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In this study, we used bi-temporal airborne lidar data to compare changes in vegetation height proximal to an-
thropogenic disturbances in the Oil Sands Region of Alberta, Canada. We hypothesize that relatively low-
impact disturbances such as seismic lines will increase the fragmentation of wetlands, resulting in shrub growth.
Bi-temporal lidar data collected circa 2008 and 2018 were used to identify correspondence between the density
of anthropogenic disturbances, wetland shape complexity and changes in vegetation height within >1800 wet-
lands near Fort McKay, Alberta, Canada. We found that up to 50% of wetlands were disturbed by anthropogenic
disturbance in some parts of the region, with the highest proportional disturbance occurring within fens. Areas of
dense anthropogenic disturbance in bogs resulted in increased growth and expansion of shrubs, while we found
the opposite to occur in fens and swamps during the 10-year period. Up to 30% of bogs had increased
shrubification, while shrub changes in fens and swamps varied depending on density of disturbance and did
not necessarily correspond with shrub growth. As wetland shapes became increasingly elongated, the prevalence
of shrubs declined between the two time periods, which may be associated with hydrological drivers (e.g. elon-
gated may indicate surface and ground-water discharge influences). The results of this study indicate that linear
disturbances such as seismic lines, considered to have relatively minimal impacts on ecosystems, can impact

proximal wetland shape, fragmentation and vegetation community changes, especially in bogs.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The Boreal Plain ecozone of western and central Canada contains
large, heterogeneous areas of boreal wetland and forest complexes
spanning approximately 650,000 km? from north-central British Co-
lumbia to southern Manitoba. In central and eastern Alberta, these com-
plex ecosystems are under significant human development pressures
due to petroleum exploration, in situ facilities and mining operations,
forestry, agriculture and infrastructure operations (Devito et al., 2012;
Abib et al., 2019). The Oil Sands Region (OSR) of Alberta encompasses
142,200 km? area and is underlain by >160 billion barrels of oil, making
it the world's third largest oil reserve (Alberta Energy Regulator, 2019).
These broad disturbances result in a loss of ecosystems and often dense
fragmentation of the landscape (ABMI Human Footprint Inventory,
2019 ABM).

Wetland losses and alterations from oil sands development (or any
widespread anthropogenic disturbance) have potentially significant,
yet poorly understood implications for ecosystem services (Rooney
et al., 2012), especially as these wetlands are further impacted by cli-
mate change and fire/insect disturbances (Flannigan et al., 2015; Jiang
et al,, 2015; Thompson et al., 2017). While air temperature in northern
regions is predicted to increase along with precipitation and evapora-
tive fluxes (IPCC, 2014; Ireson et al., 2015), it is not clear whether eco-
systems will maintain their current moisture and hydrological
characteristics or become drier (e.g. Mwale et al., 2009). Many wetland
ecosystems in the OSR are increasingly sensitive to small changes in
water balance, which threatens their long-term maintenance
(Hokanson et al., 2019; Hokanson et al., 2020). Disturbances that impact
energy and water exchanges between the terrestrial biosphere and the
atmosphere could create a response towards ecosystem change
(Petrone et al., 2007; Petrone et al., 2015), which ultimately impacts
the ecosystem services these wetlands provide to local communities
(Chasmer et al,, 2020a).

The literature on the impacts of petroleum exploration and mining
on boreal wetland ecosystems provides important context for the cur-
rent research: A) Hydrology: The movement and availability of water
is identified by Ketcheson et al. (2016) as the most important process
required for the maintenance of wetlands and regulation of their func-
tion. The position of wetlands with respect to terrain relief impacts
their frequency and duration of inundation or saturation, while their
landscape connections can play a key role in maintaining adjacent eco-
systems, such as upland forests during dry periods (Devito et al., 2005;
Smerdon et al., 2008; Devito et al., 2012; Chasmer et al., 2018; Hokanson
et al.,, 2019). B) Vegetation Composition and Structure: Dabros et al.
(2018) suggest that while seismic lines are becoming narrower and
less impactful to ecosystems, their impacts to adjacent, proximal eco-
systems are not well understood. Vegetation species can be impacted
for up to 50 years following seismic line and well pad disturbance
(Revel et al., 1984; Finnegan et al., 2018). Groot et al. (1997) also sug-
gest that alterations to vegetation structure within seismic lines will in-
crease evapotranspiration rates, causing greater overall surface drying.
C) Soil Structures and Terrain: Compaction due to heavy mulching ma-
chinery also alters local topographic variability by artificially reducing
elevation (Stevenson et al., 2019), depth to water table (Lovitt et al.,
2018), and soil micro-climatology when mulch is left on the surface
(Lee and Boutin, 2006; van Rensen et al., 2015). Successional processes
associated with eventual humification of the catotelm caused by aera-
tion of the upper peat layers with changes in energy balance and evapo-
transpiration reduces upwelling of nutrient-rich water due to changes
in hydraulic conductivity (Nwaishi et al., 2015). This increases catotelm
thickness, thereby isolating the acrotelm from groundwater, resulting in
nutrient-poor conditions and ombrotrophy.

In situ observations of the ecological effects of disturbance on boreal
ecosystems described above provide a mechanistic understanding of
hydrological, mechanical, and nutrient drivers of floristic and struc-
tural/productivity variations. Field-based observations often use
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chronosequence or space-for-time experimental approaches (e.g.
Hopkinson et al., 2016a, 2016b; Walker et al., 2020), however, because
of the extent of the OSR and the relative remoteness of many wetland
and forest ecosystems (typically without road access; Chasmer et al.,
2020Db), field-based methods can be impractical to implement across
broad areas and over long time periods. Remote sensing provides an ad-
ditional means for acquiring information on vegetation structures and
species characteristics, which can be examined across broad regions
and in some cases, over longer periods of study, beyond typical funding
initiatives. Changes in overall wetland vegetation canopy height attri-
butes through time may be considered a proxy for the cumulative envi-
ronmental drivers that alter wetland and ecotonal vegetation
composition and productivity (reviewed in Waddington et al., 2015).
It is also important to consider the proportion of wetlands that are
experiencing vegetation changes that exceed naturally occurring suc-
cessional processes and may indicate sensitivity to changing environ-
mental conditions.

Here we used a novel bi-temporal lidar radial transect sampling ap-
proach to better understand whether or not changes in shrub and short
stature trees occur in wetlands with varying density of anthropogenic
disturbances in the OSR over a ~ 10-year period. Lidar is used as a
“lots of plots” method (e.g. Wulder et al., 2012) where every cubic
meter along each ~1 km wide x ~110 km transect represents a struc-
tural and volumetric measurement of vegetation height, foliage cover
and ground surface elevation, and change through time. The objectives
of this study were to: a) quantify the proportion of wetland classes that
have been impacted by anthropogenic disturbances; b) determine if
wetland shapes are more complex in areas of high anthropogenic dis-
turbances; and c) determine if there is a relationship between the den-
sity of anthropogenic disturbances and change in vegetation height in
wetland classes. The implications of human disturbances on wetlands
will be examined over hundreds of wetlands using bi-temporal lidar-
derived vegetation height change as a proxy of cumulative impact of
the underlying local environmental influences and feedbacks that an-
thropogenic disturbances have on the surrounding proximal wetland
ecosystem.

2. Material and methods
2.1. Study area

The study was located in the mineable oil sands area of northeastern
Alberta, Canada (Fig. 1a, inset). The mean annual air temperature is ap-
proximately 1 °C, with mean daily temperatures ranging from —17 °Cin
January to 17 °C in July; average annual precipitation is approximately
420 mm (ECCC, 2019). Prolonged wet and dry periods spanning years
can result in vegetation mortality and growth within boreal wetlands
and peatlands. Cumulative water year (October to September) Environ-
ment Canada precipitation data from nearby Fort McMurray (~60 km)
for the 1990-2019 period indicates a wet period from 1991 to 1997,
prolonged drought from 1998 to 2002, and relatively stable below 30-
year average cumulative water year precipitation from 2004 to 2019, in-
clusive of the period of study. The surficial geology is composed by fine
to coarse textured glaciolacustrine sediments (Fenton et al., 2013;
Atkinson et al., 2014; MacCormack et al., 2015) overlain by a deep
layer of peat >0.4 m within peatlands. The landscape comprises a mo-
saic of upland forests, wetlands, and few lakes, where approximately
45% of the surface area is wetland. Of this, 64% are peatlands, 25% are
swamps, 8% are shallow open water and 3% are marshes (Ficken et al.,
2019).

2.2. Airborne lidar data collection and processing
Data were acquired to understand the proximal impacts of oil sands

mining activities, exploration and other natural resources extraction re-
lated disturbances such as seismic lines, roads, well pads, and forestry
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operations on boreal ecosystems. The sampling design was set up to
capture the variability in the magnitude of landscape disturbance,
ranging from on-lease active mining and exploration to off-lease distur-
bances (i.e. forestry, linear features, etc.), and minimal disturbance. Bi-
temporal airborne lidar data collections were used to quantify and
map change in wetland shrub and short stature tree height over a pe-
riod ranging from 8 to 11 years. Historical data circa 2008 were sur-
veyed between June and early September to avoid phenological
changes.

Lidar data circa 2008 were acquired using a 1064 nm discrete return
scanning airborne lidar, (data licensed to the Government of Alberta).
The second survey was completed in August 2018 by the University of
Lethbridge along eight swath transects, approximately 1 km wide and
about 110 km in length using a Teledyne Optech Inc. (Toronto,
Canada) Titan multi-spectral lidar (Hopkinson et al., 2016a, 2016b).
Transects were approximately centered on Fort McKay near the centre
of surrounding oil sands mining operations and extended up to 55 km
in cardinal and ordinal directions. From the collected radial transects,
three were selected: Transect 1 (NW to SE), Transect 2 (W to E) and
Transect 3 (SW to NE) to avoid the inclusion of recent wildfire distur-
bances (except a small area burned in 1949) (Fig. 1b).

Circa 2008 data were intersected with the extent of the 2018 data
(Fig. 1b). Both were processed to determine height of vegetation and
ground surface elevation (described below) using 1064 nm. Spatial ex-
tents were clipped to the 2018 transect boundaries and point clouds
were processed identically using Terrascan (TerraSolid, Inc. Finland)
for quality control. Spurious points were removed, including those iden-
tified as below ground (multi-path interactions), high points, and
ground classification. Ground classified lidar data from circa 2008 and
2018 were rasterized to create a digital elevation model (DEM). Vegeta-
tion height at 2 m cell resolution was estimated from the 95th percentile
height (P95) of all points lying above the DEM ground surface using
LasTools (RapidLasso, GmbH, Germany). P95 was selected over alter-
nate vegetation height measures because it has demonstrated correla-
tion with field verified vegetation heights in Canada's boreal forest
(Mahoney et al., 2018). To determine changes in vegetation height
over the ~10-year period, P95 vegetation heights from 2008 were
subtracted from P95 vegetation heights from 2018 for each
individual cell.

2.3. Supplementary geospatial data

The Human Footprint Inventory (HFI) circa 2017 (ABMI Human
Footprint Inventory, 2019) was used as a spatial metric to quantify the
extent of different anthropogenic disturbances from satellite imagery.
In addition, we used the Predictive Landcover 3.0 product of the
Advanced Landcover Prediction and Habitat (ALPHA) series to identify
wetland classes (ABMI, 2019). The Landcover product used data
from Sentinel-1 and Sentinel-2 (10 m spatial resolution) within a
convolutional neural network deep learning approach trained and vali-
dated using reference data from over 800 interpreted 3 km x 7 km
photo plots (ABMI, 2016) located across Alberta. The product classified
approximately 77% of the land surface of Alberta, identifying seven clas-
ses: bog, fen, marsh, swamp, open water, upland and a general ‘wetland’
class. The product is reported with relatively high accuracy where
peatlands and mineral wetlands were assessed with 87% and 69% over-
all accuracies, respectively (DeLancey et al., 2019).

2.4. Determining wetland complexity associated with disturbance

To determine the indirect impacts of human disturbance on wet-
lands, we removed all wetland areas that intersect directly with distur-
bance, based on the HFI. All other wetland areas adjacent to the
disturbance (but not disturbed) were included in the analysis. The fre-
quency of HFI within each wetland class was determined by binning
wetland areas into 5 km segments, illustrated in Fig. 1b and calculating
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proportional area coverage within wetlands. In addition, an index of
complexity was determined at the class level within each 5 km segment.
Changes in vegetation height was determined by sampling random
points distributed >5 m from each adjacent point, divided into wetland
classes, to reduce the potential for spatial autocorrelation within wet-
lands. The variation between randomly extracted vegetation heights
was used to calculate height variability (standard deviation within
each wetland). Change in area coverage between 2008 and 2018 was
compared within individual wetlands separated into classes. These
were compared with proportional HFI coverage, wetland length, area,
and length:area ratio.

The index of complexity of wetlands, which may be associated with
the frequency and area extent of human disturbances, was determined
per wetland class within 5 km segments. The complexity of wetlands
was determined using ‘landscapemetrics’ R package (Hesselbarth
et al.,, 2019). Complexity is a measure of the mean shape index, such
that those patches that approach a circular shape are equal to 1. The
mean shape index increases to greater than 1 as the wetland patch be-
comes more complex. Therefore, we hypothesize that wetlands that
have been directly disturbed by seismic lines will be partitioned into
smaller component parts and will be less likely to resemble circular
shapes, thereby increasing their ‘complexity index’.

2.5. Characterizing wetland vegetation height differences

To quantify wetland vegetation height differences between 2008
and 2018, we examined changes in shrub and short tree vegetation in
all disturbed and undisturbed wetlands along transects. Shrub and
short tree vegetation (>0.5 m and <3 m) was identified and classified
within wetlands in both 2008 and 2018 lidar data (ESRD, 2015). In ad-
dition, the impacts of the density of proximal disturbance (or lack
thereof) on wetlands were determined to a buffer distance of 500 m
from wetland edges. To determine the proportional area of wetlands
that experienced increased shrubification, all grid cells within wetlands
with a change in vegetation height > 1 m between 2008 and 2018 were
identified and compared. Coefficient of determination was used to com-
pare wetland characteristics (e.g. complexity, area, length, length:area
ratio) with percent density of HFI, wetland area change, and vegetation
change over the 10-year period. A Kruskal-Wallis chi-squared test was
used to examine shrub proportional area change in wetlands with in-
creasing proportion of HFI using alpha of 0.01. A Bonferroni correction
was applied to determine if significant differences exist between vege-
tation changes within HFI proportional classes and no change.
Geospatial and statistical analyses were performed in R, ArcGIS (ESRI,
CA) and Systat (Systat Software, San Jose, CA).

3. Results
3.1. Proportion of wetland classes impacted by anthropogenic disturbances

Within the lidar sampling transects, 984 peatlands (246 bogs and
738 fens), 802 swamps, 194 marshes, and 156 open water bodies
were identified from the ALPHA classification (ABMI, 2019). The distri-
bution of wetlands along lidar transects is highly variable: bogs and fens
represent approximately 34, 18 and 19% for transects 1, 2 and 3, respec-
tively. Swamps are less common, representing between 4% and 9% of
the total area, where marsh and open water each represent approxi-
mately 1% of the total area (Fig. 2).

The highest proportion of HFI disturbance was found in Transects 1
and 2, where 20.5 and 22.3% of anthropogenic disturbance was found
in wetlands, while 16.9% of wetland areas were disturbed by anthropo-
genic disturbance in Transect 3 (Fig. 3). Within each transect, the largest
proportion of HFI was consistently found in fens, which accounted for
between 3% (Transect 3) and 10% (Transect 1) of total HFI (total =
18.1%), followed by swamp (10.8%), bog (8.4%) and marsh (7.5%). The
distribution of the proportion of HFI within 5 km increments per
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Fig. 1. Location of radial lidar transects centered on Fort McKay in the Athabasca Oil Sands Region of Alberta, Canada (inset maps). a) Three lidar transects (approximately 100 to 110 km in
length) are illustrated with 5 km radial buffers ‘segments’ overlaid. Potential high disturbance areas are noted by the ‘Oil Sands Project Boundaries’ which denotes project lease boundaries
where oil sands activities are permitted, whether it be active mining or exploration only; b) The year of provincial lidar data acquisitions along 2018 lidar data collection transects used in
this study.
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Fig. 2. Cumulative areas of anthropogenic disturbance (HFI) and wetland class in hectares divided into 5 km segments from transect centres (O) to their respective edges within lidar
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transects 1-3.

wetland along lidar transects is illustrated in Fig. 3, where proportion of
total HFI found within wetlands is divided into wetland classes. The pro-
portion of wetland area disturbed ranges between less than 1 to ~50%
(Transect 1), 22% (Transect 2) and less ~9% (Transect 3).

3.2. Comparing wetland shape complexity variations with density of HFI

Wetland interception via HFI, especially seismic lines, may enhance
the complexity of wetland shapes. Fig. 4 illustrates variations in wetland
complexity combined for all wetlands and proportional density of total
HFI found within 5 km lidar transect segments from east to west. The pos-
itive relationship between wetland complexity and density of HFI occurs
along the full extent of transect 3 (Fig. 4c). Shape complexity and density
of HFI do not correspond along transects 1 or 2, especially in areas of high
disturbance west of the centre of transects. HFl complexity illustrated in
the third panel of Fig. 4 corresponds with the density of HFI: as more
HFI intersect within wetlands, the length of HFI edges increases. The rela-
tionship between HFI density, wetland complexity and HFI complexity is
significant within transect 3 (Fig. 4c), however, may be skewed by the
proportional coverage of open pit mining operations in Transect 1,
which cover between 80 and 94% of some transect sections.

3.3. Relationship between the density of anthropogenic disturbances and
change in vegetation height, shrub area

The relationships between anthropogenic disturbances and shrub/
short tree vegetation height changes illustrated in Table 1 are complex.
Anthropogenic disturbances do not consistently correspond with in-
creases in vegetation height across all wetland classes and characteris-
tics as we had hypothesized. Increased proportion of HFI corresponds
with increased shrubification in bogs (R = 0.19; p = 0.003), with
greater shrub establishment occurring in areas with high proportions
of linear features and well pads (excluding open mining areas) (R =

0.28; p < 0.0001). However, the area of shrubs within fens and swamps
have declined with increasing proportional coverage of HFI over
10 years (R = —0.16, p < 0.0001; —0.18, p < 0.0001), respectively.
Fens and swamps had strong negative relationship between the ratio
of the wetland length to the area (L:A), such that fens and swamps
with lower L:A ratio (rounded features) had increased expansion of
shrubs (R = —0.14, p < 0.0001; —0.21, p < 0.0001), which decreased
as these wetlands became more elongated. The strength of this relation-
ship increased in swamp areas that excluded large proportional cover-
age of open-pit mining. Shrub and tree height increases were also
greater in swamps that have lower L:A over the 10-year period. In addi-
tion, all wetland classes were characterized by increasing variability of
vegetation heights (standard deviation) over the 10-year period in wet-
lands with lower L:A ratios, while becoming increasingly less variable as
wetland shapes became more elongated. This relationship is strongest
in swamps and marshes, while bogs and fens exhibit significant
(p < 0.0001) but less height variability with shape.

The relationship between shrub/short tree changes over time is
complicated by the proportional coverage of HFI within wetlands
(Fig. 5). Significant differences (alpha = 0.01) in shrub area across
all HFI proportions occur within bogs (p-value = 0.00035) and
swamps (p-value = 0.0001). Shrub area expansion occurs predomi-
nantly in wetlands to an approximate density of 20% proportional
area disturbance in bog and swamp wetland classes compared with
the mean shrub changes in undisturbed wetlands of the same class
(indicated by no change or 0). Bogs experienced the greatest in-
crease in shrub area increase between 2008 and 2018, ranging on av-
erage from 7 to 14%, extending to ~30% (wetland area expansion of
shrubs, stdev + 17%). Wetlands containing or proximal to 45% or
more area disturbance have reduced proportional area of shrubs,
while disturbances covering <10% of wetland and proximal ecosys-
tems were not significantly different from undisturbed wetlands.
Marsh wetlands did not demonstrate a dominant trend of shrub
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Fig. 3. The proportion of total HFI found within wetlands along each lidar transect divided into wetland class (left) and proportion of HFI found within each transect 5 km segment

impacting wetlands (right).

succession or mortality from 2008 to 2018 with increased HFI area
cover.

The encroachment and decline of shrubs and short stature trees
across lidar transects (Fig. 6) is complicated by the proportional density
of HFI found within and proximal to wetlands (Table 1), wetland class,
and characteristics, and other environmental influences not examined
in this paper (e.g. surficial geology, atmospheric deposition) (e.g.
Wieder et al,, 2019). Fig. 6 illustrates wetland areas that have undergone
the most extensive changes in shrub and short tree coverage within
wetlands. Rapid increase in vegetation height exceeding 30% of com-
bined wetland area associated with an area of high density seismic
lines (~crossing perpendicularly every 40 m to every 100 m) east of
open mining areas, and further from mining development along tran-
sects 2 and 3. Wetlands found along the south-eastern zone of transect
1 were characterized by vegetation decline. The variability in rates of
vegetation change within wetlands over the period of study indicates
that a variety of cumulative and proximal environmental drivers influ-
ence the sensitivity of wetlands to enhanced change and require further
investigation.

4. Discussion

4.1. Use of lidar for examining bi-temporal changes in wetland vegetation
structure

In this study, we demonstrated the utility of bi-temporal airborne
lidar data to quantify differences in vegetation height and area coverage
as these relate to proportion of anthropogenic disturbance, wetland and
HFI characteristics. Airborne lidar was used to measure vegetation

height at two dates in time by using the rapid emission and reception
of laser pulses and comparing the differences in the vertical distribution
of the returns (Lefsky et al., 1999). Lidar-based classification provides an
accurate, cost-effective means for characterizing wetland ecosystem
structure (Goodale et al., 2007; Montgomery et al., 2019; Chasmer
etal., 2020b), and bi-temporal datasets can be used to elucidate changes
in vegetation structures over time (e.g. Hopkinson et al., 2008). Based
on a review of the literature, Waddington et al. (2015) suggest that pos-
itive shrubification feedbacks may be associated with a decline in water
table in boreal bogs and poor fens, while other local environmental
drivers may increase the height of the water table. Spatial differences
in shrub height over time are an indicator of wetland response to one
or more stressors. These changes can be monitored using lidar or
other remote sensing-based methods and field data collection as
proxy indicators of the environmental changes driving shrub/short
tree growth or loss.

4.2. Major disturbance patterns and influences on vegetation communities,
hydrology and energy

HFI is one of the largest disturbance mechanisms in the OSR, with up
to 50% of HFI intercepting wetland classes (Fig. 2). The transects sur-
veyed using lidar cover high disturbance areas with up to 25% of the
total cumulative proportion of HFI exceeding the average of 15% re-
ported by Ficken et al. (2019). In some areas along the lidar transects,
HFI proportion was up to 50% of wetlands within the 5 km segments,
while in other segments these were less than 1% (Fig. 2). This provides
an opportunity to determine if relationships exist between anthropo-
genic disturbance and wetland shrub/short tree vegetation changes.
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5 km segments for transects 1-3 (a-c).

In this study we hypothesized that the fragmentation of wetlands by
HFI would increase the complexity of wetland shapes, such that wet-
lands would be less circular or compact in shape. We hypothesized
that the complexity of the wetland shape and proximity to anthropo-
genic disturbance would alter wetland vegetation species communities
and structures, enhancing growth. In another study, Ficken et al. (2019)
found that wetlands that were intersected by HFI contained non-
obligate wetland plant species, typically found in well-drained forests,
while undisturbed wetlands contained a higher proportion of obligate

Table 1

wetland species. Here we found that wetland shape complexity
corresponded with increasing proportion of HFI within wetlands
(R?> = 0.52, p = 0.002) along transect 3 (Fig. 3) but did not significantly
correspond across all proportions of HFI along transects 1 and 2. This
may indicate that only some disturbances, such as seismic lines, influ-
ence wetland shape, whereas other disturbances such as open-pit min-
ing have less influence on wetland shape relative to proportional
coverage. Changes in wetland shape may increase the potential for ex-
pansion of non-obligate species found by Ficken et al. (2019) and should

Comparisons between wetland attributes: longest cross section (length, L), area (A), length to area (L:A) where higher numbers refer to increasingly rounded wetlands, and all HF, veg-
etation changes within 500 m of wetlands across all transects, combined. %HFI are also examined for wetlands where HFI includes linear and well pad disturbances and excludes open-pit
mines covering >25% of the area adjacent to and within wetlands. R, p-value (in brackets) and n observations are presented; bold indicates a significant relationship where alpha = 0.005.

Wetland characteristics

Change in shrub/tree area within

Change in shrub/tree height

Change in shrub/tree height standard

wetlands deviation
All HFI Linear/wellpad HFI  All HFI Linear/wellpad HFI  All HFI Linear/wellpad HFI
Bog L —0.10 (0.11) —0.09 (0.14) —0.13 (0.05) —0.14 (0.03) 0.06 (0.38) 0.03 (0.68)
n = 246; 208 A —0.08 (0.20) —0.08 (0.23) —0.12 (0.06) —0.14 (0.04) 0.03 (0.68) 0.06 (0.93)
L:A 0.09 (0.15) 0.03 (0.64) 0.03 (0.69) 0.08 (0.22) —0.41 (<0.0001) —0.24 (<0.0001)
%HFI 0.19 (0.003) 0.28 (<0.0001) —0.09 (0.18) —0.05 (0.42) 0.04 (0.50) 0.12 (0.07)
Fen L —0.02 (0.62) —0.02 (0.61) —0.05 (0.17) —0.01 (0.80) 0.04 (0.34) 0.07 (0.09)
(n =738;560) A —0.02 (0.65) —0.02 (0.58) —0.06 (0.12) —0.01 (0.81) 0.02 (0.62) 0.05 (0.20)
L:A —0.14 (0.0001) —0.14 (0.0007) —0.07 (0.05) —0.04 (0.40) —0.32 (<0.0001) —0.38 (<0.0001)
%HFI —0.03 (0.51) —0.04 (0.32) —0.15 (<0.0001) —0.16 (<0.0001) —0.05 (0.18) —0.09 (0.03)
Marsh L 0.01 (0.85) —0.05 (0.54) —0.03 (0.67) —0.05 (0.58) 0.10 (0.18) 0.08 (0.31)
(n =194;146) A 0.006 (0.94) —0.04 (0.63) —0.07 (0.36) —0.08 (0.36) 0.05 (0.53) 0.04 (0.64)
L:A —0.12 (0.11) —0.06 (0.46) —0.02 (0.83) 0.04 (0.65) —0.49 (<0.0001) —0.48 (<0.0001)
%HFI —0.0002 (0.99) 0.06 (0.47) —0.06 (0.40) —0.09 (0.27) 0.03 (0.74) 0.04 (0.67)
Swam L 0.03 (0.46) 0.03 (0.44) —0.03 (0.38) —0.03 (0.33) 0.07 (0.03) 0.08 (0.04)
(n = 802;745) A 0.02 (0.66) 0.02 (0.64) —0.04 (0.33) —0.04 (0.26) 0.04 (0.24) 0.04 (0.24)
L:A —0.21 (<0.0001) —0.22 (<0.0001) —0.12 (0.001) —0.16 (<0.0001) —0.51 (<0.0001) —0.51 (<0.0001)
%HFI —0.04 (0.33) —0.14 (<0.0001) —0.14 (<0.0001) —0.18 (<0.0001) 0.05 (0.15) 0.05 (0.15)
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Fig. 5. Box plots for a) bog; b) fen; c) marsh; d) swamp showing mean, interquartile range, and 5th to 95th percentiles (whisker plots) change in wetland shrub and small tree proportional
area from circa 2008 to 2018 (where positive change = increased area from 2008 to 2018) with increased proportional area of disturbance (% HFI). * represent significant differences
(alpha = 0.01) from the mean in 2008, represented by zero found in undisturbed peatlands determined using a Bonferroni correction. Outliers are not shown in the figure because
these would reduce the variability illustrated by the box plots, but are included in the statistical analysis.

be explored further, especially in areas undergoing rapid changes iden-
tified in Fig. 6.

Road and seismic line width and orientation across wetlands can
also have influences on vegetation community changes by impact
energy and water exchanges because they alter ground surface micro-
topography, and vegetation structural characteristics within and proxi-
mal to seismic lines (van Rensen et al., 2015; Abib et al,, 2019). Similarly,
the orientation of roads (Saraswati et al., 2020) and substrate type
(Willier, 2017) can affect the degree of subsurface flow in wetlands, al-
tering the movement of water, nutrients (Petrone et al., 2008) and
gases, including release of methane gas (Moore and Dalva, 1993;
Roulet et al., 1992). The proportion of anthropogenic disturbance can
therefore influence wetland hydrologic functioning through changes
to soil hydro-physical properties, compaction by direct placement of
materials or infrastructure, which reduces peat bulk density and subse-
quently reduces subsurface flow, and water storage capacity, influenc-
ing the distribution and change of wetland vegetation through time
(Volik et al., 2020).

4.3, Spatial variability of wetland vegetation height changes

We hypothesized that increased HFI proportion and fragmentation
of wetlands could result changes in hydrology, which could enhance
the growth of shrubs within wetlands between 2008 and 2018. We
found that shrub and short tree heights between the two periods in-
creased significantly with increased HFI disturbance in bogs (R =
0.19; p = 0.003). This relationship improved (R = 0.28, p < 0.0001)
(Table 1) when large areas of open mine disturbances were excluded
from the comparison (Table 1). The same relationship was not found
in fens and swamps. In these wetlands, vegetation height declined be-
tween 2008 and 2018 with increased proportion of HFI, indicating
that other complex environmental drivers may also be influencing veg-
etation change. Decline in shrub heights may be due to changes in
groundwater discharge into fen and swamp wetlands, whereas

isolated/ombrotrophic bogs typically receive little groundwater and
therefore may be sensitive to the combined influences of HFI proportion
and climatic drying observed during the period of study. However, these
hypotheses require further testing, but correspond with some observa-
tions from the literature (Waddington et al., 2015). For example,
Kettridge et al. (2013) found that decline in groundwater discharge to
wetlands increased the sensitivity of some wetlands to drying, thereby
increasing the propensity for further shrubification-drying feedbacks
including increased transpiration and enhancement of shrub/tree
density.

The length to area ratio of wetlands was also an important indicator
of vegetation change between 2008 and 2018. While we expected that
more complex shapes would yield greater density of shrubs, we found
that fen and swamp wetlands with low length to area ratio (rounded
shapes) experienced greater rates of shrub growth than elongated
ones (R = —0.14 (fens), —0.21 (swamps); p < 0.0001) (Table 1). Also
wetlands experienced a decline in shrub height variability with elonga-
tion. This was a surprising result as we expected that proximity to up-
land forests would enhance shrub growth due to greater proportion of
ecotonal areas, though, L:A may be indicative of hydrological connectiv-
ity and resilience to drying (e.g. Thompson et al., 2019).

4.4. Implications for the future drivers: natural succession, disturbance and
atmospheric deposition

Up to 30% of the proportional area of bogs along transects have expe-
rienced enhanced shrub and short tree growth over the last 10 years
(Fig. 5). Changes in shrub growth and decline is likely influenced by
local hydrology (Waddington et al., 2015), however, other influencing
mechanisms not explored in this study may also influence vegetation
change, including natural succession, climatic change/drying, local var-
iations in hydrology, and atmospheric deposition from oil sands indus-
try pollution. These may have important influences on the rates of
change of vegetation communities in peatlands in this region, while,
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anthropogenic disturbances may have enhancing or mitigating influ-
ence when combined with these other driving mechanisms.

With regards to natural succession, the transition from open water
marsh to fen (hydroseral succession) is the most frequently occurring
autogenic succession in boreal peatlands (Charman, 2002; referred to
in Kuhry and Turunen, 2006). This occurs as organic and mineral mate-
rials accumulate, transitioning open marshes into fens and then bogs.
Accumulation of Sphagnum mosses make bogs increasingly rain-fed
(ombrotrophic) over time, while also increasing their acidity, thereby
impacting vegetation communities (Kuhry and Turunen, 2006). While
some studies (e.g. Turunen et al., 2002) found that bogs accumulate
peat faster than fens, causing them to become further upraised, Bauer
et al. (2003) observed greatest rates of peat biomass accumulation
within an area containing rich fen (though the area of the peatland com-
plex is limited). As wetlands become drier, accumulation of peat
declines (Kuhry, 1994) and conditions for shrubs such as Salix and

Betula become more favorable (Bauer et al.,, 2003). Over longer periods
(millennia), climatic changes can enhance rates of change, while
groundwater discharge into fens (and resulting groundwater chemis-
try) can slow the transition of fens into bogs (Kubiw et al., 1989).
Anthropogenic disturbance can also alter the proximal wetland envi-
ronment, potentially mimicking wet periods (peat depression and
flooding) vs. dry periods (lowering water table) over a shortened time pe-
riod. For example, lowering or simplifying of the ground surface elevation,
which occurs during the development of seismic lines, can result in
flooding in treed peatlands (Stevenson et al., 2019). Raising the ground
in peatlands can increase drying and the growth of herbaceous vegeta-
tion, though responses can be complex and depends on peatland type
and hydrological stability (Bauer et al., 2003). Stevenson et al. (2019)
showed that local terrain complexity (e.g. micro hummocks and hollows)
within seismic lines limited succession of trees and shrubs due to
flooding. Abib et al. (2019) also found similar results within seismic
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lines, with reduced vegetation heights from centre to 15 m from seismic
lines and increased vegetation height (determined from lidar) at dis-
tances of 15 m up to 50 m in peatlands. This occurred dominantly in
peatlands disturbed by medium to wide seismic lines, those that had
south and west-facing edges, and older seismic line disturbances. Using
arandom forest regression-tree analysis, Abib et al. (2019) found that dis-
tance, width, cardinal direction, and topographic position were among
the greatest influences on the growth of shrubs within peatlands, illus-
trating the complexity of influences that variations in the development
of these particular disturbances could have on peatlands. In this study,
we find that bogs impacted by greater proportional area disturbances ex-
perience increases in shrub height and succession, while the influence of
disturbance on fens, marshes and swamps is less clear. Future research
should examine variation in peat accumulation and topographic variabil-
ity adjacent to different disturbances to better understand connections
between elevation, depth to water table, and shrub/tree succession
within different wetland classes. For example, it could be hypothesized
that seismic line depression of bogs combined with greater depth to
water table and increased tension compared with fens may result in
groundwater movement into seismic lines and further evaporative losses,
while areas proximal to seismic lines could remain topographically
upraised. A second hypothesis could be developed for fen elevation,
where near surface water table combined with local depression from seis-
mic lines may depress the area of peat within and proximal to seismic
lines associated with flooding and plastic deformation of peat and satu-
rated pore water spaces.

Several studies have also examined the influence of interpolated at-
mospheric deposition on vegetation successional processes and accu-
mulation of biomass within the OSR. Wieder et al. (2019)
hypothesized that nitrogen (N) deposition may have a significant im-
pact, especially on ombrotrophic bogs in this region, where atmospheric
N emissions can be as high as 17 kg N-ha~!-yr~!, while regional depo-
sition is typically <2 kg N-ha™!-yr~!. The concentration of deposition
has been found to vary with distance from the mining sites (Edgerton
et al., 2020). Using atmospheric deposition concentrations supported
by Edgerton et al. (2020), Bartels et al. (2019) found that biomass in
highly sensitive jack pine and understory forests in relatively dry up-
lands increased in areas that received greater deposition of N and S.
Shrub proportional coverage within jack pine stands was also positively
related to both increased S deposition as well as potential acid input,
which created a fertilization effect. In wetland ecosystems, using exper-
imental application of N on an OSR bog, Wieder et al. (2019) found that
vascular and shrub species including Picea mariana and other ericaceous
shrubs increased in rate of growth with higher concentrations of N de-
position, while growth of Sphagnum fuscum was inhibited. Edgerton
et al. (2020) found mean N loading at sites near oil sands mines was
~1.2 to 5 kg-N-ha~'-yr~!, which is slightly elevated from the regional
deposition estimates described in Wieder et al. (2010, 2019) and are
lower than experimental applications associated with enhanced vegeta-
tion growth. Earlier research by Wieder et al. (2010) found no signifi-
cant influences of regional atmospheric concentrations of N or S on
natural Sphagnum fuscum productivity with distance from mines. Fur-
ther, Wieder et al. (2016) note the complicating influences of late sum-
mer precipitation and increased aridity influences on ombrotrophic bog
Sphagnum fuscum growth. Bi-temporal lidar data of vegetation changes,
anthropogenic disturbance, hydrological drivers may allow for im-
proved separability of these drivers along with interpolated atmo-
spheric concentrations of N and S deposition in the future due the
numbers of bogs and spatial variations in terrain, vegetation growth,
shape, disturbance and other influencing factors.

4.5. Recommendations
This study illustrates that shrub and short tree changes in height can

be identified across hundreds of wetlands in the OSR using bi-temporal
lidar data. These datasets provide an opportunity to examine the
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relationships between vegetation growth, wetland characteristics,
such as shape complexity, and the proportional coverage of HFl. We
found that, the relationships between wetland shrub development,
fragmentation due to anthropogenic disturbances and proportion of
HFI are complex, varying between wetland classes and disturbance pro-
portions. Transect 3 (Fig. 4) demonstrated a significant relationship be-
tween HFI density and increasing wetland complexity, and while we
also observed a similar pattern in Transect 2, the relationship was less
clear in areas with greater proportional coverage of HFI associated
with open mine sites. We also found that bogs were most susceptible
to increased shrubification, while we observed a net decline in height
and area of shrubs and short trees in fens and swamps, and as these be-
came more elongated (Table 1, Fig. 5).

We recommend that future analyses examine why these broad,
complex generalizations found in this study exist. Lidar data provide
the opportunity to examine how local environmental drivers may be
influencing growth or decline of vegetation. Each interpolated grid
cell, therefore, represents a measurement of change, which could then
be related to other attributes of the local environment within the the-
matic lidar-based derivations. These may include local topographic in-
fluences derived from ground surface elevation, which may be related
to the nearness of the ground surface to the water table, proximal eco-
tonal and upland forests, and estimates of energy balance associated
with shading of surrounding trees, among other attributes (e.g. slope,
aspect, shape, etc.). Changes in vegetation height and extent should
also be related to the type and shape of disturbance (e.g. open mining,
forest harvest) and in the case of seismic lines, their various characteris-
tics (e.g. Abib et al,, 2019) including width, orientation and age, and also
wetland form (treed, shrub, gramminoid). In addition to these, changes
in the concentration of atmospheric deposition with distance from min-
ing operations could also be examined.

As wetlands become increasingly fragmented, shrub growth espe-
cially within bogs, could make these peatlands more sensitive to drying,
enhancing further fragmentation (Waddington et al., 2015; Thompson
etal, 2019). The potential to quantify changes across hundreds of wet-
lands provides an opportunity to control for the influence of hydrology
and other attributes of the land surface beyond what could be measured
in the field, alone. Lidar provides a relatively inexpensive extension of
field data collection of vegetation structure (Chasmer et al., 2020b). Fur-
ther, the use of bi-temporal lidar data allows us to determine the driving
mechanisms that result in fragmentation and those that retain regional
wetland characteristics, which are important understanding the cumu-
lative impacts of these, climate-mediated stressors (Stralberg et al.,
2020), the implications to ecosystem services, and where ecosystem
management strategies should be considered (Fig. 6).

5. Conclusions

In this study, we used a unique, relatively low-cost bi-temporal
lidar-based sampling method to quantify spatial variations in wetland
vegetation structure and change through time. Using the lidar-based
approach, we have identified areas of significant but complex vegeta-
tion change within wetlands of the OSR. In addition, lidar provides an ef-
fective approach for identifying changes in wetland vegetation and
could be used as a method for future monitoring and assessment.
Here we found that wetland complexity is greater in areas with high
proportions of linear disturbances such as seismic lines, roads, and oil
pipelines but this relationship declines with greater proportional cover-
age of large open mine areas. This increased the propensity for changes
in height and expansion of shrubs and trees, especially in bogs, while
decline of height was observed in fens and swamps in general, though
the relationships are complex. We suggest that increased wetland com-
plexity may enhance climate-mediated disturbances, but these complex
relationships need to be quantified. Therefore, further research is re-
quired to elucidate the more complex drivers of local wetland vegeta-
tion community change. We also recommend further monitoring,
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especially in areas of rapid change identified in this study by using an in-
tegrated field survey and remote sensing approach that provides a re-
gional assessment of wetland ecosystem health indicators.
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