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1. INTRODUCTION

Owing to the increased anthropogenic emissions of  CO2 in world 
ecosystems and their predicted effects on global climate, carbon (C) 
cycling is very actual topic around the world. Forest ecosystems are 
able to sequester a large proportion of  terrestrial carbon; boreal and 
temperate forests play an important role in global C cycling and in 
C sequestration (Dixon et al., 1994; Peng et al., 2008) whereby boreal 
forests accumulate 60% of  forest ecosystems C globally (Spalding et 
al., 2012). Global scale studies have indicated that forest ecosystems 
in the Northern hemisphere are functioning as signifi cant sinks for 
atmospheric CO2 (Goodale et al., 2002).

Moreover, estimation of  the biomass and C stock of  forests has attained 
signifi cant importance as a result of  the Climate Convention and the 
Kyoto Protocol. Great efforts have been made by governments to clarify 
the role of  forests in C sequestration at the country level. According 
to the Kyoto Protocol, governments are requested to report C pool 
changes in forests (e.g. LULUCF) and estimates of  the forest C stock 
and its changes are obtained from calculations that are often based on 
results from national forest inventories.

In general, estimates of  carbon stocks and stock changes in temperate 
and boreal forests are based on national forest inventory (NFI) data. 
National or regional estimates of  the forest carbon stocks and sinks 
are calculated on the basis of  the growing stock and gross increment 
estimates using conversion factors (Kauppi et al., 1995; Löwe et al., 2000; 
Tomppo, 2000; UN-ECE/FAO, 2000). The disadvantage of  using NFI 
data is the lack of  direct measurements of  actual C fl uxes and storages 
in different forest ecosystems. However, reliable estimations should be 
based or validated on the results of  relevant research with a focus on 
forest C cycling.

Both forest biomass and soils are considered to have a large potential 
for temporary and long-term C storage (Gower, 2003; Houghton, 2005) 
and are therefore important ecosystems for mitigating climate changes 
(Vanninen and Mäkelä, 2005; De Simon et al., 2012). The issue of  
accumulation of  C in different forests is actual around the world and 
the stock of  C bound in biomass and in the soil has been estimated 
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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). 
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. However, site fertility 
has a crucial impact on C accumulation in the soil and our results have 
indicated that tree biomass may be the main C sink in fertile silver birch 
and grey alder stands (I), (Uri et al., 2011). Hence, carbon accumulation 
both in the biomass of  trees and in the soil should be taken into account, 
using an integrated approach when C cycling in a forest ecosystem is 
studied. Clarifying the role of  different ecosystem components in terms 
of  C sequestration allows to make relevant suggestions for sound forest 
management.

An essential C pool of  forest ecosystems is sequestered in belowground 
tree biomass (Cairns et al., 1997; Helmisaari et al., 2002; Peichl and Arain, 
2006), however, data about belowground C and nutrient accumulation 
are scanty. This is mainly due to methodological problems: estimation of  
belowground biomass is always more laborious, complicated and costly 
than estimation of  aboveground biomass. Most methods, especially for 
coarse roots are also destructive and have the potential to damage or 
kill trees. On the other hand, it is impossible to compile C budgets for 
different forest ecosystems without taking account of  the belowground 
part of  stands. The share of  the belowground biomass of  trees, including 
the fi ne roots, as the proportion in total tree biomass, varies between 
18 and 45%, depending on the tree species, stand age and site fertility 
(Santantonio et al., 1977; Fogel, 1983).

Since forest sites in Estonia are very heterogeneous, C cycling and C 
accumulation in different forest ecosystems are highly variable. Most 
forests in Estonia act as C sinks and the major related issues are 
quantifi cation and modelling of  the main C fl uxes of  different forest 
types as well as the ratio of  C accumulated in the soil to that accumulated 
in tree biomass.

Silver birch (Betula pendula Roth) stands were selected for study because 
silver birch is the most important deciduous tree species in Estonian 
forestry. It has a wide natural distribution area on the Eurasian continent, 
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ranging from the Atlantic to Eastern Siberia. In Northern Europe, birches 
are the most important commercial broad-leaved tree species (Hynynen 
et al., 2010). Although silver birch occurs almost throughout the whole 
of  Europe, the most abundant birch resources are located in the boreal 
and temperate forests of  Northern Europe. In the Baltic and Nordic 
countries, the proportion of  birch in the total volume of  the growing 
stock varies between 11 and 28%. Birch stands (including downy birch) 
account for approximately 30% of  the total area of  Estonian forests 
(Yearbook Forest 2011).

Since estimation of  biomass and accumulated carbon is based on 
model trees, using time-series stands, it allows estimation of  the growth 
dynamics of  birch stands. In Estonia both general yield tables (Tjurin, 
Vargas de Bedemar) and local yield tables by O. Henno have been used. 
However, the changed environment and growing conditions (large-scale 
drainage, increased atmospheric CO2 level, etc.) may considerably affect 
forest growth on the regional scale. Several papers report the increased 
growth of  European forests during the last half-century, which can 
mainly be explained by climate change and the increased CO2 level in 
the atmosphere (Nilson et al., 1999; Mund et al., 2002; Norby et al., 2005). 
Hence, the existing yield tables may not refl ect the actual situation of  the 
Estonian silver birch stands, and for modelling stand growth in changed 
conditions, new data about the growth of  silver birch stands is needed.

Also land use changes which took place during the last half-century may 
have a marked infl uence on forest growth. In the late 1990s abandoned 
agricultural lands in Estonia were extensively afforested naturally by 
silver birch, which led to an increase in the area of  silver birch stands; 
as a rule, the Oxalis site type will be prevalent in such areas. This is 
the reason why some silver birch stands growing on former agricultural 
lands were included in the study. However, due to a changed economic 
situation, afforestation of  agricultural lands is not an actual topic any 
more but the large amount of  afforested fi elds has contributed to the 
increase of  the share of  silver birch stands in Estonia. An increase of  
the net primary production (NPP) of  forest as well as an increased forest 
coverage area contribute signifi cantly to the C accumulation of  forests 
on the country level.
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The present thesis is based on the synthesis of  four papers (I, II, III, 
IV) and summarising the results of  long-term research of  carbon 
cycling in silver birch chronosequence stands. The topic is relevant 
since chronosequence studies of  birch stands are still rare (Mälkonen 
and Saarsalmi, 1982; Wang et al., 1996) despite the broad distribution 
of  birches. The presented results are appropriate for developing local C 
accumulation models for silver birch stands.

The novelty of  the study is its complex approach: the C dynamics 
was studied in different forest ecosystem components (e.g. trees, 
undergrowth, soil, etc.), which allowed to compile whole C budgets for 
silver birch stands of  different ages. Complete estimation of  different C 
fl uxes and storages in a chronosequence of  silver birch stands with the 
aim to compile carbon budget has not been dealt with earlier.

The dynamics of  the growth and biomass production of  silver birch 
chronosequence stands was estimated and analysed in consistence with 
empirical data from earlier yield tables. New knowledge was gained 
about belowground biomass, fi ne root production and soil C effl ux in 
birch stands. Carbon accumulation in biomass (above- and belowground 
biomass of  both the trees and the undergrowth) as well as in the soil was 
estimated.
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2. REVIEW OF THE LITERATURE

2.1. Production of  aboveground biomass

Before the re-independence of  Estonia the silvicultural and economic 
importance of  birch was signifi cantly lower than nowadays, main 
research interests were related to coniferous tree species. However, some 
yield tables were published, providing valuable data about the growth 
and development of  birch stands. Regarding these, the greatest research 
into the growth and yield of  silver birch was carried out in Estonia by 
Olev Henno (1959; 1963; 1965; 1970 and 1980). For recalculation of  
biomass to volume units and vice versa, the use of  adequate density 
values is crucial; the physical and mechanical properties of  birch timber 
were studied by Aino Kasesalu (1965).

Starting from the middle of  the nineties of  the last century the area 
of  abandoned agricultural lands increased drastically in Estonia, which 
created favourable conditions for extensive afforestation of  agricultural 
lands and led also to an increase of  the area of  birch stands. During this 
period the research of  the growth and biomass production of  young 
stands on abandoned agricultural lands was highlighted and several 
studies were conducted (Jõgiste et al., 2003; Vares et al., 2003; Uri et al., 
2007ab; Kund et al., 2010). The results confi rmed that silver birch is one 
of  the most productive and prospective tree species for afforestation of  
agricultural lands in Estonia.

The production and allocation of  aboveground biomass as well as the 
nutrient accumulation of  birch stands are widely studied in Northern 
and Eastern Europe, where silver birch is considered to be the most 
productive species among all economically important broadleaved tree 
species (Hynynen et al., 2010). The growth and yield of  silver birch 
and downy birch have been extensively studied in Finland (Ferm, 
1990; Niemistö, 1991; 1996). Birch is mainly cultivated for obtaining 
raw material for sawmills, furniture and plywood industries, in which 
case both wood increment and quality are important (Niemistö, 1995). 
Silver birch stands growing at fertile sites may have high production 
capacity (Ferm, 1993; Hytönen et al., 1995; Johansson, 1999; Daugaviete 
et al., 2003; Jõgiste et al., 2003; Vares et al., 2003; Saramäki and Hytönen, 
2004); this species is also perspective for short rotation forestry (Ferm, 
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1993; Elowson, 1996) and is suitable for former arable fi elds (Perala, 
1990; Karlsson et al., 1998). Very thorough reviews on the ecology and 
management as well as on the biomass production of  birch stands have 
been presented by Ferm (1993) and Hynynen et al. (2010).

The biomass production of  naturally regenerated mixed birch stands 
grown for biomass with the use of  coppicing regeneration in a peat 
cutaway area was quantifi ed in Finland by Hytönen and Aro (2012). 
A recent general review about the growth and yield of  silver birch 
was published by Hytönen et al. in 2013. Also in Sweden the biomass 
production of  silver birch stands has been thoroughly studied (Eriksson 
et al., 1997; Karlsson et al., 1997; Eriksson and Johansson, 2006; 
Johansson, 2007). In Latvia, where the proportion of  birch accounts for 
28% of  the total forest area, the growth of  silver birch stands has been 
investigated by Zalitis and Zalitis (2007).

2.2. Production of  belowground biomass 

The share of  the belowground biomass of  trees as the proportion 
in total tree biomass is highly varying, ranging between 18 and 45% 
(Santantonio et al., 1977; Fogel, 1983).

Despite the wide distribution and high silvicultural importance of  silver 
birch stands, studies of  their belowground biomass and of  the role of  
the roots in C sequestration are scarce (Mamayev, 1977; Finér et al., 2007; 
Johansson, 2007; Uri et al., 2007ab;). Excavation is the main method for 
estimation of  the belowground biomass of  root systems, however, for 
being laborious and time consuming relevant data are scarce. One of  
the fi rst results about the root structure and system of  birches, supplied 
with silvicultural conclusions, was reported by Finnish researcher 
Erkki Laitakari (1906-1978). According to Laitakari (1935), the average 
estimate of  the root system of  birch was about half  of  stem volume. 
In Finland, the root architecture, morphology, and anatomy of  three 
boreal tree species, silver birch among them, was thoroughly analysed 
by Tuomo Kalliokoski (2011). In Estonia, silver birch root systems were 
studied by O. Henno (1962). The different types of  root systems, among 
them the root systems of  birches, were described by Köstler et al. (1968).

The results about the belowground biomass of  birch stands have also 
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been reported by Mälkönen (1977) for a 40-year-old downy birch stand 
growing in Finland, and by Ovington and Madgwick (1959) for 24-year-
old silver birch stands growing in the UK. In Estonia, data about the 
coarse root biomass of  young silver birch stands were presented earlier 
in (Uri et al., 2007b) and are reported in the present thesis (II).

The dynamics of  coarse root (d>2 mm) biomass of  young silver birch 
stands growing on abandoned farmlands in central Poland were analysed 
by Bijak et al., (2013). In Sweden, allometric single-tree belowground 
biomass functions for Betula pendula and Betula pubescens were developed 
by Petersson and Ståhl (2006).

Fine root fractions form the physiologically most active part of  the root 
system (Vogt et al., 1996; Finér et al., 2007) and play a key role in ensuring 
the nutrient and water acquisition effi ciency of  trees (Jagodziński and 
Kalucka, 2010). As fi ne root production is presumably one of  the least 
known processes of  the carbon cycle of  forests (Hertel and Leuschner, 
2002), published results are often discordant. According to some earlier 
literature sources (Mamayev, 1977; Hobbie et al., 2006; Finér et al., 2007; 
Uri et al., 2007;), fi ne root biomass varied from 154 g m-2 to 538 g m-2 
in young and middle-aged silver birch stands. An average value of  230 
g m-2 for fi ne root biomass reported for boreal forests by Jackson et al. 
(1997), fi ts this range.

Sequential soil coring, ingrowth coring, mass balances, minirhizotrons 
and C isotopes are the main direct methods for investigating the 
dynamics of  fi ne roots. However, all of  them have their practical and 
theoretical advantages and disadvantages (Santantonio and Grace, 1987; 
Vogt et al., 1998; Majdi et al., 2005; Hendricks et al., 2006; Li et al., 2013). 
Soil coring (Vogt et al., 1981) is a widely used method for estimating 
fi ne root biomass (FRB), which have been used also in earlier studies in 
Estonia (Ostonen et al., 2005; Uri et al., 2002; 2007b).

Estimation of  fi ne root production is problematic, expensive, 
complicated and labour-intensive (Helmisaari et al., 2002; Xiao et al., 
2008) and the most reliable method or standard procedure for it has not 
been established (Majdi, 1996; Vogt et al., 1998; Hertel and Leuschner, 
2002; Ostonen et al., 2005; Rytter, 2013). The challenge to measure 
accurately fi ne root dynamics is signifi cant.
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2.3. Soil respiration

Soil respiration (Rs), globally 68-98 Pg C y-1 (Raich et al., 2002; Bond-
Lamberty and Thomson, 2010) is the second largest fl ux in the global 
carbon cycle (Raich and Schlesinger, 1992; Schlesinger and Andrews, 
2000). Futhermore, Rs may constitute up to 80% of  total forest ecosystem 
respiration (Janssens et al., 2001; Davidson et al., 2006). Soil respiration is 
divided into autotrophic (Ra) and heterotrophic (Rh) sources: Ra is linked 
to the supply of  photosynthetic products and Rh is derived from above- 
and belowground litter which is decomposed by soil microorganisms 
(Epron et al., 1999; Ryan and Law, 2005; Cisneros-Dozal et al., 2006; 
Subke et al., 2006). Temperature and soil moisture are the main climatic 
factors controlling temporal variation of  soil respiration (Raich and 
Schlesinger, 1992; Davidson et al., 1998; Luo and Zhou, 2006). Both Ra 
and Rh are thought to respond differently to climatic conditions (Boone 
et al., 1998; Högberg et al., 2001).

2.4. Carbon budgeting

Estimation of  the stock and accumulation of  C in forests is an essential 
issue for assessing the role of  forest ecosystems in global C budgets. 
Forests have a great potential to sequester C in the short- or mid-term, 
and boreal and temperate forests play an important role in global C 
sequestration (Dixon et al., 1994; Peng et al., 2008). The factors affecting 
the rate of  C sequestration are tree species, composition of  stand, stand 
age, site fertility and management of  forest (Thornley and Canell, 2000; 
Akselsson et al., 2004); even the impact of  the understorey is signifi cant 
(Vogel and Gower, 1998).

As stand age affects its C accumulation ability, the chronosequence 
method is widely used to clarify the effect of  stand age and to estimate 
the dynamics of  various stand development aspects. However, 
chronosequence studies, which serve as a good basis for C budgeting, 
are still rare regarding birch stands (Mälkonen and Saarsalmi, 1982; 
Wang et al., 1996; Fang et al., 2007).

Another issue is the use of  appropriate C concentration in woody 
biomass for calculation of  relevant C accumulation in forests. For the 
calculation of  it, an average C concentration of  50% dry weight is widely 
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used as a constant factor for conversion of  biomass to the C stock 
(Gower et al., 2001). However, recent studies demonstrated that the C 
concentration of  different tree species and different woody biomass 
fractions may vary in a wide range, from 44 to 56% (Laiho and Laine, 
1997; Bert and Danjon, 2006; Zhang et al., 2009).

Forest biomass and soils are considered to have a large potential for the 
temporary and long term C storage (Gower, 2003; Houghton, 2005). 
However, one of  the most disputable issues is the proportion of  C 
accumulation in the soil and biomass. 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. Goodale et al. 
(2002) calculated a forest C budget for the Northern hemisphere and 
found that the C fl ux into the soil was larger than C accumulation in 
biomass. Liski et al. (2002) established, on the basis of  a C budget of  
European forests, that the C fl ux into soils made up about two thirds 
of  the tree C sink. In forests of  South-Eastern Norway trees accounted 
for about 80% of  the total C sink and the soils, about 20% (de Wit et al., 
2006). Evidently, site characteristics, and especially site fertility, have a 
crucial impact on C accumulation in the soil during stand development. 
A thorough estimation of  different C fl uxes and storages in a silver birch 
chronosequence (I, II) and compiling of  C budget (IV) were carried out 
within the present study.
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3. AIMS OF THE STUDY

Studies of  the carbon (C) balance of  forest ecosystems have become 
very actual, mainly in connection with the global increase of  CO2 in the 
atmosphere. In the present thesis the cycling and accumulation of  C was 
studied in silver birch forest ecosystems.

The working hypotheses of  the present thesis were:

1. Carbon accumulation in the woody biomass of trees and carbon 
fl ux into the soil of silver birch stands are of the same magnitude;

2. Fine roots of silver birch stands contribute signifi cantly to C 
accumulation in stand;

3. Annual C fl ux from the soil through soil heterotrophic respiration 
is of the same magnitude as annual C input into the soil through 
aboveground and belowground litter;

4. Silver birch stands growing at fertile sites act as carbon sink 
irrespective of stand age.

The main aims of  the study were:

1. To estimate the biomass and production of silver birch 
chronosequence stands and carbon accumulation in aboveground 
and belowground biomass of trees;

2. To estimate annual C input into the soil through aboveground 
litter;

3. To estimate fi ne root production in silver birch stands as well as 
the C fl ux into the soil through root litter;

4. To estimate soil C storages and the annual C fl ux from the soil 
through soil heterotrophic respiration;

5. To sum up all estimated C storages and fl uxes in order to compile 
carbon budgets for silver birch stands of different developmental 
stages.
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4. MATERIALS AND METHODS

4.1. Study sites (I, II, III, IV)

All data presented in the original scientifi c publications included in the 
current thesis are based on eight silver birch stands aged between 6 and 
60 years (Table 1). All studied stands had regenerated naturally and grew 
in a fl at landscape in the Oxalis site type in South-Eastern Estonia. One 
stand (Kambja) grows on abandoned agricultural land and the other 
stands grow on forest land. All studied silver birch stands had closed 
canopies. In two young stands (Kooraste 2 and Alatskivi 1) harvesting 
thinning had been carried out, which affected stand density. In the 
period 2003-2008 sanitary cutting was carried out in the Aakre stand to 
remove storm-damaged trees, which resulted in lower than normal stand 
density (305 trees per ha).

Table 1. Characteristics of the studied silver birch chronosequent stands.

 Stand
Age, 

yrs

Average 
diameter, 

cm

Average 
height, 

m

Stand 
density, 

trees ha-1

Basal 
area, 

m2 ha-1

Young stands Järvselja 6 1.3 3.4 100,000 12.9

Alatskivi 1 14 9.9 11.5 1,350 10.6

Kambja 13 5.8 10.9 7,670 20.1

Middle-aged stands Kooraste 1 18 8.0 13.5 3,630 19.4

Kooraste 2 28 15.0 19.8 1,800 31.0

Alatskivi 2 32 10.8 17.0 3,210 29.2

Premature stand Erastvere 45 20.1 25.6 940 29.8

Old stand Aakre 60 31.0 30.1 305 23.7
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4.2. Aboveground part of  stand

4.2.1. Estimation of the aboveground biomass and production of 
trees (I, IV)

The aboveground biomass and production of  a stand was estimated 
at the end of  August when the process of  biomass formation was 
completed; the model tree technique (Bormann and Gordon, 1984; Uri 
et al., 2007ab; I) was used. A sample plot was established in every stand 
and stand characteristics were measured (Table 1).

The stem breast height diameter (D1.3) of  all trees was measured. The 
trees were divided into fi ve classes on the basis of  D1.3, and a model tree 
was selected randomly from each class. A total of  5 (in older stands) 
to 12 (in younger stands) model trees were felled depending on stand 
age and on the dimension (D1.3) variability of  the trees. In all cases 
sample trees were felled in the middle of  the stand to avoid the edge 
effect. The stems of  the small model trees, aged 6-18 years, were divided 
into fi ve sections: the fi rst section, height 0-1.3 m, the second section, 
height 1.3 m up to the living crown; the living crown, consisting of  
three equal layers. In the case of  older stands the stems of  the model 
trees were divided into up to ten sections: the fi rst section, height 0-1.3 
m; every next section 2 m up to the beginning of  the living crown; 
the living crown was divided into ten equal sections. The stem sections 
and the larger branches were weighed in forest and smaller branches 
were placed in plastic bags and transported to the laboratory. From 
every crown section, one model branch was separated and taken to the 
laboratory as well. In the laboratory, the living branches were divided 
into the following fractions: the leaves, the current-year shoots, the older 
branches. From every fraction, a subsample was taken for estimation of  
dry matter content as well as for chemical analysis. The samples were 
dried at 70 oC until constant weight and weighed to 0.01 g. The share of  
the wood and the bark of  the 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 (I; Uri et al., 2007ab).
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To estimate the aboveground biomass of  the stand, an allometric 
equation of  form (1) provided the best fi t:

y = a D1.3
b,       (1)

where  y is the dependent variable (aboveground biomass of a model 
tree, g ),

D1.3 is the breast height diameter (cm),

a and b are parameters.

For estimation of  the biomass of  the different compartments (current-
year shoots, old branches and leaves), we failed to develop a reliable 
allometric equation (P>0.05). Therefore, for estimation of  the biomass 
of  these compartments at the stand level, we used the average percentage 
distribution of  the fractions of  the model trees, (Uri et al., 2007ab, Uri 
et al., 2009).

The current annual production (CAI) of  the stemwood was estimated 
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 Dendrochronology and Related 
Applications Version 0.53 for Microsoft Windows (Copyright © 2003 
Frank Rinn, Heidelberg, Rinn Tech) software. 

Annual wood increment for the sections of  the model trees was 
calculated according to equation (2) (Whittaker and Woodwell, 1968)

Wi = W0(r
2 – (r – i)2)/r2     (2),

where Wi is the annual dry mass increment of wood (g),
W0 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).
 

The relative increments of  the fractions of  the wood and bark were 
assumed to be equal. The productions of  the different stem sections 
were summed up for calculation of  the whole stem mass production 
of  the tree. The annual stemwood increment of  the stand was found 
by using allometric relationship (1) between annual production of  stem 
mass and tree diameter (D1.3).
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4.2.2. Foliage characteristics (III)

The specifi c leaf  area (SLA) and concentrations of  leaf  NPK of  5-6 
model trees were estimated. Weighted average concentrations were 
calculated considering the share of  a particular section in tree leaf  
biomass. For SLA estimation, 20-25 leaves were randomly taken from 
each crown layer of  a model tree and dried under pressure. The leaf  area 
(including the petiole) of  each leaf  was measured using the program 
WinFOLIA (Regent Instruments, Inc., Canada). Measured leaves were 
dried to constant mass; each leaf  was weighed to an accuracy of  0.1 mg, 
and SLA was calculated. Leaf  nitrogen concentration was determined by 
the block digestion and steam distillation methods (Tecator AN 300). To 
measure leaf  phosphorus concentration, digest by fl ow injection analysis 
(Tecator AN 5242) with the analyser Fiastar 5000 (ISO/FDIS 15681) 
was used. Leaf  potassium content was determined by fl ame photometry 
(Method 956.01), using a Sherwood Model 425 Flame Photometer. The 
analyses were performed at the Laboratory of  Biochemistry of  the 
Estonian University of  Life Sciences.

4.2.3. Aboveground biomass of understorey (I, IV)

Since the biomass of  the herbaceous understorey in older stands was 
negligible or practically missing, the biomass of  herbaceous plants was 
only estimated in the young and middle-aged stands (Kambja, Alatskivi 
1 and Alatskivi 2). 

Ten random samples over the whole stand were taken at the end of  June 
when aboveground biomass was at maximum. The aboveground part 
of  all herbaceous plants was collected from a 1 m2 quadrate; subsamples 
were taken for dry matter content and chemical analysis. The samples 
were dried at 70 oC to constant weight and weighed to 0.01 g. The 
samples were analysed for C concentration. As the aboveground part of  
herbs is annual, aboveground production is equal to biomass.

4.3. Belowground part of  stand

4.3.1. Estimation of fi ne root biomass and necromass (II)

Fine root biomass (FRB, g m-2) and necromass were estimated with the 
soil coring method (Vogt et al., 1981; Ostonen et al., 2005). Twenty soil 
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cores were taken randomly over the whole stand with a cylindrical corer 
with a diameter of  38 mm. To avoid compression of  soil layers, the 
internal diameter of  the upper part of  the auger was 1.6 mm larger 
than the diameter of  the cutting edge. The soil cores were divided into 
four layers (0-10; 10-20; 20-30 and 30-40 cm), placed in polyethylene 
bags and transported to the laboratory where they were stored frozen 
(-18 °C) until analysis.

The roots were washed of  soil particles and classifi ed under a binocular 
microscope into tree roots and the roots of  the understorey vegetation. 
The clay and soil adhering to the roots were carefully removed using 
the forceps. The roots were then sorted into living and dead roots 
according to their colour, elasticity and toughness (Persson, 1983; Vogt 
and Persson, 1991). The samples were dried at 70 °C until constant 
weight and weighed to 0.001 g. Fine root biomass was calculated for 
each sample. The soil core data were used for estimation of  vertical fi ne 
root biomass distribution per hectare by summing up the average values 
of  fi ne root mass for the successive soil layers from the soil cores. FRB 
per tree was calculated by dividing FRB per hectare by stem number per 
hectare (Finér e  t al., 2007).

For studying EcM root tip biomass variation in the chronosequence, ten 
random root samples from the 6-, 14- and 32-year-old birch stands were 
additionally taken with a spade from layer A at the end of  September 
2009. Three subsamples of  10-20 cm fi ne root segments (containing 
both woody long roots and EcM root tips) were cleaned with a small 
soft brush to remove all soil particles under a microscope. The root tip 
number in each subsample was counted using WinRHIZO™ Pro 2003 
(Regent Instruments, Inc., Canada); total root tip number per subsample 
varied from 2,000 to 4,100. Three EcM root tip sub-samples (~20 tips, 
fi rst and second order, per sub-sample, 402-990 tips per treatment) were 
taken from each root sample. The EcM root tip mass was calculated as 
the dry mass of  all EcM root tips in a sample was divided by the number 
of  root tips in the sample (Ostonen et al., 2007). We used mean EcM 
root tip mass and the number of  tips per m2 to quantify EcM root tip 
biomass per m2 (EcMB) for the studied soil profi le. The dependence of  
FRB and EcMB on basal area (BA, m2 m-2) was used as an indication of  
a functional relationship between the above- and belowground biomass 
(Ostonen et al., 2011; Leppälammi-Kujansuu et al., 2013).
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4.3.2. Estimation of stump and coarse root biomass (II)

Excavation of  the root system of  the model trees was used for the 6-year-
old and 32-year-old stands for estimation of  coarse root biomass. In the 
young stand (6-year-old) 12 trees were selected randomly according to 
diameter distribution so that all diameter classes were represented. The 
root systems of  the model trees were carefully excavated manually by 
using shovels and special pins. In the case of  the middle-aged stand 
(32-year-old), the root system of  one average model tree was manually 
excavated. Every root from the tree stump was excavated by carefully 
following the root to its end with as many fi ne roots as possible. All 
excavated root systems were carefully washed, placed in plastic bags and 
separated in the laboratory into the fractions: D< 2 mm, 2 mm ≤D< 
5 mm, 5 mm ≤D< 10 mm, D≥ 10 mm and the stump. From every 
fraction, a subsample was taken for estimation of  dry matter content 
as well as for chemical analysis. The samples were dried at 70 °C until 
constant weight and weighed to 0.1 g.

The biomass of  the coarse root fraction in the young stand (6-year-old) 
was estimated using the allometric relationship (1) between DBH and 
the mass of  the coarse root fraction of  the root system.

For the middle-aged (32-year-old) stand, aboveground biomass was 
estimated on the basis of  the model trees and the root-shoot ratio for 
one average excavated root system was calculated. In the present study 
the root-shoot ratio (R/S) was calculated as coarse root biomass divided 
by aboveground woody leafl ess biomass. We excluded the fi ne root 
fraction from this calculation because excavation is not an appropriate 
method for estimation of  fi ne root biomass. The excavation losses of  
fi ne roots are appreciable, amounting to about 65 to 75% of  the mass 
of  the fi ne roots (Lõhmus et al., 1991; Uri et al., 2002), and accounted for 
up to 55% in the present study.

For the pole (14-year-old) and the mature stand (60-year-old), 
aboveground biomass was estimated on the basis of  model trees (I) and 
a root-shoot ratio of  21% was used for calculation of  the belowground 
coarse root fraction. The main reason why root excavation was not 
carried out in the above mentioned stands was the existing knowledge 
that the proportion of  the root system in tree biomass decreases rapidly 
with increasing age in young stands and stabilizes before pole age. As no 
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signifi cant change is expected to occur between pole age and mature age, 
this very labour-consuming, expensive, and destructive method was not 
used for the older stands.

4.3.3. Estimation of belowground production (IV)

For estimation of  the NPP of  coarse root fractions, the biomass/
production ratio for aboveground woody NPP was applied to the 
belowground part (except for the fi ne root fraction).

Fine root production was estimated by ingrowth cores (d=40 mm, mesh 
size 6 mm), which were installed systematically in transect groups all 
over the stands, in Kambja; in Alatskivi 2 and in Erastvere. The meshes 
were gradually fi lled with sieved root-free soil of  local origin (from the 
non-forested area adjacent to the studied stand) and installed into the 
upper soil layer to a depth of  30 cm.

Sampling was carried out three times per vegetation period. The extracted 
root cores were placed in plastic bags and transported to the laboratory 
and stored at -18 °C until processing. The soil cores were separated into 
depth layers of  0-10, 10-20 and 20-30 cm. Roots were washed to remove 
soil, and were then sorted under the microscope into living and dead 
roots according to their colour, elasticity and toughness (Persson, 1983; 
Vogt and Persson, 1991). Root samples were dried at 70 °C for 48 h and 
weighed to 0.001 g.

The production and turnover rate of  fi ne roots were calculated by 
balancing the living and dead root biomass compartments according 
to the decision matrix of  Fairley and Alexander (1985). The FRP was 
calculated on the basis of  the data of  third-year ingrowth cores. Fine 
root turnover is defi ned as the rate of  the total amount of  fi ne root 
production in this growing season over the mean standing biomass of  
fi ne roots (Aber et al., 1985); it was calculated by dividing annual fi ne root 
production (g m-2 year-1) by mean fi ne root biomass (g m-2) according to 
McClaugherty et al. (1982). Fine root longevity (year-1) was calculated as 
the reciprocal value of  root turnover rate.
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4.3.4. Belowground biomass of understorey (I, IV)

The belowground biomass of  the understorey was estimated on the 
basis of  soil cores. Ten soil cores were taken from a depth of  30 cm in 
the same 1m2 quadrates using a soil auger (d=108.6 mm). All cores were 
divided into three subsequent 10 cm layers and the roots and rhizomes 
were washed out of  each layer. The roots and rhizomes of  herbaceous 
plants were separated under a microscope. The samples were dried at 
70 oC to constant weight and weighed to 0.001g. For the belowground 
fraction of  the understorey, turnover rate was assumed to be 1 year 
(Lõhmus et al., 2002).

4.4. Soil Respiration (IV)

Soil respiration was partitioned into heterotrophic and autotrophic 
respiration by the trenching approach (treatments: control and 
trenching). Treatment factors were trenched (without living roots) and 
control (with living roots) plots. Trenching was carried out in each stand 
in August 2009 by inserting 5 PVC cylinders (20 cm inner diameter, 
length 60 cm) in Alatskivi and Kambja and 4 cylinders in Erastvere 
to a soil depth of  50 cm by pushing the cylinders. The main share of  
tree fi ne root biomass was located in the upper 0-20 cm soil layer; in 
Kambja and Alatskivi stand 76% and 80%, respectively (Uri et al., 2007b; 
II). The distance between the cylinders was approximately 5-6 m. All 
aboveground vegetation was carefully removed from inside the trench 
with minimum soil disturbances and the trenched plots were kept free of  
live vegetation throughout the study. The control plots were established 
approximately 50 cm away from the trenched plots.

In this study, soil respiration from the trenched plots represented 
heterotrophic respiration from the soil: root respiration from the trenched 
plots was excluded; total soil respiration (autotrophic + heterotrophic) 
was measured from the untrenched/control plots.

Soil respiration rates were measured monthly from July to November 
2010 and from May to November 2011 using the closed dynamic chamber 
method (SRC-1 chamber with the gas analyser CIRAS-2 (Differential 
CO2/H2O Infrared Gas Analyzers, PP Systems International Inc., 
USA)). Five collars (inner diameter 10 cm, height 5 cm) were installed 
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in the control plots and 5 collars were installed in the trenched plots to 
a soil depth of  1-2 cm. Ten soil respiration measurements were carried 
out in the control plots and 10 measurements were carried out in the 
trenched plots (2 replicate measurements at each measurement point).

Soil temperature (Ts, 
oC) was measured simultaneously with measurement 

of  soil respiration in the control and trenched plots using an attached 
soil temperature probe STP-1 (PP Systems International, Inc., USA) 
inserted at a depth of  ~5 cm depth. Volumetric soil moisture (%) was 
measured in the control and trenched plots at a depth of  ~5 cm using a 
HH2 Moisture Meter Version 2 (Delta-T Devices Ltd., UK). In addition, 
soil temperature (model 1425, Spectrum Technologies, Inc., USA) and 
soil moisture (Watermark soil moisture sensor 6450WD, Spectrum 
Technologies, Inc., USA) were measured every hour at a depth of  10 cm 
and the data was stored with a data logger WatchDog 1425 (Spectrum 
Technologies, Inc, USA), during the growing seasons of  2010 and 2011. 
Two sensors and one data logger were placed in each stand.

4.5. Carbon budget (IV)

Carbon budget for silver birch stands of  different ages was compiled 
by synthesizing the data of  aboveground and belowground biomass 
production as well as soil respiration from the chronosequence stands. 
Net primary production (NPP) was calculated by summing the annual 
increment of  the aboveground ecosystem compartments (trees, including 
second layer, understorey) and the increment of  the belowground 
ecosystem compartments (stump, coarse roots, fi ne roots, roots of  
herbaceous understorey). The produced foliage in each measurement 
year was assumed to have entered the soil as the annual litter fl ux. Coarse 
woody debris (branches) was also considered in calculations for all of  
the studied stands.

The estimate for net ecosystem production (NEP) was obtained by 
subtracting heterotrophic respiration (Rh) from NPP. The NEP was 
calculated as NEP=NPP−Rh (Lambers et al., 2008). NEP>0 implies a 
net transfer of  C from the atmosphere to the forest ecosystem (C sink), 
and NEP<0 implies a net transfer of  C from the forest ecosystem to 
the atmosphere (C source). NEP represents the rate at which carbon 
is accumulated in the ecosystem, being the main parameter used to 
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characterize forest carbon sink (Chapin et al., 2006; Waring and Running, 
2007).

Carbon losses were estimated as heterotrophic respiration (Rh). The fl ux 
of  dissolved organic carbon DOC leaching was not considered.

4.6. Soil sampling and laboratory analysis

In all studied stands, one soil pit (depth 1.0 m) was dug; the soil profi le 
was described and the soil type was determined. For estimation of  soil 
C and nutrient content, samples were taken from different depths (0-10, 
10-20, 20-30 and 40-50 cm soil layers) with a soil corer (Ø 35 mm). From 
ten random points at each stand site, subsamples were taken to form a 
composite sample for soil analyses. The C concentration in the upper 10 
cm soil layer was analysed in 5 replicates.

For calculation of  the soil C storage, soil bulk density was determined. 
From the soil pit, bulk density samples were taken from different soil 
layers (0-50 cm) with a stainless steel cylinder (d=40 mm and volume 
50 cm3) avoiding compression of  the soil and preserving soil structure. 
Three samples were taken from every layer. The samples were dried in 
the laboratory at 105 °C to constant weight and weighed. To estimate the 
physical properties of  the soil, soil samples were taken from the middle of  
each A-horizon (Table 2).
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For testing total N (Kjeldahl) in the soil samples, Tecator ASN 3313 was 
employed. Available phosphorus (ammonium lactate extractable) in the 
soil was determined by fl ow injection analysis with the use of  Tecator 
ASTN 9/84. To test the plant material for total nitrogen and C content 
in the oven-dried samples, the dry combustion method was used with 
a varioMAX CNS elemental analyser (ELEMENTAR, Germany). Soil 
pH in 1M KCl suspensions was measured using the ratio 10 g : 25 ml. 
Total soil C content was determined by the dry combustion method 
using a varioMAX CNS elemental analyser (ELEMENTAR, Germany). 
The analyses were carried out at the Biochemistry Laboratory of  the 
Estonian University of  Life Sciences.

4.7. Statistics and calculations

Normality of  variables was checked by Lilliefors´ and Shapiro-Wilk’s 
tests (I, II, III, IV). For the C and N concentrations of  different 
fractions of  the sample trees, the Kolmogorov – Smirnov test was 
used (I, II). The data of  the model trees were analysed by correlation 
analysis (Pearson correlation) (I) and regression analysis (I). Linear and 
allometric models were employed for establishing relationships (I, II, 
III, IV). One-way ANOVA was used to check the effect of  age on C 
concentration in different tree parts. All assumptions of  ANOVA were 
fulfi lled. The Tukey HSD test was employed to perform multiple post-
hoc comparisons between mean stand C and N concentrations for 
different tree compartments (I, II). The C and N concentrations for 
different compartments within a stand, or soil C content were compared 
by the pairwise t-test (I, II). The LSD test was applied for comparison 
of  the litter C fl ux for stands of  different ages (I, IV).

Allometric regression models were employed for estimating relationships 
between model tree biomass or stemwood production and breast height 
diameter (I). The degree of  the fi t of  the models was based on the 
coeffi cient of  determination (R2) and the level of  probability (P). In 
all cases the level of  signifi cance α=0.05 was accepted. The software 
STATISTICA 7.0 (StatSoft, Inc., USA) was employed (I, II, III, IV).
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5. RESULTS

5.1. Carbon storages in aboveground tree biomass (I, III) 

The aboveground biomass of  the stands increased with increasing stand 
age except for the oldest stand where aboveground biomass decreased 
due to the diminished number of  trees (Table 3).

Table 3. Allocation of aboveground biomass in the silver birch stand chronosequence.

Stand
Age,
yrs

Stems,
t ha-1

Branches,
t ha-1

Current 
year 

shoots,
t ha-1

Leaves,
t ha-1

Total 
aboveground 

biomass,
t ha-1

Järvselja 6 18.2 4.1 1.7 1.7 25.7

Alatskivi 1 14 30.8 6.0 0.7 2.4 39.9

Kambja 13 58.8 5.0 0.8 3.1 67.6

Kooraste 1 18 72.3 5.5 0.7 2.9 81.3

Kooraste 2 28 77.6 10.1 0.6 3.2 91.5

Alatskivi 2 32 127.0 9.1 0.9 3.4 140.3

Erastvere 45 201.8 15.7 0.4 2.6 220.5

Aakre 60 165.4 18.6 0.4 2.3 186.7

The share of  the stems in the aboveground biomass of  the birches was 
the largest (71 to 92%) in all cases. Leaf  mass was a quite stable parameter, 
which was lower in the youngest stand and stabilized thereafter.

The results of  the growing stock of  the present study were well consistent 
with the data of  the Estonian silver birch yield tables (I). However, 
regarding current annual increment (CAI), our results exceed the data 
of  the yield tables, especially for the younger stands (Figure 1). In two 
stands (Kooraste 2 and Alatskivi 1), the values of  CAI were similar to 
the values from the yield tables. These stands had been thinned, their 
lower density affected both stand volume and annual increment.
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Figure 1. Current annual increment (CAI) of the studied birch stands (dots) and the 
corresponding data of a local yield table for silver birch (Henno, 1980) at the Oxalis 
site. Bars indicate standard error.

Since C accumulation is related to the biomass of  trees, it increases with 
stand age. The largest storage of  carbon is accumulated in the wood. As 
the share of  the branches increases in older stands also more carbon is 
accumulated in the branches.

Leaf  mass was a quite stable parameter, which was lower in the youngest 
stand and stabilized thereafter. However, specifi c leaf  area (SLA), leaf  
N% and leaf  K% decreased with increasing tree age (III). Leaf  N% 
correlated positively with soil nitrogen concentration (r=0.85, P<0.05). 
Leaf  P% increased with stand age and was positively correlated with soil 
pH (r=0.91, P<0.05), which increased likewise with age. The leaf  P:N 
ratio was close to optimal for the three older stands (III).

5.2. Litter fall

The annual C fl ux into the soil via litter fall was the largest (t-test, P<0.01) 
in the middle-age stand (Alatskivi 2) (I). The C input into the soil via leaf  
litter formed 42% to 50% of  the total annual organic C input fl ux (IV).
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In the premature Erastvere stand, branch litter constituted 21% of  the 
total aboveground litter C fl ux, being signifi cantly larger (t-test, P<0.01) 
than in the young or middle-aged stands (I). This could indicate increased 
competition (self-thinning and pruning process) between and inside the 
crowns. In the young and middle-aged stands the share of  the branches 
in the total litter fl ux was less than 1% and 4% of  the total aboveground 
litter fl ux, respectively.

5.3. Understorey vegetation

In the older stands (Erastvere and Aakre) the understorey biomass 
of  herbaceous plants was negligible due to poor light conditions (the 
second spruce layer) and was not estimated. However, the decline in 
stand density at the oldest site, Aakre, was remarkable; the shading effect 
of  crowns and water consumption from the topsoil may have inhibited 
understorey development there. However, taking into account also 
the belowground part of  the understorey, the herbaceous understorey 
yielded an appreciable C fl ux (0.8-1.3 t C ha-1 yr-1) into the soil in the 
young and middle-aged stands (IV).

5.4. Belowground carbon storages and fl uxes (II)

5.4.1. Coarse root biomass

The biomass of  the coarse root fraction in the youngest stand (6-year-
old) was 7.1 t ha-1 (II). The stump fraction made up the largest share 
(38%) and the share of  the other fractions ranged between 14% and 
18%. Average coarse root biomass accounted for 29% of  aboveground 
woody leafl ess biomass; for individual trees it varied between 24% and 
59%.

The coarse root system in the middle-aged 32-year-old silver birch stand 
made up 21% of  aboveground leafl ess biomass. The stump and the 
roots with the largest diameter (D≥ 10 mm) accounted for 35% and 
41% of  biomass, respectively, while the share of  the 5 ≤D< 10 mm 
and 2≤D<5 mm root fractions in the coarse root system was roughly 
similar (9%). This 21% root-shoot ratio was applied for calculation of  
the total belowground biomass of  the stand. Since the aboveground 
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leafl ess biomass of  the stand was 136.9 t ha-1 (I), total stand coarse root 
biomass was estimated at 28.7 t ha-1. Based on the results of  an earlier 
study (Uri et al., 2007), relationship was established between silver birch 
stand age and the root-shoot ratio. The root-shoot ratio was higher for 
the younger stands and decreased with increasing stand age (II).

For the 14-year-old and 60-year-old silver birch stands, coarse 
belowground biomass was 7.9 t ha-1 and 38.7 t ha-1, respectively. The 
C accumulation in belowground coarse root biomass increased with 
increasing stand age and reached a maximum (19.8 t C ha-1) in the 
60-year-old stand.

5.4.2. Fine root biomass, necromass and production

Fine root biomass (FRB) varied signifi cantly between the stands of  
different ages (t-test, P varied between <0.01 and 0.02). The FRB was 
the highest in the 60-year-old stand and the lowest in the 14-year-old 
stand. Fine root biomass in the 60-year-old silver birch stand was twice 
as high as in the youngest stand (Table 4). Fine root biomass (1.9 t ha-1) 
accounted for a considerable share (21%) in the total belowground 
biomass of  the young 6-year-old birch stand, and roughly for 10% 
(4.1 t ha-1) in the 60-year-old-stand. However, C accumulation in the 
fi ne roots (2.1 t ha-1) was quite low, making up only 10.6% of  the total 
C accumulated in the belowground biomass of  the 60-year-old-stand. 
In the youngest stand (6-year-old) C accumulation in the fi ne roots 
accounted for 24.7% of  the C storage of  total belowground biomass.

The FRB was always the highest in the top layer and declined signifi cantly 
with increasing soil depth (P<0.01), but in the older stands the proportion 
of  fi ne roots increased in the deeper soil layers (Table 4). Specifi cally, in 
the 6-year-old stand 67% of  fi ne root biomass was located in the top 
10 cm soil layer and accounted for only 1% of  FRB in the deepest soil 
layer (30-40 cm). In contrast, in the oldest stand only 39% of  total stand 
FRB was concentrated in the top 10 cm soil layer and 17% was located 
in the 30-40 cm soil layer.
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Table 4. Vertical distribution of fi ne root biomass and necromass in the silver birch 
stands of different ages (average ± standard error); n.e. – not estimated.

Fine root biomass, g m-2

Soil layer Järvselja Alatskivi 1 Alatskivi 2 Aakre

0-10 cm 127.3 ± 16.7 46.6 ± 8.4 122.1 ± 15.5 159.9 ± 16.6

10-20 cm 43.7 ± 9.9 43.8 ± 10.4 67.8 ± 11.7 104. 7 ± 14.7

20-30 cm 16.6 ± 5.5 12.9 ± 4.5 30.7 ± 7.1 76.8 ± 12.1

30-40 cm 1.2 ± 0.5 n.e. 18.2 ± 8.0 67.8 ± 12.2

Total 188.8 ± 29.5 103.3 ± 16.1 239.8 ± 28.4 409.2 ± 31.9

Fine root necromass, g m-2

0-10 cm 12.4 ± 3.2 6.9 ± 2.0 26.9 ± 4.7 22.8 ± 5.0

10-20 cm 8.9 ± 2.8 9.8 ± 3.1 14.3 ± 3.4 26.5 ± 5.1

20-30 cm 4.2 ± 1.9 4.9 ± 2.1 11.0 ± 4.2 28.2 ± 7.0

30-40 cm 0.1 ± 0.1 n.e. 1.9 ± 0.9 15.7 ± 3.9

Total 25.6 ± 4.9 21.6 ± 4.2 54.2 ± 8.1 93.2 ± 10.7

The necromass of  fi ne roots was low compared with FRB, ranging 
between 21.6 g m-2 and 93.2 g m-2, and it increased in the older stands. 
The live/dead ratio of  fi ne roots decreased with increasing stand age 
and the sharpest decrease took place before pole age (II). A signifi cant 
correlation was found between FRB and stand basal area. FRB per stand 
basal area decreased with increasing stand age.

Fine root production (FRP) increased signifi cantly from the pole stage 
up to the late successional stages. In relation of  seasonal dynamics, 
fi ne root production demonstrated a similar pattern in the middle-aged 
and mature stands (IV). Fine root production started in spring and the 
increase of  fi ne root biomass in the ingrowth cores was very intensive 
during the fi rst half  of  the summer; however, in the youngest stand this 
growth was modest. Fine root biomass reached maximum values in mid-
summer and started to decrease thereafter. The seasonal patterns of  the 
middle-aged stand and the old stand were similar during the whole study 
period, probably due to similar weather conditions as the ingrowth cores 
had been installed at the same time.

The organic belowground litter input into the soil through fi ne roots was 
assumed to be equal to the annual production of  fi ne roots. The share 
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of  FRP in the amount of  C introduced into the soil via litter increased 
with increasing stand age, being 15.9% in the young stand, 20.4% in the 
middle-aged stand and 36.2% in the old stand (IV).

5.5. Carbon concentrations in tree biomass

Carbon concentration in different biomass fractions at different ages 
of  the silver birch stands was analysed for the aboveground (I) and 
belowground biomass (II) fractions. C concentration was different 
in different tree biomass fractions (Tukey HSD test; P<0.05). The 
highest C concentration among the aboveground biomass fractions 
(54.03±0.14%) was noted in the stembark and the lowest, in the 
stemwood (49.30±0.10%) (I). As expected, C concentrations were also 
different in the belowground fractions (pairwise t-test; P<0.05).
Root C concentrations decreased with the increasing diameter; however, 
differences in mean C concentrations between the different diameter 
classes did not exceed 3.3%. The highest C concentrations among the 
belowground biomass fractions were found in the fi ne roots (51.39±0.12) 
and the lowest, in the stump (Table 5).

Average C concentration in the aboveground part of  the herbaceous 
plants was 43.3±0.45%, which is lower than the corresponding value for 
the trees (t-test, P<0.001).

Table 5. Carbon concentrations in different biomass fractions of the 32-year-old 
silver birch stand (average ± standard error).

Aboveground biomass fraction Fraction C concentration, %

Stemwood 49.30 ± 0.10

Stembark 54.03 ± 0.14

Old branches 50.78 ± 0.15

Current year shoots 51.78 ± 0.23

Leaves 51.00 ± 0.59

Belowground biomass fraction Fraction C concentration, %

D < 2 mm 51.39 ± 0.12

2  ≤D< 5 mm 49.90 ± 0.03

5 ≤D< 10 mm 49.73 ± 0.04

D≥ 10 mm 49.67 ± 0.03

 Stump 48.10 ± 0.14
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5.6. Soil carbon storage (I)

The soil C storage of  the stands of  different ages varied but there was 
no signifi cant change in stand C content except for the youngest stand 
(Järvselja) and for the stand on former farmland (Kambja) (LSD test, 
P>0.05). The C storage in the upper 10 cm soil layer of  the stand on 
abandoned agricultural land (19.9 t ha-1) was signifi cantly lower than it 
was in the young stands growing on forestland (Table 2). The signifi cantly 
higher C storage (LSD test, P>0.05) in the youngest stand (Järvselja) can 
be explained with two possible reasons: higher soil moisture content and 
unfavourable conditions for decomposition of  organic matter. The soils 
of  Järvselja are classifi ed as gleyed soils where mottles (redoximorphic 
features which indicate fl uctuating water tables) occur in the upper 50 
cm of  the mineral profi le. In addition, at this site a large quantity of  
clearcut residues, which are still decomposed, increased the content of  
organic matter in the soil. C content in the soil decreased with increasing 
soil depth, being the highest in the upper 10 cm layer (Table 2).

The average C pools in the soil of  the young, middle-aged and older stands 
were of  the same magnitude; the soil C pool did not increase in the older 
birch stands. Thus in the silver birch stands carbon accumulated mainly 
in the biomass of  the trees during stand ageing. Although the total forest 
C storage was larger in the older stands, the soil carbon storage did not 
differ signifi cantly between the young and old silver birch stands. In the 
younger stands most of  the C accumulated in the forest ecosystem was 
located in the soil while in the older stands tree biomass was the main 
carbon sink (Figure 2).
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Figure 2. The dynamics of the relative share of the carbon storage in the aboveground 
biomass of the trees and soil in the total stand C storage.

5.7. Soil respiration (IV)

The seasonal dynamics of  soil respiration (Rs) and soil heterotrophic 
respiration (Rh) in the three stands showed a similar pattern following 
changes in soil temperature (Ts). Respiration rates increased in spring, 
peaked in summer, and declined in autumn. The decline in respiration 
rates for all stands in July 2011 is probably related to very low soil 
moisture content at that time (IV).

The Rs and Rh were strongly correlated with soil temperature (Ts) in all 
stands. Across the stands of  different ages, Ts alone explained 67 to 89% 
of  the variation in respiration rates in the control and trenched plots. 
Soil temperature and soil moisture together explained as much as 86 to 
93% of  temporal variation in the trenched plots.

Stand age had a signifi cant effect on the soil CO2 effl ux (ANOVA, 
P<0.05). Among all data sets, mean Rs in the youngest stand was 
signifi cantly lower than in the middle-aged and premature stands 
(2.55±0.12 μmol CO2 m-2 s-1 versus 4.06±0.21 and 4.04±0.26 μmol 
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CO2 m
-2 s-1, respectively) (t-test, P<0.05). Mean Rh was the lowest in the 

young stand (1.54±0.07 μmol CO2 m
-2 s-1) and the highest in the middle-

aged stand (2.32±0.10 μmol CO2 m
-2 s-1) (IV).

Modelled annual C respired from the control plots was 6.18 to 9.72 t C 
ha-1 year-1, with the highest values in the middle-aged stand. Modelled 
annual Rh was 2.97 to 4.21 t C ha-1 year-1, with the highest value in the 
middle-aged stand (Table 6).

When integrated over time from July 2010 to June 2011, the relative 
contribution of  modelled Rh to modelled Rs was almost half  of  the latter 
in each stand, being 0.48 in the 13-year-old stand, 0.43 in the 32-year-old 
stand and 0.44 in the 45-year-old stand (IV).

5.8. Carbon budgeting (IV)

Net ecosystem production (NEP) values differed along the 
chronosequence of  the silver birch stands. Average sequestration in the 
ecosystem, i.e. NEP, was around 3.7-4.9 t C ha-1 yr-1, indicating that the 
silver birch stands acted as effective carbon sinks at fertile sites (Table 
6). The different forest ecosystem components (trees, soil understorey, 
second layer etc.) contributed to C accumulation in different ways. The 
current annual increment and hence accumulation of  C in the trees was 
of  the same magnitude in the pole, middle-aged and premature stands. 
Annual net primary production (NPP) amounted to 7.35, 7.94 and 8.47 
t C ha-1 yr-1 in the young, middle-aged and mature stands, respectively.
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6. DISCUSSION

6.1. Growth and yield dynamics and leaf  characteristics (I, III)

The chronosequence approach is commonly applied for the study 
and modelling of  the dynamics of  stand development and it is often 
the only method applicable for addressing long term processes. The 
chronosequence approach has been used for studying forest growth 
processes for different tree species (Wang et al., 1996; Mund et al., 2002; 
Peichl and Arain, 2006; Alberti et al., 2008). However, the dynamics of  
abiotic and biotic factors (soil properties; water regime; stand density; 
stand management; etc.) cannot be completely simulated by using the 
chronosequence of  type sites.

As C accumulation in tree biomass is strongly correlated with increase 
of  woody biomass, yield tables prove suitable for estimation of  the C 
sequestration potential of  different forests. To predict silver birch stand 
growth, both general (A.V. Tjurin, Vargas de Bedemar) yield tables 
(Krigul, 1971) and local yield tables (Henno 1959, 1980) have been 
used in Estonian forestry. Such tables express the expected volume of  
the yield, stand density and dimensions of  trees for stands over given 
periods of  time. The yield tables of  silver birch stands compiled in 
Estonia are quite unknown for other researchers in Europe (Hynynen 
et al., 2010). They are based on a large empirical material (426 sample 
plots) for different site types (Henno, 1980). Our estimations are well 
consistent with the data of  the yield tables compiled by Henno (1980). 
The estimated current annual increment (CAI) values of  the silver birch 
stands were in most cases higher than the corresponding data of  the 
yield tables. Usually, CAI decreased in the older birch stands but the 
CAI of  the stemwood was high also in premature forest, being 11 m3 
ha-1 yr-1 in the 45-year-old stand. Other researchers have also pointed 
out more intensive forest growth compared with the data of  earlier yield 
tables (Mund et al., 2002), which can be partly explained by elevated 
atmospheric CO2 level (Nilson et al., 1999). This standpoint is also 
supported by several studies reporting a considerable increase in forest 
growth during the last 50 years (Norby et al., 2005).

Since the share of  silver birch stands will increase in the nearest future 
owing to the afforestation of  abandoned agricultural lands, we included 
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one young silver birch stand on abandoned agricultural land (Kambja) in 
our study. However, young silver birch stands on abandoned agricultural 
land show very high productivity and grow faster than similar stands on 
forestland (Uri et al., 2007ab; Kund et al., 2010).

6.1.1. Rotation length (I)

Several studies discussed the most effi cient rotation length of  forest in 
relation to C sequestration (Cannell, 1999; Thornley and Cannell, 2000; 
Kaipanen et al., 2004). Some authors supported a longer rotation period 
as more appropriate, since in older stands C accumulation in the soil 
is appreciable, exceeding C accumulation in biomass (Goodale et al., 
2002). On the other hand, it has been suggested that shorter rotation 
length is more effective owing to intensive C accumulation in biomass 
(Eriksson and Johansson, 2006). Young and middle-aged stands grow 
faster and C accumulation in their biomass is more intensive compared 
with older stands. Some studies reported an increase of  soil C in early 
stand development (Pregitzer and Euskirchen, 2004) and several other 
studies noted nonsignifi cant C increase with increasing stand age (Paul 
et al., 2002; Peltoniemi et al., 2004; Peichl and Arain, 2006). The fi ndings 
of  the present study did not confi rm a signifi cant effect of  stand age on 
the soil C storage (I).

6.1.2. Leaf characteristics (III)

Specifi c leaf  area (SLA) decreased in the studied forest chronosequence; 
this ontogenetic shift is in accordance with previous studies of  deciduous 
tree species. As light conditions at the time of  foliage formation have 
generally been regarded as the primary factor infl uencing SLA in both 
hardwoods and conifers (Weiskittel et al., 2008), the decline in SLA along 
the studied naturally regenerated birch chronosequence may also be 
related to decreasing stand density – competition for light between trees 
is higher in younger, denser stands, and light interception is maximised 
with high SLA there. Moreover, Pearcy and Sims (1994) proposed that 
thicker leaves (with lower SLA) may confer resistance to stress that may 
be prevalent in high light conditions. In addition, leaves of  older trees 
may be more vulnerable to water stress due to the increment of  tree 
height. Hence, older stands of  silver birch possibly decrease SLA to 
cope with changed environmental conditions such as higher light and 
lower leaf  water potential. Decreased specifi c leaf  area is the main factor 
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associated with the decline in relative growth rate (RGR) (e.g. Lambers 
and Poorter, 1992; Reich et al., 1998; Imada et al., 2010); consequently, 
EcM root SRA should also decrease when tree growth slows down. A 
decline in relative growth rate in the aboveground parts of  the birch 
stands was also found in the studied chronosequence.

The high values of  the specifi c area of  EcM roots and leaves at a young 
age indicate fast growth and low constructions costs. Leaves and EcM 
roots are physiologically the most active part of  trees; hence, their 
morphological adjustment to the decline in tree performance should 
be most clearly expressed. Our assumption that the dynamics of  the 
specifi c area of  the leaves and roots in the birch chronosequence may be 
similar was clearly proved – both parameters decreased with increasing 
tree age.

Leaf  nitrogen (N) concentration declined linearly with stand ageing. Our 
fi nding agrees with that of  a study by Thomas (2010) where smaller 
Betula alleghaniensis Britt. trees had higher leaf  N% and SLA than bigger 
ones. High leaf  N at a young age, indicating high leaf  photosynthesis 
and growth as well as maintenance respiration (Reich et al., 1998; 
Cannell and Thornley, 2000; Hassiotou et al., 2010; Delagrange, 2011), is 
necessary for rapid growth in young birches competing strongly for light 
and other resources due to high stand density. The age related decrease 
of  leaf  N concentration could be due to many reasons: (1) decreased 
nutrient uptake in older stands because more nutrients are sequestered 
in woody biomass, and less nutrients are available in the soil (Gower et 
al., 1996); (2) older trees use nutrients more effi ciently than smaller ones 
(Siddiqui et al., 2009); and (3) the demand of  older trees for leaf  N is 
lower. In our study (III), the highest leaf  N of  the youngest trees may 
also be infl uenced by high soil N in the young stands, where nitrogen 
mineralisation is high immediately after a disturbance (clear-cut) as a 
result of  increased decomposition and decreased biological demand 
(White et al., 2004). Hence, leaf  N declined simultaneously with SLA in 
the silver birch forest chronosequence (III).

Leaf  P concentration increased with increasing age and with higher 
soil pH. The availability of  inorganic phosphorus to plants is strongly 
infl uenced by soil pH and is considered to be maximal when pHKCl is 
between 5.5 and 6.5 or strongly alkaline (Lambers et al., 2006); however, 



45

opinions vary (Marschner, 2005). Leaf  P% increased logarithmically 
with stand age also in silver birch plantations growing in a reclaimed 
oil shale mining area, where, during the fi rst 7 years, leaf  P increased 
from 0.19±0.04% to 0.32±0.04%, and soil pH decreased from 8.1 to 7.5 
(Kuznetsova et al., 2010). Age related changes in the leaf  P of  deciduous 
species are very poorly studied and relevant data are often controversial.

6.2. Dynamics of  belowground biomass (II)

It is impossible to compile C or nitrogen (N) budgets for different forest 
ecosystems without taking into account the belowground part of  stands. 
Despite the important role of  the fi ne roots in stand dynamics, relatively 
few studies have been published about the biomass and production of  
fi ne roots in relation to stand age (Helmisaari and Hallbäcken, 1999; 
Makkonen and Helmisaari, 2001; Claus and George, 2005; Børja et al., 
2008; Ostonen et al., 2011; Rosenvald et al., 2011).

6.2.1. Fine root biomass (II)

Soil coring (Vogt et al., 1981) is a widely used method for estimating FRB, 
which has also been employed in earlier studies (Ostonen et al., 2005; 
Uri et al., 2002; 2007). The FRB in the studied chronosequent stands 
varied between 188 g m-2 to 409 g m-2 (II). The FRB of  the silver birch 
stands studied by us was lower than the corresponding mean values for 
Betula in boreal forest (415±59 g m-2) reported by Yuan and Chen (2010). 
According to some earlier literature sources (Mamayev, 1977; Hobbie et 
al., 2006; Finér et al., 2007; Uri et al., 2007), FRB varied from 154 g m-2 to 
538 g m-2 in young and middle-aged silver birch stands.

The FRB increased from the young to the mature stage. However, due 
to early thinning of  the 14-year-old stand the FRB of  the 14-year-old 
stand was smaller compared with that of  the youngest stand (6-year-old). 
Normally, in broadleaved stands FRB increases steadily up to a stand age 
of  70 years (Yuan and Chen, 2010). This fi nding is inconsistent with 
results from coniferous stands, where FRB increases from sapling to 
young age and decreases thereafter until the mature stage, as has been 
reported in many previous studies (e.g. Vogt et al., 1987; Makkonen and 
Helmisaari, 2001; Børja et al., 2008). The increase of  FRB with increasing 
stand age appears to be the result of  rapid stand development and 
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accumulation of  above- and belowground biomass (Odum, 1969; Wang 
et al., 2002) coupled with an increased demand for and accumulation of  
nutrients during stand development (Vogt et al., 1981; Ehrenfeld et al., 
1992; Finér et al., 1997). Stand age appears to be a strong factor for fi ne 
root dynamics; however, the infl uence of  stand age is inherently coupled 
with soil nutrient availability and/or canopy succession, especially for 
boreal mixed woods (Yuan and Chen, 2010). Regarding the impact of  
stand age on necromass dynamics, the observed pattern was similar to 
that of  FRB: both increased towards older stands.

The vertical distribution pattern of  FRB shifted towards increased 
biomass in the deeper soil layers with increasing stand age in all studied 
chronosequence stands (II). The majority of  the fi ne roots (80%) were 
located in the upper 20 cm topsoil layer in all cases and FRB declined 
signifi cantly with increasing soil depth. High fi ne root density in the 
topsoil is a very common pattern (Jackson et al., 1997; Finér et al., 2007; 
Helmisaari et al., 2007; Zhou and Shangguan, 2007; Kalliokoski et al., 
2009), which is mainly affected by higher concentrations of  nutrients in 
the topsoil (Vogt et al., 1981; Sainju and Good, 1993; Schmid and Kazda, 
2002; Ostonen et al., 2005; Garkoti, 2010).

6.2.2. Fine root production (IV)

Fine root production is still one of  the least known processes of  the 
C cycle of  forests (Hertel and Leuschner, 2002). Estimation of  fi ne 
root production is problematic, expensive, diffi cult and labour-intensive 
(Helmisaari et al., 2002; Xiao et al., 2008; Rytter, 2013); the practical and 
theoretical advantages and disadvantages of  pertinent study methods are 
discussed in (Vogt et al., 1998; Hertel and Leuschner, 2002; Rytter, 2013, 
Li et al., 2013). The challenge to accurately measure fi ne root dynamics 
is actual. A widely used and relatively simple method to directly assess 
fi ne root (d<2 mm) production is the ingrowth core method (Persson 
1980; Bauhus and Messier, 1999; Lukac and Godbold, 2001, Ostonen 
et al., 2005, Aosaar et al., 2013, Brunner et al., 2013), where the amount 
of  fi ne roots growing into root-free soil over a certain period of  time 
is measured. Ingrowth cores are effective in investigating fast growing 
species and serve as the most suitable tool for comparing fi ne root 
production between sites or treatments (Vogt et al., 1998, Makkonen 
and Helmisaari, 1999; Oliveira et al., 2000, Godbold et al., 2003; Li et 
al., 2013). According to Ostonen et al., (2005), ingrowth cores require 
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a stabilisation period: the fi ne root structure of  natural Norway spruce 
started to re-establish in the third year after the installation of  mesh bags 
at a fertile Oxalis site.

The C accumulation in the fi ne roots was quite modest and constituted 
only 10.6% of  the total C accumulated in standing belowground biomass 
in the oldest stand. However, the standing biomass of  the fi ne roots does 
not refl ect the actual C fl ux into the soil through root litter. The FRB 
is a highly dynamic characteristic as the fi ne roots are short-lived and 
continuously renewed (Pregitzer et al., 2002; Ostonen et al., 2007). Fine 
root turnover has a strong infl uence on the belowground allocation of  
C and nutrients in forest ecosystems (Arthur and Fahey, 1992; Hendrick 
and Pregitzer, 1993; Nadelhoffer, 2000; Finér et al., 2011). Since the 
annual production of  fi ne roots of  the trees was modest, as is inherent 
for fertile sites, then also the C input into the soil through fi ne root litter 
was small (IV).

Thus, in the studied silver birch stands the C input into the soil via leaf  
litter represented a considerably larger proportion in total NPP than that 
of  the fi ne roots.

6.3. Carbon budget (IV)

Estimation of  C accumulation in all forest components is essential for 
understanding the functioning of  forest ecosystems as well for assessing 
the role of  forests in regional or global C budgets. Forest biomass and 
soils are considered to have a large potential for the temporary and long 
term C storage (Gower, 2003; Houghton, 2005). However, one of  the 
most disputable issues is the proportion of  C accumulation in the soil 
and biomass. 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, the forest soils in Europe store roughly 
1.5 times as much C as the trees. Goodale et al. (2002) calculated a forest 
C budget for the Northern hemisphere and found that the C fl ux into 
the soil was larger than C accumulation in biomass. Liski et al. (2002) 
established, on the basis of  a C budget of  European forests, that the C 
fl ux into soils made up about two thirds of  the tree C sink. In forests 
of  South-eastern Norway trees accounted for about 80% of  the total C 
sink and the soils, about 20% (de Wit et al., 2006).
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A silver birch stand growing at a fertile site has high capacity for C 
accumulation both in biomass and in the soil. In the present study the 
main C sink was tree biomass. In the premature and old silver birch stands 
the upper 30 cm soil layer accumulated only 29-38% of  the total forest 
C pool (I). This can evidently be explained by fertile soil conditions, 
which favour high microbial activity and intensive soil respiration. As 
a consequence, the forest fl oor (O-horizon) was not formed and soil C 
content was not increased.

According to literature data, the C balance of  a forest stand can change 
to a great extent during stand’s ageing (Kolari et al., 2004). After clearcut 
a young stand fi rst serves as a carbon source; during development, the 
stand gradually turns form the carbon source to a carbon sink. Mature 
or old stands can become weak carbon sinks or even sources of  C 
(Goulden et al., 1996; Lindroth et al., 1998) since their annual biomass 
production decreases. Several studies suggest that the magnitude of  a 
C sink or source varies with forest age (Law et al., 2003; Pregitzer and 
Euskirchen, 2004). Carbon budget relies on the assumption by Raich 
and Nadelhoffer (1989) that heterotrophic soil respiration is balanced by 
the sum of  aboveground litter fall C inputs and belowground C inputs 
from root turnover, sloughing and exudates.

The main C input into the soil is litter production; total aboveground 
litter production (including the understorey) was of  the same magnitude 
for the stands of  different ages and varied between 1.7-1.8 t C ha-1 yr-1, 
which is in good accordance with the results reported by Hansson et al. 
(2013). Total belowground litter production was similar in the young and 
premature stands (including the second layer of  spruce), 1.2 and 1.0 t C 
ha-1 yr-1, respectively, being the highest in the middle-age-stand (1.9 t C 
ha-1 yr-1).

In the premature stand (Erastvere) the understorey biomass of  
herbaceous plants was negligible owing to poor light conditions under 
the dense canopy of  the spruce layer. However, the second layer of  
spruce contributed signifi cantly to the soil C input, approximately at 2 
t C ha-1 yr-1. Since spruce is a shade-tolerant species, such successional 
development took often place in the older birch stands growing at fertile 
sites.
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The C pool in tree biomass increased with increasing stand age, whereas 
the soil C pool remained stable and thus did not depend on stand age. 
According to Raich and Nadelhoffer (1989) and Simon et al. (2012), 
there must be equilibrium between the inputs and the outputs, unless 
signifi cant changes are detected in the soil C storage.

According to Baldocchi et al. (2001), NEP values between 0.7 and 7.4 t C 
ha-1 yr-1 were observed at 10 temperate deciduous broadleaf  sites. In fi ve 
deciduous forests in the USA, the NEP estimated by eddy-covariance 
methods ranged from 1.7 to 5.8 t C ha-1 yr-1 (Curtis et al., 2002). Our 
results about NEP fi t into this range or exceed its upper value ranges 
(IV).

Approximately three-fourths of  total NPP were formed of  the 
aboveground components. The largest proportion in total NPP was 
made up by stemwood increment, which was 50 to 60%. Tree fi ne root 
NPP was relatively low and accounted for 6.2 to 12% of  total ecosystem 
NPP and increased with stand ageing. However, the role of  the fi ne 
roots in C cycling may be different in different forests; in some forest 
ecosystems fi ne roots are crucial contributors to resource capture and 
the C cycle (Berg, 1984; Joslin and Henderson, 1987; Hendrick and 
Pregitzer, 1993; Helmisaari et al., 2002; Finér et al., 2011; Yuan and Chen, 
2012).

Our results show the signifi cant role of  the herbaceous understorey in 
C budget in silver birch forest ecosystems. At the younger sites (Kambja 
and Alatskivi 2) the herbaceous understorey constituted about 30% of  
the total litter input into the soil.

Regarding soil exchange, the budget compiled in the current study 
was (IV) approximately balanced for the young stand. However, for 
the middle-aged and premature stands, soil C loss by heterotrophic 
respiration exceeded the C input into the soil by litter; a possible reason 
for this is that the production and turnover of  extramatrical mycorrhizal 
mycelia (Wallander et al., 2013) are commonly not taken into account in 
C budgets; moreover, Wallander et al. (2004) suggested that the C inputs 
from fi ne roots and from mycorrhizal hyphae were of  the same order 
of  magnitude.
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7. CONCLUSIONS

The growth and the yield of  the studied stands were in accordance 
with corresponding data from several yield tables for earlier periods. 
However, in some cases birch stands demonstrated higher CAI values 
compared with those than presented in yield tables.

The C pool in tree biomass increased with increasing stand age, whereas 
the soil C pool did not depend on stand age; nor did C accumulate in 
the soil during stand succession. The share of  C accumulated in the 
belowground part in the total stand C storage increased with increasing 
stand age. As the biomass of  the trees was the main carbon sink, a 
signifi cant share (3-28%) of  the total forest carbon pool was accumulated 
in the belowground part of  the stand. For estimating biomass allocation 
or for compiling C models for silver birch stands, the use of  a rate of  
21% for calculation of  coarse root biomass from aboveground biomass 
for silver birch stands is reasonable.

Also the C fl ow through fi ne-root litter into the soil increased with 
increasing stand age. The C accumulation in the fi ne roots made up 
11 to 25% of  total C accumulated in the belowground biomass of  the 
studied birch stands.

The annual C effl ux from the soil through soil heterotrophic respiration 
was of  the same magnitude as the annual C input into the soil through 
aboveground and belowground litter. The balance between the soil 
organic C input and soil heterotrophic respiration is main reason why 
the soil organic C pool remained stable in the studied silver birch 
chronosequence stands.

All studied silver birch stands were acting as effective C sinks and the 
main C sink was the woody biomass of  the trees. In the case of  fertile 
silver birch stands, NEP and annual C accumulation in woody biomass 
were roughly equal. Thus, the woody biomass increment of  fertile silver 
birch stands refl ects annual C sequestration in the ecosystem. Silver 
birch stands growing at fertile sites acted as carbon sinks irrespective 
of  stand age; moreover, NEP was similar in the young, middle-aged and 
premature stands.
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SUMMARY IN ESTONIAN

SÜSINIKU VOOD NING VARUD ERIVANUSELISTES 
ARUKAASIKUTES

Võimalike kliimamuutuste tõttu on muutunud tänapäeval aktuaalseks 
teemaks süsihappegaasi kontsentratsiooni tõus atmosfääris, seejuures 
pööratakse tähelepanu nii CO2 emissiooni vähendamisele kui ka selle 
ulatuslikumale sidumisele. Metsadesse akumuleerunud süsinikku, 
sealhulgas puude maapealsesse biomassi ning mulda seotut, on püütud 
hinnata arvukates teadustöödes (Cannell, 1999; Mund jt., 2002; Pussinen 
jt., 2002; Laiho jt., 2003; Paul jt., 2003; Ågren ja Hyvönen, 2003).

Samas on oluline hulk kogu metsaökosüsteemi süsinikust seotud ka 
puude maa-alusesse biomassi (Cairns jt., 1997; Helmisaari jt., 2002; 
Peichl ja Arain, 2006), ent teadmised nende varude kohta on oluliselt 
tagasihoidlikumad. Paljudes metsaökosüsteemides (erinev kliima, puuliik, 
kasvukoha viljakus jne) tehtud süsinikuringe uuringud ja nende põhjal 
saadud andmed on primaarsed komponendid üldisemate, globaalsete 
süsiniku bilansimudelite koostamisel. Samuti saab nende põhjal anda 
adekvaatseid hinnanguid metsade potentsiaalse süsiniku sidumise kohta 
regionaalsel tasandil.

Ka Eesti metsades on uuritud erinevaid süsinikuringe komponente 
(Lõhmus jt. 1991; Ostonen jt., 2005; Kukumägi jt., 2011), kuid enamiku 
puuliikide ja kasvukohtade kohta puudub senini kompleksne süsinikuringe 
käsitlus. Samas on Kyoto protokolli alusel metsade süsinikuvarude ja 
-voogude raporteerimine riiklikul tasandil kohustuslik ka Eestile. Seni 
põhinevad metsades akumuleerunud süsiniku hinnangud valdavalt 
metsade statistilisel inventeerimisel, kuid pole piisavalt andmeid varise, 
maa-aluse biomassi ja -produktsiooni ning süsiniku gaasiliste emissioonide 
kohta metsades. Samas ei ole ilma eespool nimetatud süsinikuvooge 
arvestamata võimalik koostada regionaalseid süsinikumudeleid, need 
mudelid peaksid põhinema teaduslikel tulemustel.

Käesoleva doktoritöö raames hinnati erinevate süsinikuvoogude ja 
-varude dünaamikat jänesekapsa kasvukohatüübi arukaasikute vanusereas. 
Vaatamata sellele, et kaasikute pindala moodustab Eestis 29,4% riigi- ja 
35,7% erametsast (Aastaraamat Mets 2011), on see seni olnud Eestis 
väheuuritud teema. Valiti jänesekapsa kasvukohatüübi puistud, kuna 
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need on Eesti metsades väga levinud ja arukaasikud moodustavad selles 
kasvukohas kasvavatest puistutest veerandi. Teisalt on Eestis viimastel 
kümnenditel ulatuslikult metsastunud põllumajanduslikke maid 
arukasega, mis lähiajal arukaasikute hulka veelgi suurendavad. Endistele 
põllumaadele tekkinud kaasikutest kujunevad enamasti just jänesekapsa 
kasvukohatüübi metsad (I).

Eestis on kaasikute, sealhulgas ka jänesekapsa kasvukohatüübi 
arukaasikute kasvukäiku uurinud O. Henno (1959; 1963; 1965; 1970; 
1980). Kuna kasepuit oli Eestis pikka aega madala majandusliku 
väärtusega, siis ei pälvinud kaasikutega seotud uuringud varasemal 
perioodil erilist tähelepanu. Praeguseks on olukord kardinaalselt 
muutunud: kasepuit ja kaasikute kasvatamine on majanduslikult tasuv 
ning nende puistute optimaalseks ja jätkusuutlikuks majandamiseks 
vajatakse nende metsade arengu kohta täpsemaid andmeid.

Töös püstitati järgmised hüpoteesid:

1. Arukaasikute vanusereas on süsiniku akumulatsioon puude 
puitunud biomassi sama suur kui aastane süsinikuvoog mulda.

2. Läbi arukase peenjuurte jõuab mulda arvestatav kogus 
orgaanilist süsinikku.

3. Aastane süsiniku emissioon läbi mulla heterotroofse hingamise 
on samas suurusjärgus kui aastane süsiniku sisendvoog läbi 
juure- ja maapealse varise.

4. Sõltumata puistu vanusest toimivad viljakal kasvukohal 
kasvavad arukaasikud süsinikku siduvate ökosüsteemidena.

Töö põhieesmärgid:

1. hinnata puistu maapealset (I) ja maa-alust biomassi ja 
-produktsiooni (II), lehestiku parameetreid (III), ning süsiniku 
sidumist puude biomassi arukaasikute aegreas (I, IV);

2. hinnata süsiniku sisendvoogu mulda läbi maapealse varise (I);
3. hinnata peenjuurte produktsiooni arukaasikute aegreas ning 

süsiniku sisendvoogu mulda läbi juurevarise (IV);
4. hinnata mulla süsinikuvaru (I) ning aastast süsiniku emissiooni 

mullast läbi heterotroofse hingamise (IV);
5. koostada süsiniku bilansid erinevate arenguklasside 

arukaasikutele (IV).
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Metoodika

Maapealse biomassi hindamine
Püstitatud eesmärkide täitmiseks valiti välja kaheksa erineva vanusega 
(6-60 a.) arukase puistut, kuhu rajati proovitükid. Katsealade maapealse 
osa biomassi hinnati suve lõpus (augustis), kui vegetatsiooniperiood 
ja puude juurdekasv olid lõppenud. Puistu maapealse osa biomassi ja 
-produktsiooni leidmiseks kasutati mudelpuude meetodit (I, Bormann 
ja Gordon, 1984; Lõhmus jt., 1996).

Maa-aluse biomassi ja -produktsiooni hindamine
Jämedate juurte ja kändude biomassi hindamiseks kaevati 6-aastases 
kaasikus välja 12 mudelpuu juurestikud. Saadud andmete põhjal leiti 
puude diameetri ja jämejuurte biomassi vahel allomeetriline seos, mida 
kasutati puistu maa-aluse biomassi arvutamiseks. Keskealises arukaasikus 
kaevati välja keskmise mudelpuu juurestik ja selle põhjal arvutati puu 
maapealse ning maa-aluse biomassi suhe (root-shoot ratio) (II).

Peenjuurte (d<2 mm) biomassi, nekromassi ja sügavusjaotust hinnati 
mullamonoliitide (soil coring) meetodil (II; Vogt jt., 1981; Persson, 1983; 
Ostonen jt., 2005; Uri jt., 2007).

Peenjuurte produktsiooni hinnati juuresukkade (in-growth core) meetodil 
(IV; Persson 1980; Lukac ja Godbold, 2001; Ostonen jt., 2005; Aosaar 
jt., 2013).

Leheparameetrite hindamine
Kõigi mudelpuude igast võrakihist valiti juhuslikult 20-25 lehte, mis 
herbariseeriti. Herbariseeritud lehtede pindalad mõõdeti programmiga 
WinFolia ja lehed kaaluti. Seejärel arvutati iga mudelpuu üksiku lehe 
keskmine pind ja mass. Nende tulemuste põhjal leiti puistu lehtede 
keskmine eripind (SLA, m2 kg -1) (III).

Alustaimestikus seotud süsinikuvaru hindamine
Alustaimestiku biomassi ja selles seotud süsinikukoguse hindamiseks 
koguti puistutest kümnest juhuslikult valitud punktist ühe ruutmeetri 
suurustelt aladelt kogu alustaimestik, määrati selle kuivmass ja 
süsinikusisaldus (I). Rohttaimede maa-aluse osa määramiseks võeti 
aheneva lõiketeraga puuri (d=110 mm) abil igast uuritud ruudust 
monoliidiseeria kuni 30 cm sügavuseni 10 cm kihtide kaupa. Võetud 
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proovidest pesti välja juured, neist eraldati rohttaimede juured, määrati 
kuivmass ja süsiniku kontsentratsioon.

Varise ja selles seotud süsiniku hindamine
Lehevarise hulga hindamiseks paigaldati kolme uuritavasse puistusse 
varisekogujad (10 tk puistu kohta) (I). Varisekogujatest saadud proovide 
põhjal hinnati aasta jooksul varisega mulda jõudnud süsinikuvoogu. 
Süsinikuvoogu, mis jõuab mulda läbi juurevarise, hinnati peenjuurte 
produktsiooni kaudu.

Muld ja mulla süsinikuvarud
Mullaliigi määramiseks ja kirjeldamiseks tehti igale katsealale mullakaeve. 
Kaevest võeti erinevatest mullakihtidest lasuvustiheduse proovid. (I). 
Keemilisteks analüüsideks (C, NPK sisaldus, pH) võeti mullapuuriga 
proovid juhuslikult üle katseala kuni 50 cm sügavuseni 10 cm kihtide 
kaupa. Igast puistust võeti proove vähemalt kümnest erinevast juhuslikult 
valitud punktist. Võetud proovid koondati keemilisteks analüüsideks 
koondproovideks.

CO2 emissioon mullast
Mullahingamise mõõtmiseks kasutati suletud dünaamilise kambri 
meetodit (SRC-1 kamber koos gaasianalüsaatoriga CIRAS-2 (Differential 
CO2/H2O Infrared Gas Analyzers, PP Systems International Inc., 
USA)). Heterotroofse ja kogu mullahingamise eraldi mõõtmiseks 
paigaldati katsealadele 5 PVC-toru (läbimõõt 20 cm, pikkus 60 cm). 
Torude paigaldamine eraldab kogu mullahingamisest taimejuurte 
autotroofse mullahingamise. CO2 emissiooni mullast mõõdeti igal kuul 
maist novembrini kahe vegetatsiooniperioodi jooksul.

Mullatemperatuuri ja mullaniiskust mõõdeti samal ajal ja samast kohast, 
kust mulla CO2 voogu. Mullatemperatuuri mõõdeti ca 5 cm sügavuselt 
CIRAS-2 juurde kuuluva sondiga STP-1. Mullaniiskus mõõdeti vahetult 
pärast kambri eemaldamist ca 5 cm sügavuselt analüsaatoriga HH2 
Moisture Meter Version 2. Lisaks mõõdeti samal ajal kõigis uuritud 
puistutes 10 cm sügavuselt mullatemperatuuri ning -niiskust tunniajalise 
intervalliga data logger (WatchDog 1425, Spectrum Technologies, Inc., 
USA).



74

Statistilised meetodid

Andmete vastavust normaaljaotusele kontrolliti Shapiro-Wilki ja 
Lillieforsi testidega (I, II, III, IV). Fischeri LSD-testi kasutati keskmiste 
mitmesel võrdlemisel, erineva suurustega valimite korral kasutati 
Tukey HSD-testi (I, II, III, IV). Selleks, et hinnata puistu vanuse 
mõju mudelpuude erinevate fraktsioonide süsinikukontsentratsioonile, 
kasutati ühefaktorilist dispersioonanalüüsi. Andmete erinemisel 
normaaljaotusest või mittehomogeensete rühmadispersioonide korral 
rakendati mitteparameetrilist dispersioonanalüüsi (Kruskal-Wallis) (I, II). 
Puistu takseertunnuste ja biomassi näitajate vaheliste seoste hindamiseks 
kasutati regressioonanalüüsi, rakendati lineaarseid ning allomeetrilisi 
mudeleid (I). Peenjuurte produktsiooni arvutamiseks kasutati Fairly ja 
Alexandri otsustusmaatriksit (1985) (IV). Andmetöötluseks kasutati 
tarkvarapaketti STATISTICA 7 (I, II, III, IV). Kõikidel juhtudel oli 
olulisuse tõenäosus ά=0,05.

Tulemused ja arutelu

Uuritud jänesekapsa kasvukohatüübi arukaasikute kasvudünaamika oli 
heas kooskõlas varasemate kasvukäigutabelitega. Mitmes puistus aga 
ületas aastane jooksev juurdekasv O. Henno (1980) kasvukäigutabeli 
väärtusi, mis näitab nende metsade kõrget produktsioonivõimet (I).

Töö ühe põhitulemusena selgus, et arukaasikud viljakal kasvukohal 
on metsaökosüsteemid, mis talletavad süsinikku peamiselt puitunud 
biomassis, kuna mulla süsinikuvaru vanemates arukaasikutes ei 
suurenenud usaldusväärselt, st süsinikku mulda ei akumuleerunud 
oluliselt (I). Vanemates arukaasikutes suurenes puitunud biomassis 
akumuleerunud süsiniku suhteline osakaal, võrreldes mullasüsinikuga. 
Noortes puistutes on puude biomass väike ja kuna mulla süsinikuvaru 
jäi aegreas stabiilseks, siis noortes puistutes ületas mullas akumuleerunud 
süsinikuvaru oluliselt puudes olevat süsinikukogust. Puude biomassis on 
rohkem süsinikku (protsentides) alates ca 30-aastatest puistutest.

Jämedad juured moodustasid ligikaudu viiendiku puude biomassist 
ja samas proportsioonis toimus ka süsiniku talletumine juurtesse. 
Kogu puistu süsinikuvarust oli puistu maa-alusesse biomassi seotud 
märkimisväärne osa (3-28%), mis puistu vananedes suurenes (II). Samas 
on peenjuurte biomass ja -produktsioon ajas dünaamiliselt varieeruvad ja 
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mõningates metsaökosüsteemides võib puude peenjuurte produktsioon 
moodustada isegi kuni 75% kogu metsa netoproduktsioonist (Jackson 
jt., 1997). Viljakatel muldadel kasvavates arukaasikutes oli peenjuurte 
osa puistu netoproduktsioonis siiski tagasihoidlik, jäädes kõigil juhtudel 
alla 10%. Läbi peenjuure varise lisandus aasta jooksul mulda 0,46-0,74 
t C ha-1 a-1 süsinikku (IV). Uuritud arukaasikute vanusereas moodustas 
peenjuurtesse akumuleerunud süsinik 11-25% puude maa-alusesse 
biomassi seotud süsinikust. Puistu vananedes suurenes süsinikuvoog 
mulda läbi peenjuurte varise.

Aasta jooksul jõudis arukaasikutes läbi maapealse ja maa-aluse varise 
mulda arvestatavas koguses süsinikku (2,8-3,6 t C ha-1 a-1), kuid 
mulla orgaanilise süsiniku varu puistu vananedes ei suurenenud. 
Stabiilne süsinikusisaldus mullas on seletatav intensiivse heterotroofse 
mullahingamisega ja aastane süsiniku emissioon oli samas suurusjärgus, 
kui aastane süsiniku sisendvoog mulda. Kahe aasta jooksul uurimisaladel 
läbiviidud mõõtmised näitasid, et aastane heterotroofne mullahingamise 
voog jäi erivanuselistes puistutes vahemikku 2,9-4,2 t C ha-1 a-1, mis kattis 
või ületas aastast süsiniku sisendvoogu mulda (IV).

Kõikide uuritud puistute süsinikubilansid olid positiivsed, st 
metsaökosüsteem sidus aasta jooksul oluliselt rohkem süsinikku kui seda 
emiteeris. Kuigi vanemates puistutes kasvukiirus üldreeglina väheneb, 
ning sellega ka süsiniku salvestumine biomassi, siis arukaasikute puhul 
oli produktsioon ka veel vanemas 45-aastases puistus kõrge ning puude 
maapealse osa biomassi produktsioonis seoti süsinikku ligikaudu 
4 t C ha-1 a-1.

Seega, on erivanuselised arukaasikud viljakas kasvukohatüübis süsinikku 
siduvad metsaökosüsteemid. Aastane seotud süsinikukogus uuritud 
kaasikutes jäi vahemikku 3,7-4,9 t C ha-1 a-1 ja süsinik akumuleerus 
valdavalt puude biomassis (IV).

Kokkuvõte

Doktoritöö raames hinnati erinevaid süsinikuvarusid ja voogusid 
jänesekapsa kasvukohatüübis kasvavate arukaasikute vanusereas. 
Kõik uuritud puistud osutusid produktiivseteks ning puude biomassis 
salvestunud süsinikuvaru suurenes puistu vananedes, samas kuid mulla 
süsinikuvaru jäi stabiilseks, st. see ei sõltunud puistu vanusest. Maa-
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aluse biomassi osakaal moodustas 21% puistu maapealsest puitunud 
biomassist, saadud suhtarv on rakendatav arukaasikute süsinikumudelites. 
Orgaanilise süsiniku voost jõuab mulda suurem osa läbi maapealse 
varise (49-64%). Kuna puude peenjuurte produktsioon oli suhteliselt 
tagasihoidlik, jõudis juurevarisena aasta jooksul mulda 16-23% kogu 
süsiniku sisendvoost.

Aastane süsiniku emissioon mullast läbi heterotroofse mullahingamise 
oli peaaegu samas suurusjärgus kui süsinikuvoog mulda. See on tingitud 
soodsatest lagunemistingimustest, mis tagab orgaanilise aine kiire 
lagunemise ning ka mulla orgaanilise süsiniku stabiilse varu.

Kõik uuritud arukaasikud osutusid efektiivseteks süsiniku 
akumuleerijateks, sidudes süsiniku peamiselt puude puitunud biomassi. 
Viljakates kasvukohtades kasvavates arukaasikuis olid seotud süsiniku 
kogus ning puidu aastane juurdekasv peaaegu võrdsed. Seega 
peegeldab puistu juurdekasv arukaasikutes ligikaudset aastast süsiniku 
akumulatsiooni.
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a b s t r a c t

During recent decades, studies of the carbon (C) balance of forest ecosystems have became more actual,
mainly in connection with the global increase of CO2 in the atmosphere. In the present study the stand
chronosequence approach was applied to analyse C sequestration dynamics. Study was made of C accu-
mulation both in biomass and in the soil in 6–60-year-old silver birch (Betula pendula) stands growing at
fertile (Oxalis) sites.

As the growth of the studied stands was vigorous, their yield was higher than that presented in several
yield tables for earlier periods. The C concentration (C%) in different compartments of the trees varied
between 47% and 55%. However, the weighted average of C concentration in the silver birch trees was
approximately 50% regardless of stand age. The average C concentration of the herbaceous understorey
plants was 43.3 ± 0.5%.

The soil Corg pool was independent of stand age, and so far there occurred no C accumulation during
stand succession, expressed as Corg values or stage of forest floor formation. This might indicate fast Corg

turnover in the soils of the Oxalis site. The total C pool in a mature silver birch stand was 185 t ha�1 of
which 50% was accumulated in the aboveground part of the trees. In young birch stands the C pool in
aboveground biomass and in the soil accounted for 21–39% and 53–71%, respectively, of the total C pool
of a stand. In pre-mature and mature stands the corresponding share accounted for 50–59% of the above-
ground C of the trees and 29–38% of the soil C pool. Due to closed canopies, the role of herbaceous under-
storey plants as a C sink was modest, constituting 1% or even less of the total C pool of the older stands.
The annual C flux 1.6 t ha�1 yr�1 into the soil via litter fall was the largest in the middle-age stand.

Our results show that the main C sink in fertile silver birch stands is located in the wooden parts of trees.
The C pool in tree biomass increased with stand age, whereas the soil Corg pool remained stable. For a more
profound understanding of C cycling in silver birch forest, soil respiration fluxes should be measured.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

Combustion of fossil fuels has caused an elevation of CO2 con-
centration in the atmosphere, which leads to the global greenhouse
effect. For inhibiting the increase of the concentration of atmo-
spheric CO2 and climate changes, more attention should be paid
to reduction of CO2 emission (through more extensive use of biofu-
els and renewable energy) as well as to extensive carbon (C)
sequestration. Terrestrial ecosystems represent a major sink for
atmospheric C (Schimel et al., 2001) and boreal and temperate for-
ests play an important role in global C cycling and in C sequestra-
tion (Dixon et al., 1994; Peng et al., 2008). On the other hand,
elevated CO2 could increase forest growth; according to Norby

et al. (2005), the net primary production of forests increased signif-
icantly due to elevated CO2 in the atmosphere.

In the last decade accumulation of C in different ecosystems,
including forests, has been an actual topic around the world and
the stock of C bound in biomass and in the soil has been estimated
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). Estimation of the stock and accumulation of C in
the forests is essential for assessing the role of forest ecosystems
in global C budgets.

The C storage in boreal forests formed 49% of the total forest C
storage (Dixon et al., 1994) and the amount of C accumulated there
was appreciable (Kaipanen et al., 2004; Liski et al., 2003). Forests
have a great potential to sequester C in short- or mid-term. The fac-
tors affecting the rate of C sequestration are the tree species compo-
sition of stand, stand age, site fertility and management of forests
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(Thornley and Cannell, 2000; Akselsson et al., 2004); even the im-
pact of the understorey is significant (Vogel and Gower, 1998).

The soils of boreal forests can store a substantial amount of C,
exceeding often the forest vegetation in this respect (Peltoniemi
et al., 2004). Although current biomass production depends on soil
conditions and vice versa, it is definitely also related to C accumu-
lation in forest. However, relevant empirical data for different tree
species are still quite scarce.

As stand age affects its C accumulation ability, the chronose-
quence method is widely used to clarify the effect of stand age
and to estimate the dynamics of various stand development as-
pects. However, chronosequence studies in birch stands are still
rare (Wang et al., 1996; Mälkonen and Saarsalmi, 1982).

Silver birch (Betula pendula Roth) has a wide natural distribu-
tion area on the Eurasian continent, ranging from the Atlantic to
Eastern Siberia. In Northern Europe, birches are the most impor-
tant commercial broad-leaved tree species (Hynynen et al.,
2010). Although silver birch occurs almost throughout the whole
of Europe, the most abundant birch resources are located in the
boreal and temperate forests of Northern Europe. In the Baltic
and Nordic countries, the proportion of birch in the total volume
of the growing stock varies between 11% and 28%. Silver birch is
also the most important broad-leaved tree species in Estonian for-
estry, birch stands accounting for approximately 30% of the total
area of Estonian forests (Yearbook, 2009).

In the present study we investigated the growth, yield and car-
bon accumulation of a silver birch forest growing at a fertile site
(Oxalis site type according to the local classification (Lõhmus,
1984)). During the last two decades extensive spontaneous affores-
tation of abandoned agricultural lands has taken place in Estonia,
which has increased the area of silver birch stands. As a rule, the
Oxalis site type will be prevalent in such areas, which will lead to
an increase of the area of silver birch stands at Oxalis sites.

Although forests have a great potential to sequester C in mid-
term, their effect on C accumulation ability is still quite unclear
and the few relevant literature data are inconsistent. Different re-
views report an average rate of soil C sequestration of
0.3 t ha�1 yr�1 (range 0–3 t C ha�1 yr�1) across different climatic
zones in the case of afforestation of former agricultural land (Post
and Kwon, 2000; Jandl et al., 2007). Deckmyn et al. (2004) simu-
lated a long-term pattern of C in soils over 150 years with a
short-rotation coppice of poplar and concluded that there would
lead an increase of C up to 0.29 t ha�1 yr�1.

The potential of silver birch for C sequestration in soils is poorly
studied. In a Russian study on dark grey forest soils, birch showed
the highest humus concentration in the 0–5 cm surface layer but
the average humus stock was decreased as follows: oak for-
est > birch forest > pine forest > agroecosystem (Vladychenskii
et al., 2007). To adequately understand the potential of forest C
sequestration, it is necessary to investigate stands in a complex
way involving trees, the understorey, the soil and litter.

The working hypotheses of the present study were: (1) the
growth of silver birch stands can be more intensive than is pre-
dicted in local yield tables; (2) in the silver birch forest ecosystem
carbon is accumulated evenly both in tree biomass and in the soil;
(3) the soil carbon pool increases significantly during development
of silver birch stands.

The main objective of the present study was to analyse C
sequestration dynamics in silver birch stands growing at a fertile
site by using the chronosequence approach.

The specific aims of the study were:

– to estimate the biomass and production of silver birch stands
growing in the Oxalis site type;

– to estimate C content in different biomass fractions of silver
birch stands and in the soil.

2. Material and methods

2.1. Site description

Eight silver birch stands aged between 6 and 60 years were in-
cluded in the study (Table 1). One stand (Kambja) grows on aban-
doned agricultural land and the other stands grow on forest land.
All studied stands had regenerated naturally and grew in a flat
landscape in the Oxalis site type in Southeastern Estonia. All stud-
ied silver birch stands had closed canopies. In two young stands
(Kooraste 2 and Alatskivi 1) harvesting thinning was carried out,
which affected stand density. In the period 2003–2008 sanitary
cutting was carried out in the Aakre stand to remove storm-dam-
aged trees, which resulted in lower than normal stand density
(305 trees per ha).

Estonia is situated in the hemiboreal vegetation zone (Ahti
et al., 1968), within a transition zone from the maritime to conti-
nental climate. Annual average precipitation varies between 550
and 800 mm, and annual average temperature in Estonia is be-
tween 4.3 and 6.5 �C.

In the Oxalis site type, stands are highly productive; acidic soils
have a relatively thick A layer, moisture conditions for plant
growth are suboptimal, the soils are well drained and the steady
forest floor is missing in most cases (Lõhmus, 1984).

The parent material of the Estonian soils is mainly glacial till,
along with glacio-fluvial melt water sands and gravels and, to a
limited extent, also ice-lake clays. The physical properties of the
soil such as soil depth, soil drainage class and soil texture class
are quite similar in all studied stands, except for the Järvselja site
which is situated in the Peipsi lowland.

Soil taxonomy class is undoubtedly a surrogate for soil fertility
and has been traditionally used for forest site indexing in Estonia.
According to Lõhmus (1984), all studied stands belong to the same
forest site type except for the Järvselja site with Umbric Gleysol. The
higher Corg content in Järvselja, compared with the other sites, is
particularly characteristic of Gleysols, owing to ‘‘raw humus’’
formed in moister conditions.

2.2. Partitioning of aboveground biomass and estimation of production

The aboveground biomass and production of a stand was al-
ways estimated at the end of August when the process of biomass
formation was completed; the method of model trees (Bormann
and Gordon, 1984; Uri et al., 2007a,b) was used. Sample plot were
established in every stand and stand characteristics were mea-
sured (Table 1).

The stem breast height diameter (D1.3) of all trees was mea-
sured. The trees were divided into five classes on the basis of
D1.3, and a model tree was selected randomly from each class. A to-
tal of five (in older stands) to 12 (in younger stands) model trees
were felled depending on stand age and on the dimension (D1.3)
variability of the trees. In all cases sample trees were felled in
the middle of the stand to avoid the edge effect. The stems of the
model trees were divided into five or 10 sections depending on
the size of the tree. The stems of the small model trees aged 6–
18 years were divided into five sections: the first section, height
0–1.3 m, the second section, height 1.3 m up to the living crown;
the living crown, consisting of three equal layers. In the case of old-
er stands the stems of the model trees were divided into up to ten
sections: the first section, height 0–1.3 m; every next section 2 m
up to the beginning of the living crown; the living crown was di-
vided into ten equal sections.

The stem sections and the larger branches were weighed in for-
est and smaller branches were placed in plastic bags and trans-
ported to the laboratory. From every crown section, one model
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branch was separated and taken to the laboratory as well. In the
laboratory, the living branches were divided into the following
fractions: the leaves, the current-year shoots, the older branches
and the dead branches. From every fraction, a subsample was ta-
ken for estimation of dry matter 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 the bark of the
stems was determined. The dry mass of different fractions was cal-
culated for each model tree by multiplying the corresponding fresh
mass by the dry matter ratio (Uri et al., 2007a,b).

To estimate the aboveground biomass of the stand, an allome-
tric equation of form (1) provided the best fit:

y ¼ aDb
1:3; ð1Þ

where y is the dependent variable (aboveground biomass of a model
tree, g), D1.3 is the breast height diameter (cm), a and b are param-
eters (Table 3).

For estimation of the biomass of the different compartments
(current-year shoots, old branches and leaves), we failed to devel-
op a reliable allometric equation (P > 0.05). Therefore, for estima-
tion of the biomass of these compartments at the stand level, we
used the percentage distribution of the fractions, obtained for the
model trees, which is a highly stable parameter as proved by our
earlier studies (Uri et al., 2007a,b, 2009).

The current annual production (CAI) of the stemwood was esti-
mated on the basis of annual rings. Cross section discs 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 sections of the model trees was
calculated according to Eq. (2) (Whittaker and Woodwell, 1968).

Wi ¼ W0 ðr2 � ðr � iÞ2Þ=r2 ð2Þ
where Wi is the annual dry mass increment of wood (g), W0 is the
dry mass of wood (g), r is the radius of the analysed disc (mm), i
is the 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 mass and tree diameter (D1.3); using this
regression equation, the annual stemwood increment of the stand
was found. The parameters of the regression equation are pre-
sented also in Table 3.

For converting the biomass data from mass units to volume
units, or vice versa, wood density values were used. A thorough
study for determination of the stemwood density of silver birch
stands in Estonia was carried out earlier (Kasesalu, 1965). The
author found average stemwood density for older (52–104-year-
old) silver birch stands to be 650 kg m�3 and this value was used
in the present study. Accounting to literature data, the stemwood
density of silver birch stand may be quite variable as it is affected
by stand age and site conditions (Repola, 2006; Johansson, 2005).

We used an average proportion of belowground biomass, 18%,
to approximately estimate the belowground biomass of the coarse
root fraction. This proportion was estimated for a middle-aged
stand (Varik et al., manuscript), the belowground part formed
17% of total trees biomass (aboveground + belowground). For a
younger silver birch stand this parameter was slightly higher
(19.3%) (Uri et al., 2007b).

2.3. Estimation of the biomass of herbaceous understorey plants

Since the biomass of the herbaceous understorey in older stands
was negligible or practically missing, the biomass of herbaceous
plants was only estimated in young and middle-aged stands (in
Kambja, Alatskivi 1 and Alatskivi 2).

Ten random samples over the whole stand were taken at the
end of June when aboveground biomass was at maximum. The
aboveground part of all herbaceous plants was collected from a
1 m2 quadrate; subsamples were taken for dry matter content
and chemical analysis. The samples were dried at 70 �C to constant
weight and weighed to 0.01 g. The samples were analysed for C
concentration. As the aboveground part of herbs is annual, above-
ground production is equal to biomass.

The below-ground biomass of the understorey was estimated
on the basis of soil cores. Ten soil cores were taken to a depth of
30 cm in the same 1 m2 quadrates using a soil auger
(d = 108.6 mm). All cores were divided into three subsequent
10 cm layers and the roots and rhizomes were washed out of each
layer. The roots and rhizomes of herbaceous plants were separated
under a microscope. The samples were dried at 70 �C to constant
weight and weighed to 0.001 g. For the below-ground fraction of

Table 1
Stand characteristics in a silver birch forest chronosequence.

Stand Location Age, yr Area, ha Average
diameter
D1.3, cm

Average
height, m

Number
of trees
per ha

Basal area,
m2 ha�1

Young stands Järvselja 58� 150 N
27� 160 E

6 0.6 1.3 3.4 100,000 12.9

Alatskivi 1 58� 330 N
27� 050 E

14 2.7 9.9 11.5 1350 10.6

Kambja 58� 3‘ N
27� 1‘ E

13 5.0 5.8 10.9 7670 20.1

Middle-age stands Kooraste 1 57� 590 N
29� 400 E

18 0.9 8.0 13.5 3630 19.4

Kooraste 2 57� 570 N
26� 350 E

28 3.8 15.0 19.8 1800 31.0

Alatskivi 2 58�370 N
27�20 E

32 0.7 10.8 17.0 3210 29.2

Older stands Erastvere 57� 80 N
26� 560 E

45 0.6 20.1 25.6 940 29.8

Aakre 58� 20 N
26� 10 E

60 0.9 31.0 30.1 305 23.7
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the understorey, turnover rate was assumed to be 1 year (Lõhmus
et al., 2002).

2.4. Estimation of litter flux

Ten litter traps (collecting area 0.25; 0.33 and 0.53 m2) were
placed in three stands (14, 35 and 60 years old) in early spring
2008. Litter was sampled fortnightly during the period May
2008–June 2009. The amount of C introduced in the soil via litter
was calculated by multiplying the amount of litter by the corre-
sponding C concentration in the samples taken from the litter
traps.

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. For esti-
mation of soil C and nutrient content, samples were taken from dif-
ferent depths (0–10, 10–20, 20–30 and 40–50 cm soil layers) with
a soil corer (Ø 35 mm). From ten random points at each stand site,
subsamples were taken to form a composite sample for soil analy-
ses (Table 2). The C concentration in the upper 10 cm soil layer was
analysed in five replicates.

For calculation of the soil C storage, soil bulk density was deter-
mined. From the soil pit, bulk density samples were taken from dif-
ferent soil layers (0–50 cm) with a stainless steel cylinder
(d = 40 mm and volume 50 cm3) avoiding compression of the soil
and preserving soil structure. Three samples were taken from
every layer. The samples were dried in laboratory at 105 �C to con-
stant weight and weighed. To estimate the physical properties of
the soil, soil samples were taken from the middle of each A-horizon
(Table 2).

The soil texture of the fine earth fraction was estimated accord-
ing to the particle size of the fractions Ø 2000-63–2 lm. The sand

fractions were separated by sieving, and silt (63–2 lm) and clay
(<2 lm) were determined by the pipette method. Specific surface
area was determined by adsorption of water vapour on 10 g dry
soil surface (Puri and Murari, 1964).

For testing total N (Kjeldahl) in the soil samples, Tecator ASN
3313 was employed. Available phosphorus (ammonium lactate
extractable) in the soil was determined by flow injection analysis
with the use of Tecator ASTN 9/84. To test the plant material for to-
tal nitrogen and C content in the oven-dried samples, the dry com-
bustion method was used with a varioMAX CNS elemental analyser
(ELEMENTAR, Germany). Soil pH in 1 M KCl suspensions was mea-
sured with the ratio 10 g: 25 ml. Total soil C content was deter-
mined by the dry combustion method using a varioMAX CNS
elemental analyser (ELEMENTAR, Germany).

The analyses were carried out at the Biochemistry Laboratory of
the Estonian University of Life Sciences.

2.6. Statistical methods

Normality of variables was checked by Lilliefors and Shapiro–
Wilk’s tests; for the C concentrations of the sample trees, the Kol-
mogorov–Smirnov test was used. One-way ANOVA was used to
check the effect of age on C concentration in different tree parts.
All assumptions of ANOVA were fulfilled. The Tukey HSD test
was employed to perform multiple post hoc comparisons between
mean stand C concentrations for different tree compartments. C
concentrations between different compartments within a stand
were compared by the pairwise t-test. The LSD test was applied
for comparison of the litter C flux or soil C content for stands of dif-
ferent ages.

Allometric regression models were employed for estimating
relationships between model tree biomass or stemwood produc-
tion and breast height diameter. The degree of the fit of the models
was based on the coefficient of determination (R2) and the level of

Table 2
Topsoil characteristics in the studied stands. Average values for the upper 10 cm soil layer (A-horizon).

Stand Soil type Bulk density
g cm�3

Ø lm Texture class Specific
surface
area
m2 g–1

Corg g kg�1 Ntot g kg�1 C:N P AL-soluble
mg kg�1

pHKCl

2000-63 63-2 <2

%

Järvselja Umbric Gleysol 0.834 38.2 13.3 48.5 Loam 75.4 10.13 2.83 21.6 15.9 3.0
Alatskivi 1 Haplic Umbrisol 1.032 64.8 27.4 7.8 Sandy loam 31.6 2.63 1.89 13.9 8.6 3.9
Kambja Albeluvisol 1.342 64.5 25.7 9.7 Sandy loam 18.2 1.49 0.98 15.2 72.0 5.4
Kooraste 1 Haplic Umbrisol 1.162 86.0 11.3 2.6 Sand 25.8 2.16 1.15 18.8 22.9 3.1
Kooraste 2 Umbric Gleyic Podzol 0.953 65.1 28.0 6.9 Sandy loam 39.9 3.27 2.14 15.3 15.5 4.0
Alatskivi 2 Gleyic Umbrisol 0.993 68.6 23.2 8.2 Sandy loam 37.9 3.08 2.27 13.6 13.1 3.9
Erastvere Albeluvisol 1.114 69.0 24.4 6.6 Sandy loam 18.9 2.26 1.40 15.8 20.7 4.6
Aakre Haplic Umbrisol 1.043 69.2 24.7 6.1 Sandy loam 29.8 2.85 1.93 14.8 12.2 3.7

Table 3
Parameter estimates (a, b) of regression Eq. (1) for estimation of the aboveground biomass and current annual production (CAI) of the stem mass of birch (g), No – number of
observations; R2 – coefficient of determination; s.e.e. – standard error of estimate; level of significance; P < 0.0001 in all cases.

Stand No Aboveground biomass CAI of stem mass

a b R2 s.e.e a b R2 s.e.e

Järvselja 12 158.16 1.697 0.935 1.31 n.e n.e n.e n.e
Alatskivi 1 6 122.02 2.374 0.995 1.06 26.05 2.125 0.903 1.28
Kambja 10 136.03 2.331 0.992 1.09 11.74 2.411 0.896 1.42
Kooraste 1 8 138.43 2.382 0.946 1.19 6.94 2.568 0.831 1.62
Kooraste 2 6 182.94 2.309 0.997 1.06 2.42 2.874 0.987 1.17
Alatskivi 2 5 303.99 2.084 0.985 1.14 4.07 2.610 0.991 1.13
Erastvere 5 121.24 2.503 0.985 1.11 10.57 2.198 0.947 1.21
Aakre 5 7880.8 1.266 0.983 1.06 115.3 1.288 0.853 1.19
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probability (P). In all cases the level of significance a = 0.05 was ac-
cepted. The software STATISTICA 7.0 was employed.

3. Results

3.1. Biomass carbon storages and accumulation

3.1.1. Trees
The aboveground biomass of the stands increased with stand

age up to 45 years, except for the oldest stand (Aakre) where the
aboveground biomass decreased due to the diminished number
of trees (Table 4). The share of the stems in the aboveground bio-
mass of the birches was the largest (71–92%). The share of the stem
bark in stem mass varied between 10.6 and 22.7% and was the low-
est in the oldest stand (Aakre) and the highest in the youngest
stand (Järvselja). Leaf mass was a quite stable parameter which
was lower in the youngest stand and stabilized thereafter.

For the Oxalis site in the present study we used the values of the
yield tables compiled by Henno (1980) (Fig. 1). The results of the
present study were well consistent with the data of the Estonian
silver birch yield tables (Fig. 1). However, regarding the current an-
nual increment (CAI), our empirical results exceed the data of the
yield tables, especially for younger stands (Fig. 2). In two stands
(Kooraste 2 and Alatskivi 1), the values of CAI were similar to the
values from the yield tables. These stands had been thinned, their
lower density affected both stand volume and annual increment.

As expected, C concentration was different in different tree
parts (pairwise t-test; P < 0.05). The highest C concentration was
in the current-year shoots and the lowest, in the wood (Table 5).
However, the average concentrations of C in all tree parts were
the lower in the young stand growing on abandoned farmland (Tu-
key HSD test; P < 0.05).

As C accumulation in trees is related to biomass, it increases
with stand age and the C storage is larger in older stands. The larg-
est storage of carbon is accumulated in the wood. As the share of
the branches increases in older stands (Table 4) also more carbon
is accumulated in the branches.

Table 4
Allocation of aboveground biomass in the silver birch stand chronosequence.

Stand Age,
yr

Stems,
t ha�1

Branches
(age >
1 year),
t ha�1

Current
year
shoots,
t ha�1

Leaves,
t ha�1

Total
aboveground
biomass
t ha�1

Järvselja 6 18.2 4.1 1.7 1.7 25.7
Alatskivi 1 14 30.8 6.0 0.7 2.4 39.9
Kambja 13 58.8 5.0 0.8 3.1 67.6
Kooraste 1 18 72.3 5.5 0.7 2.9 81.3
Kooraste 2 28 77.6 10.1 0.6 3.2 91.5
Alatskivi 2 32 127.0 9.1 0.9 3.4 140.3
Erastvere 45 201.8 15.7 0.4 2.6 220.5
Aakre 60 165.4 18.6 0.4 2.3 186.7
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3.1.2. Understorey vegetation
The aboveground biomass of the understorey was quite modest

(Table 6), and it played a minor role in the C accumulation of the
stand. Average C concentration in the aboveground part of herba-
ceous plants was 43.3 ± 0.45%, which is lower than the correspond-
ing value for the trees (pairwise t-test; P < 0.001).

In the older stands (Erastvere and Aakre) the understorey
biomass of herbaceous plants (not estimated) was negligible.
However, the decline in stand density at the oldest site, Aakre,
was remarkable (Table 1); the shading effect of crowns and water
consumption from the topsoil may have limited understorey
development there. In the Alatskivi 1 stand herbaceous plants ac-
counted for 2.4% of the total forest C pool and in the middle-aged
stand, only 0.8% of the total forest C pool.

3.2. Soil carbon storage and litter fall

The C storage in the soils of stands of different ages varied but
there was no significant difference in the C content between the

stands except for the youngest stand (Järvselja) and for the stand
on former farmland (Kambja) (LSD test, P < 0.05). The C storage
in the upper 10 cm soil layer of the stand on abandoned agricul-
tural land (19.9 t ha�1) was significantly lower than it was in the
young stands growing on forestland (Table 7). The significantly
higher C storage (LSD test, P < 0.05) in the youngest stand
(Järvselja) is associated with two possible reasons: higher soil
moisture content and unfavourable conditions for decomposition.
The soils of Järvselja are classified as gleyed soils where mottles
(redoximorphic features which indicate fluctuating water tables)
occur in the upper 50 cm of the mineral profile. In addition, at this
site a large quantity of clear cut residues, which are still decompos-
ing, increases the content of organic matter in the soil. C content in
the soil decreased with soil depth, being the highest in the upper
10 cm layer (Table 7).

Specific surface area (SSA) showed high positive correlation
with silt content (R = 0.83) and clay content (R = 0.67) but
negative correlation with sand content (R = �0.81). The SSA is
closely related to particle size and provides a good indication
of the humus status of the soil as well: the more there are
colloidal particles (humus, clay) in the soil, the larger is its
specific area. Therefore, Corg content is strongly correlated with
SSA (R = 0.97).

The annual C flux into the soil via litter fall was the largest (LSD
test; P < 0.01) in the middle-age stand (Alatskivi 2) (Table 8). In the
pre-matured stand (Erastvere) branch or shoot litter formed a ma-
jor share (54%) in the total litter C flux, being significantly larger
(LSD test; P < 0.01) compared with the young or middle-age stands.
This could indicate for increased competition (shelf-thinning pro-
cess) between and inside the crowns. In the young stand the share
of the branches in the total litter flux was negligible (less than 1%)
and in the middle-aged stand the branches contributed 4% to the
total litter flux.

Table 5
Carbon concentration in different biomass fractions at different ages of silver birch
stands. Presented average ± standard error, significant differences (indicated by
different letters) according to the Tukey HSD test (P < 0.05).

Biomass fraction C concentration %

Young stand
13 yrs

Middle-aged
stand 32 yrs

Old stand
60 yrs

Stemwood 47.00 ± 0.09a 49.30 ± 0.10b 49.19 ± 0.07b

Stembark 51.06 ± 0.83a 54.03 ± 0.14b 51.88 ± 0.30a

Old branches 48.30 ± 0.17a 50.78 ± 0.15b 50.73 ± 0.14b

Current year shoots 50.22 ± 0.78a 51.78 ± 0.23a 55.17 ± 0.36b

Leaves 49.49 ± 0.41a 51.00 ± 0.59b 51.38 ± 0.05b

Weighted average 47.8 50.2 49.7

Table 6
Aboveground biomass and C accumulation in the herbaceous understorey vegetation (mean ± standard error).

Stand Age, yr Aboveground Belowground Total C, kg ha�1

No of observ. Biomass kg ha�1 C, kg ha�1 No of observ. Biomass kg ha�1 C, kg ha�1

Kambja 13 10 118 ± 33 51 10 1670 ± 229 751 802
Alatskivi 1 14 10 608 ± 128 263 10 4200 ± 464 1890 2153
Alatskivi 2 32 10 366 ± 65 158 10 2500 ± 173 1125 1284

Table 7
Organic carbon concentration and storage in the soils of the silver birch stand chronosequence.

Stand Age, yr 0–10 cm 10–20 cm 20–30 cm 0–30 cm

Corg% t Corg ha�1 Corg% t Corg ha�1 Corg% t Corg ha�1 t Corg ha�1

Järvselja 6 9.38 84.5 2.18 24.6 1.16 14.2 123.3
Alatskivi 1 14 2.63 27.1 1.82 24.3 1.00 13.5 64.9
Kambja 13 1.48 19.9 0.97 14.2 0.93 14.2 48.3
Kooraste 1 18 2.16 25.1 1.27 15.5 1.27 14.1 54.8
Kooraste 2 28 3.27 31.2 1.18 15.6 0.44 6.0 52.7
Alatskivi 2 32 3.08 30.6 1.81 23.9 0.93 12.7 67.2
Erastvere 45 2.26 25.2 1.41 19.1 0.56 9.0 53.3
Aakre 60 2.85 32.9 1.98 21.2 1.52 17.1 71.1

Table 8
Carbon flux via litter fall in the birch stands of different ages.

Stand Stand age, yr Birch leaves Birch branches Total C flux with litter t ha�1 yr�1

Litter t ha�1 yr�1 C flux t ha�1 yr�1 Litter t ha�1 yr�1 C flux t ha�1 yr�1

Alatskivi1 14 2.31 1.19 0.02 0.01 1.2
Alatskivi2 32 3.01 1.53 0.13 0.07 1.6
Erastvere 45 2.01 0.99 0.78 0.38 1.4
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3.3. Stand-level carbon accumulation

Carbon in silver birch stands growing at fertile sites is mostly cap-
tured in tree biomass. C content in the upper 30 cm soil layer of these
sites was quite similar (Tables 7 and 9) both in the young and older
stands, except for the Järvselja stand. Average C accumulation in
aboveground tree biomass was 2 t ha�1 yr�1. No correlation was
found between stand age and average annual C accumulation: both
the 14-year-old stand and the 45-year-old stand accumulated an
equal amount of C, 2.4 t ha�1 yr�1, in aboveground biomass. The
average C pool in the soil of the young, middle-aged and older stands
was of the same magnitude; the soil C pool did not increase in the
older birch stands. The relative share of the C storage in tree biomass
increased with stand age (Fig. 3). In the younger stands most of the C
accumulated in the forest ecosystem was located in the soil while in
the older stands tree biomass was the main carbon sink.

4. Discussion

The chronosequence approach is widely used for modelling
stand development dynamics. This allows to study forest growth
processes for different tree species (Wang et al., 1996; Mund et
al., 2002; Peichl and Arain, 2006; Alberti et al., 2008). However,
high between-site variability in the biotic and abiotic conditions
of stands is a problem; the site history effect can not be excluded
either. Hence soil properties, soil nutrient content, etc., may be

considerably different in stands growing on similar soils. Even for
stands growing on similar soils, stand management may affect
the stands density as well as its biomass and production capacity.

As C accumulation in tree biomass is strongly correlated with
increase of woody biomass, yield tables prove suitable for estima-
tion of the C sequestration potential of different forests. To predict
silver birch stand growth, both general (A.V. Tjurin, Vargas de
Bedemar) yield tables (Krigul, 1971) and local yield tables (Henno
1959, 1980) have been used in Estonian forestry (Fig. 1). Such
tables express the expected volume of the yield, number of trees
and tree size for stands over given periods of time. The yield tables
of silver birch stands compiled in Estonia are quite unknown for
other researchers in Europe (Hynynen et al., 2010). They are based
on a large empirical material (426 sample plots) for different site
types (Henno, 1980).

Our estimations are well consistent with the data of the yield
tables compiled by Henno (1980) (Fig. 1). The estimated CAI values
of the silver birch stands were in most cases higher than the
corresponding data of the yield tables. Usually, CAI decreased in
older birch stands but the CAI of the stemwood was high also
in pre-matured forest, being 10.6 m3 ha�1yr�1 in the 45-year-old
stand. Other researchers have also pointed out more intensive for-
est growth compared with the data of yield tables (Mund et al.,
2002), which can be partly explained by elevated atmospheric
CO2 level (Nilson et al., 1999). This standpoint is also supported
by several studies reporting a considerable increase in forest
growth during the last 50 years (Norby et al., 2005). Since the share

Table 9
Carbon storage in different ecosystem components of the silver birch chronosequence.

Stand Age,
yr

Aboveground part of
trees

Soil* Belowground part of
trees**

Herbaceous undergrowth plants Total
t C
ha-1

t C
ha�1

% of total
storage

t Corg

ha�1
% of total
storage

t C
ha�1

% of total
storage

Above-
ground
t C ha�1

Below-ground t
C ha�1

Total t C
ha�1

% of total
storage

Järvselja 6 12.5 9.0 123.3 88.3 3.80 2.7 n.e. n.e. n.e. n.e. 139.6
Kambja 13 32.4 36.3 48.3 54.1 7.62 8.5 0.12 0.76 0.88 1.0 89.2
Alatskivi 1 14 19.3 21.3 64.9 71.5 4.45 4.9 0.26 1.89 2.15 2.4 90.8
Kooraste 1 18 40.4 39.1 54.8 53.0 8.20 7.9 n.e. n.e. n.e. n.e. 103.4
Kooraste 2 28 45.4 42.3 52.7 49.1 9.23 8.6 n.e. n.e. n.e. n.e. 107.3
Alatskivi 2 32 69.8 45.3 67.2 43.5 16.03 10.4 0.16 1.12 1.28 0.8 154.3
Erastvere 45 109.6 59.0 53.3 28.7 22.79 12.3 n.e. n.e. n.e. n.e. 185.7
Aakre 60 92.8 50.1 71.1 38.4 21.43 11.6 n.e. n.e. n.e. n.e. 185.3

n.e. – Not estimated.
* Upper 0–30 cm topsoil layer.
** Belowground part of the trees was assumed to account for 18% of their total biomass.

y = 21.306Ln(x) - 15.261
R2 = 0.781
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Fig. 3. The dynamics of the relative share of the carbon storage in the aboveground biomass of the trees and soil in the total C storage of the stand.
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of silver birch stands will increase in the nearest future owing to
the afforestation of abandoned agricultural lands, we included
one young silver birch stand on abandoned agricultural land in
our study. Typically, such lands are naturally afforested and in
most cases Oxalis site type forest is formed there. However, young
silver birch stands on abandoned agricultural land show very high
productivity and grow faster than similar stands on forestland (Uri
et al., 2007a,b; Kund et al., 2010). A relevant factor is also stand
density, which affects the production of total biomass and the
stands growing stock.

A silver birch stand growing at a fertile site has high capacity for
C accumulation both in biomass and in the soil. For calculation of C
accumulation in woody biomass, an average concentration of 50%
in dry wood is widely used as a constant factor for conversion of
biomass to the C stock (Gower et al., 2001). However, recent
studies demonstrated that C concentration of different tree species
and different woody biomass fractions may vary in a broad range,
from 44% to 56% (Zhang et al., 2009; Bert and Danjon, 2006; Laiho
and Laine, 1997). According to our results, C concentration in woo-
dy biomass was quite variable ranging between 47% and 55%, being
the highest in the current-year shoots and the lowest in the wood.
However, in the stemwood (which showed the largest proportion
in aboveground woody biomass) C concentration was close to
50%. Thus, use of the average coefficient 0.5 for calculation of C
accumulation in silver birch forests is generally acceptable.

The understorey vegetation contributed a minor part to total C
accumulation due to its small biomass. For converting of the bio-
mass of herbaceous plants into C units, a concentration of 40% is
normally used (Poorter and Villar, 1997). In our study the average
C concentration of herbaceous plants was slightly higher compared
with relevant literature data. In the young stands C accumulation
in the belowground part of herbaceous plants was significantly lar-
ger compared with that in the aboveground part. As in the older
silver birch stands the undergrowth of Norway spruce deteriorated
light conditions a great deal, the undergrowth of herbaceous plants
was practically missing. On the other hand, the biomass of the
understorey vegetation in birch stands may be highly variable
depending on stand density. For example, in the Kambja young sil-
ver birch stand the number of trees was almost six times as high as
in the Alatskivi 1 stand. Owing to higher stand density the biomass
of herbaceous plants was significantly lower in the Kambja stand
than in the sparse Alatskivi 1 stand.

There was no statistical difference in the soil C storage of stands
of different ages, which is different with the findings of several
studies (Law et al., 2001; Wiseman and Seiler 2004; Kukumägi
et al., 2011). One probable explanation for the lower C content in
older stands is more intensive soil respiration (Klopatek, 2002).
However, according to some data (Peichl and Arain, 2006), the C
content of the mineral soil in chronosequent white pine stands
did not depend on age as well.

The lower SSA value of the Erastvere and Kambja soils, com-
pared with the SSA value of soils with a similar texture, showed
that their Corg saturation has not reached the level of most native
forest soils. Regarding the ratio of SSA to Corg content, it is between
10 and 12, except for the humus-rich Gleysol in Järvselja and the
soil of the second oldest site, Erastvere, where it ranges between
7 and 8.

Forest biomass and soils are considered to have a large potential
for the temporary and long term C storage (Gower, 2003;
Houghton, 2005). However, one of the most disputable issues is
the proportion of C accumulation in the soil and biomass. 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, the forest soils in Europe store roughly 1.5
times as much C as the trees. Goodale et al. (2002) calculated a for-
est C budget for the Northern Hemisphere and found that the C flux

into the soil was larger than C accumulation in biomass. Liski et al.
(2002) established, on the basis of a C budget of European forests,
that the C flux into soils made up about two thirds of the tree C
sink. In forests of Southeastern Norway trees accounted for about
80% of the total C sink and the soils, about 20% (de Wit et al.,
2006). It was also found that for white pine (Pinus strobus) stands,
aboveground tree biomass became the main ecosystems C pool
with increasing age (Peichl and Arain, 2006). Evidently, site charac-
teristics, and especially site fertility, have a crucial impact on C
accumulation in the soil during stand development. In the present
study the main C sink was tree biomass. In the premature and old
silver birch stands the upper 30 cm soil layer accumulated only
29–38% of the total forest C pool. This can evidently be explained
by fertile soil conditions which favours high microbial activity
and intensive soil respiration. As a consequence, the forest floor
(O-horizon) was not formed and soil C content was not increased.

Several studies discussed the most efficient rotation length of
forest in relation to C sequestration (Thornley and Cannell, 2000;
Cannell, 1999; Kaipanen et al., 2004). Some authors supported a
longer rotation period as more appropriate as in older stands C
accumulation in the soil is appreciable exceeding C accumulation
in biomass (Goodale et al., 2002). On the other hand, it has been
suggested that shorter rotation length is more effective owing to
intensive C accumulation in biomass (Eriksson and Johansson,
2006). Young and middle-aged stands grow faster and C accumula-
tion in their biomass is more intensive compared with older
stands. Some studies reported an increase of soil C in early stand
development (Pregitzer and Euskirchen, 2004) and several other
studies noted nonsignificant C increase with increasing stand age
(Peltoniemi et al., 2004; Paul et al., 2002; Peichl and Arain,
2006). The findings of the present study did not confirm significant
effect of stand age on soil C storage.

The storages of both carbon and nitrogen have been reported to
be lower in agricultural topsoils than in forest soils (Falkengren
Grerup et al., 2006). In the young silver birch stand on abandoned
agricultural land (Kambja stand) C concentration in the upper
10 cm soil layer was lower (1.48%) than in the silver birch stands
growing on forestland. In Germany, Rinklebe and Makeschin
(2003) measured soil C losses as being 0.006 and 0.259 t C ha�1

yr�1 on tilled arable land in Franconia (North-East Baden-
Würtemberg). At the same time, soil organic carbon in the same
soil types in Franconia, which were used as forestland, increased
by 0.43–0.46 t C ha�1 yr�1 to a soil depth of 100 cm over 27 years.
The most significant changes in the soil take place in the upper
10 cm soil layer due to accumulation of aboveground and below-
ground litter. According to our earlier studies in grey alder stand,
a significant increase in soil C content occurred in the upper
0–10 cm soil layer where the soil organic C pool increased mark-
edly. Total C sequestration in the soil was 4.8 t ha�1 and soil C con-
tent did not change in the deeper soil layers during 14 years (Uri
et al., 2011). Hansen (1993) investigated poplar plantations on
tilled soils in the region of North Dakota and Wisconsin. He ob-
served that reforesting of arable land reduces soil C in the first
few years but the soil C stock increases with longer rotations due
to additional C sequestration from decayed roots and litter.

5. Conclusions

The growth and yield of the studied stands were higher than
those presented in several yield tables for earlier periods. The main
C sink in the fertile silver birch stands was tree biomass. The C pool
in tree biomass increased with stand age, whereas the soil C pool
remained stable. At the fertile sites the rate of C accumulation in
biomass exceeded the rate of C accumulation in the soil in up to
60-year-old stands. The soil C pool did not depend on stand age;
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nor did C accumulate in the soil during stand succession; due to
fast litter decomposition no organic layer was formed. For a more
thorough understanding of C cycling in silver birch forest, soil res-
piration fluxes should be measured.
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a b s t r a c t

An essential carbon (C) pool of forest ecosystems is stored in belowground tree biomass; however, data 
about belowground C and nutrien t accumulation is scarce. It is crucial to involve belowground part for 
developing regional and global C or nitrogen (N) budgets for different forest ecosystems.

Fine root (D < 2.0 mm) biomass and spatial allocation as well as coarse root (D P 2.0 mm) biomass 
were studied in a chronosequence in four silver birch (Betula pendula Roth) stands aged 6–60 years.

The soil coring method was used for estimation of birch fine root biomass and necromass in the upper 
40 cm topsoil layer. Stump biomass and coarse root biomass were estimated by excavation of the root 
systems of model trees in a 6-year-old stand and in a 32-year-old silver birch stand. For a 14-year-old 
stand and for a 60-year-old stand, the developed root-shoot ratio approach was used. Carbon and nitro- 
gen accumulation in belowground biomass was estimated as well.

Fine root biomass varied between 103 g m�2 and 409 g m�2 and fine root necromass, between 22 g m�2

and 93 g m�2; both increased with stand age. Fine root vertical distribution showed a gradual decrease 
with soil depth in all profiles, however, fine root biomass shifted more to the deeper soil layers with 
increasing stand age. The fine root live/dead ratio decreased hyperbolically with stand age while the 
change was most rapid before pole age.

The most active part of the fine root system – ectomycorrhizal biomass (EcMB) – was estimated for 
three stands (6-, 14- and 32-year-old); EcMB per basal area varied between 8 and 14 kg m�2 and was 
not related to stand age.

Coarse root biomass increased with stand age from 7.9 Mg ha�1 in the 6-year-old stand to 40.2 Mg ha�1

in the 60-year-old stand. The root-shoot ratio decreased in silver birch stands drastically between 6 and 
14 years but stabilized thereafter. Hence the use of a root-shoot ratio of 21% for calculation of below- 
ground biomass from aboveground biomass for silver birch stands is justified.

Carbon accumulation in the belowground tree biomass of silver birch stands varied between 
4.0 Mg ha�1 and 19.8 Mg ha�1, being the highest in the 60-year -old stand. The C accumul ated in below- 
ground biomass accounted for 3–4% of the total C storage of the total C storage of the forest ecosystem in
the young stands and for 9.5–11% in the middle-aged and mature stands. Fine root mortality and the cor- 
responding C flow as fine-root litter input increased with stand age. As the biomass of the trees was the 
main C sink, a significant share (3–28%) of C was accumulated in the belowground part of the stand. C
accumul ation in the fine roots was low in chronoseq uence birch stands; however the C flux into the soil 
through fine root litter may be consider able.

� 2013 Elsevier B.V. All rights reserved.

1. Introductio n

Terrestrial ecosystems represent a major sink for atmospheric 
carbon (C) (Schimel et al., 2001 ) and boreal and temperate forests 
play an important role in global C cycling and in C sequestratio n
(Dixon et al., 1994; Peng et al., 2008 ). In the last decade the issue 
of accumulation of C in different terrestrial ecosystems, including 

forests, has become more relevant around the world and the stock 
of C bound in biomass and in the soil has been estimated in numer- 
ous studies (Cannell, 1999 ; Pussinen et al., 2002; Mund et al., 2002;
Laiho et al., 2003; Paul et al., 2003; Ågren and Hyvönen, 2003 ).

An essential C pool of forest ecosystems is sequestered in
belowgroun d tree biomass (Peichl and Arain, 2006; Helmisaar i
et al., 2002; Cairns et al., 1997 ), however, data about belowground 
C and nutrient accumulati on is scarce. This is mainly due to meth- 
odologica l problems: estimation of belowgroun d biomass is always 
more laborious and costly than estimation of aboveground 

0378-1127/$ - see front matter � 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.foreco.2013.03.033

⇑ Corresponding author. Tel.: +372 731 3112; fax: +372 731 3156.
E-mail address: mats.varik@emu.ee (M. Varik).

Forest Ecology and Management 302 (2013) 62–70

Contents lists available at SciVerse ScienceDi rect 

Forest Ecology and Managemen t

journal homepage: www.elsevier .com/ locate/ foreco



97

Author's personal copy

biomass. Most study methods , especially those developed for 
coarse roots are also destructive and have the potential to damage 
or destroy trees. On the other hand, it is impossibl e to compile C or
nitrogen (N) budgets for different forest ecosystems without taking 
into account the belowgroun d part of stands. Studies focusing on
different tree species are needed, because the current literature 
suggests the share of belowground biomass of trees as a proportio n
of total tree biomass highly varying, ranging between 18% and 45%
(Santantonio et al., 1977; Fogel, 1983 ). For instance in young grey 
alder stand belowground biomass formed 18% of the total tree bio- 
mass (Uri et al., 2002 ), but in lodgepole pine stand the respective 
value may reach over 30% (Litton et al., 2003 ).

The processes related to the roots, especially the fine roots 
(D < 2.0 mm), are important for understanding the carbon and 
nutrient cycling of forest ecosystems, since fine root growth, death 
and decomposition, represent major pathways of C and N in boreal 
forests (Bohm, 1979; Berg, 1984; Persson, 1986; Joslin and Hender- 
son, 1987; Garkoti and Singh, 1992; Hendrick and Pregitzer, 1993;
Helmisaari et al., 2002 ).

According to a widely accepted definition, the limit between the 
coarse roots and the fine roots is 2 mm (Vogt et al., 1996 ). How- 
ever, some authors have pointed out that a standard definition of
the fine roots is inadequate to determine the most dynamic portion 
of the root population, because it lumps together populations of
roots that cycle C at significantly different rates (Gill and Jackson,
2000; Wells and Eissenstat, 2001; Gaudinski et al., 2001 ).

Despite the relatively small biomass (Keyes and Grier, 1981;
Vogt et al., 1996 ), fine roots have an enormous surface area, grow- 
ing and turning over rapidly, which is important in terms of sub- 
stance cycling and energy flow in the forest ecosystem (Zhou
et al., 2007 ). Hence, fine roots, including structures of mycorrhizal 
fungi, contribute significantly to soil C fluxes and hence to the soil 
C storage, as well as to the belowgroun d recycling of nutrients such 
as nitrogen (N), phosphorus (P), magnesium (Mg) and calcium (Ca)
(Brunner and Godbold, 2007 ).

As belowgroun d biomass in the tree roots may account for a
remarkable portion of total forest biomass and may provide an
additional essential C pool, inclusion and advancement of root bio- 
mass assessment for carbon budgets is indispensab le (Kurz et al.,
1996; Cairns et al., 1997; Peichl and Arain, 2006 ).

Silver birch (Betula pendula Roth) has a wide natural distribu- 
tion area on the Eurasian continent, ranging from the Atlantic to
Eastern Siberia. In Northern Europe and also in the Baltic countries 
birches are the most important commercial broadleaved tree spe- 
cies (Hynynen et al., 2010 ). Although silver birch occurs almost 
throughout the whole of Europe, the most abundant birch re- 
sources are located in the boreal and temperate forests of Northern 
Europe. In the Baltic and Nordic countries, the proportion of birch 
in the total volume of the growing stock varies between 11% and 
28%. Silver birch is also the most important deciduou s tree species 
in Estonian forestry; birch stands account for approximat ely 30% of
the total area of Estonian forests (Yearbook Forest, 2009 ). Despite 
the wide distribution and high silvicultu ral importance of silver 
birch stands, studies of their belowground biomass and of the role 
of roots in C sequestratio n have been scanty (Mamayev, 1977; Uri 
et al., 2007 ).

In the present study we investigated belowgroun d biomass 
(including fine root biomass) in four silver birch chronosequ ence 
stands in Southern Estonia. This study forms part of a larger re- 
search aimed to compile carbon and nitrogen budgets in silver 
birch stands the first results of which were published in Uri et al.
(2012). The present study is focused on estimation of belowgroun d
biomass and C as well as N accumulation in the belowground bio- 
mass of the same stands. This allows a more adequate estimation 
of C accumulati on in silver birch stands and their role in C budgets 
of forests in the boreal region. The obtained knowledge serves as a

basis for developmen t of carbon cycling models both on the regio- 
nal and global scales.

The working hypotheses of the present case study were: (1) the 
share of accumulate d C in belowground part of the total stand C
storage increases with increasing stand age. (2) Necromass of fine
roots is lower at young age and the live/dead ratio changes accord- 
ing to stand age. (3) Fine root biomass will increases with stand 
age.

To test these hypotheses, the main objective of the study was to
analyse the role of belowground part in the dynamics of C and N
accumulation in silver birch stands by the chronosequence ap- 
proach. The specific aims were: (1) to estimate coarse root biomass 
of 6-, 14-, 32- and 60-year- old silver birch stands; (2) to estimate 
fine root biomass and its depth distribution in the topsoil of chron- 
osequenc e silver birch stands.

2. Material s and methods 

2.1. Site descriptions 

This work was conducted in a chronosequence of silver birch 
stands in Estonia. Estonia is situated in the hemiboreal vegetation 
zone (Ahti et al., 1968 ) within a transition area from the maritime 
to continental climate. According to the Estonian Meteorologica l
and Hydrological Institute, annual average precipita tion varies be- 
tween 550 and 800 mm, and annual average temperature is be- 
tween 4.3 �C and 6.5 �C. Four silver birch stands aged between 6
and 60 years (Table 1), were included in this study. The stands rep- 
resented different stages of developmen t: young (6-year-old), pole 
(14-year-old), middle-aged (32-year-old) and mature (60-year-
old).

All studied stands grew in a flat landscape in the Oxalis site type 
in South-eastern Estonia. In the Oxalis site type, stands are highly 
productive; acidic soils have a relatively thick A layer, moisture 
condition s for plant growth are suboptimal, the soils are well 
drained and there is no appreciabl e O-horizon in most cases 
(Lõhmus, 1984 ). All studied stands belong to the same forest soil 
type except for the 6-year-old site with Umbric Gleysol (Table 1).
The higher Corg content in the 6-year-old stand, compared with 
the other sites, is particularly characteri stic of Gleysols, owing to
the presence of ‘‘raw humus’’ formed in moister conditions.

All studied stands had regenerated naturally and had closed 
canopies . In the 14-year-ol d stand thinning was carried out, which 
affected stand density. In the period 2003–2008 sanitary cutting 
was done in the 60-year- old stand to remove storm-dama ged 
trees, which resulted in lower than normal stand density (305 trees 
per ha).

For estimation of the main stand characteri stics and 
above-groun d biomass, one sample plot without replicates was 
established in each stand. The following stand characteristics were 
recorded: stand age, mean height and diameter, density, basal area 
and stem volume (Table 1) (Uri et al., 2012 ). A description of the 
herbaceo us understorey plants and estimation of their biomass 
are presented in Uri et al. (2012).

2.2. Estimation of fine root biomass and necromass 

Fine root biomass and necromass were estimated with the soil 
coring method (Vogt et al., 1981; Uri et al., 2007 ). Twenty soil cores 
were taken randomly over the whole stand with a cylindrical corer 
with a diameter of 38 mm. To avoid compression of soil layers, the 
internal diameter of the upper part of the auger was 1.6 mm larger 
than the diameter of the cutting edge. The soil cores were divided 
into four layers (0–10; 10–20; 20–30 and 30–40 cm), placed in
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polyethylene bags and transported to the laboratory where they 
were stored frozen (�18 �C) until analysis.

The roots were washed of soil particles and classified under a
binocular microscope into tree roots and the roots of the understo- 
rey vegetation, and were then further classified according to the 
diameter and physiologica l status (living and dead). The clay and 
soil adhering to the roots were carefully removed using the for- 
ceps. The roots were then sorted into living and dead roots accord- 
ing to their colour, elasticity and toughness (Persson, 1983; Vogt 
and Persson, 1991 ). The samples were dried at 70 �C until constant 
weight and weighed to 0.001 g. Fine root biomass (FRB, g m�2) was 
calculated for each sample. The soil core data were used for estima- 
tion of the vertical fine root biomass distribution per hectare by
summing up the average values of fine root mass for the successive 
soil layers from the soil cores. FRB per tree was calculated by divid- 
ing FRB per hectare by stem number per hectare (Finér et al., 2007 ).

For studying of EcM root tip biomass variation in the chronose- 
quence, 10 random root samples from the 6-, 14- and 32-year-old 
birch stands were additionally taken with a spade from A layer at
the end of September 2009. Three subsamples of 10–20 cm fine
root segments (containing both woody long roots and EcM root 
tips) were cleaned with a small soft brush to remove all soil parti- 
cles under a microscope. The root tip number in each subsample 
was counted using WinRHIZO ™ Pro 2003b (Regent Instruments 
Inc. 2003); total root tip number per subsample varied from 
2000 to 4100. Three EcM root tip sub-sample s (�20 tips, first
and second order, per sub-sample , 402–990 tips per treatment)
were taken from each root sample. The EcM root tip mass was cal- 
culated as the dry mass of all EcM root tips in a sample divided by
the number of root tips in the sample (Ostonen et al., 2007 ). We
used mean EcM root tip mass and the number of tips per m2 to
quantify EcM root tip biomass per m2 (EcMB) for the studied soil 
profile. The depende nce of FRB and EcMB on basal area (BA, m2

m�2) was used as an indication of a functional relationship be- 
tween the above- and belowgroun d biomass (Ostonen et al.,
2011; Leppälammi-Kujansuu et al., 2013 ).

2.3. Estimation of stump and coarse root biomass 

Excavation of the root system of the model trees was used for 
the 6-year-old and 32-year-old stands for estimation of coarse root 
biomass. In the young stand (6-year-old) 12 trees were selected 
randomly according to diameter distribution so that all diameter 
classes were represented. Abovegroun d biomass was estimated 
according to a description presented in (Uri et al., 2012 ) and the 
root systems of the model trees were carefully excavate d manually 
by using shovels and special pins. In the case of the middle-aged 

stand (32-year-old) the root system of one average model tree 
was manually excavated. Every root from the tree stump was exca- 
vated by carefully following the root to its end with as many fine
roots as possible. All excavated root systems were carefully 
washed, placed in plastic bags and separated in the laborator y into 
the fractions: D < 2 mm, 2 mm 6 D < 5 mm, 5 mm 6 D < 10 mm,
D P 10 mm and the stump. From every fraction, a subsample 
was taken for estimation of dry matter content as well as for chem- 
ical analysis. The samples were dried at 70 �C until constant weight 
and weighed to 0.1 g.

The biomass of the coarse root fraction in the young stand (6-
year-old) was estimate d using the allometric relationship (1) be- 
tween DBH (X) and the mass of the coarse root fraction (Y) of the 
root system:

Y ¼ aXb ð1Þ

where a and b are the paramete rs.
For the middle-aged (32-year-old) stand, above-groun d bio- 

mass was estimated on the basis of the model trees and the root- 
shoot ratio for one average excavate d root system was calculated.
In the present study the root-shoo t ratio (B/A) was calculated as
coarse root biomass divided by aboveground woody leafless bio- 
mass. We excluded the fine root fraction from this calculation be- 
cause excavation is not an appropriate method for estimation of
fine root biomass. The excavation losses of fine roots are apprecia- 
ble, amounting to about 65–75% of the mass of the fine roots (Lõh-
mus et al., 1991; Uri et al., 2002 ), and accounted for up to 55% in
the present study.

For the pole (14-year-old) and mature stand (60-year-old),
abovegro und biomass was estimated on the basis of model trees 
(Uri et al., 2012 ) and a root-shoo t ratio of 21% was used for calcu- 
lation of the belowgroun d coarse root fraction. The main reason 
why root excavation was not carried out in the above mentioned 
stands was the existing knowledge that the proportion of the root 
system in tree biomass decreases rapidly with age in young stands 
and stabilizes before pole age. As no significant change is expected 
between pole age and mature age, this very labour-consum ing,
expensive, and destructive method was not used for older stands.

2.4. Chemical analysis 

Root samples were analysed for total Kjeldahl nitrogen and 
block digestion and the steam distillatio n methods were used for 
testing the plant material for nitrogen concentratio n (Tecator AN
300). The carbon content of oven-dried samples was determined 
by the dry combustion method on a VarioMA X CNS elemental 
analyser (ELEMENTAR, Germany). The analyses were performed 

Table 1
Characteristics of the studied silver birch chrono sequent stands. The topsoil characteristics of the studied stands are given as average value s for the upper 10 cm soil layer (Uri
et al., 2012 ).

Järvselja Alatskivi 1 Alatskivi 2 Aakre 

Age, y 6 14 32 60
Stand area, ha 0.6 2.7 0.7 0.9 
Stand density, trees ha�1 100,000 1350 3208 305 
Average diameter, cm 1.3 9.9 10.8 31.0 
Average height, m 3.4 11.5 17.0 30.1 
Basal area, m2 ha�1 12.9 10.6 29.2 23.7 
Total aboveground biomass, t ha�1 25.7 39.9 140.3 186.7 
Corg, % 10.13 2.63 3.08 2.85 
Ntot, g kg�1 2.83 1.89 2.27 1.93 
C:N 21.6 13.9 13.6 14.8 
P AL-soluble, mg kg�1 15.9 8.6 13.1 12.2 
pHKCl 3.0 3.9 3.9 3.7 
Texture class Loam Sandy loam Sandy loam Sandy loam 
Soil type Umbric Gleysol Haplic Umbrisol Gleyic Umbrisol Haplic Umbrisol 
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at the Biochemistry Laboratory of the Estonian University of Life 
Sciences.

2.5. Statistical methods 

Normalit y of variables was checked by Lilliefors ´ and Shapiro–
Wilk’s tests; for the C and N concentrations of the root fractions,
the Kolmogor ov–Smirnov test was used. The Tukey HSD test was 
employed to perform multiple post hoc comparis ons between 
mean C or N concentratio ns for different root fractions within a
stand. The C and N concentrations in the fractions for the different 
stands were compared by the pairwise t-test. Allometric regressio n
models were employed for estimating relationship s between the 
belowgroun d biomass of model tree and breast height diameter.
The degree of the fit of the models was based on the coefficient
of determination (R2) and the level of probability (P). In all cases 
the level of significance a = 0.05 was accepted. The software STAT- 
ISTICA 7.0 was employed.

3. Results 

3.1. Fine root biomass and necromass, EcM root biomass 

Fine root biomass (FRB) varied significantly between the stands 
of different ages (t-test, P varied between <0.01 and 0.02). The FRB 
was the highest in the mature stage and the lowest in pole stand.
Fine root biomass in the oldest stand was two times as high as in
the youngest stand (Table 2). Fine root biomass (1.9 Mg ha�1) ac- 
counted for a considerable share (21%) in the total belowground 
biomass of the young 6-year-old birch stand, and roughly for 10
% (4.1 Mg) in the 60-year-old-st and.

The lowest EcM root biomass was estimated for 14-year old 
stand in comparison to 6- and 32-year old stand, 8.2 g m�2,
17.6 g m�2, and 27.7 g m�2, respectively . The proportion of EcMB 
in total fine root biomass was 8–11% irrespective of stand age.

According to vertical distribution pattern (Table 2), FRB was al- 
ways the highest in the top layer and declined significantly with 
increasing soil depth (P < 0.01), but in older stands the proportio n
of fine roots increased in the deeper soil layers. Specifically, in the 
6-year-old stand 67% of fine root biomass was present in the top 
10 cm soil layer; the deepest soil layer (30–40 cm) accounted for 
only 1% of fine root biomass. However, in the oldest stand 39% of
stand FRB was concentrated in the top 10 cm soil layer and 17%,
in the 30–40 cm soil layer. In contrast, 45–50% of FRB was concen- 
trated in the top 10 cm soil layer in the 14-year-old and 32-year- 
old stands.

The necromass of fine roots was low compared with FRB, rang- 
ing between 21.6 g m�2 and 93.2 g m�2 (Table 2), and it increased 
in older stands. The live/dead ratio of fine roots decreased with 
stand age and the sharpest decrease took place before pole age 
(Fig. 1).

A significant correlation was found between FRB and stand ba- 
sal area. FRB per stand basal area decreased with stand age (Fig. 2).
When EcM root biomass was calculated per stand basal area unit,
the highest value, 13.6 kg m�2, was found for the youngest stand;
the amount of EcM roots serving the same basal area unit in the 
14- and 32- year old stands was 7.8 kg m�2 and 9.5 kg m�2,
respectively .

3.2. Coarse root biomass 

The biomass of the coarse root fraction in the youngest stand 
(6-year-old) was estimated using the allometric relationshi p be- 
tween DBH and the mass of the coarse root fraction of the root 
system:

Y ¼ 58:28DBH1:359 ð2Þ
R2 = 0.882, P < 0.01 where Y is the mass of the coarse root fraction in
the belowgroun d part of tree (g) and DBH is the breast height diam- 
eter of tree (cm); the number of excavated root systems was 12.

Total coarse root biomass of the youngest birch stand (6-year-
old) was estimated at 7.1 Mg ha�1. The stump made up the largest 
share in it (38%), the share of the other fractions ranged between 
14% and 18%. Average coarse root biomass formed 29% of above- 
ground woody leafless biomass; for individua l trees it varied be- 
tween 24% and 59%. Only lateral roots were present in all 
excavate d root systems, sinker roots were not found.

The coarse root (D P 2 mm) system of an average model tree in
the middle-aged 32-year-old silver birch stand formed 15.9 kg; the 
stump and the roots with the largest diameter (D P 10 mm) ac- 
counted for 35% and 41% of biomass, respectively, whereas the 
share of 5 6 D < 10 mm and 2 6 D < 5 mm root fractions in the 
coarse root system was roughly similar (9%). As the leafless bio- 
mass of the aboveground part of an average model tree was 
75.5 kg, the share of the belowgroun d part in aboveground bio- 
mass was 21%. This root-shoot ratio for an average model tree 
was applied for calculation of the total belowgroun d biomass of
the stand. According to our earlier study (Uri et al., 2012 ), above- 
ground leafless biomass of the stand was 136.9 Mg ha�1, hence to- 
tal stand coarse root biomass was estimated at 28.7 Mg ha�1. Based 
on the results of our earlier study (Uri et al., 2007 ) relationship was 
established between silver birch stand age and root-shoot ratio.
The root-shoot ratio was higher for younger stands and decreased 
with stand age.

Table 2
Vertical distribution of fine root biomass and necromass in silver birch stands of
different ages. The values are presented as average ± standard error.

Soil layer Fine root biomass, g m�2

Järvselja Alatskivi 1 Alatskivi 2 Aakre 

0–10 cm 127.3 ± 16.7 46.6 ± 8.4 122.1 ± 15.5 159.9 ± 16.6 
10–20 cm 43.7 ± 9.9 43.8 ± 10.4 67.8 ± 11.7 104. 7 ± 14.7 
20–30 cm 16.6 ± 5.5 12.9 ± 4.5 30.7 ± 7.1 76.8 ± 12.1 
30–40 cm 1.2 ± 0.5 n.e. 18.2 ± 8.0 67.8 ± 12.2 
Total 188.8 ± 29.5 103.3 ± 16.1 239.8 ± 28.4 409.2 ± 31.9 

Fine root necromass, g m�2

0–10 cm 12.4 ± 3.2 6.9 ± 2.0 26.9 ± 4.7 22.8 ± 5.0 
10–20 cm 8.9 ± 2.8 9.8 ± 3.1 14.3 ± 3.4 26.5 ± 5.1 
20–30 cm 4.2 ± 1.9 4.9 ± 2.1 11.0 ± 4.2 28.2 ± 7.0 
30–40 cm 0.1 ± 0.1 n.e. 1.9 ± 0.9 15.7 ± 3.9 
Total 25.6 ± 4.9 21.6 ± 4.2 54.2 ± 8.1 93.2 ± 10.7 

n.e. – not estimated. Fig. 1. Fine root (D < 2 mm) live/dead ratio for the studied silver birch stands.
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For the 14-year-old and the 60-year-old silver birch stands,
leafless aboveground biomass was also estimated earlier as
37.5 Mg ha�1 and 184.4 Mg ha�1, respectively (Uri et al., 2012 ).
We applied the same root-shoot ratio (21%) as for the middle-aged 
stand and estimate d the coarse belowgroun d biomass of the above 
stands at 7.9 Mg ha�1 and 38.7 Mg ha�1, respectivel y.

3.3. N and C accumula tion in belowgrou nd biomass 

We did not find any significant difference in C or N concentr a-
tions between the 6-year-old and 32-year-old stands within a root 
fraction (ANOVA, P > 0.05). Therefore, to analyse C and N concen- 
trations in different root fractions (D < 2 mm, 2 mm 6 D < 5 mm,
5 mm 6 D < 10 mm, D P 10 mm and the stump), we pooled the 
correspondi ng values for the same fractions for the 6-year-old 
and 32-year-old sites. As expected , C concentr ations, but especially 
N concentratio ns, were different in different root fractions (pair-
wise t-test; P < 0.05). The highest C and N concentrations were 
found in the fine roots (51.39 ± 0.12 and 0.72 ± 0.03, respectively)
and the lowest, in the stump (Table 3).

C storage in belowgroun d biomass increased most rapidly from 
pole to middle age, which is mainly related to the larger biomass 
and share of the coarse fraction (Table 4). Root C concentratio ns
decreased with increasing diameter; however, differenc es in mean 
C concentr ations between different diameter classes did not ex- 
ceed 3.3%.

The C accumulation increased with increasing stand age and 
reached a maximum (19.8 Mg ha�1) in the 60-year old stand (Ta-
ble 4). However, C accumulation in the fine roots (2.1 Mg ha�1)
was low, making up only 10.6% of the total C accumulate d in
belowgroun d biomass. In the youngest stand (6-year-old) C accu- 
mulation in the fine roots accounted for 24.7% of the C storage of
total belowground biomass.

4. Discussion 

Estimation of C accumulation in all forest components is essen- 
tial for assessing the role of forest ecosystems in regional or global 
C budgets. To assess forest C storage, taking into account the 
belowgroun d part of the stand is crucial. However , data about 
the belowgroun d biomass of silver birch is scarce (Finér et al.,
2007; Uri et al., 2007; Johansson, 2007 ), for the coarse fraction 
and for the fine roots including the ectomycorr hizal roots. Some re- 
sults about the belowgroun d biomass of birch stands have been re- 
ported by Mälkönen (1977) for a 40-year- old downy birch stand 
growing in Finland, and by Ovington and Madgwick (1959) for
24-year-ol d silver birch stands growing in the UK. Fine root frac- 
tions form the physiologically most active part of the root system 
(Vogt et al., 1996; Finér et al., 2007 ) and play a key role in ensuring 
the nutrient and water acquisition efficiency of trees (Jagodzinski
and Kalucka, 2010 ). The fine root biomass (FRB) as well as the pro- 
duction, turnover, and nutrient content of the fine roots vary a
great deal depending mostly on tree species, soil condition and 
stand age (Nadelhoffer and Raich, 1992; Eissenstat and Yanai,
1997). Relevant estimates of the biomass, production, turnover,
and nutrient pools of the fine roots are essential for improving 
and refining C budget models of forests (Yuan and Chen, 2010 ).

The chronosequ ence approach used is commonl y applied for 
the study and modelling of the dynamics of stand development 
and it is often the only method applicable for addressing long term 
processes . However , the dynamics of abiotic and biotic factors (soil
propertie s; water regime; stand density; stand managemen t; etc.)
cannot be completely simulated by using the chronosequence of
type sites. FRB also varies in response to changes in nutrient avail- 
ability, which makes the comparison of age-series more difficult
(Keyes and Grier, 1981; Vogt et al., 1983, 1986 ). In this study grow- 
ing conditions of study areas were rather comparable , only the soil 
of the 6-year-old stand was moister than for other study sites.

Despite the important role of the fine roots in stand dynamics,
relatively few studies have been published about the biomass, pro- 
duction and morphology of fine roots in relation to stand age (Van-
ninen et al., 1996; Helmisaari and Hallbäcken, 1999; Makkonen 
and Helmisaari, 2001; Claus and George, 2005; Børja et al., 2008;
Jagodzins ki and Kalucka, 2010; Ostonen et al., 2011; Rosenval d
et al., 2011 ).

Soil coring (Vogt et al., 1981 ) is widely used method for estimat- 
ing FRB, which we used also in our earlier studies (Ostonen et al.,
2005; Uri et al., 2002, 2007 ). The FRB in the studied chronosequ ent 
stands varied between 188 g m�2 and 409 g m�2, hence the aver- 
age value of FRB of 230 g m�2 reported for boreal forests by Jackson
et al. (1997) fits this range. The FRB of the silver birch stands stud- 
ied by us was lower than the correspond ing mean values for Betula
in boreal forest (415 g m�2 ± 59 g m�2) reported by Yuan and Chen 
(2010). According to some earlier literature sources (Mamayev,
1977; Hobbie et al., 2006; Uri et al., 2007; Finér et al., 2007 ), FRB 
varied from 154 g m�2 to 538 g m�2 in young and middle-aged sil- 
ver birch stands.

The vertical distribution pattern of FRB shifted towards in- 
creased biomass in the deeper soil layers with increasing stand 
age in all studied chronosequ ence stands. The majority of the fine
roots (80%) was located in the upper 20 cm topsoil layer in all cases 
and FRB declined significantly with increasing soil depth. High fine
root density in the topsoil is a very common pattern (Jackson et al.,
1997; Helmisaari et al., 2007; Finér et al., 2007; Zhou and Shang- 
guan, 2007; Kalliokoski et al., 2008, 2009 ), which is mainly affected 
by higher concentratio ns of nutrients in the topsoil (Deans, 1979;
Vogt et al., 1981; Sainju and Good, 1993; Schmid and Kazda,
2002; Ostonen et al., 2005; Garkoti, 2010 ). The largest proportion 
of fine roots in the upper soil horizon is inherent to several forest 

Fig. 2. Relationship between silver birch stand age and fine root biomass per stand 
basal area.

Table 3
Carbon and nitrogen conc entrations in different belowground biomass fractions of
silver birch stands (average ± st. error). Significant differences are indicate d by
different letters (pairwise t-test, P < 0.05).

Belowground biomass fraction Concentration, %

C N

D < 2 mm 51.39 ± 0.12 a 0.72 ± 0.03 a

2 6 D < 5 mm 49.90 ± 0.03 b 0.58 ± 0.01 b

5 6 D < 10 mm 49.73 ± 0.04 b 0.59 ± 0.02 b

D P 10 mm 49.67 ± 0.03 b 0.47 ± 0.01 c

Stump 48.10 ± 0.14 c 0.25 ± 0.01 d
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types or tree species (Makkonen and Helmisaari, 2001; Helmisaari 
et al., 2002; Claus and George, 2005; Püttsepp et al., 2006; Yanai 
et al., 2006; Borken et al., 2007; Sakai et al., 2007; Børja et al.,
2008). Also fine root necromass decreases with increasing soil 
depth (e.g. Vogt et al., 1981; Olsthoorn and Tiktak, 1991; Xiao 
et al., 2003; Konôpka et al., 2006 ), which is in a good accordance 
with our results. However, the relative share of fine root necromass 
in deeper soil layers is higher in older stands.

Our third hypothes is was confirmed: FRB increased from the 
young to the mature stage. However, due to early thinning of the 
14-year-old stand the FRB of the 14-year-old stand was smaller 
compared with that of the youngest stand (6-year-old). Normally,
FRB in broadleaved stands increases steadily up to a stand age of
70 years (Yuan and Chen, 2010 ). This finding is inconsistent with 
results from coniferous stands, where FRB increases from sapling 
to young age and decreases thereafter until the mature stage as re- 
ported in many previous studies (e.g., Vogt et al., 1987; Makkonen 
and Helmisaar i, 2001; Fujimaki et al., 2007; Børja et al., 2008 ). The 
increase of FRB with stand age appears to be the result of rapid 
stand development and accumulation of above- and belowgroun d
biomass (Odum, 1969; Wang et al., 2002 ) coupled with an in- 
creased nutrient demand and accumulation during stand develop- 
ment (Vogt et al., 1981; Ehrenfeld et al., 1992; Finér et al., 1997;
Yuan and Chen, 2010 ). Stand age appears to be a strong factor for 
fine root dynamics; however, the influence of stand age is inher- 
ently coupled with soil nutrient availabili ty and/or canopy succes- 
sion, especially for boreal mixed woods (Yuan and Chen, 2010 ).

The data of fine root necromass i.e. fine root litter, which can be
differentiate d from the rest of soil organic matter, are scarce in the 
literature. Compared with the live compartme nt of silver birch, the 
necromass of the fine roots was quite low, ranging between 
21.6 kg ha�1 and 93 kg ha�1. Regarding the impact of stand age 
on necromass dynamics, the observed pattern was similar to that 
of FRB: both increased towards older stands. The live/dead ratio 
used is an integrated indicator which depends on fine root growth 
as well as on the mortality and decompo sition rate of fine root lit- 
ter. Addition ally, according to Persson and Stadenberg (2008), the 
live/dead ratio is a powerful vitality criterion for the fine roots.
Also, in several studies from boreal forests the highest live/dead ra- 
tio was usually detected in the uppermost soil layer where the root 
growth conditions are the most favourable (Puhe et al., 1986 ; Pers-
son et al., 1995; Persson and Ahlström, 2002 ); this finding was also 
confirmed in our study. The fine root live/dead ratio decreased 
hyperbolical ly with stand age while the change was the most rapid 
before pole age. There can be many reasons mainly related to fine
root turnover that should be estimate d in further studies. On the 
basis of the current study it can be stated that fine root mortality 
and the corresponding carbon flow as fine-root litter input increase 
with stand age.

According to Köstler et al. (1968), birch trees develop a typical 
heart-root system. As reported by Johansson (2007), young birches 

do not have this type of root system, which is in good accordance 
with our earlier studies (Uri et al., 2007 ) where sinker roots were 
not formed in suppressed trees in an 8-year-old silver birch stand.
A similar phenomeno n was revealed in the youngest (6-year-old)
stand of this study where only lateral roots were present in all 
excavate d root systems. However, in the middle-aged stand the 
excavate d root system was of the typical heart-roo t type.

The root-shoot ratio for individual trees in the youngest stand 
was highly variable ranging between 24% and 59%. Such high var- 
iability was probably due to the development stage and high com- 
petition between the trees in this stand. Nor was the relationship 
between tree size and the root-shoot ratio found. This naturally 
regenerated stand was very dense, its natural differentiation and 
self-thinni ng processes were intensive and tree size was very var- 
iable. For comparison, in a young (12-year-old) silver birch planta- 
tion in Sweden the belowground part accounted for 9–12% of the 
total biomass of the stand (Johansson, 2007 ). The allocation differ- 
ence between the Swedish study and ours is most likely caused by
different stand densities. However, several factors like soil texture,
soil moisture and soil fertility may affect the root-shoot ratio 
(Cairns et al., 1997 ).

In the middle aged stand (32-year-old) belowgroun d biomass 
made up 21% of abovegro und woody biomass, which is in accor- 
dance with our earlier study carried out in a 8-year-old silver birch 
stand growing on abandoned agricultural land, where the corre- 
sponding share was 20.6% (Uri et al., 2007 ). Consequently, the 
use of a ratio of 21% for calculation of belowground biomass (with-
out the fine root fraction) from abovegro und biomass for silver 
birch stands after pole age was justified. Root-shoot ratios may 
be coarse indicators of physiologica l processes affecting C alloca- 
tion; they are of high value in providing estimates of belowground 
plant biomass from aboveground biomass (Mokany et al., 2006 ).

C accumulation increased with stand age, being the highest in
the oldest stand (Uri et al., 2012 ). However , the role of fine roots 
in C and nutrient cycling and allocation may change along with 
the developmen t of the stand or a change in soil fertility (Vogt
et al., 1983; Finér et al., 1997; Vanninen and Mäkelä 1999 ). The C
accumulation in fine roots was quite modest and formed only 
10.6% of the total C accumulate d in standing belowgroun d biomass 
in the oldest stand. However, the standing biomass of the fine roots 
does not reflect the actual C flux into the soil through root litter.
The FRB is a very dynamic characterist ic as the fine roots are 
short-liv ed and continuously renewed (Pregitzer et al., 2002; Osto- 
nen et al., 2007 ) and fine root turnover has a strong influence on
the belowground allocation of C and nutrients in forest ecosystems 
(Arthur and Fahey, 1992; Hendrick and Pregitzer, 1993; Nadelhof- 
fer, 2000; Finér et al., 2011a, 2011b ).

Low FRB and FRP indicate high activity of the fine roots, which is
described as an intensive fine root strategy; trees that use an
extensive strategy increase the mass, surface area and length of
their fine roots (Lõhmus et al., 2006; Ostonen et al., 2011 ). The 

Table 4
Carbon and nitrogen pools in different belowground biomass fractions of the silver birch chronosequence.

Belowground biomass fraction Järvselja
6 yrs.

Alatskivi 1
14 yrs.

Alatskivi 2
32 yrs.

Aakre 
60 yrs.

C N C N C N C N
t ha�1 kg ha�1 t ha�1 kg ha�1 t ha�1 kg ha�1 t ha�1 kg ha�1

D < 2 mm 0.98 13.7 0.51 19 1.23 24 2.11 98.4 
2 6 D < 5 mm 0.55 6.4 0.6 13.2 1.25 30 1.65 82.5 
5 6 D < 10 mm 0.65 7.7 0.7 8.3 1.29 15.3 1.74 20.65 
D P 10 mm 0.5 4.7 0.55 5.2 5.76 54.5 7.8 73.79 
Stump 1.3 6.8 1.44 7.5 4.86 25.3 6.54 34
Total 3.98 39.3 3.8 53.2 14.39 149.1 19.84 309.34 
Percentage of total stand tree pool 3.2 23.8 5.8 24.4 21.4 26.3 27.9 38.3 
Percentage of total stand pool 2.8 n.e 4.2 n.e 9.4 n.e 10.8 n.e 
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studied birch stands grow on fertile soils and according to an
intensive fine root strategy, there is no need for the tree to grow 
a large amount of fine roots for more sufficient nutrient uptake.

Furthermore, in our study, the proportion of EcMB from FRB 
formed 8% to 11% in three younger stands, confirming efficient
water and nutrient uptake. Fertilization may decrease the EcMB/ 
FRB ratio as was shown for Norway spruce by Leppälammi-Kujan- 
suu et al. (2013).

Our earlier publication (Uri et al., 2012 ) was focused on the C
storage in the aboveground part and in the soil of chronosequ ence 
silver birch stands. The share of belowgroun d biomass in total C
accumulation was roughly estimated, presuming that below- 
ground biomass made up 18% of the aboveground biomass of the 
stand. According to the results of the present study, in young silver 
birch stands belowgroun d biomass accounts for 3–6% and in mid- 
dle-age and matured stands, roughly 21–28% of the total C accu- 
mulated in the trees. The correspondi ng values for the whole 
forest ecosystem (stand + soil + understorey vegetation) are 3–4%
and 9–11%, respectivel y. The proportion of the amount of C accu- 
mulated in the soil and in biomass is one of the most disputable is- 
sues related to forest C sequestration. According to the EC/UN-E CE
(2003) report, forest soils in Europe store roughly 1.5 times more C
than trees. Goodale et al. (2002) calculated a forest C budget for the 
northern hemisphere and found that the C flux into the soil was 
larger than C accumulation in biomass. However, site fertility 
and main tree species have a crucial impact on C accumulation 
in the soil during stand developmen t, and the main C sink in a sil- 
ver birch stand chronosequ ence is tree biomass, while the C stor- 
age in the forest soil of young and old stands remains stable (Uri
et al., 2012 ). At fertile sites the soil C:N ratio is favourable, micro- 
bial activity is high and the decomposition of organic matter is very 
fast; as a consequence, the forest floor (O-horizon) is not formed 
and soil C content does not increase.

However, the C flux into the soil through root litter in silver 
birch stands may be appreciable due to the fast turnover of fine
roots. Fine roots are short-liv ed and are continuo usly renewed.
The mean fine root turnover time for forests as published in exten- 
sive literature reviews varies from 0.9 to 1.7 years (Gill and Jack- 
son, 2000; Finér et al., 2011b; Brunner et al., 2013 ). However,
study-specific turnover times within three global ecosystem types 
(temperate, tropical and boreal) vary from 0.5 to 12 years, from 0.6 
to 20 years and from 0.8 to 8.1 years, respectively. The wide range 
for a given ecosystem type is presumably caused by the species 
and by methodological differenc es (Joslin et al., 2006 ). According 
to Persson and Stadenberg (2009), C flow into the forest soil from 
the dead fine roots may be bigger than litterfall. On a global scale,
a substantial fraction of atmosph eric CO2 originates from dead 
decomposing root tissues (Norby and Jackson, 2000 ). However, in
our study the soil C pool did not increase in the older stands, which 
can probably be explained by the fast decompositi on of organic 
matter at fertile sites and by intensive soil respiration.

5. Conclusion 

The results of present study supported our first hypotheses; the 
share of accumulate d C in belowgroun d part from the total stand C
storage increased with the stand age. As the biomass of the trees 
was the main carbon sink, a significant share (3–28%) of carbon 
was accumulated in the belowground part of the stand.

Two other hypotheses were proved as well: The fine root live/ 
dead ratio decreased hyperbolical ly with stand age; the change 
was the most rapid before the pole age. Fine root necromass and 
the C flow through the fine-root litter into the soil increased with 
the stand age. C accumulation in fine roots made up 11–25% of
the total C accumulate d in the belowground biomass in

chronosequ ence birch stands. Thus, the C flux into the soil through 
fine root litter may be considerable.

Strong relationship s were found between fine root biomass and 
basal area of the stand.

For estimating biomass allocation or compiling C models for sil- 
ver birch stands the use of a rate of 21% for calculatio n of below- 
ground biomass from aboveground biomass for silver birch 
stands is reasonabl e. For a more detailed understanding of the role 
of the belowground part of silver birch forest in carbon accumula- 
tion, estimation of fine root production and turnover is needed.
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Abstract The influence of forest ageing on fine-root

morphology and relations between fine-root and leaf

characteristics is poorly studied. The aim of this study was

to analyse age-driven changes in ectomycorrhizal roots

(EcM roots) and leaf morphology in a chronosequence of

silver birch (Betula pendula Roth.), which would provide a

better understanding of adaptation responses and acclima-

tion capacity of tree roots and leaves. The chronosequence

included six age classes (3, 6, 14, 32, 45, and 60 years.).

All stands had regenerated naturally and grew in a highly

productive Oxalis forest site type in Estonia. Most changes

in the morphology of EcM roots and leaves of silver birch

occur faster at a young age. The functional parameters—

mean specific area of EcM root (SRA) and leaf specific

area (SLA) as well as leaf N—decreased with age. EcM

root SRA and specific root length (SRL) decreased with

stand age as a result of increased mean diameter and

tissue density. In age classes of 6, 14, and 32 years, the

total number of dominating EcM taxa was 34, and the

distribution of four different dominating EcM exploration

types (contact-, short-, medium-, long-distance) was simi-

lar. We conclude that high values of SRA, SLA, and leaf N

measured in young silver birch stands indicate high activity

of physiological processes necessary for fast-growing

young trees. A decrease of SLA and SRA and N in the

chronosequence of fertile stands of silver birch is most

probably caused by down-regulation of growth, affecting

simultaneously leaves and fine roots.

Keywords Ageing � Betula pendula � Ectomycorrhizal

roots � Leaf Morphology � Mineral nutrition �
Root morphology

Introduction

Fine roots, especially ectomycorrhizal (EcM) root tips, and

leaves are key units for resource acquisition in ectomy-

corrhizal tree physiology: ectomycorrhizas with their

external mycelia for nutrient uptake, and leaves for C

transfer from the atmosphere (Helmisaari et al. 2009).

To provide sufficient nutrient uptake, fine roots display

morphologic plasticity by selectively allocating biomass

or/and physiological plasticity by alterations in uptake rate

per unit root length and unit area (Hodge et al. 2009;

Richardson et al. 2009). Many studies have investigated the

effect of environmental conditions on the fine-root

morphology of trees, mainly for coniferous tree species

(Bakker et al. 2009; Borken et al. 2007; Helmisaari et al.

2009; Konôpka and Takáčová 2010; review of Ostonen

et al. 2007a) but also for deciduous species (Leuschner

et al. 2009; Makita et al. 2011; Richter et al. 2007;

Rosenvald et al. 2011a). Fewer studies have dealt with the

influence of forest ageing on fine-root morphology and the
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functional role of root adaptations and acclimations (Børja

et al. 2008; Jagodziński and Kałucka 2010; Lõhmus et al.

2007; Rosenvald et al. 2011b). Stand-age-related variation

in fine- and EcM root morphology is important for

understanding complex ecophysiological changes during

stand development.

The specific root area (SRA) is a measure of the water

and nutrients absorbing surface area of roots per unit mass;

specific root length (SRL) is a parameter of the ability of

roots to proliferate in the soil (Bauhus and Messier 1999)

and an indicator of the efficiency of capturing P (Rich-

ardson et al. 2009). SRA and SRL are both related to root

efficiency because it has been reported that resource

acquisition is proportional to length or surface area, and

root (construction and maintenance) costs are proportional

to mass (Eissenstat and Yanai 1997; Lõhmus et al. 1989;

Ostonen et al. 2007a). Morphological parameters of ecto-

mycorrhizal roots (EcM roots) reflect different fine-root

acclimation and adaptation strategies for ectomycorrhizal

trees, because these roots are a short-lived and continu-

ously renewable functional compartment of the fine-root

system (Guo et al. 2004; Ostonen et al. 2007b, 2011;

Pregitzer et al. 2002).

First- and second-order silver birch roots with intact

cortex are, as a rule, ectomycorrhizal (Smith and Read

1997; Taylor et al. 2000). The colonising EcM has a

significant impact on root tip morphology (Comas and

Eissenstat 2009; Ostonen et al. 2009; Sun et al. 2010).

Growth of EcM hyphae can greatly enhance the absorption

capacity of the root system (Rousseau et al. 1994). As EcM

hyphae cover nearly all nutrient absorbing regions in roots

(Taylor and Peterson 2005), and individual EcM fungal

species have different nutrient uptake (solubilisation,

assimilation, and transfer) capacities (Courty et al. 2010),

colonising EcM community may have significant conse-

quences for host plant nutrition. Agerer (2001) classified

EcM into exploration types according to distinct foraging

strategy and suggested that exploration types may help to

categorise EcM with respect to their nutrient uptake effi-

ciency. Relation between EcM, root morphology, and

exploration type of colonising fungi was determined by

Ostonen et al. (2011) for Norway spruce.

Trees exhibit plasticity in leaf morphology, allowing

them to optimise photosynthetic efficiency as well as other

ecophysiological functions (He et al. 2008; Lambers et al.

2006). Specific leaf area (SLA) describes the transpiring/

photosynthesizing surface area that can be constructed

from a unit dry mass of organic matter. The specific leaf

area (SLA) is a key trait in plant growth, and it has been

used as an indicator of the potential for light-resource

utilisation (Lambers et al. 2006). Studies on deciduous

species report the decrease of SLA with increasing tree age

(Mediavilla and Escudero 2009) and/or tree size (Niklas

and Cobb 2008, 2010; Sellin and Kupper 2006; Thomas

2010). Leaves and EcM roots are physiologically the most

active and functionally homogeneous parts of ectomycor-

rhizal trees. Although there is evidence that root morpho-

logical traits are driven by leaf traits (Comas and Eissenstat

2004; Withington et al. 2006), still very few studies have

analysed EcM root trait–leaf trait relationships. Hence, the

relations between leaf and root traits during ontogenesis are

poorly understood as well.

In Northern Europe, birch (Betula sp.) is commercially

the most important broadleaved tree species (Hynynen

et al. 2010). This fast-growing pioneer species regenerates

profusely after disturbances (clear-cut, fire) on open ground

in fertile sites (Hynynen et al. 2010). Dense rooting, high

fine-root biomass, and high foraging capacity (Curt and

Prevosto 2003; Priha et al. 1999), as well as fast growth

make silver birches (Betula pendula Roth.) competitive as

a pioneer tree species (Hynynen et al. 2010). Fine roots

including EcM roots of silver birch show higher morpho-

logical plasticity than fine roots of black alder, Norway

spruce, or Scots pine (Kalliokoski et al. 2010; Lõhmus

et al. 2007).

SRA and SRL of silver birch EcM roots have been

shown to decrease, and tissue density and diameter to

increase with age in plantations in an abandoned oil shale

mining area, where growth conditions are harsh, especially

initially (Rosenvald et al. 2011b). In this paper, we aim to

analyse the ontogenetic changes in silver birch EcM root

and leaf morphology in a fertile forest site type by using a

chronosequence of silver birch. A novel approach of this

study is the ascertaining of relations between ontogenetic

changes in EcM root and leaf morphology and the explo-

ration types of the colonising EcM. EcM root morphology,

leaf SLA, leaf NPK nutrition status, and soil conditions

were measured, and the dominating EcM morphotypes and

their exploration types were detected in silver birch stands

of different ages growing in the Oxalis site type. Hypoth-

eses: (1) Functional parameters for tree mineral nutrition—

EcM root SRA and SRL—decrease with tree age in a

chronosequence of fertile silver birch forests; (2) changes

in leaf and EcM root performance are related and coordi-

nated—physiological activity and efficiency indicators:

specific leaf area, EcM root area, and leaf N% all decrease

with tree age; (3) the exploration type of colonising fungi

affects EcM root morphology of silver birch.

Materials and methods

Description of study sites

We studied five silver birch stands: mature (60 years),

maturing (45 years), middle-aged (32 years), young
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(14 years), and a clear-cut, where we sampled two age

classes (3 and 6 years)—6 age classes altogether (Table 1).

All studied stands had regenerated naturally and grew on a

flat landscape in Oxalis site type in south-eastern Estonia.

Estonia is situated in the hemiboreal vegetation zone

(Ahti et al. 1968), within a transition zone from maritime to

continental climate. The annual average precipitation var-

ies between 550 and 800 mm, and the annual average

temperature in Estonia is between 4.3 �C and 6.5 �C. In
Oxalis site type, stands are highly productive; acidic soils

are mostly well drained and generally have a thin organic

(O) horizon and a low C:N (14…20), indicating rapid litter

decomposition. (Lõhmus 1984). Selected site characteris-

tics are presented in Table 1. All studied silver birch stands

had closed canopies and a high proportion of silver birch

(\90 %). The 14-year-old stand had been thinned 4 years

earlier. In the 60-year-old stand, storm-damaged trees were

removed during the period 2003–2008.

EcM root tip sampling, processing, and analysis

Root samples taken in October 2009 were used for all age

classes, except for the 60-year-old stand, for which only

root data taken in October 2008 were available. To detect

the possible effects of year-to-year differences in meteo-

rological conditions on EcM root morphology, we com-

pared our 2009 data about three age classes (15, 32, and 45)

to comparable data sampled in 2008.

For each age class, ten soil samples (20 9 20, to 20 cm

depth) were randomly collected using a flat spade. The

distance between sampling points was at least 3 m, cov-

ering the whole study site. The root fraction was cleaned of

adhering soil by careful rinsing in tap water and, if nec-

essary, with a small soft brush. Silver birch EcM roots

include only first- and second-order roots. To characterise

the morphology of EcM roots of each age class, two ran-

dom EcM root subsamples (20–24 living EcM root tips)

were taken per sample, altogether 356–480 EcM roots per

stand. Mean diameter, length, and surface area of EcM

roots were measured with WinRHIZOTM Pro 2003b for

each subsample. The air-dry EcM roots were dried at 70 �C
for 2 h to constant mass and weighed to an accuracy of

0.01 mg. The following morphological parameters were

measured or calculated (calculation is briefly described in

Ostonen et al. 1999) for every age class: mean EcM

diameter (D), length (L), mass (M), branching frequency

(number of tips per root dry mass unit, RTFM), tissue

density (root mass divided by root volume, RTD), specific

root area, and length (SRA and SRL).

Dominant morphotypes were identified, and morpho-

logical parameters of EcM roots were measured by mor-

photype for the three young (6-, 14-, and 32-year-old)

stands of the chronosequence, because an earlier study

(Rosenvald et al. 2011b) has shown that the fastest changes

in EcM root morphology occur during the early develop-

ment of silver birch stands. The root tips from three

additional fine-root fragments (5–7 cm in length) of each

root sample were sorted into morphotypes on the basis of

colour and texture of the fungal mantle, hyphae, and rhi-

zomorphs. Three to five dominating morphotypes were

identified, and their relative proportions of root tips were

scored. A morphotype was counted as dominant when its

relative abundance exceeded 20 % of all tips on the root

fragments. Random EcM root subsamples for morpholog-

ical studies were taken from each morphotype sample.

Three individual root tips of each morphotype per sample

were mounted into CTAB lysis buffer (100 mM Tris–HCI

(pH 8.0), 1.4 M NaCl, 20 mM EDTA, 2 % cetyl-trimethyl-

ammonium-bromide), maintained at room temperature

until molecular analyses and subsequently identified using

sequence analysis of the nuclear rDNA Internal Transcriber

Spacer (ITS) region. The DNA was extracted using a

Qiagen DNeasy 96 Plant Kit according to the manufac-

turer’s instructions. Primers, PCR conditions, product

purification, sequencing, and sequence processing are

described in Tedersoo et al. (2010a). Sequences were

assigned to species based on a 97.0 % ITS barcoding

threshold (Tedersoo et al. 2003; except 99.0 % was

used for Cortinariaceae and Hydnangiaceae that display

little divergence in the ITS region). For species-level

Table 1 Stand and soil characteristics (mean ± SE)

Stand Age class Stand characteristics Soil characteristics

H (m) D (cm) Trees/ha Soil type pHKCl N (%) C/N

Järvselja 3 n.e. 0.72* 100,000 Umbric Gleysol 3.0 0.871 ± 0.104 21.6

6 1.3 3.4

Alatskivi I 14 9.9 11.5 1,350 Umbrisol 3.7 0.253 ± 0.037 13.9

Alatskivi II 32 10.8 17.0 3,210 Endogleyic Umbrisol 3.9 0.226 ± 0.007 13.6

Erastvere 45 20.1 25.6 940 Albeluvisol 3.9 0.117 ± 0.001 18.6

Aakre 60 31.0 30.1 305 Umbrisol 3.8 0.157 ± 0.020 16.3

n.e.—not estimated, *—tree diameter at root collar
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identification, representative sequences of each species were

subjected to a bulk megablast search against International

Nucleotide Sequence Databases (INSD) as implemented in

the PlutoF workbench of the UNITE database (Abarenkov

et al. 2010). Identified morphotypes were divided into four

exploration types according to Agerer (2001), and the

exploration types were ranked as follows: contact- (1), short-

(2), medium- (3), and long-distance (4). The not colonised

roots formed the fifth group.

Total N and C concentrations of EcM roots were

determined using CHN analyser PerkinElmer 6400 Series

II in the laboratory of the Department of Geology of the

University of Tartu.

Soil and leaf sampling and analysis

Soil samples of a stand were taken from 10 points (same

points as root samples) in October 2009 for all stands

except for the 60-year stand, where samples were taken in

October 2008. Soil nitrogen was determined by the

Kjeldahl method (Tecator ASN 3313). Determination of

available (ammonium–lactate extractable) phosphorus in

the soil was performed by flow injection analysis (Tecator

ASTN 9/84). Organic matter was determined by loss of

ignition at 360 �C; pHKCl was measured.

Model trees were felled in August 2008 and 2009, when

the process of annual leaf biomass formation was complete,

and processed according to Uri et al. 2007. The trees of

each sample plot were divided into five classes on the basis

of D1.3. Model trees were taken according to the received

frequency distribution, 6 (in 45-, and 60-year-old stands), 5

(in 32-year-old stands), or 12 (in younger stands) trees per

stand. In all cases, the model trees were felled in the middle

of the sample plot to avoid edge effects. The crowns of the

model trees were divided into five or ten sections

depending on the size of the tree, except the crowns of the

youngest trees (6 years), which belonged fully to one

section. The concentrations of leaf NPK and SLA of 5–6

model trees were calculated as the weighted averages,

considering the share of a particular section in the tree leaf

biomass. For SLA estimation, 20–25 leaves were randomly

taken from each crown layer of a model tree and dried

under pressure. Leaf area (including the petiole) of each

leaf was measured using the program WinFOLIA (Regent

Instruments, Inc.). Measured leaves were dried to constant

mass; each leaf was weighed to an accuracy of 0.1 mg, and

specific leaf area (SLA) was calculated. Leaf nitrogen

concentration was determined by the block digestion and

steam distillation methods (Tecator AN 300). To measure

leaf phosphorus concentration, digest by flow injection

analysis (Tecator AN 5242) and the analyser Fiastar 5000

(ISO/FDIS 15681) was used. Leaf potassium content was

determined by flame photometry (Method 956.01), using

Sherwood Model 425 Flame Photometer. Analyses were

performed at the Laboratory of Biochemistry of the Esto-

nian University of Life Sciences.

Statistical analyses

Data were tested for normal distribution using a Shapiro–

Wilk and Lillefors test. To obtain normal distribution, EcM

root length and SRL were log-transformed. Differences

between annual means in an age class were evaluated by

the t-test. Multiple regression analysis was used to find and

estimate the effects of age and site properties (leaf and soil

chemical attributes) on studied EcM morphological

parameters. A partial correlation analysis was used to find

relations between EcM root morphology and site properties

after removing the influence of age. Variation of a mor-

phological parameter in the chronosequence was evaluated

by the coefficient of variation of stand means. Gamma

correlation coefficients (Gamma r) were calculated to

examine relationships between EcM root morphological

parameters and exploration-types ranks of EcM morpho-

types. Significance level a = 0.05 was accepted in all

cases. Data analyses were performed using STATISTICA

7.1; CANOCO version 4.52 software was used for redun-

dancy analysis (RDA) and to create an ordination plot of

morphological parameters and sites. All means are pre-

sented with standard errors (mean ± SE).

Results

EcM root morphology and N concentration in the silver

birch chronosequence

All studied EcM root morphological and architectural

parameters (mean diameter and mass, branching frequency,

specific root area and length, tissue density) were strongly

dependent on tree age (Fig. 1a–f). Mean EcM root mass and

tissue density increased linearly with tree age. Mean EcM

root diameter increased, and SRL and RTFM decreased

logarithmically with tree age. SRA correlated highly with

SRL (r = 0.95, p\ 0.01) and also decreased logarithmi-

cally with tree age. Length (± SE) of individual EcM root

was longest in the 60-year-old stand (1.36 ± 0.08 mm), but

was generally similar among younger stands, varying

between 0.96 ± 0.04 and 1.07 ± 0.07 mm. Most EcM

morphological parameters changed faster in younger age

(B6 years). In the RDA ordination plot of morphological

parameters, the two first PCA axes described 28 % of vari-

ation, and the stands were mostly ordered along the first axis

by stand age (Fig. 2). Stand age described 22 % of the var-

iation of the studied EcM root morphological parameters

according to RDA analysis. Mean CV% of EcM root
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morphological parameters across the chronosequence ran-

ged as follows: RTFM (29), mass (28), SRL (21), SRA (14),

length (13), tissue density (8), diameter (7).

In addition to tree age, leaf N was also an essential pre-

dictor variable in multiple regression analysis for the

dependent variables: EcM root diameter, tissue density, and

SRL (Table 2). Leaf N, as an indicator of tree N nutritional

status, was positively related to EcM root diameter and tissue

density and negatively to SRL. EcM root length, the only

parameter not related to stand age, correlated negativelywith

leaf K%. Other correlations between EcM root morpholog-

ical parameters and soil and leaf chemical properties were

insignificant when age effect was excluded.

Between-year differences in EcM root morphological

parameters were insignificant. However, there was a ten-

dency for lower mean EcM root diameter and mass and

higher tissue density in all studied stands in the drier year

of 2009 (the amount of precipitation in the vegetation

period (April–September) was 16–22 % lower in 2009

compared to that in 2008).

EcM root N% varied across the chronosequence from

2.2 to 3.2 %; no stand-age-related trend nor significant
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correlations with morphological parameters of EcM roots

were found. Root N% was higher than leaf N% across the

chronosequence, except for the two youngest age classes.

Dynamics of leaf SLA and NPK%

in the chronosequence

Specific leaf area (Fig. 3), leaf N% (Fig. 4a), and leaf K%

(Fig. 4c) decreased with tree age. Leaf N% correlated

positively with soil N% (Table 1, r = 0.85, p\ 0.05).

Leaf P nutrient status improved with age—leaf P%

increased with stand age (Fig. 4b) and was positively

correlated with soil pH (r = 0.91, p\ 0.05; Fig. 2b),

which increased likewise with age. Leaf P:N ratio was near

to optimal in the three older stands (Fig. 4d).

Ecytomycorrhizal fungal morphotypes

Molecular analyses revealed 33 EcM fungal species among

the dominant morphotypes in the three studied age classes

(6, 14, 32 years; Table 3). EcM community structure of the

dominant morphotypes differed among the age classes of the

chronosequence. We found only three species and one

morphotype (Tomentella sublilacina, Tomentella badia,

Cenococcum geophilum, morph2) in more than one stand.

Uncolonised roots were found dominating in only a few

samples in each stand. The number of dominating EcM

fungal species or morphotypes was 9 in the 6-year-old stand,

11 in the 14-year-old stand, and 18 in the 32-year-old stand.

The following lineages of fungal taxa (according to Teder-

soo et al. 2010b) were most commonly detected as dominant

colonisers in birch root tips: tomentella-thelephora, russula-

lactarius, amanita, cortinarius, and tricholoma.

Dominating EcM root tip colonisers belonged most

frequently to short- or medium-distance exploration types

for all studied age classes. A weak negative correlation was

found between the exploration type rank and EcM root

tissue density and mass (Gamma r = -0.32 and Gamma

SLA = 15 - 0.075 A  
r 2 = 0.91
p<0.05
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Table 2 Significant relationships between mean EcM root morphological variables, stand age and leaf nutrient concentrations according to

regression analyses

Model b R2 (%) p

SRL = 241-19.0lnA-53.5NL bA = -1.7, bNL = -0.9 99 \0.001

D = 0.015 ? 0.030lnA ? 0.08NL bA = 1.7, bNL = 0.8 96 \0.005

RTD = -16 ? 1.55A ? 97NL bA = 1.8, bNL = 1.1 92 \0.05

L = 2.22-1.41KL bKL = -0.96 89 \0.005

SRL (m kg-1)—specific root length, D (mm)—diameter, RTD (m2 kg-1)—tissue density, A—stand age (yrs), NL—leaf N%, KL—leaf K%, b—
standardised regression coefficient of age (bA), leaf N% (bNL), and leaf K% (bKL), R

2—coefficient of determination, p—level of probability.

Insignificant (p[ 0.05) intercepts are in italics
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r = -0.30, respectively; p\ 0.01). Rank of exploration

type correlated positively, but also weakly with SRA and

RTFM (Gamma r = 0.31 and Gamma r = 0.30, respec-

tively; p\ 0.01). According to the RDA analysis, the EcM

fungal partner described 73% of the variation in EcM root

morphology of the three age classes.

Discussion

As all studied stands belong to fertile Oxalis forest site

type, characterised by acidic soils, and therefore grow in

similar site conditions, we assumed that the trends in EcM

morphological parameters and in leaf characteristics reflect

age-dependent changes. It was also proved by RDA anal-

ysis—stand age increased along the first axis in the RDA

ordination plot of EcM root morphological parameters.

Stand density decreases considerably in the studied

chronosequence, but such a decline also occurs naturally in

forests.

EcM root morphology and leaf SLA

The age trends for EcM root traits in the current study were

similar to those observed in a silver birch chronosequence

(1, 2, 3, 5, 29, 40 years) in plantations in an oil shale

mining area, where calcareous mine spoil initially had high

stoniness and low organic content, and a primary succes-

sion of forest soil occurred (Rosenvald et al. 2011b). In

both, the present study and the mine spoil chronosequence,

younger trees had higher EcM root SRL and SRA as a

result of lower mean diameter and tissue density. Both

EcM root diameter and tissue density increased with age,

despite very different soil conditions. EcM roots, inherent

to the heterorhizic fine-root system of silver birch, form a

functionally homogeneous compartment in the fine-root

system, differently from a fine-root compartment that

includes both roots with primary structure (living cortex) as

well as roots of secondary structure. However, for fine

roots less than one or two mm in diameter, SRL and SRA

values are also reported to be higher for younger trees in

the case of silver birch (Kalliokoski et al. 2010) and other

tree species (Fujimaki et al. 2007; Jagodziński and Kałucka

2010).

Previous land use has a significant effect on the EcM

root morphology of silver birch. Young (6- and 14-year-

old) birches growing in fertile Oxalis type forests had

higher root tissue density and lower SRA than 8–14-year-

old birches on agricultural land (Rosenvald et al. 2011a)

and 5-year-old birches in a reclaimed oil shale mining area

(Rosenvald et al. 2011b). SRL of young birches in forests

(69 ± 3 m g-1) and on agricultural land (75 ± 2 m g-1)

was significantly lower than SRL in the mining areas

(113 ± 9 m g-1).

EcM root branching frequency (measured as tips per

unit root dry mass) was especially high in the young (3 yr.)

silver birch age class and then decreased logarithmically

with age; the same result was found in the birch chrono-

sequence in mining areas (Rosenvald et al. 2011b). Anal-

ogous results for the finest root fraction of fine roots

(d\ 1 mm) are shown in Børja et al. (2008), where

branching frequency of roots of Norway spruce (Picea

abies (L.) Karst) was two times higher in the 10-year-old

stand than in the 30-, 60-, and 120-year-old stands.

Irrespective of site and tree species, young trees need to

build-up their root system quickly. Therefore, both EcM

and fine roots of young trees are small in diameter, have

high SRL, SRA, and branching frequency, and low tissue

density, and consequently tend to have low construction

costs. Age-related increases of root tissue density and root

diameter may be caused by lower root turnover rate of EcM

roots (longer life-span) in older trees (Eissenstat and Yanai

1997; Withington et al. 2006). In young stands, EcM root

tissue density and also root diameter are lower due to fast

growth and expansion of the root system at a young age.

Higher EcM root SRL and SRA of younger trees can

Table 3 Dominating EcM fungal species or morphotypes in a chronosequence of silver birch growing in Oxalis forest site type

Tree

age

Dominating EcM species or morphotypes

6 Cenococcum, Cortinarius sp, Cortinarius illibatus, Cortinarius anomalus, Piloderma lanatum, Thelephoracea, Tomentella sp,
Tomentella

sublilacina, morph1

14 Amanita sp, Amanita mortenii, Cenococcum, Cortinarius umbrinolens, Laccaria laccata, Pachyphloeus marroninus, Russula
betularum,

Tomentella sp, Tomentella badia, Tomentella lapida, morph2

32 Cenococcum, Hebeloma sp, Hydnum rufescens, Inocybe striata, Lactarius tabidus, Lactarius vietus, Russula gracilis, Sebacinaceae,
Tarzetta catinus, Thelephoracea, Tomentella badia, Tomentella stuposa, Tomentella

sublilacina, Tuber pacificum, morph2, morph3, morph4, morph5

Bold indicates EcM root morphotypes which were found in more than one age class
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ensure their superior competitive ability in higher stress

conditions. Generally, for naturally regenerated forests,

competition between trees is higher in younger stands,

where stand density is higher, leading to stronger root and

light competition; hence, young trees have to apply effi-

cient compensative strategies.

In the present study, the fastest changes in EcM root

morphology of silver birch occurred at a very young age

(B6 years). This accords again with our earlier observa-

tions in the birch stand chronosequence in the oil shale

mining area (Rosenvald et al. 2011b) and is consistent with

the results of Claus and George (2005), who studied fine-

root SRL in stand chronosequences for three tree species

(Fagus sylvatica L., Picea abies (L.) Karst., and Quercus

cerris L.) in Europe.

The sensitivity of EcM root morphological parameters

to stand age was different. RTFM or its inverse M,

responded most sensitively to stand age: they had the

highest variation across the chronosequence, and their

value changed approximately twofold in 60 years. The

order of sensitivity of morphological parameters to stand

age in this study, in relatively homogeneous soil condi-

tions, was the same as we observed for birch chronose-

quences growing in a reclaimed oil shale mining area

(Rosenvald et al. 2011b). Hence, we suggest that the stand

age effect on silver birch morphology is stronger than the

site properties effect.

In the present study, the trends of most EcM morpho-

logical parameters change after the tree age of 45 years,

though differences between the means of ages 45 and

60 years are insignificant. A possible reason may be the

ageing of trees and a decline in growth after that age.

Hynynen et al. (2010) reported that growth of silver birch is

vigorous until a stand age of 40–50 years, and after this,

growth starts to decline. The slowing of height growth with

tree size and the levelling off or decrease of net primary

production (NPP) in old forests seems rather to be

a consequence of the complex interaction between

environmental constraints, physiological compensation,

evolutionary adaptation, population- and community-level

processes and ecosystem development (Kutsch et al. 2009).

The specific leaf area decreased in the studied forest

chronosequence; this ontogenetic shift is in accordance

with previous studies for deciduous tree species. As light

conditions at the time of foliage formation have generally

been regarded as the primary factor influencing SLA in

both hardwoods and conifers (Weiskittel et al. 2008), the

decline in SLA along the studied naturally regenerated

birch chronosequence may also be related to decreasing

stand density—competition for light between trees is

higher in younger denser stands, and light interception is

maximised with high SLA there. Moreover, Pearcy and

Sims (1994) proposed that thicker leaves (with lower SLA)

may confer resistance to stress that may be prevalent in

high light conditions. In addition, leaves of older trees may

be more vulnerable to water stress due to the increment of

tree height (Table 1). Hence, older stands of silver birch

possibly decreased SLA to cope with changed environ-

mental conditions such as higher light and lower leaf water

potential. Decreased specific leaf area is the main factor

associated with the decline in the relative growth rate

(RGR) (e.g. Imada et al. 2010; Lambers and Poorter 1992;

Reich et al. 1998); consequently, EcM root SRA should

also decrease when tree growth slows down. A decline in

the relative growth rate for aboveground parts of birch

stands was found in the studied chronosequence (Uri et al.

2012).

The high values of specific areas of EcM roots and

leaves at a young age indicate fast growth and low con-

structions costs. Leaves and EcM roots are physiologically

the most active part of trees; hence, their morphological

adjustment to the decline in tree performance should be

most clearly expressed. Our assumption that the dynamics

of leaf and root specific areas in the birch chronosequence

may be similar was clearly proven—both parameters

decreased with tree age.

NPK nutrition

The chemical composition of plant tissues is affected by

many abiotic and biotic factors; it reflects both the soil

composition at a particular site and the ability of the plant

to accumulate or exclude excessive uptake of certain ele-

ments (Ericsson 1994). Generally, nitrogen limits plant

growth in boreal and cold temperate forests. According to

critical NPK concentration in birch leaves (Ingestad and

McDonald 1989), leaf N% and P% were higher than their

deficient levels across the studied chronosequence, and K

deficiency was apparent in all age classes.

Leaf N% declined linearly with stand age. Our finding

agrees with a birch study by Thomas (2010) where smaller

Betula alleghaniensis Britt. trees had higher leaf N% and

SLA than bigger ones. The decrease in leaf N concentra-

tion with tree age is also shown for evergreen Eucalyptus

grandis W. Hill ex Maid. (Graciano et al. 2007) and for

deciduous Quercus acutissima Carruth. (Noh et al. 2007).

High leaf N at a young age, indicating high leaf photo-

synthesis (through an increase in the pool of enzymes and

other proteins involved in light interception, light conver-

sion, and carbon fixation) and growth and maintenance

respiration (Delagrange 2011; Hassiotou et al. 2010; Reich

et al. 1998; Cannell and Thornley 2000), is necessary for

rapid growth in young birches competing strongly for light

and other resources due to high stand density. The age-

related decrease of leaf N concentration could be due to

many reasons, including (1) decreased nutrient uptake in
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older stands because more nutrients are sequestered in

woody biomass, and less nutrients are available in the soil

(Gower et al. 1996), (2) older trees use nutrients more

efficiently than smaller ones (Siddiqui et al. 2009), and (3)

demand of older trees for leaf N is smaller. In our study, the

highest leaf N of the youngest trees may also be influenced

by high soil N in young stands, where nitrogen minerali-

sation is high immediately after a disturbance (clear-cut) as

a result of increased decomposition and decreased biolog-

ical demand (White et al. 2004). Hence, leaf N declined

simultaneously with SLA in the silver birch forest

chronosequence.

In the current study, after removing the age effect, leaf

N was negatively related to EcM root SRL and positively

to diameter and tissue density. Despite the positive relation

between leaf N and EcM root diameter and tissue density,

leaf N decreased and EcM root diameter and tissue density

increased with age. Hence, the effect of age on root mor-

phology seemed to be the stronger than the effect of leaf N.

In the case of lower N availability, EcM roots are thinner

and have lower tissue density, resulting in high SRL and

low root construction costs. This finding corroborates the

findings of earlier studies about silver birch, which report a

decrease in EcM and fine-root (d\ 1 mm) SRL with site

fertility (Kalliokoski et al. 2010; Rosenvald et al. 2011a);

also meta-analyses in Ostonen et al. 2007b revealed that

fine-root SRL decreased with fertilisation. High SRL and

SRA could be the root nutrition stress indicators for silver

birch, as reported in Rosenvald et al. (2011b). However, in

contrast, in mature silver birch stands, EcM roots were

found to have the highest SRA and SRL in the most fertile

(Oxalis) forest site type when different site types and lat-

itudinal locations were compared in a study by Ostonen

et al. 2007a.

Leaf P concentration increased with age and with soil

pH. Inorganic phosphorus availability to plants is strongly

influenced by soil pH and is considered to be maximal

when pHKCl is between 5.5 and 6.5 or strongly alkaline

(Lambers et al. 2006); however, opinions vary (Marschner

2005). In very acidic soils, as in our youngest stand

(pHKCl = 3.0), P is fixed to a harsh–soluble form of Fe-

and Al-phosphates, and inorganic P-resources are limited.

Leaf P% increased logarithmically with stand age also in

silver birch plantations growing in a reclaimed oil shale

mining area, where, during the first 7 years, leaf P

increased from 0.19 ± 0.04 to 0.32 ± 0.04 %, and the soil

pH decreased from 8.1 to 7.5 (Kuznetsova et al. 2010).

Age-related changes in leaf P of deciduous species are very

poorly studied and controversial. Leaf P decreased in the

Quercus acutissima chronosequence (Noh et al. 2007);

however, a positive relation between forest age and avail-

able soil P has been reported in an evergreen deciduous

Eucalyptus regnans F. Muell. forest, where both

phosphatase activity and labile organic phosphorus

increased with forest age (Polglase and Attiwill 1992).

Leaf K decreased with stand age, and limited growth

across all age classes. K deficiency in all stands may be

aggravated by leaching of K from acidic soils of the

chronosequence; however, additional studies are needed to

ascertain the reasons for low K.

EcM root N% was a relatively autonomous root param-

eter in the studied silver birch chronosequence—no age

trend appeared, and EcM root N did not correlate with root

morphological parameters nor with leaf N.When comparing

3-year-old birches, the EcM root N% measured in our study

(2.17) was similar to that determined in the mining area

(2.23), found in Rosenvald et al. 2011b; a similar range was

reported for EcM root N% of 3-year-old Quercus robur L.

(1.97 ± 0.29) in Trocha et al. (2010). Generally, root and

leaf N concentrations both reflect the ability to capture

resources through enzymatic processes (Liu et al. 2010).

EcM root nitrogen status was little dependent on tree age,

most probably because EcM roots are first served by

assimilated nutrients and achieve first the necessary N con-

centration. In the current study, root N%was higher than leaf

N% across the chronosequence, except for the two youngest

age classes. There are indications that N% in silver birch

leaves or EcM roots depends on whether the leaf- or root-

related physiological processes need more N.

EcM species and morphotypes in the silver birch

chronosequence

The effect of the EcM fungal partner on EcM root mor-

phology was strong—according to the RDA analysis, col-

onising EcM species described 73 % of the morphological

variation. Our study revealed 33 dominating EcM species

or morphotypes colonising roots of silver birch in total in

the studied three age classes. Twieg et al. (2007) found in

total 82 EcM fungal species colonising paper birch in the

chronosequence (5, 26, 65, and 100 years) of mixed forest

of Douglas-fir (Pseudotsuga menziesii Mirb.) and paper

birch (Betula papyrifera Marsh.). Similarly to our results,

Twieg et al. (2007) found that EcM fungal community

compositions differed between all pairs of age classes, but

were similar in 65- and 100-year-old stands. Despite the

fact that different EcM root colonising species dominated

in different age classes, distribution of EcM exploration

types affecting the nutrient acquisition efficiency of EcM

roots (Agerer 2001) was similar across the chronosequence

in our study. Hence, we suppose that the effect of EcM

community on EcM morphology of silver birches is similar

across the chronosequence, and the observed differences in

root morphological characteristics are driven mainly by the

ontogenesis of the tree. Like in the case of Norway spruce

(Ostonen et al. 2011), silver birch EcM roots colonised
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with long exploration type forming fungi had higher SRA

and lower tissue density than EcM roots colonised by other

exploration types forming fungi. However, we cannot

exclude the differences in nutrient acquisition efficiency of

EcM roots within an exploration type. We also cannot

distinguish the effects of site and tree age on a community

of dominant EcM species and their exploration types; more

studies are needed.

Conclusions

The most rapid changes in EcM root morphology of silver

birch growing in naturally regenerated fertile stands occur

at a young age, before 5 to10 years. Our first hypothesis

that EcM root SRL and SRA—functional parameters for

tree mineral nutrition—decrease with increasing stand age

was proven. The decrease was caused by increasing root

tissue density and diameter. Both results: (1) exploration

type of EcM fungi affects EcM morphology, and (2) col-

onising EcM species describe the major part of the mor-

phological variation, support our third hypothesis that the

EcM fungal partner shapes EcM root morphology. The

coordination between leaf and root morphology and

physiology (second hypothesis) was also confirmed—SRA

and SLA decline simultaneously with leaf N in the birch

chronosequence. High values of the mentioned parameters

indicate fast growth (high RGR) and intensive physiolog-

ical processes and allow young trees to grow rapidly. The

similar tendencies for SLA and SRA are most probably

caused by the down-regulation of growth, affecting

simultaneously leaves and fine roots. When the effect of

stand age was excluded, leaf N was negatively related to

EcM root SRL and positively to root diameter and tissue

density. Hence, the construction costs per EcM unit length

should be lower in lower N supply.
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Aboveground biomass and nutrient accumulation dynamics in

young black alder, silver birch and Scots pine plantations on

reclaimed oil shale mining areas in Estonia. For Ecol Manag

262:56–64

Lambers H, Poorter H (1992) Inherent variation in growth rate

between higher plants: a search for physiological causes and

ecological consequences. Adv Ecol Res 23:187–261

Lambers H, Chapin FS III, Pons TL (2006) Plant physiological

ecology. Springer, New York

Leuschner C, Harteveld M, Hertel D (2009) Consequences of

increasing forest use intensity for biomass, morphology and

growth of fine roots in a tropical moist forest on Sulawesi,

Indonesia. Agric Ecosyst Environ 129:474–481

Liu G, Freschet GT, Pan X, Cornelissen JHC, Li Y, Dong M (2010)

Coordinated variation in leaf and root traits across multiple

spatial scales in Chinese semi-arid and arid ecosystems. New

Phytol 188:543–553
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The reclamation of the North Estonian oil shale mining area. In:
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Tedersoo L, Kõljalg U, Hallenberg N, Larsson KH (2003) Fine scale

distribution of ectomycorrhizal fungi and roots across substrate

layers including coarse woody debris in a mixed forest. New

Phytol 159:153–165

Tedersoo L, Sadam A, Zambrano M, Valencia R, Bahram M (2010a)

Low diversity and high host preference of ectomycorrhizal fungi

in Western Amazonia, a neotropical biodiversity hotspot. ISME J

4:465–471

Tedersoo L, May TW, Smith ME (2010b) Ectomycorrhizal lifestyle

in fungi: global diversity, distribution, and evolution of phylo-

genetic lineages. Mycorrhiza 4:217–263

Thomas SC (2010) Photosynthetic capacity peaks at intermediate size

in temperate deciduous trees. Tree Physiol 30:555–573

Trocha LK, Mucha J, Eissenstat DM, Reich PB, Oleksyn J (2010)

Ectomycorrhizal identity determines respiration and concentra-

tions of nitrogen and non-structural carbohydrates in root tips:

a test using Pinus sylvestris and Quercus robur saplings. Tree

Physiol 30:648–654

Twieg BD, Durall DM, Simard SW (2007) Ectomycorrhizal fungal

succession in mixed temperate forests. New Phytol 176:437–447
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Carbon budgets in fertile silver birch (Betula pendula Roth) chronosequence stands 
 
Mats Varik, Mai Kukumägi, Jürgen Aosaar, Hardo Becker, Ivika Ostonen, Krista Lõhmus, 
Veiko Uri 
 

Abstract 
Carbon (C) budgets were compiled for silver birch chronosequence stands by synthesizing the 
above- and belowground C pools and fluxes with the aim to assess the impact of age on stand 
C sequestration and cycling. 
The fine root (d<2 mm) biomass, production, turnover rate and longevity of 13-, 32- and 45-
year-old silver birch stands were determined by the ingrowth core method. Fine root 
production after the third year from the installation of cores was 0.89, 1.44 and 1.31 t ha-1 y-1 
in the young, middle-aged and premature silver birch stands, respectively. 
Soil respiration (Rs) was measured during the two growing seasons of 2010 and 2011; the 
trenching method was used to estimate the contribution of heterotrophic respiration (Rh) to 
total soil respiration. Stand age affected significantly respiration rates. Annual Rs was 6.18, 
9.72 and 8.17 t C ha-1 and annual Rh was 2.97, 4.21 and 3.61 t C ha-1 in the young, middle-
aged and premature silver birch stands, respectively. The annual contribution of Rh to Rs was 
similar in each stand ranging from 0.43 to 0.48. 
Total annual net primary production (NPP) of the ecosystems of 7.4, 7.9 and 8.5 t C ha-1 yr-1 
was estimated in the young, middle-aged and premature stands. After balancing the C input 
and output fluxes in the silver birch stands of different development stages, it appeared that 
they all acted as effective C sinks. Net ecosystem production (NEP) was 4.4, 3.7 and 4.9 t C 
ha-1 yr-1 in the young, middle-aged and premature stands, respectively. In the premature stand 
the second layer of the spruce contributed significantly to the increased C input. Thus, annual 
increment of woody biomass in fertile silver birch stands reflects annual organic C 
sequestration in the ecosystem. Among the studied stands, estimated NEP values were the 
lowest in the middle-aged stand and the highest in the oldest stand, indicating non-linear 
relationship between stand NEP and stand age. 
 
Keywords: carbon budget, silver birch, Betula pendula, fine root production, soil respiration, 
heterotrophic respiration, C sequestration 

1. Introduction 
Quantification of the ecosystem carbon budget (ECB), i.e. estimation of all carbon (C) 
storages and fluxes, is crucial for understanding of the functioning of the ecosystem and its C 
sequestration capacity. Carbon cycling is directly related to changing climate and 
anthropogenic or silvicultural management (Schimel, 1995; Heimann and Reichstein, 2008; 
Wu et al., 2013; Verlinden et al., 2013; Walle et al., 2007). In the light of the Kyoto Protocol, 
transparent reporting and monitoring of carbon sinks is required (IPCC, 2003). Efforts have 
been made to report the data of organic C accumulation and C balance at the country level in 
several countries; also governments are requested to report C pool changes in forests (eg. 
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LULUCF). Among them, belowground C should be taken into account (Brunner et al., 2013). 
Belowground biomass is still often the inadequately or discordantly estimated part of the C 
budget of forest ecosystems, despite the fact that belowground biomass, including the fine 
roots, may be crucial contributor to the C cycle (Jackson et al., 1997; Gill and Jackson, 2000; 
Yuan and Chen, 2010; 2012). Fine root production and turnover can account for 8 to 75% of 
global annual net primary production (NPP) in forested ecosystems (Keyes and Grier, 1981; 
Fogel, 1985; Nadelhoffer and Raich, 1992; Persson, 1992; Gower et al., 1996; Vogt et al., 
1996; Jackson et al., 1997; Gill and Jackson, 2000 Helmisaari et al., 2002;), being one of the 
main pathways through which C enters the soil (Vogt, 1991). Thus, accurate estimation of 
fine root production and turnover are essential for ultimate understanding of C and nutrient 
cycling in terrestrial ecosystems, which allows to improve and refine C budget models 
(Woodward and Osborne, 2000; Ostonen, 2005; Yuan & Chen, 2010; Finér et al., 2011; 
Brunner et al., 2013; Li et al., 2013). 
However, fine root production, morphology and biomass dynamics are complex processes 
that vary spatially and temporally and are greatly influenced by forest type, site quality, 
climate, soil nutrient status and properties, stand age, etc. (Nadelhoffer and Raich, 1992; 
Eissenstat and Yanai, 1997; Jackson et al., 2000; Makkonen & Helmisaari, 2001; Block et al., 
2006; Jones et al., 2009; Hodge et al., 2009; Rosenvald et al., 2011; Finer et al., 2011; Yuan 
and Chen 2012). 
Soil respiration (Rs) comprises a large part of forest ecosystem carbon fluxes, accounting for 
up to 80% of total ecosystem respiration (Janssens et al., 2001; Davidson et al., 2006). Soil 
respiration is divided into autotrophic (Ra) and heterotrophic (Rh) sources: Ra is closely linked 
to the supply of photosynthetic products and Rh is derived from above- and belowground litter 
which is decomposed by soil microorganisms (Epron et al., 1999; Ryan and Law, 2005; 
Cisneros-Dozal et al., 2006; Subke et al., 2006). Temperature and soil moisture are the main 
climatic factors controlling temporal variation of soil respiration (Raich and Schlesinger, 
1992; Davidson et al., 1998; Luo and Zhou, 2006). Both, Ra and Rh are thought to respond 
differently to climatic conditions (Boone et al., 1998; Högberg et al., 2001). Thus, estimation 
of these components separately would provide a better knowledge of the carbon budget of 
ecosystems (Hanson et al., 2000; Subke et al., 2006). The relative contribution of Ra to Rs can 
vary greatly, from 10% to 90%, although the variability depends on the type of the ecosystem, 
season of the year and the measurement technique (Hanson et al., 2000). The trenching 
method is widely used for separating Ra and Rh components of Rs, although it has various 
limitations. Neglecting the decomposition of detached roots and increased soil water content 
in trenched plots leads to overestimation of Rh. On the other hand, lack of fresh inputs of 
above- and belowground litter leads to underestimation of Rh (Epron et al., 1999, 2009). 
Therefore, several corrections should be considered while estimating the contribution of Rh to 
Rs, but still very few studies have taken them into account. 
Forest age plays an important role in determining the distribution of ecosystem carbon fluxes, 
pools and sequestration (Pregitzer and Euskirchen, 2004), but relevant findings are 
contradictory. Total Rs has been found to increase (Wiseman and Seiler, 2004) or decrease 
(Saiz et al., 2006) with stand age; also non-linear responses (Wang et al., 2002; Tang et al., 
2009) have been reported. Furthermore, partitioning between Rh and Ra can also change with 
stand age (Bond-Lamberty et al., 2004b; Saiz et al., 2006; Ma et al., 2014). There is still 
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substantial uncertainty regarding the effect of stand age on soil CO2 efflux; however, to 
construct long-term models, it is crucial to understand the impact of stand age on forest 
carbon dynamics in association with changing climate (Tang et al., 2009). 
Soil respiration depends also on the composition of tree species of forests but pertinent studies 
of silver birch stands are still scarce in the literature. Silver birch is a fast-growing, light-
demanding and early successional pioneer species, which can colonize open areas soon after 
clear-cut or forest fire, preferring fertile mesic sites (Hynynen et al., 2010). Economically and 
ecologically, silver birch is the most important deciduous tree species in Northern and Eastern 
Europe (Krüssmann, 1976; Evans, 1984). The proportion of birch in the total volume of the 
growing stock is 16%, 11%, 14% and 28% for Finland, Sweden, Russia and Latvia, 
respectively (Hynynen et al., 2010). In Estonia the total growing stock of birch stands is 120 
million m3, which accounts for 26.3% of the total volume of the growing stock of forests 
(Yearbook forest 2011). 
Studies of C budgets on the ecosystem scale can help to understand the ecological processes 
and driving forces of the C cycle (Fang et al., 2007). However, such studies are still quite 
scarce, especially those addressing silver birch, which makes the present study actual and 
relevant. 
Our first results from the study of chronosequent fertile silver birch stands (Uri et al., 2012; 
Varik et al., 2013) demonstrated that the woody biomass of trees was the main C sink of 
which a significant share (up to 28%) was accumulated in the belowground part of the stand 
(Varik et al., 2013). For a more comprehensive understanding of C cycling in silver birch 
stands, fine root dynamics (production, mortality and turnover) and soil respiration in relation 
of the microbiology background along a chronosequence of silver birch stands were examined 
in this study. 
On the basis of the earlier results of studies conducted at the same sites (Uri et al., 2012; 
Varik et al., 2013), we hypothesized that: 

-the annual C efflux from the soil through the soil heterotrophic respiration is of 
the same magnitude as the annual C input into the soil through aboveground and 
belowground litter, which explains stable C content in the soil of chronosequent 
silver birch stands 
-fine root production as well as soil heterotrophic respiration increase with stand 
age. 
-silver birch stands growing at fertile sites act as carbon sinks irrespective of stand 
age. 

The objectives of this study were: 
-to assess fine root biomass production, turnover rate and longevity in a 
chronosequence of silver birch stands; 
-to analyse the effect of stand age on soil respiration and heterotrophic respiration; 
-to compile C budgets for silver birch stands of young, middle-age and premature 
stages. 
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2. Materials and Methods 
The study was carried out in a chronosequence of silver birch stands in Estonia. The stands 
were growing in an Oxalis site type with fertile soil (Lõhmus 1984). Three different stages of 
stand development were represented: young, 13-year-old (Kambja); middle-aged, 32-year-old 
(Alatskivi 2) and pre-mature, 45-year-old (Erastvere). All studied stands were described in 
detail in Uri et al., (2007; 2012) and Varik et al., (2013). 
 
2.1 Estimation of above-ground production 
A detailed description of estimation of aboveground biomass and production as well of 
understorey production were published in Uri et al., (2012). Dimension analysis (Bormann 
and Gordon, 1984; Uri et al., 2007) was used for assessment. The annual production of the 
foliage was assumed to have entered the soil through leaf litter; the aboveground litter flux 
was estimated on the basis of litter traps (Uri et al., 2012). 
 
Table 1 Characteristics of the studied silver birch chronosequent stands. The topsoil 
characteristics of the studied stands are presented as average values for the upper 10 cm soil 
layer (Uri et al., 2012) 

 
Kambja Alatskivi 2 

Erastvere 

 birch spruce 2nd layer* 

Age, y 13 32 45 37 

Stand area, ha 5.0 0.7 0.6 0.6 

Stand density, trees ha-1 7670 3210 940 1824 

Average diameter D1.3, cm 5.8 10.8 20.1 11.9 

Average height, m 10.9 17.0 25.6 13.5 

Basal area, m2 ha-1 20.1 29.2 29.8 20.1 

Corg, % 1.49 3.08 2.26 

Ntot, g kg-1 0.98 2.27 1.40 

C:N 15.2 13.6 15.8 

P AL-soluble, mg kg-1 72.0 13.1 20.7 

pHKCl 5.4 3.9 4.6 

Texture class Sandy loam Sandy loam Sandy loam 

Soil type Albeluvisol Gleyic Umbrisol Albeluvisol 
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In the Erastvere stand the second layer of spruce was growing and the biomass and production 
of spruces were estimated. In our earlier studies the second layer, formed of spruces, was not 
considered. The diameter of all spruces growing in the sample plot was measured (D1,3) as 
well as the height of 11 trees. The stem volume of second layer was calculated by using 
equation (1). 
M=GHF,     (1) 
where M is stem volume (m3 ha-1), 
G is basal area (m2 ha-1),  
H is average height (m), 
F is form factor.  
For recalculation of stem volume to stem mass, the density value of 427 m3 kg-1 was used 
(Lõhmus, 1987). For modelling of the proportions of different biomass fractions, the 
corresponding data of an earlier study, conducted in a 40-year-old spruce stand on a similar 
soil (Ostonen et al., 2005; Lõhmus, 1987) were employed. For rough estimation of annual 
stem volume increment, mean annual increment (MAI) was used. For needle net primary 
production (NPP), the annual needle litter flux was taken as an estimate. For the biomass of 
the branches, the branch/stem biomass ratio (%) for the 40-year-old stand (Lõhmus, 1987), 
equal to 9.7%, was used. For branch NPP, the branch/stem NPP ratio (calculated from NPP 
data for the 40-year-old stand according to Ostonen et al., 2005), equal to 0.14 was multiplied 
by the branch biomass of second-layer spruces. 
It was assumed that the fine root/needle NPP ratio was similar for the fertile 40-year-old stand 
(Ostonen et al., 2005) and for the second-layer spruces in the Erastvere stand.  
The carbon pools for different fractions of the stands were calculated by using mass and C 
concentration (Uri et al., 2012; Varik et al., 2013) for a particular fraction. 
 

2.2 Estimation of belowground production 
The belowground biomass in the 32-year-old stand was estimated on the basis of the 
excavated root system (Varik et al., 2013). For calculation of belowground biomass in the 
young and premature silver birch stands, a root-shoot (leafless) ratio of 21% was used as this 
ratio was found at stand ages of 8 and 32 years at Oxalis sites (Uri et al., 2007; Varik et al., 
2013). For estimation of the NPP of the coarse root (d≥2 mm) fraction, the NPP/biomass ratio 
for the aboveground woody part was extrapolated for the belowground part (except for the 
fine root fraction). Fine root production was estimated by ingrowth cores (d=40 mm, mesh 
size 6 mm) (Ostonen et al., 2005), which were installed systematically in random transect 
groups all over the stands: in Kambja, in April 2005; in Alatskivi 2 and Erastvere, in April 
2009. The ingrowth cores (altogether 315, i.e. 105 per stand) were gradually filled with the 
sieved root-free soil of local origin (from the non-forested area adjacent to the studied stand) 
and installed into the upper soil layer to a depth of 30 cm. 
Totally, 243 ingrowth cores were extracted during the growing seasons 2005–2008 and 2009–
2011: 8 samplings per study stand and 10–15 cores from different transect groups per 
sampling. Sampling was carried out three times per vegetation period, in June, August and 
October or November throughout whole study period for all stands. The extracted cores were 
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placed in plastic bags and transported to the laboratory and stored at -18 °C until processing, 
as described in detailed in Varik et al., (2013) and Aosaar et al., (2013). 
The production and turnover rate of the fine roots were calculated by balancing the living and 
dead root biomass compartments according to the decision matrix of Fairley and Alexander 
(1985). Fine root NPP was calculated on the basis of the third year data of the ingrowth cores 
from October 2007 to October 2008 in the 13-year-old stand and from October 2010 to 
October 2011 in the 32-year-old and in 45-year-old stands.  
Fine root turnover rate was calculated by dividing fine root NPP (g m-2 year-1) by mean fine 
root biomass (g m-2) in the third growing season according to McClaugherty et al., (1982). 
Mean fine root biomass was estimated as the average of live root biomass during the sampling 
time interval; the third year ingrowth core biomass data were considered to be representative 
of the actual fine root pool. 
Fine root longevity (year-1) was calculated as the reciprocal of root turnover rate. For 
calculation of the C flux into the soil through fine root litter, an average C concentration of 
51.4% was used (Varik et al., 2013). 
 
2.3 Soil respiration and heterotrophic respiration measurements 
Soil respiration was partitioned into heterotrophic and autotrophic respiration by the trenching 
approach (treatments: control and trenching). Trenching was carried out in each stand in 
August 2009: 5 PVC cylinders (inner diameter 20 cm, length 60 cm) in Alatskivi and Kambja 
and 4 cylinders in Erastvere were inserted in the soil by pushing them to a depth of 50 cm. 
Trenching precluded autotrophic respiration of the tree roots; the belowground parts of 
understorey as well as all aboveground vegetation were carefully removed from the inside of 
the trench with minimum soil disturbance and the trenched plots were kept free of the live 
vegetation throughout the study. Trenching to a depth of 50 cm is sufficient as the main share 
of tree fine root biomass is located in the upper 0-20 cm soil layer: 76% and 80% in Kambja 
and Alatskivi stands, respectively (Uri et al., 2007; Varik et al., 2013). The distance between 
each trenching cylinder was approximately 5–6 m. Collars for Rs measurements were istalled 
at approximately 50 cm from the trenched plots. Soil respiration rates were measured monthly 
from July to November 2010 and from May to November 2011 using the closed dynamic 
chamber method (PP Systems SRC-1 chamber with gas analyser CIRAS-2 (Differential 
CO2/H2O Infrared Gas Analyzers)). Five collars (inner diameter 10 cm, height 5 cm) were 
installed in the control area and the other 5 in adjacent trenched cylinders to a soil depth of 1-
2 cm.  
Soil temperature (Ts, 

oC) was measured simultaneously with soil respiration in the control and 
trenched treatments using an attached soil temperature probe STP-1 (PP Systems 
International, Inc., USA) inserted at a depth of ~5 cm. Volumetric soil moisture (%) was also 
measured at a depth of ~5 cm using a 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 in each stand and the data was stored with a data logger (WatchDog 
1425, Spectrum Technologies, Inc, USA) during the growing seasons of 2010 and 2011.  
Multiple stepwise regression analysis was performed to evaluate relationships between 
respiration flux (Rs or Rh) and environmental variables (Ts, soil moisture) as follows:  
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Flux = R10Q10

((Ts-10)/10)aebSWC    (1) 
 
where:  
R10 is respiration rate at temperature 10oC,  
Q10 represents the relative increase of respiration with temperature increase to 10o C,  
a and b are coefficients,  
SWC is soil volumetric water content (%)  
Ts is soil temperature (o C).  
For the snow-free season, Rs and Rh fluxes were modelled for all stands using monthly mean 
Ts values calculated from continuous Ts measurements according to the data from the loggers: 
 
Flux = R10Q10

((Ts-10)/10)    (2)  
 
To develop models (1), data from July 2010 to June 2011 was used; data from July 2011 was 
excluded because of severe drought. The annual fluxes of Rs and Rh for the carbon budget 
were calculated from the model for the year 2010. Soil temperatures outside the growing 
season were calculated using the regressions between stand soil temperature and soil 
temperature measured in the experimental area of Free Air Humidity Manipulation of forest 
ecosystems (FAHM) (Kupper et al., 2011) (R2>0.97) for all study stands. The trenching 
method used influences environmental conditions inside the PVC cylinders. Soil moisture 
content increases due to eliminated water uptake and transpiration by plants; as insertion of 
cylinders cuts off tree roots, the value of the CO2 efflux from the decomposing detached roots 
has to be subtracted from the Rh value (Epron, 2009); simultaneously, fine root growth and 
litter production are interrupted and Rh is underestimated accordingly. Considering this, we 
applied correction for differences in SWC and corrections which take into account root 
exclusion effects. 
Correction for increased SWC was calculated as follows: for actual Rh measurements inside 
the cylinders, model (1) was developed; thereafter the values of SWC inside the cylinders 
were replaced by the values of ambient SWC. Replacement was only done for measurements 
in the case of which the mean values of SWC inside and outside the cylinders were 
statistically different.  
Correction for the decomposition of detached roots, which causes overestimation of Rh, was 
calculated for the root fractions d<2 mm and 2≤d<5 mm only. The share of thicker roots 
within the cylinders is expected to be small and their decomposition is very slow (Palviainen 
et al., 2010; Palviainen and Finer 2012). Fine root decomposition experiments for the above 
fractions were carried out in Kambja; remaining mass Mt at time t (yr) as the fraction of the 
absolute initial amount M0 of detached roots was described by the following equation: 
 
Mt/M0=e-kt,       (3) 
 
In Kambja, k values for the root fractions d<2 mm and 2≤d<5 mm were 0.18 and 0.24, 
respectively (V. Uri, data not shown). For the other stands, an approximate k value of 0.20 
was used according to Lõhmus et al., (1995) and according to unpublished data of K. Lõhmus 
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and H.-S. Helmisaari. Fine root biomass (d<2 mm) was estimated in the current study (Table 
2). The biomass of the 2≤d<5 mm root fraction was estimated in the 32 year-old stand, for the 
other stands it was calculated using d<2 mm biomass and biomass ratio of the 2≤d<5 mm to 
the d<2 mm fraction (B2-5/B<2). According to Varik et al., (2013), this ratio depended strongly 
on stand age for chronosequent silver birch stands: 
 
B2-5/B<2=-0.0086x+1.2939    (4) 
R²=0.9997, P<0.0001 
 
Correction for the suppressed input of soil organic matter due to fine root mortality was 
applied for tree roots; the lack of fresh root litter inputs may decrease Rh. The fine root litter 
input was estimated by multiplying fine root biomass by turnover rate; thereafter equation (3) 
was applied to estimate mass loss during per year. Also aboveground litter of the understorey 
inside the cylinders was eliminated, which caused underestimation of Rh; it was assumed to 
decompose during one year. Corrected Rh for each stand was calculated as follows: 
 
Rhcorrected=Rhmeasured–SWCcor–root decompositioncor+FR turnovercor+AG understorey littercor 

 

where corrections (cor) for soil water content (SWC), decomposition of the detached roots, 
suppressed fine root (FR) turnover and missing aboveground (AG) litter of the understorey 
have been taken into account. We did not measure the fluxes of Rs and Rh for the season with 
the snow cover (December-March), and corresponding slight underestimation was not taken 
into account in the C budget; wintertime Rs and Rh fluxes were estimated to account for <5% 
of the corresponding values for the snow-free season (K. Soosaar, personal communication 
based on eddy covariance measurements in a South-Estonian forest). 
 
2.4 Compiling of the C budget 
The carbon budget for silver birch stands of different ages were compiled by synthesizing our 
earlier (Uri et al., 2012; Varik et al., 2013) and original results from the same chronosequence 
stands. The NPP was calculated by summing the annual increments of the aboveground 
ecosystem compartments (trees of the first and the second layers, the understorey) and the 
increment of the belowground ecosystem compartments (coarse root system, fine roots, the 
roots of the herbaceous understorey). The C accumulation in woody biomass and in the 
herbaceous understorey as well as the C flux from aboveground litter was estimated in an 
earlier study (Uri et al., 2012). The belowground biomass and C accumulation in the 
belowground part of silver birch stands were estimated in Varik et al., (2013). The foliage 
produced in each measurement year was assumed to have entered the soil in the form of 
annual litter. The total litter flux was included in calculations for all of the studied stands. 
The estimate net ecosystem production (NEP) was obtained by subtracting heterotrophic 
respiration (Rh) from NPP. The NEP was calculated as NEP=NPP−Rh (Lambers et al., 2008), 
the export, import and oxidation fluxes (Lovett et al., 2006) were considered to be negligible. 
The NEP>0, implies a net transfer of C from the atmosphere into the forest ecosystem (C 
sink), and NEP<0 implies a net transfer of C from the forest ecosystem into the atmosphere 
(C source). The NEP represents the rate at which carbon is accumulated in the ecosystem, 
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being a main parameter used to characterize forest carbon sequestration (Chapin et al., 2006; 
Waring and Running, 2007). 
Carbon losses were estimated as heterotrophic respiration (Rh). The flux of dissolved organic 
carbon (DOC) leaching was not considered, however, according to our FAHM results 
(Kupper et al., 2011) (the data not shown), C leaching is a negligible flux in young silver 
birch stands. In the case of the premature stand (Erastvere) also original data of the second 
spruce layer was taken into account. 
 
2.5 Microbiological methods 
Soil samples for microbiological analysis were taken in all stands with a soil corer (Ø 2 cm) 
from the 0 to the 10 cm layer in October 2013. Three composite samples were formed per 
stand; for a composite sample, 10 subsamples were randomly collected. Fresh soil samples 
were sieved (d<2 mm) to obtain the fine earth fraction (Lõhmus et al., 2006). Soil samples 
were used for measurements of microbial biomass C and dehydrogenase activity and for 
chemical analysis. Cross contamination of samples was carefully avoided at sampling and at 
sample processing. The Substrate Induced Respiration (SIR) method was applied in order to 
evaluate metabolically active microbial biomass in the soil (Kukumägi et al., 2014). The SIR 
was determined via the Oxitop® manometric system (Oxitop®, WTW), which allows to 
determinate sample oxygen consumption. Fifty grams of fieldmoist soil was amended with 
glycose (0.5 g per 100 g soil) and incubated in a closed vessel at 22 °C in the dark for 24 
hours. The principle of the operation was based on the measurement of the pressure difference 
in the closed vessel system. During respiration, produced CO2 was bound to an absorber (soda 
lime pellets), and microbial oxygen consumption resulted in a pressure drop. The quantity of 
oxygen consumption per gram of dry soil was calculated according to a recommended 
procedure (Platen and Wirtz, 1999) and microbial biomass carbon (mg C per g of dry soil) 
was calculated using the following formula: 1 mg O2 g

-1h-1 = 28 mg biomass C g-1 (Beck et 
al., 1996). 
Dehydrogenase activity was measured using [2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl 
tetrazoliumchloride] solution (INT). Samples were incubated for 2h 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). 
 
2.5. Calculations and data analysis 
The Statistica 7.1 software (StatSoft, Inc., 2005) was employed to perform all statistical 
analyses; the level of significance α=0.05 was accepted in all cases. The normality of 
variables was checked using Lilliefors’ and Shapiro-Wilk's tests on datasets. The Rs data were 
log-transformed to normalize for statistical analysis. The effects of treatment (trenching, 
control), stand age and sampling time (month) on Rs, Ts and soil moisture (SWC) were 
examined using repeated measures ANOVA (P<0.05). T-test was used to identify significant 
differences.  
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3. Results 

3.1 Fine root dynamics 
Fine root production (FRP) increased significantly from the young to the premature stage. 
Regarding seasonal dynamics, fine root production demonstrated a similar pattern in the 
middle-aged and premature stands. Fine root growth started in spring and the increase of fine 
root biomass in the ingrowth cores was very intensive during the first half of the summer 
(Figure 1). However, this growth was modest in the youngest stand. Fine root biomass 
reached maximum values in mid-summer and started to decrease thereafter. Seasonal patterns 
for the middle-aged stand and the premature stand were similar throughout the study period, 
which can evidently be explained by similar weather conditions since the ingrowth cores in 
these stands had been installed at the same time. 
 
Table 2 Fine root dynamics in the studied stands 

Stand Age 
NPP t 
ha-1 
yr-1 

Mean biomass, t ha-1 Turnover rate y-1 Longevity, y 

Kambja 13 0.89 1.35 0.66 1.52 

Alatskivi 2 AKK 32 1.44 1.95 0.74 1.35 

Erastvere EV 45 1.31 2.57 0.51 1.95 

 
 

 
 
 
Figure 1 Seasonal dynamics of the fine root biomass of silver birch in different study periods; 
2005-2007 in Kambja; 2009-2011 in Alatskivi and Erastvere. 
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3.2 Soil respiration 

3.2.1 Seasonal dynamics of respiration rates and soil microclimate in ambient and 
trenched conditions 
The seasonal dynamics of soil temperature (Ts) was very similar in each stand ranging from 
5.1±0.3 to 17.7±0.4 ºC in the youngest stand; from 4.1±0.4 to 17.0±0.3 ºC in the middle-aged 
stand and from 5.3±0.2 to 17.6±0.3 ºC in the premature stand throughout both study years. 
Trenching did not affect Ts (P>0.05). 
In the control plots, soil moisture fluctuated markedly throughout the growing season ranging 
from 9.4±0.31% to 40.7±1.01% in the youngest and middle-aged stands and from 6.8±0.48% 
to 24.3±0.15 in the premature stand (Figure 3). On average, trenching increased soil moisture 
by 23-30% in all stands during the two study years, which is a direct consequence of root 
exclusion (P<0.05). 
The seasonal dynamics of Rs and Rh in three stands showed a similar pattern following the 
changes in Ts. Respiration rates increased in spring, peaked in summer, and declined in 
autumn (Figure 2). The decline in respiration rates in all stands in July in 2011 is probably 
related to very low soil moisture content at that time. Trenching decreased respiration rates 
significantly (P<0.05). When integrated for each season (July-November 2010 and May-
November 2011) respiration rates in trenched plots were on average 36% lower in both study 
years. 
The Rs and Rh were strongly correlated with Ts in all stands. Across stands of different 
different ages, Ts alone explained 67 to 89% of the variation in respiration rates in the control 
and trenched plots. Soil temperature and soil moisture together explained as much as 86% to 
93% of the temporal variation in the trenched plots. 
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Figure 2. Seasonal dynamics of total soil respiration (Rs μmol CO2 m

-2 s-1) and heterotrophic 
respiration (Rh μmol CO2 m

-2 s-1) in (a) the 13-year-old, (b) the 32-year-old, and (c) the 45-
year-old silver birch stands in 2010 and in 2011. Error bars represent the standard error of the 
means. * Represents significant differences between total Rs and Rh (P<0.05). 
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Figure 3. Seasonal dynamics of soil moisture (%) in control and trenched conditions in (a) the 
13-year-old, (b) the 32-year-old, and (c) the 45-year-old silver birch stands in 2010 and in 
2011. Error bars represent the standard errors of the means. * Represents significant 
differences between control and trenched conditions (P<0.05). 
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3.2.2 Stand age effect on soil respiration rates 
Stand age had a significant effect on the soil CO2 efflux (ANOVA, P<0.05). Among all data 
sets, mean Rs in the youngest stand was significantly lower than in the middle-aged and the 
premature stand (2.55±0.12 μmol CO2 m

-2 s-1 versus 4.06±0.21 and 4.04±0.26 μmol CO2 m
-2 

s-1, respectively) (t-test, P<0.05). Mean Rh was the lowest in the young stand (1.54±0.07 μmol 
CO2 m

-2 s-1) and the highest in the middle-aged stand (2.32±0.10 μmol CO2 m
-2 s-1). 

Among the three stands, the premature stand had the lowest mean Ts. A significant difference 
was revealed between the pole and the premature stand (t-test, P<0.05), however, the 
difference between mean Ts was only 0.5 oC. Among the control plots the driest soil was in 
the premature stand (14.7±0.82%) compared with the pole and the middle-aged stand 
(23.1±1.01% and 25.6±1.45%, respectively) (t-test, P<0.05). A similar trend was observed in 
trenched conditions. The large contribution of the second layer of spruce in the premature 
stand probably diminished seasonal variation in soil moisture regime. Moreover, the 
contrasting differences between the control and trenched conditions occurring in the younger 
stands were not found in the premature stand (Figure 3 c). 
 
3.2.3 Modelled annual Rs and Rh fluxes 
Modelled annual C respired from the control plots was 6.18 to 9.72 t C ha-1 year-1, with the 
highest values in the middle-aged stand. Modelled annual Rh was 2.97 to 4.21 t C ha-1 year-1, 
with the highest value in the middle-aged stand (Table 3). 
When integrated over time from July 2010 to June 2011, the relative contribution of modelled 
Rh to modelled Rs was almost half of the latter in each stand, being 0.48 in the 13-year-old 
stand, 0.43 in the 32-year-old stand and 0.44 in the 45-year-old stand. 
 
3.3 Carbon budgets in chronosequence silver birch stands 
Net ecosystem production (NEP) values differed along the chronosequence of the silver birch 
stands. Average sequestration in the ecosystem, i.e. NEP was around 3.7-4.9 t C ha-1 yr-1, 
indicating that silver birch stands acted as effective carbon sinks at fertile sites (Table 3). 
The current annual increment and hence accumulation of C in the trees was of the same 
magnitude in the pole, middle-aged and premature stands. 
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Table 3 Carbon budget in silver birch stands 

    Kambja 
13 yr 

Alatskivi 2 
32 yr 

Erastvere 45 yr 

Fluxes    birch 
spruce 2nd 

layer 
  t C ha-1 

yr-1 
t C ha-1 yr-1 

t C ha-1 
yr-1 

t C ha-1 yr-

1     

Plant 
aboveground      

(1) 
Leafless tree biomass 

increment* 
3.83 3.70 3.89 1.12 

(2) Leaf litter* 1.48 1.54 1.03 0.38 
(3) Branch litter* 0.14 0.07 0.38  

(4) 
Understorey production 

(=litter)* 
0.05 0.16   

Plant 
belowground      

(5) 
Coarse root biomass 

increment** 
0.78 0.68 0.77 0.27 

(6) Tree fine root production 0.46 0.74 0.67 0.34 

(7) 
Understorey fine root and 

rhizome production* 
0.75 1.13   

Soil     
(8) Autotrophic respiration 3.21 5.51 4.56 

(9) 
Heterotrophic respiration

(C output) 
2.97 4.21 3.61 

(10) 
C input = (2) + (3) + (4) + (6) + 

(7) 
2.88 3.63 2.80 

(11) Soil C exchange = (10) - (9) -0.09 -0.58 -0.81 
      
Productivity      

(12) 
NPP = (1) + (2) + (4) + (5) + 

(6) + (7) 
7.35 7.95 8.47 

(13) NEP = (12) - (9) 4.38 3.74 4.86 

*Uri et al., 2012 
**Varik et al., 2013 
 

The share of tree fine root litter in the tree litter C input into the soil increased with stand age, 
being 22.0% in the pole stand, 31.6% in the middle-aged stand and 36.2% in the premature 
stand. An appreciable C input into the soil was formed of understorey belowground litter 
(Table 3). However, the herbaceous understorey was missing in the premature stand 
(Erastvere) (Uri et al., 2012) and the second tree layer was missing in the younger stands. At 
the same time, the second layer of spruce contributed one quarter of the annual C litter input 
into soil in the premature stand. The C input into the soil via tree leaf litter formed 42% to 
51% of the total annual organic C input flux. 
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Annual net primary production amounted to 7.35, 7.95 and 8.47 t C ha-1 yr-1 in the young, 
middle-aged and premature stands, respectively. 
 
3.4. Soil microbial biomass and activity 
Soil microbial biomass as measured by SIR increased with stand age, being 0.390, 0.636 and 
1.047 mg C per g of dry soil in the 13-, 32- and 45-year-old stands, respectively (t-test, 
P<0.01). However, soil dehydrogenase activity was similar in all stands (t-test, P>0.05) 
ranging from 50 to 67 μg INTF per g of dry soil h-1. 
 
4. Discussion 
Annual C sequestration in the studied chronosequent silver birch stands occurred mainly in 
the stems, branches and coarse roots. As all studied Oxalis sites were of high fertility fine root 
turnover was relatively small. 
 
4.1 Fine root turnover 
Fine root turnover is the process by which fine roots die and are replaced by new active roots 
(Block et al., 2006). Fine root production is still one of the least known processes of the C 
cycle of forests (Hertel & Leuschner, 2002). Estimation of fine root production is 
problematic, expensive, difficult and labour-intensive (Helmisaari et al., 2002; Xiao et al., 
2008; Rytter, 2013); the practical and theoretical advantages and disadvantages of pertinent 
study methods are discussed in (Majdi, 1996; Vogt et al., 1998; Hertel & Leuschner, 2002; 
Rytter, 2013, Li et al., 2013). The challenge to accurately measure fine root dynamics is 
actual. A widely used and relatively simple method to directly assess fine root (d<2 mm) 
production is the ingrowth core method (Persson 1980; Vogt and Persson, 1991; Bauhus and 
Messier, 1999; Lukac and Godbold, 2001, Ostonen et al., 2005, Aosaar et al., 2013, Brunner 
et al., 2013), where the amount of fine roots which grow into root-free soil over a certain 
period of time is measured. Ingrowth cores are effective in investigating fast growing species 
and serve as the most suitable tool for comparing fine root production between sites or 
treatments (Neill, 1992; Messier and Puttonen, 1993; Vogt et al., 1998, Makkonen & 
Helmisaari, 1999; Oliveira et al., 2000, Godbold et al., 2003; Li et al., 2013). According to 
Ostonen et al., (2005), ingrowth cores require a stabilisation period: natural Norway spruce 
fine root structure started to re-establish in the third year after the installation of mesh bags at 
the fertile Oxalis site. 
The mean fine root biomasses estimated with the ingrowth method, 1.35, 1.95, and 2.57 in the 
13-, 32- and 45-yr-old stands, respectively, are in good accordance with earlier published data 
for a natural situation estimated by soil coring. Fine root biomass in chronosequent silver 
birch stands aged 14 to 60 years (Varik et al., 2013), measured by soil coring, varied between 
1.03 and 4.09 t ha-1, and increased also with stand age. Soil microbial biomass, too, increased 
with stand age. 
Fine root turnover rate is dependent on fine root biomass (explaining most of variation in fine 
root production), on the annual production of fine roots and on site conditions, as well as on 
various methods and calculations (e.g. Jourdan et al., 2008; Gaul et al., 2009; Finer et al., 
2011; Yuan and Chen 2010; Brunner et al., 2013). According to a meta-analysis by Finer et 
al., (2011), tree fine roots in boreal and temperate forests turned over on average 1.3 times a 
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year; however, the turnover rate varied in a broad range: the coefficient of variation was 81% 
for temperate forests and 148% for boreal forests. The turnover rates found in this study, 0.51 
to 0.74, remain in this range. The longevity of silver birch fine roots in 45-year-old stands was 
714 days, which is close to the longevity of 922 days in a 50-year-old silver birch stand 
growing in southern Sweden and measured by minirhizotrons (Hansson et al., 2013a). 
 
4.2 Autotrophic and heterotrophic soil respiration  
Our estimates of the annual C respired from the soils of the stands fell in the range reported 
for forest ecosystems of the northern hemisphere (Bond-Lamberty et al., 2004b; Subke et al., 
2006; Wei et al., 2010). Several studies have found a significant effect of stand age on Rs 
(Pregitzer and Euskirchen, 2004; Bond-Lamberty, et al., 2004a; Saiz et al., 2006; Luan et al., 
2011), however, the results are contradictory. Among the three stands of the present study, 
modelled annual Rs rates in were the lowest in the young stand and the highest in the middle-
aged stand, indicating a non-linear relationship between Rs and stand age. This result is 
consistent with chronosequence studies by Tang et al., (2009) and Wang et al., (2002). The 
increase in soil respiration with stand age (1- to 25-year-old) was reported in a loblolly pine 
chronosequence study and attributed to increasing root biomass (Wiseman and Seiler, 2004). 
Both our estimated fine root biomass and fine root production increased with stand age, 
suggesting the significant effect of fine root dynamics on Rs; soil microbial biomass followed 
a similar pattern. This result is consistent with several studies reporting a significant positive 
correlation between fine root biomass or fine root production and Rs (Lee et al., 2003; Knohl 
et al., 2008). In contrast, Saiz et al., (2006) studied a Sitka spruce chronosequence stands 
whose age range was similar to that of the stands in our study and found that the youngest 
stands had significantly higher respiration rates than in older stands and explained it by a 
decrease in fine root biomass. 
For several reasons, it is highly important to examine the components of Rs separately. Firstly, 
forest productivity changes over the course of stand development and several reviews have 
found close correlation between forest primary production and Rs (Raich and Schlesinger, 
1992; Janssens et al., 2001; Luo and Zhou, 2006). Moreover, recent photosynthate is the 
primary source of Ra (Högberg et al., 2001; Kuzyakov and Gavrichkova, 2010); while the 
litter input acts as the substrate for respiration of microbes (Bond-Lamberty et al., 2004b; 
Cisneros-Dozal et al., 2006). Secondly, Ra and Rh vary differently with stand age (Bond-
Lamberty et al., 2004a; Saiz et al., 2006; Luan et al., 2011; Ma et al., 2014). Thirdly, Rh 
values are needed for NEP calculation. Moreover, both soil respiration components, Ra and 
Rh, are thought to respond differently to climatic factors such as temperature and moisture 
(Boone et al., 1998; Högberg et al., 2001; Wei et al., 2010).  
The trenching method is widely used for separating heterotrophic and autotrophic components 
of soil respiration in forest ecosystems. Problems with the trenching method are the higher 
CO2 efflux by cut-off decomposing roots, potentially higher soil water content in trenched soil 
volumes and the lack of fresh belowground litter input (Hanson et al., 2000; Ngao et al., 
2007; Epron, 2009). Without any correction, Rh will be more or less overestimated (Subke et 
al., 2006; Ngao et al., 2007; Comstedt et al., 2011) also estimation of NEP and the Rh/Rs ratio 
will be biased. In this study trenching had no influence on soil temperature but it influenced 
significantly soil moisture due to eliminated tree (and understorey) transpiration; hence soil 
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moisture was up to 30 % higher in the trenched plots than in the control plots. After all 
corrections were taken into account, the Rh/Rs ratio decreased from 13% to 33% and ranged 
between 0.43 and 0.48. This result is consistent with studies where root decomposition and 
soil water content corrections have been used (Ngao et al., 2007; Comstedt et al., 2011). Still, 
corrections have remained unconsidered in many studies.  
Soil temperature was the dominant environmental factor influencing the seasonal dynamics of 
Rs. Rh was affected by both temperature and moisture which explained up to 93% of the 
temporal variation of Rh. In general, control of the temporal variability of Rs has been widely 
attributed to soil temperature and moisture (Raich and Schlesinger, 1992; Davidson et al., 
1998; Luo and Zhou, 2006). Stand age affected soil temperature and moisture; on average, the 
premature stand was drier and cooler than the younger stands. Changes in seasonal course of 
soil temperature in association with age may be explained by canopy shading, which affects 
soil exposure to solar radiation. In the premature stand the dense second layer of Norway 
spruce most probably prevents solar radiation and precipitation from reaching the ground. 
 
4.3 Carbon budgets in chronosequent silver birch stands 
We proved the hypothesis that silver birch stands, growing in fertile sites, act as carbon sinks 
irrespective of stand age, moreover, NEP was similar in the young, middle-aged and 
premature stands. 
According to literature data the C balance of a forest stand can change to a great extent during 
stand’s ageing (Kolari et al., 2004). After clearcut a young stand first serves as a carbon 
source; during development, the stand gradually turns form the carbon source to a carbon 
sink. Mature or old stands can become weak carbon sinks or even sources of C (Goulden et 
al., 1996; Lindroth et al., 1998) since their annual biomass production decreases. Several 
studies suggest that the magnitude of a C sink or source varies with forest age (Law et al., 
2003; Pregitzer and Euskirchen, 2004). The young Kambja stand (13-year-old) is first-
generation forest growing on abandoned agricultural land and. In this stand an excessive input 
of organic matter into the soil (harvesting residues, stumps, dead roots) and a related intensive 
C efflux by decomposition was missing. We selected this kind of stand because during the last 
half of the 20th century extensively abandoned agricultural lands in Estonia were afforested 
naturally by silver birch (Uri et al., 2007). This leads to an increase in the area of silver birch 
stands and, as a rule, the Oxalis site type will be prevalent in such areas. 
Similar C accumulation in the studied chronosequent silver birch stands was also supported 
by similar litter production; total aboveground litter production (including the understorey) 
was of the same magnitude (1.7-1.8 t C ha-1 yr-1), which is in good accordance with the results 
reported in Hansson et al., (2013b). Total belowground litter production was similar in the 
young and premature stands (including the second layer of spruce) (1.2 and 1.0 t C ha-1 yr-1), 
being the highest in the middle-age-stand (1.9 t C ha-1 yr-1). 
Since the annual fine root production of the trees was modest, as is inherent for fertile sites, 
then also the C input into the soil through fine root litter was small. In the premature stand 
(Erastvere) the understorey biomass of herbaceous plants was negligible owing to poor light 
conditions which were caused by the dense canopy of the spruce layer. However, the second 
layer of spruce contributed significantly to the C input, approximately at 2 t C ha-1 year-1. 
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Since spruce is a shade-tolerant species, such successional development took often place in 
older birch stands growing at fertile sites. 
In our earlier study (Uri et al., 2012) we found that the C pool in tree biomass increased with 
stand age, whereas the soil C pool remained stable and thus did not depend on stand age; 
according to Raich and Nadelhoffer (1989) and Simon et al., (2012), there must be 
equilibrium between the inputs and the outputs, unless significant changes are detected in the 
soil C storage. 
We proved the hypothesis that the annual C efflux from the soil through soil heterotrophic 
respiration is of the same magnitude as the annual C input into the soil through aboveground 
and belowground litter, which explains the stable C content in the soil of the studied 
chronosequent silver birch stands. 
Despite to more intensive use of eddy covariance measurement, which allows to determine 
net ecosystem exchange (NEE), only a few studies have addressed such C budgeting of birch 
forests (Wang et al., 1998). According to Baldocchi et al., (2001), NEP values between 0.7 
and 7.4 t C ha-1 yr-1 were observed at 10 temperate deciduous broadleaf sites. In five 
deciduous forests in the USA, NEP estimated by eddy-covariance methods ranged from 1.7 to 
5.8 t C ha-1 yr-1 (Curtis et al., 2002). Our results about NEP fit into this range or exceed its 
upper value ranges. 
Approximately three-fourths of total NPP was formed of the by aboveground components. 
The largest proportion of total NPP was made up by stemwood increment, which was 50 to 
60%. Tree fine root NPP was relatively low and accounted for 6.2 to 12% of total ecosystem 
NPP, increasing with stand age. However, the role of fine roots in C cycling may be different 
in different forests; in some forest ecosystems fine roots are crucial contributors to resource 
capture and the C cycle (Berg, 1984; Joslin and Henderson, 1987; Hendrick and Pregitzer, 
1993; Helmisaari et al., 2002; Finér et al., 2011; Malhi et al., 2011; Yuan and Chen, 2012;). 
Fine root production and hence the C flux to belowground depends on site fertility; at poor 
sites fine root production may reach 0.86 t ha y-1 (Helmisaari et al., 2002) but may be modest 
at fertile sites (Ostonen et al., 2005; Uri et al., 2011; Aosaar et al., 2013; Finer et al., 2011). 
Consequently, in the studied silver birch stands the C input into the soil via leaf litter 
represented a considerably larger proportion in total NPP than that of the fine roots. Our 
results show the significant role of the herbaceous understorey in C budget in hemiboreal 
forest ecosystems. At the younger sites (Kambja and Alatskivi) the herbaceous understorey 
constituted about 30% of the total litter input into the soil. 
Regarding soil exchange, the budget compiled in the current study was approximately 
balanced for the young stand. However, for the middle-aged and premature stands soil C loss 
by heterotrophic respiration exceeded the C input into the soil by litter; a possible reason for 
this is that the production and turnover of extramatrical mycorrhizal mycelia (Wallander et 
al., 2013) is commonly not taken into account in C budgets; moreover, Wallander et al., 
(2004) suggested that the C inputs from the fine roots and mycorrhizal hyphae were of the 
same order of magnitude. 
 
Conclusions 
Our first hypothesis was confirmed. The annual C flux from the soil through soil 
heterotrophic respiration was of the same magnitude as the annual C input into the soil 
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through aboveground and belowground litter. The soil organic carbon pool remained stable in 
silver birch chronosequence stands, which can be mainly explained by equilibrium between 
the soil organic C input and soil heterotrophic respiration. 
The second hypothesis was not proved: both fine root production and soil respiration were the 
highest in the middle-age stand. 
The third hypothesis was also confirmed. All investigated silver birch stands growing at 
fertile sites were acting as effective carbon sinks and the main C sink was the woody biomass 
of the trees. In the case of fertile silver birch stands NEP and annual C accumulation into 
woody biomass were similar. Thus, woody biomass increment of fertile silver birch stand 
reflects annual C sequestration in the ecosystem. 
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