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Abstract

Seismic lines are linear features created by the oil and gas industry for energy exploration. Though individually narrow,
collectively seismic lines are a pervasive management challenge, resulting in changes to biogeochemical cycles, plant and
animal abundance and behaviour, predator-prey relationships, and forest successional trajectories. These impacts arise from
historical construction methods that used bulldozers to remove vegetation and substrate leaving lines as persistent openings in
a state of arrested succession. In the mid-1990s, “low-impact seismic” (LIS) line construction began, using mulchers to remove
vegetation aboveground to minimize impacts and hasten reforestation. Here, we evaluated the effectiveness of LIS in retention,
recruitment, and growth of seedlings in forested peatlands in northeast British Columbia. Retained and recruited trees on LIS
lines were found at 69% and 64% of sites, had mean densities of 3400 and 6000 stems/ha, and mean heights of 42 and 11 cm,
respectively. These LIS lines appeared to recover along expected trajectories toward tree cover, thereby mitigating challenges
typical of older seismic exploration. Our results suggest it is feasible to further fast-forward line recovery by ensuring mulcher

drums are kept as high as possible to increase the number and height of trees through the mulching process.
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1. Introduction

Seismic lines (hereafter lines) are narrow linear features
(<1 to ~10 m wide) cut into forests where access is needed
to sample, image, and interpret the subsurface, often in sup-
port of the exploration and production (E&P) of hydrocar-
bons. E&P is widespread across western Canada, especially
in Saskatchewan, Alberta, British Columbia, and the North-
west Territories. In these densely forested boreal and moun-
tain ecosystems, seismic lines are ubiquitous (Pasher et al.
2013; Dabros et al. 2018) and a persistent management chal-
lenge (Nagy-Reis et al. 2021). A wide body of literature de-
scribes impacts of lines to wildlife behaviours and popula-
tions (Northrup and Wittemyer 2013; Dabros et al. 2018), and
to fundamental ecological processes like carbon, methane,
and water cycling (Williams et al. 2013; Strack et al. 2019;
Davidson et al. 2020), fire dynamics (Deane et al. 2020; Riva
et al. 2020), forest succession (Lee and Boutin 2006; Finnegan
et al. 2018, 2019; Barber et al. 2021), predator-prey relation-
ships (DeMar and Boutin 2018), and species assemblages of
vegetation, animals and insects (Dawe et al. 2017; Dabros et
al. 2018; Fisher and Burton 2018; Riva et al. 2018).

In part, the management challenges of lines in forested
landscapes stem from their persistence as open (unforested)
disturbances that remain distinct from their surroundings.
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Seismic exploration became widespread in Canada by the
early 1950s (Rintol 2007); until the early mid-1990s, lines
were created using bulldozers to scrape away vegetation and
the surface soil substrate to create flat, smooth work surfaces
navigable by a pickup truck (“conventional” or “legacy” lines
in the literature) (Alberta Environment and Parks 2021). Es-
pecially in forested peatlands, those practices removed soil
horizons and surface microtopography needed to modulate
water and temperature gradients required for germination
and growth of tree species (Braverman and Quinton 2016;
Stevenson et al. 2019; Davidson et al. 2020; Filicetti and
Nielsen 2020). As a result, conventional lines often recover to
steady states dominated by something other than tree cover
(e.g., graminoid or shrub species), sometimes for decades be-
yond expected successional trajectories for a forested peat-
land disturbance regime (Lee and Boutin 2006; van Rensen
et al. 2015; Finnegan et al. 2018, 2019; Dabros et al. 2022).
Indeed, a primary strategy of current line restoration is to
recreate microtopography and reintroduce tree seedlings to
reforest lines more quickly (Filicetti et al. 2019; Pyper and
Broadley 2019; Dickie et al. 2022).

Beginning in the mid-1990s, the E&P industry began ex-
perimenting with alternative “low-impact seismic” (LIS) line
preparation methods (Fig. A1). These efforts were driven in
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part by: (i) regulatory pressure to “do something” to speed
recovery of trees (Alberta Environment and Parks 2021) and
(ii) findings from the Arctic that showed reduced disturbance
during line construction sped recovery to expected plant
communities and cover (Hernandez 1973; Felix and Raynolds
1989; Emers et al. 1995). By the mid-2000s, mulchers emerged
as the primary tool to create LIS lines. A mulcher is designed
to chip standing vegetation above the ground surface and to
minimize disturbance to the substrate, and mulching drums
can be elevated and lowered during operation to respond to
changing ground and vegetation conditions.

Whether mulching expedites recovery of trees along LIS
lines has not yet been evaluated. General assessments of vege-
tation to mulching show changes to vegetation communities
along lines and altered forest dynamics at seismic line edges
(Kansas et al. 2015; Dabros et al. 2017; Franklin et al. 2021;
Echiverri et al. 2022), though those works did not explicitly
measure online tree response, per se. However, anecdotal ev-
idence and grey literature suggest mulched LIS lines recover
more quickly to tall woody shrubs compared to conventional
lines (Tigner et al. 2016). Regardless, mulching has become
standard practice in E&P regulations despite a lack of knowl-
edge in its efficacy toward mitigating ecological impacts.
For example, regulations in all western Canadian jurisdic-
tions require lines to be mulched to minimize ground distur-
bance without further specificity for operational use, like pre-
scriptive mulcher drum height, thereby leaving operational
use open to interpretation (e.g., Alberta: Government of Al-
berta 2006, 2021, 2022; British Columbia: BC Oil and Gas Com-
mission 2021, 2022; Northwest Territories: Government of the
Northwest Territories 2015; Mackenzie Valley Land and Wa-
ter Board et al. 2021; Saskatchewan: SMEGAC 2016; Yukon Terri-
tory: Government of Yukon 2006, 2015). Understanding the
relationships between mulching practices, the subsequent
impacts to the ground substrate and microtopography, and
persistence and recovery of trees along mulched lines is im-
portant because changing dynamics of E&P have triggered
the construction of more lines, in higher densities, in the
last decade in Canada (Chopra and Marfurt 2012; Schulte and
Manthei 2014; Nagy-Reis et al. 2021).

Here we conducted a mensurative experiment to evaluate
the response of trees along mulched LIS lines in forested peat-
lands in northeast British Columbia. Our goal was to under-
stand whether mulching expedited recovery of trees along
lines, and whether the height of the mulcher drum above the
ground improved tree recovery. Specifically, we evaluated the
influence of mulcher drum height during line construction
on retention and recruitment of conifer trees 1 to 11 years
after line construction using a series of predictor variables
that described impacts to the substrate or competition. Re-
tained trees were those that persisted through the mulching
process, while recruited trees were those that germinated
since lines were mulched. If mulching of LIS lines retained
trees and promoted faster recovery of conifer seedlings or
new tree recruitment, then directives for operational use of
mulchers could be refined to improve recovery outcomes for
LIS lines and thereby potentially reducing future restoration
needs that are expensive and variable in success (Filicetti et
al. 2019; Yemshanov et al. 2019).
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2. Methods

2.1. Study area

The study encompassed ~19 000 km? area near Fort Nelson
in northeast British Columbia (NE BC), Canada (Fig. 1). The
region is in the Moist Cool Boreal White and Black Spruce
biogeoclimatic zone (BWBSmk; DeLong et al. 2011), charac-
terized by long snowy winters and short rainy summers (aver-
aging 1900 mm snow, 300 mm rain, and <125 frost-free days
per year, based on 1971-2010 historical climate data avail-
able from Government of Canada (2023)). The study area is
mostly flat and covered by extensive forested peatlands of
Sphagnum-based soils and stands of pure black spruce (Picea
mariana (Mill.) B.S.P.) or black spruce with a small compo-
nent of tamarack (Larix laricina (Du Roi) K. Koch). Pure stands
of tamarack are small and uncommon in this system and
were not sampled for this study. Forested peatlands are in-
terspersed with open and shrub-dominated wetlands and wa-
terbodies, and peatlands are occasionally interspersed by up-
land forests with mineral soils, especially along river valleys
and in undulating terrain (Filicetti et al. 2019; Filicetti and
Nielsen 2020).

2.2. Site selection

We stratified field sampling locations in a Geographic In-
formation System (GIS; ArcGIS 10.4, ESRI, Redlands, Califor-
nia) using spatial data on land cover classes and seismic lines.
First, we reclassified British Columbia Vegetation Resources
Inventory (VRI), a polygon-based, stand-scale land cover in-
ventory, into forested peatland and all other cover types us-
ing tree species and soil types (moisture regime) at the stand
scale (Ministry of Forests 2016). Next, we used geophysical
spatial data (i.e., seismic line footprint) managed by the BC
Oil and Gas Commission (BCOGC) (BC Oil and Gas Commis-
sion 2016) and seismic line cut summary data used to cal-
culate Timber Damage Assessments (TDA; made available by
the BCOGC upon request) to identify individual seismic ex-
ploration programs and construction dates and to identify
lines as newly mulched (e.g., the mulching event was the
first industrial, anthropogenic disturbance event) or existing
(e.g., the mulching event reopened a previous exploration
line or other disturbance). In some cases, individual seismic
lines and entire seismic programs are reopened to recollect
seismic exploration data. We used data for lines cut in 2005
(2004-2005 winter operating season) or after because that
was when use of mulchers was exclusive (earliest reported
use of mulchers in the study area was the 1999-2000 winter
operating season). We sampled only newly mulched LIS lines
(hereafter mulched lines).

We then selected a set of a priori sampling sites along
mulched lines constructed between the 2004-2005 through
the 2014-2015 winter operating season (excluding 2013-2014
due to low availability; no seismic programs were shot in
2015-2016) outside of upland forest types. In those years
mulched lines ranged from 1.3 to 6.2 m wide, though widths
typically decreased over time to ~ 2 to 3 m wide, which re-
mains the standard width range for mulched lines across
Canada. Current E&P typically mulch lines in a grid pat-
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Fig. 1. Locations of sample sites used to evaluate tree recovery along mulched, low-impact seismic (LIS) lines in northeast
British Columbia (NE BC), Canada. All lines were originally mulched during the winter operating season (December-March)
between 2004-2005 and 2014-2015, and responses in trees collected in the field in the summer 2016. Forested peatland was
derived from BC Vegetation Resource Invenotry data (https://www.bcogris.ca/projects/natural-recovery-on-low-impact-seismic
-lines-in-northeast-bc/); shapefiles for roads are available from the BC Oil and Gas Commission (https://data-bc-er.opendata.ar

cgis.com/search?tags=0OD_Roads).
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tern orientating lines north-south and east-west; in rare
cases, mulched lines are orientated differently relative explo-
ration needs. Winter operating season means that seismic
programs were conducted during snow-covered and frozen
ground conditions with mulching occurring typically from
mid-December through mid-February. For each operating sea-
son, we located candidate sites in >1 seismic program to pre-
vent confounding results by operator practice or localized
ecotype. Within a program, we located one site per seismic
line and VRI polygon where feasible, but in several cases had
to place multiple sites along the same line in different poly-
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gons or in the same polygon along different lines. We sam-
pled an even number of sites across available line widths and
line bearings per year, though lines became increasingly nar-
row over time. In all cases, we sampled sites in treed bogs
based on site classification using the British Columbia Ecosys-
tem Classification System (DeLong et al. 2011) (Fig. A1).

2.3. Field methods

We collected field data between July and August 2016
using a hierarchical sampling design. At each sampling site,
we established a 100 m long plot into which we nested

Can. J. For. Res. 53: 878-892 (2023) | dx.doi.org/10.1139/cjfr-2022-0250



http://dx.doi.org/10.1139/cjfr-2022-0250
https://www.bcogris.ca/projects/natural-recovery-on-low-impact-seismic-lines-in-northeast-bc/
https://data-bc-er.opendata.arcgis.com/search?tags=OD_Roads

Can. J. For. Res. Downloaded from cdnsciencepub.com by 174.112.35.134 on 11/02/23

three, 2 x 2 m (4 m?) quadrats. We placed one quadrat
at metres 1, 50, and 99 of the 100 m long plot (n = 108
plots; 324 quadrats). Plots were the width of the sampled
lines. Ultimately, we were interested in understanding the
relationship between the height of the mulcher drum and
the occurrence, density, and height of retained and recruited
conifer trees along mulched lines. Because line recovery can
be inconsistent even at very fine spatial scales (Filicetti et al.
2019; Filicetti and Nielsen 2020), we considered individual
quadrats as the sample unit for analyses but treated the plot
scale as a random effect.

At the plot, we confirmed the cut type, line age, and
whether a line was new or existing using seismic shot tags
attached to trees during seismic exploration field operations.
We also measured the proportion of disturbed substrate as
damaged moss, disturbed or flatted microtopography, or rut-
ted or exposed ground as percentage cover from 0% to 100%;
line widths to the nearest centimeter; and line bearings
to the nearest degree. We categorized the distribution and
pattern of deposited mulch as continuous (e.g., a continuous
garden pathway) or scattered (e.g., discrete clumps inter-
spersed by uncovered ground). Lastly, we searched along the
line for evidence of continued human use for trapping or
other travel (e.g., tracks or depressions, trapping boxes, cut
limbs, etc.) up to 1 km from plots. Other studies indicated
that continued recreational use of lines can keep them open,
(Pigeon et al. 2016), but in this study we found no evidence
of continued use.

At the quadrat scale, we measured the height of trees to the
nearest half-centimeter and aged all conifer stems by count-
ing whorls and adding a constant of 1 to account for the first
year of growth. We differentiated conifers as retained if the
determined tree age was greater than the line age (e.g., per-
sisted through the mulching event) or recruited if the deter-
mined tree age was less than the line age (e.g., new since the
mulching event). We also measured adjacent stand height us-
ing a clinometer and adjacent canopy cover using a concave
densiometer, depth to the water table in centimeters using a
planting spade to dig a small pit (up to 100 cm), and we in-
ventoried all live stems of shrub species >0.5 m in height and
calculated a stem density within the quadrat (Tables A1 and
A2).

Mulcher drum height is not a regulated requirement of a
seismic application in BC, and drum heights are not recorded.
Here we used two proxies for drum height: (i) “snow depth”
as the depth of accumulated precipitation, in millimeters, av-
eraged from three provincial meteorological stations in the
study area (FLNRO_WMB Stations 599, Fort Nelson FS; 119,
Nelson Forks; and 117, Sierra) (PCIC 2022) between Decem-
ber and February, inclusive, calculated at the year of line
construction; and (ii) “stump height” as the average height
of mulched tree stems as measured in the field, to the near-
est centimeter. We measured stump height of the most fre-
quently observed height (based on visual assessment) along
the 100 m plot to the nearest centimeter. Importantly, we
are not comparing the efficacy of these proxies, rather using
them as alternative estimates of drum heights during line
construction. Neither proxy provides a precise height, but
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both represent a relative elevation above the ground surface
that is operationally relevant. We believe snow depth repre-
sents a “ceiling” that is the farthest above the ground surface
a mulcher could feasibly operate, and stump height repre-
sents a “floor” height below which a mulcher could not have
removed vegetation. The two proxies are only moderately cor-
related with a Pearson’s correlation coefficient between snow
depth and stump height of 0.49 and thus represent similar
but still distinct proxies.

2.4. Analysis

We analyzed occurrence, density, and height of trees on
seismic lines at the scale of the quadrat using a similar
workflow. We also analyzed retained and recruited trees
separately to better understand recovery dynamics. There-
fore, we have six response variables: (i) retained tree oc-
currence, (ii) recruited tree occurrence, (iii) retained tree
density, (iv) recruited tree density, (v) retained tree height,
and (vi) recruited tree height. We first visualized these re-
sponse variables by plotting the overall occurrence, mean
density, and mean height for retained and recruited trees
separately.

We then analyzed these data in a two-step (Hurdle) process:
(i) we first used all quadrats for tree occurrence and (ii) we
then removed all quadrats with no trees present (zero) to fit
models for tree density and height when present (McCullagh
and Nelder 1989; Nielsen et al. 2005). Here, zeroes are true ze-
roes from the same source, driven by ecological restrictions
that we have included as predictor variables, necessary for
this two-step process (Rose et al. 2006; Blasco-Moreno et al.
2019; Feng 2021). Furthermore, this design more easily high-
lights potential differences in response to predictor variables
on occurrence (presence/absence) and that of density given
occurrence.

Specifically, we used a mixed-effects logistic model (xtlogit
command in STATA 15.1/SE; StataCorp. 2017) for tree occur-
rence, mixed-effects negative binomial models (xtnbreg com-
mand in STATA 15.1/SE; StataCorp. 2017) for tree density,
and linear mixed-effects models (xtreg command in STATA
15.1/SE; StataCorp. 2017) for tree heights using a log;, trans-
formation to meet model assumptions. We started all mod-
els with the full suite of predictor variables and used back-
ward selection, retaining significant (p < 0.05) variables, to
generate the simplest explanatory models for each of the six
response variables. The predictor variables we used were: (i)
snow depth proxy for drum height, (ii) stump height proxy
for drum height, (iii) line age, (iv) line bearing, (v) contin-
uous mulch, (vi) depth to water table, (vii) disturbed sub-
strate, (viii) line width, (ix) adjacent canopy cover, (x) adja-
cent stand height, (xi) retained tree density (for recruited
trees only), and (xii) shrub density (Tables A1, A2, and A3).
Not only we report coefficients (8) for all models, but we
also interpret the coefficients as percentage change per
one unit change in the predictor variable using the for-
mulas {1/[1 + exp(—1x(8))]}x100%; {[exp(8)—1]x100%}; and
{[10'8)—1]x100%} for tree occurrence, density, and height, re-
spectively.
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Fig. 2. Occurrence (a), density (b), and height (c) of retained and recruited trees on mulched, low-impact seismic (LIS) lines
across years since disturbance in forested peatlands in northeast British Columbia (NE BC), Canada. Error bars are represented

by 95% confidence interval.
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3. Results

3.1. Field-measured tree occurrence, density,

and height on low-impact seismic lines

We found at least one retained and one recruited tree in
69% and 64% of the sampled sites, respectively. We also found
that 82% of sites had at least one retained or recruited tree
and 51% of sites had both retained and recruited trees. Re-
tained tree density ranged from 0 to 32 000 stems/ha (= 3400;
SE = 500) and recruited tree density ranged from 0 to 50 000
stems/ha ( = 6000; SE = 1000). Retained tree height ranged
from 3 to 180 cm (= 42; SE = 1.37) and recruited tree height
ranged from 0.5 to 140 cm (= 11; SE = 0.4), Fig. 2.

3.2. Patterns in tree occurrence on low-impact

seismic lines

The final model for retained trees included both prox-
ies for drum height, line width, adjacent canopy cover, and
shrub density. Occurrence of retained trees increased 0.61%
per 1 cm increase in snow depth and increased 0.9% per
1 cm increase in stump height. Occurrence of retained trees
decreased 9.3% per 1 m increase in line width; decreased
1.0% per 1% increase in adjacent canopy cover; and decreased
0.8% per increase in 1 shrub stem per quadrat (Table 1 and
Fig. 3).

The final model for recruited trees included continuous
mulch, adjacent canopy cover, line age, shrub density, and re-
tained tree density. Neither proxy for drum height explained
the occurrence of recruited trees. Occurrence of recruited
trees decreased 26.9% where continuous mulch occurred; de-
creased 1.4% per 1% increase in adjacent canopy cover; in-
creased 10.0% per 1 year increase in line age; decreased 1.8%
per increase in 1 shrub stem per quadrat; and was quadrat-
ically related to retained trees, specifically, occurrence was
predicted to be 0% at 0 retained trees per quadrat, increased
to a peak of 38.0% at 10 retained trees per quadrat, and de-
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Table 1. Mixed-effects logit regression model parameters
(coefficient, 8; and standard error, SE) relating tree occur-
rence to proxies of mulcher drum height (snow depth and
stump height), continuous mulch presence, line width, ad-
jacent canopy cover, line age, shrub density, and retained
tree density (for recruited trees only), in northeast British
Columbia, Canada.

Tree occurrence Retained Recruited
Constant —0.14 (0.51) —2.17 (0.71)**
Proxies for mulcher drum height
Snow depth 0.02 (0.01)*
Stump height 0.04 (0.01)*
Line characteristics
Age 0.41 (0.09)***
Continuous mulch —1.20 (0.46)**
Width —0.38 (0.14)**
Vegetation variables
Adjacent canopy cover —0.04 (0.01)** —0.06 (0.02)**
Retained tree density 0.40 (0.13)**
Retained tree density? —0.02 (0.01)**
Shrub density —0.03 (0.01)* —0.07 (0.02)**
Model statistics
n 324 324
Wald 2 38.12 43.52
Prob > x?2 <0.001 <0.001

**p <0.001, *p < 0.01, *p < 0.05.

clined to 0.4% at 20 retained trees per quadrat (Table 1 and
Fig. 3).

3.3. Patterns in tree density on low-impact

seismic lines
The final model for retained trees included the snow depth
proxy for drum height. Density for retained trees increased
by 1.3% per 1 cm increase in snow depth (Table 2 and Fig. 4).
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Fig. 3. Predicted occurrence of retained trees based on predictor variable proxies for mulcher drum height snow depth (a) and
stump height (b), and recruited trees based on predictor variable line age representing time since disturbance (c) in forested
peatlands in northeast British Columbia (NE BC), Canada. The black line represents the average predicted occurrence and the

gray area the 95% confidence interval.
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The final model for recruited trees included line width, line
age, and retained tree density. Neither proxy for drum height
explained recruited tree density. Density of recruited trees in-
creased by 33.3% per 1 m increase in line width; increased
13.0% per 1 year increase in line age; and was quadratically
related with retained trees, specifically, density was predicted
to have no change at 0 retained trees per quadrat, increased
to a peak of 102.2% at 13 retained trees per quadrat, and de-
clined to 63.7% at 20 retained trees per quadrat (Table 2 and
Fig. 4).

3.4. Tree height patterns on low-impact seismic

lines

The final model for retained trees included the snow depth
proxy for drum height, line age, and shrub density. Height
for retained trees increased 1.2% per 1 cm increase in snow
depth; was quadratically related to line age, specifically,
height was predicted to have no change at 0 years, increased
to a peak of 63.2% at 9 years, and declined to 56.9% at 12
years; and increased 2.5% per increase in 1 shrub per quadrat
(Table 3 and Fig. 5).

The final model for recruited trees included line bear-
ing, line age, adjacent stand height, and shrub density.
Neither proxy for drum height explained recruited tree
height. Height of recruited trees decreased 26.0% along
north/south-orientated lines when compared to east/west-
orientated lines; increased by 9.0% per 1 year increase in
line age; decreased by 8.6% per 1 m increase in adjacent
stand height; and was quadratically related to shrub den-
sity, specifically, height was predicted to increase by 0% at 0
shrubs per quadrat, increased to a peak of 28.3% at 18 shrubs
per quadrat, and declined to 15.8% at 30 shrubs per quadrat
(Table 3 and Fig. 5).

4. Discussion

We found that use of mulching to construct LIS lines pro-
vides a clear mitigation benefit, influencing both the imme-
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Table 2. Mixed-effects negative binomial regression model
parameters (coefficient, 8; and standard error, SE) relating
tree density per 4 m? to a proxy of mulcher drum height
(snow depth), line width, line age, and retained tree density
(for recruited trees only), in northeast British Columbia,
Canada.

Tree density (stems/4m?) Retained Recruited
Constant 0.84 (0.3)** —0.79 (0.4)*
Proxies for mulcher drum height
Snow depth 0.013 (0.005)**
Line characteristics
Age 0.12 (0.03)**
Width 0.29 (0.06)**
Vegetation variables
Retained tree density 0.11 (0.04)**
Retained tree density? —0.004 (0.002)*
Model statistics
n 128 140
Wald x?2 7.48 37.38
Prob > x?2 0.006 < 0.001

*p < 0.001, **p < 0.01, *p < 0.05.

diate retention and recruitment, and the longer-term persis-
tence of conifer trees along lines. The majority (>64%) of sam-
pled lines supported retained and recruited trees, demon-
strating that existing trees can persist through mulching
events and that new trees can establish along mulched lines.
Further, we observed that mean tree occurrence, density, and
height all increased over the 11 sampled years after line con-
struction demonstrating that new trees continued to germi-
nate and that established seedlings continued to grow. Both
outcomes are in sharp contrast to previous studies show-
ing recovery of conventional seismic lines in peatlands often
stalled in an arrested state supporting few, if any, mature
trees even decades after line construction (Lee and Boutin
2006; Van Rensen et al. 2015; Finnegan et al. 2018; Dabros et
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Fig. 4. Predicted tree density of retained trees based on predictor variable proxy for mulcher drum height snow depth (a), and
recruited trees based on predictor variable line age representing time since disturbance (b) in forested peatlands in northeast

British Columbia (NE BC), Canada. The black line represents
confidence interval.
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Table 3. Mixed-effects regression model parameters (coef-
ficient, 8; and standard error, SE) relating tree height (logio
transformed) to a proxy of mulcher drum height (snow
depth), line bearing, line age, adjacent stand height, and
shrub density, in northeast British Columbia, Canada.

Recruited

0.89 (0.12)**

Retained

0.96 (0.13)***

Tree height (cm)

Constant
Proxies for mulcher drum height

Snow depth 0.005 (0.001)***
Line characteristics
Age 0.10 (0.04)* 0.04 (0.01)**
Age? —0.01 (0.003)*
Bearing —0.13 (0.06)*
Vegetation variables
Adjacent stand height —0.04 (0.01)**
Shrub density 0.011 (0.002)"** 0.03 (0.01)**

Shrub density? —0.0007 (0.0003)**

Model statistics
n 128 140
LR x?2 27.96 30.04
Prob > x?2 <0.001 <0.001

*p < 0.001, *p < 0.01, *p < 0.05.

al. 2022). Together, our observations suggest that mulching
can expedite conifer recovery along seismic lines in forested
peatlands by immediately aligning recovery trajectories to-
ward a reforested state.

Importantly, our data also show that increasing the height
of the mulcher drum during creation of mulched LIS lines
can likely further enhances conifer recovery outcomes. We
observed a significant positive relationship between the mea-
sured proxies of drum height and the occurrence, density,
and height of retained trees. Thus, when mulcher drums
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removed vegetation further away from the ground surface,
more lines retained more and taller trees. This increased the
stocking density and the heights of retained trees at the start
of line recovery. The predicted relationship between drum
height proxies and retained tree occurrence, density, and
height was linear, suggesting a continuously increasing ben-
efit.

Mulching appeared to preserve the ability of most lines in
treed peatlands to support tree recovery akin to other bo-
real disturbances like fire and timber harvest (Bergeron and
Dubue 1988; Harper et al. 2016). Our data show that most
sampled lines did not sustain disturbances to important fea-
tures like bryophyte cover and microtopography, so broadly
speaking, elevating mulcher drums to at a minimum of above
the tops of hummocks is likely to preserve the conditions
suitable for conifer recruitment and their continued growth
(Caner and Lieffers 2014; Lieffers et al. 2017). There is sim-
ilar evidence from forestry applications that mulching can
effectively retain tree seedlings through mid- and overstory
removal (Brockway et al. 2009; Pile et al. 2017; Lee et al. 2019),
facilitate continued growth of retained seedlings (Sanchez
and Eaton 2001), and reverse altered stand-level succession
(Smith et al. 2020). Detailed measurements of soil and sub-
strate response to mulching could improve our understand-
ing of these processes, and help refine directives for opera-
tional use of mulchers, especially around how much ground
disturbance can be tolerated before conifer growth is nega-
tively impacted.

4.1. Field-measured tree occurrence, density,
and height on low-impact seismic lines
We found that the majority of sites had retained and/or re-
cruited trees. Observed tree densities were high, averaging
3400 and 6000 stems/ha for retained and recruited trees, re-
spectively. This density surpasses current reforestation and
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Fig. 5. Predicted tree height of retained trees based on predictor variable proxy for mulcher drum height snow depth (a), and
recruited trees based on predictor variable line age representing time since disturbance (b) in forested peatlands in northeast
British Columbia (NE BC), Canada. The black line represents the average predicted occurrence and the gray area the 95%

confidence interval.
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line reclamation guidance (Government of Alberta 2017;
Alberta Agriculture and Forestry 2018), where it exists (cur-
rently, Alberta is the only province with a seismic line recov-
ery framework). Observed tree heights averaged 42 and 11 cm
for retained and recruited trees, respectively. While these av-
erage heights do not specifically meet current advanced re-
generation requirements (e.g., 60 to 65 cm after 8 to 10 years;
Government of Alberta 2017), many individual trees did sur-
pass prescribed height requirements (Fig. 2c and Table A3).
Recovery to tree cover is not the only metric of line recovery
or restoration success; however, that goal currently underlies
the management focus for seismic lines in western Canada
(Government of Alberta 2017; Filicetti et al. 2019; Pyper and
Broadley 2019; Dickie et al. 2022).

4.2. Patterns in tree occurrence on low-impact

seismic lines

Apart from drum height, adjacent canopy cover, shrub den-
sity, and line width all decreased the occurrence of retained
trees along sampled lines. Because occurrence of retained
trees is a measure of tree persistence through a mulching
event, it is unlikely these factors are related to ecological pro-
cesses like shading, competition, or a lack of colonizable sur-
face area (Filicetti and Nielsen 2020, 2022; Filicetti et al. 2021).
Instead, this is likely an artifact of operations and logistics.
A line is mulched to provide access to subsequent phases of
an operation; in densely forested peatlands and along wider
lines, more intensive mulching is required to appropriately
clear access. In both cases, the likelihood standing trees are
removed during line construction increases.

Occurrence of recruited trees decreased with continuous
mulch deposition likely because too much mulch may limit
the amount of colonizable surface area along lines (Filicetti
et al. 2021). Raising mulcher drums could create less woody
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material; however, the amount of mulch created is ultimately
driven by the standing biomass of the forested stand. We
found that less than a third of our sampled sites had contin-
uous mulch, so in the open, boreal forested peatlands across
most of northwestern Canada, we believe e issue of continu-
ous mulch limiting tree occurrence is not widespread. Adja-
cent canopy cover and shrub density were inversely related
to occurrence of recruited trees, likely due to increased com-
petition and shading (Filicetti and Nielsen 2020, 2022).

4.3. Patterns in tree density on low-impact

seismic lines

Our finding that proxies for drum height were positively
related to retained tree density is not surprising; a higher
mulcher drum retains more trees already growing on lines.
Line width was positively related to the density of recruited
trees, likely because wider lines allow more sunlight to reach
the ground (Stern et al. 2018; Franklin et al. 2021). Line age
also increased the density of recruited trees demonstrating,
again, that mulched lines recruit trees over time and are not
in an arrested state.

4.4. Tree height patterns on low-impact seismic

lines

We found that proxies of drum height were positively re-
lated to retained tree height. Many retained trees were quite
tall (Fig. 2c and Table A3) suggesting mulchers do not uni-
formly remove all vegetation along lines. Young trees are pli-
able and some are likely pushed down rather than cut off
during mulching. Elevating a mulcher drum likely pays “out-
sized dividends” by increasing the retention of taller, pushed
over trees.

For recruited trees, a north/south line bearing produced
shorter trees than an east/west bearing. Other studies have
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shown similar recovery patterns relative to line orientation,
likely because shading along that orientation limits availabil-
ity of sunlight to young seedlings (van Rensen et al. 2015;
Stern et al. 2018; Franklin et al. 2021). Similarly, adjacent
stand height was negatively related to recruited tree height
as it limits the sunlight reaching the ground (Filicetti and
Nielsen 2018). Shrub density had a quadratic relationship
with the height of recruited trees, where tree height in-
creased initially with increasing shrub density but then de-
creased as shrub density continued to increase. This suggests
a threshold effect for competition beyond which high stem
density limits tree growth (Lieffers et al. 1999; McCarthy 2001;
Chen and Taylor 2012). This is important when considering
continued tree recovery and stand succession beyond our
11-year sampling timeframe. If mulching cannot adequately
reduce long-term competition from shrubs, initial recovery
success of conifers observed in this study could dissipate as
faster growing shrubs outcompete slower growing conifers
(McCarthy 2001; Chen and Popadiouk 2002), thereby stalling
recovery as has been observed along seismic lines elsewhere
(Lee and Boutin 2006; van Rensen et al. 2015; Finnegan et al.
2018, 2019; Dabros et al. 2022).

5. Management implications

Our results suggest that current regulatory requirements
should strive to elevate mulching drums above the ground
surface as much as possible to preserve surface microtopog-
raphy, retain small trees, and facilitate tree recruitment. This
simple mitigative action may improve conifer recovery along
mulched lines and reduce further restoration needs. How-
ever, growth of trees in boreal ecosystems is a slow process
and recovery to forest conditions can take decades to achieve
(Bergeron and Dubue 1988; Chen and Popadiouk 2002). Be-
cause retained trees continue to grow over time, mulching of
seismic lines, especially with elevated mulching drums, can
fast-forward the recovery of conifers by several decades. Al-
though we show that other factors do influence line recov-
ery, increasing drum elevation is the most logistically feasi-
ble because it is controllable during operations. Seismic ex-
ploration is focused on the subsurface and cannot effectively
avoid all land covers that are slow to recover once disturbed.
By elevating mulching drums, it is feasible to expedite tree
recovery in forested peatlands even when they cannot be
avoided.

It is important to reiterate that we did not explicitly mea-
sure the elevation of the mulching drum above the surface of
the ground during line construction. Instead, we used snow
depth and stump height as proxy estimates for drum height.
The proxy for snow depth was retained more frequently in
models than the proxy for stump height, perhaps suggesting
that environmental conditions (snow) was more effective at
maintaining drum height than operator decisions. While our
intent was not to compare those proxies, operationally this
means that in years with deeper snowpack or during later
parts of a winter season when more snow has accumulated,
there is likely an increased buffer between mulcher drums
and the ground. There is evidence from the Arctic that snow
depth can buffer impacts to vegetation and the substrate
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along conventional seismic lines (Felix and Raynolds 1989).
This also means that operations can mimic and enhance ob-
served mitigations even during years of low snowpack simply
by further elevating the mulching drums.

Our results indicated that mulching LIS lines can improve
the natural recovery of trees in forested peatlands and that
increasing the height of mulching drums further improves
those recovery outcomes. Ultimately the management ques-
tion is how high is high enough? From a tree recovery per-
spective, the answer is always that higher is better. However,
practically, when considering all facets of an operation (e.g.,
subsequent use of lines to acquire seismic data, worker safety,
etc.) there is an elevation at which a drum is too high for op-
erational use. A precise drum elevation is beyond the scope of
this study because it depends on operational workflows, field
personnel, and logistics, as well as forest types and ground
conditions. Here, we focused on treed bogs and it is possi-
ble that trees in fens and other forested peatlands respond
differently to mulching and drum heights. However, suffi-
cient information about forest types and local conditions are
available throughout western Canada where seismic opera-
tions occur to make site- and project-specific estimates about
how high a mulcher drum should be above the ground to re-
tain not just hummocks and microtopography, but also trees.
Constructing linear disturbances by mulching with a highly
elevated drum has the potential to save billions of dollars,
ranging from $4000 to $18 000 per km, in restoration costs
(Filicetti et al. 2019; Yemshanov et al. 2019).

Acknowledgements

We thank the BC OGRIS for providing financial support for
this project, and the Research and Effectiveness Monitor-
ing Board (REMB) of the British Columbia Government’s Bo-
real Caribou Implementation Plan (BCIP) initiative for recom-
mending that OGRIS provides those funding. We also thank
Explor, and the Fort Nelson First Nation for in-kind project
support during field data collection. Lastly, we are very grate-
ful for the hard-working field crew: Eva Needlay, William
Needlay, Caitlin Parker, and Jack Yurko.

Community involvement

This project was conceptualized in partnership with the Fort
Nelson First Nation Lands Department to evaluate whether
recovery expectations along LIS lines were being met. As
such, questions and field methods were developed with
FNEN, and field data were collected in partnership with FNFN
Guardians. One of the co-authors of this paper is the Lands
and Resources Coordinator for FNFN.

Article information

History dates

Received: 30 September 2022

Accepted: 3 July 2023

Accepted manuscript online: 22 August 2023
Version of record online: 5 October 2023

Can. J. For. Res. 53: 878-892 (2023) | dx.doi.org/10.1139/cjfr-2022-0250



http://dx.doi.org/10.1139/cjfr-2022-0250

Can. J. For. Res. Downloaded from cdnsciencepub.com by 174.112.35.134 on 11/02/23

Notes
This paper is part of a special issue entitled "Turning Ecolog-
ical Answers into Forest Management Actions (NAFEW)".

Copyright

© 2023 Copyright remains with the author(s) or their insti-
tution(s). This work is licensed under a Creative Commons
Attribution 4.0 International License (CC BY 4.0), which per-
mits unrestricted use, distribution, and reproduction in any
medium, provided the original author(s) and source are cred-
ited.

Data availability

Data generated or analyzed during this study are available
from BC Oil and Gas Research and Innovation Society (BC
OGRIS) (https://www.bcogris.ca/projects/natural-recovery-on-
low-impact-seismic-lines-in-northeast-bc/). Data are available
from the authors upon reasonable request and with permis-
sion.

Author information

Author ORCIDs

Angelo T. Filicetti https://orcid.org/0000-0001-5389-9054
Jesse Tigner https://orcid.org/0000-0003-3798-2418
Scott E. Nielsen https://orcid.org/0000-0002-9754-0630

Author notes
Angelo Filicetti and Jesse Tigner are co-first authors.

Author contributions
Conceptualization: ATF, JT, SEN, KW, PB
Data curation: ATF, JT, MT

Formal analysis: ATF

Funding acquisition: JT, PB
Investigation: JT, KW

Methodology: ATF, JT, SEN, KW, MT, PB
Project administration: PB

Resources: ATF, PB

Software: ATF

Supervision: JT, PB

Validation: ATF

Visualization: ATF, JT

Writing - original draft: ATF, JT, SEN
Writing - review & editing: ATF, JT, SEN, KW, PB

Competing interests
The authors declare there are no competing interests.

Funding information
This research was supported by BC OGRIS.

References

Alberta Agriculture and Forestry. 2018. Reforestation Standard of Al-
berta. Edmonton, Alberta. Available from https://open.alberta.ca/pu
blications [accessed January 2023].

Alberta Environment and Parks. 2021. The Alberta Human Footprint
Monitoring Program (AHFMP)—A Historical Overview of Geophysical

Can. J. For. Res. 53: 878-892 (2023) | dx.doi.org/10.1139/cjfr-2022-0250

‘Canadian Science Publishing

Exploration in Alberta. Government of Alberta, Edmonton, Alberta.
Available from https://open.alberta.ca/dataset/615e27ef-89c7-4245-a
299-a868eb3f0a36/resource/a0419862-603d-467a-91ae-a42000c7a2
18/download/aep-ahfmp-historical-overview-geophysical-exploratio
n-2021-07.pdf [accessed January 2023].

Barber, Q.E., Bater, C.W., Dabros, A., Pinzon, J., Nielsen, S.E., and Parisien,
M.A. 2021. Persistent impact of conventional seismic lines on boreal
vegetation structure following wildfire. Can. J. For. Res. 51(11): 1581-
1594. doi:10.1139/cjfr-2020-0455.

Bergeron, Y., and Dubue, M. 1988. Succession in the southern part of
the Canadian boreal forest. Vegetatio, 79(1-2): 51-63. doi:10.1007/
BF00044848.

BC Oil and Gas Commission. 2016. Geophysical data. The BCOGC Open
Data Portal. Available from https://data-bcogc.opendata.arcgis.com/s
earch?tags=0D_Geophysical [accessed 19 January 2023].

BC 0Oil and Gas Commission. 2021. Environmental Protection and Man-
agement Guideline. Available from https://www.bcogc.ca/files/opera
tions-documentation/Environmental-Management/Environmental
-Protection-and-Management-Guideline.pdf [accessed 08 February
2023].

BC Oil and Gas Commission. 2022. Oil and Gas Activity Oper-
ations Manual. Geophysical activity. Available from https:
/[www.bcogc.ca/files/operations-documentation/Oil-and-Gas-Op
erations-Manual/ogaom-chapter-5.pdf [accessed 08 February 2023].

Blasco-Moreno, A., Pérez-Casany, M., Puig, P., Morante, M., and Castells,
E. 2019. What does a zero mean? Understanding false, random and
structural zeros in ecology. Methods Ecol. Evol. 10(7): 949-959. doi:10.
1111/2041-210X.13185.

Braverman, M., and Quinton, W.L. 2016. Hydrological impacts of seis-
mic lines in the wetland-dominated zone of thawing, discontinuous
permafrost, Northwest Territories, Canada. Hydrol. Process. 30(15):
2617-2627. doi:10.1002/hyp.10695.

Brockway, D.G., Outcalt, KW, Estes, B.L., and Rummer, R.B. 2009. Veg-
etation response to midstorey mulching and prescribed burning
for wildfire hazard reduction and longleaf pine (Pinus palustris Mill.)
ecosystem restoration. ]J. For. 82(3): 299-314. doi:10.1093/forestry/
cpp010.

Caners, RT., and Lieffers, V.J. 2014. Divergent pathways of successional
recovery for in situ oil sands exploration drilling pads on wooded
moderate-rich fens in Alberta, Canada. Restor. Ecol. 22(5): 657-667.
doi:10.1111/rec.12123.

Chen, H.Y.H., and Popadiouk, R.V. 2002. Dynamics of North American
boreal mixedwoods. Environ. Rev. 10: 137-166. doi:10.1139/A02-007.

Chen, H.Y.H., and Taylor, A.R. 2012. A test of ecological succession hy-
potheses using 55-year time-series data for 361 boreal forest stands.
Global Ecol. Biogeogr. 21: 441-454. doi:10.1111/j.1466-8238.2011.
00689.x.

Chopra, S., and Marfurt, K.J. 2012. Evolution of seismic interpretation
during the last three decades. Lead. Edge 31(6): 654-676. d0i:10.1190/
tle31060654.1.

Dabros, A., James Hammond, H.E., Pinzon, ]., Pinno, B., and Langor, D.
2017. Edge influence of low-impact seismic lines for oil exploration
on upland forest vegetation in northern Alberta (Canada). For. Ecol.
Manage. 400: 278-288. doi:10.1016/j.foreco.2017.06.030.

Dabros, A., Pyper, M., and Castilla, G. 2018. Seismic lines in the bo-
real and arctic ecosystems of North America: environmental im-
pacts, challenges, and opportunities. Environ. Rev. 26(2): 214-229.
doi:10.1139/er-2017-0080.

Dabros, A., Higgins, K.L., Santala, K., and Aubin, L. 2022. Plant functional
trait approach to assess the persistence of seismic line footprint in
boreal peatlands of Alberta, Canada. For. Ecol. Manag. 503. doi:10.
1016/j.foreco.2021.119751.

Davidson, S.J., Goud, E.M., Franklin, C., Nielsen, S.E., and Strack, M. 2020.
Seismic line disturbance alters soil physical and chemical properties
across boreal forest and peatland soils. Front. Earth Sci. 8(July): 1-10.
doi:10.3389/feart.2020.00281.

Dawe, C.A,, Filicetti, AT., and Nielsen, S.E. 2017. Effects of linear distur-
bances and fire severity on velvet leaf blueberry abundance, vigor,
and berry production in recently burned jack pine forests. Forests,
8(10). doi:10.3390/f8100398.

Deane, P.J., Wilkinson, S.L., Moore, P.A., and Waddington, J.M. 2020. Seis-
mic lines in treed boreal peatlands as analogs for wildfire fuel modi-
fication treatments. Fire, 3(2): 1-14. doi:10.3390/fire3020021.

887


http://dx.doi.org/10.1139/cjfr-2022-0250
https://creativecommons.org/licenses/by/4.0/deed.en_GB
https://www.bcogris.ca/projects/natural-recovery-on-low-impact-seismic-lines-in-northeast-bc/
https://orcid.org/0000-0001-5389-9054
https://orcid.org/0000-0003-3798-2418
https://orcid.org/0000-0002-9754-0630
https://open.alberta.ca/publications
https://open.alberta.ca/dataset/615e27ef-89c7-4245-a299-a868eb3f0a36/resource/a0419862-603d-467a-91ae-a42000c7a218/download/aep-ahfmp-historical-overview-geophysical-exploration-2021-07.pdf
http://dx.doi.org/10.1139/cjfr-2020-0455
http://dx.doi.org/10.1007/BF00044848
https://data-bcogc.opendata.arcgis.com/search?tags=OD_Geophysical
https://www.bcogc.ca/files/operations-documentation/Environmental-Management/Environmental-Protection-and-Management-Guideline.pdf
https://www.bcogc.ca/files/operations-documentation/Oil-and-Gas-Operations-Manual/ogaom-chapter-5.pdf
http://dx.doi.org/10.1111/2041-210X.13185
http://dx.doi.org/10.1002/hyp.10695
http://dx.doi.org/10.1093/forestry/cpp010
http://dx.doi.org/10.1111/rec.12123
http://dx.doi.org/10.1139/A02-007
http://dx.doi.org/10.1111/j.1466-8238.2011.00689.x
http://dx.doi.org/10.1190/tle31060654.1
http://dx.doi.org/10.1016/j.foreco.2017.06.030
http://dx.doi.org/10.1139/er-2017-0080
http://dx.doi.org/10.1016/j.foreco.2021.119751
http://dx.doi.org/10.3389/feart.2020.00281
http://dx.doi.org/10.3390/f8100398
http://dx.doi.org/10.3390/fire3020021

Can. J. For. Res. Downloaded from cdnsciencepub.com by 174.112.35.134 on 11/02/23

‘Canadian Science Publishing

DeLong, C., Banner, A., MacKenzie, W.H., Rogers, B.J., and Kaytor, B.
2011. A field guide to ecosystem identification for the Boreal White
and Black Spruce Zone of British Columbia. B.C. Ministry of Forests
and Range, Forest Science Program, Victoria, British Columbia.
Available from https:/[www.google.com/url?sa=t&rct=j&q=&esrc=s&s
ource=web&cd=&cad=rja&uact=8&ved=2ahUKEwj-sJaVu7j6 AhV7jI
KEHR6EBawQ FnoECAQQ AQ &url=https%3A%2F%2Fopen.alberta.ca
%2Fdataset%2F615e27ef-89c7-4245-a299-a868eb3f0a36%2Fresource
%2Faaded4cf-003d-4ed3-b42b-d213e4225aa6%2Fdownload%2Faep-a
hfmp-historical-overview-geophysical-exploration-2021-06.pdf &usg
=A0vVaw1Y]jCXPzzRK6XaidjAOcDA [accessed March 2023].

DeMars, C.A., and Boutin, S. 2018. Nowhere to hide: effects of linear fea-
tures on predator-prey dynamics in a large mammal system. J. Anim.
Ecol. 87(1): 274-284. doi:10.1111/1365-2656.12760. PMID: 28940254.

Dickie, M., Sherman, G.G., Sutherland, G.D., and McNay, R.S., 2022. Eval-
uating the impact of caribou habitat restoration on predator and prey
movement. Conserv. Biol. 37: €14004. d0i:10.1111/cobi.14004.

Echiverri, L.F.I., Macdonald, S.E., and Nielsen, S.E. 2022. Disturbing to
restore? Effects of mounding on understory communities on seismic
lines in treed peatlands. Can. J. For. Res. 50(12): 1340-1351. doi:10.
1139/cjfr-2020-0092.

Echiverri, L.F.I., Macdonald, S.E., and Nielsen, S.E. 2022. Neighboring
edges: interacting edge effects from linear disturbances in treed fens.
Appl. Veg. Sci. 25(1). doi:10.1111/avsc.12645. PMID: 37082134.

Emers, M., Jorgenson, J.C., and Raynolds, M.K. 1995. Response of arctic
tundra plant communities to winter vehicle disturbance. Can. ]J. Bot.
73(6): 905-917. d0i:10.1139/b95-099.

Felix, N.A., and Raynolds, M.K. 1989. The role of snow cover in limit-
ing surface disturbance caused by winter seismic exploration. Arctic,
42(1): 62-68. d0i:10.14430/arctic1641.

Feng, C.X. 2021. A comparison of zero-inflated and hurdle models for
modeling zero-inflated count data. J. Stat. Distrib. Appl. 8(1). doi:10.
1186/s40488-021-00121-4. PMID: 34760432.

Filicetti, A.T., Cody, M., and Nielsen, S.E. 2019. Caribou conservation:
restoring trees on seismic lines in Alberta, Canada. Forests, 10(2): 185.
d0i:10.3390/f10020185.

Filicetti, AT., Lapointe, R.A., and Nielsen, S.E. 2021. Effects of fire sever-
ity and woody debris on tree regeneration for exploratory well pads
in jack pine (Pinus banksiana) forests. Forests, 12(10). doi:10.3390/
£12101330.

Filicetti, A.T., and Nielsen, S.E. 2018. Fire and forest recovery on seismic
lines in sandy upland jack pine (Pinus banksiana) forests. For. Ecol.
Manage. 421(October 2017): 32-39. Elsevier. doi:10.1016/j.foreco.
2018.01.027.

Filicetti, A.T., and Nielsen, S.E. 2020. Tree regeneration on industrial lin-
ear disturbances in treed peatlands is hastened by wildfire and de-
layed by loss of microtopography. Can. J. For. Res. 50(9): 936-945.
d0i:10.1139/cjfr-2019-0451.

Filicetti, A.T., and Nielsen, S.E. 2022. Effects of wildfire and soil com-
paction on recovery of narrow linear disturbances in upland mesic
boreal forests. For. Ecol. Manage. 510(February): 120073. Elsevier B.V.
d0i:10.1016/j.foreco.2022.120073.

Finnegan, L., MacNearney, D., and Pigeon, K.E. 2018. Divergent patterns
of understory forage growth after seismic line exploration: implica-
tions for caribou habitat restoration. For. Ecol. Manage. 409(October
2017): 634-652. Elsevier. doi:10.1016/j.foreco.2017.12.010.

Finnegan, L., Pigeon, K.E., and MacNearney, D. 2019. Predicting patterns
of vegetation recovery on seismic lines: informing restoration based
on understory species composition and growth. For. Ecol. Manage.
446(March): 175-192. Elsevier. doi:10.1016/j.foreco.2019.05.026.

Fisher, ].T., and Burton, A.C. 2018. Wildlife winners and losers in an oil
sands landscape. Front. Ecol. Environ. 16(6): 323-328. doi:10.1002/fee.
1807.

Franklin, C.M.A., Filicetti, A.T., and Nielsen, S.E. 2021. Seismic line width
and orientation influence microclimatic forest edge gradients and
tree regeneration. For. Ecol. Manage. 492(April): 119216. Elsevier B.V.
d0i:10.1016/j.foreco.2021.119216.

Government of Alberta. 2006. Policy and procedures document for the
geophysical field report. Alberta energy regulator. Available from
https://open.alberta.ca/dataset/660fc7b7-8732-44b9-9a9d-c65ba4ce
8ed3[resource/78a97e00-dc28-4a53-b0da-aa63153a02c3/download/ae
p-policy-and-procedures-document-for-submitting-the-geophysical-
field-report-form-2006-10.pdf [accessed 08 February 2023|.

888

Government of Alberta. 2021. Master schedule of standards and
conditions. Alberta environment and parks. Available from
https://open.alberta.ca/dataset/133e9297-430a-4f29-b5d9-4feale
0a30c2/resource/37d91717-08ab-4998-a13f-ce5¢103c0735/downloa
d/aep-master-schedule-of-standards-and-conditions-2021-04.pdf
[accessed 08 February 2023].

Government of Alberta. 2022. Exploration directive. Alberta environ-
ment and parks. Available from https://open.alberta.ca/dataset/cc5d
9ee6-faab-4ada-b399-1d5beeddad9c/resource/ddbd8c08-d379-434b-a
103-b14c40b950dc/download/aep-exploration-directive-2022-04.pdf
[accessed 08 February 2023].

Government of Alberta. 2017. Provincial restoration and establish-
ment framework for legacy seismic lines in Alberta. Edmonton,
Alberta.

Government of Canada. 2023. Historical climate data. Environment and
natural resources. Available from https://climate.weather.gc.ca/histor
ical_data/search_historic_data_e.html [accessed 08 February 2023].

Government of the Northwest Territories. 2015. Northern land use
guidelines, northwest territories seismic operations. Available
from https://www.lands.gov.nt.ca/sites/lands/files/resources/nlug_sei
smic_2015_english_-_16_sept_2015.pdf [accessed 08 February 2023].

Government of Yukon. 2006. Oil and gas best management practices, seis-
mic exploration. Available from https://emrlibrary.gov.yk.ca/oilandg
as/bmp/seismic_exploration.pdf [accessed 08 February 2023].

Government of Yukon. 2015. Guidelines: geoscience exploration licence
application. Available from https:/[yukon.ca/sites/yukon.ca/filesfemr
[emr-forms/emr-guidelines-geoscience-exploration-licence-applicati
on.pdf [accessed 08 February 2023].

Harper, K.A., Drapeau, P., Lesieur, D., Bergeron, Y., and Verheyen, K.
2016. Negligible structural development and edge influence on the
understorey at 16-17-yr-old clear-cut edges in black spruce forest.
Appl. Veg. Sci. 19(3): 462-473. doi:10.1111/avsc.2016.19.issue-310.
1111/avsc.12226.

Hernandez, H. 1973. Natural plant recolonization of surficial distur-
bances, Tuktoyaktuk Peninsula Region, Northwest Territories. Can.
J. Bot. 51(11): 2177-2196. doi:10.1139/b73-280.

Kansas, ].L., Charlebois, M.L., and Skatter, H.G. 2015. Vegetation recovery
on low impact seismic lines in Alberta’s oil sands and visual obstruc-
tion of wolves (Canis lupus) and woodland caribou (Rangifer tarandus
caribou). Can. Wildl. Biol. Manag. 4(2): 137-149.

Lee, P., and Boutin, S. 2006. Persistence and developmental transition of
wide seismic lines in the western Boreal Plains of Canada. J. Environ.
Manage. 78(3): 240-250. doi:10.1016/j.jenvman.2005.03.016. PMID:
16112795.

Lee, C-S., Robinson, G.R., Robinson, L.P,, and Lee, H. 2019. Regeneration of
pitch pine (Pinus rigida) stands inhibited by fire suppression in Albany
Pine Bush Preserve, New York. ]. For. Res. 30: 233-242. doi:10.1007/
$11676-018-0644-3.

Lieffers, V.J., Messier, C., Stadt, KJ., Gendron, F., and Comeau, P.G. 1999.
Predicting and managing light in the understory of boreal forests.
Can. J. For. Res. 29: 796-811. doi:10.1139/x98-165.

Lieffers, V.J., Caners, RT., and Ge, H. 2017. Re-establishment of hum-
mock topography promotes tree regeneration on highly disturbed
moderate-rich fens. ]. Environ. Manage. 197: 258-264. doi:10.1016/j.
jenvman.2017.04.002. PMID: 28391099.

Land, M\V,, Board, W,, Land, G., Board, W,, Land, S., Board, W, et al.
2021. Guide to the land use permitting process. Available from
https://mvlwb.com/sites/default/files/2021-08/LWB%20Guide%20to%
20the%20Land%20Use%20Permitting%20Process%20-%20FINAL%20-%
20Aug%2030_21.pdf [accessed 08 February 2023].

McCarthy, J. 2001. Gap dynamics of forest trees: a review with particular
attention to boreal forests. Environ. Rev. 9: 1-59. doi:10.1139/er-9-1-1.

McCullagh, P., and Nelder, J. 1989. Generalized linear models. 2nd ed.
Chapman and Hall/CRC, London.

Ministry of Forests (Forest Analysis and Inventory Branch). 2016. Vegeta-
tion resource inventory (2002-2020). The British Columbia Data Cat-
alogue. Available from https://catalogue.data.gov.bc.ca/dataset/vri-h
istorical-vegetation-resource-inventory-2002-2020- [accessed 19 Jan-
uary 2023].

Nagy-Reis, M., Dickie, M., Calvert, A.M., Hebblewhite, M., Hervieux, D.,
Seip, D.R., et al. 2021. Habitat loss accelerates for the endangered
woodland caribou in western Canada. Conserv. Sci. Pract. 3(7): 1-16.
d0i:10.1111/csp2.437.

Can. J. For. Res. 53: 878-892 (2023) | dx.doi.org/10.1139/cjfr-2022-0250



http://dx.doi.org/10.1139/cjfr-2022-0250
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwj-sJaVu7j6AhV7jIkEHR6EBawQFnoECAQQAQ&url=https%3A%2F%2Fopen.alberta.ca%2Fdataset%2F615e27ef-89c7-4245-a299-a868eb3f0a36%2Fresource%2Faaded4cf-003d-4ed3-b42b-d213e4225aa6%2Fdownload%2Faep-ahfmp-historical-overview-geophysical-exploration-2021-06.pdf&usg=AOvVaw1YljCXPzzRK6XaidjA0cDA
http://dx.doi.org/10.1111/1365-2656.12760
https://pubmed.ncbi.nlm.nih.gov/28940254
http://dx.doi.org/10.1111/cobi.14004
http://dx.doi.org/10.1139/cjfr-2020-0092
http://dx.doi.org/10.1111/avsc.12645
https://pubmed.ncbi.nlm.nih.gov/37082134
http://dx.doi.org/10.1139/b95-099
http://dx.doi.org/10.14430/arctic1641
http://dx.doi.org/10.1186/s40488-021-00121-4
https://pubmed.ncbi.nlm.nih.gov/34760432
http://dx.doi.org/10.3390/f10020185
http://dx.doi.org/10.3390/f12101330
http://dx.doi.org/10.1016/j.foreco.2018.01.027
http://dx.doi.org/10.1139/cjfr-2019-0451
http://dx.doi.org/10.1016/j.foreco.2022.120073
http://dx.doi.org/10.1016/j.foreco.2017.12.010
http://dx.doi.org/10.1016/j.foreco.2019.05.026
http://dx.doi.org/10.1002/fee.1807
http://dx.doi.org/10.1016/j.foreco.2021.119216
https://open.alberta.ca/dataset/660fc7b7-8732-44b9-9a9d-c65ba4ce8ed3/resource/78a97e00-dc28-4a53-b0da-aa63153a02c3/download/aep-policy-and-procedures-document-for-submitting-the-geophysical-field-report-form-2006-10.pdf
https://open.alberta.ca/dataset/133e9297-430a-4f29-b5d9-4fea3e0a30c2/resource/37d91717-08ab-4998-a13f-ce5c103c0735/download/aep-master-schedule-of-standards-and-conditions-2021-04.pdf
https://open.alberta.ca/dataset/cc5d9ee6-faab-4ada-b399-1d5beeddad9c/resource/ddbd8c08-d379-434b-a103-b14c40b950dc/download/aep-exploration-directive-2022-04.pdf
https://climate.weather.gc.ca/historical_data/search_historic_data_e.html
https://www.lands.gov.nt.ca/sites/lands/files/resources/nlug_seismic_2015_english_-_16_sept_2015.pdf
https://emrlibrary.gov.yk.ca/oilandgas/bmp/seismic_exploration.pdf
https://yukon.ca/sites/yukon.ca/files/emr/emr-forms/emr-guidelines-geoscience-exploration-licence-application.pdf
http://dx.doi.org/10.1111/avsc.2016.19.issue-310.1111/avsc.12226
http://dx.doi.org/10.1139/b73-280
http://dx.doi.org/10.1016/j.jenvman.2005.03.016
https://pubmed.ncbi.nlm.nih.gov/16112795
http://dx.doi.org/10.1007/s11676-018-0644-3
http://dx.doi.org/10.1139/x98-165
http://dx.doi.org/10.1016/j.jenvman.2017.04.002
https://pubmed.ncbi.nlm.nih.gov/28391099
https://mvlwb.com/sites/default/files/2021-08/LWB%20Guide%20to%20the%20Land%20Use%20Permitting%20Process%20-%20FINAL%20-%20Aug%2030_21.pdf
http://dx.doi.org/10.1139/er-9-1-1
https://catalogue.data.gov.bc.ca/dataset/vri-historical-vegetation-resource-inventory-2002-2020
http://dx.doi.org/10.1111/csp2.437

Can. J. For. Res. Downloaded from cdnsciencepub.com by 174.112.35.134 on 11/02/23

Nielsen, S.E., Johnson, C.J., Heard, D.C., and Boyce, M.S. 2005. Can models
of presence-absence be used to scale abundance? Two case studies
considering extremes in life history. Ecography (Cop.). 28(2): 197-208.
d0i:10.1111/J.0906-7590.2005.04002.X.

Northrup, J.M., and Wittemyer, G. 2013. Characterising the impacts
of emerging energy development on wildlife, with an eye towards
mitigation. Ecol. Lett. 16(1): 112-125. doi:10.1111/ele.12009. PMID:
23013218.

Pasher, J., Seed, E., and Duffe, J. 2013. Development of boreal ecosys-
tem anthropogenic disturbance layers for Canada based on 2008 to
2010 landsat imagery. Can. J. Remote Sens. 39(1): 42-58. d0i:10.5589/
m13-007.

PCIC [Pacific Climate Impacts Consortium]|. 2022. BC station data. BC Min-
istry of Forests, Lands, and Natural Resource Operations—Wild Fire
Management Branch. Available from https:/[services.pacificclimate.
org/met-data-portal-pcds/app/ [accessed 22 February 2023].

Pigeon, K.E., Anderson, M., MacNearney, D., Cranston, J., Stenhouse,
G., and Finnegan, L. 2016. Toward the restoration of Caribou habi-
tat: Understanding factors associated with human motorized use of
legacy seismic lines. Environ. Manage. 58(5): 821-832. Springer US.
d0i:10.1007/s00267-016-0763-6. PMID: 27590308.

Pile, L.S., Wang, G.G., Waldrop, T.A., Walker, J.L., Bridges, W.C., and Lay-
ton, P.A. 2017. Managing an established tree invader: developing con-
trol methods for Chinese tallow (Triadica sebifera) in maritime forests
J. For. 115(6): 522-529. d0i:10.5849/JOF-2016-022R2.

Pyper, M., and Broadley, K. 2019. Restoration innovation roadmap
phase 1: a synthesis of lessons learned to date. Submitt.
to Reg. Ind. Caribou Collab.pp. 1-40. Available from https:
/[www.cclmportal.ca/sites/default/files/2020-03/RICC_Innovatio
nRoadmap_ReportPhasel Revised_Clean.pdf [accessed May 2022].

Rintoul, B. 2007. Early days of seismic field operations in Western
Canada. Recorder, 32(10): 23-39.

Riva, F., Acorn, J.H., and Nielsen, S.E. 2018. Narrow anthropogenic corri-
dors direct the movement of a generalist boreal butterfly. Biol. Lett.
14(2). doi:10.1098/rsb1.2017.0770. PMID: 29491029.

Riva, F., Pinzon, J., Acorn, J.H., and Nielsen, S.E. 2020. Composite effects
of cutlines and wildfire result in fire refuges for plants and butterflies
in boreal treed peatlands. Ecosystems, 23(3): 485-497. Springer US.
d0i:10.1007/s10021-019-00417-2.

Rose, C.E., Martin, S.W., Wannemuehler, K.A., and Plikaytis, B.D. 2006.
On the use of zero-inflated and hurdle models for modeling vaccine
adverse event count data. J. Biopharm. Stat. 16(4): 463-481. doi:10.
1080/10543400600719384. PMID: 16892908.

Sanchez, F.G., and Eaton, R.J. 2001. Sequestering carbon and improving
soils: benefits of mulching and incorporating forest slash. J. For. 99(1):
32-36. doi:10.1093/jof[99.1.32.

Can. J. For. Res. 53: 878-892 (2023) | dx.doi.org/10.1139/cjfr-2022-0250

‘Canadian Science Publishing

Schulte, B.W., and Manthei, D. 2014. Chasing density—an introduction to
seismic acquisition, processing, and interpretation methods leading
to quantitative interpretation. CSEG Rec. 39(8): 18-26.

SMEGAC [Saskatchewan Mineral Exploration and Government Advisory
Committee]. 2016. Mineral exploration guidelines for Saskatchewan.
Available from: http://saskmining.ca/ckfinder/userfiles/files/BMP%2
0August%202016_Draft.pdf [accessed 08 February 2023].

Smith, C.K., Turner, A.J., Hiers, J.K., Garai, J., Wilson, W.N., and Nunley,
A.N. 2020. The effects of oak (Quercus) restoration on forest trajectory
and small mammal use in the southern Cumberland Plateau, USA.
Fire Ecol. 16(20):. d0i:10.1186/s42408-020-00080-2.

StataCorp. 2017. Stata statistical software: Release 15. StataCorp LLC, Col-
lege Station, TX, USA.

Stern, E., Riva, F., and Nielsen, S. 2018. Effects of narrow linear distur-
bances on light and wind patterns in fragmented boreal forests in
northeastern Alberta. Forests, 9(8): 486. d0i:10.3390/f9080486.

Stevenson, C.J., Filicetti, AT., and Nielsen, S.E. 2019. High precision al-
timeter demonstrates simplification and depression of microtopog-
raphy on seismic lines in treed peatlands. Forests, 10(4). doi:10.3390/
£10040295. PMID: 37180360.

Strack, M., Hayne, S., Lovitt, J., McDermid, G.J., Rahman, M.M., Saraswati,
S., and Xu, B. 2019. Petroleum exploration increases methane emis-
sions from northern peatlands. Nat. Commun. 10(1): 1-8. doi:10.
1038/541467-019-10762-4. PMID: 30602773.

Tigner, J., Murdoch, T., Parker, C., Shapka, C., and Bentham, P.
2016. Natural recovery on low impact seismic lines in Northeast
British Columbia (BCIP-2016-18). Victoria, British Columbia. Available
from https:/[www.bcogris.ca/sites/default/files/bcip-2016-18-natural-
recovery-lis-final-report-golderexplor.pdf [accessed May 2022].

Van Rensen, C.K., Nielsen, S.E., White, B., Vinge, T., and Lieffers, V.J. 2015.
Natural regeneration of forest vegetation on legacy seismic lines in
boreal habitats in Alberta’s oil sands region. Biol. Conserv. 184: 127-
135. Elsevier Ltd. doi:10.1016/j.biocon.2015.01.020.

Williams, T.J., Quinton, W.L., and Baltzer, J.L. 2013. Linear disturbances
on discontinuous permafrost: implications for thaw-induced changes
to land cover and drainage patterns. Environ. Res. Lett. 8(2). doi:10.
1088/1748-9326/8/2/025006.

Yemshanov, D., Haight, R.G., Koch, F.H., Parisien, M.A., Swystun,
T., Barber, Q., et al. 2019. Prioritizing restoration of fragmented
landscapes for wildlife conservation: A graph-theoretic approach.
Biol. Conserv. 232(June 2018): 173-186. Elsevier. doi:10.1016/j.biocon.
2019.02.003.

Appendix A

889


http://dx.doi.org/10.1139/cjfr-2022-0250
http://dx.doi.org/10.1111/J.0906-7590.2005.04002.X
http://dx.doi.org/10.1111/ele.12009
https://pubmed.ncbi.nlm.nih.gov/23013218
http://dx.doi.org/10.5589/m13-007
https://services.pacificclimate.org/met-data-portal-pcds/app/
http://dx.doi.org/10.1007/s00267-016-0763-6
https://pubmed.ncbi.nlm.nih.gov/27590308
http://dx.doi.org/10.5849/JOF-2016-022R2
https://www.cclmportal.ca/sites/default/files/2020-03/RICC_InnovationRoadmap_ReportPhaseI_Revised_Clean.pdf
http://dx.doi.org/10.1098/rsbl.2017.0770
https://pubmed.ncbi.nlm.nih.gov/29491029
http://dx.doi.org/10.1007/s10021-019-00417-2
http://dx.doi.org/10.1080/10543400600719384
https://pubmed.ncbi.nlm.nih.gov/16892908
http://dx.doi.org/10.1093/jof/99.1.32
http://saskmining.ca/ckfinder/userfiles/files/BMP%20August%202016_Draft.pdf
http://dx.doi.org/10.1186/s42408-020-00080-2
http://dx.doi.org/10.3390/f9080486
http://dx.doi.org/10.3390/f10040295
https://pubmed.ncbi.nlm.nih.gov/37180360
http://dx.doi.org/10.1038/s41467-019-10762-4
https://pubmed.ncbi.nlm.nih.gov/30602773
https://www.bcogris.ca/sites/default/files/bcip-2016-18-natural-recovery-lis-final-report-golderexplor.pdf
http://dx.doi.org/10.1016/j.biocon.2015.01.020
http://dx.doi.org/10.1088/1748-9326/8/2/025006
http://dx.doi.org/10.1016/j.biocon.2019.02.003

Can. J. For. Res. Downloaded from cdnsciencepub.com by 174.112.35.134 on 11/02/23

‘Canadian Science Publishing

Fig. A1. Examples of four mulched low-impact (LIS) seisimc lines in forested peatlands in NE BC showing advanced recovery
of conifer trees and minimal disutrbance to the substrate and surface mictoropography. Each example is from a black spruce-
dominated bog. All photos taken by Jesse Tigner.
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Table A1l. Response and predictor variable definitions.

Variable

Definition

Response variables

Tree occurrence
Retained tree
Recruited tree

Tree density (stems/ha)
Retained tree
Recruited tree

Tree height (cm)

Retained tree
Recruited tree
Predictor variables

Proxies for mulching blade height
Snow depth (cm)

Stump height (cm)

Line characteristics
Age (years)

Bearing

Continuous mulch
Depth to water table (cm)
Disturbed substrate (%)
Width (m)

Vegetation variables
Adjacent canopy cover (%)
Adjacent stand height (m)
Shrub density (stems/ha)

Tree older than the line, presence (1) and absence (0)
Tree younger than the line, presence (1) and absence (0)

Number of stems classified as retained trees
Number of stems classified as recruited trees

Average height of stems classified as retained trees
Average height of stems classified as recruited trees

Accumulated precipitation, December to end of February, at the year of line construction
Average height of the remnant mulched tree stems

When the seismic lines were cut or time since disturbance

Orientation of the line converted to a 0-1 index, north-south (1) and east-west (0)
Distribution pattern of deposited mulch, continuous (1), and scattered (0)
Distance from the surface to hit 100% saturated substrate

Amount of surface damaged by mulcher blades

The distance across the narrow dimension of the seismic line

The amount of sunlight blocked by the trees adjacent to the seismic line
The height of trees adjacent to the seismic line
All live stems of shrub species (willow, birch, Labrador tea, etc.) >0.5 m in height

Table A2. Response and predictor variable methods of measurement.

Variable

Measured with

Response variables

Tree occurrence
Retained tree
Recruited tree

Tree density (stems/ha)
Retained tree
Recruited tree

Tree height (cm)
Retained tree
Recruited tree

Predictor variables

Proxies for mulching blade
Snow depth (cm)
Stump height (cm)

Line characteristics
Age (years)
Bearing
Continuous mulch
Depth to water table (cm)
Disturbed substrate (%)
Width (m)

Presence/absence

Presencef/absence

Count
Count

Measuring tape (nearest 0.5 cm)
Measuring tape (nearest 0.5 cm)

height
Averaged from three meteorological stations in the study area
Measuring tape (nearest 1 cm)

Data from BC Oil and Gas Commission and seismic shot tags
Compass (nearest degree)

Presence/absence

Digging a hole and measuring tape (maximum 100 cm)
Percent cover

Measuring tape (nearest 1 cm)
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Table A2. (concluded).

Variable

Measured with

Vegetation variables
Adjacent canopy cover (%)
Adjacent stand height (m)
Shrub density (stems/ha)

Concave densiometer
Clinometer

Count

Table A3. Response and predictor variable characteristics (occurrence, minimum, median, maximum, mean,

and standard error, SE).

Variable % Occurrence Minimum Median Maximum Mean (S.E.)
Response variables
Tree occurrence (%)
Retained tree 69 — - - -
Recruited tree 64 - - - -
Tree density (stems/ha)
Retained tree — 1667 32,500 3380 (504)
Recruited tree — 0 1667 50,833 5965 (963)
Tree height (cm)
Retained tree — 35 182 42 (1.28)
Recruited tree — 8 140 11 (0.42)
Predictor variables
Proxies for mulching blade height
Snow depth (cm) — 12 25 63 26 (1.40)
Stump height (cm) - 0 17 47 18 (1.08)
Line characteristics
Age (years) — 2 7 11 7 (0.28)
Bearing (north-south orientation) 49 — — - -
Continuous mulch 38 - — — —
Depth to water table (cm) - 1 58 100 58 (2.93)
Disturbed substrate (%) 48 0 0 75 15 (1.91)
Width (m) - 1.3 3 6.2 3.1(0.11)
Vegetation variables
Adjacent canopy cover (%) — 0 0 50 7 (1.01)
Adjacent stand height (m) - 0 6 27 7 (0.33)
Shrub density (stems/ha) - 0 5 69 9(1.14)
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