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Abstract
1.	 Forest harvesting causes habitat loss and alteration and can change predator–

prey dynamics. In Canada, forest harvesting has shifted the distribution and abun-
dance of ungulates (deer, elk and moose) that prefer early seral forest, resulting in 
unsustainable caribou predation by shared predators (bears, cougars and wolves). 
Long-term solutions for caribou recovery require management to reduce ungu-
late prey species within caribou ranges. Silviculture practices applied after forest 
harvesting directly affect the amount of forage available in harvested areas, and 
therefore influence ungulate distribution, but few studies have completed de-
tailed assessments on how specific treatments of site preparation, planting and 
stand tending influence ungulate use of harvest blocks.

2.	 We used camera traps, silviculture data, GIS-derived habitat and disturbance 
data, and detailed vegetation data collected at field sites to investigate ungu-
late occurrence in harvest blocks in west-central Alberta, Canada. We compared 
seasonal ungulate occurrence and investigated how site-specific characteristics, 
the surrounding habitat and disturbance density, and fine-scale silviculture treat-
ments influenced ungulate occurrence in blocks.

3.	 Deer, elk and moose occurrence was higher in summer compared to winter. Elk, 
moose and white-tailed deer occurrence was higher in blocks with greater avail-
ability of specific forage species. Moose occurrence was higher in blocks with a 
lower road density in the surrounding area, and white-tailed deer occurrence was 
higher in blocks further from seismic lines and with a lower proportion of harvest 
blocks in the surrounding area.

4.	 Deer, elk and moose occurrence was higher in younger harvest blocks. Mule deer 
and white-tailed deer occurrence was lower in blocks with higher planting densi-
ties of lodgepole pine, and mule deer occurrence was also lower in blocks that had 
been stand tended.

5.	 Our study provides detailed information on ungulate response to fine-scale silvi-
culture methods used in Alberta, directly linking wildlife occurrence to forestry 
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1  |  INTRODUC TION

Human-caused habitat loss and alteration are among the main 
drivers of declining biodiversity and species extinctions (Maxwell 
et al., 2016; Young et al., 2016). Across the globe, forest harvesting 
causes habitat loss and alteration through the loss of forest cover 
and changes in forest structure, with profound impacts on biodi-
versity (Lindenmayer, 2009; Rocha-Santos et al., 2016). Moving for-
ward, sustainable forest management that balances social, economic 
and ecological values has the potential to restore and maintain bio-
diversity and ecosystem function (Achim et al.,  2022; Kremen & 
Merenlender, 2018; Spathelf et al., 2018).

In Canada, forest harvesting alters approximately 650,000 ha 
of boreal forest each year (Curtis et al.,  2018; Komers & 
Stanojevic, 2013; White et al., 2017). Forest harvesting has had cas-
cading impacts on the Canadian boreal ecosystem, as changes in the 
availability of forage result in changes in the density and distribution 
of ungulates like deer Odocoileus virginianus and Odocoileus hemio-
nus, elk Cervus elaphus and moose Alces alces, and changes in these 
ungulate populations subsequently cause changes in the density 
and distribution of their predators like bears Ursus americanus and 
Ursus arctos, cougars Puma concolor and wolves Canis lupus (Laurent 
et al., 2020; Serrouya et al., 2021; Visscher & Merrill, 2009). Across 
Canada, forest harvesting within the ranges of threatened boreal 
and central mountain caribou Rangifer tarandus is associated with 
altered predator–prey dynamics and widespread declines in caribou 
populations due to apparent competition and unsustainable caribou 
mortality from shared predators (DeCesare et al.,  2010; Hervieux 
et al.,  2013; Latham et al.,  2011). Long-term solutions for caribou 
recovery will require habitat restoration and adaptive management 
practices that reduce the density and distribution of the main appar-
ent competitors of caribou (i.e. deer, elk and moose) within caribou 
ranges, in order to reduce predator populations and predation risk 
(Environment Canada, 2014; Ray et al., 2015; Serrouya et al., 2017).

In the province of Alberta in western Canada, clearcutting is the 
most common method of forest harvesting, with all or most of the 
merchantable trees in a block harvested at once (Alberta Sustainable 
Resource Development, 2006a). After trees are harvested, a range 
of silviculture methods are applied, including site preparation, tree 
planting and stand tending, with the goal of facilitating the estab-
lishment of commercial tree species (Alberta Sustainable Resource 
Development,  2006b; Lieffers et al.,  2003; Wagner et al.,  2006). 
These silviculture methods not only affect the regeneration rates of 
commercial tree species but also impact the diversity and abundance 

of understory species in harvest blocks (Bell et al.,  1997; Boan 
et al., 2011; Haeussler et al., 1999). Wildlife use of harvest blocks 
therefore may be influenced by silviculture methods that affect the 
amount of forage available at the fine-scale, in addition to the ef-
fects of landscape-level characteristics such as the surrounding hab-
itat and anthropogenic disturbance (Bowman et al., 2010; Kearney 
et al., 2019; Muhly et al., 2019).

With established links between forest harvesting, apparent 
competition and caribou population declines (DeCesare et al., 2010; 
Serrouya et al., 2019; Vors & Boyce, 2009), there is a body of re-
search investigating how harvest blocks and silviculture meth-
ods affect lichen abundance, caribou habitat use, and caribou 
predation risk (Armleder & Stevenson, 1994; McNay,  2011; Stone 
et al., 2008). Previous research has also investigated the response 
of deer, elk and moose to forest harvesting, including the influence 
of harvest blocks on ungulate habitat use and reproductive success 
(Darlington et al., 2022; Dawe, 2011; Fisher et al., 2020; Fisher & 
Burton, 2021; Laurent et al., 2020), harvest block age and size (Fisher 
& Wilkinson, 2005; Lyon & Jensen, 1980; Visscher & Merrill, 2009), 
selective or partial harvesting methods (Nadeau Fortin et al., 2016; 
Vanderwel et al.,  2009), response to herbicide-treated stands 
(Raymond et al., 1996; Thompson et al., 2003) and natural regenera-
tion versus treated stands (Boan et al., 2011). Relationships between 
silviculture methods and available ungulate forage in harvest blocks 
(but not ungulate use of harvest blocks) have also been evaluated 
(Edwards et al.,  2004; Lacascio et al.,  1990; Lashley et al.,  2011). 
Research within west-central Alberta has included analysis of pellet 
counts to investigate the response of ungulates to site preparation 
(scarification), block size and edge-to-area ratio (Stelfox et al., 1976; 
Tomm et al.,  1981). However, to our knowledge, a comprehensive 
investigation of the response of deer, elk and moose to the multiple 
methods of site preparation, tree planting and stand tending cur-
rently applied in harvest blocks in west-central Alberta has not been 
previously completed. As such, our goal was to provide detailed and 
useful information for silviculture practices that could limit the dis-
tribution of deer, elk and moose in managed forests within caribou 
ranges.

We used camera traps, silviculture data, GIS-derived habitat and 
disturbance data, and detailed vegetation data collected at field sites 
to model the occurrence of elk, moose, mule deer and white-tailed 
deer (hereafter ungulates) in harvest blocks in west-central Alberta, 
Canada. We wanted to ensure that our results would be practical 
for forest management, so we consulted with forestry partners 
throughout the project, including project development, identifying 

practices, and providing practical scientific information to inform sustainable for-
estry. Translating this research into practical landscape management decisions 
could benefit boreal biodiversity, including threatened species like caribou, and 
culturally and economically important species like deer, elk and moose.
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relevant covariates to include in our analysis and communication of 
results. Although we were interested in a general investigation of 
vegetation and landscape factors predicting occurrence of ungulates 
in harvest blocks, potential management actions in harvest blocks 
are directly related to silviculture practices. Therefore, our study 
objectives were to (i) investigate how site-specific characteristics 
(forage availability and forest stand characteristics) and characteris-
tics of the surrounding area (habitat and anthropogenic disturbance) 
influence ungulate occurrence in harvest blocks, and (ii) investigate 
how site-specific silviculture treatments influence occurrence of 
ungulate species. Knowledge of how ungulates respond to current 
forest harvesting and silviculture practices could be used to inform 
future sustainable forest management in caribou ranges, benefiting 
caribou by limiting the distribution and abundance of ungulates and 
shared predators, contributing to long-term caribou conservation 
and boreal forest ecosystem function.

2  |  MATERIAL S AND METHODS

2.1  |  Study area

Our study area was within traditional and current lands of many 
Indigenous Peoples, including the Aseniwuche Winewak, Dane-zaa, 
Métis, Nehiyawak, Simpcw, Stoney and Tsuut'ina (best available in-
formation from Native-land.ca), and included the occupied ranges of 
the Narraway, Redrock Prairie Creek, A La Peche and Little Smoky 
caribou populations in west-central Alberta, buffered by 25 km 
(Figure  1). Caribou population estimates and 95% confidence lim-
its (CLs) based on the most recently available information from the 
Government of Alberta include: A La Peche, 152 caribou (142–162); 
Narraway, 94 (38–75); Redrock Prairie Creek, 153 (CLs unavail-
able); and Little Smoky, 94 (69–129) (pers. comm. B. Nobert, July 
28, 2022). The region is an intensively managed landscape with ac-
tive natural resource extraction and includes areas of intact caribou 
habitat interspersed with large-scale natural disturbances (wildfires) 
and anthropogenic disturbances, including harvest blocks, below-
ground pipelines, roads, seismic lines, and oil and gas wellsites. 
Forest management agreements in the region include ANC Timber 
Ltd., Canfor Corporation, Dunkley Lumber Ltd., Millar Western 
Forest Products Ltd., Norbord Inc., West Fraser Timber Co. Ltd. and 
Weyerhaeuser Company. Harvest blocks within the study area are 
in the subalpine, upper foothills, lower foothills and central mixed-
wood natural subregions (Natural Regions Committee,  2006). The 
subalpine is dominated by lodgepole pine Pinus contorta, Engelmann 
spruce Picea engelmannii, white spruce Picea glauca and subalpine fir 
Abies lasiocarpa; the upper foothills are dominated by lodgepole pine 
and white spruce; the lower foothills are dominated by black spruce 
Picea mariana and tamarack Larix laricina; and the central mixedwood 
is dominated by aspen Populus tremuloides and white spruce (Natural 
Regions Committee, 2006). Ungulates within the study area include 
caribou, elk, moose, mule deer and white-tailed deer, with bighorn 
sheep Ovis canadensis and mountain goats Oreamnos americanus at 

higher elevations. Larger predators include black bears, cougars, 
coyotes Canis latrans, grizzly bears, lynx Lynx canadensis, wolverines 
Gulo gulo and wolves.

2.2  |  Site selection and camera deployment

To select sites for camera deployment, we stratified harvest blocks 
within the study area by four age classes (0–10, 11–20, 21–30 and 
31–50 years since harvest), ecosite type (three classes based on 
natural subregion, soil type and moisture regime), and the density of 
anthropogenic disturbance (harvest blocks, pipelines, roads, seismic 
lines and wellsites) surrounding each harvest block, defining three 
categories of disturbance density for stratification (low, medium 
and high) using natural breaks. We then randomly selected an equal 
number of study sites within each of the 36 age-ecosite-disturbance 
density strata. To increase the probability of independent detections 
(Tattersall et al., 2020; Tigner et al., 2014), we limited sites to harvest 
blocks ≥3 km apart, based on published mean daily movement rates 
and home ranges for elk and deer (D'eon & Serrouya, 2005; Fryxell 
et al., 2008; Webb et al., 2010).

Low wildlife detection rates at cameras can affect the sensitiv-
ity of camera studies, and many study designs include non-random 
placement of cameras on active wildlife trails to increase detections 
(Fisher & Burton,  2018; Rich et al.,  2017; Shannon et al.,  2014). 
However, the presence and quality of wildlife trails was incon-
sistent within harvest blocks in our study area, and non-random 
camera placement can bias results (Kolowski & Forrester,  2017). 
Consequently, we chose to generate study sites at harvest block 
centroids, setting up cameras (Browning Dark Ops HD Pro or 
Bushnell Trophy Cam) in clearings within 50 m of the centroid, 
using scent lure at camera sites to mitigate potentially low detec-
tion rates. Although the use of lure remains a topic of debate within 
camera trap research, lure can significantly improve detection rates 
for many wildlife species, and research suggests that landscape 
heterogeneity may have an equal or greater effect than lure on 
wildlife movement rates (Burton et al., 2015; Holinda et al., 2020; 
Stewart et al., 2019). We applied 28 g of O'Gorman's Long Distance 
Call scent lure in a tube secured 5 m in front of each camera and 
revisited each site within two to three months of set-up, at which 
time we reapplied 28 g of scent lure. Although the effect of the lure 
likely deteriorated over time, scent lure was applied consistently at 
all camera sites, and we consider the influence of lure on detection 
rates to be approximately equal across sites. Permission for use 
of scent lure at camera sites was granted by Alberta Environment 
and Parks (permits 19–526 and 20–114). We secured cameras onto 
trees or posts at a height of 1 m and programmed them to take three 
rapid-fire photos in succession when motion or heat triggered, 
as well as two automatic photos per day (2 h after sunrise and 2 h 
before sunset) to monitor camera function. Most cameras collected 
data at each site for 1 year, but in cases where camera malfunctions 
resulted in large periods of missing data, we redeployed cameras at 
the same site for an additional year. All photos were reviewed and 
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F I G U R E  1 Map of study area in west-central Alberta, including study area boundary, caribou population ranges, harvest blocks, wildfires, 
linear features and locations of cameras deployed during 2018–2020. Inset indicates study area boundary within Alberta.
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classified by trained personnel using TimeLapse2 Image Analyser 
software (Greenberg & Godin, 2013) following established guide-
lines to determine wildlife species.

2.3  |  Field data collection

To measure forage, forest stand characteristics and hiding cover 
at each camera site, we established a 100m2 vegetation sampling 
plot outside of each camera clearing, 5 m due south of the camera 
location (Figure S1). Within 100 m2 plots, we measured diameter at 
breast height (DBH) for all trees present (Table  S1), and recorded 
tree species composition and tree densities (stems/100 m2) for trees 
≥5 cm DBH, and sapling species composition and sapling densities 
for trees <5 cm DBH. We measured canopy cover using a spherical 
crown densiometer, and lateral (hiding) cover at two heights using 
a cover board (Coulombe et al.,  2011). We established three 8 m2 
subplots within each 100 m2 plot, within which we recorded percent 
cover of shrub species preferred by deer, elk and moose (Table S2; 
Stelfox et al., 1976; Strong & Gates, 2006; Visscher et al., 2006). We 
completed stem counts and basal diameter measurements of target 
shrub species, and we used these values to estimate available shrub 
biomass using equations from Visscher et al. (2006). Within each of 
the three 8 m2 plots, we established 1 m2 subplots, within which we 
recorded percent cover of target herbaceous species (Table S2) and 
collected herbaceous biomass samples; these samples were later 
dried at 60°C for 72 h and weighed to the nearest 0.01 g.

2.4  |  Covariates

Our analysis included covariates describing forest stand character-
istics, forage, hiding cover, anthropogenic disturbance, surround-
ing habitat, terrain and silviculture characteristics (Tables 1 and 2). 
We obtained forest stand, forage and hiding cover data from field 
data collection as described in Section 2.3, calculating mean values 
across the three subplots at each site for shrub and herbaceous 
forage abundance and biomass. We derived anthropogenic dis-
turbance densities from human footprint data obtained from the 
Alberta Biodiversity Monitoring Institute (ABMI, 2018) for harvest 
blocks, pipelines, roads, seismic lines and wellsites, and we calcu-
lated distances to the nearest pipeline, road and seismic line. For 
surrounding habitat, we obtained data regarding derived ecosite 
phase, nutrient regime, percent conifer and deciduous trees, and 
forest stand age from Government of Alberta open-source data 
(Government of Alberta, 2017). We extracted elevation and slope 
values from a 30 m × 30 m resolution digital elevation model (DEM). 
Wildlife responses to landscape characteristics are scale-dependent 
(DeCesare et al., 2012; D'eon & Serrouya, 2005; Kie et al., 2002), 
so we investigated the characteristics of the area surrounding each 
harvest block at two scales (1 and 5 km radii) using a moving win-
dow analysis in ArcGIS. We obtained silviculture data from forestry 
partners (ANC Timber Ltd, Canfor Corporation, Dunkley Lumber 

Ltd. [Foothills Forest Products], Millar Western Forest Products 
Ltd., Norbord Inc. [West Fraser], West Fraser Timber Co. Ltd and 
Weyerhaeuser Company), including harvest block age (year of har-
vest), harvest block size and shape (i.e. area and perimeter to area 
ratio), site preparation, planting and stand tending data (Table 2).

2.5  |  Data analysis

We treated wildlife detection events as independent when they 
occurred at least 30 min apart (Murphy et al., 2021), and we used 
a 28-day survey occasion to generate detection histories for elk, 
moose, mule deer and white-tailed deer using ‘detectionHistory’ in 
camtrapR (Niedballa et al., 2016). For each survey occasion, we as-
signed each site a detection value of 1 if ≥1 photograph of the spe-
cies was recorded during that survey occasion, and a detection value 
of 0 if the species was not recorded during that survey occasion. 
We defined two seasons (summer: 8 April–7 November, winter: 8 
November–7 April) approximately equivalent to snow-free and snow 
periods in the study area, and summed detections by season and 
year for each site across survey occasions, with site-year as our sam-
pling unit for each season. Camera malfunctions and changes in field 
of view (e.g. due to wildlife disturbing cameras) resulted in inter-
ruptions in deployment periods for several cameras and an unequal 
number of active camera trapping days across sites. We accounted 
for this by dividing the sum of detections for each site-season-year 
by the number of active camera days during that season-year at 
that site, and we used detections per 100 active camera days as our 
response variable (Burton et al., 2015; Caldwell & Klip, 2020). We 
define detections per 100 active camera days as the occurrence 
for each species-season, and we interpret occurrence as a measure 
of relative habitat use (Sun et al., 2021; Tattersall et al., 2020). We 
used Wilcoxon-rank-sum tests to compare detections per 100 active 
camera days in summer versus winter for each species.

Preliminary data exploration indicated that some habitat and 
disturbance covariates were closely related to silviculture covari-
ates and could not be included in the same models in our analysis. 
For example, percent cover of vegetation species can be directly 
influenced by silviculture practices applied at a harvest block (Bell 
et al., 1997; Boan et al., 2011; Haeussler et al., 1999). The goal of this 
analysis was to relate vegetation, surrounding habitat and silvicul-
ture practices directly to wildlife use of harvest blocks, rather than 
to define the interrelationships of silviculture practices with vege-
tation and habitat, and forestry partners had previously identified 
several silviculture covariates as important for management deci-
sions. To avoid eliminating these silviculture covariates during the 
model selection process and to allow for a detailed investigation of 
the relationships between silviculture practices and ungulate occur-
rence, we split our analysis into two parts: (1) ungulate occurrence in 
relation to habitat characteristics and anthropogenic disturbance at 
the harvest block and in the surrounding area, using the full dataset 
(n = 211 site-years; habitat models) and (2) ungulate occurrence in re-
lation to site-specific silviculture characteristics and practices using 
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TA B L E  1 Covariates considered in building habitat models assessing primary prey occurrence in harvest blocks in west-central Alberta, 
Canada during 2018–2020. Tree species and target shrub and herbaceous forage species measured are listed in Table S2.

Covariate group Covariate Range

Forest stand characteristics Lodgepole pine (% of total) 0–100

Spruce (black spruce + white spruce; % of total) 0–100

Coniferous (% cover) 0–100

Deciduous (% cover) 0–100

Tree density, trees ≥5 cm DBH (stems/100 m2) 0–0.70

Canopy cover (%) 0–93

Forage: tree saplings Total sapling density, saplings <5 cm DBH (stems/100 m2) 0–7.99

Total deciduous sapling density (stems/100 m2) 0–6.72

Deciduous saplings (%) 0–100

Coniferous saplings (%) 0–100

Forage: shrubs Target shrub species (% cover for each species) 0–80

Other shrub species (% cover for all other species) 0–15

Biomass of target shrub species (g/m2) 0–304

Forage: herbaceous Target forb species (% cover for each species) 0–73

Carex spp. (% cover) 0–7

Target grass species (% cover) 0–73

All forbs (% cover) 0–98

All grasses (% cover) 0–45

Biomass (g/m2) 0.6–279.6

Hiding cover Lateral cover at 0–1 m height (%) 0.33–100

Lateral cover at 1–2 m height (%) 0–100

Anthropogenic disturbance Proportional area of harvest blocks within a 1 km radius 0.114–0.959

Proportional area of harvest blocks within a 5 km radius 0.028–0.776

Density of pipelines, 1 km radius (km/km2) 0–3.34

Density of pipelines, 5 km radius (km/km2) 0–1.755

Distance to nearest pipeline (m) 0–4276

Density of roads, 1 km radius (km/km2) 0–2.98

Density of roads, 5 km radius (km/km2) 0.207–1.220

Distance to nearest road (m) 30–1284

Density of seismic lines, 1 km radius (km/km2) 0–6.268

Density of seismic lines, 5 km radius (km/km2) 0.241–5.362

Distance to nearest seismic line (m) 0–2102

Density of all linear features combined, 1 km radius (km/km2) 0.243–8.437

Density of all linear features combined, 5 km radius (km/km2) 0.870–6.952

Density of active wellsites, 1 km radius (wellsites/km2) 0–0.757

Density of active wellsites, 5 km radius (wellsites/km2) 0–0.031

Surrounding habitat Mean percent conifer within 1 km radius 11.2–10.0

Mean percent conifer within 5 km radius 34.2–100

Mean percent deciduous within 1 km radius 0–79.3

Mean percent deciduous, 5 km radius 0–56.8

Dominant derived ecosite phase within 1 and 5 km radius Various

Dominant nutrient regime, 1 and 5 km radius Poor, medium, rich

Mean forest stand age, 1 km radius (years) 36–196

Mean forest stand age, 5 km radius (years) 58–179

Terrain Elevation (m) 766–1590

Slope (degrees) 0–25



    |  7 of 16Ecological Solutions and EvidenceMCKAY and FINNEGAN

data subsets (n = 74–211 site-years, depending on the silviculture 
practice; silviculture models).

We fit generalized linear models in R using ‘glm’ from the  
lme4 package (Bates et al., 2015), completed model selection using 
‘dredge’ and ‘model.sel’, standardized covariates in final models using 
‘stdize’ from the MuMIn package (Barton, 2015) and tested covari-
ates for correlation using Pearson's r and variance inflation factors 
(VIFs), setting a tolerance of r < 0.5 and VIF < 3.0. As we collected 
data across 3 years, interannual variation in local ungulate densities 
had the potential to influence the number of detections each year, 
and we compared models with and without year as a covariate for 
each species-season using Akaike's information criterion (AIC). For 
species-seasons where models with year had a better AIC ranking, we 
included year as a fixed effect in all models for that species-season.

2.5.1  |  Habitat models

For habitat models, we investigated the influence of for-
est stand characteristics, forage, hiding cover and terrain at 

the site level, and anthropogenic disturbance and habitat in 
the surrounding area on occurrence of ungulate species (elk, 
moose, mule deer, white-tailed deer) by season (summer, win-
ter). Our goal was to provide detailed results to forestry part-
ners, and our dataset included field-collected vegetation data 
for multiple canopy layers (i.e. trees, shrubs and groundcover) 
and numerous individual plant species preferred by ungulates 
(Table S2) as well as GIS-derived habitat and disturbance data at 
multiple scales. As a result, our initial analysis considered many 
habitat covariates (>100) with the potential to influence ungu-
late occurrence in harvest blocks (Table 1). To reduce the initial 
list of covariates, we ran univariate models and screened out 
covariates if 90% confidence intervals for coefficients included 
zero. We then tested for correlation among remaining covari-
ates, and if covariates were correlated, we compared univariate 
models using AIC and retained the covariate with the better AIC 
ranking. We included these final covariates in a global model, 
and we used dredge with models ranked by AIC to determine 
the final habitat model for each species and season, limiting the 
maximum number of covariates in final models to approximately 

TA B L E  2 Covariates considered in building silviculture models assessing primary prey occurrence in harvest blocks in west-central 
Alberta, Canada during 2018–2020.

Category Dataset Covariates Range

Harvest block age Full dataset Harvest block age (years since harvested) 3–48 years

Full dataset Harvest block ≤25 years 0 or 1

Full dataset Harvest block ≤10 years 0 or 1

Harvest block size and shape Full dataset Harvest block area 23,920–2,603,837 m2

Full dataset Harvest block perimeter 1500–18,898 m

Full dataset Perimeter to area ratio 0.00009–0.03038 m/m2

Site preparation Full dataset Site preparation after harvesting 0 or 1

Site prep subset Site preparation equipment/method Various; see Table S3

Site prep subset Years since most recent site preparation 3–47 years

Site prep subset Area site prepped 0–181 ha

Site prep subset Number of site prep treatments 0–5 treatments

Planting Full dataset Block planted after harvesting 0 or 1

Planting subset Density of lodgepole pine planted 0–3205 stems/ha

Planting subset Density of black spruce planted 0–1747 stems/ha

Planting subset Density of white spruce planted 0–1962 stems/ha

Planting subset Total density of all trees planted 0–3456 stems/ha

Planting subset Years since most recent planting 2–45 years

Planting subset Number of times planted 0–5 planting dates

Stand tending Full dataset Stand tending after planting 0 or 1

Tending subset Mechanical stand tending 0 or 1

Tending subset Chemical stand tending 0 or 1

Tending subset Years since most recent stand tending 1 to 16 years

Tending subset Area stand tended ha

Tending subset Number of stand tending applications 0–3 treatments

Chemical subset Herbicide application rate 0–6.02 L/ha

Chemical subset Chemical application method Various, see below
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one covariate per ten detections for each species. We report 
coefficients from final models if 90% confidence intervals do 
not include zero.

2.5.2  |  Silviculture models

For silviculture models, we investigated the influence of harvest 
block age, harvest block size and shape, site preparation (prep), 
planting and stand tending (tending) on occurrence of ungulate 
species (elk, moose, mule deer, white-tailed deer) by season (sum-
mer, winter). We used the full dataset (n = 211 site-years) to inves-
tigate the influence of block age, size, shape and whether a block 
had been prepped, planted and/or tended (Table  2, Figure  S2). 
To investigate covariates specific to each of these silviculture 
practices, we generated three subsets of data (Figure  S2) to in-
clude only those sites that had been prepped (n = 102 site-years), 
planted (n = 175) or tended (n = 89). To specifically investigate 
chemical stand tending covariates (e.g. herbicide application rate, 
herbicide application method), we further subset the stand tend-
ing dataset to include only those sites that had been chemically 
tended (n = 74). For each dataset, we ran univariate models for all 
covariates, and if 90% confidence intervals for coefficients did 
not include zero, we combined these covariates into final (global) 
silviculture models specific to each dataset (i.e. full dataset and 
for each subset). Where covariates were correlated but the influ-
ence of both covariates was potentially important for manage-
ment actions (e.g. density of pine planted and total density of trees 
planted), we ran models separately, and we report results for both 
covariates. We report coefficients from final models if 90% confi-
dence intervals do not include zero. As site prep included 17 differ-
ent methods, we grouped site prep data into five categories (blade/
plough, disk, drag, mounder and spot treatments) based on the na-
ture and amount of disturbance (Haeussler et al., 2002; Table S3). 
Chemical application methods at study sites included aerial broad-
cast methods (chemical-aerial-broadcast, Accu-flo© or TVB©, 
chemical-aerial-highlight, and chemical completion reduction). We 
completed pair-wise comparisons between all mechanical site prep 
and chemical stand tending methods for each ungulate species and 
season and we report differences between methods as significant 
where p < 0.10 in pair-wise comparisons.

3  |  RESULTS

The camera trapping period was from 5 June 2018 to 29 August 2020, 
including 22,963 active camera trapping days at 117 camera sites (211 
site-years) in summer and 12,408 days at 98 sites (190 site-years) in win-
ter. We report the total number of sites, site-years and 28-day survey 
occasions (28 days) with species detections and total detections per 
100 active camera days (occurrence) for each species and season-year 
(Table 3). Occurrences (detections per 100 active camera days) of elk, 
moose, mule deer and white-tailed deer were significantly higher in sum-
mer than in winter (p < 0.001 for all Wilcoxon-rank-sum comparisons).

3.1  |  Habitat models

During summer, elk, moose and white-tailed deer occurrence was 
higher in blocks with higher percent cover of Calamagrostis canaden-
sis, and elk and white-tailed deer occurrence was lower with higher 
percent cover of Cornus canadensis (Table 4). Elk occurrence was also 
higher in blocks with a higher overall density of saplings, higher per-
centage of deciduous saplings, and a higher linear feature density in 
the surrounding area (5 km radius). Moose occurrence was higher in 
harvest blocks with higher percent cover of Equisetum spp. and Salix 
spp. and lower road densities in the surrounding area. Mule deer oc-
currence was higher in blocks with lower tree densities and lower 
lateral cover (0–1 m height), at higher elevations, on steeper slopes 
and further from roads. White-tailed deer occurrence was higher in 
blocks further from seismic lines and with a lower proportion of har-
vest blocks in the surrounding area (1 km radius).

During winter, moose occurrence and white-tailed deer occur-
rence was higher in blocks with a higher deciduous sapling density 
or overall sapling density (Table 4), and moose occurrence was also 
higher in blocks with greater biomass of Salix spp. and Viburnum spp. 
There were not enough detection events (Table 3) to build habitat 
models for elk or mule deer in winter.

3.2  |  Silviculture models

During summer, elk, mule deer and white-tailed deer occurrence was 
higher in harvest blocks that were ≤10 years old (Table  5). Moose 

TA B L E  3 Total number of sites, site-years and 28-day survey occasions (28 days) with ≥1 detection, and detections per 100 active camera 
days (occurrence) by species and season, based on detection data from camera sites in 117 harvest blocks during summer and 98 harvest 
blocks during winter in west-central Alberta during 2018–2020.

Species

Summer Winter

Sites Site-years 28 days Occurrence Sites Site-years 28 days Occurrence

Elk 46 54 78 0.340 8 9 9 0.073

Moose 98 140 323 1.407 49 61 76 0.613

Mule deer 57 67 113 0.492 2 2 2 0.016

White-tailed deer 107 158 405 1.764 22 22 23 0.185
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occurrence was higher in harvest blocks that had been planted mul-
tiple times, while mule deer occurrence was higher in harvest blocks 
that had not been stand tended. Mule deer and white-tailed deer 
occurrence was lower in blocks with higher densities of total trees 
and/or lodgepole pine planted, while elk occurrence was higher with 
higher densities of total trees or white spruce planted.

During winter, moose occurrence was higher in harvest blocks 
that were ≤25 years old (Table 5). There were not enough detection 
events (Table 3) to build silviculture models for elk or mule deer in 
winter, and white-tailed deer winter occurrence in harvest blocks 
was not predicted by silviculture covariates.

4  |  DISCUSSION

We found seasonal differences in ungulate occurrence in harvest 
blocks and found that occurrence was influenced by site-specific 
characteristics, characteristics of the surrounding area and silvicul-
ture practices used at the blocks. This information could be used to 
inform forest management practices to reduce the distribution of 

ungulate species in managed forests within caribou ranges and to 
mitigate the ecosystem-level impacts of forest harvesting across the 
boreal forest of Canada.

4.1  |  Seasonal occurrence in harvest blocks

For all four ungulate species (elk, moose, mule deer and white-tailed 
deer), occurrence in harvest blocks was higher in summer compared 
to winter, suggesting seasonal use of the available herbaceous for-
age in harvest blocks, as well as use of hiding cover that decidu-
ous species provide in summer (Hewitt, 2011; Moen, 1978; Stelfox 
et al.,  1976). In addition, lower winter use may be related to the 
deeper snowpack associated with harvest blocks when compared to 
intact forest stands, reducing access to woody browse and increasing 
movement costs (Schwab et al., 1987; Telfer & Kelsall, 1979; Visscher 
et al., 2006). Low winter use of harvest blocks by deer, moose, and elk 
has been observed previously in our study area (Stelfox et al., 1976). 
Caribou are exposed to increased predation risk in areas where they 
overlap with ungulates and shared predators (Latham et al., 2011; 

Season/species Covariates β 90% Cl

Summer

Elk Sapling density 0.095 0.013 0.177

% deciduous saplings 0.128 0.039 0.217

% cover Calamagrostis 
canadensis

0.472 0.377 0.567

% cover Cornus canadensis −0.091 −0.168 −0.015

Linear feature density (5 km) 0.122 0.040 0.203

Moose % cover Salix spp. 0.268 0.135 0.400

% cover Calamagrostis 
canadensis

0.175 0.007 0.343

% cover Equisetum spp. 0.290 0.155 0.425

Road density (1 km) −0.188 −0.320 −0.055

Mule deer Tree density −0.114 −0.195 −0.032

Lateral cover (0–1 m) −0.092 −0.179 −0.005

Elevation 0.154 0.070 0.239

Slope 0.132 0.048 0.216

Distance to road 0.653 0.152 1.155

White-tailed deer % cover Calamagrostis 
canadensis

0.906 0.729 1.084

% cover Cornus canadensis −0.175 −0.321 −0.028

Proportion harvest blocks 
(1 km)

−0.156 −0.309 −0.004

Distance to seismic line 0.718 0.080 1.357

Winter

Moose Deciduous sapling density 0.667 0.420 0.914

Salix spp. biomass 0.179 0.051 0.307

Viburnum spp. biomass 0.467 0.265 0.670

White-tailed deer Sapling density 0.766 0.635 0.897

TA B L E  4 Covariates, standardized 
coefficients (β) and lower and upper 
90% confidence limits (90% Cl) for final 
summer and winter habitat models 
assessing ungulate use of harvest blocks, 
based on detection data from camera sites 
in 117 harvest blocks during summer and 
98 blocks during winter in west-central 
Alberta during 2018–2020. Distances 
(e.g. 1 km) indicate the radius within which 
the covariate was measured. Habitat 
covariates are described in detail in 
Table 1.
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Mumma et al., 2018; Whittington et al., 2011), specifically during the 
summer (Seip, 1992; Serrouya et al., 2011; Wittmer et al., 2005) and 
fall migration periods (Blagdon & Johnson, 2021). Recent research 
in our study area found an increased probability of bear occupancy 
in harvest blocks that were occupied by deer, suggesting that har-
vest blocks may directly influence predator–prey dynamics (McKay 
& Finnegan, 2022). The seasonal differences in occurrence we ob-
served in this study could indicate seasonal differences in the spatial 
overlap of ungulates, caribou, and predators in areas with harvest 
blocks, with an associated increased caribou predation risk dur-
ing the summer. These results could have particular significance in 
the context of white-tailed deer range and population expansion in 
Alberta (Dawe & Boutin, 2016; Fisher & Burton, 2021).

4.2  |  Habitat models

For habitat models, covariates predicting summer and winter oc-
currence in harvest blocks varied among ungulate species and 
included both site-specific forage availability and anthropogenic 
disturbance in the surrounding area. Specifically, we found that 
summer occurrence of elk, moose, and white-tailed deer was 
higher in harvest blocks with greater availability of Calamagrostis 
canadensis, and both elk and white-tailed deer occurrence was 
lower with higher percent cover of Cornus canadensis, while moose 
occurrence was higher with greater availability of Equisetum spp. 
and Salix spp. Summer occurrence of elk and winter occurrence of 
moose and white-tailed deer was also higher in blocks with greater 
availability of saplings, and winter moose occurrence was higher 
with greater biomass of Salix and Viburnum spp. These plant spe-
cies are previously documented as preferred forage species for 
elk, moose and deer (Månsson et al., 2007; Strong & Gates, 2006; 
Visscher et al., 2006). While not surprising, this direct relationship 
between the amount of specific forage species and elk, moose and 
white-tailed deer occurrence in harvest blocks suggests that man-
aging the abundance of specific vegetation species within blocks 

could directly impact the use of harvest blocks by ungulates. In 
addition, these results confirm the importance of collecting de-
tailed vegetation data at field sites to better understand links be-
tween wildlife use of disturbances and specific vegetation species 
(Serrouya & D'Eon, 2008).

White-tailed deer occurrence was lower in harvest blocks with 
higher harvest block densities in the surrounding area. These re-
sults contrast with research in northern Alberta, where the total 
amount of harvest blocks increased the probability of white-tailed 
deer presence (Dawe,  2011) and white-tailed deer selected areas 
closer to harvest blocks (Darlington et al., 2022), but in west-central 
Alberta, Nielsen et al. (2017) reported that white-tailed deer abun-
dance decreased with increasing harvest block density. While 
ungulate species generally select for early seral stands (Fisher & 
Wilkinson, 2005; Toews et al., 2018), our results suggest that at the 
landscape scale, ungulate occurrence in harvest blocks may be de-
pendent on the availability of both old and young forest, consistent 
with previous findings that uneven-aged forests and large-scale hab-
itat heterogeneity are important for predicting deer habitat selec-
tion and distribution (Kie et al., 2002; Nielsen et al., 2017; Wallmo 
& Schoen, 1980). These results indicate that forest stand age distri-
bution at the landscape-scale has an influence on ungulate habitat 
use, an important consideration for land management and long-term 
forestry planning.

The influence of anthropogenic disturbance on occurrence in 
harvest blocks varied among ungulate species. While elk occurrence 
was higher in blocks with higher linear feature densities in the sur-
rounding area, moose occurrence was lower in blocks with higher 
road densities, mule deer occurrence was higher further from roads 
and white-tailed deer occurrence was higher further from seismic 
lines. Our results are similar to previous research indicating moose 
avoid areas with higher road densities, mule deer avoid roads, and 
white-tailed deer avoid seismic lines (D'eon & Serrouya,  2005; 
Mumma et al., 2019; Toews et al., 2018). Again, these results fur-
ther indicate the importance of the surrounding area in influencing 
ungulate use of harvest blocks at the site level and highlight that 

Season/species Covariate β 90% Cl

Summer

Elk Harvest block <10 years 0.264 0.059 0.469

Density white spruce planted 0.134 0.032 0.236

Total density of all trees planted 0.149 0.014 0.285

Moose Number of times planted 0.272 0.100 0.443

Mule deer Harvest block ≤10 years 0.394 0.209 0.579

Stand tending (0/1) −0.289 −0.462 −0.116

Density lodgepole pine planted −0.114 −0.215 −0.014

Total density of all trees planted −0.147 −0.264 −0.030

White-tailed 
deer

Harvest block ≤10 years 0.379 0.003 0.755

Density lodgepole pine planted −0.274 −0.465 −0.083

Winter

Moose Harvest block ≤25 years 0.649 0.170 1.129

TA B L E  5 Covariates, standardized 
coefficients (β) and lower and upper 
90% confidence limits (90% Cl) for final 
summer and winter silviculture models 
assessing ungulate occurrence in harvest 
blocks, based on detection data from 
camera sites in 117 harvest blocks 
in summer and 98 blocks in winter in 
west-central Alberta during 2018–2020. 
Silviculture covariates are described in 
detail in Table 2.
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local anthropogenic disturbance densities may be a relevant consid-
eration in forestry planning.

4.3  |  Silviculture models

We found that elk, mule deer, moose and white-tailed deer occur-
rence was higher in younger harvest blocks, consistent with results 
previously reported for moose and deer (Bowman et al., 2010; Fisher 
& Wilkinson, 2005; Toews et al., 2018), and likely related to greater 
forage availability in younger seral stands (Hewitt, 2011; Moen, 1978; 
Stelfox et al., 1976). Specifically, elk, mule deer and white-tailed deer 
summer occurrence was higher in blocks harvested within the pre-
vious 10 years, consistent with results previously reported for deer 
(Toews et al., 2018). These results are further indication that younger 
harvest blocks have more of an influence than older harvest blocks 
on altering local prey distribution and predator–prey dynamics, with 
likely cascading impacts on caribou predation risk in recently har-
vested areas (Boucher et al., 2022; Latham et al., 2011).

We also found that mule deer and white-tailed deer occurrence 
was lower in harvest blocks with higher planting densities of lodge-
pole pine. These results are likely explained by higher tree densi-
ties providing more canopy cover, resulting in less transmission of 
light to the understory and decreased abundance of herbaceous 
forage species (Hart & Chen, 2008; Lieffers et al., 1999; Lieffers & 
Stadt, 1994). We also found that mule deer occurrence was higher 
in harvest blocks that had not been stand tended. Stand tending 
involves the removal of competing vegetation, and harvest blocks 
that are tended have reduced availability of forage and browse spe-
cies such as grasses, deciduous saplings, and shrubs (Ehrentraut & 
Branter, 1990; Pekin et al., 2014). Both planting and stand tending 
accelerate succession away from the deciduous habitat preferred by 
ungulates towards a conifer-dominated forest with less understory 
forage species (Boan et al., 2011), and our results suggest that silvi-
culture methods resulting in higher pine densities with less compet-
ing vegetation could result in reduced use of harvest blocks by deer, 
moose and elk, due to the decreased forage availability.

4.4  |  Study limitations

We recognize that our study had limitations. As our goal was to com-
pare ungulate occurrence between harvest blocks, we did not em-
ploy a grid cell design across the study area but set up all camera sites 
within harvest blocks. As a result, we could not assess the relative 
use of harvest blocks by ungulates compared to other habitat types 
in our study area, and as such, we could not determine whether un-
gulate species selected or avoided harvest blocks. We experienced 
a high number of camera failures in winter due to extremely cold 
temperatures, and as occurrences were lower across species in the 
winter, we did not have enough data to model occurrences for elk or 
mule deer in winter. In addition, it is likely that the effect of lure was 
reduced in winter due to snow cover, and this may have contributed 

to the lower detection rates we observed in winter. Finally, our study 
design did not allow for estimation of ungulate abundance or den-
sity. Particularly in the context of caribou conservation, ungulate 
densities would provide more direct information about the status 
of wildlife populations in the study area and how forestry practices 
influence predator–prey dynamics through changes in ungulate pop-
ulations. Continuing advances in camera data analysis (e.g. Becker 
et al., 2022; Moeller et al., 2018) may allow for abundance or density 
estimations in the future.

5  |  CONCLUSIONS

It is worth noting that we did not detect caribou at any of our har-
vest block camera sites during 2018–2020. Our results do not pro-
vide direct conclusions regarding caribou selection or avoidance 
of harvest blocks, but the lack of caribou occurrence in harvest 
blocks in our study further supports previous evidence that caribou 
avoid younger (i.e. <50 years since harvest) harvest blocks (Mumma 
et al., 2018; Peters et al., 2012; Smith et al., 2000).

Different silviculture treatments affect the abundance of spe-
cific forage species in regenerating harvest blocks (Bell et al., 1997; 
Cardoso et al., 2020; Wiensczyk et al., 2011), and we found that 
several forage species had a direct positive influence on the oc-
currence of elk, moose and white-tailed deer. These results sug-
gest that using site preparation and stand tending methods to 
control specific vegetation species could decrease the occurrence 
of ungulate species in harvest blocks. Although not in the scope 
of our current study, future analysis of the direct relationships 
between silviculture treatments and vegetation abundance in our 
study area could provide useful information for management. We 
also found that higher planting densities of lodgepole pine de-
creased occurrence of mule deer and white-tailed deer in harvest 
blocks. The general goal of site preparation, planting and stand 
tending methods is to remove competing species, many of which 
are also ungulate forage, and to accelerate the establishment of 
commercial tree species (i.e. conifers) at adequate stocking den-
sities (Government of Alberta,  2018). Caribou in the Narraway, 
Redrock Prairie Creek, A La Peche and Little Smoky populations 
select for conifer forests, including closed canopy lodgepole 
pine stands (DeCesare,  2012; Rudolph et al.,  2019). Silviculture 
practices aimed at reducing specific ungulate forage species and 
establishing high densities of pine could meet forestry goals and 
reduce ungulate densities while restoring forests towards be-
coming functional caribou habitat. However, this management 
strategy would need to be balanced against other values on the 
landscape, including reducing the spread of mountain pine beetle 
and maintaining populations of culturally important species like 
moose (Government of Alberta, 2007; Popp et al., 2020).

Mitigating the impacts of habitat loss and alteration is essential to 
arrest global biodiversity loss (IPBES, 2019; United Nations, 2015). 
In a quickly changing boreal forest ecosystem (Curtis et al., 2018; 
Komers & Stanojevic, 2013; White et al., 2017), our study provides 
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detailed information on ungulate response to specific silviculture 
practices used in Alberta, Canada, directly linking wildlife occur-
rence to forestry practices. Translating this research into practi-
cal landscape management decisions could inform effective and 
forward-thinking sustainable forest management to benefit bo-
real biodiversity, including threatened species like caribou as well 
as culturally and economically important species like deer, moose 
and elk. Providing practical scientific information to inform forestry 
practices could help decision makers and land managers restore 
forest ecosystem function and increase the resilience of forest eco-
systems and biodiversity to future change, including climate change 
(IPBES, 2019; United Nations, 2015).
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

Figure S1. 100 m2 vegetation sampling plot and 8 and 1 m2 subplots 
used to measure forest stand characteristics, hiding cover, and 
available forage at camera sites, 5 m due south of each camera 
location. Within 100 m2 plots, we measured diameter at breast 
height (DBH) for all trees (≥5 cm DBH) present, recorded tree 
species composition and tree densities (stems/100 m2), and sapling 
species composition and sapling densities for tree species <5 cm 
DBH. Within 8 m2 subplots we recorded percent cover, stem counts, 
and basal diameters of target shrub species (Table S2). Within 1m2 
subplots we recorded percent cover of target herbaceous species 
(Table S2) and collected herbaceous biomass samples.
Figure S2. Datasets and subsets included in analysis of habitat and 
silviculture covariates.
Table S1. Tree species recorded at vegetation plots in 117 harvest 
blocks in west-central Alberta, Canada during 2018–2020. For the 

purposes of analysis, Tamarack (Larix laricina) were considered as 
coniferous species.
Table S2. Target forage species preferred by deer, elk and moose, 
recorded at vegetation plots in 117 harvest blocks in west-central 
Alberta, Canada during 2018–2020.
Table S3. Mechanical site prep equipment and methods 
used at study sites in harvest blocks in west-central Alberta, 
Canada during 2018–2020. Methods were grouped into 
categories based on the nature and amount of disturbance of 
each method.
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