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Figure 1. Location of study area on a map of Iran (left) and on a map of the Nav forests (right)
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Table 1. Results of two-way analysis of variance (ANOVA) for the effects of location, depth and their
interaction (location x depth) on moisture percent

ol d=

Sl se F gLl Sla o el Sla o ggoe .
p-Value F Ratio Mean Squares Degrees of Sum-of-Squares &
Freedom
0.000 15.260 174.804 2 349.608 w‘u
Location
0.000 21.560 246.972 3 740.915 oes
Depth
. - - L.k:.ﬂ .‘.‘
0.000 11.458 131.250 6 787.501 Fos 5 Setsn s o
Depth x Location
Uas
11.455 24 274917
Error
36 11924.593 £

Total
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Table 2. Average soil moisture (mean =+ standard error) by treatment

Egon (UST) Jlos 086 e (NSIST) iSapr joe U5 (NSIF) JSim Jsls =0 9
Total Untreated Skid Trail Inside Skid Trail Inside Forest Dse(;)l':h
24.33+8.66" 11.73£1.30° 23.76+4.25° 37.49+5.062 0-10
14.05+4.24B 11.11+£5.08¢ 15.75+4.75°¢ 15.29+1.99¢ 10-20
13.64+3.65B 12.08+3.09°¢ 17.67+£2.23¢ 11.17£1.26°¢ 20-30
13.88+3.05B 13.42+2.19° 16.20+4.09¢ 12.03+1.51°¢ 30-40
12.08+2.89B 18.35+4.754 19.00+7.534 Eye
Total

s 5 55 Gyl Gk Gl G258 5 30 SIS Gl loggas 5 (S5 ae 56,5 i 35 033 b ot s laeSilon st
Ll Q=240

Note: Different lowercase letters indicate significant differences among the means in treatments and different soil
depths, while different uppercase letters indicate significant differences among the means of treatments (regardless
of soil depth) and among different soil depths (regardless of treatment), based on Duncan’s test at o.= 0.05.

Table 3. Results of two-way analysis of variance (ANOVA) for the effects of location, depth and their
interaction (location x depth) on clay, silt, and gravel

(5)l‘>g5;"“° F B)LQT Sl o (5 ikeo ‘_gal)'i FEN Slay o Egasno .
p-Value F Ratio Mean Squares  Degrees of Freedom  Sum-of-Squares &
0.795 0.24 6.83 2 13.65 My’
Location
0.095 2.40 69.43 3 208.28 o
Depth
. .- M LE;_A .'.‘
0.535  0.87 25.13 6 150.78 Bos 5 oo Sl S o
Depth x Location Clay
28.92 24 636.29 e
Error
36 63203.14 &
Total
0.728 0.33 10.04 2 20.07 mjﬁ
Location
0.295 1.32 39.70 3 119.09 o
Depth
- - - b .n‘ -
0.803  0.50 15.04 6 90.22 Fos 5 Sebyn Jlie 5l
Depth x Location Silt
(1299
30.15 24 663.25
Error
- 36 54964.63 &5
Total
0460  0.90 7.54 2 15.08 s
Location
0.01 8.85 74.49 3 223.48 o
Depth
. - - LZL:.A .‘.‘
0.613 0.76 6.36 6 38.17 o 5 Zobyn Jlie 51l
Depth x Location sand
(1299
8.42 24 185.18
Error
36 10849.26 &

Total




(e, 500 Y>) oy o yidn slp 1y Jlae Blpil £ .Sl a5 S sladiges (ao)0) 1,3 85100 2565 -F Jgu
483 g0 i ek dilaie ;5 hlishe sl sl 55 (g Ken 4=V + ) ke 5 (ing Soo Y-0+)

Table 4. Particle size distribution (%) of soil samples, showing the mean + standard error for clay (<2 pum), silt
(250 pm), and sand (50-2000 um) fractions across different treatments in the study area

Egomme (UST) jles a3 s (NSIST) ez e J3Is (NSIF) & 5l S Ges
Total Untreated Skid Trail Inside Skid Trail Inside Forest Soil Depth
20.90+2.854 19.43+2.51 22.10+3.06 21.16+3.37 0-10
19.68+1.96% 19.86+1.51 20.36+3.12 18.83£1.25 10-20
16.00+1.898 14.76+.56 16.36+2.47 16.86+2.08 20-30 o9
14.71+1.86" 14.46+.76 13.7642.45 15.90+1.92 30-40 Clay
17.13+£2.94 18.15+4.17 18.19+2.87 Esere
Total
37.34+7.45 38.33+£7.39 36.13+8.45 37.56+9.61 0-10
38.73+4.51 41.30+1.47 38.80+5.81 36.10+5.04 10-20 )
40.65+3.37 40.5343.85 41.93+2.97 39.50+4.16 20-30 e
38.31+3.64 37.36+2.28 40.13+£5.41 37.43+£3.34 30-40 il
i
39.38+4.09 39.25+5.56 37.65+5.31 Epame
Total
41.76+5.96 42.23+5.64 41.77+7.37 41.27+7.42 0-10
41.58+3.90 38.83+2.40 40.83+3.17 45.07+3.83 10-20
43.34+2.82 44.70+4.40 41.70+0.60 43.63+2.25 20-30 aule
46.98+3.87 48.17+3.01 46.10+4.54 46.67+5.19 30-40 Sand
43.48+4.97 42.60+4.49 44.16+4.77 Eoee
Total
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Note: Different lowercase letters indicate significant differences among the means in treatments and different
soil depths, while different uppercase letters indicate significant differences among the means of treatments

(regardless of soil depth) and among different soil depths (regardless of treatment), based on Duncan’s test at o =
0.05.
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Table 5. Results of two-way analysis of variance (ANOVA) for the effects of location, depth and their
interaction (location x depth) on bulk density

solil a0

p-Value F Ratio Mean Squares Degrees of Sum-of-Squares &
Freedom
0.036 6.12 0.005 2 0.010 Mﬁ&
Location
0.001 182.89 0.147 3 0.440 oo
Depth
0.001 12.88 0.010 6 0.062 Fos 5 s o
Depth x Location
Uas
0.001 24 0.018
Error
36 116.690 &

Total
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Table 6. Average soil bulk density (mean + standard error) by treatment

E 0o UST) s 0l oo (NSIST) iSi5> jomme S5l NSIF) Js> J5ls =2 T"
Total Untreated Skid Trail Inside Skid Trail Inside Forest Dse(;)lth
1.04+0.037~ 1.083+0.015¢ 1.013£0.0202 1.006+0.0252 0-10
1.062+0.0458 1.110+0.0204 1.036+0.0152 1.063+0.015° 10-20
1.14440.030¢ 1.163£0.015¢ 1.160+0.020¢ 1.110+0.0204 20-30
1.275+0.058P 1.330+0.010 1.29340.015% 1.203+0.025°F 30-40

1.172+0.100€ 1.126+0.118B 1.096+0.0774 e

Total
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Note: Different lowercase letters indicate significant differences among the means in treatments and different soil
depths, while different uppercase letters indicate significant differences among the means of treatments (regardless
of soil depth) and among different soil depths (regardless of treatment), based on Duncan’s test at o.= 0.05.
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Table 7. Results of two-way analysis of variance (ANOVA) for the effects of location, depth and their
interaction (location x depth) on total porosity
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p-Value F Ratio Mean Squares Degrees of Sum-of-Squares &
Freedom
0.392 1.09 40.34 2 80.68 w"j"’
Location
0.001 19.57 724.56 3 2173.69 oo
Depth
0.760 0.56 20.65 6 123.90 Goe 5 Soxipe -
Depth x Location
Uas-
37.03 24 814.59
Error
36 134539.05 Eooe

Total
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Table 8. Average soil total porosity (mean + standard error) by treatment

Egon (UST) Jlos 086 e (NSIST) iSapr joe U5 (NSIF) JSim Jsls =0 9
Total Untreated Skid Trail Inside Skid Trail Inside Forest Dse(;)l':h
57.53+4.68% 52.19+4.36° 59.86+6.90? 60.52+0.502 0-10
52.47+5.838 47.57+3.96b4 51.58+2.07% 58.28+2.18 10-20
45.9443.63€ 42.3843.68¢ 46.15+£3.71 44.55+1.86¢4 20-30
44.3645.84€ 42.8342.18¢4 44.07+4.88% 50.94+7.800° 30-40

46.24+6.31¢ 50.41+5.918 53.57+7.484 oo

Total
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Note: Different lowercase letters indicate significant differences among the means in treatments and different
soil depths, while different uppercase letters indicate significant differences among the means of treatments
(regardless of soil depth) and among different soil depths (regardless of treatment), based on Duncan’s test at o =

0.05.
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Table 9. Results of two-way analysis of variance (ANOVA) for the effects of location, depth and their
interaction (location x depth) on fine root mass

o ie F s,L1 Slagye oSl ol 20 Slas o o .
p-Value F Ratio Mean Squares Degrees of Sum-of-Squares &=
Freedom
0.000 390.99 0.070 2 0.141 “~‘5}"
Location
0.000 66.73 0.012 3 0.036 (Bes
Depth
. - 2 L&;,Q :.l
0.000 3.71 0.001 6 0.003 Bos 9 Cuxdyo b =
Depth x Location
Uas-
0.0002 24 0.004
Error
36 0.0002 Eoee

Total
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Table 10. Average fine root mass (mean + standard error) by treatment

£yorns (UST) Jlos 4 je  (NSIST) iSapr jone S5 (NSIF) JSim Jsls =0 &
Total Untreated Skid Trail Inside Skid Trail Inside Forest DSe(;)ltlh
0.1114+0.072 0.03+0.01% 0.14+0.02% 0.16+0.042 0-10
0.0778+0.058 0.01+0.01°¢ 0.09+0.01°¢ 0.1340.02° 10-20
0.053040.043¢ 0.01+0.01°¢ 0.05+0.02¢d 0.10£0.02¢ 20-30
0.227+0.0204P 0.01+0.01¢ 0.02+0.014% 0.054+0.02 30-40
0.0134+0.009€ 0.0733+0.05B 0.1119+0.054 5o
Total

Tl 13 05 Gyail e Gl G555 5 o) 15 il s (S5 o G355 0,5 900 oot LarSilon s

el O=+/+ 0

Note: Different lowercase letters indicate significant differences among the means in treatments and different soil
depths, while different uppercase letters indicate significant differences among the means of treatments (regardless
of soil depth) and among different soil depths (regardless of treatment), based on Duncan’s test at o.= 0.05.
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Abstract

Introduction: Soils, as non-renewable resources, are crucial components of forest ecosystems that ensure forest productivity and
biodiversity conservation by regulating water and nutrients cycles. Soil compaction is one of the most pronounced consequences
of mechanized logging operations, caused by imposed vertical and horizontal stresses on the soil. Forest managers have to
minimize the impact of logging operations on soil for sustainable forestry. A necessary prerequisite for achieving this goal is the
access to precise and profound knowledge of the influence of logging operations on forest soils. The application of biological
tillage is one of the methods to accelerate soil recovery on skid trails. In recent years, there has been a strong emphasis on
enhancing the soil conditions of skid trails by planting trees. In recent years, much emphasis has been placed on improving soil
conditions on logging routes by planting trees. Despite numerous studies on soil restoration, few have addressed long-term
changes (approximately 40 years) or quantified the role of fine roots in natural regeneration contexts. This study evaluated the
long-term restoration of soils on logging routes using Norway spruce planted inside Skid Trail.

Material and Methods: The effect of planting Norway spruce (Picea abies (L.) Karst.) on soil physical properties and fine
roots was investigated in three treatments: skid trail planted with Norway spruce (NSIST), Norway spruce inside the forest
(NSIF), and unplanted skid trail (UST) and in four soil depth classes (0-10, 10-20, 20-30, 30-40 cm).

Results: The results of the study showed that there was no significant difference between the average moisture percentages
of the two treatments, NSIST (19.00 + 7.53) and NSIF (18.35 & 4.75), whereas the value of this variable in the 0-10 cm depth
class (24.33 + 8.66) was significantly higher than those at the other depths studied. The results of the comparison of the
average soil texture components did not show any significant difference between the treatments (0>0.05). The average soil
bulk density (g/cm3) was highest in the (UST) (1.15 £ 0.12), (NSIST) (1.14 £ 0.11) and (NSIF) (1.10£0.08) classes,
respectively, and the values differed significantly. Also, with increasing depth, the soil bulk density increased significantly,
so that the lowest soil bulk density (g/cm3) was observed at a depth of 0-10 cm (1.02 £ 0.01) and the highest value was
observed in the 30-40 cm class (1.28 + 0.05). A similar trend was observed in the results for the percentage of total porosity.
The investigation of the weight of the fine roots (gr/dm?) in the treatments showed that the highest amount of fine roots was
observed in the (NSIF) (0.1119 + 0.05 gr/dm?®) and the lowest amount of fine roots was observed in the treatment (UST)
(0.0134 £ 0.009 gr/dm?) with a significant difference among treatments.

Conclusion: The results of this study showed that planting this species did not lead to the complete restoration of soil
physical properties or fine-root biomass. However, it significantly improved soil bulk density and fine-root abundance in the
0-10 cm soil layer. These findings only reflect the behavior of this species under the specific conditions of the present study
and do not constitute a recommendation for its use in the restoration of skid trails in Hyrcanian forests, particularly given
ecological considerations and the priority of using native species in bioengineering programs within these ecosystems.
Nevertheless, the results provide a useful basis for future comparative studies on the performance of native species.

Keywords: Bioengineering, Forest plantation, Ground-based skidding, Soil bulk density, Soil compaction, Reforestation,
Timber harvesting.
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