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*  Mechanical site preparation is carried out on large areas, but limited research on its environ-
mental impact has been undertaken.

» It affects nitrogen and carbon cycling over the first few years, and has a minor initial impact
on CO,, CH4 and N,O fluxes.

» Itincreases tree carbon stores and possibly ecosystem carbon stores.

* Reducing its soil disturbance intensity is warranted.

Mechanical site preparation (MSP) is deliberate soil disturbance which is undertaken to improve the
conditions for forest regeneration. Disc trenching and mounding are the dominant MSP practices
currently used in Sweden and Finland. In this paper, the impacts of MSP on the soil, water qual-
ity, greenhouse gas (GHG) emissions and ground vegetation of mineral soil sites in Sweden and
Finland are reviewed. The practices considered are patch scarification, mounding, inverting, disc
trenching, and ploughing, which together represent a wide range of soil disturbance intensity. The
environmental effects of MSP in this region have not been studied extensively. The environmental
impact of MSP derives from the process of creating microsites which involves horizontal and/or
vertical redistribution of soil and soil mixing. This typically affects decomposition, element circula-
tion and leaching, vegetation coverage and uptake of nutrients and water, and possibly erosion and
sediment exports. Following disc trenching or mounding the effects on GHG emissions appear to
be minor over the first two years. For a few years after disc trenching concentrations in soil water
collected below ridges are higher than that below furrows for some elements (e.g., NO3~, NH4*,
Mg?*, and total or dissolved organic C). The physical and chemical effects of ploughing remain
detectable for several decades. There is little evidence about how the effects of forestry activities
in upland areas on soil-water chemistry are transferred to adjacent surface water bodies, includ-
ing what role streamside discharge areas play. MSP increases the tree biomass C store and may
increase the total ecosystem C store. The impact of MSP on the cover and abundance of ground
vegetation species depends on the composition of the original plant community, MSP intensity,
and the establishment rate of different species. Species cover generally seems to decline for late
succession understory species, while pioneer and ruderal species can benefit from the microsites
created. Areas containing lichens which are used for reindeer forage require special consideration.
More research is needed on the environmental effects of MSP, particularly regarding its long-term
effects. Further efforts should be made to develop efficient site-preparation practices which better
balance the disturbance intensity with what is needed for successful regeneration.
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1 Introduction

Mechanical site preparation (MSP) is a common practice undertaken during forest regeneration,
usually during snow-free conditions without soil frost, to improve its outcomes by providing
favourable planting spots for planted seedlings and good conditions for sown and naturally regen-
erated seedlings to emerge. During the 2010s, roughly 140000 ha and 100000 ha of forest land
were subjected to MSP annually, in Sweden and Finland, respectively (Fig. 1). Various types of
machinery are used to execute MSP. Usually, a patch scarifier, mounder, or disc trencher is attached
to a continuously advancing base machine. Excavators equipped with different types of buckets
are also used to create mounds or invert the soil.
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Fig. 1. Annual area subjected to various forms of mechanical site preparation in Sweden (top) and Finland
(bottom). The data for Sweden are 5-year moving averages plotted against the middle year of each 5-year
period, hence, the first and last data points represent 1999-2003 and 20162020, respectively. For Finland, an-
nual areas for the period 2001 to 2021 are presented. The data were provided by the Swedish National Forest
Inventory (2022) and Luke Statistics database (http://statdb.luke.fi/PXWeb/pxweb/en/LUKE/LUKE  04%20
Metsa_ 06%20Metsavarat/, accessed on 13 December 2022). “Patch scarif.” refers to patch scarification.
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Patch scarification is mainly used on dry sites with fairly low fertility or on stony sites where
other MSP practices cannot be performed; mounding is generally practiced on mesic to moist sites,
where elevated planting spots are beneficial for seedling survival; soil inversion (henceforth also
referred to as inverting) can be used on most sites, except where soils are very dry (to avoid cutting
off capillary water supply) or very moist (where elevated planting spots are needed); disc trenching
can be used on all types of mineral soils, including stony sites, but is unsuitable for moist sites;
and ploughing has mainly been used on moist soils with low nutrient availability (often caused by
low soil temperatures) (Sikstrdm et al. 2020). Ploughing is prohibited in Sweden (Swedish Forest
Agency 2022) but is performed on a small proportion of the total area prepared in Finland (https://
statdb.luke.fi/PXWeb/pxweb/sv/LUKE/). The Finnish FSC standard restricts the maximum plough
depth to 25 cm (FSC-STD-FIN-(Ver1-1)-2006 Finland natural forests EN, https://fi.fsc.org/en/
node/28015, accessed on 14 June, 2023). Over the last decade, the most common MSP practices
by area in Sweden and Finland are disc trenching and mounding, respectively (Fig. 1).

For planted conifer seedlings, MSP generally increases survival rates by 15-20 percent units
and the height 10-15 years after planting by 10-25%, compared with non-prepared sites (Sikstrom
et al. 2020). In the longer term, i.e., after about 30 years, the relative difference in stem volume
can be even greater (+20-50%) (Hjelm et al. 2019). MSP promotes the emergence and establish-
ment of seedlings from seeding and natural regeneration (Lehto 1956; Hagner 1962; Skoklefald
1995; Wennstrom et al. 1999). However, with natural regeneration the timing between MSP and
arich seed fall can be crucial to the emergence of a sufficient number of seedlings (Karlsson and
Orlander 2000).

The basic principle of MSP is to remove the organic top-soil layer and expose bare mineral
soil, or to create a mixture of organic matter and mineral soil. Regeneration is often more success-
ful on elevated spots. As summarised in the review by Sikstrom et al. (2020), bare mineral soil is
generally more favourable for seedling survival than an organic top soil layer, and often the same
is true for initial growth, due to higher soil temperature, more stable soil moisture conditions,
less vegetation competition, reduced risk of frost damage, and, in areas with occurrence of pine
weevil (Hylobius abietis L.), significantly less feeding on seedlings by this beetle. An admixture
of organic matter can be beneficial for growth, particularly for some tree species such as Norway
spruce (Picea abies (L.) Karst.) (Nilsson et al. 2019). MSP also affects the soil structure by loos-
ening the soil, which can improve root growth (Orlander et al. 1990), and mixing organic matter
with mineral soil can stimulate mineralisation and nutrient availability for seedlings (McMinn
1985; Nordborg et al. 2003).

MSP affects several of the physical, chemical, and biological properties of, and processes
in, the upper soil. This review provides an overview of the environmental impacts of MSP under-
taken during forest regeneration on mineral soil sites in Sweden and Finland. The topics reviewed
encompass physical soil disturbance, nitrogen (N), carbon (C), greenhouse gas (GHG) emissions,
other chemical variables, and ground vegetation. The aim was to cover a broad spectrum of envi-
ronmental impacts in a relatively well-defined context. Thus, focus is on Sweden and Finland
with many similarities regarding climate, forest types, ground vegetation species, soils, and forest
management. Furthermore, MSP is a common measure, performed using the same practices, in
both countries. The MSP practices covered are mainly patch scarification, mounding, inverting,
disc trenching, and ploughing. Gaps in knowledge are identified, and suggestions on how to reduce
undesirable impacts are presented.
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2 Materials and methods

A search for peer-reviewed scientific articles on MSP was performed on 9 December 2022 in the
databases Web of Science Core Collection, CABI: CAB Abstracts, Scopus, and GreenFILE. Three
blocks of search terms were combined to identify articles dealing with relevant 1) MSP practices,
2) forests, and 3) vegetation zones (using the Boolean operator “OR” within blocks and “AND”
among blocks). For MSP practices, the search terms used were site prep* (* meaning truncation),
soil scarif*, patch scarif*, patching*, disc trench*, scalping, plough*, and harrow*. For forests,
the search terms were forest®, forest regen®, clearcut®, harvest®, cutblock® and logging site*,
and for vegetation zones the terms boreal, hemi boreal, and temperate were used. Alternate spell-
ings of these words were included where appropriate. These terms were searched for in the title,
abstract, or keywords and no limitation on the publication year was applied. In addition, searches
were performed using Google Scholar and articles were obtained from the authors’ own literature
collections, citations, and reference lists. The articles selected from these searches described the
environmental effects of MSP in conifer-dominated forests on mineral soil sites in Sweden and
Finland, based on studies which generally included a harvested area subject to MSP treatment and
a non-prepared control.

The microsites created by MSP are referred to as “patch” (patch scarification), “mound”
(mounding), and “inverted patch” (inverting) for patch-based practices, and the continuous lines
created by disc trenching are referred to as “furrows” and “ridges”, with soil from the furrows form-
ing adjacent ridges. The corresponding terms for ploughing are “trenches” and “tilts”, respectively.

3 Studies performed in Sweden and Finland

In total, 44 articles on the environmental impacts of MSP in Sweden and Finland were reviewed
(Table 1), reporting investigations performed at 51 sites and findings from synoptic field studies
(Fig. 2). Some of the sites were used to study multiple environmental factors, most notably, Kan-
gasvaara (Mannerkoski et al. 2005; Palviainen et al. 2007; Piirainen et al. 2007, 2009, 2015), and
Karkkila (K1) and Kuorevesi (K2) (Tanskanen and Ilvesniemi 2004, 2007; Tanskanen et al. 2004;
Lindroos et al. 2016; Lindroos and Ilvesniemi 2023) in Finland, and Hagfors (Johansson et al.
2013; Ring et al. 2013; Rappe George et al. 2017) and Billingsjon (Ring 1996; Nohrstedt 2000;
Ring et al. 2018) in Sweden.

The environmental impacts of MSP on N, C and/or biomass, GHG emission, and other
chemical variables were investigated at 28, 22, 18, and 24 sites, respectively. For N, C and/or
biomass, and other chemical variables, these impacts encompassed any type of effect, for example
on decomposition, soil-water and soil chemistry, and biomass store. Effects on the cover and/or
composition of ground vegetation were studied at five sites and in three synoptic surveys. Disc
trenching and ploughing have been studied most frequently (Table 1). Studies of the disturbed
surface area proportion by different MSP practice were not included in Table 1, as a comprehensive
compilation of these has already been presented by Sikstrom et al. (2020).

Some paired catchment studies, which investigate sites subject to clearcutting followed by
MSP and, sometimes, subsequent drainage, have been undertaken in Sweden and Finland (Ahti-
ainen 1992; Rosén et al. 1996; Ahtiainen and Huttunen 1999; Porvari et al. 2003; Schelker et al.
2012; Eklof et al. 2014; Palviainen et al. 2014). These studies show mainly the combined effect of
clearcutting and MSP, and generally offer limited scope to conclusively isolate the impact of MSP,
due to the interdependence between forestry measures performed within a short window of time
and difficulties in separating the impact of MSP from those related to factors such as post-harvest



Silva Fennica vol. 58 no. 1 article id 23056 - Ring et al. - Environmental impact of mechanical site preparation...

Table 1. Articles and number of articles reporting impacts of mechanical site preparation (MSP) on various environmen-
tal variables, based on studies performed in Sweden and Finland, sorted by MSP practice. The MSP practice “Other”
refers to MSP performed experimentally by hand or excavator, or by the MSP practice HuMinMix (see section 9).

Environmen- MSP

tal variable  practice
Patch Mounding Inverting Disc trenching Ploughing Other
scarification
Nitrogen! 2 4 1 10 5 7
(Nordborg  (Johansson (Smolander  (Johansson 1994, (Johansson 1994;  (Ring 1996;
etal. 2006; 1994; Smo-  and Heis- Lundmark-Thelin and  Kubin 1995, 1998; Orlander
Egnell et lander etal.  kanen 2007) Johansson 1997; Man- Tanskanen and et al. 1996;
al. 2015) 2000; Smo- nerkoski et al. 2005; Ilvesniemi 2004;  Nohrstedt
lander and Palviainen et al. 2007;  Sutinen et al. 2000; Nord-
Heiskanen Piirainen et al. 2007;  2019) borg et al.
2007; Niemi- Johansson et al. 2013; 2006; Egnell
nen et al. Nérhi et al. 2013; Ring et al. 2015;
2012) et al. 2013; Piirainen Mjoéfors et al.
et al. 2015; Rappe 2015; Ring et
George et al. 2017) al. 2018)
Carbon 2 4 1 10 6 4
and/or
biomass!
(Nordborg  (Johansson (Smolander  (Johansson 1994; (Johansson 1994;  (Orlander
etal. 2006; 1994; Smo-  and Heis- Lundmark-Thelin and  Tanskanen and etal. 1996;
Egnell et lander etal.  kanen 2007) Johansson 1997; Man- Ilvesniemi 2004;  Nordborg et al.
al. 2015) 2000; Smo- nerkoski et al. 2005; Tanskanen et al. 2006; Egnell
lander and Palviainen et al. 2007; 2004; Tanskanen et al. 2015;
Heiskanen Piirainen et al. 2007; and Ilvesniemi Mjofors et al.
2007; Mjo- Johansson et al. 2013;  2007; Mjofors et  2015)
fors et al. Nérhi et al. 2013; Ring al. 2017; Sutinen
2017) et al. 2013; Piirainen et et al. 2019)
al. 2015; Mjofors et al.
2017)
GHG 2 2 0 3 0 2
emission
(Stromgren  (Stromgren (Stromgren and M;j6- (Pumpanen
and Mjo- etal. 2012, fors 2012; Strémgren et al. 2004;
fors 2012;  2016) et al. 2016, 2017) Mjoéfors et al.
Stromgren 2015)
etal. 2017)
Other 0 4 1 9 9 1
chemical
variables?
(Johans- (Smolander  (Johansson 1994; (Johansson 1994;  (Orlander et al.
son 1994; and Heis- Lundmark-Thelin and  Kubin 1995; 1996)
Smolander kanen 2007) Johansson 1997; Man- Tanskanen and
et al. 2000; nerkoski et al. 2005; Ilvesniemi 2004;
Smolander Palviainen et al. 2007; Tanskanen et al.
and Heis- Piirainen et al. 2007, 2004; Sutinen et
kanen 2007; 2009; Johansson et al. 2006, 2010,
Nieminen et al. 2013; Narhi et al. 2019; Lindroos et
al. 2012) 2013; Ring et al. 2013) al. 2016; Lindroos
and Ilvesniemi
2023)
Ground 2 2 0 5 3 2
vegetation?
(Norberg (Roturier (Eriksson and Raunis-  (Eriksson and (Roturier and
etal. 1997; and Bergsten tola 1990; Bergstedt et Raunistola 1990;  Bergsten 2006;
Tonteri et 2006; Tonteri al. 2008; Roturier et al. Bergstedt et al. Roturier et al.
al. 2022) et al. 2022) 2011; Vanha-Majamaa 2008; Tonteri et 2011)
etal. 2017; Tonteri et al. 2022)

al. 2022)

!'Including decomposition, mineralisation (nitrification for N), water and soil concentrations, leaching and soil and vegetation stores.
2Including one or several chemical variables other than N and C, for example electrical conductivity, pH, cations and anions.
3 Including vegetation coverage and species composition.
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Fig. 2. Location of study sites in Sweden
and Finland where environmental im-
pact of MSP on nitrogen (n =27), carbon
and/or biomass (n = 21), greenhouse gas
(GHG) emissions (n = 18), other chemi-
cal variables (n = 23) and ground vegeta-
tion species and/or cover (n = 5) have
been investigated (NB: there was insuffi-
cient site information for one site where
N, C and /or biomass and other chemical
variables were studied). Sites surveyed
in synoptic studies are not shown on the

0 maps. The maps were produced by Per
Westerfelt.
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variability in weather (cf. Schelker et al. 2012; Eklof et al. 2014; Salmivaara et al. 2023). This
review puts less focus on paired catchment studies due to the difficulty of isolating the effects of
MSP from other factors.

4 Physical soil disturbance

The MSP practices reviewed here involve at least one of the following soil disturbances: 1) expo-
sure of mineral soil by removing the organic soil-surface layer (patch scarification), or inverting
the upper soil or creating mounds or ridges/tilts with adjacent pits or furrows/trenches (mound-
ing, disc trenching, and ploughing), 2) burial of the organic soil-surface layer below mineral soil
(mounding, inverting, disc trenching and ploughing), or 3) mixing organic and mineral soil (which
depends on both MSP practice and execution) (Sutton 1993; Sikstrom et al. 2020). All of these
involve redistributing soil material vertically and/or horizontally, and mixing it to some extent. In
addition, driving MSP machinery across a site during the process can cause soil compaction and
rutting (Cambi et al. 2015).

The physical soil disturbance caused by MSP can be described by the proportion of disturbed
surface area, soil depth affected, soil volumes displaced and soil surface microtopography (also
referred to as the soil surface roughness), all of which are interrelated (Fig. 3). The “disturbance
intensity” caused by MSP referred to in this review is a subjective judgement of the level of dis-
turbance taking into account both the proportion of the area disturbed and the soil depth affected.

Fig. 3. A clearcut site subjected to disc trenching on which various metrics of soil disturbance are illustrated schemati-
cally. Oriented roughness refers to a systematic variation in topography caused by, for example, tillage. Photo E. Ring.
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4.1 Disturbed surface area proportion

Based on collated data from field studies, Sikstrom et al. (2020) proposed that 55-65% of the soil
surface area is disturbed during ploughing, 45-55% during disc trenching, and 30—40% during
mounding, patch scarification, and inverting. The reported disturbed proportion not only depends
on the MSP practice used but also on on-site execution (for example, row spacing), equipment
(for example, size of the MSP unit), and inventory method (Sikstrom et al. 2020). In addition, site
characteristics such as soil texture, microtopography, stoniness, and soil wetness may affect the
disturbed area proportion. In a study of spot mounding in Finland using continuously advancing
mounders, the number of suitable planting spots created was influenced by the depth of the humus
layer, stoniness, slope inclination, presence of fresh logging residue, and soil texture (Saksa et al.
2018). The total area of disturbance may extend beyond the area covered by the MSP microsites,
as MSP may disrupt or move coarse roots, stumps, and stones, thereby affecting nearby areas.

4.2 Affected soil depth

The soil depth and soil layers affected by the MSP practices reviewed range from removing the
organic layer by patch scarification to creating plough furrows reaching approximately half a meter
into the mineral soil (0.5-0.9 m for deep ploughing) (Orlander et al. 1990). The displaced soil
volume depends on the MSP practice used and number of planting spots required, but also on how
the practice is executed, particularly the depth and width of the furrows and pits. The soil depth
affected and the associated redistribution of soil change the conditions for soil evolution in the MSP
microsites (cf. Samonil et al. 2018). In podzols, Al and Fe accumulate in the Bs horizon during soil
formation (Giesler et al. 2000). Exposing the soil from the Bs horizon by inverting it onto the soil
surface through tilt ploughing was found to mobilise Al in the ploughed soil profiles at the Karkkila
(K1) and Kuorevesi (K2) sites in Finland (Tanskanen et al. 2004). A soil study performed at the same
sites further supported that Al mobilisation had occurred and also suggested that Al had migrated
and been retained in organic matter further down in the soil (Tanskanen and Ilvesniemi 2004). The
effects were most pronounced at Karkkila. Additional studies at Karkkila indicated strong weather-
ing of the topsoil on the plough tilt during the first 17 years after ploughing, and element depletion
of the top soil in the trenches (Lindroos et al. 2016; Lindroos and Ilvesniemi 2023).

4.3 Soil surface microtopography

The soil surface microtopography describes the small-scale irregularities of the soil surface
(Thomsen et al. 2015). Although there is significant variability in how individual MSP practices
are executed, patch scarification and inverting are likely to have the least impact of the practices
reviewed on soil microtopography (cf. Orlander et al. 1990; Sikstrom et al. 2020). Changes to soil
surface microtopography may affect the accumulation of litter and snow, erosion, and sediment
transport, among other things (Neff 1980; Alcazar et al. 2002; Lindroos et al. 2016). In cold cli-
mates, consecutive snowmelt periods combined with increased snow accumulation was proposed
as an explanation for the long-term effects on soil chemistry that have been measured below plough
trenches (Sutinen et al. 2010; Sutinen et al. 2019). Disc trenching and ploughing cause oriented
surface roughness, i.c., a systematic variation in topography that can be caused, for example, by
tillage (see categorisation by Takken (2000) as presented in Thomsen et al. 2015) (Fig. 3). The
oriented roughness caused by disc trenching and ploughing may increase soil erosion and sediment
transport to nearby surface water bodies (Alcazar et al. 2002), with detrimental effects on aquatic
life if insufficient protection zones are applied (Ahtiainen and Huttunen 1999; Osterling et al. 2010).



Silva Fennica vol. 58 no. 1 article id 23056 - Ring et al. - Environmental impact of mechanical site preparation...

30

N
o
!
—

—
o
.
—t—

02006

Furrpw Ridge 02012

Mean distance from
soil surface (cm)
o

-30

Fig. 4. Mean distance from the undisturbed soil surface to the bottom of the furrow
and top of the ridge, respectively, about two months after disc trenching in 2006
(data from Ring et al. 2013) and in 2012 six and a half years later. The measure-
ments were carried out at the Hagfors field site in Sweden (nagos = 27, 12 = 54).
The error bars show +1 standard deviation.

The alteration to the soil surface microtopography caused by MSP changes over time because
of erosion, subsidence, litter accumulation and revegetation (cf. Kubin and Kemppainen 1994;
Palviainen et al. 2007; Valtera and Schaetzl 2017). At a site on till soil in Finland, mound heights
were observed to decrease over the first 2-3 years after MSP (Heiskanen et al. 2013). At a site on
till soil in Sweden, six and a half years after disc trenching, the mean height of the ridges and mean
depth of the furrows tended to have decreased (Fig. 4). At two sites in northern Finland, traces of
ploughing were visible on a 2 m by 2 m digital elevation model (interpolated from LiDAR data)
25 years after MSP operations (Sutinen et al. 2019).

4.4 Conclusions and research needs

The physical soil disturbance intensity related to the MSP practices reviewed varies considerably,
from intermittently removing small patches of the organic surface layer to creating continuous
deep trenches in the mineral soil with adjacent ridges of organic matter and mineral soil. Today,
however, the most intense practice, i.e., ploughing, is only carried out on small areas in Finland.
Disturbance intensity relates to both the MSP practice used and its on-site execution, and pos-
sibly also site conditions such as the character of the remaining tree-root system and stoniness.
The character and intensity of disturbance determines subsequent environmental impacts, on-site
accessibility, and possibly people’s appreciation of the forest (Gundersen et al. 2016). In a long-
term perspective that encompasses several rotations, repeated MSP at high disturbance intensity
is likely to alter the upper soil substantially across the site, with possible implications for future
soil evolution. Further studies of current MSP practices and their long-term effects on element
mobilisation and distributions are needed.

MSP could potentially mitigate soil compaction of the upper soil caused by transportation
during previous forestry operations, particularly because soil compaction due to transportation is
greatest near the soil surface (Cambi et al. 2015). In contrast to logging trails used for multiple
passes with heavy loads, MSP using pulling machinery involves a single pass across large parts
of the site-prepared area, the significance of which remains unknown. However, the favourable
effect of MSP on regeneration is well established (Sikstrom et al. 2020).

From an environmental perspective, any disturbance beyond the level required to facilitate
efficient tree regeneration is undesirable. Planting spots of about 0.25 m? have been found to be
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sufficient for successful regeneration (Orlander et al. 1990). Two thousand planting spots of this
size per hectare would cover 5% of the area. Hence, there is potential to reduce the disturbed area
proportion associated with most current MSP practices (Sikstrom et al. 2020). A further concern is
to execute MSP in ways that avoid increasing erosion and soil transport to surface water bodies. To
avoid increasing sediment, nutrient, C, and Hg exports to nearby streams and lakes, more knowledge
about the widths of protection zones required for different MSP practices would be valuable. In
areas with a shallow groundwater table, for example groundwater discharge areas beside surface
water bodies, pits and furrows may extend below the groundwater table, and furrows may then act
as drainage channels, potentially increasing hydrological connectivity and sediment and element
exports to adjacent surface water bodies (EkIof et al. 2016). Such unintended drainage could also
impair the ecological value of wet forest patches which have been left for conservation purposes.

S Nitrogen

In conifer forests growing on mineral soils in Sweden and Finland, the largest N pool is typically
found in the soil with a substantial part in the humus layer (Merila et al. 2014; Sponseller et al.
2016). Redistributing soil horizontally and vertically through MSP changes the spatial distribution
of'soil N (and other elements), and affects soil temperature and moisture conditions and vegetation
development within the microsites created (Orlander et al. 1990; Palviainen et al. 2007; Piirainen
et al. 2015). These changes could potentially affect soil N cycling and N pools as well as N con-
centrations in and exports to soil water, groundwater, and streams.

5.1 Microsite scale

Decomposition (i.e., mass loss) and N release rates were higher for green Norway spruce and Scots
pine needles placed underneath mounds, disc trenched ridges, and plough tilts than for needles
placed on the non-prepared Ay layer, over the first three or four years after MSP (Johansson 1994).
Higher decomposition rates were also reported for two types of Norway spruce needle litter when
placed underneath disc trenched ridges than on the non-prepared forest floor, but only one type
of needle litter (collected from two-month-old logging residue) showed a net release of N at the
end of the study (Lundmark-Thelin and Johansson 1997). At a site in east-central Sweden, higher
decomposition rates of brown needle litter from Scots pine were found following incubation within
a double humus layer covered by mineral soil or in a mixture of humus and mineral soil (Mjofors et
al. 2015). Here the N content of the needle litter tended to increase during the first year of incubation
(cf. Lundmark-Thelin and Johansson 1997), particularly when incubated within a double humus
layer covered by mineral soil (100% increase after one year). Mjofors et al. (2015) conclude that
the initial increase of the needle litter N content results from N being transported into the litter from
external sources driven by the N requirements of the decomposers. The same study also looked at
Scots pine root litter with a diameter of c. 6 mm: in this case there were few significant differences
in remaining N content between the studied microsite types (Mjofors et al. 2015).

At two sites in Finland, a higher store of NH4-N was found in the upper organic layer of
mounds in the second year after mounding than in non-prepared soil (Nieminen et al. 2012). After
disc trenching, higher NH4-N concentrations (Piirainen et al. 2007) were reported below ridges
than below furrows in soil water collected in the B horizon of podzolised soil using zero-tension
lysimeters. The ridges were recolonised by field-layer vegetation more rapidly than the furrows
were, and five years after disc trenching the N content of the mosses, field layer, and roots grow-
ing on the ridges was 40 kg ha~! compared with 16 kg ha! in the furrows (Palviainen et al. 2007).
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Recolonisation by ground vegetation and low N deposition was found to mitigate N leaching
(Piirainen et al. 2007).

In a study at two other sites on podzolised soil in Finland, Smolander and Heiskanen (2007)
drew the overall conclusion that mounding and inverting did not significantly affect the net N
mineralisation rate in the humus layer (per kg organic matter) over the first three years. However,
in the first growing season after MSP, the mean net N mineralisation rate was higher in the humus
layer of the mounds or inverted spots than in intermediate areas with non-prepared soil, and in the
second season net nitrification increased both for mounds and inverted spots but returned to low
levels in the following season (Smolander and Heiskanen 2007).

5.2 Groundwater quality

Studies of groundwater quality following MSP are rare. At the Pahalouhi and Hautala sites located
on sand or sandy till in central Finland groundwater samples were collected after clearcutting and
clearcutting followed by ploughing, respectively, using 4-6 m long tubes with holes in the low-
ermost 1.5 m (Kubin 1998). The study started before clearcutting in 1985 and covered 12 years.
At Pahalouhi, visual comparison of the graphs for clearcutting and waste wood left on site vs.
clearcutting and ploughing seemed to show moderate elevations in the mean NO3-N concentration
of groundwater (roughly 0.1-0.2 mg 1! in magnitude) for some years after ploughing. At Hautala,
the temporal patterns of the NOs-N concentrations in groundwater tended to differ between the two
treatments. The lag period before NO3-N concentrations started to rise was longer after clearcutting
and ploughing. The maximum mean NO3-N concentrations reported for the two treatments were
<0.8 mg I"! for both sites. In another study, Mannerkoski et al. (2005) reported that the groundwater
NOs-N (and CI) concentrations in groundwater wells located in upland mineral soils increased
after clearcutting and disc trenching, peaking at 1.3 mg 1! for NO3-N. The authors concluded that
these increases were below the levels that could present a health risk.

5.3 Impact of previous fertilisation

Forest fertilisation with N generally increases the N store of the organic top-soil layer and reduces
the C to N ratio of the humus layer (Mélkonen 1990; Nohrstedt 1990; Ring et al. 2011). Concerns
about the fertiliser-induced increase in the soil N store leading to post-harvest N leaching were
already being raised in the 1970s by Tamm et al. (1974). Since MSP affects the upper soil layers,
the physical alterations to the upper soil could potentially affect N concentrations in soil water
and N leaching following MSP. However, in three harvested fertilisation experiments in Sweden
(Hagfors, Nissafors and Billingsjon) with subsequent MSP, no significant statistical interaction
between previous N fertilisation and MSP was detected in terms of N concentrations in soil water
collected at c. 0.5 m soil depth (Ring et al. 2013, 2018). The total N fertilisation rates studied were
450 and 900 kg ha! at Hagfors, 360 kg ha™! at Nissafors, and 360-1800 kg ha™! at Billingsjon.
Previous fertilisation tended to increase the N store of the organic layer (i.e., the fermentation and
humus layers, FH) at all three sites (Nohrstedt 1990; Ring et al. 2011).

In the Billingsjon fertilisation experiment, located on a low-productivity site in central
Sweden, disc trenching simulated by digging furrows and ridges with a spade was introduced as a
sub-plot treatment two years after clearcutting (Nohrstedt 2000). A soil study conducted five years
after MSP indicated that the area-integrated soil stores of inorganic N for simulated disc trench-
ing were not significantly different from those in non-prepared soil (Nohrstedt 2000). Soil-water
samples were collected from c. 0.5 m soil depth using suction cups with the intention of capturing
the combined effect of all microsites associated with disc trenching. The effect of simulated disc
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trenching on the soil-water NO3-N concentrations started to develop after about five years, with
lower NOs-N concentrations in soil water after simulated disc trenching than in non-prepared soil,
and this effect persisted for about nine years (Ring et al. 2018). Higher N uptake by vegetation
following MSP, as indicated by the higher biomass of the juvenile Scots pine trees, was given as
a possible explanation.

The Hagfors and Nissafors sites were similar in terms of experimental design and site qual-
ity (5.9 and 5.5 m? ha ! yr'!, respectively) (Ring et al. 2011, 2013). Nitrogen fertilisation was the
main-plot treatment and MSP the sub-plot treatment (each main plot was divided in two sub-plots).
The sites were disc trenched within two months after whole-tree harvesting and soil-water samples
were collected at 40—45 cm depth (from the original soil surface) below ridges, furrows, and zones
between furrows, respectively, in disc-trenched sub-plots, and in non-prepared sub-plots. For both
sites, no significant overall effect of previous fertilisation on the soil-water NO3-N concentration
was found during the first four or five seasons after harvesting and disc trenching, but a significant
effect of microsite was noted (Ring et al. 2013). At Hagfors, the mean NO3-N concentration below
ridges (0.28 mg 1) was significantly higher than below furrows (0.069 mg 1), while at Nissafors
the mean NO3-N + NO,-N concentration below the ridges (3.0 mg 1I-') was significantly higher
than on all the other microsites (<0.49 mg I"!), non-prepared soil included. The rise in NO3-N
concentration tended to be more pronounced below the ridges at Nissafors. At Nissafors, the gen-
erally warmer and wetter weather (on an annual basis), c. 60% higher dry mass of the FH-layer,
and lower C to N ratio (32 compared with 39) than at Hagfors (Ring et al. 2011, 2013) may have
contributed to the higher NO3-N concentrations. Other important factors that could influence the
concentration, but which are unknown in this case, include the re-vegetation rate above the soil-
water samplers, how well the spatial variation in concentration was captured, and the observation
that 23% of the samples at Nissafors were missing, probably because the well-drained sandy soil
rendered sampling difficult.

In modelling the N leaching from 0.5 m soil depth at the Hagfors site over the first six years,
including just the unfertilised control and the treatment using 450 kg ha~! of N, higher mean inor-
ganic N leaching was reported after disc trenching in both cases, but more so with the N treatment
than for the unfertilised control (Rappe George et al. 2017). For the 450 kg ha™! regime, the annual
mean leaching rate of inorganic N without disc trenching was estimated as 2.3 kg ha! yr! (range
0.8-6.9 kg ha ! yr!') and 6.0 kg ha™! yr! (range 1.8-17 kg ha™! yr!) with disc trenching. For the
unfertilised control, the annual mean N leaching rate without disc trenching was 3.1 kg ha™! yr~!
(range 1.4-23 kg ha! yr'!) and 4.6 kg ha! yr! (range 1.9-13 kg ha! yr!) with disc trenching.
The modelled leaching after disc trenching represented an area with ridges covering 37%, furrows
41%, and areas between two furrows 21%.

In a harvested fertilisation experiment on podzolised soil in Finland, higher concentrations
of NO3 and total N were indicated in soil water collected below mounds (using zero-tension lysim-
eters) than in non-prepared soil, despite little effect on the net formation of NH4-N and (NO, +
NO3)-N and nitrification in the buried humus layers of the mounds (Smolander et al. 2000). The
elevated NOs™ and total N concentrations recorded in soil water were largely attributed to the
doubled amount of organic matter in the mounds which, at the same rate of mineralisation and
nitrification, could provide more N. The NH4-N and NOs3-N concentrations in soil water decreased
over the first two years after mounding, probably because of uptake by ground vegetation according
to Smolander et al. (2000). The measurements were carried out on four main plots including an
unfertilised control plot and three plots which had been fertilised with a total of 6 tonnes ha! of
lime, 860 kg ha! of N, and the lime and N applications combined, respectively, over the 35 years
before clearcutting. The logging residue was left evenly distributed on the plots and each plot was
divided into two halves, one of which was mounded and the other of which was left non-prepared.
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5.4 Ecosystem N stores

MSP has been found to change the distribution of N between different aboveground vegetation
compartments and soil layers. In three conifer plantations on mineral soil in Sweden, the N stores
in the trees, roots, field layer, and soil were assessed ten years after either stump harvesting fol-
lowed by deep soil cultivation (inverting to a soil depth of 0.5-0.6 m on 50% or 100% of the
plots), or patch scarification (Nordborg et al. 2006). Patch scarification meant that planting spots
with bare mineral soil were created by scraping off 0.4 m x 0.4 m patches of the humus layer,
affecting c. 5% of the area. The total N store in the trees, roots, field layer, and soil did not differ
significantly between the two MSP treatments, nor did the total N store in trees, field layer, and
roots. However, the N store in the trees was higher after deep soil cultivation than patch scarifica-
tion, while the field layer N store was lower. In the soil (humus layer down to 0.6 m depth in the
mineral soil), the total N store was not significantly different, but the stores of individual soil layers
varied (Nordborg et al. 2006). At two of these sites, an additional assessment was performed 22
and 24 years after MSP treatment, respectively (Egnell et al. 2015). At those points, no significant
difference between the two treatments was detected in the total ecosystem N (and C) stocks (tree
biomass, litter, field vegetation, humus layer, and 0—70 cm of the mineral soil).

Five years after disc trenching of experimental plots at the Hagfors fertilisation experiment
in Sweden, the summed biomass of seedlings and ground vegetation was similar to that on the non-
prepared plots (Johansson et al. 2013). However, the distribution of biomass between seedlings and
ground vegetation differed, with higher seedling biomass and lower ground vegetation biomass on
disc trenched plots than on non-prepared plots. The total N content of the aboveground biomass
was approximately 20% lower on the disc trenched subplots, due to the lower N concentration of
the planted seedlings than the ground vegetation. Seedling growth was not significantly affected
by previous fertilisation of the harvested stand but did increase after disc trenching (Johansson et
al. 2013).

About 65 years after site preparation, the N store in the field layer and down to 1 m in the
mineral soil was 16 and 19% lower on two plots that had been spade inverted (Andersforsheden
site) or hoed (Rosinedalsheden site) than in the non-prepared control plots (unreplicated study
design) (Orlander et al. 1996). At the Tillvattensmon site within the same study 23—24 years after
ploughing, the N store in the field vegetation and down to 0.25 m in the mineral soil was 30% lower
than on the control plot. Orlander et al. (1996) concluded that tree production was not negatively
affected, despite these reductions in the N store. All three sites were located in northern Sweden and
site preparation disturbed almost the entire surface area down to a soil depth of about 10-20 cm.

5.5 Conclusions and research needs

The relatively few studies on needle decomposition, soil N transformation, and soil-water chemistry
mainly after mounding and disc trenching in recharge areas, indicate that MSP affects N cycling at
the microsite scale during the first few years after treatment with elevated rates or concentrations in
mounds and ridges. Higher NO3- or NH4-N concentrations in soil water have been recorded below
mounds and ridges than below furrows or non-prepared soil. This effect seems to be temporary, and
the decline appears to be driven by uptake by the emerging ground vegetation. Post-treatment N
mineralisation, weather, and the length of the fallow period may also contribute, but this has been
little studied. Management of the previous forest stand, for example, N fertilisation and whole-tree
harvesting, could also potentially affect N cycling after MSP, but no overall conclusions can be
drawn from the few studies that have been carried out. There are gaps in knowledge regarding the
impact of MSP on groundwater quality and the contribution that MSP makes to stream N exports
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over that caused by the preceding clearcutting. The impact of streamside management such as
delineation of non-prepared protection zones with and without forest cover also needs further
investigation.

MSP redistributes the soil N store, but the effect depends on both MSP practice and distur-
bance intensity. In addition, MSP may affect the allocation of N in the biomass . Long-term impacts
on the soil N store have been investigated after intensive MSP at a few sites (with unreplicated
treatments) and the results suggest a reduction (Orlander et al. 1996). If current MSP practices
affect the soil N store over the longer term remains unknown. When studying the impact of MSP
on ecosystem N (and C) stores, all significant N (and C) stores within the system and fluxes at a
given time need to be monitored to capture possible translocations as pointed out by Nordborg et
al. (2006) and Piirainen et al. (2015).

6 Carbon
6.1 Microsite scale

All MSP practices redistribute soil C horizontally and vertically by removing or burying the organic
surface layer or mixing it with mineral soil. This changes the conditions for C cycling. Needle litter
studies covering 2—4 years indicate that the needle decomposition rate (i.e., the mass or C loss)
increases when the litter is buried in mounds or ridges or in mixtures of humus and mineral soil,
compared with litter placed on the soil surface (Johansson 1994; Lundmark-Thelin and Johansson
1997; Mjofors et al. 2015). The effects of mounding and inverting on the C (and N) transformations
in the humus layer were studied over two and a half years at two mesic forest sites in Finland with
podzolic soils (Smolander and Heiskanen 2007). At one of the sites, the rate of C mineralisation
in the buried humus layer was significantly lower for inverting than for mounding but the amounts
of microbial C and N tended to be higher. Smolander and Heiskanen (2007) concluded that this
indicates a deficiency in easily mineralisable C sources in the inverted patches. At the other site,
no significant difference in the C mineralisation rate of the humus layer was detected.

Carbon (and N) transformations were investigated over three years after mounding in a
harvested fertilisation experiment in south-east Finland (Smolander et al. 2000, see also 5.3).
Mounding decreased C mineralisation in the humus layer compared with non-prepared soil but
had little effect on microbial biomass C. The authors propose that higher ground vegetation density
and species composition in the non-prepared plots may have favoured soil microbial activity. They
also propose that higher immobilisation of nutrients from decomposing logging residue buried
within the mounds than for the residue left on top of the non-prepared soil could have contributed
to decreased microbial activity in the surrounding humus layers. Moreover, microbial biomass
C and C mineralisation tended to be higher in the rhizosphere of birch seedlings planted in the
mineral soil of the mounds than in corresponding bulk soil (Smolander et al. 2000). The explana-
tion offered was that root exudates and root litter from the seedlings provided substrates for the
microbial population.

In undisturbed soil profiles, the input of organic matter into subsoils occurs mainly as root
litter and root exudates, dissolved organic matter, and/or bioturbation as summarised by Rumpel
and Kogel-Knabner (2011). MSP could potentially affect all of these processes. Higher total C
or dissolved organic C concentrations in soil water collected below ridges than below furrows in
the B horizon of podzolised soils were reported during the first few years after disc trenching in
Sweden, in a harvested fertilisation experiment, and in Finland (Piirainen et al. 2007; Ring et al.
2013). The overall soil-water C concentration tended to be about five to ten times higher in the
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study in Finland than that in Sweden (where the mean concentration of total C for all microsites
was 24 mg 1! for the entire period). One explanation could be that different methods for soil-water
sampling were used: zero tension lysimeters in Finland and suction cups in Sweden.

6.2 Ecosystem C stores

Twenty-five years after mounding, disc trenching, and ploughing at three sites in Sweden, the
ecosystem C store was larger for site-prepared treatments than non-prepared controls because of
a higher C store in the tree biomass (Mjofors et al. 2017). Ten years after establishing three coni-
fer plantations on forest land, the C stores were investigated on plots subjected to either stump
harvesting followed by deep soil cultivation, or patch scarification (Nordborg et al. 2006, see also
5.4). The total ecosystem C stores did not differ significantly between deep soil cultivation and
patch scarification, but the tree C store was higher, and the field-layer C store lower, after deep
soil cultivation than after patch scarification. Furthermore, the total C stores in the humus layer
and down to 0.6 m in the mineral soil were not significantly different for the two MSP practices,
but the C stores of individual soil layers differed (Nordborg et al. 2006).

Long-term effects of MSP on soil C stores were suggested at three sites in northern Sweden
(all with unreplicated designs and intensive MSP, see 5.4) (Orlander et al. 1996). At the Tillvat-
tensmon site, a 41% decrease of the C store in the field and ground vegetation, organic debris,
humus, and mineral soil down to 0.25 m depth was reported 23-24 years after ploughing. At the
Rosinedalsheden and Andersforsheden sites, reductions of 6 and 21% of the C stored in the field
and ground vegetation, organic debris, humus, and mineral soil down to 1 m depth were found
about 65 years after hoeing and spade inversion, respectively (Orlander et al. 1996).

6.3 Conclusions and research needs

There are few studies of how MSP affects soil C cycling and stores, particularly over the longer
term. Decomposition of needle litter appears to increase when buried under or mixed with mineral
soil, while reduced or similar mineralisation has been reported for buried organic matter (humus),
suggesting that “fresh” and “old” C-sources respond differently when buried (Mékipaa et al. 2023).
Long-term studies in Denmark and Germany indicate that burying organic matter deep in the min-
eral soil may increase its stability (Alcantara et al. 2017). However, Mayer et al. (2020) identify
a gap in knowledge regarding the decomposition rate of surface organic matter when buried deep
down in the mineral soil by site preparation. They further state that the potential mechanisms of
stabilisation depend on the MSP practice, and forest and soil type. This calls for further studies,
at different forest sites as proposed by Mikipaa et al. (2023), and of different MSP practices.
Improved understanding of decomposition of buried organic matter, including the interactions
between plants and soil (Smolander et al. 2000; Mékipaé et al. 2023), could help shed light on the
long-term effects of MSP on soil organic matter.

C concentrations in soil water have been found to be higher initially below ridges (disc trench-
ing) than below furrows (Piirainen et al. 2007; Ring et al. 2013). If the leaching rates of dissolved
organic C are affected, as reported by (Piirainen et al. 2007), this could potentially influence the
downward transportation of elements associated with organic matter. Better understanding of the
contribution of MSP to C export to nearby surface water bodies is needed (as for N). Furthermore,
the consequences of executing MSP in streamside discharge areas need further investigation.

MSP increases the tree biomass C store (Nordborg et al. 2006; Mjofors et al. 2017; Hjelm et
al. 2019; Sikstrom et al. 2020) and may increase the total ecosystem C store (Mjofors et al. 2017).
MSP can affect the distribution of C among aboveground C compartments as well as vertically in
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the soil without affecting the total C store, at least in the short term (10-20 years) (Nordborg et al.
2006; Egnell et al. 2015). However, more studies are needed on the long-term effects of MSP on
total ecosystem C (and N) stocks, particularly for current MSP practices.

7 Greenhouse gas emissions
7.1 Microsite scale

In situ measurements of the CO, flux following MSP have been conducted at boreal and hemi-
boreal forest sites in Sweden and Finland, using closed static chambers or a portable soil-respiration
system. Measurements were performed up to three years after MSP and showed that CO, emissions
from MSP microsites with exposed mineral soil were significantly lower than from non-prepared
soil (Pumpanen et al. 2004; Strémgren and Mjofors 2012; Mjofors et al. 2015; Stromgren et al.
2017). In the case of mounds (usually of mineral soil over humus), increased (first two years;
Pumpanen et al. 2004), more or less unaffected (Stromgren and Mjofors 2012; Mjofors et al.
2015), and decreased (first year) CO, emissions have all been detected (Stromgren et al. 2017).
From microsites with mixed soil, Mjofors et al. (2015) reported increased CO, emissions during
the first month in the first year and a reduction during the second year, whereas Stromgren et al.
(2017) reported a reduction during the first year and unaffected emissions in the second year. The
effects mentioned above were all compared with clearcutting after which logging residues were
extracted. In the study by Pumpanen et al. (2004), non-prepared controls with and without logging
residues were present. Where residues were present the annual CO, emissions during years 1, 2
and 3 were 78%, 45% and 47% higher, respectively, than where there were no residues. Hence, the
effect of the MSP microsites depended on the chosen control treatment. However, the directions of
the differences and conclusions reported were the same, regardless of whether or not the control
was covered by residues (Pumpanen et al. 2004).

At three sites with mesic to mesic-moist soils in Sweden, CH4 and N,O was monitored over
two years by taking in sifu air samples (Stromgren et al. 2016). The C/N in humus was 21-27
and 14-20 in mineral soil at 10—15 c¢m soil depth. Here, a non-replicated plot with disc trenching
(one site) and mounding (two sites) was compared with a non-prepared control plot from which
logging residues were removed. In addition, samples from wheel ruts were collected at all three
sites. At one site with mounding, N,O emissions were highest from the non-prepared soil and
mounds (double humus with mineral soil on top) and, compared with these two microsites, emis-
sions were significantly lower from wheel ruts, while emissions from exposed mineral soil pits
fell somewhere in between (but were not statistically significantly different). At this site, there was
a significant relationship between soil NOs-N and NH4-N availability and N,O emissions at the
different microsites. N,O emissions at the other site with mounding were generally low and not
significantly different between microsite types. At the third site (disc trenching), exposed mineral
soil in furrows yielded significantly higher emissions than non-prepared soil and wheel ruts, but
not higher than those from ridges. The authors highlight the importance of available nitrogen frac-
tions in the soil for N,O emission, and that the emerging ground vegetation in clearcuttings acts as
a competitor for N and may thereby counteract emission. At all three aforementioned sites, CHa
uptake occurred at all mounding and disc trenching microsites, while CH4 was emitted from wheel
ruts (Stromgren et al. 2016). In general, all the CHy4 fluxes were low except for the emissions from
wheel ruts at the most fertile site.
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7.2 Area-integrated assessments

Area-integrated CO, emissions for different MSP practices have been determined by considering
the area proportions of different MSP microsites and their specific CO, emission rates. Using this
approach for a site in east central Sweden with a glacial sand podzol, where different microsites
were created by an excavator, Mjofors et al. (2015) estimated that C emissions were 7% and 10%
lower in the first and second year, respectively, after patch scarification than on non-prepared soil,
and 11% and 17% lower after disc trenching. In a similar study by Stromgren et al. (2017), 11%
lower CO, emissions were reported following patch scarification or mounding, and disc trenching
tended to reduce emissions by 9% during the first year after treatment. During the second year,
emissions were similar to those from non-prepared soil. The study by Stromgren et al. (2017) was
based on measurements at 14 sites located on a north-south gradient across Sweden, representing
different climates and site properties. Although there was no non-prepared control in the study by
Stromgren and Mjofors (2012), it can be concluded that mounding did not increase CO, emission
on an area-integrated basis as the emissions from non-prepared microsites were higher than or
similar to those from disturbed microsites throughout the two-year study period. This was also the
case for disc trenching but the area-integrated CO; emissions from disc-trenched plots were about
10% higher than those for mounding in the second year.

The area-integrated N,O and CH,4 emissions in the study by Stromgren et al. (2016) indicate
that mounding and disc trenching had little or no influence on the emission of CH4 and N,O from
the soil during the first two years after MSP. The authors further pointed out that the global warm-
ing potentials of CH4 and N,O were small at these sites, i.e., 0.0-0.2% for CH4 and 0.1-8% for
N»O, compared to the potential of the CO, emissions (Stromgren et al. 2016).

7.3 Conclusions and research needs

The area-integrated emissions reported from studies in Sweden indicate that patch scarification,
mounding, and disc trenching do not significantly affect, or can even reduce, CO,-emission from the
soil over the first one or two years, when compared with non-prepared soil (Stroémgren and Mjofors
2012; Mjofors et al. 2015; Stromgren et al. 2017). Similarly, CH4 and N,O were not significantly
affected by disc trenching or mounding at three mesic to mesic-moist sites (Stromgren et al. 2016).
Hence, in the shorter term, MSP does not seem to affect the fluxes of CO,, CHy4, and N,O emitted
from soils on upland boreal and hemi-boreal forest sites to any great extent. At the microsite level,
however, differences in CO, emissions between microsites are apparent in the short term. Lower
CO, emissions have consistently been reported for bare mineral soil than for non-prepared soil,
while varying and short-lived effects have been reported for mounds (e.g. Pumpanen et al. 2004;
Stromgren et al. 2017). This variation in effects might be caused by different chemical quality of
soil organic matter (SOM), site conditions (climate) and soil properties (clay content, soil mois-
ture, pH, nutrient status) (Jandl et al. 2007), weather conditions, and MSP execution (affected soil
volume, level of soil mixing etc.), all of which may affect decomposition of SOM in the mounds.

Investigations at sites with different characteristics (e.g., site productivity, soil moisture) are
needed, particularly to study the fluxes of CH4 and N,O. It is important that future studies include
all three gases (CO,, CH4 and N,O) in order to be able to evaluate the global warming potential
of MSP.
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8 Other chemical variables
8.1 Microsite scale

Higher release rates of Ca (and to some extent Mg and P) from Scots pine and Norway spruce
needles were found when the needles were buried below mounds, plough tilts, and ridges than when
they were placed on top of non-prepared soil (Johansson 1994; Lundmark-Thelin and Johansson
1997). For K, only minor differences between non-prepared soil and prepared soil were reported.

Creating different types of MSP microsites, exposes new soil surfaces and soil layers which
can affect leaching (cf. Hildebrand 1990; Tanskanen et al. 2004; Lindroos et al. 2016; Lindroos and
Ilvesniemi 2023). After disc trenching in the Kangasvaara catchment in Finland, the concentra-
tions of Mg, Al, and Fe were significantly higher, and pH lower, below ridges than in furrows, in
leachates collected using zero-tension lysimeters in the upper B horizon during the main part of a
five-year long study (Piirainen et al. 2009). Higher concentrations below ridges than furrows were
also noted for Ca during years four and five, and for K during year two only. The concentrations
below ridges were also often higher than those on non-prepared microsites. The higher leaching
rates (and concentrations) below the ridges were attributed to the release of elements from dead
ground vegetation, logging residue, and the double humus layer (Piirainen et al. 2009). No sig-
nificant differences between microsites were found for the SO42 concentration or the estimated
annual water flux (Piirainen et al. 2007).

At the Hagfors fertilisation experiment in Sweden, significant effects of disc trenching (see
5.3) after whole-tree harvest were detected on electrical conductivity and concentrations of Na®,
K*, Mg?*, Ca?" and CI™ (also for NO3-N, total N, and total C, see sections 5 and 6) in soil water
collected at 40—45 cm depth over a five year period (Ring et al. 2013). The highest mean concentra-
tions were generally found below ridges and the lowest below furrows. Mean electrical conductivity
and the mean concentrations of Na™, K, CI~, total N, and total C were lower below furrows than in
non-prepared soil. There was no interaction between fertilisation and disc trenching except for Mn.

In a study in northernmost Finland 12 years after tilt or shoulder ploughing, soil samples were
collected from 0-20 cm depth in the mineral soil on non-prepared microsites, trenches, and tilts or
shoulders (Sutinen et al. 2019). Significant differences between at least two of these microsites in
median concentrations were indicated for 14 elements (C, N, P, S, Na, K, Ca, Al, Fe, Mn, Ba, Cr,
Sr and Zn) when extracted with ammonium acetate and 21 elements (Ba, Be, Ca, Co, Cr, Cu, K,
La, Li, Mg, Mn, Na, Ni, P, S, Sc, Sr, Ti, V, Y and Zn) when extracted with Aqua Regia. The element
concentration in trenches, following one or both ploughing practices, was significantly lower than
on non-prepared microsites for C, N, P, S, Na, K, Mg, Ca, and Al. One proposed explanation for
the lower concentrations in trenches was enhanced leaching during snowmelt periods, caused by
the removal of the organic layer and accumulation of snow in the trenches (Sutinen et al. 2019).
This leaching can also decrease the electrical conductivity of the soil solution over the longer term
(Sutinen et al. 2006, 2010). Forty-six years after disc trenching of a burnt forest site in northern
Finland, mineral soil samples from furrows showed lower electrical conductivity and lower con-
centrations of Ca, Mg, Na, Fe (extracted with ammonium acetate), and higher concentrations of
Cu, Mn, and Zn than samples from non-prepared soil (Nérhi et al. 2013). The mineral soil was
sampled down to a depth of 20 cm but the E horizon was removed.

In a study of soil chemistry performed 17 years after ploughing, chemical weathering, higher
percolation rates, and dissolved organics were presented as possible explanations for the more
rapid depletion of some elements (MgO, CaO, Sr, and V) in the upper part of the plough trenches
(consisting of the B horizon of a podzol) than in the corresponding horizons of non-prepared soil
(Lindroos et al. 2016). The investigated soil contained minerals with high weathering rates and the
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dissolved organics originated from the new organic layer and litter accumulation in the furrows.
In the plough tilts, changes in concentration were mainly due to mixing of the original horizons
and this tended to mask any depletion caused by weathering, according to Lindroos et al. (2016).

The nutrient stores of the field-layer vegetation five years after disc trenching were inves-
tigated at the Kangasvaara site in Finland and the Hagfors site in Sweden. At Kangasvaara, the
field-layer stores of K, Ca, and P (and N) were similar for vegetation growing on ridges and in
non-prepared soil but lower for vegetation growing in furrows (Palviainen et al. 2007). Five years
after disc trenching (and whole-tree harvesting) at Hagfors, the ground-vegetation stores of N, Ca,
Cu, K, Mg, Mn, P, S, and Zn were lower in disc-trenched subplots than in non-prepared subplots,
because of lower ground vegetation biomass in the disc-trenched subplots (Johansson et al. 2013).

8.2 Conclusions and research needs

Elevated cation concentrations in soil water below ridges and mounds may result from elevated
soil-water NO3~ concentrations. Exposing new mineral soil surfaces by MSP and, initially, low
vegetation uptake may also affect cation concentrations. Intense percolation may deplete soil ele-
ment stores. In harsh climates, snow accumulation in plough trenches combined with a distinct
snowmelt period was proposed as an explanation for the decreased stores of some elements in
the soil (Sutinen et al. 2019). In milder climates with no or little snow accumulation, the rainfall
regime, atmospheric deposition, and litter accumulation are probably important factors in any
changes in soil element stores.

Studies into how soil chemistry, other than N and C, and soil evolution are affected by other
MSP practices than ploughing are scarce. More information on trace metal mobility following MSP
is needed, since trace metals like Hg, Cd, and Pb which originate from anthropogenic deposition
have accumulated in the soil, particularly the mor layer (for podzols), in north European forests
(Alriksson 2001; Johansson et al. 2001; Bringmark et al. 2013). In summarising studies of how
various forestry operations affect Hg mobilisation from soils to aquatic environments, Ek16f et
al. (2016) found substantial variation between sites in the effects on total Hg and methylmercury,
particularly for methylmercury which is bioavailable. There was little information on how MSP
alone affects Hg mobilisation. Eklof et al. (2016) state that the mobilisation of Hg from the soil
caused by forestry activities results either from induced changes in hydrology, i.e., soil moisture,
runoff, and groundwater levels, and/or the rate of net Hg methylation.

9 Ground vegetation

Reducing vegetation competition to promote the desired crop is one explicit reason for carry-
ing out MSP (Orlander et al. 1990). However, this can have unwanted side effects, for example,
impacts on reindeer lichen forage. In a field experiment located in a Scots pine-heath type boreal
forest in northern Sweden, the influence of MSP on reindeer (Rangifer tarandus tarandus L.)
grazing opportunities was evaluated (Roturier and Bergsten 2006). MSP was undertaken using a
HuMinMix scarification unit mounted on the rear of a forwarder. This unit consists of a rotating
metal wheel with teeth which are pushed a few cm into the mineral soil and creates a mixture of
milled humus and mineral soil (HuMinMix) in continuous tracks. Mounds can also be created at
desired intervals. In the study, five epigeic lichen species which are important as reindeer forage
in this forest type (four Cladina spp. and one Cladonia sp.) were monitored. The MSP treatments
disturbed 14% to 28% of the surface area. Six growing seasons after MSP, the lichen cover and
volume were 10-20% lower in MSP plots than in non-prepared soil (area-weighted averages).
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In a survey study in northern Sweden, Roturier et al. (2011) found that reindeer lichen (four
Cladonia spp.) cover and biomass can be completely re-established about a decade after MSP using
HuMinMix (disturbing 15% of the soil surface), while they estimated that several decades, possibly
more than half a century, might be needed after disc trenching (40-60% soil surface disturbance).
The survey encompassed 17 clearcuttings of former Scots pine forests, of which 11 sites were
surveyed 1-15 years after disc trenching and six sites 2 and 8-9 years after MSP using HuMin-
Mix. The faster re-establishment of lichen cover and biomass after HuMinMix was explained by
the more favourable substrate created by HuMinMix. This substrate includes fragments of lichen
thalli that more easily attach to the mixture of humus and mineral soil than to the bare mineral soil
in furrows (cf. Roturier et al. 2007). Furthermore, some Cladonia species are not pioneer species
and dependent on pioneers such as crustose lichens and bryophyte species to first colonise bare
mineral soil (cf. Roturier et al. 2011). However, bare mineral soil can favour recolonisation of
lichens from intact lichen mats surrounding bare mineral soil (Roturier et al. 2007). The general
conclusion drawn by Roturier et al. (2011) was that both the degree of initial disturbance caused
by MSP and the re-establishment rate of reindeer lichens must be considered when estimating the
effect of MSP on lichen loss for reindeer grazing over time.

Tonteri et al. (2022) analysed how lichen cover responds to forest management, site, and
stand variables, and to co-existing plants, in different boreal vegetation zones in Finland. The
study was based on a survey of understory vegetation cover in 1721 permanent sample plots on
mineral soil on productive forest land. The plots were established by the Finnish National Forest
Inventory. The cover of “all ground lichens” showed a significant response to MSP (undertaken in
connection with regeneration cutting over the previous 25 years). On ploughed sites, lichen cover
was about a third of that in non-prepared sites, whereas on sites with less intensive soil treatment,
including disc trenching, scalping, and mounding, lichen cover was higher than on non-prepared
sites. Similar results were reported for the cover of “reindeer lichens” (i.e., four Cladina spp.)
which was analysed for a subset of the sample plots, namely plots on nutrient poor sub-xerix and
xeric sites (n=610).

Based on preliminary results from a chronosequence study of disc trenched and ploughed
clearcuttings in northern Sweden (63—-68° N), covering 1-20 years after harvest, Eriksson and
Raunistola (1990) suggest that it takes more than 20 years for the bare mineral soil in ploughed
areas to be re-covered by ground vegetation and that this time span is shorter after disc trench-
ing. The disturbed surface area proportions were 78—87% for ploughing and 44—-52% for disc
trenching. Compared with similar mature forest stands which were uncut, observed changes in the
ground vegetation after MSP (and clearcutting) included less cover of dwarf shrubs and greater
cover of grasses and herbs. Of individual species, Empetrum hermaphroditum, Vaccinium myrtil-
lus and mosses such as Pleurozium schreberi (Bird) Mitt. and Hylocomium splendens (Hedw.)
B.S.G. decreased after ploughing, whereas Deschampsia flexuosa L. and pioneer mosses such
as Polytrichum piliferum (Hedw.) and Ceratodon purpureus increased. Eriksson and Raunistola
(1990) concluded that 20 years is too short a period to determine any differences in the composi-
tion of ground vegetation in mature new stands compared with previous harvested mature stands.

In an investigation in northern Sweden, Norberg et al. (1997) used small plots (0.6 m x
0.6 m) to study patch site preparation (and steaming) in a clear-cut site classified as a Myrtillus-
type (Cajander 1949). The forest floor vegetation was dominated by V. myrtillus and the feather
mosses P. schreberi and H. splendens. Four years after treatment, the total cover of both field- and
bottom-layer vegetation was significantly lower in patch-treated than non-prepared plots. In the
field layer, the cover of V. myrtillus, Vaccinium vitis-idaea and D. flexuosa was lower in patches,
whereas the cover of Betula spp. was somewhat higher. In the bottom layer, recolonisation was
fast in patch plots, primarily due to the establishment of mosses such as Polytrichum juniperinum
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(Hedw.) and P, piliferum, whereas P. schreberi and H. splendens, along with Dicranum spp., were
more prevalent on the non-prepared plots.

Bergstedt et al. (2008) investigated ground vegetation response to harvesting (four inten-
sities) and MSP in a field experiment 14 years after treatment, in four blocks in west-central
Sweden. The low productivity site (site quality 2.0-2.5 m? ha™! yr'!) was located on two slopes
where soil moisture conditions varied from xeric through mesic to hydric. To evaluate the effect
of MSP, plots subjected to clearcutting and MSP (disc trenching in two blocks and ploughing in
two blocks) and planting (treatment “Conventional’’) were compared with non-prepared plots that
were almost clearcut and planted (treatment “High”; 0-19% tree retention by volume; tree diameter
<0.08 m left on site). All vascular plants (except for trees >1 m in height), mosses and lichens were
recorded and the effect of MSP, i.e., “Conventional” compared with “High”, was analysed for a
total of 28 species and groups of species. Bergstedt et al. (2008) state that their study showed that
V. myrtillus was more sensitive to cutting intensity than to MSP, whereas V. vitis-idaea was more
or less unaffected by cutting intensity but strongly negatively affected by MSP. E. nigrum was also
disadvantaged by MSP whereas P. sylvestris, Betula spp., and D. flexuosa were promoted by MSP.
Of the mosses, the authors concluded that Polytrichum spp. were promoted by MSP whereas both
P. schreberi and H. splendens were negatively affected. Finally, of the lichens, Cladina arbuscula
was negatively affected by MSP but other Cladina spp., such as Cladina rangifera, seemed indif-
ferent to both cutting intensity and MSP. The authors concluded that 14 years after treatment they
were unable to detect any difference in species richness between any of the treatments evaluated.
They also suggested that MSP had a profound and long-lasting effect on the ground-layer flora,
possibly explained by burial of part of the flora under heaps of the disrupted vegetation layer
together with humus and soil from the scarified area, and that the ground vegetation succession
after MSP starts from a patchy area with vegetation-covered areas intermingled with bare mineral
soil. Fourteen years after MSP, bare mineral soil patches were still present at the site investigated.

In eastern Finland, the development of ground vegetation on ridges, in furrows, and on
non-prepared soil was investigated from two to five years after disc trenching of a clearcutting
(Kangasvaara site) (Palviainen et al. 2007). The results indicated that field layer vegetation and
mosses responded differently to disc trenching, and that the biomass development on ridges, in
furrows, and on non-prepared soil proceeded at different rates. Colonisation of mosses was rapid
in furrows and slow on ridges. Hence, at the end of the study period, the biomass of mosses on
ridges remained significantly lower than that on non-prepared soil and furrows. The field layer
biomass on non-prepared soil was significantly higher than on ridges and in furrows throughout
the study. Furthermore, the field layer biomass was significantly higher on ridges than in furrows
at the end of the study. The total ground vegetation biomass of ridges and non-prepared soil
became similar in the fourth year after MSP, whereas it remained significantly lower in furrows
throughout the study period and was about one third of that on the other two microsites in the
fifth year.

Vanha-Majamaa et al. (2017) studied the response of understory vegetation cover to five
different felling treatments, of which three included disc trenching, up to ten years after treatment.
Species” extinction and colonisation patterns were also examined. The study was conducted in
mature Norway spruce dominated forests in southern Finland and the inventory included tree
saplings (up to 1.8 m in height), other vascular plants, mosses, liverworts, and lichens. Although
the effect of MSP could not be entirely separated from the effect of harvesting alone, the authors
conclude that, in addition to harvest intensity, MSP influences understory vegetation on the levels
of the whole vegetation community, different species groups, and individual species. In general,
on the community scale, treatments involving disc trenching changed the vegetation composition
distinctly, due to mechanical soil disturbance and the colonisation of pioneer species. This effect
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could still be observed ten years after treatment. An immediate reduction in species richness was
seen following all treatments, but the recovery was rather fast following most of the treatments for
most species groups. However, bryophytes, particularly liverworts, had not recovered ten years
after treatment. The authors considered that the MSP was largely responsible for the decline of
late successional understory species, affecting both their cover and species number. At the same
time, the species number increased after disc trenching as it created favourable microhabitats for
early successional, disturbance-dependent pioneer species and ruderal species. Furthermore, they
concluded that, while the dynamics of vascular plants depended on harvest intensity, the dynamics
of non-vascular species also depended on MSP. They found no clear evidence that the intensive
treatments tested had caused vascular plant loss. Regarding changes in species groups, herbs
seemed to be the most resilient group. Of the dwarf shrubs, the results suggested that the decrease
in V. myrtillus cover was largely caused by the disc trenching. The Rubus idaeus cover increased,
particularly in the treatments with MSP. The cover of grasses was also highest in treatments with
MSP, D. flexuosa being the most abundant species, although grass cover after ten years was not
significantly different to that pre-treatment. The moss P. schreberi seemed to be disadvantaged by
disc trenching.

9.1 Conclusions and research needs

Unequivocally, MSP initially reduces ground vegetation surface cover and biomass. Species com-
position is also affected by MSP and can be long-lasting, probably longer than the 10-20 years
that are documented in the available studies. It is difficult to generalise how MSP affects ground
species cover and abundance because it depends on the composition of the original plant commu-
nity, MSP intensity, and the establishment rate of different species. However, a common effect on
species cover seems to be a decline in late succession understory species. At the same time, MSP
creates microhabitats that favour the establishment of pioneer and ruderal species (Bergstedt et al.
2008; Vanha-Majamaa et al. 2017). Moreover, non-prepared strips and patches provide refuge for
remnant communities of forest species (Newmaster et al. 2007). In the studies by Bergstedt et al.
(2008) and Vanha-Majamaa et al. (2017), species richness does not seem to have been affected by
MSP 10-14 years after MSP.

For individual species and species groups in boreal forests, the cover of some feather mosses,
e.g., P. schreberi and H. splendens, as well as Dicranum spp. and dwarf shrubs (V. myrtillus L.,
V. vitis-idaea L. and E. hermaphroditum) generally decreases after MSP, whereas pioneer mosses,
such as Polytricum spp. and Ceratodon purpureus, become abundant in furrows, while grasses and
herbs (mainly D. flexuosa and Epilobium angustifolium L.) can grow vigorously on ridges. Roturier
etal. (2011) observed both increased and decreased lichen species numbers 10—15 years after treat-
ment depending on the MSP method used. For reindeer forage lichens, it seems possible to both
reduce the disturbed lichen area and to increase the re-establishment rate by using an appropriate
site preparation technique (Roturier and Bergsten 2006; Roturier et al. 2011).

A methodological issue in some studies is the difficulty to strictly distinguish the effect of
MSP on ground vegetation from that of harvesting (Bergstedt et al. 2008; Vanha-Majamaa et al.
2017). A challenge to interpreting the results of the survey study by Tonteri et al. (2022) is that
the occurrence of lichens prior to MSP being carried out probably affected which MSP practice
was selected, with less intensive MSP practices being used on sites with high initial lichen cover
and ploughing on sites with low cover. In addition, there is some uncertainty about which types
of sites were included as the non-prepared controls.

More long-term studies (>15 years) on changes in ground vegetation cover, in terms of
both abundance and composition, after MSP are needed in order to establish whether or not the
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observed changes are reversible. From a reindeer-forage perspective, it is important to further study
the re-establishment of reindeer lichens after different MSP practices. In future studies on ground
vegetation, it is essential to separate the effects of harvesting and MSP.

10 Discussion

Considering the large areas annually subjected to MSP in Sweden and Finland (Fig. 1), rather
limited research on the environmental impacts of MSP has been undertaken (Table 1). In some
cases, the study design renders it difficult to isolate the effect of MSP from other forest manage-
ment practices, usually clearcutting. Thus, it is difficult to draw far-reaching general conclusions
for most of the variables analysed in this review.

Given the nature and purpose of MSP, i.e., to physically impact the soil to promote regenera-
tion, it inevitably alters the soil. As presented in this review, such alterations include soil surface
microtopography, soil profile and element redistributions, and exposure of mineral soil. These
changes may, in turn, affect vegetation cover and composition, erosion, leaching, and exports of
elements and sediment to surface water bodies. It is vital to remember that MSP represents a wide
range of disturbance intensities (see section 4) and that the environmental impact also depends on
its execution and on-site conditions.

In light of increasing concerns about climate change, the potential impacts of forestry on
forest C sequestration and soil C store are highly pertinent. In earlier reviews, the common view
offered is that MSP generally increases decomposition and loss of soil C, reduces the soil C store,
and that the reduction is related to the degree of disturbance (Johnson 1992; de Wit and Kvindesland
1999; Jandl et al. 2007). This view is contradicted by the more recently reported in situ measure-
ments of soil CO, emissions after MSP in Sweden (Mjo6fors et al. 2015; Stromgren et al. 2017).
There are several possible explanations for the reported differences. In the review by Johnson (1992),
the studies on site preparation referred to were mainly performed in climatic regions outside the
focus area of this review, and other site-preparation practices were also included (e.g., burning,
litter raking). Johnson (1992) also points out a methodological problem, namely, that often it is
not possible to separate the soil C loss caused by displacement from that lost by decomposition.
Another methodological problem is to detect small storage changes in large soil stores such as
soil C. In this context, measurement of CO, fluxes from the soil is a more sensitive method than
soil sampling. However, both methods include uncertainties related to sampling highly variable
soil C stores across fine spatial scales (Haukenes et al. 2022). Moreover, there is more knowledge
about the effects of forest management practices, including MSP, on C in the organic surface layer
than there is for stable C pools in the mineral soil (Jandl et al. 2007). In summary, MSP by patch
scarification, mounding, or disc trenching, undertaken at clearcuttings in boreal and hemi-boreal
forests, does not seem to affect the loss of C to the atmosphere significantly, while the amount of C
leached from the soil after these MSP practices remains relatively unknown. In addition, the same
practices generally increase above-ground biomass production (Nordborg et al. 2006; Mjofors et
al. 2017; Hjelm et al. 2019; Sikstrom et al. 2020). Increased above-ground biomass production
can contribute to increased accumulation of stable plant-derived C in the soil, although the rate of
soil C accumulation is low compared to the aboveground accumulation rate in a forest ecosystem
and the stabilisation process is slow (Jandl et al. 2007). Thus, as a single operation, MSP by patch
scarification, mounding or disc trenching seems to contribute to increasing the ecosystem C store
by contributing to high forest growth while avoiding significant C loss (Mjofors et al. 2017).
Nonetheless, most current MSP practices generally cause unjustified soil disturbance and need
be developed further to cause only the disturbance necessary to achieve successful regeneration.
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10.1 Research needs

As previously mentioned, there is limited research on the environmental effects of MSP, particularly
regarding the longer-term effects (>5—10 years) of the MSP practices commonly used today, and
the influence of climate and site productivity (cf. Table 1, Fig. 2). Multiple investigations have
been performed at some sites, providing a more comprehensive picture of impact at these sites, but
additional studies are needed for various MSP practices and their execution, to shed light on the
influence of factors that vary geographically, namely climate, site productivity, and soil type and
geochemistry. Site productivity is likely to affect the impact of MSP given the differences in, for
example, soil N store and organic surface layer C to N ratio (Hogberg et al. 2021), but how this is
manifested is unclear and needs further research.

More field studies could also help distinguish the effects which relate to study design and
methods (e.g., Weihermiiller et al. 2007) and identify the interaction with other forestry measures
performed soon before or after MSP, for example leaving forest buffers, harvesting logging resi-
due or stumps, drainage activities, and wood-ash application (cf. Mayer et al. 2020). With few
available studies, detailed comparisons of different studies are constrained by variations in study
design and methods. For example, soil-water chemistry was investigated after disc trenching at
both the Kangasvaara and Hagfors sites, but the logging residue was left on site at Kangasvaara
and harvested at Hagfors, and different techniques for soil-water sampling were used (Piirainen et
al. 2007; Ring et al. 2013). Unlike the Kangasvaara site, the experimental design of the Hagfors
site also included previous N fertilisation.

Although knowledge has improved over recent decades, there is still little evidence about
how the effects of forestry activities in upland areas (groundwater recharge areas) on soil-water
chemistry are transferred to adjacent surface water bodies, and the role of streamside groundwater
discharge areas. The riparian zone has a strong impact on stream-water chemistry (Bishop et al.
2004; Ledesma et al. 2013, 2018) and has been found to be more important than upland areas for
the N and total organic C chemistry of boreal streams (Folster 2000; Blackburn et al. 2017). Soil
type (organic soils), superficial groundwater flow, and groundwater table fluctuations have been
identified as key factors for N and total organic C export from the riparian zone (Folster 2000;
Grabs et al. 2012; Blackburn et al. 2017). Hence, clearcutting could potentially increase N and total
organic C exports to adjacent streams and lakes as it causes elevation of the groundwater table and
expanded streamside discharge areas due to decreased evapotranspiration (cf. Lundin 1979; Bishop
et al. 2004; Schelker et al. 2012; Ledesma et al. 2018; Wei et al. 2022), disregarding any effect
on denitrification. The reduction in evapotranspiration by clearcutting ought to exceed the effect
of subsequent MSP by far. At the Balsjo catchments in northern Sweden, EkI6f et al. (2014) did
not detect an additional effect of disc trenching on discharge compared with merely clearcutting.
Thus, over the short term, the elevation of the groundwater table in streamside areas is probably
mainly caused by clearcutting. However, since MSP improves regeneration success and initial
tree growth (Sikstrom et al. 2020), it could potentially reduce nutrient exports to nearby surface
water bodies over the longer term by shortening the period over which the elevated groundwater
table and increased runoff persists, as also proposed by Eklof et al. (2014), but this calls for more
research. Further, leaving wide (30—50 m) forest buffers next to surface water may reduce exces-
sive nutrient and sediment exports (Ahtiainen and Huttunen 1999), but little is known about the
efficacy of current forest buffers in Sweden and Finland (Kuglerova et al. 2020; Ring et al. 2022)
in mitigating nutrient and sediment loads to surface water. More knowledge on the role of stream-
side areas and their management could help determine the protection zones required to safeguard
stream-water quality.
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10.2  Suggestions for operational forestry

The environmental impact caused by MSP can be reduced through careful planning and skilful
execution. The prime concerns are to prevent elevated exports of sediments, nutrients, dissolved
organics, Hg, and other trace metals. In addition, consideration and adaptation to reindeer husbandry
is important. Although beyond the scope of this review, it is also important to safeguard other values,
for example retained trees and tree groups left for biodiversity and ecological purposes, social
values, and historical remains. Topography, hillslope inclination, soil erodibility, climate, presence
of surface water bodies, and location of groundwater discharge areas (and their expansion after
clearcutting) must be considered when planning and executing MSP (Carling et al. 2001; Borrelli
and Schiitt 2014; Sikstrom and Hokké 2016). Special attention should be paid when considering
MSP on highly erosive soils and hillslopes with high inclination (cf. Aust and Blinn 2004). During
the planning stage, careful examination of the type of disturbance required for successful regen-
eration must be assessed for individual sites, an appropriate MSP practice selected, and sufficient
protection zones next to sensitive areas and surface water bodies delineated. The execution must
be adapted to on-site conditions, for example by adjusting the ground pressure of discs during disc
trenching, and directing furrows to avoid erosion. Systematic follow-ups and good communication
among the staff involved could help improve procedures and implementation.

10.3 Concluding remarks

Valuing the benefits of MSP against undesired environmental impact is complicated as indicated in
this review, due to gaps in knowledge, the wide range in MSP practices, their disturbance intensity
and execution, and the different types of impact rendering comparisons difficult. The beneficial
effects of MSP are improved regeneration success and possibly reduced usage of pesticides against
pine weevil (H. abietis), since planting seedlings in areas with pure mineral soil reduces pine
weevil attacks (Wallertz et al. 2018). The potential undesired effects of MSP, according to current
knowledge, include increased erosion and sediment transport, disturbed soil profiles, elevated
nutrient leaching and trace metal exports, and long-term effects on ground vegetation cover and
species composition. However, it is difficult to compare the desired and undesired impacts of
MSP in general, since the undesired impacts relate to the disturbance intensity and consideration
measures taken.

The most common MSP practices currently used in Sweden and Finland, disc trenching
and mounding, generally disturb considerably higher surface area proportions than is required for
regeneration success. Continuous efforts to develop regeneration and MSP practices and technology
are important to limiting soil disturbance intensity to the level necessary for successful regenera-
tion. Finally, the values of preserving intact soil profiles should be assessed.
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