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Abiotic, Bottom-Up, and Top-Down
Influences on Recruitment of Rocky Mountain
Elk in Oregon: A Retrospective Analysis
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ABSTRACT Understanding the relative effects of the many factors that may influence recruitment of
ungulates is fundamental to managing their populations. Over the last 4 decades, average recruitment in some
populations of elk (Cervus elaphus) in Oregon, USA declined from>50 to<20 juveniles per 100 females, and
several competing hypotheses address these declines. We developed a priori models and constructed
covariates spanning 1977–2005 from hunter-killed elk, elk population estimates, cougar harvest, and weather
statistics to evaluate abiotic, bottom-up, and top-down factors that may explain annual variation and long-
term trends of pregnancy, juveniles-at-heel in late autumn, and recruitment of juvenile elk in spring. In
models of pregnancy status, August precipitation, age, and cougar index had positive effects, whereas previous
year (t � 1) winter severity or winter precipitation(t�1) and elk density had negative effects. In models of
juvenile-at-heel in late autumn, August precipitation, August precipitation(t�1), cougar index � elk
density(t�1), and age had positive effects, whereas cougar index, elk density(t�1), and winter precipitation(t�1)

had negative effects. Juvenile recruitment was best explained by positive effects of August precipitation(t�1),
lactation rate, and cougar index � elk density(t�1) and negative effects of cougar index and elk density(t�1).
Winter severity, precipitation, and temperature were not significant in explaining variation in elk recruit-
ment. Annual variation in pregnancy, juvenile-at-heel, and recruitment was most influenced by August
precipitation, whereas long-term trends in recruitment were most influenced by cougar densities with
relatively weak effects of elk density. These results provide insight into causes of year-to-year and long-
term trends of elk recruitment and provide a basis for more rigorous evaluation of factors affecting
recruitment of elk. � 2012 The Wildlife Society.

KEY WORDS abiotic, bottom-up,Cervus elaphus, density-dependence, elk, oregon, predation, pregnancy, recruitment,
top-down.

Recruitment of juveniles is the most variable vital rate af-
fecting population trajectories of ungulates (Gaillard et al.
1998, Raithel et al. 2007, Harris et al. 2008), and a multitude
of abiotic, bottom-up, and top-down forces contribute to
variability in recruitment. Populations of elk (Cervus elaphus)
increased from near extirpation in the early 1900s (Cliff
1939) to being well-established throughout Oregon and
western North America, but in recent years, some elk pop-
ulations exhibited variability atypical of historic patterns,
with declining numbers and recruitment (Schommer and
Johnson 2003). Juvenile:100 adult female ratios (henceforth
recruitment) at the end of winter declined from >50 to <20
in Oregon (Oregon Department of Fish and Wildlife 2003,
henceforth ODFW), whereas elk populations increased,
remained relatively stable, or declined (Fig. 1). Several com-
pelling and competing hypotheses have been developed to

explain mechanisms for the variation observed in elk recruit-
ment in Oregon. Riggs et al. (2000) postulated overabun-
dance of elk accounted for long-term declines in productivity
operating through density-dependent mechanisms (Fowler
1987). Cook et al. (2004) demonstrated that nutritional
limitations affected body mass of juveniles entering winter,
which in turn influenced survival of juveniles through winter
when subjected to harsh winters, providing additional sup-
port for density-dependent limitation as well as support for
abiotic factors affecting elk recruitment. Complicating our
understanding of these relations are annual variation and
long-term patterns of climate exhibited by the El Niño
Southern Oscillation (ENSO; Stenseth et al. 2003) and
Pacific Decadal Oscillation (PDO; Hessl et al. 2004).
During periods of El Niño and positive PDO, winters are
warmer and drier in the Pacific Northwest (Hessl et al.
2004). El Niño cycles occurred in winters 1982–1983,
1986–1987, 1991–1993, 1994–1995, and 1997–1998
with intervening La Niña cycles in 1984–1985, 1988–
1989, and 1995–1996 (National Ocean and Atmospheric

Received: 26 October 2011; Accepted: 30 April 2012

1E-mail: bruce.k.johnson@state.or.us

The Journal of Wildlife Management; DOI: 10.1002/jwmg.427

Johnson et al. � Factors Affecting Elk Recruitment 1



Administration 2012). Recovery of several carnivore species
from recent near-extirpation adds another possible explana-
tion for declining recruitment in Oregon (Keister and Van
Dyke 2002) and other western states and provinces
(Hebblewhite et al. 2002, White and Garrott 2005,
Barber-Meyer et al. 2008, White et al. 2010). Johnson
et al. (2004) postulated that the long-term decline in elk
recruitment was a result of intraspecific competition for
forage, a decrease in availability of palatable forage, an in-
crease in carnivore populations, and adverse summer and
winter temperature and precipitation. Understanding how
these factors affect annual variation and long-term popula-
tion trajectories of elk is critical to effective management of
its habitats and con-specifics.
Abiotic, bottom-up, and top-down factors may be syner-

gistic in their effects on population dynamics of elk at various
stages of their life history, and the magnitude of their effects
may differ temporally. Nutritional condition of females is
fundamental to pregnancy status (Cook et al. 2004) and is the
foundation of reproductive performance in elk. The energetic
demands of lactation coupled with low digestible energy
of forages can retard recovery of nutritional condition of
females prior to the breeding season such that lactating
females may not ovulate or have delayed conception
(Cook et al. 2004). This can lead to late births and potentially
lower survival rates of juveniles in winter. Predation of neo-

nates by either black bears (Ursus americanus) or cougars
(Puma concolor), however, eliminates the nutritional demands
of lactation, allowing females to accumulate sufficient
nutrients to ovulate even when nutritional resources are
limited (Cook et al. 2004). Availability of nutritional resour-
ces in summer can exacerbate or minimize effects of lactation
on nutritional condition of elk (Cook et al. 2004). Summer
precipitation strongly influences the amount and duration of
high-quality, nutritious forage available in summer (Skovlin
1967, Vavra and Phillips 1980), providing a mechanistic link
to animal performance (National Research Council 1985,
Molle et al. 1995, Cook et al. 2004, Knape and deValpine
2010). Severe winter conditions may result in increased
vulnerability of juveniles to starvation or hypothermia
(Coughenour and Singer 1996, Garrott et al. 2003).
Intraspecific competition for forage can result in density-
dependent effects on recruitment; consequently, as ungulate
populations increase, the probability of density-dependent
effects increases (Eberhardt 2002).
The effects of predation may be compensatory with or

additive to abiotic or bottom-up factors; however, disentan-
gling the compensatory and additive roles of predation with
ungulate density is extremely difficult (White and Garrott
2005). In Oregon, cougar were nearly extirpated by the early
1960s, but remnant populations survived in remote areas of
the Cascade Range and the Blue Mountains (Fig. 2; Keister
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Figure 1. Population size (dashed line) and juvenile:100 female ratios (solid line) of Rocky Mountain elk in 12 Wildlife Management Units, Oregon, USA,
biological years 1979–2004. Solid rectangles represent year used in linear regression analysis of recruitment and Wildlife Management Unit numbers are in
parentheses.
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and Van Dyke 2002, ODFW 2006). With a change in
management direction beginning in 1961, cougar popula-
tions recovered throughout much of their historic range in
Oregon (ODFW 2006). From 1971 to 1994, cougar hunting
was restricted by tag allocation; however, hunting with use of
dogs was allowed. In 1994, Ballot Initiative 18 passed,
banning the use of dogs to hunt cougars. Subsequently, a
harvest quota has been used to limit cougar harvest by
hunters, but regulations were changed to allow unlimited
tag sales and nearly year-round hunting until the annual
harvest quota is met (ODFW 2006).
Attributes of summer and winter habitat for elk were

described by Skovlin et al. (2002). High quality summer
range for elk at a watershed scale provides a mosaic of
high quality forage areas, often characterized by early suc-
cessional forests, interspersed with areas of sufficient forest
cover and low open road densities to provide security as
described in elk habitat effectiveness models (Wisdom
et al. 1986, Thomas et al. 1988). Recent work in revising
elk habitat models incorporated nutritional attributes, hu-
man disturbance, and physical characteristics of landscapes
(U.S. Forest Service 2011) and demonstrated that habitat
quality must be placed in an ecosystem-context.
To better understand reasons for variable and declining

recruitment of elk in Oregon, we developed a priori models

to explain variation in reproductive performance consisting
of abiotic, bottom-up, and top-down factors. Our goals were
to identify factors that explained annual variation and long-
term trends in historic elk recruitment through analyses of
models for 1) elk pregnancy, 2) juvenile-at-heel in late
autumn inferred from lactation status, and 3) elk recruit-
ment, incorporating factors used in pregnancy and juvenile-
at-heel analyses.

STUDY AREA

Rocky Mountain elk occupy approximately 76,000 km2 of
Oregon east of the crest of the Cascade Range. The area
comprises 29 Wildlife Management Units (WMUs; Fig. 2)
whose boundaries follow topographic features, roads, and
political boundaries. TheseWMUs span 4 physiographic and
geologic provinces (Franklin and Dyrness 1973): Columbia
Basin, High Lava Plains, Owyhee Uplands, and Blue
Mountains, with the greatest elk numbers in the Blue
Mountains province (ODFW 2003). Coniferous habitats
are diverse across elevation and precipitation gradients,
and include western juniper (Juniperus occidentalis), ponder-
osa pine (Pinus ponderosa), Douglas fir (Pseudotsuga menzie-
sii), grand fir (Abies grandis), lodgepole pine (Pinus contorta),
Engelmann spruce (Picea engelmannii), and subalpine fir
(Abies laciocarpa), whereas deciduous forests are generally
uncommon. Non-forested areas consist of shrub and
bunch-grass dominated habitats and are interspersed with
forested areas at approximately a 60:40 ratio at the upper
elevations. At lower elevations, irrigated agriculture, live-
stock grazing, and human development predominate
(Franklin and Dyrness 1973). Human density is low
throughout this area with approximately 1.9 people/km2

(U.S. Census Bureau 2010). Elevation ranges from 400 m
to 3,000 m. Climate is characterized by cold and moist
winters and hot and dry summers. Precipitation declines
from north to south because of the influence of the
Columbia River (Heyerdahl et al. 2002).

METHODS

Sources of Data
Elk statistics.—The ODFW annually authorized antlerless

elk hunts to maintain elk populations at management objec-
tives, eliminate or minimize economic damage to agricultural
crops, and provide hunting opportunities within WMUs
(ODFW 2003). From data collected during antlerless elk
hunts that occurred in November or December, we compiled
reproductive information from 8,385 hunter-harvested fe-
male elk in controlled hunts from 1977 to 2004 inWMUs in
eastern Oregon. We selected sampled WMUs based on
allocated tags (>100) for antlerless hunts and interest of
ODFW biologists to participate in the sampling effort.
Hunters received collection bags in the mail and successful
hunters voluntarily submitted incisors for aging (n ¼ 6,999),
mammary tissue for assessing lactation status (n ¼ 6,768),
and uteri for assessing pregnancy status (n ¼ 7,480). Starting
in 1989, ODFW also asked hunters to collect kidneys and
associated fat (n ¼ 1,953) for determining kidney fat index

Figure 2. Wildlife Management Units used in analysis of elk recruitment,
Oregon, USA.

Johnson et al. � Factors Affecting Elk Recruitment 3



(KFI; Kohlmann 1999). Hunters deposited collection bags in
collection barrels scattered throughout WMUs, and we sub-
sequently froze samples and transported them to ODFW
Wildlife Population Laboratory for analysis (Kohlmann
1999). We aged elk by counting annuli of the central incisor
(Hamlin et al. 2000), and determined pregnancy and lacta-
tion status by inspection of uteri and mammary tissue. We
converted KFI to percent ingesta-free body fat (IFBF; Cook
et al. 2001). We estimated pregnancy and lactation rates
from elk �1 year old each biological year (t) for each WMU.
To ascertain if sampled years represented harvest levels
typical of WMUs in eastern Oregon, we calculated the
proportion of the post-season elk population harvested for
years 1991–2003 for 26 WMUs. Total antlerless harvest was
not estimated for years prior to 1991 or for 2004 and ant-
lerless harvest was not partitioned between juveniles and
older animals. We compared proportion of population har-
vested for WMU-years used to WMU-years not used with
Student’s t-test.
As a measure of annual recruitment, we used juvenile:adult

female ratios determined by ODFW biologists from elk
classification counts conducted in March or early April pri-
marily from helicopter surveys but supplemented by ground
observations. We used end-of-winter population estimates
for eachWMU derived from trend counts or models (POP2;
Fossil Creek Software 1999; Schommer and Johnson 2003;
ODFW, unpublished data). We estimated area of occupied
summer range within WMUs from maps (Rocky Mountain
Elk Foundation Measure and Prioritize Elk Habitat
Mapping Project; ODFW, unpublished data).We calculated
elk density from end-of-winter population/km2 of summer
habitat for each current or prior biological year.
Temperature and precipitation.—To summarize weather

within summer and winter ranges of each WMU, we
obtained 4-km � 4-km grid estimates of cumulative month-
ly precipitation (mm) and mean minimum monthly temper-
ature (8C) from 1965 to 2006 (PRISM Climate Group
2010). We overlaid summer and winter range polygons on
seasonal range maps and averaged the monthly precipitation
and temperature values across grids within the seasonal
ranges for each WMU for each year. We identified the
best relationship between IFBF and a suite of April to
August precipitation metrics to serve as an index to variabil-
ity in forage quality and subsequent animal condition and its
potential influence on reproductive performance. We did not
obtain enough kidney fat samples until 1989 to use IFBF
estimates for individual elk. We used WMUs with �3 years
of KFI data and a minimum of 10 KFI samples per year (6
WMUs, 15 yr). We conducted a random effects time-series-
cross-sectional regression analysis (SAS version 9.2; SAS
Institute, Inc., Cary, NC) for all possible (n ¼ 15) sequential
April to August 1-, 2-, 3-, 4-, and 5-month precipitation
totals with IFBF and selected the time interval with the
greatest R2. Based on the relationship between IFBF and
August precipitation (see below), we used August precipita-
tion for all years as an index to either KFI or IFBF.
We developed a winter severity index (WSI) from winter

temperature and precipitation. We reasoned that the

most severe winters would be those with greatest total
precipitation and coldest average temperature, hence the
greater the WSI, the more severe the winter conditions.
To combine winter temperature and precipitation into
1 metric, we calculated the average monthly minimum tem-
perature and total precipitation for December to February
for each WMU and year from 1965 to 2005. We
then standardized (x ¼ 0, SD ¼ 1) temperature and precip-
itation across all WMU–winter range–year combinations.
We calculated WSI for each biological year for each
WMU as WSI ¼ standardized precipitation � standardized
temperature.
Cougar.—We used 1,448 known-aged and 255 unaged

cougars from all sources of known mortalities from 1977
to 2009 to develop an index to cougar density using popula-
tion reconstruction (Lancia et al. 2005) for eachWMU in the
analysis. Starting in 1987, successful hunters were required to
present the cougar at an ODFW office to record harvest and
have biological samples collected. Prior to 1986, all cougar
hunters were surveyed via telephone survey to ascertain
success. We assumed hunters accurately reported the
WMU where the animal was killed. We did not attempt
to incorporate illegal kills or natural mortality into our
population reconstruction. Unaged cougars were assigned
an age of 3, because the average age of all known-aged
cougars killed was 3.18 years. Of the unaged cougars, 132
were from 5 WMUs where cougars were hunted prior to
1987 when mandatory reporting of harvested animals was
initiated. We estimated an annual cougar index from the
reconstructed minimum population/km2 of elk summer
range for each WMU. Our cougar index represents long-
term trends in cougar abundance within WMUs using the
most reliable data available. We compared our estimated
minimum populations to cougar population estimates used
to manage cougar populations in Oregon (ODFW 2006).
We summed our reconstructed population estimates for 10
of the 12 WMUs used in our study that were in Cougar
Management Zone E and calculated the correlation with
modeled population estimates for Zone E for 1994–2004
(B. K. Johnson, Oregon Department of Fish and Wildlife,
unpublished data).

Data Analysis

We calculated Pearson’s correlation coefficients among the
various covariates (R Development Core Team 2009) to
avoid using highly correlated covariates (r > j0.70j) within
the same model. We also examined each covariate for serial
correlation across years (Ramsey and Schafer 2002:448)
using P < 0.05 as the level of significance for Z.
Pregnancy and juvenile-at-heel models.—Our sampling unit

for both the pregnancy and juvenile-at-heel models was the
female elk from which reproductive data were obtained. To
model pregnancy, we used all 3- to 13-year-old female elk
with known age, pregnancy, and lactation status. We re-
stricted analysis to this age class because reproductive per-
formance is often variable for yearlings, 2-year olds, and
females >13 years (Flook 1970, Noyes et al. 1996). Each
record was associated with a WMU and year. We included
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covariates of elk age, lactation status, elk density(t) and (t�1),
cougar index(t), August precipitation(t) and (t�1),WSI(t�1),
December to February meanminimum temperature(t�1), and
December to February total precipitation(t�1). To model
juvenile-at heel status, we used samples from 3- to 13-
year-old females with known age and lactation status. We
assumed that a female still lactating when harvested in
autumn had its juvenile at heel; however, a small percentage
may have weaned their offspring. In an unpublished study, 2
of 67 females (3%) with juveniles known to be alive in late
November had weaned their offspring (B. K. Johnson, un-
published data). Because females continue to lactate for
about 11 days following loss or separation from their off-
spring (Noble andHurley 1999), a female still lactating could
have lost its juvenile in the previous 11 days. We used the
same covariates from the pregnancy models in our juvenile-
at-heel models, but also included pregnancy rate(t�1) for elk
3–13 years old to provide information on potential carryover
effects of pregnancy rate the previous year on current lacta-
tion status (i.e., fewer pregnant females results in fewer
possible juvenile-at-heel). We restricted our analysis to
WMUs with>10 females from the previous year to calculate
a pregnancy rate; consequently, our sample size was reduced
because it required 2 consecutive years of data.
We evaluated logistic regression models for pregnancy and

juvenile-at-heel at end of autumn using the known-fate data
in Program MARK (White and Burnham 1999) to take
advantage of the embedded coding for additional data sum-
maries. We analyzed each covariate separately, followed by
combining all abiotic, bottom-up, or top-down covariates in
3 separate models. We combined abiotic and bottom-up,
abiotic and top-down, and bottom-up and top-down cova-
riates in another 3 models. The final model consisted of
abiotic, bottom-up, and top-down covariates. We added the
interaction between cougar index and either elk density(t) or
elk density(t�1) to models containing those covariates. We
followed suggestions by Arnold (2010) and Burnham and
Anderson (2002) and identified uninformative covariates
whose 85% confidence intervals overlapped zero. We deleted
those covariates and reran the model for the final set of
competing models. We compared competing models using
Akaike’s Information Criterion adjusted for small sample
size (AICc; Burnham and Anderson 2002). We considered
models competing if within 2 AICc points of the top model.
We standardized the regression coefficients in the top model
to compare relative importance of each covariate. We esti-
mated the magnitude of effect of each covariate across the
range observed in our data while holding the other variables
constant at their means.We assessed relative variable ranking
and significance of covariates by summing Akaike weights
(wi) of models containing the covariate across all models
considered. Based on our model design, each covariate had an
equal chance to appear in the same number of models.
Recruitment model.—We used linear regression

(R Development Core Team 2009) to model elk recruitment
with covariates used in the pregnancy and juvenile-at-heel
models. We limited our analysis to WMU–year combina-
tions with �10 females �1 year old for calculating preg-

nancy rate(t�1) and lactation rate(t). We included yearling,
2-year-old, and >13-year-old females in calculating preg-
nancy and lactation rates for this analysis, because they
were included in classifications obtained at the end of winter.
We included the following covariates in our analysis:
elk density(t) and (t�1), cougar index(t), pregnancy rate(t�1),
lactation rate(t), August precipitation(t) and (t�1), WSI(t) and

(t�1), mean minimum December–February temperature(t)
and (t�1), and total December to February precipitation(t)
and (t�1).We followed the same steps in evaluating models as
we did for the pregnancy and juvenile-at-heel analyses. We
compared models using AICc, and deleted models that con-
tained uninformative covariates (Arnold 2010) and reran the
models without the uninformative covariate. We evaluated
competing models, magnitude of effects, and significance of
covariates as we did for pregnancy and juvenile-at-heel anal-
yses. We then evaluated model performance forWMU-years
that were used to build the model, and for WMU-years
where hunter-collected samples from elk were not available
from those sameWMUs by examining fit of predicted versus
observed recruitment and residuals of observed minus pre-
dicted recruitment (Ramsey and Schafer 2002). Because we
did not have data for lactation rate for the years not used to
build models, we evaluated the highest rankedmodel that did
not contain lactation rate. We explored effects of potential
bias in elk density estimates by increasing elk density 20%
and reevaluating competing models.

RESULTS

Among all models, the best predictor of IFBF was August
precipitation (R2 ¼ 0.32, Hausman test for random effects,
m ¼ 0.21, P ¼ 0.58). August was included in the best mod-
els of cumulative monthly sums of precipitation based on R2

values (R2 ¼ 0.19–0.24, see Appendix A, available online at
www.onlinelibrary.wiley.com).

Correlations Among Variables
We identified 157 WMU–year combinations that met our
criteria for analysis (Appendix B, available online at
www.onlinelibrary.wiley.com). Correlations between WSI
and winter precipitation (r ¼ 0.66) and winter temperature
(r ¼ �0.74) were high, so we did not include the later 2
variables in models with WSI. Winter precipitation(t) and
winter temperature(t) were not correlated (r ¼ 0.02). Winter
precipitation(t) and winter precipitation(t�1) were correlated
(r ¼ 0.55); however, neither winter temperature(t) nor
WSI(t) were correlated with winter temperature(t�1) or
WSI(t�1) (r < 0.25). August precipitation(t) was correlated
with winter temperature(t�1) (r ¼ �0.42) and WSI(t�1)

(r ¼ 0.42) but not with winter precipitation(t�1)

(r ¼ 0.19). Cougar index was correlated with both elk den-
sity (r ¼ 0.60) and elk density(t�1) (r ¼ 0.61), suggesting a
positive influence of elk on cougar population size. As
expected, elk density(t) and elk density(t�1) were highly cor-
related (r ¼ 0.97). Correlations between all other covariates
were <j0.33j. We observed serial correlations (P < 0.001)
within cougar index, elk density, winter precipitation, and
WSI but not for August precipitation (P ¼ 0.34) or winter
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temperature (P ¼ 0.11). Reconstructed and modeled cougar
population estimates from 1994 to 2004 were highly corre-
lated (r ¼ 0.96).

Pregnancy
We used 3,437 elk 3–13 years old with known pregnancy and
lactation status (x ¼ 137.5 samples/yr, SD ¼ 63.5,
range ¼ 21–228) across 12 WMUs from 1979 to 2004
(x ¼ 15.1 yr/WMU, SD ¼ 5.23, range 5–23 years). The
top model received 39% of the model weight and 3 other
models were competing (Table 1). Lactation status, age,
August precipitation(t), and cougar index were in all models
receiving >0.001 AICc weights (Table 2). Either elk
density(t�1) or elk density(t) and either WSI (t�1) or winter
precipitation(t�1) were also in the competing models. The
95% confidence intervals for age, WSI, and winter precipi-
tation overlapped zero. In the top model, the standardized
coefficients of the covariates were lactation status on the logit
scale (b̂ ¼ �0.503, SE ¼ 0.057), August precipitation(t)
(b̂ ¼ 0.450, SE ¼ 0.063), cougar index(t) (b̂ ¼ 0.329,
SE ¼ 0.067), elk density(t�1) (b̂ ¼ �0.172, SE ¼ 0.058),
WSI(t�1) (b̂ ¼ �0.102, SE 0.053), and age (b̂ ¼ 0.085,
SE ¼ 0.046). Pregnancy was most influenced by August
precipitation, changing 20.9 percentage points across the
range of August precipitation when other variables were
held constant at their means (Fig. 3a). Effect of cougar index
increased pregnancy rate 14.8 percentage points (Fig. 3b),
whereas elk density(t�1) decreased the rate by 12.3 percentage
points (Fig. 3c). Pregnancy rate differed by 12.7 percentage
points between lactating and non-lactating females (Fig. 3d)

and 7.7 percentage points asWSI(t�1) varied across the range
of its scores (Fig. 3e). The effect of female age on pregnancy
rate was relatively small, varying only 3.8 percentage points
between 3- and 13-year-old females (Fig. 2f). Covariates for
August precipitation(t�1), winter temperature(t�1), pregnan-
cy rate(t�1), and cougar index � elk density were uninfor-
mative in all models and were dropped from the final models
analyzed.

Juvenile-at-Heel in Late Autumn From Lactation Status
We used 3,013 females 3–13 years old with known lactation
status (x ¼ 115.9 samples/yr, SD ¼ 58.8, range ¼ 13–223)
across 12 WMUs from 1979 to 2004 (x ¼ 11.5 yr/WMU,
SD ¼ 6.23, range 2–22 years). The top model received 95%
of model weight and no other models were competing. Two
additional models had model weights>0.001 (Table 3). The
standardized coefficients of the top model were cougar index
(b̂ ¼ � 0.415, SE ¼ 0.066), elk density(t�1) (b̂ ¼ � 0.105,
SE ¼ 0.050), age (b̂ ¼ 0.156, SE ¼ 0.042), winter precip-
itation(t�1) (b̂ ¼ � 0.157, SE ¼ 0.042), cougar index � elk
density(t�1) (b̂ ¼ 0.165, SE ¼ 0.032), August precip-
itation(t�1) (b̂ ¼ 0.189, SE ¼ 0.044), and August precipi-
tation(t) (b̂ ¼ 0.116, SE ¼ 0.043). This model contained a
mix of abiotic, bottom-up, and top-down covariates with
cougar index having >2 times the magnitude of effect com-
pared to the standardized coefficients of any other covariate.
Cougar index(t), age, August precipitation(t�1), August pre-
cipitation(t), and elk density(t�1) or elk density(t), and their
interaction with cougar index occurred in all models that
received >0.001 model weight (Table 2). Juvenile-at-heel

Table 1. Model selection results from an analysis of factors affecting pregnancy of elk in Oregon, 1979–2004 based on Akaike’s Information Criterion with
small sample size correction (AICc). Pregnancy status (dependent variable) and lactation status (lactation) were determined from inspection of uteri and
mammary tissue of 3,437 elk ages 3–13 years old killed by hunters in late autumn. August precipitation (Aug ppt) was current year total precipitation in August
for elk summer range within wildlife management unit (WMU), whereas previous year (t � 1) winter (Dec to Feb) total precipitation (Wpptðt�1Þ ) and previous
year mean minimum temperature (Wtempðt�1Þ ) were for elk winter range within the Wildlife Management Unit (WMU). Index of cougar density (Coug index)
represents the annual reconstructed cougar population/km2 of elk summer range for theWMU.Elk density was estimated at end of the previous (Elk den(t�1)) or
current biological year (Elk den) and calculated from population estimate/km2 of elk in their summer range for the WMU. Previous year winter severity index
(WSI(t�1)) was standardized Wpptðt�1Þ � standardized Wtempðt�1Þ . We report change in AICc (DAICc) from the most supported model, Akaike weights (wi),
model likelihood (LL), and number of parameters (K).

Modela AICc DAICc wi LL K

Lactation, Aug ppt, Coug index, Elk den(t�1), WSI(t�1), Age 3055.82 0.00 0.39 1.00 7
Lactation, Aug ppt, Coug index, Elk den(t�1), Wpptðt�1Þ , Age 3056.91 1.09 0.23 0.58 7
Lactation, Aug ppt, Coug index, Elk den, WSI(t�1), Age 3057.03 1.21 0.22 0.55 7
Lactation, Aug ppt, Coug index, Elk den, Wpptðt�1Þ

b, Ageb 3057.62 1.80 0.16 0.41 7
Lactation, Coug index, Elk den 3112.72 56.90 0 0 4
Lactation, Coug index, Elk den(t�1) 3113.81 57.99 0 0 4
Lactation, Coug index 3117.47 61.65 0 0 3
Lactation 3135.49 79.67 0 0 2
Coug index, Aug ppt 3153.44 97.62 0 0 3
Aug ppt, Wtempðt�1Þ

b 3176.59 120.77 0 0 3
Aug ppt 3176.86 121.04 0 0 2
Coug index 3199.66 143.84 0 0 2
Intercept 3225.13 169.31 0 0 1
Wtempðt�1Þ

b 3225.20 169.38 0 0 2
WSI(t�1)

b 3225.39 169.57 0 0 2
Elk den(t�1)

b 3225.54 169.72 0 0 2
Elk denb 3226.38 170.56 0 0 2
Ageb 3226.55 170.73 0 0 2

a We deleted covariates Aug ppt(t�1), pregnancy rate(t�1), andWtempðt�1Þ frommodels because their 85% CIs overlapped zero. All covariates without subscript
(t) are for current biological year.

b Covariate whose 95% CI overlapped zero.
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wasmost influenced by cougar index, changing 52 percentage
points across the range of cougar index when other variables
were held constant (Fig. 4b). Juvenile-at-heel increased 20
percentage points across the range of August precip-
itation(t�1) (Fig. 4f). Juvenile-at-heel decreased 11 and 18
percentage points across the ranges of elk density(t�1)

(Fig. 4a) and winter precipitation(t�1) (Fig. 4d), respectively;
it increased 12 percentage points across the ranges of both
August precipitation(t) (Fig. 4e) and age (Fig. 4c). Pregnancy

rate(t�1) was an uninformative covariate and dropped from
models analyzed.

Juvenile Recruitment at End of Winter

We identified 12 WMUs that met our sample size require-
ments for calculating pregnancy(t�1) and lactation rates(t)
(n ¼ 157 WMU-years, x ¼ 13.1 yr/WMU, SD ¼ 5.2,
range ¼ 5–22 yr) from 1978 to 2004 (Fig. 1, Appendix
B available online at www.onlinelibrary.wiley.com). The

Table 2. Sum of model weights (wi) of covariates from model selection results based on Akaike’s Information Criterion in models for elk pregnancy and
juvenile-at-heel through late autumn inferred from lactation status for elk 3–13 years old and juvenile recruitment (juvenile:female ratios in early spring),
Oregon, USA, 1979–2004. Covariates are for current (t) or previous biological year (t � 1). Pregnancy status and juvenile-at-heel status were determined from
>3,000 samples of individual elk, and juvenile recruitment was determined from early spring juvenile: adult female ratios in Wildlife Management Units
(WMUs; n ¼ 157 WMU–year combinations).

Covariate wi Pregnancy wi Juvenile-at-heel in late autumn wi Recruitment in spring

Age 1.00 1.00
August precipitation(t�1) 0.00 1.00 1.00
August precipitation(t) 1.00 1.00 0.00
Cougar index 1.00 1.00 1.00
Cougar index � Elk density(t�1) 0.00 0.96 0.54
Cougar index � Elk density(t) 0.00 0.04 0.46
Elk density(t�1) 0.62 0.96 0.54
Elk density(t) 0.38 0.04 0.46
Lactation rate 0.83
Lactation status 1.00
Pregnancy rate(t�1) 0.00 0.00
Winter precipitation(t�1) 0.39 0.99 0.00
Winter precipitation(t) 0.00
Winter severity index(t�1) 0.61 0.01 0.00
Winter severity index(t) 0.00
Winter temperature(t) 0.00
Winter temperature(t�1) 0.00 0.00 0.00

Figure 3. Covariate effect for model of pregnancy (y-axis) from elk 3 to 13 years old (n ¼ 3,437) collected by hunters in late autumn in Oregon, USA,
1979–2004. Each graph (a–f) shows 1 covariate varying across the range of observations while holding the remaining covariates constant at their means for the
model pregnancy ¼ 1.866 � 1.1108 � lactation status þ 0.0215 � August precipitation þ 15.52 � cougar index � 0.112 � elk density(t�1) � 0.079 �
winter severity index(t�1) þ 0.0291 � age.
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proportion of the post-season population killed during ant-
lerless elk hunts did not differ (P ¼ 0.62) between WMU-
years used (x ¼ 0.1098, SD ¼ 0.053, n ¼ 79) and not used
(x ¼ 0.114, SD ¼ 0.799, n ¼ 259) for years 1991–2003.
Cougar index, August precipitation(t�1), and either elk den-
sity(t) or elk density(t�1) and their interactions with cougar
index were in all models receiving >0.003 model weights
(Table 4). One model was within 2 AICc points of the top
model, and that model substituted elk density(t) for elk
density(t�1) (Table 4). The standardized coefficients of the
covariates in the top model were cougar index (b̂ ¼ � 0.544,
SE ¼ 0.107), elk density(t�1) (b̂ ¼ � 0.203, SE ¼ 0.083),
August precipitation(t�1) (b̂ ¼ 0.215, SE ¼ 0.068), lacta-
tion rate(t) (b̂ ¼ 0.157, SE ¼ 0.070), and cougar index -
� elk density(t�1) (b̂ ¼ 0.176, SE ¼ 0.050). This model
contained abiotic, bottom-up, and top-down covariates
with cougar index having>2.5 times the magnitude of effect
compared to the standardized coefficients of any other co-
variate. August precipitation(t�1) entered into all competing
models and likely reflected its influence on pregnancy and
nutritional condition. None of the covariates for pregnancy
rate(t�1), winter temperature, winter precipitation, or WSI
entered into any of the top models (Table 2). Because
lactation rate entered into the top and competing models
and had considerable weight for all models (wi ¼ 0.82),

survival from end of autumn through winter was consistent,
providing further evidence thatWSI, winter precipitation, or
winter temperature did not significantly affect recruitment.
Post hoc exploration revealed that potential bias in estimates
of elk density reduced the magnitude of coefficients for elk
density(t�1) and the interaction of elk density(t�1) � cougar
index but results did not change for model selection or
predicted recruitment.
For WMU-years used in model building, the linear model

of observed versus predicted juvenile:adult female ratio had a
slope of 1 (observed ¼ 1.0005 � predicted � 0.014, n ¼
157, R2 ¼ 0.36) with little evidence of serial correlation
in residuals (Z ¼ 1.182, P ¼ 0.12, n ¼ 127). When we
predicted recruitment using the 3rd ranked model (we did
not have estimates of lactation rates) for the WMU-years
from 1978 to 2005 not used in our analysis, the predicted
versus observed had a slope of 1 (observed ¼ 0.984 �
predicted � 0.39, n ¼ 144, R2 ¼ 0.25). We found strong
evidence of serial correlation in the residuals (Z ¼ 8.12,
P < 0.0001, n ¼ 122) with predicted recruitment greater
than observed recruitment in later years.

DISCUSSION

Complex relationships existed among abiotic, bottom-up,
and top-down factors that affected elk productivity at 3

Table 3. Model selection results of juvenile-at-heel at the end of autumn inferred from lactation status of 3,013 female elk killed by hunters in Oregon in late
autumn, 1979–2004, based on Akaike’s Information Criterion with small sample size correction (AICc). Pregnancy and lactation status were determined from
inspection of uterine andmammary tissue.We report change in AICc (DAICc) from themost supportedmodel, Akaike weights (wi), model likelihood (LL), and
number of parameters (K).

Modela AICc DAICc wi LL K

Coug index, Elk den(t�1), Age, CI � ED(t�1), Aug ppt(t�1), Wpptðt�1Þ , Aug ppt 3506.25 0 0.95 1 8
Coug index, Elk den, Age, CI � ED, Aug ppt(t�1), Wpptðt�1Þ , Aug ppt 3512.44 6.19 0.04 0.05 8
Coug index, Elk den(t�1), Age, CI � ED(t�1), Aug ppt(t�1), WSI(t�1)

b, Aug ppt 3517.15 10.89 0.01 0.00 8
Coug index, Elk den, Age, CI � ED, Aug ppt(t�1), WSI(t�1)

b, Aug ppt 3524.67 18.42 0.00 0.00 8
Coug index, Elk den(t�1)

b, Age, Aug ppt(t�1), Wpptðt�1Þ , Aug ppt 3531.20 24.95 0 0 7
Coug index, Elk denb, Age, Aug ppt(t�1), Wpptðt�1Þ , Aug ppt 3533.45 27.19 0 0 7
Coug index, Elk den(t�1), Age, CI � ED(t�1) 3539.87 33.62 0 0 5
Aug ppt(t�1), Wpptðt�1Þ , Aug ppt, Elk den(t�1), Age 3541.54 35.28 0 0 6
Coug index, Elk den, Age, CI � ED 3541.93 35.68 0 0 5
Coug index, Aug ppt(t�1), Wpptðt�1Þ , Aug ppt 3542.52 36.27 0 0 5
Coug index, Elk den(t�1), Age 3563.38 57.13 0 0 4
Coug index, Elk den, Age 3566.20 59.95 0 0 4
Aug ppt(t�1), Wpptðt�1Þ , Aug ppt 3569.42 63.16 0 0 4
Elk den(t�1), Age 3569.98 63.73 0 0 3
Coug index 3574.17 67.92 0 0 2
Elk den, Age 3577.57 71.32 0 0 3
Elk den(t�1) 3579.69 73.44 0 0 2
Wtempðt�1Þ 3580.56 74.31 0 0 2
Aug ppt(t�1) 3581.29 75.04 0 0 2
Age 3586.31 80.06 0 0 2
Wpptðt�1Þ 3586.68 80.43 0 0 2
Elk den 3587.50 81.25 0 0 2
Aug pptb 3595.87 89.62 0 0 2
Intercept 3596.38 90.13 0 0 1
Preg rate(t�1)

b 3597.836 91.57 0 0 2
WSI(t�1)

b 3598.08 91.83 0 0 2

a Coug index: index of cougar density, Elk den: Elk density at end of the previous (t�1) or current biological year, CI � ED(t�1): interaction of cougar
index � previous year elk density, Aug ppt: August precipitation the previous (t�1) or current biological year, Wpptðt�1Þ : previous year winter (Dec to Feb)
total precipitation, WSI(t�1): previous year winter severity index, Wtempðt�1Þ : previous year (Dec to Feb) mean minimum temperature (we deleted Wtempðt�1Þ
from additive models because the sign of the covariate was negative), Preg rate(t�1): previous year pregnancy rate. All covariates without subscript (t) are for
current biological year.

b Covariate whose 95% CI overlapped zero.
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stages—reproduction, juvenile-at-heel in late autumn, and
recruitment into the yearling age class. The theory for den-
sity-dependent population regulation is well developed
(Fowler 1987, Eberhardt 2002) and documented for ungu-
late populations in the absence of top-down forces (Klein
1968, Skogland 1985, Sæther 1997, Coulson et al. 2001,
Simard et al. 2010). Effects of weather and carnivore pop-
ulations on juvenile survival or recruitment have been iden-
tified for elk (Hebblewhite et al. 2002, Griffin et al. 2011),
caribou (Rangifer tarandus; Hegel et al. 2010a, b), and moose
(Alces alces; Vucetich and Peterson 2004). Krebs (2002) out-
lined a multiple factor hypothesis in which several factors
may interact to affect population change. Our analysis pro-
vides 1 example that fits Krebs (2002) multiple factor hy-
potheses where controlling variables (i.e., cougar index, elk
density, August precipitation) can be identified among the
many possible variables identified as possibly limiting
recruitment.
Retrospective analyses of effects of abiotic, bottom-up, and

top down factors on ungulate population dynamics provide
insight into complex ecological processes (i.e., Singer et al.
1997; Vucetich and Peterson 2004; Hegel et al. 2010a, b;
Simard et al. 2010). Covariates with strong effects will be
identified, whereas other covariates with either subtle or
variable effects that could be identified in short-term studies
will not be carried forward in analyses that span many years.

Our analyses spanned 25 years and with the covariates we
selected, sampling and process variation existed that were
difficult to quantify. Our cougar index was based on all
known mortality sources (i.e., hunters, livestock damage,
human safety), and underestimated the true cougar density
because it did not include most natural or illegal mortalities.
Our index was also biased low in the later years of our study
because older-aged cougars were still alive that would in-
crease the cougar index. Our cougar index may have been
biased low for early years (1978–1986) because we assigned
an average age of 3 to all cougars killed. In spite of the
potential biases, our population estimates reflected trends in
population trajectories over the 25 years in these analyses. In
a majority of the WMUs in our analyses, cougar populations
increased from very low numbers to population levels that
allowed for sustainable hunting opportunities and resulted in
numerous livestock and pet depredations (ODFW 2006:14).
Our estimates of August and winter precipitation and winter
temperatures were derived from models of topographic fea-
tures with weather stations that were close but usually not
within summer or winter ranges of elk (PRISM Climate
Group 2010). Elk populations were derived by biologists
with varying skills in estimating populations and population
estimates based on trend counts may have been biased low.
We assumed that elk populations resided in the WMU
throughout the year but this was not always the case. For

Figure 4. Covariate effect from top model of juvenile-at-heel to end of autumn (y-axis) from lactation status of elk 3–13 years old (n ¼ 3,013) collected by
hunters in late autumn in Oregon, 1979–2004. Each graph (a–f) shows 1 covariate across its range of observations while holding the remaining covariates
constant at their means using the model of lactation ¼ 1.297 � 36.25 � cougar index þ 0.053 � age � 0.1483 � elk density(t�1) þ 5.836 � cougar
index � elk density(t�1) þ 0.0084 � August precipitation(t�1) � 0.0027 � winter precipitation(t�1) þ 0.0055 � August precipitation(t).
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example, some elk that wintered in Snake River WMU
dispersed into adjacent WMUs in summer (V. Coggins,
Oregon Department of Fish and Wildlife, unpublished
data). The strength of the logistic regression analysis comes
from our large sample of elk (>3,000) spanning 25 years that
allowed us to evaluate annual and long-term variation in
pregnancy and juvenile-at-heel even though sampling and
process variation could not be separated.
We observed serial correlation in the residuals of observed–

predicted juvenile recruitment for WMU-years not included
in our analysis. Three factors could account for this pattern.
First, our cougar index is likely biased low in the latter years
of our analysis (1998–2004). As cougar populations increased
from extremely low numbers, our cougar index reflected the
trend in population; however, our minimum population
estimate was underestimated in later years because we did
not include animals yet to be harvested by hunters. The last
year used to reconstruct cougar populations was from cougars
killed in 2009, and cougars older than 6 years that were still
alive would not be included in the reconstruction. As an
example, one cougar killed in 2010 was captured and marked
as a kitten in 1995 and not included in our population
reconstruction. Second, our samples were obtained in
WMUs with antlerless elk hunting that may have biased
the recruitment estimates higher by 2–4 juveniles per 100

females because hunters likely selected for adult elk. The
number of WMUs in our analysis decreased in later years
(2000–2004), because numbers of antlerless tags were re-
duced and some antlerless elk hunts eliminated. Instead of
being used to build our models, those WMUs were included
in analysis of model performance but without the influence of
antlerless elk harvest increasing juvenile to adult female
ratios. Third, we did not include black bears in our analysis.
Black bears were ubiquitous in the WMUs included in this
analysis and were never reduced to extremely low numbers as
were cougars, but we did not have estimates of bear popula-
tion size. Black bear harvest increased in the 12WMUs from
1978 to 2003; however, bear harvest was inconsistently
estimated with no reliable estimates generated before
1992. From 1992 to 2003, number of bear harvested in
autumn was stable to slightly lower over time, but annual
harvest (x ¼ 252, SD ¼ 62) increased because limited quota
hunts for bears in spring were initiated in 7 of the 12WMUs
(ODFW, unpublished reports). If bear populations increased
during our period of analysis, then black bear predation could
contribute to the trend of the residuals. Black bears prey on
elk neonates, but in northeastern Oregon and southwestern
Washington, predation rates by cougar was>4 times greater
than black bear predation on juvenile elk (Myers et al. 1998,
Rearden 2005, Griffin et al. 2011).

Table 4. Model selection results of juvenile to 100 female ratios from linear regression based on end-of-winter classification counts fromWildlifeManagement
Units (WMU) in Oregon, 1979–2005, based on Akaike’s Information Criterion with small sample size correction (AICc). Pregnancy rate from the previous
biological year (t � 1) (Preg rate(t�1)) and lactation rate (Lact rate) were determined from eachWMUwith>10 reproductive tracts. The interaction of cougar
index � previous year elk density was CI � ED (t�1). We report change in AICc (DAICc) from the most supported model, Akaike weights (wi), model
likelihood (LL), and number of parameters (K).

Modela AICc DAICc wi LL K

Coug index, Aug ppt(t�1), Elk den(t�1), Lact rate, CI � ED(t�1) 1079.43 0.00 0.44 1.00 6
Coug index, Aug ppt(t�1), Elk den, Lact rate, CI � ED 1079.74 0.30 0.38 0.86 6
Coug index, Aug ppt(t�1), Elk den(t�1), CI � ED(t�1) 1082.43 3.00 0.10 0.22 5
Coug index, Aug ppt(t�1), Elk den, CI � ED 1082.96 3.52 0.08 0.17 5
Coug index, Aug ppt(t�1), Elk den(t�1), Lact rate 1089.61 10.18 0.00 0.00 5
Coug index, Aug ppt(t�1), Elk denb, Lact rate 1091.65 12.22 0.00 0.00 5
Coug index, Lact rate, Elk den(t�1) 1095.50 16.07 0.00 0.00 4
Lact rate, Elk den(t�1), Aug ppt(t�1) 1099.98 20.54 0.00 0.00 4
Lact rate, Elk den, Aug ppt(t�1) 1104.53 25.09 0.00 0.00 4
Elk den(t�1), Lact rate 1104.70 25.26 0.00 0.00 3
Coug index 1107.81 28.38 0.00 0.00 2
Elk den, Lact rate 1108.68 29.24 0.00 0.00 3
Elk den(t�1) 1118.11 38.68 0.00 0.00 2
Lact rate 1123.22 43.79 0.00 0.00 2
Elk den 1123.49 44.06 0.00 0.00 2
Aug ppt(t�1) 1134.25 54.82 0.00 0.00 2
Wppt 1138.13 58.70 0.00 0.00 2
Intercept 1139.40 59.97 0.00 0.00 1
Wtemp

b 1139.45 60.02 0.00 0.00 2
Wpptðt�1Þ

b 1139.74 60.30 0.00 0.00 2
Wtempðt�1Þ

b 1140.35 60.91 0.00 0.00 2
WSIb 1141.15 61.72 0.00 0.00 3
Preg rate(t�1)

b 1141.32 61.88 0.00 0.00 2
Aug pptb 1141.42 61.98 0.00 0.00 2
WSI(t�1)

b 1141.42 61.99 0.00 0.00 2

a Coug index: index of cougar density, Elk den: Elk density at end of the previous (t�1) or current biological year, CI � ED(t�1): interaction of cougar
index � previous year elk density, Aug ppt: August precipitation the previous (t�1) or current biological year,Wppt : December to February total precipitation
the previous (t�1) or current biological year, WSI: winter severity index the previous (t�1) or current biological year, Wtemp: December to February mean
minimum temperature the previous (t�1) or current biological year, Preg rate(t�1): previous year pregnancy rate. We deleted covariates from models
containing Aug ppt, Preg rate(t�1),WSI,Wtemp, andWppt because the 85%CI broadly overlapped zero and sign of the coefficients were opposite of what was
expected (positive for WSI and Wppt ). All covariates without subscript (t) are for current biological year.

b Covariate whose 95% CI overlapped zero.
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Pregnancy was strongly linked to nutritional factors.
August precipitation had a larger positive effect than the
negative effect of elk density on pregnancy rates across their
ranges of variation observed. Climate in northeastern
Oregon is characterized by relatively high spring and early
summer precipitation, whereas July, August, and September
are typically hot and dry; however, summer precipitation can
be highly variable (Bryant 1993), causing wide fluctuations in
forage growth in late summer prior to and during the rut,
thus affecting protein (Skovlin 1967) or digestible energy
(Holechek et al. 1981) of forage. Lactating elk had a lower
probability of pregnancy than non-lactating females because
of the nutritional requirements of lactation (Cook et al.
2004) and thereby providing support that nutritional resour-
ces were limited but mediated by August precipitation.
Further, cougar index positively affected elk pregnancy.
Cougar predation on juvenile elk in northeast Oregon is
high during the first 3 months following parturition
(Rearden 2005). An elk whose neonate is killed has sufficient
time to accumulate nutritional resources to ovulate in fall
even when digestible energy of forage is low (Cook et al.
2004). Winter precipitation(t�1) entered into the top model
for pregnancy with a negative coefficient, indicating a possi-
ble nutritional carryover effect of winter precipitation
through summer on pregnancy; however, the magnitude
of the effect was small, based on its standardized coefficient
and standard error. Models with cougar index � elk density
interaction were not considered competing in the pregnancy
analysis, because 85% confidence intervals broadly over-
lapped zero and were approximately 2 AICc points more
than models without that covariate.
The top model in the juvenile-at-heel analysis contained

covariates also found in the top pregnancy model (Tables 1
and 3), but did not include pregnancy rate(t�1). Sign or
magnitude of coefficients, however, changed between preg-
nancy and juvenile-at-heel models indicating differences in
relative importance of the various covariates. The standard-
ized coefficients of cougar index in the pregnancy and juve-
nile-at-heel models changed from 0.33 to�0.41, and cougar
index had the largest covariate effect (Fig. 4). The standard-
ized coefficient for August precipitation(t) declined from 0.45
to 0.19 for August precipitation(t�1), and inclusion of August
precipitation(t�1) in the juvenile-at-heel model indicated its
strong link to pregnancy(t�1) through effects of nutrient
flushing or a carry-over effect of nutritional condition to
the current year. Elk density(t�1) had standardized coeffi-
cients of �0.17 and �0.11 in the top model for pregnancy
and juvenile-at-heel and varied the least of all covariates
indicating that effects of elk density were consistent in
both models. The standardized coefficients for age of females
increased from 0.08 to 0.16 suggesting that older females
may be more successful in raising their offspring through
summer. Furthermore, the 95% confidence intervals for age
in the pregnancy model overlapped zero, indicating differ-
ences in pregnancy rates among prime-aged animals is mini-
mal. Winter weather covariates were not consistent between
pregnancy and juvenile-at-heel models.Winter weather neg-
atively influenced pregnancy and juvenile-at-heel, providing

evidence of carryover effects operating on female or fetal
condition or neonatal survival; however, the 95% confidence
interval for winter precipitation overlapped zero indicating
this variable was only marginally influential. Furthermore,
winter weather was not a significant source of mortality
for adult female elk. Excluding predation-caused mortality,
winter mortality of adult female elk was documented on 15
occasions between 1 February and 30 April, for 495 radio-
collared animals in 12 different studies in Oregon spanning
49 radio-monitoring years from 1982 to 2008 (B. K.
Johnson, unpublished data).
Interannual variation in recruitment (juvenile to female

ratios in spring) was attributable to juvenile rather than adult
survival (Raithel et al. 2007) and provided evidence of pop-
ulation trajectories (Harris et al. 2008). Knape and deValpine
(2010) found climate covariates explained annual variation in
population parameters but performed poorly in explaining
long-term patterns, and our analyses support Knape and
deVepine’s observations. We did not detect serial correlation
in August precipitation but did detect serial correlation
in cougar index and elk density; consequently August pre-
cipitation contributed to annual variation in pregnancy,
juvenile-at-heel, and recruitment. But long-term trends in
recruitment were driven by cougar index (b̂ ¼ � 0.544,
SE ¼ 0.107, CV ¼ 0.19) based on the magnitude of effects
of the covariate plots (Figs. 4 and 5). In the absence of
cougars, elk density(t�1) would contribute to lower recruit-
ment because its coefficient was negative (b̂ ¼ � 0.203,
SE ¼ 0.083, CV ¼ 0.40); however, the coefficient for
cougar index � elk density(t�1), was positive (b̂ ¼ 0.176,
SE ¼ 0.050, CV ¼ 0.32), minimizing the effect of elk den-
sity on recruitment. In our recruitment analysis, we found
cougar index, August precipitation(t�1), lactation rate(t), and
either elk density(t) or elk density(t�1) and their interactions
with cougar index in all models with model weights >0.02.
Both August precipitation and elk density in the year of
conception influenced pregnancy, juvenile-at-heel, and re-
cruitment, indicating the influence of abiotic and bottom-up
limitation on pregnancy carrying through to the following
year. Pregnancy rate(t�1), was an uninformative covariate in
both the juvenile-at-heel and recruitment analyses likely
because the strong top-down effect of cougar index negated
the influence of pregnancy rate by increasing pregnancy rates
while reducing recruitment. August precipitation(t�1) oc-
curred in all juvenile-at-heel and recruitment models, and
with much greater model weights than pregnancy rate(t�1).
This was possibly because August precipitation was func-
tionally linked to nutritional condition for elk in the entire
WMU. Neither winter temperature nor winter precipitation
were influential explanatory variables based on model
weights for survival of juveniles through winter, whereas
lactation rate had high model weight, indicating survival
of juveniles from late autumn to end of winter was relatively
constant among years. Because we could not detect a winter
weather effect, we assume that winter ranges in Oregon
sufficiently met habitat requirements (Thomas et al.
1988), populations were below ecological carrying capacity
of winter ranges, average winter temperature was within the
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thermal neutral zone of elk (Parker and Robbins 1984), or
winter conditions were much milder compared to severe
winter conditions reported for other winter ranges of elk
(Coughenour and Singer 1996, Loison and Lagvatn 1998,
Garrott et al. 2003).
Density-dependent effects were evident for pregnancy,

juvenile-at-heel, and recruitment when other covariates
were held constant, but did not explain the lowest recruit-
ment observed (Fig. 5). Rather, cougar index provided the
strongest explanatory power for the low recruitment observed
in Rocky Mountain elk in Oregon. Using our top model and
mean values for August precipitation and lactation rate to
predict recruitment, effect of cougar index was strongest at
lower elk densities and became less influential at high elk
densities (Fig. 6).
Managers attempting to maintain high-quality habitats to

minimize density-dependent effects for elk must evaluate
landscapes in an ecological context. Distributions and habitat
selection of elk vary across seasons and respond to human
activities of traffic (Rowland et al. 2000), recreational activi-
ties (Naylor et al. 2009), cattle grazing (Coe et al. 2001,
2004), and physical attributes of landscapes (Coe et al. 2011).
Herbaceous forage varies quantitatively among habitat types
(Johnson and Clausnitzer 1992) and within forested habitats
(Jameson 1967, Pyke and Zamora 1982), whereas forage
quality varies seasonally Skovlin (1967) across landscapes
(Holechek et al. 1981). Managers can do little about affect-
ing the physical characteristics of landscapes, but can actively
manipulate road access and vegetative characteristics (i.e.,
prescribed fire, prescribed wild fire, timber management)

when managing elk habitats. Density-dependent effects
will limit recruitment if elk densities are high; however,
elk populations subjected to hunting are typically maintained
below ecological carrying capacity of their habitats. Our
historic data of pregnancy and lactation rates did not extend
back to years when the greatest recruitment rate was
reported; however, in those years, elk densities were lower

Figure 5. Covariate effect from top model for juvenile:adult female ratio (y-axis) from Wildlife Management Units (WMU) in Oregon, 1979–2004.
Each graph (a–d) shows 1 covariate varying across the range of observations while holding the remaining covariates constant at their means using the
model of juvenile:100 adult female ¼ 33.12 � 332.676 � cougar index þ 12.379 � lactation rate þ 0.0958 � August precipitation(t�1) � 1.944 � elk
density(t�1) þ 45.002 � cougar index � elk density(t�1). Juvenile to adult female ratios were determined from classification counts conducted in spring within
WMUs (n ¼ 157).

Figure 6. Modeled elk recruitment (juveniles per 100 females) for elk in
Wildlife Management Units in eastern Oregon, USA as elk density and
cougar index change while holding August precipitation(t�1) (x ¼ 20 mm)
and lactation rate (x ¼ 0.57) at their means. Recruitment was estimated
based on the top-ranked model of recruitment ¼ 33.12 þ 12.379 �
lactation rate þ 0.0958 � August precipitation(t�1) � 1.944 � elk
density(t�1) � 332.676 � cougar index þ 45.002 � cougar index � elk
density(t�1). Gray-scale color bands are in increments of 5 juveniles per
100 females for clarity of interpretation.
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and cougar densities were extremely low throughout Oregon.
One can only speculate on factors affecting recruitment
in the 1960s, but possibly neither density-dependent nor
top-down limitations were occurring before carnivore
populations recovered from decades of lethal control.

MANAGEMENT IMPLICATIONS

Abiotic, bottom-up, and top-down factors all contributed to
reproductive success of elk as measured by pregnancy status,
juveniles-at-heel in late autumn, and recruitment. Managers
have control over both bottom-up and top-down factors;
however, managers can do little about abiotic factors that
affect recruitment other than provide habitats that may
ameliorate negative abiotic effects. Managers have access
to a variety of tools (e.g., prescribed fire, prescribed wild
fire, logging, livestock grazing, road management) that can
be used to maintain a mix of appropriate environmental
conditions for elk. Such conditions might include limited
motorized road access and a mosaic of foraging habitats
interspersed with cover in all seasons. Low elk recruitment
in the absence of cougars indicates bottom-up limitations,
and managers in these situations should strive to improve
both summer and winter habitats. Persistent lower recruit-
ment inWMUs that historically had greater recruitment and
population sizes and where current habitat conditions are
adequate indicates that managers need to consider top-down
factors in evaluating mechanisms and solutions to low re-
cruitment. In Oregon, 1 option for increasing elk recruit-
ment would be to reinstate hunting cougars with dogs in
WMUs with low recruitment now but that historically had
greater recruitment rates; however, this would require legis-
lative approval to amend Ballot Initiate 18. Otherwise, low
recruitment may become the new norm for WMUs where
cougar density is high. To fully exploit our model for elk
recruitment, managers could collect late-autumn classifica-
tions of juvenile:adult elk ratios to estimate lactation rates.
If managers were unsure whether top-down or bottom-up
factors are limiting recruitment (e.g., recruitment dropped
but the population was stable over time), managers could
reduce elk populations in an adaptive management frame-
work. If recruitment remains low or declines following elk
population reduction, top-down factors are likely limiting
recruitment. To fully test this mechanism and recover elk
populations following this type of experiment, cougar pop-
ulations would need to be reduced for several years, and we
do not recommend managers adopt this strategy without
clearly defining how cougar populations would be reduced. If
recruitment increases when elk populations are experimen-
tally reduced, however, then managers should focus on im-
proving habitat conditions.We do not recommend managers
substitute either black bear or wolf indices for the cougar
index in our models, because bear predation primarily affects
neonates, whereas wolf predation on juveniles occurs most
frequently during winter.
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