[bookmark: _Hlk16449582]Table 1 - Description of study sites.

	Characteristics
	Unit
	Site A
	Site B

	Location
	-
	Brognaturo
	Brognaturo

	Harvesting method
	-
	Cut-to-length
	Cut-to-length

	Dominant species
	-
	Chestnut 
	Silver fir

	Forest type
	-
	High forest
	Natural forest 

	Felling equipment
	-
	Chainsaw
	Chainsaw

	Extraction equipment
	-
	Farm tractor + Winch
	Farm tractor + Grapple

	Average altitude
	m a.s.l.
	1050
	1100

	Stand density
	trees/ha
	870
	570

	Stock volume
	m3/ha
	948
	889

	Number of trees felled
	trees/ha
	261
	86

	Average DBH 
	cm
	35
	39

	Average height
	m
	24
	25

	Average volume per tree
	m3
	1.09
	1.53

	Average slope
	%
	30
	29

	Roughness
	-
	I
	I

	Total area
	ha
	8
	16

	Extraction intensity
	m3/ha
	284
	134

	Total volume extracted
	m3
	2276
	2147





Table 2 - General characteristics of wood extraction with winches and grapple.

	Machine attachment
	General characteristics

	Winch
	Use a cable and choker to pull one or more trees to a tractor. The skidding winch is normally attached to the 3-point hitch and takes its power from the tractor PTO.
Advantages: Low to medium cost. Suited to a wide range of tractors and sites. When using winches in difficult terrain the load can be dropped and tractor can move to more favourable terrain and winch the log from a distance.
Disadvantages: Limited application in thinnings for high density of trees and low accessibility with consequent difficulty of logs motion especially long logs. Skidding often produces dirty logs, which can cause difficulties at the processing stage. Can contribute to both soil and residual tree damage.

	
	

	Grapple
	Large hydraulic grapples mounted on the 3-point hitch can be used equally well for transporting cut-to-length logs or tree-length logs. The operator reverses up to the logs or timber stack and ‘grapples’ the load, which can then be hydraulically lifted for transportation.
Advantages: Relatively inexpensive. Shortwood can be extracted clean. Operator does not need to leave the cab.
Disadvantages: Requires good presentation of material and does not have the flexibility and versatility of typical winch skidders. Needs good sites, detailed planning and site layout is required especially in thinnings.





Table 3 - Specifications of the machinery used in the two study sites.

	Parameters
	Unit
	Chainsaw
	Tractor 
	Winch
	Grapple

	Producer
	-
	Husqvarna
	Same 
	Schwarz
	Krpan

	Model
	-
	560 XP
	Silver 110
	EGV 105 AHK
	KL 2200

	Power 
	kW
	3.5
	81
	-
	-

	Weight
	kg
	5.9
	4700
	-
	-

	Displacement
	cm3
	59.8
	6000
	-
	-

	Overall length/ width
	mm
	-
	4250/2735
	-
	-

	Bar length
	cm
	40
	-
	-
	-

	Minimum power required
	kW
	-
	-
	74
	40-90

	Diameter
	mm
	-
	-
	13
	-

	Drum capacity
	m
	-
	-
	180
	-

	Nominal pulling force of winch
	kN
	-
	-
	100
	-

	Closing force
	kN
	-
	-
	-
	70

	Min / max opening width
	cm
	-
	-
	-
	10/220

	Rotation angle on both sides
	degrees
	-
	-
	-
	± 40

	Load capacity
	kg
	-
	-
	-
	3000





Table 4 - Elements of work time.

	
	Action
	Description

	Felling and processing with chainsaw
	Moving
	Begins when the chainsaw operator (CHO) or assistant (AS) starts walking toward the working place and ends when the worker reaches the working place

	
	
	

	
	Felling
	Begins when the CHO reaches the tree and ends after the tree is felled on the ground.

	
	
	

	
	Supporting felling
	Begins when the AS reaches the tree and ends after the tree is felled on the ground.

	
	
	

	
	Clearing
	Cutting and crosscutting the undergrowth

	
	
	

	
	Delimbing
	Cutting the branches from the felled tree

	
	
	

	
	Refuel and sharpening
	The chain is sharpened every time the fuel chainsaw is filled

	Extraction with cable winch or grapple
	Travel unloaded (similar for cable winch and grapple)
	Begins when the skidder leaves the landing area and ends when the skidder stops in the stump area

	
	
	

	
	Release and hooking (cable winch)
	Begins when the worker has just grabbed the cable and sets the choker on the tree about 0.5–1.0 m away from the tree end, and ends when the skidder operator starts winching

	
	
	

	
	Winching (cable winch)
	Begins when the driver starts to winch and ends when the tree has arrived at the rear part of the skidder

	
	
	

	
	Grappling (grapple)
	Begins when the grapple of the skidder opens and takes the trees and ends when the grapple is closed

	
	
	

	
	Travel loaded (similar for cable winch and grapple)
	Begins when the machine moves to the landing and ends when it reaches the landing

	
	
	

	
	Unhooking (similar for cable winch and grapple)
	Begins when the machine reaches the landing and ends when the load is unhooked

	Delay Time
	In both phases (felling and extraction) was considered also miscellaneous time that is not related to productive work time (phone calls, etc.).





Table 5 - Assumed cost parameters for machine rate calculation.

	Parameter
	Unit
	Value

	
	
	Chainsaw + 2 operators
	Tractor +winch + 3 operators
	Tractor + grapple+ 2 operators

	Purchase price
	€
	980
	60000
	60000

	Salvage value
	€
	0
	12000
	12000

	Estimated life
	year
	1.2
	10
	10

	Scheduled machine hour
	h
	1680
	1050
	980

	Fuel and lubricant
	€ h-1
	3.05
	14.95
	16.08

	Annual depreciation
	€ year-1
	817
	4800
	4800

	Interest
	€ year-1
	36
	1152
	1152

	Total fixed cost 
	€ h-1
	0.51
	8.59
	9.21

	Total variable cost 
	€ h-1
	3.54
	18.15
	19.51

	Total labor cost 
	€ h-1
	42
	63
	42

	Total hourly cost 
	€ h-1
	46.05
	89.74
	70.72





Table 6 - Productivity equation for sites A and B with manual chainsaw felling and processing.

	Site
	Model
	Equation 
	F
	P
	R2adjusted

	A+B
	Productivity
	P (m3 h−1) = - 11.427 + 0.369 × DBH (cm) + 0,262 × H (m) 
	595.828
	0.00
	0.697


DBH = diameter at breast height, H = height.



Table 7 - Basic descriptive statistics of operational variables and performance metrics.

	Average parameter
	Unit
	Value

	
	
	Site A
	Site B


	Productive machine hour (PMH)
	m3
	2.91
	5.92

	Scheduled machine hour (SMH)
	m3
	2.87
	5.73

	Logs extracted per cycle
	n
	3
	2

	Skidding distance
	m
	276
	105

	Bunching distance
	m
	33
	-

	Volume extracted per cycle
	m3
	0.7
	0.59

	Extraction cost (PMH)
	€ m-3
	30.8
	11.9





Table 8 - Time consumption (mean value and standard deviation (SD)) for working cycle elements.

	Work phase
	Unit
	Site A
	Site B 
	Percent of total time (%)

	
	
	Mean
	(SD)
	Mean
	(SD)
	Site A
	Site B

	Felling
	Moving
	min
	0,40
	0,17
	0,52
	0,19
	4
	5

	
	Felling
	min
	0,61
	0,25
	0,78
	0,29
	7
	8

	
	Delimbing
	min
	6,59
	0,91
	7,63
	0,97
	77
	77

	
	Refuel/Sharpening
	min
	0,49
	0,19
	0,52
	0,21
	6
	5

	
	Delay time
	min
	0,47
	0,18
	0,49
	0,20
	6
	5

	
	Cycle time
	min
	8,56
	0,88
	9,93
	0,94
	100
	100

	Extraction
	Travel unloaded
	min
	2.59
	0.37
	2.86
	1.15
	19
	39

	
	Hooking/Grappling
	min
	1.93
	0.32
	0.16
	0.04
	14
	2

	
	Winching
	min
	2.22
	0.23
	-
	-
	16
	-

	
	Travel loaded
	min
	5.76
	0.41
	3.05
	1.11
	42
	42

	
	Unhooking
	min
	1.10
	0.06
	1.08
	0.04
	8
	15

	
	Delay time 
	min
	0.21
	0.06
	0.16
	0.03
	1
	2

	
	Cycle time
	min
	13.81
	0.84
	7.31
	2.28
	100
	100






Table 9 - Cycle time and productivity equations for sites A (cable winch) and B (grapple).

	Site
	Model
	Equation 
	F
	P
	R2adjusted

	A
	Cycle time
	Equation (1)   Ct (min) = 5.817 + 0.039 × Wd (m) + 0.019 × Sd (m) + 0.461 × Nl (n)
	49.327
	0.00
	0.788

	B
	Cycle time
	Equation (2)   Ct (min) = - 4.233 + 0.110 × Sd (m)
	1028.965
	0.00
	0.963

	A+B
	Productivity
	Equation (3)   P (m3 h−1) = 12.669 − 0.055 × Sd (m) + 8.024 × V (m3) – 5.771 × St
	28.178
	0.00
	0.508


Wd = Winching distance, Sd = Skidding Distance, Nl = number of logs, V = Volume, St = Skidding type (0 = winch; 1 = grapple)

