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Abstract: Seismic lines are the dominant anthropogenic disturbance in the boreal forest of the
Canadian province of Alberta, fragmenting over 1900 km? of peatland areas and accounting for more
than 80% of all anthropogenic disturbance in this region. The goal of this study is to determine
whether the wildland fires that burn across seismic lines in peatlands result in the regeneration
of woody vegetation within the ecotonal areas adjacent to seismic lines. We use a combination of
seismic line and vegetation structural characteristics derived from multi-spectral airborne lidar across
a post-fire peatland chronosequence. We found an increasing encroachment of shrubs and trees into
seismic lines after many years since a fire, especially in fens, relative to unburned peatlands. Fens
typically had shorter woody vegetation regeneration (average = 3.3 m =+ 0.9 m, standard deviation)
adjacent to seismic lines compared to bogs (average = 3.8 m + 1.0 m, standard deviation), despite
enhanced shrubification closer to seismic lines. The incoming solar radiation and seismic line age
since the establishment of seismic line(s) were the factors most strongly correlated with enhanced
shrubification, suggesting that the increased light and time since a disturbance are driving these
vegetation changes. Shrub encroachment closer to seismic lines tends to occur within fens, indicating
that these may be more sensitive to drying conditions and vegetation regeneration after several years
post-fire/post-seismic line disturbance.

Keywords: linear disturbances; vegetation succession; remote sensing; cumulative impacts

1. Introduction

Boreal peatlands cover large areas of western Canada and play an important role in
carbon sequestration via the slow accumulation of biomass within peatland mosses [1,2].
Within the next century, climate models predict a median temperature increase of 2.9 to
5.9 °C under an intermediate Representative Concentration Pathway (RCP) concentration
trajectory of 4.5 between 2081 and 2100 [3]. This will increase the drying of these peatlands
and promote further landscape-level fire activity [4]. Although wildland fires are regarded
as the most prevalent disturbance driving ecosystem change in the Canadian Boreal Plains
ecozone [5], climatic changes exacerbate fires by altering fire regimes [6]. These changes
enhance peatland afforestation, which increases fuel loading in boreal, e.g., [7] and temper-
ate, e.g., [8] peatlands, thereby altering the carbon balance [9]. Fires can also reduce the
belowground carbon (C) stores in peatlands and alter soil organic matter by burning deep
into mosses that have been exposed to drying. This can result in increased depth to water
table [10] as well as a range of other post-fire hydro-ecological changes (reviewed in [11]).
The mean fire return intervals in North America range from 167 to 180 years; however, with
climate change, wildland fires in the boreal region are occurring more frequently, shifting
the average return intervals to between 35 and 120 years [9,12].

Forests 2023, 14, 1979. https:/ /doi.org/10.3390/£14101979

https://www.mdpi.com/journal/forests


https://doi.org/10.3390/f14101979
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0002-8062-1530
https://orcid.org/0000-0002-3998-4778
https://doi.org/10.3390/f14101979
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f14101979?type=check_update&version=2

Forests 2023, 14, 1979

20f18

In the years following a wildland fire, there can be a lag in woody vegetation regener-
ation and a decrease in the vegetation net ecosystem production (NEP). It can take three
to seven years for trees to be established, and up to 20 to 25 years for the tree canopy to
reach its intermediate maturation due to changes in the soil conditions, nutrient levels, and
general life history (e.g., seed dispersal, propagation from roots, etc.) [13-15].

In addition to fire disturbance, some western boreal peatlands are also fragmented by
petroleum resource exploration [16], which can further complicate peatland ecohydrology
and fire regimes. Petroleum deposits cover 142,200 km? of northern Alberta, most of which
are deep bitumen deposits, which require a network of seismic lines, well sites, access roads,
and pipelines [17] for extraction and transport. Seismic lines are a dominant anthropogenic
disturbance feature and are used for petroleum exploration. They have a relatively low
impact compared to surface mining, which fully removes ecosystem components such
as soils and vegetation [18]. Seismic lines are disturbed over 1900 km? of peatlands in
Alberta and can impact ecosystem hydrology, energy exchanges, and vegetation [17]. When
seismic lines are constructed, organic soils and mosses become compacted compared with
undisturbed areas due to the mulching of trees and heavy machinery [16]. Seismic lines are
also climatically warmer due to a greater reception of incoming shortwave solar radiation
at the ground surface due to canopy openness, which can alter vegetation growth post-
disturbance [17,19]. Wider seismic lines (>3 m) have a greater impact on soil characteristics:
they increase soil bulk density and have higher soil moisture content due to shallower
water tables [20].

A combination of field measurements and remote sensing technologies can be used to
quantify the broader ecological impacts of seismic lines during a period of climate change
and occasional wildland fires. Although the impacts of seismic lines on upland forests
are generally better understood [16,20-24], less is known about the combined impacts of
fires and seismic lines within peatlands. Barber et al. [25] found significantly reduced
vegetation heights in seismic lines crossing peatlands using airborne lidar data. They
examined the impacts of seismic lines in peatlands that had burned about five years earlier
compared with undisturbed peatlands. Further, [26] examined the influence of a micro-
climate on wildland fire fuel properties in north-to-south and east-to-west directional
seismic lines. They found that the position of the seismic line and the potential for drying
have a significant influence on the fire spread, especially in the north-to-south -positioned
seismic line relative to the adjacent (undisturbed) area. Pinzon et al. [27] determined that a
fire does not ‘erase’ the influence of seismic lines on the surrounding peatland/forest areas
in the early post-fire period. Despite these leading studies, questions remain regarding the
trajectories and drivers of vegetation recovery in the early-to-intermediate years following
a fire in peatlands with seismic lines. This is of increasing interest as peatland drying
increases and fires become more prevalent, intense, and widespread.

The overall goal of this study is to determine whether wildland fires that burn over
seismic lines in peatlands promote the regeneration of woody vegetation adjacent to seismic
lines relative to peatlands that are fragmented by seismic lines only. Previous research has
found that a moderate drop in the water table can reduce Sphagnum spp. colonization,
resulting in enhanced broadleaf species establishment [28,29]. The objectives of this study
are to (a) assess the spatial distribution of vegetation heights proximal to seismic lines in
peatlands burned 5, 18, 30, and 38 years ago compared with recently unburned (in the last
more than 80 years) and anthropogenically undisturbed ‘mature’ reference peatlands; and
(b) determine the environmental and anthropogenic drivers of post-fire and post-seismic
line vegetation growth in boreal peatlands with respect to the time passed since a fire.
We hypothesize that fire may enhance woody vegetation regeneration nearer to (within
the ecotone of) seismic lines, especially after a period of years. This may be enhanced in
fens as opposed to bogs possibly due to changes in peat moisture. We also expect that
the differences in vegetation heights adjacent to seismic lines between the burned and
unburned bogs will not be as large due to the moisture characteristics of bogs.
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2. Materials and Methods
2.1. Study Area

The area of study is located ~230 km south of Fort McMurray near Wandering River,
Alberta (112°12'31” W, 55°37'46" N), and within the Central Mixedwood subregion of the
Boreal Plains Ecozone (Figure 1). The Boreal Plains is one of the driest forested ecozones in
Canada and is characterized by large seasonal variations in temperature (from —13 °C on
average in winter to 15 °C on average in summer) and a total annual precipitation between
300 and 500 mm [30,31]. The closest weather station (Lac La Biche, Alberta) received a total
annual precipitation of 482 mm and had a mean annual temperature of 2 °C during the
year of data collection, 2020 [32]. Peatlands include bogs and fens, which cover more than
50% of the area [33]. Vegetation in this region is dominated by pure and mixed forests of
coniferous (mostly Picea mariana (Kuntze), Picea glauca (Moench) Voss, and Pinus banksiana
Lamb.) and broadleaf deciduous species (Populus tremuloides Michx, Populus balsamifera
Lyall, and Betula papyrifera Marshall). Understory shrub species include, but are not limited
to, Prunus virginiana L., Alnus crispa Pursh, Amelanchier alnifolia Nutt, Symphoricarpos albus
K. Koch, Ledum groenlandicum Oeder, Betula pumila L., and Salix spp. L., with a variety of
herbaceous and moss species. The surficial geology is characterized by glacial deposits
consisting of mostly glacial moraines, stagnant ice moraines, and glaciofluvial deposits [34].
The major soils within peatlands found in the two survey areas include mesisols with
some gleysols.
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Figure 1. Location of lidar survey polygons south of Fort McMurray, Alberta. The peatland—forest
complexes within the polygons have been disturbed by industrial land use activities, including
petroleum exploration and extraction, infrastructure, and forestry operations (harvesting). Areas
that have not been burned recently, according to fire management records (since ~1930) are found in
between the fire scars, predominantly between the 1982 and 2002 fires in the western lidar polygon,
while the smaller eastern lidar polygon was burned by fires in 1990 and 2015.
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Lidar survey areas were characterized by a relatively low density of seismic lines
(1.6 km x km~2) compared with other parts of Alberta with higher densities (10 km x km™2 [35,36]).
These areas were burned by fire in 1982, 1990, 2002, and 2015. Burned areas were used
to assess post-fire regeneration with respect to time since fire, assuming relatively similar
environmental conditions, including surficial geology and the nearness of the polygons to
ensure similar climatological influences (within 5-25 km, Figure 1). Seismic lines found in
these areas were typically ~6 m wide and were classified as conventional seismic lines based
on the Human Footprint Inventory [36]. Most seismic lines were constructed in 2002 [36],
with an average period available for vegetation regeneration of 18 years in burned areas
and 15 years (constructed in 2005, [36]) in unburned areas. Some peatlands were also frag-
mented by ~4 m-wide trails, 10 to 20 m-wide underground/aboveground pipelines used
to transport petrochemicals, and adjacent ~100 m x 100 m well pads [36]. Finally, there
was a 38 m-wide transmission line corridor that intersected the eastern lidar polygon with
towers and poles for transmitting high-voltage electricity. These, and surrounding peatland
areas, were excluded from the analysis [36]. Vegetation within linear disturbances consisted
mostly of mosses and herbaceous ground cover, with Salix spp. and Alnus spp. growing
on seismic lines and intersections with well pads [37,38]. Vegetation species and canopy
heights were determined /measured within 202 x 1 m? plots, collected at 4 m intervals
at the centre of seismic lines. Field measurements were used in a previous study [38] to
validate lidar-based vegetation structure.

2.2. Lidar Data Collection and Processing

Airborne lidar data for the fire chronosequence study area (Figure 1) were collected on
2 August 2020 by using a Titan multi-spectral airborne lidar system (Teledyne Optech Inc,
Toronto, Canada) owned and operated by the University of Lethbridge, ARTeMiS Lab. The
Titan scanner is a multi-spectral, three-channel (Channel ‘C” herein C1, C2, and C3) system
with laser pulse emissions at 1550 nm (shortwave infrared, C1), 1064 nm (near infrared,
C2), and 532 nm (green, C3), respectively [39,40]. The survey characteristics included a
mean flight altitude of 1000 m above ground and a pulse repetition frequency (PRF) of
100 KHz per channel. The survey polygons covered an area of 220 km? with a lateral strip
overlap of 50% and an average point density of 6.2 points per square meter. Lidar data
were used to derive elevation and vegetation canopy characteristics from within burned
and unburned peatlands.

Lidar returns were classified into ground and non-ground using the last of many
echoes and only echoes in TerraScan (TerraSolid, Kanavaranta, Finland). A digital elevation
model (DEM) and a digital surface model (DSM) were generated using the first and
only returns to create a TIN (DEM) and the maximum height of all first returns from all
channels > 0.5 m above the ground using a TIN interpolation method and rasterizing to 2 m
pixel resolution in LAStools (RapidLasso, Gilching, Germany). To determine variations in
vegetation height, a Canopy Height Model (CHM) was created by calculating the difference
between the DSM and the DEM. To reduce the influence of dead standing stems burned
during the previous fire, the first and isolated returns at heights above the regenerating
vegetation and included in the DSM were removed by assigning these cells a value of
‘nodata’. This removes the influence of the post-fire vegetation heights associated with
burned trees from post-fire regenerating vegetation.

2.3. Supplementary Geospatial Data

Additional geospatial layers were used to quantify the distribution of seismic lines
and other anthropogenic disturbances within peatlands. These disturbances were included
in the Human Footprint Inventory for the Oil Sands Monitoring Region circa 2019 [35].
Because of the relatively coarse resolution of the data and classification method used, the
edges of seismic lines were not adequately identified. Therefore, the edges of seismic lines
and other linear disturbances, including trails and pipelines, were manually delineated
using the Human Footprint Inventory as a guide [36]. Delineation was assisted by the use
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of the CHM, which indicates shorter vegetation occurring within seismic lines compared
with that of the surrounding forests and peatlands. These linear disturbances were treated
together as total anthropogenic disturbances. Seismic line age was calculated by subtracting
the year the seismic line was installed from the year when the lidar data were collected
(in 2020). Finally, seismic line direction (north to south, NS vs. east to west, EW) and total
percentage of peatland area fragmented by these anthropogenic disturbances were also
determined, as these can influence soil moisture and incoming solar radiation [25,41].

Peatlands were expertly identified based on their shape, vegetation characteristics, and
topography using high spatial resolution imagery, circa 2018. These were approximately
outlined and delineated into bogs and fens and were used for comparative analysis here.
A total of 155 peatlands (sample size, n = 76 bogs, and n = 79 fens) were identified. The
variations in vegetation heights (across cells, described below) and classification into
deciduous shrubs and conifer or deciduous trees [38] within peatlands were examined.
Within classified peatland shapes, peatland forms were also determined and classified
into open, shrubby, and treed peatlands based on assumed shrub (up to 3 m) and tree
(>3 m) heights.

To integrate the proportions of open, shrub, and treed cells within each peatland, a
simple height-based metric was used based on the Alberta Wetland Classification Sys-
tem [42]. The proportional cover of open, shrub, and treed cells within each peatland was
determined by thresholding CHM raster cells into arbitrary values as classes: Cells with a
vegetation height < 0.5 m were re-classed to a value of “0”, representing “open” peatlands.
Similarly, cells with vegetation heights of 0.5 to 3 m = “1” represented “shrubby” peatlands
(also including juvenile trees). Cells with vegetation heights > 3 m = “2” represented “treed”
peatlands. Classes were multiplied by the proportional cover of cells, and a zonal average
was calculated for each peatland to determine the average proportion of each class. These
were then used to identify dominantly open, shrubby, or treed classes for each peatland
within the fire scars. This threshold classification was used as a simple index of combined
height and proportional cover, akin to a generalized metric of ‘volume” as an index of
biomass change.

2.4. Data Analysis
2.4.1. Vegetation Height within Seismic Line Ecotones

A geospatial analysis was completed using ArcGIS Pro (ESRI Inc. Redlands, CA, USA).
The difference in vegetation structure adjacent to seismic lines was quantified with distance
from seismic line edge. Vegetation heights were determined at random locations using
the random points tool in ArcGIS Pro, where each point was separated by a distance of
>5 m (to reduce spatial autocorrelation) within each peatland. A total of 3597 sampling
locations within peatlands were identified. Seismic lines can have proximal effects of up
to 100 m and can influence vegetation height at distances of up to 60 m from seismic line
edges, though the greatest variability is often found within 30 m of seismic lines [41]. To
determine the area of greatest influence, we chose sample locations within 30 m of the
seismic line edge and sampled in 1 m intervals. Vegetation heights across the seismic line
within peatlands were compared using a Kruskal-Wallis one-way ANOVA to determine if
statistically significant differences exist with distance from seismic lines.

2.4.2. Principle Components Analysis

To identify potentially important general peatland natural/morphological and an-
thropogenic drivers of post-disturbance succession, a principal component analysis (PCA)
was used. A PCA is defined as a dimension-reduction approach in which new variables
are constructed from original variables without losing the original information provided
by the input data, thereby maintaining high data variance [43]. PCA was used to identify
the interactions between the different environmental and anthropogenic correlates asso-
ciated with post-fire succession by combining geospatial information and reducing data
redundancy [43,44].
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Within the PCA analysis, vegetation height was treated as the dependent variable,
and various environmental /natural characteristics, including overall peatland slope, area,
topographic position (determined from a topographic position index, TPI), and incoming
solar radiation, were treated as explanatory variables that may influence post-fire vege-
tation growth within each peatland by altering the moisture and energy received [45,46].
For example, north-facing slopes receive less solar radiation and retain more moisture,
which supports coniferous trees and casts shadows, further reducing incoming energy [47].
Anthropogenic characteristics such as seismic line age, seismic line direction, and total
area fragmented by linear disturbances were also included as explanatory variables as
these can impact the rate of vegetation regeneration (assumed using a descriptor of height)
within peatlands [23,41]. The variables used within the PCA are described in Table 1.
Variables were standardized according to [48], which ensures that the total variance is equal

to one [43].

Table 1. Explanatory variables used in PCA analysis.

Variable Description Mechanism/Hypothesis =~ Range of Predictor Variable gﬁizz
Bogs Fens
Topographic position
ggi/)[( IgTPaI) ﬁioﬁa; m Negative TPI may be an
cire ularyseapr lzg ra%liuS' indicator that the ground
. oo surface is closer to the top B
TPI (m) L(Zitle};ng areas = negative of the water table, which 1.3t00.7m 56t01.7m [4,49]
uprais;. d = positive may result in less woody
values; values near 0 vegetation recovery.
are flat
Peatlands with greater
sloped surfaces might
Peatland Average peatland slope have a greater growth
slope calculgteg usin DEN}I) rate/more tree 0.3to 4.1° 04to7.1° [46,50]
egrees establishment since fire
(degrees) & blish ince fi
due to enhanced drainage
and overall drier soils.
Smaller peatlands are
Peatland area in m2 more vulnerable to
. disturbance due to
Ere:aﬂ?;% dﬁ;ﬁfﬁﬁ‘fﬁﬁﬁ?} the proximity to uplands, 2539 t0 292,148 m? 5979 to 137,549 m? [45,51]
5 lineation resulting in greater
elmeatio post-disturbance
deciduous shrub growth.
South-facing areas and
Incoming solar radiation ~ areas adjacent to seismic
Solar determined from 2 m lines receive more
radiation DSM of tree incoming solar radiation 987 to 3466 Wh m 2 718 to 3372 Wh m—2 [17,20,37,41]
(Whm™2) heights + elevation over compared with
a period of one year north-facing and forested
areas, enhancing growth
Low percent cover is an
indicator of open
Percent Percent cover of trees and  canopies and
shrubs generated using short vegetation, o o
cover 11 t0 91% 14 to0 92% [22,25,52]
(%) all returns above 0.5 m mosses < 0.5m,

from all channels

compared with peatlands
with higher percent
vegetation cover.
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Table 1. Cont.

Variable Description Mechanism/Hypothesis ~ Range of Predictor Variable gi:-
Bogs Fens
Taller vegetation found
within and adjacent to
Age of seismic line in older seismic lines may
N years, calculated by be more likely, as these
Seismic subtracting the year the have more time for
line age li ng ¥y X 0 to 37 years 0 to 37 years [16,35,41,52]
ine was installed from woody vegetation to
(years) the year the lidar data establish compared with
were collected more recently developed
seismic lines with early
vegetation succession.
Human- Percentage of fragmented More fragmgnted
caused peatland peatland area (seismic peatlands will have less
p 3 . . vegetation recovery as 0to 16.0% 0 to 10.5% [16,19,23,24]
ragment: lines, well pads, trails,

ation (%)

and pipelines (from HFI))

they are flatter and closer
to the water table.

PCA variables were checked for auto correlation and collinearity using a correlation
matrix and variance inflation factors (VIFs), respectively. A correlation score of greater
than 0.8 and VIF greater than 15 suggest that the variables were correlated and therefore
subject to collinearity [44]. These variables were removed from the final model and total
variance was accounted for based on eigenvalues. The eigenvalues were then used to
create a component matrix with varimax rotation to visualize how the variables cluster [43].
Varimax rotation was chosen as the rotation method because it is an orthogonal rotation that
attempts to maximize the variance for each component. For this analysis, eigenvalues > 1.0
were considered as significant, and the varimax factor loadings on each PC were measured.
If the values were >0.75, the factor was considered a “strong” loading factor. However,
values ranging from 0.50 to 0.75 were considered “moderate”, and values range from 0.30
to 0.49 were considered “weak” factor loadings [43].

3. Results
3.1. Influence of Seismic Lines on Vegetation Heights

The vegetation heights adjacent to seismic lines vary greatly between bogs and fens
and with the number of years since a fire. The seismic lines had little-to-no regeneration for
a period of up to 38 years since a fire (YSF) and in unburned peatlands. These differences
in vegetation heights are illustrated for example peatlands in Figure 2 using the CHM.

The average vegetation heights did not differ significantly between the bogs and fens
(p < 0.05), but the fens had greater variability in vegetation height as they were classified as
open, shrubby, and treed, while the majority of the bogs were treed (Figure 3). Furthermore,
the majority of the unburned and reference peatlands were treed. The peatlands that have
gone up to 5 YSF and 18 YSF were in open and shrubby forms. The average height of
vegetation did not vary greatly between 30 and 38 YSF, indicating a reduced rate of growth
as trees begin to reach an intermediate level of maturity. The peatlands within these burn
scars were typically shrubby and treed. The greatest average vegetation heights observed
in undisturbed /reference bogs and fens were 4.2 m + 0.8 m (stdev) and 41 m + 1.4 m
(stdev), respectively, while the maximum height was 6 m £ 0.5 m (stdev) (Figure 3).



Forests 2023, 14, 1979 8of 18

1 & s 160 Meters
2
¥’ jally ~o e

(f) Undisturbed (eferenc

100 Meters |

& A e Al v o &L
(b) 18 years since fire (d) 38 years since fire

—+ Seismic Lines CHM (m)
20

] Fens .

1 Bogs LI

Figure 2. Canopy height model for example peatlands found in the burn chronosequence. Upland
and transitional areas: (a) 5 years since fire with seismic lines; (b) 18 years since fire with seismic
lines; (c) 30 years since fire with seismic lines; (d) 38 years since fire with seismic lines; (e) unburned
reference site with seismic lines; (f) unburned reference site without seismic lines. Uplands and
transitional areas have taller vegetation, while peatlands fragmented by seismic lines have vegetation
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Figure 3. Average vegetation height and bog/fen forms found across fire scars and in unburned areas.
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The average variability in vegetation heights in the bogs was more variable up to a
distance of about 20 m from the seismic lines (stdev of height is ~0.5 m), after which the
vegetation heights become less variable (stdev of height is ~0.3 m) within all fire scars
(Figure 4). This may be associated with a competition between herbaceous vegetation/forbs
and shrubs based on the distance from the seismic lines, as well as seismic line impacts on
peat compaction and hydrology. In the older burned scars in the bogs (30 and 38 YSF), there
was an increase in the vegetation height adjacent to the seismic lines; however, the tree
heights decreased beyond 30 m from the seismic lines within the older, burned peatlands
(Figure 4). Similarly, in the unburned bogs, there was a significant (p < 0.05) increase in
the vegetation height within 0 to 30 m from the seismic lines, with high variability in the
vegetation heights from 6 to 30 m (stdev of height 0.2-2 m), regardless of the distance from
the seismic lines (Figure 4). The distance across which there was an approximately linear
increase in vegetation heights is ~9 m from the seismic line in unburned bogs; however,
this distance shortens from about 8-10 m in recently burned bogs (5 and 18 YSF) to 4 m by
38 YSE. This may indicate the relationship between shrub encroachment and the time since
a fire in bogs.

18
18 (a) 5 years since fire 16 (b) 18 years since fire
16
E 14 E 14
£ 12 5 12
210 20
g s g s
Z 6 g ©
= e -] EEED
3 _ 55 EF'
e PR AL
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Figure 4. Variation in canopy height with distance from seismic lines in bogs determined from
randomly located lidar-based height measurements ((a—e) for years since fire). Box plots indicate
mean line, with interquartile ranges (25th and 75th percentiles) and outliers (5th and 95th percentiles)
indicated by whiskers; (f) illustration of canopy height with distance from seismic line for all years
since fire, where ribbons represent interquartile range.
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The fens had shorter vegetation heights (1.6 4= 0.2 m), with less variability in the
deciduous shrub height as the years since fire increased (Figure 5). Similar to the bogs, we
found an enhanced shrubification of fens along seismic lines in the early years post-fire,
extending beyond 10 m from seismic lines. Tree heights decreased as the distance from the
seismic lines increased beyond 10 m (Figure 5). However, in the unburned fens with seismic
lines, shorter vegetation was found adjacent to the lines (4.3 &= 0.3 m) compared with seismic
lines in more mature burned sites (38 YSF), which had taller vegetation (4.9 & 0.4 m). There
was also more variability in vegetation height (stdev of height 0.3-2.7 m) in unburned
fens at distances of greater than ~6 m from the seismic lines. This suggests that seismic
lines may have a more detrimental impact on fens (and perhaps hydrology) based on the
relationship between variations in canopy height and the distance from seismic lines.
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Figure 5. Variation in canopy height along with distance from seismic lines in fens, determined from
randomly located lidar-based height measurements ((a—e) for years since fire). Box plots indicate
mean line, with interquartile ranges (25th and 75th percentiles) range and outliers (5th and 95th
percentiles) indicated by whiskers; (f) illustration of canopy height against distance from seismic line
for all years since fire, where ribbons represent interquartile range.

For the unburned fens (Figure 5), the linear increase in mean vegetation height reaches
a peak at 6 m from the seismic lines. On the other hand, for the older burned fens, the
vegetation heights increase to ~7 m and 5 m for 30 YSF and 38 YSE. At 18 YSEF, the height
increases linearly to ~10 m, on average, which suggests that fen shrub growth may be
impacted by the location of seismic lines for a longer period than bogs, resulting in shorter
post-fire vegetation heights, which exist at further distances from seismic lines (Figure 5).
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Hence, from Figures 4 and 5, seismic lines have more impact on vegetation heights within
the first 10 m, adjacent to seismic lines, especially in the early years post-fire.

3.2. Anthropogenic/Environmental Correlates of Vegetation Succession in Peatlands

The general peatland characteristics and anthropogenic influences, including the age
and width of seismic lines, were compared using a PCA to identify the correspondence
between these and post-fire vegetation growth as well as the dominance of shrubs vs. trees
within bog and fen peatlands. Similar work on species distributions in seismic lines using a
PERMANOVA was used by Dabros and Higgins [53] in unburned forested uplands. Here
we found that the seven explanatory variables (Table 2) were not strongly correlated with
each other (correlation coefficient less than 0.8). Furthermore, the variables had a variance
inflation factor (VIF) of less than five, suggesting that there was no collinearity in the model.

Table 2. Correlation matrix (coefficient of determination (R2)) of the explanatory variables used
within peatlands in PCA.

% Area

Ili(r);gﬁf:z) :;1: I(l;,lec;;;le ]S:ieii?ic TPI Peatland Slope z‘r:];d;i?;;: % Cover
Bog/fen area (m2) 1.00 - - - - - -
Seismic line age 0.05 1.00 - - - - -
% area seismic lines ~ —0.11 0.27 1.00 - - - -
TPI 0.17 0.05 —0.04 1.00 - - -
Peatland slope —0.21 0.06 —0.01 —0.24 1.00 - -
Irradiance (Whm~2)  0.29 0.25 0.02 0.21 —0.38 1.00 -
% cover —0.19 —0.34 —0.07 —0.10 0.20 —0.67 1.00

The results of the PCA showed that principal component (PC) 1 explained 34% of
the variance in the average vegetation height characteristics of peatlands (bogs and fens
together), while PC2 explained 20% of the variance in vegetation height. However, PCs 3
to 5 explained approximately 11% of the variance each, though their explanatory power
was greatly decreased from the first two loadings. From the first two components, 54%
of the cumulative variability in vegetation height was explained, while the remaining
variability could be due to localized or ecological factors, possibly associated with local
moisture conditions and other drivers not examined here. When components were plotted
for all bogs and fens, incoming solar radiation had the strongest correspondence with taller
vegetation (PC1 factor loading = 0.72) followed by peatland slope (factor loading = —0.66)
and area (factor loading = 0.61), suggesting that increased slope and larger peatland areas
had greater vegetation height. Similarly, seismic line age had the greatest loading on PC2
(factor loading = 0.79), followed by the percentage of peatland area fragmented by seismic
lines (factor loading = 0.61). The percent of vegetation cover was negatively correlated
with these variables and had a moderate loading on both components (factor loading of
—0.53 on PC1 and —0.63 on PC2). Based on the groupings of the drivers, PC1 represents
the morphological /natural environmental drivers and PC2 represents the anthropogenic
disturbance drivers of vegetation height variability within peatlands.

Using the PCA scores, the relationship between the environmental and anthropogenic
characteristics was evident based on clustering and loading vectors. The visualization
identified four groups of clusters: reference peatlands and 5 YSF peatlands, which had
strong loadings on PC1, and unburned peatlands and 18 YSF peatlands, which had a
strong loading on PC2 (Figure 6). This indicates that the peatlands that have gone five
YSF and the reference peatlands were more greatly influenced by natural/environmental
components, while the 18 YSF and unburned peatlands were more influenced by anthro-
pogenic components. However, only 36% and 48% of peatlands cluster together within
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the 5 YSF and unburned areas, respectively, while 68% and 86% of the eighteen YSF and
reference peatlands cluster together (Figure 6). The remaining peatlands in the 30 and
38 YSF areas had a variable loading of environmental and anthropogenic components and
had no clusters. These might be influenced by not only other, possibly more localized
environmental driving mechanisms but also rapid regeneration/competition that exceeds
the influence of local drivers.

® 5 YSF + seismic lines  © 38 YSF + seismic lines

1.0 A © 18 YSF + seismic lines A Unburned + seismic lines
P o © 30 YSF + seismic lines @ Reference
0 ? > , Seismic line age
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s O ® & |
56 ® O \\ ,'
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Component 1 (34% of variance)

Figure 6. Plots of scaled peatland explanatory attribute score and arrows of loadings for the first two
principal components (PC1 34% and PC2 20% of variance) of PCA for both bogs and fens. The length
of their respective arrows illustrates the component loadings of the indices, while individual bogs
and fens found in the study area are also included (n = 155). Circles represent strong clustering of
bogs and fens that cluster with years since fire.

4. Discussion
4.1. Interaction between Seismic Lines and Vegetation Response

The lidar-derived canopy height models were used to visualize the areas of vegetation
regeneration in peatland ecotones adjacent to seismic lines and in the broader peatlands
with respect to the time passed since a fire (Figure 3). Our results showed that most of the
bogs and fens were open and shrubby, with shorter vegetation heights (as expected) in the
early years post-fire (Figures 2 and 3). As observed in [51], deciduous species dominate in
the early years post-fire due to rapid asexual reproduction and the long-distance transport
of wind-blown seeds, while conifers take longer to establish and are late post-disturbance
species [54]. Moreover, Whitman et al. [55] found that forested sites with shorter fire return
intervals had a decrease in conifer absolute density but with no corresponding change in
deciduous tree stem density. In other recent research, Baltzer et al. [56] suggest the failure of
black spruce regeneration in increasingly drier post-fire regeneration across North America.
The variations in vegetation height noted in [19,35] exist due to the soil compression caused
during seismic line construction, resulting in the lowering of the surface elevation and
reduced water table depth. This was especially the case in bogs near Fort Mackay, Alberta,
where Chasmer et al. [57] found greater proportional area of shrubs and greater shrub
heights in bogs fragmented by anthropogenic disturbances. In the early years following
a wildland fire, Pinzon et al. [27] found that the lack of fire on seismic lines following
the high-severity Horse River (Fort McMurray) fire in Alberta, Canada, in 2016 provided
opportunities for new seedling growth and improved habitats for fauna such as spiders
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compared with unburned seismic lines and adjacent forested areas. Thus, seismic lines
could be considered important mechanisms for early post-fire peatland recovery and may;,
over time, initiate the recovery trajectories of particular post-fire species [27]. Pinzon
et al. [27] note, however, that the early recovery trajectories of post-fire species should
be monitored over time, as these may or may not represent intermediate and late-stage
vegetation recovery. Further, the combined influence of environmental variability on
seismic lines may result in a loss of suitable microsites for conifer seedling establishment
associated with changing soil moisture and thermal regimes with respect to the time passed
since a fire [16,26].

On average, we observe an impact on the average vegetation height up to a distance
of ~9 m from seismic lines in unburned bogs. The average distance between seismic lines
and shrub growth shortens with increasing numbers of years since a fire, indicating greater
shrubification adjacent to seismic lines after many years since a fire compared with bogs
that have not been burned in the recent past. Finnegan et al. [24] and Barber et al. [25]
found that burned seismic lines were characterized by an open canopy of moss, shrub, and
graminoid cover, with a 21%-25% reduction in canopy height compared to adjacent forest
plots, while Pinzon et al. [27] found increased seedling density in low-severity post-fire
seismic lines one year following the Horse River fire, but lower in seismic lines that had
not burned. In peatlands adjacent to seismic lines, Echiverri et al. [58] found that the edge
effects of seismic lines in fens occur within 25 m from the seismic line edge.

Our results also showed that seismic lines have a potentially more damaging and long-
lasting effect on fens. Tree heights decreased significantly (p < 0.05) with increasing distance
from seismic lines, suggesting that seismic lines have a less severe impact on bogs overall.
Since bogs are ombrogenous and dominated by black spruce, the areas adjacent to burned
seismic lines provide suitable microsites for the establishment of conifer seedlings and have
lower species richness post-fire, which was observed (from adolescence to intermediate
maturity) within peatlands burned 38 years ago [52].

At 30 years since a fire, there was a higher proportional cover of taller vegetation,
which decreased as the years since a fire increased (Figure 3). This provides evidence
that peatlands with seismic lines that burn could result in enhanced regeneration with
similar vegetation characteristics to those in areas adjacent to seismic lines in unburned
peatlands. Hence, wildland fires that burn through seismic lines may increase the water ta-
ble depth over time, thereby enhancing the conditions for woody vegetation growth [52,59].
Changes in hydrology, especially enhanced drying, promote the more rapid regeneration
of herbaceous vegetation following a fire compared with peatlands that have remained
unburned in recent history. Fire also allows the vegetation near seismic lines to recover to
similar trajectories as undisturbed peatlands that have not been burned or fragmented by
seismic lines.

4.2. Interactions between the Primary Drivers of Vegetation Growth

Among all the environmental /morphological variables (derived from geospatial in-
formation) examined in this study, modelled incoming solar radiation was the strongest
driver of vegetation growth adjacent to seismic lines. Similar observations were also found
in [27] in two peatland examples and in [53] in upland forests. We hypothesized that areas
receiving more solar radiation with greater sloped surfaces would have taller vegetation,
demonstrated by its highest loading on PC1 compared to the other topographical drivers
(Table 2). A greater canopy openness adjacent to seismic lines increases light penetration,
creating an opportunity for competition and vegetation establishment compared with
areas that are furthest from seismic line influences [35]. This was observed in some peat-
lands burned five years prior to the data collection, resulting in a strong loading on PC1,
dominated by shrubs (Figure 6). Furthermore, greater amounts and prolonged periods
of incident solar radiation increases air and soil temperatures as well as water fluxes [60],
decreasing resource competition among species [37]. Similar to [41], the tree and shrub
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vegetation at the furthest distances (~30 m) from seismic lines became more similar in
height to those found in the unburned and undisturbed (reference) peatlands.

Finally, we hypothesized that older seismic lines would have taller vegetation. Our
results showed that the age of seismic lines has the strongest loading on the anthropogenic
component, PC2, compared to the percentage of area fragmented by seismic lines. Simi-
larly, [41] found that vegetation was often taller adjacent to older seismic lines, as there is
more time for its establishment and growth. Moreover, there was less vegetation recov-
ery in peatlands that were more fragmented by seismic lines, as these tended to reduce
microtopography [19]. The peatlands burned 18 years ago were strongly influenced by
anthropogenic factors, loading strongly on PC2. Interestingly, in this area, peatlands also
have an average seismic line age of 18 years, e.g., [36], indicating that seismic lines in some
peatlands may have been constructed either just before (in the 5 YSF and 18 YSF peatlands)
or just after the fire (in the 30 YSF and 38 YSF peatlands). Within peatlands that had burned
30 and 38 years ago, we find that these tend to have a variable loading of environmental
and seismic line characteristics, possibly indicating other, perhaps more localised environ-
mental factors influencing vegetation regeneration, which should be explored further in
future studies.

Hence, there is a dominance of shorter vegetation (likely shrubs) and taller vegetation
(trees) immediately adjacent to seismic lines (up to 30 YSF, Figures 2 and 3), indicating that
the seismic lines have an influence on vegetation succession. These may also recover more
rapidly due to abiotic conditions, especially in the early years following a disturbance [61].
In unburned peatlands, vegetation is at a mature stage of succession; therefore, the trees
will be dominantly impacted by seismic lines only (and climatic changes impacting all
peatlands in the area), which can be observed via the strong loading of unburned peatlands
on PC2 (Figure 6). The recovery of vegetation on seismic lines is slow, and it may take
decades to establish the pre-disturbance conditions suitable for tree regeneration [23,41].

4.3. Limitations

Although lidar data provide a high-spatial-resolution quantification of structural
variability [39], the data acquired using lidar can be both more detailed (in terms of
structural measurements) and can also exclude other important information about the
forest succession observed using field measurements. These include important attributes of
the post-disturbance environment, including seedling count, species richness, tree diameter,
and site conditions [25]. However, field measurements are also limited due to the time and
cost associated with data collection. Therefore, there is a trade-off between the generalized
acquisition of post-fire and seismic line impacts on a broad range of peatlands using lidar
data and the detail achieved with field measurements. Dabros and Higgins [53] note the
importance of using a combined approach comprising field measurements and remotely
sensed data to understand the post-seismic line disturbance impacts on forest regeneration.

With regards to the drivers of vegetation growth following a disturbance, we limited
the drivers to the use of morphological (vegetation and topographic) and anthropogenic
average variables within peatlands. These explain 54% of the variability, suggesting
that the remaining variability is localized (Table 2) and should be assessed using on-site
proximal characteristics with localised thematic information. Moreover, extrinsic drivers,
such as the water inputs into the peatlands, were not considered, nor was the initial burn
severity, which can influence site conditions and seedbank availability [62]. To improve this
model, localized environmental variables such as peatland hydrological characteristics, soil
moisture, and life stage conditions of deciduous and conifer species should be considered
in future studies.

5. Conclusions

This study demonstrates the use of a multi-spectral lidar for quantifying the vegetation
recovery adjacent to seismic lines within a post-fire chronosequence. The results of this
study suggest that a wildland fire improves the site conditions for woody vegetation
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regeneration, especially for shrubs and trees adjacent to seismic lines, in the years following
fires in peatlands. However, once seismic lines have been constructed through the peatlands,
they have significant and continued impacts on the establishment of vegetation within up
to 9 m from the seismic lines. This could indicate that seismic lines have lasting effects on
peatlands, not only within seismic lines but also across the broader peatland area. Further,
shrub encroachment closer to seismic lines tends to occur within fens, indicating that these
may be more sensitive to drying conditions after several years post-fire/post-seismic-line
disturbance. When quantifying the environmental drivers of post-fire vegetation height,
peatland morphological/environmental and anthropogenic components explained 54% of
the variability in vegetation growth following fire. This suggests that peatlands with seismic
lines and older vegetation succession might be impacted by other, more localised factors.
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