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Nutrient Concentration on Skid Trails 

 under Brush-Mats – Is a Redistribution 
 of Nutrients Possible?
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Abstract

In mechanized timber harvesting, it is common practice to build brush mats from logging 
residues on skid trails. Protective effects of brush mats against soil compaction are documented 
by several studies. On the other hand, a large quantity of nutrients is concentrated on the skid 
trail. Fully mechanized harvesting has been criticized frequently for this reallocation of nutri-
ents. Is there really a risk of nutrient leaching below skid trails or imbalances? Are the nutrients 
redistributed through nutrient uptake by roots of adjacent trees? Effects of fully mechanized 
thinning on soil, water and nutrient balance were examined in a seventy years old spruce stand 
on a nutrient poor site in Bavaria. Sections of the trails were covered with brush mats, while 
other sections remained uncovered. For five replications, soil physical properties, soil chemistry, 
matter and water balances and the density of fine roots were measured in the middle of the trail, 
under the tire tracks, at the transition of trail and stand and inside the stand over a period of 
two years. Logging operation caused soil compaction. The macropore volume decreased and 
both hydraulic conductivity and air permeability were severely reduced. The nutrients were 
largely kept in the forest ecosystem. Results of the soil moisture monitoring indicate that, 
within the sections covered by a brush mat, tree roots extracted water from the soil between the 
tracks. Without cover, the trees scarcely extracted water from this area. Hence, building a brush 
mat can facilitate water availability and thus enable redistribution of nutrients.
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1. Introduction
When	opening	up	forest	stands	with	skid	trails,	

traffic	of	heavy	machinery	is	concentrated	on	these	
lanes.	Severe	changes	of	 the	structure	and	aeration	
may	 occur	 below	 tracks.	 In	 order	 to	 reduce	 such	
changes,	skid	 trails	are	often	covered	with	 logging	
residues.	Thus	the	pressure	on	the	soil	surface	is	sup-
posed	to	be	reduced.	Many	studies	have	proved	the	
protective	 effect	of	brush	mats.	 Schäfer	 and	Sohns	
(1993)	detected	a	decreasing	penetration	resistance	ac-
cording	to	the	thickness	of	a	brush	mat.	Also	Becker	et	
al.	(1989)	found	a	positive	effect	of	the	brush	mat	on	
the	penetration	resistance.	Jacke	et	al.	(2008)	proved	
experimentally	a	wider	distribution	of	the	load	below	
a	brush	mat.	Eliasson	(2005),	Labelle	and	Jaeger	(2012)	
and	Jaeger	et	al.	(2012)	determined	reduced	soil	com-
paction	if	the	track	was	covered	with	a	brush	mat.

However,	if	slash	is	displaced	from	inside	the	stand	
to	the	skid	trail,	lot	of	nutrients	will	also	be	relocated.	
The	slash	comes	mainly	from	the	top	of	the	tree,	where	
the	nutrient	concentration	is	high.	According	to	Weis	
and	Göttlein	(2012),	the	concentration	of	many	nutri-
ents	is	e.g.	in	needles	up	to	twenty	times	of	that	in	
wood.	It	is	not	clear	to	which	extent	and	how	quickly	
tree	roots	can	grow	into	the	compacted	area	and	col-
lect	the	deposited	nutrients.	In	the	case	of	poor	nutri-
ent	supply,	spruce	can	have	an	extensive	root	system	
(Schmidt-Vogt	1991).	However,	on	skid	trails	soil	com-
paction	may	hamper	rooting	(Kremer	1998,	Gaertig	et	
al.	2001,	Eppinger	et	al.	2002,	Schäffer	2005).	There	is	
little	knowledge	on	the	dynamics	of	slash	decomposi-
tion.	Due	to	the	high	nutrient	concentration,	the	rate	
of	mineralization	is	higher	than	that	of	litter	(Lund-
mark-Thelin	and	Johansson	1997).	An	accumulation	of	
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slash	and	deadwood	(e.g.	after	a	clear	cut	or	a	dieback	
caused	by	bark	beetles)	can	cause	nitrate	leaching,	if	
the	nutrient	uptake	by	plants	is	insufficient	(Emmet	et	
al.	1991,	Weis	et	al.	2001,	Blumfield	and	Xu	2003,	Hu-
ber	et	al.	2004,	Huber	2005,	Weis	et	al.	2006).	Also,	
other	nutrients	deposited	with	the	brush	mat	can	be	
leached.	 Potassium	 and	 phosphor	 in	 needles	 and	
twigs	are	mineralised	quickly	(Ouro	et	al.	2001,	Huber	
et	al.	2004,	Thiffault	et	al.	2006,	Palviainen	et	al.	2005).	
According	to	a	study	carried	out	in	Finland,	49%	of	P	
and	90%	of	K	were	set	free	from	needles,	twigs	and	
fine	roots	three	years	after	a	clear	cut	(Palviainen	2005).	
Moreover	K	is	very	mobile	in	the	soil.	So	the	risk	of	
leaching	is	high,	if	there	is	no	plant	uptake	(Olsson	
1999,	Huber	et	al.	2004,	Huber	2005).	P	can	cause	an	
eutrophication	of	lakes	and	rivers	if	there	is	surface	
runoff	(Palviainen	et	al.	2004).	It	is	not	clear	how	far	
these	processes	also	apply	to	brush	mats,	because	the	
insolation	is	much	less	than	in	the	cited	case	studies.	
Insolation	is	a	main	driver	for	mineralisation	(Huber	
et	al.	2004,	Palviainen	2005).
Due	to	rising	energy	prices,	slash	is	intensively	ex-

tracted	and	then	chipped	and	used	for	energy	pur-
poses.	The	use	as	brush	mat	and	processing	for	wood	
chips	 compete	with	 each	other.	Von	Teuffel	 (2012)	
claims	that,	if	biomass	is	deposited	on	skid	trails,	nu-
trients	are	permanently	out	of	reach	of	the	trees.	For	
this	reason,	he	suggests	the	use	of	biomass	for	energy	
purposes	and	the	return	of	the	extracted	nutrients	with	
treated	wood	ash.
Practitioners	of	forestry	are	not	really	sure	how	to	

deal	with	the	slash.	Therefore,	the	Centre	for	Forest	Nu-
trition	and	Water	Resources,	the	Chair	of	Forest	Work	
Science	and	Applied	Informatics,	both	Technical	Uni-
versity	of	Munich	and	the	Bavarian	State	Institute	of	
Forestry	conducted	a	study	on	the	dislocation	of	bio-
mass	and	nutrients	in	harvesting.	The	focus	of	the	study	
was:	Does	nutrient	leaching	occur	after	mineralization	
of	slash	deposited	on	skid	trails	or	is	a	reallocation	pos-
sible	by	taking	up	nutrients	by	roots	of	adjacent	trees?

2. Materials and methods
A	stand	about	70	years	old	 in	 the	community	of	

Eslarn	in	the	region	of	Upper	Palatinate	was	thinned	at	
the	end	of	March	2007.	Skid	trails	were	cut	by	a	har-
vester,	equidistant	at	30	meters.	Thinning	was	carried	
out	in	a	combined	method	of	fully	mechanized	cutting	
by	harvester	and	felling	of	trees	that	were	out	of	crane	
reach	by	forest	workers.	The	harvester	was	a	Valmet	
901.3	6WD,	weight	of	about	13	t,	inflation	pressures	in	
front	tires	between	1.6	and	2.7	bar	and	in	rear	1.6	bar.	
The	timber	was	logged	by	a	Timberjack	1110	8WD	for-

warder,	bare	weight	of	about	15	t	and	a	load	capacity	of	
about	11	t.	The	inflation	pressure	in	the	front	tires	was	
between	2.0	and	3.4	and	in	the	rear	2.5	to	4.2	bars.	Dur-
ing	logging,	the	soil	water	content	was	about	30	Vol.%.
The	stand	stocks	on	a	brown	soil	developed	from	

gneiss.	The	mineral	soil	of	sandy	loam	or	loamy	sand	
is	covered	by	an	organic	layer	of	moder	and	has	a	skel-
eton	fraction	up	to	14%.	The	base	saturation	between	
6–11%	indicates	a	very	poor	soil.	With	a	mean	tem-
perature	of	6.5	°C	the	climate	is	cool	compared	to	the	
Bavarian	average.	The	yearly	precipitation	of	800	mm	
(1971–2000)	is	slightly	below	average.	In	spite	of	poor	
nutrient	stocks	in	the	soil,	the	stand	grows	vigorously.	
The	diameter	in	breast	height	(dbh)	of	the	stem	of	mean	
basal	area	was	23.7	cm	before	thinning,	top	height	30.7	m,	
stand	density	1162	trees	and	the	growing	stock	670	m³	
standing	gross	volume.	335	trees/ha	or	132	m³/ha	were	
cut	during	the	first	thinning.	With	four	replications,	
skid	trail	sections	were	covered	with	a	brush	mat	and	
others	were	kept	free	of	slash.

2.1 Measuring the brush mat
At	four	sections	covered	with	brush	mat,	the	height	

profile	was	measured	over	a	width	of	4	m	at	three	spots	
before	the	first	crossing	and	after	logging	again.	From	
each	replication	in	the	area	of	the	tire	tracks,	samples	of	
the	brush	matt	were	taken	in	a	square	of	1	m².	The	sam-
ples	structure	and	weight	were	determined.

2.2 Soil physical investigations
Four	replications	of	soil	samples	were	taken	at	three	

spots	in	the	tracks	and	in	the	adjacent	stand	(reference)	
immediately	after	thinning,	and	two	years	later	again.	
Core	samples	were	 taken	 in	 four	depths	 (5–10	cm;	
15–20	cm;	25–30	cm;	35–40	cm).	Bulk	density,	pore	vol-
ume,	pore	size	distribution,	air	permeability	and	hy-
draulic	conductivity	were	measured	in	the	laboratory.	
In	addition,	one	soil	column	was	taken	from	a	track	of	
each	replication,	covered	with	a	net,	scanned	in	a	com-
puter	tomography	and	replaced	precisely	at	the	same	
place.	Two	years	later,	the	same	samples	were	taken,	
scanned	again,	and	the	roots	which	grew	into	the	col-
umns	in	the	meantime	were	counted.

2.3 Chemical and hydrological investigations
The	chemical	and	hydrological	investigations	were	

conducted	in	each	case	in	the	middle	of	the	skid	trail,	
in	the	tire	track,	in	the	transition	zone	to	the	adjacent	
trees	and	inside	the	stand.	These	four	locations	form	a	
transect.	At	one	section	of	the	skid	trails	covered	with	
a	brush	mat	and	one	section	without	a	brush	mat,	two	
transects	were	established.	Thus	five	replications	could	
be	analyzed,	one	more	than	in	case	of	soil	physics.
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2.4 Element input from mineralization
Immediately	 after	 thinning,	 samples	 of	 needles	

and	twigs	were	collected	and	wrapped	in	bags	of	ny-
lon.	At	each	of	the	five	replications	and	four	sampling	
locations	litterbags	were	placed	on	the	ground.	During	
the	following	two	years	at	different	times	litterbags	
were	collected,	 the	 losses	 in	mass	and	 the	nutrient	
mineralization	were	determined	after	HNO3	pressure	
digestion.

2.5 Element input from precipitation
At	all	sampling	locations	and	in	the	open	field,	pre-

cipitation	 collectors	were	established.	The	 samples	
were	collected	monthly.	The	element	concentration	
was	determined	from	composite	samples.

2.6 Changes in soil chemistry
Two	years	after	thinning,	soil	samples	were	taken	

from	all	five	replications	at	all	sampling	locations.	In	
the	laboratory,	the	pH	value,	the	C	and	N	content,	the	
cation	exchange	capacity	(CEC)	and	the	exchangeable	
cations	in	a	NH4CL	extract	were	measured	separately	
for	the	organic	layer	and	the	soil	depth	of	0–10	cm,	
10–20	cm	and	20–40	cm.

2.7 Nutritional state of the trees
During	thinning,	from	ten	trees	at	each	replication,	

needles	aged	1–3	were	collected	from	the	7th	whorl.	
Separate	samples	from	inside	the	stand	and	from	trees	
standing	 adjacent	 to	 the	 skid	 trail	were	 collected.	
Three	years	later,	needles	were	collected	again.	The	
element	contents	of	C,	N,	P,	K,	Ca,	Mg,	Al,	Fe,	Mn,	Na,	
Cu	and	Zn	were	determined	from	composite	samples.

2.8 Chemistry of seepage water
At	each	sampling	location,	a	pore	water	sampler	

was	installed	in	a	depth	of	40	cm.	Water	samples	were	
collected	in	intervals	of	one	to	two	months	between	
May	2007	and	the	end	of	2009.	The	pH	value,	HCO3

-,	
dissolved	organic	carbon,	total	nitrogen,	NH4

+,	NO3
-,	

H2PO4
-,	SO4

2-,	Cl-,	Al,	Fe,	Mn,	Ca,	Mg,	K	und	Na	of	the	
pore	water	was	determined.	The	water	fluxes	were	cal-
culated	by	means	of	a	water	balance	model.	Some	me-
teorological	input	data	were	measured	directly,	some	
were	taken	from	a	forest	climate	station	25	km	away.	
The	element	losses	were	calculated	from	the	substance	
concentration	and	the	modeled	water	fluxes.

2.9 Soil water content
At	all	sampling	points,	ECH2O	soil	moisture	sen-

sors	were	installed	detecting	the	water	content	in	the	
upper	20	cm	of	mineral	soil	hourly.

2.10 Forest growth
Changes	of	the	lightning	conditions	by	thinning,	

and	changes	of	the	water	and	nutrient	supply	can	af-
fect	forest	growth.	The	growth	of	the	stand	was	inves-
tigated	on	two	plots.	One	plot	was	established	on	both	
sides	of	a	skid	trail	section	covered	with	a	brush	mat,	
the	other	along	a	section	without	a	brush	mat.	On	both	
plots	(30×25.5	m	and	25×25	m)	the	dbh	was	measured	
with	a	circumference	measuring	tape	before	thinning	
and	after	each	following	four	growing	seasons.	All	
trees	were	numbered	and	the	coordinates	of	the	stem	
base	recorded.

3. Results of the study
3.1 Brush mat
Fig.	1	shows	one	brush	mat	profile,	typical	for	all	

measured	profiles.	The	uneven	distribution	of	the	brush	
mat	is	noticeable.	The	maximum	height	is	in	the	middle	
of	the	skid	trail.	An	even	distribution	of	the	slash	would	
have	been	preferable.	Prior	to	machine	traffic,	the	mean	
thickness	of	the	brush	mat	was	on	average	37	cm	in	the	
area	of	the	left	track	and	24	cm	on	the	right	side	with	
variation	coefficients	of	47%	and	64%.	After	compac-
tion,	only	9	cm	remained	on	average	on	the	left	side	and	
8	cm	on	the	right.	Thus	the	mat	was	compacted	to	a	
quarter	or	a	third	of	its	former	height.
The	weight	of	the	brush	mat	ranged	from	14	to	

48	kg/m²	with	an	average	of	27	kg/m².

Fig. 1 The profile of a brush mat before compaction by forest ma-
chinery and after compaction
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3.2 Soil physics
In	Table	1,	the	data	of	the	samples	collected	inside	

the	stand	represent	the	reference.	The	soil	bulk	den-
sity	increased	significantly	under	the	track	without	a	

brush	mat	down	to	a	depth	of	30	cm	and	under	the	
brush	covered	track	to	a	depth	of	20	cm.	Down	to	a	
depth	of	10	cm	without	a	brush	layer,	the	increase	was	
significantly	higher	than	with	cover.	The	porosity	de-
creased	significantly	in	the	track	without	brush	mat	
down	to	the	depth	of	40	cm.	With	a	brush	mat,	the	
porosity	decreased	only	to	a	depth	of	10	cm.	In	both	
tracks,	the	volume	of	the	macropores	was	reduced	to	
great	depth.	Here	only	little	differences	between	both	
tracks	were	 observed.	 The	 volume	 of	 the	 residual	
pores	in	the	track	with	a	brush	mat	increased	com-
pared	to	the	reference.	Apparently,	there	was	a	move-
ment	of	macropores	to	residual	pores.	The	volume	of	
the	residual	pores	did	not	shift	significantly	below	the	
track	without	a	brush	mat.	The	results	show	that	the	
traffic	of	forest	machinery	caused	a	soil	compaction	for	
both	tracks	covered	with	a	mat	and	bare	ground.	With-
out	a	brush	mat,	the	degree	of	compaction	was	at	a	
higher	level.
The	air	permeability	was	significantly	reduced	in	

the	upper	soil	layer.	The	reduction	was	higher	in	the	
track	without	a	brush	mat	compared	to	the	covered	
track.	In	greater	depth,	only	the	track	without	a	brush	
mat	had	significantly	lower	air	permeability.	In	spite	
of	the	reduction,	the	air	permeability	is	still	slow	to	
medium	even	in	the	track	without	a	brush	mat	in	the	
upper	soil	layer,	according	to	the	Bruggenwert	(1966)	
classification.
The	 data	 regarding	 the	 hydraulic	 conductivity	

were	not	normally	distributed.	There	were	many	low	
and	few	high	values.	Thus	a	t	test	was	not	possible	in	
this	case.	The	Mann-Whitney	U test	was	performed	
instead.	This	 test	 shows	 significant	differences	 be-
tween	the	reference	and	both	tracks.	In	contrast,	the	
samples	of	both	the	track	with	and	without	a	brush	
mat	can	belong	to	the	same	population.	There	were	
significant	differences	only	in	the	depth	of	35–40	cm.	
Sampling	was	repeated	two	years	later.	Then	a	K value	
of	0.7	m/d	was	measured	in	the	track	without	a	brush	
mat	in	the	same	depth	and	no	significant	differences	
to	the	track	with	a	brush	mat.
The	functionality	of	 the	soil	has	been	limited	to	

some	degree	due	to	compaction.
Two	years	after	compaction,	the	bulk	density	did	

not	change	significantly	neither	in	the	tracks	with	a	
brush	mat	nor	the	tracks	without	it.	Only	in	the	second	
depth	below	the	track	without	a	brush	mat,	the	aver-
age	of	1.61	g/cm³	was	significantly	higher.	The	poros-
ity	was	 significantly	higher	 in	 the	upper	 soil	 layer	
below	the	track	without	a	brush	mat	(5%)	and	below	
the	track	with	cover	(6%)	than	immediately	after	log-
ging.	Below	the	track	without	a	brush	mat,	the	porosity	
rose	significantly	at	a	depth	of	25–30	cm	and	35–40	cm.	

Table 1 Comparison of soil parameters between different locations 
after logging in 2007

Parameter Depth, cm
Inside 
stand

Track without 
brush mat

Track with 
brush mat

Bulk density,  
g/cm3

5–10 1.05 a 1.44 b 1.37 c

15–20 1.33 a 1.53 b 1.44 b

25–30 1.3 a 1.51 b 1.39 a

35–40 1.39 1.51 1.47

Porosity,%

5–10 57% a 40% b 47% c

15–20 48% a 37% b 46% a

25–30 49% a 38% b 47% a

35–40 45% a 38% b 44% a

Large 
macropores,  

�50 mm

5–10 16% a 4% b 5% b

15–20 12% a 4% b 7% b

25–30 15% a 5% b 10% b

35–40 11% a 8% ab 8% b

Small 
macopores, 

10–<50 mm

5–10 13% a 6% b 6% b

15–20 10% a 5% b 7% c

25–30 8% a 6% b 7% b

35–40 8% 6% 7%

Residual pores, 
<10 mm

5–10 28% a 30% a 36% b

15–20 27% a 27% a 32% b

25–30 25% a 24% a 30% b

35–40 26% a 23% a 29% b

Air permeability 
of macropores 

(ka), mm2

5–10 441 a 39 b 110 c

15–20 224 76 105

25–30 304 a 137 b 191 ab

35–40 216 114 109

Hydraulic 
conductivity 
(Ksat), m/d

5–10 12.4 5.4 0.4

15–20 4.8 2.8 0.6

25–30 4.2 1.3 1.1

35–40 1.5 11.0 0.6

a, b, c – data indicate significant differences between locations at the level of 95% 
as a result of a t test
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The	air	permeability	did	not	change	significantly	dur-
ing	the	two	years.	The	hydraulic	conductivity	only	
changed	significantly	in	the	depth	of	35–40	cm	below	
the	track	without	a	brush	mat	and	was	then	at	 the	
same	low	level	as	in	the	track	with	a	brush	mat.

3.3 Element input from mineralization
After	about	two	years,	36%	of	the	needles	(Fig.	2)	

and	about	60%	of	the	twigs	(dry	weight)	remained	in	
the	litterbags.	The	mineralization	of	K	was	remarkably	
fast	in	both	cases,	whereas	N	decomposed	only	slight-
ly	(needles)	or	was	even	accumulated	in	the	twigs.
Sulfur	was	also	mineralized	only	slightly.	The	nee-

dles	delivered	phosphor	and	calcium	only	slowly,	too.	
The	mineralization	of	Mg	was	similar	to	that	of	dry	
matter.	The	needles	were	mineralized	faster	inside	the	
stand	and	at	the	transition	of	trail	and	stand	than	on	
the	operating	trail.	Significantly	more	dry	matter	re-
mained	in	the	litterbags	placed	in	the	middle	of	the	
skid	trail	and	on	the	tracks	(95%	level).	In	case	of	the	
twigs,	 only	marginal	 differences	 in	mineralization	
were	observed	referring	to	the	location.	Remarkable	
differences	occurred	in	mineralization	of	N	from	nee-
dles.	N	has	been	mineralized	inside	the	stand	and	at	
the	transition	to	the	trail,	whereas	N	was	accumulated	
in	needles	placed	on	the	skid	trail.	These	differences	
were	significant	as	well.	The	location	did	not	affect	the	
mineralization	of	K,	Ca,	Mg	and	P	significantly.	Only	

the	litterbags	placed	in	the	middle	of	the	trails	con-
tained	significantly	more	Ca	at	the	end	than	those	in-
side	the	stand.

3.4 Element input from precipitation
Element	input	from	precipitation	was	larger	in	the	

middle	of	the	skid	trail	compared	to	the	open	field	
(Table	2).	Thus	it	is	also	affected	by	the	surrounding	
forest	stand.	The	N	input	was	slightly	above	the	Bavar-
ian	average.	The	sulfur	input	was	comparatively	low.	
The	deposition	of	Mg	and	K	was	average,	and	of	Ca	
very	low.

Table 2 Average throughfall deposition in 2007 to 2009

Measuring point
H2O N S Ca Mg K

mm kg ha–1 y–1

Open field 932 10.9 3.7 1.8 0.7 3.0

Inside stand 633 20.7 5.6 4.1 1.2 15.2

Edge of skid trail 647 21.0 5.7 4.3 1.4 15.6

Middle of skid trail 765 15.2 4.5 3.2 1.0 10.2

 
3.5 Changes in soil chemistry
The	potassium	stocks	were	highest	in	all	depths	in	

the	middle	of	the	skid	trail	covered	with	a	brush	mat	
(Table	3).	In	some	cases,	they	were	significantly	higher	
compared	to	the	reference,	in	others	compared	to	the	
skid	trail	without	a	brush	mat.	This	is	in	good	agree-
ment	with	the	high	mineralization	rates	of	K	in	needles	
and	twigs.	Also,	the	Ca	and	Mg	stocks	were	highest	in	
the	organic	and	upper	soil	layer	on	skid	trails	with	a	
brush	mat.	However,	the	differences	were	only	sig-
nificant	in	case	of	Ca	in	the	upper	soil	layer.	The	Ca	
stock	was	significantly	lower	at	a	depth	of	20–40	cm	
below	the	trail	with	a	brush	mat	compared	to	those	
without	a	mat.	The	N	stocks	were	significantly	lower	
in	depths	of	10–20	and	20–40	cm	on	skid	trails	with	a	
brush	mat	than	those	without	a	mat.	The	N	stock	in-
side	the	stand	was	significantly	lower	in	a	depth	20–40	cm	
than	at	the	skid	trail	without	a	brush	mat.

3.6 Nutrition state of trees
At	the	beginning,	the	element	contents	of	needles	

were	low	in	case	of	N,	P,	Ca	and	Mg	when	compared	
to	other	regions	of	Bavaria	(Weis	and	Göttlein	2012).	
They	were	very	low	in	case	of	Fe	and	slightly	above	
average	for	Mn.	Three	years	after	thinning,	there	were	
hardly	any	differences	between	treatments	and	loca-
tions.	Three-year	needles	from	trees	along	skid	trails	

Fig. 2 The rate of mineralization of dry matter and different ele-
ments in litterbags filled with needles deposited inside the stand
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with	a	brush	mat	had	significantly	lower	concentra-
tions	of	N	and	Mg	compared	to	trees	from	inside	the	
stand.

3.7 Chemistry of seepage water
The	nitrate	 concentration	of	 seepage	water	was	

very	low	during	the	investigation	period,	both	inside	
the	stand	and	below	the	skid	trails.	A	very	high	nitrate	
concentration	was	measured	only	on	one	of	five	skid	
trails	covered	with	a	brush	mat.	In	this	case,	the	con-
centration	of	Ca	Mg	and	K	was	high	as	well.	Without	
this	outlier,	the	concentration	of	N,	Ca,	Mg	and	K	did	
not	differ	significantly	between	skid	trails	with	and	
without	a	brush	mat.

3.8 Element losses with seepage water
The	water	fluxes	increased	on	skid	trails	because	

of	reduced	interception	(Table	4).	The	soil	in	Eslarn	is	
not	nitrogen	saturated.	Thus,	the	nitrogen	losses	were	
very	low	inside	the	stand.	On	skid	trails	with	a	brush	
mat	the	nitrogen	losses	(mainly	nitrate)	and	the	losses	
of	other	nutrients	were	very	high	in	one	case.	In	the	
other	four	cases,	the	nutrient	losses	were	similar	to	
those	of	skid	trails	without	a	brush	mat,	but	slightly	
higher	than	inside	the	stand.	These	additional	losses	
are	marginal	referring	to	the	whole	stand	because	the	

area	affected	is	small.	The	nutrients	transferred	to	the	
skid	trails	remained	largely	in	the	ecosystem	except	
for	one	case.

Table 4 Material flow with the percolating water in a soil depth of 
40 cm on average of 2007 to 2009

Measuring point
H2O N Ca Mg K

mm kg ha–1 y–1

Inside stand 301 0.7 2.5 2.2 4.9

Skid trail with brush mat, without outlier 487 1.4 4.2 5.4 5.8

Skid trail with brush mat, only outlier 487 76.8 9.4 12.5 15.0

Skid trail without brush mat 487 1.4 3.5 4.2 6.8

 
3.9 Development of soil water content
The	curve	of	the	water	content	of	soils	on	skid	trails	

with	a	brush	mat	and	inside	the	stand	is	conspicu-
ously	similar.	After	rainfall,	 the	water	content	rises	
considerably.	The	maxima	do	not	differ	between	the	
treatments,	because	the	porosity	in	the	middle	of	the	
skid	trails	was	not	affected.	After	rainfall,	the	water	

Table 3 Total C and N pool and the stock of different elements at the cation exchanger in soil samples from inside the stand and in the 
middle of the skid trail measured three years after thinning

Depth Location
C N K Ca Mg Al Mn Fe CEC

t ha–1 kmol ha–1

Organic layer

Inside stand 62.5 2.5 0.9 ab 4.6 1.6 2.7 0.9 1.2 17.4

Skid trail with mat 72.8 3.0 1.3 a 7.2 2.8 3.9 1.6 1.5 23.7

Skid trail without mat 58.6 2.3 0.6 b 4.0 1.8 3.2 0.9 1.4 17.1

0–10 cm

Inside stand 30.5 1.7 0.6 a 0.8 a 1.1 27.1 0.6 6.9 43.6

Skid trail with mat 32.9 1.8 1.2 b 2.2 b 2.0 30.9 0.7 6.1 49.7

Skid trail without mat 35.2 2.1 0.6 ab 1.4 ab 1.6 30.4 0.9 9.8 52.0

10–20 cm

Inside stand 14.8 ab 1.5 a 0.7 ab 0.8 1.0 22.7 1.3 0.4 32.3

Skid trail with mat 15.5 a 1.2 b 0.9 a 0.9 1.0 25.1 0.8 0.6 34.5

Skid trail without mat 11.3 b 1.5 ab 0.5 b 0.9 0.9 21.5 1.3 0.6 30.1

20–40 cm

Inside stand 13.1 2.7 ac 1.4 ab 1.6 ab 1.7 34.4 2.1 0.2 51.6

Skid trail with mat 13.0 2.0 b 1.9 a 1.5 a 1.9 49.3 2.0 0.3 68.5

Skid trail without mat 11.3 3.1 c 1.0 b 2.2 b 1.8 37.8 2.2 0.4 54.8

a, b, c – data indicate significant differences between locations at the level of 95% as a result of a t test
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content	decreases	again	rapidly	due	to	the	drainage	of	
macropores.	Afterwards,	the	water	content	decreases	
further	inside	the	stand	and	on	skid	trails	covered	with	
a	brush	mat	during	the	growing	season.	In	contrast,	
on	skid	trails	without	a	brush	mat,	the	water	content	
hardly	decreases.
The	bars	below	Fig.	3	show	periods	with	significant	

(Sig.)	and	with	no	significant	(N.	sig.)	differences	and	
periods	not	ratable	(N.	rat.).	The	upper	bars	show	dif-
ferences	between	both	skid	trails,	the	bars	in	the	mid-
dle	between	the	skid	trail	with	brush	mat	and	the	ref-
erence	and	that	below	differences	between	the	skid	
trail	without	a	mat	and	the	reference.
The	differences	were	significant	for	a	long	period	

particularly	during	the	first	growing	season.	In	the	
second	year,	some	instruments	failed	during	sum-
mer,	thus	significance	could	not	be	calculated	in	July	
and	August.	Afterwards,	 the	differences	were	sig-
nificant	till	November.	In	the	third	year,	the	time	pe-
riod	ended	already	at	 the	end	of	 July	 for	 the	skid	

trails	without	a	mat.	During	winter,	there	are	periods	
when	the	soil	is	dryer	on	skid	trails	without	a	brush	
mat.	These	periods	coincide	with	frost	periods.	The	

Fig. 3 The development of the volumetric water content inside the stand (reference), in the middle of the skid trail with and without a brush mat

Fig. 4 The rooting of soil columns below tire tracks covered with a 
brush mat (right) and without a mat (left) two years after passing 
of forest machinery 
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soils	were	frozen	on	skid	trails	without	a	brush	mat,	
and	for	this	reason	the	instruments	recorded	wrong-
ly	dryer	soils.

3.10 Rooting
Two	years	after	logging,	five	to	six	times	more	roots	

grew	in	soil	columns	of	tracks	covered	with	a	brush	
mat	than	in	the	soil	below	bare	tracks	(Fig.	4).

3.11 Forest growth
After	thinning,	an	improved	lightning	can	particu-

larly	be	expected	for	trees	along	new	skid	trails.	All	trees	
with	a	distance	up	to	4	m	from	the	middle	of	the	skid	
trail	were	defined	as	edge	trees.	Neither	a	t test nor a 
Mann-Whitney	U	test	showed	significant	differences	of	
the	average	dbh	between	both	plots	and	between	edge	
trees	and	the	other	trees	before	thinning.	The	Mann-
Whitney	U	test	was	performed	because	the	dbh	distribu-
tion	of	the	stand	was	not	normal.	Even	four	growing	
seasons	later	no	significant	differences	of	the	dbh	were	
found	between	the	plots.	The	mean	diameter	increment	
of	edge	trees	of	0.47	cm	/year	at	the	plot	along	the	skid	
trail	with	a	brush	mat	was	significantly	higher	than	that	
of	the	other	trees	(0.31	cm/year).	The	edge	trees	on	the	
plot	without	a	brush	mat	did	not	differ	significantly	
from	the	others.	It	could	be	possible	that	the	edge	trees	
along	the	trail	with	a	brush	mat	had	an	improved	com-
petitive	 situation	after	 thinning.	Then	 the	 increased	
growth	could	be	due	to	a	better	lightning.	Thus	a	com-
petition	index	C	was	calculated	for	each	tree.	The	index	
is	the	sum	of	the	quotient	of	dbh difference	and	distance	
of	the	next	three	neighbor	trees:

1 N31 N1 1 N2
1

N1 N2 N3

dbh dbhdbh dbh dbh dbhC
distance distance distance

−− −
= + +   (1)

Where:
N1,	N2	and	N3	are	the	next	neighbor	trees.
No	significant	differences	could	be	found	between	

the	edge	trees	and	the	other	trees	on	both	plots,	neither	
immediately	after	thinning	nor	at	the	end.

4. Discussion
As	the	results	show,	CTL	harvesting	can	cause	an	

accumulation	of	nutrients	in	the	area	of	skid	trails	in	
case	the	slash	is	deposited	on	the	trail.	The	nutrients	
are	decomposed	at	different	pace.	Potassium	was	min-
eralized	very	quickly.	This	is	in	accordance	with	other	
studies	mentioned	before.	Hence,	the	potassium	con-
tent	was	 elevated	 considerably	 in	 soils	below	skid	
trails	covered	with	brush.	Phosphor	was	mineralized	
rather	slowly	in	difference	to	the	results	of	Palviainen	

(2005).	The	nutrient	losses	by	leaching	were	low	except	
for	one	case.	The	high	nutrient	losses	on	one	skid	trail	
must	not	have	been	caused	by	depositing	the	slash	
there.	The	nutrient	reallocated	to	the	skid	trails	re-
mained	mostly	within	the	ecosystem.
The	brush	mats	were	rather	thick.	Almost	every-

where	they	had	more	than	15	kg/m²,	and	because	of	
that	they	should	have	a	considerable	protective	impact	
according	to	Jacke	et	al.	(2008).	On	average	they	were	
heavier	than	20	kg/m²,	a	weight	causing	a	significant	
reduction	of	measurements	exceeding	the	80%	stan-
dard	Proctor	density	threshold	as	Jaeger	et	al.	(2012)	
observed.	However,	the	soil	was	compacted	below	the	
brush	mat.	As	shown	by	the	bulk	density	and	poros-
ity,	 the	compaction	was	not	as	severe	as	without	a	
brush	mat.	 The	 functionality	 of	 the	 soil	 regarding	
aeration	and	drainage	was	reduced	but	still	existed.
The	level	of	water	content	in	Fig.	3	seems	to	be	high	

compared	to	porosity	(Table	1).	After	rapid	drainage	
following	rainfall,	the	water	content	is	about	43%	dur-
ing	periods	of	wet	soils.	The	porosity	less	the	large	
macropores	is	about	39%	in	the	upper	20	cm.	Probably	
Fig.	3	overvalues	the	water	content	up	to	10%.	How-
ever,	important	are	the	differences	between	the	curves.	
The	increased	moisture	in	the	soil	on	the	skid	trail	not	
covered	with	a	brush	mat	might	be	partly	due	to	high-
er	infiltration,	because	there	is	less	interception.	How-
ever,	it	can	also	indicate	a	hindered	water	uptake	of	
the	tree	roots.	Although	the	soil	was	not	deformed	se-
riously,	the	roots	of	the	trees	adjacent	to	the	skid	trail	
without	 a	 brush	mat	 apparently	were	 crushed	 or	
sheared.	At	least	for	three	years,	the	tree	roots	recolo-
nized	only	a	little	the	space	between	the	tire	tracks.	In	
case	of	skid	trails	with	a	brush	mat,	the	trees	could	still	
take	water.	Thus	nutrients	from	the	skid	trail	could	be	
transferred	back	 inside	 the	 stand.	As	 the	nutrients	
mineralize	in	parts	slowly,	the	relocation	will	be	slow	
as	well.	Generally,	relocation	is	possible	from	the	in-
vestigated	skid	trails	with	a	brush	mat.
Dietrich	(2011)	observed	a	correlation	between	soil	

moisture	and	the	height	of	a	brush	mat	on	skid	trails	
as	well.	He	assumed	a	mulching	impact	of	the	slash	
and	therefore	expected	higher	water	content	below	a	
brush	mat.	The	measurement	showed	the	opposite:	
The	higher	the	brush	mat,	the	dryer	was	the	soil.
Apparently,	the	trees	adjacent	to	skid	trails	without	

a	brush	mat	could	not	benefit	from	the	better	lightning	
after	thinning.	Maybe	their	growth	was	limited	by	nu-
trient	or	water	supply,	because	soil	compaction	below	
tracks	hindered	 rooting.	As	 forest	growth	was	ob-
served	only	at	one	skid	trail	with	and	one	without	a	
brush	mat,	the	results	are	valid	only	for	these	plots.	
The	 observed	 growth	 reactions	 are	 plausible.	 We	
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should	not	expect	this	reaction	each	time.	Increment	
differences	could	be	expected	only	if	nutrient	or	water	
supply	limits	tree	growth.
A	growth	surplus	of	the	trees	growing	along	skid	

trails	with	a	brush	mat	could	explain	the	lowered	N	
and	Mg	concentrations	in	the	needles.	Here,	a	dilution	
may	have	occurred.	An	increased	growth	could	also	
explain	the	lower	nitrogen	content	in	the	soil	covered	
with	a	brush	mat.	Possibly	the	nitrogen	uptake	from	
the	soil	increased.	Concurrently	nitrogen	was	mineral-
ized	very	slowly,	so	that	at	least	temporarily	a	depletion	
of	nitrogen	below	skid	trails	with	a	brush	mat	could	
occur.	Furthermore,	a	depletion	of	nitrogen	could	have	
been	caused	by	a	nitrogen	blockade.	Microbial	decom-
position	of	the	slash	requires	finally	much	nitrogen.

5. Conclusion
Soil	deformations	by	machinery	traffic	are	largely	

irreparable,	at	least	in	the	foreseeable	future.	As	the	
investigation	shows,	rooting	of	the	soil	can	already	be	
hindered	by	soil	compaction	even	if	no	rutting	occurs.	
Thus	the	uptake	of	water	and	nutrient	by	trees	is	ham-
pered.	This	can	have	an	impact	on	tree	growth,	if	water	
or	nutrients	are	in	short	supply.	Particularly	on	dry	and	
nutrient	poor	sites,	the	skid	trails	should	be	treated	
with	care	so	that	the	soil	can	serve	as	a	reservoir	of	
water	and	nutrients.	If	forest	machinery	drives	off	road,	
the	soil	can	be	protected	(1)	by	applying	low	ground	
pressure,	(2)	choosing	periods	of	dry	conditions	or	(3)	
covering	the	soil	with	a	brush	mat	of	sufficient	thick-
ness.	Hence,	we	suggest	continuing	to	lay	a	brush	mat.
The	statement	of	von	Teuffel	(2012),	according	to	

which	the	biomass	deposited	on	the	skid	trail	means	
that	nutrients	 are	permanently	out	 of	 reach	of	 the	
trees,	is	not	true.	If	the	machinery	operates	carefully,	a	
relocation	of	nutrients	remains	possible.
The	situation	becomes	critical	if	soil	deformation	

hinders	rooting	in	spite	of	a	brush	mat	coverage.	In	
this	case	the	accumulated	nutrients	are	scarcely	avail-
able	for	the	trees.	Unfortunately,	hampered	rooting	is	
not	 visible	 by	means	 of	 the	 track	 shape.	Methods	
should	be	developed	for	measuring	the	rooting	on	
skid	trails	easily.	At	least	returning	of	the	slash	from	
skid	trails	by	machinery	should	be	considered	in	case	
of	hampered	rooting	on	poor	sites.
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