify the W allele in females over the first
eight collection intervals were the same for both primer
sets (15%, Table 1). Failure to amplify the Z allele in
females was greater with the Frid primers than with the
Kahn primers (57% and 14%, respectively). False W allele
amplification was not observed for males with either of
the primer sets used for any collection period.

Success rates for sex assignment were at or above 50%
for all three criteria at all time points except at
t = 124 days and did not show a decrease over time
through day 34 (Fig. 1). Average sex assignment success
rates using the more stringent Criterion 1 were 66%
(range 6-89%) and were highest at 34 days. When using
Criterion 2, average sex assignment success rates
increased to 73% (range 11-94%) and were highest at
15 days. Average sex assignment success rates using
Criterion 3 were highest, averaging 83% (range 28-100%),

and reaching 100% at 34 days. No samples were misclassified
using Criterion 1, and only one sample was misclassified
for Criterion 2 (one female misclassified as male from
samples with 124 days of exposure). The third criterion
resulted in six misclassifications of females as males; one
with 2 exposure days, one with 4 exposure days and four
with 124 exposure days.

The estimates of sex ratio at each time point typically
differed from the true sex ratio (0.611) because some
samples failed to amplify (Fig. 1). When using Criterion
1, the estimates from days 0-34 were biased towards
females and were on average 0.029 higher than the true
proportion (Table 2). When using Criterion 2, the aver-
age bias across samples from days 0-34 was 0.010, but
biased towards males. The average bias across these
same time points was <0.001 for the third criterion and
was also biased towards males.

Simulations

We used our empirical marker frequency results from
862 observations (18 birds x 8 repeated samples x 2
primers x 3 typing replicates, less 1 typing replicate for
each primer for 1 female that was not run; Table 3) as
multinomial probabilities to generate simulated sage-
grouse faecal sample populations. Criterion 1 dispropor-
tionally failed to assign sex to faecal samples from male
sage-grouse at all sample sizes and sex ratios, resulting
in female-biased estimates (Fig. 2). Because Criterion 1
was the most conservative set of decision rules, this
method consistently used the least number of sex-
assigned samples to estimate the sex ratio and resulted
in the largest standard errors, which were exceptionally
large with relatively small samples sizes (1 < 200).

Both Criteria 2 and 3 resulted in more accurate esti-
mates of sex ratio than criterion 1 under all simulated
conditions. When only two PCR replicates were used,
Criterion 2 resulted in sex ratio estimates that were
similar in precision to estimates from Criterion 1 with

Table 1 PCR success and error rates for both primer sets and sexes at nine exposure times from greater sage-grouse faecal samples
collected on Brown’s Bench, Idaho, USA, 2010. First number in each column refers to the Fridolfsson and Ellegren (1999, Frid) primers;
second number refers to the Kahn et al. (1998) primers. False amplification of the W allele was not observed for male samples.

Exposure days

Average
0 2 4 6 8 15 23 34 124 (day 0-34)
Female
Success 052 085 033 076 048 085 027 082 018 0.61 0.64 097 053 097 055 085 000 015 044 083
W dropout 0.18 0.18 0.09 020 0.13 018 022 033 0.00 010 019 0.06 029 0.06 011 011 NA 1.00 0.15 0.15
Zdropout 047 0.07 045 012 050 0.4 056 022 067 030 057 003 065 016 067 007 NA 000 057 0.14
Male
Success 048 071 029 095 024 071 0.05 067 019 076 010 076 0.05 052 043 095 000 014 023 0.76
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Exposure days

three replicates, and slightly female biased under all but
the most extreme female-skewed populations simulated.
Criterion 3 resulted in slight male-biased sex ratio esti-
mates under all but the most extreme male-skewed pop-
ulations simulated. Increasing the number of PCR
replicates from 2 to 3 increased the number of potential
results evaluated by the various decision rules from 4 to
6, which reduced the bias and increased precision
regardless of the criterion used (Figs. 2B & 2C).

Criteria 2 and 3 produced relatively unbiased
estimates of sex ratio at all sample sizes and sex ratios
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simulated. Because Criterion 3 was the least conservative,
this method used the largest number of sex-assigned
samples to estimate sex ratio and produced the most
precise estimates (i.e. relatively smallest variance).

Discussion

We demonstrate how sex ratios can be accurately esti-
mated for greater sage-grouse populations from nonin-
vasive genetic samples despite sex bias PCR success.
With minor adaptations, the methods we outlined above
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Table 2 Sex assignment success and associated sex ratio estimates
for three sex assignment criteria for sage-grouse faecal DNA
collected on Brown’s Bench, Idaho, USA, 2010. Data were combined
across time from day 0 through day 34. True sex ratio was 0.611.

% success
Estimated
Female Male Total sex ratio*
Criteria 1 77.3 67.9 73.6 0.640
Criteria 2 79.5 82.1 80.6 0.601
Criteria 3 90.9 87.5 89.6 0.619

*Sex ratio calculated as proportion of all samples assigned a sex
that were assigned female.

should be applicable to numerous species, adding to the
limited number of existing tools for estimating population
sex ratio. PCR amplification was relatively successful
(>75% with the Kahn primers) for sage-grouse faecal
samples with <34 exposure days and we did not detect a
decrease in success with exposure time during this per-
iod. This indicates a slow rate of DNA degradation in
these samples, potentially resulting from dry conditions
and/or the diet of this species, and differs from results
showing PCR success rates dropping rapidly for mam-
mals under more humid conditions (Murphy et al. 2007;
Brinkman et al. 2010). These results are encouraging since
field-collected faecal samples of unknown origin can
only be qualitatively dated as fresh or not.

PCR success was greater with the Kahn primers than
the Frid primers, as was expected considering the PCR
product size amplified by each primer set and the
degraded quality and low quantity of DNA typical of
noninvasive samples (Buchan et al. 2005). Despite the rel-
atively poor success of the Frid primers, we chose a mul-
tiplex approach for our analysis since doing so doubled
the number of potential outcomes to evaluate for sex
assignment from 3 to 6 with minimal increase in cost.
A multiplex approach is a common approach for improv-
ing efficiency for species identification (Dalen et al. 2004;
Mukherjee et al. 2007) and individual identification (Jacob
et al. 2010; Stenglein et al. 2011) of NGS, but it is rarely
used in sex ID (Gebhardt & Waits 2008).

Our use of the three sex assignment criteria resulted
in sex ratio estimates that differed in bias and precision.
PCR success was lower for males than females for both
primer sets which, when combined with the more con-
servative sex assignment rule for males than for females
in Criterion 1, resulted in female-biased sex ratio esti-
mates (Table 2). The sex assignment rules for Criterion 2
greatly reduced the effects of the biased PCR success,
resulting in relatively unbiased sex ratio estimates. The
least conservative assignment rules of Criterion 3
resulted in the largest proportion of the sample of both
males and females assigned a sex, and the greatest

probability of falsely assigning females as males. Under
the conditions we simulated with three PCR replicates, the
erroneous assignments seemed to offset the female-biased
PCR success, resulting in relatively unbiased sex ratio
estimates with the greatest precision.

With birds, identification of the homozygous male
may be a factual result from male DNA or the result of
failure to amplify the female ‘W’ gene. Increasing geno-
typing replication increases the probability of W allele
amplification for females and thus reduces the probabil-
ity of assignment errors (Lynch & Brown 2006). In our
simulation example, increasing from 2 to 3 typing repli-
cates decreased the proportion of female samples that
were falsely assigned as males, reducing the slight male
bias of Criterion 3 (Fig. 2C). The tradeoff to typing repli-
cation is an increase in costs of approximately 25% for
each additional replicate beyond 2 due to increased time
and products required.

Our study is an important first step towards develop-
ing a noninvasive method for estimating population sex
ratios for sage-grouse. Further research is needed to
examine the rate of degradation of faecal DNA under
various environmental conditions and over the 1-4
month time period to verify that the sex bias in PCR
success that we observed does not change under differ-
ent field conditions and longer exposure times. In addi-
tion, if this method was considered to estimate sex ratio
of brooding young, potential effects of the differing diet
of sub-adults on the rate of degradation of faecal DNA
would also need to be considered since other studies
have shown an effect of diet on faecal DNA amplification
success (Murphy et al. 2007; Panasci et al. 2011).

We used faecal samples collected in winter because at
this time sage-grouse are commonly found in mixed-sex
flocks (Beck 1977; Connelly 1982) and both sexes use the
same areas for foraging and roosting, regardless of flock
composition. To use the method we described for esti-
mating population sex-ratio, a study design that pro-
duces a random sample of faecal pellets is necessary. For
sage-grouse, we suggest collecting faecal pellets along
predefined transect lines esta