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ABSTRACT. Demand for petroleum products is causing habitat loss, alteration, and fragmentation of boreal forests in western Canada.
Associated exploratory and extraction activities from in situ oil sands leave a network of (1) permanent polygonal features (e.g.,
processing facilities, extraction sites, gravel pits); (2) permanent linear features (e.g., roads, pipelines); (3) temporary polygonal features
(e.g., exploratory well sites); and (4) temporary linear features, (e.g., winter roads, seismic lines). We examined the impact of these
different types of disturbances on the occurrence of a generalist, the Dark-eyed Junco (Junco hyemalis) and a peatland specialist, the
Palm Warbler (Setophaga palmarum) for an in situ development-lease area in northeast Alberta, Canada. Our goal was, first, to determine
if energy development features have positive, negative, or neutral effects on species occurrence, beyond the amount of habitat disturbed,
and second, to identify the relative impact of different types of energy features. Permanent polygonal features negatively influenced
both species, decreasing the odds of occurrence for Dark-eyed Juncos by 0.63 times and 0.44 times for Palm Warblers for every 10%
increase in percent area. However, permanent linear features increased odds of occurrence for Dark-eyed Juncos by 1.73 times and
Palm Warblers by 3.93 times. We speculate that permanent linear features increase vegetation heterogeneity or influence insect-prey
availability through edge effects. Although permanent polygonal and linear features had opposite effects (negative and positive,
respectively), they had a similar relative effect on occurrence for both species. There were no effects of temporary polygonal or linear
features on occurrence for either species examined here. Whereas our understanding of birds in boreal peatland forests is limited, these
results are consistent with studies that suggest permanent linear features have more substantive local scale impacts than temporary
disturbances.

Influence du développement des sables bitumineux in situ sur l’occurrence des espèces généralistes et
spécialistes des tourbières aviaires
RÉSUMÉ. La demande de produits pétrolifères entraîne une perte et une altération des habitats, ainsi qu’une fragmentation des forêts
boréales de l’ouest du Canada. Les activités d’exploration et d’extraction liées à l’exploitation des sables bitumineux in situ laissent un
réseau (1) de cicatrices polygonales permanentes (par ex. installations de traitement, sites d’extraction, carrières de gravier) ; (2) de
cicatrices linéaires permanentes (par ex. routes, pipelines) ; (3) de cicatrices polygonales temporaires (par ex. sites de puits exploratoires) ;
et (4) de cicatrices linéaires temporaires (par ex. routes hivernales, lignes sismiques). Nous avons examiné l’impact de ces différents
types de perturbations sur l’occurrence d’un oiseau généraliste, le junco ardoisé (Junco hyemalis) et d’un oiseau spécialiste des tourbières,
la paruline à couronne rousse (Setophaga palmarum) dans une zone de développement-aménagement in situ au nord-est de la province
canadienne de l’Alberta. Notre objectif était, premièrement, de déterminer si les cicatrices du développement lié à l’énergie ont un effet
positif, négatif ou neutre sur l’occurrence des espèces, au-delà de l’importance de la perturbation de l’habitat et deuxièmement,
d’identifier l’impact relatif des différents types de cicatrices liées à l’exploitation dans le domaine de l’énergie. Les cicatrices polygonales
permanentes avaient une influence négative sur les deux espèces, réduisant les probabilités d'occurrence des juncos ardoisés de 0,63 fois
et celles des parulines à couronne rousse de 0,44 fois à chaque augmentation de 10 % de la superficie de la zone. Toutefois, les cicatrices
linéaires permanentes augmentaient les probabilités d'occurrence des juncos ardoisés de 1,73 fois et des parulines à couronne rousse
de 3,93 fois. Selon nos spéculations, les cicatrices linéaires permanentes pourraient augmenter l’hétérogénéité de la végétation ou
influencer la disponibilité des insectes proies en raison des effets de bord. Même si les cicatrices polygonales et linéaires permanentes
avaient des effets opposés (négatifs et positifs, respectivement), elles entraînaient un effet relatif similaire sur l’occurrence des deux
espèces. Nous n’avons constaté aucun effet des cicatrices polygonales ou linéaires temporaires sur l’occurrence des deux espèces
examinées ici. Si notre compréhension des oiseaux présents dans les forêts de tourbières boréales reste limitée, les résultats de cette
étude sont cohérents avec ceux des enquêtes qui suggèrent que les cicatrices linéaires permanentes entraînent un impact local plus
important que les perturbations temporaires.
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INTRODUCTION
Understanding species’ responses to anthropogenically derived
habitat loss and fragmentation is a central issue to biodiversity
conservation and management. As human populations grow, so
does the need for natural resources with a concomitant increase
in the intensity of anthropogenic footprint (Northrup and
Wittemyer 2013). In the boreal forest of northern Alberta,
demand for non-renewable energy products is contributing to
alteration and perforation of forest habitats (Jordaan et al. 2009,
Pickell et al. 2014, Rosa et al. 2017, Riva and Nielsen 2020).
Alberta produced 3.1 million barrels of crude oil per day in 2019
(a 1.8% increase from 2018), representing 89% of Alberta’s $5.9
billion in non-renewable energy revenue (Alberta Government
2020). Crude oil in Alberta comes primarily from the extraction
and processing of bitumen. Historically, bitumen in the Alberta
oil-sands area was extracted through surface mining, i.e., digging
for reserves within 75 m of the earth’s surface. However, less than
3% of bitumen deposits within the oil-sands region are surfacemineable (Alberta Government 2017). In situ, or below-ground,
extraction methods have facilitated efficient access to the
remaining 97% of the 142,200 km² extent of Alberta’s oil-sands
area (Schneider and Dyer 2006, Alberta Government 2017). The
expanding use of the steam-assisted gravity drainage (SAGD)
extraction method (i.e., using below-ground injection of hightemperature steam to enhance the flow of bitumen for removal)
requires locally intensive infrastructure for the extraction and
processing of bitumen, such as central processing and steamgenerating facilities, gravel-excavation pits, extraction-well sites,
pipelines, powerlines, and road networks, hereafter called
permanent features.
Prior to extraction and processing, extensive exploratory
geological surveys are required to determine the depth and extent
of underground bitumen reserves. Exploratory surveys involve
clearing of forest vegetation to enable access of survey machinery.
This habitat alteration leaves a footprint of different sizes and
shapes with varying levels of remaining vegetation. These include
temporary polygonal exploration-well sites, approximately 50 ×
80 m vegetation clearings, linear winter roads or conventional
seismic lines that are 5 to 20 m wide, and low-impact (threedimensional or 3D) seismic lines that are 2 to 3 m wide and spaced
every 30 to 100 m in a dense grid (Fig. 1). Exploratory features
are considered by many to be temporary and low-impact relative
to permanent features. Temporary features are typically left to
regenerate naturally, although there is an increasing effort to plant
trees on abandoned seismic lines. However, there is evidence that
such features will persist, unregenerated, for extended periods
(MacFarlane 2003, Lee and Boutin 2006, Van Rensen et al. 2015).
Because of their high density, seismic lines have a greater impact
on landscape-structure metrics, including the number of habitat
patches, mean patch size, and amount of edge, than other linear
features (Pattison et al. 2016). Projected increases in the
proportion of extraction using in situ methods could increase the
density of seismic lines from approximately 1.5 km per km² for
conventional extraction methods to approximately 8 km per km²
within the next 100 years, if all of Alberta’s bitumen deposits were
developed (Schneider et al. 2003). Furthermore, localized areas
requiring high intensity 3D seismic exploration can reach
densities up to 40 km per km² (Stern et al. 2018).

Fig. 1. Examples of different development feature types within
an in situ lease area approximately 30 km northwest of Fort
McMurray, Alberta, including: (a) permanent polygonal
feature – 125 by 250 m SAGD well site under construction, (b)
permanent linear – approximately 25 to 70 m wide gravel roads,
(c) temporary well site – approximately 50 m by 80 m clearing,
(d) temporary wide linear – 5 to 20 m wide winter road or
conventional seismic line, and (e) temporary seismic – 2 to 3 m
wide 3D seismic linear feature.

Permanent and temporary features cause habitat loss and
fragmentation for many wildlife species, influencing processes
such as home-range selection (Tigner et al. 2015), movement
patterns (Tigner et al. 2014, Dickie et al. 2017, Riva et al. 2018a),
reproductive success (Ludlow et al. 2015, Bernath-Plaisted and
Koper 2016), predator avoidance (Mumma et al. 2017), and
foraging behavior (Scrafford et al. 2017). Even temporary features
may be perceived by and alter the behavior of wildlife for extended
periods of time (Tigner et al. 2014). For birds, the influence of
energy-development features on abundance, density, and nesting
success is species- and feature-specific (Thomas et al. 2014,
Ludlow et al. 2015, Bayne et al. 2016, Farwell et al. 2016). Previous
work on the effects of linear features on birds has been primarily
in upland forests, where temporary development features may be
quickly recolonized by deciduous vegetation. Avian responses in
lowland black spruce (peatland) habitats, where vegetation
succession occurs more slowly, are less well studied (Lee and
Boutin 2006, Morissette et al. 2013, Van Rensen 2014). Unique
peatland characteristics including high moisture organic matter,
poor nutrient regimes, and moss-dominated ground cover,
contribute to complex successional pathways following
disturbance in these systems. At the same time, density of trees
in natural peatlands is often considerably lower than in uplands.
Thus, the narrow gaps created by linear features may not be
perceived by birds as fragmenting these types of habitats.
Therefore, understanding the relative impacts of different feature
types on individual species in peatland habitats is important to
enhancing our knowledge of the impacts to birds, particularly in
habitats where the recovery of vegetation after development may
be constrained by energy-sector activities.
Permanent and temporary development-feature types may have
different effects on the occurrence of a species because of both
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the characteristics of the feature itself, and the influence of that
feature on the surrounding habitat. Changes in vegetation
structure can alter the microclimatic (e.g., temperature, moisture),
resource availability (e.g., insect abundance), or biological (e.g.,
nest predation rates) influences associated with edge effects
(Ewers and Didham 2006, Fischer and Lindenmayer 2007,
Prevedello and Vieira 2010). The structural contrast of an
anthropogenic feature may be a good predictor of the direction
and magnitude of the expected edge effects (Prevedello and Vieira
2010). For forest ecosystems, edge effects are strongest when the
structural contrast of the development feature is high relative to
the unaltered habitat (Kennedy et al. 2010). Ovenbirds (Seirus
aurocapilla), for example, showed an increased probability of
including linear features within territories for lines with smaller
widths (Bayne et al. 2005a) and greater vegetation cover (Lankau
et al. 2013). Strength of an edge response, therefore, may be
mediated by the degree of change in the structure of different
development feature types. Larger, more permanent development
features not only lead to greater area of resource change, but may
also have greater contrast, enhancing differences in microhabitats
such as sun exposure, temperature, or wind (Delgado et al. 2007,
Stern et al. 2018). Thus, stronger edge effects may lead to a greater
impact on the quality of the surrounding habitat.
Specialist species, i.e., those requiring a narrow set of resource
attributes, may be more sensitive to habitat disturbance than
generalist species, i.e., species with a broad ecological niche that
utilize a wider range of resources (Clavel et al. 2011, Carrara et
al. 2015). For example, in mixed hardwood- and oak-dominated
(Quercus species) forests, specialized forest-interior species were
less abundant at well sites than reference locations and showed
declining abundance with increasing well-site density at the 25ha scale, whereas generalist early successional species were more
abundant at well sites than reference sites (Thomas et al. 2014).
Furthermore, specialist species may be more sensitive to the
characteristics of the altered habitat. Movement of forest
specialists, for example, may be impeded by contrasting
development features, potentially restricting specialists to larger
patches of intact forest (Gillies and St. Clair 2010, Smith et al.
2011, Betts et al. 2014).
We investigate whether a conifer generalist and specialist respond
differently to in situ oil-sands disturbance features of different
sizes and types in peatland habitats. In northern Alberta, Darkeyed Juncos (Junco hyemalis) and Palm Warblers (Setophaga
palmarum) are both abundant in lowland habitats (Mahon et al.
2016, ABMI 2017). Dark-eyed Juncos are common to both
disturbed and undisturbed coniferous habitats across the boreal
forest region, and are considered to be conifer generalists (Schieck
and Song 2006, Handel et al. 2009, Mahon et al. 2016). Palm
Warblers are closely associated with lowland black spruce
habitats, including bogs and fens, are identified as a specialist
species in the boreal forest (Calmé et al. 2002, Mahon et al. 2016),
and are thought to be sensitive to disturbances in these systems,
requiring large tracts of intact peatland habitat (Calmé and
Desrochers 2000, Poulin et al. 2006). Although both species are
ground nesters common in treed-bog habitats, differences in the
breadth of their habitat-use strategies provide an ideal
comparison for contrasting avian responses to different
anthropogenic features created by multi-feature SAGD
disturbances.

We had two main objectives in this study: (1) determine if in situ,
oil-sands development features contribute to positive, negative,
or neutral effects on occurrence, beyond the influence of amount
of habitat alone; and (2) determine the relative effect of different
types of energy features on Dark-eyed Junco and Palm Warbler
occurrence. We hypothesized that a conifer-generalist junco
would show greater tolerance to development features than the
peatland-specialist warbler because of the potential for
complementary use of resources in the anthropogenically derived
habitat, i.e., a greater ability for juncos to use novel resources
provided by the development feature. Specifically, we
hypothesized that Dark-eyed Juncos and Palm Warblers respond
differently to permanent and temporary features because of (1)
vegetation structural differences of the feature types, where
permanent (non-vegetated) and temporary (containing early seral
regenerating habitat) features provide different habitat; (2) feature
size-related effects, where smaller features, such as seismic lines
or other linear features, may not be perceived differently from
natural vegetation gaps, whereas larger features would be more
distinct and recognized; and (3) microhabitat conditions, where
the unique differences in habitat conditions of each feature create
favorable or unfavorable conditions. We anticipated that any or
all of these responses could be present, and by identifying the
strength and direction of responses to the features included in top
models we would gain a better understanding of the relative
impact of different feature types to these species.

METHODS
Study area
This study was situated in a 17,000-ha in situ lease area, located
approximately 30 km northwest of Fort McMurray, Alberta (Fig.
2). At the time of the study, the lease was in the early stages of
development for Steam Assisted Gravity Drainage (SAGD)
bitumen extraction. As a restricted access area, activity within the
lease was specific to SAGD development and therefore provided
a unique opportunity to examine SAGD development effects in
isolation from other resource-sector activities. Upon completion
of development, anthropogenic features in the lease will include
approximately 3520 ha of exploratory seismic lines, temporary
and permanent production well sites, winter roads, permanent
gravel roads, pipelines, and other industrial facilities. During the
study, all features were less than eight years of age. Permanent
development features were built on a gravel surface (not
vegetated), whereas temporary disturbances and seismic lines
were vegetated and had variable plant composition and structure
pending specific site and disturbance conditions. Within lowland
habitats, these features were in the early stages of regeneration,
exhibiting little to no regrowth of vegetation beyond the forbherb and low shrub stage.
Occurring within the boreal mixedwood ecological region
(Beckingham and Archibald 1996), the habitat within the in situ
lease area primarily consists of lowlands, including open, shrubby,
or treed bogs and fens. Vegetation communities in the nutrientpoor, acidic conditions of bogs are composed mainly of black
spruce (Picea mariana) in the canopy and shrub layers. Dominant
groundcover species include Labrador tea (Ledum groenlandicum),
leatherleaf (Chamaedaphne calyculata), and bog cranberry
(Vaccinium vitis-idaea). Nutrient-rich fens are more diverse and
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are composed of black spruce, tamarack (Larix laricina), alder
(Alnus), birch (Betula), and willow (Salix) species in the main
foliage layers. Low ground cover in fens may include sedges
(Carex) and horsetails (Equisetum). Other less common habitats
in the study area include mesic deciduous or coniferousdominated upland forests, with leading canopy species including
trembling aspen (Populus tremuloides), balsam poplar (Populus
balsaminifera), or white spruce (Picea glauca). Low-bush
cranberry (Viburnum edule) and prickly rose (Rosa acicularis) are
common mesic shrubs. Drier or low-nutrient upland sites are
dominated by jack pine (Pinus banksiana) or black spruce
canopies and may include sparse blueberry (Vaccinium
myrtilloides), Canada buffaloberry (Shepherdia canadensis), or
Labrador tea in the understory.
Fig. 2. Geographic location of study area, approximately 30 km
northwest of Fort McMurray, Alberta (star, top right insert)
and locations of point-count survey sites within an in situ lease
study area (left). The boreal forest was delineated using Brant
2009 and the study area is depicted using Pleaides 50-cm
resolution satellite imagery. Development features are
highlighted in brown to enhance contrast from satellite imagery.

permanent development features, which represent the greatest
intensity of SAGD development features within the study area.
Sample sizes achieved for total development intensity (% area)
within 100 m included 66 sites with 0% development, 29 with >
0–10%, 18 with > 10–20%, 96 with > 20–30%, 36 with > 30–40%,
18 with > 40–50%, and 21 with > 50%. Of the sites including
development features, 22 sites contained permanent polygonal
features, 36 with permanent linear, 44 with well sites, 108 with
wide linear features, and 165 with seismic. Approximately a third
of the sites were within each distance range of 0–0.5 km, 0.5–2
km, and > 2 km from permanent features (103, 88, and 93 sites
respectively). To account for potential confounding effects
between the sampling schedule (time-of-day) and the spatial
location of development features within the study area, the start
points for daily survey routes were randomly selected across
different distances from permanent features and otherwise
randomly distributed in space to account for any unknown
confounding effects of sampling date and location. Point-count
surveys were conducted once at each sampling site, prioritizing
the importance of a larger sample size (Ralph et al. 1993) to
examine a greater range of development-feature combinations.
Skilled observers visited a total of 284 sites during the breeding
season between 4 June and 1 July 2014. At each location, observers
recorded songbirds seen and heard within a 100-m, limited-radius
sample area and over a 10-minute sampling duration. Surveys
occurred during good weather (no rain, light wind) and during
peak hours of avian activity between approximately 04:00 and
9:45. We focused our analysis on 157 of these sites, which (1)
contained a minimum of 20% lowland habitat within 100 m of
the survey site; and (2) were within the extent of available highresolution habitat data (Fig. 2). The reduced sample set contained
a similar average and range for amount of development for each
feature type within 100 m of sample stations relative to the full
dataset; however, we had a slightly higher mean total development
feature amount (25.5 ± 17% relative to 22.0 ± 19%) because of a
reduction in the number of sites farthest from permanent roads.
See Appendix 2 for additional detail on development-feature
distribution within the sample dataset.

Habitat attributes
Avian sampling
Standard avian point-count techniques (Ralph et al. 1995,
Matsuoka et al. 2014, Turgeon et al. 2017) were used to sample
Dark-eyed Junco and Palm Warbler occurrence. Potential pointcount sampling sites were identified following a stratified random
selection procedure. Potential sampling stations were placed
randomly across the study area between 0 and 6 km from
permanent development features. The locations were spaced a
minimum of 300 m apart (greater than the average detection
radius for most songbird species) in attempt to maintain
independence between sites (Matsuoka et al. 2014). Sampled
survey sites were selected from the potential stations with a
stratified random-selection procedure using imagery of current
development and observer judgement in the field. Observers
attempted to select survey routes that achieved a balanced sample
size of point-counts across different development-feature types,
total development-feature intensity, and given distance from

Habitat variables for this study were derived from three sources:
(1) an avian habitat class layer derived from human-classified
aerial imagery (Mahon et al. 2016); (2) 2009 Light Detection and
Ranging (LiDAR) data (bare ground and full-feature light
detection and ranging data); and (3) 2013 Pleiades 50-cm
resolution multispectral satellite imagery. Broad habitat types
were identified from the avian habitat class layer which
distinguishes vegetation into 12 types based on stand-level
vegetation associations, such as leading species composition, and
includes up to six different structural stage classes for each habitat
type. We derived finer-resolution vegetation-structure characteristics,
including vegetation density and height, using LiDAR data.
Vegetation productivity has been correlated with avian abundance
and richness for a number of different forest-dominated systems
(Hurlbert and Haskell 2003, Evans et al. 2006, St-Louis et al.
2014). Here we identified site productivity as the average of the
normalized difference vegetation index (NDVI) of lowland
vegetation within 100 m of the survey site. NDVI indices, which
are calculated using a ratio of near infrared (NIR) and visible
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Table 1. Summary of mean percent area (± SD) for habitat and development feature types within 100 m and
500 m of point-count centers for 157 stations used in occurrence models for Dark-eyed Juncos (Junco
hyemalis) and Palm Warblers (Setophaga palmarum).
Local-scale (100-m radius)
Variables
Habitat
†
Lowland
Shrubby lowland
Treed bog
Other habitats
Development features
Polygonal permanent
Linear permanent
Well sites
Wide linear
Seismic

Mean percent area

Range

68.1 ± 19.1
8.9 ± 19.2
47.3 ± 31.8
5.9 ± 12.9
2.9 ± 11.4
2.7 ± 8.3
2.1 ± 5.3
4.2 ± 6.9
13.9 ± 10.2

Neighborhood (500-m radius)
Mean percent area

Range

20.7–100
0–100
0–100
0–69.2

63.8 ± 16.7
8.7 ± 11.0
44.7 ± 24.5
11.3 ± 14.0

19.7–96.9
0–69.8
0–95.2
0–63.6

0–62.3
0–42.4
0–24.1
0–44.3
0–30.6

3.8 ± 9.2
2.7 ± 3.7
1.3 ± 1.0
3.7 ± 2.9
13.5 ± 9.2

0–57.3
0–12.6
0–5.6
0–13.3
0–25.4

†

†

Stations selected for analysis included a minimum of 20% lowland habitat within 100 m of point-count center.

(VIS) wavelength spectral reflectance from satellite imagery,
NDVI = (NIR-VIS) / (NIR+VIS), represent areas of high
chlorophyll concentrations and are thought to correspond to
differences in vegetation productivity or so-called greenness
(Pettorelli et al. 2011). To aid interpretability, we scaled our
vegetation productivity or greeness index by 1000 NDVI, to
represent relative change for values greater than 1, instead of
increments of 0.001.

Defining development features
A combination of automated and manual digitization techniques
were used to delineate development features from both planning
schematics and Pleaides 50-cm resolution satellite imagery
(September 2013). As new vegetation clearing occurs during the
winter months, it is possible that some new features were present
on the ground during the time of the point-count surveys.
However, development data from May 2015 (Pleaides 50-cm
resolution satellite imagery) showed that only two sites had ≥ 1%
change in development feature area within 100 m of the point
count station (3% and 14% respectively) and neither of these sites
were outliers in fitted models. Development features were grouped
into five distinct categories: (1) permanent polygonal features,
such as gravel pits, developed well sites, and other industrial
features; (2) permanent linear features such as gravel roads (25–
70 m wide); (3) temporary well sites such as undeveloped
exploratory well sites (approximately 50 × 80 m polygons,
hereafter well sites); (4) temporary wide linear features such as
traditional linear cut-line features, pipelines, and winter roads (5–
20 m wide); and (5) temporary seismic features, limited to modern
2–3 m wide 3D linear seismic features (hereafter seismic; Fig. 1).
To identify whether different types of development features have
different effects on Dark-eyed Junco and Palm Warbler
occurrence, we examined the percent area of different
combinations of development-feature types (Table 1).

Model selection and analysis
As evidence suggests avian species respond to different factors at
different scales (Leonard et al. 2008) and that multi-scale models
improve the predictive capacity of habitat selection models (Smith
et al. 2011), we considered habitat and development variables at
two spatial scales using circular buffers around the point-count
station (Fig. 3). We selected a 500-m radius neighborhood scale

to (1) be large enough to contain home ranges of multiple
individuals, thus encompassing influential biological processes
such as dispersal constraints and conspecific attraction
(Desrochers et al. 2010); (2) fall within a range considered
influential in the literature for songbirds (Desrochers et al. 2010);
and (3) capture a representative gradient of composition across
habitats and target development-feature types. We selected a 100m local scale to (1) match the zone of detection from the limitedradius sampling method, thus capturing local-scale differences in
habitat around each station; and (2) represent local-scale
processes such as nest-site availability, microclimate, or food
limitation (Desrochers et al. 2010, Farwell et al. 2016). For each
habitat or disturbance variable, scale was evaluated first, and the
most predictive scale selected for inclusion in multi-scale models
(Appendix 1). We considered the most predictive scale the one
with the lowest Akaike’s Information Criterion (AIC) score when
comparing single-variable models with different scales.
Fig. 3. Examples of habitat configuration at the local- (100-m
radius, inner circle) and neighborhood-scale (500-m radius,
outer circle) surrounding two point-count survey stations, (a)
and (b) (yellow dot). These stations have similar percent area
lowland (blue, approximately 50%) and percent area
development (gray, approximately 30%) at the local scale, but
have different development configurations and percent area
developed at the neighborhood scale, 7% and 35% for (a) and
(b), respectively. Other habitats, represented in red, include
upland forest types such as deciduous, mixedwood, or
coniferous forests.
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Once an appropriate scale was established for each variable, a twostep approach was used to compare model hypotheses. First, we
developed a habitat only (null) model for each species (Appendix
1). The habitat model was developed using a limited number of
a priori predictor variables representing three habitat
characteristics: habitat amount, vegetation structure, and
vegetation productivity. To identify the best supported variable
for habitat amount, we examined combinations of lowland
categories with different vegetation composition and structural
stage attributes, characteristics important to forest-associated
boreal birds (Machtans and Latour 2003, Schieck and Song 2006,
Mahon et al. 2016). Categories included (1) lowland (all stages of
bog and fen combined); (2) shrubby bog (≤ 6 m tall vegetation);
(3) shrubby fen; (4) treed bog (≥ 6 m tall vegetation); (5) treed fen;
(6) shrubby lowland (bog and fen combined); and (7) treed
lowland (bog and fen combined). After identifying the best
predictor for habitat amount, we then determined if local
vegetation structure and vegetation productivity improved the
predictive capacity of models. Variables considered for vegetation
structure included density and variability of lowland vegetation
structure. Vegetation density was represented by percent area of
preferred shrubby (1 to < 4 m tall) or regenerating (4 to < 10 m
tall) vegetation within lowland habitat. Variability in vegetation
structure was represented by the standard deviation of vegetation
heights within lowland vegetation. To avoid overfitting, only the
single best predictor for each variable category (habitat amount,
vegetation structure, vegetation productivity) was included in the
final habitat model for each species, and vegetation structure or
productivity variables were only included if they improved the
model above only habitat amount.
Next, different combinations of development features were added
to the habitat (null) models to compare relative influence of
different features. Because the majority of survey stations had ≤
1 detection for each species (133/157 stations for juncos and
139/157 for Palm Warblers), we examined the relative influence
of predictor variables on whether or not a species was detected
at each site. Logistic regression models were used to model the
probability of occurrence (1 = detected, 0 = not detected) for each
species as a function of percent area of each feature type, scaled
to show the change in probability of occurrence per 10% change
in the explanatory feature. We assessed all models for variable
collinearity using variance inflation factors (all VIF < 3; Zuur et
al. 2010). Development feature models were ranked by their ability
to predict songbird occurrence relative to the null habitat quality
model for each species using Akaike Information Criterion
corrected for small sample sizes (AICc; Burnham and Anderson
2002). Models with the lowest AICc and greatest Akaike weights
(wi) were considered the most parsimonious and selected for each
species. Coefficients were standardized to a variance of 1 and
mean of 0 to compare relative influence for variables with different
measures. Strong positive or negative coefficients suggest
correlations between development features and occurrence.
Predictive accuracy of models was evaluated using the receiver
operating characteristic area under the curve (ROC AUC).
Analyses were completed in R (R Core Team 2020) and were
facilitated using the packages lme4 (Bates et al. 2018), MuMIn
(Bartoń 2019), and pROC (Robin et al. 2011).

RESULTS
Occurrence and development
A total of 107 Dark-eyed Juncos and 96 Palm Warblers (singing
males only) were detected within a 100-m sampling radius of
point-count centers for the 157 point-count stations analyzed.
Dark-eyed Juncos occurred at 78 of these stations and Palm
Warblers at 73. Percent lowland within 100 m of stations ranged
from 20.7–100% (mean 68.1 ± 19.1) at the 100-m scale and 19.7–
96.9% at the 500 m scale (mean 63.8 ± 16.7; Table 1). Similarly,
sampling stations contained comparable proportions of each
different development feature type at both sample scales (Table
1). For all feature types combined, there was an average of 25.8%
(± 17.3, 0–72.7%) and 24.9% (± 14.2, 2.1–74.8%) area of
development within 100 m and 500 m respectively. A total of 28
point-count stations contained less than 5% development within
100 m, whereas only 14 stations contained less than 5%
development within 500 m.

Habitat null model
Inclusion of vegetation structure and productivity variables
substantially improved model fit for Palm Warblers, but not for
Dark-eyed Juncos. For Juncos, the top model included percent
area of treed bog within 500 m of point-count station, but the
model was not improved by inclusion of additional local-scale
variables of vegetation structure or productivity (Table 2; wi:
0.04). Junco occurrence increased 1.4 times for every 10% increase
in treed bog habitat (Fig. 4, Table 3). For Palm Warblers, the top
habitat model included percent area of shrubby lowland habitat
(bog or fen) within 500 m of the point-count; however, there was
similar model fit at both the 500 m and 100 m scales (< Δ2 AIC;
see Table A1.3 in Appendix 1). The habitat model was improved
by the inclusion of local scale variables of both lowland structure
and vegetation productivity (Table 4; wi: < 0.01). Palm Warbler
occurrence was 1.2 times more likely for every 10% increase in the
amount of shrubby lowland habitat, while being 0.37 times as
likely for every 1 m increase in the standard deviation of tree
height and 1.27 times more likely for every increase in average
lowland greenness by 1 (0.001 NDVI; Fig. 4, Table 5). In our
sampled locations, the scaled relative greenness of lowland
vegetation ranged from 56.3 to 70.3.

Feature-specific response to permanent
development
The most supported model for both Dark-eyed Junco and Palm
Warbler occurrence included only permanent features. The top
Dark-eyed Junco model (Table 2; wi: 0.64) had a ROC AUC of
0.62, indicating weak predictive ability. The low sensitivity (0.47)
relative to specificity (0.72) of the model suggests that Dark-eyed
Juncos occur in more locations than the model predicted. For
every 10% increase in the percent area of polygonal permanent
features the odds of Dark-eyed Junco occurrence decreased by
0.6 times, whereas the odds of occurrence increased 1.7 times for
every 10% increase in permanent linear features (Table 3, Fig. 5).
Percent area of linear permanent features within 100 m had the
greatest relative effect on occurrence based on standardized beta
coefficients, followed by the percent area of permanent polygonal
features within 500 m, and then percent area of treed bog within
the 500-m neighborhood scale (Table 3). Only two other models
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Table 2. Akaike’s information criterion corrected for small sample sizes (AICc), changes in AICc (ΔAICc) and relative weights (wi) for
predictive models of Dark-eyed Junco (Junco hyemalis) occurrence, where K represents the number of model parameters and LL is the
log-likelihood for the model.
Model
Permanent
†
Habitat + permanent polygonal500 + permanent linear10
Linear permanent
†
Habitat + permanent linear50
Polygonal permanent
†
Habitat + permanent polygonal500
Habitat (null)
Treed bog500
‡
All features
†
Habitat + permanent polygonal500 + permanent linear100 + well site500 + wide linear100 +
seismic500
Wide linear
†
Habitat + wide linear100
Seismic
†
Habitat + seismic500
Well site
†
Habitat + well site500
Large temporary
†
Habitat + well site500 + wide linear100
Temporary
†
Habitat + well site500 + wide linear100 + seismic500

K

LL

AICc

ΔAICc

wi

4

-102.26

212.78

0

0.64

3

-104.78

215.71

2.93

0.15

3

-105.36

216.87

4.09

0.08

2

-107.19

218.46

5.68

0.04

7

-101.95

218.64

5.87

0.03

3

-106.93

220.01

7.23

0.02

3

-107.11

220.38

7.6

0.01

3

-107.17

220.5

7.72

0.01

4

-106.92

222.11

9.33

0.01

5

-106.82

224.04

11.26

0

†

Habitat includes the variables identified for the best supported “habitat only” null model. For Dark-eyed Juncos this includes treed bog within 500 m (Table 3, Appendix
1).
‡
Model variables were examined for collinearity and all models contained variance inflation factor (VIF) values < 3. For the Dark-eyed Junco “All features” model, the
VIF values were 1.04- treed bog500, 1.12- permanent polygonal500, 1.07- permanent linear100, 1.24- well site500, 1.07-wide linear100, and 1.22- seismic500.

Fig. 4. Probability of occurrence for Dark-eyed Juncos (Junco
hyemalis; solid line); (a) and Palm Warblers (Setophaga
palmarum; dotted line); (b-d) across range of habitat features
within 100 m of point-count survey sites under a “no
development” scenario (percent area permanent features held at
0), as predicted by the top-selected occurrence model. Non-focal
habitat variables are set to represent the average habitat
conditions across the sample area. Average productivity (NDVI)
values here depict the relative change in average chlorophyll
concentrations within lowland vegetation, as identified by multispectral satellite imagery, and are scaled 1000 times, so an
increase by one value represents a change of 0.001 average
NDVI (NDVI values in our sampled locations ranged from 56.3
to 70.3).

Fig. 5. Probability of occurrence for Dark-eyed Juncos (Junco
hyemalis; top row) and Palm Warblers (Setophaga palmarum;
bottom row) across range of percent area of polygonal (a,c) or
linear (b,d) permanent features and under average habitat
quality conditions (e.g., for Palm Warbler, the average percent
area shrubby lowland, variation in tree height, and productivity),
as predicted by the top-selected occurrence model.
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Table 3. Summary of parameter estimates (β), their associated standard error (SE) and probability, odds ratios, 95% confidence intervals
for the odds ratios, and standardized beta coefficients (βSTD) in the most supported Dark-eyed Junco (Junco hyemalis) occurrence model.
β

SE

Probability

Odds Ratio

Confidence
Interval

βSTD

-0.285
0.352
-0.462
0.552

0.226
0.171
0.235
0.25

0.206
0.04
0.05
0.027

0.752
1.421
0.63
1.737

(0.48, 1.166)
(1.035, 2.031)
(0.368, 0.948)
(1.116, 3.064)

-0.002
0.388
-0.426
0.460

Variable
(Intercept)
Treed bog (500 m)
Polygonal permanent (500 m)
Linear permanent (100 m)

showed more support than the habitat only (null) model, and both
these models contained permanent features (linear only wi: 0.14
and polygonal only wi: 0.08; Table 2). All models containing only
temporary development features ranked well below the null
habitat-only model based on AICc (Table 2; wi: 0.03).
For Palm Warblers, the top model (Table 4, wi: 0.63) was
supported by a ROC AUC of 0.78, with similar specificity (0.71)
and sensitivity (0.68), indicating good model accuracy. The most
to least influential variables based on standardized beta
coefficients were percent area of polygonal permanent features at
a local scale, local tree height variability, local NDVI,
neighborhood percent area shrubby lowland, and neighborhood
percent area linear permanent features (Table 5). Odds of
occurrence decreased 0.4 times for every 10% increase in
permanent polygonal features within a 100-m local scale and
increased 3.9 times for every 10% increase in area of permanent
linear features within a 500-m neighborhood (Figure 5, Table 5).
All models including permanent development features ranked
better than the habitat quality null model (Table 4).

DISCUSSION
In situ oil-sands development features are expected to become
increasingly prevalent in northern Alberta boreal forests
(Schneider and Dyer 2006). Understanding species’ sensitivity to
different types of development features is important for predicting
and managing responses to expanding anthropogenic footprints.
Our results indicate that both Dark-eyed Juncos and Palm
Warblers are influenced by the presence of permanent
development features, with both species showing a negative
response to polygonal permanent features and a positive response
to permanent linear features. In contrast, despite differences in
specificity of habitat requirements, both species are commonly
present within areas perforated by smaller temporary
development features, supporting the hypothesis that temporary
features are lower-impact than more permanent features.

Responses to permanent features
Permanent features showed consistent effects on the occurrence
of Dark-eyed Juncos and Palm Warblers, despite differences
between the species in their broad-scale habitat preference.
Inclusion of polygonal and linear permanent features improved
model fit for both species, supporting the hypothesis that
permanent features are not equivalent to natural habitats and
have a greater influence on habitat suitability than temporary
development features. Polygonal permanent features had a strong
negative influence on the probability of occurrence. Polygonal
permanent features here include developed SAGD well sites,
gravel pits, and industrial facilities. Associated human activity,

industrial noise, movement-impeding infrastructure, and high
contrast to the surrounding habitat are some potential reasons
why these permanent polygonal features provide less suitable
habitat.
Contrary to our predictions, both species showed a positive
response to permanent linear features and the relative strengths
of responses were similar to those of larger polygonal features.
In this study area, all permanent linear features were unpaved
gravel roads used to access industrial site locations. In forested
ecosystems, responses to unpaved roads on abundance or density
of passerines is quite variable (Ortega and Capen 2002). Road
networks affect bird populations through different direct and
indirect mechanisms. Direct negative impacts may include habitat
loss, mortality from vehicle collisions, or poisoning from roadside
pollution, whereas indirect effects may include influences of
artificial light or noise on breeding success, physical barriers to
movement, or edge effects (Kociolek et al. 2011). Positive
influences on passerines may include provision of novel early
successional habitat in the verge and potentially in the forest edge,
resulting in increased landscape heterogeneity (Helldin and Seiler
2003) and altered distribution or availability of food resources
(Morelli et al. 2014).
Ortega and Capen (2002) reported a positive response to roads
for Dark-eyed Juncos, observing increased abundance of juncos
within 150 m of unpaved roads relative to forest interiors. They
attributed this response to low herbaceous and woody vegetation
along roadsides because of observations of juncos foraging within
low vegetation and directly on unpaved road surfaces. In our
study, juncos were also observed foraging both on gravel
substrates and along roadside edges (Carpenter 2020), so gravel
roads may influence availability or diversity of insect-prey species
for ground foragers. Although, as foliage gleaners, Palm Warblers
do not commonly feed within herbaceous vegetation or along the
ground, they might benefit from changes in insect populations
along the interface of gravel roads and surrounding peatland
vegetation. Altered sunlight or moisture along roadside edges can
increase the abundance or diversity of insect-prey species within
the surrounding vegetation, leading to shifts in the insect
community that may impact predator-prey dynamics for avian
species (Muñoz et al. 2015, Riva et al. 2018b). Conversely, aerialinsect abundance may decline with increasing road traffic and the
abundance of some species can be lower closer to roadside edges
(Muñoz et al. 2015, Martin et al. 2018), so positive responses
could be limited to low-traffic gravel roads similar to those in this
study.
Roads in peatlands can have variable effects on surrounding
vegetation depending on the type of peatland and road
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Table 4. Akaike’s information criterion corrected for small sample sizes (AICc), changes in AICc (ΔAICc) and relative weights (wi) for
predictive models of Palm Warbler (Setophaga palmarum) occurrence, where K represents the number of model parameters and LL is
the log-likelihood for the model.
Model
Permanent
†
Habitat + permanent polygonal100 + permanent linear500
Linear permanent
†
Habitat + permanent linear500
Polygonal permanent
†
Habitat + permanent polygonal100
‡
All features
†
Habitat + permanent polygonal100 + permanent linear500 + well site100 + wide
linear500 + seismic500
Seismic
†
Habitat + seismic500
Well site
†
Habitat + well site100
Large temporary
†
Habitat + well site100 + wide linear500
Wide linear
Habitat + wide linear500
Temporary
†
Habitat + well site100 + wide linear500 + seismic500
Habitat (null)
Shrubby lowland500 + vegetation variability100 + vegetation productivity100

K

LL

AICc

ΔAICc

wi

6

-86.52

185.59

0

0.63

5

-88.83

188.06

2.46

0.18

5

-89.68

189.75

4.16

0.08

9

-85.35

189.93

4.34

0.07

5

-91.36

193.13

7.53

0.01

5

-91.84

194.08

8.49

0.01

5

-92.06

194.52

8.93

0.01

5

-92.06

194.52

8.93

0.01

7

-90.78

196.3

10.71

0

2

-101.07

206.22

20.63

0

†

Habitat includes the variables identified for the best supported “habitat only” null model. For Palm Warblers this includes shrubby lowland within 500 m,
vegetation productivity within 100 m, and vegetation variability within 100 m (Table 5, Appendix 1).
‡
Model variables were examined for collinearity and all models contained variance inflation factor (VIF) values < 3. For the Palm Warbler “All features”
model the VIF values were 1.74- shrubby lowland500, 1.53- vegetation variability100, 2.05- vegetation productivity100, 1.03- permanent polygonal100, 1.29permanent linear500, 1.14- well site100, 1.09- wide linear500, and 1.22- seismic500.

orientation. When roads intersect peatlands at an orientation
perpendicular to the direction of the underlying hydrological flow
they may act as water barriers (Willier 2017). The upstream side
of the road can become saturated, leading to widescale vegetation
mortality, whereas drier conditions on the downstream side of
the road may enhance woody vegetation growth, resulting in
forest-like conditions. The road networks in this study area are
relatively recent and intersect the peatland habitat at various
orientations. Vegetation change has been observed in some
locations adjacent to the road network that are suggestive of the
potential for edge effects on vegetation from road-based
constraints to hydrologic flow in peatland ecosystems. Post hoc
analyses suggested model fit for Palm Warblers was somewhat
improved by a non-significant positive-interaction effect between
peatland productivity (NDVI) and permanent linear features.
Because vegetation productivity in peatlands will differ between
bogs and fens, which have different hydrological characteristics
and thus will show different responses to road disturbances
(Willier 2017), this may be worth further exploring. Additional
investigation into the mechanism behind these responses, the
consistency of this response over time, and the consistency of
positive responses for other passerine species, or in other peatland
areas, is needed.
In general, this work supports other findings that impacts from
roads differ from cutlines (wide linear or 3D seismic features) and
cannot be directly extrapolated (Linke et al. 2008). Whereas
cutlines create greater edge per unit area than other features
(Linke et al. 2008, Bayne et al. 2016, Riva and Nielsen 2020), they
may also create softer edges that are not perceived by these two
species as structurally distinct to natural openings (Machtans

2006). Additionally, factors including resilience and threshold
effects may contribute to the relatively weak influence of
temporary development features on Dark-eyed Junco and Palm
Warbler occurrence.

Resilience or threshold effects
The boreal forest is a naturally heterogeneous ecosystem which
may help explain why small temporary development features did
not affect the occurrence of either study species. The high
frequency of natural disturbance events, including fire and insect
outbreaks, creates a patchy mosaic of upland and lowland forest
types in various stages of succession (Bergeron et al. 2014). As a
result, species that evolved in dynamic boreal forest may be welladapted to heterogeneous vegetation structure, and thus fairly
resilient to small changes in vegetation structure from
disturbances (Schmiegelow et al. 1997, Drapeau et al. 2016,
Mahon et al. 2016). Vegetation structure in peatland habitats is
closely tied to underlying patterns of nutrient and moisture
regimes and naturally includes small vegetation gaps and
variation in tree height, although perhaps at a finer scale than in
neighboring upland habitats. The low nutrient availability and
high moisture regime may limit overall heterogeneity in species
composition, and corresponding vegetation structure creating
more naturally variegated habitats (Harper et al. 2015). With a
lower tree density and wider spacing, peatland habitats may be
affected less by small structural changes from temporary
disturbance features.
Moreover, fragmentation effects, such as patch isolation, may be
stronger in highly disturbed landscapes, such as urban or
agricultural areas, where habitat availability is low and the matrix
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Table 5. Summary of parameter estimates (β), their associated standard error (SE) and probability, odds ratios, 95% confidence intervals
for the odds ratios, and standardized beta coefficients (βSTD) in the best supported Palm Warbler (Setophaga palmarum) occurrence
model.
β

SE

Probability

Odds
Ratio

Confidence
Interval

βSTD

-14.853
0.219
-0.993
0.244
-0.813
1.37

6.118
0.102
0.272
0.092
0.648
0.562

0.015
0.031
0
0.008
0.209
0.015

0
1.245
0.37
1.277
0.443
3.936

(0, 0.033)
(1.025, 1.532)
(0.211, 0.617)
(1.076, 1.545)
(0.052, 0.954)
(1.346, 12.348)

-0.351
0.535
-0.867
0.688
-0.928
0.506

Variable
(Intercept)
Shrubby lowland (500 m)
Vegetation variability (100 m)
Vegetation productivity (100 m)
Polygonal permanent (100 m)
Linear permanent (500 m)

imposes greater survival risk during movement (Betts et al. 2010,
Villard and Metzger 2014). In the boreal forest region, energysector developments may act more like within-patch perforation
of larger contiguous forest than factors inducing patch-isolation
effects. In hardwood and oak ecosystems, avian communities at
sites with low well-site densities comparable to this study area
(4-20 well sites per km²) were similar to reference sites, but these
communities diverged at higher development densities (> 20 well
sites per km²), suggesting a threshold effect. Ovenbird responses
to conventional seismic lines were also similar, with no change
detected between 0-8.6 km of conventional seismic per km² but
19% declines for each km per km² above that threshold (Bayne et
al. 2005b). Development feature densities for temporary wide
linear features in this study area were 0–4.6 km per km² and may
be below thresholds for strong Dark-eyed Junco and Palm
Warbler responses.

Generalist and specialist responses
Despite similar directions of response to permanent features by
these two species, these findings add to existing evidence that
specialized species with a narrower ecological niche breadth may
be more susceptible to habitat change than species that use a
broader range of habitat characteristics. For Palm Warblers, their
occurrence in lowland habitats increased with shorter vegetation
heights, lower variability in vegetation height, and greater
vegetation productivity, suggesting that they select areas with a
greater aggregation of shrubby vegetation strata. This is
consistent with observations of Palm Warblers using short black
spruce trees (< 4 m) for both singing and foraging behaviors in
this study area (Carpenter 2020). Additionally, standardized
coefficients suggest that vegetation productivity has the greatest
positive effect on Palm Warbler occurrence. Conservation and
management of this species therefore requires careful
consideration of the structural integrity and productivity of these
habitats. If this habitat specificity holds true across their range, it
may explain why this species is considered area-sensitive in eastern
boreal forests (Poulin et al. 2006). In this study area, lowland
habitats were widespread and fairly contiguous, with large mean
patch sizes relative to other habitat types, so area sensitivity of
Palm Warblers may not be apparent under these conditions.
The relatively poor model accuracy for Dark-eyed Juncos
indicates that juncos are commonly present in areas where models
do not predict they would be, suggesting generalist habitat use.
Whereas our models could be missing covariates that better
explain Dark-eyed Junco habitat use, this result is not unexpected.

Most species in the boreal forest exhibit generalist rather than
specialist tendencies (Schieck and Song 2006, Mahon et al. 2016),
and this flexibility in habitat use makes it difficult to identify the
key factors influencing habitat suitability. This work demonstrates
that predicting responses to energy development for generalist
species is likely to be complex and challenging.

Detectability caveats
A consideration for interpreting the response to development
features in our study is that we used single-visit occurrence data
that was not corrected for detectability. Avian detectability is
known to be influenced by factors including ambient noise (e.g.,
wind or anthropogenic), vegetation structure (e.g., forested or
open habitat types), bird behavior (e.g., song frequency,
vocalization spectrum), distance from the observer, and study or
analytical design (e.g., point-count duration, detection radius;
Alldredge et al. 2007, Sólymos et al. 2013, 2018, Hutto 2016, Yip
et al. 2017). Whereas we aimed to minimize detectability bias in
our choice of point count method, e.g., 10-minute, limited radius,
in good survey conditions, with experienced observers (Matsuoka
et al. 2014) and by using a stratified approach to sampling design
(e.g., sampling across a range of distances to roadsides and a
gradient of development feature amounts), we acknowledge that
imperfect detection is an inherent aspect of our data. One
potential implication here is that larger features may be associated
with more open structure, and therefore increased detectability,
if the observer is within or adjacent to the opening (Yip et al.
2017). In contrast, any anthropogenic noise associated with
permanent features could decrease detectability. Whereas road
traffic within our study area was low during the survey period,
human activity within polygonal features containing associated
infrastructure was greater than on access roads, suggesting a bias
toward detection along roadsides relative to active worksites;
however, not all polygonal features contained infrastructure at
the time of the surveys. Therefore, whereas this study supports
inference toward the relative effect of these features, additional
work is needed to quantify the magnitude of the effects of
permanent features on species’ occupancy and density.

CONCLUSION
These findings emphasize the importance of minimizing impacts
from widespread permanent features associated with in situ
energy developments. As in situ oil-sands development expands
in northern Alberta, so will densities of associated permanent
infrastructure, including gravel or paved roads, SAGD well sites,
and facilities. Moreover, these impacts will not be occurring in
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isolation, but in conjunction with other industries such as
transportation and mining (Ficken et al. 2019). Impacts from
different development features (roads, narrow and wide linear
features, well sites, harvest units) in the boreal forest region can
show additive or interactive effects (Mahon et al. 2019). Because
even temporary features will persist, un-regenerated, for extended
periods in peatland habitats relative to uplands (Lee and Boutin
2006, Van Rensen et al. 2015), there is greater uncertainty in the
long-term responses for species associated with these habitats. It
will become increasingly important to consider forward planning
to minimize forest alteration and integrate land use across
industries and lease holders. Additional work at more lowland
sites impacted by energy development would help assess the
generality of these patterns.
These findings also support the suggestion that habitat amount
has a stronger effect than fine-scale fragmentation (Fahrig 2003),
while still showing important effects of different permanent
development features on surrounding habitat. This study,
however, does not address the effects of small-scale permanent
and temporary development features on habitat quality, or
evaluate potential behavioral implications for species that occur
in these developed habitats. Whereas evaluating species
occurrence can help identify the relative importance of different
development features, it does not capture changes in species
density or reproductive success. Exploring these other important
measures may reveal additional or more subtle impacts for some
development feature types. More work on the effects of processing
facilities, compressor stations, and other more permanent
development features is also needed, especially in peatlands. We
recommend additional, more detailed studies to address these
outstanding questions in this poorly studied vegetation type.

Responses to this article can be read online at:
https://www.ace-eco.org/issues/responses.php/2206
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Appendix 1. Model building and selection approach used to determine appropriate habitat and development feature predictor
variables for Dark-eyed Junco (Junco hyemalis) and Palm Warbler (Setophaga palmarum) occurrence models.
The following tables outline the preliminary analysis steps followed to select appropriate predictor variables for inclusion in
Dark-eyed Junco (Junco hyemalis) and Palm Warbler (Setophaga palmarum) occurrence models. We considered habitat and
development variables at two spatial scales using circular buffers around the point-count station, a 500-m ‘neighborhood’
scale and a 100-m ‘local’ scale. For each habitat or development variable considered (Table A1.1), the most predictive scale
was selected for inclusion in multi-scale models. We considered the most predictive scale the one with the lowest Akaike’s
Information Criterion (AIC, ΔAIC) score and greatest Akaike weight (wi) when comparing single variable occurrence models
with different scales. Logistic regression models were used to model the probability of occurrence (1 = detected, 0 = not
detected) for each species as a function of a predictor variable.
To build a strong habitat-only null model we selected from a limited set of variables hypothesized to be important for
predicting occurrence for these species- habitat amount, vegetation structure, and vegetation productivity (Table A1.1, Table
A1.5). We first evaluated the best variable and scale for habitat amount, and then considered whether local-scale vegetation
structure and productivity variables improved the model above single variable habitat models. Models including multiple
predictor variables were examined for collinearity using Variance Inflation Factors, where values less than 3 indicate low
collinearity (Zuur et al. 2010). To identify the most suitable development feature scale, we compared two identical ‘habitat
plus development feature’ models that only differed by the scale of the development feature being considered.
We used the following steps in our preliminary selection process:
Step 1. Determine most suitable lowland habitat type variable for habitat amount at the 500-m neighborhood scale and local
100-m local scale (Table A1.2).
Step 2. Select the most suitable scale for habitat amount (Table A1.3).
Step 3. Determine the most suitable vegetation density variable at the 100-m local scale (Table A1.4).
Step 4. Determine the most suitable vegetation structure variable at the 100-m local scale (Table A1.4).
Step 5. Determine the most suitable habitat null model (Table A1.5).
Step 6. Determine the most suitable scale for development feature variables (Table A1.6).

Table A1.1 Habitat and development feature variables, variable data sources, and variable scales (buffer radii) considered
during preliminary analyses for Dark-eyed Junco (Junco hyemalis) and Palm Warbler (Setophaga palmarum) occurrence
models.
Variables considered
Habitat amount
Lowland
Shrubby lowland
Treed lowland
Bog
Shrubby bog
Treed bog
Fen
Shrubby fen
Treed fen
Vegetation structure
Tall vegetation density
Regenerating tree
density
Mid vegetation density
Tall shrub density
Shrub density
Low shrub density
Vegetation variability
Vegetation productivity
Greenness

Variable definition

Scales considered

Data source

Proportion of bog and fen habitat (all types)
Proportion of shrubby (< 6 m tall) bog and fen habitat types
Proportion of treed (≥ 6 m tall) bog and fen habitat types
Proportion of bog habitats (all types)
Proportion of shrubby (< 6 m tall) bog habitat
Proportion of treed (≥ 6 m tall) bog habitat
Proportion of fen habitats (all types)
Proportion of shrubby (< 6 m tall) fen habitat
Proportion of treed (≥ 6 m tall) fen habitat

500 m, 100 m
500 m, 100 m
500 m, 100 m
500 m, 100 m
500 m, 100 m
500 m, 100 m
500 m, 100 m
500 m, 100 m
500 m, 100 m

AHC†
AHC†
AHC†
AHC†
AHC†
AHC†
AHC†
AHC†
AHC†

Proportion of lowland vegetation ≥ 4 m tall
Proportion of lowland vegetation 4 to < 10 m tall

100 m
100 m

LiDAR‡, AHC†
LiDAR‡, AHC†

Proportion of lowland vegetation >1 to < 10 m tall
Proportion of lowland vegetation >1 to < 4 m tall
Proportion of lowland vegetation < 4 m tall
Proportion of lowland vegetation ≤ 1 m tall
Standard deviation of vegetation height within lowland
habitat

100 m
100 m
100 m
100 m
100 m

LiDAR‡, AHC†
LiDAR‡, AHC†
LiDAR‡, AHC†
LiDAR‡, AHC†
LiDAR‡, AHC†

Average normalized difference vegetation index of lowland
100 m
habitats within 100 m of sample station (NDVI). NDVI
indices are calculated using a ratio of near infrared (NIR) and

Satellite§, AHC†

visible (VIS) wavelength spectral reflectance from satellite
imagery [NDVI=(NIR-VIS)/(NIR+VIS)].
Development features
Permanent polygonal

Gravel pits, developed well sites, and other industrial
features
Gravel roads (25-70 m wide)

Permanent linear

Satellite§, planning
schematics
Satellite§, planning
schematics
Satellite§, planning
schematics
Satellite§, planning
schematics
Satellite§, planning
schematics

500 m, 100 m
500 m, 100 m

Well site

Undeveloped exploratory well sites (approximately 50 × 80
500 m, 100 m
m polygons)
Wide linear
Traditional linear cut-line features, pipelines, and winter
500 m, 100 m
roads (5-20 m wide)
Seismic
Modern 2-3 m wide 3-dimensional (3D) linear seismic
500 m, 100 m
features
† Avian Habitat Class (AHC) data was derived from human-classified aerial imagery (Mahon et. al 2016)
‡ LiDAR data was 2009 Light Detection and Ranging data, with vegetation heights adjusted to 0 within new development
features
§ Satellite data was derived from Pleaides 50-cm resolution satellite imagery for 2013

Table A1.2 Selection of lowland habitat type variable at the 500-m neighborhood scale and local 100-m local scale for Darkeyed Junco (Junco hyemalis) and Palm Warbler (Setophaga palmarum) occurrence models. Variables were selected for
inclusion in the habitat null model by ranking their relative predictability from a limited set of a priori predictor variables
using Akaike’s Information Criterion (AIC, ΔAICs) and Akaike weights of evidence (wi), where lower AICs indicate greater
relative predictive strength. Rows included in bold indicate the variable that was selected for use in the next phase of the
model selection process. K is the number of model parameters.
Dark-eyed Junco Predictability
AIC
ΔAIC
wi
Model 1 - Occurrence ~ 500-m scale habitat amount variable
Lowland500
2
221.47
3.09
0.07
Variable

K

Palm Warbler Predictability
AIC
ΔAIC
wi
209.91

3.77

0.13

Shrubby lowland500
2
220.56
2.18
Treed lowland500
2
220.98
2.60
Bog500
2
221.07
2.69
Shrubby bog500
2
221.56
3.18
Treed bog500
2
218.38
0
Fen500
2
220.49
2.11
Shrubby fen500
2
220.58
2.20
Treed fen500
2
221.54
3.16
Model 2 - Occurrence ~ 100-m scale habitat amount variable
Lowland100
2
221.64
0.30
Shrubby lowland100
2
221.42
0.09
Treed lowland100
2
221.57
0.24
Bog100
2
221.47
0.13
Shrubby bog100
2
221.63
0.29
Treed bog100
2
221.34
0
Fen100
2
221.42
0.09
Shrubby fen100
2
221.43
0.10
Treed fen100
2
221.62
0.29

0.11
0.09
0.08
0.06
0.32
0.11
0.11
0.06

206.14
214.81
217.51
215.44
216.27
220.38
216.48
218.10

0
8.67
11.37
9.29
10.13
14.23
10.34
11.96

0.84
0.01
0.00
0.01
0.01
0.00
0.00
0.00

0.10
0.12
0.11
0.11
0.10
0.12
0.12
0.12
0.10

214.12
206.40
213.04
218.55
213.91
214.91
220.86
218.57
218.69

7.72
0
6.65
12.15
7.51
8.51
14.47
12.17
12.29

0.02
0.91
0.03
0.00
0.02
0.01
0.00
0.00
0.00

Table A1.3 Selection of the most predictive scale for habitat amount variables in Dark-eyed Junco (Junco hyemalis) and Palm
Warbler (Setophaga palmarum) occurrence models. The most predictive scale was selected by comparing the best singlevariable habitat amount model from each scale, as identified in the first selection step (Table A1.2 above). The most suitable
variable scale was selected for inclusion in the habitat null model by ranking its relative predictability using Akaike’s
Information Criterion (AIC, ΔAICs) and Akaike weights of evidence (wi), where lower AICs indicate greater relative
predictive strength. I indicates the model intercept value, β indicates the parameter estimates, and K denotes the number of
model parameters. Rows included in bold indicate the variable that was selected for use in the next phase of the model
selection process.
Model

Variable

I

β

K

AIC

ΔAIC

wi

Dark-eyed Junco occurrence ~
500 m habitat amount
100 m habitat amount
Palm Warbler occurrence ~
500 m habitat amount
100 m habitat amount

Treed bog500
Treed bog100

-0.25
-0.05

0.27
0.05

2
2

218.38
221.34

0
2.96

0.81
0.19

Shrubby lowland500
Shrubby lowland100

-1.34
-1.11

0.26
0.20

2
2

206.15
206.40

0
0.25

0.53
0.47

Table A1.4 Selection of the most predictive vegetation structure variable for inclusion in Dark-eyed Junco (Junco hyemalis)
and Palm Warbler (Setophaga palmarum) occurrence models. The most suitable variable was selected for inclusion in the
habitat null model by ranking its relative predictability in single-variable occurrence models using Akaike’s Information
Criterion (AIC) and Akaike weights of evidence, where lower AICs indicate greater relative predictive strength. Rows
included in bold indicate the variable that was selected for use in the next phase of the model selection process. Vegetation
density and vegetation variability were both considered as predictors for vegetation structure (Model 2 below), but only the
most predictive variable was included in the phase of model selection.
Dark-eyed Junco Predictability
AIC
ΔAIC
wi
Model 1 – Occurrence ~ vegetation density
Tall vegetation density
2
221.64
0.75
0.15
Regenerating tree
2
221.64
0.75
0.15
density
Mid vegetation density
2
221.42
0.53
0.16
Tall shrub density
2
220.89
0
0.21
Shrub density
2
221.62
0.74
0.15
Low shrub density
2
221.15
0.27
0.19
Model 2 – Occurrence ~ vegetation structure
2
220.89
0
0.59
Vegetation density†
Variable

K

AIC

Palm Warbler Predictability
ΔAIC
wi

214.21

14.48

0.00

214.73

14.99

0.00

220.84
202.34
199.73
214.08

21.11
2.60
0
14.35

0.00
0.21
0.78
0.00

199.73

2.86

0.19

Vegetation variability
2
221.58
0.70
0.41
196.87
0
0.81
† Note: vegetation density in Model 2 is the most predictive variable from Model 1 (bolded for each species). For the Darkeyed Junco model, this was Tall shrub density and for the Palm Warbler model, this was Shrub density.
Table A1.5 Selection of variables for inclusion in the habitat null model for (a) Dark-eyed Junco (Junco hyemalis) and (a)
Palm Warbler (Setophaga palmarum) occurrence models from a limited set of a priori predictor variables for habitat amount,
vegetation structure, and vegetation productivity. Vegetation structure and productivity variables were only included in
habitat null models if they improved the habitat amount by ≥ Δ2AIC. Models were ranked by their relative predictability
using Akaike’s Information Criterion (AIC, ΔAIC) and Akaike weights of evidence (wi), where lower AICs indicate greater
relative predictive strength. Rows included in bold indicate the model that was selected as the habitat null model and K
indicates the number of model parameters.
(a) Dark-eyed Junco habitat (null) model selection
Model
K
AIC
ΔAIC
wi
Habitat amount
2
218.38
0
0.31
Treed bog500
Habitat amount + vegetation structure
3
218.93
0.55
0.23
Treed bog500 + Tall shrub density
Habitat amount + vegetation productivity
3
219.56
1.18
0.17
Treed bog500 + greeness
Habitat amount + vegetation structure + vegetation productivity
4
220.12
1.74
0.13
Treed bog500 + tall shrub density + greeness
1
219.64
1.26
0.16
Intercept only†
† An intercept only model is included here for comparison. The relative weight (wi) of the of the most predictive habitat
model above compared to an intercept only model was 0.65 to 0.34 (Δ1.26 AIC).
(b) Palm Warbler habitat (null) model selection
Model
Habitat amount

K
2

AIC
206.14

ΔAIC
13.82

wi
0.00

Shrubby lowland500
Habitat amount + vegetation structure
3
196.22
3.90
0.12
Shrubby lowland500 + vegetation variability
Habitat amount + vegetation productivity
3
204.42
12.10
0.00
Shrubby lowland500 + greeness
Habitat amount + vegetation structure + vegetation productivity 4
192.32
0
0.87
Shrubby lowland500 + vegetation variability + greeness
1
218.88
26.55
0.00
Intercept only†
† An intercept only model is included here for comparison. The Variance Inflation Factor Values for variables in the selected
Palm Warbler model were 1.49 for habitat amount, 1.26 for vegetation structure, and 1.42 for vegetation productivity.
Table A1.6 Selection of scale for development feature variables used in Dark-eyed Junco (Junco hyemalis) and Palm Warbler
(Setophaga palmarum) occurrence models. The most predictive scale was selected by ranking the relative predictability of
each scale using Akaike’s Information Criterion (AIC), where lower ΔAICs indicate greater relative strength. Rows
highlighted in bold indicate the variable selected for inclusion in the next stage of model selection. K indicates the number of
model parameters and wi indicates the Akaike weight of evidence. Note that K differs for Dark-eyed Junco and Palm Warbler
models because the most predictive habitat variables from Step 5 (Table A1.5 above) were used in these models.
Dark-eyed Junco Predictability
K
AIC
ΔAIC
wi
Model 1- Occurrence ~ Habitat + permanent polygonal
Permanent polygonal500
3
216.71
0
0.73
Permanent polygonal100
3
218.74
2.02
0.27
Model 2- Occurrence ~ Habitat + permanent linear
Permanent linear500
3
217.83
2.28
0.24
Permanent linear100
3
215.55
0
0.76
†
Model 3 - Occurrence ~ Habitat + well site
Well site500
3
220.35
0
0.50
Variable

K

Palm Warbler Predictability
AIC
ΔAIC
wi

5
5

194.30
189.36

4.95
0

0.08
0.92

5
5

187.66
193.66

0
6.01

0.95
0.05

5

193.96

0.27

0.47

Well site100
3
220.38
0.03
0.50
5
193.69
0
0.53
†
Model 4 - Occurrence ~ Habitat + wide linear
Wide linear500
3
220.00
0.14
0.48
5
194.12
0
0.52
Wide linear100
3
219.85
0
0.52
5
194.30
0.18
0.48
†
Model 5 - Occurrence ~ Habitat + seismic
Seismic500
3
220.22
0
0.52
5
192.73
0
0.65
Seismic100
3
220.35
0.12
0.48
5
193.94
1.21
0.35
† Note: the relative predictability of 500-m and 100-m scales for non-permanent development feature types is similar for both
Dark-eyed Juncos and Palm Warblers.

Appendix 2. Summary of development feature distribution within 100 metres of survey stations within full dataset of 284
point count stations and sub-sample dataset of 157 point count stations included in Dark-eyed Junco (Junco hyemalis) and
Palm Warbler (Setophaga palmarum) occurrence models.
Potential point-count sampling sites were identified following a stratified random selection procedure. Potential sampling
stations were placed randomly across the study area between 0 and 6 km from permanent development features. The
locations were spaced a minimum of 300 m apart (greater than the average detection radius for most songbird species) in
attempt to maintain independence between sites (Matsuoka et al. 2012). Sampled survey sites were selected from the
potential stations with a stratified random selection procedure using imagery of current development and observer judgement
in the field. Observers attempted to select survey routes that achieved a balanced sample size of point-counts across different
development feature types (Table A2.2), total development feature intensity (Table A2.1), and given distance from permanent
development features (Table A2.1) – which represent the greatest intensity of SAGD development features within the study
area. Skilled observers visited a total of 284 sites during the breeding season between June 4 and July 1, 2014, however we
focused our analysis on 157 of these sites, that: (1) contained a minimum of 20% lowland habitat within 100 m of the survey
site; and (2) were within the extent of available high-resolution habitat data. The following tables summarize achieved
sample distribution for each development feature type within the full dataset and the sites included in the analyses. Mean and
range of development feature amount (total and by feature type) was similar in the full dataset and the sub-sample dataset
(Figure A2.1).
Table A2.1 Count of survey stations across different classes of (a) total development feature intensity (% area) within 100 m
of survey stations and (b) distance from permanent roads within the full dataset and sub-sample dataset included in Dark-eyed
Junco (Junco hyemalis) and Palm Warbler (Setophaga palmarum) occurrence models.
(a) Count of stations for different classes of total area of development within 100 m
Count of stations
Full dataset
Model dataset

0%
18
66

Percent area total development (all features) within 100 m
>0 to 10% >10 to 20% >20 to 30% >30 to 40% >40 to 50% >50%
17
29

8
18

58
96

29
36

13
18

14
21

Total
157
284

(b) Count of stations for different classes of distance from permanent roads
Count of
stations
Full dataset
Model dataset

Distance of station from permanent roads
0-500m
73
103

>500-1000m
33
42

>1000-1500m
22
28

>1500-2000m
12
18

>2000-2500m
7
18

>2500m-3000m
6
19

>3000m
4
56

Total
157
284

Table A2.2 Mean (X̅) and standard deviation (std) of amount (% area) of lowland habitat and different development feature
types within the full dataset and sub-sample dataset included in Dark-eyed Junco (Junco hyemalis) and Palm Warbler
(Setophaga palmarum) occurrence models.
Lowland
% Area
Full dataset
Model dataset

X̅
56.2
68.1

std
32.3
19.1

Total
development
X̅
22.0
25.8

std
19.3
17.3

Permanent
polygonal
X̅
3.2
2.9

std
13.9
11.4

Permanent
liner
X̅
2.4
2.7

std
7.8
8.3

Wellsite
X̅
1.7
2.1

std
5.3
5.3

Wide
Linear
X̅
3.7
4.2

std
7.7
6.9

Seismic
10.9
13.9

10.7
10.2

Figure A2.1 Mean and range of percent area for different development feature types, total development, and lowland habitat
within 100 m of survey stations in the full dataset of 284 point counts (All) and the sub-sample dataset of 157 point counts
(Subset) included in Dark-eyed Junco (Junco hyemalis) and Palm Warbler (Setophaga palmarum) occurrence models.

