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Highlights
• Soil type and traffic intensity had significant effects on rut formation.
• Further studies are required to identify all factors affecting rut formation, especially on soils 

with medium bearing capacity.
• The cartographic depth-to-water index (DTW) alone did not predict rut formation, but used in 

combination with other information, e.g. soil type, could be an interesting tool for delineating 
soil areas that are potentially vulnerable to rut formation in logging operations.

Abstract
Rut formation caused by logging operations has been recognised as a challenge for Swedish 
forestry. Frequent traffic with heavy machines on extraction roads, together with a warmer cli-
mate, is one of the factors that increases the risk of rut formation in forests. One possible way to 
control this impact of logging operations is to design and apply decision support tools that enable 
operators to take sensitive areas into account when planning extraction roads. In this study, 16 
different logging sites in south-eastern Sweden were surveyed after clear-cut. Information was 
collected about extraction roads (i.e. traffic intensity, whether the roads had been reinforced with 
slash) and ruts. Digital maps such as cartographic depth-to-water (DTW) index and soil type were 
also examined for any connection to rut positions. Soil type and traffic intensity were found to 
be significant factors in rut formation, while DTW and slash reinforcement were not. However, 
the DTW map combined with other information, such as soil type, could contribute to decision 
support tools that improve planning of extraction roads.
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1 Introduction

Forest harvesting takes place all year round in Sweden, as forest industries need fresh wood to 
produce high-quality sawn goods and to reduce the need for chemicals in pulping. Modern timber 
harvesting machinery is costly, but high annual utilisation rates help reduce harvesting costs and 
provide operators with full-time employment throughout the year, which could compensate for 
the investment cost. Operating heavy forest machinery all year round poses many challenges, not 
least negative environmental impact on the physical and chemical properties of soil.

Depending on ground bearing capacity, rut formation and soil compaction may occur in forest 
soil during ground-based logging operations with heavy machines (Kozlowski 1999; Williamson 
and Neilsen 2000; Eliasson 2005; Horn et al. 2007). Soil compaction occurs when applied load 
on soil exceeds the ground bearing capacity, destroying air-filled pores among the soil particles 
(McNabb 2001). This increases the soil strength and may reduce root penetration (Taylor 1971), 
and disturbs water drainage and air infiltration, which promotes anaerobic conditions in the soil 
and affects site fertility (Kozlowski 1999; Cambi et al. 2015).

The level of soil compaction resulting from forestry operations depends on several fac-
tors, including machine-applied pressure, soil texture and its organic matter and water content 
(Ampoorter et al. 2010). Ground bearing capacity of a specific site may even vary significantly 
between seasons, depending on variability in flow discharge amounts and soil wetness (Ågren et 
al. 2015). When moisture content of the soil increases beyond a critical level, extra pressure would 
cause soil displacement at the site of machine tracks, contributing to rut formation after vehicle 
passages (Cambi et al. 2015). Consequently, degree of rut occurrence also depends on site-specific 
factors such as soil texture and moisture content, vehicle specifications and driving behaviour e.g. 
velocity and turning radius (Braunak et al. 1993; Liu et al. 2010). Rut formation may imply higher 
bulk density and lower hydraulic conductivity at the tracks that, in turn, leads to higher risk of 
surface run-off and erosion (Shack-Krichner et al. 2007) and could be followed by higher loads of 
sediments (Ågren et al. 2015), nutrients and accumulated mercury in soils of Swedish boreal forests 
to water environments (Futter et al. 2016). Field studies, however, have shown both positive and 
negative effects of soil disturbance on forest growth (Wronski and Murphy 1994), and effects can 
change over time (Passauer et al. 2013).

According to Swedish forestry legislation, “severe ruts” are ruts that may affect soil and 
water status negatively, disturb accessibility of pathways, reduce aesthetic values of the forest, 
or damage cultural heritage sites. Severe ruts should be avoided in forestry operations (Swedish 
Forest Agency 2015). Protecting water bodies by leaving trees in 8–10 m buffer zones and avoid-
ing driving heavy machinery across flow channels and ditches are examples of preventive actions 
suggested in a handbook provided for forest machine operators in Sweden (Ring et al. 2008).

A commonly used method to reduce soil disturbance is to use tops and branches from har-
vested trees, slash, to strengthen the ground on extraction roads where the soil is moist, i.e. more 
susceptible to rut formation, or where the extraction roads are expected to be trafficked more 
intensively. Eliasson and Wästerlund (2007) showed that application of slash on extraction roads 
reduces soil compaction on the upper parts of the soil, but soil compaction tends to increase with 
the number of passages, even on reinforced extraction roads. Slash has an economic value as bio-
mass for energy production, so it is only used to reinforce extraction roads where necessary. The 
extraction of biomass for fuel therefore competes with the application of slash as a reinforcement 
element in improving the soil bearing capacity (Labelle and Jaeger 2012).

Other methods are used to reduce ground impact. Planning or decision support tools have 
been developed as a function of topography and soil type (Mohtashami et al. 2012) or combined 
with other factors like vehicle wheel specifications (Suvinen 2006) to predict terrain trafficability. 
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These planning tools could be regarded as possible best-management practices to minimise soil 
disturbances, and their performance could improve if the models predict soil hydrological character-
istics in the terrain more dynamically. LiDAR (light detection and ranging) extracted digital terrain 
models (DTM) have been used to map different soil moisture indexes that capture the paths of water 
flows on terrain surfaces, considering both surface topography and gravitational differentiation as 
driving forces for water drainage (Seibert and McGlynn 2007; Grabs et al. 2009; Qin et al. 2009). 
In the 1970s, Beven and Kirkby (1979) introduced the topographic wetness index (TWI), which is 
based on local upslope area draining through a certain point, divided by the gradient at that point.

A variety of methods are used to calculate TWI. Sørensen et al. (2006) studied different ver-
sions of TWI, applying different approaches to calculate catchment area and slope, and evaluated 
them against field-measured variables such as vegetation, soil chemistry and hydrology in boreal 
forests in northern Sweden. Beven and Kirkby’s TWI was seen to be site-specific and dependent 
on the type of variable it was to estimate; different versions might perform better than others, so 
local verification would be needed to achieve optimum results. In general, a modified Tarboton et 
al. (1991) method for calculating flow distribution resulted in improved matches for ground water 
level estimations.

Murphy et al. (2006) developed a cartographic depth-to-water (DTW) index based on topo-
graphic conditions and hydrographic data. DTW is also defined as the “tendency of the soil to be 
saturated” (Murphy et al. 2007). The model is mathematically described in Eq. 1:

DTW(m) � � �� ��� ��� dzi dxi a Xc/ ( )1

where dzi / dxi is the smallest elevation path between cells of the landscape and nearest surface 
water with highest probability for hydrological connectivity to that cell; a is a constant parameter 
adjusting for direction of movement from cell to cell, and is equal to 1 when the path is paral-
lel to the cell edge and 1.414214 when it passes the cells diagonally; Xc is the grid cell size (m) 
(Murphy et al. 2009).

Murphy et al. (2009) also compared the wet areas captured by DTW and those of the TWI 
with field-mapped soil wet areas for a 193-ha watershed in Alberta, Canada. Results showed that 
DTW had a better conformance, probably because it accounted for the local downslope topogra-
phy and hydrological conditions, while omitting the effect of overdependence on convergent flow 
accumulation in TWI. However, in areas with different climatic and topographic conditions, field 
verification would be required to attain better DTW conformance. Ågren et al. (2014) compared 
several wetness indexes, e.g. Tarboton’s TWI, and Murphy’s DTW, in a Swedish landscape to evalu-
ate which had the best capability for capturing the watersheds. TWI and DTW were identified as 
best matches; TWI is scale-sensitive while DTW is not. It was also shown that the optimal threshold 
for flow channel initiation in the DTW model needed to be adjusted to the surrounding soil type.

Most studies of the effect of specific factors on rut formation have applied controlled study 
designs to avoid confounding factors. However, a major factor influencing rut formation during 
logging operations is decisions taken by the machine operators, such as where to locate extraction 
roads, where to reinforce them, and which areas to avoid. Furthermore there are areas close to 
landings, where all logs are collected for final transportation, where driving cannot be avoided. 
This complexity of site conditions, operator decisions and interaction of influential factors are dif-
ficult to capture in controlled studies, so a survey study of several logging sites is needed in order 
to describe rut formation during practical harvesting conditions.

This study aims to evaluate whether cartographic soil moisture (DTW index), slash reinforce-
ment of extraction roads, traffic intensity presented as number of machine passages, and expected 
bearing capacity of different soil type influence the risk for rut formation in commercial harvesting 
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operations. Another aim was to evaluate whether a DTM-based soil wetness index would contribute 
to a decision support tool that could help logging planners and forest operators detect sensitive 
parts of the forest soil prior to logging operations, thereby enabling them to make better decisions 
regarding protection of moist soil.

2 Materials and methods

Sixteen logging sites, totalling 171 ha, were surveyed by two field technicians in summer 2013 
to collect information on extraction roads and ruts in practical operating conditions. The logging 
sites belonged to Bergvik Skog AB and were located in Österbybruk, south-eastern Sweden. The 
logging operations involved mechanised cut-to-length (CTL) systems consisting of a single grip 
harvester and a forwarder. Operators and logging machines varied from site to site. To prevent 
rut formation, harvester operators reinforced extraction roads with slash where it was deemed 
necessary according to instructions given by the company responsible for harvesting operations 
in Bergvik Skog’s forest lands, Stora Enso. The sites were harvested between October 2011 and 
March 2013, and logs were forwarded immediately after felling. The surveyed data was collected 
using Arcpad software installed on a Yuma Trimble field computer.

2.1 Field data collection on extraction roads

All extraction roads, strip and base, used by forwarders were surveyed and described in line 
shapefiles with field-related attributes: (1) whether they had been reinforced with slash, and (2) 
traffic intensity, expressed as road class. Road classification – small strip roads, strip roads, base 
roads – was based on an estimated number of forwarder passages and the position of the extraction 
road on the logging site. Little-used peripheral road segments were combined into roads with more 
passages, and an intensively used road segment cannot become less trafficked as it approaches the 
landing. This might introduce some bias in the data, but the two field technicians agreed on the 
classification system applied to the surveyed roads (Table 1). All the extraction roads had been 
trafficked once by the harvester prior to forwarding, but this passage was not included in the clas-
sification procedure, since harvesters cause much less soil disturbance than a laden forwarder.

2.2 Field data collection on ruts

Ruts were defined as parts of a road surface where the soil had been disturbed by being pushed 
downwards or sideways due to machine passage. They were visually detectable, with depths greater 
than 10 cm in the deepest part of the cross-section of the tracks measured from adjacent ground level. 

Table 1. Classification of extraction roads 
based on the estimated number of forwarder 
passages.

Road class Number of passages

(1) Small strip road 1–2
(2) Strip road 3–5
(3) Base road 6–10
(4) Main base road >10
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The ruts of each site were surveyed and collected in either point or line shapefiles. The surveyed 
ruts were described by the following attributes: (1) length and width, (2) the road class on which 
they were located, and (3) whether they were located on slash-reinforced/non-reinforced segments 
of the roads. If severe ruts appeared in both tracks of the roads, they were measured separately but 
were given a single GPS-positioned point. Shape and raster files were processed in ArcMap 10.1.

2.3 Extracted data from digital maps

In addition to field-collected attributes, information about soil type and wetness condition was 
retrieved from soil and DTW maps for all surveyed roads and ruts. As the soil type classification 
in the maps is imprecise, they were grouped into three bearing capacity classes to simplify the 
analysis (Table 2).

A DTW index map with 1-ha flow initiation, was prepared for the logging areas by the For-
estry and Watershed Department at the University of New Brunswick. The saturated areas captured 
by the DTW index were classified in two main groups: areas where the depth to the nearest surface 
water was equal to or less than 1 m (DTW ≤ 1 m), and areas where the depth to the nearest surface 
water was more than 1 m (DTW > 1 m).

GPS-positioned roads and ruts were projected onto the maps to extract corresponding soil 
and moisture classes to the field data and to measure the length of road segments in correspond-
ing classes on each map. Fig. 1 illustrates one of the logging sites, surveyed roads and ruts on the 
DTW map and the soil map.

Table 2. Soil bearing capacity classification based on soil type.

Soil bearing capacity class Soil type

(1) High bearing capacity Bedrock, stony soils, gravely till soils
(2) Medium bearing capacity Sand and gravel sediments, sandy till soils
(3) Low bearing capacity Peat soils, clay and silt sediments, clayey silt and silty till soils

Fig 1. One of the 16 logging sites with surveyed roads and ruts over soil map (left), and the reclassified cartographic 
depth-to-water (DTW) map (right).
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A summary of variations in size of logging sites, soil bearing capacity, share of saturated 
areas in the logging sites, and total length of extraction roads is presented in Table 3.

2.4 Data processing and evaluation

Where a point-registered rut involved ruts in both tracks, the lengths of these segments were 
summed to give the total length of the rut at that point. In areas where the ruts had been collected 
in line shapefiles, the length of the lines was doubled if there were ruts in both tracks. The same 
procedure was applied to measure the length of the extraction roads: GPS-recorded roads were 
measured in ArcGIS and their length was multiplied by two to account for both tracks of a single 

Table 3. Summary of the surveyed sites and extraction roads trafficked by forwarders. Areas with depth-to-water 
(DTW) <= 1 m were supposed to be more vulnerable for rut formations at trafficking.

Object 
no

Area, (ha) Share of area with soil type of different  
bearing capacity, (%)

Share of area with 
DTW <= 1 m, (%)

Total length of 
roads, (m)

Share of roads 
with ruts deeper 
than 10 cm, (%)low medium high

1 39.27 13 73 14 14 23062 28 
2 20.15 7 86 7 7 12210 8 
3 4.87 11 65 25 25 3392 28 
4 2.97 1 52 48 48 1641 20 
5 1.86 0 64 36 36 1038 25 
6 2.65 0 88 12 12 1624 18 
7 15.61 2 71 27 27 8900 21 
8 0.85 12 88 0 0 410 5 
9 5.92 2 75 22 22 3300 7 
10 3.94 0 65 35 35 2249 6 
11 18.15 4 79 17 17 10042 7 
12 7.99 0 79 21 21 4258 2 
13 18.38 5 70 25 25 9833 1 
14 7.08 0 97 3 3 4171 0 
15 16.26 19 77 4 4 8811 2 
16 12.19 0 98 2 2 4836 3 

Fig 2. Mean value and standard deviation of the surveyed roads on 16 logging sites by road class: (1) small strip road 
with 1–2 passages, (2) strip road with 3–5 passages, (3) base road with 6–10 passages and (4) main base road with 
>10 passages (left); Distribution of surveyed roads by road class and the cartographic depth-to-water (DTW), (right).
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machine. The share of roads with ruts deeper than 10 cm was calculated by dividing the total 
length of ruts, either as point or line, by the doubled length of the lines representing the road seg-
ments in each road class, soil class, reinforcement and DTW class. Collected data was evaluated 
to: illustrate how mean value and standard deviation of the extraction roads looked like by road 
class in the surveyed sites (Fig. 2, left), how the extraction roads were distributed in terms of slash 
reinforcement and correspondent DTW index (Fig. 2, right), and how they were distributed over 
road class and soil type (Fig. 3).

2.5 Statistical analysis

All the statistical analysis involved shares of ruts on road segments in the defined classes of road 
class, soil type, slash reinforcement and DTW. The mixed linear model in Eq. 2 describes the 
statistical model used to analyse the data. Since the share of roads with ruts was not normally 
distributed, the share of ruts was logit transformed to (yijklm) before analysis to fulfil the normal 
distribution requirement of the mixed model analysis. The logit transformation was necessary 
since it transforms the primary range of shares sm ϵ [0, 1] onto the interval [-∞, ∞] assumed by the 
normal distribution (Olsson 2002).

y a b c d ab ac ad bc bd cd s eijklm i j k l ij ik il jk jl kl m ijk� � � � � � � � � � � � �� mml ( )2

where
yijklm is the logit value of the response variable for observation ijklm,
µ is the overall mean,
ai is the fixed effect of road class i (where i is small strip road, strip road, base road or main base 

road),
bj is the fixed effect of DTW class j (where j is DTW ≤ 1 or DTW > 1),
ck is the fixed effect of slash class k (where k is reinforced or non-reinforced with slash),
dl is the fixed effect of soil class l (where l is high, medium or low bearing capacity),
sm is the random effect of site m (where m is stand 1, 2, …, 16); where we assume sm ⁓N s( , ),0 2σ
abij, acik, adil, bcjk, bdjl, cdkl are interaction effects, and
eijklm is the random residual of observation ijklm; where we assume eijklm ⁓N e( , ).0 2σ

Fig 3. Distribution of the surveyed roads by road class and soil type.
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Sites were regarded as a random factor in the analysis, since they had been chosen randomly 
from the landowners’ stand databases for logging operations. A level of p < 0.05 was chosen to 
distinguish significant factors. The analyses were carried out using the Proc MIXED procedure in 
the SAS® statistical software (Ver 9.4 SAS Institute Inc.).

Since site has a large influence in the joint analysis above, the GLM (General Linear Model) 
in Eq. 3 was used to analyse which factors had a significant effect within each site.

y a b c d ab ac ad bc bd cd eijklm i j k l ij ik il jk jl kl ijkml� � � � � � � � � � � �� (33)

3 Results

Distribution of the surveyed extraction roads by road class varied from site to site. Analysis of the 
mean value of the road lengths among the studied sites showed that the most common road class 
was strip roads with 3 to 5 passages (Fig. 2, left). Non-reinforced roads constituted almost 54% 
of the roads in surveyed sites. In total, 21% of the surveyed roads were non-reinforced and were 
located on saturated areas with DTW ≤ 1 m, while a further 33% of the roads were non-reinforced 
with slash but situated on drier soils with DTW > 1 m (Fig. 2, right). The surveyed extraction roads 
were distributed differently on soil with low, medium and high bearing capacity types; 7%, 77%, 
16% respectively. Fig. 3 shows shares of soil type over road class; the biggest share of soil type 
in each road class had medium bearing capacity.

The share of roads with ruts varied considerably among the logging sites (Table 3). In a 
statistical analysis of the share of roads with ruts deeper than 10 cm, using the variables road 
class, DTW, slash reinforcement, soil class and their interactions, both soil class and road class 
had significant effect on the share of rutted roads (Table 4). The variance between sites was 42% 
of residual variance. Analysis of the share of roads with ruts deeper than 10 cm in relation to soil 
class showed that soil types with medium bearing capacity had the largest share of ruts compared 
to the other two classes, and that share of ruts in all road classes clearly increased with the number 
of machine passages (Fig. 4).

The site wise analyses showed that more factors can have a significant influence on rut for-
mation in an individual site than those that proved to be significant in the general mixed model. 
The two factors that most commonly had a significant or near significant influence on rut formation 

Table 4. Statistical analysis of share of roads with ruts, and explanatory variables: road class, 
cartographic depth-to-water index (DTW), slash reinforcement, soil classes and their interac-
tions. A level of p < 0.05 was chosen to distinguish significant factors.

Variable Degrees of freedom F-value p-value

Road class 3 13.29 <0.0001
DTW 1 1.68 0.1960
Slash reinforcement 1 0.43 0.5144
Soil class 2 12.18 <0.0001
Road class × DTW 3 0.39 0.7613
Road class × Slash reinforcement 3 0.64 0.5887
Road class × Soil class 6 1.37 0.2266
DTW × Slash reinforcement 1 0.88 0.3488
DTW × Soil class 2 0.92 0.3986
Slash reinforcement × Soil class 2 0.00 0.9977
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were, as expected from the mixed model, road class (traffic intensity) in 8 of 16 stands and soil 
type (soil bearing capacity) in 9 of 16 stands. The DTW index was influential in 8 of 16 stands, 
but this was almost always in interaction with another factor (Table 5).

4 Discussion

Several factors determine the severity of rut formation during logging operations. Soil bearing 
capacity, wetness of the ground, intensity of traffic on logging roads, and applied mitigating meas-
ures such as reinforcement of the extraction roads with slash are among the factors that can affect 
the level of soil disturbance in forest operational activities.

Some parameters such as road class (traffic intensity) and soil bearing capacity influenced 
the share of ruts mainly in the expected way, i.e. the share of ruts increases with traffic intensity, 
which corresponds with the findings of others (Ezzati et al. 2012; Agherkakli et al. 2010) and 
decreases for soils with high bearing capacity. One important finding of this study is that the 
main trafficked soil type with the greatest share of rut occurrence on the surveyed sites is soils of 
medium bearing capacity. There have been far more controlled experimental studies on soil with 
a low bearing capacity (Eliasson 2005; Eliasson and Wästerlund 2007; Bygdén et al. 2004), so 
there is a need for controlled experiments on factors affecting rut formation on soils of medium 
bearing capacity.

DTW had no significant influence on predicting rut frequency in the analyses of the total 
survey data. However, when the data was separated by site, DTW had an impact on the frequency 
of ruts in some sites, often in interaction with other parameters. This is logical, as soil moisture 
could be expected to have a larger effect on the probability of rut formation on weak (fine grained) 
soils than soils with high bearing capacity or on bedrock. Furthermore, the calculated DTW is a 
continuous variable, so the boundary between the two DTW classes used in this study does not 
mean that DTW > 1 equals dry soil and DTW ≤ 1 equals wet soil, but rather that the former is 
probably drier then the latter. Our findings support those of Ågren et al. (2015), who showed that 
DTW maps alone cannot be used as a tool for predicting rut locations, but can delineate saturated 
areas connected to main flow channels where rut occurrence may increase the risk for sediment 
transportation.

The cartographic depth-to-water index, DTW, when used together with other site-specific 
information such as soil type and topography (Mohtashami et al. 2012), could be used as a plan-
ning tool that can help detect sensitive areas in logging sites. Such a tool can assist planners and 

Fig. 4. Share of roads with ruts deeper than 10 cm by soil class (left) and road class (right) in all surveyed sites. Bars 
with different letters are statistically significant from each other according to the Tukey test.
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machine operators in making decisions about where to locate roads and where slash reinforce-
ment is necessary. In the surveyed sites, neither planners nor operators had information about the 
cartographic soil moisture and soil type maps prior to logging operations. A comparison with a 
complementary survey study where a decision support tool had been applied at the time of road 
planning, is necessary before a conclusion can be drawn on how much the DTW index and soil 
type information could help to reduce rut frequency.

Slash reinforcement had no effect in the surveyed sites. This is probably an effect of the 
harvester operators reinforcing the roads they expect to be vulnerable to rut formation, and for-
warder operators placing extra slash at the road surface where they observe rut development during 
the forwarding operation. Consequently, ruts observed in reinforced roads is not a true measure 
of the probability of rut formation on a road reinforced with slash by the harvester; instead, it is 
a combination of that probability with the probability that a road is first reinforced with slash by 
the forwarder when rut formation has begun. In the first case, slash reinforcement was probably 
not sufficient to cope with the amount of traffic. This could be the result of machine operators 
underestimating the amount of slash required, since there were no specific guidelines defining how 
much slash was needed. Similar results were found in cases where a small amount of slash was 
not effective in reducing ground damage when the ground was moist (Han et al. 2006; McDonald 
and Seixas 1997). Wood et al. (2003) also linked the failure of slash-covered roads to terrain con-
ditions, especially water content.

Since the study was a field survey, road class had to be estimated. This may induce some 
subjectivity in the collected data, as it not is easy to estimate the exact number of passages. There 
is always a risk that the number of passages is overestimated on a rutted section of the road, but as 
this would then also influence the classification on the next section without ruts, the bias in road 
classification should be small.

A common challenge of survey studies like this is that, unlike a designed experiment, not 
all possible factors affecting the occurrence of ruts could be controlled or measured. For instance, 
it was not possible to account for the season in which the logging operation was performed, so 
meteorological factors, and consequently variations in soil bearing capacity caused by temperature 
and precipitation, were excluded.

Another important issue is that, in practice, roads are planned by the machine operators. They 
try to avoid causing ruts, since ruts are considered to be a negative impact on soil and have undesired 
effects on forwarding operation. Consequently, operators actively choose to locate roads in areas 
that they perceive as having sufficient bearing capacity where passage is unavoidable, and try to 
reinforce the road surface. In other words, they are motivated to select appropriate road locations 
and reinforce them if they assume the road segment will be used by more traffic. This behaviour 
will influence the results of the survey and must be considered when interpreting the results.

5 Concluding remarks

Further studies are required to identify the effects of all factors included in this survey on rut for-
mation, especially on soils with medium bearing capacity. The cartographic depth-to-water index 
(DTW) could be an interesting tool for delineating wet soils that are potentially vulnerable to rut 
formation during logging operations when combined with other information, e.g. soil type. Deci-
sion support tools that incorporate these variables could help forestry operators plan extraction 
roads in areas with best bearing capacity, or give an indication of where the soil bearing capacity 
needs to be improved by, for example, slash reinforcement.
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