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In heterogeneous landscapes, large herbivores employ plastic behavioral strategies
to buffer themselves against negative effects of environmental variation on fitness.
Yet, the mechanisms by which individual responses to such variation scale up to
influence population performance remain uncertain. Analyses of space-use behaviors
exemplify this knowledge gap, because such behaviors are often assumed, but rarely
demonstrated, to have direct fitness consequences. We combined fine-scale data on
forage biomass and quality with movement data and measures of somatic energy
reserves to determine whether variation in use (the quantity of resource units, e.g.,
pixels on a landscape, that receive some level of investment by an animal during a
specific sampling period) or selection (use of a resource unit relative to its availability
to the animal during the same sampling period) of the nutritional landscape predicted
early winter body condition of mule deer (Odocoileus hemionus). At the population level,
mule deer exhibited stronger selection for high forage biomass at the landscape scale
than at the home-range scale, and during summer than during spring. Use of the
nutritional landscape varied among individual deer and had important consequences
for early winter condition (an important determinant of survival and reproduction in
capital-breeding ungulates). Females that consistently used vegetation communities
that provided high biomass of preferred forage plants throughout spring and summer
entered winter in better condition than females that used those vegetation communities
less frequently. In contrast, selection (i.e., use relative to availability) of the nutritional
landscape by individual deer was not significantly related to early winter condition at
either the landscape or home-range scales. Our results highlight the value of using
mechanistic, nutritional approaches to understand the potential fitness consequences
of individual variation in behavior. In addition, our study suggests that patterns of forage
use by ungulates may sometimes correlate more strongly with fitness than patterns of
forage selection, which are scale-dependent and more vulnerable to biases stemming
from the need to accurately quantify availability.

Keywords: crude protein, digestible energy, forage biomass, mule deer, nutritional condition, Odocoileus
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INTRODUCTION

In heterogeneous landscapes, free-ranging animals often are
forced to make complex tradeoffs among factors that influence
fitness (e.g., forage versus predation risk; Berger, 1991; Barten
et al., 2001). In the most fundamental life-history tradeoff
experienced by animals in resource-limited environments,
individuals must balance the costs of current reproduction
against future reproduction and survival (Stearns, 1992; Monteith
et al., 2013). Behavioral plasticity is one key mechanism by which
animals cope with this tradeoff and buffer themselves against
environmental variation (Huey et al., 2003). An increasing body
of evidence suggests that behavioral strategies used by animals
to overcome environmental constraints on fitness often vary
with endogenous traits such as age (Montgomery et al., 2013),
nutritional condition (Monteith et al., 2011, 2013; Long et al.,
2014), immune function (Downs et al., 2015), or personality (Dall
et al., 2004; Stamps and Groothuis, 2010). Yet, the mechanisms
by which individual responses to variation in resource availability
scale up to influence population performance remain unclear.

In temperate and polar environments, large terrestrial
herbivores exhibit life-history strategies that revolve around
seasonal changes in resource availability and the energetic
demands imposed by key life-history events (Monteith et al.,
2013). These long-lived mammals must accrue sufficient energy
and protein reserves during summer to replenish reserves lost
over winter, while also meeting the demands of lactation without
endangering future survival and reproduction (Therrien et al.,
2008; Bårdsen et al., 2010; Tollefson et al., 2010; Bårdsen and
Tveraa, 2012). Large herbivores use a variety of physiological and
behavioral strategies for coping with these tradeoffs (Monteith
et al., 2013), and maximizing energy intake during summer is
among the most critical (Cook et al., 2004; Monteith et al.,
2013; Long et al., 2014, 2016). Small differences in the ratio
of energy intake to expenditure during summer can have a
disproportionate influence (i.e., a multiplier effect; White, 1983;
Cook et al., 2004) on early winter body mass and condition
that directly influences survival and reproductive success (Festa-
Bianchet et al., 1997; Côté and Festa-Bianchet, 2001; Cook et al.,
2004; Monteith et al., 2014). Nevertheless, a variety of factors
(e.g., competition and risk of predation) may limit the ability of
herbivores to optimize their use of the nutritional landscape (i.e.,
variation in the density of energy and protein across space and
time; Pretorius et al., 2011). Under these conditions, differences
in use of the nutritional landscape among individuals can have
important fitness consequences (van Beest and Milner, 2013;
Long et al., 2016).

Because nutrition integrates the responses of ungulates to their
environment (Parker et al., 2009), research approaches that are
grounded in the mechanistic principles of nutritional ecology
are useful for predicting fitness consequences of behavior. In
particular, patterns of movement and space use can be linked to
fitness via their effects on energy balance, and thus nutritional
condition, of individuals (e.g., Long et al., 2016). Measuring
such behaviors is complicated, however, and there are multiple
metrics designed to quantify the responses of ungulates to
variation in the quality, abundance, or distribution of resources.

Two such metrics commonly derived from telemetry data are
resource use (i.e., the quantity of resource units (e.g., pixels on
a landscape) that receive some level of investment (e.g., time
spent in the unit) by an animal during a specific sampling period;
Manly et al., 2002; Lele et al., 2013) and resource selection
(i.e., use of a resource unit relative to its availability to the
animal during the same sampling period; Manly et al., 2002). In
contrast to resource use, resource availability is scale-dependent,
and thus patterns of selection can change across spatial scales
(e.g., geographic range, landscape, or home range scales) even
as use remains constant (Johnson, 1980; Manly et al., 2002).
Moreover, environmental covariates with the greatest potential
to influence fitness often are selected most strongly at the
largest scales. For example, if predation is the primary factor
limiting an herbivore population, then individuals will often
first locate their home range in a part of the landscape that
reduces predation risk (2nd-order selection; Johnson, 1980),
and then select the best forage available within that home
range (3rd-order selection; Johnson, 1980; Bowyer and Kie,
2006). Both resource use and resource selection have value for
understanding the causes and consequences of ungulate behavior
(Millspaugh et al., 2006), but to our knowledge no previous
study has compared the relative value of these metrics for linking
patterns of movement or space use to fitness correlates such as
nutritional condition.

Metrics of individual performance such as body mass and
condition have been repeatedly demonstrated to influence
survival and reproductive success of adult ungulates (Gaillard
et al., 2000; Cook et al., 2004). Early winter condition in
particular strongly affects overwinter survival of capital-breeding
ungulates by determining the availability of fat stores that can
be catabolized for energy when high-quality forage is unavailable
in winter (Cook et al., 2004). Relationships between condition
and individual fitness also scale up to influence population
performance. For example, using a long-term dataset on mule
deer in the Sierra Nevada, Monteith et al. (2014) demonstrated
that population growth rate was dependent on condition, and
that the rate of population change transitioned from positive
(λ > 1) to negative (λ < 1) at a mean condition of approximately
12.4% ingesta-free body fat.

Our objective was to understand whether individual variation
in use or selection (i.e., use relative to availability) of the
nutritional landscape translated into variation in early-winter
condition of female mule deer (Odocoileus hemionus). We
hypothesized that:

1. H1: Mule deer will show stronger selection for the
nutritional landscape at the landscape scale (i.e., 2nd-
order selection) than at the home-range scale (i.e., 3rd-
order selection.

2. H2: Mule deer will show stronger selection for the
nutritional landscape during summer than spring because
high-quality forage resources are more evenly dispersed,
and therefore more easily accessible, during spring.

3. H3: Strength of selection (use relative to availability) for
the nutritional landscape at the landscape scale will be
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more strongly correlated with early-winter condition of
individual deer than strength of selection at the home-
range scale, because forage abundance and quality during
summer are primary determinants of overwinter condition
and survival of deer, and thus deer will select the nutritional
landscape most strongly and consistently at the larger scale.

4. H4: Individual deer that use (i.e., spend more time
in, independent of availability) vegetation communities
with high biomass of preferred forages more consistently
during spring and summer will enter winter in better
condition than deer that spend less time in high-quality
vegetation communities.

5. H5: Mean nutritional condition of mule deer in early
winter will be above thresholds for maintaining positive
population growth (∼12.4% ingesta-free body fat when
λ = 1; Monteith et al., 2014) because mule deer are actively
selecting areas where preferred forage plants are readily
available (i.e., areas of high forage biomass).

MATERIALS AND METHODS

Study Area
We conducted our study at the Starkey Experimental Forest
and Range, Blue Mountains, northeastern Oregon (45◦ 12′N,
118◦ 3′W), United States, during May–August of 2016 and
2017. Starkey is surrounded by a 2.4-m high fence that prevents
movement of ungulates into or out of the study area (Rowland
et al., 1997). Starkey encompasses 10,125 ha of the Wallowa-
Whitman National Forest and supports a variety of large
herbivores and predators [mule deer, elk (Cervus canadensis),
cattle, mountain lions (Puma concolor), American black bears
(Ursus americanus), coyotes (Canis latrans) and bobcats (Lynx
rufus)]. The estimated population size of female mule deer
at Starkey was 51 deer (95% credible interval = 43 – 60),
including yearlings, during the time of our study (T. D. Forrester,
Oregon Department of Fish and Wildlife, unpublished data;
0.65 deer/km2). Drainages and vegetation communities create
a complex and varied foraging landscape at Starkey. Elevations
range from 1,120 to 1,500 m, and annual precipitation is
510 mm, falling primarily during winter as snow. The study area
supports a mosaic of grasslands, wet meadows, shrublands, and
coniferous forests. A more detailed description of the study area
is provided by Rowland et al. (1997).

Animal Capture and Handling
To quantify use of the nutritional landscape by mule deer, we
collected data on space-use behavior of adult females (n = 32)
during spring and summer, and on nutritional condition of
a subset (n = 9 animal years) of those deer during early
winter, using a combination of global positioning system (GPS)-
collars, ultrasonography, and palpation scoring. Three deer were
monitored during both years of the study, and we considered
condition measurements from those deer to be independent
based on longitudinal condition data obtained from mule deer
in Wyoming (n = 72 pairs of early-winter body condition

measurements from female mule deer sampled in≥2 consecutive
years, R2 = 0.008 in a regression of condition in year t + 1
against condition in year t; K. L. Monteith, University of
Wyoming, unpublished data). We baited adult female mule
deer into wooden panel traps (Rowland et al., 1997) dispersed
throughout the study area during mid-November to mid-
December, or chemically immobilized them via darting (1–2 mL
of the immobilization cocktail BAM: butorphanol, azaperone,
and medetomidine; Miller et al., 2009). We hobbled (except
during immobilizations, during which we placed deer in sternal
recumbency) and blindfolded each deer to minimize stress. When
all data were collected we were reversed immobilized deer with
an intramuscular injection of 0.5 mL of naltrexone and 2–
4 mL of atipamezole. During handling we removed GPS-collars
from the previous year (if necessary), replaced them with new
collars (model 4400S and 4500S, Lotek Wireless, Newmarket, ON,
Canada or VERTEX Plus, Vectronic Aerospace GmbH, Berlin,
Germany; Wisdom et al., 1993), measured body mass with an
electronic scale (±1 kg), measured chest girth, and quantified
nutritional condition using the methods of Cook et al. (2010). We
programmed GPS-collars to record a location once every 90 min
throughout most of the following year. We used ultrasonography
(E.I. Medical Imaging, Ibex, with a 5-MHz linear transducer)
to measure subcutaneous rump fat thickness (MAXFAT) and
thickness of the bicep and loin muscles to the nearest 1 mm
(Bishop et al., 2009; Monteith et al., 2011). In addition, we
recorded a condition score via palpation of the sacrosciatic
ligament (Cook et al., 2010). We combined condition data with
data on body mass to estimate total percent ingesta-free body fat
using the equations of Cook et al. (2010).

To quantify the effects of lactation status on nutritional
condition of female mule deer in early winter, we monitored
timing of parturition and subsequent survival of neonates
born to a subset of GPS-collared females that represented
≥25% of the estimated adult female population at Starkey. We
recaptured those deer (n = 9 animal years) in January–March,
assessed them for pregnancy via ultrasonography, and fitted them
with vaginal implant transmitters [VIT; M39/30L, Advanced
Telemetry Solutions (ATS), Isanti, MN, United States] to monitor
timing of parturition and aide in neonate capture (Bishop et al.,
2007; Monteith et al., 2014). We captured neonates the following
spring (typically within 48 h of parturition) and fitted them
with an expandable very high frequency (VHF) radio-collar
with a mortality sensor (M4210; Advanced Telemetry Solution,
Isanti, MN, United States). We monitored neonates daily for
survival during the first 2 months of life, and weekly thereafter.
If mortality occurred, we located the carcass immediately
and attempted to identify the cause of death (Walsh, 2016;
Jackson, 2019).

Mapping the Nutritional Landscape
During spring (13 May–30 June) and summer (1 July–15 August)
of 2016–2017, we conducted intensive vegetation sampling
to map the nutritional landscape available to mule deer at
Starkey. We used the Integrated Landscape Assessment Project
(ILAP; Halofsky et al., 2014) potential vegetation layer to
stratify Starkey into the following potential vegetation types
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(PVTs): xeric grasslands dominated by a few grass and forb
species (e.g., onespike oatgrass (Danthonia unispicata), ventenata
(Ventenata dubia), and low gumweed (Grindelia nana); ∼16%
of the study area); xeric forests characterized by ponderosa pine
(Pinus ponderosa; ∼8% of the study area); and mesic forests
dominated by grand fir (Abies grandis; ∼31% of the study site),
Douglas-fir (Pseudotsuga menziesii; ∼32% of the study site),
or grand/subalpine fir (Abies spp.; ∼12% of the study site).
We then selected transect locations for sampling mule deer
forage using a stratified random design, wherein the number of
transects within each PVT was proportional to the relative area
of the PVT within Starkey. We also stratified our sampling by
season (spring vs. summer) in each year, and transects did not
overlap between seasons or years (i.e., sampling was without
replacement). Transects were 100 m long and included five
4 × 10 m plots centered on the transect line and spaced at
10-m intervals. Each plot contained two 1-m2 quadrats, located
in opposite corners. We sampled quadrats to quantify forage
biomass, and plots to quantify nutritional quality of key forage
species for mule deer along each transect. We used published
(Damiran, 2006; Stewart et al., 2011) and unpublished (R. C.
Cook, National Council for Air and Stream Improvement; L.A.
Shipley, Washington State University; unpublished data) data
on mule deer diets in similar ecosystems to identify key forage
species for mule deer at Starkey (i.e., forage plants that are
commonly used proportionally greater than their availability
(selected) or in proportion to their availability (neutral) by mule
deer; Supplementary Appendix A).

We estimated green (i.e., uncured) biomass of forage species
along each transect using the clip-and-weigh (CW) method
(Butler and Wayne, 2007) and a double sampling scheme
(Bonham, 1989). We started by visually estimating percent
horizontal cover (Bonham, 1989) of each forage species within
each 1-m2 quadrat along a transect. We then selected the two
most species-rich quadrats for biomass clipping. We clipped all
forage species in those two quadrats at ground level, separated
them by plant part (e.g., leaves and inflorescences for graminoids
and forbs, and leaves and current annual growth for shrubs) and
placed them into paper bags for drying. At the end of each day
we placed biomass samples into a forced convection oven to dry
at 100◦C for 24 h. At the end of each drying period we removed
and weighed samples using a Mettler platform scale (±0.1 g). We
tallied biomass samples at the end of each season and conducted
additional sampling at random locations within the associated
PVT when necessary to ensure a minimum species-specific
sample size of n = 10. When field sampling was completed, we
estimated biomass of forage species in all unclipped quadrats by
fitting simple linear regression models (Neter et al., 1996) to the
biomass (response variable) and cover (predictor variable) data
for each species (Supplementary Appendix B). We fit separate
models for each season, and species with <10 paired biomass and
cover measurements were grouped with similar species in either
the same genus or family.

We quantified nutritional quality of forage along each transect
by clipping additional samples within the 4 × 10 m plots. We
used visual cover estimates (Bonham, 1989) from each transect
to identify the 10 most abundant selected species and the 10 most

abundant neutral species (separated by individual species). When
necessary we also separated species by plant parts (e.g., stems
and leaves of shrubs). We placed nutrition samples into paper
bags and dried them at 40◦ C in a forced convection oven for
24 h; we dried all samples within 24 h of collection to minimize
effects of respiration and fermentation. We aggregated nutrition
samples at the PVT level within seasons by combining samples
across transects for each species. We then ground composited
samples in a Wiley Mill (1-mm screen) and analyzed them
for crude protein (CP,%), neutral detergent fiber (NDF,%), and
acid detergent lignin (ADL,%; Dairy One Forage Lab, Ithaca,
NY, United States).

We obtained additional forage samples for analysis of protein-
precipitating capacity of condensed tannins in the forage (mg
Bovine Serum Albumin precipitate/mg forage) at the junction
of the spring and summer seasons in 2017. We collected tannin
samples opportunistically from each PVT and stored them in a
freezer at −18◦ C. We subsequently freeze-dried those samples
for 24 h, ground them in a Wiley Mill (1-mm screen), and
analyzed them for tannin precipitation using the precipitation
assay of Martin and Martin (1982) at the Wildlife Habitat
Nutrition Laboratory at Washington State University. We were
not able to obtain samples of all forage species for tannin analysis,
and thus we used published values (Lopez-Perez, 2006; Wagoner,
2011; Ulappa, 2015) to estimate tannin precipitation for species
not sampled in 2017. We were unable to obtain field estimates
of ash (AIA, %) and gross energy (GE; kJ/g), so we obtained
values from the same set of published data. We estimated the
dry matter digestibility (DMD; %) using the summative equations
of Robbins et al. (1987), which integrated our data on NDF,
ADL, BSA precipitate, AIA, GE and tannins. We then calculated
digestible energy (DE) content (kJ/g) of each composited forage
sample from GE× DMD (Ulappa, 2015).

We used generalized additive models (GAMs; Zuur et al.,
2009) to produce spatiotemporally dynamic maps of the
nutritional landscape available to mule deer at Starkey during
spring (15 May–30 June) and summer (1 July–15 August), 2016–
2017 (Supplementary Appendix C). We used mean (averaged
across quadrats) total biomass (kg/ha) of selected and neutral
forage plants at each transect location as the response variable,
and evaluated a suite of different spatial and temporal covariates
as predictors of forage biomass. We constructed separate models
for each year and season (four models total). We then applied
each model to the Starkey landscape during the appropriate
season and year to calculate spatiotemporally explicit estimates of
predicted forage biomass (i.e., predicted biomass of selected and
neutral forage plants) available to mule deer within each 30-m
pixel in the study area (Figure 1).

Selection of the Nutritional Landscape
by Mule Deer
We used resource selection functions (RSFs) to quantify strength
of selection for the nutritional landscape by mule deer at
the 2nd and 3rd orders of selection (Johnson, 1980). At the
landscape scale (i.e., 2nd-order selection), we employed a use-
availability design wherein GPS locations from individual mule
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FIGURE 1 | Predicted spatiotemporal variation in the nutritional landscape (biomass of selected and neutral forage plants) available to mule deer during a
representative week in mid-spring (29 May–5 June) and mid-summer (15–22 July), 2016 and 2017, at the Starkey Experimental Forest and Range, Oregon,
United States.

deer (2016: n = 18; 2017: n = 14) represented used locations
(coded 1 in our analyses), and randomly generated locations
(coded 0 in our analyses; 750 total random locations/week,
determined using the methods of Long et al., 2014) served as
an index to availability of the nutritional landscape within the
Starkey enclosure. To estimate RSFs we fit generalized linear
mixed models with a logit link function and binomial error
distribution to the used and random locations for mule deer
(Gillies et al., 2006; Long et al., 2014). We extracted the model-
predicted values of forage biomass on a week-by-week basis
to the used and random locations, and we included a random
intercept and an uncorrelated random slope (Zuur et al., 2009)
for the nutritional landscape (the sole predictor variable), both
of which were grouped by individual animal nested within
week. This approach allowed us to account for autocorrelation
among GPS locations within animals, and to ensure that use
and availability of the nutritional landscape were compared at
the appropriate time scale (exploratory analyses indicated that a
weekly time step was sufficient for capturing changes in forage
conditions through time; Long et al., 2014). The random slopes
also facilitated subsequent analysis of selection at the individual
level. We fit separate RSFs for each year and season (four models),
and standardized the nutritional predictor variable prior to
model fitting to facilitate direct comparison of coefficients across
years and seasons. Statistical significance was inferred based on
alpha ≤0.1.

At the home-range scale (i.e., 3rd-order selection) we used
a 95% fixed-kernel home-range estimator (Horne et al., 2007)
to delineate seasonal home-range boundaries for each individual
mule deer within Starkey. We cast random locations within each
home range based on its size, and in direct proportion to the
point density used at the landscape scale. We then estimated
3rd-order RSFs using methods identical to those described for
estimating 2nd-order RSFs. We evaluated the predictive strength
of each model using k-fold cross-validation (Boyce et al., 2002).

We conducted ten iterations for each model in which the model
was fit to 80% of the data (i.e., 80% of the animals in the dataset)
and the remaining 20% were held out as test data. In each
iteration we grouped random locations from the test data into 10
equal bins based on their predicted probability of use (calculated
from the model fit to the training data). We then compared the
median predicted value of each bin to the number of actual used
locations that fell into that bin using Spearman-rank correlation.
We averaged Spearman-rank correlation coefficients (rs) across
all 10 iterations as a measure of the predictive strength of each
model (Boyce et al., 2002).

As a measure of selection for the nutritional landscape at
the individual level we extracted the random slopes for each
individual deer and week from both the 2nd- and 3rd-order
RSFs. Those conditional slopes represented, for each individual
deer, strength of selection for the nutritional landscape relative
to the population-level mean during each week of the study
(Gillies et al., 2006; Long et al., 2014). We therefore used those
conditional parameter estimates in subsequent analyses of the
relationship between selection of the nutritional landscape and
early-winter condition of individual deer.

Relating Use and Selection of the
Nutritional Landscape to Early-Winter
Condition of Deer
We used simple linear regression (Neter et al., 1996) to relate
use and selection (both 2nd- and 3rd-order selection) of the
nutritional landscape during spring and summer to early-winter
condition of a subset of collared mule deer (n = 9 animal
years). To quantify use of the nutritional landscape by deer
we extracted the appropriate model-predicted values of the
nutritional landscape (i.e., biomass of selected and neutral forage
plants) to each deer’s GPS locations. We chose to use all GPS
locations from each deer (as opposed to, for example, nighttime
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locations only) because deer at Starkey do not exhibit strong diel
variation in space-use behavior and may forage throughout the
24-h day (Ager et al., 2003). We then averaged those predicted
use values across locations obtained during spring and summer
to quantify the degree to which each deer consistently utilized
high-quality foraging locations. We fit separate linear regression
models for use, 2nd-order selection, and 3rd-order selection (we
quantified selection using the conditional parameter estimates
from the RSFs as described previously), and in each model
early-winter condition (i.e., % ingesta-free body fat) of deer was
the response variable. In addition, because of small sample size
and the potential for outliers to influence regression results,
we performed a jackknife analysis of each regression wherein
we iteratively removed one point at a time from each dataset,
refit the regression model, and recorded the resulting r2 and
P-values. For each jackknife analysis we report the mean r2 and
the percentage of regression iterations that produced a positive,
statistically significant slope.

RESULTS

Forage Biomass
Mean estimates of forage biomass at sampled locations
consistently were higher in spring than in summer across PVTs,
but also were highly variable within PVTs (Figure 2). As a result,
differences in biomass among PVTs rarely were significant within

FIGURE 2 | Mean (±90% CI) biomass (kg/ha) of selected and neutral forage
plants at transects sampled within each potential vegetation type during
spring (13 May–30 June) and summer (1 July–11 August), 2016 and 2017, at
the Starkey Experimental Forest and Range, Oregon, United States.

a season and year (based on overlap of 90% CIs; Figure 2).
Models of the nutritional landscape performed considerably
better during summer (adjusted R2 = 0.39–0.66) than during
spring (adjusted R2 = 0.21–0.38; Table 1), because high-quality
forage was more evenly dispersed across the landscape during
spring. Top models for all year × season combinations included
spatial and temporal smoothing terms, although the best-
performing temporal smoother differed among models (Table 1
and Supplementary Appendix D). The only spatial covariate
that was retained in all four models was PVT (although at least
one metric of topography also was included in all four models),
suggesting that the different vegetation types at Starkey were not
all equally valuable as foraging habitat for mule deer (Table 1 and
Figure 2). Model results also indicated that forage biomass varied
among years, with available biomass peaking during spring in
2016 but during early summer in 2017, due to greater snowpack
delaying phenology in 2017 (Figure 1).

Nutritional Quality
Mean nutritional quality (i.e., x CP and DE of selected and neutral
forage plants) of forage at sampled transect locations consistently
was higher in spring than in summer across PVTs and years
(Figure 3). Similar to forage biomass, however, forage quality also
was highly variable within PVTs (Figure 3), and thus differences
in CP and DE among PVTs generally were not significant (based
on overlap of 90% CIs; Figure 3). When averaged across years,
CP was higher in dry (i.e., xeric) PVTs than in wet (i.e., mesic)
PVTs during spring, but this pattern was reversed during summer
(x± SE spring: dry = 11.16 ± 0.50%, wet = 10.85 ± 0.42%;
summer: dry = 9.87 ± 0.53%, wet = 9.93 ± 0.44%). In contrast,
DE was highest in the dry PVTs during both seasons (spring:
dry = 9.83 ± 0.29 kJ/g, wet = 9.64 ± 0.25 kJ/g; summer:
dry = 9.11 ± 0.30 kJ/g, wet = 9.05 ± 0.26 kJ/g). Mean CP in
forage during spring was higher in 2017 than in 2016 across all
PVTs, whereas the opposite was true for mean DE in spring (CP:
spring 2017 = 11.18 ± 0.41%, spring 2016 = 10.83 ± 0.51%; DE:
spring 2017 = 9.51 ± 0.25 kJ/g, spring 2016 = 9.96 ± 0.27 kJ/g).
During summer, however, both CP and DE were higher in
2016 than in 2017 (CP: summer 2017 = 9.81 ± 0.45%, summer
2016 = 9.98 ± 0.50%; DE: summer 2017 = 8.89 ± 0.27 kJ/g,
summer 2016 = 9.27± 0.28 kJ/g).

Selection of the Nutritional Landscape
by Mule Deer
At the landscape scale (i.e., 2nd-order selection), mule deer
showed significant selection for the nutritional landscape in
summer during both years (summer 2016 β = 1.29, P < 0.001;
summer 2017 β = 0.98, P < 0.001; Figure 4). In contrast, mule
deer were either indifferent to or avoided areas of high forage
biomass during spring of both years (spring 2016 β = 0.08,
P = 0.25; spring 2017 β =−0.16, P = 0.02; Figure 4). K-fold cross
validation results also reflected this seasonal pattern; Spearman
rank correlation coefficients averaged −0.01 and 0.47 across 10
iterations during spring of 2016 and 2017, respectively, whereas
those coefficients averaged 0.73 and 0.63 during summers of
those two years. These results suggest that deer selected for
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TABLE 1 | Generalized additive models (GAMs) used to predict spatiotemporal variation in the nutritional landscape (i.e., biomass of selected and neutral forage plants)
available to mule deer at the Starkey Experimental Forest and Range, Oregon, United States.

Year Season Best model1 Adjusted R2 Deviance explained GCV2

2016 Spring Biomass ∼ s(UTM_X, UTM_Y) + s(Total_Precipitation) + PVT + ln(Elevation)3 0.21 30.2% 12,595

2016 Summer Biomass ∼ s(UTM_X, UTM_Y) + s(Julian) + PVT + ln(Slope) + Elevation + SoilDepth2 0.39 48.3% 19,911

2017 Spring Biomass ∼ s(UTM_X, UTM_Y) + s(Average_Temperature) + PVT + sin_Aspect 0.38 61.4% 17,821

2017 Summer Biomass ∼ s(UTM_X, UTM_Y) + s(Julian) + PVT + ln(Slope) + CanopyCover 0.66 77.5% 13,294

We fit separate models for spring (May 13–June 30) and summer (July 1–August 15) of 2016 and 2017. Spatial and temporal smoothing terms were fit using cubic
regression splines, and cross-validation was used to determine the optimal amount of smoothing for each term. Model selection procedures are described in detail
in the section “Materials and Methods.” 1PVT, potential vegetation type. 2Minimum generalized cross-validation score. 3Weighted by the inverse of variance in each
PVT; s, smoother.

the nutritional landscape more strongly during summer, when
availability of preferred forages declined.

Patterns of selection were less consistent at the home-range
scale. During 2017 mule deer showed significant selection for
the nutritional landscape within their home ranges during both
spring and summer (spring 2017 β = 0.34, P < 0.001; summer
2017 β = 0.40, P = 0.002; Figure 4). In contrast, deer did not show
selection for the nutritional landscape within their home ranges

FIGURE 3 | Mean (±90% CI) values of crude protein (%) and digestible
energy (kJ/g) in selected and neutral forage plants combined at transects
sampled within each potential vegetation type during spring (13 May–30 June)
and summer (1 July–11 August), 2016 and 2017, at the Starkey Experimental
Forest and Range, Oregon, United States.

in either season during 2016 (spring 2016 β = −0.43, P < 0.001;
summer 2016 β =−1.28, P < 0.001; Figure 4). Moreover, none of
the 3rd-order models were highly predictive of patterns of space
use by deer within their home ranges; Spearman rank correlation
coefficients averaged 0.18 and 0.32 across 10 iterations during
springs, and 0.29 and 0.27 during summers of 2016 and 2017,
respectively. In addition, during the one season/year in which
deer showed significant selection for the nutritional landscape at
both scales (summer 2017), the standardized coefficient was more
than twice as large in the 2nd-order model than in the 3rd-order
model (Figure 4). Together, these results suggest that biomass of
preferred forages had a greater influence on space-use decisions
by mule deer at the landscape scale than at the home-range scale.

At the individual level, use of the nutritional landscape by deer
during spring and summer was a significant predictor of early-
winter condition (P = 0.074, r2 = 0.39; Figure 5). Every 1-kg/ha
increase in mean forage biomass at locations used by deer was
predicted to produce a 2.84% increase in ingesta-free body fat
in early winter (Figure 5). Mean r2 from the jackknife analysis
was 0.40, and 89% of regression iterations produced a positive,
statistically significant relationship between use of the nutritional

FIGURE 4 | Standardized parameter estimates (β) and associated 90%
confidence intervals from 2nd- and 3rd-order resource selection functions that
quantified the influence of forage biomass (i.e., biomass of selected and
neutral forage plants) on space use by female mule deer during spring (13
May–30 June) and summer (1 July–11 August), 2016 (n = 18) and 2017
(n = 13), at the Starkey Experimental Forest and Range, Oregon,
United States.
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FIGURE 5 | Simple linear regression models of the effects of use (mean
predicted biomass of selected and neutral forage plants at all locations used
by each individual deer; first panel), 2nd-order selection (individual-level
coefficients from landscape-scale mixed-effects RSFs; second panel), and
3rd-order selection (individual-level coefficients from home-range scale
mixed-effects RSFs; third panel) of the nutritional landscape on early-winter
nutritional condition (% ingesta-free body fat) of female mule deer (n = 9 animal
years) at the Starkey Experimental Forest and Range, Oregon, United States.

landscape and early-winter condition of deer. In contrast to use,
selection of the nutritional landscape by individual deer was not
significantly related to early-winter condition at either spatial
scale (Figure 5), and this result held across all iterations of the
jackknife analyses for selection. Duration of lactation did not

significantly affect early-winter condition of deer in multiple
regression models that included either use or selection of the
nutritional landscape, likely because all but three of the female
deer in our early-winter sample lost their fawns within 4 weeks of
parturition, and thus our data encompassed minimal variation in
lactation costs.

Mean (± SE)% ingesta-free body fat of female mule deer
in early winter was 8.48% ± 0.52 (Table 2). This estimate
of condition is below the threshold for maintaining positive
population growth (i.e., λ > 1) in mule deer reported by Monteith
et al. (2014). Although our sample size for quantifying early-
winter condition of deer was relatively small (n = 9 animal years),
it likely represented ≥25% of the adult female population at
Starkey), which has been declining for more than a decade.

DISCUSSION

Mule deer consistently showed stronger selection for high
forage biomass at the landscape scale (2nd-order selection)
than at the home-range scale (3rd-order selection), suggesting
that deer chose to locate their home ranges in areas that
provided ready access to high-quality forage, possibly limiting
the need to strongly select those vegetation communities within
their home ranges (Bowyer and Kie, 2006). This observation
provides support for our first hypothesis (i.e., that selection for
forage would be strongest at the largest scale) and highlights
the importance of evaluating patterns of selection at multiple
spatial scales (Long et al., 2008; Laforge et al., 2015; McGarigal
et al., 2016). Because space-use decisions at smaller scales are
constrained by choices made at larger scales (Bowyer and Kie,
2006; Mayor et al., 2009), and foraging decisions are scale-
dependent (Senft et al., 1987), natural selection may favor
behavioral strategies in which environmental covariates with the
greatest effect on fitness (e.g., variables that influence energy
acquisition or vulnerability to predation) are selected at the
largest scales (Bowyer and Kie, 2006). In combination with
our measurements of early-winter condition of deer, the scale-
dependent pattern of selection for the nutritional landscape we
documented at Starkey suggests the potential for nutritional
limitation during summer.

Our second hypothesis, that mule deer would show stronger
selection for the nutritional landscape during summer than
spring, also was supported. Strength of selection for the
nutritional landscape by mule deer (quantified by standardized
parameter estimates from the resource selection models, and by
results of k-fold cross validation) was considerably greater in
summer than spring during both 2016 and 2017 (Figure 4). This
seasonal change in behavior was due to the greater availability and
more even dispersion of forage during spring. These conditions
obviated the need for mule deer to select specific foraging
areas during spring at the broad spatial scales we analyzed,
because high-quality forage was readily available throughout the
study area. Moreover, summer is a critical period for capital-
breeding ungulates like mule deer because they must replenish
energy and protein reserves lost over winter while meeting
the demands of lactation (Therrien et al., 2008; Bårdsen et al.,
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TABLE 2 | Body mass and condition metrics for female mule deer recaptured in early winter 2016 (November 22–December 18; n = 5) and 2017 (1–6 December; n = 4)
at the Starkey Experimental Forest and Range, Oregon, United States.

Year Animal ID Mass (kg) MAXFAT (cm) rBCS1 IFBF2 (%) Number of fawns at parturition | capture Duration of lactation (d)

2016 060104D01 71.89 0.4 3.50 7.71 2 | 0 53

2016 110104D01 68.49 0.8 3.50 10.03 1 | 1 120

2016 141125D01 59.42 0.0 3.00 8.83 1 | 0 17

2016 131218D01 66.18 0.1 2.25 6.10 1 | 0 10

2016 131216D02 64.18 0.3 2.50 7.29 1 | 0 25

2017 060104D01 73.66 1.1 2.00 11.44 2 | 0 3

2017 110104D01 67.85 2.0 4.00 16.85 1 | 0 23

2017 141125D01 60.96 0.5 3.00 8.56 1 | 0 4

2017 131216D03 61.69 0.5 1.60 8.53 1 | 0 8

Weight, MAXFAT, and rBCS measurements were obtained at the time of capture, and IFBF was calculated using the methods of Cook et al. (2010). The number of
fawns was recorded at parturition (i.e., in the spring before body condition data were collected) and again at the time of winter capture (via radio collars affixed to fawns).
Duration of lactation was estimated as the number of days between parturition and either the death of the fawn(s) or the estimated day of weaning (120 d; Sadleir, 1980).
1 rBCS, body condition score. 2 IFBF, Ingesta-free body fat.

2010; Tollefson et al., 2010; Bårdsen and Tveraa, 2012), even
as availability of high-quality forage declines (Cook et al., 2004;
Monteith et al., 2013). This suggests the potential for strong
evolutionary pressure to forage more selectively during summer
to maximize energy intake in the face of a senescent forage base.

Our third hypothesis, that strength of selection (i.e., use
relative to availability) for the nutritional landscape at the
landscape scale would be more strongly correlated with early-
winter condition of individual deer than strength of selection
at the home-range scale, was not supported. Instead, strength
of selection for the nutritional landscape by individual deer was
unrelated to early-winter condition at both scales of analysis. This
facet of our individual-level results highlights several important
distinctions between analyses of resource use and resource
selection. Analyses of resource selection have a long and diverse
history of application in wildlife ecology (McLoughlin et al.,
2010; McGarigal et al., 2016). Yet, one persistent criticism of
studies that rely on RSFs is a failure to produce evidence in
support of their most fundamental assumption; that patterns of
resource selection have fitness consequences (Morrison, 2001;
Manly et al., 2002). Although this failure commonly results
from the many logistical challenges of directly relating complex
behaviors to hard-to-measure components of fitness, our results
suggest that even when it is possible to collect the necessary
data, analyses of use may sometimes prove more useful than
analyses of selection per se (Millspaugh et al., 2006). Even our
relatively coarse measure of forage use by deer, which assumed
that deer that used better foraging areas did, in fact, consume
more high-quality forage, was sufficient to capture a significant
relationship between behavior and condition at the individual
level. When those measures of use were adjusted for availability
in the context of a complex statistical model (RSF), however, we
were no longer able to detect that relationship, despite the fact
that strong selection for the nutritional landscape was evident
at the population level, especially during summer and at the
landscape scale. There are several potential explanations for this
result. For example, available locations were randomly cast at
both the landscape and home-range scales, which could have
led to the inclusion of locations in the available sample that

were not accessible to deer for either physical (e.g., topography)
or behavioral (e.g., aversion behavior) reasons. Alternatively,
despite increased availability of quality forage, individuals may
switch their selection to other environmental features when
necessary (i.e., select for vegetation communities that provide
increased cover for thermoregulation or predator avoidance;
Bjørneraas et al., 2012). Patterns of resource selection also may
be density-dependent, although this seems unlikely at Starkey
given the extremely low density of deer (0.65 female deer/km2,
including yearlings). Regardless, we suggest that future efforts
to understand the fitness consequences of ungulate space-use
behavior focus more strongly on quantifying what resources are
actually used by animals in the context of testable, mechanistic
hypotheses about how different patterns of use should influence
nutrition and energy balance of individuals.

Our analysis of how individual-level responses to the
nutritional landscape affected early-winter condition of mule
deer was based on a relatively small sample size with
correspondingly low statistical power. Nevertheless, the mule
deer population at Starkey was similarly small, and our
sample likely represented ≥25% of the adult female population.
Moreover, despite our small sample size we detected a statistically
significant relationship between use of the nutritional landscape
and early-winter condition of female deer, suggesting that
our test of this relationship was not underpowered (Rowland
et al., 2018). Individuals that used, on average, areas that
provided greater biomass of preferred forage plants during spring
and summer entered winter in better condition. These results
support our fourth hypothesis, and add to a small but growing
body of literature linking space-use behaviors of ungulates to
important correlates of fitness (Long et al., 2016). Similarly,
our results highlight the value of nutritional approaches to
understanding the fitness consequences of behavior, and in
particular the measurement of nutritional condition, which
integrates a suite of complex responses of ungulates to their
environment (Parker et al., 2009; Cook et al., 2010; Monteith
et al., 2013; Long et al., 2016).

Our study suggests that mule deer in northeastern Oregon
may be nutritionally limited despite showing significant selection
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for the nutritional landscape at the population level; mean
nutritional condition of mule deer in early winter was well below
the estimated threshold for maintaining positive population
growth (Monteith et al., 2014). These results refute our fifth
hypothesis (i.e., that condition of deer would be high enough to
promote population growth), and have important implications
for mule deer in general, which have been declining throughout
much of their range for several decades (Johnson et al., 2000;
Manning, 2010; Bergman et al., 2015). One hypothesis for
explaining poor condition of female mule deer in our study is that
even the highest-quality forage available at Starkey is insufficient
for supporting positive population growth. Critical thresholds
of CP and DE for a female mule deer at peak lactation (with
one fawn) are 12% CP and 11.5 kJ/g DE (Parker et al., 1999;
Hanley et al., 2012). After peak lactation those thresholds drop
to 8% CP and 9.5 kJ/g DE (Hanley et al., 1992, 2012; Parker
et al., 1999). Maximum mean values of CP and DE available
in PVTs at Starkey during spring were 10.97 and 9.73 kJ/g,
respectively. During summer, maximum mean CP and DE were
9.90 and 8.94 kJ/g, respectively, suggesting that the ability of
female mule deer to support lactation during summer could be
limited by either CP or DE (although mule deer have considerable
ability to locate the highest-quality forage available when mean
quality is low; Ulappa, 2015; Hull, 2018). Nutritional limitation
of this nature is one plausible explanation for our observation
that few mule deer in our study successfully recruited a fawn, or
even reared a fawn for more than 8 weeks. Total precipitation
and spring snow-water-equivalent were both below long-term
averages during 2016 and 2017. As a result, the limiting effects
of low forage quality on mule deer reproduction may have been
more pronounced during our study. In addition, the second
winter of our study was characterized by later-than-normal
snowfall, which delayed the onset of spring greenup. Variation
in the timing, amount, and spatial distribution of precipitation
can have marked effects on the distribution and quality of
forage (Figure 1), and on ungulate vital rates and population
dynamics (Hurley et al., 2014). This underscores the importance
of mechanistic, nutritional approaches to explaining variation in
performance of ungulate populations.

An alternative hypothesis for explaining nutritional limitation
in our study area is that despite showing significant selection for
the nutritional landscape at the population level, mule deer at
Starkey faced tradeoffs between nutrition and other factors with
potential to affect fitness. Previous researchers have hypothesized
that inadequate nutrition may result indirectly from avoidance
of competitors or predators (Cook et al., 2007). Interference
competition with elk has been hypothesized to be a leading
cause of mule deer population declines (Lindzey et al., 1997;
Manning, 2010). Interference competition often produces strong
patterns of avoidance or displacement that can dictate species’
distributions, patterns of resource exploitation, and relative
abundances (Johnson et al., 2000; Berger and Gese, 2007), and
numerous studies have reported that mule deer avoid elk in space
and time (Stewart et al., 2002; Ager et al., 2003; Manning, 2010).
Direct and indirect effects of predators on mule deer behavior also
may have contributed to the decline of this species (Salwasser,
1979; Lindzey et al., 1997). Mountain lions are a primary predator

of mule deer across much of their range in North America
(Ballard et al., 2001; Forrester and Wittmer, 2013) and rely on
concealment to successfully kill prey (Laundré et al., 2014). This
hunting mode limits the ability of mule deer to directly detect
mountain lions, thus increasing their reliance on indirect cues
of predation risk (Preisser et al., 2007; Schmitz et al., 2008). The
result is a landscape of fear in which the perception of predation
risk strongly influences patterns of space use (Brown et al., 1999;
Kauffman et al., 2007; Laundré et al., 2014). During our study,
Starkey supported the highest-density elk population in Oregon
and abundant mountain lions, and thus strong potential existed
for behaviorally mediated effects of competitors, predators, or
both on nutritional condition of mule deer. Future research
designed to shed light on the nutritional mechanisms by which
predators and competitors indirectly influence fitness of mule
deer would provide valuable insight into the complex causes of
their range-wide decline.

Our results suggest that limited availability, whether absolute
or functional (i.e., resulting from avoidance of predators or
competitors), of high-quality forage during summer has resulted
in poor early-winter condition of deer, which likely has
contributed to the decline of mule deer at Starkey, despite
those deer showing selection for the nutritional landscape
during summer. More broadly, our work highlights the value of
integrating the mechanistic principles of nutritional ecology with
the theory and concepts that currently define our understanding
of resource use and selection. We propose that an increased focus
on understanding the nutritional consequences of individual
resource-use behaviors could motivate new lines of inquiry
and provide important and novel insights into the fitness
consequences and evolutionary underpinnings of the diverse
behavioral strategies exhibited by ungulates.
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