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Abstract 
Deep ploughing – which inverts, covers, or mixes soil organic layer (forest floor) and surface mineral A horizon into the 

mineral subsoil, burying the upper soil horizon in deeper layers, and disrupting pedogenic processes – is a debatable topic in 
forest plantation management. Overall, this review article aimed to identify the impacts of deep ploughing on the properties of 
forest plantations, adapting experiences from the agricultural sector. This paper examines the main impacts of deep ploughing 
technology on soil physical, chemical, and biological properties, ground vegetation, and tree aboveground and belowground 
biomass in afforested former agricultural land. Analysis of the published literature shows that deep ploughing can be used 
under different climatic and soil conditions, but it induces site-specific changes in soil properties and vegetation. Mechanical 
site preparation during afforestation and reforestation should follow the requirements of sustainable soil management, to avoid 
negative effects on the environment and biodiversity. Based on this analysis, we suggest key indicators that may be specific 
to deep ploughing responses in afforested sites and can contribute to risk assessment, aimed at achieving sustainable forest 
management. To date, most studies on mechanical site preparation for forest plantation have been performed using a few 
conifer tree species; therefore, it is important to expand empirical studies. 
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Introduction 
The goal of plantation forestry is to produce industri-

al timber for local use and global markets, and to reduce 
timber shortages in the near future, thereby meeting some 
basic needs of society (Sedjo 2001, Barua et al. 2014, Mc-
Ewan et al. 2020). Along with meeting the demand for 
timber, the successful development of forest plantations 
is associated with environmental requirements, carbon se-
questration measures, and protection of biodiversity and 
soil and water quality (Burger 2009, Innes 2013). Com-
mon practices show that plantation forestry is developed 
by planting or sowing native or introduced species through 
afforestation or reforestation (Freer-Smith et al. 2019, FAO 
and UNEP 2020). 

Overall, plantation forestry is useful for afforestation 
of former agricultural and degraded lands, and for carbon 
sequestration and biodiversity (Sedjo 2001, Paquette and 
Messier 2010, Pawson et al. 2013). Soil cultivation is an 
important process that affects the physical, chemical, and 
biological properties of the soil, and leads to different plant 
growth responses, regardless of where it is applied (i.e. 
in agricultural or forest land) (Matthesen and Damgaard 
1997, Akinci et al. 2004, Hansen et al. 2007, Alcántara et 

al. 2017, Schneider et al. 2017). Deep ploughing or sub-
soil ploughing has been widely used to reduce soil strength 
in agricultural soils (Akinci et al. 2004), but there is little 
data on the effectiveness of this method for tree growth, 
especially in habitats with different soil conditions. Ac-
cording to some authors, deep ploughing is ploughing 
to a depth of 30–45 cm or even deeper (60–120 cm), de-
pending on soil type (Matthesen and Damgaard 1997, 
Luscombe et al. 2006, Russell 2009, Hussein et al. 2019). 
In all cases, pedogenic processes are disrupted and the 
soil profile is greatly altered compared with natural-
ly created vertical horizons formed by long soil forma-
tion processes under a range of physical, chemical, and  
biological processes. 

In Europe, deep ploughing dates to the 1950s, and this 
technology was mainly used in agriculture (Russell 2009). 
Although, nowadays, efforts are being made to limit culti-
vation in agriculture to reduce greenhouse gas emissions 
and to achieve good soil management, the use for forestry 
is debatable. Site preparation for forest regeneration has 
been practiced since humans began managing forests, and 
it is a recurring theme in forest policy groups (Löf et al. 
2012, FPG 2019). For many years, soil cultivation was rec-
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ommended as best practice for the establishment of tree 
plantations on all soil types. Deep ploughing is rarely used 
due to environmental concerns; however, it should be care-
fully considered as an alternative technology when plan-
ning afforestation of former agricultural land (Matthesen 
and Damgaard 1997, Hansen et al. 2007, Malinauskas and 
Urbaitis 2010, Smal et al. 2019). Owners of newly estab-
lished forest plantations may have questions about the suit-
ability of former agricultural land for the forest because 
soil has been ploughed for many years. A layer of com-
pacted soil (ploughpan), which has been formed on former 
agricultural soil due to intensive and repeated ploughing, 
can hamper successful afforestation by slowing down root 
penetration and water penetration (Malinauskas and Ur-
baitis 2008). Some authors argue that soil ploughing up to 
60 cm deep before afforestation of agricultural land could 
be preferred because it provides better weed control com-
pared with other technologies (Hansen et al. 2007). How-
ever, many other issues remain unaddressed. 

This study aimed to review the main impacts of deep 
ploughing technology, used for the establishment of for-
est plantations, on the physical, chemical, and biological 
properties of soil, including soil organic carbon (SOC) 
stocks, as well as ground vegetation development, and 
aboveground and belowground tree biomass growth. We 
should emphasise that this study contributes to the concept 
of potential deep ploughing for forest plantations, but we 
did not analyse the reliability of specific empirical studies. 
More specifically, we further give the examples from Lith-
uanian study on afforestation after deep soil ploughing. 

Materials and methods 
For this study, an impact of deep ploughing is de-

fined as changes in the physical, chemical, and biologi-
cal properties of the soil, or response of ground vegeta-
tion and tree growth. Due to the lack of forestry studies 
directly related to the topic, this review article was based 
on relevant references from both forestry and agricultur-
al sectors. The analysis of the potential effects involved 
systematising the results from different published stud-
ies, searching them mainly in the multidisciplinary data-
bases, such as Scopus and Web of Science, and publisher 
databases, such as ScienceDirect (Elsevier). The search 
was organised while including the main keywords, such 
as deep soil ploughing/tillage/plowing/cultivation, deep 
ploughing and soil properties/changes, vegetation re-
sponse/changes, plantation/tree/root growth/survival. 
’Deep ploughing’ is taken here to include soil ploughed 
deeper than 30(35)–50(80) cm, without emphasising the 
effect of specific ploughing depth on exact parameters 
but assessing and describing the potential effects. 

The search was limited to references published in 
the past 40 years, from 1980 to 2020. General issues, 
which are not based directly on the effects of deep 
ploughing on forest plantations, were cited from previ-
ous literature reviews (Hamza and Anderson 2005, Ma-
hajan and Balachandran 2012, Blouin et al. 2013, Prem 
et al. 2016, Feng et al. 2020). 

Identified impacts were classified as effects of 
deep ploughing on physical and chemical soil proper-

Figure 1. Examples of soil profiles: A – unploughed Planosol (regenerated coniferous forest), and B – deep ploughing performed up 
to 55 cm on Planosol (Scots pine plantations planted in 2012) (Photos: Gediminas Survila) 
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Effects of deep ploughing on soil physical and 
chemical properties 

Ploughing is one of the oldest technologies through 
which soil is inverted, loosened, compacted, mixed, and 
crushed (Prem et al. 2016). During deep ploughing, the 
subsoil horizons enter the soil surface, and the upper soil 
horizon (topsoil) is buried in deeper soil layers, and the 
process ends with deep-soil mixing throughout the profile 
(Schneider et al. 2017). In most cases, deep ploughing is 
best suited for even-aged regeneration systems using ar-
tificial regeneration. Ploughing has a direct impact on 
factors that influence plant nutrient dynamics as it stimu-
lates the mineralisation of soil organic matter (SOM). Soil 
nutrients can be reduced by ploughing more deeply than 
in conventional soil preparation. For example, ploughing 
to 30 cm reduced surface soil total N, and extractable K 
and P (Pywell et al. 2002), also reduced SOC, pH values, 
and exchangeable Ca (Madeira et al. 1989). Soil mixing 
resulting from deep ploughing can affect the distribution of 
mobile nutrients such as NO3-N and SO4-S, and the leach-
ing of higher NO3 concentrations can occur (Randall and 
Iragavarapu 1995, Jiao et al. 2004). It is well established 
that soil properties are highly dependent on the SOM con-
tent: higher quantity and better quality of organic matter 
lead to better supply of nutrients to the plants (Gan et 
al. 2020). If required, deep ploughing is effective for re-
ducing topsoil fertility in former agricultural land (Glen  
et al. 2016). 

Site cultivation can affect soil physical properties for 
many years, sometimes for more than one rotation (Ev-
ans 2009). Deep cultivation or ploughing, turns SOM into 
soil to increase decomposition and add nutrients from the 
SOM to the mineral soil. The increasing content of SOM 
in the soil during deep ploughing reduces the soil bulk 
density and increases soil porosity (Hamza and Anderson 
2005). However, several studies have demonstrated that in-
tensive ploughing deteriorates soil structure and enhances 
soil erosion (Kladivko 2001). Longer term benefits include 
not only a reduction in bulk density, as such practices in-
crease infiltration capacity and soil aeration, but also im-
provements in moisture storage. The potential mechanism 
through which trees benefit from ploughing has been asso-
ciated with increased nutrient mineralisation and availabil-
ity (Silgram and Shepherd 1999). This technology, through 
which the mineral soil is turned over, not only mixes the 
SOM, but also increases oxygen in the soil, thereby speed-
ing up the decomposition of the organic matter and making 
more oxygen available for the plant roots. Deep ploughing 
has been associated with a reduction in erosion when clay-
rich subsoil enters silt-dominated topsoil (Alcántara et al. 
2017). Ploughing should be avoided on heavy soils, except 
for restoring soil physical conditions. Several authors have 
shown ploughing as a promising method for increasing 
tree growth when soil is compacted (Heninger et al. 2002, 
Holub et al. 2013). A decade post-ploughing use after soil 

Figure 2. Example of deep inversion ploughing with Bovlund-80 
deep ploughs (Photos: Gediminas Survila) 
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ties; effects of deep ploughing on biological soil prop-
erties; and vegetation responses to deep ploughing. The 
effects were classified as either positive or negative in 
relation to site sustainability. Some of the identified ef-
fects were site- (different soil texture, fertility, etc.), or 
climate- (different air temperature, water regime, etc.) 
dependent, and it was not possible to identify clearly 
whether the effect was positive or negative, thus, some 
effects could be classified as uncertain under specific 
conditions. 

The reviewed studies are provided in the text and in 
the summary table, including the possible effects gener-
alised from the analysed references. Translations of the 
texts cited in the review are mainly unofficial versions 
made by the authors. 

To provide more specific data about the impact 
of deep ploughing on Lithuanian sites (in this case, 
mineral Planosol according to IUSS Working Group 
WRB (2015) is shown as an example), four compos-
ite samples of mineral soil (0–10 cm, 10–20 cm, 20–
40 cm, and 40–80 cm layers) were sampled for the 
determination of SOC concentration (ISO 1995). The 
non-ploughed soil and deep ploughed soil profiles at 
sandy Planosol are shown in Figure 1. The example of 
the deep ploughs, which were used for the establish-
ment of the experimental plots for afforestation of for-
mer agricultural abandoned land in Lithuania, is given  
in Figure 2. 
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via drying-rewetting and freeze-thaw cycles via ploughing 
have been identified as reasons for higher SOC stability in 
subsoils (Rumpel and Kögel-Knabner 2011). As noted by 
Feng et al. (2020), subsoiling significantly increased SOC 
by 8–9%. Deep ploughing did not facilitate SOC seques-
tration to a significant extent for the whole soil profile, al-
though it did significantly increase SOC in the 20–50 cm 
layer (Figure 3). However, some authors argue the oppo-
site, that intensive ploughing which accelerates the con-
version of soil macro-aggregates is the main cause of SOC 
loss (Lal 2007). Smal et al. (2019) showed that the SOC 
stocks in the former plough layer decreased in the first 
decade after afforestation, and then gradually increased. 
Previous studies indicate that the use of deep ploughing is 
a highly effective long-term SOC sequestration tool (Al-
cántara et al. 2016) and improves long-term soil fertility 
(Baumhardt et al. 2008). A study by Alcantara et al. (2016) 
showed that 36–48 years after the use of deep ploughing 
in mineral soils, 3–183% higher SOC stocks were found 
in 0–100 cm soil layer because the carbon that accumu-
lated in the topsoil was not fully mineralised in the deeper 
layers, and SOC accumulated continuously in the newly 
formed, mixed topsoil. Because deep ploughing enters 
large amounts of SOC into the subsoil and facilitates deep 
rooting, SOC stocks in afforested lands can be expected to 
increase over time. 

It is important to note that differences between deep 
ploughing methods were less important than the presence 
of root-restricting soil layers (Schneider et al. 2017). The 
risk of negative deep ploughing effects was the highest in 
the sites with light textured silt soil. In dry seasons, pos-
itive deep ploughing effects were greater than in average 
years. In soils with stable soil structure and root-restricting 
layers, deep ploughing can be an effective tool to reduce 
drought stress on plants, and, therefore, it can improve 
plant resilience to climate change. For example, this can be 
determined in Planosol with sandy mineral topsoil when 
loam is inverted on the surface. 

compaction showed a minor but not significant increase in 
tree volume, basal area, and basal area growth (Holub et al. 
2013). Similarly, a study by Heninger et al. (2002) showed 
ploughing to be effective at restoring productivity to detri-
mentally compacted soils. 

Due to the deeper roots of forest trees and their high-
er biomass content in the forest, the peculiarities of root 
formation in the forest are different from those of crops 
(Jackson et al. 1996), making it difficult to compare differ-
ent land uses. 

With increasing emphasis on forest-based SOC se-
questration, it is known that the processes of stabilisation 
and degradation of SOM are influenced by soil genesis, 
meteorological conditions, and cultivation techniques 
(Janzen et al. 1998, Liaudanskienė 2009). Naturally, car-
bon from annual litter of leaves or needles, dead wood 
and roots enters the subsoil, and, further, dissolved organ-
ic carbon (DOC) is released by leaching, or bioturbation 
(Rumpel et al. 2012), while deeper burial of carbon-rich 
soil material occurs due to deep ploughing. 

Changes in land use and/or land management can 
greatly affect SOC stocks and, therefore, soil C response to 
land-use changes, at least partially, depends on the previous 
land use (Guo and Gifford 2002). Previous studies indicate 
that SOC stocks could increase by 12–13% per 100 years 
if 30% of the agricultural land in Europe was afforested 
(Powlson et al. 1998). Similar results were obtained in 
studies conducted in Lithuania, when the impact of affor-
estation of infertile lands on SOC changes was assessed 
(Aleinikovienė et al. 2007, Armolaitis et al. 2007). It was 
also found that SOC stocks increased or did not change af-
ter afforestation of infertile arable sandy soils, while SOC 
stocks decreased in continuously arable sandy soils. 

The studies on soil SOC are often limited to the 30 cm 
depth topsoil; however, more than half of the world’s SOC 
is concentrated in the soil deeper than 30 cm (Hiederer 
and Köchy 2011, Batjes 2014, Alcántara et al. 2017, FAO 
2018). Otherwise, the higher carbon storage capacity in 
subsoil appears to several reasons. The first one, despite 
the decrease of SOC concentrations in deeper soil layers, 
SOC stocks are higher than those in the topsoil because of 
the higher soil mass (Lorenz and Lal 2005). The second 
one, slower SOC mineralisation in deeper soil layers oc-
curs due to specific environmental conditions: the lower 
variability of soil moisture and temperature, and the lower 
oxygen content (Lorenz and Lal 2005, Rumpel and Kö-
gel-Knabner 2011, Beare et al. 2014). The third one, the 
SOC in the subsoil has not been exchanged with the at-
mosphere for a long time (Gleixner 2013, Mathieu et al. 
2015). Wordell-Dietrich (2016) showed slower decompo-
sition of additional SOC inputs in the subsoil compared 
to the topsoil. This process depended on the lower SOC 
content, which resulted in a lower density of decompos-
ing microorganisms and thus a lower possibility of any 
SOC present being mineralised (Don et al. 2013). Lower 
oxygen concentrations in the subsoil and less disturbance 
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Figure 3. The mean (error bars show standard error of the mean) 
concentration of soil organic carbon (%) at different mineral 
soil layers in regenerated forest on non-ploughed soil, and in 
afforested site, established after deep soil ploughing in 2012; the 
soil was classified as non-fertile Planosol at both sites (IUSS 
Working Group WRB (2015); also see Figure 1) (Unpublished 
data, Gediminas Survila PhD project, 2019–2023) 



5

BALTIC FORESTRY 27(2) DEEP SOIL PLOUGHING FOR AFFORESTATION: A REVIEW OF POTENTIAL /.../ SURVILA, G. ET AL. 

Effects of deep ploughing on soil biological 
properties 

Due to high diversity and abundance, the soil organ-
isms – microbes, micro, meso, macro, and megafauna – 
are directly related to the soil functions (FAO et al. 2020). 
Clear relationships between vegetation, SOM, and soil 
microbial communities exist in natural forests (Merilä et 
al. 2010). However, these relationships may be drastically 
changed when deep ploughing is applied before planting 
trees. To date, only few studies have examined the effect of 
different ploughing practices on soil microbial community 
structure (Van Groenigen et al. 2010, Navarro-Noya et al. 
2013). 

As a first phase, soil micro, meso, and macrofauna 
physically decompose plant residues and allow soil micro-
organisms to release nutrients and energy bound to plants 
(FAO et al. 2020). For example, the more the earthworms 
in the soil, the more the organic matter, and the better the 
soil structure. Earthworms depend on the availability of 
sufficient food (debris, plant debris) close to the soil sur-
face (Blouin et al. 2013), but this changes greatly if deep 
ploughing is used. Although there is no consensus, some 
studies have shown that deep ploughing increases the ac-
tivity of earthworms and other beneficial soil organisms, 
which relates to the formation of soil structure, aeration, 
and water permeability and the abundance of plant-pro-
moting rhizobacteria and mycorrhizae in the subsoil (Fen-
ner et al. 1993). However, deep ploughing kills earthworms 
directly, mechanically destroys their burrows, and buries 
their food supply. 

The main biological benefit of mixing organic matter 
with the subsoil is to promote plant growth and improve 
soil biodiversity (Hahn and Quideau 2013). Among oth-
er biological components, the soil fauna contributes to the 
mineralization of plant litter, promoting microbial function 
(microbial biomass, fungal:bacterial ratio) (Lavelle et al. 
1997, Coleman and Crossley 2004). 

Soil microorganisms (mainly bacteria, actinomycetes, 
and fungi) are also important for the decomposition of 
plant litter, which has multiple functions in the forest floor, 
such as preventing soil erosion, microclimate fluctuations, 
soil compaction, etc. (Lavelle et al. 1997, Sayer 2006, Bani 
et al. 2018). Prior studies have noted the importance of 
soil microorganisms and enzyme activity for soil quality, 
as well as the ability to activate soil nutrient availability 
and increase plant productivity (Pajares et al. 2011). It 
is obvious that any change in soil physical and chemical 
characteristics, including those induced by deep plough-
ing, may affect soil microorganism and enzyme activities, 
and change their ability to decompose organic residues, 
produce antibiotics, and supply food sources for organisms 
(Mahajan and Balachandran 2012). Therefore, biochemi-
cal nutrient processing and soil improvement are impaired. 
First, ploughing affects microbial access to fresh carbon 
in the subsoil, releases previously inaccessible organic 

carbon (OC), and changes soil water and gas distribution, 
affecting microbial metabolic rates (Salomé et al. 2010). 

Following other studies, the soil fungal community 
responded more to soil cultivation than the bacterial com-
munity and, similarly, fungal abundance was significantly 
reduced due to soil ploughing, while bacterial abundance 
was only slightly affected (Sun et al. 2018). 

Vegetation response to deep ploughing 
The changes in vegetation induced by deep ploughing 

could be roughly grouped into the following: (1) changes 
in ground vegetation; (2) changes in aboveground tree pa-
rameters; and (3) changes in belowground tree parameters, 
mainly including fine roots. 

Basically, the ground vegetation in forest ecosystems 
could compete with young trees during the regeneration 
phase (Balandier et al. 2006) but stabilises the topsoil and 
reduces nutrient leaching (Hansen et al. 2007). During 
ploughing, weed roots are mechanically broken, weed 
seeds enter deeper soil layers, and weed growth is disrupt-
ed. Once weeds are removed, the tree seedlings cannot take 
up the available nitrates, which can increase nutrient losses 
(Hansen et al. 2007). Hjelm et al. (2018) concluded that re-
moval of weeds helped avoiding the problems when poplar 
plantations were established. 

However, in some cases, ploughing changes the soil 
microclimate (especially, topsoil thermic regime), which 
can promote seed germination of different weed species 
(Mohler 1993). 

Following Scandinavian forestry practice, deep 
ploughing to more than 50–60 cm depth improved plan-
tation success in the short term, keeping areas free from 
vegetation in the first growing season (Matthesen and 
Damgaard 1997). Danish studies showed that deep plough-
ing decreased the vegetation cover to 50% in the first 
growing season in afforested sites (Matthesen and Kudahl 
2001). Jones et al. (2010) identified slow colonisation of 
natural vegetation when nutrient-rich topsoil layer was 
covered with 40–50 cm of mineral soil, and the first plants 
(Carex arenaria, Cirsium arvense, Equisetum arvense, Ra-
nunculus repens, etc.) occurred from 8 to 15 months after 
the disturbance. 

By deep ploughing, the soil is usually prepared once 
in order to loosen the subsoil, improve water permeabili-
ty and root penetration, thus creating better conditions for 
plant growth. Schneider et al. (2017) concluded that the 
average deep ploughing effect on yield was slightly pos-
itive (6%) and resulted in a 20% yield increase in soils 
with root-restricting layers. Deep ploughing can also im-
prove the resilience of crops during drought (Schneider 
et al. 2017). Malinauskas and Urbaitis (2010) concluded 
that deep ploughing provided favourable conditions for the 
growth of seedlings and increased rooting depth. A study 
performed in Ireland showed improved early growth of Sit-
ka spruce and Douglas fir in ploughed sites compared with 
that in unploughed ones (Hendrick 1979). 
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Decreased soil moisture availability and changes 
in soil N cycling induced by soil compaction and loss of 
SOM have affected photosynthesis, and, therefore, it may 
also potentially influence tree growth. 

When preparing the soil for afforestation, deep 
ploughing results in a higher survival rate of planted trees 
because of better water availability, i.e. oxygen and car-
bon-rich layer with high water-holding capacity is observed 
in deeper soil layers (Hansen et al. 2007). In addition, Coll 
et al. (2007) highlighted the significant competition for soil 
N and the need to control belowground vegetation to mi-
nimise root competition, thus the weed control could be 
helpful in this case. Schilling et al. (2004) reported that 
root architecture was primarily influenced by subsoiling 
treatments, regardless of surface ploughing or machine 
planting. 

Nordborg et al. (2006) analysed influence of different 
site preparation treatments, including deep soil cultivation 
to 50 cm deep, on total N and OC stocks in soil, ground 
vegetation, trees (Pinus contorta, Picea abies, Pinus syl-
vestris) and roots. Ten years after the deep soil ploughing, 
no effects on N stocks in vegetation and the biomass allo-
cated to needles, stems and roots were found, but the high-
er tree C and N stocks and total tree biomass were found. 
Malinauskas and Urbaitis (2008) analysed the growth of 
trees and roots in Scots pine, Norway spruce, and birch 
plantations, established using a ploughpan on former ag-
ricultural soils. The study showed that deep ploughing 
provided better conditions for the growth of roots and in-
creased their rooting depth. Notably, the growth of abo-
veground tree was directly related to root growth. 

Tree roots and especially the most active fine roots 
(< 2 mm in diameter) are important for water and nutri-
ent uptake and ecosystem function (Fitter 1982, Jackson 
et al. 1990, Bardgett et al. 2014, McCormack et al. 2017, 
Mucha et al. 2020). Although fine tree roots account for 
less than 2% of tree biomass, they can contribute to 75% 
of primary production in mature forests annually, making 
them important for forest carbon, nutrient, and water cy-
cling processes (Gill and Jackson 2000, Brunner and God-
bold 2007). Fine roots are concentrated on the soil surface 
and decrease steadily with increasing soil depth (Macinn-
is-Ng et al. 2010, Jian et al. 2015). Studies performed in 
the plantations of six tree species established on agricul-
tural land have shown that the highest fine root density 
was concentrated at a depth of 0–40 cm (Jian et al. 2015). 
Otherwise, fine roots are known to develop very plastically 
in response to changing environmental conditions (Meier 
and Leuschner 2008). Deep ploughing causes substantial 
changes in root distribution. For example, shallow plough-
ing caused the root concentration in the 0–20 cm layer, 
and deep ploughing resulted in the root distribution in the 
20–75 cm soil layer (Madeira et al. 1989). 

The importance of fine roots for carbon and nutrient 
metabolism under various conditions has been studied 
quite extensively. Fine root biomass has been found to 

vary with climate, stand age, tree species, and soil fer-
tility (Ostonen et al. 2007a, Comas and Eissenstat 2009, 
Kalliokoski et al. 2010, Mucha et al. 2020). For example, 
higher fine-root biomass was found in nitrogen-deficient 
soils, and fertilisation reduced specific root length (Finér 
et al. 2007, Helmisaari et al. 2007, Ostonen et al. 2007b). 
In previously ploughed forest soil, it is reasonable to assess 
the spatial distribution of fine roots in the soil to elucidate 
soil properties and possible changes in these properties and 
to assess the long-term uptake of plant nutrients and wa-
ter (Tanskanen and Ilvesniemi 2007). The distribution of 
fine roots in ploughed forest sites has shown that SOM, 
produced by root exudates and fine root turnover, is dis-
tributed unevenly in the profile, thus altering the properties 
of the inverted soil. However, the study by Madeira et al. 
(1989), showed that different soil ploughing techniques 
did not affect tree biomass production between 18 and 
30 months after planting. 

Potential benefits and disadvantages of deep 
ploughing 

To summarise the topics covered in the paper, the ben-
efits and drawbacks of deep ploughing in forest plantations 
were summarised in Table 1. Overall, deep soil ploughing 
could create favourable conditions for tree planting and 
ensure low plantation maintenance in the future. A tree sur-
vival and growth depend on the complex properties of the 
soil, as soil fertility, microclimate (moisture and tempera-
ture regime), and the abundance and growth of competing 
plants and their effects on forest plantations, these aspects 
were mainly analysed in this study. 

As mentioned above in this paper, deep ploughing 
aims to reduce soil compaction, breaking down the hard-
pan and reducing soil density. Several studies have shown 
that deep ploughing creates better conditions for plant 
growth. In this case, plants form a deeper root system, with 
easier rooting and better conditions for absorbing water 
and nutrients. Deeper loosening of the soil results in im-
proved aeration properties, easier planting of seedlings, 
and effective weed control. It was also noted that this tech-
nology can be applied to a variety of climatic and soil con-
ditions (Hansen et al. 2007, Schneider et al. 2017, Hussein 
et al. 2019). Some authors pointed out that increasing the 
ploughing depth by 1 cm increases energy consumption by 
5–7%, and such ploughing requires high labour per hectare 
of soil (Civikaitė 2019, Lekavičienė et al. 2019). 

Generally, more often in agriculture, ploughing usu-
ally brings a lot of benefits: the soil is loosened, the plants 
are easier to plant or sow, and the plant litter enters deeper 
soil horizons, the weeds are destroyed, etc. Typically, soil 
ploughing aims to reduce soil compaction, rip the hard-
pan, and reduce the soil bulk density, thereby encouraging 
deeper rooting of plants, improving soil infiltration, and 
stimulating tree growth through better soil aeration, and 
water and nutrient availability, and it is a suitable practice 
for weed control (Busscher and Bauer 2003, Bulmer and 
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Krzic 2003). Few studies have examined the response of 
specific tree species to the use of deep ploughing, and these 
showed rapid early growth of European larch (Larix decid-
ua Mill.), black alder (Alnus glutinosa (L.) Gaertn. L.), and 
other pioneer trees after deep ploughing (Matthesen and 
Damgaard 1997). However, there is still a need for studies 
on tree species other than pioneers, as well as the long-term 
effects on soil fertility when deep ploughing is used. Socio-
economic aspects must also be considered when deciding 
on forest management practices. Applying technological 
solutions to different soil types or biomes can lead to un-
foreseen risks. 

This review article, however, is subject to several lim-
itations. First, this study presents generalised and potential 

advantages and risks of deep ploughing. We did not anal-
yse individual effects observed in the studies with specific 
ploughing depths. Second, differences between agricultur-
al and forest plants could lead to variation in responses of 
varying intensity and duration. 

Conclusions 

This study summarises the empirical evidence on the 
ecological effects of deep soil ploughing and suggests spe-
cific indicators for deep ploughing responses in afforested 
sites, contributing to risk assessments for sustainable forest 
management. This review highlights key aspects of deep 
soil ploughing, which is a practice where the soil is usu-

Benefits of deep ploughing Disadvantages of deep ploughing
Impact on soil

• Reduced soil compaction / eliminated high-density subsoil 
(ploughpan) (Heninger et al. 2002, Akinci et al. 2004); 
• Improved soil water use / enhanced soil water retention capa-
city / improved localised drainage around the plants / improved 
moisture availability, especially on dry sites (Hansen et al. 2007, 
Russell 2009); 
• Increased porosity / improved soil aeration, water infiltration and 
water storage / lower runoff (Hamza and Anderson 2005); 
• Improved soil thermal regime (Mohler 1993); 
• Improved absorption / uptake of water and nutrients, especially 
potassium and mineral nitrogen (N); 
• Intensified nutrient mineralisation (Silgram and Shepherd 1999); 
• Deep N placement in soil reduces N oxide emissions (Liu et al. 
2006); 
• Translocation of SOC from topsoil into subsoil / Enlarged avai-
lable SOC storage space / significantly increased SOC stocks in 
the long-term (Hansen et al. 2007, Rumpel et al. 2012, Wordell-
Dietrich 2016, Alcántara et al. 2016, Feng et al. 2020); 
• Improved long-term soil fertility (Baumhardt et al. 2008, Alcántara 
et al. 2016). 

• Reduced total soil N content / soil microbial biomass N in the 
topsoil (Pywell et al. 2002); 
• Disrupted pedogenic processes / disrupted soil natural structure 
(Schneider et al. 2017); 
• Litter removal from the soil surface (Rumpel et al. 2012); 
• Increased SOM decomposition/mineralisation when forest floor 
is inverted into the subsoil / decreased SOM decomposition/mine-
ralisation when surface mineral A horizon is inverted (Silgram and 
Shepherd 1999); 
• Destroyed nutrient balance / changed optimum nutrient turnover 
(Glen et al. 2016); 
• Nutrient loss due to leaching and accelerated surface runoff, 
wind, and water erosion with high risk of increased nitrates in soil 
water (Randall and Iragavarapu 1995, Kladivko 2001, Jiao et al. 
2004, Hansen et al. 2007); 
• Reduced / changed diversity, abundance, and biological activity 
of soil organisms (Fenner et al. 1993, Hahn and Quideau 2013, 
Sun et al. 2018); 
• Disrupted microbial access to fresh carbon in subsoil; 
• Destroyed bioturbation process (Rumpel et al. 2012). 

Impact on vegetation
• Effective weed control: weed uprooting / reduced weed com-
petition / destroyed existing undesirable vegetation or buried an 
unwanted seed bank (Matthesen and Damgaard 1997, Matthesen 
and Kudahl 2001, Busscher and Bauer 2003, Bulmer and Krzic 
2003, Hansen et al. 2007, Russell 2009, Hjelm et al. 2018); 
• Reduced vegetative competition for water, nutrients, sunlight, 
and space (Matthesen and Damgaard 1997); 
• Improved plant root penetration and growth – plants are able to 
form a deeper root system / easier rooting (Schilling et al. 2004, 
Malinauskas and Urbaitis 2008, 2010, Schneider et al. 2017); 
• Improved survival, growth and health of tree seedlings / impro-
ved early growth (Hansen et al. 2007, Holub et al. 2013, Hahn and 
Quideau 2013); 
• Rapid early growth of pioneer tree species (Hendrick 1979, Matt-
hesen and Damgaard 1997); 
• Protection against plant death in dry season (Schneider et al. 
2017). 

• Promotes seed germination of weed species due to changed 
thermal and water regime (Mohler 1993); 
• Decreased biodiversity, at least at a local scale; 
• Disrupted fine root development / changed root distribution 
(Madeira et al. 1989); 
• Delayed recovery of native vegetation. 

Technological aspects
• Easier seedbed preparation / planting of tree seedlings (Russell 
2009); 
• Can be applied to a variety of climatic / soil conditions (Hansen 
et al. 2007, Schneider et al. 2017, Hussein et al. 2019); 
• Deeper soil mixing is important for long-term responses (Tanska-
nen and Ilvesniemi 2007, Baumhardt et al. 2008, Alcántara et al. 
2016); 
• Successful treatment for sandy topsoil of arable land in dry 
season (Schneider et al. 2017). 

• Higher risk of sand deflation (erosion) (Kladivko 2001); 
• Increased energy consumption / high labour costs per hectare of 
soil (Civikaitė 2019, Lekavičienė et al. 2019). 

Table 1. Summary of potential benefits and disadvantages of deep ploughing on forest plantations 
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ally cultivated deeper than 30–45 cm, typically with the 
aim of reducing soil compaction, and encouraging deeper 
plant rooting and growth through improved soil aeration, 
water infiltration, and nutrient availability. Selecting the 
appropriate ploughing method can eliminate limiting fac-
tors such as high-density subsoil (ploughpan), intensive 
accumulation of organic litter, vigorous weed cover, or soil 
compaction induced by harvesting machines. Although 
deep ploughing can be used under different climatic and 
soil conditions, the responses of soil and vegetation to 
deep ploughing were found to be site specific. Mechani-
cal site preparation during afforestation and reforestation 
should be carried out carefully and in accordance with the 
requirements of sustainable soil management, to mitigate 
any adverse effects on the environment and protect bio-
diversity. Finding a compromise between the advantages 
and disadvantages, deep soil ploughing destroys soil func-
tionality, and the changes associated with it continue for at 
least 30 years. This is also important because most studies 
on mechanical site preparation and forest plantation per-
formance have been conducted using a few conifer tree 
species; therefore, it is appropriate to conduct more local 
experimental studies. 

Acknowledgement 
This review paper was prepared in accordance with 

the Gediminas Survila PhD project “Peculiarities of 
the growth of forest plantations planted on agricultur-
al land using deep ploughing”, which is carried out in 
2019– 2023. This study partly presents research findings 
obtained through the long-term research program “Sus-
tainable forestry and global changes” implemented by the 
Lithuanian Research Centre for Agriculture and Forestry  
(LAMMC). 

References 
Akinci, I., Cakir, E., Topakci, M., Canakci, M. and Inan, O. 

2004. The effect of subsoiling on soil resistance and cotton 
yield. Soil and Tillage Research 77: 203–210. 

Alcántara, V., Don, A., Vesterdal, L., Well, R. and Nieder, R. 
2017. Stability of buried carbon in deep-ploughed forest 
and cropland soils – implications for carbon stocks. Scien-
tific Reports 7: 5511. 

Alcántara, V., Don, A., Well, R. and Nieder, R. 2016. Deep 
ploughing increases agricultural soil organic matter stocks. 
Global Change Biology 22: 2939–2956. 

Aleinikovienė, J., Armolaitis, K., Meškienė, R., Meškys, R. 
and Baniūnienė, A. 2007. Pušynais apželdintų ir dirvon-
uojančių smėlžemių cheminių ir biologinių savybių paly-
ginimas [Comparative study of chemical and biological 
properties of afforested by Scots pine and abandoned arable 
Arenosols]. Miškininkystė 1(61): 15–27 (in Lithuanian with 
English summary). 

Armolaitis, K., Aleinikovienė, J., Baniūnienė, A., Lubytė, J. 
and Žėkaitė, V. 2007. Carbon sequestration and nitro-
gen status in Arenosols following afforestation or follow-
ing abandonment of arable land. Baltic Forestry 13(2): 
169– 178. 

Bani, A., Pioli, S., Ventura, M., Panzacchi, P., Borruso, L., 
Tognetti, R., Tonon, G. and Brusetti, L. 2018. The role of 
microbial community in the decomposition of leaf litter and 
deadwood. Applied Soil Ecology 126: 75–84. 

Balandier, P., Collet, C., Miller, J.H., Reynolds, P.E. and 
Zedaker, S.M. 2006. Designing forest vegetation manage-
ment strategies based on the mechanisms and dynamics of 
crop tree competition by neighbouring vegetation. Forestry: 
An International Journal of Forest Research 79(1): 3–27. 
https://doi.org/10.1093/forestry/cpi056. 

Bardgett, R.D., Mommer, L. and De Vries, F.T. 2014. Going 
underground: root traits as drivers of ecosystem processes. 
Trends in Ecology and Evolution 29: 692–699. 

Barua, S.K., Lehtonen, P. and Pahkasalo, T. 2014. Plantation 
vision: potentials, challenges and policy options for global 
industrial forest plantation development. International For-
estry Review 16: 117–127. 

Batjes, N.H. 2014. Total carbon and nitrogen in the soils of the 
world. Eurasian Journal of Soil Science 65: 10–21. 

Baumhardt, R.L., Jones, O.R. and Schwartz, R.C. 2008. 
Long‐term effects of profile‐modifying deep plowing 
on soil properties and crop yield. Soil Science Society of 
America Journal 72(3): 677–682. https://doi.org/10.2136/
sssaj2007.0122. 

Beare, M.H., McNeill, S.J., Curtin, D., Parfitt, R.L., 
Jones, H.S., Dodd, M.B. and Sharp, J. 2014. Estimating 
the organic carbon stabilisation capacity and saturation 
deficit of soils: A New Zealand case study. Biogeochemis-
try 120: 71–87. 

Blouin, M., Hodson, M.E., Delgado, E., Baker, G., Brus-
saard, L., Butt, K.R., Dai, J., Dendooven, L., Peres, G., 
Tondoh, J.E., Cluzeau, D. and Brun, J.J. 2013. A review 
of earthworm impact on soil function and ecosystem servic-
es. Eurasian Journal of Soil Science 64(2): 161–182. 

Brunner, I. and Godbold, D.L. 2007. Tree roots in a changing 
world. Journal of Forest Research 12: 78–82. 

Bulmer, C.E. and Krzic, M. 2003. Soil properties and lodgepole 
pine growth on rehabilitated landings in northeastern British 
Columbia. Canadian Journal of Soil Science 83: 465–474. 

Burger, J.A. 2009. Management effects on growth, produc-
tion and sustainability of managed forest ecosystems: past 
trends and future directions. Forest Ecology and Manage-
ment 258: 2335–2346. 

Busscher, W. and Bauer, P. 2003. Soil strength, cotton root 
growth and lint yield in a southeastern USA coastal loamy 
sand. Soil and Tillage Research 74: 151–159. 

Civikaitė, G. 2019. Arimas – protėvių išrasta žemės dirbimo 
technologija populiari ligi šiol [Plowing is a popular tillage 
technology invented by our ancestors]. Created: 25 Septem-
ber 2019. Accessed on: 15 June 2021 (in Lithuanian). Avail-
able online at: https://www.agroeta.lt/arimas-proteviu-isras-
ta-zemes-dirbimo-technologija-populiari-ligi-siol. 

Coleman, D.C. and Crossley, D.A.Jr. 2004. Fundamentals of 
Soil Ecology. 2nd ed. Academic Press, New York, 376 pp. 

Coll, L., Messier, C., Delagrange, S. and Berninger, F. 2007. 
Growth, allocation and leaf gas exchanges of hybrid poplar 
plants in their establishment phase on previously forested 
sites: effect of different vegetation management techniques. 
Annals of Forest Science 64: 275–285. 

Comas, L.H. and Eissenstat, D.M. 2009. Patterns in root trait 
variation among 25 co-existing North American forest spe-
cies. New Phytologist 182: 919–928. 

Don, A., Rödenbeck, C. and Gleixner, G. 2013. Unexpected 
control of soil carbon turnover by soil carbon concentration. 
Environmental Chemistry Letters 11: 407–413. 

Evans, J. 2009. Sustainable silviculture and management. In: 
Evans, J. (Ed.) Planted forests: Uses, impacts and sus-

https://doi.org/10.1093/forestry/cpi056
https://doi.org/10.2136/sssaj2007.0122
https://doi.org/10.2136/sssaj2007.0122
https://www.agroeta.lt/arimas-proteviu-israsta-zemes-dirbimo-technologija-populiari-ligi-siol
https://www.agroeta.lt/arimas-proteviu-israsta-zemes-dirbimo-technologija-populiari-ligi-siol


9

BALTIC FORESTRY 27(2) DEEP SOIL PLOUGHING FOR AFFORESTATION: A REVIEW OF POTENTIAL /.../ SURVILA, G. ET AL. 

tainability. FAO, Roma; CABI, Wallingford; Oxon, UK,  
p. 113–140. 

FAO. 2019. Measuring and modelling soil carbon stocks and 
stock changes in livestock production systems: Guide-
lines for assessment (Version 1). Livestock Environmental 
Assessment and Performance (LEAP) Partnership. FAO, 
Rome, 170 pp. 

FAO, UNEP. 2020. The State of the World’s Forests 2020. For-
ests, biodiversity and people. Rome, Italy, p. 188. 

FAO, ITPS, GSBI, SCBD and EC. 2020. State of knowledge 
of soil biodiversity – Status, challenges and potentialities, 
Summary for policy makers. Rome, FAO, 40 pp. https://doi.
org/10.4060/cb1929en. 

Feng, Q., An, Ch., Chen, Z. and Wang, Z. 2020. Can deep till-
age enhance carbon sequestration in soils? A meta-analysis 
towards GHG mitigation and sustainable agricultural man-
agement. Renewable and Sustainable Energy Reviews 133: 
110293. 

Fenner, S., Ehlers, W. and Werner, D. 1993. Gefügeentwick-
lung eines tiefbearbeiteten Lößbodens unter Wendepflug- 
und Mulchwirtschaft [Structural development of deeply 
cultivated loess soil under reversible plow and mulch man-
agement]. Mitteilungen der Deutschen Bodenkundlichen 
Gesellschaft 72: 99–102 (in German). 

Finér, L., Helmisaari, H.S., Lõhmus, K., Majdi, H., Brun-
ner, I., Børja, I., Eldhuset, E., Godbold, D., Grebenc, T., 
Konôpka, B., Kraigher, H., Möttönen, M.R., Ohashi, M., 
Oleksyn, J., Ostonen, I., Uri, V. and Vanguelova, E. 
2007. Variation in fine root biomass of three European tree 
species: Beech (Fagus sylvatica L.), Norway spruce (Picea 
abies L. Karst) and Scots pine (Pinus sylvestris L.). Plant 
Biosystems 141: 394–405. 

Fitter, A. 1982. Morphometric analysis of root systems: applica-
tion of the technique and influence of soil fertility on root 
system development in two herbaceous species. Plant Cell 
and Environment 5: 313–322. 

FPG. 2019. Back to the 70s – Flared Trousers and Forestry 
Ploughing. Forest Policy Group. Available online at: http://
www.forestpolicygroup.org/blog/back-to-the-70s-flared-
trousers-forestry-ploughing/. Created: 30 May 2019. Ac-
cessed: 15 June 2021. 

Freer-Smith, P., Muys, B., Bozzano, M., Drössler, L., Farrel-
ly, N., Jactel, H., Korhonen, J., Minotta, G., Nijnik, M. 
and Orazio, C. 2019. Plantation forests in Europe: chal-
lenges and opportunities. European Forest Institute, From 
Science to Policy 9, 52 pp. 

Gill, R.A. and Jackson, R.B. 2000. Global patterns of root turn-
over for terrestrial ecosystems. New Phytologist 147: 13–31. 

Gleixner, G. 2013. Soil organic matter dynamics: a biological 
perspective derived from the use of compound-specific iso-
topes studies. Ecological Research 28: 683–695. 

Glen, E., Price, E.A.C., Caporn, S.J.M., Carroll, J.A., 
Jones, L.M. and Scott, R. 2016. Evaluation of topsoil 
inversion in UK habitat creation and restoration schemes. 
Restoration Ecology 25(1): 72–81. 

Guo, L.B. and Gifford, R.M. 2002. Soil carbon stocks and land 
use change: a meta-analysis. Global Change Biology 8(4): 
345–360. 

Hahn, A.S. and Quideau, S.A. 2013. Long-term effects of or-
ganic amendments on the recovery of plant and soil micro-
bial communities following disturbance in the Canadian 
boreal forest. Plant and Soil 363: 331–344. 

Hamza, M. and Anderson, W. 2005. Soil compaction in crop-
ping systems: A review of the nature, causes and possible 
solutions. Soil and Tillage Research 82: 121–145. 

Hansen, K., Vesterdal, L., Muys, B., Gilliams, S., Rosen-
qvist, L., Van Der Salm, C., Elemans, M., Denier Van 

Der Gon, H., Gundersen, P., Johansson, M.-B., Van Or-
shoven, J., Heil, G., Kros, H., Bleeker, A., Van Deurs-
en, W. and Stendahl, J. 2007. Guidelines for planning af-
forestation of former arable land. In: Heil, G.W., Muys, B. 
and Hansen, K. (Eds.) Environmental effects of afforesta-
tion in North-Western Europe: from field observations to 
decision support. Springer, Dordrecht, p. 249–291. 

Helmisaari, H.S., Derome, J., Nöjd, P. and Kukkola, M. 2007. 
Fine root biomass in relation to site and stand characteris-
tics in Norway spruce and Scots pine stands. Tree Physiol-
ogy 27: 1493–1504. 

Hendrick, E. 1979. Site amelioration for reforestation. Irish For-
estry 36(2): 89–98. 

Heninger, R., Scott, W., Dobkowski, A., Miller, R., Ander-
son, H. and Duke, S. 2002. Soil disturbance and 10-year 
growth response of coast Douglas-fir on non-tilled and 
tilled skid trails in the Oregon Cascades. Canadian Journal 
of Forestry Research 32: 233–246. 

Hiederer, R. and Köchy, M. 2011. Global soil organic car-
bon estimates and the harmonized world soil database. 
EUR 25225 EN – Joint Research Centre – Institute for En-
vironment and Sustainability. Publications Office of the Eu-
ropean Union, Luxembourg, 79 pp. 

Hjelm, K., McCarthy, R. and Rytter, L. 2018. Establishment 
strategies for poplars, including mulch and plant types, 
on agricultural land in Sweden. New Forests 49: 737–755. 
https://doi.org/10.1007/s11056-018-9652-6. 

Holub, S.M., Terry, T.A., Harrington, C.A., Harrison, R.B. 
and Meade, R. 2013. Tree growth ten years after residual 
biomass removal, soil compaction, tillage, and competing 
vegetation control in a highly-productive Douglas-fir plan-
tation. Forest Ecology and Management 305: 60–66. 

Hussein, M.A., Muche, H., Schmitter, P., Nakawuka, P., Ti-
lahun, S.A., Langan, S., Barron, J. and Steenhuis, T.S. 
2019. Deep tillage improves degraded soils in the (sub)hu-
mid Ethiopian highlands. Land 8: 159. 

Innes, J. 2013. What will we use the forests for in the future. Sci-
entific Summary 110 (related to IUFRO News 9): 1. Availa-
ble online at: https://www.iufro.org/fileadmin/material/pub-
lications/scientific-summaries/scicsumm110-resources.pdf. 

ISO. 1995. Soil quality – Determination of organic and to-
tal carbon after dry combustion (elementary analysis) 
(ISO 10694:1995). 

IUSS Working Group WRB. 2015. World Reference Base for Soil 
Resources 2014, update 2015 International soil classifica-
tion system for naming soils and creating legends for soil 
maps. World Soil Resources Reports No. 106. FAO, Rome, 
203 pp. 

Jackson, R.B., Canadell, J., Ehleringer, J.R., Mooney, H.A., 
Sala, O.E. and Schulze, E.D. 1996. A global analysis of 
root distributions for terrestrial biomes. Oecologia 108: 
389–411. 

Jackson, R.B., Manwaring, J.H. and Caldwell, M.M. 1990. 
Rapid physiological adjustment of roots to localized soil 
enrichment. Nature 344: 58–60. 

Janzen, H.H., Campbell, C.A., Izauralde, R.C., Ellert, B.H., 
Juma, N., McGill, W.B. and Zenther, R.P. 1998. Manage-
ment effect on soil C storage on the Canadian prairies. Soil 
and Tillage Research 47: 181–195. 

Jian, Sh., Zhao, Ch., Fang, S. and Yu, K. 2015. The distribu-
tion of fine root length density for six artificial afforestation 
tree species in Loess Plateau of Northwest China. Forest 
Systems 24(1): 15. 

Jiao, Y., Hendershot, W.H. and Joann, K. 2004. Agricultural 
practices influence dissolved nutrients leaching through in-
tact soil cores. Soil Science Society of America Journal 68: 
2058–2068. 

https://doi.org/10.4060/cb1929en
https://doi.org/10.4060/cb1929en
http://www.forestpolicygroup.org/blog/back-to-the-70s-flared-trousers-forestry-ploughing/
http://www.forestpolicygroup.org/blog/back-to-the-70s-flared-trousers-forestry-ploughing/
http://www.forestpolicygroup.org/blog/back-to-the-70s-flared-trousers-forestry-ploughing/
https://link.springer.com/journal/11056
https://doi.org/10.1007/s11056-018-9652-6
https://www.iufro.org/fileadmin/material/publications/scientific-summaries/scicsumm110-resources.pdf
https://www.iufro.org/fileadmin/material/publications/scientific-summaries/scicsumm110-resources.pdf


10

BALTIC FORESTRY 27(2) DEEP SOIL PLOUGHING FOR AFFORESTATION: A REVIEW OF POTENTIAL /.../ SURVILA, G. ET AL. 

Jones, M.L.M., Norman, K. and Rhind, P.M. 2010. Topsoil in-
version as a restoration measure in sand dunes, early results 
from a UK field-trial. The Journal of Coastal Conserva-
tion 14: 139–151. 

Kalliokoski, T., Pennanen, T., Nygren, P., Sievänen, R. and 
Helmisaari, H.S. 2010. Belowground interspecific compe-
tition in mixed boreal forests: fine root and ectomycorrhiza 
characteristics along stand developmental stage and soil fer-
tility gradients. Plant and Soil 330: 73–89. 

Kladivko, E.J. 2001. Tillage systems and soil ecology. Soil and 
Tillage Research 61: 61–76. 

Lal, L. 2007. Constraints to adopting no-till farming in develop-
ing countries. Soil and Tillage Research 94: 1–3. 

Lavelle, P., Bignell, D. and Lepage, M. 1997. Soil function in 
a changing world: the role of invertebrate ecosystem engi-
neers. European Journal of Soil Biology 33: 159–193. 

Lekavičienė, K., Šarauskis, E., Naujokienė, V., Buragienė, S. 
and Kriaučiūnienė, Z. 2019. The effect of the strip tillage 
machine parameters on the traction force, diesel consump-
tion and CO2 emissions. Soil and Tillage Research 192: 
95–102. 

Liaudanskienė, I. 2009. Tausojamojo žemės dirbimo ir sėjo-
mainų įtaka anglies pasiskirstymui dirvožemio frakcijose 
[The influence of sustainable soil tillage and crop rotations 
on the distribution of carbon in soil fractions]. PhD thesis. 
Lietuvos žemės ūkio universitetas. Akademija, Kaunas dis-
trict, 114 pp. (in Lithuanian with English summary). 

Liu, X.J., Mosier, A.R., Halvorson, A.D. and Zhang, F.S. 
2006. The impact of nitrogen placement and tillage on NO, 
N2O, CH4 and CO2 Fluxes from a Clay Loam Soil. Plant 
Soil 280: 177–188. 

Löf, M., Dey, D.C., Navarro, R.M. and Jacobs, D.F. 2012. 
Mechanical site preparation for forest restoration. New For-
ests 43: 825–848. 

Lorenz, K. and Lal, R. 2005. The depth distribution of soil or-
ganic carbon in relation to land use and management and 
the potential of carbon sequestration in subsoil Horizons. 
Advances in Agronomy 88: 35–66. 

Luscombe, G., Scott, R. and Young, D. 2006. Topsoil inversion 
breaking new ground in forestry. Landlife, National Wild-
flower Centre, Court Hey Park, Liverpool, 20 pp. 

Macinnis-Ng, C.M.O., Fuentes, S., O’Grady, A.P., Palm-
er, A.R., Taylor, D., Whitley, R.J., Yunusa, I., Zeppel, M.
J.B. and Eamus, D. 2010. Root biomass distribution and 
soil properties of an open woodland on a duplex soil. Plant 
and Soil 327: 377–388. 

Madeira, M.V.A., Melo, M.G., Alexandre, C.A. and Steen, E. 
1989. Effects of deep ploughing and superficial disc har-
rowing on physical and chemical soil properties and bio-
mass in a new plantation of Eucalyptus globulus. Soil and 
Tillage Research 14: 163–175. 

Mahajan, G.B. and Balachandran, L. 2012. Antibacterial 
agents from actinomycetes – a review. Frontiers in Biosci-
ence 4: 240–253. 

Malinauskas, A. and Urbaitis, G. 2008. Dirvos paruoši-
mo įtaka pušies (Pinus sylvestris L.), eglės (Picea abies 
(L.) H. Karst.) ir beržo (Betula pendula Roth) augimui 
žemės ūkiui naudotose sutankinto poarmenio žemėse 
[Effect of soil preparation on the growth of Scots pine 
(Pinus sylvestris L.), Norway spruce (Picea abies (L.) 
K. Karst.) and silver birch (Betula pendula Roth) sap-
lings on a former farmland with a ploughpan layer]. 
Žemės ūkio mokslai 15(4): 76–81 (in Lithuanian with  
English summary). 

Malinauskas, A. and Urbaitis, G. 2010. Soil preparation for 
forest plantations in former farmland Haplic Arenosols with 
and without plough-pan. Baltic Forestry 16(2): 247–254. 

Mathieu, J.A., Hatté, C., Balesdent, J. and Parent, É. 2015. 
Deep soil carbon dynamics are driven more by soil type 
than by climate: a worldwide meta-analysis of radiocarbon 
profiles. Global Change Biology 21: 4278–4292. 

Matthesen, P. and Damgaard, C. 1997. Reolpløjning [Deep 
ploughing]. Videnblade Park- og Landsabsserien no. 4.1– 3. 
August 1997, 2 pp. (in Danish). Available online at: 
https://cms.ku.dk/upload/application/pdf/67/5a/675a5b-
da/04.01-03P_4_1_3_97.pdf.pdf. 

Matthesen, P. and Kudahl, T. 2001. Skovrejsning på ager-
jord – ukrudtsudviklingen [Afforestation on arable land – 
weed development]. Videnblade Skovbrug nr. 4.2–4, For-
skningscentret for Skov og Landskab, Hørsholm, 2 p. (in 
Danish). 

McCormack, M.L., Guo, D., Iversen, C.M., Chen, W., Eis-
senstat, D.M., Fernandez, C.W., Li, L., Ma, C., Ma, Z., 
Poorter, H., Reich, P.B., Zadworny, M. and Zanne, A. 
2017. Building a better foundation: improving root-trait 
measurements to understand and model plant and ecosys-
tem processes. New Phytologist 215(1): 27–37. 

McEwan, A., Marchi, E., Spinelli, R. and Brink, M. 
2020. Past, present and future of industrial planta-
tion forestry and implication on future timber har-
vesting technology. Journal of Forestry Research 31:  
339–351. 

Meier, I.C. and Leuschner, C. 2008. Genotypic variation and 
phenotypic plasticity in the drought response of fine roots 
of European beech. Tree Physiology 28: 297–309. 

Merilä, P., Malmivaara-Lämsä, M., Spetz, P., Stark, S., 
Vierikko, K., Derome, J. and Fritze, H. 2010. Soil or-
ganic matter quality as a link between microbial commu-
nity structure and vegetation composition along a succes-
sional gradient in a boreal forest. Applied Soil Ecology 46: 
259– 267. 

Mohler, C.L. 1993. A model of the effects of tillage on emer-
gence of weed seedlings. Ecological Applications 3: 53–73. 

Mucha, J., Zadworny, M., Helmisaari, H., Nihlgård, B., 
Repo, T., Żytkowiak, M., Małek, S., Reich, P.B. and Ol-
eksyn, J. 2020. Fine root classification matters: nutrient 
levels in different functional categories, orders and diam-
eters of roots in boreal Pinus sylvestris across a latitudinal 
gradient. Plant and Soil 447: 507–520. 

Navarro-Noya, Y.E., Gomez-Acata, S., Montoya-Ciriaco, N., 
Rojas-Valdez, A., Suarez-Arriaga, M.C., Valenzue-
la-Encinas, C., Jimenez-Bueno, N., Verhulst, N., Gov-
aerts, B. and Dendooven, L. 2013. Relative impacts of till-
age, residue management and crop-rotation on soil bacterial 
communities in a semi-arid agroecosytem. Soil Biology and 
Biochemistry 65: 86–95. 

Nordborg, F., Nilsson, U., Gemmel, P. and Örlander, G. 2006. 
Carbon and nitrogen stocks in soil, trees and field vegeta-
tion in conifer plantations 10 years after deep soil cultiva-
tion and patch scarification. Scandinavian Journal of Forest 
Research 21(5): 356–363. 

Ostonen, I., Lõhmus, K., Helmisaari, H.S., Truu, J. and 
Meel, S. 2007a. Fine root morphological adaptations in 
Scots pine, Norway spruce and silver birch along a lat-
itudinal gradient in boreal forests. Tree Physiology 27: 
1627– 1634. 

Ostonen, I., Püttsepp, U., Biel, C., Alberton, O., Bakker, M.R., 
Lõhmus, K., Majdi, H., Metcalfe, D., Olsthoorn, A.F.M., 
Pronk, A., Vanguelova, E., Weih, M. and Brunner, I. 
2007b. Specific root length as indicator of environmental 
change. Plant Biosystems 141: 426–442. 

Pajares, S., Gallardo, J.F., Masciandaro, G., Ceccanti, B. and 
Etchevers, J.D. 2011. Enzyme activity as an indicator of 
soil quality changes in degraded cultivated Acrisols in the 

https://cms.ku.dk/upload/application/pdf/67/5a/675a5bda/04.01-03P_4_1_3_97.pdf.pdf
https://cms.ku.dk/upload/application/pdf/67/5a/675a5bda/04.01-03P_4_1_3_97.pdf.pdf


11

BALTIC FORESTRY 27(2) DEEP SOIL PLOUGHING FOR AFFORESTATION: A REVIEW OF POTENTIAL /.../ SURVILA, G. ET AL. 

Mexican Trans-volcanic Belt. Land Degradation and De-
velopment 22(3): 373–381. 

Paquette, A. and Messier, C. 2010. The role of plantations in 
managing the world’s forests in the Anthropocene. Fron-
tiers in Ecology and the Environment 8(1): 27–34. 

Pawson, S.M., Brin, A., Brockerhoff, E.G., Lamb, D., 
Payn, T.W., Paquette, A. and Parrotta, J.A. 2013. Plan-
tation forests, climate change and biodiversity. Biodiversity 
and Conservation 22(5): 1203–1227. 

Powlson, D.S., Smith, P., Coleman, K., Smith, J.U., Glendin-
ing, M.J., Körschens, M. and Franko, U.A. 1998. Euro-
pean network of long-term sites for studies on soil organic 
matter. Soil and Tillage Research 47: 263–274. 

Prem, M., Swarnkar, R., Kantilal, V.D.K., Jeetsinh, P.S.K. 
and Chitharbhai, K.B. 2016. Combined tillage tools – 
A review. Current Agriculture Research 4: 179–185. 

Pywell, R.F., Bullock, J.M., Hopkins, A., Walker, K.J., 
Sparks, T.H., Burke, M.J.W. and Peel, S. 2002. Restora-
tion of species-rich grassland on arable land: assessing the 
limiting processes using a multi-site experiment. Journal of 
Applied Ecology 39: 294–309. 

Randall, G.W. and Iragavarapu, T.K. 1995. Impact of long-
term tillage systems for continuous corn on nitrate leach-
ing to tile drainage. Journal of Environmental Quality 24: 
360–366. 

Rumpel, C., Chabbi, A. and Marschner, B. 2012. Carbon stor-
age and sequestration in subsoil horizons: knowledge, gaps 
and potentials. In: Lal, R., Lorenz, K., Hüttl, R.F., Schnei-
der, B.U. and von Braun, J. (Eds.) Recarbonization of the 
Biosphere. Springer, Dordrecht, p. 445–464. 

Rumpel, C. and Kögel-Knabner, I. 2011. Deep soil organic 
matter – a key but poorly understood component of terres-
trial C cycle. Plant and Soil 338: 143–158. 

Russell, E.W. 2009. The effects of very deep ploughing and 
of subsoiling on crop yields. Journal of Agricultural Sci-
ence 48: 129. 

Salomé, C., Nunan, N., Pouteau, V., Lerch, T.Z. and 
Chenu, C. 2010. Carbon dynamics in topsoil and in sub-

soil may be controlled by different regulatory mechanisms. 
Global Change Biology 16: 416–426. 

Sayer, E.J. 2006. Using experimental manipulation to assess the 
roles of leaf litter in the functioning of forest ecosystems. 
Biological reviews of the Cambridge Philosophical Socie-
ty 81: 1–31. 

Schilling, E.B., Lockaby, B.G. and Rummer, R. 2004. Biomass 
partitioning and root architecture responses of loblolly pine 
seedlings to tillage in the Piedmont and Coastal Plain soils. 
Southern Journal of Applied Forestry 28: 76–82. 

Schneider, F., Don, A., Hennings, I., Schmittmann, O. and 
Seidel, S.J. 2017. The effect of deep tillage on crop yield – 
What do we really know? Soil and Tillage Research 174: 
193–204. 

Sedjo, R.A. 2001. The role of forest plantations in the world’s 
future timber supply. Forestry Chronicle 77(2): 221–225. 

Silgram, M. and Shepherd, M.A. 1999. The effects of cultiva-
tion on soil nitrogen mineralization. Advances in Agrono-
my 65: 267–311. 

Smal, H, Ligęza, S., Pranagal, J., Urban, D. and Pie-
truczyk-Popławska, D. 2019. Changes in the stocks of soil 
organic carbon, total nitrogen and phosphorus following 
afforestation of post-arable soils: A chronosequence study. 
Forest Ecology and Management 451: 117536. 

Sun, R., Li, W., Dong, W., Tian, Y., Hu, C. and Liu, B. 2018. 
Tillage changes vertical distribution of soil bacterial and 
fungal communities. Frontiers in Microbiology 9: 699. 

Tanskanen, N. and Ilvesniemi, H. 2007. Spatial distribution 
of fine roots at ploughed Norway spruce forest sites. Silva 
Fennica 41(1): 45–54. 

Van Groenigen, K.-J., Bloem, J., Baath, E., Boeckx, P., 
Rousk, J., Bode, S., Forristal, D. and Jones, M.B. 2010. 
Abundance, production and stabilization of microbial bio-
mass under conventional and reduced tillage. Soil Biology 
and Biochemistry 42: 48–55. 

Wordell-Dietrich, P., Don, A. and Helfrich, M. 2016. Con-
trolling factors for the stability of subsoil carbon in a Dys-
tric Cambisol. Geoderma 304: 40–48. 


	Bookmark 1
	_Hlk24458967
	_GoBack
	_GoBack
	_GoBack

