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A B S T R A C T

Understanding species responses to changes in habitat is a primary focus of biodiversity conservation, especially
when assessing widespread anthropogenic disturbance. Extraction of Alberta's subterranean oil sands by wells
requires extensive networks of cleared linear disturbances (“in situ” extraction) that result in widespread, but
localized increases in early seral habitats. Little is known about biodiversity responses to these disturbances,
especially for invertebrates. Here, we investigated how butterflies responded to in situ oil sands developments in
the boreal forests of Wood Buffalo region, Alberta, Canada. To assess the magnitude of change associated with
different disturbance types, we compared abundance and diversity of butterflies in undisturbed forests with
those observed in 3-m and 9-m wide cleared corridors (seismic lines), 60 × 60 m clearings (well pads), and
roadside verge habitat. The butterfly assemblage was evaluated based on disturbance type and three measures of
landscape change: amount of early seral habitat, edge density, and diversity of natural habitats. Species richness
was twice and abundance three-times higher in larger disturbances than in controls, with the narrowest corridors
not differing from controls. A model using disturbance type, edge density, and habitat diversity explained 62% of
assemblage variation, with the type of disturbance explaining 47%. Higher butterfly abundance and diversity
occurred in localized early seral sites, even on 9-m wide corridors, while surrounding landscape characteristics
had little effect. Results are consistent with previous studies finding stronger responses in vertebrates to larger
disturbances associated with oil sands, confirming that narrower corridors mitigate the effects of oil sands ex-
ploration.

1. Introduction

Loss and degradation of natural habitats represent major threats to
terrestrial ecosystems, but the full implications of these factors for
biodiversity are far from understood (Fahrig, 2013, 2017; Ewers and
Didham, 2006; Hanski, 2015). As energy demands for humans have
increased, so has the amount of disturbance to ecosystems (Northrup
and Wittemyer, 2013). The role of unconventional oil reserves, such as
oil sands, in meeting these energy demands is growing rapidly despite
little information on their environmental impacts (Northrup and
Wittemyer, 2013). To date, surface mining of oil sands in Alberta has
received the most attention, despite representing only 3% of the total
142,000 km2 oil sands reserve (Mossop, 1980; Rooney et al., 2012).
Most oil sands are available only through underground extraction
(wells) using “in situ” extraction techniques that we focus on here (to
follow, “oil sands developments”).

Unlike oil sands surface mining, where bitumen is removed from the
near surface (Rooney et al., 2012), these oil sands developments do not

cause complete loss of habitat during mining, but rather widespread
disturbance of forests to early seral vegetation. This is partly due to
extensive exploratory seismic assessments that are used to locate the
extent of underground oil (bitumen) reserves. Narrow corridors
(“seismic lines”) are cleared into forests using a grid pattern resulting in
localized, but dense networks of disturbances (Fig. 1). The 2-dimen-
sional distribution of oil is first assessed using 6–10 m wide corridors
with densities typically< 5 km/km2 (2D seismic lines). Where eco-
nomically viable oil sands are found, narrower (2–5.5 m), but much
denser (up to 40 km/km2) corridors, are used to map more precisely the
depth and thickness of the oil reserve (3D seismic lines) (Lee and
Boutin, 2006; Tigner et al., 2015). The narrower corridors are often
referred to as “low-impact” despite few studies testing their difference.
If oil deposits are of sufficient size for extraction, well pads, roads, and
pipelines are added, thereby increasing the anthropogenic footprint.
Despite more recent use of best-management practices (e.g. reduced
corridor width), and the fact that these disturbances often represent
early seral forest conditions with vegetation, these disturbances can
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persist for decades due to failures in tree recruitment (Lee and Boutin,
2006; van Rensen et al., 2015).

There are a number of major gaps in our understanding of the ef-
fects of oil sands developments. Forest recovery of conventional corri-
dors (6–10 m wide) to more suitable forest conditions is known to be
more delayed within wet than dry areas, with models predicting> 30%
of corridors in treed peatlands failing to recover to a 3-m tree height
over a 50-year period (van Rensen et al., 2015). The effects on in-
dividual plant species are, however, largely unknown. To date, most
studies have assessed behavioral responses of vertebrates with mam-
mals and birds either avoiding seismic line corridors (Bayne et al.,
2005; Machtans, 2006; Tigner et al., 2015), using them (Tigner et al.,
2014), or responding neutrally to their presence (Machtans, 2006). The
most influential example is that of woodland caribou (Rangifer tarandus
caribou, L.), a threatened species in Canada that avoids seismic lines,
roads, and well pads (Dyer et al., 2001). Because gray wolves (Canis
lupus, L.) increase their movements along these linear features (Latham
et al., 2011), it is hypothesized that forest corridors negatively affect
caribou populations through increased predation. Recovery strategies
include restoration of seismic lines with costs of habitat protection for
caribou estimated at $150 billion (Hebblewhite, 2017). Although be-
havioral changes in animal species have been widely reported, little is
known about whether these linear features affect population dynamics
(but see Tigner et al., 2015). Even less is known about how different
types of oil sands disturbances affect invertebrates. Because this group
depends on more localized environmental conditions (Stein and Kreft,
2015), stronger responses are expected.

Here, we investigate the effects of different forest disturbances as-
sociated with oil sands developments on butterfly diversity and abun-
dance in northern Alberta's boreal forest. Specifically, we use the var-
iation in the butterfly assemblage as a proxy to measure the magnitude

of disturbance associated with oil sands developments. Arthropods have
been previously investigated to assess the effects of anthropogenic
disturbance in forest ecosystems worldwide (Niemelä, 1997; Maleque
et al., 2009), and several studies demonstrated responses in butterflies
to forest disturbance in temperate and boreal forests (Niemelä, 1997;
Maleque et al., 2009; Bubová et al., 2015). Butterflies are well-suited
for examining responses to these peculiar disturbances as they are
sensitive to environmental change at local spatial scales, to which they
demonstrate rapid responses in populations (Dover and Settele, 2009;
MacDonald et al., 2016). We posed two questions: (1) How do butter-
flies respond to different types of oil sands disturbance?; and (2) What
is the relative contribution of these disturbances to compositional dif-
ferences in butterflies? To address these questions, we sampled but-
terflies within four different types of oil sands disturbances along with
adjacent undisturbed forests (controls), to compare butterfly diversity
and abundance. We then compared the variation explained in the
butterfly assemblage by the disturbance type where butterflies were
sampled with the variation explained by amount of early seral habitat,
density of edges, and diversity of habitat measured on the landscape
surrounding each sampling sites.

Because boreal plant diversity is higher in early seral stages than in
mature forest stands (Pykälä, 2004), and butterflies depend on the plant
community for larval host plant and nectar sources (Dennis et al.,
2006), we expected lower butterfly diversity and abundance in mature
boreal forests than in early seral forests. This ecosystem is shaped by
periodic wildfire disturbance and has generally few, if any, forest spe-
cialist species (Weber and Stocks, 1998), also for butterflies (Bird et al.,
1995). Consequently, we hypothesized that increasing amounts of early
seral conditions following forest disturbance would promote butterfly
diversity and abundance, although the scale at which these dis-
turbances altered the assemblage was unknown. Forest clearings sustain

Fig. 1. Map of study area. Top left: Canadian boreal ecoregion, Alberta boundary, and location of study area. Bottom left: the Wood Buffalo Region, where the Alberta oil sands extraction
occurs, shows high levels of forest fragmentation due to oil sands exploration and development. 3D seismic lines are spaced as close as a 50 m apart; Right: example detail of the study
area. See Appendix A1.2 for representative ground photographs of disturbance types.
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diverse and abundant butterfly assemblages in European boreal forests
(Niemelä, 1997; Blixt et al., 2015; Viljur and Teder, 2016), although
this has not been examined in North American boreal forests. However,
the smaller disturbances associated with these corridors may be too
localized to elicit a response from butterflies, as observed for other
vertebrate taxa (Bayne et al., 2005; Tigner et al., 2015). And finally, we
hypothesized positive responses in butterflies to increasing levels of
edge density, since edge effects are expected to positively affect both
butterfly and plant diversity (Ewers and Didham, 2006; Haddad et al.,
2011; Harper et al., 2015), and predict higher butterfly diversity in
more diverse habitats, that would naturally provide more niches for
butterflies (Fahrig et al., 2011; Stein and Kreft, 2015).

2. Methods

2.1. Study area

Research was conducted in the Wood Buffalo region in northeast
Alberta, Canada, within the boreal ecoregion (56° 37′ 22″ N, 111° 58′
71″ W; Fig. 1). Wet, forested habitats called treed peatlands were se-
lected for study due to their slow rate of natural recovery following
disturbance (van Rensen et al., 2015; see Appendix A1.1 for further
details). The study area includes ~25 km2 of forests fragmented to
different degrees by oil sands disturbances (i.e., seismic line corridors of
two general widths, 60 × 60 m cleared well pads, and roads). No
wildfire occurred in the study area in the last 80 years. Consequently,
forests were mature and we assumed that anthropogenic disturbances
were the only early seral habitats within the study area. Seismic line
corridors and exploratory well pads consisted of clearings where all
trees were removed, causing a reversion to an early seral community.
Corridors were either 3-m (3D seismic line) or 9-m (2D seismic line)
wide, while exploratory well pads were 60 × 60 m openings created in
the forest for temporary well drilling. Road disturbances provided both
early seral habitats, due to adjacent powerlines and pipelines, and novel
dry microhabitats from road verges. Road verges were maintained by
periodic mowing and facilitated the persistence of early successional
upland plant species that are otherwise uncommon in the study area.
All disturbance types, except the road surface itself, were vegetated, but
free of mature forest structure. We are not therefore assessing the ef-
fects of permanent human disturbances on butterflies, but rather the
size of the forest disturbance/early seral habitat associated with dif-
ferent types of oil sands disturbances. Age of corridors and well pads
were standardized such that only sites disturbed 10–15 years previously
(age of the exploration in the area) were investigated. This reduced the
effect of differences in forest succession on changes in the butterfly
assemblage (Blixt et al., 2015). See Fig. 1 and Appendix A1.2 for ex-
amples of different disturbance strata. Spatial autocorrelation was
tested using a Mantel test between sample sites using distance and

butterfly assemblages similarity matrices (Borcard and Legendre,
2012). There were no significant correlations in Mantel tests
(p > 0.05, Appendix A1.3) and thus spatial autocorrelation was not
further considered.

2.2. Butterfly surveys

Butterflies (Lepidoptera: Papilionoidea) were counted along 25
Pollard-style transects (Pollard, 1977) with 5 replicates for each of the
following strata: (1) 3-m wide corridors (3D seismic lines), (2) 9-m wide
corridors (2D seismic lines), (3) 60 × 60 m clearings (well pads), (4)
road verges, and (5) control forests (i.e., forests where no wildfire or
anthropogenic disturbance occurred in the last 80 years within a ra-
dius ≥ 50 m). Surveys were conducted by walking 200-m long trans-
ects at a constant pace (v = 1 km × h−1) while identifying butterflies
within 1.5 m of each side and 3 m in front of the observer. Sampling
was conducted approximately weekly between June 12th and August
24th 2015, for 11 surveys/transect (275 total surveys). All observations
were collected between 10 AM and 4 PM while controlling for tem-
perature, wind speed, and weather (respectively ≥17 °C;< 5 km/h;
rain and> 50% cloud coverage avoided). See Appendix A1.6 for fur-
ther information on sampling protocol and specimen identification.

2.3. Measures of butterfly diversity

Assemblage diversity was measured for each transect with uni-
variate and multivariate measures, with survey replicates merged into a
single site observation to summarize the entire butterfly assemblage
across all surveys at a site. Univariate measures include butterfly
abundance (number of specimens) and diversity as Hill's numbers, in-
cluding species richness (Chao et al., 2014; see Appendix A1.4). Mul-
tivariate analyses of butterfly diversity were conducted on un-
transformed species abundance data using Euclidean distances as the
dissimilarity measure, because we considered species abundance and
joint species absences to be relevant for a disturbance study.

2.4. Factors hypothesized to affect the butterfly assemblage

We assessed four factors hypothesized to affect the butterfly as-
semblage (Table 1). The type of disturbance where the assemblage was
sampled (H1) was used as a proxy of the type of local change in forest
habitat. This simple categorical contrast was compared to the amount
of early seral habitat (H2), density of edges (H3), and diversity of ha-
bitats (H4) surrounding each sample site. We assumed that the early
seral habitat originated by disturbances represented butterfly habitat,
surrounded by a less-suitable matrix of mature forests. Therefore, but-
terfly diversity and abundance are expected to increase when mature
forest habitat is replaced by early seral stages of the plant succession,

Table 1
Hypothesized responses of the butterfly assemblage to forest disturbance from oil sands developments in the boreal forest of Alberta, Canada.

Hypothesis Measure References

Disturbance type hypothesis (H1): Categorical: control forest vs. 3D seismic line (3-m wide
corridor), 2D seismic line (9-m wide corridor), well pad
(60 × 60 clearing), road verge.

Blixt et al., 2015; Viljur and Teder,
2016.Butterfly diversity/abundance increase in larger disturbances because of

a combination of increasing amounts of early seral forests and edge
effects at the local scale.

Amount of early seral habitat hypothesis (H2): Proportion of cleared forest measured at increasing buffer sizes Fahrig, 2013; Blixt et al., 2015;
Viljur and Teder, 2016.Butterfly diversity/abundance increase at the survey location due to

increasing amounts of early seral forests in the surrounding
landscape.

Edge density hypothesis (H3): Landscape shape index measured at increasing buffer sizes Ries et al., 2004; Haddad et al.,
2011; McGarigal et al., 2012.Butterfly diversity/abundance increase at the survey location due to

indirect and direct edge effects in the surrounding landscape.
Habitat diversity hypothesis (H4): Inverse of Simpson's concentration measured on land cover

classes at increasing buffer sizes
Fahrig et al., 2011; Slancarova
et al., 2014; Stein and Kreft, 2015.Butterfly diversity/abundance increase at the survey location due to

greater habitat diversity in the surrounding landscape.
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except for perhaps a few forest specialists.
Amount, arrangement, and isolation of habitat are often the most

important factors affecting species occurrence (Ewers and Didham,
2006; Hanski, 2015; Fahrig, 2017). Here, we focused on amount and
arrangement of early seral habitat (H1, H2, and H3), while isolation
was considered to be secondary because these disturbances are con-
nected within a network of disturbances (Fig. 1). Disturbance type (H1)
was used to represent amount and arrangement of early seral habitat
(H2 and H3) at local scales. To measure landscape-scale patterns, we
created two raster datasets and measured each across 5 different radii
(250, 500, 1000, 2000, and 4000 m) using a Geographic Information
System (ArcGIS® 10.2; ESRI, 2014) and FRAGSTATS 4.2 software
(McGarigal et al., 2012). We chose these scales based on previous stu-
dies that examined butterfly responses to landscape patterns (e.g.,
Steffan-Dewenter et al., 2002; Flick et al., 2012).

A binary raster incorporating disturbed and undisturbed habitat was
used to calculate the amount of early seral habitat surrounding sampled
transects (H2) and forest edge density (H3) (McGarigal et al., 2012). For
H1 and H2, we assumed homogeneity of forest and early seral habitats
across the study area. To account for diversity of natural habitats (H4),
a second raster was used to calculate the inverse of Simpson's con-
centration on land cover categories (Chao et al., 2014; Stein and Kreft,
2015; see Appendix A1.4 for further information on the raster datasets).
Pearson product-moment correlation coefficients and intra-class corre-
lation coefficients were calculated to investigate collinearity between
explanatory variables (Appendix B).

2.5. Statistical analysis

Analyses were performed using R version 3.3.1 (R Core Team,
2017). To test differences in the butterfly assemblage between types of
oil sands disturbances and control sites, we used pairwise permutation
tests on species richness and butterfly abundance, with p-values ad-
justed for false discovery rate, and Multi-Response Permutation Pro-
cedures (MRPP) using Euclidean distances for the butterfly assemblage
distribution. Redundancy Analysis (RDA) was used to assess the hy-
pothesized factors affecting the butterfly assemblage. We used adjusted
R2 (Radj

2) to favor parsimonious models. Differences between models
and the marginal significance of the constraints were tested using
permutation tests (Peres-Neto et al., 2006; Legendre et al., 2011).

We used single-term RDA models to determine which combination
of measures and scale explained the highest proportion of variation
across the three hypotheses measured and landscape scales. These three
measures were retained and combined with the type of disturbance to
create a set of fourteen RDA models. We selected the model with the
highest fit based on the Radj

2 value, and used partial RDA to assess the
variation explained by each constraint (Peres-Neto et al., 2006). In-
teraction terms were excluded from the models as they explained
negligible amounts of additional variation (< 2%). Indicator species
analysis, nestedness analysis, and species functional traits (Appendix
C2: wingspan, mobility, and larval host plant; Burke et al., 2011; Bird
et al., 1995) were compiled to aid with interpretation of results. See
Appendices A and D for detailed information on analyses.

3. Results

Each transect (n = 25) was surveyed 11 times for a total of 275
surveys. A total of 1745 butterflies were encountered, of 43 species. The
controls displayed lower butterfly diversity and abundance when
compared to different disturbances. We observed a total of 16 species
and 106 specimens in the undisturbed forests, 15 species and 155
butterflies in 3-m wide corridors, 28 species and 475 butterflies in 9-m
wide corridors, 28 species and 326 butterflies in 60 × 60 m well pads,
and 32 species and 683 butterflies along roads. Univariate measures of
assemblage diversity and abundance are shown in Fig. 2. Additional
information on the butterfly assemblage is provided in Appendix A1.10.

Pairwise permutation tests and MRPP analyses showed significant dif-
ferences between species richness, butterfly abundance, and assem-
blage composition of control forests and 9-m wide corridors (respec-
tively W= −2.69, p = 0.02; W= −2.75, p= 0.01; A = 0.21,
p < 0.01), 60 × 60 m well pads (W = −2.22, p = 0.04; W= −2.67,
p = 0.01; A = 0.25, p < 0.01), and roads (W = −2.86, p = 0.02;
W= −2.94, p= 0.01; A = 0.50, p < 0.01), but never between the
control and 3-m wide corridors (W = −0.72, p = 0.46; W= −1.18,
p = 0.23; A < 0.01, p= 0.31).

Variation explained by single-term RDA models is reported in
Table 2. Type of disturbance explained most of the assemblage varia-
tion (H1: Radj

2 = 0.54, F = 8.0, p < 0.01), while landscape measures
explained the most variation at 250 m for the amount of early seral
habitat (H2: Radj

2 = 0.15, F = 5.3, p = 0.01), 4000 m for the edge
density (H3: Radj

2 = 0.05, F = 2.29, p = 0.09), and 250 m for habitat
diversity (H4: Radj

2 = 0.13, F = 4.52, p = 0.01). When combining our
four hypotheses the best RDA model included disturbance type, edge
density, and habitat diversity, and explained 62% of the variation in the
butterfly assemblage (Radj

2 = 0.62, F = 7.52, p < 0.01, Table 3 &
Fig. 3). Testing the marginal effect of these three constraints, dis-
turbance type was the only significant factor and explained 47% of the
variation in the assemblage (Disturbance type (H1): Radj

2 = 0.47,
F = 7.82, p < 0.01; edge density (H3): Radj

2 = 0.03, F = 2.48,
p = 0.07; habitat diversity (H4): Radj

2 = 0.02, F = 1.99, p = 0.12).
Indicator species analysis did not identify forest specialist species, while
2 species displayed correlation with all disturbance types, 5 with a
combination of two or more disturbance types, and 5 solely with road
verges (Appendix C2). Nestedness analyses identified that the assem-
blage is structured, with the species observed in control forests being a
subset of those observed in larger disturbances (Appendix A1.9). In-
dividual species responses to disturbances are reported in Appendix
A1.11 with 41 of the 43 species observed in these forests responding
positively to disturbance, and little support for finding forest specialists
whose abundance peaked in control forests.

4. Discussion

Understanding species responses to changes in habitat is a major
focus of conservation and management of biological resources, parti-
cularly when assessing widespread anthropogenic disturbances to the
landscape. Here, we investigated how butterflies responded to different
disturbance types (10–15 years post-disturbance) from oil sands de-
velopments in Alberta's boreal forest. We make two relevant contribu-
tions. First, we found that larger disturbances (9-m wide corridors,
60 × 60 m well pads, and roads) affected the butterfly assemblage by
increasing its abundance and diversity in comparison to mature un-
disturbed forests, while 3-m wide corridors did not elicit a response
(Figs. 2 & 3). This suggests that butterflies responded at a scale some-
where between 3 m and 9 m (3D and 2D seismic line corridor widths).
Secondly, our models demonstrated that type of disturbance had a
much stronger effect on the composition of the butterfly assemblage
than either amount of early seral habitat, forest edge density, or habitat
diversity assessed at the landscape scale (Table 2). This supports the
hypothesis that the assemblage is shaped by the disturbances associated
with oil sands exploration, responding principally to anthropogenic
processes acting at a local scale.

Because European studies have found high butterfly diversity and
abundance in boreal forest clearings (Blixt et al., 2015; Viljur and
Teder, 2016), we hypothesized a similar trend in analogous dis-
turbances in North American boreal environments. However, we ex-
pected weaker responses given limited changes in the total size of the
forest opening, with the smallest disturbed patch assessed by Blixt et al.
(2015) in European boreal forests being ~4 times larger than the well
pads investigated here. Our results are surprising in that disturbances as
localized as 9-m wide corridors and 0.36-ha clearings (exploratory well
pads) displayed on average more than two-times the species and three-
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times the abundance of control forests (Fig. 2). Well pads and 9-m wide
corridors did not differ in species richness and abundance, while road
verges had the highest richness and abundance. In this area, gravel
roadside verges provided both early seral habitat associated with
nearby clearings (e.g., powerlines), and dry verge habitat, where but-
terfly species otherwise uncommon in the surrounding forests found the
resources (e.g., larval hostplants and nectar sources) necessary to
thrive. Although univariate measures are intuitive, they may fail to
capture variation in species distribution (MacDonald et al., 2016).
Therefore, we also investigated this assemblage using a multivariate
approach, while assessing the contribution of local and landscape

change (Table 1). Results were consistent between analyses and effects
where mainly due to different types of disturbance, with measures of
landscape patterns explaining little variation in the butterfly assem-
blage (Table 2).

We speculate that our results depend on three processes. First, plant
diversity increases in boreal forests subject to clearings, including oil
sands developments (Pykälä, 2004; Mayor et al., 2012; Harper et al.,
2015). Because larval hostplants and nectar sources are important re-
sources for butterflies (Dennis et al., 2006), positive relationships be-
tween butterfly and vascular plant diversity are expected (Hawkins and
Porter, 2003). Second, clearings and anthropogenic edges affect forest
microclimatic conditions (Tuff et al., 2016), and butterflies are ec-
totherms and respond to microclimatic factors (Bird et al., 1995). This
is especially relevant in cooler high-latitude forests, such as that here.
Third, landscape structure (e.g., forest edges) affects butterfly behavior,
including movements and mating (Bird et al., 1995; Ries et al., 2004;
Haddad et al., 2011).

The question of whether disturbances can sustain viable populations
or merely attract butterflies was not addressed here, but results and
species traits (Appendix C) suggest that larger disturbances can sustain
populations of most of these species. Most species were more abundant
in disturbed than in undisturbed forests, and their larval host plants are
more likely to occur in early seral habitat than in mature forest stands
(e.g., Salix and Viola spp.; Pykälä, 2004). Accordingly, indicator species
analyses demonstrated correlations between species occurrence and
larval host plant occurrence (e.g., road specialists primarily fed on
Poaceae and Fabaceae, plants widespread along road verges but

Fig. 2. Univariate measures of butterfly diversity and abundance across a forested control and different types of oil sands disturbances (C: control forest; 3D: 3-m wide corridor, i.e., 3D
seismic line; 2D: 9-m wide corridor, i.e., 2D seismic line; W: 60 × 60 m cleared well pad; and R: road verges). From left, butterfly species richness and abundance (average ± standard
deviation) and diversity curves of the cumulative assemblage of each transect type (Hill's number of order 0 is species richness, 1 is the exponential of Shannon's entropy, and 2 is the
inverse of Simpson's concentration). Letters indicate significant differences (α = 0.05) between transect types based on pairwise permutation tests with p-value adjusted to reduce false
discovery rate.

Table 2
Amount of variation explained (Radj

2) in univariate factors relating to the different sub-
hypotheses that measure the effects of forest disturbance from oil sands exploration and
development on butterfly diversity. H1 is not measured as landscape pattern and thus
only one “local” measure is given. For each hypothesis, the model that explained the
highest amount of variation is presented in bold type.

Scale H1
Disturbance type

H2
Amount of early
seral habitat

H3
Edge
density

H4
Habitat
diversity

local 0.54 n.a. n.a. n.a.
250 m n.a. 0.15 0.02 0.13
500 m 0.05 0.01 0.10
1000 m 0.05 0.02 0.10
2000 m 0.07 0.03 0.07
4000 m 0.06 0.05 0.07

Table 3
Redundancy analyses of each hypothesis on explaining differences in the butterfly assemblage. The model explaining the most variation in the butterfly assemblage combines disturbance
type, edge density, and habitat diversity.

Model ID Factors included in the model Variation explained (Radj
2)

H1+ H3+ H4 Disturbance type, edge density, and habitat diversity 0.62
H1+ H2+ H3 + H4 Disturbance type, amount of early seral habitat, edge density, and habitat diversity 0.61
H1+ H3 Disturbance type and edge density 0.60
H1+ H4 Disturbance type and habitat diversity 0.59
H1+ H2+ H3 Disturbance type, amount of early seral habitat, and edge density 0.59
H1 Disturbance type 0.54
H1+ H2 Disturbance type and amount of early seral habitat 0.54
H2+ H4 Amount of early seral habitat and habitat diversity 0.25
H2+ H3+ H4 Amount of early seral habitat, edge density, and habitat diversity 0.24
H2 Amount of early seral habitat 0.15
H3+ H4 Edge density and habitat diversity 0.15
H4 Habitat diversity 0.13
H2+ H3 Amount of early seral habitat and edge density 0.12
H3 Edge density 0.05
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uncommon in the forest matrix). Two species were more common in
control forests than disturbances, but were either too rare for a mean-
ingful inference (Erebia mancinus), or similarly abundant in dis-
turbances (Polygonia faunus) (Appendices A1.11, C1). Therefore, we
didn't observe any true forest specialist species, as indicator species
analysis suggested. Indeed, we are not aware of forest specialist species
(or threatened species) typical of these environments, and the species
here recorded are known to be mostly associated with open forests and
clearings, wet habitats, or generalists (Bird et al., 1995; Appendix C2).
We therefore speculate that disturbances provided additional resources
that were necessary for sustaining larger butterfly assemblages, under
landscape complementation or supplementation of resources (Dunning
et al., 1992; Dennis et al., 2006). Nestedness analyses support this hy-
pothesis, with species observed in control forests being a subset of those
observed in larger oil sands disturbances (Appendix A1.9).

It is known that corridors may enhance local plant diversity, but
may also increase butterfly movement rates (Haddad et al., 2011). We
recognize that butterflies may have been detected while dispersing,
which would lead to increased observations in linear disturbances.
However, given that the most common species in the assemblage were
small and stationary species (Appendix C2), and that we chose to
analyze untransformed data that weighted species abundance, less-
common mobile species had a smaller effect on our multivariate results.
The absence of spatial autocorrelation (Appendix A1.3) and the low
variation explained by landscape measures corroborate this hypothesis,
but separating the interactive effects of amount of habitat, connectivity,
and edge effects requires experiments that were beyond the scope of
this study.

The high connectivity of these disturbances motivated our land-
scape analysis, with the aim of assessing how much of the variation in
the assemblage depended on local characteristics of disturbances.
Measures of landscape change contributed in explaining the variation in
the assemblage, but the type of disturbance where the samples occurred
was by far the most important factor. The amount of early seral habitat
(H2) explained most of the variation in the assemblage when measured
at the smallest landscape scale (250 m), but this measure did not enter
the most supported RDA model because it was correlated with

disturbance type (H1). The amount of habitat is usually the main driver
of local patterns in species diversity and abundance (Fahrig, 2013;
Hanski, 2015). Here, disturbance size was the dominant factor because
patch shape and edge characteristics are similar across different dis-
turbances (Fig. 1). Consequently, the higher abundance and diversity of
butterflies in larger disturbances depended mostly on increasing
amounts of early seral habitat, with local effects of patch size prevailing
on the effects of amount of habitat at landscape scales. Edge density
(H3) explained the most variation in the assemblage when measured at
the 4000 m scale (Table 2). Given the high connectivity between dis-
turbances, positive edge effects on the plant community may accumu-
late when edges are consistently present across the landscape, and
corridors could promote butterfly dispersal from distant edge environ-
ments increasing assemblage diversity and abundance (Ries et al.,
2004). Although edge responses are idiosyncratic and depend on edge
characteristics, we did not differentiate edge types based on disturbance
types because we did not observe major structural differences, and edge
effects can be species-specific (Ries et al., 2004). Future studies should
investigate how edge effects vary based on disturbance type and en-
vironmental characteristics, with potential interactions of these factors.
Finally, habitat diversity (H4) explains more variation in the butterfly
assemblage when measured at the smallest (250 m) scale, analogously
to other studies that assessed the effect of landscape diversity on local
butterfly diversity (Flick et al., 2012; Slancarova et al., 2014). Part of
the variation explained by habitat diversity is shared with the type of
disturbance because we included roads as a “anthropogenic” habitat
type. Therefore, more diverse habitat displayed a slightly more diverse
and abundant assemblage, but this was partly due to an anthropogenic
cause.

Overall, butterflies appear to benefit from early seral conditions
following oil sands developments in a matrix of mature boreal forests.
Wildfires are an integral component of this biome's history (Weber and
Stocks, 1998) and local butterfly populations likely benefit from these
anthropogenic disturbances given their adaptation to frequent natural
disturbances. However, the positive effect of disturbance on the overall
butterfly assemblage do not necessarily implies a higher conservation
value of disturbed forests. Instead, it demonstrates that these corridors

Fig. 3. Redundancy analysis biplot showing the relationship
between the butterfly assemblage and constrained factors.
Disturbance types (H1): Control forest (“Control”); 3-m wide
corridors, i.e., 3D seismic line (“3D”); 9-m wide corridors, i.e.,
2D seismic line (“2D”); 60 × 60 m cleared well pads (“Well”);
and Road verges (“Road”); edge density (“edge”, H3); diversity
of habitat (“hab_diversity”, H4). Type I scaling is used to show
the Euclidean distances between composition of species between
sites. The first and second axes explain 55% and 14% of the data
variation respectively. Disturbance types order along the first
axis, and arrows indicate direction and strength of edge density
and habitat diversity constraints. Ellipsoids indicate the 95%
confidence interval of the mean disturbance types.
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have an effect on these forests' species composition, despite their lim-
ited dimensions. Further studies are needed to investigate whether oil
sands developments negatively affect any individual species, particu-
larly for rare species. Few species decreased in the larger disturbances
(Appendix C1), while the widespread corridors associated with oil
sands developments negatively affected only road specialist species.
Even the species most sensitive to larger disturbances, however, never
thrived in control forests, suggesting that these environments are poor
habitats for butterflies. For instance, the cranberry blue butterfly (Ple-
bejus optilete) was more common in corridors than control forests or
well pads, and avoided road verges. Given cranberry blue's rarity in
Alberta (< 20 known populations, Bird et al., 1995), we recommend
further studies that assess its response to oil sands developments.

5. Conclusions

We demonstrated strong effects of oil sands developments on but-
terfly populations in the boreal forest, with the characteristics of local
disturbances being more important than landscape factors that are well-
known to affect butterfly assemblages elsewhere. To our knowledge,
this study is among few assessments of butterfly responses to anthro-
pogenic disturbances in the North American boreal forest and, more
broadly, to disturbances as localized as those investigated here. We also
provide the first assessment of the response of an insect group to dis-
turbance associated with in situ oil sands extraction. Overall, butterflies
were sensitive to small changes in forest environments, with responses
observed at scales as localized as 9-m wide corridors and 0.36-ha ex-
ploratory well pads. Even smaller, 3-m wide corridors did not differ
from undisturbed boreal forest, suggesting that a threshold effect oc-
curred at a corridor width somewhere between 3 and 9 m. This result is
consistent with studies of vertebrates, in which differential responses
between the two corridor types were also reported (Bayne et al., 2005;
Tigner et al., 2015). We therefore recommend different management
considerations for different corridor types, as 3-m wide corridors ap-
pear to be adequate for mitigating the effects of seismic exploration on
butterflies. However, we note that mature boreal forests appear to be
poor habitats for most butterfly species in this assemblage. Thus, areas
of higher butterfly abundance and diversity occur on sites with early
seral conditions. Despite the limited amount of change in habitat,
butterfly responses suggest that oil sands developments may trigger a
significant shift in abundance and diversity of butterflies, and likely
other groups, throughout a vast region.
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