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Abstract: In much of the commercial boreal forest, dense road networks and energy corridors
have been developed to access natural resources with unintended and poorly understood effects
on surrounding forest structure. In this study, we compare the effects of anthropogenic and
natural linear openings on surrounding forest conditions in black spruce stands (gap fraction,
tree and sapling height, and density). Forest structure within a 100 m band around the edges
of anthropogenic (roads and power lines), natural linear openings (streams), and a reference black
spruce forest was measured by identifying individual stems and canopy gaps on recent high density
airborne LiDAR canopy height models. CUSUM curves were used to assess the distance of edge
influence. Forests surrounding anthropogenic openings were found to be gappier, less dense, and
have smaller trees than those around natural openings. Forests were denser around natural and
anthropogenic linear openings than in the reference forest with edge effects observed up to 24-75 m
and 18-54 m, respectively, into the forest. A high density of saplings in the gappier forests surrounding
anthropogenic openings may eventually lead to a higher forest biomass in the zone area surrounding
roads as is currently observed around natural openings.

Keywords: streams; roads; powerlines; edge effect; black spruce forest; airborne LiDAR

1. Introduction

As a consequence of the rapid increase in forest management and resource extraction, an increase
in the abundance of narrow-linear canopy openings such as roads, powerlines, oil and gas pipelines,
etc. can be observed over the past century in forested areas throughout the world [1]. Road networks
now criss-cross much of the temperate and boreal forest regions. For example, in the United States
there are more than 6.3 million km of roads in forests [2], British Columbia (Canada) has an estimated
total of 400,000-550,000 km of unpaved forest roads [3], and Quebec annually builds an estimated
4000-5000 km of forest roads [4]. In order to understand their overall impact on the forest, it is necessary
to evaluate the distance of influence of edge effects from these openings. Earlier studies have reported
a large array of distance effects from edges ranging from tens to thousands of meters depending on the
metric evaluated and the study region [5-7]. Linear openings have a high edge to area ratio which
given their omnipresence should lead to large effects across vast managed forest regions.

As with other openings, linear corridors cause breaks in otherwise continuous interior forest
habitat thereby creating an abrupt forest edge where ecological changes in energy flow, wildlife
movement, seed dispersal, and abiotic conditions occur [6-8]. Changes in abiotic conditions affect
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forest structure and composition through increased edge-tree mortality and/or seedling recruitment
that can further influence the original abiotic edge effect [6,9,10]. Increases in resources such as light
could also lead to greater tree growth and thus higher forest productivity [11,12] or greater structural
diversity [13] adjacent to edges. These effects on adjacent vegetation, depending on the distance of the
effects, have influences on both wildlife habitat and forestry (i.e., increased mortality vs. increased
growth) [14,15]. The intensity and distance of edge effects is influenced by attributes such as age,
history, type, and orientation of the linear openings. Burton [16] has also shown that the geographic
position or orientation, especially North vs. South sides of an opening, affects forest stem density.

In recent years there has also been an emphasis on minimizing the difference between the effects
of natural and anthropogenic disturbances on forests in order to maintain ecological processes and
biodiversity [17]. This is based on the precept that organisms are adapted to conditions that have
occurred naturally for thousands of years [18]. In the case of comparing forest harvesting to natural
disturbances, recent years have seen a wealth of information developed. However, as important as
roads and other anthropogenic linear openings are in dissecting forests, little understanding has been
developed as to their similarities and differences with natural linear opening such as streams. In many
forested regions, natural linear openings, such as streams, are abundant. Forest surrounding these
openings established in their presence whereas anthropogenic openings were cut into pre-existing
forest. The initial forested condition, i.e., natural forest dissected by anthropogenic openings or forest
that developed around liner features such as streams, may influence tree response. With this in mind,
we thus ask whether anthropogenic linear openings (roads and power lines) are analogues to streams
in terms of their effects on surrounding forest conditions. Further, we assess how far effects on forest
structure (density, height, gap fraction, and regeneration) extend into the surrounding forests and if
they vary according to opening type (natural or anthropogenic).

Edge effects are usually measured on-site, using transects and sampling plots as a basis for
determining changes in vegetation composition or function [10,13,19]. As linear openings cover
long distances across a landscape, it can be difficult to acquire comprehensive tree and canopy level
information for a wide band of adjacent forests, using on-site measurements. This may limit our ability
to confidently estimate the full extent of edge affected area, as well as characterizing their cumulative
impact, with researchers forced to study a small number of plots instead of large continuous areas.
To understand change from the edge-to-interior gradient, it is important to capture the variability
along a continuous and sufficiently long distance parallel to the edge in question instead of making
discrete measurements along a transect. Remote sensing may contribute to resolve these limitations,
as it covers contiguous forested area. In recent years, Light Detection and Ranging (LiDAR) have
offered promising ways to obtain detailed information on vegetation structure at several vertical and
horizontal scales [20-22]. To replace discontinuous ground observations, we thus use canopy height
models (CHM, a surface describing the distribution of canopy height across space) generated from
high density discrete LIDAR to extract individual stem measurements and canopy gaps.

2. Methods

2.1. Study Area

The study area is located in the Quebec North Shore region (49°30'-50°00" N; 67°30'-69°00" W),
(Figure 1a). The closest meteorological station is at Baie-Comeau, 50 km south of the study area. The
climate is considered cold and maritime with a mean annual temperature of 1.4 °C and a mean annual
precipitation of 1018 mm where 70% of this total occurs as rainfall [23]. Topography is characterized
as hilly with moderate slopes (<30%). Summits are rounded or mostly flat, with elevation varying
between 500-700 m. Rocky outcrops occupy close to 40% of the area and are present on summits,
close to water bodies, and on steep slopes. Undifferentiated glacial tills constitute the majority of the
remaining surficial deposits and are found on gentle slopes and in depressions. Glacial fluvial sand
deposits occupy the bottom of large valleys along rivers [23].
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Figure 1. Location of the study area. (a) Location of the selected linear openings overlaid on the
7 km x 70 km window showing the near-infrared reflectance from the Landsat-ETM sensor (on the
image, the black tone refers to the water bodies; gradient of white to grey tones indicate exposed soils
or recently cleared forest to matured forests; open black dotted circle: reference forest; star: powerlines;
square box: roads); (b) CHM of the reference forest; (c¢) CHM of stream overlaid with 100 m buffer;
(d) CHM of powerline overlaid with 100 m buffer; (e) CHM of road overlaid with 100 m buffer. CHM
is a canopy height model, and increase in height is given by progressively lighter shades in all figures.

The study area overlaps the Abies balsamea-Betula papyrifera and Picea mariana-moss bioclimatic
domains [24] and is within the Chibougamau-Natashquan boreal region [25]. Picea mariana and
Abies balsamea are the dominant species in this area. A. balsamea is dominant on mesic sites in the
southern part of the range along with B. papyrifera and Populus tremuloides. P. mariana becomes more
frequent as latitude increases. Pinus banksiana is a minor species found primarily on sandy soils [23].
The fire cycle is close to 300 years [26] and spruce budworm outbreaks were historically not severe
in the region [27,28]. Thus, a large proportion of the area is dominated by old-growth forests, where
gap dynamics are driving changes in structure and composition [29]. Gaps generally result from the
mortality of a small number of trees and most are smaller than 100 m? [29]. Although logging dates to
the early 1930’s throughout the study area (including the LiDAR flown study sites) large patches of
untouched forests (>150 km?) dominate.

2.2. LiDAR Data

LiDAR data were acquired on 19 June 2010 using an Optec-ALTM 3100 flown at 700 m with a
pulse frequency of 100 kHz, a maximum scan angle of 15°, a footprint size of 21 cm, and an average
overall return density of 7 hits/ m?2 were used. This multireturn dataset was calibrated and then
classified following the American Society for Photogrammetry and Remote Sensing guidelines using
the TerraScan algorithm by the data provider. The canopy height models (CHM) and LiDAR-derived
three-dimensional surfaces that are the vegetation height above the ground surface (Figure 1b—e)
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of the study forest were generated by calculating the difference between the elevations of the
respective canopy surface (digital surface model, DSM) and the underlying terrain (digital terrain
model, DTM). DSM and DTM of 0.25 m resolution were created following the method explained in
Vepakomma et al. [21].

2.3. Site Selection

We identified anthropogenic and natural linear openings within a LIDAR sample area flown in
2010. The anthropogenic openings were composed of roads and powerline corridors and the natural
ones were streams. Powerlines were established in the early 1960s and are wider (90-150 m) than
roads (approximately 20 m width). We considered old roads that were established in the late 1950’s to
connect Baie-Comeau to the Ste-Anne Reservoir. In this study we sampled 10 ha of contiguous forest
bands per linear opening (5 ha on each side of the opening for a minimum length of 500 m parallel
to it and running 100 m from the edge of the opening into the forest) (Figure 1e). In the LIDAR data
set, two sites for streams and powerlines and three sites for roads, covering a minimum of 16 ha of
contiguous forests in each, were available for the analyses. An area of 16 ha of contiguous old-growth
forest was considered sufficiently large to encompass the variability generated by gap dynamics, since
more than 80% of gaps are smaller than 100 m? [29]. Thus, such an area would be representative of
most of the regional variability observed in old-growth forest, while giving the advantage of analyzing
contiguous forest area to detect finer scale transitions in forest structural characteristics.

Sites were carefully selected (i) within old growth forests, (ii) on relatively level terrain, (iii) fairly
linear with consistent width, (iv) openings that are at least 50 years old, and (v) at least a 300 m distance
from large water bodies and any major disturbances (Table 1, Figure 1a). We used all areas falling
within the LiDAR acquired region matching the set of criteria presented above. A total of 106 ha of
forested area adjoining the linear openings were sampled. In addition to the linear openings, a separate
window of size 400 m x 400 m (16 ha) within old-growth forests was selected as a reference forest to
describe interior forest conditions in the absence of linear openings (Figure 1a).

Table 1. General characteristics of the selected linear openings.

Mean Elevation (m)

Sampled . Orientation  Length Total Area
Type Width

P Area idth (m) ©) (m) Sampled (ha)  Side1*  Side2*
o 1 50 0 550 11 107 (E) 105 (W)
ream 2 70 0 500 10 107 (E) 106 (W)
1 20 0 530 10.6 293 (E) 288 (W)
Road 2 20 25 1200 24 242 (E) 238 (W)
3 20 35 1000 20 380 (N) 376 (S)
Powerll 1 90 270 530 10.6 330 (N) 340 (S)
owerline 2 150 325 1000 20 376 (N) 380 (S)

* Two segments of the forest adjoining the opening e.g., an opening running in the east-west direction divides the
forest into northern (N) and southern (S) segments. Mean elevation in the reference forest is 235 m.

Since edge effects are expected to be directionally asymmetrical at high latitudes, and wherever
winds have a predominant direction [30,31], we also analyzed forest conditions on both sides of each
linear opening. Orientation of the linear opening was measured by its inclination from the north
(Table 1). “North” refers to the northern fragment of the forest adjoining the opening and hence
south-facing to the linear opening.

2.4. Data Analysis

2.4.1. Response Variables and Buffer Segments

The influence of linear openings on the adjoining forest was assessed for the following structural
variables: overstory structure (average tree height, tree density per ha) and regeneration (average



Forests 2018, 9, 540 50f 19

sapling height, sapling density per ha) gap fraction. The effect of the edge-to interior gradient on
the adjoining forest was assessed using 50 multi-ring buffers of 2 m width each, parallel to the linear
openings. This was done on each side of the linear opening with the use of ArcGIS. The most frequent
crown width of the trees sampled was chosen as the buffer segment width (2 m), and over six times the
average stem height as the maximum distance to be sampled from a linear opening into the interior
foresti.e., 100 m.

A stem was considered as a tree if it reached a minimum height of 4 m; otherwise it was a sapling.
Average tree and sapling height, tree and sapling density (standardized per ha), and gap fraction, were
calculated for each buffer segment. The buffer polygon segments were used to estimate the structural
(response) variables along the distance gradient as described below:

Average stem height:

"
T, = 1/n; 2]1 b M
Stem density/ha:
D; = n;/A;j % 10,000 )
Gap fraction:
G = Y Gy/ A, 3)

where t;;, i = 1 to nj, ith tree height in the jth segment which has 7; identified canopy trees; A;: area
(in m?) within the jth segment; G;j is the area under the ith gap in the jth segment.

2.4.2. Individual Tree Identification and Validation

Individual trees were located by first identifying tree tops using local maxima filtered on a
Gaussian smoothed CHM and then by delineating the crowns by adopting a marker controlled
watershed segmentation on the complement of the CHM [32-34]. Local maxima filtering of 0.5 m
radius (based on smallest tree size) moving window was used on a Gaussian smoothed CHM to
identify markers for segmentation. After segmentation was performed, the position and height of the
highest LiDAR return within each tree segment were used as the location of single tree tops and their
maximum tree height. A sample of automatically segmented tree stems is shown in Figure 2b.

Independent validation of stem identification and tree height using this algorithm for stands in a
mixedwood boreal forest [32]. A similar validation was carried out in this study area showed 87.8%
identification accuracy and a strong acceptance with an R%=0.95, 2 =0.97, and RMSE = 0.94 m of tree
height (see Supplementary Materials for more details).

2.4.3. Gap Definition and Delineation

A gap was defined as an area within the forest where crown heights of the tallest stems were
noticeably lower than the height of the adjacent canopy [35]. This is assumed to be due to the death
of a single or group of trees. Other types of openings such as water bodies, roads, and rock outcrops
were not treated as gaps. They were eliminated by applying a minimum canopy height of 0.5 m
(a threshold verified independently against high resolution images). Gaps were identified by the
absence of trees in the canopy such that the height of any remaining stems was lower than a given
absolute height (g,). The g}, threshold was fixed based on the canopy height where the relative increase
in proportional closed canopy area reaches a maximum and then tends to stabilize. From available
ground tree measurements, and LiDAR surfaces of two forested test sites of size 25 ha each within
the region, g, was estimated to be 4 m. Individual canopy gaps were then delineated by adopting
the automated algorithm described in Vepakomma et al. [21]. Figure 2c presents an example of the
automatically delineated gaps in the adjoining remnant forests along the linear openings.
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Figure 2. Extraction of detailed forest structural variables in a large contiguous area using a LIDAR
CHM. (a) A sample CHM of the road overlaid with 100 m buffer (two thick white lines) and 2 m buffer
rings (thin white lines). (b) Enlarged window of the dotted line box of size 100 m x 100 m indicated on
(a) showing automatically delineated individual stems. (c) Window of the dotted box indicated on (a)
showing automatically delineated canopy gaps (hashed polygons). CHM is a canopy height model,
and increase in height is given by progressively lighter shades in all figures.

2.4.4. Comparison of Forests around Linear Openings and Reference Forest

Differences in forest structure were tested using Kolmogorov-Smirnov and Mann-Whitney U
nonparametric two-sample tests. To assess whether the response variable along the edge-to-interior
gradient is significantly different from that of the reference forest, we estimated 95 percent confidence
intervals (2.5th and 97.5th percentiles) for each of the variables based on their response in the reference
forest. The 16 ha reference forest was divided into 1600 sub-plots of size 100 m?. To remove any
sampling bias, we then extracted three sets of 5000 bootstrapped samples of size 1600 (using simple
random sampling with replacement) independently for (1) the total number of saplings and total
sapling height, (2) the total number of trees and total tree height, and the (3) total gap area. The
2.5th and the 97.5th percentiles of the response variables and 95% confidence intervals were then
estimated using their respective 5000 bootstrapped values. Mean values of the response variable along
the edge-to-interior gradient of linear opening were considered significant if they were outside the
confidence interval of the reference forest.

2.4.5. Depth of Influence—Average CUSUM

To determine the extent of a linear opening’s influence (Depth of influence, DEI) and to find
thresholds of changes, we plotted the average cumulative sums (CUSUMSs) of the response variable
against the distance from the edge of a linear opening. CUSUM methods are process control statistical
techniques used to determine changes or shifts over time in a process [36]. More recently to create
zones of influence of canopy gap opening on the structure of the surrounding boreal forest matrix [33].
Control charts usually do not detect small shifts in a process, observed say by measuring a change in
statistic Q from a desired value k, instead these small shifts appear more like noise around the mean.
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On the other hand, the slope of the curve from the cumulative sum of such small shifts (as defined
below), may be more indicative of how average Q differs from k.

CUSUM; = (Q; — k) + CUSUM;_; (4)

By estimating the cumulative average of a response variable along the distance from the edge
(CUAVG) the depth of influence of the linear opening on the adjacent forest is established. The point
where the rate of change of CUAVG of the response variable converges to zero is considered to be
the distance at which the explanatory variable, and hence the linear opening edge, ceases to have an
influence on changes in the response variable.

CUAVG;;, the average of the cumulated value of the jth response variable up to the ith distance
from the edge is computed as given below.

CUAVG of average stem height:

CUAVG; = ( )i+ Tiz1) ©)

22:1 Nk

where Nj is total number of stems up to the kth segment, y;, is the total tree height of all the stems
in the ith segment, and T;_; is the total tree height of Ny_; stems up to the (i — 1)th distance from
the edge.

CUAVG of stem density:

1
CUAVG; = (— i+ Ni_ 6
(B{:lAk)(n 1) (6)

where A is total area (in m?) up to the kth segment, 7 is the total number of stems in the ith segment,
and N;_1 is the total number of stems up to the (i — 1)th distance from the edge.
CUAVG of gap fraction:

1
CUAVG; = (5 Jyi+Ti1) )
k=1 Ak
where Ay is total area (in m?) up to the kth segment, y; is the total area in gaps in the ith segment, and
T;_1 is the total area in gaps up to the (i — 1)th distance from the edge.

2.4.6. Magnitude of Edge Influence MEI

Independently, for each of the response variables we also calculated the magnitude of edge
influence (MEI). MEI is a measure of the extent to which a given parameter differs at the edge as
compared to the forest interior (Harper et al. 2005). MEI of the jth response variable is computed as:

MEL; = (¢ — ij) (¢ + ij) ®

where e is the value of the parameter at the edge of the linear opening, i is the value of the parameter
of the jth response variable in the interior forest, and —1 < MEI < 1, with positive values indicating
a positive response to the linear opening, negative values a negative response and zero indicating
no response.
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3. Results

3.1. Reference Forest vs. Forests around Linear Openings

We evaluated the influence of linear openings on forest structure as measured by canopy gaps,
sapling height and density, and tree height and density along a 100 m wide forest band. These were
compared to a reference forest. Forest structure significantly differed in the neighborhood of linear
openings compared to the reference forest (pairwise Kruskal-Wallis ANOVA by ranks, p < 0.001,
Table 2).

Reference forests have an average height of 11.93 m, a density of 520 trees/ha and 36 saplings/ha,
and a gap fraction of 36%. As compared to reference forests, forests around natural linear openings were
taller while around anthropogenic ones they were shorter. Both natural and anthropogenic openings
had denser and more disturbed surrounding forests, as compared to reference forests (Table 2). Tree
height in the reference forest is normally distributed with a peak around 12-14 m. In these forests, 98%
of the trees are higher than 10 m, of which 90% are between 10-16 m (Figure 3). Tree height distribution
in the vicinity of linear openings was significantly different from the reference forest (Table 2). In the
reference forest tree height distribution tended to be unimodal, narrower, and peaked, whereas for all
types and aspects of linear openings tree heights occurred across a wider range (p < 0.001, Figure 3a,b).
Tree height distribution on either side of natural openings is skewed more to the left compared to
the reference forest, with over 50% of the trees more than 16 m in height (Figure 3c). In comparison,
for anthropogenic openings, with the exception of western orientations, distributions appear mostly
uniform (Figure 3d,e). In these forests, over 40% (but about 20% in the western aspect) of the trees
were below 10 m in height. Furthermore, with the exception of sapling height, all response variables
in all linear opening types were significantly beyond the range of variability of the reference forests
generated from the bootstrap analysis (Figure 4). Compared to reference forests and irrespective of
the type of opening, gap fraction, sapling, and tree density were positive and increased in magnitude
with opening width whereas, sapling height, and to a lesser extent tree height, responded negatively
(Figure 4a).
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Table 2. Comparison of general characteristics of the forest conditions surrounding the selected linear openings (up to 100 m from the edge).
Comparison Type Gap Fraction Sapling Height (m) Sap. Density (stems/ha) Tree Height (m)  Tree Density (stems/ha)
Mean Max Mean Mean Max Mean Mean
Natural vs Natural 0.41 £ 0.07 4.0 2.6 +£05 46 £ 27 31.3 131 +04 746.6 = 51.4
Anthropo eﬁic Anthropo. 0.45 £ 0.04 4.0 27+£0.1 93 + 20 325 114 £03 659.9 £+ 35.4
Pos Nat. vs. Anth. p <001 p<0.05 p<0.05 p<0.05 p<0.05
Reference 0.36 3.9 2.8+0.8 32 25.6 119+22 520
Al Road 0.43 +0.42 4.0 26+0.1 77 £19 325 11.8 £ 04 663.6 + 31.8
eatures Stream 0.41 +0.07 4.0 26+05 46 +£27 313 131404 746.6 + 51.4
Powerline 0.49 +0.43 4.0 27+01 116 + 33 313 10.8 £ 04 654.3 £+ 56.0
Reference vs. Ref. vs. all types p<0.01 p<0.01 ns ns p <0.001
linear openings Ref. vs. type p <0.01 p <0.05 p <0.01 ns p <0.001
Natural-E 0.38 & 0.06 4.0 28+03 25+ 15 31.3 132 £0.6 830.2 +£78.7
Natural-W 0.44 £ 0.09 4.0 24404 66 + 40 29.8 13.1+£0.9 663.2 +£75.2
Nat. Evs. W p <0.001 p <0.001 p <0.001 ns p <0.001
Natural vs. Anthropo.-E 0.39 £+ 0.05 4.0 27+02 49 + 27 26.8 10.6 £0.5 6042 £ 455
Anthropogenic Anthropo.-W 049 +£0.1 4.0 26+02 118 £ 45 325 129 £0.7 679.8 +£70.7
vs. orientation Nat. vs. Anth.-E p <0.05 p <0.001 p<0.01 ns p <0.001
Nat. vs. Anth.-W p <0.05 ns p<0.01 p <0.001 p <0.001
Anthropo.-N 0.45 £ 0.03 4.0 26+02 98 £ 28 31.1 112+ 04 649.5 = 50.3
Anthropo.-S 0.47 £+ 0.03 4.0 27+02 100 + 25 31.3 11.0 £ 04 694.2 £ 42.7

Max: Maximum; Mean: Mean values (£1 SD); comparisons of distributions between two samples were made using Kolmogorov-Smirnov and Mann-Whitney U tests and, between
multiple samples using Kruskal-Wallis 1-way. Nat.: Natural openings; Anth. Or Anthropo.: Anthropogenic openings; E: East; W: West; N: North; S:South; Ref: Reference forest;
ns: non-significant.
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Figure 3. Comparison of the frequency distribution of total height of individual trees in forests surrounding different linear openings with that of the undisturbed
reference forest. Height distributions (a) for natural vs. anthropogenic openings, (b) between types of linear openings, (c) on both sides of natural linear openings
oriented N-S, (d) on both sides of anthropogenic linear openings oriented N-S, and (e) on both sides of natural linear openings oriented E-W.
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Figure 4. Mean values of the response variables (listed in the heading of each column) with distance from the edge of a linear opening; (a—e) when compared to the
reference forest; (f—j) between the types of linear openings. The dashed lines indicate the critical values of the response variables determined by bootstrap sampling
for the reference forest. Significant values are those that occur outside the critical band.
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Canopy gaps are more frequent in forests along the edge-to-interior gradient for all linear opening
types (stream, road, and powerline) compared to the reference forest (Table 2, Figure 4). There are
fewer saplings close to any type of linear opening but the number of saplings is heterogeneous and
consistently increases with distance from the edge (Table 2, Figure 4). Comparing the distribution of
each response variable with respect to the critical intervals, only sapling density and gap fraction up to
40 m in all linear opening types significantly matched the reference forest. On the other hand, average
sapling height in the reference forest is slightly higher than what is observed in the forests around
linear openings and hence has a negative MEI (Figure 5).

(2) Gap fraction Sap Ht. Sap Den. Tree Ht. Tree Den.
Natural vs Natural b=
Anthropogenic Anthropo. ==
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T‘."’P'e of Stream =
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Figure 5. Magnitude of edge influence (MEI) for the response variables in different linear openings
computed based on comparison with (a) reference forest; (b) natural openings. X-axis shows the MEI
of each variable.

3.2. Natural vs. Anthropogenic Openings

Forest structure significantly varied around natural and anthropogenic linear openings. Gap
fraction, sapling height, and sapling density were significantly greater near anthropogenic openings
whereas, tree height and tree density were significantly greater in forests adjacent to natural openings
(Table 2). Although, there was no consistent difference of one orientation affecting structural
characteristics more than the other, the western side not only had greater gap fraction and sapling
density for both anthropogenic and natural openings, but also greater tree density and tree height
around anthropogenic openings (Table 2 and Table S1 and Figure 4). Sapling height for both
anthropogenic and natural and tree height for natural openings was, in contrast, greater on the eastern
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side of the openings. Differences between northern and southern aspects around anthropogenic linear
openings were not pronounced for any of the structural variables measured (Table 2).

The variation in the structural indices evaluated is especially large in the first 20-30 m from the
edge of the opening. Although forests around roads have similar average structural characteristics to
forests around natural openings, distributions along distance from the edge are significantly different
(KW test, p < 0.01, Table 2 and Figure 4). Forests around power line corridors are shorter in height,
more disturbed with a gap fraction of almost 50% and an average tree height below 11 m (Table 2). The
MEI of tree height and density around anthropogenic openings was negative with respect to natural
ones (Figure 5b). Sapling height was not affected by the type of opening or the orientation.

The depth-of-edge influence (DEI) varied considerably among the response variables, from as
close as 15 m to almost 80 m deep into the forest (Table S1, Figure 6). Although effects can extend a long
distance, changes in most structural indices are greatest in the first ten to fifteen meters from all types
of linear openings (Figure 6). The exception to this observation is for sapling height which continues
to change rapidly out to or past 40 m for different opening types. However, the rate of change of
DEI between 10 and 20 m differed between natural and anthropogenic openings for all the response
variables. A high tree density in proximity to the edges (within 10-15 m) resulted in a negative change
in the slope of the CUAVG curve in tree height and density. Similarly, increased occurrence of gaps
10 m from the edges resulted in high positive change in the slope of CUAVG curves of gap fraction
and sapling density. In general, the impact of natural openings penetrates deeper into the forest than
that of anthropogenic openings. Irrespective of the type of the opening, DEI is generally further for
gap fraction and sapling density in the western aspect (Figure 6, Table S1 and Figure S1).
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4. Discussion

Disturbance is considered an integral factor shaping the structural characteristics of boreal
forests [17,30]. In the case of natural disturbances, the impact of small scale disturbances may vary
over short temporal and spatial scales [30,33]. Human-caused disturbances, on the other hand, may
induce more severe and sometimes longer-lasting effects on the forest [6,37,38]. As anthropogenic
linear openings such as roads and powerlines are becoming dominant features in forested landscapes
in many parts of the boreal forest it is critical that we evaluate their potential effects on forest structure.

A limitation of this study, as with all studies, is that specific measurements may be particular to
the study region. Absolute values, in this study as in others, reflect the productivity of soils, climatic
conditions, forest composition, etc. However, in contrast with field studies which are based on a
number of small plots or transects located in a region, we analyze all data from all contiguous forest
areas around the linear openings available in the LIDAR data set for our study and use bootstrapping
in the statistical analyses. Nonetheless, we acknowledge that this work should be repeated in other
forested landscapes to evaluate its generalizability. Despite these limitations, our results demonstrate
marked changes in forest structure in the proximity of linear openings when compared to the reference
forest, and also differences in structure surrounding natural and anthropogenic linear openings.
Furthermore, many of the results, although not always intuitive, are consistent with ecological
processes. Forests were taller around older natural linear openings but shorter around younger
anthropogenic ones, while forests around both were denser, probably due to greater light, than in
reference forests.

Since anthropogenic linear openings were created 50 to 60 years ago, we could interpret differences
with natural forests as meaning that forests in the vicinity of anthropogenically created openings are
still responding to the effects of the initial disturbance. Structural heterogeneity varied up to 18-54 m
in the forests around linear anthropogenic openings in this study; which is similar to the distance
impacts that have been reported on the vegetation around harvest blocks in boreal forests [16,39], but
less than that reported for harvested tropical forests [40,41].

4.1. Do Natural and Anthropogenic Linear Openings Cause the Same Effects?

Amongst the structural differences that we noted; the forests surrounding anthropogenic openings
have a higher gap fraction than around natural openings. Anthropogenic linear developments open
otherwise continuous interior forest habitat creating an abrupt forest edge where wind and other
stresses on trees increase [6,37]. Studies on windthrow following strip-cutting, of similar widths to
the linear openings of this study, showed that tree mortality varied from 20 to 30% in the neighboring
forests in the early years following disturbance [42,43]. The relatively permanent nature of natural
stream openings may on the other hand reduce canopy disturbance as surrounding vegetation
is adapted to the edge conditions [44—46]. Future studies should thus investigate the temporal
dynamics of forest road establishment on surrounding forest structural characteristics. This would
allow us to better understand how and if the effect stabilizes with time elapsed since road creation.
Nonetheless, the greater abundance of openings (gap fraction) around anthropogenic openings led to
an increase in sapling density. As these young stems grow in size they will reduce the openness of the
surrounding forest.

4.2. The Influence of Orientation

Orientation of the edge determines the amount of exposure to solar radiation and impact of
wind, and hence may considerably modulate the impact [16]. North facing edges in south-eastern
Pennsylvania exhibited milder microclimate effects, elevated irradiance in the forest understory in
south-facing edges to distances of approximately 65 to 70 m [47]. However, in our study we only found
a consistent effect of orientation in proximity to the anthropogenically created linear openings where
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most structural factors studied increased on the western side. The greater gap fraction may have led to
increases in tree growth, and tree and sapling density.

4.3. How Far Do Effects Extend?

In this study we identified effects of roads on forest structure to distances greater than reported in
other boreal literature [46]. Given the positive influence of linear openings on tree height and density
out to distances of 60 m on either side of the opening and given the vast network of forest roads, forest
management is having an unintended influence on forest productivity. With edge effects of up to
120 m (60 m on both sides), more than 10 ha of forest are influenced per 1 km of road. With tens of
thousands of kilometer’s of forest roads constructed annually [1] the changes in productivity of forest
stands are easily on the order of hundreds of thousands of hectares per year. As well as increases
in tree height and tree density there is also greater mortality as evidenced by the increase in gap
fraction adjacent to roads. It will thus be critical in the future to fully evaluate the overall balance of
the positive effects on growth and biomass with the increased mortality. However, our results on tree
density show that there is a greater number of trees per unit area in the forests surrounding the linear
openings than in the reference forests and these results include the presence of gap openings. The
greater number of trees and their greater height thus imply that there should be a greater volume of
wood in proximity to linear openings such as roads. This would be consistent with other findings that
vegetation productivity increased up to 50 m into the forests adjacent to roads [11,12]. Thus despite
their negative impacts on wildlife [37,48] and on indigenous culture [49] roads may have unintended
positive effects on the growth and productivity of surrounding forests.

5. Conclusions

The vast linear network of openings created due to road building and energy transport is having
unplanned influences on surrounding forests. This study demonstrates that forest structure around
linear openings is different than in undisturbed forest and that there are differences between natural
linear openings such as streams and anthropogenically created ones such as roads and powerlines.
Previously identified negative effects of roads on wildlife may at least in part be balanced by increased
productivity from sapling recruitment to the tree layer. However, this increase in productivity may not
compensate the permanent loss in tree volume, associated with tree removal for road and powerline
construction. The construction of nonpermanent roads could in the long term have positive effects
both on forest productivity and wildlife.

This work adds to the existing evidence that LiDAR offers an effective and rapid means of
capturing fine-scale heterogeneity as well as determining the cumulative impact of both anthropogenic
and natural linear disturbances in the forests. This enlarges the scope for forest managers and
conservation biologists by providing a deeper understanding of landscape fragmentation, spatial
heterogeneity, and vegetation patterns across multiple-scales.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1999-4907/9/9/540/s1.
Figure S1: Depth of influence (DEI) of selected types of linear openings on either sides of the adjoining forest
shown by CUAVG curves of response variables against the distance from the edge of a linear opening. (a—e) DEI
on either sides of natural linear openings; (f) DEI on either sides of anthropogenic linear openings, Table S1:
Depth of edge influence (m) of the selected linear openings into the adjacent forest determined based on the slope
of the CUSUM curve.
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