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1. Introduction
The main goal of forest management is to sustain 

continuous	development	of	forest	ecosystems	that	op-
timally	 fulfil	 their	 productive	 and	 non-productive	
functions (Gebauer et al. 2012, Jourgholami 2012). In 
order to achieve this goal, forest management should 
combine	market	demand,	the	economy	of	wood	har-
vesting	and	requirements	for	forest	environment	pro-
tection (Zastocki 2003).
In	recent	years,	a	continuous	increase	in	the	level	

of	wood	harvesting	mechanization	has	been	recorded.	
In	many	cases,	manual	felling	and	logging	by	horses	
and	farm	tractors	have	given	way	to	mechanized	har-
vesting,	using	specialized	felling	(harvester)	and	log-
ging	(skidder,	forwarder)	machines	(Ampoorter	et	al.	
2010).	Widespread	use	of	specialized	forestry	equip-

ment	contributes	to	increase	in	productivity	and	im-
proves	work	safety,	but	in	some	cases	could	also	be	
associated	with	the	adverse	effects	on	the	forest	envi-
ronment	(Magagnotti	et	al.	2012,	Picchio	et	al.	2016).
Logging	is	an	example	of	the	strongest	human	in-

tervention	 into	 forest	 environment,	 causing	many	
threats	to	its	individual	components.	Damage	to	the	
forest	ecosystem	arises	due	to	felling	and	skidding	
operations,	regardless	of	the	technical	means	used	in	
this	process.	Many	reports	have	indicated	that	most	
damage	occurs	during	wood	transportation	from	the	
stump	area	to	the	landing	(Jamshidi	et	al.	2008,	Cambi	
et	al.	2015,	Cambi	et	al.	2016).	Disturbance	of	surface	
layers,	changes	in	physical	and	chemical	properties	of	
soils and damage to residual trees are the main conse-
quences	of	logging	operations	(Modry	and	Hubeny	
2003,	Ampoorter	et	al.	2007).	Soil	compaction	is	a	seri-
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ous	disturbance	due	to	physical	properties	caused	by	
equipment	used	for	skidding	and	forwarding.	As	a	
result	of	soil	compaction,	there	is	a	decrease	in	poros-
ity	and	increase	in	bulk	density	(Demir	et	al.	2007),	
penetration	resistance	and	strength	of	the	soil	(McFero	
et	al.	2006).	Soil	compaction	causes	a	reduction	of	the	
number	and	activity	of	microorganisms	 (Tan	et	al.	
2008)	and	edaphic	fauna	(Marchi	et	al.	2016,	Venanzi	
et	al.	2016)	leading	to	disruption	of	the	chemical	pro-
cesses	in	the	soil	(Arocena	2000).	The	common	effects	
on	the	soil	from	ground	based	forest	operations	are	
increased	compaction	and	removal	of	litter	mass	in	
skid	trails	(Tan	et	al.	2008).	Damage	to	the	soil	contrib-
utes	to	the	deterioration	of	conditions	for	tree	growth	
and	reduces	the	site	productivity	(Brais	2001,	Gomez	
et	al.	2002,	Smith	2003).	The	problem	of	damage	to	
remaining	trees	in	the	stand	is	the	subject	of	many	
scientific	studies.	Damage	to	the	residual	stand	in	for-
est	operations	often	occurs	during	timber	extraction	
(Vasiliauskas	1993,	Wronsky	and	Murphy	1994,	Košir	
2008,	Picchio	et	al.	2012).	Most	trees	damaged	due	to	
forest	operations	are	situated	close	to	the	extraction	
trails	(Froese	and	Han	2006,	Youngblood	2000).	Me-
chanical	injury	to	residual	standing	trees	are	caused	
by	machine	traffic	and	log	dragging	(Klvač	et	al.	2010).	
Damage	 usually	 occurs	 right	 after	 treatment,	 but	
sometimes	develops	over	time	(Legere	2001,	Ezzati	
and	Najafi	2010).	Damage	to	residual	trees	during	se-
lection	cutting	may	decrease	the	quality	of	residual	
trees	and	increase	stand	mortality	from	insect	and	dis-
ease	infestations	(Han	et	al.	2000,	Camp	2002).
Range	and	size	of	damage	to	forest	ecosystem	dur-

ing	harvesting	activities	depends	on	a	number	of	fac-
tors	related	to,	among	others,	machine	mass,	type	and	
size	of	its	tires,	used	logging	technology	and	number	
of	machine	passes	or	skidding	cycles	(Alakukku	et	al.	
2003).	Not	without	significance	is	also	the	age	of	the	
stand,	where	the	logging	operations	are	carried	out,	
the	amount	of	removal	trees,	season	and	weather	con-
ditions	 (Lageson	1997,	Limbeck-Lilienau	2003).	An	
important	role	is	also	played	by	the	level	of	training	
and	ecological	awareness	of	employees	(Bragg	et	al.	
1994,	Sirén	2001).
A	 large	number	of	 factors	 affecting	 the	 level	of	

damage	to	the	forest	ecosystem	make	the	results	pre-
sented	in	numerous	scientific	works	not	universal.	It	
is	primarily	associated	with	natural	and	technological	
conditions	of	the	logging	process	in	different	coun-
tries.	There	are	few	studies	dealing	with	the	compari-
son	of	damage	to	the	forest	ecosystem	by	different	
logging technologies during late thinning in a selec-
tion	cutting	system.	The	impacts	on	the	environment,	
especially	on	soil	and	residual	trees,	is	an	important	

aspect	to	be	considered	in	planning	and	execution	of	
forest	operations	(Picchio	et	al.	2016).
The	aim	of	the	study	was	to	assess	the	damage	to	

forest	soil	and	remaining	trees	after	logging	operations	
in	late	thinning	performed	using	tree-length	and	cut-
to-length	logging	system.	The	specific	goals	were:
To	determine	soil	disturbance	 through	appoint-

ment	of	the	forest	area	occupied	by	skid	trails	and	as-
sess	damage	to	the	surface	layers	of	the	soil;
Assess	damage	to	trees	remaining	in	stands,	by	

determining	the	percentage	of	damaged	trees	and	the	
location of injuries.

2. Material and methods
The	research	was	conducted	in	Poland	(Lower	Sile-

sia)	in	Forest	District	Międzylesie,	Forest	sub-district	
Biała	Woda	in	two	selected	forest	stands	No.	89a	and	
99b.	Tree-length	harvesting	system	(TL)	was	studied	
in	forest	stand	No.	89a.	TL	included	felling	the	tree	

Table 1 Description of study site

Logging system 
Logging method

Tree-length (TL) 
Chain saw + Skidder

Cut-to-length (CTL) 
Harvester + Forwarder

Felling category Late thinning

Location – stand number 89a 99b

Area, ha 9.34 6.09

Altitude, m 790–870 850–910

Slope, ° 13–17 8–12

Ground cover Herbaceous Grass-green

Type of habitat
Fresh montane mixed 

broadleaved forest
Fresh montane mixed 

coniferous forest

Share, % – Species
80 – Spruce 
20 – Beech

100 – Spruce

Stand age, year 90 85

Average diameter at 
breast height (DBH), m

0.38 – Spruce 
0.28 – Beech

0.30

Average tree height, m
26 – Spruce 
23 – Beech

23

Stocking of merchantable 
timber, m3·ha-1

476 – Spruce 
76 – Beech

326

Total harvesting volume, 
m3

726 
(660 Spruce + 66 Beech)

449

Removal from 1 ha, m3 77 73

Time of harvesting Spring
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using	chain	saw	and	wood	extraction	by	a	cable	skid-
der	LKT	81T	equipped	with	two-drum	winch	with	
pulling	force	of	80	kN.	Cut-to-length	harvesting	sys-
tem	(CTL)	was	studied	in	forest	stand	No.	99b.	The	
CTL	system	included	a	harvester	and	a	forwarder	with	
loading	capacity	of	10,000	kg.	Detailed	information	on	
the location and characteristics of the test stands are 
presented	in	Table	1.	Information	concerning	the	ve-
hicles	 (machines)	 used	 in	 the	 logging	 process	 are	
shown	in	Table	2.
A	survey	of	tree	damage,	rutting,	soil	penetration	

resistance	and	maximum	shearing	stress	was	conduct-
ed	after	wood	harvesting	operations.	In	both	tested	
forest	stands,	the	area	occupied	by	skid	trails	was	de-
fined.	A	total	length	of	skid	trails	was	measured	with	
a	measuring	tape.	Rut	depth	measurements	were	per-
formed	on	primary	skid	trails	(more	than	10	passes)	
and	 secondary	 skid	 trails	 (less	 than	5	passes).	The	
depth	of	 the	 ruts	was	measured	 at	 the	designated	
lengths of 100 m, divided into 2 m sections. In each 
stand,	10	measuring	sites	were	randomly	selected	(5	
measuring	sites	on	primary	and	5	on	secondary	skid	
trail).	Measurements	were	carried	out	 in	randomly	
selected	rut.	The	depth	of	ruts	was	classified	as	fol-
lows:

Þ  <0.05	m	(shallow)
Þ  0.05–0.15	m	(medium	deep)
Þ  0.16–0.25	m	(deep)
Þ  >0.25	m	(very	deep).
The degree of tree damage and changes in the sur-

face	layer	of	the	soil	were	determined	at	designated	
test	sites.	Tested	areas	in	both	forest	stands	were	rep-
resentative	network	of	circles	with	a	radius	of	12.6	m	
(area	of	ca	0.05	ha).	In	each	stand,	10	research	plots	
were	selected	(5	within	the	primary	skid	trail,	5	with-
in	the	secondary	skid	trails).	Scheme	of	the	test	site	and	

the	location	of	the	measurement	plots	are	shown	in	
Fig.	1.

The evaluation of surface damage to the soil struc-
ture	was	carried	out	based	on	measurements	of	soil	
compaction	 (penetration	 resistance)	 and	 the	maxi-
mum	shearing	stress.	Compactness	of	soil	in	the	layer	
of	 0–0.2	m	was	measured	 using	 Penetrologger	 Ei-
jkelkamp	with	a	measuring	range	of	0–10	MPa	and	
accuracy	of	1	kPa.	The	instrument	enabled	the	mea-
surement and recording of data as a function of cone 
penetration	depth.	A	cone	with	a	base	surface	of	1	cm2 
and	an	angle	apex	of	60°	was	used	 for	 tests.	Pene-
trologger	was	equipped	with	a	Theta	probe	type	ML2x	
to	measure	soil	moisture	with	the	accuracy	of	1%	vol.	
Soil	humidity	was	measured	in	several	points	of	each	
tested	stand	in	the	surface	layer	(0–0.05	m).	The	maxi-
mum	shearing	stress	was	measured	using	a	shear	tes-
ter	with	a	wings	probe	made	by	Geonor	company.	The	
measuring	range	of	the	instrument	was	0–260	kPa	with	
the	measurement	accuracy	of	2	kPa.	Measurements	
were	made	at	three	depths:	0.05;	0.10;	0.15	m.	Measure-
ments	of	penetration	resistance	and	maximum	shear-

Table 2 Specification of forest machines

Harvester Gremo HPRV

Head SP 551 LF II

Forwarder

Gremo 950 R

Skidder

LKT 81 T

Length, mm 7490 7895 5700

Width, mm 2600 2600 2230

Weight, kg 13,970 11,185 7145

Ground clearance, mm 580 580 540

Height, mm 3445 3445 2780

Number of wheels 8 8 4

Tire dimensions 600/50×22.5 600/50×22.5 16.9-30

Outreach of boom, m 10 6.5 –

Fig. 1 The scheme of test sites – location measurement plots: L – left 
rut, B – between the ruts, R – right rut, 2 m from the rut, 5 m from 
the rut (control)
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ing	stress	at	each	plot	were	performed	in	five	repeti-
tions.
The	percentage	of	damaged	trees	during	logging	

operations	was	determined	based	on	the	number	of	
damaged trees relative to the total amount of remain-
ing trees in the stand on each test site. Mechanical 
damage	to	residual	trees	was	classified	according	to	
their	location:

Þ  root collar and bole at a height <0.3 m from the 
ground

Þ  bole at a height of 0.3–1 m
Þ  bole at a height >1 m.

The	share	of	damage	was	specified	for	each	class	
(different	location)	in	relation	to	the	total	number	of	
damaged trees.
The	statistical	analysis	of	the	obtained	results	was	

conducted in the Statistica 12.5	software.	For	the	deter-
mination	of	factors	impact,	the	multifactor	analysis	of	
variance	(ANOVA)	was	used;	the	significance	level	a 
was	equal	 to	0.05.	Before	carrying	out	 the	ANOVA	
tests,	the	terms	of	its	applicability	were	verified	(the	
normal	distribution	by	Shapiro-Wilk	test	and	the	ho-
mogeneity	of	variance	by	Levene	test).	When	the	num-
ber	of	factor	levels	was	higher	than	2,	the	post-hoc	tests	
(HSD	Tukey)	were	conducted	–	these	tests	had	to	show	
the	significant	differences	between	each	of	the	factor	
level.

3. Results
The total length of skid trails in both tested forest 

stands	was	different	and	amounted	to	1920	m	in	the	
stand	99b	and	1500	in	the	stand	89a.	The	width	of	skid	
trails	amounted	3.0	m	in	CTL	and	3.5	m	in	TL.	Fig.	2	
presents	areas	occupied	by	logging	trails	in	the	ana-
lyzed	forest	stands,	where	different	systems	of	wood	
logging	were	used.
After	TL,	skid	trails	occupied	5.6%	(0.53	ha)	of	the	

total	area,	trails	were	located	at	a	distance	of	about	
60	m	from	each	other.	Mechanized	logging	using	har-
vester	and	forwarder	requires	a	dense	network	of	trails	
–	after	CTL,	skid	trails	occupied	9.5%	(0.58	ha)	of	the	
total stand area.
The	22–32	m	distance	between	the	trails	was	pri-

marily	dictated	by	the	location	of	trees	to	be	felled	and	
to	a	smaller	extent	by	the	length	of	the	harvester	boom.
The	soil	humidity,	measured	during	the	tests,	in	

both	forest	stands	was	comparable	and	amounted	to	
20–33%	vol.	Lower	moisture	values	(20–26%	vol.)	was	
obtained in the undisturbed soil, higher soil moisture 
(24	–33%	vol.)	was	observed	within	the	skid	trails	and	
local	terrain	cavity.

The	treatment	effect	on	the	share	of	the	ruts	of	the	
total	length	of	skid	trails	is	shown	in	depth	classes	in	
Fig.	3.	The	data	indicate	that	the	extent	of	skid	trails	
damage	depends	on	the	logging	system	and	the	num-
ber	of	machine	passes.	It	was	found	that	the	greater	
diversity	of	ruts	depth	occurred	in	tree-length	logging	
system	(wood	transported	by	skidder	LKT	81T),	than	
in	cut-to-length	logging	system.	In	both	logging	sys-
tems,	on	the	prevailing	trail	lengths	shallow	ruts	oc-
curred	(<0.05	m);	 their	share	after	TL	was	49%	and	
64%,	and	after	CTL	75%	and	87%,	respectively,	on	pri-
mary	and	secondary	skid	trails.	In	CTL,	the	share	of	
ruts	deeper	than	0.05	m	was	significantly	smaller	com-
pared	to	TL	system.	At	the	trails,	where	wood	extrac-
tion	with	skidder	was	carried	out,	a	share	of	ruts	with	
depth	of	0.16–0.25	m	was	three	times	greater	than	on	
the	trails	in	stand	99b.	After	CTL,	there	were	no	very	
deep	ruts	(>0.25	m),	while	after	TL,	ruts	in	this	depth	
class	accounted	for	4–6%	of	the	skid	trail	length.	The	
very	deep	ruts	were	located	in	the	local	cavity,	where	
the	ground	was	characterized	by	higher	humidity.	The	
differences	in	the	range	of	skid	trail	damage	were	the	
result	of	differences	in	the	size	(width)	of	tires	and	
number	of	wheels	of	forest	machines.	Tires	with	great-
er	width	had	less	tendency	to	penetrate	deep	into	the	
soil.	Greater	number	of	wheels	(8	wheels),	in	the	case	
of	forwarder,	could	result	in	a	lower	contact	pressure.	
In	addition,	less	damage	to	trails	in	CTL	was	probably	
the	result	of	local	trail	surface	protection	by	branches	
coming	from	harvesting	operations.

Fig. 2 The area occupied by skid trails in relation to the total area 
of study forest stands
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Fig.	4a,	b	and	Fig.	5a,	b	show	the	course	of	changes	
in	soil	penetration	resistance	as	a	function	of	cone	pen-
etration	depth	in	the	analyzed	harvest	areas.	Present-
ed courses are related to measurements on research 
plots	located	at	the	primary	and	secondary	skid	trails.	
After	TL	(Fig.	4a,	b),	the	maximum	values	of	soil	pen-
etration	resistance	were	exceeded	by	5	MPa	on	the	
primary	skid	trail	and	by	4	MPa	on	the	secondary	skid	
trail.	The	average	increase	in	soil	penetration	resis-

tance	in	the	layer	0–0.2	m,	both	on	the	primary	and	
secondary	skid	 trail,	was	similar	and	amounted	 to	
324%	and	302%	compared	to	the	values	obtained	for	
undisturbed soil at a distance of 5 m from the trails. 
Soil	penetration	resistance	values	measured	at	points	
spaced	about	2	to	5	m	from	the	trails	(both	primary	
and	secondary)	do	not	differ	significantly,	which	indi-
cates	that	the	range	of	changes	in	soil	properties	con-
cerns	only	skid	trails.	The	largest	increase	in	soil	pen-

Fig. 3 The percentages of different rut depth on skid trails in tested stands (arithmetic mean ±SD); a) Tree-length; b) Cut-to-length

Fig. 4 Relationship between penetration resistance and soil depth in stand 89a: a) primary skid trail, b) secondary skid trail
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etration	resistance	on	the	primary	skid	trail	has	been	
demonstrated	in	0–0.13	m	depth,	and	on	the	secondary	
skid	trail	in	the	layer	0–0.10	m.	It	was	observed	that,	
after	TL,	the	impact	of	the	skidder	wheels	and	drawn	
wood	led	to	a	comparable	increase	in	penetration	re-
sistance.
Courses	of	changes	in	the	penetration	resistance	of	

the	soil	within	the	skid	trails	(primary	and	secondary)	
after	CTL	are	shown	in	Fig.	5a,	b.	In	case	of	cut-to-
length	logging	system,	the	changes	in	soil	properties	
were	observed	mainly	in	the	ruts.	The	increase	in	pen-
etration	resistance	of	soil	resulted	from	the	weight	of	
the	machine	and	load	of	transported	wood.	The	soil	
penetration	resistance	on	the	surface	between	the	ruts	
was	much	lower	than	in	the	ruts,	and	in	terms	of	value	
closer to the results obtained at a distance of 2 m from 
the	skid	trails.	On	the	secondary	skid	trail,	 lower	
values	were	observed	of	soil	penetration	resistance	
than	on	the	primary	trail.	In	the	analyzed	depth	range	
(0–0.2	m),	the	average	increase	in	penetration	resis-
tance	of	soil	in	the	ruts	was	220%	and	308%,	respec-
tively,	for	secondary	and	primary	skid	trail,	in	com-
parison	to	the	values	obtained	in	measurement	points	
located	5	m	from	the	trails.	At	a	depth	of	0.2	m	in	the	
ruts	on	the	primary	skid	trail,	the	values	of	soil	pene-
tration	resistance	reached	4	MPa,	while	on	the	second-
ary	skid	trail	these	values	do	not	exceed	3	MPa.	After	
CTL,	lateral	range	of	changes	of	soil	properties	was	
negligible.	It	was	indicated	by	the	value	of	soil	pene-
tration	resistance	obtained	at	 the	measuring	points	
outside the ruts.

Different	waveform	character	presented	in	Fig.	4	
and	Fig.	5	indicate	various	susceptibility	of	the	soil	to	
compaction	under	the	wheels	of	machines	with	differ-
ent	contact	pressure.
The	shearing	stress	strength	of	the	soil	is	the	pa-

rameter used to determine conditions of transferring 
a	driving	force	from	vehicle	wheels	to	the	ground.	
The values of maximum shearing stress, measured 
after	TL,	are	presented	in	Fig.	6a,	b.	It	was	observed	
that the shearing stress strength of the soil, both on 
the	surface	of	skid	trail	and	beyond	it,	increased	with	
the	depth.	Similarly	as	in	the	case	of	penetration	re-
sistance,	the	range	of	influence	of	skidder	wheels	and	
transported	wood	was	limited	to	the	trails	surface.	A	
higher	shearing	stress	was	found	on	the	primary	skid	
trail	(average	differences	between	values	obtained	on	
the	primary	and	secondary	skid	trail	amounted	to	
16%).	On	the	primary	skid	trail,	the	highest	values	of	
maximum	shearing	stress	were	obtained	in	the	fur-
row	formed	by	hauled	wood	(between	ruts),	at	depth	
of	0.05	and	0.10	m.	On	the	secondary	trail,	used	with	
less	intensity,	the	highest	values	of	maximum	shear-
ing	stress	in	the	furrow	caused	by	hauled	wood	were	
found	only	at	a	depth	of	0.05	m.	The	greatest	increase	
in	values	of	maximum	shearing	stress,	compared	to	
the	values	obtained	at	the	control	point	(5	m	from	the	
trail),	was	observed	at	a	depth	of	0.05	m	(values	even	
higher	than	700%).	At	greater	depths	(0.10	and	0.15	m),	
the	 values	 of	 the	maximum	 shearing	 stress	were	
smaller than the values obtained on the undisturbed 
soil.	The	obtained	results	confirmed	the	fact	that	the	

Fig. 5 Relationship between penetration resistance and soil depth in stand 99b: a) primary skid trail, b) secondary skid trail
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greatest changes in the soil structure occur in the sur-
face	layers	at	the	contact	point	between	the	vehicle	
wheels	and	transported	wood	with	the	soil.	This	ten-
dency	was	observed	for	both	types	of	skid	trail	(pri-
mary	and	secondary).
Fig.	7	presents	the	values	of	the	maximum	shear-

ing	stress	measured	within	the	trails	after	CTL.	On	
the	secondary	skid	trail,	the	values	of	the	analyzed	

parameter	were	significantly	lower	than	on	the	pri-
mary	trail.	It	was	shown	for	both	types	of	skid	trail	
that the biggest changes of the soil structure occurred 
as	a	result	of	the	impact	of	vehicles	wheels	(in	the	
ruts),	while	on	the	surface	between	the	ruts	and	2	m	
from the skid trails the values of maximum shearing 
stress	were	significantly	lower.	This	fact	proves	that	
the	vertical	impact	of	machinery	on	the	soil	is	domi-

Fig. 6 The values of maximum shearing stress of soil measured in stand 89a: a) primary skid trail, b) secondary skid trail (arithmetic mean ± SD)

Fig. 7 The values of maximum shearing stress of soil measured in stand 99b; a) primary skid trail, b) secondary skid trail (arithmetic mean ± SD)
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nant,	while	 the	 range	of	 lateral	 changes	 is	 clearly	
smaller.	The	greater	the	number	of	passes,	the	higher	
the strength of the soil and the higher the values of 
maximum shearing stress of soil. Increase in the val-
ues	of	the	maximum	shearing	stress	was	aligned	to	
all	measure	depths;	for	the	primary	trail	it	was	about	
285%	and	for	the	secondary	trail	below	200%	in	rela-
tion to the undisturbed soil (5 m from the trails).

In the designated research areas, damages to trees 
remaining	in	the	stand	after	the	harvesting	opera-
tions	were	assessed.	These	damages	were	primarily	
caused	by	wood	extraction.	In	stand	89a,	where	tree-
length	logging	system	was	used,	tree	damages	were	
caused	by	skidder	wheels	and	hauled	logs.	In	cut-to-
length	logging,	the	residual	trees	were	damaged	by	
wheels	of	machines	(harvester/forwarder)	and	by	hy-
draulic	boom	during	loading	of	logs	on	forwarder	
trailer.
Fig.	8	shows	the	percentage	of	damaged	trees	in	

the	area	of	technological	trail	on	both	analyzed	forest	
stands.	It	was	observed	that	more	standing	trees	were	
damaged	when	tree-length	logging	system	was	used.	
At	 the	 research	plots	 located	within	primary	skid	
trail	in	stand	89a,	the	damaged	trees	accounted	for	
an	average	of	13.5%.	The	largest	share	of	damaged	
trees	was	16.1%	(5	trees	damaged	out	of	31	growing	
trees),	while	the	smallest	share	was	10%	(3	trees	dam-
aged	out	of	30	growing	trees).	Within	the	secondary	
skid	trail,	the	share	of	damaged	trees	was	significant-
ly	lower	–	an	average	of	6.8%	(the	lowest	3.33%	and	
the	highest	12.5%).	In	forest	stand	99b,	where	cut-to-
length	logging	system	was	used,	the	share	of	dam-
aged	trees	within	the	primary	skid	trail	was	6.3%,	
while	within	 the	secondary	skid	 trail	 the	share	of	
damaged	trees	was	4%.
Based	 on	 the	methodology	 applied,	 damaged	

trees	were	classified	according	to	their	location.	As-
sessment	of	logging	technology	was	also	conducted	
based	on	this	classification.	As	the	results	obtained	
within	the	primary	and	secondary	skid	trail	at	both	
analyzed	forest	stands	were	comparable,	the	average	
values of the measurements obtained on research 
plots	were	presented.	The	share	of	individual	dam-
age class in relation to the total number of damaged 
trees	is	shown	in	Fig.	9.	Both	after	TL	and	CTL,	major	
damage to trees occurred on root collar and in the 
lowest	parts	of	the	bole,	their	share	being	56%	in	tree-
length	logging	and	79%	in	cut-to-length	logging.	This	
type	of	tree	damage	was	caused	by	the	wheels	of	for-
est	machinery.	In	case	of	tree-length	logging	system,	
damaging the bole at a height of 0.3–1.0 m accounted 
for	41%	(they	were	caused	by	skidder	and	hauled	
wood).	In	the	case	of	cut-to-length	logging	system,	
such	 injuries	accounted	 for	16%	and	 the	damages	
were	caused	by	the	harvester/forwarder	and	grapple	
mounted	on	the	hydraulic	arm.	Damage	to	the	bole	
located	at	a	height	above	1.0	m	was	the	result	of	tree	
felling	and	in	tree-length	system,	it	accounted	for	3%,	
while	in	cut-to-length	it	accounted	for	5%.
The	results	of	ANOVA	tests	are	shown	in	Table	3.

Fig. 8 Percentage share of damaged trees (arithmetic mean ± SD)

Fig. 9 Percentage share of tree damage classes (arithmetic mean 
± SD)
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Table 3 Results of statistical analysis; the significance level a=0.05; x – arithmetic mean; SD – standard deviation

Analyzed parameter Factor Factor level  x ±SD p-value

Share of ruts depth

(in total length)

<0.05 m

Logging system

TL 56.60A 8.22
<0.000001

CTL 80.80B 6.91

0.05–0.15 m
TL 25.00A 4.69

<0.000001
CTL 14.30B 4.71

0.16–0.25 m
TL 13.70A 2.75

<0.000001
CTL 4.50B 1.71

>0.25 m
TL 5.00A 1.41

<0.000001
CTL 0.00B 0.00

Penetration resistance

Logging system
TL 2.38A 1.09

<0.000001
CTL 1.40B 0.71

TL-location

Left rut 3.27A 0.28

<0.000001

Between the ruts 3.23A 0.31

Right rut 3.25A 0.27

2 m from trail 1.12B 0.05

5 m from trail 1.04B 0.06

CTL-location

Left rut 2.19A 0.46

<0.000001

Between the ruts 0.92B 0.06

Right rut 2.20A 0.43

2 m from trail 0.85B 0.08

5 m from trail 0.83B 0.05

Shearing stress

Logging system
TL 95.43A 56.19

<0.000001
CTL 57.49B 35.92

TL-location

Left rut 131.51A 36.91

<0.000001

Between the ruts 137.29A 35.03

Right rut 134.58A 35.67

2 m from trail 38.78B 16.70

5 m from trail 34.98B 14.44

CTL-location

Left rut 86.84A 35.86

<0.000001

Between the ruts 40.09B 12.40

Right rut 90.99A 36.86

2 m from trail 34.96B 12.61

5 m from trail 34.56B 13.88

Share of damaged trees Logging system
TL 10.20A 4.87

0.001385
CTL 4.90B 2.60

Share of damage 
classes

Rut collar, bole 
<0.3m

Logging system

TL 56.00A 1.05
<0.000001

CTL 79.00B 1.33

Bole 0.3–1 m
TL 40.90A 0.99

<0.000001
CTL 15.80B 1.03

Bole >1 m
TL 3.00A 0.47

<0.000001
CTL 5.00B 0.48

*the letters at arithmetic values denote separate homogeneous groups



A. Cudzik et al. Damage to Soil and Residual Trees Caused by Different Logging Systems Applied to Late Thinning (83–95)

92 Croat. j. for. eng. 38(2017)1

Based	on	statistical	analysis	of	the	first	parameter,	it	
can	be	stated	that	the	logging	system	was	a	significant	
factor.	For	penetration	resistance	and	shearing	stress,	
besides	the	logging	system,	the	location	of	measure	was	
also	a	relevant	factor.	In	this	way,	the	range	of	soil	struc-
ture	changes,	caused	by	logging,	could	be	determined.	
It	has	been	shown	that	all	factors	were	significant	for	
shearing	stress	values	and	for	penetration	resistance	
values.	To	determine	the	location	as	a	factor,	post-hoc	
tests	had	to	be	carried	out.	By	Tukey’s	HSD tests, con-
ducted	for	TL	and	CTL,	two	different	homogeneous	
groups	have	been	identified.	Further	analysis	showed	
that	the	logging	system	was	statistically	significant	both	
for	percentage	of	damaged	trees	and	for	shares	of	dam-
ages	in	all	analyzed	parts	of	the	tree.

4. Discussion
The	area	occupied	by	skid	trails	in	tree-length	log-

ging	system	with	wood	extraction	using	skidder	was	
5.6%	of	the	total	stand	area.	A	larger	area	under	skid	
trails	was	occupied	in	stands	where	cut-to-length	log-
ging	system	was	used.	The	obtained	results	were	con-
firmed	by	other	authors.	Jones	et	al.	(1996)	showed	that	
the	trails	for	skidder	accounted	for	5.4%	and	5.3%	for	
planned	and	unplanned	operations,	respectively.	Jack-
son	et	al.	(2001),	in	a	study	conducted	in	tropical	for-
ests	in	Bolivia,	showed	that	the	area	occupied	by	the	
primary	and	secondary	logging	trails	accounted	for	
19%	of	the	study	area.	In	this	case,	the	skid	trails	were	
established	before	harvesting	operations	and	approx-
imately	24%	of	the	created	skid	trails	were	not	used	to	
transport	logs.	Picchio	et	al.	(2012)	showed	that	during	
thinning	operations,	using	full-tree	harvesting	system	
with	wood	extraction	by	tractor	with	winch,	skid	trails	
occupied	2.7%	of	the	study	area.	When	using	cut-to-
length	logging	system	in	this	study,	the	logging	trail	
accounted	for	9.5%	of	the	stand	area.	Our	results	are	
different	from	those	presented	by	others	authors.	Ac-
cording	to	Elliasson	(2005)	and	Wågberg	(2001),	the	
area	designated	for	harvester	and	forwarder	passes	
accounted	 for	 12.5%	 and	 12.1%,	 respectively.	 The	
study	of	these	authors	was	carried	out	at	the	final	fell-
ing	of	trees,	while	our	research	was	related	to	areas	
under	trails	after	selective	felling	within	late	thinning.	
Therefore,	 the	 trail	 network	did	not	have	 to	 be	 so	
dense, the trails did not have to be formed at distanc-
es	equal	to	twice	the	length	of	the	harvester	crane	as	
was	the	case	in	final	cutting.
Analyses	of	measured	rut	depths	confirm	that	the	

rut	depth	increased	with	the	increase	of	traffic	inten-
sity.	Our	results	are	in	accordance	with	the	findings	of	
many	researchers	(McNabb	et	al.	2000,	Eliasson	and	

Wasterlund	2007).	The	deepest	ruts	on	the	examined	
areas	were	formed	in	land	cavities,	where	the	soil	had	
higher	humidity.	This	is	in	accordance	with	the	results	
obtained	by	Jourgholami	and	Majnounian	(2011),	who	
showed	that	the	increase	in	soil	humidity	results	in	a	
significant	increase	in	rut	depth.
The	aim	of	the	measurements	of	soil	penetration	

resistance	and	the	maximum	shearing	stress	was	to	
demonstrate	changes	in	soil	properties	resulting	from	
its	compaction.	In	the	present	study,	the	values	of	ana-
lyzed	parameters,	obtained	in	ruts	created	by	wheels	
of	machines	and	by	hauled	wood,	were	significantly	
higher than the values obtained on the undisturbed 
soil.	The	maximum	values	of	penetration	resistance	in	
the	soil	layer	of	0–0.2	m	were	4–5	MPa.	Ampoorter	et	
al.	(2010)	showed	that	the	effect	of	the	number	of	pass-
es	on	the	increase	of	soil	compactness	depends	on	soil	
humidity	–	the	higher	humidity,	the	greater	the	in-
crease	in	compactness.	In	our	research,	we	also	ob-
served	a	significant	increase	in	soil	penetration	resis-
tance	and	values	of	maximum	shearing	stress	with	the	
number	of	passes	(significant	differences	between	the	
values	obtained	on	the	primary	and	secondary	skid	
trails	with	regard	to	the	control	plots).
Taking	into	account	differences	in	wood	harvesting	

circumstances,	it	is	hard	to	compare	the	results	coming	
from	different	countries.	Many	studies	have	shown	
that	trees	damaged	by	forest	operations	may	range	
between	4–21%	of	the	total	post-harvest	stand	(Vasil-
iauskas	2001,	Picchio	et	al.	2011).	The	results	presented	
in	most	publications	referred	to	pine	stands.	Cervinko-
va	(1980)	and	Dimitri	(1983)	showed	that	different	tree	
species	vary	in	resistance	to	damage,	with	spruce	be-
ing	more	sensitive	than	pine.	As	shown	in	this	study,	
the	percentage	of	trees	damaged	by	logging	opera-
tions,	with	the	use	of	harvester	and	forwarder,	is	com-
parable	with	the	results	presented	by	other	authors.	
Based	on	 the	 research	 conducted	 in	Latvia,	 Epalts	
(1989)	indicated	6.5%	of	damaged	trees,	Froding	(1992)	
from	Sweden	–	4%	in	pine	stand	and	7.2%	in	spruce	
stand,	Suwała	(1999)	–	4.5%	in	thinning	of	pine	stand.
Damage	to	trees	after	late	thinning	operations	us-

ing	tree-length	logging	system	(felling	by	chain	saw	
and	extraction	with	cable	skidder)	in	the	foothill	area	
in	Poland	 (stand	89a)	 accounted	 for	 an	 average	of	
13.5%	for	the	research	plots	located	at	primary	skid	
trail	and	6.8%	on	surfaces	within	the	secondary	skid	
trail.	In	studies	of	late	thinning	in	pine	forest,	Suwała	
(1999)	showed	that	after	the	operation	damaged	trees	
accounted	for	12.8%	of	the	remaining	trees	(the	trees	
were	felled	by	chain	saw	and	extracted	by	cable	skid-
der	–	distance	between	the	trails	was	60	m).	In	his	stud-
ies conducted in the forests in Iran, Jourgholami (2012) 
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showed	that	wood	transport	using	a	skidder	in	the	
stands	caused	damage	to	16.4%	of	growing	trees.
Generally,	it	can	be	stated	that	using	of	the	short	

wood	logging	system	(harvester	and	forwarder)	dur-
ing late thinning causes less damage to trees than us-
ing	tree-length	system.	This	is	in	accordance	with	the	
findings	of	Suwała	et	al.	(2000).	The	results	of	research-
es	conducted	in	lowlands	of	Poland	have	shown	that	
the	share	of	damaged	pine	trees	in	late	thinning	in	the	
short-wood	system	is	distinctly	lower	(4.1–5.8%)	than	
in	tree-length	system	(8.6–11.9%).
Our	research	showed	that	the	damage	to	residual	

growing	trees	is	mainly	located	in	the	lower	parts	of	the	
bole,	at	the	height	below	1	m.	Bettinger	and	Kellogg	
(1993),	Athanassiadis	(1997),	Naghdi	et	al.	(2008),	Jourg-
holami	(2012)	also	found	in	their	study	that	the	damage	
to	trees	during	harvesting	operations	is	related	to	the	
lower	parts	of	the	bole.	This	study	reported	major	dam-
age in the root collar and the bole at a height of less than 
0.3	m	(59%	–	in	tree-length	logging	system	and	79%	in	
cut-to-length	system).	Vasiliauskas	 (1993)	presented	
similar	results	–	he	showed	that	in	spruce	stands	har-
vested	by	partial	and	shelterwood	cuttings,	only	15%	of	
all	tree	wounds	were	situated	higher	than	0.5	m,	and	
over	60%	of	the	trees	were	damaged	at	the	root	collar	
and at 0.3 m height from the ground.

5. Conclusions
Cut-to-length	 logging	 system	 requires	 a	denser	

trail	network,	the	area	under	trail	occupied	9.5%	of	the	
stand.	In	late	thinning	using	tree-length	logging	sys-
tem,	the	area	under	skid	trails	accounted	for	5.6%	of	
the	total	stand	area.	Much	less	damage	to	the	trail	was	
found	in	the	short	wood	harvesting	system,	the	ruts	
were	 shallower	 than	 after	wood	 transportation	 by	
skidder;
The	range	of	changes	of	the	analyzed	soil	proper-

ties,	regardless	of	the	used	logging	system,	was	main-
ly	limited	to	the	direct	impact	of	the	vehicle	wheels	
and	transported	wood.	On	the	trails	in	study	stand	
89a,	greater	increase	in	the	maximum	shearing	stress	
values	and	soil	penetration	resistance	was	found	after	
wood	hauling	with	skidder	than	after	wood	logging	
using	harvester	and	forwarder;
Larger	share	of	damaged	trees	was	found	in	tree-

length	logging.	Higher	share	of	damaged	trees	was	
observed	at	the	primary	skid	trails.	Mechanical	inju-
ries	of	remaining	trees,	for	both	logging	systems,	con-
cerned	the	trees	growing	at	skid	trails.	These	wounds	
were	mainly	 located	on	 the	 root	 collars	 and	 lower	
parts	of	the	boles.

6. References
Alakukku,	L.,	Weisskopf,	P.,	Chamen,	W.C.T.,	Tijink,	F.G.J.,	
Linden,	J.P.,	Pires,	S.,	Sommer,	C.,	Spoor,	G.,	2003:	Prevention	
strategies	for	field	traffic-induced	subsoil	compaction:	a	re-
view	Part	1.	Machine/soil	interactions.	Soil	and	Tillage	Re-
search	73(1–2):	145–160.

Ampoorter,	E.,	Goris,	R.,	Cornelis,	W.M.,	Verheyen,	K.,	2007:	
Impact	of	mechanized	logging	on	compaction	status	of	san-
dy	forest	soils.	Forest	Ecology	and	Management	241(1–3):	
162–174.

Ampoorter,	E.,	Van	Nevel,	L.,	De	Vos,	B.,	Hermy,	M.,	Ver-
heyen,	K.,	2010:	Assessing	the	effects	of	initial	soil	character-
istics,	machine	mass	and	traffic	intensity	on	forest	soil	com-
paction.	Forest	Ecology	and	Management	260(10):	1664–1676.

Arocena,	J.M.,	2000:	Cations	in	solution	from	forest	soils	sub-
jected	to	forest	floor	removal	and	compaction	treatments.	
Forest	Ecology	and	Management	133(1–2):	71–80.

Athanassiadis,	D.,	1997:	Residual	stand	damage	following	
cut-to-length	harvesting	operations	with	a	farm	tractor	in	
two	conifer	stands.	Silva	Fennica	31(4):	461–467.

Bettinger,	P.,	Kellogg,	L.,	1993:	Residual	stand	damage	from	
cut-to-length	thinning	of	second	growth	timber	in	the	Cas-
cade	Range	of	western	Oregon.	 Forest	Products	 Journal	
43(11–12):	59–64.

Bragg,	W.,	Ostrofsky,	W.,	Hoffman,	B.,	1994:	Residual	tree	
damage	estimates	from	partial	cutting	simulation.	Forest	
Products	Journal	44(7–8):	19–22.

Brais,	S.,	2001:	Persistence	of	soil	compaction	and	effects	on	
seedling	growth	in	northwestern	Quebec.	Soil	Science	Soci-
ety	of	America	Journal	65(4):	1263–1271.

Cambi,	M.,	Certini,	G.,	Fabiano,	F.,	Foderi,	C.,	Laschi,	A.,	
Picchio,	R.,	2016:	Impact	of	wheeled	and	tracked	tractors	on	
soil	physical	properties	in	a	mixed	conifer	stand.	iForest	–	
Biogeosciences	and	Forestry	9(1):	89–94.

Cambi,	M.,	Certini,	G.,	Neri,	F.,	Marchi,	E.,	2015:	The	impact	
of	heavy	traffic	on	forest	soils:	a	review.	Forest	Ecology	and	
Management	338:	124–138.

Camp,	A.,	2002:	Damage	to	residual	trees	by	four	mecha-
nized	harvest	systems	operating	in	small	diameter,	mixed	
conifer	forests	and	steep	slopes	in	northeastern	Washington:	
a	 case	 study.	Western	 Journal	of	Applied	Forestry	17(1):	
14–22.

Cervinkova,	H.,	1980:	Problems	of	wound	decay	in	conifer	
stand	of	eastern	Europe.	In:	Proceeding	of	the	5th Interna-
tional	Conference	on	Problems	of	Root	and	Butt	Rott	in	Co-
nifers,	Kassel,	Germany,	August	1978,	276−282	p.

Demir,	M.,	Makineci,	E.,	Yilmaz,	E.,	2007:	Investigation	of	
timber	harvesting	impacts	on	herbaceous	cover,	forest	floor	
and	surface	soil	properties	on	skid	road	in	an	oak	(Quercus 
petrea	L.)	stand.	Building	and	Environment	42(3):	1194–1199.

Dimitri,	L.,	1983:	Wound	decay	following	tree	injury	in	for-
estry:	establishment,	significance	and	possibilities	of	its	pre-
vention.	Forstwissenschaftliches	Centralblatt	102:	68−72.



A. Cudzik et al. Damage to Soil and Residual Trees Caused by Different Logging Systems Applied to Late Thinning (83–95)

94 Croat. j. for. eng. 38(2017)1

Eliasson,	L.,	2005:	Effects	of	forwarder	tyre	pressure	on	rut	
formation	and	soil	compaction.	Silva	Fennica	39(4):	549–557.

Eliasson,	L.,	Wasterlund,	W.,	2007:	Effects	of	slash	reinforce-
ment	of	strip	roads	on	rutting	and	soil	compaction	on	a	moist	
fine-grained	soil.	Forest	Ecology	and	Management	252(1–3):	
118–123.

Epalts,	A.,	1990:	The	impact	of	mechanized	thinnings	on	the	
remaining	 stand.	 In:	 Proceedings	 of	 IUFRO	Conference	
»Machine	design	and	working	methods	in	thinnings«.	Hyyt-
iälä,	Finland,	17-22	September	1989,	11−21	p.

Ezzati,	S.,	Najafi,	A.,	2010:	Long-term	impact	evaluation	of	
ground-base	skidding	on	residual	damaged	trees	in	the	Hy-
rcanian	 forest.	 Iran	 International	 Journal	of	Forestry	Re-
search	1(1):	1–8.

Fröding,	A.,	1992:	Thinning	damage	to	coniferous	stand	in	
Sweden	(Bestándsskador	vid	gallring).	Sveriges	Lantbruk-
suniversitet.	Garpenberg,	1−50	p.

Froese,	K.,	Han,	H.S.,	2006:	Residual	stand	damage	from	
cut-to length thinning of a mixed conifer stand in northern 
Idaho.	Western	Journal	of	Applied	Forestry	21(3):	142–148.

Gebauer,	R.,	Neruda	J.,	Ulrich	R.,	Martinková	M.,	2012:	Soil	
Compaction	–	Impact	of	Harvesters’	and	Forwarders’	Pas-
sages	on	Plant	Growth,	Sustainable	Forest	Management	–	
Current	Research,	Dr.	Julio	J.	Diez	(Ed.),	ISBN:	978-953-51-
0621-0,	InTech,	Available	from:http://www.intechopen.com/
books/sustainable-forest-management-current-research/
impact-of-heavymachines-on-the-soil-root-system-and-
plant-growth,	179–196	p.

Gomez,	A.,	Powers,	R.F.,	Singer,	M.J.,	Horwath	W.R.,	2002:	
Soil	compaction	effects	on	growth	of	young	ponderosa	pine	
following	litter	removal	in	California’s	Sierra	Nevada.	Soil	
Science	Society	of	America	Journal	66(4):	1334–1343.

Han,	H.S.,	Kellogg,	L.D.,	Filip,	G.M.,	Brown,	T.D.,	2000:	Scar	
closure and future timber value losses from thinning dam-
age	in	western	Oregon.	Forest	Products	Journal	50(1):	36–42.

Jackson,	S.M,	Fredericksen,	T.S.,	Malcolm,	J.R.,	2002:	Area	
disturbed	and	residual	stand	damage	following	logging	in	
a	Bolivian	tropical	forest.	Forest	Ecology	and	Management	
166(1–3):	271–283.

Jamshidi,	R.,	Jaeger,	D.,	Raafatnia,	N.,	Tabari,	M.,	2008:	Influ-
ence	of	two	ground-based	skidding	systems	on	soil	compac-
tion	under	different	slope	and	gradient	conditions.	Interna-
tional	Journal	of	Engineering	Science	19(1):	9–16.

Johns,	J.S.,	Barreto,	P.,	Uhl,	C.,	1996:	Logging	damage	during	
planned	and	unplanned	logging	operations	in	the	eastern	
Amazon.	Forest	Ecology	and	Management	89(1–3):	59–77.

Jourgholami,	M.,	2012:	Environmental	Impacts	to	Residual	
Stand	Damage	due	to	Logging	Operations	in	Hyrcanian	For-
est.	Notulae	Scientia	Biologicae	4(3):	65–69.

Jourgholami,	M.,	Majnounian,	B.,	2011:	Effects	of	wheeled	
cable	skidder	on	rut	formation	in	skid	trail	–	a	case	study	in	
Hyrcanian	 forest.	 Journal	 of	 Forestry	 Research	 22(3):	
465−469.

Klvač,	R.,	Vrána,	P.,	Jiroušek,	R.,	2010:	Possibilities	of	using	
the	portable	 falling	weight	deflectometer	 to	measure	 the	
bearing	capacity	and	compaction	of	forest	soils.	Journal	of	
Forest	Science	56(3):	130–136.

Košir,	B.,	2008:	Damage	to	young	forest	due	to	harvesting	in	
shelterwood	systems.	Croatian	Journal	of	Forest	Engineer-
ing.	29(2):	141–153.

Lageson,	H.,	1997:	Effects	of	thinning	type	on	the	harvester	
productivity	and	on	the	residual	stand.	Journal	of	Forest	
Engineering	8(2):	7–14.

Legere,	G.,	2001:	Reduction	of	stem	damage	by	integrating	
skidding	with	declaiming.	Forest	Engineering	Research	In-
stitute	of	Canada	2:	1–19.

Limbeck-Lilenau,	B.,	2003:	Residual	stand	damage	caused	by	
mechanized	harvesting	systems.	In:	Proceedings	of	the	Aus-
tro2003	meeting:	High	Tech	Forest	Operations	for	Mountain-
ous	Terrain.	CD	ROM.	Limbeck-Lilienau,	Steinmüller	and	
Stampfer	(editors).	October	5–9,	Schlaegl	–	Austria.

Magagnotti,	N.,	Spinelli,	R,	Güldner,	O.,	Erler,	J.,	2012:	Site	
impact	 after	motor-manual	 and	mechanised	 thinning	 in	
Mediterranean	pine	plantations.	Biosystems	engineering	
113(2):	140–147.

Marchi,	E.,	Picchio,	R,	Mederski,	P.S.,	Vusić,	D.,	Perugini,	M.,	
Venanzi,	R.,	2016:	Impact	of	silvicultural	treatment	and	for-
est	operation	on	soil	and	regeneration	 in	Mediterranean	
Turkey	oak	(Quercus cerris	L.)	coppice	with	standards.	Eco-
logical	Engineering	95:	475–484.

McFero	Grace	III,	J.,	Skaggs,	W.R.,	Cassel,	D.K.,	2006:	Soil	
physical	changes	associated	with	forest	harvesting	opera-
tions	on	an	organic	soil.	Soil	Science	Society	of	America	Jour-
nal	70(2):	503–509.

McNabb,	D.H.,	Startsev,	A.D.,	Nguyen,	H.,	2000:	Soil	wet-
ness	and	traffic	level	effects	on	bulk	density	and	air-filled	
porosity	of	compacted	Boreal	forest	soils.	Soil	Science	Soci-
ety	of	America	Journal	65(4):	1238–1247.

Modrý,	M.,	Hubený,	D.,	2003:	Impact	of	skider	and	high-lead	
system	logging	on	forest	soils	and	advanced	regeneration.	
Journal	of	forest	science	49(6):	273–280.

Naghdi,	R.,	Rafatnia,	N.,	Bagheri,	I.,	Hemati,	V.,	2008:	Evalu-
ation	 of	 residual	 damage	 in	 felling	 gaps	 and	 extraction	
routes	in	single	selection	method	(Siyahkal	forest).	Iranian	
Journal	of	Forest	and	Poplar	Research	16(1):	87–98.

Picchio,	R.,	Neri,	F.,	Maesano,	M.,	Savelli,	S.,	Sirna,	A.,	Blasi,	
S.,	Baldini,S.,	Marchi,	E.,	2011:	Growth	effects	of	thinning	
damage	in	a	Corsican	pine	(Pinus laricio	Poiret)	stand	in	cen-
tral	Italy.	Forest	Ecology	and	Management	262(2):	237–243.

Picchio,	R.,	Neri,	F.,	Petrini	E.,	Verani,	S.,	Marchi,	E.,	Certini	
G.,	2012:	Machinery-induced	soil	compaction	in	thinning	
two	pine	stands	in	central	Italy.	Forest	Ecology	and	Manage-
ment	285:	38–43.

Picchio,	R.,	Spina,	R.,	Calienno,	L.,	Venanzi,	R.,	Lo	Monaco,	
A.,	2016:	Forest	operations	for	implementing	silvicultural	
treatments	for	multiple	purposes.	Italian	Journal	of	Agron-
omy	11(s1):	156–161.



Damage to Soil and Residual Trees Caused by Different Logging Systems Applied to Late Thinning (83–95) A. Cudzik et al.

Croat. j. for. eng. 38(2017)1	 95

Sirén,	M.,	2001:	Tree	Damage	in	Single-Grip	Harvester	Thin-
ning	Operations.	Journal	of	Forest	Engineering	12(1):	29–38.

Smith,	C.W.,	2003:	Does	soil	compaction	on	harvesting	ex-
traction	roads	affect	long-term	productivity	of	Eucalyptus	
plantations	in	Zululand,	South	Africa?	South	African	For-
estry	Journal	199(1):	41–54.

Suwała,	M.,	Jodłowski,	K.,	Rzadkowski,	S.,	2000:	Tree	dam-
age	and	soil	disturbances	at	wood	harvesting.	In:	Proceed-
ings	of	the	International	Scientific	Conference	Forest	and	
wood	technology	vs.	environment.	Brno,	Czech	Republic,	
20−22	November	2000,	357−365	p.

Suwała,	M.,	1999:	Damages	of	trees	and	soil	caused	at	timber	
harvesting	in	late	thinnings	of	pine	stands.	Prace	Instytutu	
Badawczego	Leśnictwa	873,	1−86	p.

Tan,	X.,	Chang,	S.X.,	Kabzems,	R.,	2008:	Soil	compaction	and	
forest	floor	removal	reduced	microbial	biomass	and	enzyme	
activities	in	a	boreal	aspen	forest	soil.	Biology	and	Fertility	
of	Soils	44(3):	471–479.

Vasiliauskas,	R.,1993:	Wound	decay	of	Norway	spruce	as-
sociated	with	logging	injury	and	bark	stripping.	In:	Proceed-
ing	of	Lithuanian	Forest	Research	Institute	33,	144–156	p.

Vasiliauskas,	R.,	2001:	Damage	to	trees	due	to	forestry	op-
eration	and	its	pathological	significance	in	temperate	forests:	
a	literature	review.	Forestry	74(4):	319−336.

Venanzi,	R.,	Picchio,	R.,	Piovesan,	G.,	2016:	Silvicultural	and	
logging	impact	on	soil	characteristics	in	Chestnut	(Castanea 
sativa	Mill.)	Mediterranean	coppice.	Ecological	Engineering	
92:	82–89.

Wågberg,	C.,	2001:	Miljöeffekter	och	omfattning	av	spårbild-
ning	vid	slutavverkning	(Environmental	impact	and	extent	
of	log	hauling	tracks	at	clear	cutting).	Department	of	Silvi-
culture,	Swedish	University	of	Agricultural	Sciences,	Umeå,	
Student’s	Reports	48,	28	p.

Wronski	E.B,	Murphy	G.,	1994:	Responses	of	forest	crops	to	
soil	compaction.	In	Soil	Compaction	in	Crop	Production,	
B.D.	Soane	and	C.	van	Ouwerkerk	(Ed.),	p.	317−342.	Else-
vier,	Amsterdam.

Zastocki,	 D.,	 2003:	Wpływ	 stosowanych	 przez	 Zakłady	
Usług	Leśnych	środków	zrywkowych	na	uszkodzenia	gleby	
i	 pozostających	 drzew	 w	 sosnowych	 drzewostanach	
przedrębnych	(The	effect	of	means	used	in	timber	extraction	
by	Forest	Services	Companies	on	soil	disturbance	and	tree	
damage	in	premature	pine	stands).	Sylwan	147(4):	52–58.

Received:	July	28,	2016
Accepted:	September	15,	2016

Authors’	address:

Anna	Cudzik,	PhD.	*
e-mail:	anna.cudzik@up.wroc.pl
Marek	Brennensthul,	PhD.
e-mail:	marek.brennensthul@up.wroc.pl
Prof.	Włodzimierz	Białczyk,	PhD.
e-mail:	wlodzimierz.bialczyk@up.wroc.pl
Jarosław	Czarnecki,	PhD.
e-mail:	jaroslaw.czarnecki@up.wroc.pl
Wrocław	University	of	Environmental	 
and	Life	Sciences
Faculty	of	Life	Sciences	and	Technology
Institute	of	Agricultural	Engineering
ul.	J.	Chełmońskiego	37a
51-630	Wrocław
POLAND
*	Corresponding	author


