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Rocky Mountain elk (Cervus elaphus) that winter near San Antonio Mountain in northern New Mexico provide important
recreational and economic benefits while creating management challenges related to temporospatial variation in their spring
movements. Our objective was to examine spring distributions of elk in relation to vegetative emergence as it progresses across the
landscape as measured by remote sensing. Spring distributions of elk were closely associated with greater photosynthetic activity
of spring vegetation in 2 of 3 years as determined using NDVI values derived from AVHRR datasets. Observed elk locations were
up to 271% greater than expected in the category representing the most photosynthetic activity. This association was not observed
when analyses at a finer geographic scale were conducted. Managers facing challenges involving human-wildlife interactions and
land-use issues should consider environmental conditions that may influence variation in elk association with greener portions of
the landscape.

1. Introduction

Rocky Mountain elk (Cervus elaphus) have been described
as initiating seasonal movements in response to snow
conditions [1, 2], changes in photoperiod [3], and spring
vegetation emergence or greenup [1, 3, 4]. While it is
common belief among natural resources professionals and
lay persons that elk follow greenup or receding snowline,
most references of elk following spring greenup are anecdotal
[5–8]. However, Sweeney [1] investigated elk movements in
relation to snowline and greenup during spring, as well as
in relation to calving behavior. He concluded that elk are
associated with snowline, particularly when green vegetation
was in close proximity. Snow depth and forage phenology are
proximal stimuli for migration [4] with the ultimate driving
force of ungulate migration evolving from spatial variability
in quality, quantity, and availability of forage [9–11]. Another
explanation for ungulate distributions includes reduced risk

of predation [12–14], however, the interactions are complex
and elk movements may not be linked to direct predation
threats in all circumstances [15]. In this paper, we apply
advances in remote sensing technologies to allow for a more
explicit examination of elk distribution and movement in
relation to spring vegetation phenology.

Elk migrate between seasonal home ranges following
vegetation in early phenological stages from lowlands to
alpine habitats, from southern to northern exposures, and
from open- to closed-canopied areas to best exploit localized
vegetative conditions [5, 16–19] resulting from ecological
and climatic factors [7, 20]. They are intermediate feeders
[21] that may graze or browse depending on vegetation
characteristics and time of year. A combination of food
availability and weather provide the most likely explanation
for timing and extent of most elk movements [3]. Through
movement, elk may improve temporal variation in their
fitness [22] by exploiting geographically variable vegetation



2 International Journal of Ecology

conditions that enhance their overall body condition [23–
25] which is ultimately expressed through population per-
formance [26]. Migration behavior provides a means for
greater numbers of elk to be maintained on a landscape than
continual use of a single area [3]. Green-up is thought to
attract elk because of increased forage quality [17, 19, 27]
during times of increased energy demand [24].

Green-up may be defined as onset of deciduous plant
growth in early spring [28] or as, “onset of leafing” [29], or
spring vegetation emergence. Greenwave is the progression
of vegetation emergence across a landscape and represents an
interaction of a complex set of integrated events influenced
by biospheric and atmospheric feedbacks [28] operating
at multiple spatial and temporal scales. Spring greenwave
typically advances from lower to higher latitudes and from
lower to higher elevations or below snowline on exposed
south-facing slopes [1, 8].

Greenwave can be delineated using remote sensing
technologies. National Oceanic and Atmospheric Adminis-
tration (NOAA) Advanced Very High Resolution Radiome-
ter (AVHRR) satellite-derived datasets have been used to
calculate a normalized difference vegetation index (NDVI)
ratio using near infrared (NIR) and visible (VIS) wavelength
measurements [30–32]. NDVI is a numerical index of the
presence and activity of vegetation. Multitemporal NDVI
datasets have been used to accurately characterize vegetation
phenological patterns [29, 32–37] spatially and temporally.
Goward et al. [32] concluded that NDVI values based on
AVHRR data corresponded with North American vegetation
phenological patterns. NDVI datasets also have been useful
for regional [36–39] and subregional [39, 40] scaled char-
acterizations of vegetation phenological patterns. They have
been reliably associated with peak faecal crude protein in
mountain ungulates [41]. NDVI values are closely associated
with cumulative precipitation measures and may respond
to individual precipitation events [40, 42, 43] during the
growing season.

Elk traverse private grazing lands often associated with
resource conflicts between livestock and elk. Although
potential for exploitative competition is more probable in
late summer [44], forage use during spring can negatively
impact subsequent use by livestock [45]. Variation in elk
distributions may contribute to existing resource conflicts
or lead to resource conflicts in areas where previously
absent. Understanding the nature and timing of spring elk
distributions in relation to greenwave will aid in managing
for multiple uses in areas where elk presence may cause
challenges with other interests. Our objective was to inves-
tigate the relationship between greenwave and elk spring
distribution patterns by examining the extent to which
distribution of elk migrating in spring was associated with
landscape level photosynthetic activity of vegetation.

2. Study Area

Research was conducted in the vicinity of San Antonio
Mountain (3,325 m max elevation, latitude N 36◦52′00′′, and
longitude W 106◦00′00′′) approximately 30 km equidistant

northwest of Tres Piedras, New Mexico and southwest of
Antonito, Colorado (Figure 1). Canyons, elevated plains,
simple slopes, scarps, hills, mesas, subalpine and alpine
meadows, and mountains are common landscape features.
Elevations range from approximately 2,200 m to approxi-
mately 3,660 m in the San Juan Mountains of New Mexico
and nearly 4,270 m in the San Juan Mountains of Colorado.
Soils are described as loamy-skeletal, cobbly-loam, gravelly-
sandy loam, and stony, with parent material derived from
andesite, shale, and basalt [46]. Annual precipitation for the
area ranges from 250 to >900 mm, annual snowfall ranges
from 50 to >200 cm [47]. Mean minimum temperature
ranges from −18◦C to −11◦C in January to a mean
maximum temperature range of 24◦C to 33◦C in July.

Vegetation ranges from Great Basin scrub pinyon-juniper
(Pinus spp.-Juniperus spp.) woodland at lower elevations and
gentler slopes to spruce-fir (Picea spp.-Abies spp.) forest and
montane grassland at highest elevations [48]. Specifically, the
Great Basin Conifer Woodlands were dominated by pinyon-
juniper at elevations up to 2,300 m. Within these regions
were areas characterized as Great Basin Grasslands [49].
Higher regions were defined as Rocky Mountain Subalpine
Forest consisting of Engelmann spruce (Picea engelmannii)
and subalpine fir (Abies lasiocarpa) at 2,438–3,659 m. Rocky
Mountain Montane Conifer Forests at 2,200–3,050 m were
dominated by ponderosa pine (Pinus ponderosa) at lower
elevations grading into stands of Douglas-fir (Pseudotsuga
menziesii), aspen (Populus tremuloides), white fir (Abies
concolor), and limber pine (Pinus flexilis) at higher elevations
[50].

3. Methods

One-hundred and ten elk were captured using a netgun fired
from a helicopter [51] to deploy radiocollars on elk during
the 1998–1999 (n = 75) and 1999–2000 (n = 35) winter
seasons. Capture efforts during winter 1999–2000 attempted
to account for temporal variation in origins or composition
of the San Antonio elk population and to replace radio-
collared individuals that were lost to mortality or collar
failure. Animal care and handling guidelines were approved
by the Institutional Animal Care and Use Committee at
New Mexico State University. Radiocollars (Telonics, MOD-
500, Mesa, AZ) were hermetically sealed and encased in
7.6 cm white collar belting and electrical resin and included a
unique frequency in the 150.000 to 151.999 MHz range and
a 24-hour mortality switch. Radiocollars were proportionally
distributed among easily identifiable strata based on number
and sex of elk seen during precapture reconnaissance flights
to increase probability of sampling from subpopulations
representing different summer range origins. Twenty percent
of all collars were deployed on adult bull elk to ensure
proportional representation of bulls in the sample. Radio-
collared elk were located at 5- to 14-day intervals when elk
were migrating between seasonal ranges. Onset of seasonal
migrations for each year was determined by plotting the
percentage of elk on Winter Range (Figure 2) by aerial
tracking flight date and systematically examining movement
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Figure 1: Geographic location of San Antonio Mountain, New Mexico, U.S.A. elk research study area associated with San Antonio Mountain
elk research conducted from December 1998 through December 2001.

patterns a posteriori [52]. Harris et al. [53] suggests that using
knowledge of animal behavior to determine time frames
for estimating seasonal use areas is biologically reasonable.
A nominal 1 km error distance was associated with aerial
locations of elk [54].

We estimated vegetation greenness, as indicated by NDVI
values, using postprocessed NOAA AVHRR multitemporal
datasets [32, 34, 36, 37]. These datasets have a nominal 1-km2

pixel resolution and were obtained for March through June
1999, 2000, and 2001. Similar elk location error and AVHRR
pixel resolution allowed for meaningful analyses. Datasets
were comprised of Maximum Value Composite [55] images

created by selecting the maximum pixel value of each pixel
recorded during a 14-day composite date range (U.S.D.I. -
U.S.G.S. - Earth Resources Observation and Science (EROS)
Data Center, 2003). Maximum Value Composite procedures
reduce anomalous or erroneous NDVI values, minimize
cloud contamination, reduce off-nadir viewing effects, min-
imize sun-angle and shadow effects, and minimize aerosol
and water-vapor effects [55].

NDVI values indicate the relative photosynthetic activity
of surface vegetation based on the near-infrared (NIR) and
visible (VIS) reflectance values [32, 56] and are calculated by
determining the ratio (NIR−VIS)/(NIR+VIS). Theoretically,



4 International Journal of Ecology

285 W E

N

S

San Antonio
mountain

64

64

Colorado
New Mexico

285

R
io

G
ra

n
de

Antonito

Rio Conejos

Tres
Piedras

R
io

G
ra

nd
e

Taos

Rio San
Antonio

Rio DeLos PinosRio
Brazos

Tierra
Amarilla

Chama

0 4 8 16 24 32

(kilometers)

Analysis area
Elk winter range boundary
New Mexico-Colorado border

Rivers
U.S. highways

Figure 2: Winter Range and a 100% Minimum Convex Polygon, Analysis Area, representing the full spatial distribution, of all elk locations
that wintered on, or near, San Antonio Mountain, New Mexico, 1998–2001.

NDVI values range from−1.0 to 1.0 and represent increasing
levels of photosynthetic activity with increasing value. In
practice, these values typically range from −0.1 to 0.64
[57] or as high as 0.7 [32]. NDVI data were rescaled by
EROS and range from 0 to 200, with 0 equal to −1.0, 100
equal to 0, and 200 equal to 1.0 [56]. Although a specific
threshold determining onset of green-up has been disputed
[35], several studies have demonstrated rescaled NDVI
values of approximately 110 indicate a high probability of
photosynthetic activity [32, 33, 40, 57–59].

We delineated the maximum observed annual areal
extent of herd movements using a geographic information
system (GIS), ArcView 3.2a [60], to create a Minimum
Convex Polygon (MCP, 61, Figure 2, Analysis Area) around
pooled locations of all radiocollared elk, excluding emigrants
that left the population and did not return [54]. The Analysis
Area boundary was defined by this 100% MCP of all elk
locations [61] with an arbitrarily selected 5-km buffer to
minimize boundary effects when conducting image analysis
and processing. Using computer programs IMAGINE 8.6
[62], ArcView 3.3 [63], and ArcGIS 9.0 [64], we pooled elk
location dates to match the date ranges of AVHRR Maximum

Value Composite images; hereafter referred to as an image.
Mean NDVI values for each elk location were computed
using a 3 × 3 cell matrix (9 pixel) operation centered on
the pixel in which the elk location was recorded. Calculating
mean NDVI minimized the potential for anomalous pixel
values and elk point location error.

We compared NDVI values of the Analysis Area with
mean NDVI values associated with observed elk locations.
NDVI values were placed in categories representing various
levels of photosynthetic activities. Background null values
were excluded from analysis. NDVI values from 1 to 100 rep-
resent nonvegetative nonphotosynthetically active surfaces
including snow, water, clouds, and barren lands [32, 56, 57].
Values ranging from 101 to 109 represent vegetated nonpho-
tosynthetically active surfaces [58]. A nonphotosynthetically
active surface (NPAS) category was created to represent
both nonvegetated and vegetated surfaces ranging in value
from 1 to 109. Photosynthetically active surfaces (PASs) were
classified into 3 ordinal categories representing increasing
NDVI greenness value ranges from 110 to 129 (PAS-1), 130
to 149 (PAS-2), and 150 to 200 (PAS-3). These categories do
not represent precise breaks in vegetation characteristics or
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Table 1: Observed (O) and expected (E) frequencies, proportion of AVHRR image area by category and date, and Chi-square values of
San Antonio Mountain, New Mexico elk locations and concurrent Analysis Area (5,912 km2) AVHRR image NDVI values classified into
nonphotosynthetically active surface (NPAS) and photosynthetically active surface (PAS) categories for 1999, 2000, and 2001.

Year AVHRR Image
Date Range

No.
Elk

Obs.
NPAS NPAS Area PAS-1 PAS-1

Area
PAS-2 PAS-2

Area
PAS-3 PAS-3

Area
χ2 df P-value

O E O E O E O E

1999

26 Mar–8 Apr 93 0.4 0.004 13 30 0.32 70 55 0.59 10 8 0.09 14.244 3 .003

9 Apr–22 Apr 124 1 2 0.01 25 39 0.32 84 69 0.56 14 14 0.11 8.622 3 .035

23 Apr–6 May 127 2 6 0.05 35 39 0.31 76 73 0.57 14 10 0.08 5.232 3 .156

7 May–20 May 47 11 12 0.25 28 29 0.63 8 5 0.11 1.705 2 .636

21 May–3 Jun 126 4 5 0.04 79 64 0.51 43 54 0.43 3 0.02 8.651 3 .034

4 Jun–17 Jun 40 0.4 0.01 2 20 0.50 38 20 0.49 33.492 2 <.001

2000

25 Mar–7 Apr 79 5 0.06 12 37 0.46 47 30 0.37 20 8 0.10 50.072 3 <.001

8 Apr–21 Apr 66 1 0.02 8 26 0.39 32 32 0.49 26 7 0.10 68.745 3 <.001

22 Apr–5 May 145 8 37 0.25 96 89 0.61 41 20 0.14 45.807 2 <.001

6 May–19 May 112 6 21 0.18 52 60 0.54 54 31 0.28 28.529 2 <.001

20 May–3 Jun 77 3 15 0.20 6 28 0.37 68 33 0.43 64.567 2 <.001

4 Jun–16 Jun 121 2 32 0.27 9 39 0.33 110 49 0.41 125.681 2 <.001

2001

6 Apr–19 Apr 31 4 0.11 8 15 0.48 23 12 0.39 0.5 0.02 17.281 3 <.001

20 Apr–3 May 117 9 8 0.07 29 52 0.44 79 56 0.48 1 0.01 21.082 3 <.001

4 May–17 May 62 0.3 0.00 3 18 0.29 32 32 0.52 27 12 0.19 31.801 3 <.001

18 May–31 May 119 1 31 0.26 61 56 0.47 57 32 0.27 50.185 2 <.001

15 Jun–28 Jun 58 14 0.24 7 17 0.29 51 27 0.47 40.526 2 <.001

landscape features that influence NDVI values. They repre-
sent a gradation from surfaces incapable of photosynthetic
activity to surfaces capable of increasing photosynthetic
potential as delimited by vegetation aggregation.

A Chi-square analysis was conducted for each year by
combining NDVI value categories into nonphotosynthetic
and photosynthetic categories to test for differences between
frequency of elk observations and the proportion of the
Analysis Area each category represented. Frequency of elk
observations for each of 4 NDVI categories were recorded
and Chi-square values were calculated based on the pro-
portion each NDVI category comprised in the concurrent
AVHRR date composite image [65]. We partitioned the
experiment-wise error rate (αe = 0.05) using Bonferroni’s
adjustment [66] for each set of comparisons. A few expected
frequencies for the NPAS category were much smaller than
conventionally suggested [67]; therefore, when a significant
test included cells with expected frequencies less than 1, the
chi-squared values associated with small expected frequen-
cies were removed to assess sensitivity of the significance. We
report chi-square contributions of individual categories to
identify those categories most substantially contributing to
the total chi-square statistic.

A second Chi-square analysis was conducted to deter-
mine if elk spring distributions were associated with smaller
areas within the larger Analysis Area. Small analysis areas
were delineated using 100% MCP derived for each set of elk
locations concurrent with the time period for each AVHRR
image. The proportion of the small analysis area each NDVI

category represented was made for individual images to
determine if elk were selecting greener locations based on the
smaller area. This represents a higher order habitat selection
analysis [68] relative to the Analysis Area. Johnson’s [68]
hierarchy of habitat selection identified four levels based
on an increasing geographic scale which necessitates that
higher order habitat selection be conditional to the lower
order habitats. In this case, elk locations that fall within the
time period of the AVHRR image define the small analysis
area and represent only a fraction of the larger Analysis
Area. NDVI classification criteria and Chi-square analyses
previously described were used for this analysis.

4. Results

Distribution of San Antonio elk locations on nonphoto-
synthetically active surfaces (NPASs) and photosynthetically
active surfaces (PASs) differed greatly from expected distri-
butions in 2 of the 3 years examined (Table 1). In 1999, elk
distributions were associated with greener areas during 26
March–8 April (P = .003, χ2 = 14.2, DF 3) and 4–17 June
(P < .001, χ2 = 33.5, DF 2). PAS-1 (Table 1) for 26 March–
8 April image recorded 57% fewer elk observations than
expected, while 27% more observations were made in PAS-
2 than expected. Similarly for the 4–17 June time interval,
PAS-2 areas had 90% fewer elk observations than expected
while PAS-3 areas had 90% more elk locations than expected
(Table 1). The 4 intermediate date intervals did not exhibit
differences between observed and expected values.
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Table 2: Observed (O) and expected (E) frequencies, proportion of AVHRR image area by category and date, and Chi-square values of San
Antonio Mountain, New Mexico elk locations and AVHRR image NDVI values using corresponding elk location Minimum Convex Polygon
(MCP) reference areas classified into nonphotosynthetically active surface (NPAS) and photosynthetically active surface (PAS) categories for
1999, 2000, and 2001.

Year AVHRR Image
Date Range

No.
Elk

Obs.

MCP
Area

(km2)
NPAS NPAS

Area
PAS-1 PAS1

Area
PAS-2 PAS2

Area
PAS-3 PAS3

Area
χ2 df P-value

O E O E O E O E

1999

26 Mar–8 Apr 93 1031 13 23 0.24 70 57 0.61 10 14 0.15 8.149 2 .017

9 Apr–22 Apr 124 1308 1 1 0.01 25 36 0.29 84 72 0.58 14 15 0.12 5.461 3 .141

23 Apr–6 May 127 1354 2 4 0.03 35 31 0.24 76 71 0.56 14 21 0.16 4.045 3 .257

7 May–20 May 47 1113 11 8 0.16 28 30 0.63 8 10 0.21 1.987 2 .370

21 May–3 Jun 126 2325 4 8 0.06 79 79 0.63 43 39 0.31 0 1 0.01 3.009 3 .390

4 Jun–17 Jun 40 1392 0 0 0.001 2 4 0.10 38 36 0.90 1.121 2 .571

2000

25 Mar–7 Apr 79 815 0.004 12 27 0.34 47 37 0.47 20 15 0.19 12.682 2 .005

8 Apr–21 Apr 66 1117 8 20 0.31 32 32 0.49 26 13 0.20 20.011 2 <.001

22 Apr–5 May 145 1423 8 18 0.12 96 93 0.64 41 34 0.24 6.733 2 .035

6 May–19 May 112 2494 6 12 0.11 52 50 0.45 54 50 0.44 3.531 2 .171

20 May–3 Jun 77 2166 3 9 0.12 6 16 0.20 68 52 0.68 15.109 2 .001

4 Jun–16 Jun 121 2107 2 10 0.08 9 26 0.21 110 85 0.70 24.888 2 <.001

2001

6 Apr–19 Apr 31 784 8 10 0.33 23 21 0.67 0.661 1 .416

20 Apr–3 May 117 1667 9 12 0.11 29 31 0.27 79 70 0.60 0 3 0.03 5.555 3 .135

4 May–17 May 62 2027 0.002 3 9 0.15 32 31 0.50 27 22 0.35 5.541 2 .136

18 May–31 May 119 2249 1 8 0.07 61 63 0.53 57 48 0.40 7.921 2 .019

15 Jun–28 Jun 58 2183 0 1 0.02 7 8 0.14 51 49 0.85 1.142 2 .565

In 2000 and 2001, elk distributions were associated
with greener locations for all time intervals (Table 1). Elk
distributions in PAS-2 for 2000 differed from expected values
and ranged from 57% (25 Mar–8 Apr) more observations
than expected to 79% (20 May–3 Jun) fewer observations
than expected. Recorded elk observations in PAS-3 for 2000
exceeded expected values for all images and ranged from
74% (6–19 May) to 271% (8–21 April). Elk distributions in
PAS-2 for 2001 differed from expected values and ranged
from 92% (6–19 Apr) more observations than expected
to 59% (15–28 Jun) fewer observations than expected. In
2001, elk observations in PAS-3 exceeded those expected by
chance for all images and ranged from 78% (18–31 May)
to 108% (4–17 May). The AVHRR image 1–14 June 2001
was not included in the analysis because no elk locations
were obtained during that time interval. NPAS categories
comprised no more than 15% (25 March–7 April 2000) of the
Chi-square test values for all 3 years. Nonphotosynthetically
active surfaces typically ceased to comprise any detectable
portion of the landscape at varying times later in the spring.
A trend of increasing proportions of elk observations when
compared among consecutive image dates was apparent for
the most photosynthetically active areas, PAS-3. Although
areal proportions of PAS-3 continued to increase throughout
spring, elk were consistently observed in them at greater
numbers than would be expected by chance (Table 1).

Four of 17 independent Chi-square tests, all in 2000,
associated elk distribution with greener areas when com-
pared with the small analysis area (Table 2). No significant

independent Chi-square tests were estimated for 1999 and
2001. The small analysis areas ranged from 784 to 2,494 km2

(x = 1,621 km2, S.E. = 137 km2) and varied with changes
in image date range and number and distribution of elk
locations (Table 2). Frequency of occurrence for NPAS was
less among years in the small analysis areas when compared
with the Analysis Area used in Table 1. Differences between
observed and expected values during spring 2000 occurred
early and late in the season. During 2000, less than half the
expected elk observations were made on PAS-1 areas during
the 25 March–7 April interval. Twenty-seven percent more
elk were observed in PAS-2 and 33% more elk were observed
in PAS-3 areas than expected (Table 2). Elk observations
during 8–21 April (P < .001) were twice the expected
numbers for PAS-3 areas. During 20 May–3 June and 4–16
June, 31% and 29% more elk, respectively, were observed on
PAS-3 areas than expected. By the last spring time period in
each year, PAS-3 comprised at least 70% of the small analysis
area (Table 2).

5. Discussion

Spring distributions of elk in the study area were closely
associated with portions of the landscape exhibiting relatively
greater photosynthetic activity (spring green-up). As elk
leave the winter range during spring migration they typically
move west to higher elevations [52] in association with
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greenwave. Snow accumulation and snow depths that dou-
bled in early April 1999 [54] influenced vegetation phenology
and affected distribution of elk. Sweeney [1] concluded
that spring migration was more strongly associated with
vegetation greenness than receding snowline for elk in south-
central Colorado. He further concluded that late snowfall
during spring may inhibit movements of a portion of the
wintering herd. Temporal and spatial variation in climatic
conditions [32, 34], snow coverage and soil temperature
[29], and soil moisture [69] influence vegetation phenology
and subsequent NDVI greenness values [70]. Onset and
extent of green-up may have been inhibited by minimal
snowpack during some winters, timing of spring snows, and
subsequent precipitation events. Elk exploited greener areas
late in spring 1999 responding to increased photosynthetic
activity following precipitation events known to influence
plant phenology [42, 43].

In 2000 and 2001, elk were consistently associated with
greener portions of the landscape. The PAS-3 category
represented a greater proportion of the landscape earlier in
the spring than in 1999 (Table 1). Timing and amounts of
snowfall were greater in these 2 years [54] than in 1999,
possibly explaining differences among years. Variation in elk
distributions associated with greener areas may be explained
by environmental stochasticity. Multiple interacting factors
directly or indirectly influenced elk temporospatial distribu-
tion. Precipitation, photoperiod, soil moisture, temperature
[34, 35, 40, 42, 43, 69–72], and snow melt [73, 74] influence
vegetation phenological stage and timing of plant emergence.
Topography and associated elements such as elevation, slope,
and aspect affect these factors adding greater complexity
to vegetation response. Effects of many of these factors are
subtle or difficult to quantify particularly in relation to
their influence on animal behavior. However, factors such
as snow depth often play dominant roles in elk movement
[9]. Mountain lions (Puma concolor), black bears (Ursus
americanus), and coyotes (Canis latrans) that occur in
this area did not likely play a role in elk distributions. If
predator displacement of elk occurred, it would have been
at a finer spatial scale than our data would be capable of
detecting.

Elk in the study area appeared to associate with greener
portions of the landscape in years when precipitation more
closely followed the long-term average [54]. NDVI greenness
values are closely associated with cumulative precipitation
estimates [40, 42, 43]. Variation in timing and extent of
precipitation may have influenced observed differences in
greenwave among years. Spring migration occurs when
vegetation is in early stages of growth and in association
with retreating snowline [1, 2, 4–6]. Elk benefit by exploiting
emergent vegetation [27, 75] while traveling to higher
elevations allowing individuals to select plant species at
phenological stages when digestibility and protein levels are
high [17]. Variable rates of snowmelt influence timing of
emergence and plant phenological stage [73, 74]. Nutri-
tional characteristics [19, 76] of spring vegetation may be
particularly important to ungulates experiencing increased
nutritional demands during late gestation and lactation [23,
24, 76]. One exception is in those areas where quantity is

consistently limiting, such as arctic vegetation communities
[77].

Investigation into higher order habitat selection [68]
within the small analysis areas proved inconclusive. Elk
distributions were not associated with greener locations in
the small analysis areas. While AVHRR data were sufficient to
compare elk distribution to greener locations in the Analysis
Area (5,912 km2), their nominal spatial resolution (1 km2)
may not have been adequate to examine elk distributions
with greener locations at the finer geographic scale of
the smaller analysis areas. Therefore, we were unable to
adequately address higher-order habitat selection [68] using
the small analysis areas. Using remote sensing data with
higher spatial resolution than AVHRR, such as MODIS, may
have allowed us to better characterize elk behavior in relation
to vegetation greenness within the small analysis areas.

6. Management Implications

Management decisions should be made with an explicit
recognition of substantial temporospatial variation in spring
elk distributions. Variations in elk distributions result from
complex interactions among multiple variables including
climatic conditions, vegetation community types, plant
phenology, predation, and land use practices. Habitat manip-
ulation that accounts for elk response to temporal and spatial
variability in vegetation dynamics may be used to mitigate
human-wildlife interactions. Management that improves
quantity of high-value spring forages or improves forage
quality would benefit elk and could be used to modify
elk distributions that reduce potential resource conflicts
on private lands and help meet multiple-use management
objectives on public lands. Other considerations in address-
ing management challenges include the spatial scale of
management activities, vegetation monitoring, evaluation of
elk performance, and human satisfaction.
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