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Abstract: Using hydrological models with a high temporal resolution to predict risk for rutting may
be a possible method to improve planning of forwarder trails or to schedule logging operations in
sites with low bearing capacity to periods when soil moisture content is at a minimum. We have
studied whether descriptions of rut variations, collected in 27 logging sites, can be improved by using
hydrological data, modeled by Swedish HYdrological Prediction for Environment (S-HYPE). Other
explanatory variables, such as field-surveyed data and spatial data, were also used to describe rut
variations within and across logging sites. The results indicated that inclusion of S-HYPE data led to
only marginal improvement in explaining the observed variations of the ruts in terms of both “rut
depths” within the logging sites and “proportion of forwarder trails with ruts” across the logging
sites. However, application of S-HYPE data for adapting depth-to-water (DTW) maps to temporal
changes of soil moisture content may be a way to develop more dynamic soil moisture maps for
forestry applications.

Keywords: rut formation; forestry operations; hydrological data

1. Introduction

Increasing sustainable forest production to substitute non-renewable energy-intensive
material and services is an effective way to reduce human-induced greenhouse gas emis-
sions [1,2]. However, increased forest production in Sweden implies more intensive logging
operations, utilizing heavy machinery all year round, to deliver saw logs, pulpwood, and
other products with a continuous flow from forest to industry. Data from official Swedish
statistics shows an increase in annual fellings, from 49.3 to 85.3 million cubic meters, be-
tween 1956 and 2016 in terms of five-year averages [3].

Fully mechanized cut-to-length (CTL) logging operations with heavy machines may
cause soil compaction or rutting in forest soils [4]. Soil compaction implies reduced pore
volume and pore connectivity between the soil particles, and a resultant negative impact on
air infiltration and water drainage in soil layers [5,6]. Increased bulk density in compacted
soil may increase root penetration resistance and reduce tree and seedling growth in
extreme conditions [7–9]. Oxygen deficiency and increased rates of water retention in
compacted layers may also increase mobilization of total mercury/methyl mercury from
the forest soil to nearby water streams, posing a threat to aquatic organisms [10]. Rutting
occurs when machines apply compression or shear forces to sensitive soils, which may
cause displacement of the soil to the sides or to the middle of the tracks [11]. The extent
of soil compaction and rutting depends on factors such as axle load, ground pressure,
number of machine passages, and ground bearing capacity [4,12,13]. In turn, ground
bearing capacity is determined mainly by soil texture and moisture content [12,14], and
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thereby varies spatially and temporally in forest landscapes. It is also influenced by
factors such as the armoring effect of roots and aboveground biomass [15]. Soils with
fine-grained texture and high moisture content are more prone to developing deep ruts
during logging operations [16]. Soil moisture content has been shown to be an important
factor for predicting soil resistance to penetration and the associated risk for rut formation
in conjunction with logging operations in fine-grained soils [17].

Various technical and planning measures are used in Swedish forestry to reduce the
risk for rutting. Important planning measures include scheduling of logging to avoid
sensitive sites in wet conditions and trafficability prediction models to decide where to
drive and where strip trails need to be reinforced with slash [18,19]. Sites with low bearing
capacity can be scheduled for harvesting in dry periods when soil moisture content and,
consequently, wet areas are at minimum, or in frozen periods. Sites with stronger bearing
capacity may be planned for harvesting during thaw or rainy conditions. Forest companies
in Sweden usually sort their sites to plan harvesting seasons based on rough estimations of
bearing capacity. However, soils with the best bearing conditions constitute only 5.2% of
forest land in Sweden [20], while 45.2% of forest land comprises soil in the second-highest
bearing class. Sites in the second-highest soil class can be harvested during most of the year
if operational adjustment for soil moisture and thawing is taken into account [21]. Planning
tools are required for more precise prediction of risk for rutting, both for scheduling
logging operation and for planning machine operating trails during logging operations in
the second-highest soil class.

This is especially important, since indicators of climate change in Nordic regions with
implications for forestry operations include a reduced number of winter days with snow
cover, from 120 days in 1950 to 100 days in 2020 [22], as well as higher average winter
temperatures, from approximately −4 ◦C in 1900 compared to approximately −2 ◦C in 2020
in Sweden [23]. The indicators are calculated as ten-year averages for the whole country,
thereby covering variations from south to north. In Finland, projections of probable climate
scenarios indicate that the duration of winter periods with suitable bearing capacity in
peatlands, e.g., with 20 cm frost depth or 40 cm snow cover, will shorten by the end of the
21st century [24].

In the past decade, topography-based soil moisture models, such as depth-to-water
(DTW) maps, have been used as trafficability prediction models by most Swedish forest
companies [19]. The DTW maps provided by the Swedish Forest Agency are available
as spatial data layers covering the entire country. DTW maps estimate soil wetness by
calculating the least elevation differences between the land’s surface and the nearest open
water surface, e.g., flow channels or lakes, based on digital elevation models [25]. DTW
maps do not include precipitation and therefore provide temporally static descriptions
of wet areas. Changing the threshold value for upstream areas, required for initiating
modeled flow channels, has been used to adapt wet areas in DTW maps to seasonal and
temporal changes [26–28]. However, attaining a proper threshold value, for required area
to initiate flow channels or separate wet/dry areas, for different seasons is an iterative
procedure requiring field verification for practical applications [27,29]. Reeves et al. [30]
developed a predictive geospatial model for identifying areas more susceptible to soil
disturbances in harvesting sites, based on data regarding topography, land cover, and
harvesting season. The harvesting season (winter/non-winter) was quite coarsely classified,
lacking the temporal resolution required for more detailed scheduling of harvest sites.
Although these kinds of trafficability prediction models have been effective in reducing
the extent of severe rut damage [31], their precision might be affected by the static nature
of these models. Using hydrological models to incorporate temporal variation of soil
condition in trafficability models could be a way to improve predicting the risk for rutting.

Jones and Arp [32] used observed and hydrologically modeled soil moisture content
at different soil depths to show how soil resistance, measured as cone penetration depth,
and daily soil moisture fluctuations influence rutting. The results were used to develop
vehicle-specific maps of estimated rut depth using seasonally adjusted DTW maps in three
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Canadian study sites. Jones and Arp [33] further contributed to the modeling of spatiotem-
poral soil moisture and cone penetrability variability, using hydrologically predicted soil
moisture, elevation, soil particle size, soil bulk density, and land cover. Salmivaara et al. [34]
used hydrologically modeled soil moisture content in combination with empirical data,
such as logging transportation mass and vehicle rolling resistance, to provide a framework
for producing rut-depth maps across a Finnish study site. However, the general applicabil-
ity of these frameworks at high spatial resolutions needs to be examined by studying the
suggested models under different terrain conditions.

By studying various logging sites, being cut at different periods, and spread through-
out Sweden, we have tried to cover both temporal and spatial variability of soil condition
in relation to rut formations. The main objective of this study was to evaluate whether
risks for rutting can be predicted based on hydrologically modeled data within and across
logging sites. The hydrological model used in this study is called HYPE (HYdrological
Prediction for Environment) and is normally used for daily predictions of soil condition.
The version of HYPE adjusted for Swedish conditions is called S-HYPE. The following
research questions were specifically addressed:

1. Will inclusion of S-HYPE-modeled data improve existing descriptions of rut depth
within logging sites?

2. Will inclusion of S-HYPE-modeled data improve existing descriptions of proportion
of forwarder trails with ruts across logging sites?

Improved prediction of risk for rutting will give possibilities to improve planning
of forwarder trails and scheduling logging sites by considering temporal variation of soil
trafficability.

2. Materials and Methods

An empirical database containing data regarding ruts and forwarder trails [35] was
used in this study. The database contained data regarding 35 logging sites, of which
27 sites (341 ha) had the complete data required for this study. The logging sites were well
distributed in terms of operation season, size, and location in Sweden (Figure 1) and mainly
comprised Norwegian spruce (Picea abies (L.) Karst.) and Scots pine (Pinus sylvestris L.).
The sites were harvested during 2014 and 2015, using cut-to-length (CTL) mechanized
systems. Each system involved a single-grip harvester, weighing approximately 20 Mg,
and a forwarder with a laden weight of approximately 40–45 Mg. Detailed technical
specification of machines used on these logging sites were missing in the database, since
the data had been collected to address other research questions than those studied here.

2.1. Input Data

Input data used in this study can be divided into three main categories (Table 1).
Field-surveyed data: Information about forwarder trails and visible ruts along the

trails was procured in the field using the ArcGIS collector application. Ruts, defined as
wheel-tracks with exposed mineral soil having a minimum depth of 10 cm at the deepest
part and minimum length of 1 m, were surveyed as GPS-positioned point observations.
Tracks on peat soil did not require exposed mineral soil to be counted as ruts. To simplify
the field work, rut depth and length were estimated and collected in predefined classes.
Depth classes were defined as 10–20 cm, 21–50 cm, and >51 cm, and length classes as 1–5 m,
6–10 m, 11–20 m, and >20 m.

Data about forwarder trails were also collected in the field, describing the estimated
number of machine passages including both loaded and unloaded forwarder passages.
This information was used to define forwarder trail type in classes: strip forwarder trails
with 1–5 passages, base forwarder trails with 6–10 passages, and main base forwarder trails
with >10 passages. Any ground protection measures, such as slash or temporary timber
bridges over wet areas, were also recorded in the field for both ruts and the forwarder trails.
These data were later reclassed into a binary categorical attribute, ground protection or no
ground protection, in the inferential analysis. A total of 5021 GPS-positioned rut-points
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and 234 km of forwarder trails were used as field-surveyed data across the logging sites. A
more detailed description of the sites, forwarder trails, and ruts is presented in Table A1.
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Figure 1. (Left) Surveyed logging sites in Sweden. (Right) Distribution of ruts per hectare logging
site area with the season of logging site operations indicated. Ruts were defined as machine tracks
with a minimum depth of 10 cm and a minimum length of 1 m.

Spatial data: Digital maps were consulted to collect spatial data about soil type, ele-
vation, and estimated soil wetness at the studied logging sites. Soil type information was
extracted from Quaternary soil maps of the Geological Survey of Sweden (SGU). Elevation
and estimated soil wetness, modeled in DTW maps, were extracted from raster layers with
2 m resolutions available at the Swedish Mapping, Cadastral and Land Registration Au-
thority and the Swedish Forest Agency, respectively. DTW maps were reclassed into binary
classes, where areas with DTW ≤ 1 m were considered wet, and areas with DTW > 1 m as
dry.

Hydrologically modeled data, (S-HYPE): The HYPE model has been developed by
the Swedish Meteorological and Hydrological Institute (SMHI) to simulate flow channels
and circulation of nutrients such as nitrogen and phosphorous [36]. The Swedish version
of HYPE, S-HYPE [37], has been used as a platform for hydrological forecasting and
warning services in Sweden since 2013. S-HYPE subdivides the Swedish landscape into
37,000 sub-basins, at the time of study, with areas of 700–1000 hectares. The sub-basins are,
in turn, classified into 65 combinations of soil type and land use. The soil type data used
in S-HYPE are extracted from soil maps of the Swedish Geological Survey (SGU), and are
further simplified into classes of peatland, clay, till, thin soil or uncovered bedrocks, and
fluvioglacial sediments. Using these data together with altitude and climatological data,
the S-HYPE provides various hydrologically modeled variables, including soil moisture,
ground water level, soil temperature, and frost depth, which were utilized in this study.

S-HYPE variables were provided as time series, covering a time span from 1981 to 2015.
Hydrological data corresponding to logging periods for each of the sites were derived from
S-HYPE time series. Wherever study units, e.g., ruts or logging sites, overlay more than one
soil type or sub-basin, S-HYPE variables were weighted accordingly through the inferential
analysis (Table A1). The mathematical operations were performed using ArcGIS 10.7 and
MS Access software. A detailed presentation of all S-HYPE variables (a total of 30 variables)
used in the study is provided in Table A2.
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Table 1. Summary of input data used in this study: field-surveyed, spatial, and S-HYPE-data.

Input-Data Contained Data Data Category Data Type Reference

Rut length and depth

Length classes:
1–5 m, 6–10 m,

11–20 m, >20 m.
Depth classes:

10–20 cm, 21–50 cm,
>51 cm

Field surveyed Shape file

Slash protection Yes/No Field surveyed

Trail type

Three classes: strip
trails = 1–5 passes,
base trails = 6–10
passes, main base
trails > 10 passes.

Field surveyed Shape file

Soil type
Soil type in top 50 cm
of the soil according
to Quaternary maps

Spatial data

Shape file of varying
resolution:

1:25–100,000 and
1:750,000

Geological Survey of Sweden,
https://www.sgu.se/en/

(accessed on 15 August 2020).

Soil moisture

Estimations by
depth-to-water
(DTW) index,

converted to two
classes, wet

(DTW < 1 m) and dry
(DTW > 1 m)

Spatial data Raster (2 m)

The Swedish Forest Agency,
https:

//www.skogsstyrelsen.se/
(accessed on 1 April 2020).

Elevation

Digital elevation
model created from
high-resolution laser
scanning of Sweden

Spatial data Raster (2 m)

The Swedish Mapping,
Cadastral and Land

Registration Authority,
https://www.lantmateriet.se/

(accessed on 1 April 2020).

S-HYPE

Modeled
hydrological
variables, see

Table A2

Hydrologically
modeled data

Text datasheets per
soil type and

sub-basin area

https://www.smhi.se/
forskning/forskningsenheter/
hydrologisk-forskning/hype-

1.557 (accessed on
12 August 2017).

2.2. Statistical Inference

The sampled ruts in logging sites and sub-basin areas were analyzed by inferring
variations of “rut depth” and “proportion of forwarder trails with ruts” using two regressor
subsets:

1. Field and spatial data only.
2. Field, spatial, and S-HYPE data.

The subsets 1 and 2 differ mainly with regard to the regressors that reflect soil condi-
tions. The soil moisture content estimated by DTW indices was only included in the first
subset, whereas the S-HYPE variables were used to estimate soil conditions in the second
subset of regressors.

2.2.1. Rut Depth Variation

The ruts used in this study had been originally surveyed for other purposes than the
research questions addressed here and were therefore sampled at any distance (with an
average of 9.5 m) between sampling positions. To avoid autocorrelative redundancy in
sampled ruts, the dataset was resampled, and a minimum distance of 35 m was assigned
between the sample points. This autocorrelative threshold distance was identified with
Kriging technique using an anisotropic semi-variogram [38] and may be considered as a

https://www.sgu.se/en/
https://www.skogsstyrelsen.se/
https://www.skogsstyrelsen.se/
https://www.lantmateriet.se/
https://www.smhi.se/forskning/forskningsenheter/hydrologisk-forskning/hype-1.557
https://www.smhi.se/forskning/forskningsenheter/hydrologisk-forskning/hype-1.557
https://www.smhi.se/forskning/forskningsenheter/hydrologisk-forskning/hype-1.557
https://www.smhi.se/forskning/forskningsenheter/hydrologisk-forskning/hype-1.557
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generally valid minimum sample distance in the type of boreal forest environments covered
in the present study. The resampled dataset contained 1756 field-collected rut samples and
was supplemented with map-collected sample points along the existing forwarder trails,
where no rut damage had been identified. The latter type of sample points was called null
ruts and they were extracted retroactively on top of digital logging maps. The addition
of null ruts facilitated inferences regarding differences across disturbed and undisturbed
forwarder trails and increased the sample size to 2063 sample points.

The soil moisture condition was described by DTW indices, extracted at each sample
position, in regressor subset 1. Weighted-average S-HYPE variables at buffer zones around
each sample position described the soil condition, using regressor subset 2. The sample
points were matched with S-HYPE data by calculating the associated weighted averages of
the S-HYPE time series variables, using information regarding logging periods, sub-basin
areas, and soil types within buffer zones around each sample position. The buffer zones
were made using a radius value (r) = rut length/2. The dependent variable was defined as
the number of ruts within the predefined rut-depth classes (Section 2.1) and was assumed
to follow a Poisson distribution [39]. The regressor variables shared by the two subsets
included trail type, ground protection, and elevation.

Partial least squares (PLS) analysis was used [40] to estimate the true dimensionality
of the regressor matrix, and to identify the associated regressor base. PLS was also used
to create rank-ordered lists of relatively independent regressor variables. The top-ranked
PLS regressors were used to fit a generalized mixed log-linked model [38] describing the
observed variation of rut depths. Using a nested model design made it possible to account
for the covariance structures assumed to stratify the dataset due to rut measurements within
logging sites across sub-basins. In the mixed model design, logging site identities were
exclusively used as random regressors when using field and spatial data as only regressors
(subset 1). The logging site identities were nested within random sub-basin identities
when S-HYPE variables were included in the rut depth prediction model (subset 2). More
explicitly, the reason for the mixed effect design is that logging sites were harvested in
different periods, by different operational teams that may have used different routines
in their logging operations. Ruts within logging sites may therefore have properties not
shared by ruts in other sites. The nested design was used because inclusion of S-HYPE
variables required considering that individual sub-basins shared individual S-HYPE model
outputs, presumably not shared by logging sites across different sub-basins.

The two subsets were compared in terms of efficiency in explaining the observed
variation of the response variable, e.g., rut depth within logging site scale.

2.2.2. Proportion of Forwarder Trails with Ruts Variation

Potential regressor variables were compiled to infer the proportion of forwarder trails
with ruts across logging sites. The proportion of forwarder trails with ruts was assessed
by dividing the total rut lengths from all sample points by the corresponding length of
forwarder trail within the respective classes of trail types and ground-protective measures.
The proportion of wet areas within logging sites was also assessed using DTW maps,
to reflect the soil moisture condition, when using the regressor subset 1. Logging sites
with peat as dominant soil type (two sites) were excluded from the analysis due to large
differences in bearing capacity between mineral soil and peat soil.

Three new variables were derived from S-HYPE data to assess the relative values of
precipitation (Rel-prec), groundwater level (Rel-gwat), and soil moisture at root zone (Rel-
srfd) to describe the soil condition in regressor subset 2. The relative values were calculated
by dividing the average values of the associated S-HYPE variables during the logging
operation (3–10 days) by averages of these variables for the reference period 1 January 2000
to 31 December 2014. The S-HYPE variables were calculated as weighted averages, using
the proportion of soil type per logging site area as a reference prior to the assessment of
relative values.
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Using the method of parameterization described above, the dependent response
variable, proportion of forwarder trails with ruts, was now a real number within the
interval [0, 1]. The variation of this response variable was inferred with a logit-linked
generalized mixed linear model [38]. The two regressor subsets (1 and 2) were again tested
and compared with regard to their efficiency in explaining the variation of proportion
of forwarder trails with ruts, over logging site scale. All explanatory regressors apart
from logging site identities were considered as fixed effects. Logging site identities were
considered as random variables in the evaluation of subset 1 and were (again) nested within
random sub-basin identities in the evaluation of regressor subset 2.

Analyses of spatial data, including kriging analysis, were performed in ArcGIS 10.7.
The statistical inferences (PLS analysis) were performed in Dell Statistica 13.0, and the gener-
alized mixed linear model analysis using GENMOD procedure in SAS® statistical software
(Version 9.4, SAS Institute Inc., Cary, NC, USA), ArcGIS 10.7 (Esri, Redlands, CA, USA),
MS Excel, and MS Access (Microsoft, Redmond, WA, USA) were used for database man-
agement.

3. Results
3.1. Rut Depth Variation

With PLS applied to the resampled data, using only spatial and field data as regressors
(subset 1), a list of relatively independent rank-ordered variables explaining the observed
rut depth variation was created. The high-ranked PLS regressors identified and used
as input variables to the generalized linear models were trail type, ground protection,
elevation, and DTW soil moisture. Trail type, ground protection, and elevation were
identified as significant regressors (p < 0.05), explaining 18.8% of rut depth variation
observed within logging sites according to the PLS analysis.

When S-HYPE variables were used to describe the soil condition in regressor subset
2, estimated second layer soil moisture (Sml2) was added to the top significant variables
(p < 0.05) identified by PLS. Accordingly, a linear combination of trail type, ground pro-
tection, elevation, and Sml2 explained 19.3% of the rut-depth variation observed within
logging sites (Table 2).

Table 2. Description of regressor subsets and models efficiency, R2, for inferring variation of rut
depth within logging sites. Regressors marked with (*) were identified as significant at p < 0.05 level.

Regressor
Subset Fixed Regressors Random Regressors R2

(1) Field and
spatial data Trail type * Ground protection * DTM (elevation) * DTW (soil moisture) Logging sites 18.8%

(2) Field, spatial,
and S-HYPE
data

Trail type * Ground protection * DTM (elevation) *
Sml2 (soil moisture
at second soil layer
by S-HYPE) *

Logging sites nested
within sub-basin areas 19.3%

3.2. Proportion of Forwarder Trails with Ruts Variation

The proportion of forwarder trails with ruts was inferred (with a generalized mixed
linear model) across logging sites, using the first subset regressor including trail type,
ground protection, soil type, and proportion of wet areas in logging sites, e.g., proportion
of site areas with DTW ≤ 1 m. The two (fixed) factors trail type and ground protection were
once again identified as significant regressors (p < 0.05), explaining 33.1% of the observed
variation in proportion of forwarder trails across the sites. The inference across logging
sites was repeated with second regressor subset, including the relative S-HYPE variables
Rel-srfd, Rel-prec, and Rel-gwat, in the regressor matrix instead of soil moisture estimation
by DTW. The relative soil moistures (Rel_srfd) and (Rel_gwat) were added to the list of
significant (p < 0.05) variables. A linear combination of relatively independent field, spatial,
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and S-HYPE regressors explained 35.4% of the response variation observed across logging
sites (Table 3).

Table 3. Description of regressor subsets and models efficiency, R2, for inferring variation of forwarder trails
with ruts across logging sites. Regressors marked with (*) were identified as significant at p < 0.05 level.

Regressor
Subset Fixed Regressors Random

Regressors R2

(1) Field and
spatial data

Forwarder
trail type *

Ground
protection * Soil type

Proportion of
wet area in
logging sites, %
(areas with
DTW ≤ 1 m)

Logging
sites 33.1%

(2) Field,
spatial, and
S-HYPE data

Forwarder
trail type *

Ground
protection * Soil type

Relative
precipitation
(Rel_prec)

Relative
soil

moisture *
(Rel_srfd)

Relative
ground

water level
(Rel_gwat)

Logging
sites nested
with
sub-basin
areas

35.4%

4. Discussion

An existing database on ruts and forwarder trail over 27 boreal logging sites through-
out Sweden was used to analyze the hydrological S-HYPE variables within and across
logging sites to evaluate their potential to predict risk for rutting. The PLS results of as-
sessing the observed variation of ruts with different regressor subsets—(1) field and spatial
data, and (2) a combination of field, spatial, and S-HYPE data—indicated that the S-HYPE
variables could contribute to additional explanatory power, but at very small magnitudes.

When S-hype variables were added to the regressor basis, the explanatory power
of the models improved from 18.8% to 19.3% for rut depth, and from 33.1% to 35.4% for
proportion of trails with ruts inferences. The improvement was slightly more pronounced
when the proportion of trails with ruts was inferred, which indicated that S-HYPE variables
can perform better at larger scale, such as logging site areas compared to finer scales and
rut depth positions within logging sites. The S-HYPE variable sml2, soil moisture content
at the second soil layer, and relative values of S-Hype Rel_srfd and Rel_gwat were found
to be significant factors (p < 0.05) in our study. The effect is logical, since both the rut
depths and lengths, i.e., proportion of forwarder trail with ruts, increase at higher soil
moisture/ground water levels. However, due to the material used, we cannot say that this
is an effect of the weather and not of some other difference between the sites. This needs to
be investigated further using a controlled experimental design, and not survey material, as
used here.

Trail type and ground protection were identified as significant factors in both subsets,
explaining rut depth/proportion of forwarder trails with ruts. Higher number of machine
passages means in practice the passage of higher accumulated load over trail segments,
which encourages rut development. The significance of trail type in explaining the ruts
variations is in agreement with results reported by Marra et al. [41] and Eliasson [4]. The
use of slash for ground protection distributes the machine loads over larger areas and can
thereby reduce the risk for rutting when the measures are properly applied [42]. The field
data of ruts and forwarder trail used in this study had been collected previously to evaluate
how application of DTW maps could contribute to minimized rut formation. Based on this
essential decision support material, logging planners and drivers were able to avoid wet
parts of the terrain, or to strengthen them prior to passage to minimize rut formation. The
logging operation method indicated the effectiveness of ground protection in minimizing
the risk for rutting, but this has faded out the possible effect of soil moisture estimations
by DTW maps for the same objective. Soil moisture estimations by DTW maps could not
explain the rut depth variations within logging sites, nor the proportion of forwarder trail
with ruts. The logging operation method also implied that the choice of forwarder trail,
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and hence the location of ruts, is far from random, which needs to be kept in mind when
interpreting the results. Elevation values, extracted from DEM layers, were more effective
for evaluation of rut variations at finer scale, e.g., rut depths within logging sites, but were
not found effective for predicting the proportion of trails with ruts when elevation was
aggregated over the whole area of logging sites.

S-HYPE variables, when added to field and spatial data, improved description of the
observed variations of the ruts in terms of both “rut depths” within the logging sites and
“proportion of forwarder trail with ruts” across the logging sites. The improvements were,
however, quite marginal, which makes it difficult to extract more general conclusions. The
low effect of S-HYPE variables may also be because they are partially derived from the
field and spatial variables already in the model, and they therefore introduce covariance
to the regressor matrix rather than add unique non-redundant information. We suggest
that the main reason for the limited effect of S-HYPE variables is that the S-HYPE model is
designed for operating at relatively large landscape scales, so it cannot reproduce the local
effects that regulate rut formation. This might depend on uncertainties incorporated in the
S-HYPE model. Uncertainties are intrinsic parts of hydrological modeling and may have
a number of causes: data uncertainty, model parameter uncertainty, and model structure
uncertainty [43].

Data uncertainty: The S-HYPE model is built on different classes of land use (e.g.,
forest/agriculture land), elevation, and soil type. The land use classification is quite coarse
and does not account for spatial variation in standing trees or the understory vegetation
type. Soil information is extracted from Quaternary soil maps of the Geological Survey of
Sweden (SGU), whose quality and resolution vary across the nation, and may affect the
outcomes of the hydrological modeled data.

Model parameter uncertainty: The parameters in S-HYPE are primarily linked to soil
type and land use. There are, however, also local deviations of key parameters, called super
parameters [44], by which the accuracy in streamflow is improved considerably. The focus
of the parameter calibration is streamflow. The model simulates other internal variables, e.g.,
lake levels, groundwater levels, and snow depth, with a varying degree of accuracy. It can
be calibrated to simulate internal variables with a high level of accuracy [36,45]; but without
local adaption, the results are quite uncertain at the fine scale used here. The variation
in time is usually more reliable than the absolute values, for instance, for groundwater
levels. In turn, this means that the detailed information required within the scales of typical
logging sites is lacking. In a study by Tyystjärvi [46], the spatial and temporal variation
of soil moisture was estimated using three different hydrological models, JSBACH [47],
SpaFHy [48], and Ecohydrotools [49], where modeled and observed soil moisture was
compared across a study area in northwest Finland. The study indicated that all the models
had difficulties in modeling small-scale spatial variation, particularly at the driest part of
the terrain, but performed better when simulating the temporal variation of soil moisture
over longer time spans. More spatially detailed input data were recommended to achieve
accurate estimations.

Model structure uncertainty: The S-HYPE model is mainly developed to estimate the
flow and turnover of water and nutrients, and for monitoring the quality of water resources.
Detailed information, such as land cover and soil type, is upscaled by the S-HYPE model
without affecting its main application areas, whereas the estimation of such variables at
smaller landscape scales may suffer as a result. Furthermore, the location of the different
soil types is not resolved within the S-HYPE model sub-basin units, with areas of typically
700–1000 ha. This implies that S-HYPE variables lack the spatial resolution required for
estimating the local ground-bearing capacity, based on soil condition estimations within
the logging sites or capturing the variation of bearing capacity across the logging sites.

The strength of the S-HYPE model lies in describing how hydrological landscape char-
acteristics may vary with time across a specific area, rather than capturing the differences
among parts of different sub-basin areas over the same time span. The dataset used in the
evaluation consisted of information from different points in space rather than different
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points in time over the same area. The predictive power of the hydrological model is
likely to be advice on when, rather than where, to avoid logging operations. This strength
could be applied to improve DTW maps by adjusting threshold values concerning flow
initiation areas (FIA), required for mapping flow channels, or to decide proper DTW limit
to distinguish wet/dry areas. A 1 ha FIA threshold value and a DTW limit of ≤ 1 m to
separate wet/dry areas are currently used in DTW maps available at the Swedish Forest
Agency [19]. Higher values of relative soil moisture (Rel_srfd) or relative ground water
level (Rel_gwat), compared to averaged conditions over longer periods, can indicate wetter
soil moisture conditions. This information can be used to apply a lower FIA or higher
wet/dry DTW threshold limit and thereby develop more dynamic soil moisture maps for
forestry applications. However, new studies are required to evaluate exactly how to use
S-HYPE variables for such purposes.

5. Conclusions

To predict risk for rutting, using a hydrological model applicable for planning of
logging operations, the small-scale spatial variations of topography, soil type, and land
cover need to be represented in the model. Further improvement of the S-HYPE model
may be needed to adapt it to the requirements of identifying logging sites and forwarder
trail with adequate bearing capacity. However, the use of S-HYPE data to adapt the DTW
maps to temporal changes in soil moisture may be a possible alternative for developing
more dynamic soil moisture maps for forestry applications.
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Appendix A

Table A1. Description of logging sites, showing number of sub-basin areas in S-HYPE, total area (ha), number of ruts per hectare, total length of forwarder trail, total
length of ruts, forwarder trail types, any ground protection of the forwarder trail, and soil type distribution according to SGU Quaternary maps.

Logging
Site ID

Number of
Sub-Basins
Sustaining

Sites

Area
(ha)

Number
of Ruts
per ha

Total
Length of
Ruts (m)

Total
Length of
Forwarder
Trails (m)

%
Forwarder

Trails
Protected

with Slash

Forwarder Trail Type Distribution Soil Type Distribution

% Main
Base For-
warder
Trails

% Base
For-

warder
Trails

% Strip
For-

warder
Trails

% Clay

%
Glacioflu-

vial
Sediment

% Till % Peat

% Thin
Soil and

Bare
Bedrocks

1 1 1.78 2.8 23 1760 65.94 1.89 60.07 38.04 - - 100.00 - -
2 1 2.33 34.3 303 1752 59.94 - 52.04 47.96 - - 100.00 - -
3 1 1.38 4.34 20 1388 84.41 - 60.43 39.57 - - 85.52 14.48 -
4 1 6.74 10.69 240 7467 74.11 5.63 61.37 33.00 - - 100.00 - -
5 1 7.24 16.86 315 5406 86.68 0.00 67.04 32.96 - - 100.00 - -
6 2 28.87 36.34 3895 14,291 81.82 1.66 59.28 39.06 - - 100.00 - -
7 1 13.89 42.12 2160 6855 68.05 0.00 56.83 43.17 - - 100.00 - -
8 1 14.99 20.75 840 9406 80.20 2.46 63.12 34.42 - - 44.82 51.26 3.93
9 1 16.1 14.16 740 12,529 84.28 0.00 64.77 35.23 - - 98.25 1.75 -
10 1 8.92 2.69 75 7692 65.39 3.76 64.49 31.75 - - 69.42 0.92 29.66
11 1 11.39 11.85 475 7432 63.48 0.00 51.86 48.14 - - 99.63 0.37 -
12 1 48.56 13.43 2579 35,183 40.18 1.70 39.32 58.98 - - 99.49 0.51 -
13 1 17.67 2.77 148 13,634 67.59 0.00 26.60 73.40 - - 98.10 1.90 -
14 1 20.53 35.8 2235 14,805 71.61 1.83 46.69 51.48 - - 100.00 - -
15 1 3.06 15.38 163 1806 67.30 - 53.71 46.29 - 90.35 9.65 - -
16 2 9.75 1.74 76 7493 85.67 3.30 58.37 38.33 - - 2.71 3.68 93.61
17 1 19.74 22.95 1620 15,096 76.65 0.49 74.03 25.47 - - 27.80 72.20 -
18 1 4.37 2.29 30 2922 80.04 3.07 58.22 38.71 - - 100.00 - -
19 1 7.36 1.36 50 4697 91.98 - 58.44 41.56 - - 100.00 - -
20 1 21.19 5.71 463 16,272 36.91 2.00 74.39 23.60 - - 99.59 0.41 -
21 1 7.49 20.96 500 6137 76.48 2.04 64.85 33.11 - - 98.39 1.61 -
22 2 5.03 42.72 1128 2739 40.27 12.74 13.48 73.78 8.70 - 78.39 12.91 -
23 1 15.95 45.15 2258 10,908 37.67 1.59 35.58 62.83 51.27 - 31.82 1.98 14.92
24 1 9 10 510 5480 12.06 0.00 27.74 72.26 4.34 - 65.42 0.72 29.52
25 1 15.92 40.77 3317 8600 51.74 2.45 24.20 73.34 - - 79.94 4.53 15.53
26 1 12.1 47.6 5635 6944 38.13 1.01 18.46 80.53 - - 82.74 1.22 16.03
27 1 9.66 38.71 2680 5633 56.59 1.48 15.62 82.90 - - 97.64 1.28 1.08



Forests 2022, 13, 901 12 of 14

Table A2. List of S-HYPE variables used in the study to evaluate the possibility of describing the risk of rutting during logging operations. Three soil layers (upper,
middle, and lower), with varying thickness for each soil type, are used in the model.

Variable Name Scale Definition
temp ◦C air temperature, provided in Tobs.txt/Tobs_nnn.txt
ctmp ◦C corrected air temperature
snow mm snow water equivalent
sdep cm snow depth
soim mm computed soil moisture (including standing water)
som2 mm soil water of upper two soil layers (including standing water)
sml1 mm soil moisture upper soil layer (not including standing water)
sml2 mm soil moisture second soil layer
sml3 mm soil moisture third soil layer
smrz mm soil moisture root zone (upper two soil layers) (not including standing water)
sm13 mm soil moisture all soil layers (not including standing water)
stsw mm standing soil water
srff - soil moisture root zone (upper two soil layers) (not including standing water) as fraction of wcfc volume

smfd - soil moisture (not including standing water) as fraction of soil depth
srfd - soil moisture root zone (upper two soil layers) (not including standing water) as fraction of root depth
smfp - soil moisture (not including standing water) as fraction of pore volume
srfp - soil moisture root zone (upper two soil layers) (not including standing water) as fraction of pore volume
smdf mm soil moisture deficit to field capacity of upper two soil layers
gwat m groundwater level
sfst cm frost depth

stmp ◦C soil temperature
stm1 ◦C upper soil layer temperature
stm2 ◦C middle soil layer temperature
stm3 ◦C lowest soil layer temperature
cout m3/s simulated outflow from lake/subcatchment
prec mm/[period] precipitation as provided in Pobs.txt
cprc mm/[period] corrected precipitation
crun mm/[period] calculated local runoff from land area. Note that this is not the same as the flow to the local stream if floodplains are used.
cros mm/[period] simulated surface runoff. Note that this is not the same as the flow to the local stream if floodplains are used
psim mm/[period] precipitation including water that will be removed as “interception losses”
temp ◦C air temperature, provided in Tobs.txt/Tobs_nnn.txt
ctmp ◦C corrected air temperature
snow mm snow water equivalent
sdep cm snow depth
soim mm computed soil moisture (including standing water)
som2 mm soil water of upper two soil layers (including standing water)
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