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Impacts of forestry operations on soil physical properties,
water and temperature dynamics

Abstract

Soil physical disturbances caused by forestry operations can be both intentional, e.g., soil
scarification, and unintentional, e.g., soil compaction and rutting as a consequence of off-
road traffic. All disturbances may alter the soil, and thus change its water and temperature
dynamics, with consequences for both forest production and the surrounding ecosystems.

The overall aim of this thesis was to summarize how forestry operations — here: off-
road traffic and soil scarification — affect the soil, its water content and temperature at
clearcuts, as well as what implications this may have for, e.g., tree seedling establish-
ment, field vegetation, and the surrounding ecosystems. The summary is based on four
studies, three on off-road traffic at two clearcuts in northern Sweden and one on soil
scarification (disc trenching) at a clearcut in central Sweden. The methods used were soil
sampling, X-ray tomography, image and soil physical analyses, in situ measurements of
soil temperature and water content, vegetation survey, evaluation of abiotic growing con-
ditions, and finally, hydrological modelling.

The most notable results were that even stony till soils in recharge areas were com-
pacted by off-road traffic, which especially affected hydraulic conductivity, reducing it
by 70%. Changes in soil physical properties caused by traffic may lead to longer periods
of high water content, increased risk of surface runoff and insufficient root aeration. Five
years after the operation, volumetric water content was higher in wheel tracks, and this
was corroborated by the species composition of the vegetation. Simulations demon-
strated how the changed soil hydrological properties influenced the water dynamics. Re-
stricted aeration was more frequent in wheel tracks and could explain patches of bare soil
in the lower parts of the slopes of the experimental plots. Logging mats and residues
prevented creation of deep wheel tracks by off-road traffic, despite the additional passes
necessary to apply (and remove) them. However, the logging residues were pressed into
the soil, with potential soil compaction and element concentration beneath them as a re-
sult. To conclude, care should be taken when planning off-road traffic, even on sandy till
soils with high stone content.

After soil scarification, the soil temperature during growing season was higher in the
furrows than in the area without disc trenching; the temperature effect lasted for at least
six years, but decreased over time. No microsite was wet enough to hamper soil aeration
after disc trenching. In conclusion, furrows offered a suitable microclimate for planting
at the dry, boreal site.

Keywords: off-road traffic, soil compaction, soil physical properties, soil temperature,
aeration, moisture content, Ellenberg, Hydrus-1D, X-ray computed tomography
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Preface or how it all started

I have been interested in forests, waters and soils as long as I can remember, and
in secondary school, my interest for forestry awoke. In geography class, we
learnt about the new management methods in which forestry operations were
adapted to site-specific conditions. We also learnt about the revised Swedish
Forestry Act (1993), where the environmental objective was made equal in im-
portance to the productivity objective of forestry (proposition 1992/93:226).
Since then, I have liked the idea of productive forestry management with mini-
mal negative ecological impact and the Swedish Forestry Model (definition in,
e.g., Lindahl et al., 2017).

Before I started my PhD project, I worked as a forestry consultant for the
Swedish Forestry Agency. This included giving courses and advice to forest
owners as well as checking that the Swedish Forestry Act was being followed.
At that time, soil disturbances caused by forestry machines was starting to gain
attention within the forestry sector, and I realized how little research was being
done in this field in Fennoscandia. During the decade that has passed since then,
I am happy that the Swedish forestry sector has done considerable work to pre-
vent severe rutting (deep wheel tracks), especially close to waters. Clearcutting
methods, like RATT METOD (storaensoskog.se/rattmetod), have been devel-
oped to prevent soil disturbances. Portable bridges are more commonly used,
and the planning of forestry operations has improved, e.g., with planning aids
such as depth-to-water maps. Still there are many knowledge gaps in this field,
concerning both how to prevent soil damage caused by forestry operations in a
cost-efficient way and what long- and short-term effects the operations have on
soils and waters and their ecosystem services.

This thesis aims to summarize and discuss my contributions to narrowing
some of the knowledge gaps within the field of soil disturbances, both uninten-
tional, e.g., those caused by off-road traffic during forestry operations, and in-
tentional, e.g., soil scarification, which aims at giving seedlings a head start. I
focus on how these forestry operations may affect soil physical properties, water
and temperature dynamics. In addition, I discuss what consequences this may
have for forestry production and the environment.
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Materials and methods

Main findings

Core samples (n=71) were collected
from the top 5 cm of mineral soil in
and beside wheel tracks, after six
passes with the forwarder. Soil physi-
cal properties were quantified using
classical soil physical analyses and X-
ray tomography.

Traffic reduced hydraulic conductivity
by 70%, due to smaller total volume
and lower connectivity of structural
pores. Changes in soil physical proper-
ties caused by traffic may lead to
longer periods of high water content,
increased risk of surface runoff and in-
sufficient root aeration.

Measurements of VWC, vegetation in-
dicators and 1D hydrological model-
ling were conducted. VWC was meas-
ured continuously in three or four
plots along a slope on each site. VWC
was also measured once in the 117
vegetation survey plots.

VWC was highest in wheel tracks,
corroborated by species composition.
Simulations indicated that changed
soil hydraulic properties influenced
VWC results. Restricted aeration was
more frequent in wheel tracks and
could explain patches of bare soil.

Rutting depths were recorded both
with GNSS-positioning and manual
measurements, as well as the number
of extra passes needed by the for-
warder to apply and remove the soil
protection from the entire slopes, in
addition to the treatment of six passes
with the laden forwarder.

Logging mats and residues prevented
deep wheel tracks, despite the addi-
tional passes necessary to apply (and
remove) them. However, the logging
residues were probably pressed into
the soil with potential soil compaction
and element concentration below them
as a result.

Soil temperature and VWC were
measured hourly 20 and 45 cm below
the original surface of the mineral soil
in three types of microsites created by
disc trenching and an undisturbed con-
trol microsite outside the disc-trenched
area.

Growing season soil temperatures
were higher in the furrows than in the
control microsites. The temperature ef-
fect lasted for at least six years, but de-
creased over time. No microsite was
wet enough to hamper soil aeration.
Furrows offer a suitable microclimate
for planting at this dry, boreal site.
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1 Effects of forestry operations on soils

1.1 Soil disturbances — an introduction

Forests cover 69% of the land area in Sweden, and this area includes 23.5 million
hectares of productive forestland, where different forestry operations regularly
take place (Fridman & Wulff, 2018). Soil physical disturbances caused by for-
estry operations can be both intentional, e.g., to increase forest production, and
unintentional, e.g., as a consequence of off-road traffic. The steady development
of forestry mechanization during the past six decades has increased these dis-
turbances. Today the following machines may be used during a rotation period:
1) harvesters, both for regeneration felling and thinning, 2) forwarders for tim-
ber, tops and branches or stumps, 3) stump harvesters, 4) machines used for soil
scarification, 5) tractors with fertilizer or ash spreading equipment, and in some
cases, 60) excavators for cleaning of ditches and for protective ditching. The ex-
tensive traffic caused by these machines, together with the intentional disturb-
ances, has the potential to induce undesirable effects on different components of
the forest ecosystem, i.e., soil, water, vegetation and animal life.

Off-road traffic by forestry machines may cause rutting and/or soil compac-
tion, and will have different ecological impacts depending on the area disturbed
(Cambi et al., 2015). In forest clearcuts, skid trails or wheel tracks usually cover
about 12-30% of the area (Mohtashami et al., 2017; Solgi & Najafi, 2014;
Zenner et al., 2007; Eliasson, 2005; Brais, 2001). In a report by Mohtashami et
al. (2016), 89% of the clearcuts in central Sweden had some visible ruts caused
by off-road traffic, and the most frequent rut depth was 5-25 cm. Productive
losses, such as reduced tree seedling survival and growth, have been reported
following soil compaction (Naghdi et al., 2016; Kabzems, 2012; Murphy et al.,
2004), and reduced growth after soil compaction during thinning operations in
Sweden was observed already several decades ago (Wésterlund, 1983). Tree
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growth may also be indirectly affected, as damaged tree roots are more suscep-
tible to attacks of pathogenic fungi, e.g., root-rot (Hakansson et al., 1988). How-
ever, soil compaction may also increase tree growth, depending on the initial soil
properties (Cambi et al., 2015; Ponder et al., 2012; Brais, 2001) or have no effect
on growth (Page-Dumroese et al., 2006; Ares et al., 2005; Kamaluddin et al.,
2005). Productive losses may also be a consequence of rutting, as there are risks
of increased logging costs, due to increased fuel consumption and prolonged
operation times when vehicles get stuck.

Soil scarification is a form of intentional soil disturbance that is carried out
on most of the harvested forest areas in Fennoscandia. It promotes successful
regeneration and good production in boreal forests worldwide (Hébert et al.,
2014; Nilsson et al., 2010; Sutton, 1993), and may also increase ecosystem car-
bon stock by increasing the tree biomass (Mjofors et al., 2017; Egnell et al.,
2015). In Sweden, circa 80% of the yearly clearcut area is subjected to soil scar-
ification (Swedish Forestry Agency, 2016). Of this area, 60% is disc trenched,
10% is patch scarified and 30% is mounded (Krekula et al., 2018). Studies on
soil scarification estimate that approximately half the area of a clearcut is af-
fected by the soil scarification treatment (Piirainen et al., 2007; Pohtila &
Pohjola, 1985).

The aim of soil scarification is to give the planted or self-seeded seedlings a
head start by changing the microclimate to promote higher soil temperature dur-
ing the growing season and more favourable moisture conditions, potentially in-
creasing nutrient availability (Lundmark-Thelin & Johansson, 1997; Johansson,
1994) through increased microbial activity (Pumpanen et al., 2004), removing
competing vegetation and reducing pine weevil damage (Hylobies abietis; Nord-
lander et al., 2011).

Soil scarification typically creates three main types of microsites: 1) elevated
tilts, ridges, berms or mounds, 2) patches, trenches or furrows where the organic
layer is removed, and, 3) intermediate areas where the original vegetation and
humus layer is intact. The microsites identified after off-road traffic are wheel
tracks (also called ruts), the area between the two wheel tracks (between-tracks)
and undisturbed soil, usually at least 2 m away from the ruts, as the soil close to
the wheel tracks is often affected (Labelle & Jaeger, 2011), including lateral
bulging and soil compaction.

Both soil scarification and off-road traffic close to streams can promote over-
land flow and particulate loading due to exposed mineral soil, reduced infiltra-
tion and channelling of water, especially in steep terrain (Jourgholami et al.,
2017; Aust & Blinn, 2004; Hakansson et al., 1988).
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1.2 Soil physical properties

Soil compaction is defined as an increase in bulk density (BD) or a decrease in
porosity. The reduction in total porosity by compaction of forest soils is usually
between 10-50% (Toivio et al., 2017; Cambi et al., 2016; Bagheri et al., 2012;
Frey et al., 2009; Ares et al., 2005; McMahon et al., 1999; Gayoso & Iroume,
1991). Soil aeration is a crucial soil factor for plant growth, and air-filled poros-
ity (i.e., total porosity minus volumetric water content is considered the main
limiting factor for soil aeration (Ben-Noah & Friedman, 2018). Sufficient aera-
tion is needed because plant roots and microorganisms consume oxygen and
produce carbon dioxide during respiration. Furthermore, when anoxic conditions
increase, methane, nitrous oxide and other toxic gases may be formed by micro-
bial mediated reduction processes (Ben-Noah & Friedman, 2018; Cambi et al.,
2015). If the air-filled porosity decreases below 0.10 m? m™, gas diffusion es-
sentially stops (Xu et al., 1992). Root density was decreased by decreased soil
gas permeability in the upper 5 cm of the mineral soil after off-road traffic in a
study in Germany (Gaertig et al., 2002), and air-filled porosity less than
0.10 m* m™ has been found to reduce seedling and tree growth in Finland (Wall
& Heiskanen, 2009; 2003).

Studies on structural changes in the pore systems of forest soils caused by
compaction are rare. As pointed out by Bottinelli ef al. (2014), some properties
of compacted forest soils, e.g., volume, tortuosity and connectivity of pores,
need to be studied in 3D. On agricultural soils, X-ray tomography has been used
to study compaction (Mossadeghi-Bjorklund et al., 2016; Tracy et al., 2012;
Schaeffer et al., 2007), but more studies are needed on forest soils. In Paper I of
this thesis, X-ray tomography was used to study changes in soil physical prop-
erties caused by off-road traffic. Comparison of soil physical measurements in
the laboratory and values obtained by analysing X-ray tomography pictures of
the same samples offers possibilities to evaluate both methods in terms of quality
and cost-efficiency. The two methods are compared in Paper I, and in Section
6.1 of this thesis, where the pros and cons of both methods are discussed.

Boreal forest soils often have a high content of stones and boulders, and a
major challenge in studying such soils is obtaining undisturbed samples. This is
probably one reason why there are relatively few studies of soil compaction on
coarse-textured soils and why more studies like Paper I are needed. Examples of
previous research include Labelle and Jaeger (2011); Startsev and McNabb
(2009); and Block et al. (2002). The sampling is not only aggravated by coarse
mineral soil material (rock fragments), but also by roots in the topsoil. The con-
centration of roots and associated mycorrhiza in the humus layer and the top
mineral soil is high (Makkonen & Helmisaari, 1998; Persson, 1983), and thus,
this soil depth is very relevant to study from a tree growth perspective. Changes
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in soil physical properties in the upper soil are also important to study for the
prediction of infiltration, as discussed above.

1.3 Soil temperature and water content and their
implications for tree seedlings

Soil temperature and water content dynamics in clearcuts are governed by the
soil physical properties together with vegetation and macro- and microclimate
(MacKenzie et al., 2005; Bhatti et al., 2000; Balisky & Burton, 1995; Chen et
al., 1993). Soil scarification affects all of these, with the exception of macrocli-
mate (Boateng et al., 2010; Balisky & Burton, 1995). Generally, soil tempera-
tures are increased in the planting locations created by soil scarification during
the growing seasons (Buitrago et al., 2015; Lot & Birkedal, 2009; Knapp et al.,
2008; Simard et al., 2003; Orlander et al., 1998; Kubin & Kemppainen, 1994).
Increased soil temperatures in boreal clearcuts may be beneficial to seedling
growth in many ways: the number of root tips and mycorrhizae may increase, as
may the root biomass and nutrient uptake (Pumpanen et al, 2012; 2002;
Domisch et al., 2001; Balisky & Burton, 1997). Too low temperatures (below
4-5 °C) are problematic for seedlings, as they impair root growth, reduce water
uptake and conductance, and (below 8 °C) transpiration (Pallardy, 2008;
Alvarez-Uria & Korner, 2007; Mellander et al., 2004; Orlander & Due, 1986).
Soil water content is often affected by soil scarification, and in the upper
10 cm of ridges, mounds or tilts it is usually decreased, whereas it is unaffected
or slightly increased in furrows, patches or trenches (Sutinen et al., 2006;
Maikitalo & Hyvonen, 2004; Burton et al., 2000). At wet sites, reduced water
content is beneficial due to the risk of restricted aeration caused by a high VWC,
as discussed above. The optimum condition for nitrogen and carbon mineraliza-
tion is around 60% water-filled pores of total porosity (Seyferth, 1998; Linn &
Doran, 1984). The lower water content threshold, where tree seedlings may be
affected, varies with species: transpiration rates start to decline at soil water po-
tentials of -0.1 to -0.2 MPa for various conifer species (Lopushinsky & Klock,
1974; Jarvis & Jarvis, 1963). Containerized seedlings have a higher root growth
potential after outplanting in a clearcut, and thus, they are more resistant to
drought than bare root seedlings are (Grossnickle & El-Kassaby, 2016; Gross-
nickle, 2012). However, their water uptake may still be reduced for two years or
more, compared to self-seeded seedlings, due to the poorer root system
(Orlander, 1986). Orlander et al. (1998) suggest a water tension of -0.1 MPa as
a threshold for unfavourably dry conditions for planted seedlings. Drought does
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not only affect the seedlings during the season with insufficient water availabil-
ity, but also in the following seasons, when they may be more affected by herbi-
vores (Bansal et al., 2013).

As presented above, soil temperature and water content dynamics after soil
scarification have been studied before, also in Fennoscandia. However, studies
on forestland with detailed temporal resolution of both soil temperature and wa-
ter content after soil scarification are rare (i.a. Simard et al., 2003; Bhatti et al.,
2000; Burton et al., 2000), especially studies including long-term dynamics. Few
have investigated changes in effects of soil scarification on soil temperature and
water content dynamics over time (i.a. Devine & Harrington, 2007; Kubin &
Kemppainen, 1994). Paper 1V is focused on this and includes high-resolution
measurements. Such data are valuable on their own, but also for ecosystem mod-
elling studies, such as Rappe George et al. (2017).

Wetter conditions in the wheel tracks are commonly found in soil compaction
studies on forestland (Friind & Averdiek, 2016; Wei et al., 2016; Ares et al.,
2005). However, the gravimetric water content may be lower in compacted soils
(Naghdi et al., 2016), due to the increased dry bulk density, even though the
VWC in the compacted soil is similar to, or higher than, the VWC of the undis-
turbed soil. Soil temperature after soil compaction has been studied within the
North American long-term soil productivity network (LTSP), including different
levels of organic matter removal and soil compaction (Tiarks et al., 1997). Fol-
lowing soil compaction, the mineral soil temperatures at these sites have been
found to decrease (Tan et al., 2005), remain unchanged (Ares et al., 2005), or
increase (Kranabetter & Chapman, 1999), where the latter was considered to be
due to the higher thermal conductivity of the denser soil. Li et al. (2003) also
found increased soil temperature two years after soil compaction, but not after
five years at another LTSP site. In addition, forest floor removal increased soil
temperatures at the sites (Tan et al., 2005; Kranabetter & Chapman, 1999).

Paper II includes an analysis of the soil water conditions 4-5 years after off-
road traffic, and in this thesis, the results of the simultaneous soil temperature
measurements will be presented and discussed.

1.4 Ground and field vegetation

From a plant perspective, the greatest concern with soil compaction is that the
reduction in permeability of water, air, and roots in the soil will lead to insuffi-
cient water, oxygen, and/or nutrient uptake by the plants (Batey, 2009). Physical
soil disturbances may affect biological processes like carbon and nitrogen min-
eralization in the soil (Kataja-aho ef al., 2012; Booth et al., 2006; Finér et al.,
2003; Mallik & Hu, 1997). Ectomycorrhizal fungi have been found to decrease
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by soil compaction, whereas saprotrophic and parasitic fungi may increase
(Hartmann et al., 2014). Soil disturbances usually affect ground and field vege-
tation, which respond rapidly and at a fine scale (Duguid & Ashton, 2013). Thus,
vegetation can be used to detect changes or differences between treatments, for
example using Ellenberg indicator values (Ellenberg et al., 1991), as was done
in Paper II. Ellenberg indicator values are commonly used to indicate environ-
mental conditions such as soil moisture, light tolerance, pH, etc. (Bartelheimer
& Poschlod, 2016). The cover of field vegetation species has been found to be
affected by soil disturbances: soil compaction on skid trails promoted the bio-
mass of Kalmia in different moisture regimes (north eastern Québec) and in-
creased the biomass of Rhododendron and Vaccinium on mesic sites (Lorente et
al., 2012). In the same study, soil scarification generally reduced Kalmia,
whereas Rhododendron and Vaccinium were reduced on mesic sites only. In
Fennoscandia, some have studied how stump lifting (including soil disturbances
caused by the extra traffic) affects the vegetation cover (e.g. Andersson et al.,
2017; Hyvonen et al., 2016), but to see the wider picture of the consequences of
off-road traffic (without stump lifting), more studies of these types are needed.
In Paper 11, effects of soil compaction on species composition and cover, 4-5
years after off-road traffic, were studied.

Removing competing vegetation is one of the most important aims of soil
scarification, but this effect is usually short-term (Johansson et al., 2013; Pii-
rainen et al., 2007), although differences in field vegetation biomass were found
five years after soil scarification (Palviainen et al., 2007). However, species
composition may still be altered 14 years after the treatment (Bergstedt et al.,
2008). Regeneration of forests (including soil scarification) increased species
diversity compared to the diversity in mature forests, with a peak in young for-
ests, according to a study based on the Swedish Forest Inventory (Widenfalk &
Weslien, 20009).

1.5 Soil recovery

Recovery from soil compaction in forested areas is commonly slow and contin-
ues for many decades (Ebeling et al., 2016; Klaes et al., 2016; Wei et al., 2016;
Cambi ef al., 2015; Ezzati et al., 2012; von Wilpert & Schéffer, 2006), even
when freeze-thaw cycles occur (Block et al., 2002). As summarized by Goutal
et al. (2012a), the measured recovery rates depend on: 1) the different method-
ologies used to assess natural recovery rate, 2) the original degree of disturbance
depending on soil type, moisture content at the time of traffic, machinery used
etc., and, 3) the processes influencing the recovery rate, such as vegetation, bio-
logical activity, climate, local variance in topography and geology.
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In boreal regions, the growth and decay of roots and mycorrhiza may promote
the recovery process (Bottinelli ef al., 2014; Meyer et al., 2014), and may in-
crease in importance if swelling clays are absent and no or few earthworms or
other soil-mixing fauna are present in the soil. Soil frost (i.e., freezing and thaw-
ing) also contributes to soil recovery, but may be reduced by an early and thick
snow cover. More information on the rate and extent of recovery of coarse-tex-
tured boreal forest soils in the Fennoscandian climate is needed if we are to eval-
uate the severity of the disturbance from a forest production perspective as well
as for other ecosystem services. In Paper II, the conditions 4—5 years after off-
road traffic were studied.

1.6 Soil protection

Compaction and rutting by off-road traffic may be reduced if brush/slash mats
(logging residues) are used to spread the machine load over a greater area
(Poltorak et al., 2018; Ampoorter et al., 2012; Labelle & Jaeger, 2011; Eliasson
& Wisterlund, 2007; Han et al., 2006). Labelle and Jaeger (2011) summarized
the factors influencing the amount of logging residues needed for effective soil
protection: 1) forest stand characteristics, 2) silvicultural treatment, 3) soil prop-
erties, and 4) harvester boom length. Soil water content at harvesting also deter-
mines how efficient brush may be in reducing compaction and rutting (Han et
al., 2006), and in general, the water content during the operation is critical to the
severity of soil disturbance (Toivio ef al., 2017; Lopes et al., 2011; Grigal,
2000). With rising VWC, cohesion between soil particles decreases and the soils
reach maximal sensitivity to compaction at an intermediate water content, usu-
ally around field capacity (Ampoorter et al., 2012). Higher water content results
in soil displacement and deep rut formations, rather than compaction, as the
forces from the machines cannot compress the soil further and instead move the
soil (Hillel, 2003; Williamson & Neilsen, 2000).

Bulk density usually increases with the number of machine passes (Ezzati et
al., 2012), but most of the compaction occurs during the initial few passes
(Toivio et al., 2017; Jourgholami & Majnounian, 2011; Labelle & Jaeger, 2011;
Han et al., 2006). As soil compaction in many cases is impossible to avoid when
using forestry vehicles, permanent tracks are suggested in the stands, the goal
being to disturb as little soil as possible (Horn et al., 2004; Vossbrink & Horn,
2004): the width between these tracks depends on the machines used, but is sug-
gested to be between 2040 m. Advance planning of strip roads to avoid sensi-
tive terrain can improve profitability in forwarder operations, and tools for this
are being developed. An example is the model appliance in ArcGIS, tested by
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Mohtashami et al. (2012), where the most profitable route is suggested by ana-
lysing elevation, slope, aspect and soil type, and the terrain suitability for driving
is classified into five different classes. In Sweden, the use of depth-to-water
maps in harvesters and forwarders is increasing, which helps the operators to
avoid sensitive areas with low bearing capacity (Laudon et al., 2016; Agren et
al., 2015), especially if combined with information on soil type (Mohtashami et
al., 2017).

The effect of soil protection in mitigating rutting and soil compaction has
drawn attention in recent studies (e.g. Labelle & Jaeger, 2018; Poltorak et al.,
2018; Solgi et al., 2018), but more studies like Paper III are needed with soil
conditions, tree species and harvesting systems similar to those used in Sweden.

1.7 Summary

To conclude, off-road traffic is an integral part of most forestry operations during
a rotation period in Sweden, but few studies in Fennoscandia have been con-
ducted on the impacts of such traffic on forest soils, their temperature and water
content, especially on unsorted, stony till soils; these impacts were studied in
Paper I-1III of this thesis.

Soil scarification affects most of the productive forestland in Sweden, and
thus, detailed and long-term measurements of its effect on soil temperature and
water content are important to understanding how abiotic conditions govern
seedling establishment (Paper IV) and regulate environmental impacts such as
nitrogen leaching (Rappe George et al., 2017).

To summarize, the short- and long-term consequences of unintentional and
intentional soil disturbances caused by forestry operations constitute a research
area that still needs more attention, especially in Sweden — one goal of such re-
search being to help policymakers to take decisions concerning to what extent
soil disturbances are tolerable when considering productivity, profitability and
the environment.
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2 Aims

The overall aim of this thesis was to asses and discuss impacts of forestry oper-
ations — here off-road traffic and soil scarification — on soil physical properties,
water content and temperature dynamics, and what implications this may have
for forest production and the environment. The thesis is based on four papers,
three about off-road traffic (Paper I-III) and one about soil scarification (Paper
V).

>
>

The specific objectives were to assess and/or discuss:

changes in soil physical properties caused by forestry operations (Paper L, IV)
changes in dynamics of temperature and water after forestry operations (Pa-
per II, IV)

how soils can be protected from severe rutting and soil compaction (Paper
1)

consequences of soil disturbances for field vegetation, seedling establishment
and growth (Paper I, 11, IV)

environmental consequences of soil disturbances (Paper I-1V)

Further, image analysis and traditional soil physical analyses in the labora-

tory are compared (Paper I) and sensor installation and calibration discussed
(Paper Il and IV).
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3 Site descriptions and experimental
designs

The off-road traffic research was conducted in the north of Sweden (Vésterbot-
ten) at 294 Rotflakamyran (site R) and 296 Trdgalidsberget (site T); the soil
scarification research was conducted in central Sweden (Varmland), at /65 Hag-
fors (Figure 1; Table 1). All three study sites were established by the Swedish
Forestry Research Institute, Skogforsk.

Off-road traffic (Paper I-lll) Driving treatments
Site R Site T O No driving
; @ Driving without soil protection
E ‘ O Driving on logging residues
g © Driving on logging mats/
Rotflakamyran 7S extra plot
Tragalidsberget ,, ® Sampling point U Undisturbed
@ Wheel track WT Wheel track
Z “ Soil samples BT Between wheel tracks

Direction of slope

Off-road\traffic (Paper Il)

——— Ground surface
——— Original mineral soil surface
———- Reference depth

- Mixed organic material and
mineral soil

Site T {f Wheel tracks
slope B g Location TDR

% TDR 15-cm
n TDR 30-cm

Soil scarification (Paper V)

20cm ——§Y———— -V —— Y ————————

45 cm ———v—————v—————v—————' —————————

control ridge furrow between furrow
furrows

Vegetation plotJ

Figure 1. Location of the study sites Rotflakamyran, R, and Tragalidsberget, T (Paper I-11II, off-road
traffic), and Hagfors (Paper IV, soil scarification) including brief schematic experimental designs.

(I'DR and temperature sensors inserted horizontally
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3.1 Rotflakamyran and Tragalidsberget (off-road traffic,
Paper I-lIl)

The parent material of Rotflakamyran (site R) and Tragalidsberget (site T) con-
sists of coarse glacial tills where the stone (¢ >20 mm) and boulder content is
approximately 50% in the upper parts of the slopes (Table 1; Figure 2 and 3;
Stendahl et al., 2009). The soil texture is dominated by sand (ca. 50% of particles
<20 mm) and a relatively high silt content (ca. 30%), which increases in down-
hill positions at site T (Paper I-1II). Site R was covered by Scots pine (Pinus
sylvestris L.) and Norway spruce (Picea abies (L.) H. Karst) before clear-cutting
(Cut-to-length system), while site T was dominated by Norway spruce (Table 1;
Paper I). The field and ground layer was dominated by blueberry (Vaccinium
myrtillus L.) and Hylocomiaceae mosses (Paper II). The study plots were planted
with Scots pine, without site preparation, in June 2014.

el

Figure 2.a) Rotflakamyran (at treatment, June 2012), and b) Trégalidsberget (two months after
treatment, August 2013, photo: Linnea Hansson, SLU).
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Table 1. Overview of the experimental sites 294 Rotflakamyran (site R), 296 Tragalidsberget (site
T) and 165 Hagfors.

Rotflakamyran Trégalidsberget Hagfors

Latitude 64°32.5'N 64°19.3'N 59°59.6'N
Longitude 20°4.5'E 20°35.7E 13°42.5'E
Elevation 305 m AMSL 145 m AMSL 190 m AMSL
Inclination of slope! 4-6° 2-8° -
Annual mean temperature 1-2°C? 1-2°C? 3.5°C3
Mean acc. precipitation 600-700 mm year™' 2 600-700 mm year™' 2 671 mm year '3
Soil type (FAO) Orthic (haplic) Orthic (haplic) Orthic (haplic)

podzol podzol podzol
Parent material Glacial till Glacial till Glacial till
Texture (FAO) Sandy loam Sandy/silt loam Sandy loam
Soil moisture class/regime* Mesic/moist Mesic/moist Sub-xeric
Site type (Cajander, 1949) Myrtillus type Myrtillus type Vaccinium type
Main tree species of the Pinus sylvestris/ Picea abies Pinus sylvestris
harvested stand Picea abies
Site quality class'® 3.7 m* ha'lyr! 3.7 m? ha'l yr! 59m’ha” yr!
Time of clear-cutting Dec. 2011 February 2012 March 2006
Time of treatment June 2012 June 2013 June 2006
Study period 2012-2018 2013-2018 20062011

1. Ring et al. (2019) ; 2. SMHI (2019b, b); 3.Alexandersson and Eggertsson Karlstrom (2001);
4. Hdgglund and Lundmark (1987); 5. Ring et al. (2013)

3.1.1 The soil protection study (Paper Ill)

Sites R and T were created to study the effects of different types of soil protec-
tion during off-road traffic, employing a randomized block design with four
treatments replicated on two slopes, here defined as blocks A and B, at each site
(Figure 1): 1) control with no traffic, 2) driving without ground protection,
3) driving on logging residues (slash/brush), and 4) driving on logging mats (site
R)/extra plot with no soil protection (site T). The logging mats were made of
five planed logs mounted together (5 m x 1 m x 0.2 m, one for each wheel track).
At site T, treatment 4 was excluded and an “extra plot” for treatment 2 was cre-
ated; see Paper III for more experimental design details. The treatment plots
were 15 m wide and about 100-150 m long, depending on the length of the
slopes, and cleared from harvest residues before treatment. The treatment in-
cluded driving with a laden forwarder (total weight: 35 Mg at site R and 33 Mg
at site T, timber load approx. 10 Mg); the operator drove three times down and
up (i.e., in total six passes) on all the study plots, except the control with no
traffic. In addition, 10-20 extra passes in the most trafficked part (in the top of
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a A .
Figure 3. The soil profiles of Rotflakamyran, a) top of slope A, and b) lower part of slope A, and

Tragalidsberget, ¢) downhill, slope B (photo: Linnea Hansson). The scale on the folding rule is in
centimetres.

1 N

the slopes) were needed to apply the slash and 8—12 passes to apply and remove
the logging mats (same forwarder used, without timber load). See Paper III for
more details on the application and removal of the soil protection and its effect
on the different parts of the slopes.

3.1.2 The soil compaction study (Paper I)

In the soil compaction study (Paper I), the upper 50 m of the slopes of treatment
2 (driving without ground protection, purple in Figure 1) were sampled. The
inclination in the upper parts was <10% at both sites (Paper III), representing
hydrologic recharge areas in the landscape (Agren et al., 2015). In Paper I, the
sampling locations were called 1, 2 and 3, starting at the top of the slope, but in
Paper 11 the bottom of the slopes was the reference. Hence, the locations in this
thesis are renamed so that the soil sampling locations in Paper I are called top 1,
top2 and fop3, where topl is the highest position (i.e., the counting starts from
the top of the slopes). The soil sampling took place two months after trafficking,
in August 2012 (site R) and in August 2013 (site T). Eighteen core samples (3
locations x 3 replicates, both in the wheel track microsite and ca. 1.5-2 m beside
wheel tracks in the undisturbed soil) were collected from the top 5 cm of the
mineral soil in each of the four slopes/blocks (Figure 1). Due to the high content
of stones and boulders, deeper sampling was not possible. In total, 71 core sam-
ples (one missing at site R, block A, top2, wheel track, due to a very high stone
content) were collected and carefully transported to the laboratory where they
were directly weighed. Thereafter, the samples were scanned using X-ray to-
mography (described in Section 4.5) prior to further analyses in the laboratory
(Section 4.3).
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3.1.3 The study of soil water and vegetation 4-5 years after off-road
traffic (Paper II)

The study of soil water and vegetation was carried out 45 years after the driving
treatments at sites R and T. Like in Paper I, the treatment plots with driving
without soil protection were used and three types of soil microsites were identi-
fied: wheel tracks, between the wheel tracks and undisturbed soil beside the
wheel tracks (Figure 1). A vegetation survey was carried out on all four slopes
(Figure 1, Section 4.3), including measurements with a portable TDR (Time Do-
main Reflectometer) in all 117 vegetation plots on one occasion (see Section
4.1). In addition, permanent TDRs and temperature probes were installed in four
locations at site R, slope A and three locations at site T, slope B (Figure 1, Sec-
tion 4.1), hereafter called botI—bot4 (referring to the fact that the numbering
starts at the bottom of the slopes). The bot2—bot4 locations at site R were within
the area of the fopI—top3 soil sampling locations in Paper I, and likewise, the
bot2—bot3 locations at site T. The collected volumetric water content (VWC)
data were analysed on their own (e.g., seasonal mean and median values), and
also used as calibration data for hydrological modelling with Hydrus-1D (see
Section 4.7). The model was used to assess how the changes in hydrological
properties caused by off-road traffic, found in Paper I, affected root-zone water
dynamics.

3.2 Hagfors (soil scarification, Paper V)

The experimental field site Hagfors is situated on a sub-xeric podzolized sandy-
silty till soil where a former fertilization experiment took place (Table 1; Paper
IV; Rappe George et al., 2017; Ring et al., 2013; 2011). The field and ground
layer was dominated by lingonberry (Vaccinium vitis-idaea) and lichens
(Cladonia spp.), respectively (Figure 4). The soil scarification was performed in
May 2006 using a Bracke Forest disc trencher (T26, Bricke, Sweden), creating
three types of microsites: furrows, ridges, and between furrows. One repetition
with the disc trencher includes ridge, furrow, between furrows, furrow, and
ridge. More details about the microsites are provided in Paper IV. In June, con-
tainerized 1.5-year-old Scots pine seedlings were planted at a spacing of 2 m in
the furrows of the disc-trenched areas and in the areas without disc trenching
(Johansson et al., 2013). In 2011, self-seeded pine and spruce seedlings equal in
height to the planted seedlings (ca. 1 m) were present in all the types of micro-
sites (in the horizontal transect).
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3.2.1 Soil water and temperature dynamics after soil scarification
(Paper IV)

Soil temperature and water content were measured hourly (2006-2011) in a 40-
m horizontal transect in the central part of the Hagfors experimental site in an
area between the experimental plots, without previous nitrogen fertilization
(Figure 4; Paper IV; Rappe George et al., 2017). Thirty-seven metres of the tran-
sect were within the disc-trenched area, perpendicular to the furrows, and 3 m in
a control area, outside the disc-trenched area (Figure 1b in Paper IV). The soil
temperature and water content sensors were installed at two depths (20 and 45
cm below the original surface of the mineral soil), in each of the three types of
microsites created by disc trenching (furrows, ridges and between furrows) and
the fourth control microsite (Figure 1, Section 4.1). The sensors were installed
in four microsites of each type, except the control area where three microsites
were selected. In total, 15 vertical transects were monitored including the two
measuring depths (30 sensors of each type). As described in more detail in Paper
IV, disc trenching transformed the soil surface into furrows and ridges, and thus,
the distance between the ground surface (interface between the ground and at-
mosphere) and the sensors depended on the type of microsite (Figure 1). In 2011,

a

Figure 4. a) The centre of the Hagfors experimental site with the logger station, situated in the
middle of the transect for soil temperature and water content measurements (photo: Linnea
Hansson, September 2011). b) Soil profile and sensors installed at 20 and 45 cm from the origi-
nal surface of the mineral soil before disc trenching. Microsites from the left: furrow, between
furrows and furrow (photo: Eva Ring, Skogforsk, May 2006).
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the “20 cm depth” sensors were 25+ 1,32 £9, 10 £ 4 and 24 + 5 cm below the
atmospheric interface in the control, ridge, furrow, and between furrows micro-
sites, respectively. Soil temperature and water content data collected between
1 May and 31 October were used in this study, except for in total 30 days, for
which data were missing.

Soil samples for analysis of soil physical properties were collected in 2006
and 2011 (Section 4.3): in 2006, at four positions along the ditch at six depths
from the original mineral soil surface, and in 2011, from almost directly above
the TDR sensors at two or three depths (approx. 10, 20, and 40 cm) in 11 out of
the total 15 vertical transects (Paper IV). The distance from every vertical tran-
sect to the closest (planted or self-seeded) seedling stem of ca. 1 m height was
recorded in order to facilitate analysis of the impact of the distance on the VWC
results.
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7 ) 4

Drivin on ogging residues at Rotflakamyran (photo: Linnea Hansson)
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4 Measurements, analyses and modelling

This chapter describes the methodology used for measurements in the field and
in the laboratory, including calibration of sensors and the steps in X-ray image
analysis. Further, the methodology of analyses of acquired data and a brief model
description and set-ups are included. More details and in-depth explanations are
given in Paper I-1V.

4.1 Soil water, temperature and weather measurements
(Paper I, 1V)

The sensors for measuring soil water content in all studies were Time Domain
Reflectometers, TDRs, (CS616, Campbell Scientific Ltd), with original rod-
lengths of 30 cm. The numbers of TDRs were 16, 14 and 30 in site R, site T and
Hagfors, respectively. At sites R and T, half of the sensors were shortened to 15
cm rod length, owing to anticipated installation problems due to the high stone
content. At each place where a TDR was inserted, a temperature probe (T105 in
Hagfors and T107 in sites R and T, Campbell Scientific Ltd, rod length 10 cm)
was also installed approximately 10 cm from the TDR.

At site R and T, the sensors were installed vertically from the top of the hu-
mus layer (Figure 1). In the undisturbed soil, both 15- and 30-cm-long TDRs
were installed, whereas only 15-cm TDRs were inserted in the wheel tracks and
30-cm TDRs in the between-tracks (Figure 1). At the Hagfors site, a ditch was
dug for the sensor installation (the 40-m-long transect), and the sensors were
pushed horizontally into the undisturbed wall of the ditch, followed by carefully
refilling the ditch and restoring furrows and ridges on top of it (Figure 1 and 4).

The total measuring period was 22 June 2006 to 29 September 2011 in Hag-
fors and 30 May 2017 to 9 October 2018 at site R and T. If nothing else is stated,
the measurements were hourly. All VWC measurements were corrected for var-
iations in soil temperature using a temperature correction function of the output
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time signal suggested by Campbell (Paper Il and IV; Campbell Scientific, 2016).
Different types of calibration were tested. In the Paper IV, the standard quadratic
calibration provided in the instruction manual was used (Campbell Scientific,
2016), but a site-specific calibration based on the samples for soil physical anal-
ysis collected in 2011, close to the TDRs, was also tested (described in Appendix
B, Paper IV). At sites R and T, however, a new thorough calibration was needed,
as the rod lengths of half of the TDRs were shortened, changing the relation of
the output signal to VWC. The calibration was carried out in the laboratory, ac-
cording to the manual, at 12 different water contents, using soil collected in two
pits from each site and then all mixed (Campbell Scientific, 2016). At each water
content, measurements with the TDRs (both rod-length) were compared with
water contents derived from oven drying (three cylinder samples were collected
for each water content, dried at 105°C during 24h).

In Paper II, the VWC was measured at three points in each of the 117 vege-
tation plots (evenly distributed within the plot) using a portable TDR sensor
(TRIME-PICO64, HD2, IMKO Micromodultechnik GMBH, rod length 16 cm,
universal soil calibration). More details on the measurements are given in Paper
1L

Weather stations were installed at the three sites including devices for meas-
uring air temperature, humidity, global radiation, wind speed and precipitation
in Hagfors and at site R, and air temperature and precipitation at site T (Paper 11
and IV). Groundwater levels were measured bihourly in downhill positions at
sites R and T (Paper II) and four times during the growing season in Hagfors
(Paper IV).

4.2 Measurements of rut depths (Paper I, Ill)

In Paper III, rut depth was assessed both using manual measurements with a
ruler, each metre along all the plots with no ground protection (Figure 1), and
using a handheld GNSS (Global Navigation Satellite Systems) receiver, model
Topcon GRS-1 (www.topconpositioning.com/), on all study plots (the most
well-known GNSS system is the Global Position System, GPS). At the R and T
sites, the mean number of registrations varied between 2.6 and 3.6 registrations
per metre along the slopes (rut depth measurement error was approx. 4 cm). The
original soil surface (at the place of the wheel tracks) was interpolated from the
surrounding ground surface (not including lateral bulging) with Triangular Ir-
regular Networks in ArcMap (Figure 4 in Paper III). The GNSS measurements
were carried out in the autumn of 2013 at both sites. The manual measurements
were made the day after driving at site T and the year after driving at site R.
These later measurements agreed well with manual depth measurements at 2-m
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distance, made four days after the treatment at site R (estimated random error in
depth was 2.8 cm).

In Paper I-11, rut depths at the sampling locations were measured from the
original soil surface using a ruler.

4.3 Vegetation survey (Paper II)

In Paper II, a vegetation survey was carried out in 2017 to study the vegetation
patterns 4-5 years after off-road traffic. Starting at a distance of 1-6 m from the
lowest end of the plots (no soil protection) on the undisturbed soil, approx. 4 m
to the left of the wheel tracks, vegetation plots (0.4x1 m) were laid out at 10 m
intervals at 10 locations (9 at site T, slope A). Parallel to the plot in the undis-
turbed soil, two other plots were laid out, in the wheel track and between wheel
tracks, respectively (Figure 1). As described in Paper 11, the following data were
recorded for each of the 117 vegetation plots: wheel track depth, the area of
ponded water (%), the area with bare soil (%), heights of planted pine seedlings
(if present) and self-seeded seedlings of pine or other tree species. Finally, the
occurrence of species and their cover (at estimated full seasonal development)
were recorded. The species were divided into the following groups: self-seeded
tree seedlings, Ericaceae, graminoides (species with grass-like morphology),
mosses, and other species (Appendix A in Paper II). Shannon diversity indexes
were calculated for all plots.

Weighted mean Ellenberg indicator values (Paper II, Ellenberg et al., 1991)
were used for each plot and Ellenberg indicator to determine whether there were
any differences between microsites, sites and slope positions in the growing con-
ditions indicated by vegetation. The following Ellenberg indicators were used:

¢ soil moisture (F, where 1 indicates that the plant prefers xeric conditions, 5
mesic, 9 wet and 12 underwater conditions)

o disturbance (D, where 1 indicates that the species can colonize and compete
in already closed forests and 9 that the species quickly colonizes bare soil
and disappears quickly in the succession)

o light (L, where 1 indicates that the species prefers deep shade and 9 full
light)

e reaction of soil (R/pH, where 1 represents extremely acidic conditions and
9 alkaline)

o Nitrogen/fertility (N, where 1-9 indicates an increase in fertility).

See Paper II for more details concerning the Ellenberg indicator values.
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4.4 Soil sampling and physical laboratory analysis
(Paper I, 1l, 1V)

All core sample cylinders used in
Paper I, Il and IV were made of steel
| with an inner diameter of 72 mm and
a height of 50 mm. A sliding-weight
core sampler was used for sampling
of the mineral soil, after the ground
vegetation, litter and humus layer
had been carefully cut away with a
" knife (Figure 5).

All details concerning the soil
physical analysis of the soil samples
are provided in Paper I, but the pro-
cedure is the same for the other stud-
ies and is briefly described below.
Soil water contents at six tension
steps were determined gravimetri-
cally according to the ISO standard
(ISO11274,1998) at 0.5, 2, 5, 10, 60

3 g and 1500 kPa. Saturated hydraulic
Figre 5. amplin the mineral soil with a N conductivity (Ks) was measured
sliding-weight core sampler at Rotflakamyran in between VWC measurements made
2012 (Photo: Annemieke Géirdends, SLU). at 10 and 60 kPa using the constant
head method (Andersson, 1955). Dry bulk density (BD) and porosity were cal-
culated after drying the core samples for three days at 105°C. At each core sam-
pling point, loose soil samples were also collected and used to determine particle
size distribution (ISO11277, 2009), organic matter content, and particle density.
Stones (>20 mm) were excluded from analysis of the loose samples, but included
in the analysis of core samples.

4.5 Image analysis (Paper I)

Image analysis involves a number of steps from the actual scan to when the data
can be retrieved from the scanned images. See Paper I for a detailed explanation
of the procedure of image acquisition, reconstruction, illumination correction,
image segmentation and feature extraction used on the 35 core samples from site
R (all) and 12 samples from site T (one of the three replicates from each point
and treatment). An overview of the different steps is provided below:
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The image acquisition was carried out using the Phoenix vitomelx m XRT
(General Electrics) installed at the Dept. of Soil and Environment at the Swedish
University of Agricultural Sciences, Uppsala. Circa 70 minutes were needed to
scan one soil sample, collecting 2000 radiographs (images), each with a resolu-
tion of 50 um. A copper filter was used to decrease beam-hardening artefacts,
but further illumination correction was necessary after image reconstruction, as
the steel cylinders caused severe beam-hardening and X-ray scattering, with el-
lipsoidal artefacts in the horizontal cross-sections of the images as a consequence
(Figure 2 in Paper I). The software datoslx 2.1 was used for building a 3D image
of the 2000 radiographs, which resulted in a 16-bit grey-scale resolution. For the
advanced illumination correction, at tool in the ImageJ-plugin SoilJ (Koestel,
2018) was developed and used (Paper I).

Image segmentation is the procedure whereby each pixel/voxel in an image
is classified as either black or white, according to the grey-scale value in that
point; this creates binary images that can be used for feature extraction (Figure
3 in Paper I). The image segmentation steps are described in detail in Paper 1.
The 3D images needed to be cropped due to some remaining illumination arte-
facts, and in the end the volume of the segmented images was 124 cm? (diameter:
66 mm, height: 37 mm), compared to the volume of the soil sample of 204 cm?.

To extract and calculate features such as total pore volume, pore thickness,
and mean orientation of each pore cluster, Particle Analyser in Bonel (Doube et
al., 2010) was used on all pore clusters (connected pore space in the 3D images)
>14 voxels (=0.002 mm?). Thickness (pore diameter) in a given point is defined
as the diameter of the largest sphere that fits within the structure and contains
the point. The distribution of thicknesses represents the pore size distribution
that was resolved by the X-ray scanner. The 3D connectivity of the structural
pore network was evaluated by investigating the percolation properties and the
Euler-Poincaré characteristics (y); see Paper I for details. A high connectivity of
the pore cluster is indicated by large negative values of the Euler-Poincaré char-
acteristics. To avoid bias when calculating mean values of all pore clusters in a
sample, the mean pore thickness, mean pore cluster orientation and Euler char-
acteristics were weighted by the fraction each pore cluster contributed to the total
pore volume (Paper I). This was necessary because 80-90% of the detectable
pores belonged to the same pore cluster, and at the same time there was a high
number of pore clusters with diameters close to the image resolution contributing
very little to the total porosity.
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4.6 Using threshold values for estimating growing
conditions (Paper Il, 1V)

The soil temperature and water content conditions in the microsites were evalu-
ated by, among other methods, assessing the number of days with a daily mean
value above or below threshold values for seedling growth (Paper V). In Paper
I1, the focus was on the number of days in which aeration might have been re-
stricted, i.e., when the VWC was above a certain threshold value. For a back-
ground of the chosen threshold values, see Paper IV. The average threshold value
as well as the average value + the standard deviation was used to test whether
the results were sensitive to a chosen threshold value.

The selected upper VWC threshold corresponded to an air-filled porosity of
0.10 m®> m3 (Wall & Heiskanen, 2003; Xu et al, 1992), which at Hagfors
equalled a VWC of 0.34 m®> m™ at 20 cm depth and 0.26 m® m™ at 45 cm depth,
based on the soil physical properties of the samples collected in 2011. At site R,
the upper VWC thresholds were 0.49 and 0.32 m? m in the undisturbed soil and
wheel tracks, respectively. At site T the corresponding values were 0.45 m* m
in the undisturbed soil and 0.38 m* m= in the wheel tracks.

4.7 Model set-up in Hydrus-1D (Paper II)

Hydrus-1D (Siminek ez al., 2016; Simanek et al., 2008) is a one-dimensional
modelling environment (public domain) that can be used for analysis of water,
heat and solute movement in soils. The program solves Richards’ equation nu-
merically, for both saturated and unsaturated water flow, and the Fickian-based
advection dispersion equations for solute and heat transport. In the model set-up
used in Paper II, only the hydrological part of the model was used (not the heat
and solute transport), including root water uptake. The van Genuchten-Mualem
single-porosity model with an air entry value of -2 cm was used to describe the
soil water retention and hydraulic conductivity functions (Vogel et al., 2001; van
Genuchten, 1980). The Penman-Monteith equation (Monteith, 1965) was used
to calculate evapotranspiration, and the field vegetation was static (i.e., had the
same height and cover) during the simulation period (the growing season in 2017
and June 2018). The root water uptake (down to 25 cm soil depth) was based on
the S-shape model (van Genuchten, 1987) and thus, only limited during dry con-
ditions.

Hourly vertical water flow and root uptake were simulated in the wheel tracks
and in the undisturbed soil microsites in the upper part of the slopes (recharge
area), independent of adjacent conditions. Site T was selected, as the wheel
tracks in the upper 50 m of the slopes were shallow (0-5 cm), and the traffic
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impact was mostly in the form of soil compaction, i.e., the rutting profile was
negligible for the hydrology, and thus, the groundwater level (the lower bound-
ary condition) could be assumed to be the same in both microsites. Groundwater
level measurements from approx. 12 m up from the down-slope end of the plots
in a control area were used, with the assumption that the groundwater level fol-
lowed the topography along the slope mimicking conditions higher up. The up-
per boundary conditions, i.e., the atmospheric conditions, were also the same for
both simulated microsites, based on the weather measurements from the sites
(section 4.1).

A 1-m-deep soil profile was used for describing both microsites, and the soil
properties were based on the soil physical properties measured in Paper [ (mean
values for site T) and some additional measurements made in deeper soil pits on
the same sampling occasion as in Paper 1. The only differences between the two
modelled microsites were the soil hydraulic properties in the upper 0-5 cm of the
mineral soil. For a more detailed description of the model set-up, see Paper II.

The VWC of the 15 cm-deep TDRs in locations bot2 and bot3 were compared
with the simulated water content at 8 cm depth in the undisturbed soil and wheel
tracks, respectively, and the VWCs of the 30 cm TDRs were compared with the
simulated VWC of the subregion 0—30 cm of the undisturbed profile (Figure 1,
section 3.1.3 and 4.1). To validate the model set-up, weather conditions, ground-
water, and VWC measurements from June 2018 were used, employing the same
parametrization as in 2017. With this approach, the impacts of different weather
conditions on the differences in water flows and pressure heads between the two
microsites were tested.

4.8 Statistical methods (Paper |, II, 1V)

The statistical methods used in Paper I, II and IV are briefly described below.
For details, see the respective paper. The free software R was used for all statis-
tical work. P-values below 0.05 were considered significant in all analyses.
Linear mixed-effect models were used in Paper I (function “Ilme” in the pack-
age “nlme”) to analyse the effect of treatment (traffic or no traffic), site (R or T)
and sampling location. In Paper II, linear mixed-effect models were used to ex-
amine the effect of microsite (undisturbed soil, wheel tracks and between-
tracks), site (R or T) and sampling location (1-10). In Paper IV, linear mixed-
effect models were used to test whether there were any differences in daily
means of VWC and soil temperature at the two depths and to analyse effects of
microsite, precipitation, air temperature, relative depth within microsite and
time. In Paper IV, treatment was defined as microsite (furrows, ridges, between
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furrows and control). Necessary transformations were carried out on the re-
sponse variables to acquire normally distributed residuals (specified in each pa-
per). Post hoc tests were carried out on the results of the mixed-effect linear
models. In Paper I, significant effects were calculated using F-tests, and Re-
stricted Maximum Likelihood was used to estimate the variances of the random
effects. In Paper Il and IV, Wald tests were used as post hoc tests for the pairwise
comparisons (function “emmeans”), including the Tukey method for adjustment
of p-values.

Kendall’s correlation test was used in Paper I to determine whether the de-
gree of compaction in the wheel tracks was correlated with different inherent
soil properties of the undisturbed soil.

Linear regression was used in Paper I to compare the porosity values ob-
tained from the image analyses with the porosity values calculated from the soil
physical analyses in the laboratory. In addition, logarithmically transformed Kga
values from the soil physical analyses in the laboratory were compared to the
image analysis results (Table 3 in Paper I). Linear regression was also used in
Paper IV to test whether distance to the nearest seedling had any significant re-
lationship with soil temperature or soil water content (measurements from 2011).

Fisher's exact test was used in Paper Il and IV to test whether there were any
differences between microsites in the numbers of days when a certain threshold
value was exceeded.

The Hydrus simulations in Paper II were evaluated by comparing the root
mean square error (RMSE) and the coefficients of determination (R°) for the
predicted versus observed values.
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5 Results and discussion

This chapter is divided into themes following the specific objectives of the the-
sis. Both the unintentional and intentional soil disturbances are discussed where
applicable. However, the bulk of the results presented in each section come from
either the off-road traffic studies (Paper I-I1I) or the soil scarification study (Pa-
per IV).

5.1 Changes in soil physical properties caused by
forestry operations (Paper I, 1V)

Off-road traffic in the stony and sandy recharge areas (upper parts of the slopes)
changed the soil physical properties (top 5 cm of the mineral soil) as follows:
dry bulk density, VWC at sampling and at < -5 kPa increased, while VWC
at -0.5 kPa, porosity and K, decreased (Table 1 and Figure 5 in Paper I). Mean
BD of both sites was 1.39 g cm ™3 in the wheel tracks, compared to 1.13 g cm™3
beside the wheel tracks in the undisturbed soil. The differences at site R were
larger than at site T (1.44 vs. 1.07 and 1.35 vs. 1.19 g cm ™3, respectively, for the
wheel tracks vs. undisturbed soil). As a result, porosity was reduced more at site
R (24%) than at site T (12%). The reduction was mainly in pores with diameters
> 60 um (calculated from the water retention measurements), where the wheel
track volume of pores was reduced by 70% and 52% compared to the volume of
pores in the undisturbed soil at sites R and T, respectively. This reduction in
larger pores was corroborated by the results of the image analysis.

The image analysis revealed that the pore structural network resembled the
appearance of root networks (Figure 7 in Paper I). Ninety per cent of the pores
in the undisturbed soil were connected (80% in wheel tracks) in one large pore
cluster, which went from the top to the bottom of the sample (i.e., was percolat-
ing), except all three wheel track samples at site R, slope A, top3, and one wheel
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track sample from slope B, topl
and top3, respectively. Maximum
pore thickness was larger in the
undisturbed soil than in the wheel
tracks, as was pore connectivity
(Euler characteristics). However,
the mean pore cluster thickness
and orientation were not signifi-
cantly different between the treat-
ments (Table 2 in Paper I).

Of all differences in soil physi-
cal properties between the wheel
tracks and the undisturbed soil, the
difference in Kg was the largest
(Figure 6). One of the explanations
of the large difference in Ksa be-
O Site R O tween the wheel tracks and the un-
oSite T o) disturbed soil is the reduction in
larger pores, together with less
connectivity in the wheel tracks.
Smaller total pore space and lower
Figure 6. Saturated hydraulic conductivity (Ks) in pore connectivity also reduce gas
the undisturbed soil and in the wheel tracks, respec- diffusion and mass flow, which in-
tively. Site R is mgrkeq squares and site T with cir- creases the frequency and duration
cles. Note the logarithmic scale on the x-axis. . .

of anoxic conditions (Goutal et al.,
2012a). In Paper I, 50% of the samples at site R and 25% of those at site T had
air-filled porosities of less than 0.1 m®> m during the dry summer conditions at
sampling. This limit is often used as a critical threshold value for soil aeration
(Paper II and IV; Wall & Heiskanen, 2009; 2003; Xu et al., 1992). Longer peri-
ods of high water content may also be expected as the wheel tracks will drain
more slowly due to a higher water holding capacity at water tensions of -5 kPa
and drier.

100

N
o
o0 uhO @ O O O

OMICom © 6O M@ OO0 O

saturated hydraulic conductivity (cm h?)
)

0.01 e}
Undisturbed Wheel track

After disc trenching, no differences in soil properties between treatments
were discernible in the mineral soil at the same reference depth (Figure 1) re-
garding porosity and water retention curves. However, if the soil sampling would
have included the top soil of the ridges, above the old ground surface, there
would probably have been some differences, and they would have changed with
time. Further, the possibility that the wheels of the disc trencher compacted the
soil beneath the soil scarification treatment cannot be ruled out. However, both
Burton et al. (2000) and MacKenzie et al. (2005) found similar BD in the disc-
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trenched furrows (ca. 10 cm deep) at 0—10 cm depth as in the control at 10-20
cm depth, which did not indicate any additional compaction by the disc-trencher
itself — a finding in line with the soil property results from Hagfors (data not
shown).

5.2 Changes in dynamics of temperature and water after
forestry operations (Paper I, 1V)

5.2.1 Soil temperature dynamics

The median soil temperatures, 4-5 years after off-road traffic, at 0—10 cm depth
(including the humus layer) were different for all microsites in location bot/
(downhill), with highest values between-tracks and lowest in the undisturbed
soil (Figure 7a). In location bot2, the undisturbed soil was cooler than the other
microsites (Figure 7b), whereas there were no significant differences uphill (Fig-
ure 7¢). The significant higher temperatures in the between-tracks in the down-
hill positions than in the undisturbed soil and wheel tracks are probably due to
the elevated position (rut depth approx. 70 cm on both sides). Higher up in the
slopes, the ruts are less deep and thus the differences in elevation have less im-
pact on the soil temperature. In addition, the higher temperatures in the between-
tracks and wheel tracks could be due to a thinner humus layer and a lower total
cover of vegetation, especially mosses, than in the undisturbed soil (data not
shown). A thick moss cover and depth have been found to reduce soil tempera-
ture amplitudes (Soudzilovskaia ef al., 2013). An increase in the moisture con-
tent of the mosses is related to both an increased heat capacity and thermal con-
ductivity, but the compound effect is that temperature amplitudes under the moss
cover are slightly decreased with increasing moisture content (Soudzilovskaia et
al., 2013).

The soil temperatures during the six seasons following soil scarification in
Hagfors were affected by the disc-trenching treatment at the reference depth of
20 cm in all microsites (Table 3 and Figure 2 in Paper IV). The temperatures
beneath furrows, ridges, and between furrows were all warmer than the control
microsites. The heating effect was largest in the furrows where the temperature
was still increased, compared to the control microsite, in the 6™ growing season
after soil scarification. The treatment effect in the furrows probably depended
on a combination of the sensors being closer to the soil surface (Figure 1) and
the removal of the insulating organic layer from the furrows (Bhatti ez al., 2000).
However, in the loose and elevated mixture of organic material and mineral soil
in the ridges (brown in Figure 1), the soil temperatures were presumably higher
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during warm days, as previously found by, for example, Knapp et al. (2008) and
Kubin and Kemppainen (1994). This probable extensive heating during warm
days may be one explanation for why the soil beneath the ridges was warmer
than the soil in the control microsite, despite the sensors in the ridges being on
average 7 cm deeper down from the new ground surface than the sensors in the
control microsite. An additional explanation is that the thick organic layer insu-
lated the soil below the ridges during cold days and abated the cooling.
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Figure 7. a-c) Hourly values of soil temperature at location bot/-3 (mean values of the measure-
ments from both sites) in the undisturbed soil (black, n=4 in each location), wheel tracks (dark
grey, n=2) and between the wheel tracks (light grey, n=2) during the growing season of 2017.
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In the end of the study period, there were no longer any differences in soil
temperature among the disc-trenched microsites, probably because re-growing
vegetation began covering the bare soil in ridges and furrows, with an insulating
effect as a result, in addition to shading the soil and changing the albedo. Ac-
cording to the results of Johansson et al. (2013) from the same experimental site,
there were no longer any differences in ground and field vegetation biomass
among the disc-trenched microsites in the fifth season. Erosion caused by rain
and compaction by snow could be other explanations for the changes over time:
the mean height of the ridges decreased 45% between 2006 and 2012, while the
depth of the furrows decreased 21% during that period (Paper IV).

The daily soil temperature amplitude (May—October) at 20 cm depth was in-
itially about five times higher in the furrows than in the other microsites (Figure
4 in Paper IV); moreover, the seasonal amplitude was higher, indicated by the
standard deviations of seasonal means (Table 3 in Paper IV). After three years,
the mean daily temperature amplitude in the furrows declined and became closer
to the amplitudes in the other microsites, probably due to the same mechanisms
as discussed above.

5.2.2 Soil water dynamics

Wetter conditions in wheel tracks are often found in soil disturbance studies
(Friind & Averdiek, 2016; Wei ef al., 2016; Ares et al., 2005), and this was also
the case 4-5 years after off-road traffic at site R and T (Paper II). The long-term
effect was supported by the species composition, which through the Ellenberg
indicator value for soil moisture, F, indicated higher VWC in the wheel tracks
than in the other microsites (Table 2 in Paper II). Similarly, the measurements
with the portable TDR in the vegetation survey plots indicated that the VWC
was highest in wheel tracks and lowest between the tracks (Table 2 in Paper II).
When studying the seasonal medians and mean for VWC at the permanent meas-
uring points, no differences between microsites were significant in the statistical
models. This is not surprising, given the high variation in VWC locally and the
relatively low number of permanent TDRs (undisturbed soil: n=15, wheel track:
n=8 and between-tracks: n=7) distributed across two sites and 3-4 locations.

At site T, in the upper parts of the slopes, the simulated pressure heads with
Hydrus-1D were similar between the undisturbed soil and the wheel tracks, ex-
cept for the top humus layer where it was drier on some occasions in the undis-
turbed soil (Figure 3 in Paper II). During the driest periods, the average root zone
pressure head was also influenced by means of more negative pressure heads in
the undisturbed soil (Figure 3 in Paper II). The groundwater level was lower in
June 2018 than in June 2017, despite similar precipitation amounts during the
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two months, and as a consequence, the surface layer became even drier in the
undisturbed soil, compared to the wheel tracks (Figure 3 in Paper II). However,
no differences were found in water balance between the two microsites, which
is not surprising given that the same weather data, plant descriptions and ground-
water level data were used for both microsites. Despite small differences in pres-
sure heads at the 8-cm depth, in the middle of the upper mineral soil layer, the
simulations did corroborate a higher VWC in the wheel tracks than in the undis-
turbed soil (Figure 4 in Paper II), which can be explained by the water retention
curves, where the wheel tracks will get a higher simulated VWC at water ten-
sions higher (i.e., more negative) than -2 kPa (results from both sites together in
Figure 5 in Paper I). Close to saturation, the VWC in the undisturbed soil will
be higher than in the wheel tracks, due to the reduced macropore space in the
wheel tracks (Figure 4 in Paper II).

The VWC at 20 cm reference depth beneath the disc-trenching treatment in
Hagfors (Paper IV) was generally small (differences in seasonal means 0.01—
0.04 m>m between the microsites). The maximum difference (May—October)
was 0.06 m* m™ between the ridge and control microsites. In any event, there
were significant differences between the treatments at 20 cm: during the first
growing season, the VWC was lower beneath the furrows than below between
furrows and ridges (similar to contents in the control), but increased over time
(Figure 2, Table 3 in Hansson et al., 2018b). After three summers, the VWC in
the furrows was no longer significantly different from the VWC in the between
furrows, and after the fifth seasons it did not differ from the VWC in the ridges.
The soil beneath the ridges and between furrows never significantly differed
with respect to VWC, while the 20 cm reference depth in the ridges was wetter
than that in the furrows during all years, except the last. This could have been
due to the additional mixed layer in the ridges hindering upward capillary move-
ment and evaporation and the greater distance to the soil surface at the measuring
points (Figure 1). However, the sensors in all microsites were at the same dis-
tance from the groundwater level, which probably contributed to the small dif-
ferences in VWC between the microsites, especially as the porosity was similar
in the different microsites (Table 2 in Paper IV).

5.3 Reducing severe rutting and soil compaction (Paper
L, 1)

The soil protection study at sites R and T (Paper I1I) indicated that logging resi-
dues (slash) or logging mats were efficient in preventing severe rutting and min-
eral soil exposure, especially in the lower parts of the slopes (Figure 8; Figure
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10 in Paper III). In the plots with no soil protection, there was usually a distin-
guishable increase in rut depth somewhere along the slopes (Figures 8-10 in
Paper III) and a slight decrease in rut depth at the end of the slopes. The decrease
in rut depth at the very end of the slopes was probably due to the fact that only
a part of the vehicle passed over it. The sharp increase in rut depth, especially at
site T (20-50 m from the end of the slopes) could be due to a combination of
changes in soil texture (an increase in silt content and decrease in gravel and
stones) and an increase in VWC along the slope (Figures 7, 9 and 11 in Paper
III; Figure 2 in Paper I). At site R, the soil texture was similar along the slopes,
and the rut depths were more variable along the slopes, even though smaller rut
depths were registered in the upper 40 m of slope A, and in the upper 35 m of
slope B (Figure 8 and 10 in Paper III). The variable rut depth in the rest of the
slope may be explained by the occurrence of boulders, stumps, and microtopo-
graphic differences along the slope causing differences in the local VWC. The
smaller rut depth at the top of the slopes in site R is probably due to the high
stone and boulder content (Paper I).
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Figure 8. Boxplot of the variation in wheel track depths (both right and left). Each input value
is a mean of the track depth in a 10 m segment of the slopes, in total 45 segments (90 input
values) divided on four slopes for the treatment plots with no soil protection and logging resi-
dues, respectively, and 25 segments (two slopes, only site R) with driving on logging mats. The
extra plots with driving without soil protection at site T are not included. The thick black lines
are medians; the lower and upper limits of the box are the first and third quartile, the whiskers
are 1.5 times the interquartile range from the top/bottom of the box to the furthest data point
within that distance, and the circle is an outlier beyond that distance.
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Logging residues both reduced rut depth and decreased the area of bare mineral
soil after off-road traffic (Figure 8). However, logging residues were pressed
into the ground. On average, 43 kg m logging residues were applied along the
plots (Table 1 and Figure 3 in Paper III). When driving, the residues were com-
pacted and probably partly pressed into the ground. The aboveground thickness
of logging residues between the wheel tracks were on average 0.17 m at site R
and 0.055 m at site T after driving (Paper III). The application of logging resi-
dues along the whole slopes also caused 10-20 additional passes in the top seg-
ment of the slopes. In operational forestry, however, the tops and branches from
the harvested trees around the harvester are usually directly applied on the
ground where the soil needs to be protected. At low-productive stands like site
R and T, however, the trees around the harvester might not produce enough tops
and branches to protect the soil, and thus, logging residues from other parts of
the stand (with higher bearing capacity) may be transported to the sensitive ar-
eas. However, not as many additional passes with the forwarder will be needed,
as in this study where all residues were transported to the plots from piles beside.

The use of logging mats was efficient in reducing deep ruts in the wet parts
of the low slope positions. In this experiment, however, logging mats were ap-
plied along the whole slopes for comparison between treatments. Driving on
logging mats in the upper parts of the slopes turned out to be a difficult job for
the operator, especially when driving in reverse uphill. The mats did not stay in
place due to the uneven microtopography, boulders and stumps. The humus layer
was scraped and mineral soil was exposed when the mats moved during driving.

Even though severe rutting can be avoided by protection measures like using
logging mats or harvest residues, the soil can still be compacted. Silty soils are
known to be particularly sensitive to soil compaction (Steber et al, 2007;
Waisterlund, 1985), which was also found in Paper I, where silt was the only
particle size class that was correlated with the degree of soil compaction. To
avoid soil compaction, the most important tool is planning, both before and dur-
ing the operation. Planning skid trails has become easier during recent years
thanks to planning aids such as depth-to-water and soil type maps that can be
used in the harvesters and forwarders (Mohtashami et al., 2017; Agren et al.,
2015). Another important step to minimize the impact of soil compaction over
the whole clearcut is to concentrate the traffic to planned routes, which has been
recommended and implemented, e.g., in Germany and Quebec, Canada (MNRQ
1994, described in Lorente et al., 2012; Horn et al., 2007; Vossbrink & Horn,
2004).
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5.4 Consequences of soil disturbances for field
vegetation, seedling establishment and growth
(Paper I, 11, IV)

5.4.1 Exceedance of thresholds for optimal seedling establishment

Restricted soil aeration 4-5 years after off-road traffic may have been a problem
in the wheel tracks during several days in the growing season (82% of the days
in site T and 29% of the days in site R, Table 3 in Paper II). Soil aeration in
relation to soil compaction has been studied in more detail by others: e.g., Friind
and Averdiek (2016) found no recovery of soil aeration (12—24 cm depth) during
the first three years after harvester and forwarder traffic on skid trails in Ger-
many. An air-filled porosity of less than 0.10 m? m= has been found to reduce
growth of both Norway spruce and Scots pine in Finland (Wall & Heiskanen,
2009; 2003).

In the sub-xeric, coarse-textured soil in Hagfors, excessive soil water was not
a problem in the topsoil (<20 cm depth), neither in the control nor in the disc-
trenched microsites, and soil temperatures were not too high for optimal seedling
growth (Table 4 in Paper IV). In general, the furrows (where the seedlings were
planted) were warmer than the control area, which may have promoted root
growth, allowing the roots to enter the nutrient rich ridges more quickly. How-
ever, the three chosen thresholds for too low temperatures (4, 5 and 8 °C) gave
somewhat different results (Paper IV). The differences in results between two
thresholds were enhanced by the higher seasonal amplitudes in the furrows and
more pronounced if the thresholds were close to the mode of the normal distri-
bution curve for the data.

After disc trenching, the number of days per season with assumed unfavour-
ably dry conditions (threshold value equalling -0.1 MPa) was highest in the con-
trol (92), followed by the soil beneath the furrows (71), the between furrows
(32), and the ridges (14) at the 20 cm reference depth (Table 4 in Paper 1V).
Thus, disc-trenching improved the soil water conditions at this dry site. Newly
planted tree seedlings have been found to have >50% lower water uptake rates
than established ones, and according to Orlander (1986), the reduction can per-
sist for more than two years after planting.

After off-road traffic, the simulations of root-zone pressure head in the wheel
tracks and in the undisturbed soil in the upper parts of the slopes at site T never
resulted in an exceeded threshold for unfavourably dry conditions for seedling
establishment (-0.10 MPa, Figure 3 in Paper II). However, in June 2017, the top
of the humus layer became this dry on one occasion. The manual test process of
tuning the model parameters and input values also indicated that the root zone
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pressure heads were more sensitive to the depth of the groundwater level than to
differences in vegetation root up-take.

The specific site conditions and vegetation type determine whether or not
field vegetation changes the soil water conditions for the seedlings. For example,
Fleming et al. (1994) found that the removal of herbaceous vegetation caused by
site preparation (including scalping) increased root zone water content down to
19 cm. Sutinen et al. (2007), on the other hand, found that transpiration by
ground and field vegetation in northern Finland did not affect soil water content,
and Nilsson and Orlander (1999) concluded that tree seedlings were not seri-
ously affected by competition for water from grass-dominated field vegetation
in southern Sweden. Self-seeded, as well as planted seedlings, benefitted from
the slow development of field vegetation at the Hagfors site (Paper IV; Rappe
George et al., 2017).

5.4.2 Other consequences of changes in soil physical properties for
plant establishment and growth

As discussed in the previous section, the lower porosity in the wheel tracks to-
gether with the higher water holding capacity (at water tensions equal to, or more
negative than, -5 kPa) compared to the undisturbed soil may be beneficial during
dry years. Soils with high porosity (in the topsoil), such as site R, may provide
improved root/soil contact, water holding capacity, thermal regimes and/or nu-
trient uptake after moderate soil compaction (Steber et al., 2007, in combination
with forest floor removal). However, at some point the compaction leads to bulk
densities in the range where the soil may be too compact for optimal root growth.
Norway spruce is found to be more sensitive to compaction than Scots pine
(Wisterlund, 1985). According to Zhao et al. (2010), bulk densities of 1.3—
1.5 g cm™ could start to impede growth of various conifer species after some
years. In Paper I, all wheel track samples, except four, were within 1.3—
1.7 g cm?3. The areas at sites R and T with BD as high as 1.6-1.7 g cm™ in the
wheel tracks were presumably too compact for optimal root growth, and this
may be one of the explanations for why some areas in the upper parts of the slope
still had bare soil in the wheel tracks 45 years after off-road traffic (Paper II).
In mid-slope positions, both planted and self-seeded seedlings seemed to get a
good start, especially in the between-tracks microsite, but this could not be de-
tected with the statistical and experimental design used in Paper II (Hansson et
al., 2019). In the lower parts of the slopes, there were also areas with bare soil
in the wheel tracks, and there, the slow establishment could be due to restricted
aeration and periodically standing water at, for example, snowmelt or high pre-
cipitation events (Paper II). As discussed above, air-filled porosity below
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0.10 m® m™3 has been found to reduce seedling growth, but it may also severely
limit microbial activity in soils (Brady & Weil, 2001). Mycorrhiza is found to
be more sensitive to soil compaction than bacteria, and with a reduction in my-
corrhizal fungi, water and nutrient uptake may be hampered (Hartmann et al.,
2012; Schnurr-Ptiiz et al., 2006).

Soil texture is always important, both for the severity and effect of intentional
or unintentional soil disturbance. After soil scarification, Heiskanen and Rikala
(1998) found that soil texture, in combination with VWC, was essential for root-
soil interactions and the success of the establishment of containerized seedlings.
The root-soil interaction of replanted seedlings develops over the first few sea-
sons, and during this time sufficient water availability is particularly important
(Orlander, 1986). During dry conditions, the risk of water and nutrient stress for
newly planted containerized seedling was higher in fine-grained than in coarse-
textured soils, according to Heiskanen and Rikala (1998), who explained this in
relation to the high penetration resistance for roots in the dry fine-grained soil.
They found no differences in root growth between the different textures during
moist conditions. Generally, the fine fraction content (particles with diameters
<0.06 mm) of the soil is an important predictor of the abiotic growing conditions
for vegetation, because for example VWC and air-filled porosity at field capacity
are closely related to the fine fraction content (Heiskanen et al., 2018).

5.4.3 Vegetation response to soil disturbances

All three study sites included in this work are low-productivity boreal sites (Ta-
ble 1) where the regeneration of trees and reestablishment of vegetation are slow
processes. As discussed above, sites R and T had areas of bare soil, especially in
the wheel tracks, four to five years after clearcutting and off-road traffic. The
reestablishment of vegetation varied between microsites with less Ericaceae and
mosses and more graminoides in the wheel tracks than in the undisturbed soil.
This pattern was also found after stump harvest (another unintentional soil dis-
turbance operation) in Fennoscandia (Andersson et al., 2017; Hyvonen et al.,
2016). Less moss cover was also detected in the between-tracks than in the un-
disturbed soil in Paper II.

In Paper 11, the total number of species was small (median 7, range 0-11) in
each 0.4 m? plot, and no differences were detected between microsites, locations
along the slopes and sites concerning the number of species present. Moreover,
no differences were detected between the number or cover of self-seeded tree
seedlings, diversity (Shannon DI), light tolerance (L), fertility (N), pH (R) or
disturbance (D) between microsites (Table 2 in Paper II). The average height of
planted seedlings was 29 c¢cm in the wheel tracks and 31 cm between tracks. The
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plots in the undisturbed area were between two rows of planted seedlings, and
thus, no planted seedlings were present in those plots (Paper I1). However, other
studies have been carried out, but not yet published, on the development and
survival of the planted seedlings at sites R and T.

In Hagfors, disc trenching provided a head start for the seedlings, measured
by seedling height, diameter, biomass and survival rate (Johansson et al., 2013).
One of the reasons for this was that the seedlings planted in the furrows were
less affected by herbivory (mammals and pine weevils) compared to the seed-
lings planted without disc trenching (Johansson et al., 2013). Similarly to sites
R and T, the field layer growth was rather slow at the Hagfors site, also in the
areas with previous nitrogen fertilization (Rappe George et al., 2017). The mod-
elling study from Hagfors by Rappe George et al. (2017) indicated that more
nitrogen was accumulated in the pine seedlings than in the field layer in the disc-
trenched areas, whereas the opposite conditions were found in the undisturbed
areas.

5.5 Environmental consequences of soil disturbances
(Paper [-1V)

As mentioned in the introduction, forestry operations may affect the surrounding
ecosystems, and the changes in soil physical properties, water and temperature
dynamics may affect element leaching and green-house gas emissions.

5.5.1 Consequences of changes in soil physical properties for element
leaching

The following three results from Paper I-1II may have implications for element
or particulate transport to nearby streams.

First, the wheel tracks themselves may channel water and eroding particles
from the exposed mineral soil to nearby streams. This will be enhanced by the
lower Ksa: (and thus infiltration capacity) in the wheel tracks. In operational for-
estry, however, the wheel tracks commonly run across the slopes, in contrast to
Paper I-III, and thus there are more possibilities for the runoff and eroded ma-
terial to infiltrate or sediment before reaching the nearest stream.

Second, the compaction of the mineral soil may promote overland flow or
lateral flow through the humus layer (if still present) in the wheel tracks. The
latter may increase the amount of dissolved organic material in small streams, if
they are hydrologically connected (Ledesma et al., 2015; Bishop et al., 2004),
as the carbon-rich water within the humus layer is transported along the wheel
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tracks instead of infiltrating at an uphill position, where the transport time to the
closest stream is years to decades (Grip & Rodhe, 2016).

Third, the higher number of days with insufficient soil aeration in the wheel
tracks can promote methylation of mercury (Hg). When this occurs close to ri-
parian areas, with short distances to streams, the methyl-Hg may reach the
stream water, where it may contribute to the accumulation of Hg in fish (EkI6f
etal.,2018; Eklof et al., 2016). The methylation may be enhanced when logging
residues are compacted and partly pressed into the soil (Blomgren, 2018). The
branches and tops in the slash mats are a source of fresh organic carbon and may
promote Hg methylation (Ek1of et al., 2016).

The soil microclimate underneath the logging residues also changes towards
a soil temperature regime with lower temperatures, less fluctuation and some-
times a higher VWC (Blomgren, 2018; Térménen et al., 2018; Ring et al., 2015;
Jansson, 1987). The use of logging residues as soil protection may also change
the nitrogen fluxes, partly because the residues are concentrated in piles instead
of being spread over the clearcut, and partly due to increased nitrogen minerali-
zation, net nitrification and NOs-N concentrations (Torménen et al., 2018; Stutz
etal., 2017). At the same time, however, logging residues diminish erosion and
sediment export to nearby streams through less mineral soil exposure (Paper I1I).
In future research, the potentially increased methylation caused by using logging
residues as soil protection needs to be compared to the possibly increased meth-
ylation in the water-filled ruts, created when no soil protection is used, together
with the increased hydrological connection between sites of Hg methylation and
streams created by the ruts.

Soil scarification may also affect element leaching, and higher nitrogen con-
centrations in the soil water below ridges or mounds than below the control have
been reported (Ring et al., 2013; Piirainen et al., 2007; Nohrstedt, 2000;
Smolander et al., 2000), which may be explained by the double amount of humus
in that microsite. Nohrstedt (2000) suggested that this may be compensated in a
larger scale by lower leakage below furrows. However, the modelling study from
the Hagfors site, based on the same soil physical properties, soil water and tem-
perature data as in Paper IV, did not find that the leaching of inorganic nitrogen
from the ridges was counteracted by lower leaching below furrows, compared to
the areas without disc trenching (Rappe George ef al., 2017). When the field
vegetation is reestablished and the tree seedlings are beginning to form a closed
stand, the nitrogen uptake by vegetation will diminish the nitrogen leaching
(Bergholm et al., 2015; Hedwall et al., 2014; Géardenis et al., 2003). The 6-year
period following planting was not long enough for this to happen at the Hagfors
site (Rappe George et al., 2017).
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5.5.2 Consequences of changes in soil physical properties for green-
house gas emissions

The changes in soil physical properties by soil compaction increases the risk of
poor gas-exchange and water logging, as discussed above. This leads to an al-
tered balance of gases in the soil and shifts the bacteria community towards those
adopted to low oxygen concentrations, for example methanogens and denitrifiers
(Frey et al., 2011; Frey, 2010; Schnurr-Ptiiz et al., 2006; Teepe ef al., 2004). If
a new soil layer is created by the slipping of wheels (with a mix of humus and
mineral soil), it may further reduce gas-exchange between the soil and atmos-
phere, resulting in increased anaerobic conditions (Teepe et al., 2004). After off-
road traffic, methane consumption has been found to decrease in the wheel tracks
and thus, well-aerated forest soils may turn into net methane sources (Stromgren
et al., 2016; Frey et al., 2011). Two passes with a 16 Mg forwarder in a Beech
forest in Germany, were enough to cause a 40-fold increase in nitrous oxide
emission from the wheel tracks (Teepe et al., 2004). However, if traffic is con-
centrated to planned tracks, the cumulative effect of the increased green-house
gas emissions to the atmosphere is small, if total emissions are considered
(Teepe et al., 2004). In central Sweden, Stromgren et al. (2016) did not find
increased nitrous oxide emissions from wheel tracks at mesic sites (C/N-ratios
14-20). On drained organic soils, however, the risk of nitrous oxide emissions is
probably higher (Ernfors et al., 2007).

Changes in soil temperature and water content dynamics may explain the
variation in carbon dioxide efflux from the soil after off-road traffic (Goutal et
al., 2012b; Fleming et al., 2006). In addition, the destruction of pore continuity
by soil compaction, obvious in Paper I, may lead to an accumulation of carbon
dioxide in the soil through the reduced gas-exchange. Carbon dioxide concen-
tration is suggested as a better indicator of soil damage than both bulk density
and penetrometer resistance — when studying soils with initially elevated com-
paction levels (Ampoorter et al., 2010). The increased anaerobic conditions in
the wheel tracks reduces the decomposition of organic material, and very low
carbon dioxide emissions have been measured (Stromgren et al., 2017), despite
the high concentration within the soil.

Increased soil temperature and more optimal soil water conditions for micro-
organisms may potentially increase green-house gas emissions after soil scarifi-
cation (Fleming et al., 2006; Johansson, 1994). However, only small or no dif-
ferences in carbon dioxide efflux among different soil scarification treatments
and undisturbed soil have been noted (Stromgren et al., 2017; Mjofors et al.,
2015; Stromgren & Mjofors, 2012). The long-term effect of soil scarification on
tree growth may even decrease total carbon dioxide emissions due to a higher
proportion of carbon allocated to the standing biomass (Mjofors et al., 2017).
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6 Other experiences gained through the
PhD project

This PhD project has included many different methods and measuring tech-
niques. In the following sections, I will discuss some of the pros and cons of
these techniques and summarize what I have learned by using them.

6.1 Image analysis versus traditional soil physical
analyses in the laboratory (Paper I)

In Paper I, two methods were used and compared for estimating the physical
properties of soil samples: soil physical analyses in the laboratory and X-ray
image analysis. The two methods showed good agreement when it came to struc-
tural porosity (Figure 8 and Table 3 in Paper I). The good agreement for pores
>60 um (R?: 0.70) and >150 um (R?: 0.83, Figure 8, Paper 1) suggests that the
image analysis approach used in Paper I was sufficient for the types of soil sam-
ples used in that study. The logarithmically transformed K. (measured in the
laboratory) had significant linear relationships with the following variables de-
rived from the image analyses (in order of significance): porosity, Euler charac-
teristics, total number of pores clusters, and pore cluster orientation, but not for
any of the pore thickness variables (Table 3 in Paper I). The relationships with
Ksae and image analysis derived variables have been tested by others, e.g.,
Anderson (2014) who found that the number of pore clusters was the best pre-
dictor of Kt (R?=0.69). In Paper I, the relationship with numbers of pores (>14
voxels) was significant, but with a lower R? (0.29). One difference between Pa-
per I and the study by Anderson (2014) is that the smallest pores included in the
analysis were 60 um and 200 pum in the two studies, respectively. This implies
that there is a threshold diameter for the pores at which they become more im-
portant for predicting K, as the larger pores channel most of the water.
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There are advantages and disadvantages associated with both the laboratory
and the image analysis methods as regards analysing soil samples. The labora-
tory method requires a soil physics lab with suction plates, etc., and the image
analysis method requires an X-ray scanner with sufficient resolution and power-
ful computers. The cost of acquiring the VWC at five tension steps and Ka, is
at the moment ca. 1,000 SEK/sample at the soil physical laboratory at the Swe-
dish University of Agricultural Sciences, Uppsala. The time required for X-ray
scanning is ca. one hour per sample and the cost of using the X-ray scanner is
7,500 SEK/day at the moment (for an employee at the department). The image
analysis of one single sample may take weeks to months. However, once an au-
tomatized routine is set up, the steps can proceed much quicker, and maybe 2—
3 h are needed from the image reconstruction to the feature extraction (where
the data are acquired and analyses of the results can begin), depending on com-
putation power, reading and saving times, etc. The total cost for acquiring ana-
lyse-ready data from the X-ray tomography will thus be higher than the tradi-
tional soil physical analyses in the laboratory.

The final choice between the two methods depends on which results are most
desirable. Using image analysis, one can explain why some of the samples have
different properties than others, for example as in Figure 9, where there was no
clue from the outside that the whole cylinder was filled by one big stone. On the
other hand, this was evident when doing the “loss on ignition” on the whole
sample (Figure 9). Other differences in soil structure are not as easily detected

g )

Figure 9. One of the three samples collected in the wheel track at site R, fop3. Bulk density
1.73 g cm™. The stone was not visible from the top or the bottom of the cylinder and the field
note from the sampling point states: Very easy sampling, like butter. The image to the left is one
of the centre slices of the X-ray scanned cylinder. The photo to the right is of all soil material
within the same cylinder before “loss on ignition”.
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by destroying the sample, and the image analyses can also indicate how the sam-
pling itself effects the structure of the sample (Pires et al., 2004). With image
analysis, Ksa of the centre of the sample can be estimated (Koestel et al., 2018),
even though there is a gap between the cylinder wall and the soil. In the labora-
tory, this gap would give an erroneously high K... With image analysis, it is also
possible to analyse samples in other shapes than traditional cylinders: aggregates
can be scanned directly without a container. However, there are many disad-
vantages as well, such as beam hardening artefacts and other artefacts caused by
the different minerals in the soil and the difficulty of classifying partly decom-
posed roots as either pores or solid material. In stone-free soils, plastic or alu-
minium cylinders are preferable to steel, as they cause fewer artefacts. In Paper
I, however, steel was needed for the sampling in the stone-rich soil. The ad-
vantage of traditional, laboratory soil physical analyses is that many analyses
can be performed on the same samples at a low additional cost. To truly under-
stand the studied soil and its properties, combining the two methods is optimal.

To conclude, the soil physical property results from the two methods were in
good agreement, and choice of the most suitable method depends on objectives,
soil type and resources.

6.2 Sensor installation and calibration (Paper I, 1V)

Here follows a short evaluation of the methods used for sensor installation and
calibration, both in the field and the laboratory as well as a summary of what I
have learnt by testing the different approaches.

6.2.1 Sensor installation

In Hagfors (Paper IV), the sensors were installed in 2006 at 20 and 45 cm depth
below the original surface of the mineral soil to capture the dynamics in the root
zone and the soil below. The 45-cm depth was also chosen as lysimeters (used
in other studies) were placed at this depth in the experimental plots of the clear-
cut. It was important that the sensors were placed at a presumably equal distance
from the groundwater level. However, if the sensors had been placed with the
only objective to evaluate the soil microclimate for plants, a set-up as in Figure
10 would have been preferable. The advantage of the suggested set-up in Figure
10, from a planting spot perspective, is that all microsites could be compared
both at 10 and 20 cm depth from the new ground surface (atmospheric interface).
In addition, all microsites could be compared at a reference depth of 20 cm (from
the original soil surface before disc trenching), which would be at the same dis-
tance from the groundwater level, and probably would have similar original bulk
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Figure 10. Alternative sensor installation in Paper IV, to improve comparisons of the mi-
crosites from a seedling perspective.

density. For all microsites except the furrows, this comparison would also be
possible at a reference depth of 10 cm. Additional sensors in the ridges, 10 cm
from the ground surface, would be located above the original humus layer,
within the mixture of humus and mineral soil (brown in Figure 1). In that way,
the ridges would also be possible to evaluate as planting spots, which was be-
yond the scope of Paper IV, where only the furrows and the control were evalu-
ated as microsites for planting. However, for the experimental set-up used here,
the 45-cm sensors were also needed for modelling purposes, as in Rappe George
et al. (2017) and the total number of sensors is limited by project budgets, and
trade-offs have to be made.

Another improvement of the experimental design would have been to have a
control area, without disc trenching, in the other end of the transect, allowing
installation of sensors in the control microsites farther apart from each other,
which would have been preferable from a statistical standpoint.

A long and deep ditch, dug to install the sensors, can be problematic from a
hydrological perspective, especially if the groundwater level is shallower than
the ditch. In Hagfors, the groundwater level was deeper than 1 m most of the
time, and the ditch was ca. 70 cm deep before refilling. It should be noted that
the sensors were underneath the undisturbed soil, as they were pushed 30 cm
into the undisturbed wall. The advantages of this installation method are that the
sensors can be installed horizontally with ease (depending on the stone content
of the soil) and that the cables will be buried in the soil and protected from ro-
dents and other animals who like to nibble on them.

At sites R and T (Paper II), it was not possible to dig ditches, and vertical
sensor installation was chosen. The sensors were pushed into the ground from
the surface of the humus layer. In this way, the hydrology was minimally dis-
turbed and the sampling points could be chosen more freely, with only the length
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of the cables as constraints. However, there were other problems: the cables laid
on the ground, covered with tarpaulin, as protection for rodents. This was very
time consuming, but effective, as none of the cables broke during the 1.5 years
in the field. However, during snow-melt, a couple of sensors in the silt rich lower
part of site T were frost heaved, and in the end of the second season, one or two
of the sensors were partly pulled out by passing mammals (elk or bear). Another
disadvantage of the vertical installation from the top of the humus layer is that
the depth of the humus layer may vary between the microsites and thus influence
the water content differently. Calibration of the sensors was performed on min-
eral soil, but the signal of the TDRs spreads differently in the humus layer
(Pumpanen & Ilvesniemi, 2005; Schaap et al., 1997). An installation from the
top of the mineral soil could prevent the various impacts of the organic layer.
However, this would mean more disturbances of the microsites, especially at
stony sites where it takes several tries before a point is found where the complete
rod length can be inserted. The humus layer cannot be removed after the instal-
lation point is found: once inserted to full length, the TDR cannot be removed
and installed again at the same place without causing gaps of air close to the
TDR rods, with underestimation of the VWC as a consequence.

6.2.2 Sensor calibration

Three types of sensor calibration were tested for the permanent TDRs in this
work. In Hagfors (Paper 1V), the standard quadratic calibration was used with
temperature correction of the time signal, which is described in the manual
(Campbell Scientific, 2016) and valid for soils with bulk densities less than
1.55 g cm™, and VWC 0-0.50 m® m™. The temperature correction is tested for
temperatures of 10-40 °C. However, according to Campbell (Nigel Wills, Senior
Technical Support Engineer, 2018-01-16), the same correction can be used down
to 4 °C. Below 4 °C, the results of TDRs are not reliable. The advantage of this
method is that the manufacturer has systematically tested it on many soils and
conditions.

In Hagfors, a site-specific calibration was also tested, described in Paper IV,
Appendix B. There, the VWC of the soil physical samples collected in 2011 (at
the end of the experiment) that were sampled close (less than 5 cm horizontally
and 3 cm vertically, n=12) to a TDR were compared with the VWC based on the
standard calibration of the time signal of the TDRs. It seemed as if the Campbell
function underestimated the VWC compared to the water content of the soil sam-
ples. Thus, we also tested a calibration based on the regression between the
VWC from the soil samples and the VWC measured by the TDRs (see Figure
B.1 in Appendix B of Paper IV). The soil sampling in 2011 aimed at describing
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the soil physical properties in the different soil layers and microsites. If the only
purpose had been sensor calibration, however, all samples would have been
taken more closely to the rods of the TDRs. An improvement would be to take
additional samples around the TDR rods that would only be used for analysing
VWC (and still sample the other depths for all soil physical properties). In any
event, | prefer a general calibration of all the sensors together (based on all col-
lected soil samples) to calibrating each sensor separately. My reasons for this
are: the TDRs are very exact (precision and resolution <0.1%) and the between-
sensor difference in the same medium at the same VWC is between £ 0.5-1.5%,
depending on the water content (Campbell Scientific, 2016). The uncertainty in
the soil sampling is not negligible: partial compaction around the cylinder walls
occurs, and cutting the cylinders straight at the top and bottom is difficult, espe-
cially when there is a high rock fragment content. This influences the calculated
BD of the sample and, thus, the calculated VWC from the gravimetrically de-
rived water content. However, with a regression of all sensors and water contents
around them, the uncertainty in the soil sampling will be less important, as the
bulk density can be both over- and underestimated.

The third, most thorough, calibration method (Paper II) was carried out in the
laboratory with mixed soil from two pits at each site and following the calibra-
tion guide given in the manual (Campbell Scientific, 2016). This method was
necessary, as half of the TDRs were shortened to 15 cm, which completely alters
the time signal and the standard calibration is not valid. The importance of being
very exact when cutting the soil at the tops and the bottoms of the cylinder sam-
ples cannot be stressed enough, something also pointed out by Pumpanen and
Ilvesniemi (2005), who stated that an accurate determination of sample volume
was the main source of variation in the calibration. The greatest disadvantage of
performing a calibration in the laboratory, compared to a field-based calibration,
is that the soil structure is not the same as in the field, and thus a silty soil will
“slack” (float out) with an increasing water content, rendering a higher bulk den-
sity. In the field, the roots and the structure of the dead organic material probably
partly prevents this slacking. In the laboratory, it was not possible to keep the
dry bulk density in the silty soil below 1.5 g cm™ if the VWC was raised above
0.3 cm® em™, which adds uncertainty to the calibration at higher water contents,
as the bulk densities in the field are not this high in the undisturbed soil.

To conclude, when there are no time or budget constraints, a calibration in
the laboratory could be combined with extensive soil sampling (for only VWC,
derived gravimetrically) around the TDR rods at the time of demounting of sen-
SOrS.
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7 Summary of main results and
conclusions

The findings relevant to the aims and objectives of this thesis are summarized

below:

Off-road traffic and soil scarification affected the soil, its water content and
temperature, which has implications for field vegetation, seedling establishment
and the surrounding ecosystems.

» The soil physical properties in the top mineral soil were affected by off-road
traffic, also in recharge areas on stony till soils. These changes may especially
affect soil aeration caused by the decrease in total porosity (reduced air-filled
pore space), increased water holding capacity (longer periods with high water
content), and decreased pore connectivity (decreased oxygen diffusion and
mass flow).

» Soil temperatures were affected by both off-road driving and soil scarifica-
tion. Four to five years after off-road traffic, the soil temperatures between
and in the wheel tracks were higher than in the undisturbed soil in the lower
parts of the slopes. No significant differences were found in the upper parts
of the slopes, where the wheel track depth was small. Disc trenching gener-
ally increased the mean soil temperature at the reference depth of 20 cm,
especially in the furrows, which were warmer during most of the growing
season, and the warming lasted at least six growing seasons.

The soil water content was also affected by the forestry operations studied
here. The VWC was generally highest in the wheel tracks and lowest between
them. The model simulations indicated that the VWC results in the wheel
tracks could partly be explained by the altered soil hydraulic properties.
However, the average pressure heads in the root zone were similar between
wheel tracks and the undisturbed soil in the upper parts of the slopes, and
differences were only apparent during dry periods. After disc trenching, the
differences in VWC were generally small between microsites at the reference
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depth of 20 cm. The VWC values in the furrows were similar to the control
during the first three years, but improved (i.e., increased) in the end of the
study period.

Both logging residues and logging mats were efficient in preventing deep ruts
during off-road traffic. The logging residues also reduced the area of bare
mineral soil, whereas the logging mats tended to scrape the soil uphill. How-
ever, in operational forestry logging mats are not used in the upper parts of
the slopes. Planning of the skid trails is an important tool to minimize the
extent and effect of soil disturbances caused by off-road traffic.

The field vegetation was affected by off-road traffic, 4-5 years after the treat-
ment, with less Ericaceae and mosses and more species with grass-like mor-
phology in the wheel tracks than in the undisturbed soil.

The growth conditions in the wheel tracks after off-road traffic in the

lower parts of the slopes were not optimal, due to the high number of days
during the growing season when aeration may have been restricted by a high
VWC. In the upper parts of the slopes, the soil compaction was within a range
where seedling growth could be affected, and these parts still had areas with
bare soil 4-5 years after off-road traffic, mainly in the wheel tracks. After
disc trenching, the root growth conditions for planted seedlings were gener-
ally improved in the furrows compared to the control at the Hagfors site, and
thus, the roots could reach adjacent microsites more quickly, where the nu-
trient and water conditions were even better.
After off-road traffic, the lower saturated hydraulic conductivity in the wheel
tracks may increase the risk of surface runoff and element leaching. Bare
mineral soil increases the risk of sediment loads to nearby streams but the
risk is reduced by driving on logging residues. The changed soil physical
properties leading to insufficient aeration may also increase the risk of green-
house gas emissions, especially methane.



8 Recommendations and future research

To estimate how a certain forestry operation will affect the soil and its ecosystem
services, one has to know something about the inherent soil properties at the site,
as these will determine the effect and extent of the soil disturbances. Moist and
silt-rich soils should always be treated with caution, as they are easily disturbed
by forestry operations. A very dense and compact soil will not have a high in-
crease in BD by off-road traffic, but, depending on the initial compaction level,
the additional increase can still be adverse for plants (Page-Dumroese et al.,
2006). A dry and loose soil can improve at medium compaction levels, as the
water retention during dry periods improves, whereas a moist fine-grained soil
can be too wet (too little oxygen available). However, intermediate soil compac-
tion may promote regeneration, and the rutting in some parts of the slopes may
act as a thorough soil scarification. As pointed out by previous research, severe
soil compaction should be avoided or minimized to avoid impaired regeneration.
It is important not to exceed the compaction levels where root penetration is
reduced or inhibited, or to reach compaction levels where the air-filled porosity
often falls below 0.10 m® m=. This is especially important on naturally acid pod-
zols in the boreal region, where root and mycorrhizal growth is a key factor for
soil structure recovery, as worms and other soil mixing fauna may not thrive,
and an early and thick snow cover may inhibit soil frost, thus inhibiting extensive
structural changes caused by frost heaving. However, about 12-30% of a clear-
cut is normally affected by off-road traffic (Mohtashami et al., 2017; Eliasson,
2005; Brais, 2001), and for the future stand, reduced soil aeration in some parts
may be of little concern, especially if soil scarification is carried out. However,
more studies are needed on the loosening effect of soil scarification on soils that
are compacted by off-road traffic and on how tree growth is affected both in the
short term (including establishment of seedlings) and long term (over the rota-
tion period).

Off-road traffic on forest soils occurs under all kinds of soil water conditions,
as there is a year-round demand for fresh wood from the industry. To transport
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timber over forest soils and at the same time minimize the soil disturbances
caused by traffic, careful planning of the skid trail system is needed, both before
the operation and in the forwarder. Logging mats can preferably be used in the
lower parts of the slopes and in riparian areas to reduce rutting and wheel tracks
that frequently will be ponded. The use of logging residues close to streams
needs to be studied more, as these could be potential hotspots for methyl mercury
production, especially when the residues are compacted by traffic. However,
logging residues are suitable for soil protection at a distance to the streams,
where the potential methyl mercury production will not be directly transported
to a stream. More research is needed to evaluate the consequences of driving on
logging residues in riparian areas compared to using no soil protection, with deep
ruts as a result, and to evaluate what method will most affect the methyl mercury
levels of soil and stream water.

Inherent soil physical properties, especially soil texture, are also important
when choosing soil scarification method and the microsite for planting. Gener-
ally, soil scarification aims to increase the soil water availability on dry soils and
decrease the soil water content and increase the temperature on wet and cold
sites. In the boreal, sub-xeric Hagfors site, the furrows were suitable planting
spots, and planting in furrows could be recommended on other forest clearcuts
with field layers dominated by Vaccinium vitis-idaea. However, at sites with wet
or mesic, fine-textured soils, more elevated plantings spots would be preferable.
To fully benefit from the improved soil temperature conditions in the furrows,
planting soon after disc trenching is recommended. This is also beneficial from
a species competition perspective, especially at sites where the field vegetation
reestablishes quickly and will help diminish nitrogen leaching because the plants
are more quickly established.

Solutions for promoting profitable forestry and at the same time diminishing
the environmental consequences of forestry operations are continuously devel-
oping, and the new methods needs to be evaluated from both productivity and
conservation perspectives.
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Skogsbruksatgarders inverkan pa markens
fysikaliska egenskaper, vatten- och
temperaturdynamik

Fysikaliska markstorningar dr en del av ett produktivt skogsbruk och gors bade avsiktligt,
t. ex. markberedning, och oavsiktligt i form av t. ex. markpackning och koérskador vid
terrdngtransport och annan korning i samband med skogsbruksatgirder. Alla storningar
fordndrar marken, och dédrmed kan @ven dess vatten- och temperaturdynamik &ndras, med
konsekvenser bade for skogsproduktion och miljo.

Syftet med denna avhandling var att sammanfatta hur skogsbruksétgarder (hér ter-
rangtransport och markberedning) paverkar marken, dess vatten- och temperaturdynamik
samt vilka konsekvenser det kan f4 for t. ex. plantetablering, féltvegetation och de omgi-
vande ekosystemen. Avhandlingen bygger pé fyra studier, tre om korskador pa tva hyg-
gen i Visterbotten och tvd om markberedning (harvning) pa ett hygge i Varmland. Me-
toderna som anvéndes var markfysikaliska analyser, rontgenskanning, bild- och labora-
torieanalyser, faltmétningar av marktemperatur och vattenhalt, vegetationsinventering,
utvirdering av abiotiska vaxtforhallanden och slutligen hydrologisk modellering.

De mest anmarkningsvérda resultaten var att kdrningen orsakade markpackning dven
pa grova jordar i instromningsomraden, vilket sérskilt pdverkade den hydrauliska kon-
duktiviteten som reducerades med 70 %. Markpackning kan leda till langre perioder med
hog vattenhalt, 6kad risk for ytavrinning och otillrdcklig luftning av véxtrétterna. Fem ar
efter korning var vattenhalten hogre i korspéren, vilket bekraftades av artsammansétt-
ningen dér. Modellsimuleringar med Hydrus-1D visade hur forédndringarna i markens
hydrologiska egenskaper paverkade vattenhaltsdynamiken. Otillracklig luftning var van-
ligare i hjulspér och kunde forklara varfor det fortfarande fanns flickar av bar mark i de
nedre delarna av sluttningarna. Anvéndandet av stockmattor och grot (grenar och toppar)
forhindrade djupa korspér, trots att det krdvdes ytterligare korningar for att ldgga ut (och
ta bort) dem. Groten pressades dock in i marken, vilket kan ha resulterat i markpackning
och dven en forhojd risk for dmnesutlakning under groten. Sammanfattningsvis bér man
vara noga nédr man planerar skogsbruksatgirder ocksé pé grova steniga marker, eftersom
det Oversta markskiktet, dir majoriteten av alla rotter finns, &ndd kan vara kénsligt for
markpackning.

Efter markberedning var marktemperaturen under vixtsdsongen hogre i firorna én i
mark som inte var markberedd och temperatureffekten varade i minst sex ar men mins-
kade over tiden. Ingen mikromiljé hade tillrackligt hog vattenhalt for att hindra mark-
luftningen efter markberedning. Sammanfattningsvis var mikroklimatet i farorna lamp-
ligt for plantering pé det relativt torra hygget i Varmland.
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Impacts of large mammals on forest research equipment
Ursus arctos or Alces alces?

The logger stain at régalidsberget before and after impact of a large mammal.
Left photo: Linnea Hansson (2017-05-28).
Right photo: Mikael Andersson (Skogforsk, 2018-10-10).
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