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Selection of forage and habitats is driven by nutritional needs of individuals.
Some species may sacrifice nutritional quality of forage for the mother in favor
of safety of offspring (risk-averse strategy), immediately following parturition.
We studied diet quality and forage selection by bighorn sheep before and
following parturition to determine how nutritional demands associated with
rearing offspring influenced forage acquisition. We used desert bighorn sheep,
Ovis canadensis nelsoni, to investigate that potential tradeoff. We captured and
radio-collared female bighorn sheep from 2016 to 2018. We used vaginalimplant
transmitters (VIT)s in pregnant females to identify parturition and to capture and
radio-collar neonates to monitor survival of young. We collected fecal samples
throughout the breeding season and throughout the year to understand diet
quality and composition throughout those temporal periods. We determined
diet quality and composition for pre-parturient females, females provisioning
offspring, females that lost offspring, and non-pregnant individuals using fecal
nitrogen and DNA metabarcoding analyses. Additionally, we compared the diet
quality and composition of offspring and adult females during the spring, as well
as summer and winter months. Our results indicated differences in diet quality
between individuals provisioning offspring and those whose offspring had died.
Females that were provisioning dependent young had lower quality diets than
those that lost their offspring. Diet composition among those groups was also
markedly different; females that had lost an offspring had a more diverse diet
than did females with dependent young. Diet quality differed among seasons,
wherein offspring and adult females had higher quality diets during the spring
months, with decreasing quality as the year progressed. Diet diversity was
similar across seasons, although spring months tended to be most diverse. Our
results support tradeoffs associated with risk-averse strategies made by adult
females associated with parturition. Nutritional quality of forage was linked to
provisioning status, indicating that females were trading diet quality for safety
of offspring, but those females whose offspring had died selected high quality
forages. Those results help explain habitat selection observed in mountain
ungulates around parturition and provide further insight into the evolutionary
processes and adaptive significance exhibited by those specialized artiodactyls.
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Introduction

Nutritional ecology of large mammals has been of primary
concern for scientists trying to understand the underlying drivers
of population dynamics. Selection of forages to support
reproduction is an important component of how individuals
interact with their environment (Barboza et al., 2009; Parker et al.,
2009). Nutritional interactions are present at all levels of an
ecosystem and result in the population characteristics we observe
in real time (Parker et al., 2009). For instance, individuals that
obtain high-quality nutrition from their food, especially when
growing, often are in better condition and obtain larger body size
than those individuals that consume lower quality forage (Cook
et al., 2004; Monteith et al., 2009; Parker et al., 2009; Tollefson et al.,
2010; Jackson et al., 2021). Individuals on a higher nutritional plane
are more likely to survive, produce more offspring during their
lifetime and, thus, exhibit high reproductive fitness (Stewart et al.,
2005; Parker et al., 2009; Stephenson et al., 2020). Furthermore,
individuals that have access to better nutrition during portions of
the year and have higher body condition are better able to survive
prolonged periods of low-quality forage or harsh climatic
conditions than those with lesser nutritional resources (Mautz,
1978; Stewart et al., 2005; Monteith et al., 2013; Monteith K. L.
etal, 2014).

Selection of high-quality forage is dependent upon
environmental constraints in the region, but selection of forages
also varies among individuals in the population. Over long
temporal scales, seasonal variation in availability and quality of
forage become linked with life-history characteristics of animals
inhabiting the region. For instance, timing of parturition among
large mammals has evolved to coincide with the highest available
forage quality to meet the metabolic needs of lactation (Bowyer,
1991; Long et al., 2016; Neumann et al., 2020). Furthermore,
ungulates often select high-quality forages, usually early growth of
forbs and grasses during spring and early summer but switch to
browsing on shrubs during autumn and winter months, when
vegetation quality is often lower and forage is limited (Boeker
et al., 1972; Collins and Urness, 1983; Miller and Gaud, 1989; Beck
and Peek, 2005a). Seasonal shifts in forage selection allow
individuals to maintain better body condition, produce larger
offspring, and higher recruitment rates, resulting in increased
reproductive fitness (Parker et al., 2009).

Selection of forage often varies with sex (Bleich et al., 1997,
2019; Barboza and Bowyer, 2000, 2001), reproductive status
(Clutton-Brock et al., 1982; Cook et al., 2013), and population
density (Stewart et al, 2011; Bowyer et al, 2014, 2020).
Intraspecific competition leads to much of the variation
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we observe among individuals in selection of nutritional resources
across the landscape. Polygynous ungulates exhibit strong sexual
dimorphism and often exhibit a dramatic difference in body size
between males and females. As a result, dietary requirements often
differ between sexes and are reflected in differences in selection of
forages and often linked to reproductive success (Barboza and
Bowyer, 2000, 2001; Schroeder et al., 2010). Males are usually
larger bodied than females, have larger rumens, fewer metabolic
demands associated with reproduction, may thrive on lower
quality forage than that required by reproductive females, and
have no contribution to survival of offspring beyond mating
(Barboza and Bowyer, 2000). Furthermore, males can use habitats
with greater predation risk than females with dependent young
(Bleich et al., 1997; Barboza and Bowyer, 2000). In addition to
meeting nutritional requirements associated with gestation,
following parturition females must protect and provision their
offspring until weaning (Oftedal, 1985; Robbins, 1993; Barboza
etal., 2009). High-quality diets acquired by parturient females, or
those provisioning dependent young, result in larger offspring
with higher survival and recruitment (Keech et al., 2000; Monteith
etal,, 2009; Heffelfinger et al., 2018). Lactating females often lose
body condition, as a result of increased protein and energy
demands, while non-reproductive females are able to regain
somatic reserves during similar time periods (Holt et al., 1992;
Barboza and Parker, 2008), likely resulting in selection of different
forages by females of varying reproductive status.

While provisioning young, some species may trade nutrition
of the mother for greater safety and higher survival of offspring,
thereby exhibiting risk-averse behavior (Festa-Bianchet, 1988;
Berger, 1991; Bleich et al., 1997; Long et al., 2009). Females making
this tradeoff can only do so for a limited period because metabolic
needs during lactation are higher than at other times of the year
and must be met to ensure offspring obtain the appropriate
amount of nutrients during growth (Barboza et al., 2009).
Therefore, we expect the degree of those nutritional tradeoffs to
decline as juveniles grow and females exhaust somatic reserves
obtained prior to parturition. This tradeoff does not necessarily
indicate that females select the highest quality diets available, but
rather they select vegetation that is sufficient to overcome the
constraints associated with gestation and lactation, while also
enhancing safety of offspring. Additionally, if females can access
high quality and abundant vegetation while simultaneously
selecting habitat types that increase the safety and survival of
offspring (Pierce et al., 2004; Heffelfinger et al., 2020), then a
tradeoff would not be expected to occur.

Quantifying diet quality and composition, at multiple states
of reproduction, is useful to understanding habitat selection
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and life-history strategies of wild ungulates. Furthermore, this
information can positively influence the conservation of target
species through habitat management. For instance, identifying
how diet content and quality adjust across different life-history
strategies can be used to improve the reproductive fitness of
individuals by focusing habitat management on those forage
species that best improve an individuals’ nutritional condition.
Additionally, this information can be used to ensure that
translocation sites have similar vegetative characteristics to
support individuals throughout different reproductive periods,
therefore, increasing the likelihood of success of the
translocation through high survival and the recruitment
of offspring.

We used a population of desert bighorn sheep (Ovis canadensis
nelsoni) to identify changes in diet composition and quality
throughout the year, especially around reproduction (prior to
parturition, following parturition and while lactating) and for
females following death of their offspring. Our objectives were to
(1) identify diet composition and quality across seasons and
between adult females and their offspring and (2) identify diet
composition and quality across the parturition season based on
timing of parturition and offspring provisioning status.
We hypothesized that if females with offspring traded nutrition
for safety of offspring, then those females without offspring would
have higher quality diets than those with dependent young.
Additionally, we hypothesized that females that were not
provisioning offspring would have higher diet diversity compared
to those with dependent young, because they likely are able to
exploit a greater diversity of habitat types than mothers with
dependent young.

Materials and methods

Study site

Our study was conducted on Lone Mountain (38° 2'N,
117° 31’W) and the Weepah Hills (37° 56’N, 117° 30°W),
which are located about 25km west of Tonopah, Nye Co.,
Nevada (Figure 1). The area ranges from 1,400 to 2,800 m in
elevation and is occupied by a variety of plant taxa that are
representative of Great Basin and Mojave Desert ecosystems.
Low elevations were primarily comprised of Wyoming
sagebrush (Artemisia tridentata spp. Wyomingensis), spiny
hopsage (Grayia spinosa), Stansbury cliffrose (Purshia
stansburiana), and shadscale saltbush (Atriplex confertifolia). At
mid-to high-elevations, species such as Utah Juniper (Juniperus
osteosperma), single-leaf pinyon (Pinus monophyla), Stansbury
cliffrose, and Wyoming sagebrush were common. Low to mid
elevations were defined by more open habitat types, while mid
to high elevations were dominated by pinyon-juniper
woodlands. Lone Mountain contained large, contiguous areas
of precipitous terrain, while the Weepah Hills had patchy
distributions of precipitous terrain. The ranges received an
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FIGURE 1

Map of the Lone Mountain and Weepah Hills study area outside
of Tonopah, Nevada (2016-2018). Image (A) shows the location
of fecal nitrogen samples used in our diet analyses, overlaid on a
hill shade layer of the mountain range. Yellow circles represent
pre-parturition samples, blue squares represent post parturition
samples, red crosses represent post juvenile mortality samples,
and pink diamonds represent not pregnant samples. Image

(B) shows the location of diet composition samples used in our
diet analyses, overlaid on a shrub cover layer (www.rangeland.
app) of the mountain range. Shrub cover ranged from 0 to 90
percent throughout the region, lighter colors represent areas
with high shrub cover and dark colors represent areas with low
shrub cover. Yellow circles represent pre-parturition samples,
blue squares represent post parturition samples, and red crosses
represent post juvenile mortality samples. Image (C) shows the
location of the Lone Mountain study site within a county outline
map of Nevada.

annual average of 11.8cm (SD=1.6cm) of precipitation and
60.1cm (SD =48.2 cm) of snowfall throughout the duration of
our study (January 2016 to December 2018). Temperatures
during summer months ranged from 16.2°C (SD=0.9°C) to
31.1°C (SD=0.4°C) and winter months ranged from-4.6°C
(SD=0.4°C) to 5.6°C (SD =1.4°C). High temperatures during
summer months resulted in most water sources in the Weepah
Hills drying up; as a result, most wildlife populations were
restricted to Lone Mountain and the northern section of the
Weepah Hills. Throughout the duration of our study, drought
conditions varied based on Palmer Drought Severity Index
scores (PDSI, Palmer, 1965). During spring months, PDSI
scores indicated that 2017 was the wettest and 2018 was the
driest year (2016: X = 0.33, SD=0.49; 2017: X = 3.5, SD=0.7;
2018: x = —1.66, SD=0.42). The area was home to several
ungulate species, including (in order of abundance) desert
bighorn sheep, mule deer (Odocoileus hemionus), pronghorn
(Antilocapra americana), and feral horse (Equus ferus). There
also was a diverse suite of predators, including mountain lion
(Puma concolor), bobcat (Lynx rufus), coyote (Canis latrans),
grey fox (Urocyon cinereoargenteus), and golden eagle (Aquila
chrysaetos). The bighorn sheep population was considered to
be increasing and potentially approaching carrying capacity
based on aerial surveys conducted by the Nevada Department
of Wildlife (Blum, 2021).
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Data collection and processing

We captured female desert bighorn sheep on Lone Mountain
using a net-gun fired from a helicopter (Krausman et al., 1985)
during the winters of 2016 to 2018 (2016: n =16, 2017: n =20, 2018:
n =27). We limited captures to no more than 2 individuals per
social group to maintain independence of sampling units (Zar,
2010). Captured individuals were uniquely marked and fit with
Iridium Global Positioning System (GPS) satellite radio-collars
(VECTRONIC Aerospace). Radio-collars were scheduled to collect
locations at a fix rate of 6 locations per day from January to
September and 2 locations per day from October through
December, to maximize battery life. We collected fecal samples
from each captured individual. We measured subcutaneous fat
thickness, estimated body-condition scores, and estimated ingesta-
free body fat for all captured individuals using ultrasonography and
palpation (Stephenson et al., 2020). We used ultrasonography to
determine pregnancy status of all captured individuals (Stephenson
et al,, 1995) and inserted vaginal implant transmitters (VITs;
VECTRONIC Aerospace) into the birth canal of pregnant females.

To evaluate how female bighorn sheep adjusted diets throughout
the parturition season, while provisioning offspring, and to
determine provisioning status of adult females, we captured neonates
and tracked their survival. Upon notification of parturition events
from GPS radio-collars on maternal females, we waited a minimum
of 4h following parturition before we attempted captures to allow
neonates to bond with their mothers. We fitted neonates with
expandable VHF radio-collars, and monitored their survival through
4months of life, at which time juveniles were likely to be weaned
from their mothers. We found no evidence of human-induced
mortality on handled neonates (Blum, unpublished data). All
handling of animals was approved by the Institutional Animal Care
and Use Committee at the University of Nevada, Reno (Protocol
#00651) and followed guidelines established by the American Society
of Mammalogists for care and handling of wild mammals (Sikes and
The Animal Care and Use Committee of the American Society of
Mammalogists, 2016).

Diet quality collection and analyses

Timing of parturition varied in our study area among years
(2016: x = 4/21/2016, SD=18.03; 2017: x = 759SD=4/11/2017,
2018: x = 4/3/2018, SD=14.31). Throughout the parturition
seasons, we collected 1,223 fecal samples (2016: n =169, 2017:
n =759, 2018: n =295) from radio-collared females. We collected
fecal pellets using individual GPS locations from the morning of
(i.e., <0900) collection. We attempted to collect multiple samples
from each radio-collared individual prior to parturition, with at
least 1 week separating sampling events. Following parturition,
we collected fecal samples from each radio-collared individual
about 7, 21, and 35 days post parturition; if a neonate died within
30days post-parturition, we restarted the sampling schedule to 7,
21, and 35days following the death of the neonate. Seasonal
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sampling intervals included juvenile (juvenile samples from
individuals >1 week old), spring (March through May), summer
(June through August), and winter (November through February;
primarily from captures). Sampling intervals for parturition
periods included pre-parturition (samples collected prior to
parturition), post parturition (samples collected following
parturition), post juvenile mortality (samples collected following
the death of a juvenile), and not pregnant were samples collected
from females that were not pregnant upon capture, but within the
same monthly sampling intervals. We attempted to obtain visual
observations on females to ensure samples were from radio-
collared individuals. Given the mobility of individuals and
challenges navigating the landscape, identifying pellet groups
from radio-collared individuals was difficult. When visual
confirmation was not possible, we collected >10 pellets from each
fecal pile within 50 m of the GPS location, and we recorded radio-
collared individuals within the immediate area (i.e., < 50 yards) at
the time of sampling. We only collected samples that were
identified as fresh (i.e., wet, odorous, and soft). Samples were
stored in a -20° C freezer at the end of each day.

We analyzed 425 samples (2016: n =31, 2017: n =285, 2018:
n =109) for percent nitrogen in feces to estimate quality across
seasons and around parturition. When selecting samples for analysis,
we made sure that all sampled individuals were represented in each
of the parturition periods. Because many fecal piles were collected at
each GPS location for collared individuals, we randomly selected
multiple samples (i.e., piles) of those collected fecal piles at each GPS
location. Therefore, we analyzed multiple samples per individual per
parturition period. Samples were oven-dried for >48h at 60°C to
remove moisture from samples. After drying, samples were ground
in a Spex Sample Prep Mixer Mill 8,000 M Mill Grinder for 5min to
ensure homogenization and combustion. Samples were then
weighed into tins (~2mg) for elemental analysis in a Costech 4,010
Elemental Analyzer (Costech Analytical Technologies, Inc., Valencia,
CA, United States).

We analyzed fecal nitrogen data using JAGS 4.3 software
(Plummer, 2003) through program R (R Core Team, 2021) via the
jagsUI package (Kellner, 2021). We performed a two-way analysis
of variance (ANOVA) in a Bayesian hierarchical framework to
estimate the relationship between fecal nitrogen, year, and the
previously defined seasons (i.e., juvenile, spring, summer, and
winter). The ANOVA was parameterized in a means
parameterization framework, where the mean fecal nitrogen was
estimated independently for each year and season combination,
with a random intercept term for individual bighorn sheep.
We assigned each estimated mean a vague, normally distributed
prior with a mean of 0 and variance of 0.001, while the error term
was given a uniform distribution with a mean of 0 and variance of
100. For the random intercept, we estimated a vague prior with a
normal distribution with a mean of 0 and the variance was
estimated from a gamma distribution with a mean of 0.001, and
variance of 0.001. We approximated posterior distributions by
sampling 20,000 Markov chain Monte Carlo (MCMC) iterations
and discarded the first 500 iterations across 3 chains.
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We performed an Analysis of Covariance (ANCOVA) in a
Bayesian hierarchical framework to estimate the relationship
between fecal nitrogen, ordinal date, and the parturition period of
interest. Similar to the previously described ANOVA, the
ANCOVA was parameterized so that each parameter estimate
that group
parameterization). We modeled fecal nitrogen of individual fecal

represented parameter’s mean  (means
samples by estimating separate means for each parturition period
and accounted for seasonal variation in fecal nitrogen content by
adding an additive linear effect of ordinal day. We also
incorporated a random intercept based on individual because
we had multiple samples for each individual throughout our data.
We defined vague prior distributions for all estimated parameters
within our model. Parturition period and ordinal date were
estimated via a normal distribution with a mean of 0 and variance
0f 0.001. The error term was estimated from a uniform distribution
with a mean of 0 and variance of 100, while the random intercepts
for individuals were defined by a gamma distribution with a mean
of 0 and the variance was estimated from a gamma distribution
with a mean of 0.001, and variance of 0.001. To observe the
relationships between percent fecal nitrogen, parturition period,
and ordinal date, we predicted fecal nitrogen values for ordinal
date 115 (April 25) and plotted the predicted posterior
distributions. We selected that date because it was ~2weeks
following the mean date of parturition (April 12).

Additionally, we estimated residuals and predicted values for
this analysis. We observed no relationship between residual and
predicted values within the dataset. We also estimated a Bayesian
value of p and determined model convergence via visual
investigation of MCMC chains and Gelman-Rubin diagnostic
statistics <1.1. We calculated the Bayesian value of p through a
sum of squares measure of discrepancy, where we compared the
lack of fit of the observed dataset and that of a predicted dataset
(Gelman et al., 1996). The discrepancy measures for each dataset
were then tested to quantify the proportion of times that the
predicted dataset was greater than that of the observed dataset
(Kéry, 2010). Our model investigating parturition period had a
Bayesian value of p of 0.51, indicating good fit.

Diet composition processing and
analyses

To identify diet composition, we randomly selected and
analyzed 236 samples from capture and field collection (2016:
n =31, 2017: n =131, 2018: n =74) for DNA metabarcoding
analysis,' a method that has enhanced the accuracy of quantifying
diets without direct observations of foraging (Sousa et al., 2019).
To further increase the accuracy of the DNA results, we also
submitted samples of known vegetation (n =27 species). We used
the exact sequence variants (ESVs) from the known plant species to
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refine the fecal diet data obtained from Jonah Ventures. We subset
the dataset to include the ESV's that together made up >95% of the
total read counts in the dataset, since those low read counts either
may be the result of sequencing error, or contributed limited
information to diet composition. In February 2021, given that
many ESVs were still unidentified beyond family, or were linked
to plant species not associated with the region, we used the Basic
Local Alignment Search Tool (BLAST) to find regions of similarity
between samples and match ESVs with known sequences in a
public database. We used the Nucelotide BLAST tool available
through the National Center for Biotechnology Information.”
We also used local and statewide plant databases to determine if a
species may be present in the region. We investigated the plant
species results with high query cover (>90%) and percent identity
(>90%) to determine if they were present within the study region.
If a search resulted in multiple possible species, genus, or family
in the sample, we reported the highest taxonomic level. We used
this information to adjust ESVs to the finest taxonomic category
and no coarser than the family level.

We used the read count data of identified plants that
were>95% of the total read counts in the dataset to calculate a
Shannon diversity index for the season and parturition categories
that were previously defined (Shannon, 1948). Our sample size of
fecal samples in the not pregnant category was inadequate (n =4),
and that group was not included in the parturition period analyses
for diet diversity. We performed the same structure for Bayesian
hierarchical models that were used for our fecal nitrogen analyses
to compare diet diversity across the different seasons and between
parturition groups. For the seasonal model, we modeled diversity
of diet of individual fecal samples and estimated the relationship
between year and season, with a random intercept for individual
bighorn sheep. For the parturition model, we estimated parturition
level effects on diet diversity by modeling the diversity of diet of
individual fecal samples and estimated the relationship between
diversity of diet and parturition period with an additive effect of
ordinal date and a random intercept for individual bighorn sheep.
We used the same prior distributions as the previously described
models and estimated posterior distributions using 20,000 MCMC
iterations and discarding the first 500 iterations across 3 chains.
We estimated a Bayesian value of p of 0.51 for our parturition
model of diet diversity, indicating strong fit. Furthermore,
we estimated the predicted posterior distributions to visualize the
relationship between diet diversity, parturition period, and ordinal
date by plotting predictive values at ordinal date 115 (April 25).

We used read counts to determine if the diets across seasons
and between the parturition groups were different through a
permutational multivariate analysis of variance (PERMANOVA).
This was accomplished using Bray-Curtis distances to quantify the
dissimilarity between each group through the adonis function in
the “vegan” package in program R (Oksanen et al., 2013). Across
both PERMANOVA models, we tested for interactions between
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the continuous (i.e., year for seasonal model; ordinal date for
parturition period model) and grouping variables (i.e., season and
parturition period).

We followed similar methods to those presented in Nielsen
and Matocq (2021) by calculating frequency of occurrence and
relative read abundance of plant taxa in fecal samples to estimate
consumption of plant taxa at the individual and group levels (i.e.,
[juvenile, spring, summer, and winter]; [pre-parturition, post
parturition, and post juvenile mortality]). We considered a plant
taxon to be present in an individual fecal sample if it made up
>5% of the total composition (Deagle et al., 2019). Relative
abundance was calculated for each plant species within individual
fecal samples to identify the percent contribution each plant made
to each sample. We then averaged the relative abundance values
for females with and without dependent young. To determine
which plants were significantly associated with each group,
we used the “signassoc” function in the “indicspecies” package in
program R (De Caceres and Legendre, 2009) to analyze the
presence and absence matrix and relative read abundance datasets.
We investigated both frequency of occurrence and relative read
abundance measurements in our dataset because diet composition
datasets are prone to recovery bias (Deagle et al., 2019).

Results

We found minimal overlap in season*year interactions in our
seasonal fecal nitrogen model, indicating strong differences in
fecal nitrogen among seasons and years (Table 1). In spring 2017,
diet quality of adult females overlapped that of juveniles, but did
not overlap the following year. In 2018, we observed strong
overlap in diet quality among spring, summer, and winter diet
quality, whereas only summer and winter diets overlapped in 2017
(Table 1). Juveniles (i.e., young of the year) had the highest fecal
nitrogen regardless of year, likely because they were gaining extra

10.3389/fevo.2022.1071771

nutrients from nursing (Table 1; Figure 2). Adult females tended
to have their highest quality diets during spring months across all
years; spring diet quality notably declined from 2016 to 2018
(Table 1; Figure 2). Diet quality during summer months was
consistently higher than winter months, yet summer and winter
months overlapped 19 and 28% in 2017 and 2018 (Table 1;
Figure 2). Diet quality during winter was consistently lowest
(Table 1; Figure 2).

We found overlap in all parameters for parturition period and
a positive relationship of ordinal date on percent fecal nitrogen
(Table 2). Predictions from estimates for parturition period at
ordinal date 115 (April 25) indicated strong overlap in nitrogen
content in fecal samples between post-parturient females and those
that had not given birth (Figure 3). Pre-parturient females had more
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FIGURE 2

Expected fecal nitrogen percent as a function of year and season
for desert bighorn sheep at Lone Mountain, Nevada (2016-2018).
Violin plots represent the posterior distributions for predicted
mean values derived from an ANOVA model of fecal nitrogen
modeled as a function of year and season (with interaction term),
which was fitted in a Bayesian framework (n =10).

TABLE 1 Results from the ANOVA in a Bayesian hierarchical framework testing the effect of year and seasonal groups (i.e., Spring: March — May,
Summer: June — August, Winter: November — February) on the percent of fecal nitrogen in the diets of desert bighorn sheep at Lone Mountain,
Nevada (2016-2018).

Parameter Lower 95% ClI  Upper 95% CI _Overlgp Ove_rlap Overlap
juvenile spring summer

AF Spring of 2016 1.713 1.558 1.869 - - -

AF Winter of 2016 1.037 0.89 1185 - 0% -

Juvenile of 2017 1.636 1.408 1.864 - - -

AF Spring of 2017 1.451 1.398 1.501 14% - -

AF Summer of 2017 1.147 1.048 1.243 0% 0% -

AF Winter of 2017 0.96 0.782 1.139 0% 0% 18%

Juvenile of 2018 2.001 1.734 2271 - - -

AF Spring of 2018 1.145 1.074 1.217 0% - -

AF Summer of 2018 1.289 0.983 1.594 2% 28% -

AF Winter of 2018 1.017 0.818 1215 0% 29% 28%

“AF” represents adult female only diet results, whereas “Juvenile” represents juvenile only diet results during the spring months. Overlap estimates indicate the amount of overlap in the

probability distribution between groups.
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TABLE 2 Results from the ANCOVA in a Bayesian hierarchical framework testing the effect of Ordinal date and parturition groups (i.e., Pre-
parturition, post parturition, post juvenile mortality, and not pregnant) on the percent of fecal nitrogen in the diets of desert bighorn sheep at Lone
Mountain, Nevada (2016-2018).

Overlap pre-  Overlap post  Overlap post

R R Gl LI e (e parturition parturition mortality
Pre-parturition 0.394 0.221 0.567 - - -

Post parturition 0.468 0.219 0.717 33% - -

Post juvenile mortality 0.555 0.297 0.815 14% 32% -

Not pregnant 0.632 0.358 0.91 8% 15% 59%
Ordinal date 0.009 0.007 0.011 - - -

overlapped diet diversity with females provisioning offspring by

14% (i.e., post parturition; Table 4; Figure 5). Diet composition
@f'z =25 was also distinct between parturition categories, although the
‘51'8 variance explained by the estimated parameters was low
817 n=132 n=170 (Parturition categories: MS=0.968, r* =0.056, value of p =0.001;
£16 Ordinal date: MS=0.979, * =0.028, value of p =0.001).
c
g1-5 Diet composition was largely similar across seasons, with
S
g 1: some variation in both frequency of occurrence and relative read
1o n=10 abundance (Table 5). Shadscale saltbush, horsebrush (Tetradymia
& & & R spp.), and granite prickly phlox (L. pungens) were the only plant
& N N S taxa that showed significant differences across seasons in both
R <? <® 6\5 QS
° & & ° frequency of occurrence (shadscale saltbush: value of p =0.02,
Parturition Period horsebrush: value of p =0.04, granite prickly phlox: value of
FIGURE 3 p =0.02) and relative read abundance (shadscale saltbush: value of
Expected fecal nitrogen percent as a function of Ordinal date and p =0.02, horsebrush: value of p =0.02, granite prickly phlox: value
provisioning status of female desert bighorn sheep at Lone £0=0.02)d Tabl Shadscale saltbush I
Mountain, Nevada (2016-2018). Violin plots represent the ofp =0.02) datasets (Table 5). Shadscale saltbush was on y present
posterior distributions for the predicted mean values derived in the spring and winter diets of adult females, whereas granite

from an ANCOVA model of fecal nitrogen modeled as a function

of provisioning status at Ordinal date 115, which was fitted in a . . .
Bayesian framework (n =4). Saxifragaceae (value of p =0.04) was only present in the spring

prickly phlox and horsebrush were only present in winter diets.

and summer diets of adults (Table 5). Relative read abundance

indicated that Stansbury cliffrose (value of p =0.02), increased in

variation in percent fecal nitrogen than those that were provisioning individual diets throughout the year (Table 5).
offspring (Table 2; Figure 3), but pre-parturient females had lower Frequency of occurrence and relative read abundance results
fecal nitrogen. Predictions at ordinal date 115 indicated females that indicate that females in different parturition groups had very
had lost a neonate and those that were not pregnant had the highest similar diets (Table 6). Only pre-parturient females had higher
percent of nitrogen present in feces (Figure 3). presence and concentrations of Stansbury cliffrose in their diet
We found strong overlap across season and year in diversity compared to post-parturient and females that lost a juvenile to
of diet in fecal samples. Diversity of diet varied across seasons as mortality (Table 6). Additionally, females that lost a juvenile to
well as between juveniles and adults (Table 3; Figure 4). mortality had lower presence and concentrations of Stansbury
Furthermore, diet diversity decreased as the year progressed cliffrose in their diet than females that were provisioning young
(Table 3; Figure 4). Juveniles tended to have a higher diversity of (Table 6). Saxifragaceae only appeared in diets of females that were
diet, however, there was strong overlap with adult samples across provisioning young or had lost a juvenile (Table 6). The frequency
seasons (Table 3; Figure 4). Diet composition was distinct between of occurrence of buckwheat was higher in females prior to
seasons and age classes, although minimal variance was explained parturition and greatly reduced following parturition (Table 6).

by the estimated parameters (Season: MS=1.376, r* =0.071, value

of p =0.001; Year: MS=0.622, * =0.011, value of p =0.02;

Interaction: MS=0.306, * =0.016, value of p =0.166). Discussion
Diet diversity of females was also dependent on the parturition

categories (Table 4; Figure 5). Females that lost offspring had the We found that juveniles had higher diet quality and diversity
greatest diet diversity, although there was 36% overlap with than adult females during the spring months. Those results were
females that were provisioning offspring (Table 4; Figure 5). not surprising, given that juveniles were consuming milk in
Pre-parturient females had the lowest diet diversity, but addition to vegetation, which increases nitrogen content in feces
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TABLE 3 Results from the ANOVA in a Bayesian hierarchical framework testing the effect of year and seasonal groups (i.e., Spring: March — May,
Summer: June — August, Winter: November — February) on the diversity in the diets of desert bighorn sheep at Lone Mountain, Nevada (2016—
2018).

Parameter Lower 95% Cl = Upper 95% ClI _Overlgp Overlap Overlap
juvenile spring summer

AF Spring of 2016 1.318 1.029 1.606 - - -

AF Winter of 2016 0.855 0.685 1.024 - 5% -

Juvenile of 2017 1.243 0.931 1.557 - - -

AF Spring of 2017 1.294 1.204 1.384 44% - -

AF Summer of 2017 1.191 0.969 1.413 79% 43% -

AF Winter of 2017 0.996 0.748 1.241 39% 7% 41%

Juvenile of 2018 1.234 0.868 1.599 - - -

AF Spring of 2018 115 1.033 1.267 47% - -

AF Summer of 2018 1.003 0.426 1.583 60% 32% -

AF Winter of 2018 0.88 0.622 1135 26% 14% 58%

“AF” represents adult female only diet results, whereas “Juvenile” represents juvenile only diet results during the spring months. Overlap estimates indicate the amount of overlap in the
probability distribution between groups.

months, which consistently had the lowest fecal nitrogen. Diet

I St (o=12) quality also regressed each year of the study, which may be related
20 | Sping (=164 1 to drought conditions, although 2017 was the wettest year (PDSI:
Summer (n=16) 1

W e | X = 3.5, SD=0.7) of our study, while 2018 was the driest (PDSI: x
= —1.66, SD =0.42). Furthermore, spring and summer months had

o

higher diet diversity than winter months, although the diet diversity
was similar between summer and winter in 2018. Spring and early
summer months coincide with vegetation green-up (Snyder et al,

Diet Diversity in Feces(%)

2016); therefore, it is not surprising that females had higher fecal
nitrogen and diet diversity during this period. This result is further

o
°

supported by our diet composition data, because forbs became

e Yoar e more prominent in diets during the spring, and females consumed
FIGURE 4 more species of forbs during this period. In the Great Basin, many
Expected Shannon diversity index as a function of year and
season for desert bighorn sheep at Lone Mountain, Nevada X i R X R X X .
(2016-2018). Violin plots represent the posterior distributions for rise, resulting in a reduction in protein and digestible energy
predicted mean values derived from an ANOVA model of available for herbivores during summer and winter months (Beck
Shannon diversity index modeled as a function of year and
season (with interaction term), which was fitted in a Bayesian
framework (n =10). available to herbivores year-round, resulting in individuals

plant species senesce as precipitation decreases and temperatures

and Peek, 2005b). Many annual and perennial forbs are not

adjusting selection to species that are available during the summer

and winter months (Krausman et al., 1989; Miller and Gaud, 1989;

(Jenkins et al., 2001; Taillon et al., 2013). During spring months, Bleich et al., 1997). Parturition of bighorn sheep at Lone Mountain
juveniles had a wider credible interval for diversity of diets than occurred during spring months, March through May (Blum, 2021),
adult females, which is likely related to lower sample sizes of when forage availability and quality were highest. The third
juveniles. Juveniles selected plant species that had a high trimester of pregnancy and lactation are the most expensive
prevalence in the spring diets of adult females, which is consistent periods for female ungulates in terms of requirements for protein
with habitat selection being a learned behavior (Nielsen et al., and digestible energy (Barboza et al., 2009). Therefore, our results
2013; Larue et al., 2018). Nevertheless, juveniles did not sample are consistent with the notion that timing of parturition is likely the
plant species to the degree that adult females did, likely because result of selection for females to give birth during the most
vegetation is not the primary source of nutrition during their first nutritionally beneficial time period in our study system. Tradeoffs
2months of life, allowing juveniles to be more selective. That associated with behaviors that are risk-averse or risk-prone relative
relationship may possibly be a result of how quickly juveniles to risk of predation are associated with montane ungulates around
learn to sample plants rather than an innate understanding of the parturition periods (Festa-Bianchet, 1988; Berger, 1991; Bleich
highest quality or more palatable species. et al., 1997; Rachlow and Bowyer, 1998; Barten et al., 2001; Poole

Diet quality, diversity, and composition were dependent upon etal., 2007; Long et al., 2009). Previous research has shown females
season and year for adult females. Our results indicated that fecal use habitat types that are linked to survival of juveniles, but
nitrogen was higher during spring and summer than winter potentially have reduced quality or availability of forage
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TABLE 4 Results from the ANCOVA in a Bayesian hierarchical framework testing the effect of Ordinal date and parturition groups (i.e., Pre-
parturition, post parturition, and post juvenile mortality) on the diversity in the diets of desert bighorn sheep at Lone Mountain, Nevada (2016—-2018).

Overlap pre-

Overlap post

Parameter Lower 95% CI Upper 95% CI o o
parturition parturition
Pre-parturition 1.013 0.649 1.379 - -
Post parturition 1.213 0.702 1.724 14% -
Post juvenile mortality 1.343 0.822 1.858 8% 36%
Ordinal date 0.001 —0.003 0.005 - -
diversity. The differences in diet diversity between females that had
1o lost offspring and those provisioning offspring likely indicated a
w18 tradeoff because vegetation availability was similar in those time
817 . . . .
315 n=75 n =64 periods, but females that lost offspring had more diverse diets than
£ 13 females provisioning young. An increase in diet diversity may allow
%‘ 13 females to maximize quality of their diet and more efficiently
S
2 1? replace somatic reserves lost during gestation and lactation.
g, . . . T
510 n=17 However, this relationship may not occur if individuals selected
-3 09 = . . . . s
B8 strongly for vegetation with the highest nutrient content, which
07 N N - could result in a decrease in diversity. Further research has shown
. XN
&'«\\‘0 (\Q«\‘o 5\»&‘;}\\* that females adjust habitat selection when provisioning offspring to
3 3
Q@Q 0«,8 & W areas that are more beneficial to survival of young rather than
4 .
Parturition Period nutritional availability (Bleich et al., 1997; Blum, 2021). We suspect
— that females that were not constrained to steeper, rugged habitats
Expected Shannon diversity index as a function of Ordinal date had more diverse diets because they were not limited by the
and provisioning status of female desert bighorn sheep at Lone presence of dependent young. While the loss of a neonate has
Mountain, Nevada (2016-2018). Violin plots represent the implicati for fi femal R h i £h
posterior distributions for the predicted mean values derived implications for htness, females can increase the quality of future
from an ANCOVA model of Shannon diversity index modeled as a offspring by increasing their nutritional condition rapidly after the
f_und'_on of provisioning status at Ordinal date 115, which was loss of their offspring (Monteith et al., 2013; Morano et al., 2013;
fitted in a Bayesian framework (n =3). . . . .
Monteith K. L. et al., 2014). This behavior may lead to higher

(Festa-Bianchet, 1988; Berger, 1991; Bleich et al., 1997; Rachlow
and Bowyer, 1998; Blum, 2021). Nevertheless, females may not
have to make those tradeoffs in some ecosystems, and it is more
evolutionarily advantageous to select areas that provide high
quality and abundant vegetation, in addition to safety for offspring
(Pierce et al., 2004; Heftelfinger et al., 2020).

We found mixed support for our hypothesis that individuals
without dependent young would have more diverse diets than those
provisioning offspring. Females that lost offspring had a 64%
likelihood of having a more diverse diet than those females that
were provisioning offspring, lending some support to our
hypothesis. Contrary to our hypothesis, however, pre-parturient
females had an 86% likelihood of having a less diverse diet than
those females that were provisioning offspring. Those results may
be a function of selection for the highest quality plants, or because
of fewer species of plants on the landscape when most females were
not provisioning young, given that forbs and annual grasses became
more prevalent as the spring months progressed (Nicholson et al.,
2006). Our results may indicate that females selected some forages
at a higher rate, therefore reducing diet diversity, which may also
be linked to availability. Females may also be selecting forage to
maximize overall intake by selecting for species that offer larger bite
masses, such as Stansbury cliffrose, which may further reduce diet
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survival rates of offspring the following year and increase the
likelihood of recruiting young.

Collecting fecal samples from specific individuals proved
challenging in our study area. Given that we rarely were able to
match a fecal pile with a specific radio-collared individual,
we collected as many piles in proximity to morning GPS locations
of specific females as possible. We analyzed multiple pellets from
each group of samples to get a better idea of diet quality and
composition within the group, as well as to increase the probability
of analyzing the sample from the target individual. If our samples
were not representative of specific parturition periods, we would
expect no clear trends in diet quality or composition across females
prior to parturition, while provisioning offspring, and following a
loss of offspring, which was not the case. Additionally, female
bighorn sheep typically form groups comprised of other individuals
exhibiting similar provisioning status and that, in turn, influenced
habitat selection (Blum, 2021). Individuals within a group should
also be exposed to the same vegetation types when foraging. Thus,
our results likely reflect the diet selection of females provisioning
and not provisioning offspring in our study area.

Previous research indicates that lactation status influences the
absorption rates for nitrogen in ungulates (Monteith K. B. et al,
2014). Those results indicate that given similar diets, lactating females
will absorb greater amounts of nitrogen than non-lactating females
and skew the nitrogen percent in feces (Monteith K. B. et al., 2014).
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TABLE 5 Frequency of occurrence (FOO) and relative read abundance (RRA) of the top 12 unique plant taxa (based on total read counts) identified in the diets of desert bighorn sheep with differing
parturition and provisioning statuses (i.e., Pre-parturition, post parturition, and post juvenile mortality), at Lone Mountain, Nevada (2016—-2018).

;l:g;:'t)lonal 1) Pre-parturition Post parturition Post juvenile mortality
FOO RRA FOO RRA FOO RRA
Tree Pinus monophylla 53.125 16.414 53.333 15.152 64.706 18.812 0.578 0.535
Shrub Artemesia tridentata 10.938 1.302 10.667 1.545 23.529 2.871 0319 0375
Atriplex confertifolia 1.563 0.205 5.333 0.413 5.882 0.329 0.587 0.692
Grayia spinosa 10.938 1.078 18.667 4.012 23.529 3.029 0.428 0.478
Purshia stansburiana 85.938 44.684 78.667 27.628 52.941 14.500 0.030 0.015
Ribes cereum 7.813 2.605 18.667 5.565 17.647 4.006 0.459 0.438
Eremogone spp. 1.563 0.109 9.333 1.048 17.647 1212 0.087 0.438
Forb Eriogonum spp. 42.188 12.975 84.000 22.580 82.353 19.565 0.073 0.115
Saxifragaceae 0.000 0.000 16.000 6.179 17.647 12.165 0.156 0.059
Graminoid Poaceae 37.500 6.250 21.333 3.440 47.059 8.371 0319 0.438

p-values presented are corrected for multiple testing through the Sidak method.

TABLE 6 Frequency of occurrence (FOO) and relative read abundance (RRA) of the top 12 unique plant taxa (based on total read counts) identified in the diets of desert bighorn sheep across seasons (i.e.,
Spring: March — May, Summer: June — August, Winter: November — February) and between juveniles and adults in spring months, at Lone Mountain, Nevada (2016—2018).

;l:glj:;lonal Taxa Juvenile Summer Winter
FOO FOO FOO

Tree Pinus monophylla 50.000 9.692 48.780 14.095 43.750 11.950 45.455 13.050 0.816 0.537

Shrub Artemesia tridentata 16.667 4.250 14.024 1.810 0.000 0.000 9.091 0.643 0.344 0.115
Atriplex confertifolia 0.000 0.000 3.659 0.303 0.000 0.000 18.182 3.827 0.020 0.020
Grayia spinosa 16.667 1.883 14.634 2.646 12.500 3.956 4.545 0.936 0.630 0.490
Purshia stansburiana 66.667 25.542 76.829 31.889 87.500 38.431 72.727 50,652 0.268 0.020
Ribes cereum 16.667 1.842 10.366 3.243 25.000 7.400 0.000 0.000 0.236 0.133

Forb Eremogone spp. 0.000 0.000 6.707 0.648 0.000 0.000 0.000 0.000 0.133 0.078
Eriogonum spp. 66.667 29.225 73.780 21.657 75.000 15.156 6.818 2711 0.059 0.078
Saxifragaceae 0.000 0.000 10.366 4.238 18.750 5.594 0.000 0.000 0.039 0.168

Grass Poaceae 50.000 8.558 35.366 5722 62.500 10.294 50.000 9.343 0.440 0.731

p-values presented are corrected for multiple testing through the Sidak method.
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Therefore, it is possible that our post parturition levels of fecal
nitrogen are negatively skewed and that post parturient females
have similar diet quality as females without dependent offspring.
However, non-lactating females, especially those that were not
pregnant, were commonly found in areas where male bighorn
sheep occurred within the study area, which were segregated from
parturient females (Blum, personal observation). Bleich et al.
(1997) also showed that males used areas with higher quality
vegetation during these periods, therefore, it is likely that
non-lactating females were accessing higher quality forage than
those females with dependent offspring. This was also supported
by some of our diet composition results, which indicated that
females that lost a neonate had higher frequency of occurrence and
relative read abundance of some forbs and grasses in their diet.
Therefore, we are confident that our results that indicate an
apparent diet quality tradeoff are representative of the diet quality
differences we observed between provisioning status.

We were unable to measure metabolizable energy content of
fecal samples in our study; although, previous research has
indicated that metabolizable and digestible energy, not digestible
protein, was the limiting factor for ungulates during lactation
(Holt et al, 1992; Parker et al, 1999). Energy and protein
requirements increase substantially during lactation and are
essential to the growth of offspring (Barboza et al., 2009; Parker
et al., 2009). Although we cannot speak to the variation of
metabolizable energy in the diet of bighorn sheep across seasons
and parturition stages, similar relationships exist because protein
and energy measurements are often correlated in ungulate diets
throughout the year (Holt et al., 1992; Parker et al., 1999, 2009;
Rad et al,, 2015). The apparent tradeoffs of nutritional quality for
safety of offspring are likely linked to metabolizable energy
because females select areas with lower forage availability while
provisioning offspring (Blum, 2021).

Our results indicated a high presence of single-leaf pinyon in
bighorn sheep diets on Lone Mountain. We suspect that result is a
combination of high concentrations of pollen across the landscape
during spring months and low digestibility of some vegetation
species (Ando et al,, 2018). Given that different functional groups
and plant taxa differ in digestibility, some species likely show higher
presence in feces (Scasta et al., 2019). This bias is not unique to diet
analyses using DNA but is often reported in microhistological
analyses of diet composition (Anthony and Smith, 1974; Dearden
etal, 1975). We did observe bighorn sheep foraging on single-leaf
pinyon occasionally, but those events were rare and leads us to
suspect that the high concentrations in bighorn diets is likely a result
of pollen falling onto consumed vegetation (Minckley et al., 2008)
and combined with low digestibility of pinyon pine. While Blum
(2021) showed that female bighorn sheep avoided areas with a lot of
trees, pinyon pine was present throughout the study area, albeit in
low densities, therefore it is likely that pollen was widely distributed
throughout the study area. DNA metabarcoding methods are an
evolving technology that need further research and development to
understand how estimated proportional diet composition represents
actual dry matter intake. Additionally, primer biases may result in
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different amplification rates across forage species and result in
courser taxa identification (Browett et al., 2021; Stapleton et al.,
2022). To reduce the potential biases of DNA metabarcoding
analyses, we used a combination of frequency of occurrence and
While relative read
measurements may be subject to higher rates of recovery bias, they

relative read abundance. abundance
tend to provide more accurate portrayals of population-level diets
(Deagle et al, 2019). Additionally, frequency of occurrence
measurements are generally less affected by recovery biases and are
highly consistent in comparison to measurements of relative read
abundance (Deagle et al.,, 2019). Using those measurements in
conjunction provides a more accurate depiction of diet composition
at the population-level and is encouraged to consider all sources of
bias (Deagle et al., 2019).

To our knowledge, there are no other studies that have
investigated the variation in diet quality and composition in free-
ranging bighorn sheep associated with times around parturition,
although many studies have addressed variation in diet quality and
content across seasons or between adults and juveniles (Shank,
1982; Festa-Bianchet, 1988; Rominger et al., 1988; Krausman et al.,
1989; Miller and Gaud, 1989; Irwin et al., 1993; Bleich et al., 1997;
Denryter et al., 2020). Availability of forage species across most of
those studies was highly variable and did not match the vegetation
community available on Lone Mountain. Bighorn sheep rely on
grass and shrubs as forage throughout much of their range (Bleich
etal., 1997), which was also demonstrated in our study throughout
the year (Table 5). Furthermore, most studies showed an increase
in forbs in diets during spring and summer months, when they are
more available and usually higher quality than at other times of the
year (Krausman et al., 1989; Miller and Gaud, 1989; Wagner and
Peek, 2006). Nevertheless, vegetation abundance and quality in
other desert regions may not fall within these time periods (McKee
etal, 2015). We also observed higher concentrations of forbs in
diets of bighorn sheep during the spring and summer months,
while availability of those forages was substantially reduced during
the winter. Shrub concentration in the diets of bighorn sheep on
Lone Mountain increased in winter months, similar to results in
other research (Krausman et al., 1989; Irwin et al., 1993; Bleich
etal, 1997). Other studies have shown strong similarities to diets
of adult females and juveniles (Miller and Gaud, 1989; McKinney
and Smith, 2007). We also showed a strong similarity between
adult female diets and those of their offspring; our results, however,
indicated higher degrees of selection for specific species by nursing
juveniles, while diet richness of adults was greater.

Understanding diet characteristics are essential to the
conservation of wild ungulates. Managing for ecosystems
containing vegetation that meets the dietary needs of target
species increases the health of populations. Biologists can use this
information to guide habitat management and increase the
nutritional availability across the landscape. For instance, our
findings indicate that biologists should focus reseeding efforts on
Stansbury cliffrose, buckwheat, species in the Saxifragaceae family,
and native grasses when attempting to increase vegetation for
desert bighorn sheep in this region. These species were among the

frontiersin.org


https://doi.org/10.3389/fevo.2022.1071771
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Blum et al.

most common in the diets of bighorn sheep following parturition
and increasing their availability on the landscape will benefit
females provisioning young. Understanding diet characteristics
are also useful for identifying translocation sites for bighorn sheep.
To increase the likelihood of a translocated population succeeding,
biologists should select mountain ranges with similar vegetation
types and availability as the source population. Furthermore,
ensuring that those target mountain ranges have vegetation types
that have the necessary nutrients to meet the metabolic needs of
females is essential to the success of a population.

Our study provides further insight into the dietary
relationships between female and juvenile bighorn sheep and
their environments. A primary focus of nutritional ecology is
the link between diet and the environment and gaining an
understanding of how diet selection influences life history
strategies and demography. We demonstrated tradeofts between
forage quality for females of different provisioning status, which
lends further support to tradeoffs associated with risk-averse
and risk-prone use of habitats, and forages that are commonly
associated with montane ungulates. Selection for high quality
forage, which often coincides with areas of greater risk of
predation, when females are not provisioning young allows
females to increase their somatic reserves or increase the
nutrients directed towards subsequent reproduction. This
relationship provides further insight into the habitat selection
strategies of many montane ungulates around parturition, and
how those strategies influence reproductive fitness of individuals.
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