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Abstract

Forest operations often enhance runoff and soil loss in roads and skid trails, where cut slopes 
and fill slopes are the most important source of sediment. This study evaluated the effectiveness 
of four erosion control treatments applied to cut slope and fill slope segments of forest roads 
of different ages in the Hyrcanian forest in northern Iran. The treatment combinations, each 
replicated three times, included four classes of mulch cover (bare soil [BS], wood chips cover 
[WCH], sawdust cover [SC], and rice straw cover [RSC]), two levels of side slope (cut slope 
and fill slope), two levels of side slope gradient (20–25% and 40–45%), and three levels of road 
age (three, 10 and 20 years after construction). Mulch cover treatments significantly reduced 
average surface runoff volume and sediment yield compared to BS. Regardless of erosion 
control treatment, greater surface runoff volume and soil loss under natural rainfall occurred 
on steeper slope gradients in all road age classes and decreased with increasing road age on 
both slope gradients. On cut slopes, average runoff and soil loss from the plots covered with 
WCH (17.63 l per plot, 2.43 g m–2) was lower than from those covered with SC (22.81 l per 
plot, 3.50 g m–2), which was lower than from those covered with RSC (29.13 l per plot, 4.41 g m–2 
and BS (34.61 l per plot, 4.94 g m–2). On fill slopes, average runoff and soil loss from the plots 
covered with WCH (14.13 l per plot, 1.99 g m–2) was lower than from plots covered with SC 
(20.01 l per plot, 3.23 g m–2), which was lower than from plots covered with RSC (24.52 l per 
plot, 4.06 g m–2) and BS (29.03 l per plot, 4.47 g m–2). Surface cover successfully controlled 
erosion losses following road construction, particularly on steep side slopes with high erosion 
potential.
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1. Introduction
Forest roads and skid trails can significantly in-

crease surface runoff and sediment yield, especially 
when bare soils are exposed to high traffic frequency 
or when the bearing capacity of the soil is exceeded 
and rutting occurs (Swift and Burns 1999, McBroom et 
al. 2008, Solgi et al. 2014). As forest roads constitute the 
basic infrastructure for forest management activities 
(Hacisalihoğlu et al. 2019), potential environmental 
problems, such as increased surface runoff and soil 
erosion following heavy rainfall (Ziegler et al. 2004) 
that arise following forest road construction and use 
mandate, require protective measures that are either 

considered during the planning stage or suitable tech-
niques are implemented in the field during or after the 
harvesting operation.

One of the main impacts of forest road construction 
is the formation of steep, bare roadside slopes (Liu et 
al. 2014, Cerdà 2007). Lack of protective surface cover 
and bare roadside slopes can generate significant 
amounts of soil loss during the rainy season (Arnáez 
et al. 2004, Jordán-López et al. 2009, Bochet et al. 2009). 
Once severely degraded, poor soil conditions make 
natural restoration of ground cover vegetation on 
roadside slopes quite difficult (Bochet and García-
Fayos 2004). To prevent or at least reduce surface runoff 
and roadside slope erosion, the use of soil protective 
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mats of varying composition has been shown to be an 
effective countermeasure (Cerdà 2007, Bochet et al. 
2009). For example, grass cover and grass mulch ef-
fectively reduced surface runoff and erosion over bare 
control plots (Li et al. 2011), while on roadside cut 
slopes vegetated roadside slopes reduced soil erosion 
by a factor of 30 compared to non-vegetated slopes 
(Cerdà 2007). In the northern mountainous forests of 
Iran, jute and mulch cover are promising techniques 
for reducing soil erosion in cut slopes, but road age 
was another key factor affecting soil erosion on road-
side slopes (Lotfalian et al. 2019).

While amounts of soil loss can vary significantly 
among controls, fill slopes, and cut slopes, the slope 
gradient, roughness coefficient, and vegetation cover 
are also important factors. Using a rainfall simulator 
to study the effects of vegetation on runoff, sediment 
and soil shear strength on road trenches in China re-
vealed that soil erosion on cut slopes exceeded that of 
fill slopes (Shao et al. 2014). Similarly, soil loss was 43% 
greater in cut slopes than fill slopes and 2.5 times 
greater than in control areas in a study in Turkey, but 
also depended on the slope gradient and its length 
(Hacisalihoğlu et al. 2019).

The objectives of this study were:
⇒ �to evaluate and quantify the mitigating effects 

of soil protective mats on surface runoff and soil 
loss following road construction

⇒ �to contrast these effects among cut slopes, fill 
slopes, and a control area

⇒ �to evaluate the effects of road age on surface 
runoff and soil loss.

2. Materials and Methods

2.1 Site Description
This research was conducted in the Shenrood for-

est, Guilan province, northern Iran (36°13’ N and 
36°15’ N and 53°10’ E and 53°15’ E) between Novem-
ber 2015 and January 2016. Oriental beech (Fagus 
orientalis Lipsky) and common hornbeam (Carpinus 
betulus) are the dominant species, with canopy cover 
of 81% (Site 1), 84% (Site 2), and 79% (Site 3). Herba-
ceous species in the forest are Carex sylvatica, Buxus 
hyrcana, Berachypodium silvaticum, Ruscus hyrcanus, 
Phyllitis scolopendrium and Polypodium auidinum. The 
area is characterized by brown forest soils formed on 
unconsolidated limestone with a moderately deep 
profile. Soils are classified as Eutric Cambisols (FAO/
UNESCO 1990) and Typic Eutrudepts (USDA Soil 
Taxonomy 1998). Soil textures based on particle size 
analysis using the Bouyoucos hydrometer method 

(Kalra and Maynard 1991) were classified as clay loam. 
The elevations of the three study sites were approxi-
mately 950–1200 m above sea level with a northerly 
aspect. Based on historic weather data of the previous 
50 years, the average annual rainfall recorded at the 
closest (20 km distant) national weather station is 
1210 mm, with a maximum mean monthly rainfall of 
145 mm in October and a minimum rainfall of 25 mm 
in August. The mean annual temperature is 16°C, with 
the lowest temperatures in February.

2.2 Experimental Design and Data Collection
A three-year-old (Site 1) and two older (10 and 20 

years old, Sites 2 and 3) bare forest roads with non-
stabilized fill slopes and cut slopes on two slope class-
es (20–25% and 40-45%) were selected for this study. 
The cut slope, created by excavation into natural hill 
slopes, was steeper than the natural slope. The fill 
slope was the slope of unconsolidated excavated ma-
terial that was pushed below the road; it was also 
steeper than the natural slope. The length of the exist-
ing road network is 9.6 km (Site 1), 12.4 km (Site 2) 
and 13.1 km (Site 3). The general aspect of all three 
areas is towards the north. The slope class of 0–30% 
encompassed 63.7% of Site 1, 71.8% of Site 2 and 
75.6% of Site 3. For soil cover, four types of soil protec-
tive mats were investigated: sawdust mulch cover 
(SC, produced from oriental beech and common 
hornbeam trees and obtained from a sawmill near the 
study Site), rice straw cover (RSC, average length of 
3–15 cm and straw thickness of 0.3–0.5 mm), wood 
chips cover (WCH, average width, length, and thick-
ness of 1.2 cm, 15 cm, and 0.2 cm, respectively), and 
bare soil (BS). Sawdust (5.7 kg m–2), straw (2.6 kg m–2) 
and wood chips (12.8 kg m–2) were applied at a rate 
that initially gave 100% coverage (thickness of 1 cm) 
(Fernández and Vega 2016). A total of 72 runoff plots 
were installed that included 24 combinations of four 
levels of mat cover (M), two levels of road slope (cut 
slope and fill slope) (S), and three levels of road age 
(3, 10, and 20 years) (A), each replicated three times 
(4M×2S×3A×3 plots).

The size of each treatment plot was 2 m long by 1 m 
wide, with a minimum of 2 m distance between plots. 
Treatment plots were surrounded by 30 cm tall wood-
en boards that were inserted to a depth of 10 cm into 
the soil to control surface water movement from the 
inside to the outside of the plot area and vice-versa 
(Solgi et al. 2014). A collection made of a metal sheet 
and covered with plastic or sheet metal was positioned 
at the downslope end of the plot and prevented the 
direct entry of rainfall. A funnel type structure was 
constructed on the lower side of each plot to collect all 
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surface water runoff from inside the area in a tank 
with 50 liter capacity (Fig. 1).

Volume of surface runoff was calculated after each 
of the 7 rainfall events by measuring the height of the 
water in the collecting tanks. After a thorough mixing 
to bring all the sediments collected in a 1 liter sub-
sample from the collected runoff material into sus-
pension, the sediment concentration in each plot was 
determined (Sadeghi et al. 2007). The sample was 
taken to the laboratory where the sediment was fil-
tered, oven-dried at 105°C for a day and weighed 
(drying and weighing method). Runoff volume and 
sediment loss from each plot were computed for each 
rainfall event, after which tanks were emptied and 
cleaned.

In each plot, five sample lines were delineated per-
pendicular to the trail with a 0.4 m buffer zone be-
tween lines to avoid interactions. Three of the five lines 
were randomly selected for the measurement of the 
soil physical properties. Soil samples were collected at 
different locations: the left side (LS) and the right side 
(RS) of each line (Fig. 1).Fig. 1 Layout of sample areas

Table 1 Physical soil characteristics in experimental plots by (bare soil [BS], rice straw cover [RSC], straw mulch [SC], and wood chips [WCH]), 
slope gradient (20–25% and 40-45%) and side slope type (cut slope and fill slope)

Road 
age

Side slope Parameter
Slope, 20–25% Slope, 40–45%

Mulch type Mulch type
BS RSC SC WCH BS RSC SC WCH

3

Cut slope

DB, g cm–3 1.27 a 1.29 a 1.26 a 1.32 a 1.35 a 1.30 a 1.33 a 1.32 a

Sand, % 43 a 40 a 39 a 41 a 41 a 39 a 43 a 42 a

Silt, % 25 a 26 a 29 a 30 a 24 a 29 a 27 a 24 a

Clay, % 32 a 34 a 32 a 29 a 35 a 32 a 30 a 34 a

Fill slope

DB, g cm–3 1.29 a 1.3 a 1.28 a 1.35 a 1.32 a 1.31 a 1.29 a 1.32 a

Sand, % 37 a 37 a 40 a 39 a 38 a 39 a 37 a 40 a

Silt, % 31 a 29 a 28 a 29 a 26 a 28 a 28 a 27 a

Clay, % 32 a 34 a 32 a 32 a 36 a 33 a 35 a 33 a

10

Cut slope

DB, g cm–3 1.20 a 1.16 a 1.15 a 1.18 a 1.19 a 1.23 a 1.17 a 1.20 a

Sand, % 37 a 39 a 38 a 38 a 36 a 38 a 39 a 38 a

Silt, % 24 a 23 a 22 a 26 a 24 a 23 a 23 a 22 a

Clay, % 39 a 38 a 40 a 36 a 40 a 39 a 38 a 40 a

Fill slope

DB, g cm–3 1.16 a 1.15 a 1.19 a 1.21 a 1.20 a 1.17 a 1.16 a 1.19 a

Sand, % 42 a 40 a 39 a 41 a 41 a 39 a 43 a 40 a

Silt, % 23 a 24 a 25 a 24 a 22 a 23 a 21 a 24 a

Clay, % 35 a 36 a 36 a 35 a 37 a 38 a 36 a 36 a

20

Cut slope

DB, g cm–3 1.05 a 1.01 a 1.03 a 1.08 a 1.07 a 1.08 a 1.04 a 1.05 a

Sand, % 45 a 44 a 44 a 47 a 46 a 46 a 49 a 48 a

Silt, % 16 a 17 a 19 a 19 a 18 a 20 a 16 a 21 a

Clay, % 39 a 39 a 37 a 36 a 36 a 34 a 35 a 31 a

Fill slope

DB, g cm–3 0.98 a 1.03 a 0.99 a 1.02 a 0.95 a 1.02 a 0.99 a 1.01 a

Sand, % 43 a 44 a 49 a 43 a 44 a 46 a 48 a 45 a

Silt, % 20 a 19 a 16 a 19 a 18 a 17 a 15 a 19 a

Clay, % 37 a 37 a 35 a 38 a 38 a 37 a 37 a 36 a

Different superscript letters across a row indicate a statistical difference among treatments at alpha = 0.05
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Soil samples that weighed on average 338 g were 
collected with a 196.25 cm3 (inside diameter 5 cm, 
length 10 cm) cylinder outside and immediately to the 
left of each plot. Soil samples were oven dried at 105°C 
to constant mass (24 h), after which the water content 
was measured gravimetrically (Kalra and Maynard 
1991).

Dry soil bulk density (Db, g cm–3) was computed as 
Equation (1):
	 Db = Wd/VC	 	 (1)

Where:
Wd	 is the weight of dry soil, g
VC	 is the volume of soil cores, 196.25 cm3.

2.3 Statistical Analysis
Three-way ANOVA was used to test for significant 

differences in Db, runoff volume, and soil loss in all 
treatment combinations and interactions of the main 
factors. Tukey’s HSD test was used to determine which 
combinations of cover type, side slope class, and road 
age class differed statistically significantly from each 
other and from controls at an overall α-level of 0.05. 
The SPSS software version 11.5 was used for all statis-
tical analyses (Zar 1999).

3. Results
Dry bulk density (Db) and soil texture did not differ 

significantly among plots designed for different treat-
ment combinations (Table 1).

Average surface runoff volume (range: 2.66– 
29.36  l m–2) was significantly affected by the main 
effects, the two-way interactions of road age × slope 
gradient, road age × mulch type, and slope gradient × 
mulch type (Table 2). Similarly, average soil loss 
(range: 1.10–6.61 g m–2) was significantly affected by 
the main effects, the two-way interactions of road age 
× slope gradient, road age × mulch type, slope gradient 
× mulch type, and the three-way interactions of road 
age × side slope × slope gradient and road age × soil 
gradient × mulch type (Table 2).

Under natural rainfall conditions, average surface 
runoff volume and soil loss depended strongly on the 
type of side slope, increased with increasing slope gra-
dient in all road age classes, and decreased consis-
tently with increasing road age on both slope gradi-
ents (Tables 3 and 4).

Average surface runoff volume and soil loss were 
1.21 and 1.11 times greater on cut slopes than on fill 
slopes, respectively (Table 5 and 6).

Compared to surface runoff volumes (15.92 l m–2) 
and sediment yields (4.70 g m–2) on bare forest soil 

(controls), all mulch cover treatments yielded signifi-
cant reductions (Table 3 and 4). On cut slopes, average 
runoff and soil loss were significantly less in plots cov-
ered with wood chips (WCH) (8.83 l m–2, 2.44 g m–2) 
than in those covered with sawdust (SC) (12.24 l m–2, 
3.50 g m–2), and both were less than in those covered 
with rice straw (RSC) (14.52 l m–2, 4.41 g m–2). Average 
runoff volume and soil loss on BS (17.31 l m–2, 4.94 g m–2) 
were significantly greater than on all other mulch 
types. On cut slopes, mulch cover treatments thus re-
duced runoff volumes and sediment yields over BS, 
with reductions of 49 and 51% (WCH), 30 and 29% 
(SC), and 16 and 11% (RSC), respectively (Fig. 2).

On fill slopes average runoff and soil loss were sig-
nificantly less in plots covered with WCH (7.07 l m–2, 
2.00 g m–2) than in those covered with SC (10.05 l m–2, 
3.23 g m–2), and both were significantly less than in 
plots covered with RSC (12.23 l m–2, 4.06 g m–2). Average 
runoff volume and soil loss on BS (14.52 l m–2, 4.47 g m–2) 
were significantly greater than on all other mulch 
types. On fill slopes, mulch cover treatments reduced 
runoff volumes and sediment yields over BS, with re-
ductions of 51 and 55% (WCH), 31 and 28% (SC), and 
16 and 9% (RSC), respectively (Fig. 3).

Table 2 Analysis of variance (P-values) of effects of road age, side 
slope type, slope gradient and mulch type on surface runoff and soil 
loss

Source of variable d.f.
P-values

Runoff Soil loss

Road age 2 ≤ 0.001 ≤ 0.001

Side slope 1 ≤ 0.001 ≤ 0.001

Slope gradient 1 ≤ 0.001 ≤ 0.001

Mulch 3 ≤ 0.001 ≤ 0.001

Road age × Side slope 2 0.774 0.017

Road age × Slope gradient 2 0.010 0.590

Road age × Mulch 6 ≤ 0.001 ≤ 0.001

Side slope × Slope gradient 1 0.180 0.069

Side slope × Mulch 3 0.809 0.166

Slope gradient × Mulch 3 0.005 ≤ 0.001

Road age × Side slope × Slope gradient 2 0.966 0.003

Road age × Side slope × Mulch 6 0.881 0.753

Road age × Slope gradient × Mulch 6 0.999 0.922

Side slope × Slope gradient × Mulch 3 0.990 0.586

Road age × Side slope × Slope gradient 
× Mulch

6 0.999 0.409

P-values less than 0.05 are given in bold
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Table 3 Means (±std) of runoff (liters per m2) for different mulch cover types (bare soil [BS], rice straw cover [RSC], straw mulch [SC], and 
wood chips [WCH]) by slope type (cut slope and fill slope), slope gradient (20–25% and 40-45%), and road age (3, 10, and 20 years old)

Road 
age

years

Side
slope

Slope, 20–25% Slope, 40–45%

BS RSC SC WCH BS RSC SC WCH

3
Cut slope 20.96±3.34 Aa 17.60±3.87 Ab 14.85±2.79 Ac 10.61±2.47 Ad 29.36±4.40 Aa 24.91±5.22 Ab 20.12±5.50 Ac 13.47±3.21 Ad

Fill slope 18.73±3.50 Ba 15.42±2.99 Bb 12.44±2.70 Bc 9.13±2.18 Bd 25.10±5.35 Ba 21.31±4.52 Bb 17.54±3.23 Bc 11.15±2.72 Bd

10
Cut slope 13.72±3.00 Aa 11.47±3.25 Ab 10.36±3.01 Ac 7.89±2.63 Ad 18.83±4.02 Aa 15.87±3.76 Ab 13.39±4.37 Ac 9.53±3.59 Ad

Fill slope 11.20±2.70 Ba 10.09±3.40 Bb 8.71±3.77 Bc 7.58±3.43 Bd 16.10±3.40 Ba 12.99±3.46 Bb 10.64±2.99 Bc 7.42±2.80 Bd

20
Cut slope 8.40±3.39 Aa 6.75±3.47 Ab 5.96±2.75 Ac 4.37±3.08 Ad 12.58±3.89 Aa 10.54±2.26 Ab 8.76±3.70 Ac 7.10±3.15 Ad

Fill slope 6.29±3.55 Ba 5.27±2.55 Bb 4.32±2.24 Bc 2.65±1.28 Bd 9.71±2.98 Ba 8.29±3.20 Bb 6.65±3.57 Bc 4.48±2.07 Bd

Values are mean and different letters within each treatment show significant differences (P<0.05)
Capital case letters refer to the comparison made among two side slope classes for each mulch treatment and road age class separately (column)
Lower case letters refer to the comparison made among four mulch treatments at each slope category for each side slope class in various road age classes (row)

Table 4 Means (±std) of soil loss (g m–2) for different mulch cover types (bare soil [BS], rice straw cover [RSC], straw mulch [SC], and wood 
chips [WCH]) by slope type (cut slope and fill slope), slope gradient (20–25% and 40–45%), and road age (3, 10, and 20 years old)

Road 
age

years

Side

slope

Slope, 20–25% Slope, 40–45%

BS RSC SC WCH BS RSC SC WCH

3
Cut slope 5.38±0.55 Aa 4.93±0.61 Ab 3.85±0.36 Ac 2.61±0.35 Ad 6.61±0.50 Aa 5.45±0.33 Ab 4.37±0.26 Ac 3.31±0.24 Ad

Fill slope 5.07±0.63 Ba 4.61±0.59 Bb 3.57±0.40 Bc 2.11±0.33 Bd 5.52±0.27 Ba 4.82±0.32 Bb 4.04±0.29 Bc 2.65±0.25 Bd

10
Cut slope 4.87±0.42 Aa 4.53±0.41 Ab 3.20±0.43 Ac 1.84±0.31 Ad 5.18±0.24Aa 4.93±0.28 Ab 4.17±0.28 Ac 3.12±0.17 Ad

Fill slope 4.55±0.32 Ba 4.29±0.36 Bb 3.01±0.26Bc 1.72±0.22Bd 4.74±0.18 Ba 4.45±0.20Bb 3.74±0.24 Bc 2.42±0.21 Bd

20
Cut slope 3.64±0.27 Aa 3.25±0.30 Ab 2.54±0.28 Ac 1.43±0.22 Ad 3.97±0.30 Aa 3.36±0.21 Ab 2.84±0.19 Ac 2.29±0.18 Ad

Fill slope 3.16±0.24 Ba 2.86±0.36 Bb 2.21±0.32Bc 1.10±0.18 Bd 3.75±0.21 Ba 3.31±0.23 Bb 2.80±0.22 Bc 1.96±0.21 Bd

Values are mean and different letters within each treatment show significant differences (P<0.05)
Capital case letters refer to the comparison made among two side slope classes for each mulch treatment and road age class separately (column)
Lower case letters refer to the comparison made among four mulch treatments at each slope category for each side slope class in various road age classes (row)

Table 5 Mean relative change in surface runoff volume (%) by slope 
gradient (20–25% and 40–45%) and road age (3, 10, and 20 years 
old). Relative change was determined as changes between cut 
slope and fill slope in each mulch type treatment (rise straw cover 
[RSC], straw cover [SC], wood chips [WCH], and bare soil [BS])

Road age

years

Slope gradient

%

Mulch type

BS RSC SC WCH

3
20–25 11.9 14.1 19.4 16.2

40–45 17.0 16.9 14.7 20.8

10
20–25 22.5 13.7 18.9 4.1

40–45 17.0 22.2 25.9 28.5

20
20–25 24.8 28.1 38.1 64.6

40–45 29.6 27.1 31.7 58.5

Table 6 Mean relative change in soil loss (%) by slope gradient 
(20–25% and 40–45%) and road age (3, 10, and 20 years old). 
Relative change was determined as changes between cut slope 
and fill slope in each mulch type treatment (rise straw cover [RSC], 
straw cover [SC], wood chips [WCH], and bare soil [BS])

Road age

years

Slope gradient

%

Mulch type

BS RSC SC WCH

3
20–25 6.2 6.9 8.0 24.2

40–45 198 13.2 8.2 25.0

10
20–25 7.1 5.8 6.5 7.2

40–45 9.2 10.8 11.5 28.6

20
20–25 14.7 13.7 14.8 29.8

40–45 5.9 1.5 1.6 16.6
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Fig. 2 Average difference in surface runoff volume (liters per m2) in plots covered with rice straw (RSC), sawdust (SC), and wood chips (WCH) 
relative to control treatment (bare soil) in cut slopes (CS) and fill slopes (FS) for slope gradients 20–25% (left) and 40–45% (right)

Fig. 3 Average difference in soil loss (g m–2) in plots covered with rice straw (RSC), sawdust (SC), and wood chips (WCH) relative to control 
treatment (bare soil) in cut slopes (CS) and fill slopes (FS) for slope gradients 20–25% (left) and 40–45% (right)
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4. Discussion
Although a natural process, soil erosion is one of 

the most critical environmental problems worldwide 
(e.g. Le Roux et al. 2008, Schönbrodt-Stitt et al. 2013, 
Ma et al. 2014, Seutloali and Beckedahl 2015a) that has 
been accelerated across the landscape through agricul-
ture, mining, grazing, and fire activities (Leh et al. 2013, 
Mandal and Sharda 2013, Ziadat and Taimeh 2013). As 
road construction typically modifies natural hill-slope 
profiles, the construction of cut slopes and fill slopes 
and the creation of impervious roadbeds can concen-
trate runoff (Jordán-López and Martinez-Zavala 2008, 
Seutloali and Beckedahl 2015b), potentially resulting 
in soil degradation and landform changes (Cerdà 2007, 
Cheng et al. 2013).

Adverse effects of runoff and soil loss along forest 
roads can be highly variable but they are more severe 
on steeper slopes and on cut slopes compared to fill 
slopes in this study. However, regardless of slope gra-
dient on both cut and fill slopes, adverse effects could 
be lessened by the application of different types of 
mulch covers. On both types of side slope and for all 
mulch cover types and road ages, the amounts of runoff 
and soil loss increased consistently with increasing 
slope gradients, with greatest amounts observed on cut 
slopes on bare soils (controls) on gradients of 40–45%, 
and smallest amounts observed on fill slopes covered 
with wood chips on gradients of 20–25%, regardless of 
road age. These results confirm previous findings of a 
considerable impact of increasing cut slope and fill 
slope gradients on erosion (Solgi et al. 2014, Solgi et al. 
2019). The drastic increase in absolute amounts of run-
off and relative rates of soil loss on bare soil and slope 
gradients of 40–45% is most likely due to the reduced 
surface roughness on bare soils and the greater veloc-
ity of surface water on steeper slopes that increases the 
detachment and transport of soil particles (Chaplot and 
Le Bissonnais 2000) and enhances the erosive power of 
the water (Ekwue and Harrilal 2010). Measured rates 
of soil loss on bare soil (control) on cut slopes, which 
were 1.11 times greater than the loss on fill slopes, high-
light the importance of carrying out protective opera-
tions, particularly on cut slopes. These findings echo 
previous reports of soil loss that was twice as high on 
cut slopes as on road surface and six times as high on 
cut slopes as on fill slopes (Lotfalian et al. 2013), and 
this may be due to the fact that cut slopes eroded prin-
cipally because soils can be loosened by diurnal cycles 
of freezing and thawing in winter, whereas soil loss 
from fill slopes often slip when soils are wet in early 
spring (Swift 1984). Indeed, because cut slopes are par-
ticularly vulnerable to soil loss, being up to ten times 
more erodible than fill slopes (Riley 1988, see also 
Hacisalihoğlu et al. 2019, Jordan and Martinez-Zavala 

2008 but not Turk 2018), one way to minimize erosion 
is to locate roads on ridges and gentle slopes to avoid 
the need for cut slopes (Morgan 2005).

Where roads cannot be placed into more gentle ter-
rain, the use of mulch of wood chips, sawdust and 
straw is an effective method to reduce or prevent run-
off and soil loss on forest roads (Wade et al. 2012, 
Masumian et al. 2017, Lotfalian et al. 2019), especially 
on cut slopes. In addition, mulch maintains soil mois-
ture and improves soil fertility and health (Lotfalian 
et al. 2019, Solgi et al. 2019). Of five closure treatments 
of bladed skid trails (i.e., water bar only (bare soil); 
water bar and grass seed; water bar, grass seed, and 
straw mulch; water bar and piled hardwood brush; 
water bar and piled softwood brush) in the Piedmont 
of Virginia, the highest erosion rate was observed on 
water bars (bare soil), while the lowest erosion rate 
occurred under the mulch treatment (Wade et al. 
2012). Similarly, the application of cover with jute or 
mulch reduced soil erosion over bare soil (cut slope), 
with lowest erosion rates under jute (Lotfalian et al. 
2019), because this application provides immediate 
protection of the bare soil from the physical impacts 
of raindrops by reducing the velocity of surface runoff 
that can loosen soil particles and enhancing infiltration 
and deposition of sediment (Puustinen et al. 2005). 
Closure treatments that increase the surface roughness 
and the interception of raindrops are thus very effec-
tive in delaying runoff generation (Jordán et al. 2010).

Cover of wood chips was more effective than saw-
dust mulch, straw mulch, and bare soil for reducing 
surface runoff volume and sediment yield on all three 
road age classes on both cut and fill slopes. Wood 
chips decreased runoff on cut slopes and fill slopes by 
49% and 51%, respectively, and sediments by 51% and 
55%, respectively, compared to bare soil, which is 
similar to the 51% reduction in soil loss after an ap-
plication of wood chips reported by Kim et al. (2008). 
Respective decreases on cut slopes and fill slopes for 
other cover types were smaller, but still reduced runoff 
volumes between 30–31% (sawdust mulch), and 16% 
(straw mulch) and sediment yields by 28–29% (saw-
dust mulch), and 9–11% (straw mulch) over bare soil. 
This confirms that wood chips are an effective means 
to decrease sediment yields that even outperform saw-
dust and straw mulch (Turk 2018) and this is likely due 
to the resistance of wood-based materials to being 
transported away by runoff and a longer persistence 
than straw mulch (Foltz 2012). This makes wood-
based mulches very effective in erosion control and 
runoff mitigation (Foltz and Dooley 2003, Yanosek et 
al. 2006, Foltz and Copeland 2009, Foltz 2012), even 
though the amount of effective ground cover provided 
by mulch may even be more important than the type 
of mulch (Foltz 2012).
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Finally, results of this study of diminishing runoff 
and soil loss with road age are consistent with reports 
of a temporal effect of various mulch treatments on 
runoff and soil loss (e.g., Grace 1999, Sidle et al. 2004). 
Although we did not assess the natural plant cover in 
the cutslope and fillslope in the summer prior to this 
study, native vegetation that may have taken root in 
cutslopes and fillslopes would have led to a substantial 
reduction in runoff and soil loss over time (Grace 1999), 
which may explain why runoff and soil loss dimin-
ished with road age even on bare soil. Although the 
absolute amounts of runoff and soil loss declined in all 
treatments with road age, the application of mulch re-
duced these absolute amounts relative to bare soil in-
dependent of road age (Fig. 2 and 3). The relative mag-
nitude, for example, of the reduction in runoff and 
sediment yield following the application of wood chips 
compared to bare soil was between 40–60% in cut-
slopes and fillslopes regardless of road age, indicating 
that these treatments appear effective even 20 years 
after a forest road was built. Nonetheless, it appears 
that these mulch treatments are most effective if they 
are applied early and become an essential part of road 
construction in the first place.

5. Conclusions
The application of mulch and slash to cover forest 

road segments can effectively reduce soil loss following 
road construction. On steep side slopes and especially 
on cut slopes, where soil erosion rates are very high, 
mulch can enhance soil stability. The effectiveness of 
mulch treatments is primarily due to providing ready 
ground cover in the form of mulch, which stabilizes the 
soil by providing protection from the impact of rainfall, 
thus reducing overland flow velocity through in-
creased surface roughness. Rice straw mulch provided 
less effective soil protection than woody chips and saw-
dust mulch due to less weight, which can result in more 
convenient transfer and finally less cover. As soils are 
highly susceptible to erosion right after a disturbance 
(Sidle et al. 2004), as evidenced in declining surface 
runoff and soil loss with increasing road age in this 
study, we conclude that mulch should be applied im-
mediately after the road construction is completed. 
More severe negative effects of road construction on 
soil physical properties and surface erosion and sedi-
ment yields on side slope segments (particularly cut 
slopes) of forest roads, indicate the need for immediate 
attention to minimize adverse effects. While absolute 
amounts of surface runoff and sediment yields were 
lowest on older roads that have been subjected to these 
processes for many years, the application of mulch was 
still effective even on these older roads.
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