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Temporal dynamics of forage succession for elk at two scales:
Implications of forest management

D.R. Visscher *, E.H. Merrill

Department of Biological Sciences, University of Alberta, Edmonton, Alta., Canada T6G 2E9

A R T I C L E I N F O

Article history:

Received 2 June 2008

Received in revised form 18 August 2008

Accepted 19 August 2008

Keywords:

Alberta

Biomass

Composition

Cutblocks

Disturbance

Elk

Forage

Forestry

A B S T R A C T

Rapid conversion of lodgepole pine (Pinus contorta) dominated landscapes in western Alberta to a mosaic

of successional stand ages has long-term implications for elk populations in the region that have not been

fully assessed. We developed stand-level models of forage succession using data from 159 cutblocks to

simulate forage and cover availability within the home range of an elk under ‘‘even-flow’’ and ‘‘pulsed’’

timber cutting scenarios that are common in this area. We found forage biomass peaked approximately 9

years following felling for both herbaceous (graminoids and forbs) and palatable browse forage. Forage

production was determined primarily by the age of the cutblock (time since felling) and to a lesser extent

elevation, compound topographic index (a measure of site wetness), and the distance to the nearest

deciduous forest patch. Forbs became increasingly abundant as stands matured. Browse composition

shifted from palatable species to unpalatable species after approximately 30 years. Within an elk home

range (100 km2), we found that simulating an ‘‘even-flow’’ cutting regime resulted in forage availability

that was always higher than under the current conditions of 90% forests when more than 10 ha were

harvested per year. Further, forest cover (>30-year-old stands) was never less than the guideline of 60%

of the area needed to provide adequate thermal and hiding cover. In contrast, when a ‘‘pulsed’’ harvest

scenario was simulated, similar to what occurs for mountain pine beetle control, forage availability

changed dramatically over time as a large cohort of harvested timber aged. Without further harvesting

the stand conditions in the home range eventually returned to a state of pre-harvest risk for mountain

pine beetle outbreak. We demonstrated several additional harvesting scenarios that avoided the

potential risk and produced a much higher level of forage than currently exists.

� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

In northern temperate forest landscapes, the major disturbance
historically has been fire (Johnson et al., 1990; Andison, 1998),
while today timber harvest shapes many forested landscapes. The
removal of trees and the creation of timber harvest units (hereafter
cutblocks) stimulates secondary succession that results in changes
in forage abundance for elk in both space and time. Because elk use
has been related to forage availability (Frair et al., 2005), models of
understory succession following timber harvest have become
common (Halpern and Spies, 1995; Roberts and Gilliam, 1995;
Nilsson and Orlander, 1999; Sutherland and Foreman, 2000; Frey
et al., 2003; Clark et al., 2003; Corns and LaRoi, 1976; Boring et al.,
1981; Brakenhielm and Liu, 1998; Hunt et al., 2003). However, only
a few studies have used succession models to show the long-term
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implications of timber harvest regimes on forage abundance for elk
(Jenkins and Starkey, 1996; Bainbridge and Strong, 2005).

Forest managers typically use multiple-objective planning
techniques to manage both timber harvest and wildlife habitat
requirements across a landscape (Rempel and Kaufmann, 2003).
This approach involves managing timber supply and wildlife
habitat simultaneously by determining the priority of a spatial
location (i.e. a stand) for one of these two objectives. However,
multiple-object approaches that assume mutually exclusive
benefits of stand ages for meeting timber supply and ungulate
habitat requirements may not be accurate. For example, after
timber harvest the same forest stand that initially provided key
forage resources for ungulates will eventually meet other habitat
requirements such as thermal and hiding cover (Irwin and Peek,
1983). In fact, most management guidelines for elk (Cervus elaphus)
indicate that coniferous stands will provide hiding cover once in
the sapling-pole stage, while thermal cover and adequate snow
interception typically occurs when stands are �10 m tall and
canopy closures reaches 70% (Thomas, 1979; Nyberg and Janz,
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1990). We use a strategic modeling approach to illustrate the long-
term effects of several forest cutting regimes on the dynamics of
forage availability at the scale of an elk’s home range. We focus on
lodgepole pine forest in the central east slopes of the Rocky
Mountains of Alberta, where timber harvest has become wide-
spread. We start by developing a model of forage succession for
coniferous forest in this area from field data and then model
changes in forage following several harvesting scenarios including
an ‘‘even-flow’’ of timber harvest and a ‘‘pulsed’’ timber harvest.
Even-flow timber harvest is currently the prevailing harvest
paradigm in the study area while a ‘‘pulsed’’ harvest scenario has
been proposed for mountain pine beetle (Dendroctonus ponderosae)
management in the area to minimize the risk of an outbreak. For
our purposes we assume animals have full access to forage within a
home range so that the spatial arrangement and distribution of
forage is less important than the amount of forage in the home
range (Boutin and Hebert, 2002). Although simplified, our
approach provides long-term perspectives on the dynamics of
landscape conditions that are important not only for evaluating
forest plans where elk are a featured species, but also for
anticipating changes in elk populations where they are not a
management priority.

2. Methods

2.1. Study area

The study area is located in the central east slopes of the Rocky
Mountains in Alberta (52�270 N, 115�450 W) and ranges in elevation
from 850 to 3300 m, however, cutblocks were found at elevations
below 1750 m. Summer and winter temperature average 12 and
�7 �C, respectively, and precipitation is approximately 500 mm a
year, with approximately 175 mm of snow falling primarily in the
winter months (Strong, 1992). From satellite imagery (Thematic
Mapper 5) classification of the vegetation the study area, consists of
approximately 62% conifer forest (consisting primarily of lodgepole
pine and white spruce (Picea glauca) in the uplands and black spruce
(Picea mariana) in wetter areas) 4% deciduous forest, and 3%
mixedwood forest. Nonforested vegetation types include: 5% dry
herbaceous (including subalpine herbaceous), 2% shrublands, 2%
wet meadow, and 2% treed bog. The remaining 14% is composed of
agricultural land, water, roads, bare soil and rock (Frair et al., 2005;
Visscher et al., 2006). In 2004 approximately 5% of the area consists
of cutblocks <40 years of age. Ungulate species inhabiting the area
include elk, moose (Alces alces), white-tailed deer (Odocoileus

virginianus), mule deer (O. heminous), bighorn sheep (Ovis cana-

densis), mountain goats (Oreamnos americanus), and feral horses
(Equus caballus; Salter and Hudson, 1980; Telfer, 1994). Cattle
grazing occurs during the summer season. Major predators include
cougar (Puma concolor), wolves (Canis lupus), and bears (Ursus arctos

and U. americanus).
The area is actively managed for timber harvest and oil and gas

exploration, which is expected to increase over time (Timoney and
Lee, 2001), as well as hunting and other recreational activities.
Timber harvest focuses on lodgepole pine stands where cutting
occurs in a two-pass harvest fashion. Typical cutblocks are
clearcuts of �27 ha (D.R. Visscher, unpublished data) although
forest managers recently have begun to use in-block retention
(Kohm and Franklin, 1997). Site preparation practices include
dragging and burning of residual slash, various forms of micro-site
preparation including mounding and trenching. The study area is
also thought to be susceptible to mountain pine beetles, which
have reached outbreak conditions in nearby British Columbia
forests (Watson, 2006). This threat has prompted a number of ad
hoc policies to be implemented when mountain pine beetle reach
this area. This includes widespread preventative harvesting to
reduce the overall susceptibility of the forest by reducing the
average age class of forest stands (Anonymous, 2006).

2.2. Cutblock sampling and characteristics

We sampled 159 cutblocks during the summers of 2001–2002
from 25 July until 10 August, corresponding to peak production of
understory biomass. Cutblocks were selected from a GIS of road-
accessible sites (road within 1 km of the cutblock) within the
combinations of three strata: two elevations (900–1200 and 1200–
1700 m), age since cutting (0–3, 4–7, 8–11, 12–19, and 20+ years),
and the presence of mechanical site preparation (0 or 1), including
dragging, trenching, and mounding. Transects were established
completely within a single cutblock and were a total length of 240 or
120 m contingent upon cutblock size. Each transect was divided into
eight sections of 30 or 15 m depending on total transect length.
Because commercial forestry is a relatively new phenomena in this
landscape the oldest cutblock sampled was 37 years old. Therefore,
to calculate the forage biomass for a full rotation (100 years) we
sampled 15 previously uncut, mature-stands >100years, and
linearly interpolated the herbaceous and shrub biomass between
our cutblocks of >37 years and these mature, uncut stands.

Environmental and topographic characteristics of cutblocks
were measured on-site or calculated using a digital elevation
model (DEM) with a pixel size of 30 m. Canopy closure was
calculated as the mean spherical densiometer reading taken in the
four cardinal directions from the center of each sampled section.
Mean cutblock slope and aspect (degrees) were derived directly
from the DEM. Other measures derived from the DEM included
compound topographic index (CTI), a wetness index based on ratio
of the catchment area of a given pixel and its slope (Burrough and
McDonnell, 1998). Similarly sediment transport index (STI) was
calculated as a proxy for soil nutrients and site quality, based on
sediment flow (and the nutrient they may contain) and catchment
area of all cells upslope of the pixel of interest (see Burrough and
McDonnell, 1998 for further details). In both cases these indices are
used to reflect the potential site quality of a cutblock given its
topographic location within a mountainous landscape. The
distance (m) to neighboring deciduous forest patches (d2d) was
also calculated, as a proximate measure of the potential propagule
availability of understory herbs and shrubs.

2.2.1. Herbaceous vegetation

Herbaceous species composition and biomass (vascular plants)
was sampled within four of the eight sections along each transect.
Four plots (0.25 m2) within a section were placed 1 m off the actual
transect line at 2- or 5-m intervals depending on transect length for
a total of 16 plots. At each plot a double-layered mesh grid was
used to visually identify plant species composition from 36 grid
points. Species of each plant directly under a grid point was
recorded. All plots were clipped to ground level, biomass within
the plot was dried to a constant weight (50 � C for 48 h) and
weighed to the nearest 0.01 g. An estimate of available biomass for
a cutblock was calculated as the mean of the sampled plots within
each cutblock. Species-specific biomass for forbs and graminoids in
a plot was considered to be proportional to the observed species
composition, estimated from the grid points. Thus, a species
comprising 25% of the total herbaceous composition (i.e. observed
in 9 of 36 grid points) also comprised 25% of the biomass measured
at the plot.

2.2.2. Woody forage

Woody plants within a browse stratum of 0–2.5 m in height
(Bobek and Bergstrom, 1978; Newton et al., 1989) were surveyed



Fig. 1. Available biomass (g/m2) as a function of time since disturbance (felling).

Models were calculated from the collapsed models selected for both herbaceous

(open triangles) and forage shrub species (solid circles), the total

(herbaceousþ shrub; solid squares) is also given. For forage shrub biomass,

which depended on elevation and distance to a deciduous forest patch average

values were assigned (1200 and 215 m, respectively).
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in a 2 m� 4 m (8 m2) plots centered within each of the transect
sections for a total of four plots within each cutblocks. All shrub
stems (defined as rooted below ground) within the plots were
identified to species and their basal diameter measured using
calipers. Woody forage availability (g/m2) of each species was
derived from stem counts and stem–biomass relationships for each
plot (see Visscher et al., 2006 for full details and models). Biomass
of each species on a transect was the average of the four sampled
plots. Shrub composition cover was summarized as one of two food
categories: nonbrowse (ranking ¼ 1; Kufeld, 1973; Cook, 2002)
and browse forage (ranking>1), and species in each group are
given in Visscher et al. (2006).

2.3. Data analysis

Successional trends in mean herbaceous and woody biomass at
a site were modeled through time using non-linear regression and
maximum likelihood parameter estimation. Akaike’s Information
Criterion adjusted for small sample sizes (AICc) was used to select
the most parsimonious model from a candidate set of biologically
meaningful models using model weights (wi; Burnham and
Anderson, 2002). Model selection was done in two steps. First
an appropriate ‘‘base’’ model form was selected to represent the
temporal change in forage biomass since cutting (i.e. assigning a
functional ‘‘shape’’ to the model). Second, we added environmental
covariates to the base model to investigate which variables best
explained the variance in the data around the base model. We
restricted a priori the candidate set of models to represent specific
hypotheses about environmental variables known to influence
forage succession. Because model selection using AIC is known to
be biased towards overfitting models (i.e. variables not in truth are
included in the approximation or model) we removed variables
from the final model if the confidence interval around the
parameter estimate included zero (Bozdogan, 1987). The impact
of site preparation on the development of herbaceous and browse
biomass was expected to be greatest in the youngest age classes
while at the older age classes the effect can be hid in the natural
variation over time. Therefore, a Bonferroni corrected ANOVA was
used to compare the effects of site preparation on the availability of
both herbaceous and browse biomass within and between age
classes (0–3, 4–7, 8–11, 12–19, and 20+ years) while controlling for
topographic covariates. We compared the composition of grami-
noids and forbs across age classes using nonparametric boot-
strapped confidence intervals (Efron and Tibshirani, 1993).
Because total (proportional) composition is the sum of graminoids
and forbs we used the composition of graminoids in our
comparison (forbs ¼ 1� graminoids). We tested for deviation
from an even composition as well as changing composition
through time (age classes became more or less skewed to
graminoids). We created 95 percent confidence intervals using a
Table 1
Model selection from candidate models for estimation of herbaceous and forage

shrub biomass as a function of cutblock age (x)

Forage type Rank Model LL K AICc DAICc wi

Herbaceous 1 Log-normal �839.91 4 1687.82 0.00 0.90

2 Polynomial �841.31 5 1692.62 4.92 0.08

3 Gamma �843.70 4 1695.40 7.57 0.02

Shrub 1 Log-normal �852.19 4 1712.64 0.00 0.63

2 Gamma �853.20 4 1714.66 2.02 0.23

3 Polynomial �852.60 5 1715.60 2.95 0.14

Values for model log-likelihood (LL), number of estimated parameters (K), Akaike’s

Information Criterion for small samples (AICc), AICc difference, and model weight (wi).

The top ranked model form the base model in further analysis including environmental

variables. Candidate models included log-normal (a exp ½�0:5ðððln ½ðx=bÞ�Þ=cÞÞ2�),
gamma (a xbexp ½�cx�), and polynomial (aln ½x� þ bx2 þ cxþ d) forms.
nonparametric bootstrap and considered a test nonsignificant if
there was an overlap in values. Conversely if the groups did not
display any overlap in their respective confidence intervals we
determined them to be significantly different ( p � 0:05).

2.4. Landscape modeling

We used a Markov model of forest succession to investigate the
effect that cutting scenarios would have on elk forage. Markov
models assume a probabilistic transition from one successional
state to the next described by a transition matrix. We used this
model not to describe species succession in vegetation commu-
nities (as in Horn, 1974), but rather to model the availability of
Fig. 2. Bootstrapped mean (and 95% confidence intervals) proportion of total

herbaceous vegetation composition that is comprised of graminoids (forbs

therefore equal 1� graminoids) for cutblocks 0–3 years (n ¼ 35), 4–7 years

(n ¼ 36), 8–11 years (n ¼ 26), 12–19 years (n ¼ 29) and 20+ years (n ¼ 33) since

felling and the reference mature forest (n ¼ 15). Similar letters indicate a lack of

significant difference between age classes while asterisks indicate a significant

deviation in the composition of herbaceous biomass away from 50% graminoids and

50% forbs.



Table 2
Model selection from candidate models for estimation of herbaceous and shrub biomass as a function of the base model (log-normal, based solely on cutblock age) and

additional environmental variables

Forage type Rank Variables LL K AICc DAICc wi

Herbaceous 1 elev, d2d, CTI �784.50 7 1583.7 0.00 0.69

2 elev, d2d, CTI, site �784.27 8 1585.5 1.76 0.29

3 elev, d2d, CTI, STI, aspect, slope, site �783.99 11 1591.8 8.03 0.01

4 elev, d2d �789.95 6 1592.4 8.71 <0:01

5 d2d �794.80 5 1600.0 16.25 <0:001

Shrub 1 elev, d2d, CTI �784.33 7 1583.4 0.00 0.65

2 elev, d2d, STI �785.55 7 1585.8 2.44 0.19

3 elev, d2d, CTI, STI, aspect, slope, site �781.25 11 1586.3 2.89 0.15

4 elev, d2d �790.51 6 1593.6 10.17 <0:01

5 elev, d2d, site �789.97 7 1594.7 11.28 <0:01

Models are shown in decreasing rank, with values for model log-likelihood (LL), number of estimated parameters (K), Akaike’s Information Criterion for small samples (AICc), AICc

difference, and model weight (wi). For brevity only representative one and two covariate (plus the base model) models are given. In all cases, models with less variables (K ¼ <6)

resulted in very low model weights (<0.01). Environmental variables (xn) were added to the log-normal model as: ðaþ d1x1 þ � � � þ dnxnÞ exp ½�0:5ððln ðage=bÞÞ=cÞ2�.
Environmental variables included elevation (elev), distance to a deciduous forest patch (d2d), compound topographic index (CTI), sediment transport index (STI), aspect, slope,

and the presence of site preparation (site).

Fig. 3. Percent composition of total cover for three nonvegetative cover types: (a) (artifacts of disturbance) including coarse woody debris (solid line), litter (long dashed line),

and bare ground (short dashed line), (b) two ‘‘pioneer’’ type species, Calamagrostis canadensis (solid line) and Epilobium angustifolium (dashed line), and (c) three forest species

including Elymus innovatus (solid line) and Cornus canadensis (short dashed line) and moss (long dashed line) in relation to time since felling using a LOWESS smoother.

Percent composition of forage shrubs (solid line) and nonforage shrubs (dashed line) of total shrub biomass as a function of time since felling is also displayed using a LOWESS

smoother (d). Note the change in scale of the y-axis in the different panels.
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Fig. 4. Percent overstorey canopy cover as a function of time since felling. Canopy

closure was measured using a spherical densiometer with readings taken in the four

cardinal directions at each surveyed shrub plot. Values for each cutblock are

therefore the mean densiometer reading across all plots. A LOWESS smoother

indicates the two stage nature of development, cutblocks below approximately 10

years of age have virtually no overstorey canopy that can be read by the

densiometer while above that canopy coverage increases approximately linearly.

By 30 years the canopy has filled in enough to constitute hiding and thermal cover

as defined by Thomas (1979) and Nyberg and Janz (1990).
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forage over time (Usher, 1979). Unlike some size-structured
Markov models that allow individuals to remain in the same class
in the next time step with some probability, we required that
cutblocks age progressed with each time increment. We used
yearly time increments with a probability of a cutblock transition-
ing each year into the next age as 1.

We used the continuous function of forage development
derived from the field data to determine the biomass available
at each year of succession and to model forage availability in a
10 m� 10 km (100 km2) area equivalent to the size of an elk’s
home range (93:5	 41:1 km2, D.R. Visscher, unpublished data).
We incremented the amount of forage within a stand age yearly
and applied cutting regimes only to areas of 100 years old to
coincide with the typical rotation length in the study area. Because
we assumed home ranges were completely vegetated (i.e. we
excluded rock, ice, water, and anthropogenically built-up areas),
when in reality non-forest cover types constituted approximately
8% of the naturally vegetated landscape in the study area, the
outputs of our simulations are adequate to depict successional
dynamics but not necessarily specific forage availability in the
area. Unless otherwise stated, initial conditions (t ¼ 0) in the home
range include 90% mature forest (100 years old), which is the
landscape composition of an average elk home range in this area
(i.e. 90	 8%, D.R. Visscher, u npublished data) for simplicity divide
the remaining 10% of the area evenly among the cutblock ages (i.e.
each age from 0 to 99 comprised 10 ha).

Using this modeling framework we model forage abundance,
amount of hiding and thermal cover (stand ages 30–100 years old,
Thomas, 1979; Nyberg and Janz, 1990), and the amount of mature
forest (100 years old) for three harvest scenarios. The harvest
scenarios included: (1) a constant amount harvested each year
(‘‘even-flow’’), (2) an episodic harvest strategy where large
amounts of timber are cut in a short time (‘‘pulsed’’), as proposed
for prevention of a mountain pine beetle in Alberta (Anonymous,
2006), and (3) a dynamic cutting strategy that combines an
episodic and a constant amount of cutting after a lag period to
achieve a landscape with a low proportion of forest that eventually
maintains a constant flow of timber. For the constant amount
harvest strategy, first we simulated seven levels of constant cutting
(0, 10, 20, 40, 60, 80, 100 ha/year) starting from a single initial
condition (90% forested). We also simulated a single harvest
amount (40 ha/year) across a range of initial conditions (10, 20, 40,
60, 80, 90, and 100% forested). For the second scenario, we
simulated a harvest to achieve a forest composition of 25, 50, and
75% of initial forest conditions (90%) over 1, 5, and 10 years with no
further logging (Anonymous, 2006). Finally, the dynamic cutting
strategy was based on an initial episodic cut of 75% of current forest
Table 3
Parameter estimates and confidence interval of best (top ranked model from Table 2)

Forage type Variable Best model

Estimate Lower CI

Herbaceous a 226.03 80.65

b 8.02 6.71

c 1.21 1.02

elev �0.025 �0.099

d2d �0.034 �0.085

CTI �4.77 �13.04

Shrub a 394.32 253.57

b 9.23 6.77

c 1.33 1.02

elev �0.186 �0.259

d2d �0.059 �0.108

CTI �6.27 �14.25

From the best model variables which had confidence intervals that encompassed zero were n

for this collapsed model which was used for prediction. Environmental variables (xn) were a
in 5 years, and then a constant harvest regime of 75 ha/year
following a 65-year lag (see below for full details).

3. Results

3.1. Biomass

3.1.1. Herbaceous vegetation

Change in herbaceous vegetation over time was best described
by the log-normal model form (Table 1, Fig. 1). Further, the model
also included elevation (elev), distance to deciduous forest (d2d),
and compound topographic index (CTI; Table 2). However, upon
inspection, confidence intervals of the parameter estimates for all
additional variables encompassed zero. As result, we used the base
log-normal form only to model the change in herbaceous biomass
after harvesting in our simulations (Table 3). Using a Bonferroni
corrected ANOVA we found that site preparation stimulated
herbaceous biomass production in the youngest age class (0–3
and collapsed model for prediction of herbaceous and shrub biomass

Collapsed model

Upper CI Estimate Lower CI Upper CI

371.77 131.11 119.31 143.34

9.56 8.43 7.15 10.04

1.49 1.25 1.06 1.53

0.051 � � �
0.016 � � �
3.43 � � �

540.47 304.21 218.92 393.15

13.48 9.24 6.79 13.63

1.97 1.34 1.02 1.98

�0.115 �0.171 �0.241 �0.102

�0.011 �0.065 �0.113 �0.018

1.56 � � �

ot included to reduce the risk of overfitting, parameter estimates were then calculated

dded to the log-normal model as: ðaþ d1x1 þ � � � þ dnxnÞ exp ½�0:5ððln ðage=bÞÞ=cÞ2�.
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years) when controlling for elevation, CTI, and distance to
deciduous patches (d:f : ¼ 4, F ¼ 3:438, P ¼ 0:01).

Herbaceous biomass (consisting of forbs and graminoids)
recovered rapidly following felling. Herbaceous biomass peaked
at �8 years then slowly declined as the cutblocks aged and the
canopy closure increased. Herbaceous biomass in mature forests
averaged 43:02	 15:85 g/m2 and was lower than in the model
estimate for the oldest cutblock sampled (37 years, 65.10 g/m2).
Therefore we used the relationship: Fhðg=m2Þ ¼ �0:3505 ðageÞ þ
78:068 to linearly interpolate the abundance of total herbaceous
forage (Fh) for stand ages between 38 and 100 years (mature forest)
for which we have no data as the oldest commercial cutblock in the
study area was harvested 37 years ago.

Up to peak biomass at �8 years, forbs and graminoids
comprised approximately equal proportion of herbaceous biomass
(Fig. 2). Following the peak the proportion of forbs increased as
shade-tolerant forest species replaced pioneer species (Fig. 3). For
example, we found a higher abundance of early successional
species such as bluejoint (C alamagrostis canadensis) and fireweed
(Epilobium angustifolium) while the percent cover of hairy-wild rye
(Elymus innovatus) and bunchberry (Cornus canadensis) dominated
in older cutblocks and mature forest (Fig. 3).

3.1.2. Woody forage

Changes in abundance of palatable browse shrub species in
time was best described by a log-normal model (Table 1, Fig. 1),
with elevation (elev), distance to deciduous (d2d), and compound
topographic index (CTI) explaining additional variation (Table 3).
Upon inspection, only the confidence intervals of parameter
estimates for elevation and distance to deciduous did not include
zero and were kept in the final model for simulating changes in
shrub biomass over time. Using a Bonferroni corrected ANOVA we
found that site preparation had no effect on the production of
shrub biomass in any age class (d:f : ¼ 4, F ¼ 0:812, P ¼ 0:52).

Browse abundance developed at approximately the same rate
as herbaceous biomass, peaking in the same year, and then
declined 30 years following felling (Fig. 1). For approximately the
first 20 years, palatable browse species comprised the majority
(>90%) of the available shrub biomass, but then declined rapidly
and by �40 years after cutting the abundance of browse and non-
browse species were about equal (Fig. 3(d)). Mature, uncut forests
had more browse biomass (66:75	 46:02 g/m2) than the model
estimate for the cutblocks of 37 years (50.32 g/m2). As a result, we
used the equation: Bp ðg=m2Þ ¼ 0:2608 ðageÞ þ 40:671 to inter-
polate palatable browse abundance (Bp) for forest stands of 38 to
100 years of age (mature forest stand) for which we have no data
(the oldest commercial cutblock in the study area was harvested
37 years ago). Further, when simulating changes in browse
abundance with this model we assumed average landscape
conditions (elev ¼ 1200 m and d2d ¼ 200 m).

3.2. Landscape simulations

3.2.1. ‘‘Even-flow’’ harvest

Starting from a heavily forested home range (90%) any timber
harvest subsequently increased forage availability (Fig. 5). In our
scenarios, a full harvest rotation (100 years) was required before
the landscape reached an equilibrium in forage availability, and all
landscapes converged after 100 years if the same amount of forest
Fig. 5. The changes in forage availability and forest cover as a function of various even-flo

(90% forested) and harvest amount is varied (0 ha, solid circle, 10 ha, open circle, 20 ha, so

diamond). Second column (b, d, f, h) hold the harvest amount held constant (40 ha) and in

solid triangle, 60% forest, open triangle, 40% forest, solid square, 20% forest, open squa

herbaceous biomass. Third row (e, f) is shrub biomass. Fourth row (g, h) is the proportion o

cutting).
is harvested each year, regardless of initial conditions (Fig. 5(b)).
Over the rotation, total forage availability in a home range
increased as the equilibrial proportion of forest was reduced (left
column; Fig. 5(a)). Increasing harvest rates from 10 to 20 ha/(year
home range), resulted in increases of approximately 250 metric
tonnes of forage if integrated over a typical home range (100 km2).
The amount of herbaceous forage followed a more consistent
increase or decrease from initial conditions than browse. In no
even-flow scenarios did we find that either hiding and thermal
cover (30–100-year-old stands) (Fig. 4) dropped below 60% of the
home range over the rotation (Fig. 5).

3.2.2. ‘‘Pulsed’’ and dynamic harvest

Pulsed harvesting to reduce old pine stands on the landscape to
25, 50, and 75% of current composition over 1–10 years resulted in
a large ‘‘cohort’’ of similar even-aged timber that increased forage
for �40 years before returning forage availability to current
(initial) conditions (Fig. 6). Even though the initial pine beetle
threat was reduced, wide-spread, old-age conditions that likely
promote beetle outbreak returned before the end of the 100-year
rotation.

To minimize the risk of a mountain pine beetle outbreak over
long time spans we found additional cutting is required following
the initial forest reduction. Cutting 75 ha per year after a 65-year
lag resulted in an equilibrial home range composition of 25%
mature forest. This level of harvest resulted in 5% of the landscape
being comprised of mature forest (Fig. 7(a)). In the latter harvest
scenario, herbaceous and shrub biomass abundance were equal
(Fig. 7(b)). Cover provided by stands 30 years or older was not
limiting in this scenario. At a minimum, 29% of the home range
provided stands that were suitable as hiding or thermal cover.

4. Discussion

Successional patterns of elk forage in western Alberta were
similar to trends reported for this community elsewhere in the
Rocky Mountains (Alldredge et al., 2001; Bainbridge and Strong,
2005; Strong and Gates, 2006). Forage availability peaked
approximately a decade following harvest and even after 40 years
herbaceous forage abundance was 50% higher than biomass
estimates for mature forest stands. In contrast, by 40 years
following felling, palatable browse biomass was only 75% of the
palatable browse biomass found in mature conifer stands. A
number of studies have reported that site preparation significantly
increased forage availability during the first 2 years following
felling (Roberts and Zhu, 2002; Frey et al., 2003) and the effect
lasted up to 10 years following felling (Haeussler et al., 2004). We
found that herbaceous biomass was stimulated by site preparation
up to 4 years following felling by approximately 40 g/m2where
some form of site preparation was employed. However, we found
no effect of site preparation on palatable browse biomass at any
stand age.

The long-term development of forage (both herbaceous and
browse) was determined primarily by the time since felling of a
cutblock, but elevation, site quality (CTI) and distance to aspen
types also has some influence. The elevational effect we found
reflects the increasing productivity of the lower and wetter forests
(Visscher et al., 2004). In addition, a higher component of
deciduous trees typically occurs in low-elevational lodgepole
w harvest scenarios. The first column (a, c, e, g) holds the initial conditions constant

lid triangle, 40 ha, open triangle, 60 ha, solid square, 80 ha, open square, 100 ha, solid

itial conditions are varied (100% forest, solid circle, 90% forest, open circle, 80% forest,

re, 10% forest, solid triangle). First row (a, b) is total biomass. Second row (c, d) is

f the home range that is mature forest (i.e. the last forest age class that is the focus of



Fig. 6. Changes in the proportion of the landscape that is forested (a) and the total biomass (b) (herbaceousþ shrub; g/m2) for differing cutting scenarios to minimize the risk

of mountain pine beetle outbreak. The solid lines represent the changes that occur when the landscape is reduced to 25% forest (light gray), 50% (black), and 75% (dark gray).

The dashed lines show the affect harvesting down to the respective percents (25, 50, and 75) over 1 year (left dashed line), 5 years (solid black line) and 10 years (right dashed

line).
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stands than at high elevational stands in this area (Beckingham
et al., 1996), although the cutblocks themselves remained pine
dominated and typically are replanted with pine seedlings. As a
consequence, the increase in browse at lower elevation that we
observed resulted from the increased number of small aspen and
balsam poplar saplings. Likewise, the variable ‘‘distance to
deciduous’’ indicated neighbourhood affects may exist that
influence of the re-establishment of shrubs from adjacent patches
of deciduous forest after felling. At high elevations contiguous
lodgepole pine forests provided relatively low forage availability,
whereas cutblocks in this context provide increased forage
availability for elk (Visscher et al., 2004). Conversely, at low
elevations, cutblocks are often found adjacent to mixed species
forest types that provide much more forage than contiguous
lodgepole pine forests found at higher elevation. Cutclocks in this
context, though having more forage than a cutblock at higher
elevation, are relatively less important as foraging patches given
the smaller difference in relative forage between cutblocks and the
adjacent mixed forest (Visscher et al., 2004). However, in both
situations as new cutblocks are added the relative importance of
the cutblock will depend on the forage availability in the current
home range. Few studies have shown that an increase in forage
directly translates into increased ungulate numbers. However,
there is evidence that through forest maturation results in
ungulate population declines (Peek et al., 2002). Likewise, when
forage is provided during times of food limitation population
numbers can be maintained or increased (Boyce, 1988). Thus, the
addition of forage through felling is particularly important in
landscapes dominated by conifer forest as in the northern
temperate forests (Irwin and Peek, 1983; Jenkins and Starkey,
1993; D.R. Visscher, unpublished data). It is not surprising then
that in forested landscapes ungulates use cutblocks (Lyon and
Jensen, 1980; Collins and Urness, 1983; Irwin and Peek, 1983;
Jenkins and Starkey, 1993, 1996; Frair, 2005). However, the
landscape context of cutblocks is critical for determining elk use in
home ranges effected by forestry (Yeo and Peek, 1992; Farmer



Fig. 7. Cutting scenario and timing of events to reach and maintain the landscape that is 25% forested in order to minimize the risk of mountain pine beetle outbreak now and

in the future. The upper panel (a) shows the proportion of the landscape that is forest through time with the key events occurring including the initial cut, lag, and start of the

cutting (year 65) to maintain an low forested equilibrium. The lower panel (b) show the corresponding changes in total (solid black line), herbaceous (solid gray line), and

shrub biomass (gray crosses).
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et al., 2006). The use of cutblocks by elk results from a number of
factors including the presence of foraging opportunities and cover
habitat and the risk of mortality associated with increased road
access (Hershey and Leege, 1976; Lyon and Jensen, 1980; Irwin and
Peek, 1983; Yeo and Peek, 1992; Jenkins and Starkey, 1996; Farmer
et al., 2006; Frair et al., 2008). At the scale of an elk home range,
timber harvest regimes can create a shifting mosaic of stand ages
(Bormann and Likens, 1979; Kohm and Franklin, 1997) whose
overall dynamics and forage availability depends on both initial
conditions and cutting regimes. We have shown that in the
lodgepole pine forests of our study area successive cutting that
manages for an even flow of timber supply will result in
fluctuations in total forage availability during approximately the
first 30 years, after which a stable, forage base is maintained
assuming no other major disturbances occur. The equilibrium
forest condition results in a higher overall forage availability
because the proportion of the home range that is forested
decreases under most even-flow cutting regimes, but not to a
level where thermal and hiding cover fall below the recommended
guidelines for elk (<60%, Thomas, 1979; Nyberg and Janz, 1990).
The increase in forage reflects a shift from mostly unpalatable
shrubs of mature forests to an herb and palatable shrub-dominated
forage base that is associated with the reduction in average stand
age across the home range.

In contrast, pulsed harvesting, to minimize the risk for
mountain pine beetle outbreaks, may have major implications
for the long-term forage base for elk in many of these areas.
First, in the initial post-cutting years (approximately 5 years),
forage availabilities in cutblocks, on average, will remain below
40 g/m2, which is similar to the surrounding conifer forests. This
could cause a reduction in elk numbers from present conditions
given the reduction in available forage within a typical home
range (Peek et al., 2002). Second, even though forage availability
will increase rapidly following felling, forest cover is likely to
become limiting. On the extreme, if pulse cutting results in
<25% of current forested conditions, thermal and hiding cover
will be below recommended guidelines for approximately the
next 30 years.
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While increased harvesting may result in higher forage
availability there is a balance that must be struck between
cutblock creation and maintenance of mature stands. Adequate
mature forest for hiding cover is of particular importance where elk
populations are hunted as is the case in this study area (Hershey
and Leege, 1976; Lyon and Jensen, 1980; Farmer et al., 2006).
Increased roads associated with timber harvest not only remove
suitable habitat but they increase human access which reduces
habitat effectiveness or creates attractive sinks (Hershey and
Leege, 1976; Lyon and Jensen, 1980; Lyon, 1983; Farmer et al.,
2006; Nielson et al., 2006; Frair et al., 2008). While road closures
can minimize human access, strategic planning for retaining
residual patches of mature forest can promote elk use while
minimizing the spread of mountain pine beetle through the
landscape. By maintaining mature patches of trees in the home
range of an elk at a distance no greater then 600 m from one
another, an elk is never more than 300 m from potential cover
(Bettinger et al., 1997). Yet patches are greater than the dispersal
distance (60 m) needed to impede mountain pine beetle spread
(Robertson et al., 2007). Therefore, the potential benefits of
increasing forage availability from timber harvest will depend not
only on landscape context but planning for the spatial integration
of early and late seral stages at the scale of an elkOs home range.

5. Conclusion

The goal of providing an adequate forage base both temporally
and spatially for elk need not be mutually exclusive to the goals of
timber harvest. Where elk management is prioritized, we have
shown that careful planning of timber harvest can result in an
increased forage base. However, in many cases elk are subject to
management that prioritize other objectives, as in the case of
minimizing the risk of mountain pine beetle outbreaks. Our
simulations show the implications that several harvest scenarios
have on the forage base for elk in Alberta. Whether elk are
prioritized for management or not, the presence of variably aged
cutblocks increases the overall landscape forage availability from
current conditions and provides a spatial mosaic of distinct forage
patches (Hett et al., 1978; Lyon and Jensen, 1980; Jenkins and
Starkey, 1996). However, ensuring elk benefit from the increased
forage availability from timber harvest requires long-term
perspectives on the placement of new clearcuts in a landscape
context, juxtaposition of clearcuts and cover patches, and attention
to access created by road development (Frair et al., 2008).
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