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Abstract Prioritizing habitat for animal conserva-

tion in heterogeneous landscapes requires an under-

standing of where animal occurrence coincides with

human influences on demographic performance. We

related broad-scale patterns of occurrence with risk of

mortality among female Rocky Mountain elk (Cervus

elaphus) in a human-modified landscape to develop a

spatially-explicit framework for animal conservation

at the landscape level. Variability in the spatial

pattern of elk occurrence was driven by preference

for specific habitat types as well as responses to

human activity. In contrast, risk of mortality was a

function of human modification of the landscape with

little variation explained by habitat. Proximity to

industrial development was associated with increased

risk of mortality whereas proximity to residences and

agricultural structures was associated with decreased

risk. Individual-level results revealed added com-

plexity, whereby risk of mortality was associated

with a consistent pattern of occurrence relative to

industrial development, yet the association between

risk and occurrence relative to structures was highly

variable and likely a function of disparate land-use

priorities. Approaches to managing human-mediated

risk at the landscape level are most effective when

they decompose human activity into constituent parts

influencing risk, and when individual variation rela-

tive to the population response is investigated.

Conservation interventions need to target factors that

have a consistent influence across the population

rather than risk uncertainty that would arise from

targeting factors that influence individuals in variable

or situation-specific ways. The spatial tools devel-

oped herein provide guidance for sustainable land-

scape planning in the study area, while the concept of

linking occurrence and demographic performance

within a hierarchical modeling framework has gen-

eral application for animal conservation in landscapes

subject to change, human-caused or otherwise.
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Introduction

Landscape sustainability, or the capacity of a land-

scape to meet the needs of present and future human

populations through sound planning and manage-

ment, is among the top research priorities in
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landscape ecology and conservation science (Wu and

Hobbs 2002). Sustainability issues arise from diffi-

culties associated with integrating humans and their

activities into the structure, function, and ecology of

the landscape (Wu and Hobbs 2002; Wiens 2009).

Developing sustainable landscape management strat-

egies, therefore, requires solution-driven research that

integrates key ecological issues within the context of

regionally important social and economic concerns

(Wu 2008).

A prominent landscape sustainability issue in

many regions of the world is balancing animal

conservation with other human land uses such as

recreation, agriculture, or infrastructure development.

In portions of western North America, challenges

associated with this issue have been brought into

focus by recent initiatives to boost domestic produc-

tion of energy resources within landscapes that

sustain animal populations of conservation concern

(Energy Policy Act 2005). Human activity associated

with energy development has been linked to changes

in resource use by animals, decline in breeding

activity, and decline in survival (Sawyer et al. 2006;

Harju et al. 2010; Dzialak et al. 2011). Research

needs include solution-driven investigations that

address how specific landscape features are important

to animal population persistence, and that provide

spatially explicit guidance for avoiding or minimiz-

ing impact as part of development projects for which

the interaction between people and animals is

unavoidable. Landscape ecology, with its interdisci-

plinary approach, its conceptual integration of eco-

logical and cultural features, and its focus on

quantitative investigation of broad-scale spatial pat-

terns and ecological processes, is well-equipped to

provide spatially-explicit solutions to landscape sus-

tainability issues related to human/wildlife interac-

tion (Turner 1989; Wu 2008; Wiens 2009; McAlpine

et al. 2010).

Human activity can drive spatial and temporal

patterns of animal occurrence and demographic

performance in fundamentally different directions.

For example, human activity can cause the redistri-

bution of animals (Cameron et al. 1992; Laliberte and

Ripple 2004) and increase vulnerability to direct

(McCorquodale et al. 2003; Webb et al. 2011) or

indirect (Naugle et al. 2004) sources of mortality.

Concurrently, human presence can create refugia

locally where food availability or quality is high

(Hunt Jr 1972; Thompson and Henderson 1998), and

sources of mortality such as predation or hunter-

harvest are limited (Haggerty and Travis 2006;

Berger 2007). Variation in animal response to human

activity depending on activity type complicates

conservation planning across taxa, and may be

particularly problematic for conservation of species

that range widely (Weaver et al. 1996) or move long-

distances seasonally (Sawyer et al. 2009) such as

carnivores, birds, or large ungulates.

A promising approach to balancing animal con-

servation and human use of the landscape involves

quantifying resource-related behavior that structures

occurrence in animals, linking occurrence with a

metric of demographic performance such as survival,

and depicting spatially the coincidence of occurrence

and successful demographic performance at the

landscape level (Nielsen et al. 2006; Aldridge and

Boyce 2007). The connection between occurrence

and demographic performance distinguishes habitat

where animals are likely to occur yet have reduced

survival or reproduction (low-performance or attrac-

tive sink habitat) from habitat in which occurrence

coincides with a higher rate of survival or reproduc-

tive success (high-performance or source habitat;

Delibes et al. 2001; Pärt et al. 2007). Prioritizing

conservation action based on occurrence, without a

connection to a demographic outcome, risks poor

performance of such action because occurrence can

be a misleading indicator of fitness (Van Horne

1983). It is likely that demographic performance is

influenced by resource-related choices of individuals

because each landscape feature has particular costs

and benefits to the individual (Estes et al. 2003;

McLoughlin et al. 2006). For animals that express

their life history at broad ecological scales it would

be appropriate to investigate the relationship between

behavior and demographic performance at such

scales (McLoughlin et al. 2005, 2006; Boyce 2006;

Chalfoun and Martin 2007). However, research

linking broad-scale patterns of resource selection

with demographic performance remains relatively

uncommon (McLoughlin et al. 2005, 2006), partic-

ularly in human-modified landscapes where human/

wildlife interaction is a concern (Nielsen et al. 2006;

Aldridge and Boyce 2007).

In this paper, we relate risk of mortality in female

Rocky Mountain elk to broad-scale patterns of

resource selection, with the larger goal of developing
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a spatially-explicit framework for sustainable man-

agement of human activity and animal conservation

at the landscape level. The general approach included

estimating resource selection functions (RSFs; Manly

et al. 2002) to quantify the spatial pattern of

occurrence, and estimating Cox proportional hazards

models to quantify risk of mortality as a function of

covariates depicting landscape-level features. We

combined spatial models of occurrence and risk to

provide a spatially-explicit assessment of the rela-

tionship between habitat and demographic perfor-

mance, wherein low-performance habitat was defined

as high probability of occurrence coupled with high

risk of mortality, and high-performance habitat was

high probability of occurrence coupled with low risk

of mortality (sensu Nielsen et al. 2006).

Study area

The 3,168 km2 study area is within the Raton Basin

in southern Colorado and northern New Mexico,

USA. Topography is variable with steep alpine slopes

and gently sloping valleys ranging in elevation from

1801 to 4272 m. Mean annual precipitation is

40–75 cm depending on elevation (Western Regional

Climate Center 2010). Dominant plant species

include quaking aspen (Populus tremuloides), Doug-

las fir (Pseudotsuga menziesii), blue spruce (Picea

pungens), ponderosa pine (Pinus ponderosa), one-

seed juniper (Juniperus monosperma), two-needle

pinyon (Pinus edulis), Gambel oak (Quercus gam-

belii) which commonly forms shrub-thickets on

southern aspects, and willow (Salix spp.) in riparian

areas. Predators of elk (including neonates) include

black bear (Ursus americanus), mountain lion (Felis

concolor), and coyote (Canis latrans). The study area

encompasses historic and ongoing energy develop-

ment. Bituminous coal mining was a dominant land

use during 1873–1970. Coal-bed methane develop-

ment was initiated in 1982 and accelerated in the late

1990s (Hemborg 1998; Vitt 2007). In 2010, there

were 2,900 wells associated with coal-bed methane.

Ninety-four percent of the study area is in private

land ownership, with the remaining 6% under state or

federal management (M. Dzialak, unpublished data).

A defining feature of this landscape is the spatial and

temporal heterogeneity in local-scale human activity

arising from different, and even competing, land-use

priorities. For example, here and elsewhere in the

western U.S., intensive livestock production which

establishes good foraging conditions for ungulates yet

seeks to exclude big game and their predators,

competes with big game hunting which, through

habitat manipulation, encourages the presence of

wide-ranging big game species and, often conse-

quently, their predators.

Methods

Location and mortality data

From 2006–2009, yearling (1.5 years) and adult

(C2.5 years) female elk were captured and fitted with

Global Positioning Systems (GPS) collars (TGW-

3590, Telonics, Inc., Mesa, AZ 85204) configured with

Very High Frequency (VHF) beacons and a 1-year

operational life. Collars were programmed to record

location information every 3 h resulting in a maximum

of 8 locations/elk/day. Animal capture and handling

protocols were approved by the Colorado Division of

Wildlife (Permit #s 06TR1083, 07TR1083, 08TR1083

and 09TR1083A001).

Fractal analysis and spatial scale

We estimated the spatial scale at which elk perceived

and responded to landscape features using fractal

analysis (Nams 2005; Webb et al. 2009; Fuller and

Harrison 2010). Estimated spatial scale perceived by

elk was used to define the size of the moving window (in

a geographic Information System; GIS) within which to

calculate covariate values for resource selection and

risk models. This analysis involved using sequential

relocations to develop a movement path for each elk at

the largest temporal scale possible (1–3 years), using

fractal dimension (D) to quantify tortuosity as a

function of spatial scale, and measuring the correlation

in tortuosity between adjacent path segments (Nams

2005). We used the VFractal estimator in the program

Fractal 5.0 (Nams 1996) to calculate D

D ¼ 2

1þ log2ðcos hþ 1Þ ð1Þ

with each movement path discretized into steps of

fixed length and D estimated from the mean cosine

turning angle h between steps. Correlation of
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tortuosity was estimated from correlations of h (Nams

2005). All elk were combined into a single analysis

where each movement path (i.e., 1 path/elk) was

treated as a replicate (Nams 1996). Thus, all error

estimates reflect among-path (elk) variation. We set

scaling options (i.e., minimum and maximum range

and number of divisions) by examining movement

distance between successive locations for each elk.

Minimum scale was set at 2 m, maximum scale at

12,000 m, and the range divided into 100 divisions.

We excluded the top 5% of movement distances,

which could be considered atypical for elk. We

plotted D and correlation versus movement path

length to detect changes in movement relative to

spatial scale (spatial scale is equivalent to the size of

the divider used to measure the movement path). The

plot of correlation versus spatial scale is most useful

for detecting patch size perceived by animals.

Correlation should be positive when path length is

below patch size, negative at patch size, and 0 when

path length is larger than patch size (Nams 2005).

Thus, we were looking for negative correlations to

identify perceived spatial scale.

Covariate calculation

Using a GIS, we calculated 9 covariates depicting

landscape features that, based on companion studies

and field observations, were primary influences on

behavior of elk (Dzialak et al. 2011; Harju et al. 2011;

Webb et al. 2011). Three covariates depicted predom-

inant human modifications of the landscape including

density of roads (km/km2), area of physically disturbed

ground associated with energy development (industrial

development footprint; km2/km2), and density of

human-built structures including residences and agri-

cultural facilities (structures/km2). Covariates depict-

ing anthropogenic features were heads-up-digitized

from annual 0.3-m true-color and color-infrared aerial

photography and converted to raster images at a

resolution of 30 m2. Heads-up-digitizing is a process

whereby linear and areal features displayed in remote

sensed imagery are manually identified, interpreted,

delineated, and attributed in a GIS by the investigator.

We digitized anthropogenic features within the spatial

extent of the study area at a scale of 1:2,000. These

covariates were year-specific, meaning that we

updated raster images of disturbance as annual aerial

photography became available, and analyzed location

data against anthropogenic features known to be

present at the time of the location.

Six covariates depicted topography and vegetation.

Slope was calculated from a 30-m2 resolution digital

elevation model (DEM). We calculated proportion of

5 vegetation types including riparian, grassland,

shrub-dominated, closed-canopy forest, and open-

canopy forest. Vegetation types were developed from

0.3-m true-color and CIR aerial photography using

Feature Analyst� 4.2 (Visual Learning Systems

2008) for ArcGIS� 9.3. With Feature Analyst, we

conducted a supervised classification using 1,177

field-established training polygons of known vegeta-

tion type and object-based feature extraction algo-

rithms. We used the Manhattan classifier pattern and

a width of 7 pixels to classify extensive vegetation

types (closed and open-canopy forest, shrub-domi-

nated, and grassland), and used the Bull’s Eye 2

classifier and a width of 15 pixels to classify riparian

vegetation (Visual Learning Systems 2008). Classi-

fiers specify an input representation pattern that

approximates the spatial attributes of the feature

targeted for interpretation by Feature Analyst algo-

rithms. We used Spatial Analyst in ArcGIS to

calculate raster images and to extract values from

raster data to location data for all covariates.

The areal proportion of the study area comprised by

each landscape type included in the analysis was:

industrial development footprint (0.025), roads (0.012),

agriculture and residences (0.013), riparian habitat

(0.012), grassland (0.134), shrub-dominated habitat

(0.284), closed-canopy forest (0.256), and open-canopy

forest (0.234). The proportion of alpine tundra in the

study area (not included in the analysis) was 0.03.

Details on how roads were buffered by road type to

develop the areal extent are found in Webb et al. (2011).

We assessed correlation among covariates before

developing RSF models and eliminated a covariate if

correlation with another covariate was moderate to

high (Pearson product-moment correlation C|0.4|).

We based the choice of which covariate to retain on

previous research on this elk herd (Dzialak et al.

2011; Harju et al. 2011; Webb et al. 2011).

Random-effects resource selection modeling:

occurrence

We estimated random-effects RSFs at 2 temporal

scales. The first temporal scale included all available
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data which, for most surviving elk, encompassed

1 year. However, 17 elk were re-collared over 2

consecutive years, and 1 elk was re-collared for

3 years. The second temporal scale was within-

season (2–4.5 months). We established 4 seasons

based on elk reproductive biology and plant phenol-

ogy: parturition/lactation (15 May–30 August), rut/

conception (1 September–31 October), winter/gesta-

tion (1 November–15 March), and late gestation/

spring green-up (16 March–14 May; Hudson and

Haigh 2002). Differences between elk that survived

versus elk that died during the study were assessed

based on heterogeneity and precision among RSF-

derived conditional coefficient estimates, as well as

fixed-effects parameter estimates and associated

confidence limits. Seasonal models enabled exami-

nation of whether mortality could be traced to a

particular resource selection pattern expressed at the

time of death or some time interval before death (i.e.,

lag-time).

Random adjustments to slopes of coefficients

provide information on individual behavior by esti-

mating how individuals deviate from ‘typical’ sub-

jects (i.e., fixed-effects parameter estimates). We

incorporated random effects into the use versus

availability design (Manly et al. 2002) in which

covariates representing important resources are com-

pared at used and available (but presumed non-used)

locations using

w
_

xð Þ ¼ exp b
_

0 þ b
_

1x1 þ b
_

2x2 þ � � � þ b
_

nxn

� �
ð2Þ

where w
_

xð Þ is the relative probability of use as a

function of covariates xn with coefficients b
_

n esti-

mated from logistic regression. We estimated 2nd-

order resource selection (selection of resources

relative to the larger landscape; Johnson 1980).

Availability was defined as the 3,168 km2 study area

and attributed by distributing 774,372 random loca-

tions throughout this landscape. Behavior of elk was

expected to vary diurnally so we modeled resource

selection separately during day and night. We

assigned time of day at random to available locations

for day versus night comparisons; times assigned to

available locations corresponded to times associated

with used locations (e.g., every 3 h on the sampled

hour). Day models included the times 0900, 1200,

1500, and 1800 h (1800 h was included only during

periods of extended daylight) whereas night models

included 0000 and 0300 h. We withheld 29 elk (20%

of the total sample) from model development as a

validation sample. The validation sample was estab-

lished using a random number generator with the

constraint that the ratio of elk that died versus

survived during the study period was similar between

validation and model-building samples (*23%).

We estimated a three-level random-effects model

in which locations i = 1…I occurred within strata

representing individual elk j = 1…J, that were

members of the larger population of elk (Gillies

et al. 2006). Considering a random intercept and

random coefficients, the RSF is estimated by

g xð Þ ¼ b0 þ b1x1ij þ � � � þ bkxkij þ ckj þ c0j ð3Þ

where covariates k (k = 1…K) have values x, c0j is

the random intercept and ckjis the random coefficient

of xk for elk j, which is the difference in the intercept

and coefficient for elk j from the mean population-

level intercept b0 and coefficient bk, respectively. We

estimated an all-available-data model, and within-

season models separately (day and night separately as

well) using the GLIMMIX procedure in SAS 9.2�

(Cary, NC USA). We specified the conditional

probability distribution of the data as binomial and

used a logit link function. In models based on all

available data, we included season (as described

above) as a class variable and specified a variance

components covariance structure in which random

intercepts for season were nested within each indi-

vidual to address within-season autocorrelation

among locations. The GLIMMIX procedure incorpo-

rates correlations among the responses by modeling

correlations directly (R-side approach or marginal

models) and/or by including random effects in the

linear predictor (G-side approach or conditional

models; SAS Institute Inc 2008). In conditional

models (the approach we used), conditional coeffi-

cient estimates are the predicted values for the

deviation of subjects’ (here, individual elk) intercepts

from the fixed-effects estimate (i.e., from that of a

‘typical’ subject). Marginal coefficient estimates (i.e.,

true population-level estimates) cannot be estimated

directly in conditional models; rather, fixed-effects

parameter estimates provide an estimate of true

population-level response, and conditional coefficient

estimates (when scaled to fixed-effects estimates;
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sensu Littell et al. 2007 pp. 322) provide a measure of

individual heterogeneity relative to ‘typical’ subjects.

Cox proportional hazards model: risk of mortality

We investigated the hypothesis that risk of mortality

may be related to particular behavioral strategies, such

as resource selection, that develop and are expressed by

large mammals at broad ecological scales (McLough-

lin et al. 2005) using the Cox proportional hazards

model (Cox 1972) implemented by the PHREG

procedure in SAS. We estimated cumulative survival

S(t) as a function of conditional coefficient estimates

derived from random-effects resource selection mod-

els. Thus, S(t) was estimated based on the same

covariates as were in the occurrence analysis; however,

we estimated S(t) based on how an individual’s

response to a feature deviated from a ‘typical’ elk as

depicted by fixed-effects parameter estimates rather

than collapsing an individual elk’s association with a

landscape feature into an average value. The propor-

tional hazards model is typically expressed as

hi tð Þ ¼ k0ðtÞefb1xi1þ���þbkxikg ð4Þ

which states that the hazard function for individual i

at time t is the product of an unspecified non-negative

baseline hazard function k0(t) and an exponentiated

linear function of covariates k (Allison 1995). In the

Cox model, covariate effects are interpreted in terms

of hazard ratios (exp[b]). Hazard ratios[1.0 indicate

an increasing risk of an event (mortality) with

increasing values for the covariate. Hazard ratios

\1.0 indicate a decreasing risk of mortality with

increasing values for the covariate. Hereafter, we

refer to application of the Cox model in terms of risk

of mortality. An important assumption of the Cox

model is proportionality, meaning that it is assumed

that the ratio of estimated hazard functions between

individuals will be constant over time. We assessed

this assumption by generating time-dependent covar-

iates, which were a product of predictors and survival

time, and including them in the model. Statistically

significant (P \ 0.05) time-dependent covariates may

indicate non-proportionality (Smith et al. 2003).

Mapping responses and model validation

We applied the results from resource selection and

proportional hazards models to map the relative

probability of occurrence and risk of mortality,

respectively, throughout the study area. Fixed-effects

coefficients were used to derive an RSF at a

resolution of 30 m2 using

w xð Þ ¼ exp
XK

k¼1

b�kxk

 !
ð5Þ

where covariates k(k = 1…K) have values x (Manly

et al. 2002). We estimated quantiles using RANK and

MEANS procedures in SAS, and partitioned pixels

comprising the raster surface into 5 equal-sized

subsets based on pixel value. In GIS, we reclassified

RSF values based on quantiles establishing 5 ranks of

the relative probability of occurrence (1 = lowest,

2 = low, 3 = moderate, 4 = high, and 5 = highest).

We classified relative predicted risk of mortality into

the same 5 ranks. We validated the predictive

occurrence map by plotting locations of the 29 elk

that were withheld from model development on the

predictive occurrence map. We tested whether the

number of locations that occurred within each

predicted probability of use rank (1–5) differed from

expectation using a chi-square test for specified

proportions implemented by the FREQ procedure in

SAS. Occurrence and risk of mortality maps were

combined using Spatial Analyst\Local\Combine in

ArcGIS to establish a landscape-level assessment of

the relationship between habitat and demographic

performance in which 5 habitat states were identified

(sensu Nielsen et al. 2006). State 1 habitat in which

elk were unlikely to occur was identified. States 2 and

3 habitats in which elk had a high probability of

occurrence coupled with a low risk of mortality were

identified as high-performance. States 4 and 5

habitats in which elk had a high probability of

occurrence coupled with a high risk of mortality were

identified as low-performance.

Results

We analyzed 387,186 relocations among 143 indi-

vidual elk. There were 33 mortalities among the

sample fitted with GPS collars during the course of

the study, of which 20 were attributed to harvest, 2 to

vehicle strikes, and 11 to unknown causes. These

documented mortalities were part of a larger sample

of elk used for survival analyses (Webb et al. 2011).
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Spatial scale

The plot of correlation of tortuosity between adjacent

path segments versus path length showed that corre-

lation generally was negative between 186 and

368 m, where path length provides an estimate of

patch size within which elk in this environment were

likely to respond to landscape features (Fig. 1a). The

plot of fractal D versus path length showed evidence

for a transition (between scale domains; Wiens 1989)

that corresponds to the region of negative correlation,

providing further evidence of perception of patch size

among elk (Fig. 1b). Based on this result, we

calculated all density or proportion covariates in

GIS using a square moving window of 270 m2,

representing the approximate mid-point of the range

over which correlation of tortuosity was negative,

centered on locations (9 9 9 cell window at 30-m

resolution).

Occurrence

We found little evidence of lack of model fit or

overdispersion; generalized chi-square/df was

0.71–0.91 for night time models and 0.91–1.1 for

day time models. Density of grassland habitat showed

moderate correlation with slope (Pearson product-

moment correlation = -0.45); we excluded slope

and retained grassland in RSF and Cox models.

Density of open forest showed some correlation with

density of shrub habitat (-0.41); however, we

retained both covariates pursuant to general interest

in understanding elk response to landscape features

that are amenable to modification as part of mitiga-

tion or other habitat manipulation. Initially, model

development was affected by failed convergence

issues; we resolved convergence issues by replacing

density estimates for structures and the industrial

development footprint (for which many records had a

value of 0) with distance estimates, in which the

value of each raster cell was the distance to the

nearest feature, modeled as log-linear relationships.

Accordingly, we created natural log-transformed

grids in GIS for spatial application of results using

Spatial Analyst in ArcGIS.

At the scale of all available data, occurrence by

female elk relative to the larger landscape was

characterized by day-time selection for closed- and

open-canopy forest, and shrub-dominated areas

(Table 1, Fig. 2). While elk avoided higher road

density, their day-time occurrence was characterized

by relative proximity to industrial features and

structures associated with residences and agriculture.

We found notable differences in day-time resource

selection behavior between elk that survived versus

those that died. Elk that survived showed weaker

affinity for the industrial development footprint, and

tended to situate themselves closer to structures

(Fig. 2a, b). Relative to elk that died, surviving elk

also showed some tendency to occupy areas with

lower density of roads and closed-canopy forest

(Fig. 2c, d). Patterns of deviation from population

level estimates among individuals, as revealed by

conditional coefficient estimates, generally were

similar between elk that survived versus those that

died. However, one pattern of interest was that elk

that died showed greater heterogeneity in response to

residences and agricultural structures versus the

Fig. 1 Correlation of tortuosity of adjacent path segments

(a) and mean fractal dimension (b) relative to path length of

movement by female elk (dashed lines represent 95%

confidence limits). The shaded window (panels a and b) iden-

tifies a path length of 186–368 m within which correlation of

tortuosity among adjacent path segments generally was

negative, providing an estimate of patch size within which

elk in this environment were likely to respond to landscape

features
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industrial development footprint (Fig. 2a, b). Day-

time responses to other landscape features (open-

canopy forest, grassland, shrub-dominated, riparian)

were similar between elk that survived versus those

that died (Table 1).

At night, selection for vegetation classes shifted in

predictable ways with elk tending to avoid forest

types and select areas with higher density of riparian

and grassland habitat; surviving elk tended to show

weaker selection for riparian habitat relative to elk

that died (Fig. 3a). Selection for road density also

shifted with elk occurring in areas with higher road

density at night. Surviving elk showed random night-

time selection for the industrial development foot-

print and relatively strong tendency to occur close to

residential and agricultural structures whereas elk

that died tended to occur closer to the industrial

development footprint, and selected randomly for

residential or agricultural structures (Fig. 3b). Indi-

vidual variation in night-time response to landscape

features showed no pattern distinctive of survival

status.

Seasonal patterns in resource selection mirrored

patterns at the larger temporal scale during both day

and night. Relative to elk that died, surviving elk

showed within-season tendency for weaker or

random selection for closed-canopy forest, weaker

or random selection for proximity to the industrial

development footprint, and a stronger selection for

proximity to residential or agricultural structures

(Fig. 4). Two notable inconsistencies in within-sea-

son day-time selection patterns relative to annual

patterns occurred during winter/gestation. First, the

association between survival status and road density

reversed relative to the larger temporal scale with

surviving elk showing a weaker aversion to high road

density compared to elk that died (Fig. 4). Similarly,

there was no difference in affinity for residential

structures relative to survival status during the winter

whereas a stronger affinity for structures character-

ized a higher probability of survival at the larger

temporal scale (Fig. 4). Within-season day-time

responses to other landscape features were similar

between elk that survived versus died (Table 1).

Risk of mortality

The Cox model, developed at the scale of all

available data, had reasonable fit (v2 = 16.39,

P = 0.059). No time-dependent covariate was statis-

tically significant suggesting the assumption of

proportionality was met. Two landscape features

most strongly influenced risk of mortality including

proximity to residential or agricultural structures, and

proximity to the industrial development footprint.

Risk of mortality decreased when elk situated them-

selves closer to residential and agricultural structures,

and when they avoided the industrial development

footprint (Table 2).

Mapping responses and model validation

We mapped the relative probability of occurrence

across the study area using results from the model of

Table 1 Fixed-effects parameter estimates (SE) for models of day-time resource selection by female elk

Temporal scalea Landscape feature

Grassland Open-canopy forest Riparian Shrub-dominated

Alive Dead Alive Dead Alive Dead Alive Dead

Late gestation –b –b 3.12 (0.40) 3.37 (0.53) 2.45 (0.79) 3.19 (1.4) 3.46 (0.31) 3.72 (0.47)

Calving -2.16 (0.41) -2.63 (0.66) 1.37 (0.50) 1.48 (0.91) -2.11 (0.76) -2.16 (1.8) 0.75 (0.81) 0.99 (1.7

Rut -0.86 (0.47) -1.34 (0.65) 2.38 (0.38) 2.59 (0.90) -1.70 (0.85) -1.83 (1.5) 3.46 (0.39) 3.32 (0.77)

Winter –b –b 1.70 (0.33) 2.01 (0.54) -0.15 (0.59) -0.29 (0.99) 2.91 (0.38) 2.87 (0.81)

All available data 0.09 (0.47) -0.32 (0.73) 2.27 (0.58) 2.37 (1.1) 0.11 (0.64) 0.20 (1.3) 2.77 (0.69) 3.14 (1.2)

Parameter estimates are shown for 4 landscape features relative to survival status (alive versus dead) and temporal scale. Grouping

relative to survival status was established post-hoc
a As defined in methods
b Model failed to converge
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day-time resource selection developed at the scale of

all available data (Fig. 5a). We present and focus on

the model depicting day-time resource selection

because day-time is when elk appear to be most

affected by human activity (Dzialak et al. 2011). The

model validated well (v2 = 2713.44, df = 4,

P \ 0.001). Among 32,609 validation locations,

27.1% occurred in the highest relative probability

of use rank, 24.5% in the high rank, 20.4% in the

medium rank, 17.4% in the low rank, and 10.6% in

the lowest probability of use rank. Similarly, we

mapped relative risk of mortality using results from

the Cox proportional hazards model (Fig. 5b). Com-

bining spatial depictions of occurrence probability

and risk of mortality yielded a spatially-explicit

assessment of the relationship between habitat and

demographic performance (Fig. 5c). Also shown is

the conceptual framework (sensu Nielsen et al. 2006)

by which we established ranks depicting habitat-

performance states (Fig. 5d). There was a low

probability of day-time occurrence throughout

39.2% of the landscape. We identified 60.8% of the

landscape as having a medium to high relative

probability of occurrence. Low-performance habitat,

where high probability of occurrence coincided with

high risk of mortality, was identified throughout

37.1% of the landscape, with 8.1% of the landscape

identified as lowest-performance (Fig. 5c). High

probability of occurrence coincided with low risk of

mortality throughout 23.8% of the landscape, with

12.3% of the landscape identified as highest-perfor-

mance (Fig. 5c).

Fig. 2 Fixed-effects and conditional coefficient estimates (SE)

of day-time selection for distance to the industrial development

footprint (a), distance to residential or agricultural structures

(b), road density (c), and density of closed-canopy forest (d) by

female elk. Insets show fixed-effects estimates on narrower

axes. From left to right in each subpanel, results displayed are

fixed-effects parameter estimates for elk that died (open dash),

conditional coefficient estimates among elk that died (filled
circles), fixed-effects parameter estimates for elk that survived

(filled dash), conditional coefficient estimates among elk that

survived (filled circles), and the sample-wide fixed effects

estimate (filled square). Grouping relative to survival status

was established post-hoc
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Discussion

A problem-solving science

Recent thinking in landscape ecology has emphasized

the capacity of the discipline to provide spatially-

explicit solutions to landscape sustainability problems

(McAlpine et al. 2010). The investigation presented

here takes an important step in addressing landscape

sustainability relative to two human land uses that are

valued highly in cultural, economic, and ecological

terms (development of energy resources and conser-

vation of wildlife resources), but that have not always

found long-term compatibility (Nellemann and Cam-

eron 1998; Sawyer et al. 2006; Walker et al. 2007).

The map of habitat-performance states (Fig. 5c) offers

spatially explicit guidance for planning industrial

activity in ways that avoid high-performance habitat,

that minimize establishment of new low-performance

habitat, and that seek to recover habitat from low- to

high-performance states (sensu Aldridge and Boyce

2007). Quantitative analyses underpinning spatial

predictions of occurrence and risk provide informa-

tion on mechanisms driving observed landscape

patterns and processes. For example, in this study

occurrence of elk was driven by preference for

specific habitat types as well as responses to human

activity, whereas risk of mortality was a function of

human modification of the landscape with little

variation explained by habitat. Together, spatial

predictions and their underpinning analyses offer

stakeholders information on where conservation

intervention would be expected to have its greatest

benefit, and on what specific management actions

should be undertaken to realize such benefit (i.e., road

closures, access restrictions, etc.).

For animal populations that have been affected

negatively by human activity or for which there is

concern about future human-caused decline, depic-

tion of high-performance habitat (e.g., 23.8% of the

landscape in Fig. 5c) where animals are likely to

occur and have low risk of mortality should be

viewed as spatially-explicit identification of habitat

where further human-modification of the landscape

should be minimized to the greatest extent feasible.

Likewise, depiction of low-performance habitat (e.g.,

37.1% of the landscape in Fig. 5c) where animals are

likely to occur but have high risk of mortality (i.e.,

ecological trap) should be viewed as spatially-explicit

identification of habitat for which stakeholders

engaged in landscape planning ask what can be done

to reduce risk thereby reducing the landscape-level

extent of low-performance habitat. We envision the

spatial tools developed here to have direct application

in guiding development of sustainable strategies for

balancing landscape-level energy development and

elk management in the study area, and the concepts

of linking occurrence and demographic performance

within a hierarchical modeling framework to have

general application for animal conservation in

human-modified landscapes, independent of the taxa

involved.

Complexities in sustainable management

of human/wildlife interaction

This investigation revealed that human activity

mediated the spatial structure of mortality risk in

Fig. 3 Fixed-effects parameter estimates (95% CL) of night-

time selection for habitat features (a) and human activity (b) by

female elk using all available data. Open dashes represent elk

that died during the study, filled dashes represent elk that

survived. Grouping relative to survival status was established

post-hoc
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Fig. 4 Fixed-effects

parameter estimates (95%

CL) of day-time selection

for distance to the industrial

development footprint (a),

distance to residential or

agricultural structures (b),

road density (c), and density

of closed-canopy forest

(d) by female elk. Open
dashes represent elk that

died during the study, filled
dashes represent elk that

survived. Grouping relative

to survival status was

established post-hoc.

Parameter estimates

correspond to a given

temporal scale, or season,

described on x-axes

including late gestation/

spring green-up (16 March–

14 May), parturition/

lactation (15 May–30

August), rut/conception (1

September–31 October),

winter/gestation (1

November–15 March), and

all data collected on an

individual during the study

Table 2 Unstandardized and standardized parameter estimates, precision (SE), significance level (P), and estimated hazard ratios

and corresponding confidence limits (CL) for the Cox proportional hazards model of survival of female elk. Parameter estimates were

standardized using b�1 ¼ b1
sX

sY
where b1 is the unstandardized coefficient estimate, sX is the standard deviation of X, and sY is the

standard deviation of Y

Parameter Estimate (standardized) SE P Hazard ratio 95% hazard ratio CL

Closed-canopy forest -0.004 (-0.003) 0.11 0.97 0.99 0.81–1.23

Distance to industrial development footprint -1.42 (-0.961) 0.94 0.13 0.24 0.04–1.52

Distance to structure 1.20 (0.527) 0.61 0.05 3.33 1.01–11.05

Grassland -0.12 (-0.010) 0.12 0.31 0.89 0.70–1.12

Open-canopy forest 0.02 (0.002) 0.14 0.86 1.03 0.79–1.34

Road density -0.30 (-0.389) 1.85 0.87 0.74 0.02–27.88

Riparian 0.04 (0.002) 0.06 0.52 1.04 0.92–1.19

Shrub-dominated 0.08 (0.007) 0.13 0.55 1.08 0.83–1.41
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different ways depending on the type of human

activity. Further, individual variation in response to

human activity was not consistent across activity

types. Industrial development, which occurred

throughout a large portion of the landscape, was

associated with increased risk. Human activity asso-

ciated with the more locally distributed residential

and agricultural structures was associated with

reduced risk (on average). Conditional RSF coeffi-

cient estimates showed that the role of industrial

development in increasing risk was consistent across

individuals whereas the role of residential and

agricultural structures in establishing safe harbor

zones (Nielsen et al. 2006) was present but inconsis-

tent across individuals.

Deviation from the safe harbor pattern during

winter showed that safety from hunter harvest (the

chief source of mortality) was not a primary

mechanism by which structures functioned to

decrease mortality risk (sensu Haggerty and Travis

2006; Berger 2007). This suggests that a forage-

related benefit (Cook et al. 2004) could explain

lower risk of mortality among elk that showed a

greater affinity for structures in other seasons.

Overall, these findings fit with certain complexities

of animal conservation that are likely to become

increasingly prevalent and well-known in human-

modified landscapes. For example, we found strong

human-mediation of landscape-level processes (i.e.,

risk) that influence population persistence. We

found that human activity functioned to drive

spatial patterns of risk in fundamentally different

directions depending on activity type. And the

random-effects modeling approach revealed that

animal response to human activity involved indi-

vidual variation such that average responses must be

applied with caution (Gordon et al. 2004; Haggerty

and Travis 2006; Berger 2007; Cross et al. 2010;

Dzialak et al. 2011).

Risk and occurrence among elk exposed

to industrial activity

Twenty-two of 33 fatalities in this study were

determined conclusively to be human-caused. Here,

disturbance and roads associated with industrial

development increased human access to elk habitat

which increased risk of mortality, mainly through

harvest (Webb et al. 2011). The relationship between

human access and harvest vulnerability has been

shown previously (Unsworth et al. 1993; Cole et al.

1997; Hayes et al. 2002; McCorquodale et al. 2003).

Likewise, a general feature of animal behavior in

landscapes that contain spatially predictable refugia

from harm, such as residences (as was the case in this

study), is that animals seek out such refugia to

minimize risk (Thompson and Henderson 1998;

Conner et al. 2001; Stalling et al. 2002; Berger

2007). Use of such refugia is an emerging conserva-

tion dilemma for many animal species because it

decreases opportunities for management (Haggerty

and Travis 2006) potentially resulting in increased

population sizes, more frequent human-wildlife con-

flict, or heightened risk of disease (Cross et al. 2010).

A key addendum to these points is that other

physical features of the landscape that are known to

be attractive to animals may play little role in

modulating observed patterns of risk. For example, in

this study elk showed day-time selection for forest

and shrub-dominated areas, but neither of which

explained significant variation in risk of mortality.

Perhaps a general distinction between human-modi-

fied areas versus places with limited human activity

can be made. In more natural (complex) systems, risk

likely is a spatial function of both the source of risk

(e.g., predation) as well as habitat features that

mediate the outcome of high-risk encounters (Heb-

blewhite et al. 2005; Kauffman et al. 2007). In many

human-modified or heavily managed systems (sim-

ple), there may be relatively few ecological com-

plexities (i.e., trophic connections or refugia) to

dissipate strong human-mediated top-down influ-

ences (but see Stireman et al. 2005).

Individual-level selection for resources

Population-level patterns of increased versus

decreased risk associated with different respective

human activity types provide important information on

Fig. 5 Relative predicted probability of day-time occurrence

by female elk in Raton Basin, Colorado, USA, during

2006–2009 (a), and relative predicted probability of survival

based on the Cox proportional hazards model (b). Occurrence

and survival probabilities were combined to generate a

landscape-level habitat assessment with habitat states (low–

high risk) depicting relative risk (c). Also shown is the

conceptual framework by which habitat states (low–high risk)

were established (d)

b
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the ecology and conservation implications of animal

resource selection behavior. Yet, such information is

limited unless statistical models explicitly incorporate

a hierarchical modeling structure that addresses indi-

vidual-level selection for resources (sensu Bolnick

et al. 2003; Hebblewhite and Merrill 2008). In this

study, the random-effects approach revealed that,

among elk that died, the average response to residential

or agricultural structures was representative of only

58% of the observed individual variation, with 39% of

individuals showing contrasting behavior (avoidance)

and 3% selecting randomly (i.e., parameter estimate

near zero with 95% CI overlapping zero) for structures.

The average response to the industrial development

footprint was representative of 73% of the observed

individual variation, with only 6% of individuals

showing contrasting behavior (avoidance) and 21%

selecting randomly for the industrial development

footprint (Fig. 2a, b). The population-level response to

structures was much less indicative of individual-level

responses compared to the population-level response

to industrial development. Models that provide indi-

vidual-based information on animal behavior offer a

powerful tool to estimate which type of conservation

intervention, among available alternatives, is likely to

be the best option (Letcher et al. 1998; Pettifor et al.

2000). Here, the higher consistency in individual-level

selection for industrial development suggests that

conservation planning that emphasizes management

of this type of human activity may be the more effective

allocation of conservation dollars, rather than address-

ing sources of private refugia where animal response is

likely to reflect spatial and temporal heterogeneity in

human activity.

In landscapes where large-scale industrial activity is

a component of the overall human presence, engaging

industry will be a key component in managing animal

populations. Industry-related activities such as recla-

mation, restoration, and avoidance of key habitats

(Kiesecker et al. 2010) can be coordinated across large

spatial extents, and can be structured spatially using a

map of habitat-performance zones (Fig. 5c) with

effects that may be consistent across most individuals.

Heterogeneity in animal response as a function of other

human land uses that may be integrated at various

spatial (i.e., more locally) and temporal scales contin-

ues to present challenges to development of effective

recommendations for conservation intervention (sensu

Haggerty and Travis 2006).

Spatial modeling for animal conservation typically

does not include spatial predictions of demographic

performance; rather, patterns of occurrence are relied

upon for guidance of on-the-ground conservation

action. Relying on animal occurrence alone risks

channeling conservation effort and funding into an area

that essentially functions as an attractive sink where

occurrence may be high yet demographic performance

is poor (Pärt et al. 2007). Linking occurrence with a

metric of demographic performance such as risk of

mortality offers practitioners a tool for more reliable

prioritization of key habitat for conservation (reducing

human activity, restoration), and reduces the likeli-

hood that conservation dollars will be wasted. This

approach is particularly important in human-modified

landscapes because human activity tends to modify

animal behavior in ways that further complicate

interpretation of occurrence patterns, such as by

influencing niche breadth (Dzialak et al. 2011). The

key, and likely a limitation of the current approach, is

determining and measuring the most meaningful

metric of demographic performance at the scale most

relevant to the ecological and socioeconomic concerns

driving the investigation (Chalfoun and Martin 2007;

Wu 2008). Such information may be limited for species

that are uncommon or that have received attention

under endangered species provisions. In landscapes

where human activity is widespread or increasing,

investigations that link occurrence and with metrics of

demographic performance will have their strongest

application in sustainable landscape planning when

they decompose human activity into constituent parts

that are suspected to drive spatial patterns of risk in

different directions, and when human influences on the

structure of individual variation relative to the average

response is investigated.
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