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Abstract: Because of its carbon neutrality policy, Korea’s Forest Service aims to expand timber use and small-scale
logging by promoting the use of forestry machines such as harvesters. However, timber harvesting using forestry
machinery can degrade the physical properties of forest soil by increasing soil bulk density and reducing water
movement. Winches are used to assist harvester operations to minimize soil damage. This study evaluated the effects
of winch assistance during harvester operations by measuring changes in soil bulk density at different soil depths in
the harvested areas and analyzing the relationship between x and slope gradients. The results show that soil bulk
density increased by 20.2% along the wheel track area of the unassisted harvester; in contrast, it increased to only
9.6% (p < 0.05) with winch assistance, indicating a statistically significant difference. Changes in soil bulk density
with increasing slope were not statistically significant. However, bulk density tended to decrease significantly (p >
0.05) on steep slopes exceeding 45% when the winch was applied. These findings suggest that winch assistance can
minimize soil damage caused by forestry machinery, especially in steep-slope areas.
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L Qlek 53] argsle) 2] ¢lg REolehs #2124 &
Aol ti-gst7] {8l 4AFEA2> A &7Fs3et 4
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4= QI th(Page-Dumroese et al., 2006; Kim et al., 2021).
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o mjzre| Fat W E3)o] WSty 419w, I A0 &
oF T%(soil compaction)©| T2 Al3}E thHolzleitner et
al., 2018).
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Labelle et al., 2022).
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Table 1. Environmental and operational conditions of the experimental plots.

FRE LR SR

A1147 A235 (2025)

Plot Winch-assist Meal(l%ilop ¢ Soil 1(\‘;)0)isture Soil Texture Orgarzjgc/klg/;aners
al No 37 11.23 Loam 53.89
bl Yes 41 12.37 Loam 54.29
b2 Yes 48 10.24 Loam 53.2
a2 No 34 9.58 Silt Loam 75.65
a3 No 33 10.38 Clay Loam 68.8
b3 Yes 36 9.99 Silt Loam 58.19
b4 Yes 51 10.22 Clay Loam 50.72
a4 No 42 12.03 Loam 60.15
b5 Yes 42 11.53 Loam 67.55
as No 44 10.07 Clay Loam 84.06
b6 Yes 52 11.83 Clay 97.94
a6 No 43 13.74 Silt Loam 131.16
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Figure 1. Harvester (KDH40-1) equipped with a winch-assist
system used in this study.
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Figure 2. Aerial map of the study site showing machine traffic
lanes with and without winch-assist. Red dashed lines indicate
Non winch-assist lanes (al-a6), and blue dashed lines indicate
winch-assist lanes (b1-b6).
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Figure 3. Survey plot design. (a) Schematic representation of the experimental traffic zones: C; Control, WT; Wheel Track, and
IW; Inter-wheel tracks. (b) Field photograph showing the actual layout of the traffic zones after harvester operation.
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FEH s
FE A&, o) v o g DAY HAH36%), @ olgfgt Aib= HHEZ|Ql 7|4 S50l EF UAF 7F 1=
S AAH36-45%), QT B A>45%) 2] Al FEO R B = SN, B 125 At 71 d4ts
shadry. 3} Q2] FcH(McNabb et al., 2001). E3F, 3158 opu]at
ANE TP FRRANK) G50 BE SAUE 74 &8 F UAshe A oA ok o] ke vx]
Z718 W FFES v|wEl7] 93l One-way ANOVAE = Q93 92lo & AA|E v} Q) Picchio et al.(2020)+=
AASE o, AT SEAMY HE AR A 32 SHAES 83 A4 Aol A, 714 =3 5 A
ol w2} Tukey HSD E+= Scheffé H4S 2833tk he A5 X442 shso] EYF AR 7 1S H44]
ERL AAEE A4 W2 IEEEE Pearson AF A T A AU oS FEgthal Husiel ZE sk =
G 3 BAS ol FEEAA] Ao A= Aol 8] o) mhet Eofo] W= 3 H=rt Aol
AE BT FRARAANCOVARIAL AAE & 4 9lov), ol B9 BEE wefst 94 4= 4Ae
(FHR), FHERAA] FHEHHS), $AEE STk T84S SIERIRtK(Sohrabi et al., 2019).
U FFRESUNS 7FoR mue Agsgon], AR 2 @Rl BABRIIN, 3 3R £
Bonferroni ®.4& £3) ALE A4S Sastach %9} Qo= B 24 o] §FE v 4 Ak
Eliasson and Wisterlund.(2007)= 3ZQ|H 38 A] FAME
i} o pE 7] E(slash cover) $-52of] whe} Eof $HWE W} et
Ao, YAkl 7)) B15S BANA Tre elAlahs o
1. 714 o] EY =240l o|xl= Fet oS ghrhar ®askgich weba] g9 AtolA e A,
o) AR, S RE 5 B9 a0l nd B9
1) Eof 2e)4 W) o] Pasie
(1) 717 o] w2 gAUE W)
s~ F3o] B AU T nA= JFE & () EY Zolo m& &4dx W3l A
ARt Ayt F3 Foof wef 3R Zpo|7 UEbt EOF Zolof wE W3} AeFE &gt Ay, zlol7t &
[Figure 4(2)]. One-way ANOVA 23}, HE M (Wheektrack, 71845 S4EE fojal7] Z7tele baol tehat
WT)+= tZ4(Control)2} E&H =4 X (Inter wheel-tracks, tHFigure 4(b)]. Pearson A3 24 A1} Z)o]e} A4
IW)ell w8 FootA #& &4E=E Yetlld (p < ol fRolRt o] A7 /sl (p < 0.001), ©]
0.05). B FAR0} a7 Dol BAROR o3t & /A 5150) ol BES ol Zol WHomE HY
o7k VrehtA] gkl Hof HEE QTS WS AATHSakai et al, 2008;
(a) L () ) ey
3.01 ekl Inter-wheel zone
g ) ' ! g Wheel track zone b ab o
5 237 o 1.5 b =3
on =]
2.0 - c cud
£ £ +
.“E 1.5 - é 1.01
2 2
E 1.0 - E
= 3 0.5
“® 0,51 2
0.0
Control  Inter-wheel Wheel track 5 15 25

Traffic-affected zone

Soil depth (cm)

Figure 4. Changes in soil bulk density by traffic zone and soil depth following machine operation. (a) Boxplot comparison of soil
bulk density across traffic-affected zones (***p < 0.001). (b) Soil bulk density across soil depths (5, 15, and 25 cm) within each

traffic zone.



FRYEzAR| 0] A-gof uhE SHIAE 2}o] 4y Bl niXe 9% 277

Cambi et al., 2015).
FEBFRANAE B Zolop 23 Tole wE §
o] o3t Y vA= felom 2lEeH (p

H

fr

< 0.001), S8] BERAA Zolo] H2 W 27} A3
o] EaialA) vrebgeh. A5t AL 913 Shapiro-Wilk

A A, BE Hes A 7HEE S5 (0 >
0.05).

2 A2 F8 1A T30 B =24, 53] 84
o] mAle Y Ao 7 5= qdglen, 8t
HIAE 9] 71A] Fo 2 QR B =52 F3 B = il
M= FZHAR 2tol & KoL, "EHFA TP F5i%
TEHPF WEE I o] RHEAY 714 slsoz Q)
o A5 A AR siAETh

EL Zo] 7t mE SHEE A2 714 skl
EG UHE s dedom2H A4S/ d=o] T
o 5 e AARREEE 2 AFtellA= S em EFOlA 7F
TR AU E HapL EIE e, ol VA sk
off 7P WA leEHe 234 U5l HTH o= 2

4 7leS ERH R AsAF 4 1o (Ponder Jr,
2004; Wang et al., 2019; Longepierre et al., 2021), Y=
AR F714E 1 o] e dskEol B71Hel A
& Aot A ez ojojd 4 qlrk wEhA &Sk
w7 A 59 Ao B3I 4%e) BaH walE

s BEE Mol Basith

BRI FANOE S8 Aol v ersk
0.05).

O A, FYRENA Qo] BE £ Bely W
A3k B felsHA Slsiglon, 55 §AUE 37t
B B8 wEOlH FAMOR foI3t olS Hert

(Table 2, 3).
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Table 2. Soil bulk density increase (%) in wheel-track by treatment and depth (mean + SD). p-values from two-way ANOVA

for the main effect of treatment.

Depth (cm) Winch-assist Non winch-assist ANOVA p-value
5 15.22422.22 26.17+£20.64
15 12.78420.96 18.88+22.19 0.005**
25 0.72+15.31 15.73+17.13

p < 0.05, **p < 0.01, ***p < 0.001

Table 3. Porosity (%) in wheel-track by treatment and depth (mean + SD). p-values from two-way ANOVA for the main effect

of treatment.
Depth (cm) Winch-assist Non winch-assist ANOVA p-value
5 58.02+8.05 55.05+7.04
15 51.79+9.30 47.84+8.71 0.011*
25 42.17+9.56 39.26+7.74

p < 0.05, **p < 0.01, ***p < 0.001
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(a) Soil bulk density increase (b) Porosity

754
*%

M
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60 A Q
254

40 4
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-25 E Non winch-assist
* Winch-assist

204

5 15 25 5 15 25
Soil depth (cm)

Figure 5. Effect of Winch-assist harvesting on soil bulk density increase and porosity in wheel-track zones across all soil depths.
(a) Soil bulk density increase (%) and (b) Porosity (%) in wheel-track zones under Non winch-assist and winch-assist treatments
across all soil depths. Asterisks indicate statistically significant differences (*p < 0.05, **p < 0.01).

= 7FesHAl sk, AAA B A5 3. BAI=Y FSEXAX|Q| St 24
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2) 358 4 9ot wv o §HUE Frho] e AeS HecHFigure 6()]
3538 ABANAE FHPRRA HgTo| A © 7121} One-way ANOVA 23} AN A47|2] Fastet
51%z2, ] HE7(10%)0] ula) AdHoR ke e FYRRUA « FAE he] JEREE BAKoR fo

e om(Table 3), FHRENAN Hejo) 3 anprk B 5 FUTE @ > 005). ol FHREAA] SHUE
Aoz G5 ATtHp < 0.05). Zolof whet FAleH S7he e At FAKE RRte] weh FAF o2 2|o]

o] WAL OoL}, AT AL Gl 80817 Attt o] L oAk, theksl AAF RAAE v|mF QHH A A
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T8 44 GE WS oJulstoi[Figure S(b)], £ AN 708 Ae] w3k 24 (Figure 6) 7t AL 72
29| Fgstel] FAAQ FFE v|A= A oR wEr. Woll Al e 22 2§ of o] g AolE SPEL
FIES o Y, SR B4 AL BE 5 ooRer tdAoR mudt o, B4 A 2doA o] Aty
AESH 715 AAdse 8 BEY 204 ARE, EYY < AUsHA Brteks o 54E 5ok §hH, Table 29
A7 1 Ak wo] 9ok AA| 2 Nazari et al.(2021) 38 A glolge Etdoz mgsle], FYE 2 Y9
o] mlefZ Ao A= WHEA QL 714 $3o] s=Ee VI g 11*?‘9]' B o7t B =4 WIle] njAl= Fa
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Shoith & dAtolA ElE FHE AR F=E FA] TWO-way ANOVAE &8sttt o|Ad & #4274t
A= o3t A kS ke 4 Sl AEA diet Ay 24 W 543 ARkA el A A JF 2de
O 72, A Z1AISE AFgoll Al o] AgEiA QHg/d o] 7)o = Aola B o2 iR SaEglon, 2R
o 5 e AlARRTH 228 anE tHER 45k o AT H el o
ok gt

FT Aol M= FRHEZAXT; BARA] A BF T
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(a) Soil bulk density increase Porosity
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Figure 6. Effect of Winch-assist harvesting on soil bulk density increase and porosity under varying slope categories. (a) Soil bulk
density increase (%) and (b) Porosity (%) in wheel-track zones under Non winch-assist and winch-assist treatments across three
slope categories: Low (<36%), Medium (36—45%), and High (>45%). Asterisks indicate statistically significant differences

(*p < 0.05, **p < 0.01).
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HJAREE Hrp BQF L27F kAo 7 HEENSE 9
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Figure 7. Correlation between mean slope and changes in soil physical properties after machine operation. (a) Significant negative
correlation between mean slope and soil bulk density increase (%). (b) Significant positive correlation between mean slope and
porosity (%). Shaded areas represent 95% confidence intervals.
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