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1. INTRODUCTION 

Planted forests have an important role in global timber supply 
(Jürgensen et al. 2014; Buongiorno and Zhu 2014), environment 
protection (Kenney 1992; Börjesson and Berndes 2006) and ecosystem 
services provision for society (Lindenmayer et al. 2015; Baral et al. 
2016). Even though the share of planted forest (278 Mha) in the total 
forest area (3999 Mha) is only 7% (Keenan et al. 2015), planted forests 
have significantly reduced management pressure on natural forests 
(Buongiorno and Zhu 2014; Payn et al. 2015) and lowered the prices of 
forest products (Buongiorno and Zhu 2014). For example, planted 
forest provided about 46% of the global industrial roundwood 
production in 2012 (Jürgensen et al. 2014; Payn et al. 2015). 

By the definition of FAO (2012), the area of planted forest also 
includes semi-natural forest, where the growing stock of planted or 
seeded trees at maturity is expected to constitute more than 50%. The 
global area of intensively managed industrial forest plantations for raw 
material production (fibre, saw logs etc.) is about 54 Mha (Barua et al. 
2014). Industrial forest plantations are characterised as monospecific 
(sometimes also monoclonal) plantations where intensive management 
tools like breeding, weed control, site preparation, fertilisation etc. are 
applied to achieve maximum production of wood per land area (Borges 
et al. 2014). Such plantations are mainly located in warmer climatic 
regions of South America, Asia, Oceania and North America (Barua et 
al. 2014; Borges et al. 2014). The area of industrial forest plantations 
will continue to expand in the near future (Barua et al. 2014; Payn et al. 
2015) as the global projections still expect a rising demand for timber 
products (Barua et al. 2014; Borges et al. 2014). 

During recent decades, intensively managed forest plantations have 
steadily expanded from southern regions to northern Europe (Weih 
2004; Tullus et al. 2012a). This trend is mainly driven by the increasing 
demand for renewable energy resources like woody biomass 
(Proskurina et al. 2016; Rytter et al. 2016) and the pressure to reduce 
harvest in natural forests (Nordström et al. 2016). For environmental 
reasons (e.g., gene flow, game browsing, nutrient supply), it is 
recommended that fast-growing forest plantations in northern Europe 
be established on fertile former agricultural lands (Weih 2004; Tullus et 
al. 2012a). Estimations show that about 1.8 to 2.6 Mha of abandoned 
agricultural land is available in Nordic and Baltic countries that could 
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be implemented for energy crops and biomass production, e.g. 
intensive plantation forestry (Abolina et al. 2015; Rytter et al. 2016). 

Willow (Salix spp. and their hybrids) plantations, with a coppice-based 
management of a rotation cycle less than five years for producing 
bioenergy and combined with wastewater purification systems, are 
typically the dominant short-rotation woody crop system in northern 
Europe (Sevel et al. 2012; Börjesson and Berndes 2006). However, 
more interest has recently surrounded other fast-growing deciduous 
trees, like poplars, aspens, birches and alders (Tullus et al. 2012a; Rytter 
and Rytter 2016; Dimitriou and Mola-Yudego 2017) in a rotation 
period around 20 to 35 years for multiple timber production (plywood, 
saw logs, fibre and energy) (Tullus et al. 2013). 

Hybrid aspen (Populus tremula L. × P. tremuloides Michx.) as an 
introduced species and silver birch (Betula pendula Roth) as a native 
species have proved to be among the most promising tree species for 
the intensive plantations forestry in the Baltic Sea region on former 
arable lands (Tullus et al. 2012a; Rytter and Stener 2014; Johansson 
2007; Kund et al. 2010; Zeps et al. 2016). The rotation period for a first-
generation hybrid aspen plantation is around 25 to 30 years and is 
grown for pulpwood and energywood (Tullus et al. 2012ab). The 
maturity age fixed by the Forest Act (2006) in Estonia for birch stands 
on forestland is 60 to 80 years or after achieving a certain maturity 
diameter at breast height. Economical studies on silver birch on fertile 
forestland and on abandoned agricultural land show that the financial 
maturity age of birch is around 35 to 40 years, to produce plywood, 
saw logs and pulpwood (Korjus et al. 2011; Tullus et al. 2012b). 

The interest in plantation forestry with hybrid aspen has increased over 
the recent years in Baltic Sea region and the area of plantations is close 
to 12 000 ha. More than half of hybrid aspen plantations are located in 
Lithuania (7000 ha), followed by Sweden (2000 ha), Estonia (1100 ha), 
Finland (1000 ha) and Latvia (500 ha). Large-scale hybrid aspen 
plantations establishment in Estonia on former arable lands started in 
1999, where about 700 ha were planted with clonal plants of Finnish 
origin (Tullus et al. 2012a). The area of hybrid aspen plantations has 
expanded during recent years to approximately 1100 ha in Estonia 
where new plantation expansion was made with Swedish origin clones. 

11 
 

The elongated growing season (Schwartz et al. 2006; Gill et al. 2015), 
increased atmospheric CO2 concentrations (Cole et al. 2010; Lindner et 
al. 2010), and warmer temperatures (Keenan et al. 2014) induced by 
climate change are important factors that have already improved forest 
productivity in northern hemisphere. The long-term breeding 
programs of silver birch and hybrid aspen (Koski and Rousi 2005; 
Rytter and Stener 2005, 2014) have also improved the productivity of 
trees. Growth and yield tables for silver birch in Estonia are so far 
developed only for forestland stands and rely on data from the last 
century (Henno 1980; Kiviste 1997). The previously published 
empirical growth estimations for hybrid aspen in Estonia (Tullus 2010) 
cover only the early development period (< 10 years). Therefore, 
continued growth and yield studies that cover the whole rotation 
period are needed for both tree species to assess their potential for 
SRF on former agricultural lands under various soil and climate 
conditions in Estonia. 

Efficient resources management in fast-growing forest plantations 
requires a good knowledge of growth controlling factors under 
different site conditions during the whole rotation period (Binkley et al. 
2004; Fox et al. 2007). Available resource (water and nutrients) supply 
and longevity, and their possible impact on tree growth in long term 
are not well known after arable land afforestation with fast-growing 
SRF plantations in northern Europe. Soil in former arable lands has a 
slightly different nutritional condition compared to native forestland 
soils. Previous agricultural soils have higher stocks of nutrients and a 
less acidic soil reaction (pH) compared to corresponding indigenous 
forestland soils because of previous fertilisation and liming that could 
persist for several decades (e.g., Wall and Hytönen 2005; Kacalek et al. 
2009). In addition, such soils have homogeneous vertical topsoil 
properties from previous ploughing and tilling activity (Messing et al. 
1997; Wall and Heiskanen 2003); soils are compacted from heavy 
machinery use (Makeschin 1994); and soil microbiota composition is 
different from native forestland soils (Hrynkiewicz et al. 2012; 
Yannikos et al. 2014). 

The current study aims to clarify the long-term mutual plant–soil 
relations and changes in soil nutritional status after the conversion of 
abandoned agricultural lands into fast-growing hybrid aspen and silver 
birch plantations. So far the respective knowledge relies mainly on the 
early growth stage when net annual production of trees is low, 
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slightly different nutritional condition compared to native forestland 
soils. Previous agricultural soils have higher stocks of nutrients and a 
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The current study aims to clarify the long-term mutual plant–soil 
relations and changes in soil nutritional status after the conversion of 
abandoned agricultural lands into fast-growing hybrid aspen and silver 
birch plantations. So far the respective knowledge relies mainly on the 
early growth stage when net annual production of trees is low, 
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intensive competition between trees has not yet started, canopy closure 
is incomplete and root systems are expanded only in the upper soil 
layers. Based on the results of early development of silver birch and 
hybrid aspen plantations on former agricultural lands in Estonia, soil 
physical rather than chemical properties were found to describe tree 
growth variations (Vares 2005; Tullus 2010). Both species have high 
requirements in terms of site conditions in order to ensure high 
productivity (e.g., Hynynen et al. 2010; Tullus et al. 2012a). On the 
other hand, leaf litter from aspens and birches can decompose rapidly 
and accelerate nutrient cycling and availability (e.g., Paré and Bergeron 
1996; Stark et al. 2015). A better understanding of nutrient cycling and 
plant–soil relations in such fast-growing tree plantations during 
midterm development is crucial for more precise designing of 
silvicultural practices to improve the productivity of trees, lower the 
management costs, mitigate environmental issues and improve C 
sequestration potential (Binkley et al. 2004; Fox et al. 2007). 

Intensively managed forest plantations play also important role in 
global atmospheric CO2 sequestration and climate change mitigation 
(Borges et al. 2014). Forest efficiency to sequestrate C to woody 
biomass is higher in younger or midterm forest, where the current 
annual wood increment exceeds the mean annual growth rate 
(Eriksson and Johansson 2006; Uri et al. 2012). Therefore, SRF 
plantations on abandoned arable lands present considerable underused 
potential in northern Europe in terms of climate change mitigation and 
intensive C sequestration (Eriksson and Johansson 2006; Rytter 2012). 

Soils are important C sinks in forest ecosystems (Dixon et al. 1994). 
Afforestation of former arable lands is a significant land-use change 
that alters soil C dynamics where former C-poor croplands might have 
a better ability to accumulate C in the soil compared to already C-rich 
grasslands (Guo and Gifford 2002; Laganiere et al. 2010; Bárcena et al. 
2014a). So far, C accumulation at the ecosystem level, after arable land 
afforestation in northern Europe, is covered by only a few studies of 
conventional forestry species (Vesterdal et al. 2002; Uri et al. 2014; 
Bárcena et al. 2014b); however, long-term studies about the potential of 
intensively managed forest plantations for C sequestration are needed. 

So far, studies about soil C sequestration, nutrient cycling and plant–
soil relations after agricultural land afforestation only take into account 
the uppermost 0–30 cm soil layer. However, tree root systems are able 
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to access and influence deeper soil layers (Fisher and Binkley 2000; 
Göransson et al. 2008) where additional nutrients will be taken up for 
internal cycling (Kahle et al. 2010; Stark et al. 2015); likewise, water 
stored in deeper layers could support tree growth (Tullus et al. 2010). 
Moreover, subsoil layers could be a significant C sink, as it is less 
affected by microbial activity and structural disturbances than the 
uppermost soil layers (Hansen 1993; Hooker and Compton 2003). 

This thesis is based on repeated-measurements analysis that makes a 
novel contribution to the long-term research and monitoring about the 
suitability of hybrid aspen and silver birch in the afforestation of 
former agricultural lands in Estonia. The existing knowledge about 
ecological, environmental and practical aspects of plantation forestry 
with silver birch and hybrid aspen in Estonia relies on studies 
conducted during the early development stage (< 10 years) (Vares 
2005; Tullus 2010; Tullus 2013). 

The thesis aims to fill the gap in the knowledge of midterm (15-year-
old) silver birch and hybrid aspen plantation growth potential on 
various former agricultural soils (I, IV), nutrient longevity and changes 
(I, II), plant–soil relations (I, IV) and the impact of trees on soil 
physico-chemical properties (II). As an important topic in light of 
climate change, particular attention is paid to the potential of hybrid 
aspen plantations for C and N sequestration into different ecosystem 
pools (III). As a practical outcome, silvicultural implications will be 
elaborated for more appropriate ecological and environmental 
management of forest plantations (I–IV). 
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2. REVIEW OF THE LITERATURE 

2.1. Growth development of silver birch and hybrid aspen 
plantations on former agricultural soils 

The growth potential of first-generation hybrid aspen plantations on 
former agricultural lands on mineral soils is well documented under 
various study purposes (e.g., in genetic trials and biomass production 
studies) during the early development stage (< 10 years) in the Baltic 
Sea region: Estonia (Tullus et al. 2007, 2009, 2010; Lutter et al. 2016), 
Latvia (Jansons et al. 2014; Zeps et al. 2016), Finland (Yu et al. 2001; Yu 
and Pulkkinen 2003) and Sweden (Telenius 1999; Karacic et al. 2003; 
Rytter 2016). All these studies show the rapid growth rate of hybrid 
aspen at a young age, which confirms its high productivity potential 
and suitability for the afforestation of former arable soils. 

The growth potential of hybrid aspen during the second half of the 
rotation period is mainly covered by studies from southern Sweden 
(Ilstedt and Gullberg 1993; Rytter 2002; Christersson 2010; Rytter and 
Stener 2005, 2014). These studies show high production rates of 
midterm- to mature-aged hybrid aspen plantations, where 
approximately 15-year-old plantations with MAI (mean annual 
increment) of 15 m3    ha-1 yr-1 (Rytter 2002; Rytter and Stener 2014) 
could reach up to 20 m3 ha-1 yr-1 at the end of the rotation period 
(Ilstedt and Gullberg 1993; Rytter and Stener 2014). A study by 
Christersson (2010) reports MAI of 31 m3 ha-1 yr-1 at an age of 16 years 
in a dense (2500 trees per ha) hybrid aspen plantation. Such high 
production rates from small plantations or from genetic trials with very 
small soil variations could however be inaccurate for large-scale 
commercial plantations. A study of midterm- to mature-aged (15–23 
years old) commercial hybrid aspen plantations on former agricultural 
soils in central Sweden showed MAI of 7 t DM ha-1 yr-1 with branches 
(Johansson 2013a), which corresponds to about 20 m3 ha-1 yr-1, 
considering the average wood density of 350 m3 kg-1 (Tullus et al. 
2012a). 

Similar to hybrid aspen, the high growth potential of young (< 10 
years) silver birch plantations on former arable lands is well 
documented in northern Europe (Telenius 1999; Vares et al. 2001; 
2003; Daugaviete et al. 2003; Kund et al. 2010). Birch, as a pioneer tree 
species that produces a lot of easily spread and germinated seeds, is 
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one of the most common species occupying former arable lands 
(Hynynen et al. 2010). The studies of naturally regenerated silver birch 
stands on abandoned arable lands report the high productivity 
potential of birch during the first decade in very dense (up to 10 000 
trees ha-1) stands (Jõgiste et al. 2003; Zasada et al. 2014; Uri et al. 2007). 

The growth development of silver birch plantations after the young age 
(> 10 years) on former agricultural soils has not thoroughly been 
studied in Estonia. The studies from Sweden (Johansson 1999, 2007; 
Eriksson and Johansson 2006) and Finland (Viherä-Aarnio and Velling 
1999; Saramäki and Hytönen 2004; Hytönen et al. 2014) show large 
variations in the growth rate of silver birch plantations during the 
second half of the rotation period. For example, studies of 10- to 20-
year-old silver birch plantations on farmland report MAI in the range 
of 2 to 16 m3    ha-1 yr-1 (Johansson 1999, 2007; Hytönen et al. 2014). 
Such a broad variation in silver birch growth could arise from different 
weed control practices during early development (Hytönen and Jylhä 
2013), the timing of thinnings that ensure optimal crown length 
(Niemistö 1995) and the genetics of the planting material (Koski and 
Rousi 2005; Stener and Jansson 2005). A few studies of birch 
plantations in Baltic countries (Liepiņš 2011) and in naturally 
regenerated birch stands (Aosaar et al. 2016) covering a 15 to 20 year 
age range, report birch MAI around 10 m3 ha-1 yr-1. 

The comparison of hybrid aspen and silver birch growth potential in 
plantations on former agricultural lands with native European aspen 
(Populus tremula L.) and silver birch has been conducted in a few genetic 
trials (Ilstedt and Gullberg 1993; Yu et al. 2001), but wider comparison 
on different soil types is rare (Karlsson 1997; Heräjärvi and Junkkonen 
2006). 

2.2. Plant–soil relationships 

Populus species and their natural and artificial hybrids (including hybrid 
aspen) (Paré et al. 2002; Tullus et al. 2010; Dimitriou and Mola-Yudego 
2017) and silver birch (Perala and Alm 1990; Karlsson 1997; Hynynen 
et al. 2010) are generally known for their high requirements for site 
fertility and moisture conditions. Generally, both species are able to 
tolerate a broad pH range (Ingestad 1979; Perala and Alm 1990; 
Böhlenius et al. 2016). Hybrid aspen and silver birch are able to 
accumulate large amounts of nutrients in their biomass, which can be 
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removed from the ecosystem by harvesting (Rytter 2002; Uri et al. 
2007). On the other hand, P. tremula and B. pendula could have an 
ameliorative effect on soil nutrient conditions as a result of their easily 
decomposable leaf litter (Perala and Alm 1990; Paré and Bergeron 
1996; Carnol and Bazgir 2013; Stark et al. 2015). 

Well-drained fresh soils with a good water supply are considered to be 
most suitable for hybrid aspen and other Populus spp. on former 
agricultural land (Tullus et al. 2010; Pinno and Belanger 2009; Pinno et 
al. 2010) and forest land (Martin and Gower 2006; Hogg et al. 2008). 
Limited water availability in soil is reported to be an important factor 
that drives Populus spp. productivity in northern temperate to 
hemiboreal conditions (Tullus et al. 2010; Petzold et al. 2011). Another 
important factor influencing Populus spp. productivity is N availability 
(Pinno and Belanger 2009; Tullus et al. 2010; Fortier et al. 2010; 
Dimitriou and Mola-Yudego 2017); however, the excess of N in moist 
soils could have a negative correlation with tree growth (Truax et al. 
2012). P is reported to be the next most important nutrient besides N 
for Populus spp. productivity on former arable (Tullus et al. 2007, 2010; 
Truax et al. 2012) and on forestland soils (Liang and Chen 2004; Hjelm 
and Rytter 2016). 

Silver birch is not tolerant of anaerobic soil conditions and an excess of 
water; therefore, its growth is limited on mineral water-logged and peat 
land soils (Karlsson 1997; Saramäki and Hytönen 2004; Hytönen et al. 
2014). On the other hand, silver birch, as a tree species with high 
transpiration rates (Grossiord et al. 2013), could suffer from growth 
inhibition under dry soil conditions (Perala and Alm 1990; Kund et al. 
2010). In terms of nutrient limitations, birch growth is positively 
correlated with the availability of P, K and B (Perala and Alm 1990; 
Saramäki and Hytönen 2004; Rosenvald et al. 2012). 

2.3. The impact of afforestation on the chemical properties of soil 

High concentrations of nutrients from previous fertilisation practices 
could persist for several decades after the afforestation of former 
arable land (Hofmann-Schielle et al. 1999; Kahle et al. 2007; Rytter 
2016) or even for a longer period (Wall and Hytönen 2005; 
Falkengren-Grerup et al. 2006; Smal and Olszewska 2008; Nikodemus 
et al. 2013). The effect of tree species is considered to be also an 
important factor in soil nutrient dynamics after afforestation (Augusto 
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et al. 2002; Hagen-Thorn et al. 2004). So far the impact of Populus spp. 
plantations on the nutritional status of soil and its internal cycling after 
former arable land afforestation has mainly been studied in a dense (< 
10 000 trees ha-1), short-rotation coppice (managed in 3–5 years 
rotations) plantations in southern and central temperate regions 
(Hofmann-Schielle et al. 1999; Jug et al. 1999; Kahle et al. 2007, 2010). 
The studies on the impact of silver birch on soil nutritional status in 
former arable lands in Estonia have only been carried out in naturally 
regenerated stands (Uri et al. 2008; Aosaar et al. 2016). 

Soil reaction (pH) is one of the most important soil features to affect 
soil biological activity, tree nutrition and nutrient mobility and loss 
through leaching (Fisher and Binkley 2000). As the most apparent 
response to afforestation of former arable land in the upper soil layer 
(0–30 cm), pH decrease was reported in a global meta-analysis study 
(Berthrong et al. 2009) but also in a numerous studies covering 
northern temperate to hemiboreal conditions under various tree 
species during the first few decades (e.g., Jug et al. 1999; Ritter et al. 
2003; Smal and Olszewska 2008; De Schrijver et al. 2012b; Nikodemus 
et al. 2013; Rytter 2016). The change of pH in the deeper subsoil layer 
(beneath the ploughing layer), where the impact of afforestation is 
revealed after a longer period, has received less attention (Nikodemus 
et al. 2013). 

The base cations (K, Ca and Mg) in the topsoil layer also show a 
decreasing trend as a short-term response to afforestation of former 
arable land, according to wide-scale meta-analysis (Berthrong et al. 
2009). However, while a Ca decrease is confirmed in several studies in 
northern temperate or hemiboreal regions with acidification (e.g., Jug et 
al. 1999; Ritter et al. 2003) Mg is showed no change or even an increase 
after afforestation (Jug et al. 1999; Rytter 2016). The concentration of 
K is reported to decrease with a decade after Populus spp. plantation 
establishment on former arable land (Kahle et al. 2007, 2010; Rytter 
2016). 

Ntot changes after afforestation depend mainly on former land-use type 
(Jug et al. 1999; Ritter et al. 2003; Li et al. 2012). Ntot concentration 
dynamics after grassland afforestation is reported to decrease in poplar 
plantations during the early years (Jug et al. 1999). Such a decrease is 
not recovered, even more than 30 years later, on slow growing Scots 
pine stands (Smal and Olszewska 2008). Other studies report no 
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arable land, according to wide-scale meta-analysis (Berthrong et al. 
2009). However, while a Ca decrease is confirmed in several studies in 
northern temperate or hemiboreal regions with acidification (e.g., Jug et 
al. 1999; Ritter et al. 2003) Mg is showed no change or even an increase 
after afforestation (Jug et al. 1999; Rytter 2016). The concentration of 
K is reported to decrease with a decade after Populus spp. plantation 
establishment on former arable land (Kahle et al. 2007, 2010; Rytter 
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Ntot changes after afforestation depend mainly on former land-use type 
(Jug et al. 1999; Ritter et al. 2003; Li et al. 2012). Ntot concentration 
dynamics after grassland afforestation is reported to decrease in poplar 
plantations during the early years (Jug et al. 1999). Such a decrease is 
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pine stands (Smal and Olszewska 2008). Other studies report no 
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general change of Ntot on former croplands, even after 30 years under 
spruce and oak stands (Ritter et al. 2003), or an increase with Populus 
spp. plantations on formerly cultivated soils (Kahle et al. 2007, 2010) 
and naturally regenerated grey alder stands on former agricultural land 
(Uri et al. 2014). The main annual input of N to ecosystem internal 
cycling is from litterfall, which has a greater effect on the upper soil 
layer (approximately 0–10 cm) (Meiresonne et al. 2007). Studies on 
hybrid aspen (Rytter 2016) and silver birch (Aosaar et al. 2016) show an 
Ntot increase in the uppermost 0–10 cm soil layer. 

Soil N cycling is interrelated with C dynamics (van Cleve et al. 1993; 
Vervaet et al. 2002); therefore, the soil C:N ratio could be used as a 
proxy for N mineralisation. Studies of soil C:N ratios after 
afforestation either report no general change, even after couple of 
decades, in the top 25 cm of soil under oak and spruce (Ritter et al. 
2003), or an early decrease after five years with fast-growing hybrid 
aspen and poplars (Rytter 2016). 

Studies by Kahle et al. (2007, 2010) and Rytter (2016) report a 
significant available P decrease in the upper soil layer in Populus spp. 
plantations after less than a decade. A study by Nikodemus et al. (2013) 
found that the decreased P availability in the topsoil layer was followed 
by a P availability increase in the deeper soil layers after agricultural 
land afforestation. The P cycle in soil is closely related to soil reaction, 
where Ca controls phosphate solubility at high pH levels, and Al and 
Fe do so at low pH levels (Lindsay and Moreno 1960; Fisher and 
Binkley 2000). Former agricultural lands were intensively fertilised with 
P and limed to achieve a pH around 7 in order to improve phosphate 
availability for agricultural crops (Lindsay and Moreno 1960; Kõlli et al. 
2008; Rubæk et al. 2013). Therefore, the total P pools on former 
agricultural soils are high and long lasting (Wall and Hytönen 2005; 
Rubæk et al. 2013). 

The influence of micronutrients on tree productivity, soil dynamical 
processes and environmental protection cannot be ignored (Lehto et al. 
2010; Berg et al. 2015). For example, several studies of boron 
fertilisation show its positive impact on tree productivity in boreal 
forests (Kilpeläinen et al. 2013; Riikonen et al. 2013). Soil organic matter 
decomposition and soil acidity are the main factors that improve the 
mobility of micronutrients in forest ecosystems (Bergkvist et al. 1989; 
Lehto et al. 2010; Watmough et al. 2007). So far, the status of 
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micronutrients and their effect on growth after arable land is afforested 
are mainly studied in dense willow and poplar plantations (Laureysens 
et al. 2004; Dimitriou et al. 2012). 

The changes in the nutritional status of the deeper soil layers (> 30 cm) 
after afforestation are rarely studied. However, subsoils could play an 
important role in nutrient storage and could bring additional nutrients 
into forest ecosystem internal cycling (Kahle et al. 2010; Stark et al. 
2015). 

2.4. The impact of afforestation on ecosystem C pools 

A remarkable amount of C in forest ecosystems is accumulated in the 
soil pool (Dixon et al. 1994; Pan et al. 2011). Several meta-analyses have 
concluded that former land-use type (crop- or grassland) is one of the 
most important factors controlling soil organic carbon (SOC) 
sequestration dynamics after afforestation on a global scale (Paul et al. 
2002; Guo and Gifford 2002; Laganier et al. 2010; Poeplau et al. 2011). 
This trend, whereby SOC sequestration is positive on former C-poor 
croplands and negative on former C-rich grasslands, was also 
confirmed as a broad generalisation in boreal and northern temperate 
regions (Li et al. 2012; Poeplau et al. 2011; Poeplau and Don 2013; 
Bárcena et al. 2014a). 

So far, the main long-term studies about SOC dynamics after 
afforestation of arable land in northern Europe are carried out with 
conventional tree species (Vesterdal et al. 2002; Armolaitis et al. 2007; 
Bárcena et al. 2014b). These studies report an initial C loss in the upper 
soil layer (0–30 cm) caused by site preparation, intensified 
mineralisation and from the low net primary production of young 
trees. The initial C loss is followed by a recovery period of at least 30 
years, or even longer with permanent forest floor emergence (Vesterdal 
et al. 2002; Armolaitis et al. 2007). The results of SOC sequestration in 
Populus spp. plantations are mostly carried out in dense coppice 
systems where the initial SOC decrease in the topsoil layer is followed 
by the recovery stage less than a decade after afforestation (e.g., 
Hansen 1993; Arevalo et al. 2011) or immediate positive trend of C 
accumulation (Kahle et al. 2007, 2010; Georgiadis et al. 2017). The SOC 
dynamics in sparse, first-generation Populus spp. plantations were rarely 
studied in northern Europe (Rytter 2012, 2016). For example, a study 
by Rytter (2016) reports no general changes in SOC in the top 0–30 cm 
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soil layer five years after afforestation with hybrid aspen and poplars. 
Silver birch SOC sequestration studies were conducted on fertile 
mineral forestland soils with naturally regenerated birch (Uri et al. 
2012), where the SOC pool remained unchanged in a chronosequence 
from 13 to 60 years. 

In terms of SOC dynamics, the inclusion of deeper soil layers (> 30 
cm) is scarce, although it is known that a remarkable amount of SOC is 
stored in deeper soil layers (Hooker and Compton 2003; Poeplau and 
Don 2013). A few studies report that after arable land afforestation 
there is a positive trend of SOC accumulation in the 30 to 60 cm soil 
layer in temperate coppice plantations of poplars and willows after a 
decade (Kahle et al. 2010; Dimitriou et al. 2012) or that there is no 
general change in the 40 cm to 100 cm soil layer (Georgiadis et al. 
2017). A study by Mao et al. (2010) reports a significant increase of 
SOC in the subsoil (> 30 cm) layers 20 years after the afforestation of 
former croplands with sparse (830 trees ha-1) poplar plantations. 
Longer studies with conventional forestry tree species report a weak 
accumulation of SOC in deeper soil layers (Bárcena et al. 2014b). The 
impact of former land-use type on the deeper soil layers is probably 
not so evidential compared to the upper soil but similar tendencies are 
reported in some studies (Clark and Johnson 2011; Poeplau and Don 
2013). 

As a broad generalisation, after the afforestation of arable land, the 
main C sequestration at the ecosystem level takes place in above-
ground woody biomass (e.g., Dowell et al. 2009; Verlinden et al. 2013; 
Bárcena et al. 2014b; Aosaar et al. 2016). 
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3. AIMS OF THE STUDY 

The main aims of this thesis are: 

1. to estimate growth and production potential of midterm (15-
year-old) silver birch and hybrid aspen plantations on former 
agricultural lands (I, IV); 

2. to study the changes in nutritional status (reaction, 
concentrations of macro- and micronutrients) of former 
agricultural soils 15 years after afforestation with silver birch (I) 
and hybrid aspen (II); 

3. to determine the effect of soil physico-chemical properties on 
tree growth for both studied tree species (I, IV); 

4. to assess the temporal changes of plant–soil relations from 
young- to midterm-age in hybrid aspen plantations (IV); 

5. to study C and N sequestration to major ecosystem pools in 
midterm hybrid aspen plantations (III); 

6. to elaborate on practical recommendations for the management 
of silver birch and hybrid aspen SRF plantations (I–IV). 

The hypotheses of the study are: 

1. Growth of 15-year-old silver birch and hybrid aspen 
plantations exceeds that of forestland birch and European 
aspen stands on similar site types of the same age (I, IV); 

2. soil nutrient concentrations remain unchanged and soil reaction 
decreases with time after afforestation with both studied tree 
species (I, II); 

3. tree growth in silver birch and hybrid aspen plantations is more 
affected by physical than by chemical properties of former 
arable soils (I, IV); 

4. the effect of soil physico-chemical properties on tree growth is 
stronger in midterm than in young hybrid aspen plantations 
(IV); 

5. hybrid aspen plantations become C- and N-sequestrating 
ecosystems by midterm age (III). 
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4. MATERIALS AND METHODS 

4.1. Study area 

The study was carried out on silver birch (n = 11) and hybrid aspen (n 
= 24) plantations established on former agricultural lands in 
hemiboreal Estonia (Figure 1) (I–IV). The long-term (1981–2010) 
mean annual temperature in the region is 6.0°C and the mean annual 
precipitation is 672 mm in Estonia (Estonian Weather Service). 

 

Figure 1. Locations of the studied silver birch (black triangles) and hybrid aspen 
(empty diamonds) plantations 

The studied silver birch plantations (I) were established in 1999 on 
former mineral arable soils with 1-year-old bare-rooted seedlings 
(Vares et al. 2001). The studied hybrid aspen plantations (II–IV) were 
established in 1999 and 2000 on former mineral arable soils with 1-
year-old micropropagated clonal plants (Tullus et al. 2007). Altogether, 
27 hybrid aspen clones originating from Finland were planted 
randomly in a mixture, with, on average, 15 different clones per 
plantation (Tullus et al. 2007). The planting density for silver birch 
varied from 2500 to 3300 trees ha-1 (Kund et al. 2010) and for hybrid 
aspen from 1200 to1600 trees ha-1 (Tullus et al. 2007). Whole-area or 
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strip ploughing were applied before planting to reduce weed 
competition (Vares et al. 2001; Tullus et al. 2007). All silver birch 
plantations were fenced to prevent game browsing (Vares et al. 2001), 
while hybrid aspen plantations were not fenced (Tullus et al. 2007). No 
fertiliser or herbicides were used on either tree species plantations 
(Vares et al. 2001; Tullus et al. 2007). 

Silver birch plantations were planted as research and demonstration 
areas with a size of one hectare (Table 1 in I), where one long-term 
rectangular sample plot with a size of 0.1 ha was established per 
plantation (n = 11) in 2000 (Vares et al. 2001). Hybrid aspen plantations 
were planted as commercial plantations (Table 2 in II), where the size 
of the plantation varies from 0.7 to 32 ha (Tullus et al. 2007). In hybrid 
aspen plantations one long-term sample plot per plantation was 
established if land relief was flat and the prevailing soil conditions were 
homogeneous (Tullus et al. 2007). In larger and/or scattered 
plantations, where soil conditions varied with land relief, two to five 
sample plots were established per plantation to cover typical parts of 
the microrelief (Tullus et al. 2007). In total, 51 sample plots were 
established in hybrid aspen plantations in 2003 and 2004 (Tullus et al. 
2007). 

4.2. Tree growth 

Growth of trees was measured on 0.1 ha sample plots (I–IV), where 
stem diameter at breast height (DBH, cm) over bark was recorded for 
every tree using the millimetre scale for both tree species. The height 
(H, m) of every fifth tree in silver birch and every tree in hybrid aspen 
sample plots was measured with a Vertex IV (Haglöf Sweden AB), 
which has a 0.1 m resolution. In silver birch plantations, each tree was 
identified with a unique number and repeated measurements of single 
trees were carried out annually between the ages of 12 and 15. In 
hybrid aspen plantations, single-tree measurements were carried out at 
the age of 15. Altogether, about 7000 trees were measured for the 
current thesis. 

The total standing stem volume per hectare (m3 ha-1) in hybrid aspen 
sample plots was calculated by summing single-tree volumes according 
to Johnsson (1953) (Equation 1) (IV). In silver birch plantations, the 
Estonian forest planning guidelines (2009) were used to calculate the 
total standing stem volume (Equation 2) (I). 
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V = 0.03186 × DBH2 × H + 0.43 × H + 0.0551 × DBH2 – 0.4148 × 
DBH               (1) 

where V is single-tree stem volume (dm3), DBH is stem diameter at 
breast height (cm) and H is tree height (m). 

M = G × H × F               (2) 

where M is total stem volume (m3 ha-1), G is stand basal area (m2 ha-1), 
H is average height of plantation (m) and F is stand form factor. 

The effect of stand density on tree growth in silver birch plantations 
was estimated using Nilson's (2006) stand sparsity index (L) (Equation 
3) (I). 

L = 100 × n-0.5              (3) 

where L is average distance between the trees (m) and n is the number 
of trees per hectare. 

4.3. Soil analyses 

4.3.1 Soil sampling 

The initial soil sampling in silver birch plantations was carried out after 
the second growing season (Vares et al. 2001) and in hybrid aspen after 
the fifth growing season (Tullus et al. 2007) after the planting. As part 
of the current study, a one-metre soil pit was dug in the centre of each 
sample plot and the repeated soil sampling was carried out at the age of 
15 (I–IV), according to the same principles as the first soil monitoring 
(Vares et al. 2001; Tullus et al. 2007). The exact location of the first soil 
pit was sketched to avoid overlapping of the soil pits during the second 
monitoring. The soil type was determined according to the WRB 
classification (IUSS Working Group WRB 2014) in each studied 
sample plot (Table 3 in I; Table 2 in II). In silver birch plantations, a 
general soil sample was taken over the revealed A-horizon. In the 
hybrid aspen plantations, soil samples were taken from sub-layers of 
the A-horizon (0–10, 10–20, 20–30 cm) and calculated as an 
arithmetical mean. B-horizon soil samples were collected from the 
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centre of the revealed horizon as a general sample. If present, a general 
soil sample was also collected from the E-horizon in both tree species 
plantations in order to calculate precise AWC and nutrient and SOC 
stocks in the total depth of 75 cm. 

The studied sample plots were assigned tentatively into forest site types 
according to the Estonian classification of site types on forest soils 
(Lõhmus 1974) (I, IV). Forest site type summarises soil moisture 
regime, aeration and nutrition potential through parent material 
chemical fertility as a complex feature (Cajander 1949; Lõhmus 1974). 
The represented site types in silver birch plantations (I) were: (1) 
Hepatica (n = 2); (2) Oxalis (n =5) and (3) Oxalis-Myrtillus (n = 4). The 
represented site types in hybrid aspen plantations (IV) were: (1) 
Hepatica (n = 8); (2) Oxalis (n = 19); (3) Aegopodium (n = 18) and (4) 
Dryopteris (n = 6). According to the description by Lõhmus (1974), the 
characteristics of the studied site types are: Hepatica forest site type lies 
on drought-sensitive automorphic soil with alkaline to neutral soil 
reaction; Oxalis forest site type is on well-drained automorphic soil 
with clay enrichment in the subsoil (B-horizon) layer; Oxalis-Myrtillus 
forest site type soil prevails on sandy-textured soils with a higher water 
table compared to Oxalis; Aegopodium forest site type occurs on semi-
hydromorphic soils with a clay enriched subsoil (B-horizon); Dryopteris 
forest site type is on temporarily water-saturated hydromorphic soil 
with poor drainage. 

4.3.2 Soil physical analyses 

Soil bulk density (BD, g cm-3) was determined with a steel cylinder (50 
cm3) from undisturbed core samples. In silver birch plantations (I), the 
samples were taken from the middle of the A-horizon in three 
replications. In hybrid aspen plantations (III, IV), samples from the A-
horizon were taken from each sub-layer in three replications (0–10, 10–
20, 20–30 cm). Soil B- and E-horizon samples for BD were taken from 
the middle of the horizon in three replications for both species. All the 
BD samples were oven-dried at 105°C to constant weight and an 
arithmetic mean was calculated for each studied soil horizon. 

Soil specific surface area (SSA, m2 g-1) was determined by adsorption of 
water vapour on 10 g of dry soil surface (Puri and Murari 1964) from a 
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proportion of soil fractions (sand, clay and silt) after sieving sand (soil 
particles with a diameter > 0.063 mm) and then determining clay (< 
0.002 mm) and silt (0.002–0.063 mm) fractions by the pipette method 
(FAO 2006) (I, II, IV). 

Available water content (AWC) was estimated up to a depth of 75 cm 
in soil profile by sublayers (0–25, 25–50, 50–75 cm) for silver birch (I) 
and hybrid aspen (IV) plantations according to Kitse (1978) (Equations 
4, 5, 6), whereby the volume of gravel was subtracted from the AWC 
estimate (Tullus et al. 2010). AWC describes the differences between 
water content at field capacity and water content at permanent wilting 
point in the soil (i.e., soil potential to store water that is available to 
plants) (Cassel and Nielsen 1986).  

AWCA-horizon = BD × (47.7 – 18.2 × BD – 0.04 × SSA – 72 / SSA) × L 
× (1 – Gr)              (4) 

AWCE-horizon = BD × (44.3 – 18.0 × BD – 0.08 × SSA – 41 / SSA) × L 
× (1 – Gr)              (5) 

AWCB(C)-horizon = BD × (46.5 – 19.1 × BD – 0.05 × SSA – 64 / SSA) × 
L × (1 – Gr)              (6) 

where AWC is available water content in the soil (mm), BD is soil bulk 
density (g cm-3), SSA is soil specific surface area (m2 g-1), L is the 
thickness of the layer (mm) and Gr is the proportion of gravel and 
stones (soil particles with diameter more than 2 mm and up to 20 cm). 

4.3.3. Soil chemical analyses 

Soil reaction (pHKCl) was determined from a 1 M KCl suspension at a 
10 g : 25 ml ratio (I, II, IV). The total nitrogen (Ntot) content (%) was 
determined by the Kjeldhal method (I–IV). The available (ammonium 
lactate extractable) phosphorus (P) concentration (mg kg-1) was 
determined by flow injection method and the available potassium (K) 
concentration (mg kg-1) by the flame photometric method in silver 
birch plantations (I). The concentration (mg kg-1) of available 
phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), copper 
(Cu) and manganese (Mn) were determine by the Mehlich method 
(Mehlich 1984) in hybrid aspen plantations (II, IV). The available 
boron (B) was determined by the hot-water extraction procedure 
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(Berger and Truog 1939). The concentration (%) of soil organic matter 
(SOM) was determined by loss on ignition method (LOI) at 360°C in 
silver birch plantations (I). In hybrid aspen plantations, the wet 
oxidation method (Tyurin 1935) was used to determine the 
concentration of soil organic matter, which was multiplied by 0.58 
(Kononova and Belchikova 1960) to obtain the concentration of soil 
organic carbon (SOC) (II–IV). All the soil chemical analyses in 
midterm plantations (I–IV) were carried out according to the same 
methods and by the same laboratories (the Laboratory of Plant 
Biochemistry at the Estonian University of Life Sciences and the 
Laboratory of the Agricultural Research Centre in Saku) that were used 
during the first soil monitoring (Vares et al. 2001; Tullus et al. 2007). 

The total stocks of plant available macro- and micronutrients in soil 
were calculated for the midterm and young hybrid aspen plantations up 
to a total depth of 75 cm (IV). The stocks were calculated by 
multiplying nutrient concentrations with the given soil layer volume 
and BD at both studied ages, with the proportion of gravel subtracted. 

Cation exchange capacity (CEC, cmol+ kg-1) and soil base saturation of 
cations (BS, %) were calculated in 5-year-old hybrid aspen plantations 
in the A- and B-horizon in order to estimate their impact on soil 
nutrient changes between 5 and 15 years (II). CEC was calculated from 
Mehlich K, Ca and Mg concentrations, where the conversion from mg 
kg-1 to cmol+ kg-1 was performed according to McMullen (2000). Non-
buffered solutions of neutral salts (1.0 M KCl) were used to extract 
exchangeable acidity H5.6

+  and Al5.6
3+ (active, mobile) by the standard 

titration method (Sokolov 1960). The simplified CEC (without Na+) 
for each sample plot was calculated by summing the converted non-
acid cations (K, Ca, Mg) (Table 2 in II) with acid cations (H5.6

+  and 
Al5.6

3+). BS was determined according to Equation 7 (Table 2 in II). 

BS =  +  + 
 +  +  +  + 

×100                (7) 

where BS is soil base saturation (%), Ca2+, Mg2+ and K+ are converted 
non-acid cations (cmol+ kg-1), H5.6 is exchangeable active acidity and 
Al5.6 is exchangeable mobile aluminium. 
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4.4. Ecosystem C and N pools (III) 

4.4.1. Above-ground pool 

Above-ground leafless biomass sampling was carried out destructively 
in order to evaluate above-ground C and N pools in 15-year-old hybrid 
aspen plantations. Ten model trees were taken during the dormant 
season from a plantation lying on the most typical prevailing soil 
type—Retisol (Table 2 in II). The model trees were selected based on 
the principle of covering the DBH distribution of 15-year-old hybrid 
aspen plantations. 

After felling the model trees, subsections were used for further stem 
analysis. The first subsection started from the beginning of the stem 
from ground level to the height of 1.3 m, followed by 2-m-long 
subsections until the beginning of the top shoot (current-year top of 
the stem). The top shoot was sampled as a separate section. The fresh 
weight of each stem subsection was recorded in the field and a sample 
disc from the centre of each subsection was taken for further analysis 
at the laboratory. In order to analyse branches biomass, the beginning 
of the living crown of the model trees was determined and divided into 
three subsections of equal length. Dead branches below the living 
crown were treated as a separate subsection of crown. All the branches 
were separated from the tree and fresh-weighted according to 
subsection in the field. One or two typical sample branches were 
chosen from each crown subsection for further analysis. 

At the laboratory, the bark and wood of the stem sample discs were 
carefully separated. All the sample branches were divided into current-
year branches, older living branches and dead branches. All the model 
tree compartments (stemwood, stembark, top shoot, current-year 
branches, older living branches and dead branches) were fresh-
weighted and dried to constant weight at 70°C to estimate dry matter 
content of each model tree compartment. The total single-tree dry 
weight was calculated by summing the dry weights of the tree 
compartment. The proportion of the stemwood and stembark were 
estimated based on their dry weights. Based on the dry weight of each 
compartment of the model trees, an allometric power equation (8) was 
parameterised to calculate the above-ground dry biomass for every 
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single tree in the studied hybrid aspen sample plots at the age of 15, 
which was converted to a hectare basis (Table 2 in III). 

AGB = b0 × DBHb1              (8) 

where AGB is the above-ground leafless biomass (kg) of a given tree 
compartment, b0 and b1 are parameters (Table 1) and DBH (cm) is the 
stem diameter at breast height over bark. 

Table 1. Parameter estimates and goodness of fit of allometric equation (8) for 
predicting the above-ground biomass of the studied 15-year-old hybrid aspen model 
trees (n = 10), where b0 and b1 are parameters estimates, R2 is the coefficient of 
determination and the p-value shows the significance of the model (III). 

Tree compartment Parameter Estimate R2 p-value 

Stem b0 0.0415 0.999 <0.0001b1 2.6739 

Current-year branches b0 0.0002 0.962 <0.0001b1 3.3008 

Older living branches b0 0.0042 0.978 <0.0001b1 2.8840 

Dead branches 
b0 0.0052 

0.962 <0.0001
b1 2.5217 

All the oven-dried subsamples (stemwood, stembark, top shoot, 
current-year branches, older living branches and dead branches) of 
model trees were milled with a Retsch SM 300 cutting mill (Retsch 
GmbH, Haan, Germany). The concentration of nitrogen (N, %) and 
carbon (C, %) was determined with a varioMAX CNS elemental 
analyser (Elementar Analysensysteme GmbH, Hanau, Germany) by the 
dry combustion method at the Laboratory of the Department of Soil 
Sciences and Agrochemistry in the Estonian University of Life 
Sciences. The weighted average C and N concentration for different 
tree compartments were calculated using the stem or crown subsection 
dry mass as a weight (Table 3 in III). The weighted average C and N 
concentration were multiplied by a given tree compartment dry 
biomass (calculated according to allometric equation 8) in order to 
calculate single tree C and N pools in each sample plot and this was 
then converted to a hectare basis. 

Above-ground leafless dry biomass in young (5-year-old) hybrid aspen 
plantations (Tullus et al. 2007) was calculated according to the 
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allometric equation constructed for young hybrid aspen plantations in 
Estonia (Tullus et al. 2009). Above-ground C and N pools in young 
hybrid aspen plantations were calculated by multiplying the weighted 
average C and N concentrations of each whole 15-year-old model tree 
by above-ground dry biomass. 

4.4.2. Below-ground pool 

The below-ground pools of C and N contain the stock of fine soil 
material and coarse roots. Soil C and N pools were calculated for the 
midterm and young hybrid aspen plantations up to a total depth of 75 
cm by multiplying SOC or Ntot concentrations with the given soil layer 
volume and BD, where the proportion of gravel was subtracted. The 
allometric equation of Rosenvald et al. (2014) with DBH (R2 = 0.94; p 
< 0.01) for a seven-year-old hybrid aspen plantation on previous 
agricultural land (Retisol) was used to estimate the coarse root dry 
biomass of young hybrid aspen plantations. The Fortier et al. (2015) 
general allometric equation with DBH (R2 = 0.78; p < 0.001) for 
mature hybrid poplar plantations on abandoned farmland was used to 
calculate the coarse roots dry biomass of midterm hybrid aspen 
plantations. The coarse-root C and N pools were calculated by using 
the weighted average C and N concentrations of the whole tree. 

4.4.3. Total ecosystem 

The total ecosystem C and N pools of hybrid aspen plantations were 
calculated by summing the stable above-ground (woody biomass) and 
below-ground (soil up to 75 cm depth and coarse roots) pools (i.e., 
where C and N are more constantly stored). The permanent forest 
floor in studied hybrid aspen plantations had not yet formed or was 
sporadic (Tullus et al. 2015); therefore, it was excluded from the total 
ecosystem C and N estimation. The production of fine roots and 
leaves, as labile C and N pools, were left out from the estimations. The 
herbaceous understory vegetation was also left out from the total 
ecosystem estimations as its share is considered to be negligible 
according to other studies in deciduous fast-growing stands in Estonia 
(e.g., Uri et al. 2012). 
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4.5. Statistical analyses 

The normality of the variables was tested using the Shapiro-Wilk test 
(I–IV). The homogeneity of variables was tested using the F test and 
Levene's test (III, IV). The pairwise Studentˈs t-test was applied to 
study the changes in soil reaction, macro- and micronutrients, SOM 
and SOC concentrations and C:N ratio (I, II), C and N pool changes 
(III), and the ranking of HDOM between young and midterm hybrid 
aspen plantations (IV). If normality of the variables was not accepted, a 
non-parametric Wilcoxon test was applied (III). One-way ANOVA 
was used to clarify the effect of hybrid aspen model tree compartments 
on C and N concentrations (III), the impact of former land-use type 
(crop- or grassland) on C and N pools in hybrid aspen plantations 
(III), the impact of site type on soil physico-chemical characteristics 
(IV) and on total stand volume per ha (I, IV). 

The development of tree HAVG and MAI of stem volume in the studied 
silver birch and hybrid aspen plantations were compared with silver 
birch (Henno 1980; Kiviste 1997) and European aspen stands (Kiviste 
1997) on similar forest site types (I, IV). The growth data for silver 
birch plantations at the younger ages were obtained from formerly 
published studies (Vares et al. 2001; Jõgiste et al. 2003; Vares 2005; 
Kund et al. 2010). The initial tree growth data for five-year-old hybrid 
aspen plantations was obtained from Tullus et al. (2007). 

A general linear model (Equation 9) with the R Statistics function „lm“ 
was used to detect the main factors that drove significant changes in 
soil chemical characteristics (ΔSCC) during the 10-year period from 
young- to midterm-age in hybrid aspen plantations (II). The model was 
applied separately for each soil variable and the significance of the 
factors was tested with type 3 ANOVA (the R Statistics package „car“). 
To detect multicolinearity of the explanatory variables and factors in 
the model, the variance inflation factor (VIF) values were calculated 
with R Statistics function “vif”. VIF values over 10 were excluded 
from the final models. 

ΔSCC = μ + β1 × SCCi + β2 × CEC + β3 × BS + β4 × M + β5 × 
ΔH5–15 + ε               (9) 

where ΔSCC is the change in soil chemical characteristic (15 years 
monitoring – 5 years monitoring); μ is overall mean; β1 to β5 are the 
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4.5. Statistical analyses 

The normality of the variables was tested using the Shapiro-Wilk test 
(I–IV). The homogeneity of variables was tested using the F test and 
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study the changes in soil reaction, macro- and micronutrients, SOM 
and SOC concentrations and C:N ratio (I, II), C and N pool changes 
(III), and the ranking of HDOM between young and midterm hybrid 
aspen plantations (IV). If normality of the variables was not accepted, a 
non-parametric Wilcoxon test was applied (III). One-way ANOVA 
was used to clarify the effect of hybrid aspen model tree compartments 
on C and N concentrations (III), the impact of former land-use type 
(crop- or grassland) on C and N pools in hybrid aspen plantations 
(III), the impact of site type on soil physico-chemical characteristics 
(IV) and on total stand volume per ha (I, IV). 

The development of tree HAVG and MAI of stem volume in the studied 
silver birch and hybrid aspen plantations were compared with silver 
birch (Henno 1980; Kiviste 1997) and European aspen stands (Kiviste 
1997) on similar forest site types (I, IV). The growth data for silver 
birch plantations at the younger ages were obtained from formerly 
published studies (Vares et al. 2001; Jõgiste et al. 2003; Vares 2005; 
Kund et al. 2010). The initial tree growth data for five-year-old hybrid 
aspen plantations was obtained from Tullus et al. (2007). 

A general linear model (Equation 9) with the R Statistics function „lm“ 
was used to detect the main factors that drove significant changes in 
soil chemical characteristics (ΔSCC) during the 10-year period from 
young- to midterm-age in hybrid aspen plantations (II). The model was 
applied separately for each soil variable and the significance of the 
factors was tested with type 3 ANOVA (the R Statistics package „car“). 
To detect multicolinearity of the explanatory variables and factors in 
the model, the variance inflation factor (VIF) values were calculated 
with R Statistics function “vif”. VIF values over 10 were excluded 
from the final models. 

ΔSCC = μ + β1 × SCCi + β2 × CEC + β3 × BS + β4 × M + β5 × 
ΔH5–15 + ε               (9) 

where ΔSCC is the change in soil chemical characteristic (15 years 
monitoring – 5 years monitoring); μ is overall mean; β1 to β5 are the 
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coefficients for the fixed effects; SCCi is the value of the given soil 
chemical characteristic at the age of 5 years; CEC is soil cation 
exchange capacity at the age of 5 years; BS is soil base saturation of 
cations at the age of 5 years; M is the soil moisture value based on the 
moisture gradient of Estonian forest soils (the sample plots were 
assigned moisture values from 3 (dry) to 9.5 (moist) according to 
Lõhmus (1974); ΔH5–15 is the average height increment of trees in the 
given sample plot between the ages of 5 and 15 years and ε is the error 
term. 

A linear mixed model (R Statistics function „lmer“ in lme4 package) 
was used to analyse the effect of soil physico-chemical properties and 
forest site type on individual tree growth characteristics (H and DBH) 
in silver birch and hybrid aspen plantations, whereby the sample plot 
was treated as a random factor (I, IV). The response of individual 
silver birch tree growth characteristics to soil properties and stand 
sparsity index, were analysed depending on tree size class; this 
consideration significantly improved the model fit. Therefore, all the 
trees in silver birch plantations were assigned a size class according to 
their DBH in order to express the trees presumed competitive position 
at the age of 15 (DBH ≤ lower quartile = suppressed trees; lower 
quartile < DBH < upper quartile = medium trees; DBH ≥ upper 
quartile = dominant trees). MAI (mean annual increment), as a long-
term reflector of growth, was calculated according to the final growth 
monitoring in 15-year-old silver birch plantations (MAI = H or 
DBH/15). CAI (current annual increment) of tree growth was 
calculated as the average CAI of the previous three years, CAI = AVG 
(CAI13, CAI14, CAI15), to reduce the impact of non-soil-related growth 
fluctuations (e.g., weather conditions). In hybrid aspen plantations, a 
linear mixed repeated measures model was applied to test the effect of 
the soil variables (separate model was run for each soil variable), 
plantation age and the interaction between soil and age on sample plot 
mean growth characteristics at two ages (young and midterm). If the 
interaction of soil and age was not significant (p > 0.05), then only the 
main effects of age and soil were included in the final model. The stand 
sparsity did not influence tree growth in sparse hybrid aspen 
plantations (Table 2); therefore, only MAI of the 400 thickest trees ha-1 

were used as a response variable (i.e., dominant trees in the plantation, 
HDOM and DBHDOM). The 400 trees per ha is considered to be the final 
harvest density of first-generation hybrid aspen plantations (Rytter and 
Stener 2005, 2014). Dominant trees describe more precisely growth-
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limiting site factors as they are less influenced by damage and within-
stand competition (Johansson 2013b). The standardised model 
coefficients were used to evaluate and compare the magnitude and the 
direction of the effects for both tree species. 

Mean values are presented with standard error. Q-Q plots and residual 
distributions were examined to assess the normality of model residuals 
and extreme values that caused outliers were excluded from analysis. 
Log-transformation was used to meet the assumptions of 
homoscedasticity and normal distribution of residuals in the case of 
testing the effect of site type on stem volume. The Tukey LSD or 
Kruskal-Wallis tests were applied to compare the group means if factor 
effects were significant (I, III, IV). A level of significance of α = 0.05 
was used to reject the null hypothesis after statistical tests. All statistical 
analyses were carried out using R Statistics software (R Core Team 
2015).  
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5. RESULTS 

5.1. Tree growth (I, IV) 

At the age of 15, HAVG of silver birch varied between 5.2 to 16.3 m and 
of hybrid aspen between 8.8 to 20.0 m (Table 2). According to the 
predicted forest site type, HAVG and HDOM were significantly lower in 
dry Hepatica sites compared to Oxalis and Oxalis-Myrtillus sites in silver 
birch plantations and compared to Oxalis and Aegopodium sites in 
hybrid aspen plantations. Based on repeated-measures analysis, the 
main effect of site type on mean growth characteristics (HDOM, 
DBHDOM and total stem volume) remained similar in 15-year-old and 
5-year-old hybrid aspen plantations (Table 4 in IV). However, the 
comparison of the sample plots ranking by HDOM at the ages of 5 and 
15 in hybrid aspen plantations showed some shifts in average ranking 
of sample plots in different site types: Aegopodium site type sample plots 
had significantly improved, Hepatica had ranked lower and Oxalis and 
Dryopteris remained unchanged in their ranking position (Figure 3 in 
IV). 

The effect of site type on DBHAVG and DBHDOM was similar to its 
effect on HAVG and HDOM in hybrid aspen plantations. However, no 
significant differences were observed between Hepatica and Oxalis site 
types in DBHAVG and DBHDOM in silver birch plantations (Table 2). 
The total stem volume ranged between 10.5 and 145.5 m3 ha-1 in silver 
birch and between 18.0 and 199.5 m3 ha-1 in hybrid aspen plantations. 
The greatest average stem volume for silver birch was observed in 
Oxalis-Myrtillus (125.8 m3 ha-1) and for hybrid aspen in the Aegopodium 
(132.2 m3 ha-1) site type. 

In dense (1188 to 2430 trees ha-1) silver birch plantations of midterm 
age, stand sparsity limited the suppressed trees CAI of DBH (Table 3). 
The effect of sparsity on medium and dominant trees were non-
significant. Stand sparsity did not have any significant impact on tree 
growth in midterm hybrid aspen plantations (540 to 1450 trees ha-1). 
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Table 2. Average (AVG) and dominant (DOM) tree growth characteristics of 15-
year-old hybrid aspen and silver birch plantations on former agricultural lands, 
grouped according to tentatively assigned forest site types (Lõhmus 1974) (I, IV). 
Superscript letters denote significant differences between site type groups according 
to the Tukey LSD test. 

Site type 
Hybrid aspen Silver birch 

HAVG (m) HDOM (m) HAVG (m) HDOM (m) 
Hepatica 13.2±0.1a 15.1±0.2a 9.5±0.5a 11.4±0.9a 
Oxalis 16.4±0.1b 18.2±0.1b 14.2±0.2b 16.3±0.1b 

Oxalis-Myrtillus 14.9±0.2b 16.6±0.1b 
Aegopodium 17.3±0.1b 19.6±0.1b 

 Dryopteris 15.1±0.1ab 16.8±0.1ab 
All 16.0±0.1 17.9±0.1 13.7±0.2 15.6±0.2 

  DBHAVG (cm) DBHDOM (cm) DBHAVG (cm) DBHDOM (cm) 
Hepatica 10.7±0.1a 13.5±0.2a 7.7±0.2a 10.2±0.7a 
Oxalis 13.3±0.1b 16.1±0.1b 10.0±0.1ab 12.6±0.2ab 

Oxalis-Myrtillus 11.2±0.1b 13.6±0.1b 
Aegopodium 13.5±0.1b 16.7±0.1b 

 Dryopteris 11.7±0.1ab 14.7±0.1ab 
All 12.7±0.1 15.7±0.1 10.0±0.1 12.5±0.2 

  Stem volume 
(m3 ha-1) 

Density 
(trees ha-1) 

Stem volume
(m3 ha-1) 

Density 
(trees ha-1) 

Hepatica 68.4±15.4a 900±72 54.0±43.6 1615±105 
Oxalis 114.1±11.8ab 956±67 106.6±14.6 1766±216 

Oxalis-Myrtillus 125.8±7.8 1625±247 
Aegopodium 132.2±10.6b 957±50 
Dryopteris 93.5±19.0ab 1077±190 

All 109.7±6.7 963±30 104.0±12.0 1687±126 

5.2. Plant–soil relations (I, IV) 

Available water content (AWC) in the top 75 cm soil layer had a 
positive effect on silver birch and hybrid aspen growth, but the effect 
of AWC revealed in different soil depths for the studied tree species 
(Tables 3 and 4). In silver birch plantations, AWC in the upper 0–25 
cm soil layer was positively related with MAI of DBH and H, and CAI 
of H, where the effect on dominant and medium trees was stronger 
than on suppressed trees. Differently from silver birch, hybrid aspen 
plantations growth (MAI of HDOM and DBHDOM) showed a positive 
response to the deeper sublayers AWC (25–50 cm and 50–75 cm). The 
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postive effect of AWC on tree growth did not change with age in 
hybrid aspen plantations. 

Soil A-horizon pHKCl had a significant negative effect on MAI of DBH 
and H in silver birch plantations, where suppressed and medium trees 
were more strongly influenced than dominant trees (Table 3). In hybrid 
aspen plantations a negative effect of pHKCl in the soil A-horizon was 
observed in young plantations but this disappeared by midterm age 
(Table 4). However, the negative influence of pHKCl in B-horizon on 
tree growth persisted in hybrid aspen plantations. 

Soil available P was the only nutrient that showed a significant positive 
relationship with tree growth in both silver birch and hybrid aspen 
plantations (Tables 3 and 4). In silver birch plantations, only the MAI 
of H of suppressed trees was limited by soil B-horizon available P 
concentrations. The main positive effect of available P stock in the top 
75 cm of soil on DBHDOM was observed in hybrid aspen plantations. In 
hybrid aspen plantations the MAI of HDOM and DBHDOM were limited 
by available P concentration and stock in the soil A-horizon, both in 
young and midterm age. 

Ntot concentration in the B-horizon showed a negative relationship 
with MAI of HDOM and DBHDOM in hybrid aspen plantations and no 
temporal change in this effect was found (Table 4). The negative effect 
of SOC concentration in the B-horizon on tree growth (both HDOM 
and DBHDOM) became significant in midterm hybrid aspen plantations. 
SOC concentration in the A-horizon also had a negative impact on tree 
growth in hybrid aspen plantations but it did not depend on plantation 
age. 

Available Ca concentrations in the A-horizon showed a negative 
relationship with MAI of DBHDOM in young hybrid aspen plantations 
but this effect disappeared in midterm age (Table 4). Instead, a 
negative effect of available Ca on MAI of HDOM in the soil B-horizon 
became significant in midterm plantations. The total stock of available 
Ca in the top 75 cm had only the main effect on growth characteristics. 
Similarly to Ca, available Mg concentrations in the A- and B-horizons, 
as well as the stock in the top 75 cm soil layer, showed a negative effect 
on tree growth in hybrid aspen plantations but those effects did not 
change with plantation age. 
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Available B was the only micronutrient that had a significant negative 
impact on tree growth in hybrid aspen plantations (Table 4). The 
concentration of available B in the soil B-horizon had no effect on tree 
growth in young age but then a significant negative effect on MAI of 
HDOM was revealed in midterm hybrid aspen plantations. 

The MAI of DBHDOM in young hybrid aspen plantations was positively 
affected by the thickness of the soil A-horizon (Table 4). MAI of 
DBHDOM and HDOM were negatively influenced by clay content in the 
A-horizon in hybrid aspen plantations. However, both these effects 
disappeared in midterm age. 

Table 3. The standardised coefficients and p-values for the fixed effects of stand 
sparsity and soil variables on individual tree growth characteristics in silver birch 
plantations according to single-tree size classes (D = dominant trees, M = medium 
trees; S = suppressed trees). Superscript letters denote significant (p < 0.05) 
differences between tree size classes and effects are shown only if a significant effect 
was observed in at least one size class (I). 

Variable 
Tree 
size

DBH MAI DBH CAI H MAI H CAI 
Estimate p Estimate p Estimate p Estimate p 

Sparsity 
D   0.10a 0.334     
M   0.22b 0.052     
S   0.23b 0.040     

AWC 
0-75cm 

D     0.51a 0.023   
M     0.51a 0.023   
S     0.32b 0.125   

AWC 
0-25cm 

D 0.41a 0.004   0.59ab <0.001 0.43a 0.005 
M 0.40a 0.004   0.66a <0.001 0.32a 0.007 
S 0.28b 0.027   0.56b <0.001 0.20b 0.190 

A-hor. pHKCl

D –0.33a 0.017   –0.31a 0.140   
M –0.41b 0.005   –0.44b 0.045   
S –0.42b 0.005   –0.56c 0.016   

B-hor. 
available P 

D     0.22a 0.286   
M     0.32b 0.174   
S     0.50c 0.032   
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Table 4. The effects (standardised model coefficients and their significance: p < 0.05*, 
p < 0.01**, p < 0.001***) of soil variables on dominant tree growth characteristics in 
the studied hybrid aspen plantations at the ages of 5 and 15 years according to 
repeated-measures analysis. Data are shown only when significant (p < 0.05) soil 
effects or ‘soil variable × age’ interactive effect were observed. The main effect of age 
was always significant (p <0.001). The standardised model coefficients characterise 
the size and direction of the soil effect at both ages (β5, β15) or mean effect across 
ages (βpooled) in the case of non-significant interaction (IV). 

Soil 
variable 

Soil 
layer

Growth 
characteristics

Factor effects 

Soil Soil × age 

p βpooled p β5 β15 

pHKCl 
A 

MAI_HDOM 0.008 an.e1 0.048 -0.25±0.08** -0.13±0.08 

MAI_DBHDOM 0.014 -0.18±0.07* 0.074 bn.e2 n.e2 

B MAI_HDOM 0.049 -0.12±0.06* 0.870 n.e2 n.e2 

Nconc B 
MAI_HDOM 0.004 -0.19±0.06** 0.221 n.e2 n.e2 

MAI_DBHDOM 0.029 -0.15±0.07* 0.645 n.e2 n.e2 

SOCconc 

A MAI_HDOM 0.013 -0.14±0.06* 0.833 n.e2 n.e2 

B 
MAI_HDOM 0.043 n.e1 0.002 -0.01±0.07 -0.23±0.06*** 

MAI_DBHDOM 0.304 n.e1 0.005 0.06±0.08 -0.19±0.08* 

Pconc A MAI_DBHDOM 0.029 0.15±0.07* 0.825 n.e2 n.e2 

Pstock 
A 

MAI_HDOM 0.016 0.18±0.07* 0.368 n.e2 n.e2 

MAI_DBHDOM 0.021 0.19±0.07* 0.549 n.e2 n.e2 

75 cm MAI_DBHDOM 0.017 0.16±0.07* 0.518 n.e2 n.e2 

Caconc 

A 
MAI_HDOM 0.027 -0.15±0.07* 0.220 n.e2 n.e2 

MAI_DBHDOM 0.003 n.e1 0.011 -0.32±0.09*** -0.08±0.07 

B 
MAI_HDOM 0.002 n.e1 0.040 -0.15±0.08 -0.30±0.08*** 

MAI_DBHDOM 0.038 -0.15±0.07* 0.587 n.e2 n.e2 

Castock 75 cm
MAI_HDOM <0.001 -0.25±0.06*** 0.643 n.e2 n.e2 

MAI_DBHDOM 0.003 -0.19±0.06** 0.340 n.e2 n.e2 

Mgconc 
A 

MAI_HDOM <0.001 -0.29±0.07*** 0.718 n.e2 n.e2 

MAI_DBHDOM <0.001 -0.25±0.07*** 0.195 n.e2 n.e2 

B MAI_HDOM 0.028 -0.13±0.06* 0.407 n.e2 n.e2 

Mgstock 75 cm
MAI_HDOM 0.001 -0.21±0.06** 0.652 n.e2 n.e2 

MAI_DBHDOM 0.010 -0.17±0.06* 0.207 n.e2 n.e2 

Bconc B MAI_HDOM 0.022 n.e1 0.045 -0.03±0.06 -0.27±0.11* 
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Table 4 continues 

Soil 
variable 

Soil 
layer

Growth 
characteristics

Factor effects 
Soil Soil × age 

p βpooled p β5 β15 

Clay 
content 

A 
MAI_HDOM 0.043 n.e1 0.010 -0.25±0.08** -0.07±0.08 

MAI_DBHDOM 0.092 n.e1 0.002 -0.25±0.08*** 0.01±0.08 

AWC 

25–50 
cm 

MAI_HDOM 0.049 0.12±0.06* 0.501 n.e2 n.e2 

MAI_DBHDOM 0.003 0.18±0.06** 0.660 n.e2 n.e2 

50–75 
cm 

MAI_HDOM 0.020 0.15±0.07* 0.524 n.e2 n.e2 

MAI_DBHDOM 0.003 0.19±0.06** 0.155 n.e2 n.e2 

75 cm
MAI_HDOM 0.003 0.19±0.06** 0.630 n.e2 n.e2 

MAI_DBHDOM <0.001 0.23±0.06*** 0.096 n.e2 n.e2 

Thickness of 
A-horizon 

MAI_HDOM 0.021 0.13±0.06* 0.370 n.e2 n.e2 

MAI_DBHDOM 0.001 n.e1 0.026 0.28±0.07*** 0.10±0.07 
a n.e1 – not estimated because there was a significant ‘soil × age’ interactive effect 
b n.e2 – not estimated because the ‘soil × age’ interactive effect was non-significant 

5.3. Afforestation-induced changes in soil chemical properties (I, 
II) 

The pHKCl in the A-horizon dropped significantly both in hybrid aspen 
(from 5.9 to 5.7) and in silver birch (from 6.1 to 5.5) plantations 
compared to the initial levels recorded at the young age (Table 5). The 
A-horizon Ntot concentration increased by 5.8% in hybrid aspen 
plantations and remained unchanged in silver birch plantations. The 
SOC and SOM concentrations in the soil A-horizon remained 
unchanged for both tree species. The SOC concentration increased by 
17.2% in the B-horizon in the hybrid aspen plantations. The available 
K concentration decreased by -30.7% in the A-horizon of the silver 
birch plantations. The concentration of available Ca decreased in the 
A- and B-horizons (-19.4% and -23.4%, respectively) and available Mg 
decreased in the B-horizon (-12.8%) in hybrid aspen plantations. 
Available Cu increased in the A- and B-horizons (+20.3% and +53.8%, 
respectively) and available Mn increased in the A-horizon (+21.3%) in 
hybrid aspen plantations. The mean concentration of available B 
decreased both in the A- and B-horizons (-25.8% and -45.0%, 
respectively) in hybrid aspen plantations. 
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Further analysis, to detect the main environmental (soil- and stand-
related) drivers of the soil chemical changes from young (5-yr-old) to 
midterm (15-yr-old) age, was carried out in hybrid aspen plantations 
(Figure 2). The decrease of pHKCl in the soil A-horizon mainly 
occurred in soils where the initial BS was higher (p < 0.001) and where 
the 10-year height growth of the trees was faster (p = 0.034). A slight 
increase of Ntot in the A-horizon was more notable in soils where tree 
growth (p = 0.023) and the initial Ntot concentration (p < 0.001) were 
lower and where the soil moisture level (p = 0.023) and CEC (p = 
0.005) were higher. The increase of SOC concentration in the B-
horizon was smaller in soils where it was already high (p < 0.001). The 
decrease of the available Ca concentration in the B-horizon was greater 
in soils with higher initial CEC (p = 0.028). The available Mg 
concentration in the B-horizon decreased more in soils where the 
initial level of Mg (p = 0.002) and 10-year tree growth (p = 0.001) were 
higher. The increase of available Cu in the A-horizon was more 
substantial in soils with higher initial CEC (p = 0.003) and in the B-
horizon where the soil moisture levels (p = 0.004) were higher. The 
significant decrease of available B in the A- and B-horizons was 
stronger in soils where its initial concentration (p = 0.010 and p = 
0.023, respectively) and trees growth (p < 0.001 for both horizons) 
were higher. A higher soil moisture level (p = 0.042) inhibited available 
B loss in B-horizon. 
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Table 5. Relative and absolute changes of soil chemical properties in hybrid aspen 
plantations between the ages of 5 and 15 years (II), and in silver birch plantations 
between the ages of 2 and 15 years (I). 

Soil property Hor.
Hybrid aspen Silver birch 

Relative 
change 

Absolute 
change 

p 
Relative 
change

Absolute 
change 

p 

apHKCl 
A -58.5% -0.2 0.001 -298.1% -0.6 0.019 

B -25.9% -0.1 0.145 

Ntot (%) 
A +5.8% +0.007 0.003 -3.3% -0.005 0.549 

B +25.0% +0.006 0.133 
bSOC or SOM 

(%) 
A +10.4% +0.14 0.055 -0.6% -0.01 0.905 

B +17.2% +0.05 0.004 

C:N ratio 
A +5.3% +0.6 0.356 +7.1% +0.9 0.503 

B +10.2% +1.2 0.137 

P (mg kg-1) 
A -1.3% -1 0.871 -3.1% -2 0.710 

B 0% 0 0.934 

K (mg kg-1) 
A +3.9% 4 0.322 -30.7% -40 0.018 

B -4.6% -3 0.481 

Ca (mg kg-1) 
A -19.4% -397 <0.001

B -23.4% -315 <0.001

Mg (mg kg-1) 
A +7.5% 9 0.087 

B -12.8% -24 0.006 

Cu (mg kg-1) 
A +20.3% +0.14 <0.001

B +53.8% +0.21 <0.001

Mn (mg kg-1)
A +21.3% 13 <0.001

B +16.7% 6 0.057 

B (mg kg-1) 
A -25.8% -0.16 <0.001

B -45.0% -0.09 <0.001
a The relative change of H+ considers the logarithmic scale of pH. 
b SOC represents soil organic carbon in hybrid aspen plantations. SOM represents 
soil organic matter in silver birch plantations.  
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Further analysis, to detect the main environmental (soil- and stand-
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Figure 2. The impact of soil- and stand-related factors on estimated changes (Δ) in 
the studied soil variables (only significantly changed variables were included in this 
analysis) (II). 
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5.4. Dynamics of C and N pools in hybrid aspen plantations (III) 

5.4.1. Above-ground C and N pools 

The above-ground C and N pools of 15-year-old hybrid aspen 
plantations on former grass- and croplands did not differ (Figures 2 
and 3 in III). During the 10-year development from 5 to 15 years, 
aboveground C (+2.38 Mg C ha-1 yr-1) and N (+0.014 Mg N ha-1 yr-1) 
pools significantly increased according to all the studied sample plots 
(Figure 2a and 2b in III). 

5.4.2. Below-ground SOC and Ntot pools 

In 5-year-old hybrid aspen plantations, SOC and Ntot pools in the soil 
A-horizon and in the top 75 cm soil layer differed significantly between 
grass- and croplands (Figures 3a and 3b in III). In 15-year-old hybrid 
aspen plantations, the effect of former land-use type on SOC pools 
disappeared in the A-horizon and in the top 75 cm soil layer (Figure 4 
in III) but still remained for Ntot (Figure 5 in III).  

A significant decrease of SOC (-0.85 Mg C ha-1 yr-1) and Ntot (-0.07 Mg 
N ha-1 yr-1) pools in the A-horizon was observed on former grasslands 
during the development from 5 to 15 years, while no changes occurred 
on former croplands (Figures 3 and 4). For both land-use types, SOC 
(by +0.66 C Mg ha-1 yr-1 in grasslands and by +0.42 Mg C ha-1 yr-1 in 
croplands) and Ntot (by +0.05 Mg N ha-1 yr-1 in grasslands and by +0.03 
Mg N ha-1 yr-1 in croplands) pools increased significantly in the subsoil 
layer. Therefore, the A-horizon C and N loss on former grasslands 
were compensated by subsoil and coarse root gains and remained 
unchanged in the total 75-cm belowground pool. Even though the C 
and N pools in the A-horizon of former croplands remained 
unchanged and subsoil and coarse roots pools increased, the total 
below-ground pool in the 75-cm below-ground pool did not increase 
significantly during the 10-year study period. 
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Figure 3. The changes (Δ) in SOC in different soil layers and total below-ground C 
pools (with the inclusion of coarse roots) calculated between the ages of 5 and 15 
according to former land-use for all studied hybrid aspen plantations (ns = not 
significant, p < 0.05*, p < 0.01**. Error bars denote standard error) (III). 

 
Figure 4. The changes (Δ) in Ntot in different soil layers and total below-ground N 
pools (with the inclusion of coarse roots) calculated between the ages of 5 and 15 
according to former land-use for all studied hybrid aspen plantations (ns = not 
significant, p < 0.05*, p < 0.01**. Error bars denote standard error) (III).
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5.4.3. Ecosystem C and N pools 

The mean ecosystem C pool in hybrid aspen plantations at the age of 
15 was 98.8 ± 6.2 Mg ha-1 and no differences were observed between 
grass- and croplands (Table 6). The share of aboveground C increased 
from young (1.4%) to midterm (24.4%) age but the major pool of C 
(75.6%) was still located in the belowground pool, according to the 
results from the soil depth up to 75 cm. Half (50.8%) of the C in the 
ecosystem was located in the upper (0–30 cm) soil layer. However, as a 
remarkable sink, about a fifth (21.5%) of the total ecosystem C was 
located in the subsoil layer (30–75 cm). 

The total ecosystem N pool (7.5 ± 0.7 Mg ha-1) was significantly higher 
in grasslands compared to croplands (5.6 ± 0.3 Mg ha-1) in 15-year-old 
hybrid aspen plantations (Table 6). The main ecosystem N pool was 
below-ground (97.6%) where about a quarter of N was stored in the 
upper 0–10 cm soil layer. 

5.4.4. The changes of ecosystem C and N pools 

The ecosystem C pool in hybrid aspen plantations increased 
significantly by +3.17 Mg C ha-1 yr-1 on former croplands and by +2.56 
Mg C ha-1 yr-1 on former grasslands during their development from 
young to midterm age (Figure 5). The ecosystem N pool remained 
unchanged (Figure 6). The character of C sequestration was slightly 
different between the former land-use types: 26.2% of the total 
ecosystem increase took place in below-ground pool in croplands, 
meanwhile the respective value for grasslands was only 5.1%. The 
gains in subsoil, coarse root and above-ground pools of C and N 
compensated for the A-horizon loss at the total ecosystem level in 
former grasslands. 
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from young (1.4%) to midterm (24.4%) age but the major pool of C 
(75.6%) was still located in the belowground pool, according to the 
results from the soil depth up to 75 cm. Half (50.8%) of the C in the 
ecosystem was located in the upper (0–30 cm) soil layer. However, as a 
remarkable sink, about a fifth (21.5%) of the total ecosystem C was 
located in the subsoil layer (30–75 cm). 

The total ecosystem N pool (7.5 ± 0.7 Mg ha-1) was significantly higher 
in grasslands compared to croplands (5.6 ± 0.3 Mg ha-1) in 15-year-old 
hybrid aspen plantations (Table 6). The main ecosystem N pool was 
below-ground (97.6%) where about a quarter of N was stored in the 
upper 0–10 cm soil layer. 

5.4.4. The changes of ecosystem C and N pools 

The ecosystem C pool in hybrid aspen plantations increased 
significantly by +3.17 Mg C ha-1 yr-1 on former croplands and by +2.56 
Mg C ha-1 yr-1 on former grasslands during their development from 
young to midterm age (Figure 5). The ecosystem N pool remained 
unchanged (Figure 6). The character of C sequestration was slightly 
different between the former land-use types: 26.2% of the total 
ecosystem increase took place in below-ground pool in croplands, 
meanwhile the respective value for grasslands was only 5.1%. The 
gains in subsoil, coarse root and above-ground pools of C and N 
compensated for the A-horizon loss at the total ecosystem level in 
former grasslands. 
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Table 6. Total ecosystem C and N pools (Mg ha-1) and the distribution (%) between 
above- and below-ground parts in 15-year-old hybrid aspen plantations, representing 
different former land-use types (III). The uppercase letters denote differences 
between former crop- and grasslands. 

Soil layer / tree 
compartment 

Croplands Grasslands Mean 
Mg ha-1 % Mg ha-1 % Mg ha-1 % 

C 
Soil 0–10 cm 18.9 20.1 20.6 19.6 19.6 19.9 
Soil 10–20 cm 15.9 16.9 18.2 17.3 16.9 17.1 
Soil 20–30 cm 12.6 13.4 15.2 14.5 13.7 13.9 
Soil 30–75 cm 19.8 21.1 23.1 22.0 21.2 21.5 
Coarse roots 3.1 3.3 3.3 3.1 3.2 3.2 

Total below-ground a70.4±5.7 74.8 a80.4±5.9 76.6 74.7±5.7 75.6 
Stem 18.3 19.5 19.0 18.1 18.6 18.8 

Dead branches 1.6 1.7 1.6 1.5 1.6 1.6 
Older branches 3.3 3.5 3.5 3.3 3.4 3.4 

Current-year branches 0.5 0.5 0.5 0.5 0.5 0.5 

Total above-ground a23.7±1.9 25.2 a24.6±2.5 23.4 24.1±1.9 24.4 

Total ecosystem a94.1±6.2 100 a105.0±5.9 100 98.8±6.2 100 

N 

0–10 cm 1.5 26.9 1.9 25.4 1.7 26.3 
10–20 cm 1.2 21.5 1.8 24.1 1.5 23.2 
20–30 cm 1.0 17.9 1.5 20.1 1.2 18.5 
30–75 cm 1.7 30.5 2.1 28.1 1.9 29.3 

Coarse roots 0.02 0.4 0.02 0.3 0.02 0.3 
Total below-ground a5.5±0.4 97.3 b7.3±0.7 97.9 6.3±0.4 97.6 

Stem 0.094 1.7 0.097 1.3 0.095 1.5 
Dead branches 0.011 0.2 0.012 0.2 0.011 0.2 
Older branches 0.046 0.8 0.047 0.6 0.046 0.7 

Current-year branches 0.002 0.04 0.003 0.04 0.002 0.04 
Total above-ground 0.152 2.7 0.159 2.1 0.155 2.4 

Total ecosystem a5.6±0.4 100 b7.5±0.7 100 6.4±0.4 100 
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Figure 5. The total ecosystem C change in above-ground (AG) and below-ground 
(BG) pools between 5 and 15-year-old hybrid aspen plantations representing 
different former land-use types, where arrows show the direction of the change (ns = 
not significant, p < 0.05*, p < 0.01**, p < 0.001***) and values next to curly brackets 
indicate how the total change is partitioned between AG and BG (III). 
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not significant, p < 0.05*, p < 0.01**, p < 0.001***) and values next to curly brackets 
indicate how the total change is partitioned between AG and BG (III).
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6. DISCUSSION 

6.1. Growth potential of midterm silver birch and hybrid aspen 
plantations 

The studied silver birch and hybrid aspen plantations showed a high 
growth potential during the first 15 years on fertile former agricultural 
lands in Estonia. The studied silver birch and hybrid aspen average 
height growth at the age of 15 was approximately double that of birch 
and European aspen growth on similar site types in forestland (Henno 
1980; Kiviste 1997) (Figure 7). The two-fold difference was also 
revealed in the production of stemwood (Figure 8), even though the 
density of trees in the plantations is much lower. For example, the 
studied silver birch and hybrid aspen plantations MAI of stemwood 
was about 8 m3 ha-1 yr-1 at the Oxalis site type, which is the most 
prevailing site type after afforestation of agricultural land. On 
forestland soils, stemwood MAI was 3.3–3.8 m3 ha-1 yr-1 (3500–4600 
trees ha-1) in silver birch and 4.3 m3 ha-1 yr-1 (4000 trees ha-1) in 
European aspen stands at Oxalis site types at an age of 15 (Figure 8) 
(Henno 1980; Kiviste 1997). The superiority of silver birch and hybrid 
aspen plantations on former agricultural soils over forestland birch and 
European aspen stands was also reported in Finnish and Swedish 
studies (Karlsson 1997; Heräjärvi and Junkkonen 2006). 
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Figure 7. Silver birch (a) and hybrid aspen (b) mean height growth development on 
former argricultural lands in tentatively assigned forest site types and comparison 
with forestland site types (Kiviste 1997) (I, IV). 

 
Figure 8. MAI of stem volume production in silver birch and hybrid aspen 
plantations at Oxalis site type, plantationsˈs maximum production and comparison 
with Oxalis site type forestland birch and European aspen stands. 
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The faster growth of plantations can be mainly explained by the higher 
nutrient stocks of former agricultural soils due to past intensive 
fertilisation during the agircultural land-use (Wall and Hytönen 2005; 
Falkengren-Grerup et al. 2006). In the case of hybrid aspen, the results 
also confirm the superiority of the hybrid over its parent species 
(Tullus et al. 2012a), which is partley caused by the longer growing 
season of the hybrid over local P. tremula (Yu et al. 2001; Lutter et al. 
2016). However, other factors, such as better quality of silver birch 
planting matrial compared to natural regeneration (Viherä-Aarnio and 
Velling 1999; Stener and Jansson 2005) and general postive effects 
from climate change (elevated atmospheric CO2 concentration [Cole et 
al. 2010; Lindner et al. 2010] and elongated growing season [Schwartz et 
al. 2006; Gill et al. 2015]), have also improved forest productivity in the 
northern hemisphere. The production of the studied silver birch 
plantations is similar to that reported from Latvia (Liepiņš 2011) and is 
greater than that reported from Sweden (Johansson 1999, 2007) and 
Finland (Saramäki and Hytönen 2004; Hytönen et al. 2014) in studies of 
silver birch plantations of a similar age class on former arable lands. 
The growth of midterm hybrid aspen in the current study generally 
matches results from central Sweden (Johansson 2013ab) and is similar 
to or lower than the results from southern Sweden (Ilstedt and 
Gullberg 1993; Rytter 2002; Christersson 2010; Rytter and Stener 2005, 
2014). 

6.2. Plant–soil relations 

6.2.1. Site type and soil physical properties 

The best growth potential for both studied tree species was on former 
agricultural soils corresponding to Oxalis, Oxalis-Myrtillus and 
Aegopodium forest site types at the midterm age. These site type soils are 
characterised as fertile, well-aerated, automorphic or semi-
hydromorphic soils with a good water holding capacity (Lõhmus 1974). 
In hybrid aspen plantations, growth improved in the Aegopodium site 
type during the development from young to midterm age. The 
Aegopodium site type has a naturally higher groundwater level and a 
good ability to store water in the clay-rich subsoil layers (Lõhmus 
1974). The concentration of nutrients in Hepatica site type soils was 
similar to other studied site types (Table 3 in IV) but the high content 
of limestone rocks in the soil lowers the water storage potential and 
makes these soils very sensitive to drought (Lõhmus 1974). As a result, 
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Hepatica site type growth was inhibited even more in midterm hybrid 
aspen plantations. 

The importance of soil water properties was also confirmed by the 
significance of AWC on the growth of the dominant trees of both tree 
species. The positive effect of AWC on hybrid aspen growth was 
stronger when deeper soil layers (25–75 cm) were considered; 
meanwhile, the effect of AWC was significant only in the upper soil 
layer (0–25 cm) in silver birch plantations. However, the effect of 
AWC in the top 75 cm was important for both tree species, which 
indicates that plant water supply and nutrition is a complex feature of 
soil textural layering and tree rooting depth (Fisher and Binkley 2000; 
Göransson et al. 2008). The main water storage in former agricultural 
soils is located in the nutrient rich upper A-horizon (Figure 4 in I) 
where the bulk of the root system is located for both tree species 
(Rosenvald et al. 2014). After the topsoil moisture is depleted or is 
close to the permanent wilting point after a drought period, clay rich 
subsoil is able to supply trees growth with water (Martin and Gower 
2006; Tullus et al. 2010) (i.e., Oxalis and Aegopodium site type soils in the 
studied hybrid aspen plantations). The size of the AWC effect was 
similar in young and midterm hybrid aspen plantations, even though 
the water consumption of younger small-dimensioned trees is lower. In 
young plantations it is likely that more water is transpired through 
understorey vegetation and evaporates from the soil surface but in 
midterm plantations soil evaporation and transpiration of supressed 
understory vegetation is reduced under the closed canopy (Schmidt-
Walter et al. 2014). 

The negative effect of soil A-horizon clay content and the positive 
effect of layer thickness on tree growth were significant in young 
hybrid aspen plantations but became non-significant by the midterm 
age. This can be explained by the easier root penetration of young trees 
in light-textured topsoil (Pinno et al. 2010) and older tree root 
expansion into deeper soil layers (Kahle et al. 2010; Stark et al. 2015). 
After the cessation of soil compaction, which occurs during the 
previous agricultural land-use via the use of heavy machinery, soil 
aeration and root development is improved by the increase in organic 
material inputs to the soil in midterm plantations (Makeschin 1994). 
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6.2.2. Soil reaction and nutrient concentrations 

Afforestation of former arable lands with silver birch and hybrid aspen 
already decreased the soil A-horizon pHKCl during the first half of the 
rotation cycle. Naturally acid agricultural soils were artificially limed 
during their past land-use before afforestation to improve agricultural 
crop nutrition (Wall and Hytönen 2005; Kacalek et al. 2009). In hybrid 
aspen plantations, pHKCl decrease was more eminent in plantations 
where tree productivity was greater, i.e., higher inputs of litter and acid 
(H+) root excretions strongly enhance the soil nutritional conditions to 
a more preferable range (Norden 1994; Hinsinger et al. 2003). As no 
permanent forest floor layer emerged in the studied plantations (Tullus 
et al. 2015), soil acidification is additionally supported by intensive 
mineralisation of organic residues and from the release of nitrogen 
from nitrification. The soil reaction reducing effect of hybrid aspen 
was already reported 5 years later since afforestation of former 
agricultural soils in Sweden (Rytter 2016). The decrease of soil reaction 
can also explain the disappearance of the negative effect of soil 
reaction on tree growth in midterm hybrid aspen plantations, which 
was observed at the young age. The negative relation of soil reaction 
and tree growth remained in silver birch plantations, where dominant 
trees were less sensitive to soil reaction compared to medium and 
suppressed trees. This result is explainable by the fact that dominant 
trees are less affected from within-stand competition and have much 
more widely distributed root system to acquire available resources. At 
the midterm age, the soil reaction of both studied tree species overlaps 
with the optimum range of pH that is suggested for birches (Ingestad 
1979; Perala and Alm 1990) and hybrid aspen (Böhlenius et al. 2016). 
Therefore, soil reaction will probably be more stabile during the 
second half of the rotation cycle. On the other hand, several sample 
plots were located on soil with calcareous parent material (Hepatica site 
type), where the soil reaction is strongly influenced by the weathering 
of calcareous bedrock (Lõhmus 1974). 

Soil reaction is strongly related with Ca dynamics and the decrease of 
available Ca in the A-horizon in hybrid aspen plantations can be 
explained by the leaching of base cations by acidification (Ritter et al. 
2003; Wall and Hytönen 2005). On the other hand, the studies in 
Populus spp. stands report that Ca, Mg and K removal from the 
ecosystem with the harvest is higher compared to the leaching loss, as 
Populus spp. are able to accumulate relatively high quantities of base 
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cations in their standing biomass (Silkworth and Grigal 1982; 
Meiresonne et al. 2007; Stark et al. 2015). Similarly to pHKCl, the 
negative effect of soil Ca concentration on tree growth disappeared in 
midterm hybrid aspen plantations. The effect of soil available Ca was 
amplified in the B-horizon, where the Ca concentration decreased 
similarly to A-horizon. This can be explained by the deeper rooting of 
midterm trees. Opposite to Ca, soil available Mg concentrations in the 
A-horizon remained unchanged in hybrid aspen plantations. Available 
Mg decreased in the B-horizon, which was associated with tree growth. 
This might indicate the efficient inner cycling of Mg (Meiresonne et al. 
2007) and its translocation from deeper soil layers to the upper layer 
with leaf litter (Kahle et al. 2010; Stark et al. 2015). The available K 
remained unchanged in hybrid aspen plantations but decreased in silver 
birch plantations. Birches are able to accumulate high amounts of K 
into to standing biomass (Alriksson and Eriksson 1998; Uri et al. 2007) 
and K concentrations in leaves decreased significantly in a 
chronosequence of birch stands on Oxalis type forestland soils 
(Rosenvald et al. 2012). The concentration of available K in soil was 
still high for both species, ensuring optimal plant supply and additional 
K fertilisation is not needed in the midterm age. 

N is the most important growth-limiting nutrient in boreal and 
hemiboreal conditions (Näsholm et al. 1998; Näsholm and Persson 
2001) and Populus spp. have high requirements for soil N availability 
(e.g., Fortier et al. 2010; Dimitriou and Mola-Yudego 2017). However, 
no tree growth controlling effect of the A-horizon Ntot concentration 
was observed in either tree species. This suggests that the N-level in 
abandoned field soils is sufficient to ensure the fast growth of trees in 
the middle of the rotation period. On the other hand, Ntot 
concentration could sometimes be a poor indicator of plant-available 
N (O'Connel et al. 2003; Truax et al. 2012). A positive effect of N 
fertilisation was observed on tree growth in a sparse midterm poplar 
plantation on nutrient-poor soils in southern Sweden but, similar to the 
current study, no effect was detected on already fertile agricultural soils 
(Dimitriou and Mola-Yudego 2017). When the Ntot concentration in 
the A-horizon retained its initial level in silver birch plantations, a slight 
increase of Ntot concentration, as a mean of all sample plots, was 
observed in hybrid aspen plantations. The slight increase of Ntot 
concentration in the A-horizon of hybrid aspen mainly occurred in the 
slower growing plantations with a higher soil moisture content (i.e., 
limited microbial activity [Brockett et al. 2012], slower organic material 
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cations in their standing biomass (Silkworth and Grigal 1982; 
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was observed in either tree species. This suggests that the N-level in 
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current study, no effect was detected on already fertile agricultural soils 
(Dimitriou and Mola-Yudego 2017). When the Ntot concentration in 
the A-horizon retained its initial level in silver birch plantations, a slight 
increase of Ntot concentration, as a mean of all sample plots, was 
observed in hybrid aspen plantations. The slight increase of Ntot 
concentration in the A-horizon of hybrid aspen mainly occurred in the 
slower growing plantations with a higher soil moisture content (i.e., 
limited microbial activity [Brockett et al. 2012], slower organic material 
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decomposition [Berg 2000; Hobbie et al. 2002] and more vigorous 
understory vegetation, where N2-fixing legumes were also present 
[Tullus et al. 2015]). The soil C:N ratio remained unchanged for both 
tree species (5.1–28.3 for hybrid aspen and 9.3–17.6 for silver birch) 
and is generally in the preferable range to ensure optimal N 
mineralisation and plant supply (Ritter et al. 2003). 

In contrast to the studies where fast-growing tree species decrease 
available P concentration in the upper soil layers within a decade of 
agricultural land afforestation (Kahle et al. 2007, 2010; Rytter 2016), 
there were no alterations in soil available P concentration in hybrid 
aspen or silver birch plantations. At the same time, the available P in 
the soil was the only nutrient that was positively correlated with tree 
growth. The positive relation in silver birch plantations was observed 
with the concentration of P in the soil B-horizon and only with the 
growth of suppressed trees. This means that the general effect of P on 
birch plantations productivity was negligible. The available P 
limitations were more relevant in hybrid aspen plantations, where the 
growth of dominant trees was controlled by available P concentration 
and stock in the A-horizon and by the stock in the top 75 cm. P-
limitation is also reported in other studies of Populus spp. plantations 
on former farmland (Pinno et al. 2010; Truax et al. 2012) and forestland 
soils (Liang and Chen 2004; Hjelm and Rytter 2016). P biocycling and 
its availability to plants and microorganisms is sensitive to soil 
acidification, under which plant-available P is redistributed into forms 
that are not directly available to plants and soil microorganisms due to 
increased Al and Fe mobility (Giesler et al. 2004; De Schrijver et al. 
2012a). On the other hand, P availability could be compensated by the 
release of P that was Ca-bounded (Sorn-Srivichai et al. 1984), as a Ca 
decrease was observed in the studied hybrid aspen plantations. 
Therefore, the total P pool of agricultural soils is still high as a result of 
intensive fertilisation during the past land-use that is may be slowly 
released from unavailable forms (Kõlli et al. 2008; Rubæk et al. 2013). 
The soil range of the studied hybrid aspen plantation also covers some 
calcareous subsoils (Table 2 in II), where P could be preserved in the 
long-term. Therefore, considering the low mobility of P in soil, precise 
understanding of P cycling and uptake by trees should include 
consideration of the impact of rhizosphere (Hinsinger et al. 2011) and 
P remobilisation in plant tissues (Netzer et al. 2017). For example, 
recent studies about tree P nutrition report that the P use efficiency by 
trees will increase in extremely P-poor soil conditions (Gan et al., 2016; 
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Netzer et al., 2017) and that mycorrhizal fungi could explain up to 75% 
of P uptake by plants in boreal and temperate forest ecosystems (van 
der Heijden et al. 2008). 

Soil micronutrient concentrations showed several alterations through 
the whole soil profile (75 cm) in the studied hybrid aspen plantations. 
In relative terms, the most drastic decrease occurred in available B 
concentration, in both the soil A- and B-horizons. One explanation for 
this is that B loss was initiated through leaching promoted by 
acidification (Goldberg 1997; Lehto et al. 2010). On the other hand, B 
uptake by trees is favoured at lower pH levels (Lehto et al. 2010) and 
Populus spp. can accumulate relatively high amounts of B in standing 
biomass (Robinson et al. 2007; Rees et al. 2011). This was indirectly 
confirmed in the current study where the decrease of available B in the 
A- and B-horizons was stronger in hybrid aspen plantations where the 
last 10-year growth of trees was greater. The available B loss in the B-
horizon was also negatively correlated with soil moisture content, 
indicating the better ability of clay and organic material to retain B 
(Elrashidi and O'Conner 1982; Yermiyaho et al. 2001). The available B 
concentration in soil was still high enough as it did not correlate 
positively with tree growth in midterm plantations. As B deficiency in 
plants could reduce wood quality, productivity and cold resistance 
(Lehto et al. 2010; Räisänen et al. 2007), future monitoring of B is 
needed. 

The available Cu and Mn concentrations increased in the soil A-
horizon and for Cu also in the B-horizon. The mobility and availability 
of both these elements was probably favoured by the decreased soil 
acidity and decomposition of organic material (Bergkvist et al. 1989; 
Strobel et al. 2005; Watmough et al. 2007). High concentrations of Mn 
in the soil humus layer can decrease the stability of organic material 
(i.e., favour soil C release) (Berg et al. 2015). However, the stability of 
organic material can be controlled with increased nitrogen inputs (e.g., 
fertilisation) (Berg et al. 2015) (i.e., a slight increase of Ntot in the 
studied hybrid aspen plantations). The available Cu increase showed a 
positive correlation with soil moisture in the B-horizon and with CEC 
in the A-horizon, indicating better Cu retention in soil with higher clay 
content. Another important source of Cu in the ecosystem is from 
atmospheric deposition (Napa et al. 2015). A study by Dimitriou et al. 
(2012) did not find any changes in Cu concentrations in top- and 
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decomposition [Berg 2000; Hobbie et al. 2002] and more vigorous 
understory vegetation, where N2-fixing legumes were also present 
[Tullus et al. 2015]). The soil C:N ratio remained unchanged for both 
tree species (5.1–28.3 for hybrid aspen and 9.3–17.6 for silver birch) 
and is generally in the preferable range to ensure optimal N 
mineralisation and plant supply (Ritter et al. 2003). 

In contrast to the studies where fast-growing tree species decrease 
available P concentration in the upper soil layers within a decade of 
agricultural land afforestation (Kahle et al. 2007, 2010; Rytter 2016), 
there were no alterations in soil available P concentration in hybrid 
aspen or silver birch plantations. At the same time, the available P in 
the soil was the only nutrient that was positively correlated with tree 
growth. The positive relation in silver birch plantations was observed 
with the concentration of P in the soil B-horizon and only with the 
growth of suppressed trees. This means that the general effect of P on 
birch plantations productivity was negligible. The available P 
limitations were more relevant in hybrid aspen plantations, where the 
growth of dominant trees was controlled by available P concentration 
and stock in the A-horizon and by the stock in the top 75 cm. P-
limitation is also reported in other studies of Populus spp. plantations 
on former farmland (Pinno et al. 2010; Truax et al. 2012) and forestland 
soils (Liang and Chen 2004; Hjelm and Rytter 2016). P biocycling and 
its availability to plants and microorganisms is sensitive to soil 
acidification, under which plant-available P is redistributed into forms 
that are not directly available to plants and soil microorganisms due to 
increased Al and Fe mobility (Giesler et al. 2004; De Schrijver et al. 
2012a). On the other hand, P availability could be compensated by the 
release of P that was Ca-bounded (Sorn-Srivichai et al. 1984), as a Ca 
decrease was observed in the studied hybrid aspen plantations. 
Therefore, the total P pool of agricultural soils is still high as a result of 
intensive fertilisation during the past land-use that is may be slowly 
released from unavailable forms (Kõlli et al. 2008; Rubæk et al. 2013). 
The soil range of the studied hybrid aspen plantation also covers some 
calcareous subsoils (Table 2 in II), where P could be preserved in the 
long-term. Therefore, considering the low mobility of P in soil, precise 
understanding of P cycling and uptake by trees should include 
consideration of the impact of rhizosphere (Hinsinger et al. 2011) and 
P remobilisation in plant tissues (Netzer et al. 2017). For example, 
recent studies about tree P nutrition report that the P use efficiency by 
trees will increase in extremely P-poor soil conditions (Gan et al., 2016; 

55 
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subsoil layers after long-term coppice management with willows 
compared to adjacent agricultural soils. 

6.3. C and N sequestration potential of hybrid aspen plantations 

Former land-use type was a significant factor that determined SOC and 
Ntot changes in the soil A-horizon during the 10-year period from 
young to midterm age in hybrid aspen plantations. Afforestation of 
formerly less disturbed grasslands promotes microbial activity and soil 
respiration (Sun et al. 2015) where the annual litter production of trees 
does not cover mineralisation losses (Richter et al. 1999; Guo and 
Gifford 2002). Former C-exhausted croplands have a higher ability to 
sequestrate C and N to the soil after the cessation soil cultivation and 
structural disturbances (Makeschin 1994; Arevalo et al. 2011) and where 
increased inputs of leaf and root litter should start to develop a 
permanent forest floor and improve organic material accumulation 
(Vervaet et al. 2002; Bárcena et al. 2014ab). However, organic material 
turnover was still high on former croplands as no general increase of 
SOC and Ntot were observed in the A-horizon and forest floor was 
sporadic (Tullus et al., 2015). The soil A-horizon was also the main C 
and N sink at the ecosystem level, storing about 50% of C and 70% of 
N. This agrees with results from silver birch and grey alder stands of a 
similar age on former agricultural lands in Estonia (Uri et al. 2012, 
2014). 

The deeper subsoil (30–75 cm) Ntot and SOC pools increased 
significantly in the studied hybrid aspen plantations. Subsoils with 
higher clay content have a good humus adsorbing capacity and 
therefore a good ability to retain C and N that are leached out from the 
upper lighter-textured layers (Laganiere et al. 2010; Chang et al. 2014). 
Another explanation for these subsoil gains is the increased amount of 
fine root production and decomposition in deeper soil layers (Hansen 
1993; Hooker and Compton 2003; Hu et al. 2016). Less aerated soil 
conditions, lower microbial activity and lower soil structural 
disturbances (Hansen 1993; Hooker and Compton 2003), as compared 
to the upper soil layers, make the subsoil an important long-term C 
sink in intensively managed forest plantations (Poeplau and Don 2013). 
At the age of 15, subsoil played an important role in ecosystem C 
allocation, whereby about one-fifth of the total ecosystem C pool was 
stored there.  
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Fifteen years after afforestation, former croplands have a better ability 
to sequestrate C in the belowground pool (26.2%) compared to 
grasslands (5.1%). However, subsoil and coarse root C increase 
balanced the C loss from the A-horizon and stabilised the total below-
ground pool on former grasslands. The total ecosystem C had already 
increased by midterm age in hybrid aspen plantations. The main C 
sequestration of hybrid aspen plantations at the ecosystem level was to 
above-ground woody biomass; this is in agreement with other studies 
of afforestation of agricultural lands with various trees species (e.g., 
Vesterdal et al. 2002; Dowell et al. 2009; Uri et al. 2012; Bárcena et al. 
2014b). The total ecosystem N pool remained unchanged. Only 2.4% 
of the ecosystem N pool was located in above-ground woody biomass, 
as the main N pool is in soil (Finér et al. 2003; Uri et al. 2014). 

6.4. Management implications 

The growth-controlling effect of soil water properties might become 
more important in future as climate change is predicted to increase 
precipitation in winters and springs but to elevate drought probability 
in midsummers in Estonia (Jaagus and Mändla 2014). The impact of 
severe drought not only affects annual productivity but also could 
hamper tree productivity several years later (Hogg et al. 2008; Worrall et 
al. 2013). Well-timed and intensive thinning could be a method to 
redistribute available soil water among trees (Sohn et al. 2013; Otto et 
al. 2014; Chase et al. 2016) and reduce drought stress in a dry season 
(Chase et al. 2016; Sohn et al. 2016). In the current study, the dominant 
silver birch trees were more limited by AWC than the medium and 
suppressed trees. Dominant trees can have 50% greater monthly water 
use but also much higher water use efficiency than smaller trees (Bréda 
et al. 1995; Otto et al. 2014). Therefore, in the first order, suppressed 
and medium trees should be thinned to improve water availability to 
dominant trees (i.e., future crop trees) (Bréda et al. 1995; Otto et al. 
2014). 

Fertilisation is a common practice in fast growing forest plantations in 
order to compensate for nutrient depletion by trees and to maintain 
high productivity and C sequestration during the whole rotation period 
(Fox et al. 2007; Berthrong et al. 2009). Lack of nutrients might 
necessitate changes in assimilated carbon allocation, whereby trees start 
to invest resources into root expansion (Keyes and Grier 1981; Yuan 
and Chen 2010). On the other hand, fertilisation has a financial cost 
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and could pose an environmental risk and therefore should be avoided 
as long as possible. Generally, the studied silver birch and hybrid aspen 
did not deplete soil primary macronutrients and fertilisation is not 
deemed necessary at the midterm age. However, the growth-
controlling impact of soil available P and relatively high loss of 
available B in hybrid aspen plantations indicate to the need to monitor 
these nutrients carefully (leaves, mycorrhizae) in the second half of the 
rotation period. Therefore, thinnings in such fast-growing forest 
plantations are essential not only to improve water availability but also 
to ensure long-term nutrient supply for the remaining trees (Chase et al. 
2016). For example, a study by Chase et al. (2016) found that pre-
commericial thinnings increased foliar P and B concentrations in 
Douglas fir stands. The importance of sustainable nutrients 
management in fast-growing forest plantations will probably emphasise 
even more under climate change where increasing productivity of trees 
will put higher pressure on soil nutrients supply. 

The studied plantations reached the development stage, where 
thinnings are expected for both species based on a study using 
simulated growth data (Tullus et al. 2012b). At the same time, thinnings 
are the main output of nutrients (Meiresonne et al. 2007) and C (Clarke 
et al. 2015; Strukelj et al. 2015) from the forest ecosystem. About 20% 
of the ecosystem C in hybrid aspen plantations was located in the 
aboveground pool and the removal of about a third of the tree’s 
biomass via thinning (Tullus et al. 2012a) would constitute about 8% of 
the total C storage. The removal on N from the ecosystem with the 
same thinning rate is marginal, only about 0.8%, which agrees with the 
results obtained by Rytter (2002) in hybrid aspen plantations. 
Therefore, C and N removal via thinning during the second half of the 
rotation period will be quite marginal. 

Afforestation of abandoned agricultural lands with fast-growing 
deciduous trees could be a very efficient tool for C sequestration and 
climate change mitigation on set-aside lands. The high nutritional 
status of former agricultural soils could last for a long time and 
fertilisation of already nutrient rich soils does not have any remarkable 
effect on tree productivity (e.g., Dimitriou and Mola-Yudego 2017). 
Therefore, future silvicultural practices in fast-growing forest 
plantations should also aim to benefit from predicted consequences of 
climate change, like an elongated growing season. One possibility is to 
transfer southern genotypes northward to establish new plantations 
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(e.g., Pellis et al. 2004). This was confirmed in Estonia, where hybrid 
aspens with P. tremula parents from southern latitudes had a longer 
growing season and a higher growth height compared to northern 
genotypes during early development (Lutter et al. 2016). Hybrid aspen 
plantations studied in this thesis were established with Finnish origin 
clones (Tullus et al. 2007) that are not high-yielding genotypes for 
Estonian climate conditions (Lutter et al. 2016). 
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7. CONCLUSIONS 

Fifteen-year-old hybrid aspen and silver birch plantations on former 
agricultural lands showed high productivity and good suitability for 
intensive SRF in Estonia. The first hypothesis was confirmed as height 
growth and stemwood production in hybrid aspen and silver birch 
plantation were two-times greater than in forestland birch and 
European aspen stands of the same age. The most suitable site types 
for both species were fertile Oxalis, Oxalis-Myrtillus and Aegopodium site 
types (I, IV). The Hepatica site type was less productive for both 
species (I, IV), where hybrid aspen growth was even more inhibited in 
midterm age compared to early development. 

The second hypothesis was partly accepted as soil pH decreased in the 
A-horizon for both tree species (I, II) but several alterations were also 
observed in macro- and micronutrient concentrations. Available K was 
the only nutrient that decreased significantly in silver birch plantations 
(I). In hybrid aspen plantations, P and K concentrations remained 
unchanged in all the studied soil layers, whereas Ntot concentration 
even increased marginally in the soil A-horizon (II). In addition, the 
available Ca and B decreased and available Cu increased in the soil A-
horizon (II). In the soil B-horizon, the available Ca, Mg and B 
decreased, whereas Cu was the only nutrient that increased (II). The 
initial status of the given soil chemical characteristic and growth 
increment of trees from the age of 5 to 15 years were the main factors 
to describe the observed changes in the hybrid aspen plantations.  

The third hypothesis can be rejected as soil chemical properties had an 
effect on tree growth. Generally, plant–soil relations showed only 
minor changes in hybrid aspen plantations, partly confirming the 
fourth hypothesis. The negative impact of soil reaction on tree growth 
disappeared in midterm hybrid aspen plantations (IV) but was still 
significant in midterm silver birch plantations (I). Soil A-horizon 
available P had a growth controlling effect in both young and midterm 
plantations of hybrid aspen and soil B-horizon available P limited the 
growth of suppressed trees in silver birch plantations. In terms of soil 
physical properties, growth of both tree species was positively related 
with soil AWC (I, IV), where the growth response in silver birch 
plantations was stronger with AWC in the upper soil layer (0–25 cm) 
(I) and in hybrid aspen plantations with AWC in the deeper soil layers 
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(25–50 and 50–75 cm) (IV). The positive effect of A-horizon thickness 
and negative impact of soil A-horizon clay content observed in young 
hybrid aspen plantations disappeared in midterm age (IV). 

Hybrid aspen plantations are C-sequestrating ecosystems 15 years after 
afforestation of former arable lands (III), confirming part of the fifth 
hypothesis. The main C sequestration in the midterm hybrid aspen 
plantations was to above-ground biomass of trees. SOC and Ntot pool 
changes in the A-horizon depended on former land-use type, where 
SOC and Ntot decreased in former grasslands but remained unchanged 
in former cultivated cropland soils. The subsoil layer SOC and Ntot 

pool increased under both former land-use types and therefore, along 
with coarse roots gains, the below-ground C pool remained unchanged 
in hybrid aspen plantations. 

The establishment of silver birch and hybrid aspen plantations offers a 
promising environmentally safe application for abandoned agricultural 
lands in terms of raw material production for industry and for climate 
change mitigation. Fast-growing silver birch and hybrid aspen 
plantations did not deplete soil primary macronutrients and additional 
fertilisation is not needed at the point of plantation development 
reached in this study. Continued monitoring of production potential 
and nutrient cycling during the whole rotation cycle is needed to draw 
final conclusions about the suitability of such a novel silvicultural 
system to Estonian conditions. More detailed research to describe tree 
nutritional conditions and production ecophysiology (the impact of soil 
microorganisms on nutrient mineralization, mycorrhizal status of trees, 
biomass allocation to leaves, stem and roots, nutrient- and water-use-
efficiency) on former agricultural soils should be considered in future 
studies. The estimation of C and N budgets should be elaborated with 
the inclusion of soil respiration and leaf and root litter dynamics 
components. 
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SUMMARY IN ESTONIAN 

KESKEALISTE HÜBRIIDHAAVA- JA 
ARUKASEISTANDIKE KASVUKÄIK NING 

ÖKOLOOGIA ENDISTEL 
PÕLLUMAJANDUSMAADEL 

Sissejuhatus 

Kiirekasvulised metsaistandikud on üleilmselt tähtsad puidutoorme 
tootjad. Viimaste kümnendite jooksul on lühikese raieringiga 
metsaistandike rajamise praktika jõudnud soojema kliimaga aladelt 
põhjapoolsetele laiuskraadidele, sealhulgas Läänemere regiooni ja 
Eestisse. Taoline suundumus on seotud üha suureneva taastuvenergia 
ja puidutoorme vajadusega ning survega vähendada raiete intensiivsust 
looduslikes metsades (Rytter et al. 2016). Keskkonnakaitselistel 
kaalutlustel on soovitatav metsaistandikud rajada kasutamata 
põllumajandusmaadele (Weih 2004; Tullus et al. 2013). Hinnanguliselt 
on Põhja- ja Baltimaades kasutusest välja jäänud põllumaid 1,8–2,6 
miljonit hektarit (Rytter et al. 2016). 

Kodumaine arukask (Betula pendula Roth) ja poolvõõrliik hübriidhaab 
(Populus tremula L. × P. tremuloides Michx.) on ühed sobivamad puuliigid 
lühikese raieringiga metsanduse praktiseerimiseks Eesti tingimustes. 
Esimese põlvkonna hübriidhaavaistandiku raieringi ligikaudne pikkus 
on 25 aastat ja arukaseistandiku puhul 35–40 aastat (Tullus et al. 
2012b). Siiani on Eesti kliima- ja mullastikutingimustes endistele 
põllumajandusmaadele rajatud hübriidhaavaistandike kasvu ja 
produktsiooni uuritud vaid noortes (< 10 aastat) puistutes (Tullus 
2010). Praegu kasutusel olevad kase kasvukäigutabelid on koostatud 
metsamuldadel kasvavate loodusliku tekkega kaasikute jaoks ja nende 
tabelite aluseks olev andmestik põhineb mitmete kümnendite tagusest 
ajast (Henno 1980; Kiviste 1997). Samas on metsade produktiivsus 
viimaste kümnendite jooksul tänu pikenenud kasvuperioodile 
(Schwartz et al. 2006), suurenenud CO2 sisaldusele (Cole et al. 2010) ja 
soojenenud õhutemperatuurile (Keenan et al. 2014) kasvanud. Seetõttu 
on järjepidevad metsade produktiivsuse uuringud tähtsad 
metsakasvatuslike tegevuste planeerimiseks ja ökonoomilisteks 
arvutusteks. 
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Puidu maksimaalse produktisooni tagamine metsaistandikes tähendab 
suuremat survet ka puude kasvuks vajalikele mullaressurssidele 
(toitained ja vesi). Arukask ja hübriidhaab on nõudlikud mulla viljakuse 
suhtes (Hynynen et al. 2010; Tullus et al. 2012a). Seetõttu on tähtis välja 
selgitada nende puuliikide kasvu piiravad mullaomadused ja endiste 
põllumaade mulla toitainete sisalduse kestvus pärast metsastamist terve 
raieringi ulatuses. Kasutamata põllumajandusmaad on toitainetega 
rikastatud eelneva maakasutuse käigus toimunud väetamise tõttu (Wall 
ja Hytönen 2005). Samas on taoliste muldade toitainete sisalduse 
dünaamikat ja mõju puude kasvule pärast kiirekasvuliste puuliikidega 
metsastamist siiani vähe uuritud. Senised teadmised taime-mulla 
seostest kiirekasvulistes metsaistandikes endistel põllumaadel pärinevad 
noore puistu arenguetapist, millest saadud järeldused ei ole täpselt 
hilisematesse metsa arenguetappidesse ülekantavad. Puistu vanuse 
kasvades süveneb puudevaheline konkurents, võrade liitumise järel 
muutuvad valgustingimused ja puistu mikrokliima ning vanemate 
puude juurestik laieneb sügavamatesse mullakihtidesse. Täpne arusaam 
taime-mulla seostest kiirekasvulistes metsaistandikes terve raieringi 
ulatuses aitab planeerida õigeaegseid metsakasvatuslikke tegevusi, 
vähendab keskkonnariske (nt väetamine) ja tagab puidu tõhusama 
tootmise. 

Lühikese raieringiga majandatavatel metsaistandikel on suur potentsiaal 
kliimamuutuste leevendamisel tänu CO2 intensiivsele sidumisele 
maapealsesse biomassi (Eriksson ja Johansson 2006; Borges et al. 
2014). Samas asub suur osa metsaökosüsteemide süsinikuvarudest 
mullas (Dixon et al. 1994), mistõttu on metsastamisel suur mõju ka 
mulla süsinikuvarudele. Senised globaalsed üldistused näitavad, et 
eelneva maaharimise käigus kurnatud põllumaadel on suurem 
potentsiaal süsinikku siduda kui süsinikuga rikastatud rohumaadel 
pärast metsastamist (Guo ja Gifford 2002; Laganiere et al. 2010). Samas 
tuginevad taolised üldistused Põhja-Euroopa ja Eesti kohta vähestele 
uurimustele, mille käigus on hinnatud traditsioonilises metsanduses 
kasvatatavaid puuliike (Bárcena et al. 2014a). Siiani puuduvad 
pikaajalised süsiniku sidumise uuringud esimese põlvkonna 
hübriidhaavikutest, samas on tähtis hinnata erinevate kiirekasvuliste 
puuliikide süsiniku sidumise ja säilitamise võimet terves ökosüsteemis. 

Kuivõrd kiirekasvuliste metsaistandike produktsiooni ja ökoloogiat on 
raieringi teises pooles Eestis vähe uuritud, kirjeldati käesolevas 
doktoritöös 15 aasta vanuste hübriidhaava- ja arukaseistandike kasvu 
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SUMMARY IN ESTONIAN 

KESKEALISTE HÜBRIIDHAAVA- JA 
ARUKASEISTANDIKE KASVUKÄIK NING 

ÖKOLOOGIA ENDISTEL 
PÕLLUMAJANDUSMAADEL 
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ning mulla füüsikalis-keemilisi tunnuseid. Doktoritöös püstitati 
järgnevad eesmärgid: 1) hinnata keskealiste (15-aastaste) arukase- ja 
hübriidhaavaistandike kasvukiirust ning produktsiooni (I, IV); 2) 
hinnata mulla toitainete sisalduse ja reaktsiooni muutusi 15 aastat 
pärast puistute rajamist (I, II); 3) selgitada mulla füüsikalis-keemiliste 
omaduste mõju puude kasvukiirusele (I, IV); 4) selgitada, kuidas on 
muutunud taime-mulla seosed noortes (5 a) ja keskealistes (15 a) 
hübriidhaavikutes (IV); 5) selgitada hübriidhaavikute süsiniku ja 
lämmastiku sidumise potentsiaali (III); 6) anda praktilisi soovitusi 
istandike edasiseks majandamiseks (I–IV). Töös kontrolliti järgnevaid 
hüpoteese: 1) keskealised arukase- ja hübriidhaavaistandikud ületavad 
kasvukiiruses sama vanu metsamaa kase- ja hariliku haava puistuid 
sarnastel kasvukohatüüpidel (I, IV); 2) mulla toitainete sisaldus säilib 
esialgsel tasemel ning mulla reaktsioon muutub happelisemaks (I, II); 
3) keskealiste arukase- ja hübriidhaavaistandike kasvu endistel 
põllumaadel piiravad pigem mulla füüsikalised kui keemilised 
omadused (I, IV); 4) mulla füüsikalis-keemiliste omaduste mõju puude 
kasvukiirusele on keskealistes hübriidhaavikutes muutunud tugevamaks 
võrreldes noorte puistutega (IV); 5) hübriidhaavikud on süsinikku ja 
lämmastikku siduvad ökosüsteemid juba 15 kasvuaasta möödudes (III). 

Materjal ja metoodika 

Doktoritöö andmestik põhineb maapealse kasvu ja mulla tunnuste 
korduskirjeldustel 15 aasta vanustes hübriidhaava- (n = 51) ja 
arukaseistandikesse (n = 11) rajatud 0,1 ha suurustel püsiproovitükkidel 
(joonis 1). Kõikidel proovitükkidel mõõdeti 15 aasta vanuselt 
üksikpuude kõrgused ja rinnasdiameetrid. Kokku mõõdistati u 7000 
puud. Igal proovitükil tehti mulla sügavkaeve mullaliigi täpseks 
määramiseks ning koguti mullaproovid keemilisteks ja füüsikalisteks 
analüüsideks. Mullaliigi alusel jagati proovitükid metsa 
kasvukohatüüpidesse (Lõhmus 1974) (I, IV). Uuritavate istandike 
kasvukiiruse võrdlus metsamaa arukase- ja hariliku haava puistutega 
toimus kirjanduses leiduvate kasvukäigu tabelite alusel (Henno 1980; 
Kiviste 1997) (I, IV). Hübriidhaavikute mulla keemiliste omaduste, 
taime-mulla seoste ning mulla süsiniku- ja lämmastikuvarude muutuste 
kirjeldamiseks kasutati 5 aasta (Tullus et al. 2007) ja 15 aasta vanuste 
istandike võrdlust (II–IV). Arukaasikute mulla keemiliste tunnuste 
muutusi hinnati 2 aasta (Vares et al. 2001) ja 15 aasta vanuste istandike 
omavahelises võrdluses (I). Hübriidhaavikute mulla keemiliste tunnuste 
muutuste kirjeldamiseks kasutati argumenttunnustena antud tunnuse 

89 
 

algseisu, katioonide neelamismahutavust (CEC), mulla katioonide 
küllastusastet (BS) ja mulla niiskustingimusi iseloomustavat väärtarvu 
(Lõhmus 1974), samuti puude keskmist kõrguskasvu perioodil 5–15 
aastat (II). Üksikpuude kasvu ja mulla seoste kirjeldamiseks 
arukaasikutes kasutati lineaarset segamudelit (proovitükk oli juhuslik 
faktor), kus puud jagati kolme suurusklassi, lähtudes nende 
konkurentsipositsioonist istandikus (domineerivad, keskmised ja alla 
surutud). Funktsioontunnusena kasutati nelja viimase aasta (vanuses 
12–15 aastat) keskmist jooksvat juurdekasvu ja 15 aasta keskmist kasvu 
(I). Taime-mulla seoste analüüsiks hübriidhaavikutes kasutati iga 
proovitüki 400 suurima puu (domineerivad puud, tõenäoliselt 
lõppraieni kasvavad puud) keskmisi kasvutunnuseid, kus mulla 
keemilis-füüsikaliste tunnuste mõju hindamiseks puude kasvule kasutati 
kordusmõõtmiste (puude vanuses 5 ja 15 aastat) segamudelit (IV). 
Puude maapealsete süsiniku- ja lämmastikuvarude ning biomassi 
hindamiseks koguti 15-aastasest hübriidhaavaistandikust kümme 
mudelpuud destruktiivseks analüüsiks ning koostati allomeetrilised 
võrrandid (tabel 1) puu fraktsioonide kuivkaalude leidmiseks 
rinnasdiameetri põhjal (III). Süsiniku- ja lämmastikusisaldus määrati 
laboris eraldi tüvepuidu, tüvekoore, 1-aastaste võrsete, vanemate 
elusokste ja kuivanud okste puhul. Mudelpuude süsiniku- ja 
lämmastikusisaldus arvutati kaalutud keskmisena. Süsiniku- ja 
lämmastikuvarude hindamisel kasutati ökosüsteemi stabiilseid varusid, 
kus maapealse varu moodustab puude biomass ilma lehtedeta. Maa-
aluse süsiniku- ja lämmastikuvaru moodustab muld kuni 75 cm 
sügavuseni ja puude jämejuured. Jämejuurte kuivmassid prognoositi 
rinnasdiameetri põhjal, kasutades kirjanduses leiduvaid valemeid 
(Rosenvald et al. 2014; Fortier et al. 2015). 

Tulemused ja arutelu 

15 aasta vanuselt jäi proovitükkide keskmine kõrguskasv arukaasikutes 
vahemikku 5,2–16,3 m (I) ja hübriidhaavikutes vahemikku 8,8–20,0 m 
(IV). Arukase- ja hübriidhaavaistandike kiirem kasv endistel 
põllumaadel avaldus viljakatel ning piisava mullaveega varustatud 
jänesekapsa, jänesekapsa-mustika ja naadi kasvukohatüüpides. Nendel 
kasvukohatüüpidel ulatus keskmine tüvepuidu produktisoon ligikaudu 
8–10 m3 ha–1 a–1 15 kasvuaasta möödudes. Mõlema puuliigi kasv on 
olnud aeglasem sinilille kasvukohatüübis. Keskealiste ja noorte 
hübriidhaavikute proovitükkide kasvupingeridade võrdluses parandasid 
naadi kasvukohatüübi alad oluliselt oma positsiooni võrreldes teiste 
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kasvukohatüüpidega (IV). Sinilille kasvukohatüübi proovitükkide 
positsioon pingereas langes vanuse kasvades. Sinilille kasvukohatüübi 
aeglasemat kasvu võib põhjendada mulla väikese veemahutavusega 
(Lõhmus 1974), mistõttu suvine põud pidurdab oluliselt puude kasvu. 
Mõlema puuliigi kasvukiirus 15 kasvuaasta möödudes endistel 
põllumaadel on kaks korda suurem võrreldes sarnaste 
kasvukohatüüpide kase- ja haavapuistutega metsamaal (Henno 1980; 
Kiviste 1997) (joonised 7 ja 8). See on peamiselt põhjendatav endiste 
põllumuldade suurema toitainete sisaldusega võrreldes analoogsete 
metsamuldadega (Wall ja Hytönen 2005; Falkengren-Grerup et al. 
2006). Hübriidhaava puhul põhjustab ristandi lähtevanematest kiiremat 
kasvu ka nn hübriidiefekt e heteroos (Tullus et al. 2012a). Kuivõrd 
kasutusel olevad kasvukäigutabelid on koostatud looduslike kaasikute 
põhjal, siis võib istandike suurem kasvukiirus tuleneda ka 
istutusmaterjali paremast kvaliteedist (Stener ja Jansson 2005). Kaudse 
mõjuna on metsade kasvukiirust viimaste kümnendite jooksul 
parandanud kliimamuutuse tõttu pikenenud kasvuperiood, soojem 
õhutemperatuur ja suurenenud CO2 sisaldus õhus (Schwartz et al. 2006; 
Cole et al. 2010; Lindner et al. 2010). 

Mulla potentsiaalne omastatava vee varu kuni 75 cm sügavuseni 
mõjutas positiivselt puude kasvukiirust nii arukase- kui ka 
hübriidhaavaistandikes (I, IV). Mullakihtide kaupa analüüsides osutus 
arukaasikutes tugevaimaks ülemise 0–25 cm mullakihi veevaru mõju, 
kus konkurentsipositsioonilt domineerivad puud olid rohkem 
mõjutatud kui keskmised ja allasurutud puud (I). See on põhjendatav 
suuremate puude ulatuslikuma juurestiku ja suurema veetarbega (Fisher 
ja Binkley 2000; Otto et al. 2014). Hübriidhaavikutes olid domineerivad 
puud aga enam mõjutatud mulla sügavamate kihtide (25–50 cm ja 50–
75 cm) veevarust (IV). Noorte haabade kasvu mõjutanud A-horisondi 
tüsedusel (positiivne mõju) ja savisisaldusel (negatiivne mõju) ei olnud 
keskealistes hübriidhaavikutes usaldusväärset mõju (IV). Arvatavasti oli 
noores vanuses väiksema savisisalduse ja tüsedama A-horisondiga 
muldades puujuurte areng kiirem ning toitainete omastamine lihtsam 
(Pinno et al. 2010; Makeschin 1994). Keskealistes hübriidhaavikutes on 
puude juurestik rohkem arenenud ja liikunud ka sügavamatesse 
mullakihtidesse. 

Mulla A-horisondi reaktsioon (pH) vähenes vanuse kasvades oluliselt 
nii arukase- kui ka hübriidhaavaistandikes (I, II). Põllumuldade pH on 
oluliselt neutraalsema reaktsiooniga kui sarnastel metsamuldadel. See 
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tuleneb lupjamisest, mida rakendati eelneva põllumajandusliku 
maaharimise käigus (Wall ja Hytönen 2005). Tõenäoliselt on puud 
kaltsiumitarbimise ning lehe- ja juurevarise ning happeliste 
juureeritistega suurendanud aluseliste katioonide leostumist, mis 
omakorda on muutnud muldkeskkonna reaktsiooni juurtoitumiseks 
endale sobilikumaks (Norden 1994; Hinsinger et al. 2003). Arvatavasti 
seetõttu muutus ka noores vanuses esinenud negatiivne seos mulla pH 
ja puude kasvu vahel keskealistes hübriidhaavikutes ebaoluliseks (IV). 
Samas avaldas pH keskealistes arukaasikutes puude kasvule olulist 
negatiivset mõju, kusjuures rohkem olid mõjutatud 
konkurentsipositsioonilt keskmised ja allasurutud puud (I). 

Mulla omastatav fosfor oli ainuke toitaine, mille sisaldus mullas oli 
positiivses seoses puude kasvuga (I, IV). Samas jäi omastatava fosfori 
sisaldus mõlema puuliigi keskealiste istandike mullas algseisuga 
võrreldes muutumatuks (I, II). Arukaasikutes olid ainult konkurentsis 
alla jäänud puud mõjutatud B-horisondi fosforisisaldusest, seega üldine 
fosfori mõju arukaseistandikele oli nõrk. Hübriidhaavikutes olid 
suuremad puud mõjutatud A-horisondi ja ka kogu 75 cm mullakihi 
omastatava fosfori sisaldusest ja varust. Endistel põllumuldadel on 
eelneva väetamise tõttu fosfori koguvaru suur, samas pH väärtuse 
vähenemine pärast metsastamist mõjutab fosfori vorme ja omastamist 
taimede poolt (De Schrijver et al. 2012a; Rubæk et al. 2013). Samal ajal 
toimub omastatava fosforisisalduse suurenemine ka kaltsiumi 
leostumise ja kaltsiumiga seotud vormidest vabanemise tõttu (Sorn-
Srivichai et al. 1984). Seetõttu võib arvata, et mulla fosfori koguvaru on 
endiselt suur ja puudele omastatavate vormide vabanemine toimub 
aeglaselt. 

Mulla üldlämmastiku ja orgaanilise süsiniku / huumuse sisaldus A-
horisondis jäi 10-aastase perioodi järel muutumatuks mõlema puuliigi 
puhul, välja arvatud üldlämmastikusisalduse väike suurenemine 
hübriidhaavikutes mulla A-horisondis (I, II). Üldlämmastiku 
kontsentratsiooni suurenemine oli hübriidhaavikutes intensiivsem seal, 
kus mulla veevarud ja CEC olid suuremad ehk lämmastiku 
mineraliseerumine oli aeglasem (II). Üldlämmastiku sisalduse 
suurenemine oli aeglasem proovitükkidel, kus juba esialgu oli suurem 
lämmastikusisaldus ja kus puude 10 aastaga toimunud juurdekasv oli 
suurem. Puude kasvukiiruse ja lämmastiku vahel ei tuvastatud olulist 
seost. Kuigi üldlämmastik ei ole taime omastatava lämmastikusisalduse 
iseloomustamiseks parim näitaja, võib nentida, et endiste põllumuldade 
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kasvukohatüüpidega (IV). Sinilille kasvukohatüübi proovitükkide 
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lämmastikuvarud on piisavalt suured, et tagada puude optimaalne 
vajadus. Süsiniku ja lämmastiku suhe (C:N) mullas jäi metsastamise 
tulemusel muutumatuks ning on vahemikus, kus on tagatud head 
tingimused lämmastiku mineraliseerumiseks ja puude varustamiseks 
(Ritter et al. 2003). 

Mulla omastatava kaaliumi sisaldus vähenes oluliselt arukaasikutes, 
samas oli mulla kaaliumisisaldus veel piisavalt suur ega piiranud 
kummagi puuliigi produktsiooni (I, II, IV). Mulla omastatava kaltsiumi 
sisaldus vähenes hübriidhaavikutes nii A- kui ka B-horisondis (II), mis 
on põhjendatav pH väärtuse vähenemise ja kaltsiumi leostumisega 
sügavamatesse mullakihtidesse (Ritter et al. 2003). Tõenäoliselt seetõttu 
taandus mulla A-horisondi kaltsiumisisalduse esialgne negatiivne mõju 
noorte haabade kasvule hilisemas kasvueas (IV). Samas mõjutas 
keskealiste puude kasvu mulla B-horisondi kaltsiumisisaldus, millel ei 
olnud noores vanuses suurt mõju. Hübriidhaavikute mulla 
magneesiumisisaldus vähenes B-horisondis, aga jäi muutumatuks A-
horisondis (II). Magneesiumisisalduse vähenemine B-horisondis oli 
seotud puude kasvukiirusega perioodil 5–15 aastat. Tulemust võib 
seostada magneesiumi retranslokatsiooniga, kus sügavamatest kihtidest 
omastatud magneesium jõuab läbi lehevarise ülemistesse 
mullakihtidesse (Kahle et al. 2010; Stark et al. 2015). Magneesiumil oli 
puude kasvule negatiivne üldmõju nii A- kui ka B-horisondis, mis on 
nagu kaltsiumi puhul suurem lubjarikka aluskivimiga muldadel. 

Mulla mikrotoitainetest vähenes hübriidhaavikutes suhteliselt kõige 
enam omastatava boori sisaldus A- ja B-horisondis (II). Vähenemist 
tuvastati rohkem seal, kus puude kasvukiirus ja algne kontsentratsioon 
olid suuremad. Boorisisalduse vähenemine mullas on seostatav ka pH 
väärtuse vähenemisega, mis soosib puude puhul boori omastamist, 
samuti väljaleostumist kergema lõimisega muldadel (Lehto et al. 2010). 
Kuivõrd A-horisondi boori sisaldus ei mõjutanud keskealistes 
istandikes puude kasvu, võib selle sisaldust lugeda endiselt piisavaks 
(IV). Omastatava mangaani sisaldus A-horisondis ning omastatava vase 
sisaldus A- ja B-horisondis suurenes (II), mida saab seostada nii 
omastatavate vormide vabastamisega orgaanilise aine lagunemisel kui 
ka pH väärtuse vähenemisega (Bergkvist et al. 1989; Strobel et al. 2005; 
Watmough et al. 2007). Mulla vasesislduse suurenemine oli seotud 
CEC-i ja mullaniiskusega, mis näitab savi võimet lahustunud vaske 
stabiilsemalt siduda. 
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Endisel maakasutusel oli suur mõju hübriidhaavikute mulla A-
horisondi orgaanilise süsiniku (SOC) ja üldlämmastiku (Ntot) varude 10 
aastaga (vanuses 5–15 aastat) toimunud muutustele (III). Endistel 
rohumaadel vähenesid mulla A-horisondi SOC ja Ntot varud, kuid 
püsisid muutumatuna endistel haritavatel põllumaadel. Endiste 
rohumaade ülemist mullakihti oli varasema maakasutuse käigus vähe 
haritud ja pikaaegne rohumaa seisund soodustas süsiniku 
akumuleerumist (Guo ja Gifford 2002; Laganiere et al. 2010). Istandiku 
rajamine muutis stabiilset olukorda ja noortes istandikes ilmselt 
intensiivistus süsiniku mineraliseerumine (Bárcena et al. 2014a). 
Endistel haritavatel põllumaadel võis esineda teatud huumuse vajak, 
sest mulda segavad harimisviisid suurendasid regulaarselt mulla 
õhustatust ning soodustasid orgaanilise aine kiiremat mineraliseerumist 
(Makeschin 1994; Arevalo et al. 2011). Metsastamise tulemusena lõppes 
künnikihi pööramine ja segamine ning suurenes iga-aastane orgaanilise 
aine sisend mulda lehtede ja peenjuurte varise kaudu (Richter et al. 
1999; Guo ja Gifford 2002). Samas ei täheldatud endistel 
põllumuldadel veel SOC varu suurenemist, sest püsivat ja ulatuslikku 
metsakõdu kihti ei ole 15 aastat pärast metsastamist veel välja 
kujunenud. Seda saab põhjendada varise kiire mineraliseerumise ja 
vabanenud toitainete tarbimisega kiirekasvuliste puude poolt (Vervaet 
et al. 2002). A-horisondis asusid ka ökosüsteemi peamised süsiniku- 
(50%) ja lämmastikuvarud (70%). 

Hübriidhaavikute mulla SOC ja Ntot varud suurenesid oluliselt 
sügavamas mullakihis (> A-horisont kuni 75 cm) (III). Suurema 
savisisaldusega sügavamad mullakihid säilitavad ülemistest 
mullakihtidest välja leostunud süsinikku ja lämmastikku. Orgaanilise 
aine sisalduse suurenemine sügavamal mullas on seotud ka puu 
juurestiku levikuga sügavamatesse mullakihtidesse, kus orgaanilise aine 
akumuleerumine toimub peenjuurte produktsiooni ja lagunemise tõttu 
(Hu et al. 2016). Välised häirivad tegurid mõjutavad sügavamat 
mullakihti vähem kui ülemist mullakihti ja seetõttu on sügavamal kihil 
süsiniku pikaajalise säilitamise suur potentsiaali (Hansen 1993; Hooker 
ja Compton 2003). Sügavamate kihtide süsinikusisaldus moodustas 
21,5% ja lämmastikusisaldus 29,3% kogu ökosüsteemi varust. 

Vanuses 5–15 aastat toimus hübriidhaavikutes peamine süsiniku 
salvestamine puude maalpealsesse biomassi ning endistele 
põllumajandusmaadele rajatud hübriidhaavikud on juba 15 kasvuaasta 
möödudes süsinikku akumuleerivad ökosüsteemid (III). Maa-alune 



9392 
 

lämmastikuvarud on piisavalt suured, et tagada puude optimaalne 
vajadus. Süsiniku ja lämmastiku suhe (C:N) mullas jäi metsastamise 
tulemusel muutumatuks ning on vahemikus, kus on tagatud head 
tingimused lämmastiku mineraliseerumiseks ja puude varustamiseks 
(Ritter et al. 2003). 

Mulla omastatava kaaliumi sisaldus vähenes oluliselt arukaasikutes, 
samas oli mulla kaaliumisisaldus veel piisavalt suur ega piiranud 
kummagi puuliigi produktsiooni (I, II, IV). Mulla omastatava kaltsiumi 
sisaldus vähenes hübriidhaavikutes nii A- kui ka B-horisondis (II), mis 
on põhjendatav pH väärtuse vähenemise ja kaltsiumi leostumisega 
sügavamatesse mullakihtidesse (Ritter et al. 2003). Tõenäoliselt seetõttu 
taandus mulla A-horisondi kaltsiumisisalduse esialgne negatiivne mõju 
noorte haabade kasvule hilisemas kasvueas (IV). Samas mõjutas 
keskealiste puude kasvu mulla B-horisondi kaltsiumisisaldus, millel ei 
olnud noores vanuses suurt mõju. Hübriidhaavikute mulla 
magneesiumisisaldus vähenes B-horisondis, aga jäi muutumatuks A-
horisondis (II). Magneesiumisisalduse vähenemine B-horisondis oli 
seotud puude kasvukiirusega perioodil 5–15 aastat. Tulemust võib 
seostada magneesiumi retranslokatsiooniga, kus sügavamatest kihtidest 
omastatud magneesium jõuab läbi lehevarise ülemistesse 
mullakihtidesse (Kahle et al. 2010; Stark et al. 2015). Magneesiumil oli 
puude kasvule negatiivne üldmõju nii A- kui ka B-horisondis, mis on 
nagu kaltsiumi puhul suurem lubjarikka aluskivimiga muldadel. 

Mulla mikrotoitainetest vähenes hübriidhaavikutes suhteliselt kõige 
enam omastatava boori sisaldus A- ja B-horisondis (II). Vähenemist 
tuvastati rohkem seal, kus puude kasvukiirus ja algne kontsentratsioon 
olid suuremad. Boorisisalduse vähenemine mullas on seostatav ka pH 
väärtuse vähenemisega, mis soosib puude puhul boori omastamist, 
samuti väljaleostumist kergema lõimisega muldadel (Lehto et al. 2010). 
Kuivõrd A-horisondi boori sisaldus ei mõjutanud keskealistes 
istandikes puude kasvu, võib selle sisaldust lugeda endiselt piisavaks 
(IV). Omastatava mangaani sisaldus A-horisondis ning omastatava vase 
sisaldus A- ja B-horisondis suurenes (II), mida saab seostada nii 
omastatavate vormide vabastamisega orgaanilise aine lagunemisel kui 
ka pH väärtuse vähenemisega (Bergkvist et al. 1989; Strobel et al. 2005; 
Watmough et al. 2007). Mulla vasesislduse suurenemine oli seotud 
CEC-i ja mullaniiskusega, mis näitab savi võimet lahustunud vaske 
stabiilsemalt siduda. 

93 
 

Endisel maakasutusel oli suur mõju hübriidhaavikute mulla A-
horisondi orgaanilise süsiniku (SOC) ja üldlämmastiku (Ntot) varude 10 
aastaga (vanuses 5–15 aastat) toimunud muutustele (III). Endistel 
rohumaadel vähenesid mulla A-horisondi SOC ja Ntot varud, kuid 
püsisid muutumatuna endistel haritavatel põllumaadel. Endiste 
rohumaade ülemist mullakihti oli varasema maakasutuse käigus vähe 
haritud ja pikaaegne rohumaa seisund soodustas süsiniku 
akumuleerumist (Guo ja Gifford 2002; Laganiere et al. 2010). Istandiku 
rajamine muutis stabiilset olukorda ja noortes istandikes ilmselt 
intensiivistus süsiniku mineraliseerumine (Bárcena et al. 2014a). 
Endistel haritavatel põllumaadel võis esineda teatud huumuse vajak, 
sest mulda segavad harimisviisid suurendasid regulaarselt mulla 
õhustatust ning soodustasid orgaanilise aine kiiremat mineraliseerumist 
(Makeschin 1994; Arevalo et al. 2011). Metsastamise tulemusena lõppes 
künnikihi pööramine ja segamine ning suurenes iga-aastane orgaanilise 
aine sisend mulda lehtede ja peenjuurte varise kaudu (Richter et al. 
1999; Guo ja Gifford 2002). Samas ei täheldatud endistel 
põllumuldadel veel SOC varu suurenemist, sest püsivat ja ulatuslikku 
metsakõdu kihti ei ole 15 aastat pärast metsastamist veel välja 
kujunenud. Seda saab põhjendada varise kiire mineraliseerumise ja 
vabanenud toitainete tarbimisega kiirekasvuliste puude poolt (Vervaet 
et al. 2002). A-horisondis asusid ka ökosüsteemi peamised süsiniku- 
(50%) ja lämmastikuvarud (70%). 

Hübriidhaavikute mulla SOC ja Ntot varud suurenesid oluliselt 
sügavamas mullakihis (> A-horisont kuni 75 cm) (III). Suurema 
savisisaldusega sügavamad mullakihid säilitavad ülemistest 
mullakihtidest välja leostunud süsinikku ja lämmastikku. Orgaanilise 
aine sisalduse suurenemine sügavamal mullas on seotud ka puu 
juurestiku levikuga sügavamatesse mullakihtidesse, kus orgaanilise aine 
akumuleerumine toimub peenjuurte produktsiooni ja lagunemise tõttu 
(Hu et al. 2016). Välised häirivad tegurid mõjutavad sügavamat 
mullakihti vähem kui ülemist mullakihti ja seetõttu on sügavamal kihil 
süsiniku pikaajalise säilitamise suur potentsiaali (Hansen 1993; Hooker 
ja Compton 2003). Sügavamate kihtide süsinikusisaldus moodustas 
21,5% ja lämmastikusisaldus 29,3% kogu ökosüsteemi varust. 

Vanuses 5–15 aastat toimus hübriidhaavikutes peamine süsiniku 
salvestamine puude maalpealsesse biomassi ning endistele 
põllumajandusmaadele rajatud hübriidhaavikud on juba 15 kasvuaasta 
möödudes süsinikku akumuleerivad ökosüsteemid (III). Maa-alune 



9494 
 

süsiniku koguvaru (muld kuni 75 cm sügavuseni ja puude jämejuured) 
jäi samale tasemele mõlema maakasutuse puhul. Endistele 
põllumuldadele rajatud hübriidhaavikutes akumuleerus 26,2% 
süsinikust maa-alustesse varudesse, endistel rohumaadel oli vastav 
näitaja aga ainult 5,1%. Lämmastikuvarud pole 10 aastaga 
märkimisväärselt muutunud. Peamine lämmastikuvaru 
hübriidhaavikutes asub mullas (97,3%). 
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jagamiseks on soovitatav harvendusraiete käigus välja raiuda kasvus alla 
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hüpoteesi. Põhiline süsiniku salvestamine on toimunud puude 
maapealses biomassis ja endiste põllumaade muldadel on suurem 
potentsiaal salvestada täiendavat süsinikku kui endistel rohumaadel. 
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Abstract The first silver birch (Betula pendula Roth)

plantations aimed at short-rotation forestry (SRF) man-

agement were established in Estonia in 1999 on former

arable land, as experimental and demonstration areas of

this novel land use and silvicultural system. Growth and

plant–soil relations in such silver birch plantations have

more often been studied at a young age (\10 years), while

studies covering the later stages of the rotation period are

rare. We used repeated monitoring of soil properties and

tree growth in 11 midterm (15-year-old) SRF silver birch

plantations to evaluate: (1) growth rate and productivity,

(2) impact of soil physico-chemical properties on tree

growth and (3) changes in the topsoil chemistry between

young and midterm plantations. Growth and yield of

midterm silver birch SRF plantations exceeded the best

local birch forest yield table values by a factor of about 2.

The best growth was observed on former agricultural soils

corresponding to Oxalis and Oxalis-Myrtillus forest site

types. Available water content in the topsoil layer

(0–25 cm) had a significant positive effect on the growth

rate of birches, with competitively dominant and medium

trees more affected. The topsoil pHKCl (range 3.7–7.1)

level had a negative effect on growth rate, especially in

suppressed trees. The A-horizon of former agricultural

soils had provided sufficient nutrients to ensure high pro-

ductivity of the trees. During the 13 years between the two

monitorings, concentrations of the topsoil total N and

available P had remained at the same level, while available

K and pHKCl had decreased significantly.

Keywords Silver birch � Short-rotation forestry �
Plantation forestry � Former agricultural soil �
Soil acidity � Available water content

Introduction

There has been increasing interest in alternative wood

sources in order to supply the rising demand for industrial

wood and to reduce the timber harvest from natural forests,

where the productivity is relatively low. One possibility is

to practise short-rotation forestry (SRF) on abandoned

arable lands, an intensive forest management practice that

has spread to Northern Europe during the past decades

(Weih 2004; Tullus et al. 2012a). Since the 1990s, large

areas of agricultural land have been abandoned in Northern

and Eastern Europe (Wall and Hytönen 2005; Prishchepov

et al. 2013), including Estonia (Peterson and Aunap 1998).

Several deciduous plantations were established on previous

agricultural lands in Estonia in 1999 with silver birch and

with hybrid aspen (Vares et al. 2001; Tullus et al. 2007) to

gain experience with this novel land use.

Silver birch (Betula pendula Roth) is regarded as a

suitable tree species for SRF practice in hemiboreal con-

ditions on previous agricultural soils. Birches (B. pendula
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and B. pubescens) are the most important commercial de-

ciduous tree species for Northern and Eastern European

forestry (Hynynen et al. 2010). The area of birch forests in

Estonia makes up approximately 31 % of the total forest

land (Yearbook Forest 2013). Silver birch is characterized

by fast growth at a young age on previous agricultural soils

(Telenius 1999; Vares et al. 2001, 2003; Daugaviete et al.

2003; Jõgiste et al. 2003; Uri et al. 2007; Kund et al. 2010)

and higher wood density compared to other fast-growing

deciduous trees (Repola 2006; Johansson 2007; Liepinš

and Rieksts-Riekstinš 2014). An economic study of silver

birch plantations on previous agricultural soils showed that

based on financial maturity, the potential rotation period

could be around 35 years on the best sites (Tullus et al.

2012b), which is about half of that used for traditional

birch management in Estonia.

Although growth and development of young

(\10 years) birch plantations on former arable land has

been recorded in several studies (Telenius 1999; Vares

et al. 2001, 2003; Daugaviete et al. 2003; Jõgiste et al.

2003; Uri et al. 2007; Kund et al. 2010), there exist only

few empirical studies from the mid-rotation period (Jo-

hansson 1999, 2007; Saramäki and Hytönen 2004; Hytönen

et al. 2014) and none of them compares growth of birch

plantations on previous agricultural land with forestland

stands growing on similar soil types. In Estonia, silver

birch yield tables have been compiled for naturally re-

generated forestland stands (Henno 1980; Kiviste 1997).

The potential growth and productivity of silver birch

plantations on previous agricultural soils, which have

somewhat different physical and chemical properties

compared to forest soils in the hemiboreal region (Al-

riksson and Olsson 1995; Messing et al. 1997; Wall and

Heiskanen 2003; Wall and Hytönen 2005), are still quite

poorly studied. Previous agricultural soils are usually nu-

trient rich, well drained and generally homogenous in the

humus horizon, which is a result of previous and long-term

fertilization, ploughing and tilling.

Acquisition of different resources by trees is depending on

resources supply, which in turn depends on site character-

istics such as soil physico-chemical properties and biological

activity. However, resources are not equally available to all

trees in the stand (Binkley et al. 2013), and hence, compe-

tition will cause differentiation in tree size and their access to

available resources, with dominant trees being more ad-

vantaged than suppressed trees in this respect (Binkley et al.

2010; Otto et al. 2014). Generally, birches are relatively

sensitive to soil physico-chemical properties (Perala and

Alm 1990) and also to within-stand competition due to their

low shade tolerance (Hynynen et al. 2010). Thus, it is im-

portant to clarify what factors are mainly limiting tree-level

productivity in silver birch plantations on previous arable

land, as this topic is not well studied in the region.

We should consider that afforestation is a land-use

change, the effects of which on the environment or on

ecosystem productivity are not always unequivocal. Silver

birch can ameliorate unfavourable site conditions through

nutritious litter fall and microbiological activity around the

root system in the soil (Perala and Alm 1990; Carnol and

Bazgir 2013). In order to retain high productivity in fast-

growing silver birch plantations on abandoned agricultural

lands, it is also important to understand the dynamics and

changes in nutrient concentrations and pHKCl levels in the

topsoil, whereby it is possible to predict the need for fer-

tilization. Knowledge of soil nutrient dynamics and balance

is also important when the site is to be re-used for agri-

cultural purposes in the future. Generally, in plantation

forestry, fast-growing trees may deplete soil nutrients very

intensively and fertilization is needed to maintain produc-

tivity (Ericsson 1994; Berthrong et al. 2009; Liao et al.

2012). The general findings of mutual relations between

forest plantations and soil fertility are in contradiction with

the results from Northern Europe, where afforested agri-

cultural soils have higher soil fertility compared to con-

tinuously forested soils (Wall and Hytönen 2005). SRF

plantations can even use nutrients more efficiently in the

long term, preventing their loss through leaching or runoff

with water on arable lands (Kahle et al. 2010). Even though

the area of forest plantations has rapidly expanded in

Northern Europe, there is still a lack of information about

how this novel land use will influence soil properties on

previous agricultural lands in the long term, especially on

the basis of repeated measurements. Impact of former land

use on chemical properties of soil can be long lasting. For

example, it has been found that the high content of

macronutrients (NPK) may persist for decades after the

agricultural land use ceases (Wall and Hytönen 2005;

Falkengren-Grerup et al. 2006). Also N mineralization rate

(often characterized through C:N ratio) could remain

relatively unchanged after afforestation (Ritter et al. 2003),

depending also on exact type of previous agricultural land

use (Vladychenskii et al. 2013). After agricultural land

afforestation, acidification is usually taking place, which

has been observed with many tree species (Ritter et al.

2003; Vladychenskii et al. 2009; Uri et al. 2011; De

Schrijver et al. 2012b), but we were not able to find any

long-term studies on changes in soil pHKCl after the af-

forestation of former agricultural land with silver birch in

the hemiboreal region.

The aim of our study was to estimate tree growth, im-

pact of soil physico-chemical properties on tree growth,

changes in topsoil macronutrient concentrations, organic C,

C:N ratio and pHKCl on previous agricultural soils in

midterm SRF silver birch plantations during the first half of

the rotation period. Based on results, practical management

implications are provided. Hypotheses are: (1) silver birch

654 Eur J Forest Res (2015) 134:653–667
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plantations’ growth and yield at the end of 15th growing

season is exceeding birch stands on similar forest soils, (2)

concentration of macronutrients in previous agricultural

soils is not limiting the growth of trees, (3) the topsoil

macronutrients (NPK) concentration and C:N ratio re-

mained unchanged and pHKCl decreased after the first

15 years of growth on former field soils.

Materials and methods

Studied plantations

The study was carried out in 11 midterm silver birch

plantations on mineral abandoned arable soils (Table 1) in

Estonia (Fig. 1). Estonia is situated in the hemiboreal

vegetation zone (Ahti et al. 1968) within a transition zone

from maritime to continental climate. The weather in Es-

tonia is considerably milder than the continental climate

characteristic of the same latitude. The mean annual tem-

perature during the study period (2010–2013) was 5.9 �C,
and the mean precipitation was 733 mm according to

nearest weather stations to the studied plantations (The

Estonian Environment Agency).

Plantations one hectare in size were planted with 1-year-

old bare-rooted seedlings (Vares et al. 2001). Planting

density varied between 2500 and 3300 trees per hectare

(Kund et al. 2010). Usually, birch seedlings were planted

on a ploughed soil, except in Läänemaa, Tartumaa and

Valgamaa plantations, where strip ploughing for the

establishment of planting rows was used (Vares et al.

2001). Weeding and hay-mowing were carried out during

the first years after planting to ensure higher survival of the

young seedlings. All plantations were fenced against pos-

sible damage from game browsing.

Based on soil type, we tentatively divided plantations

into different forest site types (Table 1) according to the

Estonian classification of natural forest site types (Lõhmus

1974): Hepatica, Oxalis and Oxalis-Myrtillus. Hepatica

site type is located on draught-sensitive soils with a stoney

A-horizon and slightly alkaline B-horizon. Oxalis site type

prevails on well-drained automorphic soils where clay

enrichment occurs in the B-horizon. Oxalis site type is one

of the most common site types where natural regeneration

of birch occurs on former field soils in Estonia. Oxalis-

Myrtillus site type is usually formed on hydromorphic

sandy soils with moister conditions compared to Oxalis.

Tree growth measurements

The long-term permanent rectangular experimental plots

with a size of 0.1 ha (as an exception, 0.08 ha in the

Läänemaa plantation), where all trees have unique identi-

fication numbers, were monitored in each plantation to

estimate above-ground growth and yield of the trees. Re-

peated growth measurements were carried out annually at

the end of the vegetation period between the ages from 12

to 15 years (2010–2013).

The stem diameter at breast height (DBH, cm) over bark

was recorded for every single tree using the millimetre

scale of a standard forest calliper. The height of every fifth

tree was measured with Vertex IV (Haglöf Sweden AB)

with 0.1 m resolution. Altogether, ca 2000 trees were

measured in each study year, and average growth charac-

teristics after 15 years of growth are presented in Table 2.

In order to characterize the stem size of single trees,

stem volume index (DBH2H) was used.

The total standing volume was calculated for each

plantation by using the equation for birch stands from the

Estonian forest planning guidelines (2009):

Table 1 General characteristics of the studied silver birch plantations: geographical locations, previous land use (Tullus et al. 2013), tentative

forest site types, density and basal area at the age of 15 years

Plantation Location Previous land use Tentative forest site type Density, trees (ha-1) Basal area (m2 ha-1)

Hiiumaa 58�590N 22�320E Crop field Hepatica 1510 3.5

Võrumaa 57�510N 26�380E Grassland Hepatica 1720 15.2

Järvamaa 58�500N 26�030E Grassland Oxalis 1670 16.5

Põlvamaa 58�050N 27�260E Crop field Oxalis 1930 16.8

Raplamaa 58�540N 24�540E Crop field Oxalis 2430 20.1

Tartumaa 58�260N 26�450E Crop field Oxalis 1090 11.2

Valgamaa 57�520N 26�120E Crop field Oxalis 1710 11.1

Ida-Virumaa 59�050N 27�200E Grassland Oxalis-Myrtillus 2330 19.8

Läänemaa 58�530N 24�060E Grassland Oxalis-Myrtillus 1188 18.5

Pärnumaa 58�390N 24�510E Crop field Oxalis-Myrtillus 1430 11.1

Viljandimaa 58�090N 25�320E Grassland Oxalis-Myrtillus 1550 11.7
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M ¼ G � H � F ð1Þ

where M is total stem volume (m3 ha-1), G is stand basal

area (m2 ha-1), H is average height of plantation (m) and

F is stand form factor.

In order to estimate the influence of stand density on tree

growth, stand sparsity index (L) was calculated for every

stand according to Nilson’s (2006) equation:

L ¼ 100 � n�0:5 ð2Þ

where L is average distance between the trees (m) and n is

number of trees per hectare.

Soil analysis

Soil sampling was carried out in the final study year when

plantations were 15 years old (Table 3). A 1-m-deep soil

pit was dug in the centre of each experimental plot, and soil

type was determined according to the World Reference

Base (WRB) for Soil Resources (IUSS Working Group

WRB 2014; Table 1). Soil samples for chemical analyses

were taken from each soil horizon in the revealed profile.

For the soil pHKCl measurement, 1 M KCl suspension at

10 g: 25 ml ratio was used. The total nitrogen (N) was

determined according to Kjeldahl (Tecator ASN 3313

AOAC). The available phosphorus (P) (ammonium lactate

extractable) was determined by flow injection analysis and

the available potassium (K) by the flame photometric

method. Organic matter (Corg) was determined as loss on

ignition (LOI, %) at 360 �C. All the soil chemical analyses

were performed in the Laboratory of Plant Biochemistry,

Estonian University of Life Sciences.

Soil bulk density (BD, g cm-3) was determined with

undisturbed core samples using a steel cylinder (50 cm3).

The samples were taken from the middle of each soil

Fig. 1 Locations of the studied

silver birch plantations (n = 11,

marked as black triangles)

Table 2 Growth characteristics

(Hmean mean height, Hdom mean

height of the dominant trees (i.e.

trees exceeding the upper

quartile of DBH in the given

stand), DBHmean mean stem

diameter at breast height,

DBH2Hmean mean stem volume

index) in the studied silver birch

plantations at the age 15 years

(±SE)

Plantation Hmean ± SE (m) Hdom ± SE (m) DBHmean ± SE (cm) DBH2Hmean ± SE (dm3)

Hiiumaa 5.2 ± 0.39a 7.8 ± 0.29a 5.0 ± 0.19a 17.0 ± 3.41a

Võrumaa 13.0 ± 0.27bc 14.6 ± 0.11b 10.1 ± 0.24cde 142.7 ± 13.25c

Järvamaa 13.9 ± 0.44ce 16.3 ± 0.11cd 10.8 ± 0.16cf 188.3 ± 19.43def

Põlvamaa 15.4 ± 0.25f 17.0 ± 0.19de 10.3 ± 0.16cde 159.3 ± 12.37ce

Raplamaa 14.9 ± 0.26def 16.9 ± 0.08de 9.9 ± 0.18cd 171.5 ± 13.69ce

Tartumaa 13.8 ± 0.43bde 16.1 ± 0.13cd 11.1 ± 0.26df 159.5 ± 17.34def

Valgamaa 12.4 ± 0.35b 14.8 ± 0.33b 8.6 ± 0.23b 100.6 ± 11.37b

Ida-Virumaa 13.8 ± 0.29 cd 15.9 ± 0.19c 9.8 ± 0.23c 179.1 ± 16.84cd

Läänemaa 16.3 ± 0.19f 17.7 ± 0.20e 13.9 ± 0.24g 327.8 ± 17.72g

Pärnumaa 15.3 ± 0.24ef 16.7 ± 0.13cd 11.1 ± 0.20ef 201.8 ± 15.43ef

Viljandimaa 15.0 ± 0.21def 16.4 ± 0.17cd 11.7 ± 0.18f 203.4 ± 13.23f

Mean 13.7 ± 0.16 15.6 ± 0.24 10.0 ± 0.08 168.8 ± 5.52

Lowercase letters denote significant (p value\ 0.05) differences between groups according to Tukey’s

LSD test
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horizon in three replications and then oven-dried at 105 �C
to constant weight in the laboratory.

Samples for determining soil specific surface area (SSA,

m2 g-1) and soil texture were taken from the middle of all

soil horizons. For the soil texture analysis, sand (soil par-

ticles with diameter[0.063 mm) was excluded by sieving.

Clay (\0.002 mm) and silt (0.002–0.063 mm) fractions

were determined by the pipette method (FAO 2006). The

relative proportions of these fractions gave the textural

class.

SSA of soil samples taken from each horizon up to a

depth of 75 cm was determined by adsorption of water

vapour on 10 g dry soil surface (Puri and Murari 1964).

Available water content (AWC) is the amount of water

available for plants, i.e. the difference between water

content at field capacity and water content at permanent

wilting point in the soil. We estimated AWC to 75 cm soil

depth, assuming that the root systems of birches of this age

are mostly located in this layer (Varik et al. 2013). We did

not consider actual water content, but the soil’s potential to

store it. AWC as a static soil property was calculated as a

function of BD and SSA, using the pedotransfer equations

(Eqs. 3, 4, 5) developed for top horizons of agricultural

soils in Estonia (Kitse 1978). The volume of gravel was

subtracted from the estimate, similarly to the earlier study

performed with hybrid aspen on former arable soils (Tullus

et al. 2010):

AWCA�horizon ¼ BD � 47:7�18:2 � BD�0:04 � SSAð
�72=SSAÞ � L � 1�Grð Þ ð3Þ

AWCE�horizon ¼ BD � 44:3�18:0 � BD�0:08 � SSAð
�41=SSAÞ � L � 1�Grð Þ ð4Þ

AWCB Cð Þ�horizon ¼ BD � 46:5�19:1 � BD�0:05 � SSAð
�64=SSAÞ � L � 1�Grð Þ ð5Þ

where AWC is the available water content in the soil (mm),

BD is the bulk density (g cm-3), SSA is the soil specific

surface area (m2 g-1), L is the thickness of the layer (mm)

and Gr is the portion of gravel (soil particles with diameter

more than 2 mm).

Statistical analyses

The Shapiro–Wilk test was used to check the normality of

the variables. The pairwise Student’s t test was used to

Table 3 The studied silver birch plantations’ soil types according to

WRB classification (IUSS Working Group WRB 2014) and soil A-

and B-horizon properties: texture, bulk density (BD, g cm3), acidity

(pHKCl), total N (%), available P (mg kg-1), available K (mg kg-1),

Corg (%) and Corg:Ntotal ratio (C:N) after the 15th growing season

Plantation Soil type Soil

horizon

Textural class BD pHKCl N P K Corg C:N

Hiiumaa Calcaric Skeletic Regosol A Sandy loam 1.30 7.1 0.25 41 96 2.35 9.3

B Sandy loam 1.30 7.6 0.04 0 47

Võrumaa Eutric Regosol A Sandy loam 1.36 6.5 0.08 58 144 1.14 14.1

B Sand 1.27 7.4 0.01 25 23

Järvamaa Endocalcaric Luvisol A Sandy loam 1.25 5.6 0.14 13 88 1.85 13.1

B Sandy loam 1.53 7.7 0.02 1 31

Põlvamaa Stagni Fragic Retisol A Sandy loam 1.38 5.3 0.07 27 62 0.97 13.7

B Sandy loam 1.71 5.1 0.03 27 53

Raplamaa Endocalcaric Cambisol A Sandy loam 1.25 5.8 0.16 61 247 2.10 13.0

B Sandy loam 1.29 6.3 0.05 25 72

Tartumaa Dystri Glossi Fragic A Sandy loam 1.26 4.4 0.11 50 38 1.30 12.2

Retisol B Sandy loam 1.59 4.3 0.02 29 50

Valgamaa Dystri Glossi Fragic A Loam 1.39 4.8 0.11 1 31 1.92 17.6

Retisol B Loam 1.50 5.8 0.03 23 74

Ida-Virumaa Endogleyic Umbrisol A Silt loam 1.02 5.0 0.12 3 57 1.44 11.6

B Silt loam 1.30 4.3 0.01 32 12

Läänemaa Gleyic Albic Podzol A Sand 1.11 3.7 0.13 57 7 2.20 16.7

B Sand 1.42 4.9 0.01 110 5

Pärnumaa Mollic Gleysol A Sandy loam 1.06 6.8 0.25 360 177 2.65 10.7

B Sandy loam 1.38 7.0 0.02 11 115

Viljandimaa Dystri Glossic Retisol A Loam 1.18 5.0 0.14 6 63 1.60 11.1

B Sandy loam 1.48 4.8 0.04 21 47
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determine the significance of the changes in the topsoil

nutrient concentrations, organic C, C:N ratio and pHKCl

between the first soil sampling in 2000 (Vares et al. 2001)

and repeated soil sampling in 2013. Differences in growth

characteristics between site-type groups and between

plantations were tested with the Tukey’s LSD test.

In order to evaluate the influence of site type, the soil’s

physical and chemical properties and stand sparsity on

individual trees’ growth and to also consider the size-de-

pendent effects from intraspecific competition, all the trees

were assigned a size class (suppressed, medium, dominant)

according to their presumable competitive position in the

plantation at the end of the final study year (age 15). The

tree was considered to be suppressed if its DBH B lower

quartile, medium when lower quartile\DBH\ upper

quartile or dominant if its DBH C upper quartile of all

recorded DBHs in the plantation. After the classification of

trees, the significance of soil characteristics for the trees’

growth was tested with the linear mixed (random intercept)

model with the R Statistics function lmer in package lme4

(Bates et al. 2014), where plantation was treated as a ran-

dom effect. All the variables were scaled in order to

compare the magnitude of effects.

In the model, mean annual increment (MAI) and current

annual increment (CAI) of H and DBH were used as re-

sponse variables in order to distinguish between long-term

(reflected in MAI) and recently emerged (reflected in CAI)

effects from growth factors. MAI was estimated based on

tree dimensions in the final study year (MAI = growth

characteristic/15). CAI (change in growth between last and

current year) was estimated as the average of the last three

years: CAI = AVG (CAI13; CAI14; CAI15), thus reducing

the growth fluctuations arising from other non-soil-related

factors (e.g. weather conditions).

When analysing the effect of soil characteristics and

stand sparsity on growth, interaction with tree size class

was also tested. Thus, we analysed whether the given ex-

planatory variable affected tree growth and whether this

effect depended on competitive status (size class) of the

tree.

Although the number of observations of response vari-

ables was high, most of the explanatory variables, except

tree size class, varied only at stand level. Therefore, the

effect of each explanatory variable was tested separately.

The model assumptions were checked from residual

distributions and Q–Q plots.

The Hiiumaa plantation was excluded from the total N

assessment array, since we considered that the poor growth

of the trees was not related to a high concentration of total

N, but to the stony and shallow soil in the mentioned

plantation. In addition, we excluded the Pärnumaa planta-

tion from the total N assessment array as well, as we

considered that excessive moisture and high total N in

Gleysol do not favour growth in the early and late phases of

the vegetation period.

Mean values are presented with standard error. Level of

significance a = 0.05 was used to reject null hypothesis

after statistical tests. All statistical analyses were carried

out using R Statistics software (R Core Team 2014).

Results

Growth and yield

Height growth in the studied silver birch plantations was

relatively homogeneous, and the mean height varied be-

tween 12.4 and 16.3 m, with the exception of the Hiiumaa

plantation (5.2 m). The mean height after the 15th growing

season did not differ (p = 0.785) between plantations

representing Oxalis (14.2 ± 0.17 m) and Oxalis-Myrtillus

(14.9 ± 0.15 m) site types (Fig. 2). The mean height in

Hepatica site type (9.5 ± 0.53 m) was significantly lower

than in Oxalis (p = 0.019) and in Oxalis-Myrtillus

(p = 0.005) site types. The mean height of the dominant

trees (Hdom) should reflect site quality better than the mean

height of all trees, since it is less influenced by stand

density, competition between the trees and other potential

negative growth factors. Significantly higher Hdom was

recorded in Oxalis (16.3 ± 0.13 m, p = 0.002) and in

Oxalis-Myrtillus (16.6 ± 0.14, p = 0.001) site types

compared to the Hepatica site type (11.4 ± 0.86 m).

The mean DBH after the 15th growing season varied

from 5.0 to 13.9 cm between plantations. The lowest mean

DBH was recorded in the Hepatica site type

(7.7 ± 0.21 cm), which differed significantly from the

Oxalis-Myrtillus site type (11.2 ± 0.12 cm, p = 0.008),

but not from the Oxalis site type (10.0 ± 0.10 cm,

p = 0.238). We found that, at single-tree level, plantation

sparsity had started to significantly (p = 0.040) limit the

suppressed trees’ current year diameter growth (Fig. 5c),

while no significant effect was observed on mean annual

growth rate yet (Table 4). The impact of sparsity on the

diameter growth of medium trees was negligible

(p = 0.052). Sparsity had no impact on the dominant trees’

current annual diameter growth (p = 0.334).

Even though in the Oxalis site type the mean stem

volume index (DBH2H) of the trees (158.3 ± 7.04 dm3)

was almost two times higher than in the Hepatica, it did not

differ significantly (p = 0.238). The mean DBH2H in the

Hepatica site type was 86.4 ± 10.69 dm3, being sig-

nificantly lower compared to the Oxalis-Myrtillus

(219.8 ± 9.31 dm3, p = 0.008) site type.

The mean stem volume estimated at plantation level was

104.0 ± 11.96 m3 ha-1, exceeding 140 m3 ha-1 in the

best plantations after the 15th growing season. Higher stem
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volume was estimated in the Oxalis (106.6 m3 ha-1) and in

the Oxalis-Myrtillus (125.8 m3 ha-1) compared to the

Hepatica (54.0 m3 ha-1) site type. The mean CAI of stem

volume during the 15th growing season was the highest in

the Oxalis-Myrtillus site type (23.0 m3 ha-1 year-1), while

in the Oxalis site type, it was 19.2 m3 ha-1 year-1, and in

the Hepatica site type, it was 12.1 m3 ha-1 year-1.

The height and DBH growth of the studied silver birch

plantations exceed almost twofold the values of the tradi-

tional growth and yield tables of Estonian natural birch

forests (Fig. 3). Henno (1980) predicts for Oxalis forestland

that the average height will be 8.0 m, DBH 6.0 cm and stem

volume 57 m3 ha-1, and Kiviste (1997) respective values

are 8.2 m, 6.5 cm and 49 m3 ha-1, at the age 15, which is

two times less than we found in our study for Oxalis and

Oxalis-Myrtillus growth (Figs. 2, 3). Even though the

growth of plantations in the Hepatica site type has been

poor compared to theOxalis andOxalis-Myrtillus site types,

it still exceeds that of Oxalis and Oxalis-Myrtillus (Henno

1980; Kiviste 1997) on forestland (Fig. 3) at the age 15.

Plant–soil relations

The effects of soil physico-chemical properties on the

growth of the trees were analysed at a single-tree level,

considering also the competitive status of the tree (sup-

pressed, medium and dominant trees) in the plantation

(Table 4; Fig. 5).

Growth of the trees was most significantly as well as

most strongly affected by soil available water content

(AWC), especially AWC in the upper soil layer (0–25 cm),

while the impact decreased when we tested deeper soil

layers. The amount of AWC in the topsoil decreased with

depth: 40 % of AWC was located in the upper 25 cm soil

layer, 32 % was in at a depth of 25–50 cm and 28 % was

between 50 and 75 cm (Fig. 4).

Fig. 2 Average growth

characteristics [height (a), DBH
(b) and DBH2H (c)] of silver
birches in different site types.

Whiskers denote standard error

for the mean of the site type
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AWC0–25 had positive effect on the mean annual in-

crement (MAI) of height in all tree size classes (p\ 0.0001

in all cases) (Table 4; Fig. 5a). Regarding CAI of height,

the strongest impact of AWC0–25 was observed with

dominant (p = 0.005) and medium (p = 0.007) trees. No

significant relationship between birch growth and AWC in

the 25–50 cm or 50–75 cm soil layer was detected. Nev-

ertheless, total water availability in the whole of the 75 cm

Table 4 The fixed effects (standardized coefficients and p values) of

stand sparsity and soil variables on individual tree growth character-

istics in silver birch plantations (DBH MAI mean annual increment of

diameter at breast height; DBH CAI current annual increment of

diameter at breast height; H MAI mean annual increment of height; H

CAI current annual increment of height) according to single-tree size

classes (D dominant trees, M medium trees, S suppressed trees)

Variable Size DBH MAI DBH CAI H MAI H CAI

Estimate p value Estimate p value Estimate p value Estimate p value

Sparsity D 0.10a 0.334

M 0.22b 0.052

S 0.23b 0.040

AWC0-75cm D 0.51a 0.023

M 0.51a 0.023

S 0.32b 0.125

AWC0-25cm D 0.41a 0.004 0.59ab \0.0001 0.43a 0.005

M 0.40a 0.004 0.66a \0.0001 0.32a 0.007

S 0.28b 0.027 0.56b \0.0001 0.20b 0.190

A-horizon pHKCl D -0.33a 0.017 -0.31a 0.140

M -0.41b 0.005 -0.44b 0.045

S -0.42b 0.005 -0.56c 0.016

B-horizon available P D 0.22a 0.286

M 0.32b 0.174

S 0.50c 0.032

Superscript letters denote significant (p value\ 0.05) differences between tree size classes; effects are shown only if a significant effect was

observed in at least one size class

Fig. 3 Height (a) and DBH

(b) development of silver birch

plantations on previous

agricultural lands in three

tentatively assigned site types,

based on the current study

(black triangles) and earlier

surveys of the same plots (grey

triangles, data from Vares et al.

2001; Jõgiste et al. 2003; Vares

2005; Kund et al. 2010)

compared to local birch yield

tables for Oxalis and Oxalis-

Myrtillus (OM) site types on

forestland (Henno 1980; Kiviste

1997)

660 Eur J Forest Res (2015) 134:653–667

123



108

soil layer had a significant relationship with MAI of height

of dominant (p = 0.023) and medium (p = 0.023) trees.

A-horizon pHKCl had a significant negative effect on the

MAI of height and DBH, while the impact of pHKCl on

CAI was not important. The most significant impact of

A-horizon pHKCl on the MAI of height and DBH was de-

tected in suppressed (p = 0.016; p = 0.005, respectively)

and medium trees (p = 0.045; p = 0.005, respectively).

For dominant trees, a significant impact of A-horizon

pHKCl was observed only for the MAI of DBH

(p = 0.017). Soil B-horizon pHKCl did not have significant

influence on the growth of the trees.

The concentrations of soil A- and B-horizon macronu-

trients (NPK) did not have a significant impact on tree

growth in any size class, except for the significant positive

effect of available P concentration in the B-horizon on the

MAI of height of suppressed trees (p = 0.032).

Changes in the topsoil pHKCl and nutrient

concentrations

The comparison of topsoil macronutrient (NPK) concen-

trations and pHKCl between 2-year-old and midterm (15-

year-old) plantations revealed that the mean topsoil acidity

had decreased by 0.5 units from 5.9 to 5.4. However, for all

11 plantations together, this change was just marginally

significant (p = 0.052). There was only one plantation

(Ida-Virumaa) where the topsoil pHKCl had increased, by

0.7 units (from 4.3 to 5.0). If this plantation was excluded,

the decrease in mean topsoil acidity would be highly sig-

nificant (p = 0.019) by 0.6 units from 6.1 to 5.5 (Fig. 6a).

Mean concentration of available K had decreased sig-

nificantly (p = 0.018), by about 30 % from 132 to

92 mg kg-1 (Fig. 6d). Concentrations of total N, ex-

tractable P and Corg, as well as C:N ratio in the topsoil had

remained at the same level as the initial status (Fig. 6).

The number of plantations in site-type groups was too

low to make statistically sound comparisons of the changes

in macronutrients and acidity in the topsoil layer between

site-type groups; therefore, we can only describe some

trends. The highest drop in pHKCl was in the Oxalis site

type, where it decreased 0.8 units (6.0–5.2). The level of

pHKCl decreased by 0.4 units (5.5–5.1) in the Oxalis-

Fig. 4 Distribution of AWC through 75 cm soil profile in different

site types; whiskers denote standard error (not shown for Hepatica

with 2 samples)

Fig. 5 Graphical representation of linear relationships between

growth variables (MAI mean annual increment, CAI current annual

increment, DBH stem diameter at breast height) and fixed factors

(AWC available water content of soil, L stand sparsity index) based on

the growth soil analyses (Table 4). Broken lines represent in-

significant relations

Fig. 6 Comparison of acidity (pHKCl) (a), concentrations of

macronutrients (NPK) (b, c, d), organic carbon (Corg) (e) and C:N

ratio (f) in soil A-horizon between recently established (2000, Vares

et al. 2001) and midterm (2013) silver birch plantations; whiskers

denote standard error
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Myrtillus site type (excluding Ida-Virumaa) and by 0.3

units (7.1–6.8) in the Hepatica group. Total N concentra-

tion in the topsoil has generally remained at same level as

the initial status: there has been little increase in the

Hepatica (?15 %) and decreases in the Oxalis (-14 %)

and Oxalis-Myrtillus (-4 %) site types. Available P con-

centration has decreased by 10 % in both Hepatica and in

Oxalis site types and has remained unchanged in the Ox-

alis-Myrtillus group. Available K has decreased more in

the Hepatica (-33 %) and in the Oxalis (-34 %) than in

the Oxalis-Myrtillus (-21 %) site type. The topsoil Corg

concentrations decreased in both Hepatica (-18 %) and

Oxalis-Myrtillus (-8 %) site types, while there was an

increase by 18 % in the Oxalis site type. C:N ratio in the

topsoil layer had slightly decreased in the Oxalis-Myrtillus

(-5 %) and Hepatica (-12 %) site types. Oxalis site-type

C:N ratio had increased from 11 to 14 (?27 %).

Discussion

Growth and yield of silver birch plantations

The growth and yield of the studied midterm SRF silver

birch plantations on abandoned agricultural lands (AAL)

are noticeably exceeding the values of the growth and yield

tables (Henno 1980; Kiviste 1997) of fertile forestlands

(Oxalis and Oxalis-Myrtillus sites) (Fig. 3). Official growth

and yield tables for forestland silver birch stands in Estonia

are more than 30 years old and rely on data from even

earlier time, whereas a recent study in Estonian natural

birch forests also showed their increased productivity

compared to classical yield tables (Uri et al. 2012), which

was partly attributed to climate change. Exceptionally fast

growth of birch plantations, observed in the current study,

could be explained by breeding activity (Koski and Rousi

2005; Ruotsalainen 2014), elevated atmospheric CO2

concentration and extended growing season (Kellomäki

et al. 1997; Linder et al. 2010), and long-lasting nutrient

supply from previous agricultural land use (Wall and

Hytönen 2005). This means that the growth and yield

predictions of silver birch plantations on fertile AAL under

changing climate conditions would likely be underesti-

mated on the basis of birch growth on forestland, and future

monitoring is needed. Growth simulation and economic

analysis of silver birch plantations on AAL revealed that

the financial maturity age could be around 34–45 years

depending on site quality and management scenario (Tullus

et al. 2012b). This is almost two times shorter than the legal

rotation period for silver birch stands on forest land in

Estonia, which depending on site quality varies between 60

and 70 years (Forest Act 2006). However, rotation length

can be determined also on the basis of stem breast-height

target diameter, which for birch at the best sites is

24–26 cm in Estonia. The growth characteristics of the

studied silver birch plantations on AAL are also exceeding

those from similar plantations in Sweden (Johansson 1999,

2007) and Finland (Saramäki and Hytönen 2004; Hytönen

et al. 2014). More comparable results to our study can be

found from Latvia, where mean height in 14-year-old silver

birch plantations on well-drained mineral agricultural soils

was 13.7 and 14.7 m, and volume was about

120–140 m3 ha-1 (Liepiņš 2011).

Tree growth relations with physical properties

of soil

Most of the soils in the current study are well drained and

not influenced by ground water supply; therefore, their

water conditions depend upon soil water-holding capacity

that was estimated in the current study as available water

content in soil (AWC). The high water-table level associ-

ated with the predomination of fine pores in the soil leads

to potential risk of restricted aeration and reduced forest

growth (Wall and Heiskanen 2003). In our selection, light-

textured soils are prevailing (Table 1), where most of the

soil water storage capacity is provided by organic matter.

The influence of the organic matter is more pronounced

regarding horizon depth, i.e. stock, than content, which was

almost similar among soils.

We found that AWC is one of the most important

growth factors in fast-growing silver birch plantations on

previous mineral agricultural soils during the first 15

growing years. In the current study, the best height growth

and yield was achieved in the Oxalis-Myrtillus site type,

where AWC in all soil layers was higher compared to

Hepatica and Oxalis site types (Fig. 4). This can be ex-

plained by higher Corg content and lower bulk density in

Oxalis-Myrtillus soils compared to Hepatica and Oxalis

soils, as AWC was calculated on the basis of bulk density.

Poor growth of the trees in the Hepatica site type can be

explained by poor soil water-holding capacity due to the

large share of limestone rocks in the soil. In western part of

Estonia, where most of Estonian Hepatica site types are

located, droughts appear mostly in the first half of summer

(Tammets and Jaagus 2013), thus in the time of vigorous

tree growth. Often, early summer precipitation in Estonia

does not contribute sufficient additions to soil water stor-

age. In eastern Estonia (with Oxalis-Myrtillus prevalence),

droughts are usually observed during the second half of

summer, thus in time when the annual growth peak of trees

has already passed. Pritchett and Fischer (1979) mentioned

water usage of 75 000 litres per hectare by trees on sunny

summer days, which means 7.5 mm per day. As the

AWC0–75 cm of the studied soils ranges between 116 and

180 mm (mean 159 mm), it means that without
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precipitation support, soil water reserves could be ex-

hausted during 15–24 days. According to a recent over-

view (Tammets and Jaagus 2013), in the time period

1957–2009, the frequency of droughts has not changed,

although two extremely dry years (2002, 2006) were placed

at end of the data series. Our results showed that the in-

fluence of AWC on mean annual height and DBH incre-

ment was most important when AWC in the upper topsoil

layer (0–25 cm) was considered, and this influence de-

creased in deeper soil layers. These results are logical be-

cause the amount of water retained in the soil depends

primarily on pore size distribution, which, in turn, depends

on textural layering and different morphological make-up

(eluvial–illuvial) of studied soils. During early summer,

transpiration leads to a decrease in soil water storage, first

of all in the topsoil. Thus, the actual water content during

summer is more variable in the topsoil than in the deeper

soil layers. Our findings differ from the results recorded in

fast-growing young hybrid aspen plantations on previous

agricultural soils, where growth of the trees was more af-

fected by water supply from deeper soil layers (Tullus et al.

2010). At the same time, water properties of deeper soil

layers cannot be neglected as well in silver birch planta-

tions, as AWC0–75 cm also impacted the mean annual height

increment of the medium and dominant trees. Thus,

stronger trees exploited water from whole soil volume and

developed more evenly distributed root system. However,

the subsoil layer holds less water than the upper layers, but

corrects gradual discordance caused from middle layer.

Probably in drought periods, AWC in deeper and denser

soil horizons (B-horizon) could be decisive for maintaining

the productivity of the trees. Layering of coarse-textured

soils can provide more AWC and support a higher max-

imum sustainable leaf area index than homogeneous soils

of a similar texture (Huang et al. 2011).

Changes in the topsoil chemistry and tree growth

relations with chemical properties of soil

Afforestation of AAL with birch seems to have sig-

nificantly decreased the pHKCl in the soil and noticeably in

the transitional pHKCl range, i.e. in slightly acid soils in the

Oxalis site type. Acidification is quite common after arable

soil afforestation for many tree species (Ritter et al. 2003;

Vladychenskii et al. 2009; Uri et al. 2011; De Schrijver

et al. 2012b). Optimum pHKCl for birch is slightly acidic

from 4 to 5 (Perala and Alm 1990) and for birch seedlings

from 4.0 to 6.8 (Ingestad 1979). Almost all studied stands

belong to the optimum range, except the neutral Hiiuma

plantation (7.1) and the acidic Läänemaa plantation (3.7).

The neutral pHKCl level in the Hiiumaa plantation will

probably remain in the future due to the thin topsoil above

limestone parent material and the small dimensions of the

trees, which are not able to alter soil conditions sufficiently.

Soil pHKCl level after afforestation is in the early stages

more strongly influenced by the parent material of the soil

than by tree species (Augusto et al. 1998). The primary

explanation for the more rapid decrease of pHKCl in the

Oxalis site type could be liming during pervious agricul-

tural activity, as most of the plantations in the Oxalis group

are located in Southern Estonia, where soil pHKCl level is

naturally more acidic. The same tendency appeared also in

afforested AAL on luvisolic soil types in Latvia, where

pHKCl decreases not only in the Ap soil horizon, but also in

the deeper horizons and intensified podzolization

(Nikodemus et al. 2013). It seems that a drop in pHKCl is a

natural process on previously limed agricultural soils

where birch is forming a more optimal growth environ-

ment, and in the future, the pHKCl level will probably

stabilize. Nevertheless, birch is capable of growing in quite

a wide pHKCl range (Perala and Alm 1990; Ingestad 1979).

The negative impact of topsoil pHKCl on growth was

stronger in suppressed and medium trees. Suppressed trees

are more sensitive to competition in the stand, and they are

not able to adapt and spread their root system to obtain

sufficient nutrition and water supply compared to dominant

trees. As nutrient uptake depends on soil pHKCl and root

activity, a study in young birch stands on AAL reported

that preferable soil pHKCl for rhizosphere processes could

be around 4.3 (Rosenvald et al. 2011).

The net nitrogen mineralization rate depends on the

initial mineral N concentration and the C concentration,

and the N and C cycles are strongly interrelated (Van Cleve

et al. 1993; Vervaet et al. 2002). In our experiment, the

total N varied from 0.07 to 0.25 %. The mean total N and

organic C in the topsoil under silver birch plantations had

not changed compared to the initial concentration. C:N

ratio (mean = 13.0, range 9.3–17.6) in silver birch plan-

tations is close to optimal N mineralization value and has

remained at the same level compared with the initial status.

Similar tendency was also observed in naturally regener-

ated birch stands on arable land in the taiga zone of the

European part of Russia, where C:N ratios showed no al-

terations after 17 years from afforestation (Kalinina et al.

2013). The dissonance of the soil organic matter (SOM), or

the C and N quantity produced, during 13 years in our

study sites shows that SOM has not achieved an equilib-

rium level specific to the given soil type. Indirect evidence

for transition stage is that continuous litter layer had not

formed yet on the studied soils; however, there existed

sporadic thin leaf litter layer, where about 1 ton of dry

matter had accumulated per hectare (Tullus et al. 2013). In

soils with high C:N ratios, any initial increase in microbial

activity may become limited by nitrogen availability,

whereas in soils with low C:N ratios, this does not occur

(Persson et al. 1990; Nohrstedt 2001). The previous
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findings about the influence of birches on organic matter

mineralization are controversial. Birches can increase

biological activity in acid forest soils, especially in the

uppermost 10 cm of soil under the litter (Priha and

Smolander 1997; Vervaet et al. 2002). In a laboratory ex-

periment, Saetre (1998) found that although the rate of C

mineralization in soil from a birch stand was higher than

that of an adjacent Norway spruce stand, this did not result

in a higher rate of N mineralization in the birch soil. Af-

forestation of AAL within the temperate region may induce

soil C loss during the first decades, followed by a recovery

phase of yet unknown duration (Bárcena et al. 2014). After

15 years of tree growth, we can conclude that the af-

forested AAL soils were still more similar to arable than to

pristine forest soils with respect to total N (Wall and

Hytönen 2005).

During the first 15 years of growth, we did not notice

significant changes in mean extractable P. Previous agri-

cultural land fertilization has increased P pools in the

topsoil, and P is quite stable and long lasting (McLauchlan

2006). The mean degree of phosphorus saturation in the

upper soil layers of agricultural and similar type soils was

approximately twice as high as that of deciduous forest

soils at corresponding depths (Rubæk et al. 2013). Kahle

et al. (2007) reported a decrease in P in poplar and willow

SRF plantations on AAL from the 6th to the 12th growing

year. According to the Latvian experience, afforestation of

AAL affects the migration of total P, resulting in dimin-

ishing total P in the topsoil and an increase in P in the

deeper Bt horizon of Luvisols and Albeluvisols (Nikodemus

et al. 2013). Bioavailability of P depends on soil pHKCl

(Hinsinger 2001), and in agricultural land use, it is im-

proved with liming to bring it into the range of 6 to 7. A

decrease of pHKCl after afforestation could mean that

available P is converted into other P fractions that are not

directly available to trees (De Schrijver et al. 2012a). Birch

is considered to be quite sensitive to soil P (Perala and Alm

1990), and therefore, future monitoring is needed to ana-

lyse P concentration changes and possible impact on

growth, even though the concentrations of P in the studied

plantations are close to average or higher than the P con-

centrations of fertile agricultural lands in Estonia. So far,

availability of P has not been a limiting factor for silver

birch growth on previous agricultural soils; however, a

positive relation between the growth rate of suppressed

trees and the concentration of P in the B-horizon was

found, indicating that under competitive stress, P avail-

ability had started to limit growth.

Concentration of available K decreased significantly, by

about 30 % in silver birch plantations in this study. How-

ever, we did not find significant relations between growth

traits and K, and we could conclude that plant supply of K

is still sufficient to secure productivity. Kahle et al. (2007)

reported a decrease in available K concentrations in SRF

poplar and willow plantations on arable soils from the 6th

to the 12th growing year. Previous agricultural lands are

usually K rich, but afforestation could decrease K con-

centration in the long run (Wall and Hytönen 2005). Ob-

viously, a certain amount of K was relocated into the trees’

biomass, whereas in 27-year-old stands on AAL in NE

Sweden, from among five different tree species, birches

accumulated the highest amounts of Mg, K, P and N in

their stems (Alriksson and Eriksson 1998).

Management implications

Our result that dominant trees are more affected by AWC

in soil could just indicate to their larger water consumption.

At the same time, Otto et al. (2014) observed that despite

higher water uptake, dominant trees in a Eucalyptus plan-

tation had higher water-use efficiency compared to smaller

trees of the same clone and suggest that manipulating with

stand density, i.e. thinnings could increase resource-use

efficiency and growth potential.

Thinnings are a silvicultural treatment to change forest

structure and redistribute available resources, including soil

water (Jiménez et al. 2008). Bréda et al. (1995) studied

individual tree water balance and growth in a Quercus

petraea stand after thinning treatment and found that

thinning increased water availability and that dominant

trees benefited more from thinning than other trees in the

stand. The positive effect of thinnings on tree growth could

be especially high during dry years, when the improved

water condition after thinning can maintain transpiration

(Lagergren et al. 2008; Sohn et al. 2013; Otto et al. 2014).

Climate models for Estonia generally predict an increase in

precipitation, especially during winter time, but in some

cases, precipitation could decrease during the mid-sum-

mers (Jaagus and Mändla 2014) and drought could sup-

press tree growth. Drought risk is higher on sandy soils, but

this is offset by the fact that sandy soils will warm up

earlier in the spring, providing a growth advantage due to

the longer vegetation period. We should also consider the

fact that birches are using water inefficiently (Perala and

Alm 1990), and birch transpiration rates are higher than

those of other commercial tree species in the boreal region

(Grossiord et al. 2013).

Although plantation density (transformed into sparsity

index in statistical analyses to linearize its effect) had not

started to affect mean annual growth and current annual

increment of dominant and medium trees, its negative ef-

fect was already observed on the current annual increment

of suppressed trees. This indicates the need for thinning in

these stands for competitive release of faster-growing trees

and is in agreement with their basal area (Table 1), which

exceeds lower thinning limits of natural birch forests in
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Estonia. In Estonia, traditional silver birch silvicultural

treatments have been developed for naturally regenerated

birch stands, which have high number of trees at an early

age and where self-thinning is usually taking place. We

suggest that traditional birch forest silviculture systems are

not directly transferable to high productivity silver birch

plantations on AAL in Estonia where thinnings should be

more intensive at an early age. For example, yield tables

for silver birch plantations in Finland suggest that stand

density should be less than 1400 trees per ha at the age of

15 years (Oikarinen 1983), while in the current study, the

average density was about 1700 trees ha-1 (Table 1). In

order to maintain dominant and medium trees’ produc-

tivity, as well as stand productivity in the studied young

silver birch plantations, it is important to apply early and

rather strong pre-commercial thinning where, in the first

order, suppressed trees are harvested in order to redistribute

available resources for more efficient use.

After the end of the 15th growing season, we can con-

clude that generally SRF silver birch plantations have not

depleted total N and available P concentration in previous

agricultural soils. Available K concentration has decreased,

but K pools are still high and previous agricultural soils

provide sufficient supply for fast growth of silver birch. So

far, the studied plantations do not need additional fertil-

ization. In the longer term, there could be a need for K

fertilization in order to ensure high productivity in the next

forest generations. At the same time, to avoid fertilizing

costs and possible environmental damage, logging resi-

duals such as twigs and branches should be left on site to

decompose, at the same time enhancing biodiversity.

Conclusions

The growth and yield of midterm silver birch SRF plan-

tations on previous agricultural soils is exceeding local

birch yield table values for the best forest soil about two-

fold in hemiboreal Estonia. The highest productivity was

achieved in Oxalis and in Oxalis-Myrtillus site types,

which we consider to be the best sites for establishing in-

tensively managed plantation with silver birch. The most

decisive factor for silver birch plantation growth rate in the

first 15 years after establishment was available water

content in the upper layer (0–25 cm) of previous mineral

agricultural soils. The dominant trees were more affected

by soil water availability than suppressed and medium

trees, and thus, thinnings are needed to secure plantation

productivity. The topsoil pHKCl has become significantly

more acidic after 13 years of afforestation with silver birch,

but growth rate was generally faster in more acidic soils

within our study range (A-horizon pHKCl 3.7–7.1). The

concentrations of total N and available P had remained at

the same level, and the concentration of available K had

decreased significantly. At the same time, the concentra-

tions of macronutrients were not limiting the growth rate of

the birches. Regarding nutrients, the effect of previous

agricultural land-use practice on fast-growing silver birch

plantations was still evident and the need for fertilization

had not emerged in the middle of the commercial rotation

period. Repeated soil and growth monitoring in the future

is necessary to draw conclusions based on the entire rota-

tion period.
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Nohrstedt HÖ (2001) Response of coniferous forest ecosystems on

mineral soils to nutrient additions: a review of Swedish

experiences. Scand J For Res 16(6):555–573

Oikarinen M (1983) Growth and yield models for silver birch (Betula

pendula) plantations in southern Finland. Commun Inst For Fenn

1–75 (in Finnish with English summary)

Otto MSG, Hubbard RM, Binkley D, Stape JL (2014) Dominant

clonal Eucalyptus grandis 9 urophylla trees use water more

efficiently. For Ecol Manag 328:117–121

Perala DA, Alm AA (1990) Reproductive ecology of birch: a review.

For Ecol Manag 32:1–38

Persson T, Wirén A, Andersson S (1990) Effects of liming on carbon

and nitrogen mineralization in coniferous forests. Water Air Soil

Pollut 54(1):351–364

Peterson U, Aunap R (1998) Changes in agricultural land use in

Estonia in the 1990s detected with multitemporal landsat MSS

imagery. Landsc Urban Plan 41(3–4):193–201

Priha O, Smolander A (1997) Microbial biomass and activity in soil

under Pinus sylvestris, Picea abies and Betula pendula at

666 Eur J Forest Res (2015) 134:653–667

123



114

originally similar field afforestation sites. Biol Fertil Soils

24:45–51

Prishchepov VA, Müller D, Dubinin M, Baumann M, Radeloff VC

(2013) Determinants of agricultural land abandonment in post-

Soviet European Russia. L Use Policy 30(1):873–884

Pritchett WL, Fischer RF (1979) Properties and management of forest

soils. Wiley, New York

Puri B, Murari K (1964) Studies in surface-area measurements of

soils. 2. Surface area from a single point on the water isoterm.

Soil Sci 97:341–343

R Core Team (2014) R: A language and environment for statistical

computing. R Foundation for Statistical Computing, Vienna,

Austria. http://www.R-project.org/

Repola J (2006) Models for vertical wood density of scots pine,

Norway spruce and birch stems and their application to

determine average wood density. Silva Fenn 40(4):673–685

Ritter E, Vesterdal L, Gundersen P (2003) Changes in soil properties

after afforestation of former intensively managed soils with oak

and Norway spruce. Plant Soil 249(3):319–330

Rosenvald K, Ostonen I, Truu M, Truu J, Uri V, Vares A, Lõhmus K
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a b s t r a c t

The area of short-rotation forest (SRF) plantations with hybrid aspen (Populus tremula L. � P. tremuloides
Michx.) for pulp and energy wood production in approximately 25-year rotation period has increased
considerably during the last few decades in Northern Europe on previous agricultural lands. However, lit-
tle is known about how this new land use will alter the chemical properties of soils in the long-term and
how long nutrients from the land’s previous use will sustain high productivity of trees. Little is also
known about the dynamics of soil micronutrients and the plantations’ influence on subsoil layers.
Repeated soil monitoring was carried out in hybrid aspen plantations at the ages of 5 (young) and
15 years (midterm) to detect changes in soil chemical characteristics, including soil reaction (pHKCl),
and concentrations of nutrients and organic carbon (Corg) in A- and B-horizon on 51 permanent experi-
mental plots. The main soil- and stand-related factors responsible for changes in soil chemical properties,
were analyzed. Significant changes were observed both in soil A-horizon and B-horizon. In A-horizon,
pHKCl (�0.2 units), Ca (�19.4%) and B (�25.8%) had decreased while total N (+5.8%), Cu (+20.3%) and
Mn (+21.3%) had increased. In B-horizon, Ca (�23.4%), Mg (�12.8%) and B (�45.0%) had decreased, while
Corg (+17.2%) and Cu (+53.8%) had increased. The concentrations of available P, K and Corg in A-horizon
had remained unchanged. Reduction of soil chemical characteristics mainly occurred in plantations
where their initial level had been high (this relationship was observed in A-horizon for total N and B
and in B-horizon for Corg, Mg and B). Several soil chemical characteristics decreased more (or increased
less) in plantations where tree growth was more vigorous (in A-horizon: pHKCl, total N and B; in
B-horizon: Mg and B). Soil cation exchange capacity, base saturation and moisture conditions also
explained some of the observed variation in changes. Relatively high loss of B in faster growing planta-
tions indicates possible future limitations of this essential micronutrient. To summarize, first generation
hybrid aspen plantations planted on former agricultural fields had significantly altered soil reaction
(pHKCl) but did not show significant depletion of primary macronutrients (N, P, K) and soil organic carbon.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

The area planted with short-rotation forest (SRF) plantations
has expanded rapidly in Northern Europe during recent decades
(Weih, 2004; Tullus et al., 2013). Hybrid aspen (Populus tremula
L. � P. tremuloides Michx.) has proven to be one of the most
promising species for intensive pulp and biomass production in
this region due to its fast growth, cold resistance, pathogen

resistance and the existence of long-term breeding programs
(Karacic et al., 2003; Rytter and Stener, 2005, 2014; Tullus et al.,
2012; Johansson, 2013). In Estonia, a SRF pilot programwith hybrid
aspen for pulp and energy wood production was initiated in 1999
on former arable lands (Tullus et al., 2007).

SRF is recommended to reuse abandoned agricultural lands
(Weih, 2004; Tullus et al., 2013), where soils have several distinc-
tive features. Firstly, former arable soils have higher concentrations
of nutrients from previous agricultural fertilization, which can per-
sist at a high levels at least during the first few decades after
afforestation (Hofmann-Schielle et al., 1999; Ritter et al., 2003;
Wall and Hytönen, 2005; Lutter et al., 2015) or possibly for longer

http://dx.doi.org/10.1016/j.foreco.2015.12.009
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times (Falkengren-Grerup et al., 2006). Secondly, abandoned
agricultural lands have fairly homogeneous properties in their top-
soil layer, as a result of long-term ploughing and tilling practice
(Messing et al., 1997; Wall and Heiskanen, 2003). Additionally, for-
mer arable soils are strongly affected by drainage (Baker et al.,
2004) and they lack of the ectomycorrhizal fungi and microbial
community typical to native forest soils (Baum et al., 2002;
Yannikos et al., 2014). Little is known about how afforestation with
fast-growing Populus spp. changes the soil properties of arable
lands, how trees can alter internal nutrient cycling in the soil and
what the general effects on the environmental conditions of the
site are.

Sustainable management of nutrients is important in SRF plan-
tations with fast-growing trees, which deplete nutrients quickly
(Binkley et al., 2004; Vance et al., 2014) and continuous fertiliza-
tion has been necessary to maintain high productivity in many
cases (Ericsson, 1994; Berthrong et al., 2009; Liao et al., 2012). Pop-
ulus spp. are well-known for their high demand for fertile condi-
tions and their ability to accumulate relatively high amount of
nutrients in their bark and stemwood, along with high biomass
production (Stanturf et al., 2001; Pare et al., 2001; Stark et al.,
2015). At the same time, Populus spp. leaf litter cycling can be effi-
cient without significant losses from leaching or runoff
(Meiresonne et al., 2006). In some cases, Populus spp. as deciduous
trees can even improve indigenous forestland soil quality in the
first 30 cm of depth within the first few decades (Stark et al.,
2015). The impact of arable land afforestation with Populus spp.
plantations on soil nutrient dynamics has mostly been studied in
southern and central temperate conditions in short-rotation cop-
pice plantations (ca 3–5 years rotation) with very high numbers
of trees (>10,000 trees ha�1) (Kahle et al., 2007, 2010) and often
along with fertilization experiments (Hofmann-Schielle et al.,
1999; Jug et al., 1999; Berthelot et al., 2000). Findings from these
studies cannot be directly translated to longer rotation (20–
30 years) hybrid aspen plantations in northern temperate and bor-
eal conditions. Moreover, the effect of afforestation on soil
macronutrients has been more frequently studied compared to
micronutrients, but the importance of micronutrients should not
be underestimated (Römkens and Salomons, 1998; Watmough
et al., 2007; Lehto et al., 2010). Hence, understanding the changes
and dynamics in concentrations of soil essential nutrients (N, P, K,
Ca, Mg, Mn, Cu, B) in fast growing midterm hybrid aspen planta-
tions in hemiboreal conditions is important for practical SRF plan-
tation management, to determine how nutrients from previous
agricultural land use will last and to predict a possible need for fer-
tilization to retain productivity. Understanding the nutrients’
dynamics is also important if the land will be reversed back to agri-
cultural use.

The root system of hybrid aspen growing on former agricultural
land is mainly distributed in the nutrient-rich A-horizon
(Rosenvald et al., 2014), where trees probably have a more imme-
diate effect on soil chemical properties compared to deeper B-
horizon. However, trees with their extensive root systems, are able
to access deeper soil layers (B-horizon) that are unreachable for
annual agricultural crops. As such, trees are able to alter subsoil
microbial activity and provide extra nutrients for cycling (Kahle
et al., 2010; Stark et al., 2015). So far, little attention has been
devoted to the dynamics of deeper soil layers after previous agri-
cultural land has been planted with trees.

Afforestation of former agricultural land can significantly alter
soil N and C cycling, as the amounts of root (Rytter, 1999; Block
et al., 2006) and leaf litter are increasing (Van Cleve et al., 1993;
Vervaet et al., 2002; Kahle et al., 2007) and soil cultivation has
stopped (Makeschin, 1994). However, little is known about how
afforestation with fast-growing hybrid aspen influences soil
organic carbon (Corg) and total N at different soil depths on former

agricultural lands comprised of different soil types. So far, results
from different pedoclimatic conditions are quite contradicting.
Several studies have shown a decrease in Corg during the first dec-
ades (<30 years) after agricultural land afforestation, followed by a
recovery stage, during which such areas transform from Corg

sources into Corg sinks (Paul et al., 2002; Laganiere et al., 2010;
Bárcena et al., 2014). Other studies report that Corg concentration
remains at the same level (Vesterdal et al., 2002; Lutter et al.,
2015) or even increases (Kahle et al., 2007) during the first l5 years
after afforestation.

pH is one of the fastest responding soil characteristics to indi-
cate a return to a forest soil environment, as pH tends to change
quickly due to the tree canopy. In Northern Europe nutritional con-
ditions of previous arable lands were significantly altered through
intensive liming to reduce topsoil acidity (Kõlli and Ellermäe,
2003; Ritter et al., 2003; Wall and Hytönen, 2005). Afforestation
of arable lands with fast growing deciduous trees has often
resulted in a decrease in topsoil pH during the first few decades
after afforestation (Jug et al., 1999; Ritter et al., 2003; Berthrong
et al., 2009; Uri et al., 2011; Lutter et al., 2015). Soil reaction is
an important factor that determines solubility of organic and min-
eral compounds, overall biological activity and mobility of nutri-
ents as well as their loss via leaching. Thus, for sustainable
nutrient management, it is important to clarify pH dynamics in
SRF plantations on previous agricultural lands.

Repeated soil monitoring was carried out in permanent sample
plots in young (5-year-old) and midterm (15-year-old) hybrid
aspen plantations to analyze the changes in the topsoil
(A-horizon) and in the subsoil (B-horizon) on previous agricultural
lands in hemiboreal Estonia. The measured and evaluated soil fea-
tures were: soil reaction (pHKCl), concentrations of nutrients (N, P,
K, Ca, Mg, Cu, Mn, B), concentrations of organic carbon (Corg), and
C:N ratio. We analyzed what the main drivers that are responsible
for the changes are. Hypotheses were: (1) the concentrations of
macronutrients and micronutrients have remained unchanged
and Corg and pHKCl have decreased in soil humus (A) and illuvial
(B) horizons; (2) Changes are more eminent in A- than in
B-horizon; (3) Growth of the trees is the main factor that explains
changes in soil chemistry.

2. Materials and methods

2.1. Studied plantations

The study was carried out in Estonia (Fig. 1). Estonia is situated
in the hemiboreal vegetation zone within a transition zone from
maritime to continental climate (Ahti et al., 1968). The weather
in Estonia is considerably milder than the continental climate that
is characteristic for the same latitude. The mean annual tempera-
ture from 2000 to 2014 was 5.8 �C and the mean annual precipita-
tion was 694 mm according to data from the nearest weather
stations to the studied plantations (The Estonian Environment
Agency).

The hybrid aspen plantations studied were established in 1999
and 2000 with 1-year-old clonal micropropagated plants originat-
ing from Finland on previous mineral agricultural lands (Tullus
et al., 2007). Trees belonging to 27 hybrid aspen clones were
planted randomly in these plantations (Tullus et al., 2007). For site
preparation, whole-area or strip ploughing was done before plant-
ing the trees to reduce competition between young seedlings and
ground vegetation. The average planting density was 1300 trees
per hectare (range: 1200–1600) and all the trees were protected
with photodegradable plastic tubes against possible damage by
rodents and hares (Tullus et al., 2007). None of the plantations
were fenced to prevent game damage.

R. Lutter et al. / Forest Ecology and Management 362 (2016) 184–193 185
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2.2. Growth measurement

Fifty-one permanent experimental plots, each with a size of
0.1 ha, were established in 2003 and 2004 in 24 hybrid aspen plan-
tations to monitor above-ground growth development and produc-
tivity of the trees (Tullus et al., 2007). As the sizes of hybrid aspen
plantations varied from 0.7 to 32 ha and 14 larger plantations
consisted of smaller scattered plots with different soil types, the
number of experimental plots in one plantation varied from one
to five. Tree growth measurement in all plantations was carried
out at the age of 5 (Tullus et al., 2007) and 15 years at the end of
the vegetative period (Table 1). The stem diameter at breast height
over bark (DBH, cm) was recorded for every tree using the millime-
tre scale of a standard forest calliper. The height of every tree was
measured with a Vertex IV tool (Haglöf Sweden AB) with 0.1 m
resolution. Data from the initial tree growth measurements at
the age of 5 years (Tullus et al., 2007) were used to calculate the
average height increase between the ages of 5 and 15 years old
to analyze the effect of stand growth on soil.

2.3. Soil analysis

The first soil monitoring was carried out in 5-year-old hybrid
aspen plantations (Tullus et al., 2007) and repeated as part of the
current study in 15-year-old plantations according to the same
methodologies. A one metre deep soil pit was dug in the centre
of each experimental plot in 5-year-old plantations and soil type

was determined (Tullus et al., 2007). In order to avoid overlapping
of soil pits, a one metre deep soil pit in 15-year-old plantations was
dug close to the centre point and soil type was determined accord-
ing to the WRB (IUSS Working Group WRB, 2014) classification
(Table 2). For soil sampling, A-horizon was divided into sub-
layers (0–10; 10–20; 20–30 cm). A-horizon average nutrient con-
centration was calculated as an arithmetic mean of the analyzed
samples from each sub-layer (Table 3). One general sample from
B-horizon was collected from the middle of the revealed section
for chemical analyses. To determine the soil pHKCl, a 1 M KCl sus-
pension at 10 g : 25 ml ratio was used. The total nitrogen (N)
was determined according to the protocol described by Kjeldahl
(ISO 11261:1995). The available phosphorus (P), potassium (K),
calcium (Ca), magnesium (Mg), copper (Cu) and manganese (Mn)
were determined using the Mehlich method (Mehlich, 1984). The
available boron (B) was determined by the hot-water extraction
procedure (Berger and Truog, 1939). The concentration of organic
matter was determined by wet oxidation (Tyurin, 1935), which
was converted to organic carbon (Corg) by multiplying organic mat-
ter content with 0.58 (Kononova and Belchikova, 1960). The Corg to
total N ratio (C:N) was used to describe potential soil conditions for
N mineralization. All the soil chemical analyses were done in the
Laboratory of the Agricultural Research Centre in Saku (http://
pmk.agri.ee/).

To estimate cation exchange capacity (CEC, cmol+ kg�1) in
5-year-old plantations, K, Ca and Mg concentrations from Mehlich
extraction were used. Conversion from mg kg�1 to cmol+ kg�1 was
made according to methods described in McMullen (2000).

Exchangeable acidity Hþ
5:6 and Al3þ5:6 (active, mobile) was extracted

using non-buffered solutions of neutral salts (1.0 M KCl) and
determined using the standard titration method (Sokolov, 1960).
Converted non-acid cations were summed with acid cations

Hþ
5:6 and Al3þ5:6 in each plantation to calculate the simplified CEC

(without Na+).
Soil base saturation (BS, %) was determined only in 5-year-old

hybrid aspen plantations for A- and B-horizon (Eq. (1)).

BS ¼ Ca2þþMg2þ þ Kþ

Ca2þ þMg2þ þ Kþ þHþ
5:6 þ Al3þ5:6

 !
� 100 ð1Þ

Fig. 1. Locations of hybrid aspen plantations studied, marked as black circles.

Table 1
General growth characteristics of the hybrid aspen plantations after 15 years of
growth on previous agricultural lands (H – mean height; DH5–15 – mean height
growth from age 5 to age 15; DBH – mean diameter at breast height; BA – mean basal
area; Density – number of trees per hectare).

Characteristic Mean Standard deviation Range

H (m) 15.3 3.3 7.1–20.0
DH5–15 (m) 12.0 2.4 5.7–16.4
DBH (cm) 12.3 2.5 4.5–17.9
BA (m2 ha�1) 12.8 4.9 1.7–22.7
Density (trees ha�1) 963 215 540–1450

186 R. Lutter et al. / Forest Ecology and Management 362 (2016) 184–193
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where BS is soil base saturation (%), Ca2+, Mg2+ and K+ are converted
cations (cmol+ kg�1), H5.6 is exchangeable active acidity and Al5.6 is
exchangeable mobile aluminium.

Data concerning A-horizon pHKCl, total N, P and K from the first
soil survey has been published by Tullus et al. (2007). The rest of
the data concerning the 5-year-old plantations’ soil was collected
during the same survey but has not been previously published
(Table 3).

2.4. Statistical analyses

Pairwise Student’s t-tests were used to determine the
significance of the differences in A- and B-horizon nutrient

concentrations, Corg, C:N ratio and pHKCl between the first soil sam-
pling in 5-year-old plantations and the second soil sampling in 15-
year-old plantations. Changes in all soil variables followed normal
distributions according to the Shapiro–Wilk test.

When a significant change in a soil variable was detected, we
further analyzed what the main factors that had driven this change
were. For this purpose, a general linear model (Eq. (2)) was
constructed using the R command ‘‘lm” and the significance of the
factors was tested with type 3 ANOVA (from the ‘‘car”package).
The change in each soil variable was analyzed with a separate model.

D SCC ¼ lþ b1 � SCCi þ b2 � CECþ b3 � BSþ b4 �M þ b5

� DH5�15 þ e ð2Þ

Table 2
The studied hybrid aspen plantations’ soil classification (IUSS Working Group WRB, 2014), the mean proportions (%) of soil particle size fractions (Ø, mm), distribution of cations
expressing soil cation exchange capacity (CEC), base saturation (BS, %) and soil moisture value (Lõhmus, 1974) ± standard deviation.

Soil grup Horizon Clay < 0.002 Sand > 0.063 Silt 0.002–0.063 Distribution of CEC components (cmol+ kg�1) BS Moisture value

Non-acid cations Acid cations

Ca2+ Mg2+ K+ Hþ
5:6 Al3þ5:6

Cambisols A 5 ± 4 61 ± 15 34 ± 13 14.1 ± 11.7 1.1 ± 0.9 0.3 ± 0.3 0.02 ± 0.02 0.14 ± 0.17 98.9 4.8 ± 1.6
n = 9 B 11 ± 12 54 ± 32 35 ± 25 28.7 ± 60.6 1.5 ± 1.4 0.2 ± 0.2 0.02 ± 0.02 0.12 ± 0.14 97.5
Gleysols A 15 ± 13 46 ± 18 39 ± 11 14.9 ± 4.1 2.4 ± 1.1 0.3 ± 0.2 0.06 ± 0.08 0.43 ± 0.67 97.5 7.4 ± 0.9
n = 5 B 29 ± 27 34 ± 28 37 ± 9 32.9 ± 36.8 7.6 ± 2.9 0.3 ± 0.2 0.03 ± 0.04 0.21 ± 0.33 99.0
Histosols A 4 70 26 46.7 5.7 0.1 0.02 0.14 99.7 9.5
n = 1 B 12 46 42 20.1 4.4 0.1 0.04 0.28 98.7
Leptosols A 11 69 20 25.6 1.1 0.4 0.21 0.59 97.1 3.0
n = 1 B 10 78 12 5.4 0.2 0.1 0.07 0.26 94.6
Luvisols A 2 ± 1 63 ± 5 35 ± 4 8.4 ± 1.2 1.7 ± 0.9 0.2 ± 0.0 0.05 ± 0.07 0.36 ± 0.54 96.5 3.0 ± 0
n = 3 B 10 ± 8 51 ± 11 39 ± 5 7.2 ± 1.4 1.9 ± 0.6 0.2 ± 0.1 0.01 ± 0.01 0.07 ± 0.06 99.1
Retisols A 4 ± 3 59 ± 10 37 ± 10 7.4 ± 2.9 0.8 ± 0.3 0.3 ± 0.1 0.03 ± 0.04 0.20 ± 0.24 96.5 4.3 ± 0.6
n = 20 B 15 ± 6 52 ± 16 33 ± 14 6.7 ± 2.7 1.5 ± 0.8 0.2 ± 0.1 0.03 ± 0.03 0.20 ± 0.26 97.5
Umbrisols A 3 ± 2 66 ± 13 31 ± 13 6.0 ± 1.0 0.6 ± 0.5 0.2 ± 0.1 0.03 ± 0.03 0.15 ± 0.16 96.0 4.5 ± 0.5
n = 12 B 5 ± 5 64 ± 27 31 ± 26 3.7 ± 1.5 0.6 ± 0.9 0.1 ± 0.1 0.02 ± 0.02 0.09 ± 0.13 97.8

Table 3
Arithmetical mean (±standard error) and the range of soil chemical properties in the hybrid aspen plantations at the ages of 5 and 15 years and relative and absolute change of
these properties, p-value shows the significance of absolute change (pairwise t-test).

Soil property Horizon 5-year-old plantations* 15-year-old plantations Relative change Absolute change p-value

Mean ± S. E Range Mean ± S. E Range

pHKCl A* 5.9 ± 0.1 4.2–7.5 5.7 ± 0.1 4.1–7.3 �58.5%** �0.2 0.0001
B 5.8 ± 0.1 3.7–8.0 5.7 ± 0.1 4.1–7.7 �25.9%** �0.1 0.1452

Total N (%) A* 0.121 ± 0.009 0.060–0.274 0.128 ± 0.008 0.053–0.283 +5.8% +0.007 0.0026
B 0.024 ± 0.007 0.002–0.309 0.030 ± 0.005 0.010–0.240 +25.0% +0.006 0.1331

Corg (%) A 1.34 ± 0.08 0.64–2.90 1.48 ± 0.11 0.35–3.51 +10.4% +0.14 0.0545
B 0.29 ± 0.09 0.06–4.06 0.34 ± 0.08 0.09–3.69 +17.2% +0.05 0.0042

C:N ratio A 11.4 ± 0.3 5.8–15.3 12.0 ± 0.7 5.1–28.3 +5.3% +0.6 0.3556
B 10.7 ± 0.7 3.1–23.2 11.9 ± 0.6 5.7–17.2 +10.2% +1.2 0.1368

P (mg kg�1) A* 77 ± 9 9–300 76 ± 7 5–239 �1.3% �1 0.8712
B 30 ± 5 1–155 30 ± 4 1–114 0% 0 0.9339

K (mg kg�1) A* 103 ± 10 27–448 107 ± 9 37–373 +3.9% +4 0.3217
B 65 ± 6 10–199 62 ± 6 10–162 �4.6% �3 0.4811

Ca (mg kg�1) A 2050 ± 240 621–9340 1653 ± 237 160–9674 �19.4% �397 <0.0001
B 1346 ± 153 139–4190 1031 ± 144 56–3716 �23.4% �315 <0.0001

Mg (mg kg�1) A 120 ± 17 18–687 129 ± 18 13–715 +7.5% +9 0.0871
B 187 ± 32 9–1066 163 ± 29 7–983 �12.8% �24 0.0059

Cu (mg kg�1) A 0.69 ± 0.04 0.10–1.20 0.83 ± 0.05 0.13–1.73 +20.3% +0.14 <0.0001
B 0.39 ± 0.04 0.10–1.30 0.60 ± 0.06 0.20–1.90 +53.8% +0.21 <0.0001

Mn (mg kg�1) A 61 ± 5 5–148 74 ± 6 6–196 +21.3% +13 <0.0001
B 36 ± 4 3–84 42 ± 4 2–106 +16.7% +6 0.0573

B (mg kg�1) A 0.62 ± 0.08 0.20–3.98 0.46 ± 0.08 0.10–3.39 �25.8% �0.16 <0.0001
B 0.20 ± 0.02 0.03–1.12 0.11 ± 0.02 0.01–0.72 �45.0% �0.09 <0.0001

* A-horizon pHKCl, total N, P and K data from the first soil survey has been published by Tullus et al. (2007). The rest of 5-yr-old plantation soil data was collected during the
same survey but has not been previously published.
** The relative change of H+ considers the logarithmic scale of pH.
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where DSCC is the change in soil chemical characteristic (15 years
monitoring – 5 years monitoring), l is overall mean, b1 to b5 are
the coefficients for the fixed effects, SCCi is the initial value of the
given soil chemical characteristic at the age of 5 years, CEC is soil
cation exchange capacity at the age of 5 years, BS is soil base satu-
ration of cations at the age of 5 years, M is the soil moisture value
(Table 2) based on moisture gradient of Estonian forest soils, the
sample plots were assigned moisture values from 3 (dry) to 9.5
(moist) according to Lõhmus (1974) and DH5–15 is the average
height increment of trees in the given experimental plot between
the ages of 5 and 15 years and e is error term.

The model assumptions were checked using residual distribu-
tions and Q–Q plots, extreme values in data that caused outliers
in residuals were excluded from calculations. The model variance
inflation factor (VIF) values were calculated with R function ‘‘vif”
to detect multicolinearity of the explanatory variables and factors
with VIF values over 10 were excluded from the final models.

Mean values are presented with standard error. Level of signif-
icance a = 0.05 was used to reject null hypothesis after statistical
tests. All statistical analyses were carried out using R Statistics
software (R Core Team, 2014).

3. Results

3.1. Changes in A- and B-horizon chemistry

From the age of 5 to the age of 15 years in short-rotation hybrid
aspen plantations on previous agricultural lands, several signifi-
cant changes occurred in soil A- and B-horizon (Table 3).

A-horizon pHKCl had decreased significantly (p = 0.0001) by
0.2 units from 5.9 to 5.7, while no significant change in pHKCl

was observed in B-horizon.
The mean concentration of total N had increased significantly,

by 5.8% (p = 0.0026) in A-horizon and remained unchanged in
B-horizon. At the same time, the absolute change of total N in
the A-horizon was only 0.007% (Table 3). In A-horizon, Corg

increased marginally, by 10.4% (p = 0.0545), and significantly in
B-horizon, by 17.2% (p = 0.0042). However, in B-horizon the abso-
lute increase of Corg concentration was only 0.05%. The mean C:N
ratio remained at the same level in both A- and B-horizons.

The comparison of available P in soil between 5- and 15-year-
old plantations did not reveal any significant changes in A- or
B-horizon.

Ca was the only base cation that showed a significant decrease
in concentration by 19.4% (p < 0.0001) in A-horizon, while Mg
showed a marginal increase by 7.5% (p = 0.0871). The mean con-
centration of Ca also decreased significantly in B-horizon
(�23.4%; p < 0.0001), where Mg also decreased significantly by
12.8% (p = 0.0059). The mean concentration of available K
remained the same as its initial level both in A- and B-horizon.

Concentrations of micronutrients Cu (+20.3%) and Mn (+21.3%)
increased significantly (both p < 0.0001) in A-horizon. Cu concen-
tration increased significantly by 53.8% (p < 0.0001) in B-horizon,
whereas the increase in Mn was not significant.

Overall, the highest relative change was the decrease in the
mean concentration of B both in A-horizon (�25.8%; p < 0.0001)
and in B-horizon (�45.0%; p < 0.0001).

3.2. Factors affecting the changes in soil chemistry

Out of eleven soil chemical characteristics measured, six had
changed significantly in A-horizon and five had changed signifi-
cantly in B-horizon (Table 3) between 5- and 15-year-old hybrid
aspen plantations. We further analyzed the main soil- and stand-
related factors behind these significant changes (Fig. 2).

The decrease in pHKCl of A-horizon was more substantial in soils
with higher initial base saturation (BS) of cations (p = 0.0002) and
at sites where trees had grown more rapidly during the last
10 years (p = 0.0340).

Total N increase in A-horizon mainly occurred in hybrid aspen
plantations where tree growth had been slower (p = 0.0226) or
where the initial N content was low (p = 0.0003). The change of
total N was positively influenced by CEC (p = 0.0050) and soil mois-
ture level (p = 0.0229). The increase of Corg in B-horizon was smal-
ler in soils, where its initial concentration was higher (p < 0.0001).

In A- horizon, the analyzed factors (Fig. 2) did not show any sig-
nificant impact to Ca levels, but the decrease of Ca in B-horizon
was higher in soils with higher CEC (p = 0.0281). Mg in B-horizon
significantly decreased in plantations where the growth rate of
trees during the last 10 years was faster (p = 0.0018) and where
the initial Mg concentration had been higher (p = 0.0007).

The increase in the Cu concentration in A-horizon was posi-
tively affected by CEC (p = 0.0025), while the increase in the Cu
concentration of B-horizon was positively influenced by soil mois-
ture conditions (p = 0.0040).

Although the concentration of Mn increased significantly in A-
horizon, we did not detect any impact of the factors studied on that
change.

Boron decreased significantly in A-horizon in faster growing
plantations (p = 0.0098) as well as in B-horizon (p = 0.0234).
Boron decrease was also more pronounced in plantations where
its initial concentration had been higher (p < 0.0001 for both
A- and B-horizons). The decrease in the boron concentration in
B-horizon was smaller in more moist soils (p = 0.0424).

4. Discussion

Repeated soil monitoring in 15-year-old hybrid aspen planta-
tions revealed several significant changes in soil chemical proper-
ties over 10 years of tree growth on previous agricultural lands.
Tree root expansion in the soil can be related to the stronger
appearance of several root-induced acidifying processes, like the
release of H+ ions and CO2 and the exudation of metal-
complexing organic acids (Hinsinger et al., 2003). Somewhat
surprisingly, we also observed several alterations in deeper
B-horizon, despite the fact that the bulk of the root system of
hybrid aspens growing on former agricultural land is located in
nutrient rich A-horizon (Rosenvald et al., 2014), where also the
most intensive water uptake occurs in fast-growing plantations
of Populus spp. (Meiresonne et al., 2006). Our findings confirm that
the vertical distribution of a tree’s root system in the soil may not
always be an appropriate parameter for estimating the root system
nutrient uptake capacity and its direct impact on soil properties
(Göransson et al., 2006, 2008).

4.1. Changes in soil pHKCl

As we hypothesized, there was decrease in A-horizon pHKCl,
which is in accordance with what has been observed in midterm
silver birch (Lutter et al., 2015) and grey alder plantations (Uri
et al., 2011) on similar agricultural lands in Estonia. Topsoil layer
acidification was also observed in Populus spp. short-rotation cop-
pice (SRC) plantations during the first 10 years after afforestation
of former arable land in Germany (Jug et al., 1999) and in several
other studies (e.g. Ritter et al., 2003; Berthrong et al., 2009). Due
to Estonian climatic conditions, the leaching potential of soils is
high, therefore arable soils needs to be limed to reduce acidity
(Kõlli and Ellermäe, 2003). In our studied hybrid aspen plantations,
A-horizon pHKCl decrease was higher in plantations where the ini-
tial soil cation base saturation (BS) was higher. These were sites
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with higher soil fertility, mostly belonging to Cambisols, Luvisols
and Retisols soil group (Table 2). Soils with high BS have higher
Ca reserves or their acidity has been artificially decreased with
liming (Kõlli and Ellermäe, 2003; Ritter et al., 2003; Wall and
Hytönen, 2005). Decrease in pHKCl was higher in plantations where
tree growth rate was faster, which can be explained by the fact that
faster growing plantations have more extensive root systems,
along with higher rates of root excretions producing H+ (Nilsson
et al., 1982; Lafleur et al., 2013). The deeper B-horizon is not
directly affected by previous liming practice and hybrid aspen root
systems do not have as strong of an effect compared to A-horizon
(Rosenvald et al., 2014), as no significant change was observed in
B-horizon acidity. Besides that about half of studied soils have
transitional E-horizon between A- and B-horizon (Table 2),
meaning that B-horizon is more distant and less affected by the
downward movement of bases or H+ by the percolation water.
Furthermore tree species effect on soil pH is considered to be
significant just in the first 10 cm depth (Norden, 1994; Augusto
et al., 2002).

4.2. Changes in soil total N and organic carbon (Corg)

The total N concentration in A-horizon increased significantly in
the hybrid aspen plantations, which opposes our first hypothesis.

However, the absolute increase of total N in A-horizon was only
0.007%, which ecologically cannot be considered as crucial. The
total N increase in A-horizon was negatively related with growth
of the trees and with the initial N level. This means that total N
accumulation mainly occurred in slow-growing plantations rather
than in fast-growing plantations. In less productive plantations,
more light reaches the ground, allowing herbaceous understory
vegetation to grow more vigorously (Tullus et al., 2015) and
symbiotically fix more N. N-fixing plant species from the family
Fabaceae were present in the understory of all studied plantations
(Tullus et al., 2015). N accumulation is also enhanced in poorly
aerated and more moist soils, where microbial activity is limited
(Brockett et al., 2012) and decomposition of organic matter is slow
(Berg, 2000; Hobbie et al., 2002). This was also confirmed in our
study, which showed positive impact of soil moisture to N accumu-
lation in wetter Gleysols. The observed positive effect of CEC on
total N accumulation can be explained by the fact that CEC levels
are usually higher in clay soils, where the moisture retention is
higher. Clay absorbs directly NH4

+, but it can be also casual effect,
as clay rich soils have higher soil water retention capacity
(Helling et al., 1964).

The increase of Corg in B-horizon was negatively related to its
initial concentration, which is a similar pattern to total N in
A-horizon. Still, ecologically the absolute increase of Corg in the

Fig. 2. The impact of soil- and stand-related factors on estimated changes (D) in the studied soil variables (only significantly changed variables were included in this analysis).
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B-horizon is minor, being only 0.05%. On the other hand, it might
show a trend that amount of root litter is also increasing in deeper
soil layers (Kahle et al., 2010).

An increase of total N and Corg in the topsoil was also reported
by Kahle et al. (2007) during the first 12 years of tree growth on
former arable land and was explained by the presence of fine roots
and leaf litter, however, this is contrary to the negative effect of
tree growth on N accumulation that we observed. It is likely that
N and Corg accumulation was slower in more productive planta-
tions because leaf litter decomposition was more intensive and N
was in continuous cycling by the ecosystem (Reich et al., 1997).
For example, Meiresonne et al. (2006) found that 80% of annual
N input in 18-years-old productive poplar plantation in northern
Belgium originates from litterfall and the yearly uptake of N in
the poplar ecosystem equals the input. Other studies also report
that N remained at the same level in the topsoil after arable land
afforestation during the early stage of tree growth (<15 years)
(Jug et al., 1999; Lutter et al., 2015) or even in the late stage
(>30 years) (Ritter et al., 2003). The atmospheric deposition of N
can be considered as a marginal source for nitrogen accumulation.
According to the Estonian National Environmental Monitoring Net-
work, during the period of 1994–2002, the average annual bulk
deposition of inorganic nitrogen was 5.2 kg ha�1 (Pajuste, 2004).

The concentrations of total N and Corg showed similar trends,
and therefore C:N ratio remained unchanged both in A- and
B-horizon. The mean C:N ratio (12.0) in A-horizon indicates that
conditions for N mineralization could be considered close to
optimal. Our findings are in agreement with a Danish study
where the C:N ratio remained at constant level of ca 11 in the
25 cm depth in mineral soil and no effect of tree species or
afforestation duration appeared (Ritter et al., 2003).

4.3. Changes in soil macronutrients

The concentration of available P in midterm hybrid aspen plan-
tations remained at the same levels as in young plantations both in
A- and B-horizon. This indicates efficient P cycling (Chen et al.,
2000) and confirms P longevity in previous agricultural lands after
afforestation (Wall and Hytönen, 2005; De Schrijver et al., 2012;
Lutter et al., 2015). In an 18-year-old poplar plantation on former
agricultural land, decomposing litter was the main source of P in
the soil (Meiresonne et al., 2006). Agricultural practice in the Baltic
States commonly included the application of more P with stock
fertilization than crops could utilize, which led to an increase in
the soil P pool (Kõlli et al., 2008), although in such a case much
of the added P becomes fixed and unavailable for plants
(Hinsinger, 2001; Richter et al., 2006; De Schrijver et al., 2012).
Phosphate in soils has a higher affinity for fine particles compared
to coarse particles (Hinsinger, 2001). Most of the soils we
examined had calcareous subsoils (Table 2) and, therefore, a large
capacity to retain P (Hinsinger, 2001).

Ca concentration decreased significantly in A-horizon and the
decrease was significant even in B-horizon, which contains consid-
erable amount of silt and clay fractions and where leaching should
be slight due to restricted water movement. The topsoil Ca concen-
tration was artificially increased with direct liming during previous
agricultural land use (Kõlli and Ellermäe, 2003; Ritter et al., 2003;
Wall and Hytönen, 2005). For example, after 10 years of afforesta-
tion of arable lands in Finland, Ca concentration in the topsoil was
2.5 times higher compared to stands of the same age on similar
forest soil (Wall and Hytönen, 2005). We did not detect any signif-
icant effect of the factors studied on Ca concentration in A-horizon,
however the Ca concentration in B-horizon was negatively corre-
lated with the initial CEC. The proportion of Ca in CEC ranged
between 72% and 92% in different soil layers and soil types
(Table 2). Ca losses and the negative effect of CEC can be closely

linked with soil acidification, which promotes leaching of base
cations, including Ca (Ritter et al., 2003; Wall and Hytönen,
2005; Berthrong et al., 2009; Lafleur et al., 2013). Populus spp. have
a high demand for Ca (Stanturf et al., 2001; Pare et al., 2001;
Meiresonne et al., 2006), which can be accumulated into biomass
(Meiresonne et al., 2006; Stark et al., 2015), however, we did not
find that tree growth had any impact on the change of Ca
concentration.

In the hybrid aspen plantations studied here, the Mg concentra-
tion decrease was significant in B-horizon, and it was greater in
faster-growing plantations. This relationship could indicate effec-
tive cycling of Mg in more productive plantations, as trees are able
to take up Mg from deeper soil layers and translocate it to the top-
soil layer through base cation rich litterfall (Meiresonne et al.,
2006). A Lithuanian study on similar arable soils found that the
Mg content depends on soil acidity and clay content (Staugaitis
and Rutkauskiené, 2010), but we did not find that CEC, BS or soil
moisture were able to explain the decrease of Mg in B-horizon.

The concentration of available K did not change in the hybrid
aspen plantations neither in A- or B-horizon. For instance, the top-
soil K concentration decreased by about 30% in midterm SRF silver
birch plantations on similar previous agricultural lands in Estonia
(Lutter et al., 2015). Kahle et al. (2007) reported K losses from
the 6th to the 12th year in fast growing poplar coppice plantations
on former arable soils in Germany. Leaching of the exchangeable
base cations (Ca, Mg, K) and pH acidification are usually the first
processes to occur after non-forestland is placed under forest plan-
tation management (Berthrong et al., 2009). However, Meiresonne
et al. (2006) found high Ca and K levels in woody biomass in fast-
growing 18-year-old poplar plantation on previous agricultural
lands in Belgium and concluded that Ca and K losses from harvest-
ing are higher than from leaching. Populus spp. can accumulate
higher amounts of nutrients in their biomass compared to other
deciduous trees, as observed by Stark et al. (2015) in Germany,
where removal of Ca, Mg, and K by biomass accumulation was
higher in Populus spp. than in Betula spp. Mineral weathering can
be considered as a source for base cations recovery, but in practical
forest management, base cations can be restored in acidic soils by
applying ash fertilizer (Saarsalmi et al., 2001) or retaining harvest
residuals (Palviainen and Finer, 2012; Wall, 2012; Ge et al., 2015).

4.4. Changes in soil micronutrients

Somewhat unexpectedly and contrarily to macronutrients, sev-
eral alterations in micronutrients concentrations had occurred
from age 5 to age 15 (Table 3). The mean decrease of available
boron concentration in A- and B-horizon was the highest relative
loss compared to other nutrients in the hybrid aspen plantations
studied. Boron loss from soil through leaching is mainly driven
by soil acidification and is more common in coarse-textured soils
(Goldberg, 1997; Lehto et al., 2010). In our study, boron loss in
B-horizon was smaller in more moist soils, which indicates that
more clayic soils are able to retain boron better and less boron is
lost through leaching. Boron uptake by trees is limited in alkaline
conditions (Goldberg, 1997; Lehto et al., 2010), which means that
uptake was favoured with the increased acidity in our plantations.
In acid and light-textured soils, Corg helps to bind boron and retard
leaching (Elrashidi and ÓConnor, 1982; Yermiyaho et al., 2001).
The decrease of boron in A-horizon was also strongly correlated
with the growth rate of the trees as more boron was depleted in
plantations where the productivity was higher. The boron level
in B-horizon was less affected by tree growth than in A-horizon,
but the effect was still significant. Apparently, vigorously growing
hybrid aspen plantations are able to take up boron from the subsoil
layers and translocate it to A-horizon with leaf litter, as the relative
decrease of boron was higher in B-horizon (�45.0%) than in
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A-horizon (�25.8%). Populus spp. are able to take up and accumu-
late high amounts of boron from soil to biomass and, therefore,
used for remediation of boron contaminated soils (Robinson
et al., 2007; Rees et al., 2011). Boron is considered to be a deficient
element in Northern Europe (Lehto et al., 2010) and boron limita-
tions can reduce tree growth (Dell and Malajczuk, 1994; Dell and
Huang, 1997) or cold tolerance (Räisänen et al., 2007). Several
studies with boron fertilization in boreal forests are showing pos-
itive effects on tree productivity (Möttönen et al., 2003;
Kilpeläinen et al., 2013; Riikonen et al., 2013). Boron inputs from
atmospheric deposition and weathering are quite low in Nordic
conditions (Lehto et al., 2010), therefore well-formed thinnings
are important with harvest residues retention to boron decompo-
sition and for redistribution of boron resources for future trees
(Möttönen et al., 2003). Boron concentration can be also improved
with ash fertilization (Jacobson, 2003; Saarsalmi et al., 2004).

If land was fertilized with K and P during former agricultural
use, micronutrient content increase in soil had often incidental
phenomena to fertilization or manuring. The mean concentration
of Cu increased significantly both in A- and B-horizon in the hybrid
aspen plantations. Cu concentration was positively affected by soil
moisture in B-horizon and by CEC in A-horizon. Soils with higher
moisture content and CEC also have a higher clay content, which
can retain and accumulate Cu more efficiently than coarse textured
sandy soils. Cu mobility is favoured in soils where organic matter
decomposition and acidification are higher (Bergkvist et al.,
1989). Even though we did not find any impact of tree growth on
Cu increase, it can be assumed that in faster-growing plantations,
Cu could be released from dissolved organic material (Römkens
and Salomons, 1998; Andersen et al., 2004; Strobel et al., 2005).
Cu accumulation was higher in B-horizon (+53.8%) than in
A-horizon (+20.3%), which could indicate soluble Cu moving from
A-horizon to B-horizon. Nevertheless, the mean concentration of
Cu was still higher in A-horizon compared to B-horizon. The annual
input of Cu from atmospheric deposition was assessed to be 62%
higher than Cu inner cycling in forests from litterfall from 1995
to 2005 in Estonia (Napa et al., 2015).

Interestingly, in A-horizon, mean concentration of both Mn and
Cu increased simultaneously. We did not find any significant effect
of the analyzed factors to explain the increase in Mn concentration.
The mobility of Mn is similar to Cu and is accelerated in soils with a
lower pH (Watmough et al., 2007), therefore, the Mn increase
observed here could also be associated with acidification and
organic matter dissolving in A-horizon. The availability of metallic
micronutrients, such as Mn and Cu, is also strongly influenced by
soil redox potential (Eh) (Husson, 2013). A decrease in Eh corre-
sponds to higher Mn bioavailability (Schwab and Lindsay, 1982),
but on the contrary, low Eh corresponds to lower levels of Cu
(Husson, 2013). About a quarter of sample plots are on the gleyic
and Gleysols (Tullus et al., 2007), which have poor drainage and
are waterlogged during the rainy season, making them prone to
changeable redox status (Husson, 2013). Soluble Cu and Mn can
be easily lost by leaching from the ecosystem (Bergkvist et al.,
1989; Watmough et al., 2007).

5. Conclusions

The conversion of abandoned agricultural lands into hybrid
aspen plantations caused several significant changes in soil nutri-
tional status by the time plantations had reached their midterm
age (15 years). Our first hypothesis was mostly confirmed: there
had been a significant decrease of A-horizon pHKCl and primary
macronutrients were not depleted in former field soils; they
remained at the same level (P, K) or even increased (total N). Con-
trary to what was expected, soil organic carbon had remained at

the same level in A-horizon and had even increased in B-horizon.
The hypothesis that significant changes will mostly occur in A-
horizon did not hold true because several changes were also
detected in B-horizon. Greater reductions in soil nutrients often
occurred in plantations where the initial level or concentration of
the nutrient was high. As expected, the impact of tree growth
was important for explaining the magnitude of several changes
in the soil chemical properties.
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a b s t r a c t

Short-rotation forestry with fast-growing hybrid aspen (Populus tremula L. � P. tremuloides Michx.) on
former arable lands is a novel land-use system in northern Europe that has substantially increased in
the region during the last few decades. The objective of this study was to assess the potential of hybrid
aspen plantations to sequestrate C and N to above- and below-ground pools from the age of 5 (young) to
15 years (midterm) depending on former land-use type. Data were collected from permanent experimen-
tal plots on former croplands (n = 28) and grasslands (n = 23). Based on repeated soil monitoring and
destructive model tree sampling, the following C and N pools were estimated: above-ground biomass
of trees, soil uppermost layer (A-horizon), coarse roots and subsoil (below A-horizon up to a depth of
75 cm). On average, A-horizon SOC and Ntot pools had decreased significantly on former grasslands, while
no change was observed on croplands. Unexpectedly, considerable changes had occurred in subsoil,
where SOC and Ntot pools increased significantly on both former land-use types. Therefore, grasslands’
A-horizon C loss was compensated for by increased coarse-root fraction and subsoil gains. About one-
third of below-ground C pool was stored in subsoil. In above-ground leafless part of 15-year-old hybrid
aspen model trees the weighted average C concentration was 45.8% and the N concentration was 0.309%.
From the age of 5–15, hybrid aspen plantations acted as C sinks because total ecosystem C pool increased
significantly by 3.17 Mg C ha�1 yr�1 on former croplands and by 2.56 Mg C ha�1 yr�1 on former grass-
lands. The main C sequestration had taken place in the above-ground pool (for croplands 73.8% and for
grasslands 94.9%). To conclude, hybrid aspen plantations already showed during the first 15 years a great
potential to sequestrate C and N at the ecosystem level, whereas former SOC-exhausted croplands have a
higher ability to sequestrate new C to the below-ground pool than already SOC-rich grasslands. Deeper
subsoil should definitely be taken into account in SOC estimations.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

One of the most important challenges in nowadays is the need
to replace fossil fuel-based energy sources with renewable energy,
such as woody biomass, in order to sequestrate atmospheric CO2

(Petersen Raymer, 2006; Haus et al., 2014). One way to satisfy
the increasing demand for woody biomass and mitigate the impact
of climate change is through the establishment of short-rotation
forest (SRF) plantations (Paquette and Messier, 2010). In northern
Europe, this is still a relatively novel forest management approach
on former arable lands (Weih, 2004; Tullus et al., 2013). SRF

plantations have a great potential to sequestrate high amounts of
atmospheric CO2 to above-ground woody biomass over a short
period of time because of faster tree growth than with conven-
tional forestry in the Nordic region (Eriksson and Johansson,
2006; Lutter et al., 2015). Hybrid aspen (Populus tremula L. �
P. tremuloides Michx.) is considered to be one of the most suitable
tree species for SRF on former fertile arable lands in northern
Europe, aimed at pulp and energy wood production with a
25-year rotation period due to high productivity, cold resistance
and an active breeding programmes (Tullus et al., 2012).

Afforestation of former arable lands brings about a drastic land-
use change, which could have a significant impact on ecosystem C
allocation (Litton et al., 2007), including alterations in the storage
of soil organic carbon (SOC) (Post and Kwon, 2000; Guo and

http://dx.doi.org/10.1016/j.foreco.2016.07.021
0378-1127/� 2016 Elsevier B.V. All rights reserved.
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Gifford, 2002; Poeplau and Don, 2013). According to global meta-
analyses, the former land-use type is considered to be one of the
most important factors, along with the time since afforestation,
that determines the dynamics of SOC storage after arable land is
taken under forest (Paul et al., 2002; Guo and Gifford, 2002;
Laganiere et al., 2010; Poeplau et al., 2011; Bárcena et al., 2014a).
As a broad generalization for boreal and northern temperate condi-
tions, previous studies have found that afforestation has a rather
positive or neutral impact on the SOC pool on former C-
exhausted croplands and a rather negative or neutral impact on
former C-saturated grasslands (Li et al., 2012; Poeplau et al.,
2011; Poeplau and Don, 2013; Bárcena et al., 2014a).

The ability of different land-use systems to sequestrate SOC
after afforestation depends mostly on the period of time that has
passed since afforestation and SOC pools are expected to increase
slowly until C input and mineralization equilibrates (Thuille and
Schulze, 2006). During the early development after afforestation,
the net primary production of young trees is low and C input to soil
from above- and below-ground litter does not exceed the decom-
position of C inherited from agriculture (Vesterdal et al., 2002;
Paul et al., 2003). The initial SOC depletion from the uppermost soil
layer (0–30 cm) could be replaced by a new C accumulation not
earlier than after about a decade in SRF poplar plantations
(Hansen, 1993; Grigal and Berguson, 1998; Sartori et al., 2007;
Arevalo et al., 2011) or more than 30 years with different longer-
rotation tree species (Paul et al., 2002; Cerli et al., 2006;
Laganiere et al., 2010; Nave et al., 2013; Bárcena et al., 2014a,b;
Wellock et al., 2014) or by a still unknown period later (Guidi
et al., 2014). Therefore, the main sequestration of C at ecosystem
level after arable land afforestation takes place in above-ground
biomass of trees (Vesterdal et al., 2002; Dowell et al., 2009; Yang
et al., 2011; Verlinden et al., 2013; Bárcena et al., 2014b). The rota-
tion period for several deciduous tree species managed under the
principles of SRF is usually less than or around 30 years in northern
Europe (Weih, 2004; Tullus et al., 2013), which raises several
uncertainties about the ability of intensively managed SRF planta-
tions to sequestrate and retain C in soil after afforestation on for-
mer arable soils. Studies about soil C changes after arable lands
afforestation in northern Europe cover conventional long-rotation
forest management tree species with a chronosequence approach
(e.g. Vesterdal et al., 2002; Cerli et al., 2006), while studies using
long-term repeated soil sampling approach are scarce (Bárcena
et al., 2014b; Rytter, 2016). To the best of our knowledge, there
are no long-term empirical studies about the former land-use type
effect on C dynamics in SRF plantations with fast-growing decidu-
ous trees in northern Europe.

The majority of studies of SOC changes after arable land
afforestation focus on the uppermost (0–30 cm) soil layers (e.g.
Paul et al., 2002; Vesterdal et al., 2002; Kahle et al., 2007;
Bárcena et al., 2014a; Rytter, 2016), where changes are more
apparent than in deeper soil layers (Nave et al., 2013). However,
a significant amount of SOC is also stored in deeper soil layers
(Jobbágy and Jackson, 2000; Hooker and Compton, 2003;
Fontaine et al., 2007; Rumpel and Kögel-Knabner, 2011; Poeplau
and Don, 2013), the inclusion of which is rare due to sampling
complexity. The deeper subsoil is a more static environment,
where soil chemical and physical processes are not as instant as
in the uppermost soil (Hooker and Compton, 2003; Mao et al.,
2010; Nave et al., 2013). However, a deeper SOC balance should
also be included more in long-term C estimations after land-use
change (Trumbore and Czimczik, 2008; Salomé et al., 2010) as less
disturbed deeper soil C might have a greater potential to store C in
the long term than the uppermost (0–30 cm) soil, where tree nutri-
tion and management activities have a more instant effect on C
pools (Jandl et al., 2007; Clarke et al., 2015). The impact of former
land-use type (crop- or grassland) on deeper SOC pools after

afforestation is not well understood and so far it has shown a sim-
ilar trend to the uppermost soil dynamics (Poeplau and Don, 2013).
So far the changes in deeper SOC after arable land afforestation
have shown a positive trend of SOC concentration increase even
after a first decade in temperate coppice plantations (Kahle et al.,
2010; Dimitriou et al., 2012) or a weak accumulation over a longer
period in more northern conditions with conventional forest tree
species (Bárcena et al., 2014b).

The N and C cycles in soil are strongly interrelated (van Cleve
et al., 1993; Vervaet et al., 2002). However, changes in mineral soil
total nitrogen (Ntot) pools are less studied than SOC after arable
land is taken under forest, where a decrease of Ntot is reported
on former grasslands (Berthrong et al., 2009; Li et al., 2012).

So far, there are no empirical studies about the ability of first-
generation commercial hybrid aspen plantations to sequestrate C
in above-ground biomass whereas C concentration in dry biomass
could significantly vary between different tree species (Lamlom
and Savidge, 2003; Zhang et al., 2009; Thomas and Martin,
2012). A few studies have found that the concentration of C in
wood for parental species of hybrid aspen varies from 44% to 49%
(Lamlom and Savidge, 2003; Zhang et al., 2009). This means that
the general recommendation to use 50% as the C concentration
in wood (Matthews, 1993) from total dry biomass might overesti-
mate the C bind into biomass of Populus spp.

Forest management activities that support sustainable N supply
and cycling in the ecosystem are essential as significant amounts of
N could be removed from the ecosystem during whole-tree harvest
(Rytter, 2002; Rytter and Stener, 2003; Ge et al., 2015). However,
the largest proportion of the total forest ecosystem N in boreal con-
ditions is located in soil (Finér et al., 2003) and N cycling from leaf
litter is very efficient in poplar plantations (Meiresonne et al.,
2006). There are only a few studies about first-generation hybrid
aspen plantations’ above-ground N accumulation in the early
development (Rytter, 2002; Tullus et al., 2009) and midterm period
(Rytter and Stener, 2003). So far, the ability of hybrid aspen plan-
tations to sequestrate N at the whole ecosystem level in the long
term has not been evaluated yet.

The network of 51 permanent experimental plots was estab-
lished in SRF hybrid aspen plantations on abandoned agricultural
lands in hemiboreal Estonia for long-term monitoring of tree
growth and environmental impacts of this novel land use (Tullus
et al., 2007, 2009, 2015; Soo et al., 2009; Lutter et al., 2016).

The aim of this study was to estimate the potential of former
crop- and grasslands to sequestrate C and N to above- and
below-ground pools after afforestation with first-generation
hybrid aspen plantations from young (5-year) to midterm (15-
year) age. The study relies on repeated measurements in the
above-mentioned network of experimental plots. The hypotheses
were: (1) hybrid aspen plantations’ SOC and Ntot pools in the A-
horizon (0–�30 cm) have already decreased on former C-rich
grasslands and increased on former C-poor croplands from the
young to midterm period; (2) SOC and Ntot pools in subsoil (below
A-horizon up to a depth of 75 cm) are more stable and changes
have not yet occurred from the young to midterm period; (3) the
average C concentration in hybrid aspen dry above-ground bio-
mass is less than the generally suggested 50% for woody plants
(4) at an ecosystem level the major increase of C and N storage
between 5 and 15 years since afforestation has taken place in
above-ground C and N pools.

2. Materials and methods

2.1. Studied plantations

The study was conducted in commercial hybrid aspen (Populus
tremula L. � P. tremuloides Michx.) plantations in Estonia (Fig. 1).
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The study area lies in a hemiboreal vegetation zone within a tran-
sition zone from a maritime to a continental climate (Ahti et al.,
1968). The weather in Estonia is considerably milder than the con-
tinental climate characteristic of the same latitude. The mean
annual temperature from 2000 to 2014 was 5.8 �C and the mean
annual precipitation was 694 mm according to data from the near-
est weather stations (The Estonian Environment Agency: http://
www.ilmateenistus.ee/) to the studied plantations.

The studied plantations were established on former mineral
arable lands in 1999 and 2000 with one-year-old clonal microprop-
agated plants originating from Finland. Altogether 27 different
hybrid aspen clones were planted randomly in a mixture, on aver-
age 15 clones per plantation (Tullus et al., 2007), thus the exact
mixture as well as proportion of different clones varies between
the plantations. Whole-area or strip ploughing was used as site
preparation before planting to reduce weed competition (Tullus
et al., 2007). The average planting density was 1300 trees per hec-
tare (range: 1200–1600) (Tullus et al., 2007), which decreased to
963 trees per ha�1 (range: 540–1450) in 15-year-old plantations
(Lutter et al., 2016). None of the studied plantations was fenced
to prevent game damage, nor were they fertilized or herbicides
applied after establishment.

The long-term network of 51 permanent experimental plots,
each with a size of 0.1 ha, was established in 2003 and 2004 in
24 hybrid aspen plantations (we define plantation as a land prop-
erty) to monitor the above-ground tree growth development and
dynamics of soil physico-chemical properties (Tullus et al., 2007)
(Fig. 1). The sizes of hybrid aspen plantations varied from 0.7 to
32 ha and 15 plantations consisted of smaller scattered parts with
varied edaphic conditions (different soil types). In plantations with
homogeneous soil conditions, one experimental plot was estab-
lished. In plantations with varied soil types (usually larger land
properties, where afforested areas were scattered), two to five
experimental plots were established in typical parts of micro-
relief of the respective plantation area. Thus, in spatial sense in this
network of long-term experimental plots, each ‘experimental plot’
is regarded as one independent experimental unit.

The studied sample plots were divided into former croplands
(n = 28) and grasslands (n = 23) according to Soo et al.’s (2009)
classification. Former croplands are characterized by intensive
ploughing and tilling practice in the uppermost �30 cm soil layer,
where also fertilization and liming were applied to improve

nutrients availability and increase crop yields. Former grasslands
were mainly used for annual grass removal.

2.2. Above-ground biomass estimations and allometric equations in
15-year-old plantations

Hybrid aspen above-ground leafless biomass sampling was car-
ried out during the wintertime at the end of the 15th growing sea-
son. Model trees were taken from a plantation lying on the
prevailing soil type - Retisol (Lutter et al., 2016). Ten model trees
were selected randomly from the plantation so that their DBH dis-
tribution would be in accordance with the DBH distribution of all
trees growing in sample plots. Model trees were felled and mea-
sured (Supplementary Material, Table S1) and sampled for further
analysis.

The stem of each model tree was divided into subsections. The
first section was from the beginning of the stem from ground level
to a height of 1.3 m. Next the stem was cut into 2 m-long sections
until the beginning of the top shoot (current-year top of the stem),
which was sampled separately. All the stem sections were freshly
weighted in the field and a sample disc from the centre of each sec-
tion was taken with two parallel cross-sectional cuts for further
laboratory analysis.

The living crown of the model trees was divided into three
equal-length sections and all the branches were freshly weighted
in each section. One or two typical sample branches were taken
from each crown section for further laboratory analysis. All the
dead branches below the living crown were freshly weighted and
one general dead branch sample from each model tree was taken
for further laboratory analysis as well. In the laboratory, stembark
of the sample discs was carefully removed to estimate the propor-
tion of the stemwood and stembark based on their dry weights
(Supplementary Material, Table S2). All the sample branches from
living crown were divided into current-year branches, older living
branches and dead branches. All the different model tree compart-
ments (stemwood, stembark, top shoot, current-year branches,
older living branches and dead branches) were freshly weighted
and then dried to constant weight at 70 �C. The obtained dry mat-
ter content was then multiplied by a given tree compartment’s
fresh weight to estimate its dry weight. The dry weights of all com-
partments were summed to calculate the total tree dry weight.
Based on model tree data, an allometric Eq. (1) was parameterized

Fig. 1. Locations of the studied hybrid aspen plantations (n = 24), marked as black circles. The number of experimental plots (n = 51) is shown besides the circle when more
than one plot is present within the given plantation (land property).
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to predict the above-ground biomass of all hybrid aspens growing
in the sample plots based on their DBH:

AGB ¼ b0 � DBHb1 ð1Þ
where AGB is the above-ground leafless biomass (kg) of a given tree
compartment, b0 and b1 are parameters (Table 1) and DBH (cm) is
the stem diameter at breast height over bark.

The constructed power equations were used to calculate the
above-ground leafless dry biomass for all studied hybrid aspen
plantations according to the individual tree’s DBH measurement
on the studied sample plots at the age of 15. The total dry biomass
of all the trees growing in each sample plot with a size of 0.1 ha
was multiplied by 10 to obtain the results on a hectare basis
(Table 2).

2.3. Determination of C and N concentrations in woody biomass

All the subsamples of oven-dried stemwood, stembark, top
shoot, current-year branches, older living branches and dead
branches were milled with a Retsch SM 300 cutting mill (Retsch
GmbH, Haan, Germany) and then sent to the Laboratory of the
Department of Soil Sciences and Agrochemistry (Estonian
University of Life Sciences), where nitrogen (N, %) and carbon
(C, %) concentration was determined with a varioMAX CNS
(Elementar Analysensysteme GmbH, Hanau, Germany)
elemental analyser using the dry combustion method. The mean
concentrations of C and N in different tree compartments were
calculated as the weighted averages of C and N concentrations in
stem or tree crown sub-sections using the sub-sections’s dry mass
as a weight (Table 3).

2.4. Soil sampling

A 1-metre-deep soil pit was dug in the centre of each experi-
mental plot, where the soil type was determined and samples were
collected from each revealed soil horizon at the ages of 5 (Tullus
et al., 2007) and 15 (Lutter et al., 2016) up to a depth of 75 cm
(Supplementary Material, Table S3). Soil sampling was carried
out at the end of the growing season at both monitoring times.

According to soil monitoring in 15-year-old plantations, the fol-
lowing soil types are present among the 51 experimental plots:
Cambisols (n = 9), Gleysols (n = 5), Histosols (n = 1), Leptosols
(n = 1), Luvisols (n = 3), Retisols (n = 20) and Umbrisols (n = 12)
(Lutter et al., 2016).

During the soil monitoring in 5-year-old plantations, only a
general soil sample was collected from the entire A-horizon
(Tullus et al., 2007). In 15-year-old plantations, the A-horizon
was divided into sub-layers (0–10; 10–20; 20–30 cm) to estimate
the detailed distribution of C (Fig. 4) and N and (Fig. 5), therefore
the changes in the uppermost soil (0–30 cm) are estimable only
at the total A-horizon level (Lutter et al., 2016). One general sample
from the deeper subsoil B-horizon and E-horizon (if present) was
taken during both soil monitorings, therefore ‘‘subsoil” in this
study is the soil layer beneath the A-horizon up to a depth of
75 cm. During both soil monitoring times, the total nitrogen (Ntot)
was determined according to Kjeldahl (ISO 11261:1995) and the
concentration of organic matter was determined by wet oxidation
(Tyurin, 1935), which was converted to soil organic carbon (SOC)
by multiplying organic matter content by 0.58 (Kononova and
Belchikova, 1960).

Undisturbed core samples using a steel cylinder (50 cm3) were
used to determine soil bulk density (BD, g cm�3) during both soil
surveys. The samples for BD in the A-horizon were taken from
sub-layers (0–10; 10–20; 20–30 cm) in three replications.
The samples for deeper soil horizons BD were taken from the
centre of each revealed horizon in three replications. Collected
samples were oven-dried at 105 �C to constant weight and
soil BD was calculated as an arithmetic mean of the samples for
a given horizon.

2.5. Total ecosystem C and N pools estimation

The above-ground leafless dry biomass for five-year-old hybrid
aspen plantations was calculated according to growth measure-
ments by Tullus et al. (2007) and with allometric equations con-
structed for young hybrid aspen plantations in Estonia (Tullus
et al., 2009). The weighted average C and N concentration of the
whole tree from 15-year-old plantations (Table 3) was used to esti-
mate above-ground C and N pools for 5-year-old plantations.

Ntot and SOC pools were calculated separately during both soil
surveys, where concentrations of Ntot and SOC in a given soil layer
were multiplied by soil volume and soil bulk density. The
proportion of gravel was subtracted to avoid overestimation
(Rytter, 2012a).

We did not destructively analyse below-ground coarse root bio-
mass, therefore published equations for Populus spp. (Rosenvald
et al., 2014; Fortier et al., 2015) were used to calculate the dry mass

Table 1
Parameter estimates and goodness of fit of allometric Eq. (1) for predicting the above-
ground biomass of the studied 15-year-old hybrid aspen model trees (n = 10), where
b0 and b1 are parameters estimates, R2 is the coefficient of determination and p-value
shows the significance of the model.

Tree compartment Parameter Estimate R2 p-value

Stem b0 0.0415 0.999 <0.0001
b1 2.6739

Current-year branches b0 0.0002 0.962 <0.0001
b1 3.3008

Older living branches b0 0.0042 0.978 <0.0001
b1 2.8840

Dead branches b0 0.0052 0.962 <0.0001
b1 2.5217

Table 2
15-year-old hybrid aspen plantations above-ground leafless dry biomass (Mg ha�1)
according to tree compartments on different former land-use types.

Tree compartment Croplands Grasslands Mean

Stem 40.2 ± 3.2 41.6 ± 4.1 40.8 ± 2.5
Dead branches 3.3 ± 0.3 3.5 ± 0.3 3.4 ± 0.2
Older living branches 7.2 ± 0.6 7.4 ± 0.8 7.3 ± 0.5
Current-year branches 1.1 ± 0.1 1.1 ± 0.1 1.1 ± 0.1

Whole tree 51.7 ± 4.1 53.6 ± 5.4 52.6 ± 3.3

Table 3
Weighted average concentration of N (%) and C (%) in different compartments of 15-
year-old hybrid aspen model trees. The letters denote significant differences between
tree compartments according to Tukey’s LSD test.

Tree
compartment

N C

Mean Range Mean Range

Stemwood 0.179 ± 0.008d 0.144–0.223 45.5 ± 0.10d 45.0–46.0
Stembark 0.617 ± 0.033b 0.464–0.750 46.5 ± 0.27abc 45.0–47.7
Current-year

branches
1.056 ± 0.061a 0.644–1.273 47.0 ± 0.12a 46.5–47.7

Older living
branches

0.638 ± 0.040b 0.387–0.842 46.5 ± 0.13c 46.0–47.1

Dead branches 0.335 ± 0.031c 0.260–0.584 46.5 ± 0.23ab 45.8–47.8

Stem with bark 0.233 ± 0.007 0.206–0.274 45.6 ± 0.09 45.2–46.1
Total living

branches
0.690 ± 0.044 0.408–0.899 46.6 ± 0.12 46.1–47.1

Whole tree 0.309 ± 0.009 0.263–0.364 45.8 ± 0.08 45.3–46.3
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of the coarse roots based on their allometric relation with DBH. For
five-year-old plantations, coarse-root dry biomass was calculated
according to Rosenvald et al.’s (2014) equation (R2 = 0.94;
p < 0.01) for a seven-year-old hybrid aspen plantation on previous
agricultural land. For 15-year-old plantations, a general equation
(R2 = 0.78; p < 0.001) for mature hybrid poplar plantations’ coarse
roots on abandoned farmland was used (Fortier et al., 2015).
The coarse-root C and N pool for both study periods was
calculated by multiplying the total dry coarse-root mass per

hectare by the weighted mean C and N concentration for the whole
tree (Table 3).

In this study we did not include the production of leaves and
fine roots in the total ecosystem estimation as they are labile and
describe mainly the annual flux of C and N in the ecosystem
(Meiresonne et al., 2006; Litton et al., 2007; Finér et al., 2011; Hu
et al., 2016), which was not the focal point of our study. We did
not include the forest floor in the total ecosystem C and N storage
either as the permanent forest floor had not formed yet or was

Fig. 2. Comparison of above-ground C and N pools between 5- and 15-year-old hybrid aspen plantations representing different types of former land-use (the differences
between the ages of 5 and 15 were in all cases significant at p < 0.001⁄⁄⁄, error bars denote standard error).

Fig. 3. Comparison of five-year-old hybrid aspen plantations’ SOC (a) and Ntot (b) pools according to former land-use type (ns: not significant, p < 0.05⁄, p < 0.01⁄⁄, error bars
denote standard error).

Fig. 4. SOC pools and distribution in different soil layers up to a depth of 75 cm and a comparison between different former land-use types in 15-year-old plantations. The
letters denote significant differences between soil layers inside land-use groups; while the difference between land-use types was not significant (ns). Error bars denote
standard error.
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sporadic on the studied fertile mineral soils (Tullus et al., 2015;
Lutter et al., 2016). The share of herbaceous understory vegetation
from the total ecosystem C storage also appeared to be negligible
in other Estonian studies (e.g. Uri et al., 2012) and was therefore
left out of the calculations.

The total ecosystem C and N storage was calculated by sum-
ming up the ecosystem stable pools, i.e. pools where C and N are
more constantly stored: (1) below-ground pool (A-horizon + sub-
soil + coarse tree roots); (2) above-ground pool (woody biomass).
Below-ground and above-ground C and N changes were calculated
for each sample plot as the pairwise differences between data from
young (5-year) and midterm (15-year) hybrid aspen plantations.
Total above-ground C and N pools were calculated by multiplying
the obtained weighted average C and N concentrations (Table 3) by
the given tree compartment’s dry biomass (Table 2).

2.6. Statistical analyses

The normality of the variables was tested with the Shapiro-Wilk
test. Homoscedasticity of normally distributed variables was
checked with the F test. Accordingly, the use of parametric or
non-parametric tests was decided. The significance of C and N
changes between young and midterm plantations within former
land-use groups (crop- or grassland) was tested with a pairwise
Student’s t-test or non-parametric Wilcoxon test. The difference
in C and N concentrations in different tree compartments and
the impact of former land-use type on soil C and N pools and soil
properties were tested with one-way ANOVA followed by the
Tukey LSD test or with the Kruskal-Wallis test. In case of paramet-
ric tests, the observation of residuals distributions and Q-Q plots
revealed that five sample plots caused extreme outliers in residuals
and they were excluded from final calculations.

A level of significance of a = 0.05 was used to reject the null
hypothesis after statistical tests. All statistical analyses were car-
ried out using R Statistics software (R Core Team, 2015).

3. Results

3.1. C and N concentrations and pools in above-ground biomass

The mean weighted average concentration of C in above-ground
leafless parts of 15-year-old hybrid aspen trees was 45.8 ± 0.08%.

The concentration of C differed significantly between the tree com-
partments with the highest in current-year branches (47.0 ± 0.12%)
and the lowest in stemwood (45.5 ± 0.10%) (Table 3).

The mean weighted average concentration of N in whole tree
was 0.309 ± 0.009% with the highest in current-year shoots
(1.056 ± 0.061%) and the lowest in stemwood (0.179 ± 0.008%).
The concentration of N differed significantly between different tree
compartments (Table 3), except between stembark and older living
branches.

Above-ground C and N pools were similar in 15-year-old plan-
tations growing on former crop- and grasslands (Fig. 2a and b) as
the total above-ground leafless biomass did not differ either
between the studied land-use types (Table 2). The total above-
ground C and N pools increased significantly from the age of
5–15 (Fig. 2a and b), with the 10-year average increase
being +2.38 Mg C ha�1 yr�1 (p < 0.001) and +13.5 kg N ha�1 yr�1

(p < 0.001) when analysing all sample plots together.

3.2. Below-ground SOC and Ntot pools in five-year-old plantations

The pools of SOC and Ntot up to a soil depth of 75 cm differed
significantly between former crop- and grasslands (p = 0.042 and
p = 0.002, respectively) in five-year-old plantations
(Fig. 3a and b). This was caused by significant difference in the
A-horizon SOC and Ntot pools (p = 0.030 and p = 0.004, respectively)
as there were no differences in subsoil pools between crop- and
grasslands (Fig. 3a and b).

3.3. Below-ground SOC and Ntot pools in 15-year-old plantations

The significant difference between crop- and grasslands’ SOC
pools in the A-horizon and total 75 cm soil layer disappeared in
15-year-old plantations (Fig. 4). In 15-year-old plantations, SOC
pools did not differ between former crop- and grasslands in the
uppermost soil layers (Fig. 4); in 5-year-old plantations, sam-
pling from the A-horizon was not done on a sub-layer basis.
Fifteen years after afforestation, the mean SOC pool up to a
depth of 75 cm was 71.5 ± 5.7 Mg ha�1 as an average for both
land-use types (Fig. 4).

The majority of SOC pool were located in the A-horizon, being
as an average 54.8 ± 4.9 Mg ha�1 for both land-use types (Fig. 4).
A soil depth of 30–75 cm stored about 30% of the total soil SOC pool

Fig. 5. Ntot pools and distribution in different soil layers up to a depth of 75 cm and a comparison between different former land-use types in 15-year-old plantations. The
letters denote significant differences between soil layers inside land-use groups; the significance of the difference between land-use types is shown as follows: ns – not
significant, p < 0.05⁄, p < 0.01⁄⁄. Error bars denote standard error.
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(Fig. 4). In the uppermost 0–30 cm soil layer, SOC pools decreased
gradually significantly in 10 cm-thick soil layers both on crop- and
grasslands (Fig. 4).

The Ntot pool in a total depth of 75 cm was significantly
(p = 0.014) higher on grasslands (7.3 ± 0.7 Mg ha�1) than on crop-
lands (5.5 ± 0.4 Mg ha�1) in 15-year-old plantations (Fig. 5). This
was mainly initiated by the difference in the A-horizon
(p = 0.026), where significant differences were also found in 0–
10 cm (p = 0.006), 10–20 cm (p = 0.005) and 20–30 cm (p = 0.015)
soil layers between crop- and grasslands. Similarly to SOC pools,
the majority of Ntot pool were located in the A-horizon, where Ntot

pools decreased significantly with 10 cm-thick soil layers in the
uppermost 0–30 cm (Fig. 5).

3.4. The changes in SOC and Ntot pools between 5- and 15-year-old
plantations

During the development of hybrid aspen plantations from the
age of 5–15 years, former grasslands significantly lost their A-
horizon SOC pool, on average by �0.85 Mg C ha�1 yr�1 (p = 0.025)

(Fig. 6), and Ntot by �0.07 Mg N ha�1 yr�1 (p = 0.020) (Fig. 7).
Former croplands’ SOC and Ntot pools remained unchanged in the
A-horizon (Figs. 6 and 7).

SOC pools increased significantly in deeper subsoil both on
former grasslands, by +0.66 Mg C ha�1 yr�1 (p = 0.002), and on
former croplands, by +0.42 C Mg ha�1 yr�1 (p = 0.007) (Fig. 6). The
subsoil Ntot increase of +0.03 Mg N ha�1 yr�1 was significant for
croplands (p = 0.024), and also for grasslands (p = 0.045) at
+ 0.05 Mg N ha�1 yr�1 (Fig. 7).

The total below-ground C change from the age of 5–15 was
insignificant for former grasslands as the A-horizon C loss was
compensated for by coarse-root and subsoil C increase (Fig. 6). For-
mer croplands’ total below-ground C pool increase with the inclu-
sion of coarse roots (+0.83 Mg C ha�1 yr�1) was marginally
significant (p = 0.051).

Similarly to SOC changes, former grasslands’ N pool significant
decrease in the A-horizon was compensated for by increases in
subsoil and coarse-root pools (Fig. 7). As a result of that, the total
75 cm below-ground N pool on grasslands (p = 0.453) and crop-
lands (p = 0.442) remained unchanged (Fig. 7).

Fig. 6. The changes (D) in SOC and total below-ground C pools (with the inclusion of coarse roots) calculated between the ages of 5 and 15 according to former land-use and
all studied hybrid aspen plantations (ns – not significant, p < 0.05⁄, p < 0.01⁄⁄. Error bars denote standard error).

Fig. 7. The changes (D) in soil Ntot and total below-ground N pools (with the inclusion of coarse roots) calculated between the ages of 5 and 15 according to former land-use
and all studied hybrid aspen plantations (ns – not significant, p < 0.05⁄, p < 0.01⁄⁄. Error bars denote standard error).
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3.5. Total ecosystem C and N distribution in 15-year-old plantations

As an average of all studied 15-year-old hybrid aspen planta-
tions, the main storage of the total ecosystem C was located in
the below-ground pool (75.6%) (Table 4). The share of C stored in
above-ground biomass had increased from 1.4% (5-year-old plan-
tations) to 24.4%. About half of the total ecosystem C storage was
located in the uppermost 0–30 cm soil layer (50.8%), followed by
21.5% in subsoil (30–75 cm) and 18.8% in tree stems. The share
of subsoil from below-ground SOC pools was 30.4%. The average
total ecosystem C pool in 15-year-old hybrid aspen plantations
was 98.8 ± 6.2 Mg ha�1, which did not differ between former
land-use types (p = 0.216), being 105.0 ± 5.9 Mg ha�1 for grass-
lands and 94.1 ± 6.2 Mg ha�1 for croplands (Table 4).

Compared to C pool distribution, only a marginal amount (2.4%)
of N was stored in above-ground pools in 15-year-old plantations
(Table 4). About 68% of total ecosystem N was located in the 0–
30 cm soil layer. The uppermost 0–10 cm soil layer stored about
a quarter of the total ecosystem N pool (Table 4). The total ecosys-
tem N storage of 15-year-old hybrid aspen plantations on former
grasslands (7.5 ± 0.7 Mg ha�1) was significantly (p = 0.004) higher
than for plantations on former croplands (5.6 ± 0.3 Mg ha�1)
(Table 4).

3.6. Total ecosystem C and N changes between 5- and 15-year-old
plantations

During a decade-long growth period, former cropland planta-
tions increased total ecosystem C pools by 3.17 Mg C ha�1 yr�1

(Fig. 8b) and former grassland plantations by 2.56 Mg C ha�1 yr�1

(Fig. 8a). There were remarkable differences between the ability
of former land-use types to sequestrate C and N at the total ecosys-
tem level. On former grasslands, only 5.1% from the total C increase
had taken place in below-ground pool (Fig. 8a), while the respec-
tive number for croplands was 26.2% during the studied 10-year
period (Fig. 8b). Former grasslands’ above-ground N gain was lev-
elled out by below-ground N loss and reduction of N occurred also
in the total ecosystem level (Fig. 9a). At the same time, both above-
and below-ground N pools increased in former croplands (Fig. 9b).

Table 4
Total ecosystem C and N storage and distribution between above- and below-ground
pools in 15-year-old hybrid aspen plantations representing different former land-use
types. The letters denote differences between former crop- and grasslands.

Soil layer/tree
compartment

Croplands Grasslands Mean

Pool % Pool % Pool %

C, Mg ha�1

Soil 0–10 cm 18.9 20.1 20.6 19.6 19.6 19.9
Soil 10–20 cm 15.9 16.9 18.2 17.3 16.9 17.1
Soil 20–30 cm 12.6 13.4 15.2 14.5 13.7 13.9
Soil 30–75 cm 19.8 21.1 23.1 22.0 21.2 21.5
Coarse roots 3.1 3.3 3.3 3.1 3.2 3.2

Total below-
ground

a70.4 ± 5.7 74.8 a80.4 ± 5.9 76.6 74.7 ± 5.7 75.6

Stem 18.3 19.5 19.0 18.1 18.6 18.8
Dead branches 1.6 1.7 1.6 1.5 1.6 1.6
Older branches 3.3 3.5 3.5 3.3 3.4 3.4
Current-year

branches
0.5 0.5 0.5 0.5 0.5 0.5

Total above-
ground

a23.7 ± 1.9 25.2 a24.6 ± 2.5 23.4 24.1 ± 1.9 24.4

Total
ecosystem

a94.1 ± 6.2 100 a105.0 ± 5.9 100 98.8 ± 6.2 100

N, Mg ha�1

0–10 cm 1.5 26.9 1.9 25.4 1.7 26.3
10–20 cm 1.2 21.5 1.8 24.1 1.5 23.2
20–30 cm 1.0 17.9 1.5 20.1 1.2 18.5
30–75 cm 1.7 30.5 2.1 28.1 1.9 29.3
Coarse roots 0.02 0.4 0.02 0.3 0.02 0.3

Total below-
ground

a5.5 ± 0.4 97.3 b7.3 ± 0.7 97.9 6.3 ± 0.4 97.6

Stem 0.094 1.7 0.097 1.3 0.095 1.5
Dead branches 0.011 0.2 0.012 0.2 0.011 0.2
Older branches 0.046 0.8 0.047 0.6 0.046 0.7
Current-year

branches
0.002 0.04 0.003 0.04 0.002 0.04

Total above-
ground

0.152 2.7 0.159 2.1 0.155 2.4

Total
ecosystem

a5.6 ± 0.4 100 b7.5 ± 0.7 100 6.4 ± 0.4 100

Fig. 8. The total ecosystem C change between 5 and 15-year-old hybrid aspen plantations representing different former land-use types in above-ground (AG) and below-
ground (BG) pools, where arrows show the direction of the change (ns – not significant, p < 0.05⁄, p < 0.01⁄⁄, p < 0.001⁄⁄⁄) and values next to curly brackets indicate how the
total change is partitioned between AG and BG.
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4. Discussion

4.1. A-horizon SOC and Ntot changes and storage

This study showed that former land-use type had a significant
impact on changes of soil A-horizon SOC and Ntot pools during
the 10-year period (from the age of 5–15 years) under hybrid
aspen plantations. Generally former cropland soils are
C-exhausted from former intensive ploughing and tilling practice
(Arevalo et al., 2011), which was replaced against increasing
amounts of root litter (Rytter, 1999; Block et al., 2006) and leaf lit-
ter (van Cleve et al., 1993; Vervaet et al., 2002; Meiresonne et al.,
2006; Kahle et al., 2007) inputs to soil after afforestation. Despite
that, on average we observed A-horizon SOC pool stabilization,
but not significant sequestration on former croplands during the
first 15 years, thereby rejecting the first part of our first hypothesis.

In contrast to former croplands, former grasslands were less
influenced by soil cultivation and were probably consistently
supplied with root residues of herbaceous vegetation in the
uppermost soil layer during the previous land-use history
(Meyer et al., 2012). Therefore, grasslands have higher SOC
(Franzluebbers et al., 2000; Wiesmeier et al., 2012) and Ntot

(Franzluebbers et al., 2000) pools than croplands. However,
grasslands are very vulnerable to land-use disturbances, such
as afforestation, in terms of SOC and Ntot (e.g. Paul et al.,
2002; Guo and Gifford, 2002; Li et al., 2012), which was also
observed in our study: within ten years SOC and Ntot pools
had decreased in the A-horizon, confirming the second part of
our first hypothesis about the response of grasslands. The estab-
lishment of plantations on more moist grasslands could cause an
immediate SOC decrease (Hiltbrunner et al., 2013; Wellock et al.,
2014; Guidi et al., 2014) as enhanced soil respiration (Sun et al.,
2015) and microbial activity promote rapid organic material
decomposition rates (Richter et al., 1999) and increased N min-
eralization (Uri et al., 2008). Populus spp. are also well-known
for their high transpiration rates (Zhang et al., 1999; Petzold
et al., 2011) in order to maintain high productivity (Stanturf
et al., 2001), which means that trees could have a drying effect
on more moist soils (Gleysols), thereby promoting mineralization.

Our results are different from several studies reporting initial C
recovery and expected sequestration already a decade after
afforestation of former agricultural land with fast-growing poplars
in North America (Hansen, 1993; Grigal and Berguson, 1998;
Sartori et al., 2007; Arevalo et al., 2011). Studies of the impact of
poplar species on SOC in Europe are mainly carried out in temper-
ate conditions in short-rotation coppice (SRC) plantations, where
the afforestation of arable lands can result in an increase (Kahle
et al., 2007) or, similarly to our study, in a decrease of SOC in a soil
depth of 0–30 cm on former grasslands (Jug et al., 1999) during the
first decade. However, probably due to lower planting density, the
results from our study are more similar to studies with a longer
observation time (ca 30–50 years) in northern Europe that cover
conventional forest management tree species with a chronose-
quence approach and report no SOC accumulation in 0–30 cm of
mineral soil after arable lands afforestation (Vesterdal et al.,
2002; Armolaitis et al., 2007; Bárcena et al., 2014b) even during
a century (Cerli et al., 2006).

The effect of former arable lands’ afforestation on Ntot pools in
mineral soil has so far been less studied than SOC, however the
pattern is considered to be similar to SOC changes (Jug et al.,
1999; Berthrong et al., 2009; Li et al., 2012). Similarly to our stud-
ied croplands, Mao et al. (2010) report that soil Ntot pool in a depth
of 0–30 cm did not change significantly between the ages of 5 and
15 on former agricultural land in semi-arid temperate zone affor-
ested with poplars. Similarly to our grasslands, Jug et al. (1999)
report a significant decrease in Ntot and SOC pools in a depth of
0–30 cm on former grassland during a decade after afforestation
with SRC poplars in temperate conditions.

The dynamics of SOC and Ntot pools in the A-horizon depend in
turn on soil horizon depth (Vesterdal et al., 2002; Ritter et al.,
2003). In our studied 15-year-old hybrid plantations, SOC and Ntot

pools were significantly higher in the uppermost 0–10 cm soil
layer than in the following 10–20 cm and 20–30 cm in spite of
land-use. Similar tendencies have been reported in several other
studies after arable land afforestation in the uppermost 0–10 cm
soil layer in relation to SOC (Jug et al., 1999; Vesterdal et al.,
2002; Bárcena et al., 2014b; Rytter, 2016) as well as for Ntot distri-
bution (Jug et al., 1999; Ritter et al., 2003; Uri et al., 2014; Rytter,

Fig. 9. The total ecosystem N change between 5 and 15-year-old hybrid aspen plantations representing different former land-use types in above-ground (AG) and below-
ground (BG) pools, where arrows show the direction of the change (ns – not significant, p < 0.05⁄, p < 0.01⁄⁄, p < 0.001⁄⁄⁄) and values next to curly brackets indicate how the
total change is partitioned between AG and BG.
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2016). Higher SOC and Ntot pools in the upper soil layer (0–10 cm)
can be explained by a more direct impact of litter fall to the forest
floor (Vesterdal et al., 2002), a higher amount of fine roots
(Rosenvald et al., 2014), the presence of N2 fixing herbaceous
understory vegetation (Tullus et al., 2015) and a more direct
impact of atmospheric N deposition.

4.2. Subsoil SOC and Ntot changes and storage

Our study shows the importance of deeper subsoil for SOC and
Ntot pools in total estimations (Rumpel and Kögel-Knabner, 2011)
as about one-third of SOC and Ntot pools were located in the soil
layer beneath the A-horizon (�30 cm thick) up to the studied soil
depth of 75 cm. We did not find any impact of former land-use
type on subsoil SOC, which has been reported by Poeplau and
Don (2013), and for Ntot which has been reported by Clark and
Johnson (2011), where former croplands improved subsoil SOC
and Ntot pools. Unexpectedly and in contrast to the A-horizon, sub-
soil SOC and Ntot pools increased significantly both on former crop-
and grasslands from the age of 5–15 years, and therefore we
rejected the second hypothesis. Subsoil organic material accumula-
tion is mainly influenced by increased amounts of root-derived
residues (Hansen, 1993; Hooker and Compton, 2003; Kahle et al.,
2010), especially from fine root decomposition (Finér et al., 2011;
Hu et al., 2016), as we observed an increase of SOC and Ntot concen-
tration in the B-horizon in the studied hybrid aspen plantations
(Lutter et al., 2016). Humus adsorbing capacity in subsoils of our
soil selection is supported by higher clay content in the B-
horizon (Supplementary Material, Table S3), i.e. they have a better
capacity to store C and N (Laganiere et al., 2010; Chang et al.,
2014). A similar pattern to our study is reported by Mao et al.
(2010) from semi-arid temperate conditions after agricultural
lands afforestation with poplars, where subsoil (depth from 30 to
60 cm) SOC as well as Ntot pools tended to increase in the
chronosequence from 5 to 15 years after afforestation.

Generally, deeper soil layers’ microbial activity in terms of SOC
and Ntot mineralization is more stable than in the uppermost soil
layers (Hansen, 1993; Hooker and Compton, 2003; Powlson et al.,
2011) and therefore subsoil is considered to be a potential sustain-
able C sink in the long term (Poeplau and Don, 2013; Hu et al.,
2016; Wang et al., 2016). Deeper soil SOC accumulation might be
especially important in the long term in intensively managed SRF
plantations, where the upper soil layer (0–30 cm) is more directly
influenced by plantation management activity. However, longer
empirical observations are needed regarding subsoil SOC and Ntot

dynamics as deeper soil SOC mineralization might be stimulated
by soil structural disturbances (Salomé et al., 2010) caused by older
trees root penetration into deeper soil (Strong and La Roi, 1985) as
well as by increasing microbial activity (Mobley et al., 2015).

4.3. Above-ground C and N concentration

In this study we found that the 15-year-old hybrid aspen
weighted average C concentration in above-ground dry woody bio-
mass was 45.8%, varying a little between tree compartments from
45.5% to 47.0%. This supports our third hypothesis and suggests
that the frequently used 50% of C in dry above-ground woody bio-
mass for estimating C storage (e.g. Kurz et al., 2009; Rytter, 2012b;
Bárcena et al., 2014b; Wellock et al., 2014) might cause about an
8% overestimation for hybrid aspen above-ground C storage. The
obtained average C concentration of hybrid aspen is quite close
to 46–47% which has been estimated for similar-aged hybrid
poplar plantations in British Columbia (Zabek and Prescott,
2006), and a little less than 47.09%, which is reported for older Pop-
ulus tremuloides Michx. in North America (Lamlom and Savidge,
2003). The somewhat lower C concentration of hybrid aspen

biomass is in agreement with a high cellulose: lignin ratio in its
wood (Tullus et al., 2012) as cellulose has a much lower C content
than lignin (Pettersen, 1984). The weighted average concentration
of N in stem (0.233%) and branches (0.690%) are comparable with
the results reported by Rytter and Stener (2003) (0.215% and
0.602%, respectively) for 14-year-old hybrid aspen in southern
Sweden.

4.4. Total ecosystem C and N dynamics and implications for further
management of hybrid aspen plantations

In 15-year-old hybrid aspen plantations, the main C pool was
located in the below-ground pool. About half of the ecosystem C
was located in the soil A-horizon, similarly to 13-year-old silver
birch stand on former agricultural land (Uri et al., 2012). The rela-
tive share of above-ground C pools compared to below-ground
pools increases significantly with stand age after afforestation
(Vesterdal et al., 2002; Sartori et al., 2007; Dowell et al., 2009;
Mao et al., 2010; Wellock et al., 2014; Bárcena et al., 2014b). This
hold true also in our study, confirming the fourth hypothesis. Dur-
ing our 10-year study period, this was most apparent on former
grasslands where 94.9% of the total ecosystem C change occurred
in above-ground pool, while the respective number for former
croplands was 73.8%. The main below-ground C pool improvement
on both land-use types was caused by subsoil and coarse-root
gains. The significant increase of subsoil SOC pools means that
grasslands’ A-horizon SOC and Ntot loss was compensated by sub-
soil gains in the total 75 cm soil profile.

Based on studies covering the whole rotation period of short-
rotation forests (Strukelj et al., 2015; Clarke et al., 2015), thinnings
will become the major C output from total ecosystem storage dur-
ing the second half of the rotation period in our studied plantations
being the most important factor that could further alter total
ecosystem C storage and allocation before clear-cut (Litton et al.,
2007; Bárcena et al., 2014b). A common practice in midterm hybrid
aspen plantation is to remove a quarter to a third of above-ground
standing biomass during thinnings (Tullus et al., 2012). In light of
the results obtained from the current study, even after a thinning
hybrid aspen plantations are C-sequestring systems at the total
ecosystem level.

When there were no significant differences in the total ecosys-
tem C pools between different land-use types, then total ecosystem
N storage was still higher on former grasslands in 15-year-old
plantations. The majority of the total ecosystem N in forest in dor-
mant season is located in below-ground pool (Buchmann et al.,
1996; Finér et al., 2003), whose share in our study was 97.6%. Com-
mercial thinnings will cause, similarly to C, the output of N from
the ecosystem. Rytter (2002) reported that whole tree thinning
(22% of total stand volume) removed 41.2 kg ha�1 of N from 15-
year-old hybrid aspen plantations. Using the same thinning rate
in our studied plantations, the removal of N will be 34.1 kg ha�1.
However, Ntot in soil does not show the direct availability of N to
plants (Stanford, 1982) large N pools in our studied soil range
should compensate N removals from the ecosystem well.

5. Conclusions

For a decade (5–15 years after conversion into fast-growing
hybrid aspen plantations), former crop- and grasslands’ A-
horizon SOC and Ntot pools showed different patterns of change.
In terms of A-horizon SOC and Ntot pools, hybrid aspen plantations
soil conditions had become more similar in two completely differ-
ent former land-use types (crop- and grasslands). At ecosystem
level, former croplands showed a higher capacity to sequestrate
new SOC to below-ground pools; meanwhile both former land-
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use types significantly increased the total ecosystem C pool. Our
study confirmed the importance of the inclusion of deeper
(>30 cm) soil layers in total C estimations under deep-rooted
perennial plants as subsoil SOC storage constituted about a third
of the total SOC pool of the 75 cm soil profile. The total soil SOC
pool increased significantly during the last decade in 15-year-old
plantations on both former agricultural land-use types. As
expected, the main C sequestration in fast-growing hybrid aspen
plantations took place in above-ground woody biomass whereas
there were no significant differences in biomass increment
between the two land-use types. We also found that the average
C content in dry above-ground leafless biomass of hybrid aspen
in hemiboreal plantations is 46%, which means that the widely rec-
ommended 50% for C content should cautiously be used in C stor-
age calculations.

To conclude, first-generation SRF hybrid aspen plantations on
former arable lands had acted as C sinks by their midterm period
and therefore have a great potential for climate change mitigation
despite the relatively short rotation period. However, research
needs to be continued and final conclusions should be drawn after
the end of the whole rotation period.
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ABSTRACT
Short-rotation forestry with hybrid aspen is a novel silvicultural system in northern Europe on former
arable lands. However, knowledge about hybrid aspen growth potential in different soil types and the
impact of soil physico-chemical properties on tree productivity in the long term is still scanty. We used
repeated monitoring of soil properties and tree growth in young (5-year) andmidterm (15-year) hybrid
aspen plantations in various soil types (corresponding to four forest site types) to determine the
temporal changes in tree growth–soil relationships. Growth of midterm hybrid aspen plantations
exceeded same-aged native European aspen stands about two-fold. Growth had improved on
Aegopodium, remained moderate on moist Dryopteris and was increasingly suppressed on dry
Hepatica soils. The pHKCl, available Ca, content of clay and layer thickness of the soil A-horizon had
a significant effect on tree growth in young plantations, but these effects disappeared in the
midterm age. The soil water-holding capacity and available P in the A-horizon had a significant
growth-controlling effect on tree growth in both ages. We concluded that former arable soils
provide a sufficient supply of major nutrients in midterm hybrid aspen plantations whereas minor
changes have occurred in growth–soil relationships between young and midterm age.
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Introduction

Establishment of intensively managed forest plantations as a
practice of short-rotation forestry (SRF) has spread from
southern regions to northern Europe during the last few
decades (Weih 2004; Tullus et al. 2013). The phenomenon is
mainly driven by the rising interest in renewable energy
resources (DIRECTIVE/2009/28/EC), pressure to reduce
timber harvest from natural forest (Brockerhoff et al. 2008;
Paquette & Messier 2010) and the need to sequestrate atmos-
pheric CO2 (Gustavsson & Sathre 2011; Haus et al. 2014).

Hybrid aspen (Populus tremula L. × Populus tremuloides
Michx.) is considered to be one of the most promising tree
species for SRF in northern Europe and the Baltic region on
previous arable lands (e.g. Rytter & Stener 2005, 2014; Tullus
et al. 2012; Johansson 2013a) aiming at intensive pulp and
energy wood production in a 25-year rotation period (Tullus
et al. 2012). Hybrid aspen plantations could be an alternative
source for aspen pulpwood and reduce timber harvest from
European aspen stands with high biodiversity value (Kouki
et al. 2004; Lõhmus 2011). So far, first-generation hybrid
aspen plantations’ growth performance has largely been
studied in clonal trials (Rytter & Stener 2005, 2014), or at a
young age (<10 years) (Karacic et al. 2003; Tullus et al. 2007,
2010) or the impact of different soil conditions is unclear
(Johansson 2013a, 2013b). Hybrid aspen growth performance

has not been compared with native European aspen (P.
tremula L.) across broad range of sites while comparisons
have usually been made on the basis of few stands growing
at similar site conditions (e.g. Yu et al. 2001; Heräjärvi & Junk-
konen 2006).

A continuous supply of available resources (water, nutri-
ents) from soil and their efficient use by trees is essential for
the high productivity of trees in sustainable SRF systems
(Binkley et al. 2004; Vance et al. 2014). Improved knowledge
about growth-limiting factors in hybrid aspen plantations
helps to provide more precise information for us in silvicul-
tural treatments as Populus spp. are considered to be quite
demanding in terms of soil quality (Stanturf et al. 2001; Pare
et al. 2002; Stark et al. 2015), especially regarding soil water
properties (Stanturf et al. 2001; Pinno et al. 2010; Tullus
et al. 2010), soil reaction (Hjelm & Rytter 2016) and the avail-
ability of nitrogen (Stanturf et al. 2001; Pinno & Belanger 2009;
Fortier et al. 2010) and phosphorous (Tullus et al. 2010; Truax
et al. 2012).

Abandoned arable lands, which have a high nutrient
content because of fertilization in the past (Hofmann-Schielle
et al. 1999; Ritter et al. 2003; Wall & Hytönen 2005), are
assumed to be able to meet the nutritional demands of
such high-productivity forest plantation systems during the
first couple of decades after afforestation (Hofmann-Schielle
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et al. 1999; Lutter et al. 2015). However, knowledge on plant–
soil relations in first-generation hybrid aspen commercial
plantations on former arable lands in northern Europe
covers only early development at a young age (<10 years)
(Tullus et al. 2007, 2010), when soil’s physical rather than
chemical properties are the decisive growth-limiters (Tullus
et al. 2010). Knowledge about plant–soil relations in young
hybrid aspen plantations cannot be directly transferred to
the latter stages of plantation development as several altera-
tions can be expected in the stand structure and the increas-
ing amounts of above- and belowground litter inputs
(Landsberg & Sands 2011). During the early growth stage, in
addition to soil nutritional status, other factors might also
have a strong impact on tree growth. The time required to
overcome planting stress could depend on the quality of
the planting material and of the planting, on weather con-
ditions in the initial year(s), on site preparation, on soil type
and on weed control (Davis et al. 1999; Kozlowski & Pallardy
2002; Sinnett et al. 2008). On the other hand, competition
between trees intensifies in later stages, when increasing
tree size also means higher transpiration rates and nutrient
demands in order to maintain above-ground productivity
(Bréda et al. 1995; Fox et al. 2007). In growth-limiting con-
ditions, trees start to invest assimilated carbon to fine root
production, which means that above-ground production will
be inhibited (Keyes & Grier 1981; Yuan & Chen 2010).
Besides that, fast-growing trees like hybrid aspen can alter
soil reaction and nutritional status already during the first
five (Rytter 2016) to 15 (Lutter et al. 2016a) years since planta-
tion establishment.

There are only a few studies about the impact of subsoil
physico-chemical properties on tree growth in Populus spp.
plantations on abandoned arable lands (Pinno et al. 2010;
Tullus et al. 2010). However, trees’ nutrient uptake capacity
from deeper soil layers is not always proportional to the
root system distribution (Göransson et al. 2006, 2008) and
trees are able to bring extra nutrients from deeper soil hor-
izons for cycling and therefore support the growth rate
(Kahle et al. 2010; Stark et al. 2015).

Several micronutrients that are considered to be essential
for higher plants can be in deficit and limit tree growth
more in high-productivity SRF systems than in conventional
forest stands (Stone 1990; Ericsson et al. 1992; Landsberg &
Sands 2011). The impact of soil micronutrients on hybrid
aspen growth has not been studied so far in northern Euro-
pean SRF plantations on former arable lands. So far, the
impact of micronutrients on Populus spp. growth has been
only studied in poplar plantations in temperate (Laureysens
et al. 2004) or Canadian boreal conditions (Pinno et al.
2010).

The aims of the current study were: (1) to estimate the
above-ground growth characteristics of 15-year-old first-gen-
eration hybrid aspen plantations on different former arable
soils in Estonia, (2) to clarify the effects of soil physico-chemi-
cal properties at different soil depths on tree growth in 15-
year-old (midterm) plantations and (3) to evaluate how
these effects have changed compared to 5-year-old (young)
plantations. Our hypotheses were: (1) height growth of
hybrid aspen is exceeding natural European aspen stands
on similar forest soils after the first 15 growing seasons and
(2) the effect of soil physico-chemical properties on tree
growth has become stronger and the growth distinction
between the evolving forest site types has increased in
midterm plantations compared to young plantations.

Materials and methods

Studied plantations

The study was carried out in commercial hybrid aspen (P.
tremula L. × P. tremuloides Michx.) plantations located
mainly in central, southern and south-eastern parts of
Estonia (Figure 1). The study area lies in the hemiboreal veg-
etation zone within a transition zone from maritime to conti-
nental climate (Ahti et al. 1968). The weather in Estonia is
considerably milder than the continental climate character-
istic of the same latitude. The mean annual temperature
from 2000 to 2014 was 5.8°C and the mean annual

Figure 1. Locations of the studied hybrid aspen plantations, marked as black circles.
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precipitation was 694 mm according to data from the nearest
weather stations to the studied plantations (The Estonian
Environment Agency).

The studied plantations were established on former mineral
(with the exception of one plot on Histosol) (Table 1) arable
lands in 1999 and 2000 with 1-year-old clonal micropropagated
plants originating from Finland (Tullus et al. 2007). Trees
belonging to 27 hybrid aspen clones were planted randomly
in these plantations (Tullus et al. 2007). Site preparation was
carried out before planting to reduce weed competition
with whole-area or strip ploughing. The average planting
density was 1300 trees per hectare (range: 1200–1600)
and all the trees were protected with photodegradable
plastic tubes against possible damage by rodents and
hares (Tullus et al. 2007). None of the studied plantations
was fenced to prevent game damage or fertilized after
establishment.

Tree growth measurement

The long-term network of 51 permanent experimental plots,
each measuring 0.1 ha, was established in 2003 and 2004 in
24 hybrid aspen plantations to monitor the above-ground
growth rate and productivity of the trees (Tullus et al. 2007).
As the sizes of hybrid aspen plantations varied from 0.7 to
32 ha and 14 larger plantations consisted of smaller scattered
parts with different soil types, the number of experimental
plots in one plantation varied from one to five. The tree
growth measurement in all plantations was carried out at
the age of 5 (Tullus et al. 2007) and 15 years (as part of the
current study) at the end of the growing period (Table 2).
The stem diameter at breast height over bark (DBH, cm) was
recorded for every single tree with the millimetre scale of a
standard forest calliper. The height of every tree was
measured with Vertex IV (Haglöf Sweden AB) with 0.1 m res-
olution. The average density at the age of 15 was 963 trees
per ha−1 (ranging from 540 to 1450).

The total standing volume was calculated by summing the
stem volumes with Johnsson’s (1953) equation:

V = 0.03186× DBH2 × H + 0.43× H + 0.0551

× D2–0.4148× DBH, (1)

where V is the single tree stem volume (dm3), DBH is the
stem diameter at breast height (cm) and H is the tree
height (m).

Soil analysis

The first soil monitoring was carried out in 5-year-old hybrid
aspen plantations (Tullus et al. 2007) and repeated as part
of the current study in 15-year-old plantations with the
same methodologies. Results about changes that had
occurred in soil characteristics between the two monitorings
have been published in a separate article (Lutter et al.
2016a). An one-metre deep soil pit was dug in the centre of
each experimental plot, whereby soil type was determined
(Lutter et al. 2016a) and soil samples for chemical and physical
analyses were collected from the uppermost A-horizon and
deeper B-horizon (Table 3).

For soil pHKCl determination, 1 M KCl suspension in the
ratio of 10 g: 25 ml, was used. The total nitrogen (Ntot) was
determined in accordance with Kjeldahl (ISO 11261:1995).
The available phosphorus (P), potassium (K), calcium (Ca),
magnesium (Mg), copper (Cu) and manganese (Mn) were
determined by the Mehlich method (Mehlich 1984). The avail-
able boron (B) was determined by the hot-water extraction
procedure (Berger & Truog 1939). The concentration of
organic matter was determined by wet oxidation (Tyurin
1935) and converted to soil organic carbon (SOC) by multiply-
ing organic matter content with 0.58 (Kononova & Belchikova
1960). Total nutrient and SOC stocks were calculated by mul-
tiplying nutrient concentration with soil bulk density (BD) and
given soil layer volume, where the content of gravel was sub-
tracted (Rytter 2012). All the soil chemical analyses were done
in the Laboratory of the Agricultural Research Centre in Saku
(http://pmk.agri.ee/).

Soil bulk density (BD, g cm−3) was determined from undis-
turbed core samples using a steel cylinder (50 cm3). Collected

Table 2. Mean (AVG) and dominant trees (400) growth characteristics (H =
height (m); DBH = diameter at breast height (cm); V = single tree stem
volume (dm3); total stem volume per ha (m3)) of the studied hybrid aspen
plantations at the ages of 5 and 15 years on the studied forming forest site
types (Lõhmus 1974).

Site type

5-year-old 15-year-old

HAVG H400 HAVG H400

Hepatica 2.3 ± 0.2 2.8 ± 0.3 13.2 ± 1.1 15.1 ± 1.0
Oxalis 3.0 ± 0.2 3.6 ± 0.2 16.4 ± 0.6 18.2 ± 0.6
Aegopodium 3.1 ± 0.2 3.8 ± 0.3 17.3 ± 0.6 19.6 ± 0.6
Dryopteris 2.4 ± 0.2 3.0 ± 1.1 15.1 ± 0.3 16.8 ± 0.4
All 2.9 ± 0.1 3.5 ± 0.2 16.0 ± 0.4 17.9 ± 0.4

DBHAVG DBH400 DBHAVG DBH400
Hepatica 1.3 ± 0.2 1.8 ± 0.3 10.7 ± 0.8 13.5 ± 1.0
Oxalis 2.0 ± 0.2 2.7 ± 0.3 13.3 ± 0.5 16.1 ± 0.5
Aegopodium 2.0 ± 0.2 2.8 ± 0.3 13.5 ± 0.3 16.7 ± 0.4
Dryopteris 1.3 ± 0.3 1.9 ± 0.4 11.7 ± 0.4 14.7 ± 0.5
All 1.8 ± 0.1 2.5 ± 0.2 12.7 ± 0.3 15.7 ± 0.3

VAVG V400 VAVG V400
Hepatica 0.9 ± 0.1 1.2 ± 0.2 61.7 ± 12.9 110.0 ± 19.7
Oxalis 1.5 ± 0.2 2.2 ± 0.4 109.6 ± 11.2 175.7 ± 14.4
Aegopodium 1.6 ± 0.3 2.8 ± 0.3 115.2 ± 8.1 198.4 ± 13.3
Dryopteris 0.9 ± 0.1 1.2 ± 0.3 76.0 ± 5.1 130.6 ± 10.0
All 1.4 ± 0.1 2.0 ± 0.2 99.2 ± 6.3 166.6 ± 9.2

Total stem volume Total stem volume

Hepatica 0.8 ± 0.1 68.4 ± 15.4
Oxalis 1.4 ± 0.9 114.1 ± 22.4
Aegopodium 1.5 ± 0.3 132.2 ± 10.6
Dryopteris 0.9 ± 0.1 93.5 ± 36.3
All 1.3 ± 0.1 109.7 ± 6.7

Table 1. The soil types (IUSS Working Group WRB 2014) and tree densities in 15-
year-old hybrid aspen plantations representing different site type groups (n is
the number of experimental plots in each group).

Variable
Hepatica Oxalis Aegopodium Dryopteris
n = 8 n = 19 n = 18 n = 6

Soil type Cambisols
(n = 4)

Retisols
(n = 13)

Cambisols
(n = 5)

Gleysols
(n = 5)

Leptosols (n = 1) Umbrisols
(n = 6)

Retisols
(n = 7)

Histosols
(n = 1)

Luvisols (n = 3) Umbrisols
(n = 6)

Density, trees
per ha

900 (range:
680–1180)

956
(570–1450)

957
(540–1330)

1077
(660–1290)
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samples were oven-dried at 105°C to constant weight at the
laboratory. The samples of BD in the A-horizon were taken
from sub-layers (0–10; 10–20; 20–30 cm) in three replications
and calculated as an arithmetical mean. The samples of BD in
the deeper soil horizons were taken from the centre of the
revealed horizon in three replications and calculated as an
arithmetical mean.

Soil-specific surface area (SSA, m2 g−1) and soil texture
were analysed by one composite sample from the middle of
each revealed soil horizon. SSA was determined by adsorption
of water vapour on 10 g dry soil surface (Puri & Murari 1964).
To estimate soil texture, sand (soil particles with diameter
>0.063 mm) was excluded by sieving, and clay (<0.002 mm)
and silt (0.002–0.063 mm) fractions were determined by the
pipette method (FAO 2006). The relative proportions of
these fractions gave the textural class.

Available water content (AWC, mm) in soil is the amount of
water which is available for plants, that is, the difference
between water content at field capacity and water content
at permanent wilting point in the soil (Brouwer et al. 1985).
AWC represents the soil’s potential to store water, not the
actual amount of water (Cassel & Nielsen 1986). We estimated
AWC up to 75 cm soil depth in accordance with Kitse (1978)
(Equations (2)–(4)). The volume of gravel was subtracted
from the estimate, similarly to the earlier study performed
with hybrid aspen on former arable soils (Tullus et al. 2010):

where AWC is the available water content in the soil (mm),
BD is the bulk density (g cm−3), SSA is the soil-specific
surface area (m2 g−1), L is the thickness of the layer (mm)
and Gr is the proportion of gravel (soil particles with diameter
more than 2 mm). In calculations total AWC of the 75 cm soil

layer (AWC0–75) and AWC of three 25 cm sub-layers (AWC0–25,
AWC25–50, AWC50–75) were used.

In the initial growth–soil analysis of 5-year-old plantations
(Tullus et al. 2007) experimental plots were divided into three
groups based on soil moisture regime: automorphic soils,
semi-hydromorphic soils and hydromorphic soils. In the
current analysis the classification of experimental plots was ela-
borated based on the Estonian classification of forestland site
types (Lõhmus 1974). On the bases of soil morphological and
stratigraphic characterization, we tentatively divided exper-
imental plots into different forest site type groups (Table 3).
Forest site type is a complex feature of soil moisture, nutrition
(soil parent material) and aeration, and is a more dynamic
characteristic for describing site properties than soil type
alone (Cajander 1949; Lõhmus 1974). The studied hybrid
aspen plantations were assigned into the following forest site
type groups (Lõhmus 1974): (1) Hepatica site type prevailing
on drought-sensitive automorphic soil with calcareous or
neutral soil reaction and with lower water-holding capacity
(Table 3); (2) Oxalis site type prevailing on nutrient-rich well-
drained automorphic soil with clay enrichment in the B-
horizon; (3) Aegopodium site type prevailing on nutrient-rich
semi-hydromorphic soil with clay enrichment in the B-
horizon with limited drainage and temporarily perched water
(stagnic properties) and ground water level rising higher than
in Oxalis sites (Table 3); (4) Dryopteris site type prevailing on
temporarily water-saturated hydromorphic soil with poor drai-
nage and with a higher concentration of Ntot (Table 3).

Statistical analyses

We estimated average (arithmetic mean) tree growth charac-
teristics (HAVG – height, m; DBHAVG – diameter at breast
height, cm; VAVG – stem volume, dm3) in all experimental
plots and site type groups. HAVG in hybrid aspen plantations
was compared to published height growth data about forest-
land European aspen stands in similar site types (Kiviste 1997).
In order to clarify the effect of site type or continuous soil
physico-chemical variables on tree growth in young and
midterm plantations, we used data from dominant trees,
which are less affected by damages and within-stand compe-
tition (Calama et al. 2003; Johansson 2013b). We calculated
more precisely the arithmetic mean growth characteristics
of “future crop trees”, that is, the 400 thickest trees per ha
(H400; DBH400; V400), which is considered to be the standard

stand density at the time of the final harvest of the first-gen-
eration hybrid aspen plantations in the region (Rytter & Stener
2005, 2014).

A linear mixed model for repeated measures was used to
study the effect of site type or continuous soil variables

Table 3. Mean values of soil physico-chemical properties in 15-year-old hybrid
aspen plantations representing different forest site type groups.

Soil property Hepatica Oxalis Aegopodium Dryopteris

pHKCl (A-horizon) 6.5a 5.4b 5.4b 5.6ab

pHKCl (B-horizon) 6.8a 5.3b 5.6b 5.9ab

Ntot (A-horizon), % 0.15b 0.11b 0.13b 0.23a

Ntot (B-horizon), % 0.032ab 0.020b 0.017b 0.038a

Ca (A-horizon), mg kg−1 1933ab 1001b 1369bc 2471a

Ca (B-horizon), mg kg−1 1990a 771b 621b 2151a

Mg (A-horizon), mg kg−1 178ab 98b 104b 279a

Mg (B-horizon), mg kg−1 240ab 121bc 93c 293a

Mn (A-horizon), mg kg−1 115a 79ab 63bc 32c

B (A-horizon), mg kg−1 0.53ab 0.28b 0.32b 0.61a

AWC25–50, mm 39b 50a 49a 46ab

AWC50–75, mm 29b 45a 43a 39ab

AWC0–75, mm 135b 156a 153a 146ab

Soil moistureA 3.0d 4.0c 5.2b 7.8a

Notes: Data are shown only when the overall site type effect was significant (p
< .05) according to one-way ANOVA. Superscript letters denote significant
differences between site type groups (Tukey LSD test).

ASoil moisture value reflects soil ground water level and general water avail-
ability, assigned for each sample plot from 3 (dry) to 9.5 (moist) according
to Lõhmus (1974).

AWCA−horizon = BD× (47.7–18.2× BD–0.04× SSA–72/SSA)× L× (1–Gr), (2)

AWCE−horizon = BD× (44.3–18.0× BD–0.08× SSA–41/SSA)× L× (1–Gr), (3)

AWCB(C)−horizon = BD× (46.5–19.1× BD–0.05× SSA–64/SSA)× L× (1–Gr), (4)
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(Supplementary Material, Table S1) on tree growth at the two
plantation ages (young and midterm), with R Statistics func-
tion lmer in package lme4. The model considered site or soil
variable, plantation age and the interactive effect of soil and
age as fixed factors, and experimental plot as a random
factor. When the interactive effect was non-significant (p
> .05) then it was dropped from the final model and only
the main effects of time and soil were analysed. In order to
meet the assumption of homogeneity of variances, mean
annual growth increment of the given growth characteristic
(mean annual increment (MAI)_growth characteristic =
growth characteristic/age) was used as a response variable.
Separate models were run for each growth characteristic
and soil variable. The size and direction of the effects were
evaluated based on standardized model coefficients. If a sig-
nificant site type effect was observed, then the Tukey least sig-
nificant difference (LSD) test was performed to compare the
group means. Growth characteristics expressing stem
volume were log-transformed in order to meet the assump-
tions of homoscedasticity and normal distribution of residuals.

One-way ANOVA followed by the Tukey LSD test was used
to determine significant differences in soil properties between
site type groups (Table 3).

In order to analyse how trees growth potential had
changed among site type groups, all the studied sample
plots were ranked according to their H400 at the ages of 5
and 15 years. The change of mean ranking in each group
was tested with Student’s t-test.

Mean values are presented with standard error. The nor-
mality of the variables was tested with the Shapiro–Wilk
test. The homogeneity of variances of growth variables at
the two plantation ages was checked with Levene’s test. Q–
Q plots and residual distributions were used to assess the nor-
mality of model residuals. A level of significance of α = 0.05
was used to reject the null hypothesis after statistical tests.
All statistical analyses were carried out using R Statistics soft-
ware (R Core Team 2015).

Results

Growth

After 15 years of growth on former arable lands, the average
height of all trees was 13.2 ± 1.1 m (range: 8.8–17.1 m) in plan-
tations representing Hepatica site type, 16.4 ± 0.6 m (12.6–
20.0 m) in Oxalis plantations, 17.3 ± 0.6 m (12.8–20.0 m) in
Aegopodium plantations and 15.1 ± 0.3 m (14.6–15.9 m) in
Dryopteris plantations (Table 2). Average height of the
studied hybrid aspen plantations was about double that of
native forestland European aspen stands (Kiviste 1997) on
similar soils, where mean height varies from 7 to 9 m at the
age of 15 (Figure 2).

The significant main effect of site type on tree growth
characteristics (MAI_H400, MAI_DBH400, MAI_V400 and MAI of
total stem volume) was observed in 5- and 15-year-old planta-
tions, where all studied growth characteristics were signifi-
cantly lower in Hepatica site type than in Aegopodium site
type. Growth in Oxalis and Dryopteris site types did not
differ from other groups (Table 4). The interactive effect of

site type and age was non-significant, thus the site type
effect on tree growth was similar at both ages (Table 4). The
site type effect was stronger on MAI_H400 (p < .01) than on
other growth characteristics (p < .05).

The greatest average stand stem volume (132.2 ±
10.6 m3 ha−1) was recorded for Aegopodium site type, where
MAI after 15 years was 8.8 m3 ha−1 year−1 (Table 2), which
however did not differ significantly from Oxalis and Dryopteris
site types. The maximum stem volume of studied plantations
at the age of 15 was 199.3 m3 ha−1, making the MAI
13.3 m3 ha−1 year−1.

The change of hybrid aspen plantations’ sample plots
ranking (based on H400) between the ages of 5 and 15
showed that Aegopodium site type plantations had signifi-
cantly (p = .016) improved growth ranking compared with
other site types in the midterm period (Figure 3). Hepatica
site type plantations’ ranking position decreased significantly
(p = .020) in accordance with their overall poor growth poten-
tial (Figure 3). Ranking of Oxalis and Dryopteris site type plan-
tations remained unchanged.

The effect of physico-chemical soil properties on tree
growth

Based on repeated-measures analysis of growth–soil relations
at the ages of 5 and 15 years, we found that the effect of six
soil variables (pH, SOC, Ca, B, clay content, A-horizon thick-
ness) on tree growth characteristics (MAI_H400 and
MAI_DBH400) had significantly (p < .05) changed with age,
while four soil variables (Ntot, P, Mg and AWC) had a significant
main effect on growth with no temporal change (Table 5).

The negative effect of soil A-horizon pHKCl on MAI_H400

depended on plantation age (p = .048), being significant in
5-year-old plantations but not significant in 15-year-old

Figure 2.Mean height development of hybrid aspen between the ages of 5 and
15 years in the sample plots (thin grey lines) and different forming forest site
types (bold black lines) and comparison with forestland European aspen in
similar site types (Kiviste 1997) (bold grey lines).
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plantations. The effects of soil A-horizon pHKCl on MAI_DBH400

and B-horizon pHKCl on MAI_H400 were also significant and
negative, but did not depend on age.

The mean concentrations of non-acid cations (Ca and Mg)
showed several negative effects on tree growth during both
monitoring times (Table 5). The hampering effect caused by
high Ca concentration in A-horizon on tree growth
(MAI_DBH400) in 5-year-old plantations had disappeared in
15-year-old plantations (p = .011). However, Ca concentration
in the B-horizon became significant for tree growth
(MAI_H400) in 15-year-old plantations (p = .040). The stock
of Ca in the top 75 cm soil layer showed a negative main
effect on growth at both ages (Table 5). Mg showed several
significant main relationships with tree growth characteristics
(the A and B-horizon Mg concentration and the stock in the
top 75 cm), but none of those changes were dependent on
age.

The significant growth-controlling effect of available P
(concentration in A-horizon, stock in A-horizon and in the
top 75 cm soil layer) was observed, with no temporal differ-
ence between young and midterm plantations (Table 5).

The mean concentration of Ntot in the B-horizon had a sig-
nificant negative main effect on MAI_H400 and MAI_DBH400,
and this effect also did not vary with age. Similarly, SOC in
A-horizon was negatively related with MAI_H400 at both
ages. The effect of SOC concentration in the B-horizon on
MAI_H400 (p = .002) and MAI_DBH400 (p = .005) depended on
plantation age, being non-significant at the young age,
while a significant negative effect occurred at the midterm
age.

A slightly significant negative impact of boron concen-
tration in the B-horizon on MAI_H400 was revealed (p = .045)
in 15-year-old plantations while this effect was not observed
in 5-year-old plantations.

The A-horizon content of clay (p = .010 for MAI_H400 and p
= .002 for MAI_DBH400) and the thickness of the A-horizon (p
= .026 for MAI_DBH400) were the only soil physical properties
whose effect on tree growth had changed with age, both
being significant at the young age and non-significant at
the midterm age (Table 5). Soil AWC in the studied sub-
layers of 25–50 cm, 50–75 cm and 0–75 cm showed a signifi-
cant positive main effect on tree growth in both 5-year-old
and 15-year-old plantations (Table 5). AWC in the 0–25 cm
layer showed no significant effect on tree growth.

Discussion

Commercial first-generation hybrid aspen plantations dis-
played high growth potential by the midterm period on
former arable lands in Estonia. This was confirmed by the
almost two-fold difference in height growth compared with
native European aspen forestland stands at similar site
types, confirming our first hypothesis. Apart from the hybrid
vigour that caused faster growth of hybrid aspen compared
with its parent species (Tullus et al. 2012), previous fertilization
of former agricultural lands significantly improved soil nutri-
tional status compared with similar forestland soils
(Hofmann-Schielle et al. 1999; Ritter et al. 2003; Wall &
Hytönen 2005), and its positive impact on tree growth
speed could be long-lasting (Hofmann-Schielle et al. 1999;
Falkengren-Grerup et al. 2006; Lutter et al. 2015).

Table 4. The effects (p-values) of plantation age and forming forest site type to MAI of growth characteristics according to repeated-measures analysis.

Variable Site type 5-year-old 15-year-old Age Site type Tukey Site type × age

MAI_H400 (m) Hepatica 0.6 ± 0.05 1.0 ± 0.07 <0.001 0.007 a 0.497
Oxalis 0.7 ± 0.05 1.2 ± 0.04 ab
Aegopodium 0.8 ± 0.06 1.3 ± 0.04 b
Dryopteris 0.6 ± 0.06 1.1 ± 0.02 ab

MAI_DBH400 (cm) Hepatica 0.4 ± 0.07 0.9 ± 0.07 <0.001 0.014 a 0.888
Oxalis 0.5 ± 0.06 1.1 ± 0.03 ab
Aegopodium 0.6 ± 0.06 1.1 ± 0.02 b
Dryopteris 0.4 ± 0.08 1.0 ± 0.03 ab

MAI_V400
a (dm3) Hepatica 0.2 ± 0.04 7.3 ± 1.31 <0.001 0.012 a 0.842

Oxalis 0.4 ± 0.08 11.7 ± 0.96 ab
Aegopodium 0.5 ± 0.10 13.2 ± 0.89 b
Dryopteris 0.2 ± 0.05 8.7 ± 0.67 ab

MAI of total stem volumea (m3 ha−1) Hepatica 0.2 ± 0.03 4.6 ± 1.03 <0.001 0.013 a 0.437
Oxalis 0.3 ± 0.04 7.6 ± 0.68 ab
Aegopodium 0.3 ± 0.05 8.8 ± 0.71 b
Dryopteris 0.2 ± 0.03 6.2 ± 0.65 ab

Note: Different letters in column ‘Tukey’ denote significant differences between site type groups (Tukey LSD test).
aMAI_V400 and MAI of total stem volume were log-transformed prior to the statistical analysis to meet normality of the model residuals; however non-transformed
values are reported in this table.

Figure 3. The change in studied hybrid aspen sample plots (n = 51) mean
ranking of H400 in different site types (HE = Hepatica; OX = Oxalis; AE = Aegopo-
dium; DR = Dryopteris) between the ages of 5 and 15 years based on Student’s t-
test: ns, not significant; *p < .05. Error bars show 95% confidence intervals.

6 R. LUTTER ET AL.



149

Our second hypothesis about the increased significance of
site type effect in midterm hybrid aspen plantations found
only weak support. Based on repeated-measures analysis,
the site type effect was similar at both ages, while the more
robust growth-rank analysis suggested some significant
shifts in tree growth potential among site type groups. At
both ages (5 and 15 years), greater growth was observed on
former arable soils corresponding to Aegopodium forest site
types compared to Hepatica site type. Plantations growing
on fresh Aegopodium site type soils significantly improved
their tree growth ranking in midterm age compared with
other site types, and dry Hepatica soils showed significant
decrease in tree growth ranking. Such changes can probably
be explained by the soil water properties that differed signifi-
cantly between site types. Fresh Aegopodium site type soils
have naturally higher ground water levels according to
Lõhmus (1974). The importance of soil water properties is
more evident during drought periods (Hogg et al. 2008) and
soils with higher water-holding capacity in deeper soil

horizons can support faster growth of trees during these
periods (Martin & Gower 2006; Tullus et al. 2010). When select-
ing sites for establishing forest plantations it must be borne in
mind that the frequency of drought in mid-summer is
expected to rise as a consequence of climate change in the
Estonian region (Jaagus & Mändla 2014). In contrast to Aego-
podium soils, poor growing Hepatica site type soil’s water-
holding capacity is low because of the high content of
stones and limited nutrient uptake in dry conditions
(Lõhmus 1974), even though the soil nutrient status of Hepa-
tica soils was higher for several nutrients than in Aegopodium
or Oxalis. A slower growth rate of trees on Hepatica site type
soils was also observed in Estonian midterm silver birch plan-
tations on former arable lands compared with Oxalis soils
(Lutter et al. 2015).

Similar results to our study’s best performing Oxalis and
Aegopodium site type soils with mean height growth (16–
17 m, up to 20 m) have been found for first-generation
hybrid aspen in southern Sweden (17–20 m) (Rytter &

Table 5. The effects (standardized model coefficients and their significance: *p < .05, **p < .01, ***p < .001) of soil variables (soil reaction [pHKCl], nutrient
concentrations in A- and B-horizon and stocks in A-horizon and in the top 75 cm soil layer, and AWC) on MAI of tree growth characteristics (MAI_H400 and
MAI_DBH400) in the studied hybrid aspen plantations at the ages of 5 and 15 years according to repeated-measures analysis.

Soil variable Soil layer Growth characteristic

Factor effects

Age Soil Soil × age

p p βpooled p β5 β15

pHKCl A MAI_H400 <.001 .008 n.e1a .048 −0.25 ± 0.08** −0.13 ± 0.08
MAI_DBH400 <.001 .014 −0.18 ± 0.07* .074 n.e2b n.e2

B MAI_H400 <.001 .049 −0.12 ± 0.06* .870 n.e2 n.e2
Total Nconc B MAI_H400 <.001 .004 −0.19 ± 0.06** .221 n.e2 n.e2

MAI_DBH400 <.001 .029 −0.15 ± 0.07* .645 n.e2 n.e2
SOCconc A MAI_H400 <.001 .013 −0.14 ± 0.06* .833 n.e2 n.e2

B MAI_H400 <.001 .043 n.e1 .002 −0.01 ± 0.07 −0.23 ± 0.06***
MAI_DBH400 <.001 .304 n.e1 .005 0.06 ± 0.08 −0.19 ± 0.08*

Pconc A MAI_DBH400 <.001 .029 0.15 ± 0.07* .825 n.e2 n.e2
Pstock A MAI_H400 <.001 .016 0.18 ± 0.07* .368 n.e2 n.e2

MAI_DBH400 <.001 .021 0.19 ± 0.07* .549 n.e2 n.e2
75 cm MAI_DBH400 <.001 .017 0.16 ± 0.07* .518 n.e2 n.e2

Caconc A MAI_H400 <.001 .027 −0.15 ± 0.07* .220 n.e2 n.e2
MAI_DBH400 <.001 .003 n.e1 .011 −0.32 ± 0.09*** −0.08 ± 0.07

B MAI_H400 <.001 .002 n.e1 .040 −0.15 ± 0.08 −0.30 ± 0.08***
MAI_DBH400 <.001 .038 −0.15 ± 0.07* .587 n.e2 n.e2

75 cm MAI_H400 <.001 <.001 −0.25 ± 0.06*** .643 n.e2 n.e2
MAI_DBH400 <.001 .003 −0.19 ± 0.06** .340 n.e2 n.e2

Mgconc A MAI_H400 <.001 <.001 −0.29 ± 0.07*** .718 n.e2 n.e2
MAI_DBH400 <.001 <.001 −0.25 ± 0.07*** .195 n.e2 n.e2

B MAI_H400 <.001 .028 −0.13 ± 0.06* .407 n.e2 n.e2
75 cm MAI_H400 <.001 .001 −0.21 ± 0.06** .652 n.e2 n.e2

MAI_DBH400 <.001 .010 −0.17 ± 0.06* .207 n.e2 n.e2
Bconc B MAI_H400 <.001 .022 n.e1 .045 −0.03 ± 0.06 −0.27 ± 0.11*
Clay content A MAI_H400 <.001 .043 n.e1 .010 −0.25 ± 0.08** −0.07 ± 0.08

MAI_DBH400 <.001 .092 n.e1 .002 −0.25 ± 0.08*** 0.01 ± 0.08
AWC 25–50 cm MAI_H400 <.001 .049 0.12 ± 0.06* .501 n.e2 n.e2

MAI_DBH400 <.001 .003 0.18 ± 0.06** .660 n.e2 n.e2
50–75 cm MAI_H400 <.001 .020 0.15 ± 0.07* .524 n.e2 n.e2

MAI_DBH400 <.001 .003 0.19 ± 0.06** .155 n.e2 n.e2
75 cm MAI_H400 <.001 .003 0.19 ± 0.06** .630 n.e2 n.e2

MAI_DBH400 <.001 <.001 0.23 ± 0.06*** .096 n.e2 n.e2
Thickness of A-horizon MAI_H400 <.001 .021 0.13 ± 0.06* .370 n.e2 n.e2

MAI_DBH400 <.001 .001 n.e1 .026 0.28 ± 0.07*** 0.10 ± 0.07

Notes: Data are shown only when significant (p-value < .05) soil or “soil variable × age” interactive effect was observed. The standardized model coefficients charac-
terize the size and direction of the soil effect at both ages (β5, β15) or mean effect across ages (βpooled) in the case of non-significant interaction.

an.e1 – not estimated because there was a significant “soil × age” interactive effect.
bn.e2 – not estimated because the “soil × age” interactive effect was non-significant.
*p < .05.
**p < .01.
***p < .001.
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Stener 2005, 2014). The study by Johansson (2013a) reports a
variability of height growth between 10 and 20 m in hybrid
aspen plantations in central Sweden, which is similar to the
results of our study (range: 8.8–20.0). In southern Swedish
hybrid aspen plantations MAI of stem volume over bark has
been estimated within 10 and 16 m3 ha−1 at the age of 14
(Rytter & Stener 2005), reaching 20 m3 ha−1 at the end of
the rotation period (Rytter & Stener 2014). The mean MAI in
our study was about 9 m3 ha−1 on Oxalis and Aegopodium
site types, being 13 m3 ha−1 on the best sample plot on Aego-
podium site type at the age of 15. The modest MAI in our study
can be explained by lower stand density and colder climate
compared to southern Sweden. Moreover, the northern
origin planting material used in Estonian hybrid aspen planta-
tions (Tullus et al. 2007) is less productive compared to
southern origin genotypes, due to shorter leafy period
(Lutter et al. 2016b).

The hypothesized soil factors increasing the effect on tree
growth with age was partly supported by the results as both
strengthening as well as weakening of the growth–soil associ-
ations was observed.

The finding that tree growth rate was limited in soils with
neutral reaction in the A-horizon on the 5-year-old plantations
was no longer evident by the midterm period. This can be
explained by a decrease of pHKCl in the A-horizon during
the last 10 years in the studied hybrid aspen plantations
(Lutter et al. 2016a). Another explanation is that the upper-
most soil layer of previous agricultural lands was intensively
limed to cover leaching losses during past land-use (Kõlli &
Ellermäe 2003; Ritter et al. 2003; Wall & Hytönen 2005). The
impact of liming on trees could be more pronounced after
afforestation, when small-dimensioned hybrid aspen trees
have unnoticeable effect on soil environment. Increased
dimensions of trees and amounts of leaf and root litter
(Rytter 1999; Vervaet et al. 2002; Meiresonne et al. 2007) as
well as increased fine root rhizosphere producing H+ extrac-
tions (Nilsson et al. 1982; Hinsinger et al. 2003) have had
more significant impact to soil environment during the plan-
tations’ development from young to midterm period (Lutter
et al. 2015, 2016a). However, the soil gradient in our study
covers also some naturally calcareous subsoils, where trees’
growth has been slower in neutral soil reaction conditions
(Hepatica site type). As our study includes a large variability
of soil types (Lutter et al. 2016a), it is difficult to estimate
the precise pH optimum for hybrid aspen. The soil reaction
(mean = 5.7, range: 4.1–7.3) in our study covers the typical
range of Estonian arable lands and generally matches that rec-
ommended for poplars (Stanturf et al. 2001; Pinno et al. 2010;
Hjelm & Rytter 2016).

The thickness of the A-horizon was positively related to
tree growth in 5-year-old plantations. Soil A-horizon depth
has also been found to be an important factor in tree
growth in sparse poplar plantations in other studies covering
the early growth stage (Pinno et al. 2010). A deeper A-horizon
means better conditions for root expansion and larger nutri-
ent pools (Fisher & Binkley 2000) as well as more available
water storage (Tullus et al. 2010; Lutter et al. 2015). This
finding is also supported by Rosenvald et al. (2014), who
found that 99.8% of fine roots were located in the A-horizon

in a young hybrid aspen plantation on previous agricultural
land. Clay content negatively affected tree growth in 5-year-
old plantations. This indicates that root development and
nutrient uptake were more enhanced in light-textured soils
(Tullus et al. 2010; Nielsen et al. 2014), where root penetration
and development are probably easier after the first years of
tree planting (Sinnett et al. 2008). However, automorphic
soils with a higher clay content also have better ability to
retain soil moisture (Helling et al. 1964; Martin & Gower
2006; Tullus et al. 2010). The significant positive impact of
A-horizon thickness and the negative impact of clay content
on tree growth disappeared in the 15-year-old plantations.
This tendency is probably due to lowered soil BD in 0–
30 cm soil depth as organic material inputs albeit improving
soil’s capacity to store water (Hansen 1993; Rawls et al.
2003). More porous soil structure facilitates water transport
through the soil, which could be advantageous during
water saturation periods (Fisher & Binkley 2000). Another
explanation of the vanishing effect of A-horizon thickness
could be older trees’ root exploration of deeper soil layers
(Kahle et al. 2010; Stark et al. 2015) compared with young
trees (Rosenvald et al. 2014).

Soil AWC (estimated for 25–50, 50–75 or 0–75 cm sub-
layer) was a significant factor to dominant trees’ growth
both in 5- and 15-year-old plantations. Soil water properties
are related to soil texture (Fisher & Binkley 2000) and
poplars prefer well-aerated soil with sufficient moisture
content (Stanturf et al. 2001), where the deeper subsoil
layer (B-horizon) is fine textured with greater ability for
water storage (Martin & Gower 2006; Tullus et al. 2010).
Such soils in our study were prevailing mainly in Aegopodium
site type. Similarly to hybrid aspen, a significant positive effect
of AWC in 0–75 cm soil depth on dominant trees’ height
growth was also observed in 15-year-old silver birch SRF plan-
tations (Lutter et al. 2015). However, while hybrid aspen was
more significantly affected by AWC in deeper soil layers, the
impact of AWC on silver birch was stronger in the uppermost
0–25 cm soil layer (Lutter et al. 2015). The importance of
deeper soil AWC to hybrid aspen can be explained by the
aspen’s deeper rooting system (Persson 1975; Strong & La
Roi 1985). Our findings are in agreement with Canadian
studies, where soil texture as a proxy for soil water properties
was an important factor describing productivity of poplars
(Pinno & Belanger 2009; Pinno et al. 2010) and aspens
(Martin & Gower 2006; Pinno & Belanger 2011). Thinnings
are recommended to redistribute soil water resources and
to improve their availability for the remaining trees (Bréda
et al. 1995; Jiménez et al. 2008; Otto et al. 2014).

We found that several studied nutrients showed significant
impact on hybrid aspen productivity. However, it should be
noted that we studied soil nutrients that are directly available
to plants (except Ntot) and total soil nutrient pools are higher
as they contain also reserves that are not directly available to
plants (Fisher & Binkley 2000). In this study, we analysed plant-
soil relations based on the availability and stocks of soil nutri-
ents. At the same time, nutrient uptake by trees depends also
on the status of microbial activity in the soil solution near
roots (Kreuzwieser & Gessler 2010). For example, mycorrhizal
fungi and nitrogen-fixing bacteria could be responsible for
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80% of nitrogen and up to 75% of phosphorus uptake by
plants in temperate and boreal forests (van der Heijden
et al. 2008).

High concentrations and stocks of soil base cations (Ca,
Mg) showed several negative relations with tree growth at
both ages. A lower tree growth rate in soils with higher Ca
and Mg is similarly explicable to soil pHKCl – calcareous soils
have also higher reserves of soil base cations and soil acidifi-
cation promotes non-acid base cations replacement with acid
(Lutter et al. 2016a). In addition, calcareous soils have high
content of stones and gravel that causes soil to have less
water-holding capacity as seen for the Hepatica site type.
About 60% of Estonian arable soils have a deficiency of
plant-available magnesium (Mg < 100 mg kg−1) (Loide et al.
2010). Soil A-horizon Mg concentration of less than
100 mg kg−1 was observed in about half of the studied
sample plots. However, Mg concentration in A-horizon
remained at the same level in 15-year-old plantations com-
pared to 5-year-old (Lutter et al. 2016a). Similarly to our
study, a negative impact between available Mg in 0–30 cm
soil depth and trees productivity was also found in a dense
4-year-old poplar coppice plantation in Belgium (Laureysens
et al. 2004). Populus spp. are generally quite Ca demanding
(Stanturf et al. 2001; Pare et al. 2002; Meiresonne et al.
2007) and a positive significant impact of soil Ca on sparsely
planted hybrid poplars growth rate in abandoned farmlands
has been observed (Pinno et al. 2010; Truax et al. 2012). In
soil chemistry, Ca and Mg cannot be treated separately as in
ion exchange processes Mg behaviour is counterbalanced
by the abundance of Ca in the soil solution (Tyler & Olsson
2001). Simultaneously during the study period no unbalanced
Ca:Mg ratio was recorded as it stayed within the interval of 10
up to 20:1 (Lutter et al. 2016a), which ensures optimal con-
ditions for high crop productivity (Loide 2004). So far, we
can conclude that the requirement of soil base cations is
met on studied former arable lands after 15 years of afforesta-
tion with hybrid aspen; however, it may become problematic
for some Oxalis and Aegopodium soils with naturally low base
saturation (Lõhmus 1974).

Generally, poplars’ growth rate is sensitive to soil nitrogen
availability (Stanturf et al. 2001; Pinno & Belanger 2009; Fortier
et al. 2010). The negative impact of soil B-horizon Ntot and SOC
concentration on tree growth could be because Ntot is higher
in moister soils, where anaerobic conditions prevail (Brockett
et al. 2012) and N mineralization is limited (Berg 2000; Hobbie
et al. 2002). This is confirmed in Dryopteris soils, which had
remarkably high Ntot content compared with other site
types. Ntot and SOC showed also a slight increment in their
concentration from the age of 5 to 15 (Lutter et al. 2016a),
which, however, was negatively related to tree growth
(Lutter et al. 2016a). A negative relation between tree
growth and Ntot in the 0–15 cm soil layer has been found in
sparse hybrid poplar plantations in temperate Canadian aban-
doned farmlands (Truax et al. 2012). Therefore, the results of
our study also confirm that higher concentration of Ntot in
soil cannot ensure high productivity of trees (O’Connell
et al. 2003; Truax et al. 2012) as the amount of Ntot is not
directly related with plant-available (mineralized) N (Fortier
et al. 2010; Ros et al. 2011).

The impact of available P stock on tree growth was impor-
tant at both ages. Available P, which is found in higher con-
centrations in former agricultural lands than forests and
mainly depends on previous fertilization (Kõlli et al. 2008), is
generally sensitive to soil pH and Ca dynamics (Kleinman &
Sharpley 2002; Renneson et al. 2015). As soil P concentrations
remained unchanged and pH along with Ca decreased (Lutter
et al. 2016a), P availability was probably compensated by the
release of P that have been previously bounded with Ca (Sorn-
Srivichai et al. 1984). A survey about soil nutrient changes
between 5-year-old and 15-year-old hybrid aspen plantations
did not reveal any depletion of available P in either the A- or
the B-horizon (Lutter et al. 2016a). Available P in the upper-
most soil layer was found to be a growth-limiting macronutri-
ent in several studies of sparse Populus spp. plantations on
abandoned farmlands (Tullus et al. 2010; Truax et al. 2012)
as well as on forest soils (Hjelm & Rytter 2016). We did not
notice any significant impact of the B-horizon’s P concen-
tration on tree growth, similarly to Pinno et al. (2010), who
reported only a marginal impact of B-horizon P on young
hybrid poplars’ productivity. Even though high P concen-
trations from previous fertilization could be quite long-
lasting (Wall & Hytönen 2005; Lutter et al. 2016a), we can con-
clude that available P was the only nutrient of which low
stocks showed a significant tree growth-regulating effect
both in 5- and 15-year-old plantations.

The only micronutrient that showed a significant (nega-
tive) relationship with tree growth was available B concen-
tration in the B-horizon in midterm plantations. During the
past 10 years in the studied hybrid aspen plantations, avail-
able boron had significantly decreased whereas the decrease
had been larger in faster-growing plantations (Lutter et al.
2016a). Among the studied site types, the available B concen-
tration in the A-horizon was significantly lower in more pro-
ductive Oxalis and Aegopodium site types. Boron is in deficit
in Nordic conditions (Lehto et al. 2010) and lack of B could
start to limit trees’ productivity (Stone 1990; Dell & Huang
1997). We did not detect any limiting impact of soil available
micronutrient (Cu, Mn, B) stocks or concentrations on domi-
nant tree growth at the age of 15 and we can conclude that
soil Cu, Mn and B reserves are still sufficient for optimal tree
growth in midterm plantations on former agricultural lands.
However, smaller concentrations of available B in more pro-
ductive soils suggest that B might become problematic in
the second half of the hybrid aspen rotation period.

In conclusion, our study confirms first-generation hybrid
aspen plantations’ higher productivity on former agricultural
lands during the first 15 years in Estonian conditions com-
pared to native European aspen stands. The highest pro-
ductivity was observed on soils corresponding to Oxalis and
Aegopodium forest site types. Compared to young age with
midterm the growth potential had improved on Aegopodium
soils, remained moderate on Dryopteris and decreased on
Hepatica soils. Therefore, Hepatica site type soils are not rec-
ommended for afforestation with hybrid aspen if high pro-
ductivity is desired. The significant growth factors just in
young plantations were: A-horizon pHKCl, available Ca concen-
tration, content of clay and thickness of A-horizon. In the B-
horizon, Ntot, SOC and available B concentrations had a
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significant negative effect on tree growth only in midterm
plantations. Soil AWC in deeper soil layers and available P
(A-horizon concentration and stock) showed a significant
growth-controlling effect on tree productivity in both young
and midterm plantations. The results suggest the need for
thinning during the second half of the rotation period not
only to enlighten the tree crowns but also to redistribute
soil resources. As the majority of studied macro- and micronu-
trients were not proved to restrict tree growth, we can
exclude the fertilization need at this point of stand
development.
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