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Abstract: Degradation of forest roads in Canada has strong negative effects on access to forestlands,
together with economic (e.g., increased maintenance costs), environmental (e.g., erosion of materials
and subsequent habitat contamination), and social (e.g., use risks) impacts. Maintaining sustain-
able and safe access to forestland requires a better understanding and knowledge of forest road
degradation over time and space. Our study aimed to identify relevant spatiotemporal variables
regarding the state of eastern Canadian forest road networks by (1) building predictive models of
gravel forest road degradation and assessing effects of the slope, time, loss of the road surface, and
road width (field approach), and (2) evaluating the potential of topography, roughness and vegetation
indices obtained from Airborne Laser Scanning (ALS) data and Sentinel-2 optical images to estimate
degradation rates (remote sensing approach). The field approach (n = 207 sample plots) confirmed
that only four variables were efficient to estimate degradation rates (pseudo-R? = 0.43 with +8%
error). Simulations that were conducted showed that after about five years without maintenance,
the rate of degradation on a road, regardless of its width, increased exponentially, exacerbated by a
high slope gradient and loss of road surface. The narrowest roads tended to degrade more rapidly
over time. The remote sensing approach performed quite well (pseudo-R? = 0.34 with +9% error) in
terms of predicting road degradation, giving us the valuable tools to spatialise the state of gravel
forest road degradation in eastern Canadian forest. This study provided new knowledge and tools
that are critical for maintaining and sustaining access to Canada’s boreal forest territory in both the
short- and the long-term.

Keywords: access; airborne LiDAR; management; roughness; Sentinel-2; spatial indices; topography

1. Introduction

Forest roads are anthropogenic disturbances that can considerably alter the connectiv-
ity and natural dynamics of the Canadian boreal forest. Indeed, the continued densification,
usage and attendant damage sustained by these networks raise several questions about
their economic, environmental, and social impacts. Significant impacts on ecosystem pro-
cesses and structure arising from the effects of their geometry, traffic volume, proximity
and connectivity on biodiversity, biophysical processes and ecosystem functioning are well
documented and studied around the world [1-5]. Roads not only disturb forest ecosystems
during their construction, but also in subsequent stages of degradation, rehabilitation, or
decommissioning. Indeed, a lack of road maintenance leads to road degradation, with
several consequences, including contamination of watercourses and neighbouring habitats,
increased collision, and predation risks for certain animals (e.g., caribou) and accident
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risks for users, as well as decreases in their efficiency on wood logistic chain, and in pro-
viding forest ecosystem services [4,6,7]. The presence of degradation on a road also can
limit access to the forest territory for all users (e.g., forest products industry, government
agencies, recreationalists, and other members of the public), while significantly increasing
maintenance costs. To minimize risks that are related to degradation of the forest road
network, a better understanding and knowledge of the process and variables that allow
identifying its current state is essential.

Many methods of data acquisition can be used to assess the current state of forest
roads, including point data for road compaction (load-bearing capacity) that are taken with
a penetrometer [8,9], ground-penetrating radar (GPR) [10,11], or a deflectometer [9,12,13].
Some approaches rely upon visual observations, such as the pavement conditions index
(PCI) [14-16]. Deterioration can also be recorded as continuous data using a vehicle-
mounted sensor that registers changes as the vehicle moves [17]. The resulting data can be
used to generate roughness indices [17] that characterise the road surface quality [18-22].
It is also possible to use a vehicle that is equipped with mobile laser scanning [8,23].

All of these tools have proven their potential more than once in estimating road
degradation. To date, their application has remained very rare in forest environments [9,23].
Moreover, their use requires that a systematic inventory be conducted in the field, which is
costly in terms of time, money and resources [24]. These approaches are difficult to apply to
Canadian forest road networks, which are in relatively remote areas, extending over more
than one million kilometres. Remote acquisition tools, such as Airborne Laser Scanning
(ALS) and multispectral satellite images, are methods that appear to be more promising,
given that they offer the possibility of covering large areas [25].

The objective of this study is to provide a better understanding and new spatiotem-
poral knowledge regarding the state of Canadian forest road networks. To do so, two
distinct approaches are used. First, we constructed a predictive model of gravel forest road
degradation from an experimental set up in a field approach. Second, we evaluated the
potential of topography and vegetation indices extracted from ALS and Sentinel-2 optical
images for remotely estimating the degradation of the forest road network.

2. Materials and Methods
2.1. Study Area

The study area encompasses three portions of a boreal forest managed unit (FMU) of
eastern Canada, each of which are approximately 100 km? in size (Figure 1). These FMU are
representative of Canadian forestry activity and were located (1) east of the municipality
of Senneterre (48.42°N, —77.23°W), (2) southwest of La Tuque (47.51°N, —72.78°W, and
(3) west of Dolbeau-Mistassini (48.89°N, —72.23°W). All three areas had relatively flat
relief (Table 1), and a dominant surface deposit of glacial till. Their overall climate is cold
continental, e.g., with temperate summers without a dry season. Each area has different
characteristics since eastern Canada is characterised by longitudinal precipitation (generally
less abundant in the west than in the east) and latitudinal temperature gradients (higher in
the south than in the north) (Table 1).

Table 1. Characteristics of gravel forest roads within three FMU and their bioclimatic data [26-28].

Characteristics FMU 1 FMU 2 FMU 3
Cumulative road length sampled (km) in
brackets number of plots. 38(75) 345 (67) 31 (66)
Minimum and maximum road elevation (m) 318-483 364-527 282-579
Mean elevation of sampled roads (m) 393 430 407
Mean annual temperature (°C) 1.5 1.8 1.0
Mean annual precipitation (mm) 875 928 999

Vegetation type

Abies balsamea—Betula Abies balsamea—Betula Abies balsamea—Betula
papyrifera allegheniensis papyrifera
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Figure 1. Location of the three FMU areas in the boreal eastern Canadian forest. Overview (lower
panels) of the sampling plots (black dots) and the network of forest roads that were studied (dark
grey) within the three areas.

2.2. Experimental Design

To quantify the degradation of forest roads, we established an experimental design of
207 sample plots in summer 2019. Road selection was based upon their variability in width,
slope, and time since last maintenance that are considered crucial in explaining the observed
degradation [6,29-31]. For the purposes of capturing a representative characterisation of
roads across the region, we stratified road samples according to three width categories,
e.g., narrow (4 to <7 m), medium (>7 to <9.5 m) and wide (>9.5 to 14 m) [range 4 to 14m],
according to slope (<4% vs. >4%) (range 0 to 16%), and according to two categories of time
since last maintenance, e.g., recent (2015-2019) vs. old (1970-2014) (range 0 to 46 years). The
width categories were chosen as a simplification of the provincial standards for gravelled
forest roads with their expected maximum travel speeds of 30, 50 and 70 km /h, respectively.
Speed is yet another variable that would influence forest road degradation [6]. The slope
intervals that were selected took into consideration their respective effects on degradation
through water accumulation [6,32] or through water runoff and vehicle acceleration [31,33].
Road maintenance data were obtained from historical records that were provided by the
forest products company Resolute, which operate the three FMU.

Based upon the predefined categories of variables, five replications were carried
out. We used 50-m-long sections, in which five perpendicular transects were arranged
at intervals of 0, 10, 25, 40 and 50 m. Along each transect, we measured the width and
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depth (cm) of all forms of degradation that were present (potholes; ruts; erosion; furrows;
subgrade emergence; washboard or ripples; see Section 2.3, Figure 2). Sample length
section was based upon the feasibility of obtaining data that would provide a continuous
view of degradation on a scale that could be easily detected with remote sensing tools.
Widths of transects (m) corresponded to the current running surface width (CRSW) used
by motorised traffic during sampling. We estimate percentage degradation per section by
summing the lengths of the perpendicular transects, together with degradation observed
on them.

Figure 2. Examples of the observed forms of degradation, in decreasing importance: (A) ruts;
(B) erosion (by water); (C) furrows; (D) subgrade emergence; (E) potholes; and (F) washboard.

Road width measurements were used to calculate the percentage road surface loss
(PRSL) (Equation (1)). This calculation was the standardised difference between initial
running surface width (IRSW) at the time of road construction (observable in terms of
required dimensions during its construction) and CRSW, which can be identified by the
absence of woody or herbaceous vegetation.

IRSW — CRSW

2.3. Observation of In Situ Degradation

The percentage of degradation varied between 0 and 82% for the 103.5 km of roads
that were sampled. The observed total degradation was 42.4%, 35.1% and 22.5% of narrow,
medium and wide-width roads, respectively. On average, 17% of observations with the
last road maintenance dating back five years or less presented a form of degradation. This
average increased to 33% for observations that had between 6 to 10 years without road
maintenance, 41% for 11 to 15 years, 44% for 16 to 20 years, and 46% for those that were
>20-years-old. Observations with lower PRSL < 25% showed an average 11% degradation.
This proportion increased to 23%, 40%, and 55% of observed PRSL 25 to <50; 50 to <75;
and 75 to 100 groups, respectively. Forest roads sampled with slopes >4% show higher
degradation proportion (Figure 3).
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Figure 3. Box-and-whisker plots of observed road degradation according to the road-width class
(narrow 4 to <7 m, medium >7 to <9.5 m, and wide >9.5 to 14 m) and slopes. The horizon line
within the box is the median (50th percentile). Box height defines the 25th and 75th percentiles (IQR,
inter-quartile range). The whiskers are 10th and 90th percentiles. Dots are extreme values beyond
1.5 x IQR.

2.4. Observed Forms of Degradation

Dominant observed forms of degradation (Figure 2) within the sample plots were
ruts (56%), erosion (24%), furrows (10%), subgrade emergence (6%), potholes (3%), and
washboarding (1%). To distinguish them from furrows, ruts are defined here as deep
parallel grooves that are worn into the road surface by the repeated passage of vehicle
traffic on the left- or right-hand side of the section. Furrows are used to refer to multiple
grooves across the width of the road surface and in the direction of travel. Washboard
or road corrugation refers to parallel ripples or undulations that lay perpendicular to
the direction of travel along the road section. The observed depth of these forms varied
between 0 and 35 cm. Distributions of dominant forms of degradation changed according
to the width of the road (Figure 4) and their slopes (Figure 5), where ruts and erosion were
the most recurrent problems. Erosion occupied the largest surface areas on the widest
roads, while ruts were more frequently observed on medium-width and narrow roads.
Roads with a slope gradient >4% generally exhibited higher proportions of all forms of
degradation, except for potholes (Figure 5).

2.5. Remote Detection of Degradation

Degradation of a running surface tends to manifest itself as depressions (ruts, furrows,
potholes, erosion, and washboard) of varying depths. According to Kiss et al. [34], variation
in topography and fluctuations in the running surface are effective indicators for detecting
road degradation. In forest environments, vegetation is often present on a road when
maintenance is limited and is often associated with degradation [6]. Indices of topography,
roughness (fluctuations) and vegetation have been used to detect degradation remotely
(Table 2). In the current study, these spatial indices were generated using ALS DTMs and
ALS CHMs (Source: MFFP, 1-m resolution, 2 to 4 points per m?, acquired summer 2017 and
2018) and Sentinel-2 multispectral images (Source: USGS Earth Explorer, 10-m resolution,
acquired summer 2019, cloud cover <10%).
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Figure 4. Proportion (%) of the observed (cumulative sample sections) degradation forms showing
furrows, ruts, erosion, sub-base emergence, washboard and, potholes following the three road-widths
narrow (4 to <7 m), medium (>7 to <9.5 m) and wide (>9.5 to 14 m).
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Figure 5. Proportion (%) of the sample (cumulative of all sampled sections) exhibiting different
forms of degradation for roads with slopes >4% (black boxes) and slopes <4% (hatched boxes). The
numbers within the bars are their percentage values. The washboard is not presented because of its

low percentage.



Remote Sens. 2022, 14, 457 7 of 18

Table 2. Descriptions of spatial indices that were used to estimate gravelled forest road degradation.

Indices Description

Topography

Measures the topographic difference of
TPI Topographic Position Index [35]  each central pixel as a function of the
mean elevation of its neighbourhood.
Measures the number of neighbouring
cells flowing into the central cell. Uses
TWI Topographic Wetness Index [36] the local slope > 0 (in radians) to
determine the direction and then the
locations of flow accumulation.

Roughness

Generates longitudinal (parallel to
slope) (CSIl), transverse (perpendicular
CsI Surface Curvature Index to slope) (CSIt), and standard
(association of the two curvatures)
(CSIs) curvatures of a surface.
Measures terrain heterogeneity. Uses
the minimum and maximum values of

RI Terrain Roughness Index [37] the neighbourhood of a central pixel to
know elevation changes.
Vegetation
Calculates the difference between
NDVI Normalized Difference reflectance of wavelengths that are
Vegetation Index [38] emitted by sunlight in the near-infrared
(NIR) and in the visible red band.
Uses the first return of the point cloud
CHM Canopy Height Model acquired by ALS to generate a canopy

height model.

For each index that was extracted (Table 2), the mean, maximum, minimum value and
standard deviation of the pixels corresponding to each sampled section were calculated.
Additionally based upon the indices described in Table 2, we calculated: (1) the percentage
of depressions from the Topographic Position Index (TPI), e.g., the number of pixels
(values < 0) within the total pixel (value > 0) for each plot; (2) the percentage of concave
forms of Surface Curvature Index (CSI), i.e., CSI that had values above zero expressing
concave forms; and (3) the presence of vegetation in the percentage obtained from ALS
Canopy Height Model (CHM) with a threshold above 1 m (because it becomes impassable
for automotive vehicles when this limit is exceeded) within the plot.

2.6. Statistical Analyses

Beta regression models were constructed using the two respective approaches, e.g.,
field and remote sensing variables as variables with datasets divided into two groups
(75%, model development; 25%, validation, randomly selected). These models determined
the effect of the independent variables of degradation. Beta regression differed from
linear regression, in that the dependent variable is expressed as continuous data that are
restricted in their range [39] and where assumptions of normality and homoscedasticity of
the residuals are not met [40]. Indeed, the dependent variable, i.e., percentage degradation,
was converted to a bounded variable with a range of 0 to 1.

Beta regression assumes that the response follows a beta distribution and is logit-
linked to its variables [41]. This distribution is more flexible when modelling intervals
or proportions since it can take different forms, unlike linear regression, which does not
deviate from its linear form [39]. Since the values 0 and 1 cannot be directly supported by
the regression that is being used, the recommendations of Smithson and Verkuilen [40]
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were applied to transform the data to an interval between 0.005 and 0.995, according to the
following equation:

y'=ly(N-1)+ %]/N 2)

where y” = transformed degradation (0.005 to 0.995), y = observed degradation (0 to 1), and
N = sample size.

Selection of variables to be included in the beta regressions that were used in the two
approaches was conducted with Spearman rank correlation (rs) tests between transformed
degradation and each one of the variables. Selected field variables (rs: p < 0.05) included
slope, time since last maintenance, PRSL and path width; all variables were continuous,
except for the road-width class, which is an ordinal categorical variable. For each index of
the remote sensing approach, the metrics with the highest rank correlation coefficients were
selected, i.e., percentage depression from TPI, mean TRI, mean NDV], percentage vegetation
from CHM, standard deviation of TWI, and standard deviation of the cross-sectional CSI.

A total of 10,000 permutations were applied to both approaches, where no interaction
was detected. The random effects of FMU (area) and road-width class were checked; none
were found to be significant (p > 0.05). The intercept was forced through zero for models of
the field approach, to obtain the observed (and not averaged) degradation rate as a function
of the road-width class.

2.7. Candidate Model Selection

Selection of candidate models was conducted using an information-theoretic approach
(Akaike Information Criterion, AIC) to determine what combination of variables would
best permit estimation of gravelled forest road degradation. AICc was calculated using the
dredge function of the package MuMIn [42] within the R statistical environment [43]. We
used AICc (AIC corrected for small sample size) for model selection in both approaches. Use
of AICc was further indicated by the low n/k ratios (sample size/number of parameters),
which were less than 40 [44]. Candidate models were selected up to an AICc weight (w;) =1
and an AAICc < 2 [44]. The probability that a predictor is a component of the best model
was calculated by summing the w; of the candidate models in which they appeared [44].

The resulting candidate regression models for each approach were validated with
respect to the diagnostic residual graphs. Due to high heteroskedasticity and asymmetry of
the beta distribution, the recommendations of Ferrari and Cribari-Neto [41] were applied
using Pearson residuals rather than raw residuals.

2.8. Predictions and Validation of Candidate Models

Degradation was predicted using the model with the best performing w; for both
approaches with the predict function of the betareg package [45]. To make predictions,
the beta regression uses a logit-link for the coefficients that are estimated by maximum
likelihood [40]. Simulations of the degradation were then conducted. By comparing the
predicted degradation rate with actual data, it was possible to validate the performance
of the models by calculating bias (e.g., scaled mean error [SME], overestimation and
underestimation), precision (variance) and accuracy (scaled mean-square error [SMSE]) [46].

3. Results
3.1. Regression Models of Degradation

For the field approach, all four retained variables (e.g., width, slope, time since last
maintenance and loss of road surfaces) were used to construct the regression model (Table 3).
Percentage depression from TPI, the standard deviation of TWI, the standard deviation of
cross-sectional CSI, the mean value of TRI, the mean value of NDVI, and the percentage
presence of vegetation that is derived from the CHM are the indices that were selected to
construct the regression model for the remote sensing approach.
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Table 3. Pearson product-moment correlations (r) between degradation and indices extracted from
ALS or Sentinel-2 (e.g.,, NDVI), the field variables, and statistics such standard deviation (SD),
minimum, maximum, mean and percent depression (% depress.).

Index Statistics Index Statistics
Minimum —0.01 % Minimum 0.26 oo
Maximum 0.17 * é TRI Maximum 0.05
TPI Mean —0.15 * P Mean 0.32 ok
> SD 0.34 ot I~ SD 0.06
<
& %
fa s i1 e
g Depress. 0.36 Minimum 0.57
=t Minimum —0.16 * c NDVI Maximum 0.49 ook
TWI Maximum 0.04 -8 Mean 0.55 i
Moyenne 0.07 £ SD —0.33 B
SD 0.41 wox & Minimum  0.20 =
Minimum -0.09 Maximum 0.30 ok
Maximum  0.14 . MHC Mean 0.31 e
Mean —0.22 ** SD 0.24 i
CSls SD 041 v 048
' Depress. '
%
Depress 0.33 il Variables
Minimum —0.18 ** Width 0.56 *HE
Maximum 0.24 g Slope 0.54 wHx
P e Time
g 'L?j) since last
< —0. . . *
%o CSIt Mean 0.13 mainte- 0.15
é nance
SD 0.49 o PRSL 0.59 *Hx
% *kok
Depress. 0.24
Minimum —0.07
Maximum 0.03
Mean 0.25 i
Csll SD 0.28 wat
% *kok
Depress. 043

Note: Asterisks are significant for |71 >0 (* p < 0.05; ** p < 0.01; ** p < 0.001). Correlations without asterisks do
not differ from || =0 (p > 0.05).

3.2. Selection of Candidate Models

According to the AICc weights, three candidate models emerged from the field ap-
proach, whereas the remote sensing approach resulted in 25 candidates (Table 4). The
best performing model includes the four variables that were selected beforehand (width,
slope, time since last maintenance, and PRSL). According to the wj, this model has a 93%
probability of being the most realistic and representative model explaining degradation.
Accumulated AICc weights for the slope and PRSL have a 100% probability of being good
variables of degradation given that were they employed in the three proposed models.
Similar high probabilities are obtained when the time since last maintenance (93%) and
road width (99.9%) are included, but these variables are excluded from the second and third
field models, respectively. The high A (>2) for the latter two models indicate no support for
their inclusion under the selection criterion for AICc.
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Table 4. Summary of candidate models for field and remote sensing approaches, including AICc,
AAICc, and AICc weight (w;). Grey boxes represent variables that were selected in the candidate mod-

els.
Field Approach
Model Slope Width T1me. Since Last PRSL AlCc AAICc wj
Maintenance
1 —208.60 0.00 0.93
2 —203.20 5.39 0.06
3 —198.60 10.07 0.01
Remote Sensing Approach
Mean Mean % Depression % Vegetation SD SD )
Model  Npyr TRI TPI CHM CSIt TWI AlCe  AAICe  w;
1 —-179.60  0.00 0.28
2 —177.50  2.14 0.09
3 —-17750  2.14 0.09
4 -177.50 217 0.09
5 —177.30  2.34 0.09
24 —168.80  10.82 0.001
25 —-167.40 1222 0.001

For the remote sensing approach, the best candidate models that are selected incor-
porate the NDVI mean, the TRI mean, the percentage depression of TP, the standard
deviation of the cross-sectional CSI, or the standard deviation of TWI. Mean NDVI is
present in all proposed models, having a 100% probability of being a good predictor of
degradation. This same probability decreases to 96% for mean TRI, 67% for the percentage
of depression from TPI, 26% for the percentage presence of HCM vegetation, 31% for the
SD of cross-sectional CSI and 35% for the SD of TWI.

Predictions and Validation of Candidate Models

Equation (3) presents predicted degradation for a wide road using model estimates
for the field approach that employed the logit-link required to perform beta regression
(Table 5):

Degradation (%) = Invlogit (—3.10 + Slope x 0.09 + Time since last maintenance x 0.03 + PRSL x 0.02) 3)

Table 5. Estimated coefficients for the variables and the intercepts (different for the three road-width class)
and p-values of these beta regression model variables for the field and remote sensing approaches.

Field Approach

Variable Estimate p-Value
Slope 0.09 <0.00001
Width: Wide -3.10 <0.00001
Width: Average —2.80 <0.00001
Width: Narrow —2.38 <0.00001
Time since last maintenance 0.03 <0.00001
PRSL 0.02 <0.00001

Remote Sensing Approach
Variable Estimate p-Value
(Intercept) —4.09 <0.00001
Mean TRI 3.43 <0.00001
Mean NDVI 2.76 <0.00001

% depressions TPI 0.02 0.0285
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Equation (4) predicts degradation using model estimates for the remote sensing ap-
proach (Table 5) by integrating the selected indices:

Degradation (%) = Invlogit (—4.09 + TRI x 3.43 + NDVI x 2.76 + TPI x 0.02)  (4)

4. Model Validation

Pseudo-R? values of the prediction models for field and remote sensing approaches
are 0.43 and 0.34, respectively. Furthermore, the mean errors that are associated with
predicting degradation from each approach are 8% and 9%, respectively. When comparing
predictions with actual data (e.g., minimum degradation = 0%, maximum = 82%), the
minimum predicted values are similar for the two approaches (a 0.1% difference), although
neither is equal to zero. The maximum predictions are, respectively, 5% and 15% lower
for the models implementing the field and remote sensing approaches. Cross-validation
analysis (Table 6) reveals that both models have a bias, precision and accuracy of less
than 5%.

Table 6. Validation of prediction models that were selected for the field and remote sensing approaches.

Over- Under- . Predicted Degradation
Approach Sample SME Estimation  Estimation Variance  SMSE  nfnimum  Maximum
. Development (75%) 0.04 52% 48% 0.03 0.08 o o
Field Validation (25%) 0.02 50% 50% 0.03 0.02 58% 76.7%
Remote Development (75%)  0.04 51% 49% 0.03 0.09 5.9% 67.2%
Sensmg

5. Degradation Prediction Curves

Figure 6 simulates predictions of degradation using Equation (3) (field approach) and
shows that the forest road degradation rate increases as variables such as the slope, loss
of road surfaces or time since last maintenance increase individually (Figure 6A). The
predicted rate of degradation is lowest for the widest roads class, while medium-width
and narrow road class respectively display 1.7 times and 2.5 times greater degradation, on
average. When all variables are combined (Figure 6B), the disparity in degradation rates is
maintained among road-width class, and degradation predictions are higher.

Figure 7 shows degradation predictions for Equation (4) (remote sensing approach)
and demonstrates that degradation increases as the mean values of NDVI, TRI and percent-
age of TPI depression individually increase (Figure 7, solid lines). When the three variables
are combined, the predicted rate of degradation is then higher (Figure 7, dotted lines).
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Figure 6. Prediction curves for degradation (%) that were simulated from beta regression model estimates for the field approach based upon different slopes, time
since last maintenance and PRSL values for the three road-width class. The simulations (A-top row) show predicted degradation rates when all variables, except the
one that was selected in the respective graphs, have no effect (i.e., equal to zero). Simulations (B-bottom row) show predicted degradation rates when values of the
variables increase.
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Figure 7. Prediction curves for degradation (%) that were simulated from estimates of the beta
regression model used for the remote sensing approach. For each of the variables (NDVI mean, TRI
mean, percentage of TPI depression), the curves simulate their individual (solid lines) and combined
effects (with the two other fixed-value variables; dotted lines). Fixed values that were used for the
combined curves correspond to the averages of the variables, e.g., mean TRI = 0.22, mean NDVI = 0.5
and percentage of TPI depression = 50%.

6. Discussion
6.1. Model Performance in Predicting Degradation

The lack of studies proposing predictive models of forest road degradation prevent us
from making comparisons with our regression model’s performance. Yet, studies on the
degradation of roads and motorways in urban areas abound. For example, George et al. [47]
used six variables, including road age, to predict degradation of the asphalt pavement and
obtained an R? = 0.75. For their part, Xu et al. [48] used 12 variables, including road age and
daily transport flow, to create models that predicted pavement degradation with an R? of
0.88. These similar results can be partly explained by the fact that asphalt road construction
standards differ very little from one jurisdiction to the next, unlike forest roads [49], in part
because of the environmental and structural requirements, and the construction material
quality vary from one forest road to another. Our logistic regression model provides a
McFadden pseudo-R?, a statistic that tends to be lower than the R? of more standard linear
models [50].

In terms of model accuracy, the results of the field approach were similar to those of
Heidari et al. [51], who had developed a logistic regression model to predict forest road
degradation in Iran. Of the 19 variables that were used to try to explain degradation, the
slope, the age of the road, the material, the thickness of the road surface, and transport flow
were significant variables (p < 0.05) that were retained in the authors’ prediction model, the
prediction accuracy of which ranged from 82% to 89%. The model pseudo-R? estimates
for the remote sensing approach has also shown a good fit [50]. Again, very few studies
had focused on detecting forest gravelled road degradation using indices that have been
extracted from ALS data and optical images. Nevertheless, the prediction errors of our
model are similar to those of Kiss et al. [52] who used ALS to extract a topography index
(TPI) and fluctuation index (SE; normalized elevation index) to classify the quality (e.g.,
good and satisfactory) of forest roads at different resolutions.

6.2. Field Approach- Road Width

The three road-width classes that were used in this study could represent standards
for road construction that are based on a predefined travel speed. To date, no studies
establishing that road width would affect the rate of road degradation have been published
in the scientific literature. Nevertheless, our results have shown that percentage degradation
differs according to road width, which reflects shortcomings that results from the network’s
construction standards.

In Canada, the widest roads are primary forest access roads and, therefore, are built
for long-term functioning (e.g., Quebec, service life >25 years [53]; Alberta, service life
>20 years [54]; Yukon, service life >10 years [55]; Manitoba, service life >20 years [56]).
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For example, their sub-grade consists of gravel and has a high compaction rate, which
allows the structure to perform better while preventing degradation from occurring quickly.
Narrower- to medium-width roads do not meet these standards; their construction is based
upon a shorter-term vision and, therefore, their sub-grade consists of mineral soil, organic
soil or woody debris. These materials do not facilitate an appropriate rate of compaction,
so that the successive passage of vehicles more easily creates depressions on the road
surface [8,34,57,58] through preferential formation of ruts and furrows [29]. Moreover, a
higher recurrence of ruts was noted as the width of the road narrowed.

6.3. Field Approach- Slope

Integration of the slope into the Field approach model is corroborated by numer-
ous works that attest to the importance of this variable on degradation rates of forest
roads [6,30,32,33,51,59]. Degradation on a sloping road would mainly be caused by erosion
due to runoff [33,59] and by vehicle acceleration [29,32]. Our results are consistent given
that sampled roads with higher slope gradients showed a preponderance of runoff-induced
erosion. Further, the notable emergence of the subgrade on steeply sloping road sections
concurs with the findings of Ciobanu et al. [29], who noted significant effects of vehicle
acceleration and deceleration on the road surface erosion when vehicles travel up or down
sloping roads, since these processes expose the road subgrade.

Similar proportions of ruts and furrows in the two slope categories indicate that other
factors, such as transport flow and lack of road compaction [29,30,32], may influence their
presence on the road surface. Thus, we note that a low slope (<4%) is not necessarily
synonymous with the absence of degradation. Moreover, our results showed high pothole
numbers on roads with slopes less than 4%. These observations are consistent with the
guidelines of Ryan et al. [6], which state that a slope <3% would also be at risk of degra-
dation, given that it leads to preferential pothole formation. Such recurrences on the road
surface would indicate, in this case, an accumulation of runoff [32].

6.4. Field Approach- Time-Since-Last-Maintenance

The integration of time into the prediction of degradation corresponds with reports
in the literature. To minimize the degradation of the road surface, many reports have
stipulated that their systematic and regular maintenance is necessary [6,29-31,51,59]. How-
ever, we have noted that our projections included curves where degradation over time
varies by less than 5% in the first five years. A priori, this increase seems relatively small,
but it should not be neglected. In the first few years without maintenance, the forms of
degradation appear gradually. The exponential effect in the temporal degradation curves
would result precisely from this process of intensification and the addition of degradation
over time.

6.5. PRSL

In the field approach model, the loss of the road surface indicates that vegetation is
encroaching on a road. Applied studies in forest ecology [60,61] show that the presence
of vegetation considerably reduces moisture loss and the rate of soil evaporation. This
process is relevant to our study, given that the presence of vegetation would have the effect
of containing moisture on the road surface and subgrade levels. Road stability would then
be compromised [29], leading to an increase in its degradation.

6.6. Remote Sensing Approach

One basic hypothesis of the remote sensing approach that we had applied to the
present study was that topography, roughness and vegetation played a significant role in
estimating forest gravelled road degradation. ALS and Sentinel-2 remotely sensed data
demonstrated that it is indeed possible to estimate this variable by combining a topography
index (TPI), roughness index (TRI), and vegetation index (NDVI). These indices are very
well documented in the literature and are easy to calculate and interpret. Generally, they
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are applied at the landscape scale, especially to detect hydrological processes (topographic
indices) [62], geomorphological processes (roughness indices) [63], and to determine the
characteristics and changes in vegetation and biomass (vegetation indices) [64]. However,
our results show that these indices are not limited to the domains to which they are
generally attached.

In fact, the presence of lower topography (TPI < 0) within the forest road would make
it possible to characterize the most notable depressions, e.g., the most frequent forms of
degradation. Our results showed that ruts, furrows and runoff are among the two most
recurrent forms in the study. In our opinion, the percentage depression resulting from
the TPI would be a good estimator of the presence of ruts, which are linear depressions
that can attain more than one metre in width and length. Furrows and potholes, which
also manifest themselves as large-area depressions on the running surface, would also be
detectable using this index.

We are also aware that percentage TPI depression may not be the most efficient tool
for finding small areas (<1 m) of degradation, including flows, undulations and subgrade
emergence that have been observed with field surveys. These small forms of degradation
are manifested by a more heterogeneous running surface. In our opinion, the addition
of TRI to the model precisely filled this gap since it indicates whether there are strong
variations in elevation within the running surface, without precisely positioning their
location as TPI does. To increase the predictive capability of the model, the addition of
NDVI appeared to capture the effect of time on road degradation.

6.7. Future Implications

The proposed degradation prediction models are innovative and easy to use. They
provide new knowledge on both current and future states of the road network. For example,
during the 2019 sampling, 21% of the 103.5 km of roads that had been inventoried were
more than 40% degraded. Predictions from the field approach model assumed that 24% of
roads would exhibit >40% degradation within five years if no maintenance was carried out.
This proportion would rise to 31% after 10 years and 43% after 20 years without mainte-
nance, e.g., double the current proportion. The relationships that were obtained from this
study can now be integrated into the management of Canada’s forestlands. By combining
spatiotemporal knowledge that is provided by the two approaches, it is especially possible
to plan the frequency of forest road maintenance and the associated budget, together with
the sectors that are most at risk for limited land access (e.g., unexpected road closures), for
users (e.g., road accidents), and for surrounding ecosystems (e.g., increased erosion).

In addition, it is essential that the knowledge gained from this study be taken into
consideration when implementing the construction of new roads. Annually, about 0.24%
of Canada’s forest area is used for forest road construction. The constant growth of the
network raises many questions regarding the alternatives that are available to maintain
access to the forest territory, while reducing economic, environmental and social problems
that arise due to road construction. Several possible solutions have emerged from this study,
including the timely repair of roads, regular maintenance of road surfaces, ditches and the
rights-of-way, a review of construction standards, and limitation of road construction in
steep sections.

Until now, the remote sensing approach has made it possible to estimate degradation
on previously positioned sections. Eventually, however, continuous mapping of forest road
degradation would become an avenue that could offer more effective real-time management
of forest disturbances. For example, it would then be possible to visualize and to determine
the current state of all roads to be used when travelling through the forest to fight wildfires,
to harvest timber, or to replant forest following disturbances.

7. Conclusions

The two approaches that were used, namely field observations and the use of remote
sensing to detect forest gravelled road degradation, provided new temporal and spatial
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knowledge of the forest road. More specifically, the field approach provided greater un-
derstanding and predictive capability regarding the way a road degrades as a function of
the slope, time since last maintenance, road-width class, and loss of the road surface. The
remote sensing approach demonstrated that using a combination of topography, roughness,
and vegetation, it was possible to predict the current state of degradation, thereby demon-
strating the potential utility of remote tools such as airborne laser scanning and Sentinel-2.
The versatility of these two approaches is an advantage of this study. Indeed, results that
were obtained here can be exported to the entire eastern Canadian boreal forest domain,
given that the required data are easily accessible and free of charge, and that several poten-
tial solutions for improving forest management emerge. Certainly, the integration of other
factors would advance knowledge on road degradation in forest environments. This study
takes a fresh look at the management of the road network, making it possible to main-
tain economic, environmental, and social benefits that are offered by forest roads, while
minimising the issues that are related to these three spheres of sustainable development.
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