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1. INTRODUCTION 

In the light of increased CO2 concentration in the atmosphere, which 
evokes global climate change, the importance of woody biomass for 
energy use is increasing. On the other hand, the role of forest ecosystems 
is highly important for carbon (C) accumulation reducing thereby the 
effect of global warming. C accumulation both in woody biomass and in 
soil, mitigates climate changes. In accordance with the Paris Agreement 
2015, in particular, also the Government of Estonia should act towards 
reducing the use of fossil fuels and increasing the share of bioenergy in 
the nearest future. As the need for bioenergy is growing, the use of 
woody biomass as well as the issue of short rotation forestry (SRF) will 
be more highlighted. These circumstances have created an increased 
need for new sources of bioenergy and, in connection with this, 
implementation of new forestry management practices are highly 
important. 

In the present thesis two actual forest management issues are addressed, 
both of which are related to forest as a bioenergy source: 1) grey alder 
forests as prospective stands for SRF in Estonian conditions; 2) 
harvesting of Norway spruce stumps as a prospective bioenergy source. 

1. Grey alder is a highly productive tree species and promising for SRF 
in Estonia (Uri et al. 2002, 2003, 2009, 2011) and has demonstrated 
vigorous growth both on mineral and organic soils in the Nordic and 
Baltic regions (Granhall and Verwijst 1994; Saarsalmi 1995; Rytter 1996; 
Telenius 1999; Miežite 2008; Hytönen and Saarsalmi 2009). In Estonia 
the growing stock of grey alder stands increased markedly during the last 
half century, reaching roughly 30 million m3 (Yearbook Forest 2014). 
Although grey alder timber resource is appreciable also in the Nordic 
and Baltic countries (Aosaar et al. 2012), the management of these stands 
is still modest. 

Moreover, Alnus species have the ability to fix symbiotically the 
atmospheric N2 through Frankia and therefore are important tree species 
for soil biological fertilization (Granhall 1994). Several studies 
(Tjepkema et al. 1986; Baker and Schwitzer 1990; Huss-Danell 1997; 
Dawson 2008) indicate the high importance of N2 fixing Alnus species 
in the N cycle of temperate and boreal forests. In forest ecosystems N2 
fixing trees may have also a significant effect on the soil C pool, by 
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increasing detritus inputs, and contribute to humus formation (Binkley 
2005). 

The prediction of the growth dynamics of stands and the decision 
making process in forestry are often based on yield tables, which 
therefore can be used also for estimating C sequestration in forest 
ecosystems. Up to date the only yield table for Estonian grey alder stands 
was compiled by A. Raukas in 1930. However, the productivity of forest 
has changed and the increased growth of European forests during the 
last half-century has been reported in several papers (Nilson et al. 1999; 
Mund et al. 2002; Norby et al. 2005). It can mainly be explained by 
increased CO2 level in the atmosphere and by climate change. A similar 
phenomenon is also known from Estonian forests; during last half-
century the average annual increment of Estonian forests has roughly 
doubled (Valk and Eilart 1974; Yearbook Forestry 2014). Thus, there is 
a clear need for new growth models of Estonian grey alder stands. In 
the present study a new grey alder yield table was elaborated for Estonian 
conditions (II). 

The expected more intensive management of grey alder stands creates 
the need for new knowledge of possible environmental impacts related 
to the N cycle. We studied the effect of clear-cut on the nitrogen (N) 
cycle in grey alder stands, focusing on the annual net nitrogen 
mineralization (NNM) flux. The NNM is one of the crucial N 
transformation processes in boreal and temperate forests, producing 
available N for plant biomass production (Luo et al. 2004). The NNM in 
forests depends on several factors like soil type and its properties, tree 
species, soil disturbances, weather conditions, etc. (Zak et al. 1990; 
Goodale and Aber 2001; Lovett et al. 2002; Uri et al. 2008). However, in 
stands of N2-fixing tree species, soil may have much higher organic 
matter content and 20-50 % higher N concentrations in the topsoil layer 
compared to stands of non-N2-fixing tree species (Wang et al. 2010), 
which may affect NNM significantly. Further, as grey alder is a N2-fixing 
tree species, N leaching in these stands can be more intensive than in 
other deciduous stands; N leaching in a red alder-conifer mixed stand 
can be in the amount of 5-50 kg ha-1 yr-1 (Binkley et al. 1992) and essential 
N leaching may occur after harvesting a mature alder stand (Van 
Miegroet et al. 1992). 
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2. Stump harvesting has emerged as an actual research topic in the 
Nordic countries owing to the extensive use of woody biomass. In 
Finland, the volume of harvested stumps has been increasing 
continuously, reaching 1.1 mil m3 in 2012 (Finnish Statistical Yearbook 
of Forestry 2013). Several studies on stump harvesting and the related 
environmental impact have been published in recent years (Grelle et al. 
2012; Eklöf et al. 2013; Karlsson and Tamminen 2013; Piri & Hamberg 
2015; Egnell 2016; Hyvönen et al. 2016; Kataja-aho et al. 2016). However, 
in Estonia, stump harvesting is not yet a common forest management 
practice and only the first case study was published recently (IV). This 
study addresses the issues of the biomass and energetic value of 
harvested stumps as well as soil nutrient and carbon losses 
accompanying stump extraction. 

Both positive and negative environmental and management effects of 
stump harvesting have been highlighted. According to Saarinen (2006), 
Berglund and Åstrom (2007), and Eriksson and Gustavson (2008), soil 
scarification as a co-effect of stump harvesting reduces the cost of new 
forest cultivation. Studies by Hakkila (2004), Vasaitis et al. (2008), and 
Walmsley and Godbold (2010) indicate that stump harvesting decreases 
pine weevil damage and infection by root pathogens, which improves 
the survival of the planting stock. Of negative environmental effects soil 
disturbances have been reported (Walmsley and Godbold 2010; Eklöf et 
al. 2013). Large soil disturbances alter significantly soil structure and 
physical condition, which may affect C and nutrient balance due to the 
mineralization process (Walmsley and Godbold 2010). It has been found 
that stump harvesting has a stronger impact on soil C and N dynamics 
through extensive mixing of the soil layers compared with soil 
preparation (Kataja-aho et al. 2012). Because of more intensive N 
mineralization and nitrification in stump harvested clear-cuts also 
nutrient leaching may increase. According to Palviainen et al. (2010) and 
Walmsley and Godbold (2010) especially phosphorus (P) leaching can 
be considered a serious environmental risk. 

The present thesis represents a synthesis of five papers. Three papers (I, 
II, III) consider the production and yield of grey alder stands, the effect 
of alders on the soil CN status and the effect of the clear-cut of matured 
grey alder stand on N cycling. Papers IV and V summarise the results of 
stump harvesting experiment: the biomass of harvested stumps and the 
environmental effects of stump harvesting on nutrient cycling. 
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The thesis discusses several novel aspects. As stump harvesting is a new 
forestry management practice, novel knowledge of this issue is 
presented. The effect of stump extraction on the NNM flux and nutrient 
and C loss in different soils was studied. Also short rotation forestry is a 
novel forest management method in Estonia. For Estonian grey alder 
stands, new yield tables were elaborated, and the effect of previous land 
use history on the CN status in grey alder stands was estimated. The 
impact of the clear-cut of mature grey alder stand on the annual NNM 
flux and N leaching was studied. 
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2. REVIW OF THE LITERATURE 
 
2.1 Biomass production and yield tables of grey alder stands 

Several papers report the fast growth and high production of grey alders 
(Granhall and Verwijst 1994; Saarsalmi 1995; Rytter 1996; Telenius 
1999; Johansson 2000). This issue has also been addressed in Estonia 
(Lõhmus et al. 1996; Tullus et al. 1998; Uri et al. 2003). The results of 
these studies indicate that grey alder is a promising tree species for SRF 
in Estonian soil and climate conditions (Uri et al. 2002, 2003, 2009; 
2011). The highest woody biomass production in a grey alder plantation, 
17 t DM ha-1 has been reported for a 5-year-old irrigated and fertilized 
stand (Granhall and Verwijst 1994), which demonstrates the good 
potential of this tree species for SRF. In Estonia the annual stemwood 
production of young grey alder stand may even reach 14 t DM ha-1 yr-1 
(I), however normally it varies between 2 and 5 t DM ha-1 yr-1 (Aosaar et 
al., 2012; I). Grey alder is also a vital pioneer tree species which is rapidly 
occupying abandoned agricultural areas (Saarsalmi 1985; Granhall 1994; 
Shivdenko et al. 1997; Staaland et al. 1998; Uri et al. 2002). This explains 
the increased resource of grey alder forests in Estonia in the last half 
century. 

For grey alder seven yield tables are available in the Nordic and Baltic 
countries (Aosaar et al. 2012). Usually, yield tables are region specific and 
match certain climate and soil conditions (Aosaar et al. 2012). Since the 
only yield table of grey alder stands in Estonia was published in 1930 by 
A. Raukas, the need for new growth models was obvious. 
 

2.2 Nitrogen and carbon cycling in grey alder stands 

Due to atmospheric N2-fixation, alder species are also good for 
biological fertilization (Granhall 1994). According to literature data, 
atmospheric N2 fixation of alder stands varies a great deal (Binkley 1981) 
and depends on factors like soil properties, stand density and age 
(Johnsrud 1978; Bormann and Gordon 1984; Lõhmus et al. 2002). In 
Estonia the reported flux via symbiotic N fixation is in the range of 28-
185 kg N ha-1 yr-1 (Lõhmus et al. 2002; Uri et al. 2011). Because of 
intensive N2 fixation, alder stands may cover a large part of the annual 
N demand by symbiotic N2 fixation (Šlapokas 1991; Rytter 1996; 
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Lõhmus et al. 2002; Uri et al. 2003, 2011; Mander et al. 2008). Although 
the large N input through symbiotic fixation, several studies have shown 
that alders can accumulate a large amount of N in biomass and in the 
soil (Mander et al. 1997; Hytönen and Saarsalmi 2009; Uri et al. 2011). In 
Estonia, according to several studies, grey alder ecosystems are 
functioning as effective buffer zones to absorb the input of N and P 
from adjacent agricultural lands (Mander et al. 1997, 2008; Soosaar et al. 
2011). However, a large N input into the ecosystem may induce some 
environmental risks like leaching (Binkley et al. 1992) or N2O emission 
(Soosaar et al. 2011). Grey alder is a vital pioneer tree species that often 
occupies abandoned agricultural lands, increasing thereby N and C 
accumulation in the soil (Uri et al. 2011; I). C accumulation in the soil 
and in woody biomass is thought to have a great potential for temporary 
and long-term C storage (Gower 2003). According to Peltoniemi et al. 
(2004), forest soils store a substantial amount of C which is often larger 
than that stored by forest. As the cycles of C and N are closely related, 
fast growing grey alders have been shown to have a great potential for 
accumulating C both in biomass and in the soil during a quite short 
period of time (Uri et al. 2011; I). 
 

2.3 Norway spruce stump harvesting 

Stump harvesting has become more actual in the Nordic and Baltic 
countries and several studies have dealt with this issue (Lazdins et al. 
2009; Walmsley and Godbold 2010; Grelle et al. 2012; Kataja-aho et al. 
2012; Eklöf et al. 2013; Hellsten et al. 2013; Iwald et al. 2013; Persson 
2013; Egnell 2016; Hyvönen et al. 2016; Kataja-aho et al. 2016). The first 
Estonian case study on spruce stump harvesting was published in 2015 
(IV). It has been demonstrated that due to its shallow root system, 
Norway spruce is a preferable tree species for stump harvesting (Köstler 
1968; Hakkila 2003; Laitila et al. 2008; Palviainen et al. 2010; 
Athanassiadis et al. 2011). In Finland the average stock of harvested 
stumps was 75 m3 ha-1 and in Latvia 100 m3 ha-1 of stump wood was 
considered a good result (Hakkila 2003; Lazdins and Zimelis 2012). 
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2.4 Silvicultural and environmental effects of stump 
harvesting 

The silvicultural and environmental effects of stump harvesting have 
been considered in several studies, however their results are rather 
contradictory. A positive growth effect of a new forest generation due 
to stump harvesting has been found in 45% of the analysed cases; a 
marginal impact or no impact was found in 34% of the cases and a 
decrease in 21% of the cases (Vasaitis et al. 2008). Stump harvesting acts 
as soil preparation reducing thereby the cultivation cost of the new forest 
generation (Saarinen 2006; Berglund and Åström 2007; Eriksson and 
Gustavsson 2008). Also Menkins et al. (2010) and Lazdins and Mattila 
(2012) report that stump harvesting can improve the survival of the 
planting stock. Stump harvesting can help reduce pine weevil damages 
and infection by Heterobasidion and Amarillaria sp root pathogens (Piri 
2003; Hakkila 2004; Vasaitis et al. 2008; Walmsley and Godbold 2010). 
However, one of the negative effects of stump harvesting is increased 
nutrient loss from site with removed stumps (Walmsley and Godbold 
2010; Helmisaari et al. 2011), which may affect the development of the 
next forest generation (Palviainen et al. 2010). Merilä et al. (2014) report 
that nutrient removal depends on the tree species, harvesting method 
and intensity of harvesting. Stump harvesting disturbs soil structure in 
the upper layer, which may have a significant impact on mineralization 
and soil respiration (Walmsley and Godbold 2010). Few studies have 
explored the effect of stump harvesting on the forest soil CO2 efflux 
(Grelle et al. 2012). 
 

2.5 Net nitrogen mineralization and nutrient leaching 

Net nitrogen mineralization (NNM) is usually the most essential flux of 
N in boreal and temperate forests because most of the nitrogen 
assimilated by plants is produced by in situ mineralization of native 
organic matter (Tate 1995). The NNM may vary between 24 kg ha-1 yr-1 
and 200 kg ha-1 yr-1 and covers a major part of the N demand of 
deciduous stands (Aber et al. 1989; Scott and Binkley 1997; Magill et al. 
2000). Alder stands are exception in this regard since most of the annual 
use of nitrogen may be covered from its symbiotic fixation (Lõhmus et 
al. 2002). In Estonia, for a young grey alder stand, an annual NNM of 
124 kg N ha-1 yr-1 has been reported (Uri et al. 2011) and in a riparian 
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grey alder stand, annual NNM has varied between 43 kg N ha-1 yr-1 and 
188 kg N ha-1 yr-1 (Lõhmus et al. 2002). In conifer stands, the annual 
NNM flux has been found to be lower than in deciduous forests 
(Nadelhoffer et al. 1984; Williams 1992; Persson and Wirèn 1995). In 
Estonia, the estimated flux of NNM in Norway spruce and Scots pine 
stands has been between 6 and 30 kg N ha-1 yr-1 (Pajuste and Frey 2003; 
Külla et al. 2004).  

Soil disturbances caused by stump harvesting may have a significant 
effect on nutrient transformation processes like N mineralization and 
leaching (Walmsley and Godbold 2010; Kataja-aho et al. 2012). 
However, this issue is poorly covered by research and we found only 
few results (Kataja-aho et al. 2012). 

The N leaching may potentially occur in grey alder stands or after stump 
harvesting and is thus a possible environmental risk. Van Miegrot et al. 
(1992) reports that after the harvest of a mature grey alder stand essential 
nitrate leaching may take place. According to Binkley et al. (1992) the 
amount of leached N is 5-50 kg N ha-1 yr-1 in a red alder-conifer mixed 
forest, which can be considered an essential N loss. After stump 
harvesting nutrient leaching may increase; especially phosphorus (P) 
leaching can be considered as a serious environmental risk (Palviainen et 
al. 2010, Walmsley and Godbold 2010). According to Mackenzie et al. 
(2005), any mechanical soil preparation may increase nutrient leaching; 
yet decomposing stumps may act as a N sink and prevent leaching 
(Palviainen et al. 2010). 
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3. AIMS OF THE STUDY 

With the increasing demand for bioenergy the management of grey alder 
stands, as short rotation forestry (SRF) and spruce stump harvesting, will 
become more actual. It is known that forests are C sequestrating 
ecosystems and play an important role in mitigating climate changes. 
Therefor, studies on carbon cycling in forest ecosystems are highlighted. 
However, as carbon and nitrogen cycling are closely interrelated, also the 
latter should be addressed. 

In the present study grey alder stands as SRF and several aspects related 
to stump harvesting were studied. The working hypotheses and the main 
aims of the thesis are: 

Hypotheses: 

1. The growth of natural grey alder stands in Estonia has increased. 
2. In grey alder stands previous land use history affects carbon and 

nitrogen accumulation in the soil. 
3. After clear-cut of grey alder stand the intensity of NNM 

increases, which may induce soil nitrogen losses.  
4. Norway spruce stumps serve as a potential source of bioenergy 

in Estonia, however stump harvesting may initiate larger C and 
NPK losses from the ecosystem. 

5. Stump harvesting increases NNM intensity and nutrient leaching 
in Norway spruce clear-cut area. 

The main aims of the study: 

1. To estimate the above-ground biomass production and carbon 
accumulation in grey alder chronosequence stands; 

2. To compile a new yield table for natural grey alder stands in 
Estonia; 

3. To assess the effect of clear-cut of mature grey alder stand on 
nitrogen fluxes;  

4. To establish the potential of Norway spruce stumps as a source 
of bioenergy in Estonia; 

5. To evaluate nutrient and carbon loss from the soil due to 
stump removal; 
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6. To assess the effect of stump harvesting on NNM intensity and 
nutrient leaching in Norway spruce clear-cut area. 
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4. MATERIALS AND METHODS  
 

4.1 Study sites 
 

4.1.1 Grey alder stands 

The results for the dynamics of carbon and nitrogen (CN) accumulation 
of the thesis were obtained from the study of 35 grey alder stands (Fig. 
1) of which 34 were used for the chronosequence study (II). The effect 
of clear-cut on net nitrogen mineralization (NNM) and N leaching was 
investigated for one 32-year-old stand (Agali-1) (III). Some results of a 
long-term study, carried out in a grey alder stand planted on abandoned 
agricultural land (Holvandi stand) were included (I). All grey alder stands 
were located in the southern and south-eastern parts of Estonia (Fig. 1) 
and they were growing on fertile soils; of the Ageopodium or the Oxalis 
site type according to the Estonian forest site type classification 
(Lõhmus 1984). 

 

Figure 1. Location of the grey alder and stump harvesting study areas 
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4.1.2 Norway spruce clear-cuts 

Four Norway spruce clear-cuts were selected for the stump harvesting 
study (Fig. 1 and Table 1) and three of them were involved in the study 
clarifying the effect of stump extraction on NNM and leaching (V). Two 
of the stump harvesting sites were located in the southern part of 
Estonia and two of them were located in the central part of Estonia. 
According to the Estonian forest site type classification, the clear-cuts 
were classified as Hepatica, Oxalis and Myrtyllus site types. 
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Table 1. M
ain characteristics of the stum

p harvesting study areas 
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0.64 
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239 

63 
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26°45'20.7" E

 
0.50 
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26°24'26.1" E
 

0.62 
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ndogleyic 
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22 
1238 

78 



23

 
4.2 Estimation of biomass and production 

 
4.2.1 Grey alder stands (I, II) 

In the present study the above-ground overbark leafless woody biomass 
(AGB) and the current annual production (CAP) of stand were 
estimated by using dimensions analyses (Bormann and Gordon 1984). 
All biomass measurements were carried out at the end of the vegetation 
period (August, September). In all studied stands the trees were divided 
into five size classes by breast height diameter (D1.3). From each diameter 
class, at least one model tree was randomly selected and felled. The 
model trees were divided into three fractions: stem, branches and 
current year-shoots. The stem of the trees of the young stands (5-20-
years) was divided into five sections: 0-1.3 m, 1.3 m - up to the living 
crown and the living crown, which was in turn divided into three equal 
sections. For the older stands, the model trees were divided as follows: 
0-1.3 m, 1.3 m - up to the living crown by 2m long sections and the living 
crown, which was divided into three equal sections. The mass of every 
stem section as well as the branches from every crown section were 
weighed in forest. From every stem section, one disc was sawn and taken 
to the laboratory for estimating the share of wood and bark. Also one 
model branch was separated from every crown section and taken to the 
laboratory. In the laboratory, subsamples were separated and dried at 70 
oC until constant weight and weighed to 0.01g. The dry mass of different 
fractions was calculated for each model tree by multiplying the 
corresponding fresh mass by dry matter content. For estimation of AGB 
or stem mass, an allometric equation (1) was used. 

,        (1) 

y - is the dependent variable (AGB, stem mass or the mass of the 
branches of a tree) 

D1.3 - is the diameter of the breast height 

a and b - are parameters 

The CAP of stemwood was estimated on the basis of annual rings. 
LINTAB tree-ring measurement station with TSAP-WIN software 
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analysis was used to measure the width of the annual rings to 0.001 mm 
(Copyright © 2003 Frank Rinn, Heidelberg, Rinn Tech). To calculate 
annual wood increment equation (2) (Whittaker and Woodwell 1986) 
was used. 

      (2) 

∆W - is the annual dry mass increment of wood (g) 

W - is the dry mass of wood (g) 

r - is the radius of the analysed disk (mm) 

i - is the thickness of an annual ring (mm) 

For calculation of stem mass production, the relative increment of the 
wood and bark fractions was assumed to be equal. For the stemwood 
increment of stand, allometric relationship (1) was found between 
annual production of stem biomass and tree diameter (D1.3). 
 

4.2.2 Norway spruce stumps (IV) 

Stump biomass was estimated on the basis of the data of extracted model 
stumps. In this thesis the term “stump” stands for the whole stump core 
with roots attached to it. The stump core remains after all roots are 
removed (Fig. 1 in IV). 

Before stump harvesting all diameters of the stumps were measured in 
sample plots in the clear-cut area and according to diameter distribution 
model stumps were selected. The stumps were divided into five diameter 
classes and from each diameter class one model stump was selected; 
additional stumps were selected from the class with the largest number 
of stumps. All selected model stumps (5-9 per site) were lifted whole by 
an excavator and then divided into fractions. There were four fractions 
according to the root diameter: d < 5 cm, 5 cm < d < 10 cm, d > 10 cm 
and the stump core. The fractions were weighed in the field to 10 g and 
then a subsample from every fraction was taken to the laboratory. In the 
laboratory dry matter content (DM), nutrient content and carbon 
content, net calorific value and basic density were estimated. For DM 
estimation the subsamples were dried at 70 °C to constant weigh and 
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weighed to 0.01 g. The DM of each fraction was calculated by 
multiplying individual fresh mass by DM content. An allometric 
equation (3) was used to estimate DM for the stumps at the study site. 
To convert biomass into volume units, average basic density was 
estimated. 

,         (3) 

y - is the dry biomass of stump 

D0 - is average stump diameter (cm) 

a and b - are parameters 
 

4.3 Net nitrogen mineralization experiments (III, V) 

For the net nitrogen mineralization (NNM) experiments, the buried 
polyethylene bag method was applied (Eno 1960; Adams et al. 1989; Hart 
et al. 1994; Uri et al. 2003, 2008, 2011). Polyethylene bags with a thickness 
of 18 μm were used. This ensures permeability to gases (O2, CO2, N2, 
etc.) but prevents leaching and addition of soluble N as well as N uptake 
by plants. There are several in situ methods to estimate N mineralization, 
but the method with buried bags and the method with covered cylinders 
are two of the most common ones (Hanselman et al. 2004; Duran et al. 
2012). Approximately one-month interval was used for sampling and 
incubation, where at each sampling 24 samples were taken from each 
treatment. One month is the optimal period where changes in mineral 
nitrogen concentration are assumed to take place (Adams et al. 1989). 
Simultaneously with incubation also initial samples were taken next to 
the site of the incubated sample. All samples were taken randomly from 
the upper 10 cm soil mineral layer with a cylindrical soil corer (Ø 48 
mm). The internal diameter of the inner part of the corer was 1.6 mm 
larger than the cutting edge to avoid compression of the soil. The 
samples were sealed in polyethylene bags and placed in the same hole 
where they were taken. At the grey alder site the NNM experiment was 
carried out from June 2011 to June 2012 and in the stump harvested 
areas NNM was studied form June 2012 to June 2013. In both 
experiments sampling was done monthly throughout the year, except for 
the period when the soil was frozen. Both the incubated and the initial 
samples from each sampling were collected separately and were pooled 
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to form three composite samples. All composite samples were 
transported to the laboratory on the same day. For estimation of NNM 
in the deeper soil layer (10-20 cm), an additional monthly experiment 
was carried out in the last month of the experiment. Soil cores were 
taken from the upper 20 cm layer and separated according to the two 
layers (0-10 cm and 10-20 cm). Both samples were sealed in polyethylene 
bags and incubated in the same hole in the same order. 

Annual monthly NNM was calculated as the difference between the 
incubated and the initial samples. Bulk density was used to calculate 
mineralized nitrogen in the upper 10 cm soil layer (Eq. 4-6). 

If the incubation period is  

     (4) 

    (5) 

     (6) 

 - concentration of ammonium nitrogen in the initial sample 

 - concentration of ammonium nitrogen at the end of the 
incubation period 

 - concentration of nitrate nitrogen in the initial sample, 

 - concentration of nitrate nitrogen at the end of incubation 
period, 

 - net ammonification in the period ,  

 - net nitrification in the period , 

 - net nitrogen mineralization in the period . 
 

4.4 Nitrogen leaching (III, V) 

Nitrogen leaching was estimated by using stainless steel plate lysimeters 
(III, V). In the 32-year-old grey alder stand 10 lysimeters were installed 
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at a depth of 40 cm both in the stand (control) and in the clear-cut area 
(treatment). In the stump harvesting study 14 lysimeters (7 in the 
harvested site + 7 in the control site) were installed at every study site 
(Elva; Rõuge and Orguse). All lysimeters were placed at a depth of 40 
cm both at the stump harvested and control sites (V). The collecting area 
of the one lysimeter was 627 cm2 and the lysimeters were connected via 
plastic tubes to a water collecting plastic canister (6000 ml). Water was 
collected monthly in both studies, except for the winter when the soil 
was frozen. 
 

4.5 N2O flux (III) 

The nitrogen gaseous efflux in the grey alder clear-cut experiment was 
measured with the static chamber method (Hutchinson and Livingston 
1993). At both experimental sites (clear-cut and control) five replicates 
were used. Four samples from each chamber were collected at 20 
minutes within 1 hour with a tube and syringe into 100 ml glass bottles 
from the headspace of the chamber. Air samples were analysed in the 
laboratory using the gas chromatography method (Shimadzu model GC-
2014). The nitrogen efflux rate was calculated using the linear increase 
of gas concentrations within time, corrected for the area and volume of 
the chamber. 
 

4.6 Soil analysis 

For soil analyses, soil pits in all study areas (I, II, III, IV, V) were dug 
to a depth of 1.0 m at each study stand or site. Pit locations were selected 
randomly at the site. The soil profile was described and the soil type was 
determined according to the WRB (2006). To estimate soil bulk density 
a 50 cm3 cylinder was used. Bulk density samples were taken to a depth 
of 50 cm with a 10 cm interval. The samples were dried at 105 °C to 
constant weight and weighed to 0.001 g. For soil chemical analyses, 
subsamples were taken from 10-15 random points per sample plot to a 
depth of 50 cm with a cylindrical soil corer (Ø 40 mm). The samples 
were taken from different depths (0-10, 10-20, 20-30, 30-40, 40-50 cm 
soil layers). Subsamples were pooled to form a composite sample and 
taken to the laboratory. The concentration of C and nutrients in the 
different soil layers was analysed in three replications. 
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4.7 Chemical analysis 

The Tecator ASN 3313 was employed for testing the soil samples for 
nitrogen according to Kjeldahl. Available phosphorus in the extraction 
solution was determined by flow injection analysis with the use of the 
Tecator ASTN 9/84 and the content of available potassium was 
determined from the same solution by the flame photometric method. 
Available (exchangeable) Ca and Mg were determined by using 1 mol L-

1 NH4OAc extracting solution buffered at pH 7. Soil magnesium content 
was determined by flow injection analysis with the Tecator ASTN 
90/92. Calcium was determined from the same solution by the flame 
photometric method. Soil pH in 1 M KCl suspensions was measured at 
a ratio of 10 g:25 ml. To test the soil for the C content of the oven-dried 
samples, the dry combustion method was used with the varioMAX CNS 
elemental analyser (ELEMENTAR, Germany). 

The samples of all model tree and stump fractions were analysed for 
total Kjeldahl nitrogen (N), total Kjeldahl phosphorus (P) and potassium 
(K) concentration. The block digestion and steam distillation methods 
were used for testing the plant material for N concentration (Tecator 
AN 300). Digest by flow injection analysis was used for testing the plant 
material for Kjeldahl P concentration (Tecator AN 5242) using the 
analyser Fiastar 5000 (Ruzicka and Hansen 1981; ISO/FDIS 15681). To 
test the plant material for K, the flame photometric method was 
employed. To test the plant material for C content in the oven-dried 
samples, the dry combustion method was used with the varioMAX CNS 
elemental analyser (ELEMENTAR, Germany). The analyses were 
carried out at the Biochemistry Laboratory of the Estonian University 
of Life Sciences. 

Water samples were analysed for NH4
+, NO2

-, NO3
- in the Biochemistry 

Laboratory of the Estonian University of Life Sciences and dissolved 
organic nitrogen (DON) and dissolved organic carbon (DOC) were 
analysed in the in the Laboratory of the Estonian Environmental 
Research Centre using the standard methods for water research (APHA 
1989). 
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4.8 Statistical analysis 

Normality of variables was checked using Lilliefors and Shapiro-Wilk’s 
tests. To analyse the effect of the treatment factors on the response 
variables, ANOVA was applied. ANOVA assumptions - normality, 
homogeneity of group variances and nonsignificant relationship 
between the group means and the standard deviations - were checked. 
For multiple comparisons of the means in case the assumptions were 
satisfied, t-test was employed to compare the two group means. 
Correlation matrix was used to estimate relationships. In all cases the 
level of significance 0.05 was accepted. The Wilcoxon Matched Pairs test 
was applied to compare the medians and to test significance between the 
net nitrogen mineralization intensity at different treatments. The Tukey HSD 
test was employed to perform multiple post-hoc comparisons between 
mean C and nutrient concentrations for different stump fractions. 

Linear and allometric models were employed for estimating 
relationships. The measure of the fit of the models was based on the 
adjusted coefficient of determination (R2) and the level of probability 
(p). 

In all cases the level of significance =0.05 was accepted. The software 
STATISTICA 7.0 was employed. 
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5. RESULTS 
 

5.1 Growth and yield of grey alder stands 

Leafless aboveground biomass as well as stemwood and branchwood 
density were estimated for 2-45 year-old grey alder stands (II). The mean 
annual increment (MAI) of 5-10 year-old grey alder stands ranged 
between 3.2 and 15.1 m3 ha-1 yr-1 and in the 10-20 year-old stands, 
between 6.2 and 14.7 m3 ha-1 yr-1. Average grey alder stemwood density 
was found to be 396 kg m3, which was used for recalculating biomass 
mass units into volume units. 

The stand volume and the annual volume increment of the grey alder 
stands varied greatly for the stands of similar age. For instance, stem 
volume for the 32-year-old stands varied between 167 and 423 m3 ha-1. 

Estimation of the bulk maturity of the grey alder stands was based on 
the mean annual increment (MAI) and current annual increment (CAI) 
of stem volume (i.e. stand age at which CAP falls below MAI) (Fig. 2). 

On the basis of the results presented in Fig. 2 and Table 2, the bulk 
maturity of the grey alder stands growing at fertile sites was reached at 
the age of 12-13 years (II). However, the recommendable cutting age for 
grey alder stands could be higher. Even at least 8 years after bulk 
maturity the MAI of the grey alder stands was still high, ranging between 
8.5 and 9.7 m3 ha-1 yr-1, being on the same level as at the age of 8-15 years 
(Fig. 2 and Table 2; II). In terms of biomass production, it would be 
unreasonable to cut a stand during the stages of intensive woody 
biomass increment and stemwood accumulation. 

Furthermore, some stands over 20 years old demonstrated still extremely 
high CAI values (Table 1 in II): 19.4 m3 ha-1 yr-1 for the 23-year-old stand 
and 16.2 m3 ha-1 yr-1 for the 32-year-old stands. Thus, the optimal 
harvesting age for obtaining a maximum biomass yield should be 20-25 
years (II). 
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Figure 2. Mean annual increment (MAI) and current annual increment (CAI) of stem 
volume for the studied grey alder stands 
 
5.2 Carbon and nitrogen accumulation in grey alder stands 

There was not found correlation between stand age and soil C 
content for whole dataset of the grey alder stands. However, for the 
first generation stands, both soil C and N storages in the upper 0-10 
cm soil layer increased significantly (p<0.05) with increasing stand 
age (Fig. 3). Thus, we divided the stands into the first and second 
generation stands and only the first generation stands were included 
in further analyses (II). The carbon input was higher in younger age, 
ranging between 1.1 and 1.2 t C ha-1 yr-1 and lower in the older stands, 
ranging between 0.8 and 1.0 t C ha-1 yr-1. The C stock accumulated in the 
soil exceeded the C stock accumulated in the woody biomass of all 
studied stands (Fig. 7 in II), however, the C accumulated in the woody 
biomass increased with increasing stand age. In 5-10 year-old stands 
90% of the total ecosystems C pool (trees+soil) was accumulated in the 
soil; in the 30-45 year-old stands the corresponding share was 50%. 
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Figure 3. The dynamics of the soil carbon pool in the upper 10 cm topsoil layer for 
the first-generation grey alder stands (n=11) (a) and on second generation forest 
lands (n=20) (b) at fertile sites 

The average soil N pool in the upper 0-10 cm soil layer in the stands 
aged below 20 years was up to 1.5 t N ha-1 while in the older stands it 
exceeded 3 t N ha-1. 
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The significant increase of both soil C and N was also confirmed by a 
long term study in the Holvandi stand (I) established on abandoned 
agricultural land in 1995. During the 17-year continuous monitoring (Uri 
et al., 2002, 2009, 2011, I) the average N and C pools in the topsoil 
increased 0.3 and 3.8 t ha-1, respectively. (I), (Fig. 4 and 5). 
 

 
Figure 4. The dynamics of nitrogen concentration in upper 0-10 cm soil layer in 
Holvandi grey alder stand  
 

 
Figure 5. The dynamics of the carbon storage in the upper 0-10 cm soil layer in the 
Holvandi grey alder stand  
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5.3 The effect of clear-cut on nitrogen cycling in grey alder 
stands (III)  

In the 32-year-old grey alder stand total annual NNM was 169.9 kg N 
ha-1 yr-1 and in the clear-cut, 157.0 kg N ha-1 yr-1, while most (60-70%) of 
NNM took place in the 0-10 cm upper soil layer in both cases. Total 
annual NNM accounted for 2.4 and 2.6% of the total N stock in the 0-
20 cm soil layer in the stand and in the clear-cut, respectively. Both in 
the grey alder stand and in the clear-cut area nitrification was a complete 
process in the topsoil layer. At both sites average daily NNM peaked in 
July, however, in the grey alder stand another peak occurred in May (Fig. 
6). Positive correlation was found in soil temperature and NNM 
between the clear-cut and the control area (R2 =52 and 73%, 
respectively). 
 

 
Figure 6. Annual dynamics of NNM (mg kg-1, N day-1) and soil temperature in the 
upper 10 cm soil layer of the grey alder stand and the clear cut in 2011–2012. 

In the grey alder study, annual nitrogen leaching was similar at the clear-
cut site and in the grey alder stand, 29.7 and 29.5 kg N ha-1 yr-1, 
respectively. The highest N leaching flux occurred in the spring months 
immediatly after the melting of snow. Most of the leaching at both sites 
occurred in the form of nitrate (NO3

-N) followed by dissolved organic 
nitrogen (DON). The share of ammonium nitrogen was modest and the 
share of NO2 was negligible (III). 

After clear-cutting the estimated N2O efflux did not increase and annual 
emission was small in both variants. The grey alder stand emitted 
significantly more N2O than the clear-cut area, annual median flux being 
1.03 kg N2O ha-1 yr-1 and 0.54 kg N2O ha-1 yr-1, respectively (Wilcoxon 
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Matched Pairs test, p<0.05). The N2O emission showed higher values in 
the clear-cut area in December 2011 but in comparion to the control site 
the difference was not statistically significant (Wilcoxon Matched Pairs 
test, p>0.05). 
 

5.4 The harvested Norway spruce stump traits  

Average stump diameter was significantly different for the study sites (t-
test, p<0.05), being the largest at the Elva site and the smallest at the 
Viru site. Consequently, also the volume and biomass of the harvested 
stumps were different for the harvested areas. In all areas 40-45% of 
stump biomass formed the stump core and the remaining 30% 
accounted for the roots with a diameter larger than 10 cm. In the Elva 
area the total biomass of the harvested stumps was the largest, being 55 
t ha-1 (131 m3 ha-1). Also in the Rõuge area the biomass and volume of 
the harvested stumps were quite large, 44.3 t ha-1 (103 m3 ha-1). In the 
Orguse and Viru study areas harvested stump biomass was lower, being 
26 and 32.4 t ha-1, respectively. A general stump biomass regression 
model with high correlations was developed by pooling the data of all 
model stumps (n=28). The weighted average density of the harvested 
spruce stumps was 430 kg m-3. While the highest average density was 
found for the coarse root (d>10 cm), there was no significant difference 
between the different model stump fractions (Tukey HSD, p>0.05). The 
average calorific value of the different stump and root fractions varied 
between 19.0 and 19.3 kJ g-1 whitout a significant difference between the 
different stump fractions (IV). Potential energy content of stumps for 
these study sites ranged between 140 and 294 MW h ha-1. However, 
actual available energy content is lower due to moisture content of 
stumps as well as contained soil particles. 
 

5.5 The effect of stump harvesting on soil carbon and 
nutrient storages 

The soil C and N pools in the stump harvesting areas was estimated in 
the 0-50 cm soil layer. The largest soil C pool was in the Rõuge area (169 
t ha-1) followed by Orguse (114 t ha-1) and Elva (81 t ha-1). The C 
accumulated in the removed stumps varied between 12.5 and 27 t C ha-

1 and was the largest at the Elva site. The soil N pool was the largest in 
the Rõuge area (7.4 t ha-1) while in Elva the respective value was twice 
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as low; in Orguse it was 6.4 t ha-1. A significant proportion of the total 
N pool was in the upper 0-10 cm soil layer: 45% of the total N storage 
of the 0-50cm soil layer in Elva, 55% in Orguse and 61% in Rõuge. 

The amount of nutrients and carbon removed by the stumps was related 
to harvested stump biomass since N and C concentration in the stump 
fractions did not differ between the study sites. Thus the amount of N 
removed by stump harvesting was the largest in the Elva area and lowest 
in the Orguse area, being 167 and 79 kg N ha-1, respectively. 

The loss of N and C caused by stump harvesting made up 1.2-4.4% and 
11-33% of their respective soil pools at the different study sites, 
respectively. Removed phosphorus (P) accounted for 8-28% of the total 
soil lactate soluble P storage and removed potassium (K) accounted for 
6-23% of the corresponding soil storage. However, in the present study 
only soil available lactate soluble P was analysed and its concentration 
evidently reflected the balance between solubilized and assimilated P in 
the soil rather than actual P limitation. Hence, at fertile sites stump 
removal does not cause appreciable N and C depletion; however, 
removal of P and K may be significant in comparison to the 
corresponding soil storages. 
 

5.6 Effect of stump harvesting on nitrogen fluxes 

The effect of stump harvesting on the dynamic of net nitrogen 
mineralization (NNM) was highly site specific. In all three study areas 
most of NNM occurred in the upper 0-10 cm topsoil layer. However, 
the proportion of the NNM in 0-10 cm soil layer in the total 0-20 cm 
layer varied between 64-85% at the different sites (V). 

In the Elva study area (Oxalis site type, Endogleyic Arenosol) stump 
harvesting reduced significantly annual NNM (Wilcoxon Matched Pairs 
test, p<0.05). The total annual NNM flux in the upper 0-20 cm soil layer 
was 134.0 and 202.1 kg ha-1 in the harvested site and in the control site, 
respectively. Stump harvesting also increased the nitrification process; 
the share of nitrification was 86% of total NNM at the harvested site 
while ammonification was dominating at the control site. On both sites 
the intensity of average daily NNM peaked in June and was the lowest 
from October to May when also soil temperature was the lowest (V). 
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In the Orguse area (Hepatica site type, Endogleyic Cambisol) we found no 
effect of stump harvesting on the annual NNM flux. In the 0-20 cm soil 
layer total annual NNM at the harvested site and at the control site was 
92.5 and 88.3 kg ha-1, respectively. Nitrification was dominating, being 
99% and 90% at the harvested site and at the control site, respectively. 
The average daily NNM peak was in May both variants. There was no 
significant difference between the harvested site and the control site in 
the Orguse area (Wilcoxon Matched Pairs test, p>0.05) (V). 

In the Rõuge area (Myrtillus site type, Endogleyic Albic Podzol)) stump 
harvesting increased the annual NNM flux. However, the difference in 
NNM between the harvested site and the control site was statistically 
insignificant (Wilcoxon Matched Pairs test, p>0.05). The total annual 
NNM flux in the 0-20 cm soil layer was 102.6 and 69.5 kg ha-1 and 
nitrification was 57% and 40%, respectively. The Rõuge area was also 
different from the other stump harvesting areas with respect to NNM 
peaking. At the harvested site site the NNM peak occurred in September 
and at the control site, in July and August.  

In the stump harvesting study (IV) the highest N leaching occurred in 
first year after stump harvesting in the Rõuge area, where at the 
harvested site it was 11.7 kg N ha-1 yr-1 and at the control site 4.5 kg N 
ha-1 yr-1; N leached mostly in the form of nitrate. In the Elva and Orguse 
areas, the leaching was much lower in both the harvested and the control 
site one year after stump harvesting, being between 0.1-2.0 kg N ha-1 yr-

1, while N was also mostly in the form of NO3
-N. In the second year 

leaching stabilized at all stump harvesting study sites, being 1.3-4.2 kg N 
ha-1 yr-1. P leaching was neglible at all study sites, ranging between 0.01 
and 0.07 kg P ha-1 yr-1. 
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Figure 7. Dynamics of monthly average soil temperature in the upper 10 cm soil layer 
and the dynamics of NNM (mg kg-1, N day-1) at the harvested site and at the control 
site of the Elva study area a), Orguse study area b) and Rõuge study area c) in 2012–
2013.  
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6. DISCUSSION 
 

6.1 Grey alder biomass production and yield table 

In the present study both stand volume as well as annual volume 
increment for stands of the same age varied a great deal. The mean 
annual increment (MAI) for the 5-10 year-old grey alder stands ranged 
between 3.2 and 15.1 m3 ha-1 yr-1 and for the 10-20 year-old stands, 
between 6.2 and 14.7 m3 ha-1 yr-1. This can be mainly explained by the 
uneven spatial distribution of the trees, i.e. dense tree groups alternated 
with gaps. Stands with a large mean diameter were quite sparse in places, 
which affected negatively their basal area and thereby their stem volume 
as well as their annual increment. In most cases larger stem volume was 
related to high stand density in the studied grey alder stands. Although 
annual current production decreased in the older stands, there were 
some exceptions and a high CAI value (7.7 t DM ha-1 yr-1) was even 
found for a 23-year-old alder stand. Several studies report the fast 
growth and high biomass production of grey alders (Granhall and 
Verwijst 1994; Saarsalmi 1995; Rytter 1996; Telenius 1999; Miežite 2008; 
Hytönen and Saarsalmi 2009; Uri et al. 2002, 2003, 2009; 2011). The 
highest woody biomass production of grey alder was reported to be 17 
t DM ha-1, which was estimated for a 5-year-old irrigated and fertilised 
stand (Granhall and Verwijst 1994) and demonstrated the potential of 
this tree species for SRF. However, usually the annual stemwood 
production of grey alder stands varies between 2-5 t DM ha-1 yr-1 
(Saarsalmi 1985; Rytter 1996; Telenius 1999; Aosaar et al. 2012). In 
Estonia the highest reported annual stemwood production of grey alder 
stand is 14 t DM ha-1 yr-1 (I). 

Earlier, the only yield table for Estonian grey alder stands was published 
in 1930 by A. Raukas. In a review by Aosaar et al. (2012) seven grey alder 
yield tables were available for the Nordic and Baltic countries. However, 
a clear need for new forest growth models has arisen because of the 
changed environment (Mund et al. 2002). The yield table elaborated in 
our study can be used for practical forest planning and also for modelling 
C accumulation in grey alder stands at the regional level (II). The values 
in the yield table compiled by A. Raukas for Estonian grey alder stands 
exceed the corresponding values obtained in the present study. This can 
be explained by the roughly twice as high values of stand density 
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presented in the yield table of A. Raukas compared with our yield table. 
Also stand volume values in Latvian (Murnieks 1950) and Lithuanian 
(Jankauskas) yield tables from an earlier period exceed significantly the 
corresponding values of our study (Fig. 8), which in turn are in very good 
accordance with the date of a Belarus yield table (Aosaar et al. 2012). 

Optimal rotation length is one of the most widely discussed issues in 
short-rotation forestry (SRF) and usually bulk maturity and maximum 
CAI value are used for estimation of harvesting age. The purpose of SRF 
is to maximize biomass production in as short time as possible; a stand 
should be cut when CAI falls below mean annual increment (MAI). 
According to the data of our yield table, grey alder stands growing on 
fertile soils reach bulk maturity roughly at the age of 12-13 years (Fig. 2) 
(II), which is consistent with earlier standpoints  
 

 
Figure 8. The dynamics of the stem volume of the grey alder stands growing at fertile 
sites according to the present study and different Nordic and Baltic yield tables 
 

6.2 Carbon and nitrogen dynamics in the soil of grey alder 
stand 

Carbon (C) accumulation in the soil of grey alder stands depends largely 
on the land use history. In this study a significant increase of the C 
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storage in the upper 0-10 cm soil layer was found in the grey alder stands 
that were of first generation and were mostly growing on abandoned 
agricultural land (II). In Estonia, the area of grey alder stands has 
primarily increased on abandoned agricultural land; grey alder stands 
occupied about 47,000 ha in 1958 and about 204,000 ha in 2014 
(Yearbook Forests 2014). The soil C storage is usually lower in 
agricultural soils than in the same type of soils on forest land; the C 
storage starts to increase after afforestation (Uri et al. 2011; Somogyi et 
al. 2013). Many studies have confirmed the positive effect of 
afforestation of agricultural land on C sequestration (Ross et al. 2002; Lal 
2005; Carmela et al. 2011). According to our long-term study (I), the total 
increase of the C storage in the soil of a grey alder stand was 6.3 t C ha-

1 after the first 17 growing years (Fig. 5). 

The soil N pool of grey alder stands was usually high, in some cases 
reaching the upper range of the soil N pool in boreal forest ecosystems 
(Gundersen 1995). In a 32-year-old grey alder stand the total N pool in 
the upper 0-30 cm soil layer was over 8.6 t N ha-1 (III). This was expected 
as due to symbiotic N2 fixation soil N content in grey alder stands 
increased in older stands. However, soil N content increased 
significantly only in first generation stands and the average N increase at 
the stand age of 14-35 years was 74 kg N ha-1 yr-1 (II). In a riparian grey 
alder stand average N accumulation has been found to be about 98 kg 
N ha-1 yr-1 (Mander et al., 2008), which is of the same magnitude as our 
relevant result. Several studies highlight the importance of alder as a tree 
species that can assimilate atmosphaeric N2 (Tjepkema et al. 1986; Baker 
and Schwitzer 1990; Granhall 1994; Huss-Danell 1997; Dawson 2008). 

First generation grey alder stands growing on previously nonforested 
lands accumulated effectively C and N in the soil while the accumulation 
was more intensive in younger age. In second or older generation grey 
alder stands growing on long-time forest lands, the soil C pool was stable 
and these stands accumulated C mainly in woody biomass. Hence, 
previous land use plays an essential role in this respect. Grey alder stands 
are efficient forest ecosystems for C accumulation both in biomass and 
in the soil. 
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6.3 The effect of clear-cut on NNM and leaching in grey 
alder stand 

As NNM is affected by soil moisture and temperature (Tietema and 
Verstraten 1992), we supposed that NNM intensity will increase after 
clear-cut owing to higher temperature and the input of additional 
organic material (logging residues). Contrary to our expectations, we did 
not find a significant effect of clear-cut on the annual NNM flux (III). 
At both sites (stand and clear cut-area) annual NNM exceeded 150 kg N 
ha-1 yr-1, which remained in the range reported for deciduous forests (25-
200 kg N ha-1 yr-1) (Aber et al. 1989; Scott and Binkley 1997; Magill 2000). 
Most of NNM occurred in the upper 0-10 cm soil layer, which is also 
supported by earlier research (Connell et al. 1995; Persson and Wiren 
1995). Estimated NNM in the 0-10 cm upper soil layer accounted for 
60-70% of that in the studied 0-20 cm soil layer, which is in good 
accordance with our earlier findings (Uri et al. 2003; 2008; 2011). The 
NNM is significantly affected by soil temperature: there was positive 
correlation between the temperature and NNM. However, we failed to 
find positive correlation between soil moisture and NNM. 

Van Miegroet et al. (1992) reported essential nitrate leaching after alder 
stand harvesting; wheareas the leaching flux in red alder-conifer mix 
stand can even be as much as 50 kg N ha-1 yr-1 (Binkley et al. 1992). In 
our study N leaching was similar both in the clear-cut area and in the 
remaining stand, being roughly 30 kg N ha-1 yr-1 (III). Although the 
annual N leaching flux was appreciable we did not find any marked 
effect of clear-cutting on N leaching. In the current study, most of 
leaching occurred in spring, immeadetly after the melting of snow when 
the amount of percolated water was also the largest. Thus, the effect of 
the year may be important in this aspect. 

Also the N2O efflux was estimated in both study variants and contrary 
to our expectations, the efflux of gaseous N was higher in the grey alder 
stand. A short peak in the N2O flux after clear-cut was reported by Tate 
et al. (2006), however as our measurments of N2O started 6 months after 
harvest we could have missed the peak. 

As there was no marked effect of clear-cut on the N fluxes, we assume 
that a new generation of grey alder starts from stump sprouts and most 
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root systems survives of the clear-cut stands. Thus a large amountof 
mineral N can be used for the new generation in the clear-cut area. 

 
6.4 The Norway spruce stump traits  

It has been reported that harvesting of Norway spruce stumps caused 
the modest soil disturbances (Köstler et al. 1968; Hakkila 2003; Laitila et 
al. 2008), owing to their shallow root system. In our study only stumps 
of Norway spruce were lifted and after stump harvesting the surface of 
the clear-cut area was quite smooth without deep visible holes. Interest 
in the use of stumpwood has only increased in the last decade (Saksa 
2013) and the data about the harvested stump yield is still quite scarce. 
The biomass of harvested stumps varied between the study sites a great 
deal. The harvested biomass of the stumps in the Elva and Rõuge areas 
exceeded almost two times corresponding literature data (Hakkila 1972; 
Lazdins and Zimelis 2012). However, in the Orguse and Viru areas the 
stump biomass was much lower. It is evident that average stump 
diameter and number of stumps are the main factors affecting stump 
biomass. Also soil texture and precence of root rot may affect the 
biomass of harvested stumps. It is known that root systems can take a 
variety of forms and spruce trees can even have deeper roots extending 
to considerable depth when growing on suitable soils (Kimmins 2004). 
Both the Orguse and Viru areas are classified as the Hepatica forest site 
type where Heterobasidion damage is common. In these areas the 
proportion of infected stumps was 53% and 89%, respectively. Infected 
roots can easily be broken as a result of harvesting, which can reduce the 
yield of harvested stump. 

For recalculation of stump biomass to volume units, average stump 
density (430 kg m-3) was estimated (IV). This value was close to the 
Latvian findings of spruce stump density (410 kg m-3) (Lazdins et al. 
2009). In our study the highest density was estimated for the thick 
structural root fractions and the lowest was estimated for the stump 
core, however, there was no statistically significant difference between 
the fractions (IV). 

The moisture content of the model stumps varied between 40% and 
50% immediately after lifting (Table 5), which is slightly lower than that 
reported in a Finnish study (Laurila and Lauhanen 2010). However, the 
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moisture dynamics of stumps throughout the two years was similar to 
the corresponding result of Laurila and Lauhanen (2010): in their study, 
moisture content decreased in the summer season and increased in 
autumn and winter. 

In relation to the yield of harvested stump also its calorific value is highly 
important. The energy content of stumps is high, being usually up to 130 
MW h ha-1, or even up to 250 MW h ha-1 (Hakkila 2004; Erikkson and 
Gustavson 2008). In the present study their potential energy content was 
even as high as 290 MW h ha-1, which shows the considerable potential 
of stumpwood for bioenergy in Estonia. However, the actual energy 
production of stumps is lower because of their moisture and soil 
content. It is well known that the calorific value of stumps depends on 
moisture and ash (mineral) content (Anerud 2010; Laurila and Lauhanen 
2010). 
 

6.5 The effect of stump harvesting on carbon and nutrient 
depletion 

Stump harvesting causes additional nutrient removal with harvested 
stumps and this may affect negatively the development of a next forest 
generation (Walmsley and Godbold 2010; Helmisaari et al., 2011). 
Nutrient depletion due to stump harvesting may be considerable on 
nutrient poor forest soils and hence the effect of stump harvesting on 
soil productivity is relatively site specific. The content of nutrient 
removal depends on the tree species and the method and intensity of 
harvesting (Merilä et al., 2014). In our study only fertile sites were 
involved where stump removal did not cause considerable N and C 
depletion. However, removal of P and K may be significant compared 
with corresponding soil storage values. The amount of removed N in 
our study varied across the sites from 79 kg N ha-1 to 167 kg N ha-1. The 
highest N loss was found in Elva study area and it was almost two times 
as high as that reported in a Finnish study (Merilä et al., 2014). In the 
present study the amount of N removed with stumps accounted for 1.2-
4.4% of the total soil N pools. It is well known that a considerable 
amount of nutrients in spruce stands are stored in the foliage (Lõhmus 
1987; Palviainen and Finer 2012; Merilä et al., 2014) and in the case of 
traditional harvesting (slash is left on site) a large amount of nutrients 
remains on site after clear-cut and stump harvesting. Removal of 
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harvesting residues (slash) has a more significant effect on soil fertility 
compared with stump harvesting (Egnell 2016). 

In this study only soil lactate soluble P content was analysed and P 
removal was the highest at Rõuge area, where removed P made up to 
39% of the soil soluble P storage. In Elva and Orguse, the removed P 
accounted for 8-9% of the total soil lactate soluble P storage. Potassium 
content in the soil was the lowest in the Elva area, where also its loss 
was the largest (23%). In the Orguse and Rõuge study areas the K loss 
was accounted for 6-8.5%. 

Average C concentration in stumps at the study sites was 48.1%, which 
did not differ significantly between the fractions. It is known that the 
belowground part of the total biomass of trees constitutes roughly 20% 
(Lõhmus 1987; Uri et al. 2009; Varik et al. 2013). This is also 
approximately the percentage of C loss from the site which is attributed 
to stump harvesting. In the present study the amount of C removed via 
stump harvesting varied between 12.5 and 27 t C ha-1. However, it 
should be taken account that a substatntial amount of C is emitted by 
CO2; also Walmsley and Godbold (2010) admit that stump harvesting 
may affect soil respiration rate due to soil mixing in the upper layer. Yet 
this was not confermed by our study. Our results support the 
assumption that CO2 emissions from harvested areas decrease: in the 
Rõuge study area annual cumulative heterotrophic respiration was lower 
at the harvested site than at the control site (1.8 and 2.5 t C ha-1 yr-1, 
respectively), indicating reduced CO2 emission because of the absence 
of decomposing stump biomass (IV). However, in the Elva study area 
stump harvesting had no effect on the annual Rh flux: the measured 
values at the harvested and the control sites were almost of the same 
magnitude (IV). However, the values of the estimated soil respiration 
fluxes are consistent with a Swedish study where average annual C 
emissions from clear-cut areas were estimated at 4–5 t C ha-1 yr-1 (Grelle 
et al. 2012). 
 

6.6 The effect of stump harvesting on annual net nitrogen 
mineralization and nutrient leaching 

Stump harvesting causes soil disturbances through spoiling soil 
structure, which can affect nutrient balance and increase net nitrogen 
mineralization (NNM) (Walmsley and Godbold 2010). At the same time, 
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it has also been reported that site preparation for a new forest generation 
has a lower impact on C and N dynamics than stump harvesting, 
although both cause mixing of soil layers (Kataja-aho et al. 2012). 
According to the current study (V), the effect of stump harvesting on 
the annual NNM flux was highly soil, i.e. site type, specific. The total 
annual NNM flux was the highest at the control site of the Elva study 
area where stump harvesting significantly reduced the total annual NNM 
flux. In the Rõuge area a contrary effect was revealed: stump harvesting 
increased the total annual NNM flux at the harvested site. In the Orguse 
area stump harvesting had no effect on NNM intensity. In all cases most 
of NNM occurred in the upper 0-10 cm soil layer, which is in good 
accordance with the literature data (Connell et al. 1995; Persson and 
Wirèn 1995). In the Elva and Rõuge areas the proportion of NNM in 
the upper soil layer was about 80% and in Orguse area, about 65%. This 
difference between the study sites can be explained by different soil 
types: the Orguse area is lying on fertile Endogleyic Cambisol with a thick 
A horizon (20-25 (30) cm), while the other study sites are lying on sandy 
soils with thin A horizon. However, the yearly annual NNM flux in our 
study was relatively high for conifer stands in all study areas: at the Elva 
control site the total annual NNM flux was 202 kg N ha-1 yr-1, which is 
even within the upper range for deciduous stands, 24-200 kg N ha-1 
(Aber et al. 1989; Scott and Binkley 1997; Magill et al. 2000; Uri et al. 
2011). Former estimations of the annual NNM flux in Estonian conifer 
stands is significantly lower, being 6 kg N ha-1 in Scots pine stand (Külla 
et al. 2004) and 30 kg N ha-1 in Norway spruce stand (Pajuste and Frey 
2003). 

Stump harvesting may also increase nutrient leaching (Palviainen et al. 
2010, Walmsley and Godbold 2010), which is a potential environmental 
risk. However, any mechanical soil preparation may lead to leaching of 
soil nutrients (Mackenzie et al. 2005). Palvianen et al. (2010) report that 
the decomposing of stumps may act also as a N sink. In our study N 
leaching was modest and P leaching was negligible in all studied areas 
both at the harvested sites and control sites. The highest N leaching 
occurred in the Rõuge study area in the first year following stump 
harvesting. However, in the second year after stump harvesting, the soil 
stabilized and N leaching at the harvested site fell to the level of the 
control site. In the other two study areas, N leaching was small at both 
the harvested and control sites. 
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7. CONCLUSIONS 

The first hypothesis of the thesis was partly proved (I, II). Grey alder is 
a highly productive and prospective tree species for short rotation 
forestry (SRF) in the conditions of Estonia. The compiled grey alder 
yield table allows to better plan forest management as well as to better 
estimate C accumulation in grey alder stands. However, the data of stand 
volume presented in the new yield table do not exceed respective values 
of the earlier yield table for Estonia. Optimal harvesting age for grey 
alder SRF stands should be around 20-25 years according to the 
estimated bulk maturity and growth dynamics of grey alder stands (II). 

The second hypothesis was proved. Land use history affects C and N 
accumulation in the soil of grey alder stands. Soil CN accumulation 
increased in the first generation grey alder stands growing on non-
forested lands and the accumulation of both C and N was more intensive 
at younger stand age. For the second generation stands growing on long-
time forest lands, no correlation was found between stand age and soil 
C storage, C and N were accumulated mostly into woody biomass. 

The third hypothesis was not proved. The annual net nitrogen 
mineralization (NNM) flux, N leaching and N2O emissions were not 
increased after the clear-cut of grey alder stand (III). Management of 
grey alder stands by traditional silvicultural methods (clear-cuts) did not 
increase hazardous N losses. 

Stump harvesting of Norway spruce appears to be a potential bioenergy 
resource in Estonia and hence the fourth hypothesis was partly proved 
(I). Although the biomass of the harvested stumps was variable for 
different study sites, their volume can be as much as 130 m3 ha-1. 
However, the study, involving the sites lying on autotrophic fertile soils 
with high nutrient and carbon storages, found no significant nutrient or 
carbon depletion of the ecosystem due to stump harvesting. 

The effect of stump harvesting on the annual NNM flux was highly soil 
specific and hence the sixth hypothesis was only partly proved. After 
stump harvesting, the annual NNM flux decreased in the Oxalis site type, 
(Endogleyic Arenosol), remained the same in Hepatica site type, (Endogleyic 
Cambisol) and increased in the Myrtillus site type (Endogleyic Albic Podzol). 
The effect of stump harvesting on nutrient leaching was only found for 
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the Myrtillus site type. However, in the second year after stump 
harvesting N leaching decreased and the difference between the 
harvested site and the control site disappeared. Overall, stump 
harvesting did not cause marked NP leaching either. Considering the 
results obtained from different site types it is evident that stump 
harvesting, does not induce serious environmental hazards in terms of 
N cycling. 
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SUMMARY IN ESTONIAN 
METSAMAJANDAMISE MÕJU SÜSINIKU- JA 

LÄMMASTIKUVOOGUDELE NING VARUDELE 
ERINEVATES METSAÖKOSÜSTEEMIDES 

Metsaökosüsteemide roll kliimamuutuste kontekstis on muutunud 
aktuaalseks, kuna need on olulised süsiniku (C) sidujad, leevendades 
võimalikke kliimamuutusi. 2015. aastal Pariisis sõlmitud 
kliimakokkulepete põhjal peab ka Eesti vähendama fossiilsete kütuste 
tarbimist ning suurendama taastuvenergia osakaalu energiabilansis. See 
suurendab veelgi vajadust uute bioenergia ressursside järele. Eesti 
metsanduses võib perspektiivsemateks energiapuidu allikateks pidada 
kiirekasvuliste lehtpuude kasvatamist energiametsadena ning 
olemasoleva ressursi (kuusekännud) efektiivsemat kasutamist. 

Käesolevas doktoritöös uuriti metsanduses perspektiivseid lühikese 
raieringiga majandatavaid hall-lepikuid ja nende majandamisega 
kaasnevaid potentsiaalseid keskkonnamõjusid. Teise suunana käsitleti 
Eesti metsamajanduse jaoks uudset kuusekändude juurimist ja sellega 
seotud muutusi metsaökosüsteemide aineringetes. 

Hall lepp on Eestis kiirekasvuline lehtpuu (Uri et al. 2002, 2003, 2009, 
2011), kuid on näidanud suurt produktsioonivõimet nii mineraal- kui 
ka turbamuldadel Põhjamaades ja teistes Balti riikides (Granhall ja 
Verwijst 1994; Saarsalmi 1995; Rytter 1996; Telenius 1999; Miezite 
2008; Hytönen ja Saarsalmi 2009). Eestis on halli lepa ressurss suur, 
puistute tagavara ulatub umbes 30 miljoni m3-ni (Aastaraamat Mets 
2014). Lepa (Alnus) perekonna esindajad kasvavad sümbioosis 
aktinomütseediga Frankia ja nad on võimelised siduma 
õhulämmastikku (N2) ning seega lämmastikku ökosüsteemi juurde 
tooma (Granhall 1994). Leppade mõju metsade lämmastikuringele on 
seetõttu suurem kui teistel lehtpuudel (Tjepkema et al. 1986; Baker ja 
Schwitzer 1990; Huss-Danell 1997; Dawson 2008). Tänu kiirele kasvule 
ja lämmastiku sidumisvõimele on hall lepikud Eesti tingimustes ühed 
perspektiivsemad energiametsad. 

Lämmastiku- ja süsinikuringe on metsaökosüsteemides omavahel 
tugevalt seotud, kuna lämmastik on üks põhilisi puude kasvu 
limiteerivaid tegureid (Luo et al. 2004) ning mõjutab C sidumist. 
Metsade süsinikusidumise hindamisel ja süsinikumudelite koostamisel 
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on olulised puistute kasvu kirjeldavad mudelid, sh kasvukäigutabelid, 
sest C sidumine puude biomassis põhineb nende juurdekasvul. Hall-
lepikute kasvukäigutabeleid on Põhja- ja Baltimaades erinevatest 
kirjandusallikatest kokku leitud seitse (Aosaar et al. 2012). Eestis on seni 
koostanud hall-lepikute kasvukäigutabeli A. Raukas ca 85 aastat tagasi 
(Raukas 1930). Arvestades metsade kasvu kiirenemist kogu Euroopas 
viimasel poolsajandil (Nilson et al. 1999; Mund et al. 2002; Norby et al. 
2005), on uute kasvumudelite väljatöötamine väga aktuaalne. Metsade 
kasvu kiirenemist Eestis kinnitab ka keskmise aastase juurdekasvu 
suurenemine viimase poolsajandi jooksul – 1970. a oli see 2,6 m3 ha-1 a-

1, 2013. a juba 5,8 m3 ha-1 a-1 (Valk ja Eilart 1974; Aastaraamat Mets 
2014). Tänapäevased kasvumudelid võimaldavad paremini ennustada 
puistute kasvu, adekvaatsemalt planeerida puistute majandamist ning 
hinnata C sidumist puistutes (II). 

Töös selgitati lageraie mõju lämmastiku ringele hall-lepikutes, eelkõige 
lämmastiku netomineralisatsiooni (NNM) intensiivsusele ja võimalikele 
N kadudele (leostumine, gaasiline emissioon). Boreaalsetes ja 
parasvöötme metsades on NNM üks peamisi mulla 
transformatsiooniprotsesse, mille käigus muudetakse orgaaniline N 
taimedele omastatavaks mineraalseks lämmastikuks (Luo et al. 2004). 
On leitud, et lageraie võib lepikus leostumist oluliselt suurendada (Van 
Miegroet et al. 1992) ning lepa ja okaspuu segametsas võib N 
leostumine olla kuni 50 kg N ha-1 a-1 (Binkley et al. 1992). 

Kuusekändude juurimine ja kasutamine energeetikas on Põhjamaades 
pidevalt suurenenud; Soomes oli juuritud kändude maht 2012. a juba 
1,1 miljonit m3 (Finnish Statistical Yearbook of Forestry 2013). Eesti 
metsanduse praktikas pole kuusekändude juurimisega veel alustatud, 
kuid läbi on viidud esimene sellesisuline uurimisprojekt (IV). 

Uurimistulemused kuusekändude juurimise osas on sageli vastuolulised, 
nimetatakse nii juurimisega kaasnevaid positiivseid aspekte kui ka 
võimalikke riske. Positiivse küljena tõstetakse esile kulutuste 
vähenemist maapinna ettevalmistusele, aga ka patogeenide kahjuliku 
mõju vähenemist uues metsapõlvkonnas (Hakkila 2004; Saarinen 2006; 
Berglund ja Åstrom 2007; Eriksson ja Gustavson 2008; Vasaitis et al. 
2008; Walmsley ja Godbold 2010). Samas kaasneb kändude juurimisega 
ka negatiivseid mõjusid: põhjustatakse ulatuslikke mullahäiringuid, mis 
mõjutavad toitainete sisaldust mullas, ning samuti viiakse suur osa 
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toitaineid juuritud kändudega metsast välja (Walmsley ja Godbold 
2010; Eklöf et al. 2013). Mulla segamine võib aga esile kutsuda 
intensiivsema lämmastiku mineralisatsiooni, mis omakorda võib 
põhjustada suuremat toitainete leostumist (Palviainen et al. 2010; 
Walmsley ja Godbold 2010). 

Töös püstitati järgmised hüpoteesid: 
1. Hall-lepikud on produktiivsed ning nende kasvukiirus on 

suurem, kui seda kajastab varasem kasvukäigutabel. 
2. Varasem maakasutuse ajalugu mõjutab hall-lepikutes süsiniku 

akumulatsiooni mulda. 
3. Hall-lepiku lageraie järel intensiivistub NNM ning see võib 

suurendada lämmastiku leostumist. 
4. Kuusekännud on perspektiivne bioenergia ressurss Eestis. 
5. Kuusekändude juurimine vähendab ökosüsteemi süsiniku ja 

toitainete varu, ning intensiivistab NNMi aastast voogu. 

Metoodika 

Katsealad 

Halli lepa biomassi, produktsiooni ning C sidumise hindamiseks 
kasutati andmeid 34 katsealalt (II) (Joon. 1). Lageraie mõju hall-lepiku 
lämmastikuringele uuriti ühe püsikatseala (Agali-1) (III) põhjal. 
Mullasüsiniku ja -lämmastiku akumulatsioonidünaamikat uuriti 
põllumaale istutatud püsikatsealal (Holvandi hall-lepik) (I). 

Kuusekändude biomassi ja teisi näitajaid ning juurimise 
keskkonnamõjusid uuriti neljal katsealal (Joon. 1), mis asusid kolmes 
erinevas kasvukohatüübis (jänesekapsa, sinilille ja mustika) (IV; V). 

Biomassi hindamine (I, II, IV) 

Hall-lepikute maapealset biomassi ja produktsiooni hinnati 
mudelpuude meetodil (Bormann ja Gordon 1984; Uri et al. 2012). 
Biomassi hindamine toimus pärast vegetatsiooniperioodi lõppu, kui 
puude juurdekasv oli lõppenud. Mudelpuud langetati ja töödeldi 
artiklites (I ja II) esitatud metoodika alusel. 
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Juuritud kuusekändude biomassi hinnati mudelkändude põhjal. 
Mudelkännud valiti erinevatest diameetriklassidest ning kõik 
fraktsioneeriti töös esitatud metoodika põhjal (IV). 

NNMi katse (III, V) 

NNMi voo hindamiseks kasutati maetud kilekottide meetodit, mis on 
välja töötatud juba pool sajandit tagasi (Eno 1960) ning leidnud 
kasutamist paljudes varasemates töödes (Adams et al. 1989; Hart et al. 
1994; Uri et al. 2003, 2008, 2011). Meetod põhineb mullaproovide 
kilekottides inkubeerimisel in situ. Kile väldib nii N omastamist taimede 
poolt kui ka N leostumist, kuid laseb läbi gaase (O2, CO2, N2). Samas 
pole inkubeeritud proovides takistatud ammonifikatsiooni- ning 
nitrifikatsiooniprotsessid. Kasutati aheneva teraga mullapuuri, et mitte 
rikkuda mullastruktuuri. Mullaproove inkubeeriti aasta vältel kuuajalise 
intervalliga, välja arvatud talvel, kui maapind on külmunud. 

Leostumine ja N2O emissioon (III, V) 

Toitainete ja süsiniku leostumise hindamiseks kasutati roostevabast 
terasest plaatlüsimeetreid (III, V). 32-aastasesse hall-lepikusse (III) 
installeeriti mõlemale katsevariandile (lageraie- ja kontrollala) 10 
lüsimeetrit ning kuusekändude juurimise kõikidele aladele 14 lüsimeetrit 
(7 kontrollalale + 7 juuritud alale). Kõik lüsimeetrid paigaldati 40 cm 
sügavusele ning ühe lüsimeetri kogumispind oli 627 cm2. Proove võeti 
keemilisteks analüüsideks üks kord kuus, samuti mõõdeti ära leostunud 
nõrgvee kogus. 

N2O gaasiliste emissioonide mõõtmiseks hall-lepikus (III) kasutati 
staatilise kambri meetodit (Hutchinson ja Livingston 1993). Mõlemale 
katsevariandile paigaldati viis kambrit. Igast kambrist võeti kokku neli 
proovi ühe tunni jooksul 20-minutilise intervalliga. N2O gaasilist 
kontsentratsiooni hinnati gaaskromatograafia meetodil Tartu Ülikooli 
tehnoloogiainstituudi laboratooriumis. 

Mulla ja taimse materjali keemilised analüüsid  

Mullauuringuteks tehti igal alal vähemalt üks 1 m sügavune mullakaeve. 
Mulla profiili kirjeldati ja mullatüüp määrati WRB klassifikatsioonist 
(WRB 2006) lähtudes. Määrati mulla mahukaalud sügavuskihtide kaupa. 
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Keemilisteks analüüsideks võeti igalt katsealalt mullaproovid 10–15 
juhuslikust punktist 10 cm kihtide kaupa (0-10 cm, 10-20 cm jne) kuni 
50 cm sügavuseni. Proovid koondati kolme kaupa koondproovideks, 
mis toimetati laboratooriumisse keemilisteks analüüsideks. 

Statistilised analüüsid 

Kõikide valimite normaaljaotust kontrolliti Lilleforsi ja Shapiro-Wilki 
testi põhjal. Faktori mõju analüüsimiseks kasutati ANOVA testi. Rühma 
keskmiste võrdlemisel kasutati Tukey HSD testi, juhul kui kõik eeldused 
olid täidetud. Rühmade omavaheliste seoste leidmiseks kasutati 
korrelatsioonanalüüsi. Wilcoxon Matched Pairsi testi kasutati 
mediaanide võrdlemiseks. Lineaarseid ja allomeetrilisi mudeleid 
rakendati tunnustevaheliste seoste leidmiseks. Kasutati 
statistikaprogrammi STATISTICA 7.0 ja kõikide testide puhul oli 
olulisuse tõenäosus =0,05. 

Tulemused ja arutelu 

Hall-lepikute biomassi produktsioon ja kasvukäigutabel 

Hall-lepikute aastane tüvemahu juurdekasv oli puistute lõikes väga 
varieeruv ja jäi 5–10-aastastes puistutes vahemikku 3,2–15,1 m3 ha-1 a-1 
ning 10–20-aastastes puistutes 6,2–14,7 m3 ha-1 a-1. Ka kasvava metsa 
tagavara varieerus samavanuselistes puistutes: näiteks ühes 32-aastases 
hall-lepikus oli tüvepuidu tagavara 423 m3 ha-1, kuid teises sama vanas 
puistus vaid 167 m3 ha-1. Seni suurimaks hall-lepiku 
produktsiooninäitajaks on kirjanduses hinnatud 17 t ha-1 a-1, mis saadi 
viieaastases väetatud ja niisutatud puistus (Granhall ja Verwijst 1994), 
selline tulemus näitab selle puuliigi kõrget kasvupotentsiaali. Eestis on 
seni suurimaks hall-lepiku jooksvaks aastaseks puiduproduktsiooniks 
hinnatud 35 m3 ha-1 a-1 (I). 

Hall-lepikute paremaks majandamiseks ning neis seotava C hindamiseks 
koostati hall-lepikute kasvukäigutabel. Vastupidiselt eeldatule ületas A. 
Raukase (1930) loodud kasvukäigutabelis keskealiste ja vanemate 
puistute tagavara töös koostatud kasvukäigutabeli vastavaid väärtusi. See 
on seletatav puistute erineva tihedusega; meie koostatud 
kasvukäigutabelis oli 15- ja 20-aastaste puistute tihedus ligi kaks korda 
väiksem kui A. Raukase tabelis. Ka Läti (Murnieks) ja Leedu (Jankauskas) 
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(Aosaar et al. 2012) kasvukäigutabelites esitatud tagavarad ületavad meie 
koostatud tabeli vastavaid väärtusi. Samas langevad koostatud tabeli 
väärtused puistute tagavara osas hästi kokku Valgevene (Yurkevitsh) 
kasvukäigutabeliga (Aosaar et al. 2012). 

C ja N dünaamika hall-lepikutes 

Selgus, et hall-lepikutes sõltus C akumuleerumine mulda varasemast 
maakasutuse ajaloost. Kogu andmestiku analüüsil ei leitud 
usaldusväärset seost puistu vanuse ja mulla C sisalduse (ülemine 0–10 
cm mullakiht) vahel (Joon. 3). Puistute jagamisel aga 1. põlvkonna 
(esimene metsapõlvkond endisel põllumaal, karjäärialadel) ja 2. 
põlvkonna puistuteks (lepikud metsamaal) ilmnes vaid 1. põlvkonna 
puistutes tugev seos puistu vanuse ja mulla C sisalduse vahel. 
Põllumuldade süsinikuvaru on üldjuhul madalam kui metsamuldades 
ning peale metsastamist hakkab see suurenema (Uri et al. 2011; Somogyi 
et al. 2013). Tõenäoliselt saavutab mulla C varu lepiku raieringi jooksul 
optimaalse taseme ja sellest kõrgemale järgnevate metsapõlvkondade 
vältel ei tõuse. Intensiivset CN akumuleerumist mulla ülemisse 10 cm 
tüsedusse kihti põllumaale rajatud lepikus kinnitab ka varasem uurimus 
(Uri et al. 2011), kus mulla süsinikuvaru suurenes esimese 17 kasvuaasta 
jooksul 6,3 t C ha-1 ja lämmastikuvaru 2,06 t N ha-1 (I). 14–35-aastastes 
hall-lepikutes suurenes mulla üldlämmastiku varu keskmiselt 74 kg N ha-

1 a-1 (II). 

Lageraie mõju hall-lepiku lämmastikuvoogudele 

Lageraie järel aastane NNMi intensiivsus ei suurenenud. Nii hall-lepikus 
kui ka raiesmikul oli aastane NNMi voog ligikaudu 150 kg N ha-1 a-1 
ülemises 0-10 cm mullakihis. See jääb lehtpuupuistutes hinnatud NNMi 
voo piiridesse, mis on 25–200 kg N ha-1 a-1 (Aber et al. 1989; Scott ja 
Binkley 1997; Magill 2000). Suurem osa lämmastikust mineraliseeruski 
ülemises 0–10 cm mullakihis, mis on heas kooskõlas varasemate 
uurimuste tulemustega (Connell et al. 1995; Persson ja Wiren 1995). Ka 
ei suurendanud lageraie lämmastiku leostumist, see oli mõlemas 
katsevariandis ca 30 kg N ha-1 a-1, millest suur osa leostus kevadel pärast 
lume sulamist. Tulemus ei toeta varasemaid töid (Van Miegroet et al. 
1992), kus leiti, et lageraie järel võib N leostumine märgatavalt 
suureneda. See on seletatav halli lepa kiire uuenemisega kännu- ja 
juurevõsudest, samuti intensiivse rohttaimestiku kasvuga. Enamik 
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NNMi käigus tekkinud mineraalsest N-ist kasutatakse ära 
taimeproduktsiooniks. Lageraie ei suurendanud ka gaasilist N2O 
emissiooni. Aastane N2O emissioonivoog lageraiealalt oli väiksem kui 
kontrollalalt. 

Kuusekändude biomass ja toitainete kadu 

Kuusekändude tagavara oli uurimisalade arvestuses väga varieeruv (60–
130 m3 ha-1). Suurim juuritud kändude tagavara oli Soomes ja Lätis 
saadud tulemustega võrreldes ligi kaks korda suurem (Hakkila 1972; 
Lazdins ja Zimelis 2012). Leitud kännupuidu tihedus (430 kg m-3) on 
heas kooskõlas Läti teadlaste saadud tulemustega (410 kg m-3) (Lazdins 
et al. 2009). Kuna katsealad asusid viljakates kasvukohatüüpides (kkt), 
olid kännupuiduga katsealadelt ära viidud C ja toitainete kogused 
vastavate mullavarudega võrreldes väikesed. Vähemviljakamates 
kasvukohatüüpides võib kännupuiduga äraviidavate toitainete osakaal 
olla siiski oluline. Traditsioonilise raieviisi puhul (raiejäätmed jäävad 
langile) jääb ka suur osa toitaineid kasvukohta alles, sest kuusel on 
suurim toitainete sisaldus okastes (Lõhmus 1987; Palviainen ja Finer 
2012; Merilä et al. 2014). 

Kuusekändude juurimise mõju NNMile ja toitainete leostumisele 

Juurimise mõju NNMi voole osutus selgelt kasvukoha- ja 
mullatüübipõhiseks. Jänesekapsa kkt-s (Elva ala) vähendas juurimine 
NNMi aastast voogu, sinilille kkt-s (Orguse ala) jäi see kontrollalaga 
võrreldes samaks ning mustika kkt-s (Rõuge ala) NNM voog suurenes. 
Varem on aga leitud, et kuusekändude juurimine võib suuresti tänu 
mullastruktuuri muutustele intensiivistada NNMi voogu (Walmsley ja 
Godbold 2010). Suurem osa aastasest mineralisatsioonist toimus 
ülemises 0–10 cm mullakihis: Elva ja Rõuge alal ligi 80% ja Orgusel 65%. 
Varem leitud aastane NNMi voog Eesti okaspuumetsades on olnud 6–
30 kg N ha-1 a-1 (Pajuste ja Frey 2003; Külla et al. 2004), mis on 
märgatavalt väiksem siinses töös leituga võrreldes. Doktoritöös leitud 
aastane NNMi voog oli suurim jänesekapsa kkt-s (Elva kontrollala), 
ulatudes 200 kg N ha-1 a-1, ning väikseim mustika kkt-s Rõuge kontrollalal 
(70 kg N ha-1 a-1).  

Kuusekändude juurimine võib suurendada ka toitainete leostumist 
(Palviainen et al. 2010; Walmsley ja Godbold 2010). Suurim 
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juurimisjärgne lämmastiku leostumine toimus esimesel aastal pärast 
juurimist mustika kkt-s 11,7 kg N ha-1 a-1 juuritud alal versus 4,5 kg N ha-

1 a-1 kontrollalal. Teistel aladel jäi lämmastiku leostumine tuntavalt 
väiksemaks, varieerudes 0,1–2,0 kg N ha-1 a-1. Teisel aastal pärast 
kändude juurimist N leostumine stabiliseerus, olles samas vahemikus 
juuritud ja kontrollalal ning jäädes vahemikku 1,3-4,2 kg N ha-1 a-1. 

Kokkuvõte 

Esimene töös püstitatud hüpotees leidis kinnitust osaliselt: hall lepp on 
produktiivne ja kiirekasvuline lehtpuu, millel on perspektiivi 
potentsiaalse energiametsa puuliigina. Samas vähendab loodulike hall-
lepikute ebaühtlane tihedus nii kasvava puistu tagavara, kui aastast 
juurdekasvu.  Koostati halli lepa kasvukäigutabel, mis kajastab nende 
puistute kasvudünaamikat Eestis. Keskmine tüvepuidu tagavara 
keskealistes ja vanemates hall-lepikutes jäi madalamaks varasemas 
(Raukas 1930) kasvukäigutabelis toodust, mis on tingitud puistute 
erinevast keskmisest tihedusest. Energiapuiduks kasvatavate hall-
lepikute raievanus võiks olla 20–25 aastat. 

Teine hüpotees leidis kinnitust: varasem maakasutus mõjutas süsiniku ja 
lämmastiku akumulatsiooni mulda hall-lepikutes. Esimese 
metsapõlvkonnana endistel mittemetsamaadel kasvavates hall-lepikutes 
tõusis C ja N varu mullas puistu vanuse suurenedes. 

32-aastase hall-lepiku lageraie järel ei suurenenud aastane NNMi voog, 
samuti ei suurendanud lageraie lämmastiku leostumist ega ka gaasilist 
(N2O) emissiooni. Seega ei põhjusta hall-lepikute majandamine 
lageraietega keskkonnariske lämmastikuringe seisukohalt. 

Juuritud kuusekännud on potentsiaalne bioenergia ressurss Eestis ning 
juurimisel saadud kändude maht võib ulatuda kuni 130 m3 ha-1. Kändude 
juurimine ei põhjustanud olulist toitainete ja süsiniku kadu. 

Kuusekändude juurimise mõju aastasele NNMi voole osutus 
mullatüübipõhiseks. Olenevalt mullast juurimine kas intensiivistas 
(jänesekapsa kkt), vähendas (mustika kkt) või ei mõjutanud (sinilille kkt) 
aastast NNMi voogu. Juurimise mõju N ja teiste toiteelementide 
leostumisele oli nõrk või puudus üldse. 
  



71

ACKNOWLEDGEMENTS 

First of all, I would like to thank sincerely my supervisor Professor Veiko 
Uri who took on the challenge to make this PhD journey with me and 
guided my research. It has always been pleasant and delightful to work 
with him and to learn from him. 

Special thanks go to the hard working team, incooperation with which I 
was happy to work. I thank my co-workers and good friends Jürgen, 
Mats and Gunnar for the opportunity to work in their company in the 
field and in the office. Also would like to thank all co-authors of my 
publications for contribution, inspiration and knowledge. 

I would like to thank Vaike Reisner for administrative help and support 
throughout my study years. I am also grateful to Mrs Ester Jaigma for 
revising the English text of the thesis as well of my original papers. 

The most special gratitude belongs to my beloved Kätrin, who was 
always there for me, gave me the inspiration and support that I needed 
and also blessed me with my son Bastian. I would also like to thank my 
family, especially my mother who has supported my doings no matter 
what. I would like to express my special thanks and acknowledgements 
to my friends for being there for me, for giving me inspiration and for 
getting me out of the house to clear up my mind. 

The studies of this thesis were financially supported by the Estonian 
Science Foundation grant No 9342 and by the Institutional Research 
Funding IUT21-04 of the Estonian Ministry of Education and Research, 
as well as by the Environmental Investment Centre projects No 27 (11-
10-8/196); 3406; 5725; 8988 and by the projects of the Estonian Forest 
Management Centre No 1-18/212,), 1-18/113 and 1-18/271 as well as 
by the KESTA BioAtmos project No F12010PKTF. 
  





I 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ORIGINAL PUBLICATIONS 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Aosaar J, Varik M, Lõhmus K, Ostonen I, Becker H, Uri V (2013) 
Long-term study of above- and below-ground biomass production in 

relation to nitrogen and carbon accumulation dynamics in a grey alder 
(Alnus incana (L.) Moench) plantation on former agricultural land. 

European Journal of Forest Research, 132: 737-749. 
  



75

ORIGINAL PAPER

Long-term study of above- and below-ground biomass production
in relation to nitrogen and carbon accumulation dynamics
in a grey alder (Alnus incana (L.) Moench) plantation
on former agricultural land

Jürgen Aosaar • Mats Varik • Krista Lõhmus •
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Abstract In the Northern and Baltic countries, grey alder

is a prospective tree species for short-rotation forestry.

Hence, knowledge about the functioning of such forest

ecosystems is critical in order to manage them in a sus-

tainable and environmentally sound way. The 17-year-long

continuous time series study is conducted in a grey alder

plantation growing on abandoned agricultural land. The

results of above- and below-ground biomass and produc-

tion of the 17-year-old stand are compared to the earlier

published respective data from the same stand at the ages

of 5 and 10 years. The objectives of the current study were

to assess (1) above-ground biomass (AGB) and production;

(2) below-ground biomass: coarse root biomass (CRB), fine

root biomass (FRB) and fine root production (FRP); (3)

carbon (C) and nitrogen (N) accumulation dynamics in

grey alder stand growing on former arable land. The main

results of the 17-year-old stand were as follows: AGB

120.8 t ha-1; current annual increment of the stem mass

5.7 t ha year-1; calculated CRB 22.3 t ha-1; FRB 81 ±

10 g m-2; nodule biomass 31 ± 19 g m-2; fine root nec-

romass 11 ± 2 g m-2; FRP 53 g DM m-2 year-1; fine

root turnover rate 0.54 year-1; and fine root longevity

1.9 years. FRB was strongly correlated with the stand basal

area and stem mass. Fine root efficiency was the highest at

the age of 10 years; at the age of 17 years, it had slightly

reduced. Grey alder stand significantly increased N and

Corg content in topsoil. The role of fine roots for the

sequestration of C is quite modest compared to leaf litter C

flux.

Keywords Grey alder � Alnus incana � Fine roots �
Biomass production � Nitrogen � Carbon

Introduction

Utilizing fast-growing tree species, e.g., woody biomass,

may be possible substitute to fossil fuels for producing

energy in order to decelerate the trend of increasing CO2

level in the atmosphere. The EU 20-20-20 strategy

(Directive 2009/28/EC) foresees an increase in the share of

renewable energy to 20 % by 2020. One possible means to

reach the goal is to utilize woody biomass from short-

rotation forestry (SRF) plantations more extensively. SRF

is a silvicultural practice employing high-density planta-

tions of fast-growing tree species on fertile land (Weih

2004). Woody biomass from SRF plantations may have

great potential as a CO2 neutral replacement for fossil fuels

(Hall and House 1994; Tuskan and Walsh 2001).

Grey alder (Alnus incana (L.) Moench) is one of the

most prospective fast-growing tree species in Scandinavia

and the Baltic countries for SRF. Several studies dem-

onstrate that grey alder is a suitable tree species for SRF

in Estonia (Uri et al. 2002, 2003, 2009). This species is

highly productive both on mineral and organic soils

(Granhall and Verwijst 1994; Saarsalmi 1995; Rytter

1996; Telenius 1999; Hytönen and Saarsalmi 2009). It is

estimated that there are 385–472 million ha abandoned

arable land suitable for SRF plantations in the world
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(Campbell et al. 2008). In Eastern Europe, the increase in

such areas after the collapse of the USSR has been sig-

nificant (Mander and Palang 1994; Astover et al. 2006;

FAO 2008; Henebry 2009). Furthermore, grey alder as an

actinorhizal N2-fixing tree species can be used effectively

for the biological fertilization of soil with nitrogen

(N) (Granhall 1994).

To understand the functioning of grey alder stands, it is

crucial to study all forest ecosystem components, including

the below-ground part. Since the beginning of the current

century, different aspects of the functioning of grey alder

ecosystems have been studied in Estonia (Uri et al. 2002,

2003, 2009, 2011; Vares et al. 2003; Lõhmus et al. 2006;

Aosaar and Uri 2008; Mander et al. 2008; Aosaar et al.

2011). Special attention should be paid to fine roots

(d\ 2 mm) due to their importance in water and mineral

nutrient uptake and the synthesis of certain growth hor-

mones (Makita et al. 2011). Although the fine roots of

forest trees make up\2 % of tree biomass (Brunner and

Godbold 2007), they may account for up to 75 % of the

annual net primary production (NPP) in mature forests

(Vogt et al. 1996; Gill and Jackson 2000; Helmisaari et al.

2002). Thus, fine roots contribute significantly to the

functioning of forest ecosystems and the below-ground

accumulation of carbon (C). More adequate data on below-

ground biomass and fine root turnover of different tree

species are important in order to estimate soil carbon

storage and fluxes, to specify the role of fine roots in the

carbon cycle of forests (Gill and Jackson 2000) and to

compile carbon budget models.

The variability of below-ground biomass estimates is

higher than that of above-ground biomass estimates due to

the methodological difficulties related to studying root

system components (Akkermans and van Dijk 1976;

Sharma and Ambasht 1986; Rytter 1989; Tateno et al.

2004; Hendricks et al. 2006; Coleman 2007; Helmisaari

et al. 2007; Sakai et al. 2007). Thus, variation in root

productivity data among different stands could either

reflect methodological differences or real differences in

productivity (Hertel and Leuschner 2002; Finer et al.

2011a). The most common approaches for estimating the

fine root biomass (FRB) and fine root production (FRP) in

the field have been the sequential coring method (Ahlström

et al. 1998; Vogt and Persson 1991; Helmisaari et al.

2002), the in-growth core method (Persson 1983; Makko-

nen and Helmisaari 1999) and the minirhizotron method

(Majdi and Nylund 1996; King et al. 2002). In recent years,

the new prospective root mesh method (Hirano et al. 2009;

Lukac and Godbold 2010) has been introduced.

Species of actinorhizal Alnus that fix atmospheric

nitrogen (N2) through the metabolic activity of the fila-

mentous bacterial symbiont Frankia play an important role

in the nitrogen cycle of temperate forest ecosystems

(Tjepkema et al. 1986; Baker and Schwintzer 1990; Huss-

Danell 1997; Dawson 2008). Measuring nodule biomass is

essential for estimating the amount of N2 fixation (Tobita

et al. 2010).

New knowledge of FRB and nodule biomass (NB)

dynamics and FRP and fine root efficiency (FRE) is needed

for the better understanding of a highly productive alder

forest ecosystemdevelopment and functioning. So far, only a

few scientific studies have been published reporting the fine

root data of grey alder (Rytter 1989; Elowson and Rytter

1993; Uri et al. 2002, 2009). The current study presents the

results of FRB, NB, FRP and FRE dynamics throughout the

development of the grey alder stand (age 5–17 years).

The chronosequence approach is commonly used to

study and model stand development dynamics. However,

the variability of abiotic and biotic factors (soil properties,

water regime, stand density, stand management, etc.) in the

chronosequence of study sites cannot be avoided com-

pletely. Hence, the apparent advantage of the current paper

is that the 17-year period of fine root and nodule growth

dynamics along with thorough background data about soil

properties and stand characteristics is presented as a con-

tinuous time series. Furthermore, the new knowledge pre-

sented is a prerequisite for compiling carbon accumulation

and nutrient budgets in similar stands.

The hypotheses of the study were as follows: (1) grey

alder is a highly productive species suitable for SRF; (2)

fine roots (FR) play an important role in C and N budgets;

(3) there is a strong relationship between the above- and

below-ground parts of the stand.

In order to verify the hypothesis, the objectives of the

study were (1) to estimate the above-ground biomass

(AGB) production capability of grey alder plantation; (2) to

estimate the dynamics of the grey alder coarse root biomass

(CRB), FRB, NB and FRP in a short-rotation plantation

growing on former arable land; (3) to estimate the role of

tree roots in the N and C sequestration in soil; (4) to study

the relationships between the above- and below-ground

parts of the trees in the stand at different ages.

Materials and methods

Study area and stand characteristics

The research area is located in the south-eastern part of

Estonia (58�30 N; 27�120 E). According to the data from the

meteorological station (Võru) closest to the experimental

area, the mean annual temperature is 6 �C, the mean pre-

cipitation is 653 mm and the mean length of the vegetation

period is 191 days. The plantation was established on

abandoned agricultural land in spring 1995. The soil is

classified as Eutric Podzoluvisol (according to the FAO
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classification) (Table 1). The area of the plantation is

0.08 ha and altogether 1,260 one-year-old transplants of

natural origin were planted; hence, the initial density of the

plantation was 15,750 trees per hectare. The survival and

growth of the planting stock of different origins has been

described previously (Uri et al. 2002, 2003, 2009). Before

the establishment of the plantation, the area had been out of

use for 2 years. No soil preparation, weed control, fertil-

ization or other treatment were performed before or after

planting.

The data of above- and below-ground (Tables 2, 3)

characteristics of the stand at the age of 5 and 10 years

have been published earlier (Uri et al. 2009); the respective

data of the 17-year-old stand are original.

Estimating above-ground biomass and production

All the stand characteristics and AGB were always deter-

mined at the end of August, when the dimensions of the

trees and the biomass had reached their annual maximum

(Table 2). All the presented values reporting mass units

throughout the article are given in dry mass (DM).

The AGB of the stand was estimated by using dimension

analyses (Bormann and Gordon 1984) and has been descri-

bed in detail in earlier studies (Uri et al. 2002, 2009). The

stem breast height diameter (D1.3) was measured in case of

all trees. The trees were divided into five classes on the basis

of D1.3, and a model tree was selected randomly from each

class. A total of seven model trees were felled in order to

determine the above-ground biomass of the stand—one tree

from each diameter class and one additional model tree from

two diameter classes which presented a larger number of

trees growing in the stand. Themodel trees were divided into

sections and in every section, the mass and share of stem

wood, stem bark, branches and leaves was found.

To estimate the biomass of the above-ground part of the

plantation (y) for the following years, an allometric Eq. (1)

was used:

y¼axb: ð1Þ
To avoid the edge effect, model trees were selected from

the middle of the study area.

The annual production of the stem wood, bark and

branches was calculated as difference between the masses

of the current and the previous year (Uri et al. 2002, 2009).

Estimating coarse root biomass and production

The coarse root biomass (CRB) (d[ 2 mm) of grey alder

trees was calculated on the basis of earlier studies by

Lõhmus et al. (1996) and Uri et al. (2009), in which the

CRB of a grey alder stand at the ages of 5, 10 and 40 years

was estimated by excavating the root systems of model

trees. In the studies referred to above, the share of coarse

roots of the above-ground leafless biomass was found to be

approximately 19 %. Based on the earlier results, it is

assumed here that AGB and CRB develop proportionally.

Hence, CRB and the share of CRB production in the cur-

rent year of total CRB were calculated as follows (2 and 3,

respectively):

CRB t ha�1
� � ¼ AGBleaflessð Þ � 0:19; ð2Þ

CRBprod %ð Þ¼AGBprod

�
AGB: ð3Þ

Estimating the biomass and production of fine roots

and nodules

Soil core method

In this paper, only the FRB and FRP of trees are estimated;

the respective values of understory vegetation are not

included. In this study, fine roots are defined as roots with a

diameter of\2 mm.

The soil coring method (Vogt and Persson 1991) was

used to estimate the biomass and necromass of fine roots

and nodules of grey alder. The coring was always carried

out in October. The number of samples is: 20 in 1998

(stand age 5 years), 25 in 2003 (10) and 20 in 2010 (17).

The results of the years 1998 and 2003 are presented in Uri

et al. 2002 and 2009, respectively.

Soil cores were taken randomly from the whole area of

the plantation with a cylindrical soil auger (diameter of the

cutting edge 48 mm). Soil cores were divided into four

equal 10 cm layers to a depth of 40 cm, placed in poly-

ethylene bags and kept frozen until further processing.

Alder roots and nodules were washed out of the soil cores

very carefully during 1 week after sampling. For washing

the roots and nodules, fine-meshed sieves were used in

order not to lose any root fragments. Further, the fractions

of living and dead fine roots and nodules were separated

under a binocular microscope and cleaned from soil par-

ticles. The samples were dried at the temperature of up to

70 �C and weighed with the accuracy of 0.001 g. Soil core

data were used to calculate the biomass of fine roots and

nodules per hectare, summing up the average values for

Table 1 Soil characteristics of the studied stand in the upper 10 cm

soil layer

Age

(year)

N (%) C (%) Texture pHKCl Organic

matter (%)

5 0.108a 1.59a Loamy sand 5.37a 2.74a

10 0.136b 1.80b Loamy sand 5.07b 3.10b

17 0.134b 1.86b Loamy sand 4.77c 3.23b

Presented the average significant differences (indicated by different

letters) according to the Tukey HSD test (P\ 0.05)
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successive soil layers from the soil cores. The share of fine

roots and nodules of the root systems was calculated.

In-growth cores

Altogether, 150 in-growth cores (d = 40 mm, mesh size

6 mm)were inserted into the soil to estimate fine root growth

dynamics and FRP. The cores were inserted in five random

transect groups all over the stand, into the topsoil to a depth of

30 cm inOctober 1999 (stand age 6 years). Themesheswere

filled with sieved root-free soil according to the genetic

horizons of the soil. A total of 105 in-growth cores were

extracted during 2000–2003: 7 samplings and 15 meshes per

sampling. Samplings were carried out in November 2000;

June, August 2001; June, August, November 2002 and June

2003. In November 2001, sampling was skipped due to the

fact that the soil was frozen. All the subsamples obtained

were transported to the laboratory and stored frozen

(-18 �C) until processing. In the laboratory, soil cores were
divided into depth layers of 0–10, 10–20 and 20–30 cm.

Roots and nodules were carefully washed out of the soil,

using fine-meshed sieves. The fractions of fine roots and

nodules were separated and cleaned from soil particles under

a binocular microscope. Dead roots and nodules were

separated aswell. The sampleswere dried at a temperature of

up to 70 �C and weighed with the accuracy of 0.001 g.

Total FRP was calculated on the basis of in-growth core

data and by balancing the biomass compartments of living

and dead roots according to the decision matrix of Fairley

and Alexander (1985). The FRP was calculated on the basis

of FRB data from June 2002–2003. It included four sam-

plings: June, August and November 2002, and June 2003.

Root turnover rate (year-1) was calculated from in-growth

cores as annual root production (g m-2 year-1) divided by

the mean FRB (g m-2). To avoid large fluctuations during

the vegetation period, mean FRB was used to calculate the

fine root turnover rate (Ostonen et al. 2005).

The FRP values for the 5- and 17-year-old stand were

calculated using the same fine root turnover rate (FRT)

(0.54 year-1) as was used in case of the 9-year-old stand.

As the estimation of FRB and FRP is very labour-intensive,

it was assumed that FRT is a stable and stand-specific

parameter. The assumption is based on Finer et al. (2011a),

who state that the variation of the FRT of trees can be

explained neither with environmental nor with stand-rela-

ted factors and that the FRT is species-specific.

Fine root efficiency (FRE) (t t-1 year-1) was calculated

by dividing the CAI with the FRB.

Table 2 Grey alder stand characteristics and above-ground biomass data: leaf area index (LAI), mean annual increment (MAI), current annual

increment (CAI)

Age (year) Mean

height (m)

Mean

D1.3 (cm)

Basal area

(m2 ha-1)

Density,

trees (ha-1)

LAI

(m2 m-2)

Stand characteristics

5 4.6 2.6 6.7 12,660 2.2

10 9.5 5.7 18.9 7,400 4.0

16 13.9 8.7 31.9 5,360 4.2

17 14.3 9.3 34.6 5,100 3.8

Age (year) Stems

(t ha-1)

Leaves

(t ha-1)

Branches

(t ha-1)

Total

(t ha-1)

MAI

(t ha-1 year-1)

CAI

(t ha-1 year-1)

Above-ground biomass

5 8.1 2.0 2.2 12.3 1.6 3.3

10 41.0 3.0 5.4 49.4 4.1 6.4

16 99.7 3.2 13.9 116.8 6.2 14.2

17 105.4 3.3 12.1 120.8 6.2 5.7

Table 3 Coarse root biomass

and N and C concentrations

(mean ± standard error) in the

17-year-old grey alder stand on

abandoned agricultural land

a Data from Uri et al. (2011)

Fraction Percentage Biomass (t ha-1) N (g kg-1)a C (%)

Stump 40.4 9.0 0.4 ± 0.3 51.46 ± 0.13

Coarse roots d[ 10 mm 35.1 7.8 7.9 ± 0.7 49.89 ± 0.03

Coarse roots 5\ d B 10 mm 10.7 2.4 9.1 ± 0.5 49.73 ± 0.04

Coarse roots 2\ d B 5 mm 13.8 3.1 10.0 ± 0.2 49.73 ± 0.03

Total 100 22.3
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N and C storages

The N and C pools in the below-ground biomass of the

stand were calculated by multiplying the biomass of root

fractions with the respective N or C concentrations in the

fractions. The weighted average was used in order to cal-

culate average N and C concentrations in CRB; the fraction

percentage was multiplied by the respective concentration.

The ash content, which was \10 % in all cases, was

determined to check the possible soil contamination of

roots.

N and C storage in soil was calculated on the basis of

soil bulk density and the mean concentration of N or C in

soil. Soil bulk density was determined in 2002 from 10 soil

pits reaching to a depth of 50 cm. The density samples

were taken with a stainless steel cylinder (d = 40 mm;

volume 50.24 cm3) from different soil layers (0–10 cm,

10–20 cm, etc.), three samples from each layer. After

drying at the temperature of 105 �C, soil samples were

weighed.

Soil N and C concentrations were studied annually

during the period October 1995–2010 (stand age

2–17 years) when plant growth had ceased. Samples from

soil layers were taken in 10 random points at the depths

0–10, 10–20, 20–30, 30–40 and 40–50 cm and three

composite samples were formed from each depth layer.

N and C input into soil via leaf and fine root litter was

included in the study.

The N and C input flux into soil was calculated on the

basis of foliage biomass and NC concentrations of col-

lected leaf litter from an earlier study period (10-year-old

stand). The litter was collected twice a month from 10 litter

traps with the area of 0.25 m2 each located randomly all

over the plantation (Uri et al. 2011).

Root litter was considered as the dead fine root mass

estimated in case of in-growth cores.

Chemical analyses

Nitrogen (N) and carbon (C) were determined from root

and nodule samples. Tecator ASN 3313 was employed to

test total N (Kjeldahl) in soil samples. Plant samples were

analysed for total N by the Kjeldahl method using a Kjeltec

Auto 1030 analyser. The dry combustion method was used

with a varioMAX CNS elemental analyser (ELEMEN-

TAR, Germany) to test the C content in oven-dried plant

material samples. Soil pH in 1 M KCl suspensions was

measured with the ratio of 10 g/25 ml. Total C content in

soil was determined by the dry combustion method using a

varioMAX CNS elemental analyser (ELEMENTAR, Ger-

many). The analyses were carried out at the Biochemistry

Laboratory of the Estonian University of Life Sciences.

On the basis of average concentrations, the total N and C

accumulation in fine root and nodule biomass, and the C

and N input via leaves and fine roots into the soil were

calculated.

Statistical methods

The normality of the variables was checked with Lilliefors

and Shapiro–Wilk tests. The data of model trees were

analysed by means of regression analysis. So as to find

allometric relationships (1), D1.3 served as the independent

variable in all cases. The statistical significance of differ-

ences in biomass on different years between respective

layers was checked with the t test (two-sample assuming

unequal variances). There was no autocorrelation of the

FRB data (d = 2.2), which was checked with the Durbin–

Watson test. The software STATISTICA 7.1 was used and

the significance level a9 = 0.05 was accepted in all cases.

Results

Above-ground biomass and production

The increase in AGB has been vigorous, exceeding

100 t ha-1 in the 17-year-old stand. The CAI of the

16-year-old stand was 14.2 t ha-1, which is an impressive

value considering the conditions in Estonia. However, in

the next growing season, it underwent a drastic decline

(Table 2). The average mass of a single stem in the 16- and

17-year-old stand was 18.6 and 20.7 kg, respectively. The

leaf mass as well as the leaf area index stabilized after the

5-year growth of the stand. The leaf mass has been fluc-

tuating around 3 t ha-1 ever since (Table 2).

Coarse root biomass and production

The largest share of CRB formed from stump and the

fraction d[ 10 mm, being 9 and 7.8 t ha-1, respectively,

in the 17-year-old grey alder stand (Table 3). To estimate

the N and C accumulation in below-ground biomass, N and

C concentration values from the 10-year-old stand were

used (Table 3). The calculated CRB for the 16- and

17-year-old stand exceeded 20 t ha-1 (Table 4). The cal-

culated coarse root production values were 3.2 and

0.7 t ha-1 for the 16- and 17-year-old stand, respectively

(Table 4).

Fine root standing biomass and necromass on the basis

of soil cores

The total standing FRB in the 17-year-old grey alder stand

was estimated to be 81 ± 10 g m-2. It has increased 32 %

Eur J Forest Res

123

personal copy



80

compared to the 5-year-old stand; compared to the 10-year-

old stand, FRB was virtually the same (Table 4); the slight

decrease in FRB was statistically insignificant (t test;

P = 0.14). The difference between FRB in the 5- and

10-year-old stand in the upper 0–10 cm soil layer was

statistically significant (P\ 0.05).

Fine root biomass (FRB) in deeper soil layers has not

changed significantly throughout the studied years (Fig. 1).

The principal share of FRB was always located in the upper

0–10 cm soil layer, remaining in the range of 47–57 % of

the total fine root biomass. FRB in the upper 20 cm soil

layer has increased gradually from 74 to 84 % of total FRB

with the increase in stand age.

The necromass of fine roots in the 10- and 17-year-old

stand has remained quite stable, fluctuating between 10 and

20 g m-2 (Table 4). However, the relative share of nec-

romass of FRB has decreased with increasing stand age,

being 22 and 14 % in 2003 and 2010, respectively.

Fine root standing biomass in in-growth cores

Fine root biomass (FRB) in in-growth cores was low during

the first two growing seasons (the vegetation periods of

2000 and 2001) (Fig. 2). After the first growing season, in

November 2000, the FRB was 15 g m-2 in 0–30 cm soil

layer. FRB was always highest in the upper 10 cm soil

layer, forming 50 % of the total biomass. The highest

standing FRB for the 0–30 cm soil layer was 123 g m-2 in

June 2002 (the third growing season after the installation of

the cores). The mean biomass in cores in the period June

2002–2003 was 98 g m-2. The FRB value of June 2002 is

not comparable to the autumn values due to the annual

growth dynamics of fine roots (Fig. 2). Since the in-growth

core data reflected FRB data in soil layers with the depth of

up to 30 cm, but the soil cores were up to 40 cm deep, we

used the extrapolation of data. As the share of standing

biomass in soil cores in 2003 of the 30–40 cm soil layer

was 7 %, the calculated respective values of standing

biomass in June and November 2002 in in-growth cores

(0–40 cm) would be 132 and 66 g m-2.

Net primary production of fine roots

Fine root production (FRP) in the in-growth cores after the

first growing year (October 1999–November 2000) was

15 g m-2 year-1, being the most vigorous in the upper

10 cm soil layer (48 % of the total). The calculation was

made on the basis of the FRB in in-growth cores. Estimated

FRP in the 9-year-old stand was 53 g m-2 year-1 and the

calculated FRP values for the 5- and 17-year-old stand

were 30 and 44 g m-2 year-1, respectively.

In the 9-year-old stand, the turnover rate of fine roots

was 0.54 year-1 and longevity 1.9 years.

Nodule biomass

The living nodule biomass (NB) in the 17-year-old stand

has doubled compared to respective values in the younger

stand, reaching up to 31 ± 19 g m-2 (Table 4). The NB

has accumulated in the upper 20 cm soil layer and half of it

in the 10 cm topsoil. The depth distribution of the nodules

has changed in the 17-year-old stand compared to earlier

stages (Fig. 3); in both the 5- and 10-year-old stand,

approximately 80 % of all nodules were located in the

upper 10 cm soil layer. In the 17-year-old stand, the nodule

depth distribution in the 0–10 and the 10–20 cm soil layer

Table 4 Coarse root, fine root and nodule biomass and necromass (mean ± standard error) dynamics in grey alder stand growing on abandoned

agricultural land

Stand age

(year)

Coarse root

biomass (t ha-1)

Coarse root

production

(%a/t ha-1)a

Fine

root biomass

(g m-2)

Fine root

necromass

(g m-2)

Nodule

biomass

(g m-2)

Nodule

necromass

(g m-2)

5 2.0 37.9/0.76 55 ± 11 – 17 ± 8 –

10 8.7 16.4/1.43 87 ± 14 19 ± 4 16 ± 6 2 ± 1

17 22.3* 3.3/0.33 81 ± 10 11 ± 2 31 ± 19 1 ± 1

a Calculated

Fig. 1 Vertical distribution of fine root biomass in grey alder stand in

1998, 2003 and 2010. The box indicates mean ± standard error; the

whiskers indicate 95 % confidence intervals
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was equal. Almost no nodules have been found in deeper

soil layers throughout the study period.

The average NB per tree increased with increasing stand

age. In the 5-year-old stand, the average NB per tree was

13.4 g; in the 10- and 17-year-old stand 21.6 and 60.8 g,

respectively.

Relationships between fine roots and above-ground

stand characteristics

A very strong relationship (R = 0.96) was found between

stand age and average FRB per tree. As stand stem mass

and stand basal area are strongly correlated characteristics,

similar correlations exist between FRB and stand stem

mass and FRB and stand basal area.

Fine root efficiency (FRE) was the highest at the stand

age of 10 years (7.3 t t-1 year-1). The respective values

have been lower in the 5- and 17-year-old stand as well,

being 5.9 and 7.0 t t-1 year-1, respectively.

Carbon and nitrogen accumulation in the below-ground

part of the stand

With the increasing age of stand, CRB has also increased

(Table 4). Hence, the N and C storage in CRB increased

during the stand development, reaching almost 70 kg ha-1

and 5 t ha-1 in the 17-year-old stand, respectively

(Table 5).

The average nitrogen concentration of fine roots and

nodules in the 17-year-old stand was 1.246 ± 0.02 and

1.923 ± 0.02 %, respectively. The average C concentra-

tion in fine roots was 51.46 ± 0.13 %.

Carbon accumulation in fine root biomass peaked at the

age of 10; the N and C accumulation in fine roots in the

17-year-old stand was also lower than the respective values

in the 10-year-old stand (Table 5).

Discussion

Above-ground part of the stand

The estimated AGB of the stand is very high for the con-

ditions in Estonia as well as other Baltic and Scandinavian

countries. Stem volume in the stand, calculated from the

stem wood density of 396 kg m-3 (Aosaar et al. 2011), was

266 m3 ha-1 in the 17-year-old grey alder stand. The result

exceeds the highest values of the grey alder yield tables in

Aosaar et al. (2012), in which the highest stand volumes at

the ages of 15 and 20 years are 170 m3 ha-1 (Latvia) and

225 m3 ha-1 (Latvia, Norway), respectively. High stem

volume results of single stands are reported from Central

Sweden, where the stem volumes of 15-year-old stands

growing on fine sand were 390 and 368 m3 ha-1 (Johans-

son 2000), calculated from the stem wood density of

359 kg m3 (Johansson 2005). These numbers reflect the

high biomass production potential of the grey alder.

The CAI in the 16-year-old stand was also extremely

high—18.8 t ha-1 year-1 (stem mass 14.1 t ha-1 year-1).

The result is comparable to the production numbers

reported by Tullus et al. (1998)—12.1 t ha-1 year-1 (6-

year-old stand) and Granhall and Verwijst (1994)—

17.0 t ha-1 year-1 (5-year-old stand).

However, in the present study, CAI decreases drastically

at the age of 17 years. As grey alder bioproduction is very

sensitive to the water deficit in the vegetation period,

drought conditions in summer 2010 may have had a con-

siderable impact on the growth of the stand. Further, the

onset of bulk maturity is expected to occur at the stand age

of 15–20 years, as pointed out by many authors (Lõhmus

et al. 1996; Rytter 1995; Rytter et al. 2000; Daugavietis
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Fig. 2 Fine root standing biomass dynamics in in-growth cores.

Experiment installed in October 1999

Fig. 3 Dynamics of the relative

vertical distribution of fine roots

(d\ 2 mm) and nodules in the

5-, 10- and 17-year-old grey

alder stand on abandoned

agricultural land. The data of

the years 1998 and 2003 have

been published earlier in Uri

et al. (2009)
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et al. 2009; Uri et al. 2009) and it is in good accordance

with several yield tables reported in Aosaar et al. (2012),

which leads to the decrease in CAI. Hence, the decrease in

CAI was probably caused by the concurrence of the

inherent growth-reducing period and unfavourable weather

conditions.

The question of initial stand density and stand density in

mature age is of crucial importance in respect of SRF

stands. In the studied stand, the initial density was high

(15,750 ha-1), which is the characteristic of natural grey

alder stands. In case of a plantation, such initial density can

be considered irrational due to the high costs. In the liter-

ature, there is almost no data about the thinning of grey

alder stands. However, according to an experiment by

Rytter (1995), thinning is not essential to achieve the

higher bioproductivity of the alder stand, since an equal

amount of obtainable biomass was produced both in thin-

ned and unthinned stands. The density of the studied stand

at the age of 17 years was 5,100 ha-1; neither thinnings

nor other silvicultural treatments were implemented

throughout the growth of the stand. However, the density

of 5,100 ha-1 can be considered optimum since it is in

good accordance with the stand density values of most

productive yield tables reported in Aosaar et al. (2012), in

which, at the age of 15, density ranged from 2,700 to

6,500 ha-1. Hence, it may be assumed that similar stand

volumes would have been produced in case of the lower

initial density of the plantation.

Below-ground part of the stand

In the 5-year-old stand, fine root biomass (FRB) was

55 ± 11 g m-2 (Uri et al. 2002) and FRB per tree was

43.3 g. Compared to the younger stand, FRB increased and

remained stable in the 10- and 17-year-old stand. Although

the FRB of stand stabilized, FRB per tree increased due to

the natural self-thinning of the stand and following an

increase in the dimensions of trees in order to meet their

rising need for nutrients and water. However, the foliage

mass stabilized after canopy closure in the level of

3–4 t ha-1 and the stem mass increment is gradually

decreasing in older stands. Hence, the infinite enlargement

of the fine root system is unnecessary for trees. However,

on the basis of available data, it is impossible to predict the

period of time needed for the stabilization of FRB per tree.

Fine root biomass (FRB) in the grey alder plantation has

remained at \1 t ha-1. It seems to be an optimum FR

supply for the grey alder stand growing on fertile soil, as

there were no increases in the FRB value in the 17-year-old

stand compared to the 10-year-old stand. The FRB value

can be considered modest, as the mean FRB in boreal and

temperate forests is 526 ± 321 and 775 ± 474 g m-2,

respectively (Finer et al. 2011b). According to Bloom et al.

(1985), trees growing on poor sites should allocate a

greater proportion of their resources into FRB than those

growing on fertile sites. In a study by Kalliokoski et al.

(2010), the FRB of Picea abies and Pinus sylvestris

increased with decreasing soil fertility, while the FRB of

Betula pendula remained the same. According to the lit-

erature, nitrogen limitation in soil increased the FRB of

different tree species (Finer et al. 2007; Helmisaari et al.

2007; Graefe et al. 2010). In the studied plantation, the N

content in topsoil was high; the respective value has

increased significantly in the 10- and 17-year-old stand,

compared to the initial situation (Uri et al. 2011).

In November 2000, the FRB in in-growth cores was

0.15 t ha-1, which can be also handled as fine root pro-

duction (FRP) of the first growing year. In August 2001,

the FRB in in-growth cores was at the same level as it was

in November 2000 (Fig. 2). These values indicate very low

FRP values during the first and second growing year. This

is in good accordance with the literature (Vogt et al. 1998;

Makkonen and Helmisaari 1999; Ostonen et al. 2005), in

which it is indicated that in absolute values, fine root

biomass may still be lower during the second and third year

in the in-growth cores. The FRB estimated from in-growth

cores after the first or second year is significantly lower

than the FRB in soil cores, i.e., the actual FRB in soil. FRB

in in-growth cores fluctuates seasonally, reaching its peak

in June and decreasing due to root mortality until the

beginning of the next growing season (Fig. 2). Quite a

good accordance between the autumnal FRB values

Table 5 Accumulation of nitrogen (N) and carbon (C) in below-ground biomass and the annual production and NC pool in the upper soil layer

Stand age (year) Accumulation in biomass (kg ha-1) Accumulation in annual production (kg ha-1) Pool in 0–10 cm soil layer (t ha-1)

Fine roots Nodules Coarse roots Fine roots Coarse roots

N C N N C N C N C N C

5 6.9 282.6 3.3 13.6 988 3.7 154.1 5.2 374 1.38 20.5

10 10.8 447.0 3.1 59.4 4,299 6.7 277.5 9.7 705 1.74 23.5

17 10.1 416.2 5.9 68.9 11,000 5.5 226.1 2.3 165 1.72 24.3

Both N and C pools in soil have increased significantly during the development of the stand (Table 5). In the 17-year-old stand, the N and C flux

into soil via leaf litter was 112 and 1,635 kg ha-1, respectively. The respective numbers of fine roots were 5.4 and 225 kg ha-1
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estimated by different methods was found: the FRB on the

basis of in-growth core data was 66 g m-2 in 9-year-old

stand and on the basis of soil cores 87 g m-2 in 10-year-

old stand.

Although the installing of in-growth meshes strongly

modifies the disturbed environment of surrounding roots, it

allows us to calculate FRP directly. Therefore, it is suit-

able for comparing FRP between sites or treatments

(Messier and Puttonen 1993). Since the period of stabil-

ization for in-growth cores is required (Ostonen et al.

2005) and roots are still expanding into the meshes in the

third growing year (Makkonen and Helmisaari 1999), then

the production, turnover rate and longevity of fine roots

were calculated on the basis of samples taken in 2002 and

2003. FRP in our grey alder plantation was low

(54 g m-2), which may have been caused by the droughty

summer (Nikolova et al. 2009). According to the literature,

the in-growth core method may give some underestimation

of FRP (Finer et al. 2011a). For the estimation of FRP,

several direct methods are used by the researches,

sequential soil coring, in-growth cores and minirhizotron

methods, which all have their advantages and disadvan-

tages (Vogt et al. 1998; Majdi et al. 2005; Strand et al.

2008), and selecting the appropriate method for the esti-

mation of FRP is always a complicated issue. Estimation

of FRP is more complicated than the estimation of FRB,

and factors affecting fine roots dynamics are still poorly

understood (Finer et al. 2011b). Hendricks et al. (2006)

found that in-growth method gave lower estimates for FRP

than the minirhizotron method, whereas Vogt et al. (1998)

did not find any significant differences between the

methods. Thus, the FRP estimation is always related to

high variability of results and absolutely accurate method

does not exist. Even if we assume that actual FRP in

studied grey alder stand is significantly higher and our

results are underestimated, the FRP formed quite a modest

share from the total stands annual biomass production.

However, in some cases, the proportion of below-ground

production may form significant share and attain up to

75 % of the total annual production of the stand (Jackson

et al. 1997).

The longevity of fine roots in in-growth cores was cal-

culated to be approximately 2 years, and hence, fine roots

necromass (FRN) during the first two growing periods in

cores was close to zero. The maximum FRB in in-growth

cores was estimated in June 2002 (123 g m-2); by

November 2002, it had halved, so the mass of dead roots

should have been relatively high. However, the mass of

dead roots in in-growth cores in November 2002 was

\1 kg ha-1, i.e., the process of the decomposition of dead

fine roots in the fertile sites of the grey alder plantation

should be extremely rapid and nutrients and C captured in

fine roots should reach the soil quickly.

The decomposition of organic matter, including fine

roots, depends on environmental conditions and the nutri-

ent composition of organic matter. The decreased C/N ratio

stimulates the decomposition of organic matter (Scott and

Binkley 1997; Vervaet et al. 2002). Due to the high content

of N in fine roots (1.25 %) and the favourable C/N ratio,

the decomposition of dead fine roots was promoted and

therefore very intense. Hence, the storage of dead fine roots

in soil remains low.

As grey alder is a N2-fixing species, it is essential to

estimate the biomass of nodules. The nodule biomass of

Alnus species varies, depending on the tree size and stand

density (Bormann and Gordon 1984), but also on the age of

the stand (Sharma and Ambasht 1986; Son et al. 2007).

Nodules can be several years old and grow to a large size

(Akkermans and van Dijk 1976). Nodule biomass in the 5-

and 10-year-old plantation was similar. However, both

estimations are smaller than in the 4-year-old grey alder

coppiced stand in Finland (25–29 g m-2) (Saarsalmi et al.

1985). Bormann and Gordon (1984) found that the average

mass of the nodules in a 5-year-old Alnus rubra stand was

15 g m-2. In the 17-year-old stand, the NB value had

doubled compared to the 10-year-old stand. However, the

number of nodules was very low. NB in the 17-year-old

stand was greatly affected by one single nodule (0.65 g)

found in the 10–20 cm soil depth layer; only 2 nodules in

total were found in the 10–20 cm soil layer. However,

since the NB was estimated using the soil coring method, it

was probably underestimated. It differs from the younger

stand (10 y), in which several nodules were found. With

increasing stand age, the mean weight of nodules increases

as the number of nodules decreases. This is in good

accordance with Tobita et al. (2010), in which the size of

nodules shifted from smaller to larger size classes with the

increasing breast height diameter of trees. A very low

number of nodules in deeper soil layers is reported in the

literature: In a study carried out in Estonia by Lõhmus et al.

(1996), no nodules were found deeper than 10 cm; a sim-

ilar tendency is described by Johnsrud (1978) in Norway;

Elowson and Rytter (1993) reported the following nodule

allocation—98 % were found in the upper 20 cm of the

soil profile; according to Rytter (1989), more than 90 % of

the total mass of the nodules on intensively managed

organic soil were contained in the upper 0–6 cm soil layer.

Furthermore, the increasing N content in soil increases

nodule weight (Bond et al. 1954); the soil N content in the

plantation has increased significantly over the years

(Table 1). Hence, with increasing age and soil fertility,

alders grow fewer nodules, which are larger, leading to

greater variations in nodule biomass, as shown in Table 4.

Fine root efficiency (FRE) in the studied stand was the

highest at the age of 9–10 years (in 2002–2003); at the age

of 17 years, FRE had slightly decreased. The low FRB and
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FRP indicate the high activity of fine roots, which is

described as intensive fine root strategy (Lõhmus et al.

2006; Ostonen et al. 2011). Trees using the extensive

strategy increase the mass, surface area and length of fine

roots. In the case of the intensive strategy, trees increase

the efficiency of fine roots and rhizosphere processes

(Leuchner et al. 2004; Lõhmus et al. 2006; Ostonen et al.

2011). In the studied stand, the difference between the soil–

root interface and bulk soil microbial activity and diversity

was markedly higher than in grey alder stands growing on

forest land; the specific root area (SRA; m2 kg-1) was also

significantly bigger (Lõhmus et al. 2006) than in natural

alder stands. Hence, the low fine root biomass and turnover

rate both indicate the significantly greater role of the

intensive fine root strategy in the studied grey alder stand.

Furthermore, intensive competition between trees

occurred at the age of 9–10, as stand density was still rather

high. Hence, probably, it was more effective for a tree to

enlarge its above-ground part and operate its fine roots very

efficiently in order to survive in a dense stand. At the age of

17 years, stand density, the increment of stem mass and

FRE had declined compared to the 10-year-old stand. As

suggested in many studies (Björklund and Ferm 1982;

Rytter 1995, 2000; Lõhmus et al. 1996; Miežite and

Dreimanis 2006; Uri et al. 2009; etc.), the bulk maturity

and optimal rotation length of grey alder fall between the

ages 15–20. Hence, as the intense and rapid increase in the

above-ground part of the stand had dwindled, the FRE of

the grey alder fine roots had also declined.

Nitrogen-fixing species, owing to their N2-fixing ability

through microbial symbiosis, can increase soil N and C

content. N2-fixing trees significantly affect the soil C pool by

increasing detritus input or humus formation, or by

decreasing the rate of decomposition (Binkley 2005). Such

species have been widely used as pioneer plants in the

recovery of degraded areas (Fisher 1995; Johnson and Curtis

2001). Both the N and C content in the upper soil layer has

increased significantly during the growing period of the grey

alder stand (Table 1). However, the contribution of fine roots

and nodules to the soil N and C increase has beenmodest due

to the constantly low FRB and NB values (Table 4). As N

and C concentrations in fine roots and nodules have been at a

constant level throughout the study period, the main factors

affecting N and C accumulation in soil are FRB and NB.

However, the fine roots contribution for the N and C flux to

soil could have been larger, supposing that the in-growth

core method may have given systematically lower FRP

estimation (Finer et al. 2011a).

In our stand, fine root litter formed merely 14 % of the

total annual tree litter input into soil; the main input of the N

and C in grey alder stand comes from leaf litter instead. The

total C stock in the soil of the studied stand has significantly

increased, which is in good accordance with other studies

carried out in short-rotation stands (Liski et al. 2001). The

effect of alders on theNandCcontent of soil is significant and

fast: theN storage in the upper 10 cm soil layer had increased

from 1.40 to 1.72 t ha-1, while the respective increase in C

was from 18.2 to 24.3 t ha-1. The average C accumulation in

soil during the period 1998–2010 was 0.32 t C ha-1 year-1

and averageN accumulation 28.3 kg ha-1 year-1. However,

only 0.6 % of the total C input of the tree biomass of the

17-year-old grey alder stand is accumulated in fine roots.

Thus, C sequestration into soil via fine roots in studied alder

forest ecosystem is much smaller than via the above-ground

litter flux.

Conclusions

Bioproduction of grey alder stand growing on abandoned

agricultural land was very high at a young age; the species

can be considered suitable for SRF. The CAI of grey alder

fluctuates greatly, probably depending on weather condi-

tions in different years and the age of the stand. The FRB

dynamic in grey alder stand stabilized already at the stand

age of 10 years, and in the 17-year-old stand, it had not

increased. However, the FRB per tree had increased con-

tinuously throughout the stand development due to the

natural self-harvesting process and the decreasing number

of trees. A strong positive correlation was established

between FRB and stands basal area and stem mass. The NB

increased during stand development but at the same time,

the number of nodules decreased. However, the NB was

probably underestimated due to used methods. Grey alder

stand affects the N and C status of soil to a great extent;

however, it is mainly affected by the above-ground litter

flux. The contribution of fine roots to the sequestration of N

or C into soil is modest owing to their small biomass and

annual production. Due to favourable conditions, the

decomposition of fine roots was rapid and fine root nec-

romass in soil remains low.
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Lõhmus K, Truu M, Truu J, Ostonen I, Kaar E, Vares A et al (2006)

Functional diversity of culturable bacterial communities in the

rhizosphere in relation to fine-root and soil parameters in alder

stands on forest, abandoned agricultural, and oilshale areas. Plant

Soil 283(1–2):1–10

Lukac M, Godbold DL (2010) Fine root biomass and turnover in

southern taiga estimated by root inclusion nets. Plant Soil

331:505–513

Majdi H, Nylund JE (1996) Does liquid fertilisation affect life span of

mycorrhizal short roots and fine root dynamics? Plant Soil

185:305–309

Majdi H, Pregitzer K, Moren AS, Nylund JE, Agren GI (2005)

Measuring fine root turnover in forest ecosystems. Plant Soil

276:1–8

Makita N, Hirano Y, Mizoguchi T, Kominami Y, Dannoura M, Ishii

H, Finer L, Kanazawa Y (2011) Very fine roots respond to soil

depth: biomass allocation, morphology, and physiology in a

broad-leaved temperate forest. Ecol Res 26:95–104

Makkonen K, Helmisaari HS (1999) Assessing Scots pine fine root

biomass: comparison of soil core and root ingrowth core

methods. Plant Soil 210:43–50
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a b s t r a c t

In the present study the chronosequence approach was applied to the analysis of the dynamics of the
growth of 2–45-year-old grey alder stands (Alnus incana) growing at fertile sites as well as the dynamics
of carbon (C) and nitrogen (N) accumulation in woody biomass and in the soil. A new yield table was
elaborated for natural grey alder stands growing at fertile sites. The average growing stock and increment
of grey alder stands were lower than those presented in earlier yield tables compiled in Estonia or in the
other Baltic or Nordic states. It can be explained by an uneven spatial distribution of trees in natural grey
alder stands; because of this, the production of different alder stands of the same age was highly variable.
However, some stands were characterised by remarkably high production, which indicates the high
growth potential of this tree species. The bulk maturity of grey alder stands is achieved at the age of
12–13 years. However, the recommendable optimal harvesting age of grey alder stands could be 20–
25 years, as annual woody biomass increment was high even after the age of 20 years. The average stem-
wood density found in this study was 396 ± 3.6 kg m�3 and the average density of the branches was
460 ± 2.9 kg m�3. Regarding of CN accumulation in the stands, different land use histories demonstrated
different patterns. First-generation grey alder stands growing on previously non-forested lands accumu-
lated effectively C and N in the soil. The average increase of the C pool in the 10 cm topsoil layer was in
the range 1.1–1.2 t ha�1 yr�1 in young stands and 0.97–0.84 t ha�1 yr�1 in older stands. In the case of sec-
ond-generation grey alder stands the soil C pool in young and old stands was of same magnitude and
these stands accumulated C mainly in woody biomass. The share of the soil C pool in middle-aged and
old grey alder stands was roughly two times as large as the C storage accumulated in the above-ground
woody biomass of the trees. The average N accumulation in first-generation grey alder stands of the age
of 14–35 years was 74 kg N ha�1 yr�1. Also a significant acidifying effect of alders on the soil pH status
was revealed. The study confirmed that grey alder has the potential to be a high yielding tree in short-
rotation forestry for woody biomass production. Grey alder stands serve as efficient forest ecosystems
accumulating C both in biomass and in the soil. However, previous land use history plays an essential role
in this respect.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

In recent decades short-rotation forestry has become increas-
ingly important as a means to reduce CO2 emission through more

extensive use of biomass. Several studies demonstrate that grey
alder (Alnus incana (L.) Moench) is a promising fast-growing tree
species for short-rotation forestry both in the Nordic and Baltic
regions (Ovington, 1956; Granhall and Verwijst, 1994; Saarsalmi,
1995; Rytter, 1996; Telenius, 1999; Miežite, 2008; Hytönen and
Saarsalmi, 2009), including Estonia (Uri et al., 2002, 2003a,
2003b, 2009; Aosaar et al., 2012, 2013), and has several silvicul-
tural advantages (Granhall and Verwijst, 1994; Rytter, 1996)
among them symbiotic N2 fixation (Granhall, 1994).
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Grey alder is widespread in the Baltic and Nordic countries and
most studies of biomass production have been conducted in this
region (Saarsalmi, 1995; Hytönen et al., 1995; Rytter, 1995,
1996; Miežite, 2008) as well in Russia (Enrby et al., 1980). The total
growing stock as well as the area of grey alder stands have
increased several times during the last half-century in the Baltic
region. The total volume of grey alder stands in Estonia and Latvia
reaches roughly 30 mil m3 (Miežite, 2008; Yearbook Forest 2011),
in Lithuania 21 mil m3 (Kuliešis and Kulbokas, 2009) and in
Sweden 49 mil m3 (Swedish Statistical Yearbook of Forestry 2009).

The increasing use of bioenergy was initiated by the EU energy
policy, which placed focus also on the more extensive use of woody
biomass in short-rotation forestry. As the management of short-
rotation forests for bioenergy should be scientifically justified,
determining of stand growth dynamics and the optimal rotation
period is of fundamental importance. For predicting stand develop-
ment and cutting age, yield tables are a widely used tool in for-
estry. However, yield tables are usually quite region specific,
which is due to different climatic and soil conditions (Aosaar
et al., 2012) and which also creates a need for specific growth mod-
els. According to our earlier study (Aosaar et al., 2012), only seven
grey alder yield tables were available, and even these had been
compiled more than a half-century ago. Despite the increased eco-
nomic value of grey alder, no comprehensive update for the yield
potential in changing climate and land use conditions has been
provided. However, the changed environment and growing condi-
tions (large-scale drainage, increased atmospheric CO2 level,
increased annual temperature, etc.) may considerably affect forest
growth on the regional scale. The increased growth of European
forests during the last half-century, reported in several papers
(Nilson et al., 1999; Mund et al., 2002; Norby et al., 2005), can
mainly be explained by climate change and increased CO2 level
in the atmosphere. A similar phenomenon has occurred also in
Estonian forests; when in 1970 the average annual increment of
Estonian forests was 2.6 m3 ha�1 (Valk and Eilart, 1974) then in
2011 it was 5.8 m3 ha�1 (Yearbook Forestry 2011). Also land use
changes which took place during the last half-century may have
a marked influence on forest growth. A considerable part of Esto-
nian grey alder stands are growing on previous agricultural lands
and such forests are highly productive owing to fertile soils. Hence,
we set the hypothesis that the actual productivity of Estonian nat-
ural grey alder stands at fertile sites is higher than that reflected in
existing yield tables.

Another important issue is accumulation of carbon (C) in differ-
ent forest ecosystems around the world. The stock of C sequestered
in the biomass and soil of various forest ecosystems has been esti-
mated in numerous studies (Cannell, 1999; Pussinen et al., 2002;
Mund et al., 2002; Laiho et al., 2003; Paul et al., 2003; Ågren and
Hyvönen, 2003; Uri et al., 2012). Also great efforts have been made
to clarify the role of forests in C sequestration, driven by the
requirement to report the data of organic C accumulation and C
balance at the country level. According to the Kyoto Protocol, gov-
ernments are requested to report C pool changes in forests (e.g.
LULUCF). Yield tables are a tool for estimation of C sequestration
in forest ecosystems, as biomass production and C accumulation
are strongly related. A better knowledge of the functioning of forest
ecosystems would allow to effectively implement different silvi-
cultural methods for improving the C sequestration capability of
forests.

Both forest biomass and soils are considered to have large
potential for temporary and long term C storage (Gower, 2003;
Houghton, 2005). However, the proportion of C accumulated in
the soil and in biomass depends on several factors, among them
species composition, soil, water regime, climate, etc. According to
literature data, forest soils store a substantial amount of C, often
more than the forest vegetation does (Peltoniemi et al., 2004).

According to the EC/UN-ECE (2003) report, forest soils in Europe
store roughly 1.5 times as much C as the trees. Earlier studies indi-
cate that grey alder stands have great potential for accumulating a
considerable amount of C both in the biomass of trees and in the
soil during a quite short period (Uri et al., 2011; Aosaar et al.,
2013). However, in fertile silver birch chronosequence stands the
main C sink was the biomass of trees and the soil C storage pool
remained stable (Uri et al., 2012) owing to intensive soil respira-
tion (Varik et al., submitted for publication). Thus it was expected
also in the present study carbon accumulation in the woody bio-
mass of trees exceeds soil carbon sequestration in grey alder stands
from young to mature age.

The aims of present study were:

– to provide new data about the growth and productivity of nat-
ural grey alder stands from young to mature age and to compile
a new up-to-date yield table;

– to establish optimal rotation length for short-rotation grey alder
stands at fertile sites on the basis of bulk maturity age;

– to estimate carbon accumulation in the above-ground biomass
and soil of grey alder chronosequence stands;

– to evaluate plant-soil interactions in grey alder stands (effect on
soil nitrogen, available phosphorus, and pH status).

2. Materials and methods

2.1. Sample plots

A total of 34 grey alder stands of various ages (2–5-year-old to
45-year-old) were included in the study (Fig. 1). In every stand, a
sample plot was established and main stand characteristics were
measured (Table 1). The area of the sample plots depended on
stand density as well as on stand homogeneity and age and varied
from 0.02 to 0.2 ha. All studied stands grew at fertile forest sites of
the Oxalis or the Aegopodium site type according to the Estonian
site type classification (Lõhmus, 1984). For both site types, high
fertility soils and favourable water regime are inherent. The Aegop-
odium site type is the most fertile forest site type in Estonian for-
ests with soils with high nutrient content and very favourable
water availability (Lõhmus, 1984). The Oxalis site type stands are
also highly productive; the soils have a thick humus (A) layer;
moisture conditions for plant growth are optimal; the soils are well
drained and, due to fast litter decomposition, a stable forest floor is
absent in most cases.

The studied grey alder stands have different land use histories.
Approximately 2/3 of them are growing on traditional long-stand-
ing forest lands (at least second or older forest generation) and the
other 1/3 are first-generation grey alder stands growing mostly on
abandoned agricultural lands. Our dataset includes also two grey
alder stands with unconventional land use history (Reinu 1 and
Tsapsi) (Table 2), i.e. growing on exhausted sand-gravel quarries.

2.2. Above-ground overbark biomass and production of stands

In all stands the trees were divided into five size classes on the
basis of measured breast height diameter (D1.3), and normally one
model tree was selected randomly from each class. In some cases,
when stands of similar age and density grew close to one another,
three model trees per stand were felled. From very young stands,
up to nine model trees were taken. The model trees were felled
in the leafless stage; as the study focused only on woody biomass,
the foliage remained out of its scope.

The data for a total of 132 model trees were included in analy-
sis. In all cases sample trees were felled in the middle of the stand,
to avoid the edge effect, and outside the sample plot. Small model
trees from young stands were divided into three fractions: stem,
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Fig. 1. Location of the grey alder study plots.

Table 1
The main characteristics of the grey alder stands; A – stand age (yr), N – stand density, trees per ha, D1.3 – average diameter at breast height (cm), H – average height (m), BA –
basal area (m2 ha�1), V – stand volume (m3 ha�1), CAI – current annual increment of stems (m3 ha�1 yr�1).

No. of stand Stand name A, yr N, trees ha�1 D1.3, cm H, m BA, m2 ha�1 V, m3 ha�1 CAI, m3 ha�1 yr�1

1 Porijoe LV 2 2 73,248 0.9 1.7 4.6 2.76 n.e
2 Laeva LV 5 34,748 1.4 2.9 5.3 15.9 3.2
3 Kunila LV 5 50,690 2.2 4.9 19.7 65.2 16.6
4 Kaarli LV 6 62,898 1.5 4.5 11.5 36.5 10.1
5 Kolleste LV 1 7 18,750 3.0 6.5 13.3 83.3 14.6
6 Viljandi LV 4 10 6266 4.6 5.9 10.5 42.1 7.3
7 Tuki 10 15,900 3.7 8.3 17.1 150.8 16.7
8 Uhika 12 11,872 4.2 7.0 16.5 74.1 8.1
9 AK HL4 14 5455 7.5 10.6 24.0 151.4 14.2

10 Reinu-2 16 3462 9.1 11.1 22.6 163.0 10.1
11 Ilmatsalu-1 17 4630 7.3 11.2 19.5 126.8 8.4
12 Ilmatsalu-2 17 3754 8.9 11.2 23.3 158.7 11.7
13 AK HL2 17 7000 6.2 10.3 21.0 133.7 11.1
14 Viljandi LV 2 17 2840 8.5 12.0 16.2 101.0 8.4
15 Viljandi LV 6 17 3972 9.1 9.8 25.9 153.0 7.7
16 Tartumaa 18 3530 10.1 15.0 28.2 189.0 n.e
17 Reinu-1 20 2024 12.5 15.3 24.8 207.7 15.4
18 Kaasiku LV 1 20 5101 8.3 13.6 27.6 194.4 11.6
19 Kivi LV 20 6761 7.4 11.5 28.9 185.8 12.9
20 Voopste 21 3280 9.5 14.3 23.1 172.3 11.3
21 Liispollu 22 4702 8.7 13.9 27.9 187.3 9.0
22 Ilmatsalu-3 22 3733 9.7 13.6 27.7 189.1 13.2
23 AK HL3 23 4393 8.4 11.9 24.2 153.9 8.1
24 Kryydneri LV 23 4634 9.8 15.3 34.8 346.5 19.4
25 Viljandi LV 3 25 2540 13.6 15.4 36.8 302.8 12.6
26 Kaasiku LV 2 26 2222 14.1 17.2 34.7 285.6 12.0
27 Agali-2 26 2694 9.4 13.7 18.7 124.7 6.2
28 Porijoe LV 1 30 1475 17.1 14.7 33.9 230.3 n.e
29 Agali-1 32 1528 15.4 17.3 28.5 249.6 15.2
30 Haavametsa 32 1149 14.6 17.2 19.2 167.0 5.7
31 Kolleste LV 2 32 2734 15.2 18.0 49.5 423.0 16.2
32 AK HL1 35 1815 12.9 15.4 23.9 187.1 6.6
33 Tsapsi 45 691 19.2 22.8 19.9 208.4 5.4
34 Viljandi LV 7 45 833 24.8 23.1 40.2 415.9 9.4

n.e. – not estimated.
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branches and current-year shoots. The stems of the model trees
from stands aged 5–20 years were divided into five sections: the
first section 0–1.3 m, the second section 1.3 m up to the living
crown; and the living crown was divided into three equal layers.
For older stands, the stems of the model trees were divided as fol-
lows: the first section 0–1.3 m; the subsequent 2 m sections, fol-
lowed by the section up to the living crown; and the living
crown was divided into three sections of equal length.

The stem sections and larger branches were weighed in forest.
From every crown section, one model branch was separated and
taken to laboratory. Also from every stem section one disc was
sawn and taken to laboratory for estimating the share of wood
and bark. Only very small trees from young stands were taken to
laboratory whole. In the laboratory, living branches were divided
into the following fractions: current-year shoots, older branches
and dead branches. From every fraction, a subsample was taken
for estimation of dry matter (DM) content as well as for chemical
analysis. The samples were dried at 70 �C until constant weight
and weighed to 0.01 g. The share of the wood and bark of stems
was determined. The dry mass of different fractions was calculated
for each model tree by multiplying the corresponding fresh mass
by the dry matter ratio (Uri et al., 2007a,b, 2012).

To estimate the above-ground overbark biomass or the stem
mass of the stand, an allometric equation of form (1) provided
the best fit:

y ¼ aDb
1:3; ð1Þ

where y is the dependent variable (above-ground biomass, stem
mass or mass of branches of a tree, g), D1.3 is breast height diameter
(cm) and a and b are parameters.

The current annual production (CAI) of the stemwood was esti-
mated on the basis of annual rings. Cross section disks were cut
from the middle of each stem section, dried and polished, and

the width of the annual rings was measured to 0.001 mm using
the TSAP-Win Time Series Analysis and Presentation for Dendro-
chronology and Related Applications Version 0.53 for Microsoft
Windows (Copyright � 2003 Frank Rinn, Heidelberg, Rinn Tech)
software.

Annual wood increment for the different sections of the model
trees was calculated according to Eq. (2) (Whittaker andWoodwell,
1968).

DW ¼ Wðr2 � ðr � iÞ2Þ=r2 ð2Þ
where DW is annual dry mass increment of wood (g), W is dry mass
of wood (g), r is radius of the analysed disk (mm), i is thickness of an
annual ring (mm).

The relative increments of the fractions of the wood and bark
were assumed to be equal. The production of the stem sections
was summed up for calculation of the stem mass production of
the tree. Allometric relationship (1) was found between annual
production of stem biomass and tree diameter (D1.3); using this
regression equation, annual stemwood increment of the stand
was found.

2.3. Density of stemwood and branches

The densities of the stemwood and branches (wood + bark)
were estimated by using the xylometric method (water displace-
ment principle for volume estimation). Branch test pieces were
submerged in a graded cylinder (1 l) partly filled with water and
water level before and after sinking was measured. For larger
stemwood samples, a container (10 l) with an overflow channel
was filled with water and weighed before and after sinking of
the test piece. The volume of removed water was measured by
weighing; every test piece was weighed before and after sinking
as wood is a hygroscopic substance; for accurate estimation, the

Table 2
The soil characteristics and soil types of the studied stands. N – Kjeldahl nitrogen (%), P – lactate soluble phosphorus (mg kg�1), K – available potassium (mg kg�1), and Mg –
magnesium concentration (mg kg�1). Presented average concentrations in the upper 10 cm soil layer.

Age, yr N, % P, mg kg�1 K, mg kg�1 Mg, mg kg�1 pHKCl C:N ratio Bulk density, g cm�3 Soil type

Porijoe LV 2 2 0.44 10.1 61.6 295.0 6.0 11.0 0.87 Mollic Gleysol
Laeva 5 0.42 10.7 157.8 216.5 4.4 13.0 0.96 Haplic Albeluvisol
Kunila LV 5 1.00 37.2 268.7 747.1 5.3 14.4 0.56 Mollic Gleysol
Kolleste LV 1 7 0.45 7.8 79.1 171.7 5.0 14.1 0.80 Umbric Gleysol
Viljandi LV 4 10 0.58 37.0 105.9 844.5 6.9 10.6 0.82 Endogleyic Cambisol
Uhika 12 0.45 20.2 71.8 271.2 4.6 13.8 0.89 Umbric Planosol
AK HL4 14 0.27 4.7 75.9 52.5 3.9 13.5 0.83 Haplic Albeluvisol
Reinu 2 16 0.27 3.9 120.6 50.0 4.0 10.6 1.02 Endogleyic Arenosol
Ilmatsalu-1 17 0.47 20.9 93.7 496.1 5.7 13.0 0.98 Endogleyic Cambisol
Ilmatsalu-2 17 0.27 4.7 59.8 219.1 4.6 13.2 0.94 Endogleyic Cambisol
AK HL2 17 0.23 3.3 65.6 50.8 4.0 13.4 0.83 Haplic Albeluvisol
Viljandi LV 2 17 0.29 3.9 147.7 260.8 5.4 12.7 1.15 Haplic Albeluvisol
Viljandi LV 6 17 0.35 4.6 82.1 223.0 4.9 11.9 1.12 Haplic Albeluvisol
Kaasiku LV 1 20 0.38 9.4 93.4 385.2 5.1 13.3 0.75 Endogleyic Luvisol
Reinu 1a 20 0.12 12.7 38.9 89.2 5.6 10.8 1.10 Protic Arenosols
Voopste 21 0.36 8.3 55.0 166.3 4.5 14.0 0.73 Endogleyic Arenosol
Liispollu 22 0.36 12.0 106.9 57.0 3.4 13.0 1.10 Endogleyic Albeluvisol
Ilmatsalu-3 22 0.29 11.8 62.5 318.1 5.9 12.1 0.85 Endogleyic Cambisol
AK HL3 23 0.46 7.7 96.0 92.1 3.4 14.9 0.89 Endogleyic Arenosol
Kivi LV 23 0.61 8.0 90.3 271.3 4.9 10.8 0.78 Mollic Gleysol
Kryydneri 23 0.27 1.7 82.8 39.8 3.6 12.3 1.03 Haplic Albeluvisol
Viljandi LV 3 25 0.41 7.0 86.7 451.7 6.0 10.5 1.04 Endogleyic Luvisol
Kaasiku LV 2 26 0.35 2.2 70.8 164.7 4.6 12.5 1.01 Endogleyic Luvisol
Agali-2 26 0.76 27.2 92.9 305.5 4.8 11.8 0.75 Mollic Gleysol
Porijogi LV 1 30 0.52 14.0 87.6 335.0 5.9 12.2 0.87 Mollic Gleysol
Agali 1 32 0.36 9.4 59.1 325.7 5.9 11.9 1.00 Umbric Planosol
Haavametsa 32 0.24 9.6 60.2 24.6 3.7 14.1 1.08 Endogleyic Albeluvisol
Kolleste LV 2 32 0.32 4.3 73.2 41.6 3.7 13.3 0.93 Gleyic Podzol
AK HL1 35 0.42 10.8 76.5 101.1 3.9 14.6 0.89 Umbric Gleysol
Tsapsia 45 0.24 36.2 107.9 319.9 6.4 13.3 1.08 Haplic Podzol (Umbrinovic)
Viljandi LV 7 45 0.54 14.5 94.7 779.9 6.3 11.5 1.02 Mollic Gleysol

a Exhausted gravel quarry.
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water bound in the wood of the test piece was taken into account.
Branch and stemwood test pieces were taken from a total of 19
sample plots of different ages from every felled model tree. Stem-
wood samples were sawn from different height sections and aver-
age stemwood density per tree was calculated as weighted
average. For the branches, samples were taken from every height
sections of the same trees in the same sample plots.

2.4. Growth and yield modelling

Relationships between stand age and stand characteristics
should begin at zero and have a convex shape and an asymptote.
The model that meets these requirements is widely used and
known in Germany as the Petterson function and in Scandinavia
as the Näslund function (Schmidt et al., 2011):

y ¼ expða0Þ � A
Aþ z

� �a1

ð3Þ

where y is the dependent variable (average stand height, average
stand diameter, stand basal area, stand volume and volume of
branches); A0, a1 are parameters; z is constant; and A is stand age,
yr.

This function was successfully used earlier for woody biomass
calculation (Padari et al., 2009a) as well as for study of the height
growth of young stands (Padari et al., 2009b).

For calculation of stand characteristics, non-linear Eq. (3) was
applied by using the freeware R (Crawley, 2007). The parameters
of non-linear Eq. (3) are presented in Appendix A.

For calculation of parameters a0, a1 and z, linear regression was
used. Eq. (3) was transformed into a linear form (4).

lnðyÞ ¼ a0 þ a1 � ln A
Aþ z

� �
ð4Þ

Different values of z were calculated and the value of the high-
est determination coefficient (R2) was selected for the model.

For regression analysis, normality of the residuals was checked
by means of the Shapiro–Wilks normality test; there was found no
significant difference from the theoretical distribution.

By using the models presented above, values were found for the
grey alder yield table. For calculation of the number of trees per ha,
Eq. (5) was used.

N ¼ 40;000 � G
p � D2 ; ð5Þ

where G is basal area of stand, m2 ha�1 and D is diameter at breast
height, cm.

Form factor (F) was calculated on the basis of Eq. (6),

F ¼ V
G � H ð6Þ

where V is volume of stand, m3 ha�1 and H is stand mean height, m.
Mean annual increment (MAI) and current annual increment

(CAI) were calculated as follows:

MAI ¼ V
A

ð7Þ

CAI ¼ VA � VA�1 ð8Þ

2.5. Soil sampling and laboratory analysis

In all studied stands one soil pit (depth 1.0 m) was dug; the soil
profile was described and the soil type was determined according
to the WRB (2006). Soil texture was evaluated in the field using the
texture-by-feel method. Textural classes varied from sandy loam to
silty loam; no clay soil was detected. For estimation of soil C and

nutrient content, samples were taken from different depths
(0–10, 10–20 and 20–30 cm soil layers) with a soil corer
(d = 40 mm) over the stand. From ten random points at each stand
site, subsamples were taken to form a composite sample for soil
analyses (Table 2). The concentration of C and nutrients in the soil
layers was analysed in three replicates. For calculation of C and N
storage in the soil, soil bulk density was determined. In the soil pit,
bulk density samples were taken from different soil layers
(0–30 cm) with a stainless steel cylinder (d = 40 mm and volume
50 cm3) avoiding compression of the soil and preserving soil struc-
ture. Three samples were taken from each layer. The samples were
dried in laboratory at 105 �C to constant weight and weighed.

For testing N (Kjeldahl) in the soil samples, Tecator ASN 3313
was employed. Available phosphorus (ammonium lactate extract-
able) in the soil was determined by flow injection analysis with the
use of Tecator ASTN 9/84. Available potassium was determined
from the same solution by the flame photometric method. Magne-
sium in the soil was determined by flow injection analysis with the
use of Tecator ASTN 90/92.

To test the soil as well as the plant material for C content in the
oven-dried samples, the dry combustion method was used with a
varioMAX CNS elemental analyser (ELEMENTAR, Germany). Soil
pH in 1 M KCl suspensions was measured at a ratio of 10 g:
25 ml. The analyses were carried out at the Biochemistry Labora-
tory of the Estonian University of Life Sciences.

2.6. The effect of grey alders on soil carbon, nitrogen and pH status

For estimating the effect of alders on soil nutrient and organic
carbon (C) content, the dataset was split. Only first-generation
stands growing mainly on abandoned agricultural lands were
included in analysis. Several traits were taken in account for iden-
tifying stand generation (land use history, maps, forest survey data
as well as signs in the landscape and in forest). Regression analysis
with stand age as the independent variable was used for finding
out the effect of alders on the dynamics of soil C and N.

For estimation of the soil-acidifying effect of alders, the differ-
ence in the soil pH value between the upper 0–10 cm soil layer
and the next 10–20 cm soil layer was established. This approach
was adopted because the parental material (bedrock) of the soils
was different and the pH value of stands of different ages was
highly variable. We assumed that the acidifying effect of alders is
more intensive in the upper part of the soil as the pH value for
the 0–10 cm soil layer of alder stands is always lower than it is
for the deeper layers. It has been assumed that trees affect more
strongly the topsoil layer than the deeper layers, as the main part
of the fine roots and nodules are located in upper soil layers (Finer
et al., 2007; Lõhmus et al., 2006; Uri et al., 2009) and also leaf litter
influences mostly the topsoil.

2.7. Statistical analysis

Normality of variables was checked by Lillieforś and Shapiro–
Wilk’s tests. The t-test for independent samples by groups was
employed to compare the means for the groups/stands. Regression
and correlation analyses were used for estimation of relationships
of stand age with mean stand characteristics as well as with the
soil nutrient or carbon storage and soil pH.

Linear, non-linear and allometric models were employed for
estimating relationships. The measure of the fit of the models
was based on the adjusted coefficient of determination (R2) and
the level of probability (p). In all cases the level of significance
a = 0.05 was accepted. The software STATISTICA 7.0 (StatSoft Inc.)
and R (Crawley, 2007) were employed.
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3. Results

3.1. The growth dynamics of grey alder stands

Stand volume as well as annual volume increment for stands of
the same age varied a great deal (Table 1). For natural grey alder
stands, an uneven spatial distribution of trees is inherent, i.e. dense
tree groups alternate with gaps. Stands with a high mean diameter
were sometimes quite sparse, which affected negatively the basal
area and thereby the stem volume as well as the annual increment
of stands. In most cases larger stem volume was related to high
stand density in the studied grey alder stands.

On the basis of the data of the model trees, allometric relation-
ship (1) was established and woody biomass and stem mass were
calculated for each stand. By pooling the data of all model trees a
general stem mass equation for grey alder was developed
(Fig. 2). The presented regression predicted stem mass for the trees
in the D1.3 range of 5–30 cm quite well, the difference between the
theoretical and the empirical values varied mostly between 0% and
10%.

The natural self-harvesting process and the consequent
decrease of stand density were significant at the age between 5
and 10 years and stabilized after the age of 15 years (Fig. 3a). Both
diameter increase and height increase with increasing stand age
were described by a power function (Fig. 3b and c).

The largest stem volume (423 m3 ha�1) was estimated for a 32-
year-old stand (Table 1). However, the stem volume of even-aged
stands varied to a great extent (Fig. 4), e.g. the growing stock for
23-year-old grey alder stands was estimated at 154 and
346 m3 ha�1 (Table 1). In two different 32-year-old stands the var-
iability of the growing stock was even more drastic, being 167 and
423 m3 ha�1.

On the basis of the analysed data a growth dynamics model was
developed and a yield table for grey alder stands growing on fertile
soils was compiled (Table 3).

3.2. Annual volume increments and bulk maturity of the grey alder
stands

Estimation of the bulk maturity of the grey alder stands was
based on mean annual increment (MAI) and current annual incre-
ment (CAI), which were calculated for stem volume (Fig. 5).

On the basis of the results presented in Fig. 5 and Table 3, the
bulk maturity of the grey alder stands growing at fertile sites was
achieved at the age of 12–13 years. However, the recommendable
cutting age for grey alder stands could be higher. At least 8 years
after bulk maturity the MAI of the grey alder stands was still high,
ranging between 8.5–9.7 m3 ha�1 yr�1, being on the same level as
at the age of 8–15 years (Fig. 5 and Table 3): i.e. the MAI of

8-year-old and 18-year-old stands was practically the same. It is
unreasonable to cut a stand during stages with highwoody biomass
increment and intensive cumulative accumulation of stemwood.
Furthermore, some stands older than 20 years demonstrated very
high CAI values (Table 1). For the Kryydneri 23-year-old grey alder

Fig. 2. Allometric relationship between breast height diameter and stem mass of
the model trees (n = 132).

Fig. 3. The dynamics of stand density (a), average breast height diameter (b) and
mean height (c) of the studied grey alder stands (n = 34).

Fig. 4. Stem volume dynamics of the studied grey alder chronosequence stands.
Dotted line presents 95% confident limits.
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stand, CAI was estimated at 19.4 m3 ha�1 yr�1, for the Agali1 stand,
at 15.2 m3 ha�1 yr�1 and for the Kolleste 2 stand, at 16.2 m3 ha�1 -
yr�1, which significantly exceed the average increment for similar
ages (Table 3). Thus, optimal harvesting age for obtaining a maxi-
mum biomass yield could be 20–25 years.

3.3. Basic density of the stemwood and the branches

The estimated average stemwood density was 396 ± 3.6 kg m�3

and the average density of the branches was 460 ± 2.9 kg m�3

(Table 4) which were used for re-calculation of the biomasses of

stands not involved in our earlier density study. Stand age had
no effect on stemwood or branchwood density; branchwood den-
sity was significantly higher (pairwise t-test, P < 0.0001).

3.4. Carbon concentration in woody biomass

The average concentration of C in the stemwood was
(47.3 ± 0.03%) and it was not different for the different tree height
sections (P < 0.05). The C concentration was similar for the differ-
ent tree fractions, except for the stem bark where it was signifi-
cantly lower (43.2 ± 0.26%) than in the stemwood and the
branches (47.9 ± 0.98%). The average C concentration in the current
year shoots was 45.8 ± 0.55%. For calculation of C accumulation in
the stems, the weighted average C percentage 46.8 was used.

3.5. The dynamics of soil carbon and nitrogen

For first generation forests, soil C storage increased in the older
stands, however, this increase was significant (P < 0.05) only in the
upper 0–10 cm soil layer (Fig. 6a). For second generation alder
stands, we failed to establish reliable relationship between stand
age and soil C storage or soil C concentration (Fig. 6b). For model-
ling soil C increase for first generation alder stands, the power
function yielded the best fit (Fig. 6a) and average calculated annual
C input ranged between 1.1 and 1.2 t C ha�1 yr�1 in young stands
and between 0.97 and 0.84 t C ha�1 yr�1 in older stands. The larg-
est average soil organic C pool was always found in the upper
0–10 cm soil layer. The average C storage in this soil layer in first
generation and in older generation stands was 40.8 ± 3.1 t C ha�1

and 50.6 ± 3.1 t C ha�1, respectively. The differences between the
soil profiles were predominantly caused by significantly different
C concentrations, since the bulk density and thickness of the hori-
zon were quite similar (Table 2). The C pool accumulated in the soil
of grey alder stands of different age classes exceeded the amount of
C accumulated in the biomass of the trees roughly two times
(Fig. 7). Thus, the main C sink for grey alder stands growing at
fertile sites is soil.

First generation grey alder stands showed a significant increase
of the soil nitrogen (N) pool with increasing stand age (Fig. 8) in the
0–10 cm topsoil layer. For the deeper layer (10–20 cm), this was
only revealed by one-sided hypothesis (P = 0.03). The average
increase of the N pool in first generation stands for the period
between stand ages 14 and 35 years was 74 kg N ha�1 yr�1. Our
dataset included two stands growing in an exhausted sand or
gravel quarry (Tables 1 and 2) and it was assumed that the N stor-
age in upper soil layer was accumulated during stand development
as the initial soil had been pure sand with a very low N content.
The N storage in the upper soil 0–10 cm layer was 1.26 t ha�1

and 3.92 t ha�1 in 20- and 45-year-old stands, respectively. Thus,
the average annual N accumulation in the soil was 63 and
87 kg ha�1 yr�1, respectively. The average soil C:N ratio for first-
generation and for older generation stands was exactly the same,

Table 3
Yield table of grey alder stands growing at fertile sites in Estonia.

Age,
yr

D1.3,
cm

Height,
m

Density,
trees ha�1

Basal area,
m2 ha�1

Stem volume,
m3 ha�1

Volume of branches,
m3 ha�1

MAI,
m3 ha�1

CAI,
m3 ha�1 yr�1

Form
factor

5 2.0 4.0 34,438 10.4 31 4.3 6.16 12.89 0.742
10 4.3 7.4 12,084 17.4 95 10.6 9.48 11.53 0.737
15 6.7 10.3 6242 21.9 146 15.1 9.75 8.53 0.650
20 9.1 12.7 3844 25.1 184 18.3 9.21 6.32 0.579
25 11.5 14.8 2626 27.4 212 20.6 8.50 4.80 0.525
30 13.9 16.6 1920 29.1 234 22.4 7.81 3.75 0.484
35 16.2 18.2 1475 30.5 251 23.8 7.18 3.01 0.452
40 18.5 19.6 1175 31.6 265 24.9 6.63 2.46 0.427
45 20.7 20.9 964 32.6 277 25.8 6.15 2.04 0.407
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Fig. 5. Mean annual increment (MAI) and current annual increment (CAI) of stem
volume for the studied grey alder stands.

Table 4
Average density of the stemwood and branches of the studied grey alder stands.

Site Age,
yr

Stemwood density,
kg m�3

Branches density,
kg m�3

Porijoe LV 2 2 399 449
Kunila LV 5 403 453
Kaarli LV 6 390 444
Kolleste LV 1 7 375 465
Viljandi LV 4 10 396 444
Uhika 12 397 463
Reinu-2 16 405 498
Viljandi LV 2 17 397 442
Viljandi LV 6 17 418 456
Reinu-1 20 378 n.e
Kaasiku LV 1 20 418 440
Liispollu 22 355 451
Kivi LV 23 414 464
Viljandi LV 3 25 380 473
Kaasiku LV 2 26 405 471
Agali-2 27 401 n.e
Haavametsa 32 398 477
Tsapsi 45 393 471
Viljandi LV 7 45 405 461

Average ± st.
error

396 ± 3.6 460 ± 2.9
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12.5 ± 0.4 for both. There was no correlation between soil C:N ratio
and stand age either for the whole dataset or for first- or second-
generation stands separately.

3.6. The soil phosphorus pool and soil pH

We failed to establish any correlation between stand age and
soil lactate soluble phosphorus concentration both for the first-
generation stands and for the whole dataset. For the studied stands
low, or very low soil lactate soluble phosphorus concentration was
inherent (Table 2).

It is obvious that as the parental material of soils is variable the
acidifying effect is not revealed by using the chronosequence
approach. Therefore, the difference in the pH values between the

0–10 cm and 10–20 cm soil layers was used to identify the acidify-
ing effect of alders. However, previous land use history also
affected soil reaction; the average pH for first generation and for
older generation stands was 4.5 ± 0.3 and 5.1 ± 0.2, respectively.

For estimation of the potential acidifying effect of alders on the
soil, we compared the soil pH values for the upper 0–10 cm and the
10–20 cm soil layers. It was evident that in almost all cases soil
reaction was lower in the upper topsoil layer compared with the
next layer. The average difference in the values was 4.0% ± 0.5%,
and the maximum difference was 10%.

4. Discussion

4.1. Growth dynamics

In the present study MAI ranged between 3.2 and
15.1 t DM ha�1 yr�1 for 5–10-year-old natural stands and between
6.2 and 14.7 t DM ha�1 yr�1 for 10–20-year-old stands. Although
annual production decreased in older stands, there were some
exceptions and a high CAI value (19.4 t DM ha�1 yr�1) was even
found for a 23-year-old alder stand (Table 1). Annual woody bio-
mass production over 10 t DM ha�1 yr�1 is comparable with that
of special Salix energy plantations (Hytönen, 1995; Heinsoo et al.,
2002). The productivity of grey alder forests is addressed in several
papers and most results demonstrate the high production of these
stands. The mean annual stemwood production of grey alder
stands normally varies between 2 and 5 t DM ha�1 yr�1 (Rytter,
1996; Aosaar et al., 2012) but may reach up to 8.8 (Rytter, 1996)
or even up to 14 t DM ha�1 yr�1 (Aosaar et al., 2013). The highest
woody biomass production of grey alder reported in the literature
is 17 t DM ha�1, however, that plantation was irrigated and ferti-
lised (Granhall and Verwijst, 1994). The above results demonstrate
well the potential production ability of this tree species but it is not
very characteristic of typical natural grey alder stands.

New grey alder yield tables are practically missing, which is
mainly due to the low economic importance of grey alder. At pres-
ent, in connection with the increased productivity of forests, there
has arisen a need for new forest growth models (Mund et al., 2002)
for estimation of C sequestration in forest ecosystems. Some stud-
ies of site index curves and stem volume equations for grey alder
have been published in recent time (Johansson, 1999, 2005;
Daugavietis et al., 2009). A thorough review of the growth and
yield of grey alder stands was published recently; it included only
seven grey alder yield tables which had all been compiled in the
Nordic and Baltic countries (Aosaar et al., 2012). Among them there
is only one Estonian grey alder yield table (Raukas, 1930), while
Latvia is represented by two tables (Ozols and Hibners, 1927;
Murnieks, 1950). Regarding the Nordic countries, one yield table

Fig. 6. The dynamics of the soil carbon pool in the upper 10 cm topsoil layer for the
first-generation grey alder stands (n = 11) (a) and on long-standing forest lands
(n = 20) (b) at fertile sites.

Fig. 7. Carbon allocation in above-ground woody biomass and in the upper soil
layer (0–30 cm) in different age classes of grey alder stands (n = 32). Bars indicate
standard error.

Fig. 8. The dynamics of soil nitrogen pool in upper 10 cm topsoil layer for first-
generation grey alder stands growing at fertile sites.
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originates from Finland (Miettinen, 1933) and another from
Norway (Børset and Langhammer, 1966).

Stand volume in Latvian (Murnieks, 1950) and Lithuanian
(Jankauskas) (Krigul, 1971) yield tables from an earlier period
exceeds significantly the corresponding values of our study
(Fig. 9), which in turn are in very good accordance with a Belarus
(Aosaar et al., 2012) yield table. The estimates of an earlier Esto-
nian yield table (Raukas, 1930) exceed our yield estimate for older
stands (Fig. 9), which can be explained by different stand densities.
In our yield table the average number of trees in a 15-year-old and
in a 20-year-old stand was roughly twice as low as in the above
yield table. As mentioned above, the densities of the studied stands
were variable, which was one crucial factor affecting stand volume
per hectare. Average stem volume for a 45-year-old stand (Table 3)
was significantly lower than the corresponding predicted value in
the Latvian or the Lithuanian yield table, 366 and 335 m3 ha�1,
respectively (Murnieks, 1950; Krigul, 1971) (Fig. 9). A significantly
higher stem volume, 468 m3 ha�1, for a 40-year-old stand was pre-
dicted in a Norwegian grey alder yield table (Børset and
Langhammer, 1966). Although stand volume over 400 m3 ha�1

was estimated also in the present study (Table 1), such a growing
stock is quite rare for natural grey alder forests in Estonia. The
growth dynamics of grey alder stands presented in our yield table
is realistic and is in good accordance with forest statistics in
Estonia.

The elaborated yield table serves also as a good basis for forest
carbon models at the regional level. However, a yield table always
involves generalisation and simplification, as natural stands are
very different and their potential production ability may be signif-
icantly higher. For example, in our earlier studies stand volume
and CAI reached values up to 250 m3 ha�1 and 36 m3 ha�1 yr�1,
respectively for a 16-year-old grey alder plantation growing on
abandoned agricultural land (Uri et al., 2009; Aosaar et al., 2013),
which demonstrates the high growth potential of this tree species.

4.2. Rotation length and density of the stemwood and the branches

One of the most widely discussed issues in short-rotation for-
estry is the optimal rotation period, which is related to the bulk
maturity and maximum value of CAI. The purpose of short-rotation
forestry is to maximise biomass production in as short time as pos-
sible; a stand should be cut when CAI falls below mean annual
increment (MAI). Grey alder stands growing on fertile soils reach
bulk maturity roughly at the age of 12–13 years (Fig. 5), which is
consistent with earlier standpoints. For maximising the yield,
dense plantations with a rotation period of 10–20 years have been
recommended (Rytter, 1996). In a fertilised peat bog experiment,
annual woody biomass increased continuously up to 7 years

(Rytter et al., 1989); Johansson (1999) notes that grey alders grow
fastest at the age of 5–10 years. However, taking into account that
in some cases stands older than 20-years showed still high woody
biomass increment, age 20–25 years can generally be suggested as
cutting age for practical forestry. However, when traditional silvi-
culture is applied and the main target is to produce stems with lar-
ger dimensions, rotation length of 25–35 years seems to be
reasonable.

The estimated density of the stemwood and the branches was
used for recalculation of biomass to volume units, which are used
in practical forestry yield table data. The results of this study are
well consistent with the findings of an earlier study carried out
in a grey alder stand (Aosaar et al., 2011) and the use of an average
grey alder stemwood density of 396 kg m3 is entirely appropriate
for Estonian forestry. In the present study the estimated density
of the branches, 460 kg m�3, was 14% higher than the correspond-
ing value for the stemwood. Higher average density is a feature
that is inherent for all tree species.

4.3. The dynamics of soil-stand interaction

4.3.1. Carbon accumulation
The initial soil organic carbon (SOC) pool of stands may be

highly variable due to the different parental materials of the soils
as well as to previous land use history or management. This pre-
sents a serious shortcoming for the chronosequence method and
complicates evaluation of the effect of stand age on the soil carbon
and nutrient pools. However, despite several drawbacks of the
chronosequence approach, it is widely used for modelling long-
term stand dynamics, as it allows to study forest growth and devel-
opment of different stands (Wang et al., 1996; Mund et al., 2002;
Peichl and Arain, 2006; Alberti et al., 2008).

The land use history of the studied alder stands was different;
one part of them were growing on long-time forest land while
the other part started to grow on abandoned agricultural lands.
Thus the initial situation with respect to soil SOC and nutrient con-
tent and pH value was markedly different. Stands growing on
abandoned agricultural lands had more acidic soils and a smaller
SOC pool.

We found a significant increase of the C storage in the 0–10 cm
topsoil layer of the first-generation grey alder stands growing
mostly on abandoned agricultural lands. A considerable part of
Estonian grey alder stands are growing on such lands. When in
1958 year the total area of grey alder stands in Estonia formed
47,200 ha then in 2010 this area was more than three times as
large 178,800 ha (Yearbook Forests 2011). This expansion has
taken place mainly at the expanse of agricultural lands. Usually,
the C storage is lower on agricultural land than on forest soils
and it started to increase after afforestation of the site (Uri et al.,
2011; Somogyi et al., 2013). The significant positive effect of affor-
estation of agricultural lands on soil C sequestration was confirmed
also by other studies (Ross et al., 2002; Lal, 2005; Carmela et al.,
2011). However, only a few studies focusing on grey alder have
continuously observed the soil status of the same stand during
its development for a longer period (Uri et al., 2011; Aosaar
et al., 2013). According to these studies, the actual increase of
the C storage in the soil of grey alder stand was 6.1 t C ha�1 during
the first 17 growing years.

The soil C increase was more intensive in young age and slowed
down later (Fig. 6a). The C accumulation evidently depended also
on the initial soil C status; when initial soil C content is high, accu-
mulation intensity will be lower. Our dataset included two grey
alder stands growing at sites with unconventional history. At Reinu
1 (Table 2) a thin A-horizon was formed during the last 20 years
and we assume that the SOC storage in the upper 0–10 cm soil
layer was largely formed during the last 20 years. Thus the annual

Fig. 9. The dynamics of the stem volume of the grey alder stands growing at fertile
sites on the basis of different Nordic and Baltic yield tables.
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average C sink into the soil was 0.68 t ha�1 yr�1. In the Tsapsi alder
stand (Tables 1 and 2) growing at a similar site the average annual
C flux into the soil was 0.78 t ha�1 yr�1. Both annual fluxes are
about two times higher than those estimated in Uri et al. (2011).
However, as mentioned above, the initial SOC pool has a significant
effect on C accumulation, and the C pools on agricultural land and
in the exhausted gravel quarry were obviously different.

For alder stands growing on long-time forest lands, no correla-
tion was found between stand age and SOC storage (Fig. 6b). Soil
organic matter in grey alder stands will reach an optimal level
and despite a steady C input through the litter flux, further accu-
mulation is retarded, which may be caused by increased soil respi-
ration (Soosaar et al., 2011). We are aware of the fact that soil C
accumulation is finite because organic C content tends towards a
new equilibrium value rather than increasing indefinitely
(Powlson et al., 2011). In general, it is assumed that humus concen-
tration remains constant in a stable ecosystem (Gisi et al., 1990).

The share of the soil C pool in middle-aged and old grey alder
stands was roughly two times as large as the C pool accumulated
in the above-ground biomass of the trees (Fig. 7). This is in good
accordance with the data that in boreal and hemiboreal forests
the main C storage is located in the soil (Peltoniemi et al., 2004).
However, this was not verified for a fertile hemiboreal silver birch
forest chronosequence (Uri et al., 2012). Even when below-ground
biomass (coarse roots, stumps) is taken into account, the soil C
storage remains a basic pool in grey alder stands. The below-
ground biomass of grey alder accounted for 18% and 16% of total
stand biomass at stand ages of 5 and 10 years, respectively (Uri
et al., 2002, 2009).

The distribution of C between the trees and the soil in different
forest ecosystems depends on tree species and since alders are N2

fixing trees they can alter the soil carbon status more than other
tree species (Binkley, 2005; Wang et al., 2010).

4.3.2. Soil nitrogen, phosphorus and pH status
Soil N content in first generation stands increased significantly

(Fig. 8). Average calculated N accumulation in the first-generation
chronosequence stands was consistent with the increase of the soil
N storage in stands of the previous gravel quarry area (initial N
storage close to zero). Estimated N accumulation was of same mag-
nitude as the result for a riparian grey alder stand where annual N
accumulation in the soil was 98.3 kg ha�1 yr�1 (Mander et al.,
2008) as well as fits well to the N accretion range reported for
other alder species. According to Binkley (2005), in red alder–
Douglas fir stands the value of N accretion varied from 25 to
78 kg ha�1 yr�1 and, according to DeBell and Radwan (1979), it
was 80 kg ha�1 yr�1 in a red alder stand. However, the presented
values are higher than those estimated in our earlier studies (Uri
et al., 2011; Aosaar et al., 2013) where the annual average soil N
increase was 26.4 kg ha�1 yr�1. However, in grey alder plots in a
degraded soil at high latitudes annual N accumulation was esti-
mated only at 0.3 and 9.4 kg N ha�1 yr�1 (Myrold and Huss-
Danell, 2003).

The low concentration of available soil phosphorus (P) was
inherent for all studied grey alder stands and we did not find sig-
nificant correlation between stand age and soil available P concen-
tration. However, some studies have reported the influence of
alders on soil labile phosphorus content (Giardina et al., 1995;
Zou et al., 1995), which can be attributed to microbiological activ-
ity as well as to the activity of mycorrhiza (Ingestad, 1987;
Giardina et al., 1995; Arveby and Granhall, 1998). Alders play an
important role in the redistribution of soil P from the inorganic
form to the organic form (Cole et al., 1990). Although the mecha-
nisms underlying these effects remain quite unclear, P is often
the limiting nutrient for alders; in fertilisation experiments phos-
phorus has been shown to be the only nutrient which increases

the growth of alders (Hytönen et al., 1995). Low soil phosphorus
content was the cause of retarded root growth, nodulation and
nitrogen fixation in red alder (DeBell and Radwan, 1984; Gentili
and Huss-Danell, 2003). Our results demonstrate that grey alder
stand is able to grow productively on a soil with low available P
content (Tables 1 and 2). It seems that the concentration of lactate
soluble P reflects the balance between solubilised and assimilated
P in the soil rather than actual P limitation. Also high P retranslo-
cation (Lõhmus et al., 2006; Uri et al., 2002; Vares et al., 2004)
and increased efficiency of P assimilation may mitigate low soil P.

The results of the present study also confirmed the soil-acidify-
ing effect of alders, as the pH value of the upper 0–10 cm topsoil
was almost always lower than that of the next 10–20 cm soil layer
irrespective of the various parental materials of the soil. The
decrease of the soil pH value in grey alder stands growing on aban-
doned agricultural land was also clearly demonstrated in a long-
term study where it decreased about 1.3 units during 14 years
(Uri et al., 2011) and stabilized thereafter; however, this was not
observed in the case of riparian grey alder stands (Mander et al.,
1997a,b). Obviously, the soil type plays an important role in this
situation. According to studies on black alder stands growing in
exhausted alkaline mining areas (initial pH = 8), soil pH decreased
by 1–2 units during the first 25 years of stand development and the
acidifying effect decreased with increasing stand age (Lõhmus
et al., 2006). Some authors have found negative correlation
between age of alder stand and soil pH value (Šourkova et al.,
2005; Sharma et al., 2009), while others have not reported the
acidifying effect of alders (Giardina et al., 1995).

5. Conclusions

Grey alder is a prospective tree species for short-rotation for-
estry and woody biomass production. However, the first hypothe-
sis was not proved as the values of the elaborated growth model
for the studied alder stands did not exceed the corresponding val-
ues of earlier yield tables compiled in Estonia or the other Baltic
states. At the same time, some stands demonstrated remarkably
great production, which indicates the high growth potential of this
tree species. For short-rotation management of grey alder stands,
the recommendable harvesting age could be 20–25 years.

First-generation grey alder stands, growing on previously non-
forested lands accumulated effectively C and N in the soil while
the accumulation was more intensive in younger age. In second
or older generation grey alder stands growing on long-time forest
lands, the soil C pool was stable and these stands accumulated C
mainly in woody biomass. Hence, previous land use plays an essen-
tial role in this respect. Grey alder stands are efficient forest eco-
systems for C accumulation both in biomass and in the soil.
However, the share of the soil C pool in middle-aged and old grey
alder stands was roughly two times as large as the C pool accumu-
lated in the above-ground biomass of the trees. Also a significant
effect of alders was revealed on the soil pH status but not on soil
lactate soluble phosphorus content.
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a  b s  t r  a  c t

Grey alder is a wide  spread  tree  species  in the Baltic  region  and  a promising  species  for  short rotation
forestry. The  symbiotic  dinitrogen  (N2)  fixation  ability  makes this tree important for the  regulation  of
nitrogen (N)  cycle  in forested  areas.

In a homogeneous  32-year-old  natural grey  alder stand  (GAS) and  an  adjacent  clear-cut (CC)  in South-
East Estonia (58◦17′ N;  27◦17′ E; set  up  in May 2011)  we  analyzed net nitrogen mineralization (NNM;
with incubated  bags),  N leaching  (with  plate  lysimeters),  and  nitrous  oxide (N2O)  fluxes  (with static
chambers).

The total annual  NNM  did  not  intensify  in the CC  area: in the upper  0–20  cm  soil layer  the NNM  was
169.9 and  157.0 kg  ha−1 in the  (GAS)  and  in the CC,  respectively.  In both cases,  the share of  nitrification
was 100%  and  NNM  intensity  was the highest in  July.  During the snow-melt in April,  both in the GAS
and in the CC site  the leaching  of  total N was up  to  25 kg N month−1,  whereas  in the rest  of  study  period
it was  negligible  in  both sites.  Harvesting slightly decreased  N2O  emission,  however,  it was  low at  both
study sites  (−0.55  to  19.75  and  −0.77 to 7.43 kg N2O  ha−1 yr−1 in the GAS and  the CC,  respectively).
Management of  grey  alder  stands  by  traditional silvicultural  methods (clear-cuts)  did  not  to increased
hazardous N losses  through  leaching.

©  2015  Elsevier  B.V. All  rights  reserved.

1. Introduction

Research of the nitrogen cycle in  forest ecosystems has gained
importance since N availability is one of the crucial factors limiting
photosynthetic capacity and tree  growth in boreal forests (Luo et al.,
2004). Most of the N  used for plant biomass is produced by  in situ
mineralization of native organic matter (Tate, 1995) and nitrogen
net mineralization (NNM) is an essential flux  in the whole N cycle
of boreal and temperate forests. The intensity of  NNM depends on
many factors like soil properties, tree species, land use  history, dis-
turbances etc. (Zak et al., 1990; Goodale and Aber, 2001; Lovett
et al., 2002; Uri et al., 2008) and their interactions. In deciduous
stands NNM varies roughly between 25  kg ha−1 and 200 kg  ha−1,
which covers a major part  of the annual N demand of  deciduous

∗ Corresponding author.
E-mail addresses: ulo.mander@ut.ee,  ulo.mander@irstea.fr (Ü. Mander).

stands (Aber et al., 1989; Scott and Binkley, 1997; Magill et al.,
2000).  However, the effect of N2-fixing tree species on different
soil processes may  sometimes be more sophisticated and exten-
sive compared with the effect of  other deciduous trees. According
to Wang et al. (2010), forests of N2-fixing tree species may  have
40–50% higher soil organic matter and 20–50% higher total N con-
centration in the 0–5 cm topsoil compared with non-N2-fixing
forests.

The increasing demand for bioenergy resources will make
the management of short rotation forestry (SRF)  more likely in
Europe, and it will  potentially become an alternative to traditional
long  rotation forestry. According to several studies (Granhall and
Verwijst, 1994; Rytter, 1996; Uri et al., 2002, 2009, 2011; Miežite,
2008; Hytönen and Saarsalmi, 2009; Aosaar et  al., 2012), grey alder
(Alnus incana (L.) Moench) is a widespread and perspective tree
species for short rotation forestry in the Nordic and Baltic states.
In Estonia, as well as in the other Baltic countries the resource
of  grey alder stands is substantial but its management intensity

http://dx.doi.org/10.1016/j.ecoleng.2015.10.006
0925-8574/© 2015 Elsevier B.V. All  rights reserved.
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is still modest (Kuliešis and Kulbokas, 2009; Yearbook Forest
2013).

Grey alder ecosystems are  also well known as effective buffer
zones for N and P (Mander et al., 1997, 2008; Soosaar et al., 2011)
and alders are accumulating a large amount of  N into biomass and
in the soil (Hytönen and Saarsalmi, 2009; Uri et al., 2011).  Alnus
species can be used effectively for the biological fertilization of soil
with N (Granhall, 1994).

However, more intensive use of alder stands for bioenergy pre-
sumes a better knowledge of possible environmental impacts and
hazards related to the N cycle (Granhall and Verwijst, 1994; Rytter,
1995, 1996; Mander et al., 1997, 2008; Hytönen and Saarsalmi,
2009), however scientifically based suggestions for forest manage-
ment, which take into account possible environmental risks, are
rare (Uri et al., 2014). Since alders can introduce an appreciable N
flux into the forest ecosystem and cover a large part of  the annual N
demand by symbiotic N2 fixation (Šlapokas, 1991; Rytter, 1996; Uri
et al., 2003, 2011; Lõhmus et al., 2002; Mander et al., 2008),  envi-
ronmental risks (N leaching, N2O  gaseous emission) are likely to
be involved. More attention should be paid to nitrous oxide emis-
sions which is an important greenhouse gas with  298-fold Global
Warming Potential (GWP) in a 100-years time horizon compared
to CO2 (IPCC, 2007). N2O  is  a product of  the nitrogen cycle and is
mainly produced by denitrification and nitrification (Lavoie et al.,
2013). However, there is very little information about the effect of
clear-cut on N2O emissions from deciduous forest on  automorphic
soils in the boreal or temperate zone (Page et al., 2011).

The working hypotheses of the present study were: (1)  NNM will
increase after clear-cut of grey alder stand; (2) clear-cut initiates
larger N losses from the ecosystem due to more intensive leaching
and N2O emissions.

The main aim of the study was  to clarify the effect of harvesting
on annual NNM and the related possible post-clearcut environmen-
tal hazards in a mature grey alder stand. The specific aims  were: to
analyze the effect of the dynamics of  soil moisture and tempera-
ture on NNM and on its intensity; to estimate the effect of clear-cut
on N leaching and N2O emissions and to compare soil microbial
characteristics in post-clearcut and grey alder stand.

2. Materials and methods

2.1. The study area

The study area was set up  in May  2011 in  South-Eastern Estonia
(58◦17′ N; 27◦17′ E) in a homogeneous 32-year-old natural grey
alder stand. Two study sites (20  ×  35 m)  were established and clear-
cut was carried out in one site while the other one was  left as the
control area. The stand characteristics were: the mean height of the
stand 17.3 m,  the mean breast height diameter (DBH) 15.4 cm  and
the growing stock 250 m3 ha−1 (Uri et al., 2014).  The highly fertile
site type was classified as Aegopodium according to a local forest site
classification (Lõhmus, 1984). The thickness of the humus layer at
both study sites was 40–50 cm,  and it is  known from the site history
that this grey alder stand is growing on previous agricultural land.
The region’s long-term average annual precipitation is  650 mm and
the average temperature in July is 17 ◦C and in  January −6.7 ◦C; the
growing season usually lasts 175–180 days (Kupper et al., 2011).
The soil of the study area was classified according to WRB  (FAO,
2006) as Umbric Planosol (Table 1). For estimating soil bulk den-
sity, ten soil pits were dug on both sites. Soil  bulk density samples
(sampling cylinder 50 cm3) were taken from the depth layers of
0–10, 10–20 and 20–30 cm.  The samples were dried at 105 ◦C to
constant weight and weighed to the nearest 0.01 g. For the estima-
tion of soil nutrient content, the samples were taken from different
depths (0–10, 10–20 and 20–30 cm)  with a soil corer (d = 40  mm).

From fifteen random points over both sites, subsamples were taken
to form a composite sample for chemical analyses (Table 1).

There were no statistically significant differences in the soil
properties (pH, N, P, K, Ca, Mg,  organic matter) between the study
sites after clear-cut.

2.2. Incubation method and monitoring of environmental factors

The NNM experiment was  performed by  using the method with
incubated polyethylene bags (Eno, 1960; Adams et al., 1989; Hart
et al., 1994; Uri et al., 2003, 2008, 2011).  Polyethylene bags with a
thickness of 18  �m,  ensure permeability to gases (O2,  CO2, N2, etc.),
but prevent leaching and addition of soluble N, as well as nitro-
gen uptake by plants. The study was performed in two  soil depths:
0–10 cm  and 10–20 cm.

The dynamics of NNM was  studied in  situ in  the 0–10 cm soil
layer in both sites from June 2011 to June 2012. The sampling and
incubation were done with  an approximately monthly interval. It
is the optimal time  period when changes are  assumed to take place
in the concentration of mineral nitrogen forms (Adams et al., 1989).
Each sampling time, 24  samples were taken from both subsites and
the first samples were incubated in the experimental area on 5 June
2011. At each random point an intact soil core was taken from the
upper 10 cm soil layer. All samples were taken with  a cylindrical
soil corer (Ø 48  mm),  which internal diameter of the inner part was
1.6 mm larger than the diameter of the cutting edge to avoid com-
pression of  the soil. Then the sample was  sealed in  a polyethylene
bag, to avoid the damaging of  soil structure, was  placed in the same
hole for incubation (Uri et al., 2008).  Mixing of  soil structure affects
the NNM significantly (Raison et  al., 1987; Persson and Wirén, 1995;
Stenger et al., 1995). Sampling was  done monthly throughout the
year, except when the soil was  frozen. Simultaneously with  the
incubation of new sample, each time  adjacent initial sample was
taken next to the incubated sample site. Both the incubated and
the initial samples from each sampling place were collected sep-
arately and then composite into three complex samples and were
transported to the laboratory on the same day. For the estimation of
NNM in the deeper soil layer (10–20 cm)  a monthly experiment was
carried out from May  2012 to June 2012. Soil cores were taken from
the upper 20  cm layer and separated according to the two  layers
(0–10 cm and 10–20 cm). Both samples were sealed in the polyeth-
ylene bags and incubated in the same hole in the same order. At the
same time, also the initial samples for the subsequent 0–10 cm and
10–20 cm layers were taken next to the incubated samples.

For the estimation of the effect of some environmental factors
on NNM, soil and air temperature were continuously measured in
situ with stationary sensors. Soil  temperature was  measured every
hour at a depth of 10 cm and the data was  stored with a data log-
ger (WatchDog 1425, Spectrum Technologies, Inc., USA) during the
growing seasons of 2011 and 2012. Two sensors and one data log-
ger were placed in each stand. Additionally the soil pH from the
initial and incubated samples was  measured.

The NNM for a time interval unit was calculated from the dif-
ference between the contents of each inorganic nitrogen form, i.e.
NH+

4 -N and NO−
3 -N, and the their sum in the initial and incubated

samples. A detailed description of the calculations is presented in
our earlier studies (Uri et al., 2003, 2008).

2.3. Soil chemical analyses

Chemical analyses were performed at the Biochemistry Labo-
ratory of the Estonian University of Life Sciences. From the soil
samples, Kjeldahl nitrogen, nitrite-nitrogen (NO−

2 -N) (only from
the first sampling), nitrate-nitrogen (NO−

3 -N) and ammonium-
nitrogen (NH+

4 -N) were determined. Assessment of  NNM and net
nitrification was based on the comparison of a  nitrate and



106

H. Becker et  al. / Ecological Engineering 85  (2015) 237–246 239

Table 1
Soil characteristics in the mature grey alder stand  and  in  the  clear-cut (N (Kjeldahl), ammonium lactate extractable P and K).

Soil layer cm pHKCl N (mg kg−1)  P  (mg kg−1 (AL)) K (mg kg−1 (AL)) Ca (mg  kg−1) Mg (mg kg−1)  Organic matter (%) Bulk density (g m2 −1)

Clear-cut
0–10 5.8 3150 12.3 67.2 1733 295 6.5  0.99

10–20 5.9 2710 8.0 44.2 1607 277 5.2  1.12
20–30 6.0 2130 5.5 28.9 1373 251 4.3  0.93
Control

0–10 5.9 3640 9.4 59.1 1908 326 7.5  0.98
10–20 6.0 2920 5.2 40.5 1723 304  5.9  1.14
20–30 6.0 2290 3.6 26.4 1456 265 4.8  0.92

ammonium form of N in the initial and incubated samples. Soil
pH and the content of  organic matter as loss on ignition at 360 ◦C
were determined as well. Soil pH in 1 M KCl suspensions was  mea-
sured at a ratio of 10 g:25 ml.  The Tecator ASN 3313 was  employed
for testing the soil samples for nitrogen according to Kjeldahl. The
determination of NO−

2 -N, NO−
3 -N and NH+

4 -N in the soil was  per-
formed by flow injection analysis with the Tecator ASN 65-32/84
and the Tecator ASN 65-31/84. Available phosphorus in the soil
was determined by flow injection analysis (ammonium lactate
extractable) with the use of  the Tecator ASTN 9/84. The content
of available potassium was determined from the same solution
by the flame photometric method. Soil magnesium content was
determined by flow injection analysis with the Tecator ASTN 90/92.
Calcium was determined from the same solution by  the flame pho-
tometric method.

2.4. Gas sampling and analyses

The measurements of efflux from the soil were carried out once a
month in December 2011, from May  to November in 2012 and from
April to December in 2013 using the manual static chamber method
(Hutchinson and Livingston, 1993). Gas samplers (static chambers
of circular truncated cone form with a cover made of PVC, height
40 cm,  collar’s Ø 50 cm,  volume 65 l, sealed with a water-filled ring
on the soil surface, painted white to avoid heating during applica-
tion) were used in five replicates in  both experimental sites i.e. the
clear-cut and the grey alder stand. Gas samples were drawn from
the chamber headspace using tube and a syringe into previously
evacuated (0.3 mbar) 100 ml  bottles (Hansen et al., 2013).  Four
samples from each chamber were collected within 1 h at 20 min
intervals. Air samples were analyzed in the laboratory using the
Shimadzu model GC-2014 gas chromatography system. The gas
concentration in the collected air was determined by  using gas
chromatography (electron capture detector and flame ionization
detector; Loftfield et al., 1997) in the laboratory of  the Institute of
Technology of the University of  Tartu (Soosaar et al., 2011; Hansen
et al., 2013). The emission rate of  trace gas was calculated using the
linear increase of gas concentrations within time, corrected for the
area and volume of the chamber.

2.5. Nitrogen leaching

The nitrogen leaching was estimated on the basis of plate
lysimeters. In May  2011, ten plate lysimeters (stainless steel; col-
lecting area 627 cm2) were randomly installed in the soil to a  depth
of 40 cm both in the control area and in the clear-cut area. The
lysimeters were connected to water collectors (6000 ml polyethyl-
ene canisters disposed at a depth of  1  m)  by means of polyethylene
tubes. Water from the canisters was sampled, using a peristaltic
vacuum pump, through a plastic pipe. Water was sampled monthly
from June 2011 to October 2012. In the case of the first samples (in
June) only the amount of water was measured and chemical analy-
sis was not performed since soil requires time for stabilization and
leaching from a disturbed soil does not reflect the actual situation.

As July 2011 was a dry period, the first results are  presented for
August 2011. Water samples were analyzed for NH+

4 , NO−
2 , NO−

3
and DON in  the lab of the Estonian Environmental Research Ltd
using the standard methods for water research (APHA, 1989)

2.6. Microbiological analyses

Soil samples for  microbiological analysis were taken randomly
from the 0–10 cm topsoil in the clear-cut area and in  the grey alder
stand by a soil corer (cutting diameter 20 mm)  in October 2013 in
three replications and 20  samples per study site. Field-moist sam-
ples from a subplot combined and the composite samples were
sieved using a  2 mm  sieve, and the obtained fine earth fraction was
used for microbiological analysis.

Soil  microbial respiration rates (Substrate Induced Respiration
(SIR)) were measured using manometric respirometers (Oxitop®,
WTW),  which allow the determination of  sample oxygen consump-
tion. The principle of the operation is  based on the measurement of
the pressure difference in a closed vessel system. During respira-
tion, the produced CO2 is bound to an absorber (soda lime pellets),
and the microbial oxygen consumption results in a pressure drop.
The quantity of  oxygen consumption per gram of dry soil was calcu-
lated according to the recommended procedure (Platen and Wirtz,
1999).

For the assessment of microbial biomass fifty grams of field-
moist soil was amended with  glycose (0.5 g, 100  g−1 dry soil) and
incubated in  a closed vessel at 22 ◦C in the dark for 24 h.  After incu-
bation, microbial biomass carbon (mg  C g−1 dry soil) was calculated
according to Beck et al., 1996 (1).

1  mg O2 g−1 h−1 = 28  mg  biomass C g−1 (1)

Dehydrogenase activity was  measured using the [2-(p-
iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazoliumchloride]
solution (INT). The samples were incubated for 2 h at 40 ◦C in
the dark. Reduced iodonitrotetrazolium formazan (INTF) was
extracted with dimethylformamide and ethanol, and measured
photometrically at 464 nm (von Mersi, 1996).

N-mineralization was  determined under waterlogged condi-
tions according to Kandeler (1996a). Waterlogged soils were
incubated at 40 ◦C for 7 days. The ammonium released from organic
nitrogen compounds was extracted with a 2 M potassium chloride
solution and then determined by  a  modified Berthelot reaction with
a spectrophotometer at 660 nm (Kandeler, 1996b).

Potential nitrification rates were measured according to
Kandeler (1996c). Soil  samples with ammonium sulphate as the
substrate and sodium chlorate as the inhibitor preventing nitrite
oxidation were incubated for 5  h at 25 ◦C and the released nitrite
was extracted with a 2 M potassium chloride solution and deter-
mined colorimetrically at 520 nm.

Acid phosphomonoesterase activity was measured using p-
nitrophenyl phosphate as the substrate, according to Margesin
(1996). The samples were incubated at 37 ◦C  for 1  h and the
released p-nitrophenol was  extracted with 0.5 M sodium hydroxide
in the presence of calcium chloride. The amounts of  the extracted
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products derived from all activity measurements were determined
photometrically at 400 nm.

2.7. Statistical analysis of data

The Lilliefors and Shapiro–Wilk’s tests were used to check
normality of variables. To analyze the effect of the qualitative fac-
tors on the response variables, ANOVA was applied. The ANOVA
assumptions – normality, homogeneity of  group variances and
nonsignificant relationship between the group means and the
standard deviations – were checked. For multiple comparisons of
the means from replicate values of water, gas and soil analyses
(physical–chemical properties and measurements of N miner-
alization and nitrification intensity) on transects, in case the
assumptions were satisfied, Tukey HSD test was used and the t-test
was employed to compare the two-group means. Linear regres-
sion models were used for estimating the relationships. Also the
Wilcoxon Matched Pairs Test was applied to compare the medians.
In all cases the level of significance 0.05 was accepted.

3. Results

3.1. The soil nitrogen pool and the seasonal dynamics of soil
mineral nitrogen

The nitrogen (N) pool in the upper 10 cm soil layer in both study
sites exceeded 3 t ha−1 (Table 2) and the N pool decreased towards
the deeper soil layers. At the beginning of the NNM experiment,
the N pool in the 0–30 cm soil layer of both  the clear-cut and the
control area (grey alder stand) were 8.6 t  ha−1 (Table 2).

The concentration of  total mineral nitrogen (NHO−
3 -N+NH+

4 -N)
in the upper 10 cm soil layer of  the alder stand and the clear-cut
varied in the range of 2 to 10 mg  kg−1 during the study year, being
lower in the period from April to June. A different pattern of the
dynamics of soil mineral N concentration was found in  the clear-
cut area where it peaked in July (10 mg  kg−1); the highest values
for the grey alder stand were observed in September–November
(Fig. 1). However, the mineral N concentration in soil was  signif-
icantly higher in the grey alder stand than clear-cut area only in
September (t-test, P <0.05).

The concentration of  NO2-N was  analyzed only from the samples
of the first sampling and, as expected, it  was low and negli-
gible; hereafter we did not analyze this mineral nitrogen form
further.

The concentrations of nitrate-nitrogen and ammonium-
nitrogen in upper 0–10 cm  soil layer of the grey alder stand varied
from 0.28 to 9.73 mg  kg−1 and from 0.00 to 4.54  mg kg−1, respec-
tively (Fig. 1). In the clear-cut area the corresponding ranges were
similar as nitrate N and ammonium N concentrations varied from
1.43 to 9.22 mg  kg−1 and from 0.22 to 3.11 mg  kg−1, respectively.
Compared with the concentrations of ammonium-nitrogen, that
of nitrate-nitrogen was significantly higher at both studied sites
throughout the year, except in June (Fig. 1; t-test, P <  0.05).

Table 2
Total nitrogen pools (mean ±  standard error) in upper 0–30 cm soil layer of the
studied grey alder stand and the clear-cut.

Soil depth layer N pool (t ha−1)

Grey alder stand Clear-cut

0–10 cm 3.4  ± 0.2 3.4 ± 0.2
10–20 cm 3.1  ± 0.1 3.2 ± 0.1
20–30 cm 2.1  ± 0.1 2.0 ± 0.1
Total 8.6  ± 0.2 8.6 ± 0.2

3.2. Net nitrogen mineralization and net nitrification

The total annual net nitrogen mineralization (NNM) in the upper
0–10 cm  soil layer of both the clear-cut and the grey alder stand
was of  same magnitude: 107.5 and 97.1  kg ha−1, respectively. How-
ever, the NNM intensity in deeper soil layer (10–20 cm) was 1.5
times lower in the clear-cut area than in the grey alder stand
(Table 3). Thus, the total annual NNM in  the 0–20 cm soil layer
was estimated at 157.0 and 169.9 kg  ha−1 in the clear-cut and in
the grey alder stand, respectively. The annual NNM accounted for
2.6 and 2.4% of the total soil N pool in 0–20 cm layer in the grey
alder stand and in the clear-cut, respectively. However, for the
10 cm topsoil annual NNM accounted for 2.9 and 3.2% of the cor-
responding soil N pool in the clear-cut and in the grey alder stand,
respectively.

In  both cases the nitrification was  complete process in  the upper
0–10 cm  soil layer: annual net nitrification was estimated at 110.2
and 96.0 kg  ha−1 yr−1, in  the clear-cut and in the grey alder stand,
respectively. Nitrification rates (net nitrification/net mineraliza-
tion, %) were similarly high for both depths in  the clear-cut area
and in the grey alder stand (Table 3).

Fig. 2 presents the average daily NNM for the whole study period.
Average daily NNM in the grey alder stand and in  the clear-cut
peaked in July; in the clear-cut area another maximum occurred
also in  May  2012 (Fig. 2).  It  was  not possible to estimate the NNM
for the winter months due to the frozen ground (December–April).
The dynamics of  NNM intensity in the grey alder stand and in the
clear-cut area were similar; there was  no statistically significant
difference in NNM between sites within the studied months (pair-
wise t-test, P  > 0.05).

Net ammonification was  negative during 5 months in  the clear-
cut, and during 3 months in the control site.

3.3. The impact of environmental factors on net nitrogen
mineralization

In our  study the intensity of NNM correlated positively (P  < 0.05)
with soil temperature (Fig. 2) R2 being 52 and 73% for the alder
stand and for  the clear-cut, respectively. During the study period
mean soil temperature was  0.7 ◦C  higher in  the clear-cut area than
in the control site (pairwise t-test, P  < 0.01; Fig. 2). The highest
soil temperature difference (2.2 ◦C) was  recorded in June 2011. Soil
moisture varied between 26 and 33% in both areas, with  no signifi-
cant difference for the whole study period (pairwise t-test, P  > 0.05).
However, soil moisture and pH were not included in the regression
model (P  > 0.05). Overall pH dynamics was similar in the clear-cut
area and in the grey alder stand (pairwise t-test, P > 0.05).

3.4.  The effect of clear-cut on available soil phosphorus

The analysis of  lactate soluble phosphorus (P) concentration
both in the initial and in incubated samples from both sites showed
no significant change in available P during incubation. However,
mean lactate soluble P concentration in the initial samples was
higher in the soil of the grey alder stand than in the soil of the clear-
cut, 9.6 and 6.7 mg  kg−1,  respectively. The corresponding indicator
for the incubated samples was  9.7 and 6.1 mg kg−1, accordingly
(pairwise t-test, P < 0.05).

3.5. The effect of clear-cut on nitrous oxide emission

Nitrous oxide emissions varied from −0.55 to
19.75 kg  N2O ha−1 yr−1 in the grey alder stand and from −0.77 to
7.43 kg  N2O ha−1 yr−1 in the clear-cut area (Fig. 3). The grey alder
stand emitted significantly more N2O  than the clear-cut area,
the annual median fluxes were 1.03 and 0.54 kg N2O  ha−1 yr−1,
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Fig. 1. Mean concentrations of soil mineral nitrogen in  the  upper 10 cm  soil layer of the  grey alder stand and the clear-cut area. Bars indicate standard error values.

Table 3
Total annual NNM (kg ha−1)  and nitrification rates (%) in the grey alder  stand  and  in  the  clear-cut area.

Depth (cm) Clear-cut area Grey alder stand

Net N mineralization (kg ha−1)  Nitrification share (%) Net N mineralization (kg ha−1)  Nitrification share (%)

0–10 107.5 100 97.1 98.9
10–20 49.5 100  72.8 95.0
Total (0–20 cm)  157.0 100  169.9 97.2

Fig. 2. Soil temperature dynamics in the grey alder stand and in the clear-cut and  dynamics of NNM (mg  kg−1 N day−1)  in the upper 10 cm soil  layer of the grey alder stand
and the clear-cut in 2011–2012.

Fig. 3.  Median nitrous oxide emissions in  the  grey alder stand and in the clear-cut area. Bars indicate min  and max  values.
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Fig. 4.  The dynamics of leaching of different N forms in the grey alder stand (a) and in  the  clear-cut area (b).

Table 4
Microbiological characteristics of the 0–10 cm soil in the  grey alder stand and  in  the
clear-cut (mean ± standard error). Microbial biomass carbon and  enzyme activities
are presented per g of dry soil. Statistically significant differences according to the
t-test (one-sided hypothesis) were  found for microbial biomass C (in bold; P <  0.001)
and for dehydrogenase activity (Bold and Italic;P  <  0.05).

Characteristic Grey alder stand Clear-cut

Microbial biomass C (mg  C g−1 DW)  0.662 ± 0.028 0.358 ± 0.019
N-mineralization (�g N g−1 DW (24 h)−1)  1.296 ± 0.140 0.877 ± 0.185
Potential nitrification (ng N g−1 DW (5 h)−1) 477 ± 82 352 ± 118
Acid phosphatase activity (�g NP g−1 DW h−1) 426 ± 77 284 ± 86
Dehydrogenase activity (�g INTF g−1 DW h−1)  69.5 ± 3.8 54.9 ± 5.3

respectively (Wilcoxon Matched Pairs test, P  < 0.05). However,
compared with the alder forest, the clear-cut area showed higher
values of the N2O flux close to the harvest (in December 2011) but
the difference was not statistically significant (Wilcoxon Matched
Pairs test, P > 0.05). Since then, the fluxes were similar, or  the grey
alder stand emitted more nitrous oxide from the soil.

3.6. Nitrogen leaching

The fluxes of annual nitrogen leaching from the grey alder
stand and from the clear-cut area were very similar, 29.5 and
29.7 kg ha−1 yr−1, respectively. At  both sites >80% of total leached
N was in the nitrate (NO−

3 ) form followed by the dissolved organic
nitrogen (DON) (Fig. 4).  The share of the leached ammonium
nitrogen was modest (2.2–4.1%); the amount of leached NO−

2 was
negligible at both studied sites, constituting 0.01–0.10% of the total
leached N. The leaching flux peaked in  April at the time of the
melting of snow (Fig. 4).

The share of different leached N forms was similar in the clear-
cut and in the grey alder stand except for the share of ammonium
nitrogen which had the twice as high annual flux after harvesting.

However, the impact of ammonium N on total N leaching due to
low values was insignificant.

3.7. Microbiological characteristics of the soil

Clear-cut affected negatively both soil microbial biomass and
its activity (Table 4.), SIR was  approximately twice as high in the
forested area (t-test, P  < 0.001). Dehydrogenase activity, reflecting
the total microbial activity in soil samples, was 1.3 times higher in
the alder stand than in the clear-cut (t-test, one-sided hypothesis
P < 0.05). Also, the rates of  the potential N-mineralization, potential
nitrification and acid phosphomonoesterase activity tended to be
1.4–1.5 times as high in the forested area as in the clear-cut, but
this difference was  not statistically significant.

4.  Discussion

4.1. Soil nitrogen dynamics

According to the literature data, the concentration of  N in top-
soil of natural grey alder stands vary between 0.23 and 1.00% while
the soil’s C:N ratio is favourable at 10.6–14.9 (Uri et al., 2014). The
total nitrogen pool in  the 30 cm  topsoil of both studied sites: the
grey alder stand and the clear-cut area was 8.6 t  ha−1,  which was
close to the upper level of the total nitrogen pool reported for boreal
forest ecosystems (Gundersen, 1995).  However, as a considerable
amount of  N can  be located also in the deeper soil layers, the cor-
responding stand pool might be even larger. The large N storage
at the studied site can  partly be explained by the site’s history: the
particular grey alder stand is  growing on previous agricultural land.
The first generation grey alder stands growing on previously non-
forested lands accumulated effectively N in the soil owing to the
symbiotic N2 fixation (Uri et al., 2014). According to the literature
data, the atmospheric N2 fixation of alders varies in a broad range
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(Binkley, 1981) depending on many factors such as soil properties
(Johnsrud, 1978), stand density (Bormann and Gordon, 1984) and
age; reaching 150–185 kg ha−1 yr−1 in Estonian grey alder stands
(Lõhmus et al., 2002; Uri et al., 2011).

The annual NNM depends on the total soil N pool which can be
considerably high in alder stands (Uri et al., 2014). However, only
about 0.1–1% of the soil N pool is available to plants in the form
of inorganic N in boreal forests (Helmisaari, 1995).  The percentage
of NNM in the soil N  pool of the 20 cm  soil layer was  similar in
the clear-cut and in the grey alder stand, 2.4 and 2.6%, respectively,
exceeding the upper limit more than twice.

In the studied soils the share of mineral N in the total topsoil N
pool was 2.9 and 3.2%, which is close to the upper limit of 1–3% for
soils containing clay minerals (Baldock and Nelson, 2000). The min-
eral N concentrations in the upper 0–10 cm soil layer were similar
at both study sites in late autumn and in spring. The largest dif-
ference occurred in September 2011 when the concentration was
significantly higher in the grey alder stand (P <  0.05), which could
be attributed to ceased N uptake at the start of leaf fall.

From July to September, the mineral N concentration in the top-
soil increased continuously in the alder stand, whereas it decreased
in the clear-cut area (Fig. 1).  Since N mineralization in July and
August was intensive, the decrease can mainly be explained by
the emerged young vascular vegetation and due  to that increased
nutrient uptake by plants. The higher peak of N concentration
in the clear-cut area in July can be explained by  the drastically
changed environmental conditions after the clear-cut. Harvesting
was done in May  and the species composition of herbaceous plants
changed thereafter a great deal; shade tolerant herbaceous under-
storey plants were replaced by other plants typical of  clear-cuts.
In July 2011, the plant cover was  very modest and the N assimila-
tion both by herbaceous plants and by the vegetative generation of
the trees was low. At same time, NNM was intensive in both sites
(Fig. 2), which led to an increase of mineral N concentration in the
soil of the clear-cut area. The mineral N concentration in the soil
remained relatively high also at autumn in both study sites. This can
be accounted for the warm autumn which promoted the process of
N mineralization. However, in September there was  a significant
difference in the mineral N concentrations between the clear-cut
and the alder stand (Fig. 1).  This phenomenon is most probably due
to different types of vegetation in the alder stand and the clear-
cut area. In September, the leaf fall started at alder stand, which
reduced nutrient and water uptake by the trees as they had already
produced the bulk of annual biomass. As the vegetation process of
the herbaceous plants continued, the level of N uptake was almost
the same in September as it  had been in August. Both the grey alder
stand and the clear-cut were characterized by  the low ammonium
N and high nitrate N  concentrations in the topsoil, as reported on
our earlier studies in grey alder stands (Uri et al., 2003, 2011), and
high nitrification intensity inherent in alder stands.

4.2. Net nitrogen mineralization and nitrification

Among several in  situ methods used to estimate N mineraliza-
tion rates in soils, the method with buried bags and the covered
cylinder methods are two of the most common (Hanselman et al.,
2004; Duran et al., 2012).  The net N mineralization and net N nitri-
fication rates estimated simultaneously with these methods were
not significantly different when the incubated soil core diameter
was sufficiently large for buried bags (5  cm). We used the method
with the buried bags introduced by Eno (1960), which is still widely
used for this kind of studies (Adams et al., 1989; Hart et al., 1994;
Uri et al., 2003, 2008).

Contrary to our expectations, the annual NNM flux  was simi-
lar in the grey alder stand and in the clear-cut area. The NNM is
affected both by soil temperature and by  soil moisture content

(Tietema and Verstraten, 1992). Therefore we supposed that the
increase of the NNM intensity after clear-cut would be initiated
by higher temperature and the input of additional organic mat-
ter (logging residues). It  should be taken into account that most
root systems of grey alders remain alive after clear-cut to resume
vegetative regeneration (mainly by  stump sprouts). Although the
annual NNM in the upper 0–10 cm layer was  almost 10  kg ha−1

lower (Table 3) in  the grey alder stand than in the clear-cut area, the
difference was  not statistically significant. The NNM in the 0–20 cm
soil layer was  of the same magnitude in both the grey alder stand
and in the clear-cut area (Table 3). Connell et al. (1995) concluded
that in  unmanaged forest soils generally 75–85% of NNM gener-
ally occurs in the 0–20 cm topsoil layer. According to Persson and
Wirén (1995), on average 78% of NNM took place in the 0–10 cm
soil layer, while the remaining 22% occurred in the 10–50 cm layer
of  the mineral soil.

Thus our values for  the 0–20 cm layer most probably underes-
timate the total flux. In the deeper soil layer (10–20 cm)  NNM was
significantly lower at both sites; however, in the clear-cut area the
decrease was  more significant. When in the grey alder stand NNM
in the deeper soil layer accounted for 43%  of total annual NNM,
then in the clear cut-area it accounted for only 32%. According to
our earlier studies, the respective values were 68%  in 5-year-old
grey alder stand (Uri et al., 2003),  60% in a 10-year-old grey alder
stand (Uri et al., 2011) and 63% in a young silver birch stand (Uri
et al., 2008).

One possible explanation may  be the effect of different depth
distribution of  plant roots and different soil microbiological activ-
ity at these sites. Forest trees capture a certain amount of nitrogen
into produced woody biomass annually and trees and support
the soil microbiological community through rhizosphere processes
to ensure the activity of microorganisms and soil productivity
(Lõhmus et al., 2006; Uri et al., 2008).  Many authors have pointed
out that the intensity of NNM depends on  the quantity and qual-
ity of soil organic matter (McClaugherty et al., 1985; Tietema et al.,
1993),  among them the soil C:N ratio (Zak et al., 1990). It  is well
known that the most active soil part is the uppermost 0–10 cm
layer owing to its higher nutrient content, higher microbial biomass
and activity as well as the largest fine root biomass (Lõhmus et al.,
2006; Uri et al., 2009; Aosaar et al., 2013; Varik et al., 2013).  The
soil layers deeper than 20 cm were not considered; even if some
mineralization took place there, it would play an insignificant role
in covering the annual nitrogen demand of  plants, since the bulk
of the biomass of the fine roots (d  < 2 mm)  of alders and herbs is
located in the upper 20 cm soil layer (Uri et al., 2002, 2009).

The values of  NNM peaked in  July (Fig. 2) in both studied sites
and correlated with  soil temperature. At both sites the intensity of
NNM was relatively high also in autumn (September and October).
This is in  good accordance with other studies where it was the high-
est in May  and June with the other peak at the end  of the vegetation
period in August and September (Nadelhoffer et  al., 1984; Uri  et al.,
2003). Although according to Tietema and Verstraten (1992), soil
temperature, soil pH and soil moisture are the essential environ-
mental factors influencing the mineralization process, we did  not
find significant relationship of  NNM with soil pH or moisture. The
total NNM was positive in all  months except in November, when
it was negative in the clear-cut area. However, the negative values
of  net ammonification were found for some months at both study
sites. The negative NNM or  net ammonification fluxes can most
probably be explained by N immobilization or by gaseous losses of
denitrification (Maag and Vinther, 1996).

We  did  not find a significant difference in the monthly NNM
values between the studied sites either (pairwise t-test, P  > 0.05).
The estimated annual NNM flux at both sites remained in  the range
reported in the literature for deciduous stands. According to sev-
eral studies (Aber et al., 1989; Scott and Binkley, 1997; Magill
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et al., 2000), the annual NNM in deciduous stands varies between
24 kg ha−1 yr−1 and 200 kg  ha−1 yr−1 and can usually cover a major
part of the annual N demand of these stands. In a young grey alder
stand annual NNM was found to be 124 kg ha−1 yr−1 in the 0–20 cm
soil layer, which covered 60% of  the annual N demand of the stand
(Uri et al., 2011). In riparian grey alder stands the annual NNM
was estimated to be between 43  kg ha−1 yr−1 and 188 kg  ha−1 yr−1

(Lõhmus et al., 2002). Despite the relatively high  NNM, a great
amount of N assimilated by  alders originates from symbiotic N
fixation, which can cover up  to 81% of the N assimilated by
alders (Šlapokas, 1991). Similar results and assessments have been
reported earlier in several studies (Tjepkema et al., 1986; Baker
and Schwintzer, 1990; Granhall, 1994; Huss-Danell, 1997; Dawson,
2008). This indicates that grey alder stand can be effectively used
for biological fertilization of soil with N and that grey alders play
an important role in the nitrogen cycle of temperate forest.

4.3. Available phosphorus

Soil phosphorus dynamics is controlled by  the interaction of
geochemical, biochemical and biological processes (Compton and
Cole, 2001). Phosphorus is a highly essential and often productivity
limiting nutrient for alders and the lack  of P in the soil may  retard
development of nodules and symbiotic N2 fixation (DeBell and
Radwan, 1984; Uliassi and Ruess, 2002; Gentili and Huss-Danell,
2003; Gokkaya et al., 2006; Brown and Courtin, 2007).  According to
several literature sources, alders can affect also P availability in the
soil. However, the literature data about this issue are  inconsistent
and there are many uncertainties regarding the problem whether
and to which extent alders can affect soil P availability. Some
authors state that alders increase P availability in the soil (Binkley,
1984; Giardina et al., 1995; Zou et al., 1995),  which can  be attributed
to microbiological activity as well as to the activity of mycor-
rhiza (Ingestad, 1987; Giardina et al., 1995; Arveby and Granhall,
1998). Other authors have found decreased P availability in  the soil
under alders (Cole et al., 1990; Compton et al., 1997) or no sig-
nificant change (Šourkova et al., 2005). Although the mechanisms
underlying these effects remain unclear, the results of Compton
and Cole (1998) indicate that alders play an important role in  the
redistribution of P from the inorganic soil pools to the organic
pools.

Alder stand has annually more access to soil P, possibly through
the increased soil acidity or rhizosphere interactions (Gahoonia and
Nielsen, 1992; Giardina et al., 1995). Our earlier studies also found
an increase of soil available P concentration after the afforestation
of agricultural land by grey alders (Uri et al., 2002). In fertilization
experiments the phosphorus has been shown to be the only nutri-
ent which increases the growth of alder (Hytönen et al., 1995). The P
fertilization significantly increased nitrogenase activity in nodules
during the seasonal peak (Gokkaya et al., 2006).

4.4. Microbiology

The set of the soil microbiological parameters was based on the
methods through which it is  possible to find out potential indica-
tors of the soil quality and the impact of management (Gil-Sotres
et al., 2005). Most of the microbiological parameters did not differ
significantly for the clear-cut and for the grey alder stand, except
for the microbial biomass and dehydrogenase activity. The val-
ues of microbial biomass were two  times higher in the grey alder
stand; also dehydrogenase activity was 27% higher in the alder
stand than in the clear-cut. Dehydrogenases, which are intracel-
lular enzymes catalyzing oxidation-reduction reactions, are often
measured because they are found only in living systems and reflect
the general microbial activity in soil samples. None of the micro-
bial parameters have shown clear correlation with soil moisture

content as reported by  Baldrian et al. (2010).  Potential nitrification
and acid phosphatase values were slightly higher than usual at both
sites.

4.5. Nitrogen leaching and N2O emission

Clear-cut did not increase the N loss by leaching, annual N leach-
ing in the grey alder stand and in the clear-cut area was similar. The
maximum N leaching occurred in  spring (in  April) at the time of
the melting of snow when the vegetation period with the nutrient
uptake by  the plants had not started yet. In the other monitored
months N leaching was  very small or negligible. However, the esti-
mated total annual N leaching (28–29 kg  ha−1 yr−1) at a depth of
40 cm depth indicated a significant flux. According to  the litera-
ture data, the nitrogen can leach from the natural red alder-conifer
mixed stand in the amount of 5–50 kg  ha−1 yr−1 (Binkley et al.,
1992). According to Van Miegroet et al. (1992), essential nitrate
leaching may occur after harvesting of a mature alder stand. How-
ever, the results of  the present study did not confirm the hypothesis
that N leaching in a clear-cut area after the harvesting of forest may
be significantly higher than in a growing alder stand. The main N
form at the study sites was  also nitrate followed by  DON, the con-
centration of  nitrate in percolation water was higher in  spring and
autumn. Nitrogen leaching of 9–13 kg ha−1 yr−1 was observed in
riparian grey alder stands functioning as buffer zones (Mander et al.,
1997). However in our earlier study 15  kg ha−1 yr−1 of  leached N in
a young grey alder stand accumulated in  the deeper soil layer (Uri
et al., 2011).  Hence it is  possible to assume that the actual leach-
ing from the ecosystem may have been smaller in our study area
too. The N leached into  the deeper soil layers will most probably
be immobilized there, however, the denitrification loss from the
deeper soil layers cannot be excluded (Persson and Wirén, 1995).

The efflux of the gaseous N2O form the soil  was small from
both study sites within whole study period. This might indicate
that denitrification process in this kind of ecosystems might be
completed to the end stage and nitrogen is released from the
systems as N2.

Contrary to our expectations, clear-cut did  not increase N2O
emission – vice versa, even more nitrous oxide was  emitted
from the grey alder stand. The annual median N2O fluxes from
the grey alder stand and from the clear-cut were 1.03 and
0.54 kg N2O  ha−1 yr−1,  respectively. Tate et al. (2006) found a small
short-lived post-harvest peak of  N2O  but because we started mea-
surements of  N2O  6 months after the harvest, we might have missed
that. As inherent in the seasonal dynamics of N2O effluxes, their
temporal variation was  high; the highest peaks were observed at
the beginning and at the end of the vegetation period. At that time
the nitrate concentration in the percolation water was higher, as
well the soil moisture was  high which might enhanced the activity
of denitrifiers.

5.  Conclusions

We hypothesized that due  to rapidly changed environmental
conditions and decreased nutrient uptake of plants, clear-cut of
grey alder forest will  significantly intensify the annual NNM as well
as the concentration of the mineral N in the upper soil layer. How-
ever, this hypothesis was  not proved: the impact of clear-cut on  the
intensity of the annual NNM or  on the dynamics of soil mineral N
concentration was  insignificant. Thus, in our case study the clear-
cutting of grey alder stand growing in fertile site did not increase N
losses through leaching and were low in terms of N2O emissions.
The effect of clear-cut on N cycling depends on a complex of vari-
ous factors and one study only cannot explain all the relationships.
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Therefore, further studies are needed to analyze the effect of  grey
alder stand age and harvesting practices on N losses.
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a b s t r a c t

Stump removal is a novel potential source of woody biomass for renewable energy in the Nordic and
Baltic countries. In Estonia, a prospective resource of Norway spruce (Picea abies) stumps is available
for bioenergy. The main aims of the present study were to estimate the biomass and volume of harvested
spruce stumps; also to evaluate nutrient and carbon loss from a site due to stump removal; and to
estimate the effect of stump harvesting on soil respiration.
In this pilot study an allometric model was elaborated for estimation of the biomass and volume of har-

vested stumps. The volume of harvested spruce stumps reached up to 130 m3 ha�1 and potential energy
content amounted to 290 MW h ha�1. The average calorific value of different stump and root fractions
varied between 19.0 and 19.3 kJ g�1 and there was no significant difference between the stump fractions.
The weighted average density of the harvested spruce stumps was 430 kg m�3.
Fertile automorphic forest types were selected for this pilot study and the nitrogen (N) storage

removed from clear-cuts with stumps was not appreciable, being 1.2–4.4%, in comparison with soil N
storages. Removed phosphorus (P) accounted for 8–28% of total soil lactate soluble P and removed
potassium (K) accounted for 6–23% of the soil K storage. The loss of carbon (C) made up 11–33% of the
soil C storage. However, the concentration of lactate soluble P evidently reflected the balance between
solubilized and assimilated P in the soil rather than actual P limitation. Hence, at fertile sites stump
removal does not caused considerable N and C depletion, however, removal of P and K may be
appreciable compared with corresponding soil storage values.
Stump harvesting did not increase soil respiration intensity. Total annual soil respiration at the Oxalis

site type was 4.9 and 5.1 t C ha�1 yr�1 in the uprooted and control plots, respectively. At the Myrtillus site
type the respective values were lower, 3.7 and 3.9 t C ha�1 yr�1. Also soil heterotrophic respiration in the
Oxalis site type was practically the same at the uprooted and control sites, being 3.3–3.2 t C ha�1 yr�1.
However, in the Myrtillus site type the values of the heterotrophic respiration efflux was higher from
the control plots than from the uprooted plot, at 2.5 and 1.8 C ha�1 yr�1, respectively.
Norway spruce stumps are a potential bioenergy resource in Estonian forests and stump harvesting at

fertile autotrophic sites does not cause problems in terms of depletion of nutrients and carbon from the
ecosystem.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Considering the need to reduce CO2 emissions, more intensive
utilization of biomass has become a major issue worldwide. The

increased demand for woody biomass for producing energy has
intensified forest management and created the need to find new
sources. A quite novel prospective source of renewable energy is
the biomass of stumps. In Finland uprooting of tree stumps is a
common management practice and the volume of harvested
stumps has continuously increased, reaching 1.1 mil m3 in 2012
(Finnish Statistical Yearbook of Forestry, 2013). In Estonia, stump
harvesting is not yet a common forestry practice. However, the
continuously growing energy demand places focus on the higher
consumption of biomass and may stimulate more intensive use
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of forest resources, including harvesting of stumps for bioenergy.
Large-scale stump harvesting requires relevant research to deter-
mine potential environmental risks and avoid the possible failure
of sustainable forest management. In the environmental aspect,
nutrient and carbon (C) depletion of the ecosystem is particularly
important in relation to the productivity of the next rotation.

Recently, several papers that consider the issue of the potential
environmental impacts of stump harvesting have been published
in Europe (Walmsley and Godbold, 2010; Grelle et al., 2012;
Kataja-aho et al., 2012; Eklöf et al., 2013; Hellsten et al., 2013;
Iwald et al., 2013), however, the results of these studies are often
contradictory. Some authors have found negative consequences
of the removal of stumps for environment (Eklöf et al., 2013), while
others have not detected serious negative effects (Hope, 2007).
According to a review by Vasaitis et al. (2008), a positive growth
impact on the new forest regeneration after stump removal was
reported in 45% of the analyzed cases; a low impact or no impact
was found in 34% and a decrease in 21% of the analyzed sources.

Besides serving as a bioenergy resource, stump harvesting also
has several associated advantages for forest management. Since
uprooting of stumps acts as soil preparation, soil scarification for
planting is not needed (Saarinen, 2006; Berglund and Åström,
2007), which reduces cultivation costs (Eriksson and Gustavsson,
2008). Furthermore, survival of the planting stock can improve
(Menkis et al., 2010; Lazdins and Mattila, 2012). Many studies have
pointed out that stump removal reduced pine weevil damage and
infection of new forest regeneration by root pathogens (Heterobas-
idion and Armillaria sp) (Hakkila, 2004; Vasaitis et al., 2008;
Walmsley and Godbold, 2010). It has been found that often infec-
tion originates from the root systems of the previous rotation; 71%
of the infected regeneration trees were attacked by the same Het-
erobasidion genotype that was isolated from the stumps of the old
forest generation (Piri, 2003).

Stump harvesting for biomass is a new forest management
practice in Estonia and large scale stumpwood utilization has not
yet been implemented. The first pilot study was initiated in 2011
to clarify several problems and aspects of stump harvesting and
related environmental issues and the present paper reports the
first results of this research.

We hypothesized that uprooted stumps serve as an appreciable
source of bioenergy and stump harvesting at fertile sites does not
cause significant reduction in site fertility or carbon losses, includ-
ing the intensive CO2 efflux from the soil.

The main aims of the present study were:

� to estimate the biomass and volume of harvested spruce
stumps;

� to estimate the net calorific value and drying dynamics of lifted
spruce stumps;

� to evaluate nutrient and carbon loss from the soil due to stump
removal;

� to estimate the effect of stump harvesting on soil respiration.

2. Material and methods

2.1. Study sites and harvesting technique

Four Norway spruce clear-cut areas of different site types were
selected for the study (Table 1). Sites with automorphic fertile soil
were selected as being more prospective for stump harvesting in
the conditions of Estonia and in the whole Baltic region. Among
them Endogleyic Cambisol is the most fertile soil type. Almost pure
spruce clear-cut areas, harvested in a previous winter, were
selected. The proportion of spruce stumps in the total number of
stumps varied from 84% to 100% (Table 1).

All study sites were divided into four plots with an equal area:
two control plots and two stump harvesting plots i.e. two repli-
cates per site. However, the area of the plots varied between the
study sites, being at 0.15–0.25 ha. At the Elva site the replicates
were located in the ‘‘chessboard’’ pattern and at the other sites
they were located alternately in one row. For rooting, a Pallari
KH 160 stump extractor combined with a hydraulic excavator
was used. Stump harvesting was carried out in October 2011.
Selectively, only spruce stumps were uprooted and the stumps of
deciduous trees and pine stumps were left on site. For better dry-
ing as well for more complete removal of soil particles, the stumps
were shaken and cut after uprooting by the stump extractor.

The Viru study site was severely affected by root rot (Heterobas-
idion) and this site was also significantly different from the other
sites (smaller average stump diameter, high percentage of rotted
stumps, etc.) (Table 1). It was selected mainly for initiating long-
term research of the effects of stump harvesting on the spread of
pathogens in next forest generation. The aboveground harvesting
residues (branches, tops) were left on site on all plots (conven-
tional stem-only harvesting with stump removal).

In the spring of 2012 all study sites were reforested by planting.
Four-year-old bare root spruce plants were used and initial density
was 3000 plants per hectare. Only at the Rõuge site the soil of the
control plots was prepared by disc plough; at the other sites soil
mineralization was not used.

2.2. Estimation of the biomass and volume of the harvested stumps

In this paper the term ‘‘stump’’ denotes the whole uprooted
stump together with the root system, (i.e. the stump core with
the roots). The term ‘‘stump core’’ means the stump heart (Fig. 1)
which remains after removing all roots.

Before uprooting, the diameters of all stumps were measured at
all sites and, according to the diameter distribution, model stumps
were selected from every site. Diameters were measured in two
perpendicular directions and average diameter was calculated.
The stumps were divided into five diameter classes and one repre-
sentative model stump was selected randomly from each class.
Additional stumps were selected from the class with the largest

Table 1
Main characteristics of the stump harvesting study sites.

Site Location Site type Total No of stumps, ha�1 Norway spruce

Stumps, ha�1 Average stump D0, cm Stumps affected by rot, %

Elva N58�19050.400 Oxalis 391 356 43.2 ± 0.6 26
E26�31034.700

Rõuge N57�42033.900 Myrtillus 389 327 35.4 ± 1.0 16
E26�45020.700

Orguse N59�4017.300 Hepatica 272 239 39.0 ± 1.2 53
E26�21051.600

Viru N59�14034.300 Hepatica 1239 1238 22.4 ± 0.2 89
E26�24026.100
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number of stumps. The selected model stumps (5–9 per site) were
lifted by an excavator and cut into components later on site.

All model stumps were divided into four fractions according to
root diameter: d < 5 cm; 5 < d < 10 cm; d > 10 cm and the stump
core (Fig. 1). All fractions were weighed in the field to 10 g. From
every fraction, subsamples were taken to the laboratory for esti-
mating dry matter (DM) and chemical content, net calorific value
and basic density. The subsamples were dried at 70 �C until con-
stant weight and weighed to 0.01 g. The dry mass of different frac-
tions was calculated for each stump by multiplying individual
fresh mass by corresponding dry matter content.

To estimate the dry mass of stumps at the study sites, an allo-
metric equation of form (1) provided the best fit:

y ¼ aDb ð1Þ
where y is the dry biomass of stump (kg), D is average stump diam-
eter (cm), a and b are parameters (Table 3).

For converting biomass to volume units, the estimated values of
average basic density were used (Section 3.4.).

Detailed density analyses for each single stump fraction were
performed for the Elva and Rõuge study sites. Only stump core
density was estimated for the Orguse and Viru study sites; the vol-
ume of the root fractions was calculated by using the results for the
Elva site.

2.3. Estimation of the basic density and net calorific value of the stump
fractions

The density of the stump fractions was estimated by the xylo-
metric method (water displacement principle for volume estima-
tion). Test pieces were submerged in a graded cylinder (1 l)
partly filled with water, and water level was recorded before and
after sinking. For larger samples, a container (10 l) with an over-
flow channel was filled with water and weighed before sinking
and after sinking of the test piece. The volume of the water lost
was measured by weighing; every test piece was weighed before
and after sinking, as wood is a hygroscopic substance; for accurate
estimation, the water bound in the wood of the test piece was
taken into account. A total of 79 test pieces from different fractions

were analyzed. The average density of the harvested stumps was
calculated as the weighted average, taking into account the share
of the different fractions.

For determination of gross calorific values (kJ g�1), the dry sam-
ples were analyzed using an adiabatic measurement mode with
the IKA calorimeter system C 5003. For calculation of the net calo-
rific value (according to CEN/TS 14918), hydrogen content of 6.1%
and ash content (determined according to standard CEN/TS
14775) were used.

2.4. Dynamics of moisture content in the lifted stumps

The harvested stumps were stored in stacks close to the har-
vested clear-cut. Before stacking, the lifted stumps were left in
the clear-cut area for about one month. For estimating the drying
dynamics of the harvested stumps, pieces from each stump pile
from the Elva and Rõuge sites were sampled once or twice per
month.

The number of sample pieces taken from different fractions was
proportional with the share of the corresponding fraction in the
harvested stumps. Hence, as the largest share was formed of the
stump cores and the thickest roots (d > 10 cm), the number of
the corresponding sample pieces was the largest.

For every sampling, at least 30 samples per stump stack were
taken for a total of 877 pieces used in analysis. All samples were
weighed on the same day after sampling in the laboratory and
dried at 70 �C until constant weight and weighed to 0.1 g. The
moisture content of the different fractions was calculated on the
basis of fresh and dry mass.

2.5. Estimation of nutrient and carbon content in stumps

The samples of all model stump fractions were analyzed for
total Kjeldahl nitrogen (N), total Kjeldahl phosphorus (P) and
potassium (K) concentration. The block digestion and steam distil-
lation methods were used for testing the plant material for N con-
centration (Tecator AN 300). Digest by flow injection analysis was
used for Kjeldahl P concentration (Tecator AN 5242) using a Fiastar
5000 analyzer (Ruzicka and Hansen, 1981; ISO/FDIS 15681). The
flame photometric method was used to test the plant material
for K. The dry combustion method was used with the varioMAX
CNS elemental analyzer (ELEMENTAR, Germany) to test the plant
material for C content in the oven-dried samples. The analyses
were carried out in the Biochemistry Laboratory of the Estonian
University of Life Sciences.

Fig. 1. The fractions of model stumps.

Table 3
Parameter estimates of regression Eq. (1) for estimation of the stump biomass of
Norway spruce (kg); a – intercept, and b – slope of regression; level of significance
P < 0.0001 in all cases, R2 – coefficient of determination.

Site a b R2

Elva 0.0171 2.391 0.976
Rõuge 0.0744 2.060 0.927
Orguse 0.0081 2.534 0.968
Viru 0.0186 2.290 0.955

Table 2
Main soil characteristics of the study sites. Average values are presented for the upper 10 cm soil layer.

Site Soil type N, % P, mg kg�1 K, mg kg�1 pH C, % Bulk density, g cm�3

Elva Endogleyic Arenosol 0.14 24.9 56.4 3.55 2.73 1.20
Rõuge Endogleyic Albic Podzol 0.21 15.8 140.6 3.28 4.94 1.33
Orguse Endogleyic Cambisol 0.18 8.1 86.2 5.67 2.88 1.09
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2.6. Soil respiration measurements

Soil respiration measurements were carried out at the Elva and
Rõuge study sites. At both sites five measurement points were
established in both one stump-harvested and one control plot.
For distinguishing between heterotrophic (Rh) and autotrophic res-
piration, a trenching treatment was applied in the harvested and
control plots. Trenching was carried out at both sites in December
2011 by inserting 5 PVC cylinders (inner diameter 20 cm, length
60 cm) to a soil depth of 50 cm. This depth is sufficient for exclud-
ing root respiration since the main share of the fine root biomass of
trees is located in the upper 0–20 cm soil layer (Ostonen et al.,
2005; Uri et al., 2007; Varik et al., 2013). The distance between
the cylinders was approximately 5–6 m. The aboveground vegeta-
tion was carefully removed from inside the trench with minimum
soil disturbance and the trenched plots were kept free of the green
vegetation throughout the study. The control measuring plots were
established approximately 50 cm from the trenched plot.

In this study, soil respiration from the trenched treatment rep-
resented heterotrophic respiration (Rh) from the soil because of
root exclusion and total soil respiration (Rs) from control plots.

Soil respiration rates were measured monthly from June to Sep-
tember 2012 and from May to October 2013 using the closed
dynamic chamber method (PP Systems SRC-1 chamber with the
gas analyzer CIRAS-2 (Differential CO2/H2O Infrared Gas Analyz-
ers)). Five collars (inner diameter 10 cm, height 5 cm) were
inserted in the control plots and five collars were inserted in the
trenched plots to a soil depth of 1–2 cm.

Soil temperature (Ts, �C) was measured simultaneously with soil
respiration in the control and trenched plots using the attached soil
temperature probe STP-1 (PP Systems International, Inc., USA)
inserted at a depth of �5 cm. Volumetric soil moisture (%) was
measured in the control and trenched plots at a depth of �5 cm
using the HH2 Moisture Meter Version 2 (Delta-T Devices Ltd,
UK). In addition, soil temperature (model 1425, Technologies, Inc,
USA) and soil moisture (Watermark soil moisture sensor
6450WD, Technologies, Inc, USA) were measured every hour at a
depth of 10 cm and the data was recorded with a data logger
(WatchDog 1425, Spectrum Technologies, Inc, USA) during the
growing seasons of 2012 and 2013. Two sensors and one data log-
ger were placed at each site. Cumulative Rs and Rh rates for the
growing season were calculated using regularly measured monthly
mean soil temperatures from the data loggers.

2.7. Soil sampling and laboratory analysis

At all study sites 14 soil pits were dug to a depth of 1.0 m: seven
pits (4 + 3) in the stump-harvested plots and same in the control
plots. All pits were located randomly on the diagonal traversing
the plot. The soil profile was described and the soil type was deter-
mined according to the WRB (2006). Soil texture was evaluated in
the field using the texture-by-feel method. The textural classes
varied from sand to silty loam and no clay soil was detected. For
calculating soil C and nutrient storages, soil bulk density was
determined. In the soil pit, three bulk density samples from each
10-cm soil layer to a depth of 50 cm were taken with a stainless
steel cylinder (d = 40 mm, volume 50 cm3), avoiding compression
of the soil. Samples were dried in the laboratory at 105 �C to con-
stant weight and weighed to 0.01 g.

For estimation of soil C and nutrient content, samples were
taken from different depths (0–10, 10–20, 20–30 30–40, 40–
50 cm soil layers) with a soil corer (d = 40 mm). Subsamples were
taken from ten random points at in all plots, to form a composite
sample for soil analyses (Table 2). The concentration of C and nutri-
ents in the soil layers was analyzed in three replicates.

For testing N (Kjeldahl) in the soil samples, Tecator ASN 3313
was employed. Available P (ammonium lactate extractable) in
the soil was determined by flow injection analysis (Tecator ASTN
9/84). Available K was determined from the same solution by the
flame photometric method. Soil pH in 1 M KCl suspensions was
measured at a ratio of 10 g:25 ml. To test soil for the C content of
oven-dried samples, the dry combustion method was used with
the varioMAX CNS elemental analyzer (ELEMENTAR, Germany).

2.8. Statistical analysis

Normality of variables was checked by Lilliefors’ and Shapiro–
Wilk’s tests. One-way ANOVA was used to check the effect of site
on C and nutrient concentration in different root fractions. All
assumptions of ANOVA were fulfilled. The Tukey HSD test was
employed to perform multiple post hoc comparisons between
mean C and nutrient concentrations for different stump fractions.

Linear and allometric models were employed for estimating
relationships. The measure of the fit of the models was based on
the adjusted coefficient of determination (R2) and the level of prob-
ability (p). The effects of treatment (two levels: trenching and
stump harvesting) and time (month) on Rs, Ts and soil moisture
were examined using repeated measures ANOVA. The t-test was
used to compare significant differences in soil respiration, soil tem-
perature and soil moisture between the study sites and the
treatments.

Multiple stepwise regression analysis (P < 0.05) was performed
to evaluate relationships between abiotic factors and soil CO2

effluxes. Both soil temperature and moisture were used as explan-
atory variables for multiple regression analysis.

In all cases the level of significance a = 0.05 was accepted. The
software STATISTICA 7.0 was employed.

3. Results

3.1. Biomass and volume of the harvested stumps

Average stump diameter was significantly different for the
study sites (T-test, P < 0.05), being the highest (43.2 ± 0.6 cm) for
the Elva site and the lowest for the Viru site (Table 1). On the basis
of the data of the fractioned model stumps, an individual regres-
sion equation of allometric form (1) was developed for each site
(Fig. 2). Models for different study sites had low P-values and high
correlations between stump diameter and stump biomass (Table 3).
A general regression model (Fig. 3) was created by pooling the data
of all model stumps (n = 28). However, a site-specific regression
model was applied for estimating the biomass of the harvested
stump for a particular site (Fig. 2).
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Fig. 2. Allometric relationships between stump diameter and dry mass for the
study sites.
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The largest stump fractions in all cases were the stump core and
the thickest roots (d > 10 cm), accounting for 39–45% and 29–32%
of the total biomass of the model stumps, respectively (Table 4).

The biomass of the stumps was highest at the Elva site, where it
was nearly two times as large as at the Orguse study site (Table 4).
At the Viru site the number of stumps was very high, exceeding the
corresponding values for the other study areas by roughly 3–5
times. However, total stump biomass in Viru was rather low, which
was caused by small average stump diameter and a large share of
rotted stumps.

3.2. Density, moisture content and heating value of the stump fractions

The weighted average density of the model stumps at the Elva
and Rõuge sites was 427 kg m�3 and 431 kg m�3, respectively.
The average density of the wood of the stump core did not differ
between the sites (P > 0.05) (Table 5). Average density was the
highest for the coarse root (d > 10 cm) fraction both at the Elva
and Rõuge sites (Table 5). At the same time, the estimated densities
of the different model stump fractions were not significantly differ-
ent (Tukey HSD, P > 0.05).

The highest moisture content was estimated in the thin root
fraction (d < 5 cm) and the lowest, in the stump core (Table 5).
Weighted average moisture content ranged between 40% and 50%.

The average net calorific value of the different fractions varied
between 19.0–19.3 kJ g�1 and there was no significant difference
between the fractions (Table 5). The net calorific value of the same
fractions did not differ significantly for different study sites (Tukey
HSD test, P > 0.05).

3.3. Drying dynamics of the lifted stumps

The moisture content of the lifted stumps, which were mostly
split and stored in stacks, decreased significantly during the two
study years, varying between the study sites (Fig. 4). The seasonal
dynamics of moisture content in the stumps was obvious, being
higher from autumn to spring; still, it was lower than the initial
value after one dry season. In the summer of the second storage
year, average moisture content across all stump fractions was
already as low as 16%.

3.4. Nutrient and carbon removal

As carbon and nutrient concentrations in the different fractions
did not differ between the study sites (T-test, P > 0.05) all samples
belonging to the same fraction across all four sites were pooled for
further analysis. The N and P concentrations were significantly
higher in the thin root fraction (T-test, P < 0.05); however, C con-
centration was similar in all fractions (Table 6).

Fig. 3. Regression model of stump dry mass based on all sampled model stumps
(n = 28).

Table 4
Biomass, volume and energy content of harvested spruce stumps and the distribution of different stump fractions at the study sites.

Site Stump core d > 10 cm 5–10 cm 0–5 cm Total Average stump mass, kg Energy content, MW h ha�1

t ha�1 % t ha�1 % Biomass, t ha�1 Volume, % t ha�1 % t ha�1 m3 ha�1

Elva 23.9 43.3 17.0 30.7 5.8 10.5 8.6 15.5 55.3 131.0 155.3 294
Rõuge 18.2 41.1 14.1 31.8 3.5 7.9 8.5 19.2 44.3 103.0 135.5 235
Orguse 11.7 45.3 7.7 29.5 2.2 8.5 4.4 16.7 26.0 62.0 108.8 140
Viru 12.7 39.2 9.4 29.1 3.6 11.1 6.7 20.6 32.4 78.0 26.2 177

Table 5
Average density ± st. error, initial moisture content and calorific value of different fractions of the model stumps.

Fraction Elva Rõuge Orguse Viru Calorific value,
kJ g�1

Density,
kg m�3

Initial
moisture, %

Density,
kg m�3

Initial
moisture, %

Density,
kg m�3

Initial
moisture, %

Density,
kg m�3

Initial
moisture, %

d < 5 cm 425 ± 30 54.0 419 ± 30 52.5 n.e 56.8 n.e 50.7 19.31 ± 0.32
5 < d < 10 cm 458 ± 30 50.5 452 ± 40 46.3 n.e 51.9 n.e 49.1 19.09 ± 0.09
d > 10 cm 477 ± 20 47.7 469 ± 20 43.7 n.e 53.3 n.e 51.4 19.09 ± 0.18
Stump core 396 ± 10 30.4 398 ± 20 24.8 380 ± 20 44.0 400 ± 20 44.3 19.04 ± 0.08
Weighted

average
427 43.0 431 39.8 n.e 50.1 n.e 48.3 19.13

n.e – not estimated.

Fig. 4. Dynamics of the average moisture content of the stumps in stacks.
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Since only fertile sites were included in the study, the soil nutri-
ent pool was large in all cases (Table 7). The amount of removed
nutrients and C depended directly on the biomass of the harvested
stumps. The loss of N and C through stump harvesting made up
1.2–4.4% and 11–33% of the respective soil pool at the different
study sites.

3.5. Soil respiration

Soil respiration (Rs) showed a typical seasonal pattern with
maximum rates in summer and minimum rates in autumn
(Fig. 5). Seasonal variation in Rs was lower at the Elva site than
at Rõuge and ranged from 0.83 ± 0.13 to 3.86 ± 0.46 lmol CO2 -
m�2 s�1 and from 0.70 ± 0.22 to 5.62 ± 1.73 lmol CO2 m�2 s�1

through both study years, respectively. In general, soil temperature
(Ts) was the driving environmental factor affecting the seasonal
dynamics of both Rs and Rh, explaining up to 85% of the variance
of Rs and up to 88% of the variance of Rh (P < 0.05).

Trenching and stump harvesting had no significant effect on Ts
at either study site (ANOVA, P > 0.05); mean Ts varied about 0.9 �C
between the harvested and control treatments in both study years.
Nor had trenching and stump harvesting an effect on soil moisture
(ANOVA, P > 0.05), although the harvested treatment tended to be
slightly wetter than the control treatment. However, the soil at the
Elva site was 38% drier than in Rõuge (P < 0.05).

The harvested treatment reduced significantly Rh, but only in
Rõuge (T-test, P < 0.05), however, the harvested treatment had no
effect on total Rs at both study sites (T-test and ANOVA, P > 0.05)
(Fig. 6). We used monthly mean soil temperature to calculate
cumulative Rs and Rh rates for the snow-free season of 2013. Cumu-
lative Rs rates for the growing season were 4.9 and 5.1 t C ha�1 in
the harvested and control treatments at Elva. The corresponding
values for the Rõuge site were 3.7 and 3.9 t C ha�1 in the harvested
and control treatments, respectively. The corresponding Rh rates
were 3.3 and 3.2 t ha�1 in Elva and 1.8 and 2.5 t ha�1 in Rõuge. In
2013 the Rh/Rs ratio in the harvested and control treatments in Elva
was 0.68 and 0.62, a similar ratio was found for Rõuge, 0.50 and
0.64, respectively.

4. Discussion

4.1. Biomass and volume of harvested stumps

In the present study, only Norway spruce (Picea abies) stumps
were harvested, presuming that Norway spruce is the most likely
tree species for stump harvesting (Athanassiadis et al., 2011;
Palviainen et al., 2010). Owing to its shallow root system (Köstler
et al., 1968), stump lifting is easier and consequent soil distur-
bances are not so serious as in the case of pine stump harvesting
(Hakkila, 2003; Laitila et al., 2008). This was confirmed for Norway
spruce by our study: after stump harvesting soil surface was quite
smooth, without deep hollows. Also nutrient concentrations
(Hellsten et al., 2013) are lower in spruce stumps than in decidu-

Table 6
Average carbon and nutrient concentrations in different fractions of the model
stumps. Significant differences between fractions (indicated by different letters)
within column according to the Tukey HSD test (P < 0.05).

Fraction C, % N, % P, % K, %

d < 5 cm 48.36a 0.415a 0.040a 0.098a

5 < d < 10 cm 48.15a 0.318b 0.027b 0.084a

d > 10 cm 48.19a 0.300bc 0.023b 0.086a

Stump core 48.24a 0.260c 0.018b 0.062b

Weighted average 48.26 0.347 0.030 0.086

Table 7
Nutrients and carbon removed in lifted stumps and corresponding pools in the 0–50 cm soil layer.

Site N, kg ha�1 K, kg ha�1 P, kg ha�1 C, t ha�1

Elva Accumulated in removed stumps 167 13 43 26.7
Soil pool 3775 170 184 81.2

Rõuge Accumulated in removed stumps 136 11 35 21.4
Soil pool 7396 28 408 169.1

Orguse Accumulated in removed stumps 79 6 20 12.5
Soil pool 6420 69 331 114.3

Viru Accumulated in removed stumps 100 8 25 15.6
Soil pool n.e. n.e. n.e. n.e.

n.e – not estimated.

Fig. 5. Seasonal dynamics of soil respiration (lmol CO2 m�2 s�1) in the harvested
and control treatments in Elva and Rõuge study sites in 2012–2013. Error bars
represent the standard error of the means.
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ous tree stumps. Considering these aspects, uprooting of pine
stumps and stumps of deciduous trees was avoided.

Despite increased interest in stump lifting and its intensifica-
tion (Saksa, 2013), data about the harvested stump yield in the lit-
erature is quite scarce. At the Elva and Rõuge sites the biomass
stock of the harvested stumps was large (Table 4), exceeding rele-
vant published data from Finland (Hakkila, 1972) and Latvia
(Lazdins and Zimelis, 2012) almost two times. In Finland, the aver-
age reported stock of harvested stumps was 75 m3 ha�1, which
constituted approximately 25% of stem wood volume (Hakkila,
2003). In Latvia, the average biomass of lifted stumps was
25.7 t ha�1 and stump wood production of up to 100 m3 ha�1

was considered a good result (Lazdins and Zimelis, 2012). How-
ever, the corresponding values for the Orguse and Viru sites were
markedly lower, demonstrating high variability in the potential
available resource at different sites. In Estonia, in a fertile Oxalis
site type, the belowground biomass of a spruce stand was esti-
mated earlier at 48.3 t DM ha�1 and it made up 17% of total tree
biomass (Lõhmus, 1987).

It is evident that average stump diameter and number of
stumps are the main factors affecting stump biomass. At the Org-
use site (Table 1) average stump diameter was large but the num-
ber of spruce stumps was low (239 ha�1), which reduced biomass
significantly. Although the total number of all stumps in Orguse
was higher, harvesting of deciduous tree stumps was avoided as
mentioned above. Further, in Viru and Orguse, the Hepatica site
type prevailed, which is the most common site of Heterobasidion
damage. The proportion of infected stumps in Orguse and Viru
was 53% and 89%, respectively (Table 1). Root rot (Heterobasidion)
infected roots can be easily broken during stump lifting and a con-
siderable proportion of thinner root fractions may remain in the
ground, which in turn may decrease the harvested stump yield.

Soil can be also among the factors which may affect the yield of
harvested stumps. At the Elva and Rõuge sites the soil was sandy
(Endogleyic Arenosol and Endogleyic Albic Podzol, respectively) but
at the Orguse site the Endogleyic Cambisol had higher clay and lime-
stone content. We presume that soil texture affected the develop-
ment of the root systems; due to the large share of thin root
fractions in Orguse, stump mass was lower there (Table 4). It is
known that root systems can take a variety of forms and spruce
trees can have deep roots extending to considerable depth when
growing on suitable soils (Kimmins, 2004). Also, the shoot/root
ratio of forest trees is lower in dry compared with moist soils,
and in nutrient-poor compared with nutrient-rich soils (Lyr and

Hoffman, 1967). Since Cambisol is significantly more fertile, diam-
eter growth favoured the formation of thicker annual rings, which
resulted in the lower density of stump wood (Table 5). Conse-
quently, the co-effect of soil conditions and pathogens may have
a major impact on average stump biomass.

The largest proportion in total stump biomass was formed by
the stump core and the thick root fractions (Table 4), which is in
good accordance with earlier results (Petersson and Stahl, 2006;
Walmsley and Godbold, 2010). As indicated in several studies, fine
roots will remain in the soil during uprooting. The share of the thin
root fraction (d < 5 mm) ranged between 15% and 20% in our study.
Owing to its higher nutrient content, the smaller proportion of
thinner root fractions is beneficial in terms of soil nutrient deple-
tion. Also, the rates of root decomposition can differ significantly
depending on root diameter (Silver and Miya, 2001), and can be
positively correlated with N content (Aulen et al., 2012).

The allometric models (Figs. 2 and 3) describe the relationship
between stump biomass and stump diameter. The majority of sim-
ilar models have commonly used breast height diameter as a pre-
dictive variable (Marklund, 1988; Petersson and Stahl, 2006),
which was impossible to apply in the present case because the
study sites were selected and established after clear-cutting. How-
ever, Palander et al., (2009) recommended use of local models for
estimating harvested stump biomass.

The average estimated density of harvested stumps of
430 kg m�3 is adequate for re-calculation of the biomass of the har-
vested Norway spruce stumps into volume units for the conditions
of Estonia. The highest density was estimated for the thick struc-
tural root fractions (d > 10 cm) and the lowest, for the stump core
(Table 5). Despite high variability in the estimated average values,
the difference between the densities of the different fractions was
statistically insignificant. Estimated density is in good accordance
with corresponding Latvian findings where the estimated average
density of spruce stumps was 410 kg m�3 (Lazdins et al., 2009).

Stumps have a high calorific value and the average potential
energy content of stump wood is usually up to 130 MW h ha�1

and may even reach 250 MW h ha�1 (Hakkila, 2004; Näslund
Eriksson and Gustavsson, 2008). The energy content of the har-
vested stumps found in the present study, 294 MW h ha�1 (Table 4)
indicates the high potential of stump harvesting for bioenergy.
However, actual energy production is lower due to the moisture
and soil content of stumps. It is well known that the calorific value
of stumps depends on moisture and ash (mineral) content (Anerud,
2010; Laurila and Lauhanen, 2010). Among the typical problems
related to the heating quality of stump wood is the abundance of
residues like stones and soil particles, which complicates stump
processing and increases ash content due to a decrease in energetic
quality (Anerud, 2010). According to (Korpinen et al., 2007), ash
content in stumpwood varies between 1% and 24%. Low ash content
is attained when rooting is applied to light texture (sandy) soils
from which soil particles can be easily removed by mechanical
shaking and splitting during rooting and by precipitation during
storage.

As expected, the calorific value was slightly higher for the thin
root fraction (d < 5 mm), which was most probably related to the
larger proportion of bark. The calorific value of bark is usually
higher than that of wood (Lõhmus et al., 2000). However, there
was no significant difference between the different fractions in this
respect (Table 5).

The moisture content of the model stumps varied between 40%
and 50% immediately after lifting (Table 5), which is slightly lower
than that reported in a Finnish study (Laurila and Lauhanen, 2010).
However, the moisture dynamics of stumps throughout the two
years was similar to the corresponding result of Laurila and
Lauhanen (2010): in their study, moisture content decreased in
the summer season and increased in autumn and winter. Regard-
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ing our study, by the end of the second year average stump mois-
ture content was lower than in the first summer after stump har-
vesting (Fig. 4). Lower moisture content positively affects the
heating value as well as cuts the price of transportation. Long-term
storage is also favourable for removing soil and other residues. The
moisture content of stumps may be higher inside the stack and the
drying process can be influenced by many factors (weather, stump
splitting, location of the stack, etc.). At same time, the heating
value of spruce stumps does not decrease during three years
(Laurila and Lauhanen, 2010).

4.2. Nutrient removal

A considerable amount of nutrients is removed from stumps at
the site, which may negatively affect development of the next for-
est rotation (Walmsley and Godbold, 2010; Helmisaari et al., 2011).
However, the effect of stump harvesting on soil nutrient content
and thereby on soil productivity is highly site specific. At nutri-
ent-poor sites additional nutrient removal may cause significant
depletion of the soil. The extent of nutrient removal depended on
the tree species, the harvesting method and the intensity of har-
vesting (Merilä et al., 2014). Stump lifting may affect also nutrient
transformation processes in the soil e.g. nitrogen mineralization
(Kataja-aho et al., 2012). In the case of conventional harvesting,
stumps are left in the clear-cut and the nutrients released during
the decay of the stumps will be available to the next forest gener-
ation (Palviainen et al., 2010). We had no data about aboveground
biomass and nutrient accumulation before the clear-cut of the
study sites. However, spruce allocates a considerable share of
nutrients in the foliage (Lõhmus, 1987; Palviainen and Finer,
2012; Merilä et al., 2014) and in the case of ‘‘stems + stumps’’ har-
vesting a large amount of nutrients remains at the site.

Data about nutrient concentrations in the fine roots are avail-
able, while corresponding data for the stumps and coarse roots
are more scarce (Hellsten et al., 2013). It is typical that nutrient
concentrations increase with decreasing root fraction diameter
(Hellsten et al., 2013). In the present study, N concentration was
significantly higher in the fraction of the thin roots and the lowest
in the stump. The N loss due to stump removal was 167 kg ha�1 at
the Elva site (Table 7), which is almost two times higher than that
reported in a Finnish study (Merilä et al., 2014). However, both
average N concentrations in the different fractions and harvested
stump biomass were mostly higher in our study than in the Finnish
case (Hellsten et al., 2013). The soil N storages found in the present
study varied between 3.8 and 7.4 t N ha�1, which is in the range of
average values of 1–8 t ha�1 reported for boreal forest ecosystems
(Gundersen, 1995). However, most N is bound within soil organic
matter, while only about 0.1–1% is available to plants in the form
of inorganic nitrogen in boreal forest (Helmisaari, 1995). The nitro-
gen bound in the stumps and thus removed from the sites
accounted for 1.2–4.4% of the total soil N pools.

Phosphorus content in the soil of the Rõuge site was lower and
removed P made up a considerable proportion of the soil P storage
(39%). However, in the present study only soil available lactate solu-
ble P was analyzed and the concentration of lactate soluble P evi-
dently reflected the balance between solubilized and assimilated P
in the soil rather than actual P limitation. At the Elva andOrguse sites
removed P accounted for 8–9% of the total soil lactate soluble P stor-
age. At theElva sitepotassiumcontent in soilwas the lowest (Table7)
and hence proportional K loss was the highest (23%). At the Rõuge
and Orguse sites K loss accounted for 6–8.5% of the soil K storage.

4.3. Carbon removal

Belowground parts constitute roughly 20% of the total biomass
of trees (Lõhmus, 1987; Uri et al., 2009; Varik et al., 2013) and

stump harvesting increases C loss from the site in approximately
the same proportion. Average C concentration in the different
root fractions of the stumps was 48.1% and did not differ signifi-
cantly between the fractions (Table 6). Thus C loss depended
directly on the amount of biomass harvested. However, a consid-
erable C pool was located in the soil and varied between 81 and
170 t ha�1 at the study sites. The amount of C removed by stump
harvesting was limited in comparison with the soil C storage,
varying between 12.5 and 27 t C ha�1. However, it should be
taken into account that a substantial share of C is emitted by
CO2 during the decomposition of stumps and only a modest share
will be accumulated in the soil. Stump uprooting disturbs soil
structure in the upper layer, which may have a significant effect
on mineralization and soil respiration (Walmsley and Godbold,
2010). Several studies have explored the effect of harvesting on
the forest soil CO2 efflux but the results are contradictory. After
clear-cut, soil respiration rate can increase (Londo et al., 1999;
Kim, 2008), decrease (Striegl and Wickland, 1998) or remain
unchanged (Mallik and Hu, 1997). Moreover, estimations of soil
respiration rates vary greatly (171–2600 g m�2 yr�1) in different
studies depending on the harvesting method, climatic conditions
and the forest type (Luo and Zhou, 2006). Also, different site prep-
aration methods can significantly affect the soil CO2 efflux. For
example, soil respiration rate increased at a site where logging
residue was left on site (3242 g CO2 m�2 after the first year of
harvest and 1900 g CO2 m�2 before harvest) but decreased to
pre clear-cutting level when logging residue was removed
(Pumpanen et al., 2004). While the effect of clear-cutting, thin-
ning, burning, fertilization, litter removal and site preparation
on the forest soil CO2 efflux has been investigated by several
authors (Pumpanen et al., 2004; Luo and Zhou, 2006; Peng
et al., 2008), the effect of stump harvesting on the soil CO2 efflux
is largely unknown.

The effect of stump harvesting on soil respiration may differ. On
the one hand, CO2 emission in an uprooted area may decrease since
the amount of decomposing organic matter (dead roots) is reduced.
On the other hand, soil disturbancemay inducemore intensivemin-
eralizationof C and thereby initiate CO2 emission,whichmay reduce
the stable soil C storage (Grelle et al., 2012). Emission of CO2may be
higher from stump removal plots compared to mounded plots,
which can be attributed to more extensive soil mixing (Kataja-aho
et al., 2012). Our results support the assumption that CO2 emissions
fromuprooted areas decrease: at the Rõuge study site annual cumu-
lative heterotrophic respiration was lower in the harvested area
than in the control plot (1.8 and 2.5 t C ha�1 yr�1, respectively), indi-
cating reducedCO2 emissionbecause of the absence of decomposing
stump biomass. However, at the Elva study site stump harvesting
had no effect on the annual Rh flux: the measured values in the har-
vested and control plotswere almost of the samemagnitude (Fig. 6).
Both the Rs and Rh fluxes were higher at the Elva site than at the
Rõuge site. However, the values of the estimated soil respiration
fluxes are consistent with a Swedish study where average annual
C emissions from clear-cut areas were estimated at 4–5 t C ha�1 -
yr�1 (Grelle et al., 2012).

5. Conclusions

Norway spruce stumps are a potential bioenergy resource in
Estonian forests. The volume of harvested stumps may be up to
130 m3 ha�1 and potential energy production up to 290 MW h ha�1.
The average calorific value of different stump and root fractions
varied between 19.0 and 19.3 kJ g�1 and there was no significant
difference between the different stump fractions. At least a two-
year drying period is suggested for storage of stumps to lowermois-
ture content and thereby to increase the heating value.
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Stump harvesting at the studied fertile autotrophic sites with
high nutrient and carbon storages did not cause problems in terms
of nutrient and carbon depletion of the ecosystem owing to high
corresponding soil storages. Also stump harvesting did not increase
soil respiration intensity.

The present results are preliminary and long-term studies
would gain for a better understanding of environmental responses
following by large-scale stump harvesting. Also further research on
poorer sites also is needed.
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a b s t r a c t

Stumps of conifer trees are a prospective source of bioenergy and stump harvesting is a novel practice in
forestry management in the Baltic and Nordic countries. However, as stump harvesting may cause pos-
sible environmental risks there has emerged a clear need for research focusing on sustainable forest man-
agement.
Three Norway spruce (Picea abies) clear-cut areas on different soils in Estonia were selected for the pre-

sent study. We analysed the effect of stump harvesting on net nitrogen mineralization (NNM) and on
nutrient leaching. On dry and sandy Endogleyic Arenosol (Oxalis site type), stump harvesting reduced
the annul NNM flux significantly; 134 and 202 kg N ha yr�1 at the harvested and at the control site,
respectively. In clear-cut area where Endogleyic Cambisol was dominating (Hepatica site type), stump
harvesting had no effect on NNM (92 vs 88 kg N ha yr�1). However, in a clear-cut area where the soil type
was Endogleyic Albic Podzol (Myrtillus site type), stump harvesting increased the total annual NNM flux:
102 vs 70 kg N ha yr�1 at the harvested and at the control site, respectively. Stump harvesting affected
also the proportion of nitrification and ammonification processes in NNM. At theMyrtillys site type stump
harvesting increased the annual nitrogen (N) leaching flux. One year after stump harvesting, leaching at
the harvested site was 11.7 vs 4.5 kg N ha�1 yr�1 at the control site. In the second year N leaching
decreased and the difference levelled off. Increased N leaching was induced by a larger amount of water;
average N concentration of the harvested and control sites did not differ. Although at the Oxalis site N
leaching was larger at the harvested than at the control site, the total annual leached N flux was small
(�2 kg N ha�1). At the fertile Hepatica site type treatment had no impact on N leaching, which was only
ca 1 kg N ha�1 yr�1. Phosphorus (P) leaching was very small in all study areas, being below
0.1 kg P ha�1 yr�1.
The effect of stump harvesting on annual NNM as well as on N leaching was soil specific and highly

variable. Stump harvesting affected also the proportion of the nitrification and ammonification processes
in total NNM. Considering the first short-term results obtained from different site types, we can conclude
that harvesting of spruce stumps does not induce serious environmental hazards in relation of N cycling.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

During the last decade stump harvesting has become more
actual in forest management practice in the Nordic and Baltic
countries (Lazdins et al., 2009; Grelle et al., 2012; Persson, 2013;
Uri et al., 2015) since the need for bioenergy is increasing and
stumps are a prospective source of bioenergy. In Finland, stump
harvesting showed a major increase from 2006 to 2007 when the
area of stump harvesting increased by 50% (Peltola, 2008); in
2012 the volume of harvested stumps was about 1.1 mil m3

(Finnish Statistical Yearbook of Forestry, 2013). In Estonia, large-
scale stump harvesting is not yet a common practice, however
the issue has gained more interest in forest management. Further-
more, in the light of the Paris Agreement 2015, the government of
Estonia should ensure a significant reduction in the use of fossil oil
shale and an increase in the share of bioenergy in the nearest
future. This will obviously increase the demand for different
sources of bioenergy and intensify the management of forests.
However, large-scale stump harvesting should only be based on
the results of relevant scientific research, considering also evalua-
tion of different environmental risks related to stump harvesting.
The first Estonian case study reporting preliminary results about
the biomass and energetic value of harvested stumps and covering

http://dx.doi.org/10.1016/j.foreco.2016.07.005
0378-1127/� 2016 Elsevier B.V. All rights reserved.
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the issue of accompanying nutrient and carbon losses was pub-
lished recently (Uri et al., 2015).

According to earlier studies, stump harvesting may lead to sev-
eral positive effects. As stump harvesting acts as site preparation,
(Saarinen, 2006; Berglund and Åström, 2007), it reduces the cost of
cultivation of a new forest generation (Eriksson and Gustavsson,
2008). Stump removal may decrease pine weevil damage and infec-
tion by root pathogens (Hakkila, 2004; Vasaitis et al., 2008;
Walmsley and Godbold, 2010), which improves the survival of the
planting stock. However, some studies report possible negative
environmental effects accompanying stump harvesting (Walmsley
and Godbold, 2010; Eklöf et al., 2013; Uri et al., 2015). Stump
harvesting operations caused large soil disturbance, which changed
significantly the physical condition of the soils, affecting carbon and
nutrient balance and the mineralization process (Walmsley and
Godbold, 2010).

Considering the environmental effects of stump harvesting,
special attention should be paid to nitrogen (N) cycling, since avail-
ability of N is one of the crucial factors limiting tree growth and
photosynthetic activity in boreal forests (Luo et al., 2004). Most
of inorganic N, available for plants uptake, is produced by the
in situ net nitrogen mineralization (NNM) of soil organic matter
(Tate, 1995). The NNM is one of the key processes of the N cycling
in forest ecosystems, which is affected by many factors like tree
species and soil disturbances, temperature, moisture, pH etc. (Zak
et al., 1990; Tietema and Verstraten, 1992; Goodale and Aber,
2001; Lovett et al., 2002; Uri et al., 2008). Although NNM is an
essential flux in the N cycle of boreal and temperate forests (Zak
et al., 1990; Goodale and Aber, 2001; Andersson et al., 2002;
Lovett et al., 2002; Uri et al., 2008), it has been found to be quite
low in conifer stands (Nadelhoffer et al., 1984; Williams, 1992;
Persson and Wirén, 1995). According to studies from Estonia, the
conifer stand annual NNM flux ranges between 6 and 30 kg N ha�1

(Pajuste and Frey, 2003; Külla et al., 2004).
In relation to stump harvesting, it has been found that stump

removal increases both NNM and nitrification already after one
year of treatment (Kataja-aho et al., 2012). Compared to soil prepa-
ration (mounding), stump harvesting has a stronger impact on soil
C and N dynamics through extensive soil disturbances (Kataja-aho
et al., 2012). On the one hand, the increased NNM flux may lead to
further losses of N through leaching or gaseous emissions unless it
is utilized by trees or other vegetation (Piirainen et al., 2007).
Increased N mineralization can have a positive effect on subse-
quent tree production through higher N availability (Kataja-aho
et al., 2012). However, considering stump harvesting as an exten-
sive soil disturbance, one should also bear in mind that most soil
preparation methods for forest regeneration cause disturbances
of the soil that affect its properties and functioning (Schmidt
et al., 1996; Worrell and Hampson, 1997; Eisenbies et al., 2005).

The main aim of the present study was to estimate the short-
term effects of Norway spruce stump harvesting on annual NNM
and on the nitrogen and phosphorus leaching fluxes in different
soils.

The working hypotheses of the present study were: (1) NNM
will increase after stump harvesting in Norway spruce clear-cut

as a result of soil disturbances; (2) stump harvesting may initiate
larger nitrogen and phosphorus losses from the ecosystem due to
increased leaching.

2. Materials and methods

2.1. Description of the study sites

Three Norway spruce clear-cut areas (named as Elva, Rõuge and
Orguse) of different soil types were selected for the study (Table 1).
All study areas were divided into four sites with an equal area: two
control sites and two stump harvesting sites. The area of the sites
varied between the study areas, being at 0.15–0.25 ha. In the Elva
area the replicates were located in a ‘‘chessboard’’ pattern and in
the other areas they were located alternately in one row (Uri
et al., 2015). The data from the two harvested sites and the data
from the two control sites were pooled and treated as ‘‘harvested”
and ‘‘control”. Clear-cutting was done at the end of 2010; logging
residues were left on site and stump harvesting was carried out
in October 2011. Selectively, only spruce stumps were harvested
and the stumps of deciduous trees and pine stumps were left on
site. For stump harvesting, a Pallari KH 160 stump extractor com-
bined with a hydraulic excavator was used (Uri et al., 2015).

2.2. Soil

In all study areas 14 soil pits were dug to a depth of 1.0 m:
seven pits (4 + 3) at the stump-harvested sites and seven at the
control sites. All pits were located randomly along the diagonal
traversing the site. The soil profile was described and the soil type
was determined according to the WRB (2006). Soil texture was
evaluated in the field using the texture by-hand-feel method. Soil
bulk density samples were taken with a 50 cm3 cylinder from
different depth layers and dried (105 �C) to constant weight and
weighed to 0.001 g. For chemical analyses, subsamples were taken
from 10 random points at all study sites, i.e. 20 soil sampling points
per treatment for each study area (Table 2). Sampling was done,
using a soil corer (£ 40 mm), from five depth layers to a depth
of 50 cm. However, in the present study only soil data from the
upper two soil layers (0–10 cm and 10–20 cm) were used. Samples
from 10 random points were pooled to form three composite
samples. Since all studied soils were fertile, no organic soil layer
had been formed and sampling was done only from the mineral
soil layers. Only in Rõuge area a thin fragmentary organic layer
occurred in places. The site selection reflects the generally known
silvicultural knowledge of spruce: this species thrives on deep,
moist, well-aerated soils at nutrient rich sites.

2.3. Net nitrogen mineralization

The method with buried polyethylene bags was used to
estimate in situ net nitrogen mineralization (NNM). The method
is widely used and has been described in detail in many earlier
studies (Eno, 1960; Adams et al., 1989; Hart et al., 1994; Uri

Table 1
Main characteristics of the study areas (Uri et al., 2015).

Name Location Study area
(ha)

Soil type Site
type

Average stump
diameter (cm)

Number of harvested
stumps (ha�1)

Stock of harvested stumps
(m3 ha�1)

Elva 58�19050.4000N
26�31034.7000E

0.99 Endogleyic
Arenosol

Oxalis 43 356 130

Orguse 59�4017.300N
26�21051.600E

0.64 Endogleyic
Cambisol

Hepatica 39 239 63

Rõuge 57�42033.9000N
26�45020.7000E

0.5 Endogleyic Albic
Podzol

Myrtillus 35 327 103

H. Becker et al. / Forest Ecology and Management 377 (2016) 150–160 151
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et al., 2003, 2008; Becker et al., 2015). The thickness of the poly-
ethylene bag film used was 18 lm, which prevented leaching
and addition of soluble N as well as N uptake by plants but ensured
permeability for gases (O2, CO2, N2, etc.). The dynamics of NNM
was studied in the upper 0–10 cm soil layer during the first year
after stump harvesting (from June 2012 to May 2013). For every
study area, 24 samples were incubated: (6 + 6) for the control
and (6 + 6) for the harvested sites. Samples were incubated
randomly along the diagonal traversing the site. At the harvested
sites, samples were also incubated randomly, however, half of
them were located on disturbed spots and the other half were
located on undisturbed spots for covering site variability. Addition-
ally, a monthly experiment was carried out from April 2013 to May
2013 to estimate the share of NNM in the deeper 10–20 cm soil
layer; the samples were incubated into two layers (0–10 and
10–20 cm) in the same order as they had been cored (Uri et al.,
2003, 2008).

The samples were incubated every month until winter before
the soil became frozen. A sampling interval of one month is an
optimal period during which changes are assumed to take place
in the concentrations of mineral nitrogen (Adams et al., 1989).
Beside the incubated samples, the same number of initial samples
were taken in all cases. As there was no organic soil layer in the
Elva and Orguse study areas, only mineral soil samples were incu-
bated. In the Rõuge area a thin fragmentary organic layer had been
formed in some cases, which was included in samples. Both the
incubated and the initial samples were grouped into composite
samples by three and taken to the laboratory for analysis on the
same day. All samples were taken with a cylindrical corer
(£ 48 mm). The internal diameter of the corer was 1.6 mm larger
than its cutting edge to avoid compression and mixing of the soil.
Disturbance of soil structure affects NNM significantly (Raison
et al., 1987; Stenger et al., 1995; Persson and Wirén, 1995).

The monthly and annual NNM fluxes were calculated as the dif-
ference between the contents of inorganic nitrogen forms (nitrate
and ammonium nitrogen), and their sum in the initial and the
incubated samples. Nitrite (NO2

�-N) nitrogen concentration was
only analysed from the first sampling and since the concentration
of nitrite N was negligible we excluded it from further analyses.
The change in the amount of inorganic available nitrogen was
calculated for a soil layer taking into account soil bulk density
(Uri et al., 2003, 2008).

Soil temperature was measured, using a soil temperature sensor
(model 1425, Technologies, Inc., USA) and soil moisture was mea-
sured by using soil sensor (Watermark 6450WD, Technologies, Inc,
USA), every hour at a depth of 5 cm in each study area and the data
was stored with a data logger (WatchDog 1425, Spectrum
Technologies, Inc., USA) during the study period of 2012 and
2013. One portative station was installed in the centre of every
study area.

2.4. Nutrient and carbon leaching

The leaching of nitrogen (N), phosphorus (P) and C was esti-
mated with stainless steel plate lysimeters (Roots and Voll, 2011;
Uri et al., 2011; Becker et al., 2015). At every study area, 14 plate
stainless steel lysimeters (7 for the harvested sites + 7 for the con-
trol sites) were installed in the soil to a depth of 40 cm at random
points on the diagonal traversing the plot. For harvested sites the
lysimeters were placed both for disturbed and undisturbed patches
for covering site heterogeneity. The collecting area of each lysime-
ter was 627 cm2. The lysimeters were connected to water collec-
tors (6000 ml polyethylene canisters disposed at a depth of 1 m)
by means of polyethylene tubes. Water from the canisters was
sampled, using a peristaltic vacuum pump, through a plastic pipe.
Water was sampled monthly from early spring to late autumn (up
to the freezing of the soil). The leaching flux of nutrients was
calculated separately for every sampled month on the basis of
the amount of percolated water (sum of 7 lysimeters), taking
account of the nutrient concentrations analysed from water
samples. The annual cumulative leaching flux was calculated by
summing up the amounts of leached nutrients for different
months. All precipitation data was drawn from the Estonian
weather service stations nearest to the study areas. The exact loca-
tions of the weather stations were Tartu-Tõravere (N58�1505100;
E26�2704100), Väike-Maarja (N59�0802900; E26�1305100) and Võru
(N57�5004700; E27�0101000).

2.5. Chemical analysis

The Tecator ASN 3313 was employed for testing the soil sam-
ples for nitrogen after Kjeldahl. The concentration of NO2

�-N,
NO3

�-N and NH4
+-N in the soil were determined by flow injection

analysis with the Tecator ASN 65-32/84 and the Tecator ASN 65-
31/84. Soil pH was determined in a 2.5:1 KCl soil (vol/wt) suspen-
sion. Available P and K were extracted with ammonium lactate (0.1
M NH4CH3CH(OH)COO� + 0.4M CH3COOH, pH 3.75). Available
phosphorus in the extraction solution was determined by flow
injection analysis with the use of the Tecator ASTN 9/84 and the
content of available potassium was determined from the same
solution by the flame photometric method. Available (exchange-
able) Ca and Mg were determined by using the 1 mol L�1 NH4OAc
extracting solution buffered at pH 7. Soil magnesium content was
determined by flow injection analysis with the Tecator ASTN
90/92. Calcium was determined from the same solution by the
flame photometric method. For determination of Corg content in
the oven-dried samples, the combustion method (1150 �C) was
applied using a varioMAX CNS elemental analyser (ELEMENTAR,
Germany).

Water samples were analysed for NH4
+, NO2

�, NO3
� at the Bio-

chemistry Laboratory of the Estonian University of Life Sciences,

Table 2
Soil characteristics of the study sites N - Kjeldahl nitrogen (%), P - lactate soluble phosphorus and K - potassium, Ca - calcium and Mg - magnesium. Presented average
concentrations in the upper 20 cm soil layer.

Area pHKCl % Corg % N N pool t ha�1 (0–10 cm) N pool t ha�1 (0–20 cm) C:N ratio mg kg�1

P K Ca Mg

Elva
Harvested 3.79 2.30 0.10 1.78 2.65 23 28.55 44.69 280.88 35.25
Control 3.86 1.84 0.09 1.67 2.48 20 19.91 33.31 225.38 32.40

Orguse
Harvested 5.43 2.64 0.16 1.98 3.74 16 6.29 69.52 1126.21 56.30
Control 4.61 2.34 0.14 1.77 3.27 17 8.49 77.47 700.58 41.47

Rõuge
Harvested 3.50 3.56 0.16 2.85 4.29 22 9.27 102.17 185.59 38.38
Control 3.36 4.61 0.21 2.83 4.86 22 10.94 95.17 237.42 48.68
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and dissolved organic nitrogen (DON) and dissolved organic carbon
(DOC) were analysed at the Laboratory of the Estonian Environ-
mental Research Ltd using the standard methods for water
research (APHA, 1989).

2.6. Statistics

Normality of variables was checked using Lilliefors and Shapiro-
Wilk’s tests. To analyse the effect of the treatment factors (stump
harvesting) on the response variables, ANOVA was applied. The
ANOVA assumptions - normality, homogeneity of group variances
and nonsignificant relationship between the group means and the
standard deviations - were checked. For multiple comparisons of
the means, in case the assumptions were satisfied, the t-test was
employed to compare the two group means. We used theWilcoxon
Matched Pairs test to test significance between the net nitrogen
mineralization intensity at different treatments. The Spearman
Rank Correlation was used to analyse the relationship between
annual NNM intensity and soil temperature. In all cases the level
of significance 0.05 was accepted.

3. Results

3.1. Elva study area

The Elva study area was located on a relatively fertile but
droughty sandy soil (Endogleyic Arenosol). Loose glacio-fluvial
sands lie on red-brown non calcareous basal medium-textured till.
Although texture changes occur at a large depth, at �80 cm,
medium-textured layer still improve soil fertility through of
enhanced water availability. The total soil N pool in the 0–20 cm
soil layer of the Elva area was 2.5 t N ha�1 and the N pool in the
upper 10 cm soil layer accounted for 67% of it (Table 2) being
slightly higher at the stump harvested site. Annual inorganic N that
was mineralized in the 0–20 cm soil layer made up 5.7% and 10.3%
in the total soil N pool at the harvested and at the control site,
respectively. The dynamics of monthly mineral N concentration
in the soil demonstrated different patterns at the control site and
at the harvested site in the first summer after stump harvesting
(2012) (Table 3 and Fig. 1). At both sites the concentration of
NH4

+-N ranged between 1 and 9 mg kg�1 and exceeded the concen-

tration of soil NO3
�-N which ranged between 0.2 and 3 mg kg�1. At

the control site mineral N concentration in the soil peaked in July
2012, but was steadily low at the harvested site. The NH4

+-N con-
centration was higher at the control site in July, September and
October (Table 3). Only in May was NO3

�-N concentration signifi-
cantly higher at the harvested site (t-test, p < 0.05). Although there
was a difference between the individual months (Fig. 1), the
monthly average concentrations of mineral N did not differ
(harvested site versus control site) (t-test; p > 0.05).

Average soil pHKCl in the Elva study area in 0–10 cm topsoil
layer was higher at the harvested site than at the control site, being
3.9 and 3.5, respectively; a significant difference in pH occurred
during the four study months (Fig. 2), being higher at the harvested
site (t-test, p < 0.05).

Annual net mineralization in the Elva study area was more
intensive at the control site than at the harvested site (Wilcoxon
Matched Pairs test, p < 0.05) (Fig. 3). However, at both sites it
peaked in June when its intensity reached 1000 and 500 mg kg�1

N day�1 at the control site and at the harvested site, respectively
(Fig. 3). The NNM intensity was the lowest at both sites from Octo-
ber to May when soil temperatures were the lowest. A significant
positive correlation was found between NNM and soil temperature
for the harvested site (R = 0.92; p = 0.05) and for the control site
(R = 0.81; p = 0.05).

The total annual NNM flux in the 0–20 cm soil layer was 134.0
and 202.1 kg ha�1 yr�1 at the Elva harvested site and at the control
site, respectively (Table 4). A major share of inorganic N was min-
eralized in the upper 0–10 cm soil layer for both the harvested and
control sites (76% and 85%, respectively). Stump harvesting did not
affect the NNM process in the deeper soil layer: the corresponding
values were almost equal (32 and 31 kg ha�1 yr�1 at the harvested
and the control site, respectively). Stump harvesting had intensi-
fied the nitrification process as at the harvested site a major share
(86%) in total NNM was attributable to nitrification. At the control
site the proportion of nitrification was smaller, constituting about
40% of total NNM.

The annual N leaching flux in the Elva study area was consid-
ered small in both treatments. However, in the two study years
(2012; 2013) total annual N leaching was higher at the harvested
site; also the amount of percolated water was larger at the
harvested site (Table 5; Fig. 4). Precipitation was larger in the first

Table 3
Annual dynamics of the concentrations of soil nitrate and ammonium nitrogen at Elva, Orguse and Rõuge study area in the 0–10 cm soil layer (t-test, n = 8 in all cases, significant
differences are inidacet in bold).

NO3
�-N mg kg�1 NH4

+-N mg kg�1

Harvested Control p-value t-value Harvested Control p-value t-value

Elva
June 0.91 0.22 0.22 1.28 4.84 1.98 0.18 1.44
July 0.69 0.20 0.11 1.74 1.14 8.24 0.02 2.56
August 0.19 0.24 0.76 0.31 1.65 1.90 0.72 0.37
September 0.41 1.03 0.09 1.85 1.69 4.96 0.01 3.03
October 0.96 1.36 0.44 0.80 1.67 3.34 0.01 2.99
May 2.77 1.25 0.01 2.92 3.99 8.70 0.06 2.09

Orguse
June 0.62 0.13 0.01 2.81 0.84 0.97 0.76 0.31
July 0.78 0.39 0.20 1.36 2.62 2.50 0.90 0.12
August 0.61 0.27 0.28 1.13 2.55 1.57 0.05 2.18
September 0.39 0.22 0.11 1.69 2.33 2.44 0.74 0.34
October 4.29 2.04 0.11 1.70 2.07 2.26 0.75 0.32
May 3.17 1.56 0.07 1.93 1.57 3.52 0.02 2.67

Rõuge
June 2.61 1.15 0.27 1.14 0.84 0.97 0.02 2.66
July 7.22 1.23 0.01 3.14 2.62 2.50 0.01 5.57
August 2.68 0.13 0.04 2.38 2.55 1.57 0.01 4.22
September 0.26 0.11 0.08 2.02 2.33 2.44 0.27 1.17
October 0.98 0.15 0.06 2.07 2.07 2.26 0.86 0.18
May 0.44 1.64 0.06 2.12 1.57 3.52 0.78 0.29
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year after stump harvesting, being 770 mm in 2012 and 540 mm in
2013. In 2012, 2.0 kg N ha�1 yr�1 leached at the harvested site and
0.1 kg N ha�1 yr�1 at the control site. In the following year (2013)
the difference between the study treatments was smaller as leach-
ing increased at the control site. However, average N concentra-
tions of percolated water did not differ between the harvested
and the control site (Table 6). The N leaching peaked in spring after
the melting of snowwhen the quantity of percolated water was the
highest (Fig. 4; Table 5). In both years, as well at both sites the
main form of leached N was NO3

�-N while the other N forms were
negligible. In 2012 total P leaching was negligible in all cases, being
0.02 and less than 0.01 kg P ha�1 yr�1 at the harvested site and at
the control site, respectively. In the following year the correspond-
ing values were 0.04 and 0.02 kg P ha�1 yr�1. For both sites, PO4

accounted for about 23–42% of the total leached P. The leaching
of total organic carbon (TOC) was higher at the harvested site in
both years (Table 5).

3.2. Orguse study area

The Orguse study area lies on Endogleyic Cambisol, which is one
of the most fertile forest soils in Estonia. For this soil type, a deep
humus (A) horizon, with a depth of up to 20–30 cm in this area is
inherent. High fertility is ensured by higher pH, higher concentra-
tion of Ca and Mg, as well as by a low C:N ratio in comparison with
the other study areas (Table 2). The high base status facilitates

formation of Ca-humus bonds, which tends to maintain humus
immobile, and limits its depth translocation (Table 2). The Ca
content indicates that the soil is also better buffered against
acidification.

The soil N stock in the 0–20 cm upper soil layer in the Orguse
study area was 3.5 t N ha�1, which was relatively equally dis-
tributed between the 0–10 cm (54%) and the 10–20 cm layers
(Table 2). The share of annually mineralized N in the total soil N
pool of the upper 10 cm soil layer constituted 3.0% and 3.2% at
the harvested site and at the control site, respectively. At both sites
the concentration of mineral N in the topsoil peaked in October
and May (Fig. 1). The concentrations of NO3

�-N in the soil for the
treatments were significantly different only in June and the
NH4

+-N concentrations were significantly different in August and
May (Table 3). However, considering the annual dynamics of
inorganic N in the topsoil, there were no differences between the
harvested site and the control site (ANOVA p = 0.49, F = 0.51).

In the Orguse area average pH in the mineral soil showed higher
values for the harvested site for five months (t-test, p < 0.05)
(Fig. 2). The only month without any difference between the
treatments was September.

The intensity of N mineralization peaked in May in both treat-
ments (Fig. 3). There were no differences either in ammonification
or nitrification, or in the overall annual dynamics of NNM between
the harvested site and the control site (Wilcoxon Matched
Pairs test, p > 0.05). Strong correlation was found between soil
temperature and NNM mineralization for the control site
(R = 0.84; p = 0.05). However, for the harvested site, this correla-
tion was weaker (R = 0.52; p = 0.05).

Fig. 1. Mean concentrations of soil mineral nitrogen in the upper 10 cm soil layer of
the Elva (a), Orguse (b) and Rõuge (c) study areas at the harvested site and at the
control site. Bars indicate the values of standard error. Asterisk indicated statisti-
cally significant difference (t-test; p < 0.05).

Fig. 2. The annual dynamics of soil pH in 0–10 cm soil layer in the Elva study area
(a), Orguse study area (b) and Rõuge study area (c). Bars indicate the standard error.
Asterisk indicated statistically significant difference (t-test; p < 0.05).
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The total annual NNM flux in the 0–20 cm topsoil layer in the
Orguse area was 92.5 and 88.3 kg ha�1 yr�1 at the harvested and
at the control site, respectively, (Table 4). In the upper 0–10 cm
topsoil layer the corresponding results were similar: 59 and
56 kg ha�1 yr�1. The NNM in the upper 0–10 cm soil layer made
up about 64% of total annual NNM in 0–20 cm layer. The propor-
tion of nitrification in NNM was 99% and 90% for the harvested site
and for the control site, respectively.

During the first year after stump harvesting, total N leaching
was equal at the harvested and control sites (1.1 kg N ha�1) while

water content was higher at the harvested site (Table 5; Fig. 4).
The N leaching peaked in October and November and nitrate N
was the dominating leached N form at both sites. Only in October
did dissolved organic nitrogen (DON) exceed the other leached N
forms at the control site. In the following year (2013) N leaching
was slightly higher at the control site, 2.9 vs 2.4 kg N ha�1 at the
harvested site. Average N concentrations of percolated water did
not differ for the sites in 2013, except for DON concentration which
was higher at the control site (Table 6). In 2012 the total amount of
leached P was very small at both sites (0.02 kg P ha�1); however,

Fig. 3. Dynamics of monthly average soil temperature in the upper 10 cm soil layer and the dynamics of net NNM (mg kg�1 N day�1) at the harvested site and at the control
site of the Elva (a), Orguse (b) and Rõuge (c) study area in 2012–2013. Bars indicate the standard error.

Table 4
Annual net nitrogen mineralization flux in the harvested (a) and the control (b) treatments (kg ha�1 yr�1) and the share of nitrification (NO3%) for the study sites.

Elva (Oxalis) Orguse (Hepatica) Rõuge (Myrtillus)

Soil layer a NO3 % b NO3 % a NO3 % b NO3 % a NO3 % b NO3 %

0–10 102.2 85 171.6 40 59.2 99 55.9 90 82.0 57 55.6 40
10–20 31.9 86 30.6 42 33.3 98 32.4 87 20.5 57 13.9 40

Sum 134.0 202.1 92.5 88.3 102.6 69.5
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when at the harvested site about 86% of P leached in the form of
PO4, then at the control site only 20%. In 2013 the total amount

of leached P was slightly larger, being 0.07 and 0.05 kg P ha�1 at
the harvested site and at the control site, respectively. The TOC

Table 5
Annual nutrient leaching flux (kg ha�1 yr�1) of the study sites: TN - total nitrogen, TOC – total organic carbon, TP - total phosphorus, W - amount of leached water l m�2, Prec. –
annual precipitation (mm).

Year Harvested Control

Prec. NO3
�-N NH4

+-N TN TOC TP W NO3
�-N NH4

+-N TN TOC TP W

Elva
2012 771 1.1 0.2 2.0 7.3 0.02 33.2 0.0 0.1 0.1 0.5 <0.01 1.3
2013 540 1.4 0.2 2.2 9.7 0.04 35.6 0.9 0.1 1.3 4.1 0.02 17.7

Orguse
2012 814 0.5 0.2 1.1 7.6 0.02 41.3 0.4 0.2 1.1 7.1 0.02 34.8
2013 545 1.0 0.5 2.4 13.0 0.07 85.9 1.6 0.3 2.9 11.4 0.05 66.3

Rõuge
2012 800 7.7 1.4 11.7 13.9 0.04 98.4 2.2 1.6 4.5 10.2 0.01 60.3
2013 532 2.7 0.7 4.2 11.1 0.03 93.7 2.1 0.4 3.2 7.1 0.01 59.3

Fig. 4. The dynamics of leaching of different nitrogen forms at the Elva harvested (a) and control site (b), at the Orguse harvested (c) and control (d) and at the Rõuge
harvested (e) and control (f) study area.
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leaching in the Orguse area was in the same magnitude at the har-
vested and control sites in both years (Table 5).

3.3. Rõuge study area

The Rõuge study area is located on sandy Endogleyic Albic Podzol
with a thin organic layer. The soil of the Rõuge study area has silty
loamy sand texture, which supports larger accumulation of soil
organic matter with higher Corg and Ntot values.

The total soil N stock of the Rõuge study area was the largest
among our study areas, reaching up to 4.6 t N ha�1 in the
0–20 cm soil layer while about 62% of it were accumulated in the
0–10 cm soil layer (Table 2). At the Rõuge harvested site the share
of the mineral N pool accounted for 2.9% of the total soil N storage;
at the control site the corresponding value was 2.0%. For both sites
the highest mineral N concentration in the upper 0–10 cm topsoil
layer in summer (June and July) and a decrease towards autumn
(Fig. 1). Soil mineral N concentration at both sites was practically
the same from September to May. Both ammonium (NH4

+-N) and
nitrate (NO3

�N) nitrogen concentration were significantly higher
in July and August for the harvested site (Table 3). Average pHKCl

in the 0–10 cm topsoil layer was not different, at the harvested site
and at the control site being 3.3 and 3.4, respectively (Fig. 2).

At the harvested site, N mineralization peaked in September,
amounting to 700 mg kg�1 N day�1. At the control site, NNM was
the highest in July and August when it amounted to 250 mg kg�1

N day�1. The NNM was highly variable at both sites in the different
months demonstrating a negative value at the harvested site in
August and at the control site in October, indicating microbial
immobilization. However, despite the different NNM patterns in
the studied months, total annual NNM intensity (harvested vs con-
trol) was not different (Wilcoxon Matched Pairs test, p > 0.05)
(Fig. 3).

The total annual NNM flux in the 0–20 cm soil layer was 102.6
and 69.5 kg ha�1 at the harvested site and at the control site,
respectively. The NNM flux in the upper 0–10 cm soil layer made
up 80% of the total NNM that took place in the upper 0–20 cm soil
layer at both study sites. Nitrification constituted about 57% and
40% of the total annual NNM flux at the harvested site and at the
control site, respectively (Table 4).

The N leaching in the Rõuge study area was the highest among
all three areas; also the amount of percolated water was relatively
large (Table 5; Fig. 4). In 2012, the total N leaching flux was 2.5
times as high at the harvested site as at the control site, being
11.7 vs 4.5 kg N ha�1 yr�1, peaking in July (Fig. 4). In both cases
nitrate N made up the main share (60%) in the total leached
amount of N. In the second year after stump harvesting (2013), N

leaching peaked in May immediately after the melting of snow.
The amount of leached N was quite similar in both treatments,
4.2 and 3.2 kg ha�1 yr�1 at the harvested site and at the control
site, respectively. Average N concentrations of leached water did
not differed between harvested and control sites either (Table 6).
The total amount of leached P was negligible, being higher at the
harvested site (Table 5). In both years the share of PO4 in total lea-
ched P varied between 27% and 57%. The TOC leaching was slightly
higher at the harvested site than at the control site in both years
(Table 5).

4. Discussion

4.1. Soil nitrogen pool and mineral nitrogen dynamics

There was revealed a clear difference in the annual dynamics of
mineral N concentration in the soil between the study areas
(Fig. 1). When in the Elva and Rõuge areas the content of mineral
N in the topsoil peaked in early summer or in the spring months,
then in the Orguse area it peaked in late autumn. It is well known
that the content of inorganic N in the soil depends on two concur-
rent processes: NNM, on the one hand, and plants N uptake, on the
other. In the Orguse area the intensity of NNM and hence the input
of inorganic N in the soil was relatively stable throughout the
growing season. Thus the concentration of inorganic N in the soil
depended largely on plant growth, which was more vigorous in
the fertile Orguse area than in the Elva or Rõuge area. In August,
plant growth ceased and the content of inorganic N in the soil of
the Orguse area increased. However, a basically different pattern
was revealed for the Rõuge area, where the content of inorganic
N in the soil was the highest in mid-summer (June and July) and
decreased towards autumn reaching a minimum value in Septem-
ber. Such dynamics is inconsistent with the data of NNM: the high-
est value for the harvested site was estimated in September (Fig. 3)
but the content of mineral N was minimum both for the stump
harvested and control sites (Fig. 1). The Elva study area demon-
strated a third pattern of the dynamics of inorganic N: steadily
low content at the harvested site and slightly higher content at
the control site. The higher content of inorganic N at the harvested
site can be explained by soil disturbances and reduced vegetation.
Thus, in the Elva area soil the dynamics of inorganic N generally
followed the growth dynamics of the understorey vegetation.
Some studies reported only a weak effect of stump harvesting on
soil properties (Karlsson and Tamminen, 2013), while others found
a major disturbance to soil after stump harvesting, which levelled
off in ten years (Hope, 2007).

In the present study a short-term effect of uprooting on mineral
N concentrations in the soil was found, which levelled out in
autumn. In the Rõuge area the content of soil inorganic N was sig-
nificantly higher at the control site in the first summer after stump
harvesting (Fig. 1), which can be explained by the co-effect of
higher NNM and reduced plant N uptake. However, in the Orguse
and Elva study areas the effect of stump harvesting on the annual
dynamics of mineral N was not revealed. Thus it is evident that the
effect of stump harvesting on inorganic N is site (soil) specific.

4.2. Net nitrogen mineralization

In the Elva area, soil disturbance as a result of stump harvesting,
had a negative effect on soil NNM intensity. Endogleyic Arenosol
with a thin humus (A) layer and a sandy texture is sensitive to
disturbances: stump harvesting destroys the thin humus layer
and deteriorates soil moisture conditions. It is thought that the
content of capillary water decreases due to soil mixing and loosing
while sandy soil may become even drier (Mäkitalo and Hyvonen,

Table 6
Average nitrogen concentration (mg l�1) of leached water in 2013. NO3

�-N - nitrate
nitrogen c; NH4

+-N - ammonium nitrogen; DON - dissolved organic nitrogen. Samples
from April to October. (t-test, harvested versus control, significant differences are
indicated in bold).

Harvested Control p-value t-value n

Elva
NO3

�-N 2.84 ± 1.23 5.68 ± 1.49 0.08 2.01 7
NH4

+-N 0.61 ± 0.08 0.60 ± 0.06 0.88 0.15 7
DON 5.07 ± 1.23 7.89 ± 1.32 0.06 2.30 7

Orguse
NO3

�-N 1.07 ± 0.37 2.48 ± 0.78 0.13 1.62 7
NH4

+-N 0.54 ± 0.02 0.52 ± 0.01 0.40 0.88 7
DON 2.75 ± 0.37 4.38 ± 0.60 0.04 2.30 7

Rõuge
NO3

�-N 2.29 ± 0.91 2.56 ± 0.67 0.72 0.38 8
NH4

+-N 0.71 ± 0.03 0.69 ± 0.05 0.75 0.33 8
DON 3.88 ± 1.00 4.29 ± 0.76 0.60 0.54 8
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2004). The value of the total annual NNM flux found at the Elva
control site (202 kg ha yr�1) was fairly high, exceeding even the
reported values for deciduous stands, at 140–200 kg ha�1 (Scott
and Binkley, 1997; Magill et al., 2000; Uri et al., 2011). In conifer
stands the annual NNM flux ranges between 6 and 30 kg N ha�1

in Estonia (Pajuste and Frey, 2003; Külla et al., 2004).
Stump harvesting affected also the proportion of the ammonifi-

cation and nitrification processes in total NNM. In the Elva study
area, stump harvesting increased nitrification; nitrification rate
was 86% at the harvested site vs 42% at the control site. During
growing season average soil pH at the harvested site was also
higher than at the control site (Fig. 2). This may have enhanced
nitrification because low soil pH generally limits nitrification in
acid forest soils. Likewise, the content of nitrate N in the topsoil
was significantly higher than the content of ammonium N at the
harvested site. At the control site ammonium N was the dominant
mineral N form in the topsoil.

The Orguse study area lies on Endogleyic Cambisol, which is one
of the most fertile soils in Estonia; forests growing on such soil are
highly productive. In the Orguse study area, stump harvesting did
not affect the annual NNM flux; NNM in the upper 0–20 cm soil
layer was similar for both the harvested and the control sites.
The humus (A) horizon of the Orguse area was deep and stump
harvesting disturbance did not cause intensive mineralization
(Fig. 3). It is thought that soil organic matter becomes older and
progressively more recalcitrant with depth, resulting in lower N
mineralization rates (Federer, 1983).

Irrespective of the treatment, the highest peak of NNM occurred
in Orguse in May, but NNMwas also high in June and July, which is
in accordance with earlier results (Nadelhoffer et al., 1984; Uri
et al., 2003; Becker et al., 2015). The proportion of nitrification
was appreciable in both treatments, which is characteristic of fer-
tile soils with a low C:N ratio (Table 4); also soil pH was more
favourable for nitrification here, compared to the others areas. It
is known that low soil pH (<4) inhibits autotrophic nitrification
(Persson and Wirén, 1995). The relatively high abundance of the
bases (Ca, Mg, K) in this area may have enhanced nitrification as
this process is more rapid at higher soil pH values and at higher
base cation concentrations (Binkley and Hart, 1989; Persson
et al., 1991).

The dynamics of soil pH in the Orguse study area was different
for the harvested site and the control site, being higher at the for-
mer site during five months (Fig. 2). This can be explained by the
properties of the soil in this area. The soil type Endogleyic Cambisol
(Table 1) is characterized by a bedrock with high carbonate con-
tent. As a result of stump harvesting, the lower soil layers reach
to soil surface, are mixed by topsoil and thus increase pH in the
upper soil layer. However, the total annual NNM flux was lower
in the Orguse area than in the Elva or Rõuge area, which could indi-
cate that annual NNM is not always higher on fertile soils.

For the Rõuge area, the effect of stump harvesting on annual
NNM was opposite to the results obtained for the Elva area. Both
areas are located on sandy soils but their soil water tables were
different. Sandy soil of the Elva area is the driest and the soil of
the Rõuge area is the moistest (Myrtillus site type) where ground
water often located near the surface from late autumn through
early spring. In the Rõuge area, stump harvesting increased total
annual NNM flux which is consistent with a NNM experiment of
Kataja-aho et al. (2012).

The NNM in Rõuge area for the different months was clearly dif-
ferent at the harvested site and at the control site, demonstrating
the effect of stump harvesting. From June to mid-September,
NNM was evidently suppressed at the harvested site (Fig. 3). We
suppose that in the case of stump harvesting some part of the soil
organic layer, which contained organic N, was mixed by the deeper

soil layer and became well buried, decreasing available soil N for
mineralization.

The significant increase of NNM at the harvested site from mid-
September to mid-October may be related to microbial immobi-
lization in the previous month (Fig. 3). When NNM intensity at
the harvested site was modest from July to mid-August, then in
the following period total NNM was negative, which indicates
microbial immobilization. Higher NNM from mid-September to
mid-October may have been induced by the higher activity of
microbes, which resulted in their higher N supply. A similar phe-
nomenon was also observed for a Rhodococcum pine forest growing
on Podzol (Külla et al., 2004).

The annual dynamics of NNM in the Rõuge area demonstrated
also a different pattern compared with the other study sites; peak-
ing in mid-summer for the control site and being quite low in
spring and autumn, which is different also from earlier literature
results (Nadelhoffer et al., 1984; Uri et al., 2003; Becker et al.,
2015).

The nitrification rate was quite low in Rõuge area (40–57% of
total annual NNM) compared with the other two studied areas.
The lower nitrification rate in this area could be attributed by the
high soil C:N ratio (Table 2) since nitrification increases with a
decreasing C:N ratio (Vervaet et al., 2002). The threshold values
for nitrification are about 22–24 (Lovett et al., 2004; Ollinger
et al., 2002). On the other hand, low pH is another factor limiting
the nitrification process. In general, the range of values for nitrifi-
cation is wide, e.g. from pH 3.9 up to 6.3 (Van Praag and
Weissen, 1973). According to Persson and Wirén (1995), low pH
often restricts nitrification and almost no nitrification can be
detected at pHH2O < 4. In the present study the lowest pH was
recorded from the Rõuge area and the highest, from the Orguse
area. Low P availability is also known to restrict nitrification
(Tate and Salcedo, 1988; Carlyle et al., 1990).

In all study areas most of NNM was mineralized in the upper
0–10 cm soil layer, which is constant with earlier studies
(Connell et al., 1995; Persson and Wirén, 1995). The most active
part of the forest soil is the topsoil where most of the fine roots,
nutrients and microbial biomass are located (Lõhmus et al., 2006;
Aosaar et al., 2013; Varik et al., 2013; Becker et al., 2015). However,
in the Orguse area the corresponding proportion was lower (65%),
which can be explained by a different soil type; when the humus
layer (A-horizon) in the Elva and Rõuge areas was thin (only up
to 10 cm) or missing altogether, then in the fertile Endogleyic
Cambisol of the Orguse study area the thickness of the A horizon
varied between 20 and 25 (30) cm.

Soil temperature is one of the crucial factors influencing the
N mineralization process in the soil (Tietema and Verstraten,
1992); during the growing season temperature is usually higher
in the topsoil. Relationship between NNM and soil temperature
was found in many studies (Powers, 1990; Tietema and
Verstraten, 1992; Goncalves and Carlyle, 1994; Uri et al., 2003;
Becker et al., 2015). In the Elva study area the annual dynamics
of NNM followed the dynamics of soil temperature, (Fig. 3). Also
the Orguse area, good correlation was found between soil temper-
ature and NNM for the control site but, not for the stump harvested
site. Nor did we find such correlation for the Rõuge area.

Thus the results of the present study do not clearly support our
hypothesis about the effect of stump harvesting on NNM and we
can only conclude that stump harvesting may intensify N mineral-
ization under certain soil conditions, but it may also reduce annual
NNM in other soils. Thus, the effect of stump harvesting on the
annual NNM flux is highly site (soil) specific. The quantity and
quality of soil organic matter have a significant effect on NNM
intensity, the C:N ratio being one of the key factors
(McClaugherty et al., 1985; Zak et al., 1990; Tietema et al., 1993).
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Furthermore, even soil texture may have some impact; roots
decayed significantly faster in soils with a loamy texture than in
other soil texture types (Silver and Miya, 2001).

4.3. Leaching

According to some studies, stump harvesting may increase
nutrient, especially phosphorus (P), leaching (Palviainen et al.,
2010; Walmsley and Godbold, 2010), which can be considered a
serious environmental risk. However, also any mechanical soil
preparation may lead to leaching of soil nutrients (Mackenzie
et al., 2005).

The highest N leaching occurred in the Rõuge study area in the
following summer of stump harvesting. However, already in the
second year after stump harvesting the soil stabilized and N leach-
ing fell to the level of the control site. Although the nitrification
rate was quite low for this study area (40% of NNM), leached N
was mostly in the nitrate form (Fig. 4). In the Orguse area N
leaching was very modest and the annual flux was of the same
magnitude both at the harvested and control sites. In the following
year (2013) N leaching stabilized for the harvested and control
sites in all study areas. Most of the leaching occurred after the
melting of snow which supports our earlier result (Becker et al.,
2015).

The annual flux of nutrient leaching depended on two factors:
nutrient concentration in percolated water and water quantity.
Since the soil of the Elva area was dry, water from precipitation
was fast assimilated by the vegetation and only a very small
amount reached the deeper soil. In the Elva area increased N leach-
ing at the control site in 2013 was caused by a larger amount of
percolated water since the N concentrations did not differ between
treatments (Tables 5 and 6). Of course, these two years are not well
comparable since the lysimeters were installed in early spring
2012 and an appreciable share of percolated water (originating
from melted snow) was missed. The larger amount of percolated
water at the harvested sites can be largely explained by soil distur-
bance that changed topsoil texture and favoured reaching of water
down to the deeper layers.

5. Conclusion

Regarding the effect of stump harvesting on the annual NNM
flux, the forest site type, i.e. the soil, seems to be a more signif-
icant factor than soil disturbance caused by stump harvesting.
The annual fluxes of NNM estimated for the undisturbed soil
(control sites) of the studied areas were 202, 88 and
70 kg ha yr�1 for the Oxalis (Elva), Hepatica (Orguse) and Myrtillus
(Rõuge) sites types (study areas), respectively. Given small differ-
ences in mean annual temperature and precipitation, it appears
that soil characteristics in relation to the composition of the veg-
etation and the soil water table are important parameters that
regulate the spatial patterns of NNM at undisturbed sites. The
effect of stump harvesting on soil NNM was highly site specific:
in the dry sandy soils (Endogleyic Arenosol) stump harvesting
decreased total annual NNM flux, in the fertile soils (Endogleyic
Cambisol) no effects were revealed and in the moist sandy soils
(Endogleyic Albic Podzol) stump harvesting increased NNM.
Stump harvesting affected the proportion of the nitrification
and ammonification processes in NNM.

Considerably increased N leaching in the harvested treatment
was only found at one site, but it stabilized during a short period
of time. Larger N leaching in the Myrtillus site type (Rõuge) area
can be explained by a larger amount of percolated water and
increased NNM. Yet irrespective of the study area, stump harvest-
ing did not cause significant NP leaching.
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