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Persistent impact of conventional seismic lines on boreal

vegetation structure following wildfire
Quinn E. Barber, Christopher W. Bater, Anna Dabros, Jaime Pinzon, Scott E. Nielsen, and Marc-André Parisien

Abstract: Linear disturbances from geological exploration (i.e., seismic lines) have an extensive footprint across much of
Canada’s western boreal forest; however, how seismic lines interact with subsequent wildfire remains poorly understood.
We assessed whether wildfires effectively mitigate the footprint of seismic lines by promoting forest recovery. We eval-
uated the forest structure of legacy seismic lines burned in 2001 and 2002 by comparing them against adjacent unburned
control plots, using metrics derived from airborne laser scanning (ALS) data collected between 2007 and 2009. ALS metrics
identified persistent differences in vegetation height and structure between seismic lines and adjacent forest controls, 7-9 years
post-fire. Median canopy height was 2.90 m lower on upland seismic lines and 1.94 m lower on lowland seismic lines than
on adjacent controls, corresponding to a 21% and 25% height reduction, respectively. Field surveys revealed greater graminoid
and nonvascular plant cover, and lower tall-tree cover and dead vegetative matter, on seismic lines, in comparison with controls.
Our results show that tree recovery remains significantly delayed on most upland and lowland burned seismic lines in our study
area, and that additional management efforts or longer timescales may be required to restore these fragmented landscapes.
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Résumé : Les perturbations linéaires associées a l’exploration géologique (c.-a-d. les lignes sismiques) ont une vaste
empreinte dans une grande partie de la forét boréale de ’ouest du Canada. Cependant, on comprend mal de quelle facon
les lignes sismiques interagissent par la suite avec les feux de forét. Nous avons évalué si les feux de forét atténuent effec-
tivement I’empreinte des lignes sismiques en favorisant la récupération de la forét. Nous avons évalué la structure de la
forét laissée en héritage par des lignes sismiques qui ont briilé en 2001 et 2002 en les comparant a des parcelles témoins
adjacentes non brilées, a I’aide de mesures dérivées de données de balayage laser aéroporté (BLA) recueillies entre 2007 et
2009. Les mesures obtenues par BLA ont permis d’identifier des différences persistantes dans la hauteur et la structure de la
végétation entre les lignes sismiques et les parcelles témoins adjacentes, 7 2 9 ans apres le feu. La hauteur médiane du cou-
vert forestier était 2,90 m plus courte dans les lignes sismiques des hautes terres et 1,94 m plus courte dans les lignes sismi-
ques des basses terres que dans les témoins adjacents; ce qui correspond a une réduction de la hauteur de respectivement
21 et 25 %. Des relevés de terrain ont révélé la présence d’un couvert plus important de plantes non vasculaires et gramini-
formes, ainsi qu’un couvert moins important de grands arbres et de matiére végétale morte dans les lignes sismiques, com-
parativement aux témoins. Nos résultats montrent que la récupération des arbres est significativement décalée dans les
lignes sismiques briilées sur les hautes et basses terres dans notre zone d’étude, et que des efforts additionnels d’aménage-
ment ou des délais plus longs pourraient étre nécessaires pour restaurer ces paysages fragmentés. [Traduit par la Rédaction)]

Mots-clés : lignes sismiques, feu de forét, boréal, lidar, balayage laser aéroporté.

1. Introduction

The North American boreal forest is a fire-adapted environ-
ment characterized by large, high-intensity wildfires often exceed-
ing 100000 ha in size (Stocks et al. 2002). These fires act as the
primary agent of forest disturbance and a major driver of ecological
diversity (Burton et al. 2008), affecting patterns of longevity and
succession across a suite of fire-adapted species (Johnstone and
Chapin 2006). Fire facilitates regeneration of vegetation commun-
ities through a variety of mechanisms, including removal of under-
story competition, canopy opening, mineral soil exposure, soil
fertilization, and activating serotinous and semi-serotinous seed

banks (Grier 1975; Ilisson and Chen 2009). Boreal fires are typified
by high tree mortality (Johnstone et al. 2004) and rapid post-fire
seedling recruitment (Greene et al. 1999), resulting in landscape
mosaics of different even-aged forest stands. Variation in burn se-
verity and pre-fire species composition affect post-fire seedling
recruitment rates and ultimately define post-fire species assemb-
lages (Whitman et al. 2018; Johnstone et al. 2020).

Wildfires burning in the Canadian boreal forest frequently
encounter anthropogenic features, including those related to
resource development from the forestry and energy industries.
This includes seismic lines: long, narrow corridors intended for
the exploration of underground oil and gas reserves using
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seismic waves (Dabros et al. 2018). The province of Alberta
hosts extensive resources development, including the highest
number of seismic lines in Canada, with densities sometimes
exceeding 10 km-km™ (Lee and Boutin 2006). Much of the envi-
ronmental impact comes from so-called conventional seismic
lines, which are approximately 5-10 m wide and were con-
structed until the mid-1990s, after which a new practice of con-
structing low-impact seismic lines consisting of tightly spaced
2- to 4-m-wide clearings was introduced (Dabros et al. 2018). The
construction of conventional seismic lines was typically done
with heavy tracked machinery, resulting in topsoil removal and
soil compaction (Bliss and Wein 1972).

Until recently, seismic lines were rarely restored and often
failed to regenerate naturally (van Rensen et al. 2015), contribut-
ing to a suite of persistent environmental impacts such as an
influx of non-native and disturbance-tolerant species (Honnay
et al. 2002; Finnegan et al. 2018a), increased human recreational
access (Pigeon et al. 2016), and changes in biodiversity from habi-
tat alteration (Riva et al. 2018, 2020). The decline of woodland car-
ibou (Rangifer tarandus caribou), a nationally threatened species,
has been directly connected to the fragmentation of the boreal
forest by these seismic lines (Latham et al. 2011; DeMars and Boutin
2018). Van Rensen et al. (2015) reported that at least one third of
previously forested lines would fail to recover to 3 m vegetation
height without human intervention, even after 50 years, whereas
Lee and Boutin (2006) reported only 8.2% of seismic lines recovered
to 50% woody vegetation cover 35 years after disturbance. Where
it occurs, passive recovery (as opposed to human intervention) on
seismic lines is often stunted (Revel et al. 1984), and understory
community development is considerably delayed (Finnegan et al.
2019). Restoring microtopography and reducing access (e.g., by
felling trees onto the seismic lines) are two common methods
of seismic line restoration, albeit with no guarantee of success
(Stevenson et al. 2019; Echiverri et al. 2020).

Wetlands of the western boreal forest are particularly sensitive
to the construction of linear features. Seismic line construction
causes soil compaction leading to elevated soil moisture content
(Dabros et al. 2017; Pinzon et al. 2021), which hinders vegetation
recovery, particularly in lowland areas (Lee and Boutin 2006;
van Rensen et al. 2015). This compaction occurs as a function of soil
type, pre-disturbance soil moisture, water table depth, and the time
of year of seismic line construction (Dabros et al. 2018). Minimal
long-term effects may be observed on sandy soils or gravel (Bliss
and Wein 1972), but finer-textured mineral soils or the organic soils
of peatlands frequently experience lasting degradation (Camill
et al. 2010; van Rensen et al. 2015; Dabros et al. 2017).

Given the transformative effects of wildfire, there is specula-
tion that wildfire on seismic lines could act as a form of passive
restoration, but there is divergent and limited evidence to sup-
port this assertion. Vegetation recovery appears to be accelerated
by wildfire in bogs, poor mesic forests, and uplands dominated
by jack pine (Pinus banksiana Lamb.), but it lags on other sites such
as fens and sites lacking microtopography (Filicetti and Nielsen
2018, 2020). Pinzon et al. (2021) reported that the seismic line
footprint persisted through intense wildfire, as evidenced by dif-
ferences in soil volumetric water content, canopy cover, snag
density, and plant and arthropod assemblages between burned
seismic lines and burned forest. New methods are needed to
monitor seismic lines quickly and across large areas, so land
managers can better prioritize the places where restorative
measures are most needed to reset the ecosystem on its expected
(or desired) succession trajectory.

Assessing seismic line recovery can be costly and logistically
difficult given the remoteness and extent of seismic line net-
works (Dabros et al. 2018). Airborne laser scanning (ALS) has
grown in popularity for its ability to provide landscape-scale data
related to forest structure, including vegetation height and stem
volume (Naesset et al. 2004; Vastaranta et al. 2011). ALS may be
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employed in monitoring forest condition following harvest
(Wulder et al. 2008) and wildfire (Bolton et al. 2015), both achievable
objectives even with the low-density ALS data commonly col-
lected in the 2000s (Naesset et al. 2004; Debouk et al. 2013). The
availability of ALS data provides an excellent opportunity to
assess the state of the aging network of conventional seismic
lines in Alberta on a large scale, without establishing expensive
and often logistically difficult field campaigns. Two studies in
Alberta have examined seismic line recovery using ALS, with
both finding that seismic lines had reduced tree height when
compared with nondisturbed forests (van Rensen et al. 2015;
Finnegan et al. 2018b); however, neither study explicitly assessed
burned seismic lines and whether wildfire promoted or hindered
vegetation recovery.

The objectives of this study were to (i) use ALS to determine
whether conventional seismic lines, having experienced high-
intensity fire, were recovering to a vegetation height and struc-
ture similar to that of adjacent forests, and (ii) test the usefulness
of an extensive ALS dataset for complementing post-fire recovery
field surveys. In this study, we used ALS data to assess seismic
line recovery following fire at two locations in north-central
Alberta’s boreal forests. We compared seismic lines against adja-
cent forest control plots within the footprint of two large wild-
fires, explicitly selecting burned conventional seismic lines.

2. Methods

2.1. Study area

The study area is located in north-central Alberta in the Boreal
Plain ecozone, which can be broadly divided into drier uplands
and wetter lowlands. Dominant tree species include trembling
aspen (Populus tremuloides Michx.), white spruce (Picea glauca
Moench (Voss)), and jack pine on uplands, interspersed with
black spruce (Picea mariana (Mill.) B.S.P.) and eastern larch (Larix
laricina (Du Roi) K. Koch) in wetlands (hereinafter “lowlands”)
(Ecological Stratification Working Group (ESWG) 1996). These
areas are used by both the oil and gas and forestry industries,
leading to the presence of many anthropogenic features such as
seismic lines, pipelines, well pads, steam-assisted gravity drain-
age oil extraction plants, cut blocks, and access roads (ABMI
2018). Surficial geology for the region is composed of a mix of gla-
ciofluvial and glaciolacustrine deposits, and organic peatland
soils (Fenton et al. 2013). These peatland soils are entirely organic
and are found in lowlands, which are characterized by very slow
water movement (Pennock and Sanborn 2015). The boreal forest
in the province of Alberta burns at a rate between 0.09% and
2.20% annually (Tymstra et al. 2005). The Chisholm wildfire burned
an area in north-central Alberta of approximately 110000 ha in
May 2001. The fire was driven by winds of 50 km-h™, gusting to
80 km-h™, and was characterized by extreme intensity, burning up
t0 225 000 kW-m™. The fire caused near-complete overstory mortal-
ity and destroyed the small community of Chisholm, stopping
short of the town of Slave Lake (Alberta Sustainable Resource
Development 2001). The House River wildfire burned an area of
approximately 248 000 ha in northeastern Alberta in May 2002,
under similar conditions to the Chisholm wildfire (Tymstra et al.
2002). Winds exceeded 30 km-h™, driving the fire through stands
of black spruce, trembling aspen, jack pine, eastern larch, and
extensive lowlands. Both the Chisholm and House River fires
burned over areas with relatively high densities of seismic lines:
2.42 and 1.99 km-km™>, respectively (ABMI 2018).

2.2. Sample plot selection

Test plots were randomly selected from conventional seismic
lines, identified in the Alberta Biodiversity Monitoring Institute
(ABMI) Human Footprint Inventory (ABMI 2018). Each test plot
was 100 m long and 6 m wide. For each sample plot, two candi-
date control plots were offset 50 m from each side of the line into
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Fig. 1. Field photographs representing typical site conditions for uplands and lowlands, seismic line plots and control plots. [Colour online.]

the adjacent forest. We evaluated if candidate control plots and
corresponding sample plots were in the same upland and low-
land regimes (Fig. 1) using the ABMI Boreal Wetland Probability
dataset (DeLancey et al. 2019); only matching candidate control
plots were retained, and if both candidate control plots met
this criterion, one was randomly selected. If neither control plot
matched the sample plot upland or lowland regime, that sample
was dropped. We generated 1500 sample per control plot pairs
within each of the Chisholm and House River fire perimeters,
and an additional 1500 unburned sample and control plot pairs
within 20 km of each of the Chisholm and House River fire
perimeters (Fig. 2). Our paired sample design (i.e., dependent
samples) allowed us to control for the effects of spatial variabili-
ty in site conditions (moisture, topography, soil type, etc.) and
plant communities.

Conventional seismic lines were constructed with little regard
for topography, vegetation, or wetlands (Dabros et al. 2018). This
lends itself to paired control plots positioned adjacent to seismic
lines, given that a control plot will almost always be in the same
topoedaphic setting as its paired seismic-line plot. We filtered
our random plots using the following criteria: plots were located
a minimum of 50 m from roads, 100 m from mapped waterbod-
ies, 1km from highways, and 4 km from communities; plots were
not impacted by recorded harvesting or wildfire more recent

than 1950, other than the Chisholm or House River fires; and
plots were located at least 50 m from one another. All plot gener-
ation and selection was performed in R version 4.0.3 (R Core
Team 2020).

Site selection involved the use of several secondary spatial
datasets, such as maps of access features, which are listed in
Appendix Table Al. We checked randomly generated plot loca-
tions using Bing Maps aerial imagery (https://www.bing.com/maps;
Microsoft 2019 to confirm that seismic lines had been correctly
classified in the human footprint dataset (Appendix B). We
calculated mean difference normalized burn ratio (a measure
of fire severity, dNBR; Key and Benson 2006) from pre- and post-
fire Landsat satellite imagery, removing any plots below a
threshold of 100, which corresponds to a minimum of low-
severity fire (Parks et al. 2014). After filtering any sites with
insufficient ALS coverage, 2070 plot pairs were retained: 574 within
the Chisholm fire boundary, 483 within 20 km of the Chisholm
fire, 490 within the House River fire boundary, and 523 within
20 km of the House River fire.

2.3. Airborne laser scanning data analysis

ALS vegetation metrics were generated by the Government of
Alberta’s Department of Agriculture and Forestry, using low-
density (1.4 returns-m™2 (Appendix Table A1)) point cloud data col-
lected between 2007 and 2009 (Appendix A). Point clouds were

w Published by Canadian Science Publishing
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Fig. 2. Study area and in-fire seismic line plots, including Chisholm fire (A) and House River fire (B) of central Alberta, Canada. Basemap
is a hillshade of the NASA SRTM 30 m digital elevation model (Farr et al. 2007). Produced in QGIS 3.10 (QGIS.org 2019). [Colour online.]
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Table 1. Airborne laser scanning derived vegetation metrics.

Variable Description

Heightpos 5th percentile return height (m)
Heightp,o 10th percentile return height (m)
Heightp,s 25th percentile return height (m)
Heightps, 50th percentile return height (m)
Heightp;s 75th percentile return height (m)
Heightpes 95th percentile return height (m)
Heightpgo 99th percentile return height (m)
Heightean Mean return height (m)
Heightyariance Return height variance
Heightyurtosis Return height distribution kurtosis
Heightgewness Return height distribution skewness

Canopy return ratio
% returns-o1s m

% returnsgs-2.00 m
% returns; 0o-s.00 m
% returnss 0o-10.00 m
% returns1.00-30.00 m
% returns=; oo m

Ratio of mean height over maximum height
Proportion of returns greater than 015 m
Proportion of returns 0.15-2.0 m

Proportion of returns 2.0-5.0 m

Proportion of returns 5.0-10.0 m

Proportion of returns 10.0-30.0 m
Proportion of returns greater than 2.0 m

Note: Bolded metrics were retained for figures and statistical analysis.

processed into height metrics using FUSION software (McGaughey
2009), based on the distribution of return heights within sample
plots (Appendix Fig. A1). We built a canopy height model at a spatial
resolution of 2 m for visualization (Fig. Al). Calculating vegetation
metrics involved normalizing ALS returns to height above ground
level and processing these into a suite of summary statistics charac-
terizing height, structure, and cover. From an initial dataset of
165 ALS metrics, we discarded those that were not reproducible
or might be considered statistical outliers (such as maximum
return height or return intensity metrics; Bater et al. (2011)), and
metrics that were not relevant to our research question (such as
total return count), resulting in 18 candidate metrics (Table 1).
From these, we identified and removed correlated variables
(|rspearman| > 0.7). When choosing between a pair of correlated
variables, we retained variables that had been reported in
related literature, and otherwise selected from pairs to maxi-
mize the number of retained variables. This resulted in the

Table 2. Linear regression model results evaluating the effect of
wetland class, seismic line class, CTI, dNBR, and distance to road on
99th percentile vegetation height.

Variable Std. coeff. Std.error tvalue pvalue % contribution
Intercept 8.702 0.549 15.910 <0.001 —

UPLAND 3.255 0.781 4189 0.009 44.3

SEISMIC -2.230 0.638 -3.502 0.010 30.4

CTI -1.031 0.399 -2.601 0.066 14.0

dNBR 0.592 0.351 1.695 0177 8.0

ROADDIST -0.244 0.324 -0.761 0412 3.3

Note: Models were built on a random 10% of the burned plots (218 plots),
repeated 100 times and averaged. The % contribution indicates percent variance
explained by each variable, calculated as proportion of the sum of all standardized
coefficients. UPLAND, upland-lowland dichotomous class; SEISMIC, seismic line
presence or absence as a dichotomous class; CTI, compound topographic index
(as a continuous measure of meso-scale terrain wetness); dNBR, differenced
normalized burn ratio (continuous fire severity); ROADDIST, distance to road
(as an approximation of potential use of seismic lines by people).

retention of six structural vegetation metrics: 10th percentile
return height (Heightp,o), 75th percentile return height (Heightp;s),
99th percentile return height (Heightpgo), mean return height
(Heightpean), return height distribution skewness (Heightgewness)s
and proportion of returns greater than 2.0 m (% returns- , o ). Mean
return height has been frequently reported as useful by others
(van Rensen et al. 2015; Finnegan et al. 2018b) and therefore was
included despite being positively correlated with (Heightp;s).

We compared measures from the selected vegetation metrics
between seismic line plots and control plots in both burned and
unburned sites using paired Wilcoxon rank-sum tests, grouped
by lowland and upland (Table 2). We opted for this nonparamet-
ric test because the data were non-normal (Shapiro-Wilk test,
p < 0.0001). The interpretation of ALS metrics depends on their
area-specific context. For example, Heightp,s may be interpreted
as a measure of approximate stand height, assuming that ALS
responses are not heavily influenced by small-scale forest gaps or
other disturbances (Drake et al. 2002; Bolton et al. 2015), and
% returns.,o m, is correlated with canopy cover (Bolton et al.
2015). Heightp,;s and Heightcan are also correlated with total
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aboveground biomass (Drake et al. 2002; Bolton et al. 2015).
Heightgyewness and Heighty,reosis, Which describe the shape of the
ALS return distribution, depend on residual snags (standing dead
trees) and the timing of recovery. For example, high kurtosis may
be associated with strong even-aged recovery (Bolton et al. 2015).
Van Rensen et al. (2015) used maximum return height to define
top-of-canopy height, while we used Heightpgg to avoid the effect
of outliers. We also tested if it was appropriate to pool the Chis-
holm and House River fire plots by comparing the six selected
ALS metrics between fires using a Wilcoxon rank-sum test.

We fit a linear regression model of vegetation height to explore
the importance of seismic lines compared to other environmen-
tal factors and to evaluate whether stratification into upland or
lowland was necessary. We modelled vegetation height using a
response variable of vegetation height (Heightpyo), excluding all
unburned sites from out modelling. Our explanatory variables
included four environmental spatial datasets and one site history
variable: compound topographic index (CTI, aka topographic
wetness index) as a continuous measure of meso-scale terrain
wetness, distance to road (ROADDIST) as an approximation of
potential use of seismic lines by people, upland-lowland dichoto-
mous class (UPLAND), seismic line presence or absence as a di-
chotomous class (SEISMIC), and continuous fire severity (ANBR,
Key and Benson 2006). CTI was calculated from a 15 m resolution
AlLS-derived digital elevation model, and ROADDIST was based
on Natural Resources Canada CanVec Transportation dataset
(Natural Resources Canada 2019) (details in Appendix Table A4).
To avoid false significance caused by a large sample size and
account for spatial dependence in the data, we fit 100 models on
random 10% subsets of our plot data, sampling without replace-
ment. These 100 independent models were then averaged (Table 2).
Spatial autocorrelation in model residuals was insignificant at this
sample size (Global Moran’s I statistic, p = 0.199). Model residuals
were normal, and the variance was homogeneous. All modelling
was performed in R version 4.0.3 (R Core Team 2020).

2.4. Field validation

In the summer of 2018, we conducted field reconnaissance of
22 locations (11 for each fire). Sites were randomly selected from
our ALS plot dataset, including only sites that were within 1 km
of access roads and were accessible by foot. Field observations of
vegetation cover (%) of different functional groups and vegeta-
tion structure were taken on 20 m long x 6 m wide subplots
nested within the seismic line plot (100 m long x 6 m wide) and a
parallel 20 m x 6 m subplot nested within the control plot. Each
subplot was divided into four 5 m sections, within which a 1 m?
quadrat was randomly placed, approximately equidistant from
the seismic line edges. Quadrats were used to estimate the per-
cent cover of functional groups including low shrubs (<1.5 m,
including low and creeping shrubs), tall shrubs (>1.5 m), short
trees (1-5 m), tall trees (>5 m), forbs, graminoids (grasses, sedges),
nonvascular (mosses, liverworts), and percent cover of dead vege-
tation. Percent cover was averaged per subplot and a Wilcoxon
rank-sum test was performed to evaluate differences. We col-
lected additional field data (e.g., seismic line width, presence of
snags, evidence of human or wildlife use, and identification of
dominant vascular plant species), intended primarily for valida-
tion and better knowledge of site conditions and characteristics.
In cases where ALS plots were inaccessible by foot, subplots were
moved closer to the road to make foot access feasible, without
changing the individual seismic line being investigated.

3. Results

Vegetation height and structure were significantly different
between paired seismic lines and control plots (Figs. 3, A2) for all
six selected metrics (paired Wilcoxon rank-sum test, p < 0.0001).
Comparing the median of burned seismic line plots and burned
control plots, Heightp,s was lower on seismic lines than control

plots (A = —0.81 m), with greater difference in upland plots (A =
—0.74 m) than lowland plots (A = —0.595 m). Top-of-canopy height
(Heightpgo) was higher on control plots than seismic lines (A =
—2.74 m), and this effect was also stronger in upland plots (A =
—2.90 m) than in lowland plots (A = —1.94 m). This corresponds
to a relative height reduction of 21% and 25% in uplands and
lowlands, respectively. Canopy cover, as estimated by % returns-., oo ms
was also higher on control plots for both upland (A = —7.6%) and
lowland (A = —4.1%) plots. Lower Height,ean for seismic lines (A =
—0.57 m) corresponded to lower or more open vegetation in gen-
eral when compared to adjacent control forests. All differences
in medians were significant (p < 0.001) for both lowlands and
uplands, with the exception of % returnsgis_oo m in uplands,
pointing to lower overall vegetation height and density on lines.

Stand height was more variable (from Height,,ance) for control
plots than for seismic lines, with greater variability in uplands
than in lowlands (Appendix Table A2), whereas Heightgiewness and
Heightyutosis Were higher on seismic lines. This is likely indicative
of continuous low vegetation on seismic lines compared to vari-
able, sometimes tall tree growth on control plots. Canopy closure,
as estimated from % returns. oo m and Heightyariance, Was low for
both control plots and seismic line plots. These patterns of taller
vegetation on control plots persisted for plots outside of the fire pe-
rimeter (Appendix Fig. A2), although vegetation in unburned areas
was taller on average (Appendix Fig. A3). Comparing the Chisholm
sites and the House River sites, we found no significant differences
in any of six metrics considered in this study (paired Wilcoxon
rank-sum test, p < 0.05), allowing us to pool the data from the two
study areas.

Regression modelling indicated that UPLAND had the strongest
effect on vegetation height, contributing 44.3% of the variance
explained (Table 2), based on standardized model coefficients.
SEISMIC was the second most important variable, contributing
30.4% of the variance explained. The other variables did not achieve
significance (p < 0.05), although CTI was almost significant (p = 0.06),
contributing 14.0% of the variance explained. Model coefficients
were positive for lowland class, negative for seismic line class, and
negative for CTI, indicating taller vegetation in uplands, control
plots, and drier sites, respectively. The adjusted R? was 0.29.

While being cautious of the low sample size, field observations
provided further support for differences between conventional
seismic lines and adjacent forests (Fig. 4). Seismic line field plots
had greater cover of nonvascular plants and graminoids (A = +7.8%
and A = +15.6%, respectively) than field control plots. Further, seismic
lines exhibited lower percent cover of dead vegetative matter (A =
—19.2%) and low shrubs (A = —7.9%), and lower density of trees greater
than 5 m in height (A = —32.9%) (Fig. 4). Ground plot sample sizes
were too small to meaningfully compare lowland seismic line plots
against lowland control plots (n = 6), but this comparison could be
carried out for upland field plots (n = 16). Upland seismic lines had
significantly higher graminoid cover (A = +17.7%), lower cover of
dead vegetative matter (A = —23.4%), and lower cover of trees
greater than 5 m in height (A = —42.9%) compared with control
plots. No obvious signs of human use were present. We observed
game trails on or adjacent to 86% of seismic line field plots, and
only 14% of control field plots. Snags were rare across all field sites,
except for three control lowland field plots, where dead wood
(standing and fallen) represented approximately 5% of total plot
area.

4. Discussion

4.1. Legacy of seismic lines on vegetation structure

Past seismic line construction affected present vegetation
height, secondary only to lowland—-upland class among the varia-
bles considered. This illustrates the significant and lasting impact
that seismic lines have on forest structure, an impact that was not
mitigated by intense wildfire. ALS metrics indicated shorter, more

w Published by Canadian Science Publishing



Can. J. For. Res. Downloaded from cdnsciencepub.com by Quinn Barber on 10/20/21
For personal use only.

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)

Can. J. For. Res. Vol. 51, 2021

Fig. 3. Comparison of selected airborne laser scanning statistics between burned seismic lines and paired control plots (n = 1064), grouped
by upland (orange) and lowland (blue). Boxes represent the 25th, 50th, and 75th percentiles (quartiles). Whiskers represent the lowest (highest)
datum within 1.5 times the interquartile range (third - first quartile) of the first (third) quartile. All comparisons between seismic lines and
controls are statistically significant (p < 0.0001, paired Wilcoxon rank-sum test, Table A2). [Colour online.]
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open vegetation in both lowland and upland seismic line sites,
translating to a deficit of aboveground biomass (Bolton et al. 2015;
Drake et al. 2002) relative to adjacent control plots. Seismic lines
possessed a more open canopy, a lower density of trees, and a
greater cover of nonarboreal vegetation. These results reaffirm
that burned seismic lines are often associated with slower vegeta-
tion growth or establishment failure in the western boreal forest,
contributing to the existing problem of seismic lines dominated by
disturbance-associated species that are often invasive or exotic
(Honnay et al. 2002; Finnegan et al. 2018a).

ALS return height distribution skewness and kurtosis were
higher on seismic line plots than in corresponding control plots.
This suggests a relatively uniform height, such as graminoids in
lowland plots or tall deciduous shrubs in upland plots, without
successional tree recovery. Although high kurtosis may also be
associated with strong, uniform recovery (age) of woody species
(as in Bolton et al. 2015), this was not observed during our field
visits. Seismic line forest canopies were frequently open or
entirely absent, as indicated by lower proportion of returns
greater than 2 m. The observed rarity of snags suggests that these
had little impact on ALS metrics, although it is possible that
snags were present during ALS collection and had since fallen.
Reduced biomass in seismic lines may affect future fire behav-
iour, acting as de facto fuel treatment as suggested in Deane et al.
(2020), a “compound interaction” (Buma 2015) between the

subsequent disturbances, which further limits wildfire’s ability
to restart succession.

Previous studies have documented that upland seismic lines
regenerate considerably faster than lowland sites, possibly due
to their greater resiliency (defined as the ability of an ecosystem
to return to a previous state following a disturbance effect; Elmqvist
et al. (2003)) to seismic line disturbance and faster growth of
early successional trees (Revel et al. 1984; Lee and Boutin 2006;
van Rensen et al. 2015). However, we observed that upland
and lowland seismic lines had a similar reduction in vegeta-
tion height relative to control plots, 21% and 25%, respectively
(Appendix Table A2; Fig. A4). This indicates that some upland
sites are not recovering as might be expected. The relative
height reduction on burned seismic lines was greater than on
unburned seismic lines (Appendix Table A3), further reinforc-
ing that fire has not led to recovery of these seismic lines seven
to nine years post-fire. It may be that there are variable soil
and vegetation conditions across upland sites, some of which
impart resiliency to disturbance. This would parallel low-
lands, where wildfire appears to aid seismic line recovery in
some wetland types but not others (Filicetti and Nielsen 2020).

During field visits we observed a lack of trees over 5 m tall on
seismic lines, even when tall trees were abundant on control
sites. Instead, seismic lines were generally populated with trees
under 5 m, nonvascular plants, and abundant graminoids, including
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Fig. 4. Percent cover of functional groups of vegetation observed during field validation of a select sample (n = 22) of paired field plots.
Dots represent median cover percentages, whiskers represent 95% confidence intervals. p values are coded symbolically (*, p < 0.05; **, p < 0.01;
**, p <0.001; ***, p < 0.0001: paired Wilcoxon rank-sum test). [Colour online.]
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upland and lowland sites. These results are consistent with stud-
ies comparing conventional seismic lines to adjacent, undis-
turbed forest, which found vegetation height below 2 m on
seismic lines, as well as occasional failure to recover past a low
shrub and herbaceous understory (Lee and Boutin 2006; Finnegan
et al. 2019). A parallel can be drawn between this and the combined
disturbance of wildfire and forest harvest, where areas of overlap-
ping fire and harvest experienced a tree species shift from conifer-
ous to deciduous species (Bouchard and Pothier 2011). Our field
results must be interpreted with caution, given the low sample size
and lack of spatial coverage of our field plots. These field visits did
serve their purpose, as they allowed us to not only corroborate but
also refine our understanding of the differences recorded by
the aerial surveys.

4.2. Implications

We assessed a large number of sites using ALS, which would
have been prohibitively expensive and logistically unfeasible
using traditional field surveys. ALS plots were selected in a com-
paratively unbiased manner, alleviating the bias by accessibility
usually associated with field studies. While our ALS plots were
useful for measuring vegetation height and structure, they pro-
vide a rather coarse estimate of seismic line recovery compared
to traditional field-based regeneration surveys. There have been
several efforts to model regeneration density with low-density
ALS, but in general model predictions of stem number are poor
(Naesset et al. 2004). As such, field-proofing is indispensable for
verifying observations and validating conclusions based on ALS
data. The critical need for field-proofing is best exemplified here
by our observations ruling out excessive human access, and it
also provides an on-the-ground context to ALS metrics.

Poor tree regeneration following fire in seismic lines will have
ecological consequences, notably for the nationally endangered
boreal woodland caribou. Increased moisture on seismic lines
decreases the severity of subsequent wildfire within seismic

lines, or alternately allows wildfire to “skip” over seismic lines,
creating distinct ecological communities within the post-fire
seismic line footprint (Pinzon et al. 2021). For example, Riva et al.
(2020) found that burned seismic lines fostered many plant and
butterfly species that use these early seral spaces. From our own
observations, game trails were nearly ubiquitous on our seismic
line field plots, providing further evidence that in our study area
these features are being used as wildlife movement corridors
even when partially regenerated. This likely includes the use of
seismic lines by gray wolves (Canis lupis), who use these access
pathways in pursuit of prey, leading to their incidental predation
of caribou (Latham et al. 2011; DeMars and Boutin 2018). In partic-
ular, wolves have been found to move more quickly on seismic
lines with mean vegetation height less than 0.7 m (Finnegan et al.
2018b), which includes many of our sites.

While we found no evidence that wildfire triggers or acceler-
ates seismic line vegetation recovery, Filicetti and Nielsen (2018)
reported strong post-fire jack pine regeneration along seismic
lines. They suggest that site recovery is related to pre-fire species
composition and site conditions, such as ecotype, soil type, and
moisture regime. Jack pine is particularly fire adapted among bo-
real tree species, as it depends on fire to activate its serotinous
cones, and to expose mineral soil through burning of organic
matter (de Groot et al. 2004). Given this dependence on fire and
its shade intolerance (Claveau et al. 2002), jack pine could be
expected to benefit from both seismic line construction and wild-
fire in some instances. In a related study, Filicetti and Nielsen
(2020) showed that wildfire on seismic lines promoted regeneration
of serotinous species, including jack pine and black spruce, but that
increasing terrain wetness (or conversely, decreasing depth to water
table) negatively correlated with regeneration density.

4.3. Scope and limitations
The advantages of remote sensing come with material trade-
offs. Low-density ALS point clouds are not appropriate for species
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classification; therefore, our height measurements undoubtedly
responded to tall deciduous shrubs or overhanging canopies
from seismic line edges, and we lacked the ability to stratify by
species. Through low-density ALS alone, it difficult to obtain cer-
tain forest mensuration estimates, such as the number of estab-
lished trees (Nesset et al. 2004). Direct seedling counts and tree
diameter measurements would be a more relevant measure of
forest successional stage, as would species identification; how-
ever, these are costly and time consuming to measure and report
across a large area. Methods for counting seedlings using drones
show promise (Fromm et al. 2019), but this may not be practical
over the larger extent of disturbances. Our targeted field visits
were designed to validate ALS plot location. Though limited,
these field visits were important to rule out human use influenc-
ing our results and to provide on-the-ground context to ALS met-
rics, thereby helping us understand the nature of discrepancies
in vegetation recovery. ALS data were collected between 2007
and 2009, and so comparison with our 2018 field measurements
was necessarily qualitative. Given the limited nature of our field
reconnaissance, we did not record tree stem counts or basal area.
We rely on the assumption that seismic lines and control plots
are similar within pairs, which are the basis for our comparison,
based on their being only 50 m apart and being located in the
same upland or lowland ecosystem. Unaccounted-for differences,
such as small-scale differences in soil type and moisture regime,
may increase noise in the analysis. Pre-construction community
composition is not reliably known. Further research is needed to
evaluate how soil conditions, pre-disturbance vegetation com-
munities, and site history variables affect regenerating seismic
line recovery. However, our results clearly show that seismic line
presence is an influential factor defining post-fire forest structure.

5. Conclusion

Given the fire-adapted species of the boreal forest, stand-
renewing fire might be assumed to mitigate the footprint of seis-
mic lines by initiating vigorous vegetation regeneration. In this
study we found that wildfires do not “restore” seismic lines to
vegetation trajectories under typical conditions found in the bo-
real forest of central Alberta. We found an average canopy height
reduction of 21%-25% on seismic lines relative to adjacent forest
plots, 7-9 years post-fire. The use of ALS allowed us to assess thou-
sands of remote plots, whereas traditional field methods would
have required either helicopter access or limited winter snow-
mobile surveys of unburied vegetation. Continued and wide-
spread monitoring of the seismic line network will be necessary
to ensure that the environmental effects associated with linear
features are mitigated, either naturally or through managed
reclamation.
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Appendix A
Table A1. Data sources and description.
Data type Source Description
ALS point cloud Government of Alberta ALS Collected approximately 2007-2009 at a mean point cloud density of 1.4 returns-m™2.

point cloud database Vertical accuracy is approximately +0.30 m, horizontal accuracy is approximately +0.45 m.
Cutblocks Landsat satellite imagery Cutblocks were identified using a Canada-wide Landsat-based 30 m resolution

Seismic line
shapefiles

Fire perimeters

Fire severity

Roads shapefile

Water bodies
shapefile

Aerial photography
Wetland inventory

Human Footprint Inventory
(ABMI 2018a)

Canadian National Fire
Database (Canadian Forest
Service 2015)

Google Earth Engine

Natural Resources Canada
National Roads Network

Boreal Surface Water Inventory
(ABMI 2018b)

Bing Maps (Microsoft 2019)
Boreal Wetland Probability
Dataset (ABMI 2019)

change-detection dataset (Guindon et al. 2018).

Maps human footprint features across the entire province of Alberta, based on spatial data
from a variety of organizations and manual interpretation of remotely sensed imagery.

National-scale collection of forest fire data from various Canadian fire management
agencies, including data from field personnel, photo interpreters, satellite imagery, and
other sources.

Differenced normalized burn ratio (ANBR) was calculated from pre- and post-fire Landsat
satellite imagery (Whitman et al. 2020).

Road map shapefiles produced, updated, and distributed through Natural Resources Canada,
Statistics Canada, and provincial and territorial governments (Natural Resources Canada 2019).

Surface water polygons derived from a machine learning algorithm based on Sentintel-1
and -2 satellites, subset into permanent and recurring water bodies. For specific information see
DeLancey et al. (2018).

Aerial photography imagery.

Map of lowland and upland areas, generated using a machine learning framework on
optical satellite data (Sentinel-2), Synthetic Aperture Radar (Sentinel-1), and elevation.
Accuracy of approximately 83% (DeLancey et al. 2019).

Table A2. Summary (median * standard deviation) of airborne laser scanning return statistics by plot class, for burned plots.

Upland (n =419)

Lowland (n = 645)

Seismic line Control pvalue Seismic line Control pvalue
Heightpgs (m) 0.16*+0.03 0.16*0.54 0.0001 0.15*0.01 0.15+0.01 0.0006
Heightpo (m) 0.18+0.08 0.19+0.95 <0.0001 0.16%0.02 016012 <0.0001
Heightp,s (m) 0.24+0.89 0.27*2 <0.0001 0.18*0.15 0.19*0.33 <0.0001
Heightps, (m) 0.49+1.89 0.75*+3.15 <0.0001 0.26*0.61 0.30*£1.06 <0.0001
Heightp,s (m) 1.57+316 2.31+4.38 <0.0001 0.49+1.55 1.05%2.17 <0.0001
Heightpos (m) 5.30%£5.45 10.36%+5.62 <0.0001 3.38%£3.21 5.75*+3.47 <0.0001
Heightpgo (M) 10.97*6.03 13.87%5.65 <0.0001 5.93+3.94 7.87+3.86 <0.0001
Heightynean (M) 1.43+1.81 2.34+2.69 <0.0001 0.76+0.84 1.30+1.12 <0.0001
Heightyariance 4.76+11.68 11.27*+13.2 <0.0001 1.69+3.94 4.01*£5.55 <0.0001
Heightyyreosis 9.31+19.2 6.39+20.75 <0.0001 8.13*+36.56 5.70+20.69 <0.0001
Heightgiewness 2.50+1.91 1.95+2.08 <0.0001 2.41+2.50 1.86+2.00 <0.0001
Canopy relief ratio 0.12*0.09 0.15*0.12 <0.0001 0.11+0.08 0.13+0.08 <0.0001
% returns- o1s m 50.18+23.18 55.95+19.57 <0.0001 28.37+18.87 34.08*17.69 <0.0001
% returnsgs—2.0 m 36.55+17.26 34.68+16.47 0.4579 23.59+16.92 25.48+14.52 0.0007
% returns, o_s.o m 319+11.18 4.94+10.72 0.0063 1.04+4.01 2.56+5.64 <0.0001
% returnssp-10.0 m 117£5.09 3.24+7.98 <0.0001 0.53*3.06 211+4.98 <0.0001
% returnsio,0-30.0 m 0.74*6.63 2.95*+12.19 <0.0001 0.00+0.91 0.00£2.07 <0.0001
% returns- 2o m 7.47+15.86 15.05*20.26 <0.0001 1.89+6.65 5.95+10.27 <0.0001

Note: The p values are from paired Wilcoxon rank-sum tests.

Table A3.

Difference (m) in vegetation height

Table A4. Independent model variables in order of importance (0-100)

between seismic lines and control plots, calculated to the burned site model.
from Heightpge, including upland and lowland plots. Variable  Descriptor
. Lowland (_Iontr.ol - seismic UPLAND  Upland-lowland class, as estimated from the ABMI Boreal
Fire class line difference (m) Wetland Probability dataset (DeLancey et al. 2019).
Burned Lowland 1.65+4.25 SEISMIC  Seismic line site (1) or control forest site (0).
Upland 1.69£5.70 CTI Compound topographic index, calculated from a 15 m
Unburned Lowland 0.77+2.96 resolution ALS-derived digital elevation model.
Upland 0.92+4.63 dNBR Differenced normalized burn ratio (ANBR, Key and Benson

2006), a measure of fire severity, calculated from pre- and
post-fire Landsat satellite imagery (Whitman et al. 2020).

ROADDIST Distance to roads, calculated from the Natural Resources
Canada CanVec Transportation dataset (Natural Resources
Canada 2019).
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Fig. A1. Airborne laser scanning canopy height model for two lowlands in Chisolm (A) and House River (B). Green areas represent treed
lowlands, while areas devoid of trees represent shrubby lowlands. Linear disturbances are seismic lines. Canopy height model was calculated at
a2 m x 2 m resolution. Inset basemap is a hillshade of the NASA SRTM 30 m digital elevation model (Farr et al. 2007). Produced in QGIS 3.10
(QGIS.org 2019). [Colour online.|
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Fig. A2. Comparison of selected airborne laser scanning statistics from unburned areas, between seismic lines and paired control plots
(n =1006), grouped by upland (orange) and lowland (blue). Boxes represent the 25th, 50th, and 75th percentiles (quartiles). Whiskers
represent the lowest (highest) datum within 1.5 times the interquartile range (third - first quartile) of the first (third) quartile. All
comparisons between seismic lines and controls are statistically significant (paired Wilcoxon rank-sum test, p < 0.0001). [Colour online.]
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Fig. A3. Seismic lines only, comparing selected airborne laser scanning statistics between burned and unburned plots (n = 2070), grouped
by upland (green) and lowland (pink). Boxes represent the 25th, 50th, and 75th percentiles, and whiskers represent the interquartile
range x1.5. [Colour online.]
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Fig. A4. Paired plot difference (burned seismic line — burned control plot) for six airborne laser scanning statistics, grouped by upland
(orange) and lowland (blue), showing only burned plots (n = 1064). Boxes represent the 25th, 50th, and 75th percentiles, and whiskers
represent the interquartile range x1.5. [Colour online.]
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Appendix B

We randomly generated sample plots and control plots from
the 2016 Alberta Biodiversity Monitoring Institute (ABMI) Human
Footprint Inventory (ABMI 2018). This dataset was originally
validated using SPOT6 satellite imagery as part of the Alberta
Human Footprint Monitoring Program (https://abmi.ca/home/
data-analytics/da-top/da-product-overview/Human-Footprint-Products/

13

Table B1. Aerial identification of a subset of
400 seismic line plots, with 97% appearing to be
seismic lines and not misidentified industrial
features.

Feature type n

Seismic line 387
Pipeline

Road

Water

Wellpad
Industrial facility

- WUl =W

HF-inventory.html). We performed visual validation of on a subset
of our randomly generated seismic line plots using Bing Aerial
Imagery (https://www.bing.com/maps; Microsoft 2019. This was
done to assess the accuracy of the ABMI Human Footprint
Inventory, which may have included erroneously identified
low-impact seismic lines, pipelines, roads, or other features.
We assessed 400 seismic line plots, including 100 from within
each of the Chisholm and House River fires, and 100 from
within 20 km of each of the fire perimeters. We found that
approximately 97% of our plots were correctly located on what
appeared to be conventional seismic lines, with the remainder
located on water features or industrial features (Appendix Table B1).
Some of these features may have been converted from seismic lines
later than the ALS collection, making this a conservative estimate.

The construction date of seismic lines likely impacts regeneration
success, and the possibility that seismic line construction occurred
after wildfire represents a source of uncertainty in our study. The
Human Footprint Inventory (ABMI 2018) includes “YEAR” as an
attribute, indicating the year the seismic line was first observed
in the remote sensing imagery. However, 79% of our plots are
missing this attribute, likely due to their construction occurring
prior to the availability of remote sensing imagery. Based on an
analysis of those plots with a “YEAR” attribute, we conclude that
it is likely that only a small fraction of our seismic line plots
were constructed after the wildfire occurred (Appendix Fig. B1).
The dataset also retains a feature when that feature disappears
from the landscape, which should limit the number of regenerated
seismic lines missed in our analysis, provided that they were
included in the Government of Alberta spatial records of seismic
line construction or the interpreted remote sensing record.
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Fig. B1. Date of remote sensing imagery when seismic line plots were first observed in the ABMI Human Footprint Inventory (ABMI 2018).

Vertical lines indicate the wildfire year. Of 1335 plots, 1051 plots had no observation date listed, indicating that construction probably
pre-dated the availability of remote imagery. [Colour online.]
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